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1. Introduction and aim of the study 

 Curved mountain belts have always fascinated geologists and geophysicists because 

of the complexities arising from their peculiar structural setting and geodynamic 

mechanisms of formation. Generally, during the convergence of two lithospheric plates, 

the mountain building process results in a relatively straight orogenic belt parallel to the 

plates margins. Thus, the question arises as to why curved mountain belts formed. Since 

the beginning of the past century, well before the plate tectonics theory was formulated, 

Argand [1924] first, and Carey [1955] after, tried to explain the significance of these great-

scale curved orogenic structures, being aware of their geodynamic importance.  

 A huge amount of structural, paleomagnetic, seismological, analogue modelling, 

and geophysical studies carried out during the last 50 years, have dealt with curved 

orogenic belts, trying to answer to the following questions: what are the mechanisms 

governing orogenic bends formation? Why do they form? Do they develop under particular 

geological conditions? And if so, what are the most favourable conditions to their genesis? 

What are their relationships with deformational history of the belt? Why is the shape of 

arcuate orogens in many parts of the Earth so different? What are the factors controlling 

the shape of orogenic bends? 

 Relevant contributions to the understanding of the curved mountain belts have been 

given through time, though several aspects remain still obscure because of the geological 

complexities of particular orogenic domains. In fact, as we will show in this study, many 

factors can control arc formation, and only a detailed multidisciplinary approach, not 

always and everywhere possible, can contribute to the unravelling of the tectonic and 

geodynamic evolution of complex orogens. 
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 Likely, arcuate structures are not uncommon features in a mountain belt, but rather 

a logical and simple consequence of the orogenesis. This implies that the answers to the 

above questions about curved mountain belts can help scientists to understand some basic 

(and probably not still fully understood) mechanisms of mountain building. 

 With this study I wish to give a little contribute to the knowledge of orogenic arc 

formation from different geological contexts. To reach this goal I investigated three very 

relevant orogenic bends: the Western Alpine Arc (NW Italy), the Bolivian Orocline 

(Central Andes, NW Argentina), and the Patagonian Orocline (Tierra del Fuego, south 

Argentina). These regions were selected because of the still open debate on the timing and 

kinematics of their formation. Also, the geodynamic mechanisms governing the 

development of bending at these regions are still subject to different, and sometimes 

contrasting, speculations. 

 I mainly used paleomagnetism, and, where possible, structural analysis, as research 

tools. Paleomagnetism is the unique technique able to document the deformation of a belt 

from the point of view of the pattern of vertical axis rotations. In fact, only 

paleomagnetism can document the occurrence and timing of a possible bending process. 

Contextually, a structural analysis was carried out to definite the strain pattern of the area, 

including tectonic transport directions on fault planes. Brittle fault plane directions, and 

relative kinematic indicators (i.e., slickensides, mineral fibers growth, SC-structures) were 

measured in order to unravel the features of the tectonic regime responsible of the 

mountain building. 

 I will not discuss in this work the fundamentals of these two techniques because it 

is out of the aim of this study, and furthermore, paleomagnetism and structural geology 
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analysis are two well known and extremely diffuse methods. Conversely, I will show how 

these tools can be properly used in the study of curved mountain belts. 

 The thesis is composed by three parts: parts I, II, and III. In the first part, I will 

show the different types of orogenic bends, their classification and kinematics, and their 

mechanisms of formation, reporting for each one of them a natural example from previous 

studies. Part II is composed by one published and two submitted papers relative to 

paleomagnetic investigations I carried out in three different orogens: the Alps, the Central 

Andes, and the Southernmost Andes. I report on paleomagnetism and structural geology of 

three striking orogenic bends, the Western Alpine Arc, the Bolivian Orocline, and the 

Patagonian Orocline, inferring tectonic and geodynamic implications for their evolution. 

 Finally, in part III I will conjointly discuss the results of this study, also taking into 

account literature data, making concluding remarks about general aspects of curved 

mountain belts and their study. 
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2. Methods 

2.1. Paleomagnetism: potentialities and restrictions 

 This paragraph does not contain presentation of the paleomagnetic technique, as it 

is a well known and widely diffuse method in tectonic studies. For the knowledge of 

fundamentals of paleomagnetism I suggest specific books, such as those by Tarling [1983], 

Tauxe [1998], and Butler [2004]. On the contrary, I consider more useful showing 

potentialities and limitations of paleomagnetism in the study of curved mountain belts. 

 During the past few decades, paleomagnetism has been used as a primary tool to 

assess kinematic models of curved orogenic systems around the world because of its great 

potential in quantifying rotations along vertical axes [Carey, 1955; Eldredge et al., 1985; 

Marshak, 1988; Van der Voo et al., 1997; Weil and Sussman, 2004]. On the basis of the 

spatial and temporal relationships between deviations in structural trend and the vertical 

axis rotations observed in a given belt, it has been possible to unravel the tectonic 

evolution of arcuate belts. In fact, only paleomagnetic data can assess when, how, and how 

much different segment of an orogenic bend rotated during deformation. In the specific 

case of the study of curved mountain belts paleomagnetism represents the only possible 

technique to distinguish between different types of orogenic arcs, depending on magnitude 

and timing of their bending process. 

 On the other hand, few basic assumptions, determining together its limitations, are 

needed by paleomagnetism. The first assumption is that rotations in an orogenic belt occur 

within rigid crustal blocks separated by discontinuities (i.e., faults). In this way it is 

neglected the inner deformation of rocks. However, Lowrie et al. [1986] have 

demonstrated that in very deformed rocks paleomagnetic directions can be influenced by 

the local strain, resulting in spurious rotations. Thus, the applicability of the paleomagnetic 
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method is restricted to weakly deformed rocks in brittle deformation context. Lithology is 

the other great limitation in paleomagnetism: depending on the type and amount of mineral 

magnetic carrier content, only a limited percentage of rocks yields a stable and measurable 

Natural Remanent Magnetization (NRM) by which vertical axis rotations are computed. 

Generally, among sedimentary rocks, the most suitable lithologies are fine-grained muddy 

formations, while among igneous rocks, both effusive and intrusive lithologies can yield 

reliable results. In particular, volcanic rocks are generally characterized by a strong 

magnetic signal due to the high content of ferromagnetic mineral (i.e., magnetite). Finally, 

metamorphic rocks can record a NRM, but paleomagnetic directions suffer of strong 

uncertainties linked to both the age of magnetization and the lack of paleo-horizontal 

control needed for computing of the tectonic rotations. 

 With paleomagnetism we can infer tectonic rotations occurred in a given region and 

relate them to an accurate time interval. This can be made if two conditions are satisfied: 

(1) the age of the sampled rock is well known, and (2) the NRM recorded by the rock is a 

primary remanent magnetization. The rock age can be inferred by paleontology (in 

sedimentary rocks), or radiometric data (in igneous-metamorphic rocks). If the NRM 

constitutes a primary magnetization, then the ages of magnetization and of rock formation 

are coincident. In this way we can choose the correct paleopole (see Besse and Courtillot 

[2002]) when computing the rotation values by the paleomagnetic declinations. Then, we 

can correlate the computed tectonic rotations to the time interval that follows to the 

acquisition age of the NRM. Nevertheless, if a NRM is not a primary magnetization it is 

possible to infer the magnetization age relying on the knowledge of the timing of the main 

deformation phase. 
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 Also, rocks sampling procedure can affect paleomagnetic results. In fact, spacing of 

single cores sampled within a site (or locality) should be made in order to average out the 

secular variation of the geomagnetic field. Because the paleosecular variation is averaged 

within several millennia, just a single core ~2 cm height sampled from a sedimentary 

formation characterized by a low sedimentation rate (i.e., 0.01 mm/a) could have recorded 

an averaged geomagnetic field. Yet, rock samples are commonly gathered within two 1-2 

m (or more) spaced outcrops. Generally, sampling from volcanic formations, that acquire 

their NRM instantaneously after cooling below the blocking temperature of the main 

magnetic carriers, should be carried out collecting samples relative to different eruptive 

episodes. 

 A peculiar problem in paleomagnetic studies applied to tectonics is found when 

sampling rocks from high latitudes. Having the geomagnetic field vector a high dip value, 

up to 90°, magnetic declination which represent the projection of the vector onto the 

horizontal plane will yield a wide error bar near the geomagnetic poles. This is easy to 

understand looking at the equation (1) showing the declination error (ΔD): 

ΔD = α95 / cos(I)                                                             (1) 

Where α95 is the Fisher’s [1955] statistical parameter estimating precision of the mean 

paleomagnetic direction (in degrees) on a spherical distribution, and I is the magnetic 

inclination, given by the projection of the geomagnetic field vector onto the vertical plane. 

It can be noted from equation (1) that for high values of I also the declination error (ΔD) is 

high. The declination error coincides to the α95 only when the geomagnetic field vector is 

horizontal (i.e., near equatorial latitude). 

 Finally, it should be taken into account that an intrinsic restriction to the 

paleomagnetic technique exists, due to natural paleomagnetic scattering, errors induced 
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during sampling, instrumental errors, or local magnetic anomalies. This implies that the 

normal resolution of paleomagnetism is about 10° in declination, as also suggested by 

Lowrie and Hirt [1986], and thus rotations lower than 10° can hardly be considered as 

significant. 

 

2.2. Structural analysis 

 Many authors who tackled the study of curved mountain belts have evidenced the 

need of an integrated paleomagnetic and structural investigation [e.g., MacDonald, 1980; 

Lowrie and Hirt, 1986]. In fact, paleomagnetic data should be interpreted according to the 

structural framework of a given region, but, on the other hand, structural data require a 

paleomagnetic control. Thus, paleomagnetism and structural analysis are two 

complementary tools for studies in orogenic settings. 

 Kinematic analysis reveals to be the most useful method in structural 

investigations, because it can supply information on the evolutionary history of an 

orogenic belt. Kinematic analysis is based on the study of finite strain of a deformed area 

and, in particular, on the measuring of kinematic indicators on fault planes. This allows us 

to calculate the tectonic transport direction at a local scale, indicating the movement of the 

hanging wall, and, through an extensive analysis, draw the displacement trajectories path 

within the entire belt. Through the study of temporal and spatial variation of transport 

directions in orogenic arcuate systems it is possible to infer on the tectonic evolution of the 

bend [e.g., Nur et al., 1986; Allerton, 1994]. 

 There are several kinematic indicators used for kinematic analysis in brittle 

deformation settings, but the most common and easy to recognize is represented by fault 

lineations (or slickensides) [Allerton, 1998]. These are represented by the growth of 
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elongated mineral fibers (quartz, calcite, etc.), or abrasion features originated on the fault 

plane during slip motion. Direction of fault lineations constitutes a strong constrain to the 

real displacement of the hanging wall on a fault plane. The sense of shear is usually 

inferred by other kinematic indicators, such as SC-structures and quartz/calcite steps. 

One simple and powerful tool in the analysis of rotational thrust systems involves 

comparison of fault lineation directions with amount of paleomagnetic rotations over a 

series of thrust sheets [Allerton, 1998]. Three alternative situations can be considered 

(Figure 2.1): (1) the thrust lineations post-date rotation. In this case a plot of lineation vs. 

paleomagnetic declination will show constant lineation directions for a range of 

declinations. (2) The thrust lineations pre-date rotation. In this case, the lineations vs. 

paleomagnetic declinations plot on a unitary slope line. (3) The thrust lineations are 

synchronous with rotation, so the lineations and declinations plot in a region bounded by a 

line of constant lineation, and a line with a slope of unity. The intersection of the two lines 

marks the true transport direction and the paleomagnetic reference direction. 

           

Figure I 2.1. Fault lineation direction vs. paleomagnetic declination for three different cases. (left), 
thrust postdates rotation. (Center), thrusting predates rotation. (Right), thrusting synchronous with 
rotation. Modified from Allerton [1998].   
           

 

3. Brief history of the orocline concept 

 Well before the plate tectonics theory was diffused (1960s) several ideas, 

sometimes contrasting, were proposed about the origin and the geologic significance of 
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curved mountain belts. Indicating simply geometric aspect, Miser [1932] coined the terms 

“salient” and “recess” to distinguish between arcuate shape orogens with curvature convex 

and concave toward the foreland, respectively. In this meaning, the terms salient or recess 

were used to indicate any curved orogenic system regardless to their kinematics and 

mechanisms of formation. 

 With the diffusion of the plate tectonics theory it was clear that the understanding 

of curved belts could be the key to reveal the fundaments of the orogenesis. The term 

“orocline” was introduced for the first time by Carey [1955] and its etymology comes from 

Greek and means both mountain and bend. The Carey’s definition of orocline was used to 

indicate an initially straight fold-thrust belt that acquired curvature during a second 

deformation event. However, during the following years, the term orocline have been 

erroneously used to indicate any curved belt, thus yielding only a geometric meaning. This 

was due to the concrete difficulties in inferring the timing of formation of the arc. Carey 

distinguished oroclines by primary bends, which, on the contrary, formed when younger 

orogens were molded onto the irregular margins of preexisting cratons. 

 The orocline concept was following redefined by Marshak [1988] who linked the 

term to a specific kinematics. In fact he distinguishes between oroclines, that formed by the 

bending of an originally linear mountain belt, and “nonrotational arcs”, which represent 

curved fold-thrust belts that initiate in their present curved form and their curvature does 

not increase during subsequent deformation. As a result, nonrotational arcs are discerned 

by oroclines by the fact that the formers preserve their shape during deformation, and no 

segment of the arc undergoes vertical axis rotations. Conversely, oroclines are 

characterized by opposite rotations of the limbs of the bend during its formation, according 

to a mechanism which is called oroclinal bending. Oroclines and nonrotational arcs have 
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also been called primary and secondary arcs, respectively, while the term “bend” started to 

be used to indicate any generic fold-thrust belt with a curved shape. 

 Many years later, Weil and Sussman [2004] proposed a new classification scheme 

of curved belts relying on the timing relationship between thrusting and vertical axis 

rotations. According to this classification, nonrotational arcs and oroclines represent two 

end-members models among possible curved mountain belts. In nonrotational arcs, no 

vertical axis rotations occur and the formation of the curvature predates deformation, while 

in oroclines, rotations accompanying arc formation postdate thrusting. Among these, Weil 

and Sussman [2004] considered an intermediate type of bend whose arcuate shape 

develops contemporaneously with growth of the belt, called progressive arc. A progressive 

arc is defined as an orogenic belt that either acquires its curvature gradually throughout the 

belt’s deformation history, or a belt that acquires a portion of its curvature during a 

subsequent deformation phase of the belt.  

 

Used nomenclature 

 In order to better understand the following discussions, I introduce some specific 

terms used to geometrically describe an orogenic bend [Marshak, 1988; Macedo e 

Marshak, 1999]. Figure 3.1 shows the main geometric features cited below. 

 The leading edge (LE) is the line that defines the boundary between the curved 

fold-thrust belt and the foreland basin (“marker line” in Marshak [1988]). The apex (A) is 

the point where the leading edge has the smallest radius of curvature. As such, the apex 

corresponds to the hinge point on a fold profile. The hinge zone represents the region along 

the leading edge, surrounding the apex. The endpoints (EP) are the points at either end of 

the salient at which it terminates, while the reference line (RL) constitutes the straight line 
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connecting the two endpoints. The limbs are the regions between the hinge zone and the 

endpoints. The midpoint (M) is the point halfway between the two endpoints, as measured 

along the reference line. The amplitude (AMP) is the shortest distance between the 

reference line and the apex. The midline (ML) represents the line that connects the 

midpoint to the apex. The interlimb angle (α) is the angle between the two legs of a 

triangle, in which the salient can be inscribed. The degree of asymmetry (DA) constitutes 

the ratio between the midline and the amplitude. It describes the inclination of the midline 

with respect to the amplitude, and thus can also be represented by the angle between the 

midline and the reference line. Finally, the area ratio (AR) is the ratio between the 

approximate area of the salient and the area of the interlimb triangle. 

EP

RL

EP M

ML

LE

ά

Limb
Limb

A
M

P

A

 

Figure 3.1. Simplified scheme showing the main geometric elements of orogenic bends. 
 

 

4. The oroclinal test 

 Since the 1980s, when paleomagnetism started to be used in the study of orogenic 

bends [Van der Voo and Channell, 1980], it was possible to unravel the deformation 
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history of a curved fold-thrust belt, and distinguish between primary and secondary curves. 

After the first studies it became soon clear that paleomagnetism could represent a very 

strong constraint to the kinematics of an orogenic bend. 

 Paleomagnetic analysis in the study of orogenic bends is based on the fundamental 

principle that bending of an initially straight structure is accompanied by a variation in the 

direction of magnetic declinations within different sectors. Necessary condition is that the 

natural remanent magnetization of rocks be a primary magnetization. This variation is 

proportional to the deviation of the direction of the main structural features in the belt (i.e., 

fold axes). Conversely, in a primary arc, the direction of magnetic declinations does not 

change along the entire arc. 

 Yet, some studies have documented intermediate paleomagnetic directions with 

respect to those expected, according to the structural deviation observed in the belt 

[Bachtadse and Van der Voo, 1986; Miller and Kent, 1986]. This could imply an oroclinal 

bending of an already partially curved belt. But, how can we quantify the real correlation 

between paleomagnetic and structural directions? Opposite vertical axis rotations within 

the limb of a curved orogenic belt, in fact, do not necessarily indicate that it represent an 

orocline. 

 Commonly, two analogueous statistical tests (oroclinal test) are used in order to 

estimate the degree of correlation between paleomagnetic and structural directions in a 

curved fold-thrust belt. In the first test, proposed by Schwartz and Van der Voo [1983] a 

linear regression is performed on a data population plotted in an orthogonal diagram where 

the X and Y coordinate for each point is represented by the difference between the local 

strata direction (S) and the mean value of the strata directions (S0), and the difference 

between the site mean declination (D) and a reference declination (D0), respectively 
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(Figure 4.1). In the second test, proposed by Eldredge et al. [1985], the X and Y coordinate 

of each point from data population is given by the difference between the reference 

structural direction (Sr) (considered as the initial direction of the orogen before bending) 

and local strike of fold axes (So), and the difference between a reference declination value 

(Dr) (which is generally the declination value from the foreland area) and the site mean 

declination (D) (Figure 4.2). 

 An essential condition is that rocks used for an oroclinal test must have a similar 

age, otherwise, different reference declinations (Dr) should be considered for each group of 

sites with similar age. Conversely, the choice of the reference declination for similar age 

rocks does not influence the result of the test. 

 

S-S0

D-D0 Regression line

 

Figure I 4.1. Oroclinal test according to the method by Schwartz and Van der Voo [1983].  
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Dr-D

Sr-S

Regression line

 

Figure 4.2. Oroclinal test according to the method by Eldredge et al. [1985].  
 

Results from the linear regression can show three end-member situations, depending on its 

angular coefficient (m) (Figure 4.3): 

a) (m = 1): paleomagnetic declinations are 1:1 correlated with structural 

directions, and the orogenic bend represents a perfect orocline. 

b) (m = 0): declination values are constant over the curvature and there is no 

correlation between paleomagnetic and structural directions. The bend is a primary 

feature and represents a nonrotational arc. 

c) (0 < m < 1): variation of paleomagnetic directions is lower than variation of 

structural directions. This means that the orogenic bend, formed originally curved 

(as a primary arc), was bent during following tectonic events. 
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Regression line
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Figure 4.3. Sketch showing possible results from the oroclinal test, indicating a perfect orocline (left), a 
primary arc (center), and a primary arc subsequently affected by some amount of oroclinal bending, 
or a progressive arc (right). 
 

 At this point, the statistical significance of the slope of the regression line must be 

quantitatively estimated comparing it with the zero or the unitary slope line. In the first 

works by Schawartz and Van der Voo [1983] and Eldredge et al. [1985] the correlation 

coefficient (C) was considered in order to estimate the significance of the linear regression. 

Yet, this estimate was usually very subjective, and a coefficient major than 0.8 was always 

considered indicative for a reliable correlation of data. After few years, a more objective 

tool was proposed for oroclinal tests: the statistical t-test [Lowrie and Hirt, 1986]. The t-

test is used to assess if the slope of the regression line calculated by linear regression is 

statistically different from a give slope, which can be zero or one if we consider the end-

member situations for a perfect orocline or a nonrotational arc. The value of t is given by 

the following equation: 
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where: 

- (m) is the relative angular coefficient of the regression line with respect to the 

reference slope. In example, for a regression line with an angular coefficient of 0.2 the 
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value m in the equation (1) is equal to 0.2 when compared to the zero slope line, but it 

is equal to 0.8 (1-0.2=0.8) if compared to the unitary slope line; 

- (N) is the number of observations (data); 

- (So) and (SR) are the observed and reference local structural directions, respectively; 

- (Do) and (DR) are the observed and reference declination, respectively; 

- (DP) is given by the following equation (2): 

Dp= m (So-Sr) + c                                                                  (2) 

where, m and c are the parameters of the regression line. 

Result from equation (1) is then compared with critical values of t depending on the value 

of N and the confidence (or significance) level we choose. Usually, confidence levels of 

5% and 1% are used. If the t value resulted by the oroclinal test is lower than the critical 

value, then the regression line and the reference line are not statistically different. 

So, in an ideal case where our regression line is close (but not coincident) to the zero slope 

line, the t-test is used to define if some oroclinal bending occurred or not.  

 

5. Different geometries of orogenic bends 

 Curved mountain belts from different part of the Earth show a great variability in 

their geometric features, such as amplitude (AMP), interlimb angle (α), degree of 

asymmetry (DA) (Figure 5.1), and pattern of structural trend-line (Figure 5.2). 

 

Figure 5.1. Shapes of salient leading edges, normalized to the same reference line length. Numbers 
indicate specific regions where salients are present. After Macedo and Marshak [1999]. 
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Figure 5.2. Types of structural trend-line patterns observed in salients. The continuous curved line 
represents the leading edge of the salient, whereas the broken lines represent structural trend lines. 
The straight line represents the reference line, and the inverted triangles define the end points of the 
curve. (A) Parallel trend-line pattern. (B) Convergent trend-line pattern with trend lines converging to 
both end points. (C) Convergent trend-line pattern with trend lines converging to one end point. (D) 
Divergent trend-line pattern. (E) Truncated trend-line pattern. (F) Chaotic trend-line pattern. After 
Macedo and Marshak [1999]. 
 

 Besides these substantial differences, several studies have demonstrated that both 

primary and secondary arcs can show identical final geometric features. For that reason, 

factors or boundary conditions common to both types of bends should exist and be 

independent from the mechanisms of arc formation. This consideration, once again, 

stresses the importance of a multidisciplinary approach (paleomagnetic and structural) in 

the study of the orogenic bends. 

 Macedo e Marshak [1999] proposed a preliminary classification for different bend 

geometries based on the degree of asymmetry, dividing most of the existing curved 

structures into three main groups: symmetric, asymmetric, and irregular arcs. In symmetric 

arcs, the Amplitude (AMP) coincides with the Midline (ML), while in an asymmetric arc 

they form an angle which increases as the degree of asymmetry increases. In irregular arcs 

the Leading Edge (LE) can form small-scale secondary bends. The authors, after having 

checked most of the existing orogenic bends, concluded affirming that asymmetric arcs are 

the most frequent structures. 

 In the following sections the possible factors/boundary conditions controlling the 

final shape of an orogenic bend will be discuss. 
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6. Kinematics of orogenic bends 

 The first intuitive interpretations of arcuate fold belts consisted in “virgations du 

premier genre” [e.g., Argand, 1924] and were interpreted to be characterized by fanning 

transport directions. However, although widely diffused, orogenic bends are still not fully 

understood from the point of view of their kinematics. Usually, a geologist who studies an 

orogenic belt has to resolve an inverse problem, which is unravelling its kinematics starting 

from an observed finite strain. This can be made through structural analysis, and in 

particular with kinematic analysis on fault planes, the study of balanced cross sections, and 

with paleomagnetism. 

 During the evolution of an orogenic bend in a brittle tectonic setting, depending on 

the mechanism governing its formation and, thus, the type of bend (primary or secondary), 

individual points within the belt can show different displacement path trajectories. The first 

classification of kinematic patterns in curved fold-thrust belt was proposed by Marshak 

[1988] who demonstrated that a number of different kinematics can lead to the 

development of primary and secondary arcs. 

 

6.1. Marshak’s classification of kinematic patterns 

 Marshak’s [1988] classification relies on 14 different kinematic patterns 

characterizing both primary and secondary arcs. The evolution of an orogenic bend can be 

described through: (1) the displacement paths, (2) the amount and variation of the arc-

parallel extension, (3) the displacement of the endpoints, and (4) the movement of the 

reference line. 

 In the next paragraph I will discuss the possible kinematic patterns for primary and 

secondary arcs. 
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6.1.1. Primary arcs 

 Nonrotational arcs are bends in which the strike of a segment of the fold-thrust belt 

does not change during the formation of the arc. Three distinct displacement path trajectory 

patterns can lead to the development of a nonrotational arc, such as (Figure 6.1.1.1):  

- Pattern AA: the displacement path trajectories have zero length, the leading edge is 

fixed in position with respect to adjacent crust, and no horizontal translation occurs. 

Such a pattern would be characteristic of primary bends that have been subjected only 

to vertical movement.  

- Pattern AB: the displacement path trajectories along the length of the bend are 

equal in magnitude and are parallel to one another. For such bends there is no 

tangential extension, no rotation of segments of the orogen, and no change in the 

curvature of the belt during its evolution. 

- Pattern AC/AD: the displacement path trajectories are nearly orthogonal (AC) or 

orthogonal (AD) to the trend of the orogenic belt and are unequal in length. Different 

segments of the belt do not change strike as they translate into the foreland, while 

tangential extension, of variable amount along the arc, must occur during the 

evolution of the orogen.  

AA AB AC - AD  

Figure 6.1.1.1.  Sketch displaying displacement path trajectory patterns for nonrotational arcs. 
 

In the following paragraph we will show that patterns AA and AB have never been 

recognized in primary arcs, whereas pattern AC-AD were found to be the most diffused in 

nature, and a common results in numerous analogue experiments [e.g. Zweigel, 1998]. 
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6.1.2. Secondary arcs 

 If the orientation or magnitude of displacement path trajectories varies around a 

bend in such a way that the segments of the bend change strike with time, then the bend is 

an orocline. The possible kinematic patterns are (Figure 6.1.2.1): 

- Pattern OA:  as the leading edge moves into the foreland, the bend remains a 

segment of a circle with the same radius of curvature. The endpoints are not fixed and 

there is tangential extension. The displacement path trajectories are straight lines 

forming a diverging fan. 

- Pattern OB: the displacement path trajectories are perpendicular to the strike of the 

belt but vary in length around the arc. The endpoints translate into the foreland during 

deformation and tangential extension varies along the length of the bend. 

- Pattern OC: the endpoints are fixed and the leading edge undergoes uniform 

tangential extension. The displacement path trajectories form a diverging fan and 

decrease in length toward the endpoints. 

- Pattern OD: the displacement path trajectories are parallel to one another but their 

lengths vary continuously and decrease toward the endpoints. There must be 

tangential extension, but it is not uniform along the length of the arc. Endpoints are 

fixed. 

- Pattern OE: the positions of the endpoints are fixed and no tangential extension 

occurs. In this case, rock must slide or flow past the endpoints. The displacement path 

trajectories define a convergent fan. 

- Pattern OF: as the leading edge migrates into the foreland the endpoints approach 

one another along the reference line. 
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- Pattern OG: the displacement path trajectories are approximately perpendicular to 

the trend of the orogen and decrease in length toward the crest. Therefore the 

curvature of the orogen in plan view decreases as it propagates into the foreland. 

There is tangential extension. 

- Pattern OH: one endpoint is fixed and no tangential extension occurs during 

development of the bend. The development of the bend involves rotation around a 

single vertical axis located at some point along the orogen, and the displacement path 

trajectories are segments of circular arcs. There is no tangential extension. A variation 

to this pattern is that the displacement path trajectories are parallel to one another, and 

perpendicular to the reference line. 

 

 

Figure 6.1.2.1. Displacement path trajectory patterns for oroclines. After Marshak [1988]. 
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7. Mechanisms of orogenic bends formation 

 Hitherto, the most representative geometries and kinematic patterns of curved belts 

have been exposed. But, the occurrence of bending in a fold-thrust belt and its main 

features depend on the geodynamic processes controlling their developing. As I have 

already said previously, paleomagnetic, structural, and geophysical data should be 

integrated in order to document the geodynamic framework of a curved belt, and unravel 

its formation mechanisms. 

 Numerous orogens in the Earth show arcuate systems (Figure 7.1). Numerous 

geologic factors that can control the developing of a bend exist, such as: geologic and 

mechanical features of the orogenic wedge and the foreland, the original shape of the 

sedimentary basin before deformation, the geometry and kinematic of the subducting slab, 

the shape of continental margins before the collision, and the presence of obstacles (or 

buttress), among many others. 

 In the next paragraphs the main orogenic bend formation mechanisms will be 

discussed, reporting, for each one of them, a natural example. 

 

 

Figure 7.1. Digital elevation model of the Earth showing location of the main orogenic bends. Adapted 
from Weil and Sussman [2004]. 
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7.1. Nonrotational arcs related to “indenters” 

 The term “indenter” has been used in the past to indicate any rigid block that can 

collide with a continental margin. In nature, an indenter can be represented by a continental 

promontory or an exotic terrane (i.e., island arcs, or microplates). The effects of the 

convergence of indenters into a deformable material have been documented by numerous 

analogue experiments performed during the last two decades [Tapponnier et al., 1982; 

Davy and Cobbold, 1988; Marshak, 1988; Marshak et al., 1992; Lu and Malavieille, 1994; 

Macedo and Marshak, 1999; Zweigel, 1998; Costa e Speranza, 2003]. 

 The main result from these experiments is that nappes, created in front of an 

indenter, have curved thrust traces and fold axes in map view. Marshak et al. [1992] 

demonstrated that a spoon-shaped detachment surface forms following to indentation, 

determining the development of an initially curved structure in the hanging wall. The 

detachment surface has low inclination in the frontal part and becomes subvertical near the 

lateral edges of the indenter. During the initial phase of convergence, the displacement 

path trajectories in the deformed wedge show divergent fanning directions that are 

suborthogonal to the strike of the fold axes. In the following phase, when indentation 

prosecutes, a new detachment surface forms in front of the former one, and a new curved 

nappe develops. The displacement path trajectories in the first developed nappe are now 

parallel to one another, being the internal region uniformly transported toward the foreland, 

whereas the frontal part of the bend shows again divergent fanning displacement path 

trajectories. 

 Similar results have been documented by Costa and Speranza [2003], who 

performed a “magnetized analogue experiment” using sand mixed with magnetite-

dominated powder. Before deformation, the model was magnetized by means of two 
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permanent magnets generating a quasi-linear magnetic field. After deformation, cylindrical 

specimens were sampled within thrust sheets, and vertical axis rotations were calculated. 

Their results indicate that an indenter pushing into deforming belts generally forms 

nonrotational curved outer fronts, while the more internal fronts show oroclinal-type 

rotations. This would represent a composite curved belt consisting of an orocline in the 

inner part and a nonrotational arc in the outer one. According to the new classification of 

orogenic bends by Weil and Sussman [2004], the bend formed in the inner part of the 

deforming wedge would represent a progressive arc, rather than an orocline. 

 Many analogue experiments have demonstrated that material deformed in front of 

the central part of the indenter is characterized by pure shear, while simple shear affects 

material located near its corners. This implies that the frontal part of arcs formed by 

indentation of a rigid block is also affected by a different amount of tangential extension 

(the extension parallel to the strike). The topic of tangential extension will be treated more 

in detail in paragraph 7.1.1. Conversely, at two limbs of the bend, clockwise and 

counterclockwise vertical axis rotations occur in front of the right and left corner of the 

indenter, respectively. Rotations are induced by internal deformation of the rock, without 

implying a rotation of the thrust surfaces [e.g., Zweigel, 1998]. In fact, rotation amount 

occurring within these portions of the bend is always minor than the structural trend 

variation within the arc. Therefore, the angle between a trend line and the reference line of 

the salient does not necessarily indicate the amount of rotation of a limb. 

 Zweigel [1998] suggested that several features of indenter-related bends are 

controlled by the indentation angle (i.e., the angle between the indentation direction and 

the normal to the frontal face of the indenter). Zweigel observed that: (a) the ratio between 

the widths of the lateral and frontal parts of the wedge increases linearly with increasing 
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indentation angle, thus influencing on the final shape of the bend. (b) Tangential extension 

in the corner area decreases with increasing indentation angle. (c) Tangential extension in 

the corner area is initially high, decreases during progressive convergence, and attains a 

stable level during the advanced stages of the experiments when self-similarity conditions 

are reached. (d) Displacement vectors of accreted material exhibit fanning around the arc, 

but in oblique indentation the spread of their orientation is smaller than the change of 

structural strike (nappe traces and fold axes). In fact, displacement vectors trend mainly 

orthogonal to the structural grain of the belt when indentation is parallel, conversely, they 

rotate clockwise and counterclockwise in the left and right limb of the arc, respectively, 

when convergence is oblique. 

 Analogue experiments have also demonstrated that the final shape of the bend is 

controlled by different factors, such as the shape of the indenter and the shape of the 

sedimentary basin over which the curved structure develops [Macedo and Marshak, 1999]. 

The shape of the salient leading edge closely reflects the shape of the indenter: a 

rectangular-shaped indenter yields a flat-crested salient, a symmetric parabolic-shaped 

indenter yields a parabolic salient, and an asymmetric rounded indenter yields an 

asymmetric salient. Furthermore, these authors proposed that a salient, formed by 

indentation of a rigid block, can be recognized by a divergent structural trend-line pattern 

(see paragraph 5). 

 In conclusion, it can be asserted that the indentation of a rigid block within a 

deformable material generally produces primary arcs.  

 

7.1.1. The problem of tangential extension 
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 Kinematic models proposed by Marshak [1988] have evidenced that tangential 

extension can affect both primary and secondary arcs, though it is not a necessary 

consequence of bend development. The origin of the arc-parallel stretching is different in 

the two types of bend: in primary arcs, it is mainly associated to the pure shear generated in 

front of the central part of the indenter, whereas in oroclines tangential extension results as 

a consequence of the increasing in the curvature radius of the outer part of the arc with 

respect to the inner part. In examples, in oroclinal bending due to buckling, the outer and 

inner part of the bend undergoes arc-parallel extension and compression, respectively.  

 Nevertheless, how tangential extension occur in curved belts is not still fully 

understood. Marshak [1988], proposed two types of fracture arrays accommodating 

tangential extension: a multiple set of nonparallel fractures and a single parallel array. The 

first type has been recognized by Marshak et al. [1982] in the northern Apennines (Italy), 

where a widespread array of mesoscopic strike-slip faults, which roughly define a 

conjugate system, permitted arc-parallel extension, without implying a rotation of 

mesoscopic-scale blocks (Figure 7.1.1.1).  

tangential extension

 

Figure 7.1.1.1. Sketch showing kinematics for tangential extension through a non-parallel fault array. 
 

However, conjugate fault arrays associated to tangential extension need, not always 

involve strike-slip faults. For example, Ramsay [1981] documented the occurrence of 

tangential extension in the Helvetic nappes accommodated by conjugate normal faulting. 
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The second type of fracture array has been documented from the Makran Mountains 

(Pakistan) by Marshak [1988] and consists on a set of parallel faults produced in a region 

characterized by simple shear in a direction parallel to the transport direction of the belt. 

 

7.1.2. The example from the Carpathian Arc 

 The Carpathians represent a 700-km long fold-thrust belt with a striking curved 

structure formed during the Late Cenozoic by the convergence of the Adriatic microplate 

and other continental fragments (such as the Tisia-Dacia block), with respect to Europe 

[Burchfiel, 1980]. The Carpathians are divided into an inner part, consisting of crystalline 

basement nappes and their Mesozoic sedimentary cover (Tisia-Dacia block, Inner 

Carpathians), and an outer part of Cretaceous to Tertiary flysch and molasse nappes (Outer 

Carpathians). The Outer Carpathians form a continuous, curved belt from the Western 

Carpathians to the southern end of the Eastern Carpathians, and continue below the 

Miocene to Recent sedimentary cover along the front of the Southern Carpathians (Figure 

7.1.2.1). 

 Structures are convex towards the foreland and show outward tectonic vergence. In 

the Western Carpathians the orogen grain strikes ~NE-SW, then it makes curves of ~90° 

showing, in the Eastern Carpathians, a general NNW-SSE trending, and finally it changes 

to a roughly E-W direction in the Southern Carpathians [Morely, 1986; Linzer et al., 1998; 

Zweigel, 1998]. The hinterland of the orogenic belt, consisting of basement units which 

underwent their major deformation in the early Cretaceous (145-99 Ma) together with an 

accretionary wedge, exhibits a convex right-angled corner and constitutes the Tisia-Dacia 

block. 
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Figure 7.1.2.1. Geological map of the Carpathians arc system. After Zweigel et al. [1998]. 
 

 Thrusts transport directions, inferred by fault lineations, exhibit a fanning 

distribution around the arc (Figure 7.1.2.2) [Linzer et al., 1998], and their spread is 

systematically smaller than the change of strike of fold-thrust structures [Zweigel et al., 

1998]. According to these evidence, convergence in the Eastern Carpathians is almost 

normal to orogenic strike, whereas movements in the Southern Carpathians are almost pure 

right-lateral strike-slip to the west and right-lateral transpressive to the east [Ratschbacher 

et al., 1993; Morley, 1996; Zweigel, 1997; Linzer et al., 1998]. This model is in agreement 

with the increasing shortening components normal to orogenic strike of the Southern 

Carpathians from west to east documented by Maţenco et al. [1997]. 
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Figure 7.1.2.2. Pleistocene to Holocene displacement orientations of hanging wall block of Eastern and 
Southern Carpathians. After Linzer et al., 1998. 
 
 
 Paleomagnetic and structural data from the Tisia-Dacia block show that the 

hinterland did not move straight, but carried out a clockwise rotation [Ratschbacher et al., 

1993; Pătraşcu et al., 1994] followed by a small southeastward translation [Zweigel, 

1997]. This rotation, resulted in an oblique indentation of the Tisia-Dacia block with the 

Eastern Carpathians, which is maximum (36°) in the region connecting Eastern and 

Southern Carpathians (Bend Area) (Figure 7.1.2.3). 

 Previous paleomagnetic data from the Carpathians evidenced over 90° opposite 

rotation on both the limbs of the arc, showing the existence of two distinctive tectonic 

domains: the northwestern Carpatho–Pannonian domain with systematic counterclockwise 

rotations and the southeastern Carpatho–Pannonian domain with systematic clockwise 

rotations [e.g., Balla, 1987; Linzer, 1996; Csontos and Voros, 2004; Dupont-Nivet et al., 

2005]. 



PART I - Introduction to curved mountain belts 
Chapter 1. General features, kinematics, and mechanisms of formation 

 32

 

Figure 7.1.2.3. Clockwise rotation of the Tisia-Dacia block around a pole situated in its vicinity in 
western Moesia (Romania). Angles of convergence relative to the normal to strike of the orogen are 
shown. After Zweigel [1998]. 
 
 
 Dupont-Nivet et al. [2005] showed that no significant rotation has affected the 

eastern Carpathians since ~9 Ma. In the southern Carpathians, a ~30° clockwise rotation 

seems to have occurred during the 13-6 Ma time interval. This indicates that a regional 

tectonic event occurred in this region probably between 13 and 9 Ma. 

 Further (but less reliable) paleomagnetic data from Cretaceous rocks [Bazhenov et 

al., 1993] would represent evidence for an early phase of clockwise rotation of 60-100° in 

Southern Carpathians and 10-50° in Eastern Carpathians.  

 The development of the Carpathian Arc occurred during Late Cretaceous to Eocene 

times, when the northwestward movement of the Adriatic plate closed the Penninic oceanic 

basins. The Tisza–Dacia block was situated in its pre-rotational position SW of the 

Moesian plate (Romania). During Paleogene times, the Alpine–Carpathian orogenic front 

moved to the north driven by slab roll back of the oceanic lithosphere [Balla, 1987; Linzer 

et al., 1998]. The Tisia–Dacia block rotated clockwise between 90º and 120º around the 

Moesian plate from Late Cretaceous to Middle Miocene times, with main rotation 

occurring in post-Aquitanian times (<22 Ma). Dupont-Nivet et al.  [2005] proposed a 30°–

70° clockwise rotation for the Eastern and Southern Carpathians occurring during this time 
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span. Subsequently, the Middle Miocene to Pliocene deformation was mainly driven by 

retreat of the subducting slab in the embayment between the Moesian and European plates, 

and by the eastward escape of the Tisza–Dacia block [Ratschbacher et al., 1993]. Closure 

of the oceanic embayment and subsequent collision of the Tisza–Dacia block (which acted 

as an indenter) with the Eastern European and Moesian foreland generated the arc structure 

of the Carpathians, inducing a further ~30° clockwise rotation in the southern Carpathians 

[Dupont-Nivet et al., 2005]. 

 Structural data indicate an Early to Middle Miocene E–W contraction, followed by 

Middle to Late Miocene right–lateral oblique convergence in the southern Carpathians and 

frontal convergence in the eastern Carpathians [Morley, 1996; Linzer et al., 1998; Zweigel 

et al, 1998]. Dupont-Nivet et al. [2005] interpreted the Middle to Late Miocene vertical 

axis rotations in the Eastern and Southern Carpathians as the result of the indenting of the 

Tisia-Dacia block within the European margin. A possible mechanism explaining the 

clockwise rotations in the Southern Carpathians is dextral wrench tectonics affecting this 

region [Linzer et al., 1998]. 

 The early evolutionary phase of the Carpathians has been clearly controlled by 

retreat of the subducting slab. Conversely, the final shape of the arc appears to be a 

primary feature caused by the rotational indentation of the Tisia-Dacia block. The low 

amount (<20%) of orogen-parallel extension in the Eastern Carpathian arc documented by 

Zweigel et al. [1998], constitutes a proof for the syn-accretionary character of the arc, in 

contrast to secondary arcs which would require a major orogen-parallel extension 

[Marshak et al., 1992; Zweigel, 1997]. In turn, the movement of the Tisia–Dacia block was 

attributed to the pull from its front (east) due to the retreating of the subducting slab [e.g., 
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Royden, 1993]. Furthermore, the fanning distribution of transport directions is a feature 

compatible with results obtained from many indentation experiments [e.g., Zweigel, 1998]. 

 

7.2. Nonrotational arcs formed along irregular continental margins 

 Generally, if a straight continental margin is subjected to a uniform compressive 

stress along strike, a roughly linear fold-thrust belt develops. However, most continental 

margins are not straight due to many factors linked to their past evolutionary history. The 

shape of passive margins would determine the distribution of stratigraphic units which 

could in turn affect the initial geometry of thrust faults. If thrust faults are initially spoon-

shaped, then the hanging wall structures will be curved in plan view and the orogen will 

initiate as a nonrotational arc. Being the kinematics of such structures similar to those for 

indenter-related primary bends, the displacement path trajectory patterns could correspond 

to the patterns AB or AC of Marshak’s [1988] classification (see paragraph 6.1.1). 

 One of the most commonly cited examples of nonrotational arcs formed as a 

consequence of the irregularity of continental margins is the Pennsylvania salient.  

 

7.2.1. The example from the Appalachian (Pennsylvania, North 

America) 

 Paleozoic rocks within the central Appalachians consist of a nearly continuous 

section of carbonate and clastic sedimentary rocks deposited on a rifted margin of 

metamorphic basement [Thomas, 1977]. The Pennsylvania salient of the Valley and Ridge 

is composed of three roughly linear segments of different trend: a southern (020°–025°), 

central (055°–060°), and northern segment (065°–085°) (Figure 7.2.1.1). The culmination 

in the central segment (Juniata Culmination) reflects differences in map scale shortening in 



PART I - Introduction to curved mountain belts 
Chapter 1. General features, kinematics, and mechanisms of formation 

 35

the salient. In fact, rocks have been shortened 30-38% in the south, 38-39% in the north, 

and ~46% in the central salient [Gray e Stamatakos, 1997]. 

 

 
Figure I 7.2.1.1. Digital elevation model of the Pennsylvania salient showing the main physiographic 
features. 
 

 Regional shortening directions record as much as 30° clockwise rotation in the 

northern segment [Gray and Mitra, 1993] and opposite rotation sense in the southern 

segment [Evans, 1994]. The regional shortening directions on both limbs of the salient 

were initially subparallel and trended 320°–340°. After the early deformation phase which 

yielded a layer-parallel shortening, the shortening directions began to diverge. The final 

stages of deformation exhibit maximum shortening directions of 280°–290° in the southern 

segment, and 010° in the northern segment [Gray e Stamatakos, 1997]. 

 Paleomagnetic results from previous studies [Schwartz and Van der Voo, 1983; 

Stamatakos and Hirt, 1994; Stamatakos et al., 1996] reveal the following spatial and 
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temporal relationships of deformation: (1) Folding in the salient occurred in the Permian. 

(2) Either prior to or during the earliest stages of deformation, rocks within the salient were 

rotated about a vertical axis between 20° and 30°. It remains unclear whether all of the 

rotation took place on one limb of the salient or whether the rotations were evenly 

distributed on the limbs of the salient. If both limbs of the salient rotated to achieve the 

overall 30° tightening of the salient, each limb must have rotated 15° in opposite directions 

during the earliest phase of the orogenesis. (3) Since the onset of folding and thrusting, 

vertical axis rotations around the salient have been negligible. Compatibly, oroclinal test 

performed by Schwartz and Van der Voo [1983] evidenced that paleomagnetic and 

structural direction are not correlated, as the best-fit line is not statistically different from 

zero slope line (see paragraph 4). 

 This implies that, despite evidence for early vertical axis rotations, curvature is an 

original feature of the arc. This conclusion is subsequently supported by the shortening 

directions that rotated in opposite sense to those predicted for an orocline, and precludes 

tectonic models that explain the curvature of the orogen solely in terms of impact by rigid 

indenters on the opposing African margin [e.g., Faure et al., 1996]. 

 According to the tectonic model by Gray e Stamatakos [1997], lateral differences in 

the amount of layer-parallel shortening in the lower thrust sheet produced vertical axis 

rotations in the upper thrust sheet. Imbrication of the lens-shaped lower sheet eventually 

led to the development of a three-dimensionally tapered wedge. Gravitational spreading of 

the tapered wedge generated progressively radiating paleostress trajectories (and 

concordant maximum shortening directions within the wedge) while it inhibited further 

vertical axis rock rotations. 
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7.3. Salients associated with obstacles 

 An obstacle is a feature which impedes movement on a detachment fault in a fold-

thrust belt. In literature, obstacles have also been indicated by the term “buttress” [e.g., 

Horberg et al., 1949]. Geologically, an obstacle can be represented by a stratigraphic 

pinch- out of a glide horizon [Laubsher, 1972], a basement massif on the underthrust plate 

[Grubbs and Van der Voo, 1976; Schwartz e Van der Voo, 1984], a seamount or an oceanic 

ridge upon a subducting slab, or rigid carbonate shelf [Costa and Speranza, 2003]. 

 If a segment of a fold-thrust belt is pinned at an obstacle while adjacent segment are 

able to advance, a bend may develop. The obstacle causes systematic reorientation of stress 

trajectories which leads to along-strike variations in displacement path trajectories 

[Laubsher, 1972; Beutner, 1977]. Marshak [1988] suggested that oroclines can form in 

association with buttresses, displaying kinematic patterns OA, OB, OC, or OD (see 

paragraph 6.1.2). 

 In the experiments by Macedo and Marshak [1999] it has been observed that when 

the thrust front reach the obstacles, new thrusts that form to the foreland of the obstacles 

initiate with a curved trace, thus yielding nonrotational arcs. Preexisting thrusts eventually 

undergo oroclinal bending as they force through the space between the obstacles. These 

authors also noted that the shape of the salient depends on the spacing between buttresses: 

for a given amount of shortening, the degree of curve protrusion decreases as the distance 

between buttresses increases. Similar results were also obtained from magnetized analogue 

models by Costa and Speranza [2003]. Furthermore, the relative amount of shortening, as 

manifested by the number of thrusts and by the thickness of the thrust wedge, is greater 

near the end points (EP, see paragraph 3) than near the apex. 
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 Costa and Speranza [2003] carried out analogue experiments using different 

boundary condition for buttress, such as the presence or not of a lateral confinement, the 

buttress type (surmontable or insurmontable in order to reproduce shallow and deep 

portions of the deforming sheets, respectively), and its orientation with respect to the 

shortening direction. Interesting aspects resulting by these experiments are listed below: 

(a) Deforming wedges colliding with obstacles in the foreland, oblique to the 

shortening direction, display rotations of the outer fronts opposite in sign to the 

oroclinal rotations. 

(b) The more internal fronts rotate only later, due to both lateral shear strain and 

interaction with later and more external fronts. They show oroclinal rotations, but 

the magnitude of rotation is smaller than that expected for a perfect orocline, except 

for those fronts formed inside the lateral symmetrical obstacles. 

(c) When deforming wedges collide with obstacles, rotations more strongly affect 

laterally unconfined wedges. Also in thin-skinned tectonics of natural settings 

rotations are probably easier where rocks are poorly confined laterally or in the 

shallower structural levels. 

 In the next paragraph I will report on a natural example of arcuate belt formed in 

association with a buttress: the Gela nappe of the Maghrebian thrust belt of Sicily (Italy). 

 

7.3.1. The example from the Maghrebian thrust belt of Sicily (Italy) 

 The Gela Nappe is a striking, southward-verging, salient corresponding to the 

largest southward advancement of the Sicilian Maghrebian belt over the African foreland 

(Figure 7.3.1.1). It is formed by a thin-skinned wedge exposing upper Miocene-mid 

Pleistocene basinal sediments [Lickorish et al., 1999] deformed until mid Pleistocene 
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times. The Gela Nappe salient develops between two uplifted domains exposing thick and 

rigid shelf carbonates: the Hyblean plateau to the east, and the Saccense ridges to the west. 

 

 

Figure 7.3.1.1. Schematic map of Sicily and paleomagnetic orogenic rotations, after Speranza et al. 
[2003]. Vertical arrows indicate unrotated areas. Circular arrows (and the enclosed angle) indicate the 
amount of clockwise and counterclockwise rotations calculated for the single sampling localities. 
 

 Paleomagnetic studies have shown that in Sicily large-scale clockwise rotations 

occurred synchronous with thrust sheet emplacement [Channell et al., 1990; Speranza et 

al., 1999, 2003]. Clockwise rotations seem to have a regional character, and to be 

genetically related with the spreading of the southern Tyrrhenian Sea, which induced the 

formation of a large-scale orocline represented by southern Apennines, Calabria, and 

Sicilian Magherbides belt fragments [e.g., Gattacceca and Speranza, 2002; Speranza et al., 

2003]. In Sicily, Speranza et al. (2003) have shown that a 70° clockwise rotation occurred 

in mid Miocene times, followed by a late Miocene-Pleistocene 30° clockwise rotation. 
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Plio-Pleistocene sediments sampled in several parts of the Gela Nappe show invariantly 

10–30° CW rotations [Speranza et al., 1999, 2003]. Older pre-orogenic sediments exposed 

at the edges of the Gela Nappe itself similarly show a ubiquitous 100° total orogenic 

rotation, without any major difference between the eastern and western limbs of the salient 

[Channell et al., 1990; Speranza et al., 2003]. 

 The paleomagnetic data summarized above show that the Gela Nappe salient is an 

almost perfect nonrotational arc, once the uniform CW rotation of the Sicilian nappes is 

eliminated. The two platform carbonate domes represented by the Hyblean plateau to the 

east, and the Saccense ridges to the west, may have represented the foreland obstacles 

colliding with a southward propagating thrust wedge and causing the formation of a 

pronounced belt salient. This hypothesis appears to be in good agreement with the results 

of analogue models by Costa and Speranza [2003], who showed that lateral symmetrical 

obstacles in the foreland colliding with forward propagating wedges produce a 

nonrotational outer curved front. 

 

7.4. Basin-controlled orogenic bends 

 Numerous authors have documented the existence of a spatial association of 

salients with particularly thick sedimentary basins [Marshak and Wilkerson, 1992; Boyer, 

1995], and that the position of the salient’s apex coincides, in many cases, with the location 

of the precollisional depocenter (i.e., thickest strata) in the basin from which the salient 

formed [Macedo and Marshak, 1999]. Therefore, along-strike variations in the 

predeformational basin thickness in a sedimentary basin can yield favourable conditions 

for bends formation. Also, if variation in predeformational sedimentary thickness affect 

salient location, it can also affect its shape. In fact, several analogue experiments [e.g., 
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Macedo and Marshak, 1999] have demonstrated that the thickness of sedimentary 

succession, and thus, the shape of the sedimentary basin, controls the final shape of the 

bend. Thus, if the basin has a symmetric (asymmetric) shape, the salient will develop with 

a symmetric (asymmetric) shape. Moreover, if the basin has a flat or spoon-shaped bottom 

surface, the bend will develop with a flat or rounded crest, respectively. In Figure 7.4.1 

possible salient shape based on the shape of the sedimentary basin are shown. 

 

 

Figure 7.4.1. Possible bend geometries depending on the shape of the sedimentary basin, (h) Thickness 
of deforming sedimentary layer. After Macedo and Marshak [1999]. 
 

 Basin-controlled salients form because, as Marshak and Wilkerson [1992] noted, 

the width of a thrust wedge is linearly proportional to the sediment thickness (Figure 

7.4.2), a relationship that reflects volume balance during deformation. 
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Figure 7.4.2. Cross-section comparison of the effect of layer thickness on the width of a thrust sheet. 
Assuming the same thrust angle, the width of thrust sheets must be wider when formed from a thicker 
layer than from a thinner layer because when the layer is thicker, a greater volume of material must be 
displaced. After Macedo e Marshak [1999]. 
 

 As pointed out by Marshak et al. [1992], basin-controlled salients are nonrotational 

arcs, in the sense that thrusts in these salients initiate with curved trend lines so that the 

limbs of the salient do not rotate significantly around a vertical axis with progressive 

deformation. However, the statement that thrust traces do not undergo rotation in basin-

controlled salients does not imply that the rock composing thrust sheets are not affected by 

rotations. In fact, simple shear of rock within thrust sheets on the limbs of the salient could 

yield a variable amount of rotation. Furthermore, strike-slip faults develop in cases where 

the transition between thick and thin strata is very abrupt. 

 Finally, according to the bends geometries classification by Macedo and Marshak 

[1999] (see paragraph 5), the pattern of structural trend lines in basin-controlled salients 

shows trend lines convergent toward the end points. This is caused by the fact that the 

sedimentary sequence involved in thrusting thins toward the end points. 

 In the following paragraph I will show the natural example of basin-controlled 

salient of the Jura Arc, northern Alps. 

 

7.4.1. The example from the Jura Arc (Northern Alps) 

 The Jura fold-thrust belt is an arcuate region of more than 350 km lateral extent, 

lying northwest of the northern alpine foreland basin (Swiss Molasse). The structural grain 



PART I - Introduction to curved mountain belts 
Chapter 1. General features, kinematics, and mechanisms of formation 

 43

of the Jura arc swings a full 90° from a N-S direction at the southwest end to an E-W 

direction at the northeast end. The belt is composed of Mesozoic strata detached from a 

Permo-Carboniferous basement by Triassic evaporite layers. This latest and most external 

fold-thrust belt of the Alps developed after the middle Miocene (Serravallian) on the 

external side of the Molasse foredeep [Laubscher, 1992; Burkhard and Sommaruga, 1998]. 

Bulk shortening perpendicular to the fold trends ranges from more than 35 km in western 

parts to some 25 km in central parts [Mugnier et al., 1990; Philippe, 1995]. Towards the 

east, bulk shortening decreases regularly to zero [Burkhard, 1990]. The strain trajectories 

map in Figure 7.5.1, describe a strongly divergent, radial pattern with NE-N-directed 

compression at the eastern end of the Jura and W-directed compression behind the western 

termination of the arc. This gross pattern confirms the large-scale structural trend of the 

Jura fold-thrust belt as depicted by tectonic maps. 

 Early paleomagnetic studies from the Jura fold belt [Van der Voo et al., 1979; 

Eldredge et al., 1985; Lowrie and Hirt, 1986; Gehring et al., 1991], documented only very 

small and barely significant clockwise rotations of less than 10°. Oroclinal tests performed 

by Eldredge et al. [1985] and Lowrie and Hirt [1986] proved the primary origin of the arc. 

Conversely, two recent studies in Oligo-Miocene Molasse sandstones from the hinterland 

of the Jura have identified small but systematic clockwise deviations of paleo-poles from 

present day geographic north, on the order of 5±25° [Schlunegger et al., 1996; Kempf et 

al., 1998]. There are only two published sites from behind the western half of the Jura 

[Burbank et al., 1992]. The tectonic interpretation of the paleomagnetically determined 

declinations for Oligocene Molasse sandstones is somewhat hampered by the fact that 

there are no directly comparable sites available for the undeformed foreland of the Jura. 

The maximum difference between paleo-pole declinations east and west of the symmetry 
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axis of the Jura arc is on the order of 30±35° for rocks of the same Oligocene age. 

Excluding an oroclinal bending mechanism producing these rotations, we can tentatively 

propose a shear-induced origin along the limbs of the bend for them. 

 

 

Figura 1. Tectonic overview of the Jura arc in front of the northwestern Alps with compiled strain 
data. The arcuate shape of the Jura is materialized by the trend of major anticlines. Strain trajectories 
(in blue) have been computed from a large data set of 180 stations where populations of minor faults 
have been used to calculate paleo-stress tensors by inversion methods (Homberg, 1996). Displacement 
vectors (red, to scale) are based on the study by Philippe et al. [1996]. Rotations have been taken by 
previous studies by Kempf et al. [1998], Gehring et al. [1991], Burbank et al. [1992], and Schlunegger 
et al. [1996]. After Hindle and Burkhard [1999]. 
 

 Laubscher (1972) and Hindle et al. [2000] proposed as mechanism for crustal 

shortening in the Jura belt the indenting by the western Alps (Helvetic and Prealpine 

nappes), pushing as a rigid block into the Molasse and Jura (i.e. both are indented but only 

the Jura shows significant deformation) with a uniform northwestward direction. This 

mechanism is suitable to explain the overall geometry of total finite displacement in the 

Jura arc, without requiring divergent transport along strike or secondary bending. 
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 The external border of the Jura arc coincides with the Triassic evaporite 

(representing the basal detachment surface) pinch-out and the arc mimics directly the 

original shape of the Triassic basin border. Therefore, it is very likely that the western and 

eastern limbs of the Jura arc owe their asymmetry to paleogeography [e.g., Philippe, 1994]. 

In addition to lateral variations in the basal décollement level, a lateral increase in total 

thickness of the folded Mesozoic cover explains a striking westward increase in fold 

amplitude and wavelength. While the outer curvature of the Jura arc can largely be 

interpreted in terms of paleogeographic prestructuration, the inner curvature, i.e. the rather 

abrupt change between virtually undeformed Molasse basin and strongly folded and 

thrusted Jura, still remains a matter of debate. 

 In conclusion, according to the geologic, structural and paleomagnetic data 

available from the Jura fold-thrust belt, we can consider the Jura arc as a basin-controlled 

primary bend, where an important role has also been played by the presence of a buttress, 

i.e. the lateral termination of the salt-gypsum level (representing a glide horizon for 

deformation). 

 

7.5. Topography-driven arcs 

 According to the gravitational collapse model by England and Houseman [1989], 

shortening and extension are initiated and driven by the potential energy difference 

between the extending region and the surrounding shortening region. This would result in a 

region of extension encircled by a region of shortening resulting from radial thrusting. No 

vertical axis rotations are expected because radial spreading would imply that outward 

thrusting is always perpendicular to the strike of the arc. Conversely, tangential extension 

is required. 
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 The origin of the potential energy difference has been generally attributed to a 

thickened crust [e.g., Molnar and Tapponnier, 1978]. The difference in potential energy 

ΔEp is given by the following equation (1) [Frank, 1972]: 
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where z is the depth below the surface , ρ(z) is the depth-dependent density, g is the gravity 

acceleration, T and R denote thickened and reference columns, respectively. The density of 

crust and lithospheric mantle can be assumed to be constant. Considering that the reference 

crust has a thickness H, and the thickened crust has (H+h+ΔH), where h is the topographic 

elevation from the reference crust and ΔH is the crustal root the equation (1) can be 

calculated by integrating the equation (1) for z=0 to z=h+H+ ΔH: 
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where ρcr is the density of the crust. The equation (2) can be rewritten in terms of h and H, 

as follows: 
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where ρm is the density of the mantle. 

 In summary, it can be observed that, being constant the other parameters, the 

potential energy increase with the increasing of h, that is the topographic relief. 

 In the lithospheric and crustal collapse models, it has generally been assumed [e.g., 

Platt and England, 1994] that collapse will occur when potential energy difference 

between a thickened column and foreland column (equation 3) is larger than the 

extensional integrated strength of the thickened column given by the following equation 

(4): 
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Integrated Strength = ∫ −
zl

dz
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where zl is the base of the lithosphere. 

 In conclusion, the gravitational collapse model might work for orogenic regions 

with a very thickened crust and therefore with high potential energy, as also proposed by 

Schellart and Lister [2004]. 

 The importance of topography and gravitational potential, as primary controls on 

stress distribution within the lithosphere, has long been recognized [e.g., England and 

Molnar, 1997; Marques e Cobbold, 2002]. Where there is topographic relief, the stress 

field will vary horizontally. According to the Critical Taper theory, a wedge of non-

cohesive Coulomb material deforms until it reaches a critical angle of taper (including 

surface slope and basal slope), which depends on the internal and basal coefficients of 

friction. If these coefficients are constant, the wedge profile becomes triangular [Dahlen, 

1990]. Where topography was locally higher than that predicted by the theory, no further 

thickening took place during deformation. Where topography was lower than predicted, 

thickening occurred preferentially, although not always in the earliest stages of 

deformation. 

 Relying on this theory, corroborated by numerous analogue experiments [e.g., 

Marques and Cobbold, 2002], active thrusts tend to be arcuate in map view, forming 

salients around areas of high topography and recesses across areas of continuing erosion 

(Figure 7.5.1). Experiments by Davy and Cobbold [1991] and Marques and Cobbold 

[2002], evidenced the tendency for that areas subjected to erosion to be more prone to 

shortening. Therefore, continuing erosion in the hinterland caused repeated reactivation of 

thrusts, rather than formation of new ones towards the foreland. Conversely, areas of high 
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topography (plateaux and conical mountains) tend to spread sideways. At the leading edge 

of a plateau, dip-slip motions on arcuate thrust salients accommodated radial 

displacements, yielding primary arcs. 

 

               

Figure 7.5.1. Analogue models by Marques and Cobbold [2002] showing the formation of a salient in 
front of an area of high topography (left), and recess across an area subjected to erosion (right). 
 

 At the lateral edges of the plateau, which are affected by a simple shear stress, 

transfer zones could develop. Deformation in these zones tended to be strongly localized, 

and accommodated by oblique slip on thrust faults and by block rotations about vertical 

axes, that are clockwise and counterclockwise in the right and left side of the plateau, 

respectively (Figure 7.5.1, left). 

 

7.5.1. The example from the Hellenic Arc 

 The Eastern Mediterranean Alpine belt results from the N-S convergence of the 

Eurasia and Arabia/Africa plates [Sengör and Vilmaz, 1981]. The Aegean Sea (southern 
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Greece) represents a piece of continental lithosphere undergoing widespread ~N-S 

extension at the rear of a curved subduction zone (South Hellenic subduction zone), 

beneath which the oceanic lithsphere of the African plate plunges northward (Figure 

7.5.1.1). Between Greece and Turkey the Alpine orogen, here constituted by the Dinarides, 

Cyclades and Taurides, forms a kilometric-scale salient known as the Hellenic Arc 

[McKenzie, 1978; Le Pichon, 1982; Kissel and Laj, 1988; Duermeijger et al., 1998; 

Walcott and White, 1998; Gautier et al., 1999; Kissel et al., 2003]. The Aegean Sea and the 

Hellenic arc together form a classical arc-backarc system. 

 

 

Figure 7.5.1.1. Simplified structural map of the Eastern Mediterranean. After Gautier et al. [1999]. 
 

 The distribution of stretching directions along the entire Aegean, associated with 

backarc extension, shows a divergent pattern, being NE-SW and N-S in the eastern and 

southern regions, respectively [Gautier and Brun, 1994]. However, Lee and Lister [1992] 

documented a well developed NE-dipping mylonitic foliation, and an ENE-trending 

mineral elongation lineation in the extension-related exhumed rocks from the backarc 
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region. These kinematic indicators are consistent with a top-to-NE sense of shear along the 

major detachment faults of the basin. 

 Paleomagnetic data from the Aegean reveal the existence of a western (West 

Aegean) and eastern (East Aegean) region characterized by a general ~30° clockwise and 

counterclockwise rotation, respectively [Kissel and Laj, 1988; Kissel and Speranza, 1995; 

Speranza et al., 1995; Morris and Anderson, 1996; Kissel et al., 2003]. The central 

Aegean, where a mean N-S stretching direction dominates, appears to have undergone no 

rotation or a small (<20°) counterclockwise rotation [Morris and Anderson, 1996; 

Duermeijer et al., 1998] (Figure 7.5.1.2). All these rotations occurred after early Miocene 

times.  

 

 

Figure 7.5.1.2. Paleomagnetic declinations of Tertiary rocks in the Aegean. The dotted line marks the 
boundary of an area of predominantly clockwise rotation. After Walcott and White [1998]. 
 

 The eastern side of the Hellenic Arc is represented by the Anatolian block. In late 

Miocene to Present times, a major dislocation of entire Anatolia block occurred along two 
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prominent active structural lines: the dextral North Anatolian and the sinistral East 

Anatolian strike-slip fault zones (Figure 7.5.1.3). Between these kilometric faults, the 

Anatolian block moves westward, escaping from the Arabian/Eurasiatic collision zone. 

Paleomagnetic data from this region [Piper et al., 1996; Gürsoy et al., 1997; Platzman et 

al., 1998; Kissel et al., 2003] reveal that a large-scale counterclockwise rotation of the 

Anatolian block of ~25° has occurred during Neogene time (<21 Ma).  

 

 

Figure 7.5.1.3. Tectonic map of Turkey showing the Anatolian block and the North and East (EAFZ) 
Anatolian Faults. After Kissel et al. [2003]. 
 

 Many different tectonic scenarios have been drawn so far to explain the evolution 

of the Aegean area, mainly based on structural and paleomagnetic evidence. Kissel and Laj 

[1988] suggested that the current curvature of this region was acquired in two major phases 

starting in the early Miocene from an almost rectilinear E–W-trending of the belt. During 

the first phase (middle Miocene, ~15 Ma) a clockwise rotation in the West Aegean 

(Dinarides) and a counterclockwise rotation in western Anatolia (Turkey) took place. The 

second phase, characterizing the last 5 Ma, produced only clockwise rotations for the 

northwestern part of Greece. 
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 Analogously, Walcott and White [1998] suggested that a ~30° clockwise rotation in 

the West Aegean and a ~19° counterclockwise rotation in the East Aegean occurred 

between 25 and 3 Ma (Figure 7.5.1.4). They interpreted the bulk rotation of the West 

Aegean to be the result of pinning and shortening of the northwest margin whilst the 

southeast Aegean underwent extension. After ~3 Ma the West Aegean block subdivided 

into two portions: the southeastern portion coupled with the SW Cycladic area to form the 

Central Aegean block and started to translate southwest without any rotations, while the 

NW margin continued to rotate ~15° clockwise. 

 

         

Figure 7.5.1.4. Tectonic evolution during the 25-3 Ma (left) and post-3 Ma (right) phase, as proposed 
by Walcott and White [1998]. After Walcott and White [1998]. 
 

 Three major mechanisms have been proposed to explain the development of the 

Hellenic arc-backarc system. The first is the southward retreat and rollback of the 

subducting slab driven by the negative buoyancy of the cold African oceanic lithosphere 

sinking into the mantle [e.g., Le Pichon, 1982]. The second is the westward extrusion of 

Anatolia block along the North Anatolian fault [e.g., McKenzie, 1972], and the third is 

gravitational collapse of an overthickened crust [e.g., Gautier et al., 1999]. 

 According to the gravitational collapse model by Gautier et al. [1999], the tectonic 

evolution of the Aegean initiates between 21 and 16 Ma with the southward spreading of 
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the Aegean thickened lithosphere as a result of gravity forces acting along its southern 

boundary, which provided the arcuate shape of the orogen. After ~16 Ma the westward 

movement of the Anatolia block resulted in a further deformation of the Aegean domain. 

Results from analogue models carried out by Gautier et al. [1999] are compatible with the 

structural and paleomagnetic features of the Hellenic arc. 

 

7.6. Orogenic arcs linked to the bending of “ribbon continent” 

 During phases of accretion of lithospheric blocks against a major pre-existing 

continental margin, their mechanical properties influence the deformation process. In fact, 

has been documented how elongated lithospheric blocks, characterized by asymmetric 

shape, known in literature as “ribbon continents” [e.g., Johnstone, 2001] can be more 

easily deformed and bended than a block with a symmetric shape. Therefore, when a 

migrating ribbon continent collides with an irregular margin of a major plate it can be 

bended and form arcuate orogenic systems.  

 

 

7.6.1. The example from the Great Alaskan Terrane Wreck 

 One of the most striking example of continental growth due to accretion of terranes 

to continental margin is represented by the Cordillera of North America. Paleomagnetic 

data for Cretaceous rocks of the Cordillera imply that the crust containing these units lay 

far (2000-3000 km) to the south during their formation, and require significant late 

Cretaceous dextral translation to bring these terranes to their current position [Irving and 

Wynne, 1991]. The continental drift of such blocks were possible because of the strongly 
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oblique plates convergence which constituted an ideal setting for the entrainment and 

orogen-parallel translation of crustal blocks. 

 An E-W-trending, north-verging structural stack of rock sequences underlying the 

Arctic Alaska region of northern Alaska is continuous over a strike distance major than 

4000 km west into Siberia and southeast into Yukon. This mountain chain is composed of 

several orogenic arcs which Box [1985] considered as being primary features of the 

Paleozoic continental margin of western North America. It suggested that younger terranes 

draped over this sinuous margin during accretion. 

 Central and northern Alaska is divisible into the northerly E-W-trending Arctic 

Alaska, the central SW-trending Ruby, and the southerly E-W-trending Dillinger belts, 

constituting a Z-shaped bend (Figure 7.6.1.1). The belts are connected through orogenic 

bends, and both facing and structural vergence directions vary in a consistent and 

predictable fashion from belt to belt, indicating that they previously formed a coherent 

linear “ribbon continent”. The Arctic Alaska belt is in fault contact to the east with a 

Jurassic to Cretaceous molasse deposits, which separate the Arctic Alaska belt to the west 

from autochthonous Paleozoic continental margin sequences of ancestral North America to 

the east, and are involved in the North Alaskan orocline. They therefore limit bends 

formation to the time interval Late Cretaceous-Tertiary. 

 Paleomagnetic data, though complicated by the lack of primary remanent 

magnetization, imply that increasingly far-sided paleo-poles characterize the more 

southerly belts. Thus, displacement of the Arctic Alaska belt (~1320 km) is less than that 

of the Yukon-Tanana belt and attached strata to the south (3000±500 km south at 85 Ma, 

and 1900±700 km south at 70 Ma). Rotations required by the paleomagnetic data include 

counterclockwise rotation of Arctic Alaska, clockwise rotation of strata within the North 
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Alaskan orocline, significant counterclockwise rotation of the Dillinger belt, and little 

rotation of the Yukon-Tanana belt. 

 

 

Figure 7.6.1.1. Geologic map of Alaska and Yucon. After Johnstone [2001]. 
 

 The geological history, the continuity of the belts, structural relationships (oroclines 

and escape structures), together with paleomagnetic data, indicate that the belts originated 

as an elongate linear “ribbon continent”. The current geometry of the orogen is the result of 

buckling of the ribbon continent, which was over 8000 km long and 500 km wide, about 

vertical axes of rotation. Northward translation of the ribbon continent initiated at about 85 

Ma when the oceanic Farallon plate, which floored most of the northern Pacific basin, 

rifted into a northerly Kula plate and a southerly Farallon plate. Buckling of the ribbon 

continent appears to have begun almost immediately after the initiation of northward 

displacement. Figure 7.6.1.2 shows the evolution of the ribbon continent. 
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Figure 7.6.1.2. Schematic paleogeographic maps showing, from left to right, northward migration and 
buckling of the ribbon continent. After Johnstone [2001]. 
 
 
 

7.7. Subduction-related arcs 

 In subduction zones an arc can be defined by the geometry of both the trench and 

the volcanic arc. But the question arises as why is the trench (and slab) shape curved in 

map view? Frank’s [1968] model tried to explain this phenomenon invoking the Earth’s 

sphericity. His model implies a direct relationship between slab dip angle (α), the central 

vertex angle (β) depending on the arc radius, and the arc radius (r):  

α = β = 360(r/πR) 

where R is the Earth’s radius. The model predicts that slab dip should increase with 

increasing central vertex angle, and that slab dip should remain constant along the length 

of the arc, requirements that are generally not observed in natural examples. Based on 

these criteria, the model does not account for arcuate subduction zones around the globe. 

 However, there are several lines of evidence from different disciplines in geology 

that suggest that most arcs are not initial static geometries but evolve through time from 

more rectilinear geometries. These can be reassumed in the following points: 

- The wide range of arcuate shapes; 
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- Vertical axis rotations are different in sense along the arc; 

- GPS data indicate that different segments of the arc are characterized by different 

velocities compared to a fixed hinterland; 

- The presence of back-arc basins on their concave side which have often 

experienced a long lasting extension or spreading. 

Though not all arc-shaped convergent zones necessarily evolved from initially straighter 

geometry in an arc-backarc system the possibility of developing curve structure are much 

higher and strictly linked to the mechanisms associated to, and triggered by the subduction 

process. In fact, arc-backarc systems develop in an overall convergent tectonic setting, 

with shortening in the overriding plate close to the subduction interface (fore-arc region) 

and extension on the concave side of the arc (backarc region). 

 Different types of tectonic models have been proposed so far to explain the 

formation of arc-backarc systems that are characterized by progressive arc formation, 

shortening in the fore-arc region, and extension in the backarc region [Schellart and Lister, 

2004]. Here we will discuss model dealing with arc-backarc system formation in 

subduction regimes: the slab rollback model [e.g., Faccenna et al., 1997]. In the slab 

rollback model, deformation results from retreat of the subducting slab which triggers 

simultaneously compression and extension in the overriding plate. Compression occurs 

close to the trench due to accretion of ocean sediments [Malinverno and Ryan, 1986], 

while extension characterizes the inner part of the overriding plate behind the trench. In 

fact, rollback leads to the formation of a potentially vacant zone at the contact between the 

subducting and overriding plates [Shemenda, 1993]. This potentially vacant region will be 

filled by the overriding plate, which collapses toward the retreating hinge of the subducting 

plate because it is not strong enough to sustain such a potentially vacant region at the plate 
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boundary. Extension in the overriding plate will be oriented in a direction perpendicular to 

the trench. 

 In this geodynamic context, arc formation results from the lateral change in retreat 

velocity along the subduction zone and would imply opposite sense of vertical axis rotation 

(saloon-door type) along the limbs of the arc during progressive slab retreat. One common 

factor causing arc formation during slab retreat is mantle flow around the slab edges in the 

case that the slab has a small lateral extension [Faccenna et al., 1997; Schellart, 2004; 

Cifelli et al., 2007]. 

 Several driving mechanisms have been proposed to explain the retreat of the hinge-

line of the subducting lithosphere, such as: (1) negative buoyancy of the slab with respect 

to the sub-lithospheric mantle through which it sinks [Malinverno and Ryan, 1986; 

Shemenda, 1993]. (2) The pushing of the overriding plate on the hinge-line of the 

subducting plate [Gautier et al., 1999] caused by body forces (linked to potential energy) 

or tectonics. (3) The overall east-directed flow in the asthenosphere or the net westward 

rotation of the lithosphere which would push west-dipping slabs eastward, increasing its 

dip angle, and causing a deviatoric tension along the subduction interface [Moore, 1973]. 

Schellart and Lister [2004] conclude that the negative buoyancy force is the most likely 

cause for the slab rollback mechanism, among those proposed. Furthermore, the rollback 

process is considered the most likely candidate to form arcuate systems as the overriding 

plate has no option other than to follow the migrating hinge. In fact, if this were not the 

case, the retreating slab would simply create a lithospheric-scale gap, and of course, no 

such gaps are found along subduction zones. 

 In the next paragraphs I will introduce the example from the Calabrian arc 

(southern Italy). 
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7.7.1. The example from the Calabrian Arc (southern Italy) 

 The Calabrian Arc defines a mountain belt encircling the Tyrrhenian Sea, from 

southern Apennine to Sicilian Maghrebides (Figure 7.7.1.1). The Calabrian Arc is 

presently located on top of a narrow (roughly 200 km) and steeply (70°) subducting slab 

[Anderson and Jackson, 1987; Selvaggi and Chiarabba, 1995; Lucente et al., 1999], 700 

km long [Piromallo and Morelli, 2003].  

 

 

Figure 7.7.1.1. Schematic geologic map of southern Italy. After Cifelli et al. [2007]. 

 

 Since the mid-late Miocene, back-arc extension and rifting processes in southern 

Tyrrhenian Basin were synchronous with the outward migration of compressional phases 

in southern Apennines-Sicilian Maghrebides toward the Apulian foreland. Trench retreat 
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of the Ionian slab generated the opening of the southern Tyrrhenian Sea back-arc basin and 

the overprinting of the early Alpine compressional structures by extensional tectonics [e.g., 

Rossetti et al., 2004]. The fast retreat of the Ionian slab was responsible of the 

southeastward drifting of the Calabro-Peloritane Domain (CPD), which was finally 

incorporated in the Apennine-Maghrebian chain, to form the present-day Calabrian Arc. 

The geological architecture of northern Calabria consists of an Eocene orogenic nappe 

stack accreted onto the Apulian paleomargin and is made of Hercynian basement rocks and 

Alpine polymetamorphic sequences derived from the deformation of the southern Tethyan 

margin. This orogenic pile is unconformably covered by middle Miocene to Recent 

postorogenic synrift to postrift sediments along the Tyrrhenian side and by a thick 

Oligocene to Pleistocene forearc sedimentary sequence along the Ionian side [e.g., Bonardi 

et al., 2001]. 

 Paleomagnetic data collected in southern Italy (Figure 7.7.1.2) evidence two 

geologic sectors, southern Apennines to the north and Calabria and Sicily to the south, 

affected by opposite tectonic rotations (counterclockwise and clockwise, respectively) 

[Channell et al., 1980, 1990; Gattacceca and Speranza, 2002; Mattei et al., 2002; 

Speranza et al., 1999, 2003; Cifelli et al., 2004; Mattei et al., 2004; Cifelli et al., 2007]. 

Rotations are confined to the orogenic wedge, and do not extend to the Apulia and Hyblean 

forelands, which did not undergo tectonic rotations. In Sicily, paleomagnetic data from 

Middle Jurassic sedimentary rocks show a decrease in paleomagnetic rotations from the 

more internal Panormide-Imerese and Sicanian units (up to 145° clockwise), to the 

intermediate paleogeographic units of the Trapanese and Internal Saccense (50° 

clockwise). In the southern Apennines paleomagnetic data from Cretaceous to middle 

Miocene carbonate platform sediments, and from Jurassic to Cretaceous pelagic 
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calcareous-marly sediments, evidence a constant amount of counterclockwise rotations 

(70°–80° in average) which have been measured either in Jurassic to Oligocene units. 

 

 

Figure 7.7.1.2. Paleomagnetic rotations from the southern Apennines, Calabrian Arc and Sicily. After 

Cifelli et al. [2007]. 

 

 Finally, both in Sicily and southern Apennines, uppermost lower Pleistocene and 

middle Pleistocene sediments are substantially no rotated. In the CPD, paleomagnetic data 

mainly collected in upper Miocene to Pleistocene sedimentary sequences show a post-mid 

Miocene 20° clockwise rotation, whereas the uppermost lower Pleistocene–middle 

Pleistocene sediments generally do not show appreciable rotations. 

 These data evidenced that the tectonic evolution of the Calabrian Arc cannot be 

explained using classical concepts of primary, secondary or progressive arcs, which do not 
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account for the complex rotational history of this area. The presence of opposite 

paleomagnetic rotations in Sicily and southern Apennines demonstrates that the tectonic 

evolution of the Calabrian Arc does not fit well with a primary arc model. The orocline 

model is not consistent with the tectonic evolution of the Calabrian Arc curvature as well, 

because large magnitude vertical axis rotations occurred contemporaneously with fold-

thrust belt formation and not during a second phase, when the orogen were already 

developed. Consequently, as a first approximation the Calabrian Arc could be better 

described as a progressive arc [Weil and Sussman, 2004], which acquired its curvature 

during the development of the belt. But, the curvature of the arc increased progressively 

only along its edges, whereas the frontal part, represented by the CPD, did not undergo 

significant magnitude paleomagnetic rotations during late Miocene and Pliocene, but was 

mainly affected by SE drifting.  

 The main factor controlling the bending of the Calabrian Arc is the presence of a 

small oceanic lithosphere plate (the Ionian Sea), intervening between the Apulia and Africa 

continental margins [Malinverno and Ryan, 1986]. This configuration of the subducting 

plate caused a differential southeast rollback of the trench during the Neogene and 

Quaternary, and the progressive drifting of a continental region (CPD), now impinged 

within the core of the Calabrian Arc. 

 The tightening of the arc was also accompanied by the decreasing of the width of 

the active trench through time. In fact, structural and stratigraphic data show that the 

southern Apennine foredeep basins and the thrust activity progressively shifted toward the 

southeast, parallel to the front of the chain, during late Pliocene to Pleistocene, and are 

currently located offshore in the Ionian Sea [Tropeano et al., 2002]. The progressive 

decrease in the width of the trench increased the role of lateral shear along the two edges of 
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the arc and could be ultimately responsible of the present-day tight curvature of the 

Calabrian Arc. 

 In the specific case of the Calabrian Arc, Cifelli et al. [2007] speculate that slab 

retreat could be not sufficient alone to form tight arcs like this, and they suggest that a 

progressive decrease in the width of the active trench should also be considered as an 

active mechanism to explain the timing and distribution of crustal rotations in the 

Calabrian Arc and its huge curvature. 

 

7.8. Oroclines formed by orogen-parallel compression (buckling) 

 When an orogen-parallel compression is applied to a pre-existing fold-thrust belt, 

deformation occurs due to compression parallel to the strike of the orogen, resulting in 

outward bending of the orogen in a direction perpendicular to its long axis. This 

mechanism, thus, generates a perfect orocline characterized by opposite sense of rotations 

on either sides of the arc. Outward bending, under specific conditions, may result in 

formation of a backarc region on the concave side of the orogen and shortening on the 

convex side. In general the convex side of the bend is affected by a great amount of 

tangential extension, whereas the inner concave side of the arc could undergoes an orogen-

parallel compression. 

 In the following paragraph I will show the example of an orocline formed by the 

bending through buckling of a original straight fold-thrust belt: the Cantabrian Arc, 

northern Spain. 
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7.8.1. The example from the Cantabria-Asturias Arc (northern Spain) 

 The Cantabria-Asturias Arc (CAA) is the foreland fold-thrust belt of northern 

Iberia's Variscan orogen and makes up the core of the larger Ibero-Armorican Arc (Figure 

7.8.1.1). The CAA is an unusual orogenic belt that curves 180°, with a geometry that is 

concave towards the foreland; i.e. folds and thrusts verge toward the core of the arc. 

 

 

Figure 7.8.1.1. Simplified structural map of the Cantabrian Arc. After Weil et al., 2000. 
 

 Several structural and paleomagnetic studies, carried out during the last two 

decades [Ries et al., 1980; Perroud, 1982, 1983, 1985, 1986; Lowrie and Hirt, 1986; Parés 

et al., 1994; Van der Voo et al., 1997; Weil et al., 2000, 2001; Weil, 2006], have evidenced 

the existence of two main deformation phases responsible for the final shape of the arc. 

The first deformation phase (D1) resulted in thrusting and folding related to west-to-east 

tectonic transport (in present-day coordinates) in Westphalian to Stephanian times (315-
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290 Ma). Thrusting during this initial phase resulted in locally complex footwall 

geometries that are characterized by frontal and oblique/lateral ramps. These ramps 

produced regional folding about horizontal axes, ranging from north-south along frontal 

ramps to east-west around lateral ramps. This late Variscan (280-256 Ma) deformation 

phase (D2) buckled originally linear, N-S (in present-day coordinates) trending hanging 

wall folds, and modified corner folds associated with D1 frontal/lateral/oblique ramp 

intersections (Figure 7.8.1.2). Modification was accommodated by reactivation of 

lateral/oblique ramps as frontal ramps, reactivation of frontal ramps as oblique ramps, and 

overall tightening of D1 corner folds. 

 

 

Figure 7.8.1.2. Structural cartoon map of palenspastically restored Cantabrian Arc showing (a) the 
general configuration after initial east-west (in present-day coordinates) compression (D1 deformation 
phase), and (b) present-day configuration of Cantabrian Arc after oroclinal bending, which resulted in 
counterclockwise rotation of the southern limb, clockwise rotation of the northern limb and buckling. 
After Weil [2006]. 
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 This is confirmed by the result of the oroclinal test performed by Weil et al. [2001] 

(Figure 7.8.1.3), which show a 1:1 correlation between paleomagnetic and structural 

directions, indicating the secondary origin of the curved shape. Also, displacement vectors 

along the arc are always sub-orthogonal to the strike of fold axes, suggesting that they 

formed originally parallel to one another, and were subsequently dispersed during the D2 

deformation phase producing buckling of the linear fold-thrust belt. 

 

 

Figure 7.8.1.3.  Declination deviations vs. strike deviations including data from Weil et al. (2000), Van 
der Voo et al. (1997), and Parés et al. (1994). After Weil et al., 2001. 
 

 The ultimate change from E-W to N-S compression near the 

Carboniferous/Permian boundary in the Cantabrian Arc region was likely the result of the 

final collision of the North African margin of Gondwana with southwestern Europe during 

the last stages of Pangea amalgamation [Weil et al., 2001; Weil, 2006]. This is in contrast 

to other tectonic models for secondary folding [e.g., Aller and Gallastegui, 1995; Alonso et 

al., 1996], which argue that much of the reactivation and superposed folding in this part of 

the Cantabrian Arc was due to significant Alpine N-S shortening. 
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 Paleomagnetic data would also suggest that the D2 deformation phase did not 

produced a further tilting on previously deformed sedimentary formations of the arc. This 

means that during the D2 phase, rocks only underwent pure vertical axis rotations. 

Consequently, as proposed by Weil, 2006, buckling of the belt may have occurred above a 

subhorizontal detachment surface, formed at an indeterminate crustal level. 
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A synchronous Alpine and Corsica-Sardinia rotation

Marco Maffione,1,2 Fabio Speranza,1 Claudio Faccenna,3 Antonio Cascella,4

Gianluca Vignaroli,3 and Leonardo Sagnotti1

Received 8 June 2007; revised 10 August 2007; accepted 10 December 2007; published 25 March 2008.

[1] We report on the paleomagnetism of 34 sites from lower Oligocene–middle Miocene
sediments exposed in the Tertiary Piedmont Basin (TPB, northern Italy). The TPB is
formed by a thick (�4000 m) and virtually undeformed sedimentary succession
unconformably lying upon Alpine nappes decapitated by extensional exhumation, which
in turn are tectonically stacked over the Adriatic foreland. Paleomagnetic directions from
23 (mostly Oligocene) sites were chronologically framed using new biostratigraphic
evidence from calcareous nannoplankton. Our data, along with published paleomagnetic
results, show that the TPB rotated �50� counterclockwise with respect to Africa in
Aquitanian-Serravallian times. The rotation was likely driven by underneath nappe
stacking and was synchronous with (further) bending of the Alpine chain. Both the
rotation magnitude and its timing are similar to those documented for the Corsica-Sardinia
microplate. Therefore the formation of the western Alpine arc (or at least part of its
present-day curvature) occurred during the rollback of the Apenninic slab and related
back-arc spreading of the Liguro-Provençal Basin and drift of the Corsica-Sardinia block.
This suggests a common dynamics driving both the Alpine and the Apennine slab
motions. Paleomagnetic data also document that the Adriatic plate has undergone no
paleomagnetic rotation since mid-late Miocene times. Anisotropy of magnetic
susceptibility data suggests that the TPB, an enigmatic basin arising from a controversial
tectonic setting, formed in an extensional regime characterized by a stretching direction
approximately orthogonal to the main trend of the underlying chain.

Citation: Maffione, M., F. Speranza, C. Faccenna, A. Cascella, G. Vignaroli, and L. Sagnotti (2008), A synchronous Alpine and

Corsica-Sardinia rotation, J. Geophys. Res., 113, B03104, doi:10.1029/2007JB005214.

1. Introduction

[2] The boundary between the Africa-Adria plate and the
EurAsia plate in the western Mediterranean region
is represented by a diffuse, ‘‘S-shaped,’’ orogenic belt
(Figure 1). Complexities arise from the fact that boudins
of the older inner ‘‘Alpine’’ chain are fragmented, stretched
and drifted apart during the Neogene opening of the back-
arc extensional basins [Alvarez et al., 1974]. Because of this
intensive late reworking, the three-dimensional (3-D) resto-
ration of the style and geometry of the ancient Alpine chain
is complex and disputed. The Alps and the Apennines are
an outstanding example of this problem. They presently
constitute two apparently independent orogenic segments
characterized by opposite tectonic transport oriented rough-
ly perpendicular to their arcuate trends (Figure 1). The
western Alpine arc, in particular, is remarkably tight (almost
isoclinal) in shape, if compared to the Apennines-Calabria-

Maghrebide arc (Figure 1). The timing for the formation of
the horseshoe-shaped alpine arcuate belt is poorly con-
strained at present, and hence the mechanism of its forma-
tion is still a matter of debate. Several paleomagnetic
investigations of the southwestern Alpine chain have docu-
mented a widespread magnetic overprint affecting both the
Subalpine chain and the Penninic zone in late Paleogene-
Neogene times [Aubourg and Chabert-Pelline, 1999;
Thomas et al., 1999; Katz et al., 2000; Cairanne et al.,
2002; Collombet et al., 2002; Kechra et al., 2003]. Some
external sectors did not rotate after the remagnetization
event [Henry, 1973; Katz et al., 2000; Kechra et al., 2003],
while others (both internal and external) underwent differ-
ent amounts of counterclockwise (CCW) rotations varying
locally between 40� and 117� [Aubourg and Chabert-Pelline,
1999; Thomas et al., 1999; Collombet et al., 2002]. These
rotations, that were essentially unconstrained in time, have
been considered so far as due to a variable interplay of three
different causes: (1) northwestward indentation of Adria
plate within Europe [e.g., Tapponnier, 1977; Schumacher
and Laubscher, 1996; Schmid and Kissling, 2000]; (2) left-
lateral shear along major fault(s) [Collombet et al., 2002],
and (3) recent and possibly present-day CCW rotation of
Adria [Márton et al., 2003; Caporali and Martin, 2000;
Calais et al., 2002; Babbucci et al., 2004; D’Agostino et al.,
2006].
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[3] The rocks exposed in the Tertiary Piedmont Basin
(TPB, Figures 1 and 2) offer the unique opportunity to detail
the timing of the CCW rotation affecting the western Alpine
arc, and hence to investigate the geodynamics that favored

its bending. The TPB formation is considered to be inti-
mately connected together with the exhumation and the
denudation (tectonic and/or erosion) of the neighboring
high-pressure/low-temperature (HP/LT) metamorphic do-

Figure 1. Digital elevation model of the central Mediterranean domain and mean paleomagnetic
rotation values (within circular arrows) with respect to nearby African/European plates for the internal
Western Alps, the northern Apennines, and the Corsica-Sardinia block (see text for details). Circular
arrows with simple, double, and triple tips indicate post-Oligocene, post-Burdigalian, and post-Pliocene
rotations, respectively. Vertical arrows indicate nonrotated areas after late Miocene-Pliocene times.
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main (the Voltri Massif [e.g., Vanossi et al., 1984]). Struc-
turally, the TPB sedimentary succession is characterized by
a monoclinale geometry, gently plunging toward the north,
lying upon the Voltri Massif units, whose final exhumation
has been constrained to the early Oligocene by geochrono-
logical data [Federico et al., 2005; Vignaroli, 2006]. Recent
structural investigation has showed that the tectonic juxta-
position between the sedimentary deposits and the under-
lying metamorphic units is controlled by extensional
features [Vignaroli et al., 2008]. The whole Alpine orogenic
pile topped by the TPB is in turn northward stacked over the
Adriatic foreland along the Po Plain, where thrust sheet
emplacement occurred until late Pliocene times, at least
[Cassano et al., 1986]. The TPB sediments have not
undergone any metamorphism, and thus are expected to
have escaped the widespread magnetic overprint docu-
mented so far at all western Alpine nappes.
[4] In this paper, we report on a paleomagnetic investi-

gation of the whole sedimentary succession exposed in the
TPB. Our data, together with previous paleomagnetic evi-
dence, reveal the rotation recorded by TPB strata while
being passively carried on top of Alpine nappes overthrust-
ing the Adriatic foreland. The detailed reconstruction of the
timing and magnitude of the TPB rotation, besides being a
definitive proof for a null paleomagnetic rotation of Adria,
documents that bending of the western Alpine chain is
synchronous (and probably genetically related) with a
previously unconsidered fourth geodynamic engine: the
back-arc spreading of the Liguro-Provençal Basin and drift
rotation of the Corsica-Sardinia microplate.

2. Tectonic Setting of the Alpine-Apenninic Chain
in the Mediterranean Domain: Interplay Between
Africa-Eurasia Convergence and Tertiary Rollback
of Subducting Slab Fragments

[5] The central western Mediterranean domain has always
received considerable geologic attention, and noteworthy
geological-geophysical multidisciplinary investigation. Its
geodynamic complexity is related to the presence of the
2000-km-long S-shaped Alpine-Apennine orogenic belt
encircling two diachronous Tertiary back-arc basins, the
Liguro-Provençal Basin and the Tyrrhenian Sea (Figure 1).
[6] The Alpine orogenic system formed consequently to

the approximately N-S collision between the European and
African plates, starting in late Cretaceous times after the
closure of the small intervening Liguro-Piedmont Ocean
[e.g., Dercourt et al., 1986]. Since late Cretaceous the
Adriatic plate, acting as a promontory of Africa, has deeply
indented Europe, yielding the orogenic building of the
Alpine chain [Platt et al., 1989], and even intraplate
deformation (the Rhine Graben) within Europe itself.
Whether the Adriatic promontory (or ‘‘Adria’’) has passive-
ly followed the African drift, or has been decoupled from
nearby plates undergoing independent motion (and rota-
tion), has been a matter of lively and decade lasting debate
(see section 3).
[7] The present-day Alpine arcuate shape is considered to

be the consequence of frontal Tertiary collision in the
central eastern Alps, and oblique indentation and collision
associated with sinistral transpression in the western Alps
[Tapponnier, 1977; Laubscher, 1988; Platt et al., 1989;

Schmid and Kissling, 2000; Rosenbaum and Lister, 2005].
At �35–30 Ma ago, arc volcanism and back-arc extension
occurring at the Provençal-Catalan sectors of the European
Alpine margin, is interpreted as the first consequence of the
southeastward retreat of NW dipping subducting oceanic
lithosphere slabs [Beccaluva et al., 1989; Faccenna et al.,
1997]. Tomographic models [Wortel and Spakman, 2000;
Piromallo and Morelli, 2003] image the current position of
such ancient suture zones by high-velocity anomaly bodies
running parallel to the Alpine chain axis down to 660 km
depth.
[8] After 30–35 Ma ago, ongoing slab retreat for the

whole Tertiary times caused the eastward (on average)
migration of the Alpine-Apennine wedge, microplate (Cor-
sica-Sardinia) and terrain (Calabria) dispersal, and the back-
arc spreading of two diachronous oceanic basins, the
Liguro-Provençal Basin and the Tyrrhenian Sea [Alvarez
et al., 1974; Malinverno and Ryan, 1986; Gorini et al.,
1993; Jolivet and Faccenna, 2000; Faccenna et al., 2001;
Lucente and Speranza, 2001; Rosenbaum et al., 2002]. The
trench progressively rotates from its original NE-SW
direction (i.e., parallel to the European passive margin) to
approximately N-S [Faccenna et al., 2001]. This geody-
namic process occurred along with both exhumation of deep-
seated metamorphic units in the Western Alps [e.g., Jolivet et
al., 2003], and onset of the eastward (on average) nappe
stacking and migration of the Apennine chain [Patacca et al.,
1990]. Since mid-late Miocene, the locus of extension
jumped east of the Corsica-Sardinia block, giving rise to
the Tyrrhenian Sea spreading in late Miocene–early Pleisto-
cene times [Kastens et al., 1986; Patacca et al., 1990;
Faccenna et al., 1997, 2001; Nicolosi et al., 2006]. Though
the approximately N-S Africa-Europe convergence contin-
ued in Tertiary times at a rate of �1 cm/a [Faccenna et al.,
2001], being responsible for ongoing continental collision
and nappe stacking along the Alps, tectonic processes related
to fast slab rollback events occurred (episodically) at a
significantly greater speed (i.e., up to �20 cm/a [Nicolosi
et al., 2006]), obliterating in the central western Mediter-
ranean domain the role of the ‘‘slow’’ Africa-Europe
convergence.
[9] Present-day subduction below the southern Tyrrhenian

Sea is documented by a continuous 200-km-wide NW dip-
ping Wadati-Benioff seismogenetic zone, plunging down-
ward to a depth of �450 km with a dip of 70� [Selvaggi
and Chiarabba, 1995]. Conversely, the available tomograph-
ic maps from the northern Tyrrhenian–northern Apennine
domain, reveal a slab dippingWSWby�70�–80� [Lucente et
al., 1999], but no associated seismicity below�100 kmdepth.

3. Previous Paleomagnetic Evidence From the
Western Alpine–Northern Apennine Chain, the
Adria and Corsica-Sardinia (Micro) Plates, and the
Tertiary Piedmont Basin

[10] The strikingly curved western Alpine arc (Figure 1)
has been explained invoking a variety of geodynamic
models [e.g., Schmid and Kissling, 2000], though few are
really based upon paleomagnetic evidence. In fact, a wealth
of paleomagnetic data has been gathered from the western
Alps during the last three decades. At the external sectors of
the western Alps (Dauphino-Elvetic cover of the external
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crystalline massifs) a paleomagnetic study of Triassic-Liassic
lavas from the Pelvoux-Belledonne area [Henry, 1992],
integrated with previous results by Westphal [1973, 1976]
and Henry [1976, 1980], documented four main regions
affected by different amounts of rotation: Region I, south-
western Taillefer (yielding a large CCW rotation of up to
90�); region II, southern border of Pelvoux (with CCW
rotations in the order of 30�); region III, Rochail (showing
no significant rotations); and region IV, northern Belledonne
(which rotated clockwise of �40�). Similar results are
shown by Aubourg and Chabert-Pelline [1999] who per-
formed paleomagnetic investigations on the upper Jurassic
black shales from the southern Subalpine Chain, between
the Pelvoux and Argentera massifs. They suggested a
widespread Neogene remagnetization, followed by a CCW
rotation of �40� with respect to Europe. This pervasive
widespread remagnetization, occurred during Tertiary times,
seems to be a common feature of sediments from this area.
Recently, Cairanne et al. [2002], Kechra et al. [2003], and
Katz et al. [2000] proposed a Tertiary magnetic overprint of
the lower Jurassic to lower Cretaceous sedimentary units
from the Mesozoic Vocontian basin (SE France), invoking
different remagnetization mechanisms.
[11] Nevertheless, other studies have documented a non-

rotation (with respect to Europe) of several localities from
the neighbor Alpine sectors. A paleomagnetic study on
Permian red beds from the Dôme de Barrot (SW of
Argentera Massif) by Kruiver et al. [2000], yielded D =
212�, I = �17� as mean values of the primary magnetization
(R = 14� ± 3.8�, with respect to stable Europe, recalculated
using Permian paleopoles from Van der Voo [1993]).
Similar results from Permian sedimentary units from the
same area were also reported by Van den Ende [1977], who
documented a Permian primary magnetization with a mean
direction of D = 205.5�, I = �13.5� (R = 7.4� ± 3.7�), by
Cogné and Perroud [1985], who found for the less de-
formed sites (see group I of Cogné and Perroud [1985]) a
mean value of D = 198.0�, I = �10.5� (R = �4.7� ± 6.7�),
and by Henry [1973], who measured a mean magnetic
declination of 208� and an inclination of �10� (R � 18�).
Farther south, paleomagnetic data by Bogdanoff and Schott
[1977] suggested no significant rotation affecting this area
since the Permian with respect to both the surrounding
regions (Dôme de Barrot, Esterel), and stable Europe. West
of the external Alpine fronts, within the Vocontian basin,
Kechra et al. [2003] did not find any significant rotation
with respect to Europe since the late Eocene (D = 354.2�, I =
54.6�). Similarly, the mean paleomagnetic direction recalcu-
lated by us from the Katz et al. [2000] study, yields D =
352.1�, I = 55.6�, indicating no vertical axis rotation after the
(likely post-Eocene) chemical remagnetization. Finally,
paleomagnetic data by Merabet and Daly [1986] from the
Maures Massif (SE France) seem indicating that no sub-
stantial rotation relative to the stable Europe occurred since
the Permian.
[12] In conclusion, though paleomagnetic results reveal

contrasting rotation values at different localities, and there-
fore make it difficult to provide a precise rotation value for
the whole external Alpine sector, it seems that CCWrotations
dominate, specially south of the Belledonne Massif.
[13] Instead, paleomagnetic results from the internal

nappe of the Western Alpine Arc appear much clearer.

Thomas et al. [1999] and Collombet et al. [2002] studied
the upper Jurassic sediments from the Briançonnais sedi-
mentary cover of the Penninic Zone, documenting a sys-
tematic magnetic overprint, likely subsequent to Eocene–
late Oligocene Alpine blueschist-greenschist metamor-
phism, and a subsequent CCW rotation relative to Europe.
The rotation values are 47� ± 13� in the Briançon-Guillestre
area [Thomas et al., 1999], and 68� ± 15� and 117� ± 19� in
the Ubaye and Liguria locality, respectively [Collombet et
al., 2002, Figure 1]. Collombet et al. [2002] proposed a
composite rotation model for the Western Alpine Arc,
characterized by three main contributes: (1) a 20�–25�
CCW rotation of Adria (with respect to both Africa and
Eurasia), corroborated by paleomagnetic data from Eocene
sediments from Istria-Dalmatia region [Márton et al., 2003]
and GPS evidence [Caporali and Martin, 2000], (2) the
large-scale, left-lateral shear along a NW-SE oriented shear
zone located at the southern border of the arc, east of the
Argentera Massif, and (3) the southward extrusion of the
Alps along the curved Frontal Pennine Thrust due to inden-
tation of the Adriatic promontory within Europe [e.g.,
Tapponnier, 1977; Ménard, 1988]. However, though GPS
and seismological data robustly confirm that Adria is at
present rotating CCW with respect to the neighbor plates
[Caporali and Martin, 2000; Calais et al., 2002; Babbucci et
al., 2004; D’Agostino et al., 2006], there is not a consensus
on whether such present-day (or older) rotations have been
large enough to be confidently detectable by paleomagnetism
(i.e., they have reached or exceeded a 10�–15� value).
[14] The paleomagnetic evidence from Adria was gathered

from the few exposed parts of it (Istria, Gargano, and Apulia),
as well as from the belts encircling it, such as the southern
Alps, the Apennines, and the Dinarides (see the comprehen-
sive review from Van der Voo [1993]). In the last years, most
paleomagnetists have stressed the first-order agreement of
Permian to lower Tertiary paleomagnetic data from the
Adriatic region and Africa, implying that Adria has paleo-
magnetically followed the African drift without any signifi-
cant rotation [e.g., Van der Voo, 1993; Channell et al., 1992;
Channell, 1996; Muttoni et al., 2001]. Such coupling would
also imply the lack of a Tertiary rotation of Adria with respect
to the geographic north because Africa has undergone a
northward drift but no significant rotation during Tertiary
times [Besse andCourtillot, 2002]. On the other hand,Márton
et al. [2003] relying on the paleomagnetism of Eocene sedi-
ments from Istria and Dalmatia, suggested a post-Eocene 24�
to 30� CCW rotation of Adria with respect to Africa.
[15] In the northern Apennine belt, the paleomagnetic

study of the relatively undeformed upper Oligocene–middle
Miocene Epiligurian units, unconformably resting upon
Liguride nappes, revealed a 52� CCW rotation with respect
to Africa [Muttoni et al., 1998, Figure 1]. Further data by
Muttoni et al. [2000] showed that �24� of the 52� rotation
is Oligocene-Miocene in age, and likely related to the drift
(and CCW rotation) of the Corsica-Sardinia block. Con-
versely, the remaining 28� CCW rotation, observed in upper
Miocene to Pliocene sediments, is due to Pliocene shorten-
ing episodes occurring at the Apennine chain front. The
latter paleomagnetic data confirmed previous results from
Speranza et al. [1997], who studied upper Messinian clayey
deposits from the external northern Apennines, and found a
CCW rotation of �20� in the northern part of the studied
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domain. At the rear of the CCW-rotated northern Apen-
nines, paleomagnetic data from the Tuscan-Latium Tyrrhe-
nian margin reveal no rotation since at least late Messinian–
early Pliocene times [Sagnotti et al., 1994a; Mattei et al.,
1996], implying that rotations are confined to the external
compressive front of the northern Apennines.
[16] Further east, the paleomagnetic investigation of the

Tertiary and Permian volcanic complexes from Sardinia and
Corsica showed, since the 1970s, that the Corsica-Sardinia
microplate has undergone a significant CCW Tertiary rota-
tion with respect to Europe [e.g., Montigny et al., 1981].
More recent paleomagnetic and 40Ar/39Ar data from Sar-
dinian volcanics [Gattacceca et al., 2007] and sediments
[Speranza et al., 2002] (Figure 1) concur for a CCW
rotation of �50� with respect to Europe occurring in early
mid-Miocene times, between 20–21 Ma and 15–16 Ma
ago. Finally, the paleomagnetism of Plio-Pleistocene basalts
from Sardinia [Alvarez et al., 1973] has confirmed the
absence of post-mid-Miocene rotations. Paleomagnetic
results from southern Corsica by Ferrandini et al. [2003]
which testify a post-Chattian CCW rotation of �44� with
respect to Europe (Figure 1) fall in substantial agreement
with those from Sardinia.
[17] Within the TPB, various paleomagnetic studies were

already carried out in the past. Bormioli and Lanza [1995]
studied lower Oligocene–mid-Miocene sediments from the
northern part of the TPB, reporting paleodeclinations vary-
ing from N260� to N330� (besides a magnetic overprint at
some sites). Upper Oligocene sediments from the eastern
margin of the TPB yielded N316� paleodeclination [Kie,
1988]. Further south,Vandenberg [1979] documented a 36� ±
8� CCW rotation with respect to Europe in upper Eocene–
lower Oligocene rocks from the Voltri region. More recently,
Carrapa et al. [2003a] sampled upper Oligocene to Pliocene
sediments from the Langhe basin, (western TPB, Figure 1),
documenting a �20� CCW rotation with respect to Europe
occurring before Tortonian times.

4. Geological Setting of the Tertiary Piedmont
Basin

[18] The TPB is located between the Po Plain and the
Liguro-Provençal Basin (Figure 1). It directly lies on top of
the eclogitic domain of the Alpine Voltri Massif [e.g.,
Vanossi et al., 1984], and partially covers the conventionally
defined tectonic contact between the western Alps and the
northern Apennines (occurring along the so-called ‘‘Sestri-
Voltaggio Zone’’ [e.g., Cortesogno and Haccard, 1984;
Dela Pierre et al., 1995; Piana and Polino, 1995; Polino
et al., 1995]) (Figure 2). It is divided in three main
geographic domain: the Langhe basin to the west, the Alto
Monferrato located north of the Voltri Massif and the
Borbera Grue, at the eastern margin (Figure 1). It is
commonly interpreted as an ‘‘episutural basin’’ situated on
top of the alpine edifice [Biella et al., 1988; Polino et al.,
1990; Shumacher and Laubscher, 1996; Biella et al., 1997;
Schmid and Kissling, 2000]. Nevertheless, the considerable
thickness of its sedimentary sequence (up to 4000 m), and
the paucity of large-scale faults cutting the whole sedimen-
tary succession remain puzzling and open to debate.
[19] The age of the oldest sediments exposed in the TPB

is constrained to the early Oligocene by both biostratigraphic

[Gelati and Gnaccolini, 1982; Gelati et al., 1993; Dela
Pierre et al., 1995; Gelati and Gnaccolini, 1998] and
geochronological evidence [Carrapa et al., 2003b, 2004;
Federico et al., 2005]. Such age turns out to be very similar
to the exhumation age of the underlying metamorphic units
of the Voltri Massif, which is �33 Ma [Federico et al.,
2005; Vignaroli, 2006]. The sedimentary sequence of the
TPB displays frequent lateral variations of facies and
thickness, likely due to the articulated basement morphol-
ogy [Gnaccolini et al., 1998]. The first transgressive sedi-
ments (Molare Formation) of lowermost Oligocene age
display a progressive alluvial to nearshore sedimentation
evolution [Gelati et al., 1993, and references therein]
(Figure 2). The Molare Formation underlies the Rocchetta
Formation (early Oligocene–Aquitanian), which is made by
hemipelagic mudstones and testifies the onset of deep
basinal sedimentation [Gelati and Gnaccolini, 1996,
1998]. The upper part of this formation contains some
turbiditic layers, which become more frequent in the over-
lying Monesiglio Formation (Aquitanian-Burdigalian) of
the Langhe basin. After a short Burdigalian emersion
episode documented in the Alto Monferrato [D’Atri, 1995;
D’Atri et al., 1997], the TPB was filled by eastward directed
(in present-day coordinates) turbiditic fluxes yielding the
Cremolino Formation (late Burdigalian–early Langhian)
[Ghibaudo et al., 1985; Gelati et al., 1993; Gelati and
Gnaccolini, 1998]. During the Langhian, the sedimentation
turned again to hemipelagic with the deposition of the
Cessole Marls [Ghibaudo et al., 1985, and references
therein]. Finally, from Langhian-Serravallian to Tortonian
times, the eastern part of the TPB was characterized by shelf
slope sedimentation of the Serravalle Sandstones [Caprara
et al., 1985; Ghibaudo et al., 1985], while deep-sea turbi-
dites continued infilling the Langhe basin to the west
(Cassinasco Formation and Lequio Formation). A recent
40Ar/39Ar geochronological analysis of detritic minerals
from the TPB has showed that the source area of sediments
exposed in the TPB was located in the Ligurian Alps and in
the Western Alps during Oligocene and Miocene, respec-
tively [Carrapa et al., 2004].
[20] From a structural point of view, the strata from the

TPB plunge northward to northwestward, and to the north
are covered by the Neogene succession of the Po Plain
[Perotti, 1985; Fossati et al., 1988]. Locally, Gelati and
Gnaccolini [1998] and Bernini and Zecca [1990] docu-
mented synsedimentary decametric-scale folds (with NW-
SE fold axes) in the Rocchetta Formation at two basin
localities (Mioglia, Mombaldone). Similar structures were
mapped by Carrapa et al. [2003a] in Langhian-Serravallian
sediments from the southwestern part of the Langhe basin.
Other metric-scale folds were documented in the Oligocene
formations from the eastern part of the TPB [Perotti, 1985;
Fossati et al., 1988; Marroni et al., 2002]. Along a main
ductile-to-fragile thrusting zone (the ‘‘Grognardo Shear
Zone,’’ Figure 2 [D’Atri et al., 1997, 2002; Piana et al.,
2006]) the metamorphic basement is tectonically stacked
over the oldest sedimentary deposits. Both the folds and the
thrust were interpreted by Carrapa et al. [2003a] as a result
of a northeastward directed compression occurring during
Oligocene times. Finally, decametric to centimetric-scale
normal and strike-slip fault systems have been described
for the whole sedimentary sequence [Mutti et al., 1995;
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Carrapa et al., 2003a; Vignaroli et al., 2008]. These
structures have been related to a N-S extension affecting
the entire basin during Oligocene-Miocene times byMutti et
al. [1995], Gelati and Gnaccolini [1998], and Carrapa et
al. [2003a]. Conversely, relying on both the structural
evidence (i.e., the progressive ductile-to-brittle evolution
of the deformation fabric in the metamorphic pile approach-
ing the TPB) and the kinematic compatibility (i.e., the
parallelism between the stretching lineations in the meta-
morphic units and the abrasion striae in faulted sedimentary
deposits) Vignaroli et al. [2008] refers the early Oligocene
extensional features to the latest stage of the postorogenic
exhumation of the Voltri Massif, dated at 33 Ma ago
[Federico et al., 2005].
[21] The genesis and development of the TPB have been

explained invoking several tectonic models, but in fact
remain rather elusive at present. Mutti et al. [1995] pro-
posed that (sparse) normal faults of Oligocene age within
the TPB, probably linked to the Ligurian Sea opening,
testify an extension related mechanism responsible for the
first period of subsidence. They also propose an inversion in
the stress field (from extensional to compressive) occurring
in the late Oligocene–early Miocene times. The main
Miocene subsidence of the TPB has been associated by
Gelati et al. [1993] with compressional tectonics, possibly
related to the thrust activity developed at this time in the
southwestern Alps [Roure et al., 1990]. The Oligocene–
Miocene synsedimentary compressional structures docu-
mented in the TPB [Gelati and Gnaccolini, 1998; Bernini
and Zecca, 1990; Carrapa et al., 2003a] and thrusting of the
Ligurian Alps (Voltri massif) over the TPB sediments (as
documented by D’Atri et al. [1997, 2002]), seem to support
this hypothesis. Anisotropy of magnetic susceptibility and
structural analysis by Carrapa et al. [2003a] suggested a
NE–SW to NW–SE shortening acting since the Oligocene.
However, small-scale normal faults, detected in Rupelian to
Tortonian sediments, may also be a proof for a quite
homogeneous N–S extension over the entire basin. Finally,
Carrapa and Garcia-Castellanos [2005] propose for the
evolution of the TPB a flexural subsidence from orogenic
loading in combination of far-field compressional stresses in
the Western Alps (where back thrusts were active), suggest-
ing a complex 3-D interaction between multivergent com-
pressional tectonics.

5. Samplings and Methods

[22] We carried out a preliminary sampling campaign in
order to select outcrops and lithologies carrying a measur-
able (and stable during demagnetization) natural remanent
magnetization (NRM). We identified sampling localities
characterized by fresh cuts and blue-grey clay facies (sug-
gesting the absence of strong weathering alteration). Hand
samples were collected from lower Oligocene to upper
Langhian sediments exposed at 88 localities, homogeneous-
ly spread all over the Alto Monferrato and the easternmost
part of the Langhe basin.
[23] All laboratory analyses were performed in the paleo-

magnetic laboratory at the Istituto Nazionale di Geofisica e
Vulcanologia (INGV, Rome, Italy). The NRM of the speci-
mens was measured in a magnetically shielded room with a
DC-SQUID cryogenic magnetometer (2G Enterprises,

USA), and its stability was checked by alternating field
(AF) cleaning treatment up to a maximum field of 70 mT.
After this preliminary sampling, 34 sites revealed suitable
magnetic properties, and were sampled in detail using a
petrol-powered portable drill, gathering 378 cylindrical cores
(25mm in diameter) oriented in situ with a magnetic compass
(Figure 2 and Table 1). The local magnetic field declination
value at the TPB was expected to be less than 1� during the
sampling campaign, according to Istituto Nazionale di Geo-
fisica e Vulcanologia [2001]. Consequently, a magnetic
compass was used throughout, and the magnetic declination
was considered as negligible. We collected 8–14 cores (11–
12 on average) from each site, spaced in at least two
outcrops, in order to try to average out the secular variation
of the geomagnetic field. At all sites marine clays were
sampled, but at site BTP01 (lower Oligocene), where
lacustrine mudstones were collected. The sampled sediment
ages were defined relying on both the available geological
maps [Servizio Geologico d’Italia, 1969, 1970a, 1970b,
1970c, 1971], and on new ad hoc analyses of the calcareous
nannoplankton content of specimens from each sampling
site (see section 6.1, Table 1). The ages of the sites can be
grouped in three main groups: Oligocene (22 sites), Aqui-
tanian (1 site) and Burdigalian-Langhian (11 sites). The
cores were cut into standard cylindrical specimens of 22 mm
height, and a specimen per core was stepwise AF demagne-
tized in 14–15 steps from 5 to 100 mT. For 8 sites, where
the AF cleaning proved to be not effective (due to unstable
behavior and/or acquisition of a parasitic remanence in
fields higher than 30 mT), twin specimens from the same
cores were subjected to thermal demagnetization in 12 steps
up to 600�C (Table 1).
[24] Before paleomagnetic analyses, we measured the

low-field anisotropy of magnetic susceptibility (AMS) of a
specimen per core with a KLY 3 bridge (AGICO). Further-
more, we carried out a series of rock magnetic analyses in
order to characterize the nature of the main magnetic carriers
at each sampling site. We measured the hysteresis properties
of at last one specimen per site, using a Micromag Alter-
nating Gradient Magnetometer (AGM, model 2900) with a
maximum applied field of 1 T, and derived the saturation
magnetization (Ms), saturation remanent magnetization
(Mrs) and coercive force (Bc) values. Then, on the same
specimens and also with the AGM, we analyzed the acqui-
sition of an isothermal remanent magnetization (IRM) and
its subsequent back-field demagnetization (both in a suc-
cession of fields up to 1 T), which allowed the evaluation of
the coercivity of remanence (Bcr) values. Finally, one
specimen per site was also selected to investigate the
thermal change of the magnetic susceptibility during a
heating-cooling cycle from room temperature to 700�C,
using an AGICO CS-3 apparatus coupled to the KLY
3 bridge.

6. Results

6.1. Biostratigraphy

[25] The biostratigraphy of the studied sediments was
analyzed investigating the calcareous nannofossil assemb-
lages of at least three samples from each site. The analyses
were performed on smear slides examined with a light
microscope at � 1250 magnification, under cross-polarized
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and transmitted light. A semiquantitative analysis charac-
terized the assemblages in terms of abundance and preser-
vation. A quantitative analysis was carried out on the genus
Sphenolithus and Helicosphaera, due to the significant
abundance pattern of the sphenoliths and helicoliths for
the Oligocene and early Miocene biostratigraphy. Particu-
larly, a counting of 100 sphenoliths was performed to
evaluate the abundance of Sphenolithus ciperoensis, S.
belemnos and S. heteromorphus; Helicosphaera amplia-
perta and H. walbersdorfensis were counted in 50 helico-
liths [Backman and Shackleton, 1983; Rio et al., 1990].
[26] The Oligocene biozones were recognized following

the standard biostratigraphic scheme of Martini [1971],
while the Miocene biozone attribution was according to
the Mediterranean biostratigraphic scheme of Fornaciari
and Rio [1996] and Fornaciari et al. [1996], which offers a
more detailed biostratigraphic resolution than the standard
scheme for the Miocene Mediterranean sediments. More-
over, calcareous nannofossil zones (detailed in Table 1)
have been correlated to the planktonic foraminifer zones
and to the Geomagnetic Polarity Timescale of Gradstein et
al. [2004].
[27] Calcareous nannofossils resulted generally common

and moderately preserved, and few reworking occurred. The
record of some index species allowed us to collocate almost
all the studied samples in the adopted biostratigraphic
scheme (see Table 1).
[28] The samples from the Molare Formation resulted

barren (site BTP01) or bearing taxa referable to a long time
interval between middle Eocene and middle Miocene (site
BTP85). Consequently, the early Oligocene age attribution
for this formation was according to Gelati et al. [1993] and
Servizio Geologico d’Italia [1970b, 1971]. The Rocchetta
Formation samples were attributed to two biozones, across
the early–late Oligocene boundary: the samples character-
ized by the presence of H. recta, S. distentus, Cyclicargo-
l i thus abisectus (>10 mm) and the absence of
Reticulofenestra umbilica and S. ciperoensis were ascribed
to the upper part of NP23 Zone of Martini [1971]; the
samples showing the occurrence of S. ciperoensis together
with S. distentus were assigned to NP24 Zone. The Mon-
esiglio Formation samples were characterized mainly by
taxa with long stratigraphic ranges and few early Miocene
index species. The presence of rare H. carteri, common H.
euphratis, the absence of S. delphix and S. disbelemnos
allowed us to attribute some samples to Aquitanian sub-
zones MNN1c (site BTP80). The samples with common H.
carteri, without H. euphratis and H. ampliaperta were
assigned to MNN2a Zone of Fornaciari and Rio [1996]
(site BTP65). Following the distribution of H. ampliaperta,

H. walbersdorfensis and S. heteromorphus, we were able to
date with good approximation the remaining lower mid-
Miocene formations. The Cremolino Formation samples
were attributed to MNN2b and MNN5a Zones; the MNN2b
Zone was recognized on the presence of H. ampliaperta and
the absence of S. belemnos. The samples assigned to the
MNN5a subzone of Fornaciari et al. [1996] were charac-
terized by the presence of S. heteromorphus (40–50%), rare
H. walbesdorfensis, and the absence of H. ampliaperta. For
the above reason, the samples from the Cassinasco Forma-
tion were assigned to the MNN5a subzone. Concerning the
samples from the Cessole Formation, the abundance of H.
walbersdorfensis (>10%) and S. heteromorphus (40%)
allowed us to assign them to the younger MNN5b subzone.
The samples from the Serravalle Formation contain calcar-
eous nannofossils referable to the MNN4a Zone, due to the
absence of S. belemnos, and the contemporary occurrence of
S. heteromorphus and H. ampliaperta.

6.2. Magnetic Mineralogy

[29] Hysteresis properties investigated in sediments from
the TPB show the presence of two main groups of samples.
Group 1 is characterized by narrow, multidomain-like,
hysteresis loops (Figure 3a), with a saturation remanence
to saturation magnetization ratio (Mrs/Ms) in the range
0.08–0.03 and the coercivity of remanence (Bcr) ranging
from 16 to 36 mT. To the group 1 belong all the Oligocene
sites, except for BTP12, BTP19, and BTP25, the Aquitanian
site (BTP80) and the Langhian site BTP38. Group 2, mainly
including the Burdigalian-Langhian sites, shows a magnetic
behavior dominated by paramagnetic minerals (Figure 3b).
The presence of a minor contribution of ferromagnetic
minerals in samples from the group 2 appears only after
correction of the hysteresis loops for the high-field slope.
The lower Oligocene site BTP01 stays apart from the two
outlined groups and shows distinct magnetic properties by
having an open, single-domain-like, hysteresis loop, higher
coercivity (Bcr = 77 mT) and a Mrs/Ms ratio of 0.33; we
suppose for this site the presence of ferrimagnetic sulphides
(greigite?).
[30] The thermal variation of the low-field magnetic

susceptibility reflects the same group distribution. In fact,
during the heating-cooling cycle of specimens from the
group 1, the susceptibility remains nearly constant with
increasing temperature (or has a minor inflection around
320–350�C, that may be due to conversion of a minor
amount of maghemite to hematite [Stacey and Banerjee,
1974; Dunlop and Özdemir, 1997]), then it abruptly
decreases at the Curie temperature for magnetite (�580�C,
Figures 3c and 3d). For most of the group 1 samples, the

Figure 3. Hysteresis loops (Figures 3a and 3b) and thermomagnetic curves (Figures 3c–3f) of representative specimens
from groups 1 and 2 (see text). (a) Hysteresis loop showing a soft-coercivity, multidomain-like, ferromagnetic (in the broad
sense) behavior, typical for samples of group 1. (b) Hysteresis loop for a typical sample of group 2, showing a
paramagnetic-dominated behavior (line passing through the origin). (c, d) Variation of the low-field magnetic susceptibility
(k) during a heating-cooling cycle (black and grey arrow, respectively) from room temperature to 700�C, for two typical
samples of group 1. (e, f) Variation of the low-field magnetic susceptibility for a representative sample of group 2 (Figure 3e)
and close-up of only heating path (Figure 3f). (g) Day plot [Day et al., 1977] for sediments from group 1 (black squares).
Fields for single-domain (SD), pseudosingle-domain (PSD), and multidomain (MD) for (titano)-magnetite grains and the
theoretical trend lines for mixture of SD-MD and of SD superparamagnetic (SP) magnetite grains (with numbers indicating
the percentage of soft coercivity particles) are shown according to Dunlop [2002].
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susceptibility continues decreasing after �600�C up to
the Neel temperature of hematite (�680�C), suggesting
the coexistence of magnetite and hematite grains (Figure 3d).
Only the lower Oligocene site BTP85 shows a constant, and
almost null, magnetic susceptibility value in the heating path
after 580�C (Figure 3c), indicating that hematite is not
present at that site. For all sites, the cooling path shows
higher susceptibility values with respect to the heating path.
This suggests the formation of new magnetite particles from
the clayey matrix of the sediment during heating.
[31] In the samples from the group 2, magnetic suscepti-

bility decreases following a hyperbolic trend up to �300�C
during heating (Figure 3f), confirming a prevalent contribu-
tion of the paramagnetic fraction to the susceptibility. The
paramagnetic versus ferromagnetic contribution may be
evaluated according to the method of Hrouda [1994] and
is of the order of 80%. In most of the specimens from the
group 2, an increase of the susceptibility values occurs
between 400–450�C and 580�C during heating (Figures
3e and 3f), and it is most likely due to the formation of
new magnetite from the paramagnetic matrix (pyrite? clay
minerals?). In fact, the cooling path is characterized by
higher magnetic susceptibility values and a significant
increase starting at the Curie temperature of magnetite
(Figure 3e).
[32] The ratios of hysteresis parameters for the group 1

samples, plus site BTP01, when plotted in a Day plot [Day
et al., 1977] (Figure 3g), fall in the pseudosingle-domain
field, and are located along the theoretical trend line for
mixtures of single-domain (SD) and multidomain (MD)
magnetites [Dunlop, 2002]. Only data from site BTP01 fall
apart from the main group.
[33] The analyses of the hysteresis properties and of the

low-field magnetic susceptibility thermal variation indicate
that in samples from the group 1 the magnetic mineralogy is
composed by prevailing PSD magnetite and a subordinate
fraction of hematite. On the other hand, the magnetic
properties of the sediments from the group 2 are mainly
controlled by the paramagnetic clayey matrix. Only a minor
fraction of ferromagnetic (in the broad sense) minerals is
contained in these sediments, and is responsible of their
NRM. IRM acquisition curves and Bcr values for samples of
group 2 are compatible with a low-coercivity, magnetite-
like, mineral as the main magnetic carrier. Finally, site
BTP01 shows magnetic properties different from those of
the two groups, pointing to the additional presence of
presumably ferrimagnetic iron sulphides.

6.3. Anisotropy of Magnetic Susceptibility

[34] The AMS parameters at both the specimen and the site
levels were evaluated using Jelinek statistics [Jelinek, 1977,
1978] and are reported in Table 2. The site-mean suscepti-
bility values reveal a time-related evolution (Figure 4a). For
sites of the group 1 the mean susceptibility values are very
high, ranging from 948 to 30,000 � 10�6 SI. Such values
strongly suggest a predominant contribution of the ferromag-
netic minerals (that is magnetite according to the mineral
magnetic results discussed in section 6.2) to the susceptibility
[e.g., Rochette, 1987]. Conversely, sites belonging to the
group 2 and site BTP01 are characterized by considerably
lower susceptibility values, comprised between 70 and 350�
10�6 SI. Susceptibility values as low as 200–300 � 10�6 SI

are indicative for a major contribution of the paramagnetic
matrix to the bulk susceptibility [e.g., Rochette, 1987].
Therefore, the temporal changes of the susceptibility values
seem indicating that only the older (Oligocene-Aquitanian)
TPB sediments are predominantly made by debris coming
from erosion and dispersal of magnetite-rich rocks (likely the
Voltri ophiolites). Therefore we propose that a significant
change on the sediment feeding system, probably linked to an
evolution of the main paleodrainage system, occurred in the
TPB between Aquitanian and Burdigalian times, as also
radiometric analyses by Carrapa et al. [2004] confirm.
Alternatively, magnetite may have been dissolved in a sub-
oxic/anoxic environment, with high sedimentation rates and a
large supply of organic matter during burial upon the iron
reduction zone [Karlin and Levi, 1983; Karlin, 1990a,
1990b].
[35] For all sites the shape of the AMS ellipsoid is

predominantly oblate, with a shape factor (T) > 0.2 (0.7 on
average, Table 2), suggesting a prevailing sedimentary fabric.
The magnetic foliation is always well defined, and parallel to
the bedding plane (Figure 4b), confirming that the sampled
sediments host a predominant sedimentary-compactional
magnetic fabric. Moreover, 28 sites are characterized by a
well-developed magnetic lineation, as documented by the
clustering of Kmax axes from the individual specimens (e12�
30�, Figure 4b, 13 sites display an e12 value even <15�). All in
situ magnetic lineation directions (only for sites characterized
by e12 � 30�) are shown in Figure 4c. The large majority of
the sites show a N-S to NNW-SSE mean magnetic lineation,
implying that the sedimentary successions from the TPB are
characterized by a magnetic lineation trending parallel to the
mean plunge of the strata, and almost orthogonal to the
direction (about E-W) of the Alpine thrust fronts buried
below the TPB and the Po Plain.

6.4. Paleomagnetism

[36] Demagnetization data were plotted on orthogonal
demagnetization diagrams [Zijderveld, 1967], and the mag-
netization components were isolated by principal component
analysis [Kirschvink, 1980]. The NRM from all sites was
well above the noise level of the magnetometer (�5 mA/m).
Samples from 26 sites could be efficiently AF cleaned at
70–100 mT (Figures 5c–5f). Conversely, at two sites
(BTP01 and BTP66), a parasitic remanence (probably a
gyroremanent magnetization [Stephenson, 1980]) was in-
duced after�30 mT (Figures 5a and 5g), while six additional
sites (BTP12, BTP15, BTP19, BTP25, BTP30, and BTP47,
Figure 5i) revealed an unstable behavior during AF demag-
netization treatment. Therefore, twin specimens from cores
from these latter eight sites were thermally demagnetized up
to 600�C (though several specimens were completely
demagnetized at 330�C). Sites BTP12 and BTP25 definitely
yielded only scattered demagnetization diagrams (Table 1).
[37] A viscous component, subparallel to the GAD field

direction for the study area, was removed for all specimens
at 10–20 mT or at 120–180�C, while a characteristic
remanent magnetization (ChRM) direction was isolated in
the 20–100 mT or 180–330�C AF/temperature intervals
(Figure 5). Such coercivity spectra, together with mineral
magnetic results (Figure 3), suggest that magnetite is the
main magnetic carrier in the 26 AF cleaned sites. Converse-
ly, the two sites showing a significant acquisition of a
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parasitic remanence during the AF treatment (BTP01,
BTP66), and the four sites which are completely demagne-
tized at 330�C (BTP15, BTP19, BTP30, BTP47), suggest
iron sulphides (probably greigite) as likely remanence
carriers.
[38] The site-mean directions (evaluated by Fisher’s

[1953] statistics) are generally well defined, the a95 values
being lower than 10� in all but three sites (Table 1). The
site-mean directions are both of normal and reverse polarity,
but the normal polarity is predominant (25 out of 32 sites,
Figure 6 and Table 1), and the few reverse-polarity sites are
all of Oligocene age. The tilt-corrected declinations are
significantly scattered, and are spread from westward to
northward direction (when translated all to the normal
polarity state).
[39] Field tests were performed for Oligocene-Aquitanian

and Miocene sites separately. For Oligocene-Aquitanian
sites (N = 20, excluding site BTP19, see below) we
performed an Inclination-only fold test (according to Enkin
and Watson [1996]), as they underwent different amounts of
rotations. Maximum clustering occurs at 5% of unfolding
(k = 21.42), and it decreases until 100% of complete unfolding
(k = 15.97). However, the in situ increase of data clustering
is not statistically significant (k2/k1 = 1.31, with critical
value of F95% = 2.12 for N = 20 degrees of freedom).

Furthermore, whereas we recognize that the conventional
fold test is not suitable for Oligocene-Aquitanian data, the
inclination-only fold test may be not fully reliable as well.
In fact, our samples are mainly marls and mudstones, and
therefore are likely to be affected by a different amount of
inclination shallowing, which is determined by the com-
paction of muddy rocks during diagenesis. Thus, as the in
situ directions from Oligocene-Aquitanian sites are far from
the geocentric axial dipole (GAD) field direction for the
TPB (D = 0�, I = 63.0�, Figure 6), and reveal a pretty
homogeneous CCW rotation, we infer that they are not
remagnetized and reflect a primary remanent magnetiza-
tion. Conversely, 8 of the 11 Miocene sites (i.e., excluding
sites BTP15, BTP38 and BTP66) show in situ directions
very clustered and close to the GAD field direction. The
McFadden [1990] fold test was performed first on all
Miocene sites, resulting indeterminate, then on the 8 grouped
sites only, giving a negative result (in situ statistics Dmean =
2.3�, Imean = 54.4�, k = 771.5, a95 = 2.0�, x = 3.054, unfolded
statistics Dmean = 359.6�, Imean = 46.1�, k = 79.6, a95 = 6.3�,
x = 3.690; x95%critical value = 3.298. Maximum k and
minimum x values occur at 0% unfolding, indicating a
postfolding remagnetization).
[40] The reversal test (according to McFadden and

McElhinny [1990]) performed on the Oligocene-Aquitanian

Table 2. Anisotropy of Magnetic Susceptibility Results From the Tertiary Piedmont Basina

Site Formation Age Age (Ma) n/N Km P0 T D (deg) I (deg) Dtc (deg) e12 (deg)

BTP01 Molare Rupelian 30.5–33.5 10/10 70 1.097 0.915 187.3 5.4 229.9 17
BTP06 Rocchetta Rupelian 28.7–29.7 11/11 5450 1.247 0.371 317.4 9.4 13.2 3
BTP07 Rocchetta Rupelian-Chattian 28–29.4 11/11 5397 1.270 0.777 334.4 6.2 22.7 10
BTP09 Rocchetta Rupelian-Chattian 28–29.7 9/11 5715 1.352 0.914 263 3.7 302.5 13
BTP11 Rocchetta Rupelian 30–30.5 8/9 9794 1.298 0.678 7.3 10.6 81.1 12
BTP12 Rocchetta Rupelian-Chattian 21.6–32 12/12 115 1.084 0.916 - - - 50
BTP13 Rocchetta Rupelian 29.9–30.9 8/12 7265 1.205 0.652 - - - 32
BTP15 Cremolino Burdigalian 16.5–17.6 10/10 175 1.093 0.836 244 3.9 - 18
BTP18 Rocchetta Rupelian 30.1–32.3 8/8 4877 1.187 0.792 167.4 21.6 223.3 27
BTP19 Rocchetta Rupelian 29.9–30.9 10/10 234 1.037 0.697 92 2.5 - 5
BTP25 Rocchetta Rupelian 29.9–30.9 8/13 140 1.070 0.863 - - - 34
BTP29 Cremolino Langhian 15–15.1 13/13 169 1.075 0.815 12.8 11.3 - 29
BTP30 Serravalle Burdigalian-Langhian 16–17.6 8/8 150 1.058 0.840 141.5 5.9 - 17
BTP31 Cessole Langhian 14.2–14.6 10/11 350 1.104 0.574 8.8 18.6 - 8
BTP38 Cessole Langhian 14.8–15.1 9/11 948 1.150 0.359 13.7 19.8 - 9
BTP39 Rocchetta Rupelian 30.1–32.3 6/9 30478 1.510 0.675 18.1 12.3 43.0 27
BTP41 Rocchetta Rupelian 29.9–30.9 10/12 4640 1.139 0.667 337 1.6 34.6 16
BTP43 Rocchetta Rupelian-Chattian 28.3–29.9 9/10 3292 1.204 0.855 184.5 6.6 236.0 15
BTP47 Rocchetta Rupelian 29.9–30.9 9/10 5915 1.269 0.890 18.5 10.2 65.6 30
BTP53 Rocchetta Rupelian 29.9–30.9 11/13 5266 1.302 0.258 335.8 6.9 24.1 6
BTP57 Rocchetta Rupelian 29.9–30.9 10/12 6833 1.229 0.628 321.8 6.3 24.5 13
BTP60 Rocchetta Rupelian 29.9–30.9 9/9 4765 1.211 0.472 322.7 5.8 338.8 6
BTP61 Rocchetta Rupelian 29.9–30.9 9/11 6164 1.205 0.552 324.2 5.7 21.6 17
BTP62 Rocchetta Rupelian 29.9–30.9 11/11 3178 1.207 0.516 317 6.8 0.4 6
BTP64 Rocchetta Rupelian 29.9–30.9 10/12 6977 1.220 0.759 280.4 2.1 334.3 10
BTP65 Monesiglio Aquitanian 20.5–20.7 10/13 167 1.056 0.883 332.3 9.5 - 21
BTP66 Cremolino Burdigalian 19.2–20.2 8/8 185 1.072 0.930 - - - 49
BTP69 Cremolino Burdigalian-Langhian 16–17.6 10/10 168 1.062 0.799 - - - 55
BTP72 Cassinasco Langhian 14.8–15.2 10/10 157 1.096 0.958 - - - 40
BTP73 Cassinasco Langhian 14.8–15.2 8/8 213 1.085 0.805 348.5 3.3 - 26
BTP75 Cassinasco Langhian 14.8–15.2 9/13 125 1.037 0.912 262.3 8.2 - 18
BTP80 Monesiglio Aquitanian 22.9–23.8 10/11 7150 1.271 0.761 20 3.6 59.2 23
BTP84 Rocchetta Rupelian 29.9–30.9 11/12 7193 1.200 0.748 332.6 7.3 358.4 16
BTP85 Molare Rupelian 30.9–33.1 13/13 5850 1.214 0.682 335.4 1.6 45 19

aAges are as in Table 1; n/N is number of samples giving reliable results/number of studied samples at a site; Km is mean susceptibility, in 10�6 SI; P0

and T are corrected anisotropy degree and shape factor, respectively, according to Jelinek [1981]; D and I are in situ site-mean declination and inclination,
respectively, of the maximum susceptibility axis; Dtc is site-mean declination of the maximum susceptibility axis back-rotated according to the
paleomagnetic rotation values listed in Table 1 (only for the Oligocene and Aquitanian sites); e12 is semiangle of the 95% confidence ellipse around the
mean Kmax axis in the Kmax � Kint plane.
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sites (displaying dual polarities) yielded the following
results: Dmean = 310.6�, Imean = 43.4�, k = 18.12 for 13
normal polarity sites, and Dmean = 130.5�, Imean = �47.8�,
k = 21.33 for 7 reverse polarity sites, resulting positive of
class C and suggesting that the adopted magnetic cleaning
has efficiently resolved the ChRMs from each specimen.
[41] Concluding, we infer that all Oligocene-Aquitanian

sites (except site BTP19) host a primary magnetization, and
their rotation values are reliable for reconstructing the
tectonics of the TPB. Conversely, 8 out 11 Miocene sites

are remagnetized, as suggested by the negative fold test.
The in situ paleomagnetic directions for the remaining 3
Miocene sites stand far from the GAD field direction,
suggesting that they retain a primary magnetization.
[42] The direction of the Oligocene site BTP19 (Table 1)

is very close to that of the eight remagnetized Miocene sites
in in situ coordinates, and it displays a positive paleodecli-
nation (D = 4.4�), while all the remaining Oligocene sites
yield negative (up to �90.8�) declination values. Further-
more, its magnetic/mineralogical properties are similar to

Figure 4. AMS results from the TPB. (a) Mean magnetic susceptibility values versus site ages
(according to Table 2). (b) Schmidt equal-area projections, lower hemisphere, of the principal axes of the
AMS ellipsoid, for three representative sites (in situ coordinates), showing variable degrees of scattering
for the magnetic lineation (e12 is the semiangle of the 95% confidence ellipse around the site-mean Kmax

in the Kmax � Kint plane). (c) Lower hemisphere equal-area projection of the in situ Kmax � Kmin

directions from all cores with e12 < 30� (see also Table 2). Black (grey) symbols are referred to Oligocene
(Miocene) samples.
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those of the Miocene remagnetized sites. Therefore we infer
that also the Oligocene site BTP19 was magnetically over-
printed after tilting.
[43] Our evidence of magnetic overprint concurs with

previous results from Bormioli and Lanza [1995], who
documented a posttilting remagnetization for five mid-
Oligocene–mid-Miocene sites from the TPB.
[44] To sum up, it appears that the great majority (23 out

34) of the sedimentary sites paleomagnetically studied in
the TPB host a pretilting (and likely primary) remanent
magnetization, while nine sites (eight Miocene and one
Oligocene in age, Table 1) were remagnetized after tilting
(that is post Miocene [e.g., Lorenz, 1984]). The magneti-
cally overprinted sites systematically display low natural

remanence (�3.6 mA/m) and low susceptibility (�350 �
10�6 SI, Table 2), dominated by the paramagnetic fraction
(Figures 3b and 3f).

7. Discussion

7.1. Local Versus Uniform Rotations at the TPB

[45] A considerable spread of paleomagnetic declinations
(ranging from �16.1� to �90.8�, Figure 6 and Table 1)
characterizes the Oligocene sites, which were sampled at
sites where the strata predominantly dip northward and
westward at the Alto Monferrato and Langhe, respectively
(Figure 1 and Table 1). Therefore the question arises as to
whether this is simply a paleomagnetic directional scatter, or
different sectors of the TPB have undergone differential

Figure 5. Orthogonal vector diagrams of typical demagnetization data, in situ coordinates. Solid and
open dots represent projection on the horizontal and vertical planes, respectively. Demagnetization step
values are in mT (Figures 5a, 5c, 5d, 5e, 5f, 5g, and 5i) and in �C (Figures 5b and 5h). See text for
explanation.
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rotations. In map view, the TPB formations describe a large-
scale salient, formed by E-W and approximately N-S out-
crops at the Alto Monferrato and Langhe, respectively
(Figure 1). This geologic pattern is more likely to be related
to different regional strata tilting occurring in the different
basin sectors, rather than to noncoaxial folding characteriz-
ing the Alto Monferrato and Langhe. Nonetheless, the

‘‘oroclinal’’ test [e.g., Schwartz and Van der Voo, 1983;
Eldredge et al., 1985; Hirt and Lowrie, 1988] can be used to
verify whether a statistically significant rotational difference
exists at sites characterized by different ‘‘structural’’ (i.e.,
fold axis) directions.
[46] In Figure 7 we compare the Oligocene site-mean

paleomagnetic declinations to local structural directions

Figure 7. Paleomagnetic declination deviations for 18 Oligocene sites (yielding paleomagnetic
directions acquired before strata tilting), relative to (a) strike of beds and (b) fold axis deviations [e.g.,
Schwartz and Van der Voo, 1983]. D is the observed paleomagnetic declination at a site, and D0 is the
reference declination value (312�). S is the observed bed strike at a site and F is the fold axis direction at a
site determined from structural maps (see text). The reference bedding strike (S0) and fold axis (F0)
directions are both 215�. Error bars for declination data are the respective a95/cos(I) values.

Figure 6. Equal-area projections of the site-mean paleomagnetic directions from the TPB. Solid (open)
symbols represent projection onto the lower (upper) hemisphere. Open ellipses are the projections of the
a95 cones about the mean directions. The star represents the normal polarity geocentric axial dipole
(GAD) field direction (D = 0�, I = 63.0�) for the study area.
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derived from local bed strike (Figure 7a), and regional fold
axis direction gathered from structural maps [Consiglio
Nazionale delle Ricerche, 1991] (Figure 7b). As reference
paleodeclination and structural direction, we adopted the
mean Oligocene declination (312�), and a NNE-SSW trend
(215�), respectively. The statistical t test (according to Hirt
and Lowrie [1988]) is used to verify whether the slopes of
the best fit lines calculated in Figures 7a and 7b are
statistically different from zero slope (indicating no paleo-
magnetic versus structural correlation).
[47] The t test on the slope of the regression lines

compared to zero slope gives (for diagrams 7a and 7b,
respectively) values t = 2.28 and t = 1.16, which are both
smaller than the critical t value at the 99% significance level
(t99 = 2.58 for number of data N = 18), implying that both
best fit lines are statistically indistinguishable from zero
slope. As a conclusion, the results of the oroclinal test
exclude that differential rotations occurred at different TPB
sectors, and demonstrate that the basin rotated as a whole.

7.2. Magnitude and Timing of Rotations

[48] The declination and rotation versus time evolution of
the TPB is shown in Figure 8a and 8b, respectively.
Chronologic constraints are provided by the calcareous
nannofossil content (see section 6.1 and Table 1) framed

into the timescale of Gradstein et al. [2004], as well as by
the paleomagnetic polarity of the 23 reliable sites compared
with the geomagnetic polarity timescale of the same
authors. Rotations (Figure 8b) were evaluated by comparing
TPB paleodeclinations to coeval expected African paleode-
clinations from Besse and Courtillot [2002], as the TPB lies
on an Alpine wedge stacked onto Adriatic lithosphere, and
African poles are routinely used as proxy of Adria poles
[e.g., Van der Voo, 1993; Channell et al., 1992; Channell,
1996;Muttoni et al., 2001]. In Figure 8 we also show (1) the
mean paleomagnetic direction obtained from seven upper
Oligocene sites from the TPB eastern margin, as reported by
Kie [1988] and (2) the paleomagnetic data from Carrapa et
al. [2003a], who gathered paleomagnetic results from Mio-
cene-Pliocene sediments from the TPB. The use of these
formerly published data sets allows a valuable time exten-
sion for our study of lower Oligocene–mid-Miocene sedi-
ments. The updated rotation values versus Africa, calculated
from the formerly published paleodeclination values are
also detailed in Table 3.
[49] The data from Figure 8b define a 47� ± 17� post-

Oligocene CCW rotation of the TPB with respect to Africa/
Adria, which is consistent with the 43� ± 8.5� post-Oligo-
cene CCW rotation reevaluated from the data by Kie [1988].
Though the value of 47� ± 17� of CCW rotation has been

Figure 8. Site-mean paleomagnetic declination (Figure 8a) and rotation with respect to Africa (Figure 8b) versus age, for
sites from the TPB. Rotations relative to both paleodeclinations from us and from previous works [Kie, 1988; Carrapa et
al., 2003a] are evaluated according to Demarest [1983] with respect to coeval African poles from Besse and Courtillot
[2002] (see Tables 1 and 3). Solid (open) symbols indicate sites yielding normal (reverse) magnetic polarity. Geologic and
geomagnetic polarity timescale are from Gradstein et al. [2004]. Error bars for declination site-mean values are the a95/
cos(I) values. Error bars for rotations were computed according to Demarest [1983]. Error bars for ages were drawn
considering both biostratigraphic information and paleomagnetic polarity (see text and Table 1). The black line in Figure 8b
is the Sardinia versus Europe rotation evolution recently proposed by Gattacceca et al. [2007]. The scattered paleomagnetic
declinations from Bormioli and Lanza [1995] are omitted.

Table 3. Previous Paleomagnetic Directions From the Tertiary Piedmont Basins and Updated Rotation Flattening Values With Respect to

Africaa

Ref. Site Formation

UTM
Coordinates
Zone 32T Age

Age
(Ma)

Cleaning
Strategy

D
(deg)

I
(deg) k

a95

(deg) N
R

(deg)
F

(deg)

1 M01 Rocchetta 415635–491086 upper Oligocene-
lower Miocene

25.0–16.3 TH 167 �46 147 4 9 �16.9 (6.3) 10.1 (4.6)

1 M03 Rocchetta 413918–491887 upper Oligocene-
lower Miocene

25.0–16.3 AF 141 �55 67 6 11 �42.9 (9.3) 1.2 (5.7)

1 M05 - 415000–492038 Langhian 16–15.2 AF 150 �51 84 6 9 �32.2 (8.1) 7.2 (5.2)
1 M06 - 408667–491503 Langhian 15.2–14.7 TH 340 53 167 7 4 �22.2 (9.7) 5.2 (5.9)
1 M07 - 408000–491670 Tortonian 11–9 TH 190 �36 3 35 10 8.1 (35.3) 22.9 (27.4)
1 M08 - 403065–492272 Tortonian-

Messinian
7.5–6.5 TH 17 69 141 4 11 16 (9.2) �9.1 (3.6)

1 M09 - 411303–492559 Miocene 11–5.2 TH 193 �48 23 14 6 11.1 (16.8) 10.9 (11.1)
1 M13 Cortemilia 429767–492761 Aquitanian-

Langhian
23.7–14.8 TH 355 52 80 5 11 �8.9 (7.7) 4.2 (5.2)

1 M14 Santa Agata Marls 429653–495209 Tortonian 11–7 TH 3 62 15 12 11 1.1 (20.7) �3.1 (9.6)
1 M15 Lugagnano Shales 435034–496416 Pliocene 5.2–1.7 TH 353 49 143 4 11 �8.0 (5.5) 10.9 (3.6)
1 M19 Lugagnano Shales 454180–495717 Pliocene 5.2–1.7 TH 359 41 30 9 11 �2.0 (9.7) 18.9 (7.2)
1 M20 Rocchetta-

Monesiglio
446547–493557 Oligocene-

Aquitanian
33.4–20.4 TH 299 27 10 15 11 �61 (14.2) 30.3 (12.3)

2 Ra Rocchetta - upper Oligocene 28.5–23.8 TH 316 42 99 6 7 �43 (8.5) 15.7 (6)
aReferences (Ref), (1) Carrapa et al. [2003a] and (2) Kie [1988]. Ages are as in Table 1. Cleaning strategy is alternated field (AF) or thermal (TH); D and

I are site-mean declination and inclination calculated after tectonic correction; k and a95 are statistical parameters after Fisher [1953]; N is number of
samples giving reliable results per site. Updated site-mean rotation (R) and flattening (F) values (according to Demarest [1983]) are relative to coeval D and
I African values expected at the Tertiary Piedmont Basin (errors are in parentheses). The reference African paleopoles are from Besse and Courtillot [2002].
The scattered paleomagnetic directions from Bormioli and Lanza [1995] are omitted.
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calculated averaging all Oligocene sites, 7 sites (of both
normal and reverse polarity) yield significantly different
paleodeclination values (Figure 8a). We think that this
simply reflects a normal paleomagnetic data scatter, yet
here we provide some possible alternative explanations: (1)
site BTP13, which yields the highest rotation value, shows a
bedding strike clearly distinct from that of the other sites
(Table 1), thus could have undergone a local CCW rotation,
besides the regional TPB rotation; (2) sites BTP84 and
BTP85 come from the Mioglia locality, where Bernini and
Zecca [1990] observed a synsedimentary decametric fold,
and could thus have undergone a multiphase deformation
(Oligocene plus post-Miocene) invalidating a simple paleo-
magnetic tilt correction; and (3) these sites could have been
interested by large-scale sliding processes, not recognized
during sampling, but present over the TPB area, which
would have introduced spurious rotations.
[50] The results from Carrapa et al. [2003a] clearly show

that the TPB rotation occurred before Tortonian times and
robustly constrain it to the early mid-Miocene. The nine
lower mid-Miocene paleomagnetic directions (five from
Carrapa et al. [2003a], four from this study) indeed show
intermediate rotation values, but do not allow a precise
determination of the rotation timing. As a rule, lower mid-
Miocene reverse-polarity sites yield greater rotation values
than roughly coeval normal-polarity sites (Figure 8b) and
therefore a magnetic overprint for (at least some of the)
Burdigalian-Langhian normal-polarity sites may have oc-
curred. To sum up, our data, integrated with previous results
from Kie [1988] and Carrapa et al. [2003a], consistently
reveal that the TPB rotated �50� CCW with respect to
Africa in early mid-Miocene times, between Aquitanian and
Serravallian (roughly between 23 and 12 Ma). Additional
early mid-Miocene results from the TPB would be needed
to further constrain such age window.
[51] When the paleomagnetic inclinations, in tilt cor-

rected coordinates and excluding data from the remagne-
tized sites, are compared to the coeval expected African
inclinations, predominantly positive flattening values are
obtained (values range between �9.6� and 35�, Table 1).
Such shallowing of paleomagnetic site-mean directions can
be easily explained considering the effect of diagenesis and
compaction [e.g., Deamer and Kodama, 1990] as observed
for similar sediments at different sites from the Italian
peninsula [Speranza et al., 1997]. Predominantly positive
flattening values are also derived for paleomagnetic incli-
nations by Carrapa et al. [2003a] and Kie [1988], when
reevaluated using updated African poles (Table 3).

7.3. Rotation of the TPB in the Frame of Alpine-
Apennine Tectonics

[52] In the Mediterranean domain, the Tertiary back-arc
spreading process, and the associated arcuate belt formation
and microplate dispersal, have been accompanied by wide-
spread paleomagnetic rotations [Lonergan and White,
1997]. The TPB is located just north of the Ligurian Sea,
which represents the northern end of the Liguro-Provençal
Basin, undergoing back-arc spreading in late Oligocene–
mid-Miocene times [Malinverno and Ryan, 1986; Speranza
et al., 2002] at the rear of the eastward drifting Corsica-
Sardinia block. A wealth of paleomagnetic data gathered
from Corsican sediments [Ferrandini et al., 2003] and

Sardinian volcanics [e.g., Gattacceca et al., 2007] and
sediments [Speranza et al., 2002] have proven that the
Corsica-Sardinia microplate drift was accompanied by a
CCW rotation with respect to Europe of �50� occurring in
early mid-Miocene, between 20–21 and 15–16 Ma. If the
Corsica-Sardinia along-time rotation proposed by Gattac-
ceca et al. [2007] is superimposed onto the rotation versus
age plot of the TPB (Figure 8b), both the rotation magnitude
and its timing from the two data sets appear similar. Some
discrepancy between the two data sets can be observed at
the age interval of the Corsica-Sardinia rotation, which is
early Miocene. In this time interval, there are four sites (two
from Carrapa et al. [2003a], two from this study, Figure 8)
yielding rotation values significantly different than the
Corsica-Sardinia rotation path. Among them, site BTP38
shows an anomalously high strata inclination (49�, Table 1).
We may suppose that either bedding attitude measured at
site BTP38 is incorrect, or that it reflects a local site rotation
superimposed on the regional trend. Conversely, site BTP66
shows magnetic and mineralogical characteristics typical of
the remagnetized sites and yields a normal polarity, defi-
nitely suggesting a magnetic overprint.
[53] Though rotations from the TPB and Corsica-Sardinia

are evaluated with respect to Africa and Europe respective-
ly, they are indeed comparable, as none of the two major
plates has undergone significant rotation with respect to the
geographic north during Tertiary times [e.g., Besse and
Courtillot, 2002].
[54] The TPB rotation magnitude is also similar to the

52� ± 8� CCW rotation with respect to Africa documented
by Muttoni et al. [1998] for the Epiligurian units uncon-
formably resting upon Liguride nappes from the northern
Apennines (Figure 1), yet its timing is different. In fact,
Muttoni et al. [2000] proved that �24� rotation occurred in
Oligo-Miocene times (thus possibly being related to the
Corsica-Sardinia rotation), while the remaining 28� occurred
during the Pliocene Apennine shortening episodes (in agree-
ment with previous results from Speranza et al. [1997]).
[55] Considering altogether, the paleomagnetic data from

western Alps, Corsica-Sardinia, northern Apennines, and
TPB, may support the following tectonic-rotational scenario
(Figure 9). In the late Oligocene (Figure 9a), both the
Alpine and the Apennine orogenic fronts roughly struck
NE-SW; in the western Alps, east directed subduction lead
to the closure of the oceanic domain and concomitant
exhumation of HP units. At that time, the west directed
Apennines-Calabria subduction process started migrating
backward toward E-SE as attested by the initiation of the
Liguro-Provençal-Balearic and Sardinia rift system [Cherchi
and Montadert, 1982; Gorini et al., 1993; Séranne, 1999;
Faccenna et al., 1997]. In early mid-Miocene times (be-
tween 20–21 and 15–16 Ma), the Corsica-Sardinia micro-
plate drifted eastward (from the Provençal-Catalan margin)
and contemporaneously rotated CCW by �50� (according
to Gattacceca et al. [2007]) (Figure 9b). The TPB, located
north of the (spreading) Liguro-Provençal Basin, also
rotated �50� CCW, together with the underneath Alpine
wedge, yielding a further tightening of the western Alpine
Arc. Conversely, the Alpine nappes (including the Liguride
units) located NE of Corsica-Sardinia underwent an inter-
mediate (�25�) CCW rotation, implying that they accom-
modated the excess Corsica-Sardinia rotation (and drift) by
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internal deformation (through nappe stacking). Most likely,
both the TPB and the Epiligurian units were passively
carried (and rotated) by underneath rotational thrust sheet
emplacement inducing belt bending (as also documented in

the southern Apennines and Sicily [e.g., Gattacceca and
Speranza, 2002; Channell et al., 1990]). Finally, thrust
sheet emplacement caused a further 20�–30� CCW rotation
during the Pliocene, but solely for the northern Apennines
(Figure 9c). Here the remnants of the older chain (the
Liguride stacks topped by the Epiligurian units) were
passively carried (and further rotated) on top the northern
Apennine nappes, recording the total �50� rotation docu-
mented by Muttoni et al. [1998]. Similarly stepwise in-
creasing rotation values moving from the external to the
internal nappes were shown in the Sicilian Maghrebides by
Channell et al. [1990], suggesting that the whole nappe pile
accumulates the rotation associated to the activity of each
thrust.
[56] Having found that the Alpine chain located below

the TPB has been rotated along with Corsica-Sardinia, the
question arises as to whether additional Alpine segments
have undergone a similar rotational/geodynamic evolution.
In Figure 1, we note that the CCW rotation values
documented by Thomas et al. [1999], Aubourg and
Chabert-Pelline [1999], and Collombet et al. [2002] at
several western Alps localities vary between 40� and
68�, while the ‘‘Liguria’’ locality, located 20–30 km SW
of the TPB has indeed rotated by 117� [Collombet et al.,
2002]. The �40� rotation from the Subalpine Chain
[Aubourg and Chabert-Pelline, 1999] is very difficult to
constrain in time, because it postdates an overprint inferred
as Neogene in age solely relying on the similarity of
paleomagnetic inclination values with the expected
European inclination value. Conversely, the 47�–117� rota-
tions from the Briançonnais (Penninic) zone are certainly
post-late Oligocene in age, as they were gathered from rocks
undergoing greenschist metamorphism (thus certainly a
magnetic overprint) in late Oligocene times (D3 phase
according to Collombet et al. [2002]). Therefore the western
Alpine rotations are synchronous with or younger than the
rotations found for the TPB. This also implies that at the TPB
we certainly do not ‘‘miss’’ any older Alpine rotation.
[57] Given the unconstrained rotational timing of the

western Alps, several rotational scenarios can be inferred,
yet among two basic end-members: (1) the 50�–70� CCW
rotation of the western Alps occurred with different timing
and geodynamics with respect the TPB, which escaped such
rotation but rotated by �50� in early mid-Miocene along
with Corsica-Sardinia (together with Liguria, which rotated
by �120� as the sum of the two rotations); and (2) the
whole western Alpine arc (including the TPB) rotated CCW
by �50� in early mid-Miocene times together with Corsica-
Sardinia, and Liguria underwent an additional �70� rotation
for local (strike-slip fault shear?) tectonics. Further age
constraints for the western Alpine rotation would be needed
to discriminate between such two scenarios.

Figure 9. Schematic 3-D block diagram suggesting a
possible kinematic reconstruction of the Alps-Apennines
belt system since the late Oligocene. The evolution in time
and space of both the Alpine and the Apennine orogenic
fronts are correlated together with the deep subduction
geometry. The mean paleomagnetic rotation values for each
stage are also reported. (TPB) Tertiary Piedmont Basin,
(CS) Corsica-Sardinia block, (NA) northern Apennines.
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7.4. No Paleomagnetic Rotation of Adria After Mid-
Miocene Times

[58] The TPB lies on Alpine nappes stacked onto the
Adriatic lithosphere along the Po Plain. Therefore our
paleomagnetic data, along with previous results from
Carrapa et al. [2003a], definitely prove that Adria has
undergone no paleomagnetic rotation after mid-Miocene
times. This finding concurs with paleomagnetic evidence
gathered during the past 40 years at different peri-Adriatic
localities [see Van der Voo, 1993; Channell et al., 1992;
Channell, 1996; Muttoni et al., 2001], while is at odds
with paleomagnetic data gathered from Istria and Dalmatia
by Márton et al. [2003]. This also implies that the rotation
of Adria cannot be considered (as suggested by Collombet
et al. [2002]) as one of the possible causes for the CCW
rotation documented along the western Alpine arc.
[59] There is now considerable evidence from both GPS

and seismological data that Adria it is rotating at Present
with respect to both Africa and Europe [Caporali and
Martin, 2000; Calais et al., 2002; Babbucci et al., 2004;
D’Agostino et al., 2006], but our data confirm that this
rotation has not yet reached a paleomagnetically detectable
value. Extrapolating in time the 0.28�/Ma present-day
Adria versus Europe rotation rate recently proposed by
D’Agostino et al. [2006], and assuming 10� as the mini-
mum value of a paleomagnetically retrievable rotation, we
find that the current Adria rotation cannot be older than
�35 Ma ago (late Eocene). Obviously, this lower-bound
age does not exclude that Adria started decoupling (and
rotating) from Africa much more recently, few Ma (or
even few hundreds of ka) ago.

7.5. Enigmatic Nature of the TPB: Information From
Anisotropy of Magnetic Susceptibility Data

[60] The magnetic fabric gathered from clayey sediments
completely lacking visible strain markers has proven to
serve as a valuable strain proxy [Hrouda and Janàk, 1976].
Several studies carried out on clays from different Italian
localities have found that the magnetic lineation trends
parallel to the belt (and local fold) axis trend [Averbuch et
al., 1995; Mattei et al., 1997; Sagnotti et al., 1998,
Speranza et al., 1999], while it forms parallel to the
stretching direction at extensional basins [Sagnotti et al.,
1994b; Mattei et al., 1997, 1999; Cifelli et al., 2004].
Moreover, it has been proven that the magnetic lineation
of weakly deformed fine-grained terrigenous sediments
trends approximately parallel or orthogonal to the local
bed strike when forming after compressive or extensional
tectonics, respectively, and that the magnetic fabric is
particularly sensitive to synsedimentary tectonics [e.g.,
Mattei et al., 1997; Sagnotti et al., 1998]. Therefore,
AMS data have the potential to provide relevant information
to unravel the origin of basins characterized by a contro-
versial tectonic setting, such as the TPB.
[61] AMS results from the TPB reveal a defined (e12 �

30�, Table 2) magnetic lineation for 28 sites, while the
remaining 6 sites display a purely sedimentary fabric, with
the axis of maximum susceptibility scattered in the magnetic
foliation plane, which is subparallel to the bedding plane
(Figures 4b and 4c). The sites yielding a defined magnetic
lineation are both Oligocene and Miocene in age (Table 2),
suggesting that the TPB developed within a tectonic regime

acting synchronous to the deposition of the whole sedimen-
tary succession. The in situ directions of the Kmax axes
substantially differ from the correspondent paleomagnetic
declinations (their angle is >10� for 24 out of 28 sites, and
as high as 37� on average). This suggests that the preferred
trend of the magnetic grains, thus the Kmax orientation, was
not primarily affected by the Earth magnetic field [see
Rochette et al., 1992].
[62] The great majority of the in situ magnetic lineations

from 28 sites trend approximately N-S (from N30�E to
N50�W, Figure 4c), i.e., roughly parallel to the local bed
dips and orthogonal to the regional trend of the Alpine chain
buried below the TPB. This suggests that the TPB formed in
an extensional tectonic setting, characterized by a stretching
direction perpendicular to the chain axis. Our lineation direc-
tions are in substantial agreement with those reported by
Carrapa et al. [2003a], who studied the AMS of 22 lower
Oligocene–Pliocene sites from the TPB [see Carrapa et al.,
2003a, Figure 14]. The structural information derived byAMS
data is in agreement with Mutti et al. [1995], who proposed
that the TPB formed in an extensional tectonic setting.
[63] Our AMS results also suggest that the sparse folds,

thrusts, and other (mostly NW-SE oriented) compressive
features documented so far at the TPB [Perotti, 1985;
Fossati et al., 1988; Bernini and Zecca, 1990; Piana et
al., 1997; Gelati and Gnaccolini, 1998; Marroni et al.,
2002; D’Atri et al., 1997, 2002; Carrapa et al., 2003a]
either are sedimentary gravitational features, or are not due
to synsedimentary shortening, but they are rather related to
younger (post-late Miocene) compressive episodes, which
did not affect the extensional magnetic fabric ‘‘frozen’’
during synsedimentary tectonics. Such late shortening
events may be associated with the Pliocene thrust sheet
emplacement documented by both seismic reflection and
deep well data below the Po Plain, just north of the TPB
[Biella et al., 1988].
[64] Though the AMS data suggest that the TPB formed

in a approximately N-S extensional regime (in present-day
coordinates), the paleomagnetic data indicate that nappe
stacking occurred below the basin itself during Aquitanian-
Serravallian times. In fact, lacking regional strike-slip faults
in the TPB, the sole viable mechanism yielding rotations
within the belts is thrust sheet emplacement, as it has been
already demonstrated for the northern Apennines [Speranza
et al., 1997; Muttoni et al., 1998, 2000], the southern
Apennines [Gattacceca and Speranza, 2002], and Sicily
[Channell et al., 1990; Speranza et al., 1999, 2003]. This
implies that stress layering along depth occurred in Aquita-
nian-Serravallian times and that a huge basin passively
carried on top of displacing nappes may be dominantly
characterized by extensional tectonics. Furthermore, the
synsedimentary extension documented at the TPB, occurring
above stacking nappes, is unlikely to be related to the
spreading of the close Liguro-Provençal Basin, as suggested
by Mutti et al. [1995].
[65] Since the magnetic lineation forms during (or soon

after) sediment deposition, the pristine lineations (consid-
ered as a proxy for synsedimentary extensional directions)
can be evaluated by back-rotating (according to local
paleomagnetic rotation values, Table 1) the in situ lineation
directions. After back rotation (Figure 10b), the Oligocene-
Aquitanian sites define a approximately N20� average trend,
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which can be considered as a proxy for the Oligocene
extensional direction, and approximately orthogonal to the
regional direction of the Alpine chain buried below the TPB
in Oligocene times, i.e., prior to the Corsica-Sardinia rota-
tion. Tensorial statistics shows a similar scatter (as evaluated
by the e12 values) of the lineation directions in situ, and
back-rotated according to paleomagnetic data (Figure 10).
This further proves that the magnetic lineation has not been
acquired by late tectonic phases occurring after the basin
rotation (i.e., after mid-Miocene times).

7.6. Connection Between Alps and the Apennines:
Insight Into the Mechanism of the Mediterranean Arc
Formation

[66] The data set presented in this paper gives a first-order
constraint on the timing and magnitude of formation of the
western Alpine Arc. Its genesis, indeed, is strictly connected
with the formation of Apennine-Calabrian Arc, as it devel-

ops during the fast rotation of the Sardinia-Corsica block
related to the rollback of the Apennine slab. From a geo-
dynamic point of view, this intimate relationships is not
trivial. In fact, if the formation of the Apennine-Calabrian
Arc is commonly related to the preexisting paleogeographic
scenario (land-locked oceanic domain) controlling the width
of the retreating panel [Malinverno and Ryan, 1986;
Faccenna et al., 2007], the formation of the Western
Alpine Arc is commonly related to an opposite process
related to the indentation of Adria microplate [Schmid and
Kissling, 2000]. The other option is related to the possi-
bility that also the western Alpine slab retreat backward
(westward) during orogenic accretion, in a manner similar,
although slower, to what observed for the Apennine slab.
This mechanism could be also favorable for the exhuma-
tion of deep seated HP and UHP units [Rosenbaum et al.,
2002; Jolivet et al., 2003; Rosenbaum and Lister, 2005;
Brun and Faccenna, 2007]. If this is the case, then we are

Figure 10. (a) Lower hemisphere equal-area projection of the in situ magnetic lineations (kmax) for
190 cores from not remagnetized Oligocene-Aquitanian sites with e12 < 30� (see also Tables 1 and 2).
(b) Same as in Figure 10a but with magnetic lineations back-rotated (Table 2) according to the
respective site-mean paleomagnetic rotation values (Table 1).
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left to imagine that both theWestern Alpine and the Apennine
slab start to migrate backward in opposite direction just after
the onset of continental collision [Jolivet and Faccenna,
2000]. The mechanism of a concomitant process of two
adjacent, but separated, slab is quite complex. One possible
explanation could be related to displacement of mantle
material during subduction. For the case of the Apennine-
Calabrian slab, it has been so far proposed that its backward
retreat could be driven by the consumption of the Liguro-
Piedmont and Ionian oceanic crust. In this case it is possible
that the backward retreat of the western alpine arc has been
driven by the push of the mantle material displaced by the
retreating Apenninic slab. Recent 3-D experiments of the
behavior of retreating slabs show that near the lateral edge of
the slab the asthenospheric material located below the slab
escapes laterally inducing a toroidal component in the mantle
flow [Funiciello et al., 2006; Piromallo et al., 2006].
Asthenospheric material expulsed from below the Apennine
slab would then push the Alpine slab westward and force the
subduction of continental material. The arcuate shape of the
Alpine arc and the helicoidal shape of the Alps-Apennines
belt would then essentially result from the geometry of the
asthenospheric flow below Liguria and the Ligurian Sea. 3-
D mantle convection experiments and seismic data (SKS
splitting) are required to test this possible scenario.

8. Conclusions

[67] Our paleomagnetic data integrated with previous
results from Kie [1988] and Carrapa et al. [2003a] show
that the TPB, unconformably resting upon Alpine nappes
(stacked in turn over Adriatic lithosphere), rotated �50�
CCW with respect to major nearby plates during Aquita-
nian-Serravallian times. A very similar rotation magnitude
and timing have been previously constrained (by a huge
amount of paleomagnetic data) for the Corsica-Sardinia
block, which drifted away from Europe during the spread-
ing of the Liguro-Provençal Basin. This suggests that the
Alpine wedge underlying the TPB rotated along with
Corsica-Sardinia, inducing the tightening of the western
Alpine arc. Previous results from the western Alps docu-
mented a 47�–68� (117� at the Liguria locality) CCW
rotation in the internal Penninic zone, occurring after a
magnetic overprint surely postdating a late Oligocene
greenschist metamorphism [Thomas et al., 1999; Collombet
et al., 2002]. Therefore we are tempted to conclude that a
regional �50� CCW rotation of the western Alps occurred
synchronously with early mid-Miocene Corsica-Sardinia
rotation, and that the additional �70� CCW rotation in
Liguria has a local character. Unfortunately, the timing for
the Penninic zone rotation is lacking, thus it cannot be
excluded that the rotations at the western Alps arc and at the
TPB were diachronous, and related in fact to different
geodynamic processes.
[68] South of the TPB, the Liguride units (and their

unconformably overlying Epiliguride cover) located on
top of the northern Apennine units rotated CCW by only
�25� during early mid-Miocene [Muttoni et al., 1998,
2000], the excess Corsica-Sardinian rotation likely being
accommodated by internal tectonic imbrication of the chain.
The Liguride units were subsequently rotated CCW by

additional 20�–30� in Pliocene times, while passively
carried on top of the Apennine thrust sheets [Speranza et
al., 1997; Muttoni et al., 2000].
[69] The synchronicity between the rotation/drift of the

Corsica-Sardinia block (induced by eastward retreat of the
Apenninic slab) and (further) bending of the western Alpine
arc, strongly suggests a dynamic link. We speculate that the
asthenosphere laterally escaping from the retreating Apen-
ninic slab pushed the western Alpine slab, yielding its
further retreat and bending.
[70] Finally, we find no paleomagnetic support for Adria

rotation since at least late Miocene times, concurring with
other paleomagnetic evidence formerly gathered at several
peri-Adriatic localities [see, e.g., Van der Voo, 1993;
Channell et al., 1992; Channell, 1996; Muttoni et al.,
2001], which suggested an Adria-Africa coupling during
Mesozoic-Tertiary drift. This implies that the formation of
the western Alps arc has definitely not arisen from a
Miocene (or younger) CCW Adria rotation, as suggested
by Collombet et al. [2002]. We conclude that the present-
day CCW rotation of Adria with respect to nearby plates,
robustly documented by numerous GPS and seismological
data, is a relatively recent (mid-late Tertiary, or younger)
geodynamic feature of the Mediterranean domain, and has
not yet become paleomagnetically detectable. N. D’Agostino
and E. Boschi are thanked for providing information on
Adria Plate motion and encouragement, respectively.
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Ménard, G. (1988), Structure et Cinématique d’une chaine de collision, les
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Abstract 

 We report new paleomagnetic and structural data from late Cretaceous to Mio-

Pliocene continental sandy/silty sedimentary rocks from the Eastern Cordillera (Central 

Andes). Here, N-S to NNE-SSW ridges hosting Paleozoic basement and upper Cretaceous 

continental red beds overthrust thick adjacent Cenozoic basins. Pre-tilting (and likely 

primary) reliable directions gathered at 15 sites document 45.9°±9.4, 30.1°±23.9°, and 

15.4°±19.3° clockwise (CW) rotations with respect to South America occurring after the 

late Cretaceous (~80 Ma), Oligo-Miocene (20-30 Ma), and late Miocene-Pliocene (5-10 

Ma), respectively. Conversely, four upper Cretaceous sites from the walls of a N-S left-

lateral strike-slip fault (Yavi-Abra Pampa fault) yield a null rotation. About 20 km to the 
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west, flower structures and subvertical syn-tectonic strata dated at 14.26±0.19 Ma are 

exposed along the subparallel Abra Moreta left-lateral strike-slip fault. Relying on data 

from the literature on the period when deformation began, we suggest that since Eo-

Oligocene times (30-40 Ma) the Eastern Cordillera has undergone a regional CW rotation 

of 40°-50°, synchronous with crustal shortening and large-scale bending of the Andean 

salient. The CW rotation is possibly still active today, as documented by regional GPS data 

from the Andes. Since ~15 Ma ago, the activity of N-S left-lateral strike-slip faults induced 

counterclockwise rotations along the fault zone, locally annulling the regional CW 

rotation. In agreement with a previous model, we speculate that mid-Miocene strike-slip 

activity accommodated the progressive southward spreading of the Altiplano-Puna high-

altitude plateau, laterally migrating from the overthickened crustal region of the salient 

apex. 

 

1. Introduction 

 High plateaus are the ultimate product of plate convergence. These remarkable 

structures are characterized by internally drained flat surfaces standing at high elevation 

over a thick and warm crust. The Altiplano-Puna plateau is located in the Central Andean 

Cordillera between 15° and 28°S (Figure 1), standing at a mean elevation of ~4000 m over 

a 60-70 km thick crust [Isacks, 1988; Wigger et al., 1994; Beck et al., 1996]. The plateau 

widens up to ~200 km in the area where the Cordillera axis is deflected by 55° along the 

“Bolivian Orocline” or “Arica Deflection” [Carey, 1955; Isacks, 1988]. Here, in the centre 

of the elbow, horizontal shortening is at a maximum [Isacks, 1988; Allmendinger et al., 

1997; Kley and Monaldi, 1998; Kley et al., 1999; McQuarrie, 2002; Müller et al., 2002], 

progressively decreasing towards the north and the south [e.g., Kley and Monaldi, 1998; 
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McQuarrie et al., 2005, 2008]. The along-strike gradient of crustal shortening is 

considered to be the leading mechanism for the formation of the Bolivian orocline [e.g., 

Isacks, 1988; MacFadden et al., 1995; Riller and Oncken, 2003; Rousse et al., 2003].  
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Figure 1. Digital elevation model of the Central Andes, showing the main morphotectonic domains and 
paleomagnetic directions from selected previous studies (arrows). The numbers adjacent to the arrows 
refer to the reference list of Table 1. 
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The deflection of the orogenic axis in the Bolivian orocline is accompanied by the “Central 

Andes rotation pattern” (CARP of Somoza et al., [1996]), showing a general 

counterclockwise (CCW) rotation in the northern arc limb (Peru and northern Bolivia), and 

a clockwise (CW) rotation in the southern limb (southern Bolivia, Chile and northwestern 

Argentina, Figure 1 and Table 1). While shortening in the Andes has been ongoing since 

the late Cretaceous, the uplift of the plateau probably initiated in the Miocene during 

thrusting and consequent crustal thickening, reaching an elevation of up to 1.5-2.5 km 

[Isacks, 1988; Hoke and Garzione, 2008]. In a later stage (probably from 10 to 6 Ma), 

during the thrusting of the Eastern Cordillera over the Brazilian Shield [Isacks, 1988; 

Gubbels et al., 1993; Wigger et al., 1994], the plateau reached its present-day elevation 

[e.g., Isacks, 1988; Hoke and Garzione, 2008]. The growth and uplift of the Altiplano thus 

appears to be related, at least during its first phases, to the formation of the Bolivian 

orocline and to progressive crustal shortening. Transpression and strike-slip faulting have 

also been documented on both branches of the orocline. This pattern of deformation is 

regionally significant, and has been related to different mechanisms, such as a bending 

mechanism (i.e., saloon door) [e.g., Isacks, 1988; MacFadden et al., 1995; Müller et al., 

2002], slip-partitioning due to the oblique convergence [Randall et al., 1996; Abels and 

Bischoff, 1999; Arriagada et al., 2000, 2003], compression-related block faulting, a lateral 

ramp accommodating panels of different shortening rates [Somoza et al., 1996; Prezzi and 

Vilas, 1998; Prezzi and Alonso, 2002], or the lateral expansion of the plateau, similar to the 

Tibetan Plateau [Riller and Oncken, 2003]. While the overall structural pattern of the 

Cordillera has been well-established in terms of large-scale rotations and the tectonics of 

the salient limbs, the tectonics active during bending and growth of the belt are still poorly 

documented. 
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 This study focuses on the deformation occurring during the formation of the 

orocline and the growth of the plateau. We selected a key site located in the Eastern 

Cordillera, at the margin of the Puna plateau (22-24°S, Figure 1), where thrusting, strike-

slip deformation and rotations are expected to be particularly evident [Allmendinger et al., 

1997; Müller et al., 2002]. We carried out detailed structural mapping and paleomagnetic 

investigation of Cretaceous to Mio-Pliocene continental sedimentary rocks in order to 

unravel the timing and the tectonic style active during the formation of the central Andean 

salient. Our data document a different rotational pattern related to thrust and strike-slip 

tectonics. In particular, we find that a strike-slip tectonic regime was active for a brief time 

interval after thrusting and during the uplift of the Altiplano. This deformation 

subsequently constrained the growth modes of the Central Andean plateau. 

 

2. Background 

2.1. Regional geology 

 The Central Andes are characterized by several morphotectonic domains, from west 

to east: the forearc (Coastal Cordillera and Precordillera), the Western Cordillera, the 

Altiplano-Puna plateau, the Eastern Cordillera, and the easternmost belt, the latter 

represented (from north to south) by the Subandean belt, the Santa Barbara system and the 

Sierras Pampeanas (Figure 1) (for a comprehensive review see Isacks [1988] and 

Allmendinger et al. [1997]). 

 The Altiplano-Puna plateau, an internally drained plateau 300 km wide, 2000 km 

long, and characterized by an average elevation of nearly 4000 m [Isacks, 1988], is located 

between the Western and Eastern Cordillera. It is characterized by a basin-and-range 

morphology, where ranges (predominantly hosting Paleozoic metasedimentary rocks) rise 
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up to 1000 m above the valley floors, mostly filled by continental Tertiary sediments and 

covered by Quaternary alluvium. The Eastern Cordillera consists of two tectonic domains: 

a back-thrust belt, located at the border with the Altiplano-Puna plateau (i.e., Falla San 

Vincente, Baby et al., [1990]), and an east-verging thrust belt at its easternmost margin, 

comprising two main thrust systems (Cabalgamiento Andino Principal and Cabalgamiento 

Frontal Principal [Sempere et al., 1990; Kley et al., 1997; Baby et al., 1992]). Finally, the 

Subandean belt is a classic east-verging thin-skinned fold and thrust belt [Mingramm et al., 

1979; Baby et al., 1992]. 

 

2.2. Timing of deformation within the Eastern Cordillera and the 

surrounding regions 

 In late Cretaceous times, while the first contractional deformation events occurred 

in northern Chile and western Peru, more easterly regions underwent subsidence related to 

the sag phase of the Salta rift [Salfity, 1982; Galliski and Viramonte, 1988; Marquillas et 

al., 2005; Monaldi et al., 2008]. In Eocene times (45-35 Ma), northern Chile and western 

Peru were affected by the Incaic tectonic phase [Steinmann, 1929], which later propagated 

eastward, probably through one or two basement megathrusts [McQuarrie and DeCelles, 

2001; McQuarrie, 2002] involving the present day Eastern Cordillera at the border with the 

Altiplano-Puna plateau [Kennan et al., 1995; Sempere et al., 1990, 1997; Horton, 1998; 

Coutand et al., 2001; Müller et al., 2002; DeCelles and Horton, 2003; Carrapa et al., 

2005; Deeken et al., 2006; Hongn et al., 2007; Carrapa and DeCelles, 2008]. During the 

Oligocene (30-27 Ma), shortening and uplift also affected the Bolivian Altiplano [Sempere 

et al., 1990; McQuarrie and DeCelles, 2001; Horton et al., 2001, 2002; DeCelles and 

Horton, 2003], in addition to the Eastern Cordillera [Marshall and Sempere, 1991; 

Allmendinger et al., 1997]. 
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 Within the northern Puna plateau and the adjacent Eastern Cordillera at 22-25°S, 

the timing of deformation initiation and uplift of the plateau is not yet fully constrained. A 

widely accepted model postulates that shortening started in the middle Miocene (17-15 

Ma) [Coira et al., 1982; Allmendinger, 1986; Isacks, 1988; Cladouhos et al., 1994; Marrett 

et al., 1994; Allmendinger et al., 1997; Jordan et al., 1997; 2001]. However, other studies 

have proposed older (Eo-Oligocene) compressive deformation [Boll and Hernández, 1986; 

Coutand et al., 2001; Carrapa et al., 2005; Carrapa and DeCelles, 2008]. 

 The end of major shortening in the Bolivian Altiplano and Eastern Cordillera is 

generally constrained at ~9 Ma by undeformed tuffaceous strata covering a regionally 

extensive, widely recognized, high level geomorphic surface called the San Juan del Oro 

surface [Servant et al., 1989; Gubbels et al., 1993]. However, relying on seismic and 

structural data, Oncken et al. [2006] and Elger et al. [2005] proposed that shortening 

continued in the Eastern Cordillera until recent times. Paleomagnetic data are not univocal, 

thus cannot be used to evaluate this hypothesis. In fact, no tectonic rotation was 

documented in the northern Puna plateau (22.5-23.1°S) since the late Miocene (9-10 Ma) 

[Somoza et al., 1996; Prezzi and Alonso, 2002], while a post-13 Ma 10-18° CW rotation 

was reported in the Eastern Cordillera (~19.5°S) [MacFadden et al., 1990; Barke et al., 

2007] (see Table 1 and Figure 1). 

 Nevertheless, it must be kept in mind that the deformation within the Puna plateau 

seems to have shifted southward over time. In fact, structural [Allmendinger, 1986; Marrett 

et al., 1994] and paleomagnetic [Somoza et. al., 1996; Aubry et al., 1996] data indicate that 

deformation and uplift of the southern margin of the Puna plateau began 5-10 Ma and 

continued, with minor intensity, until the Quaternary. 
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 Finally, the last 10 Ma were characterized by the development of the Subandean 

fold-and-thrust belt [Allmendinger et al., 1983; Sempere et al., 1990; Baby et al., 1992; 

Kley et al., 1996; Moretti et al., 1996]. 

 

2.3. Previous paleomagnetic studies from the Central Andes and their 

tectonic implications 

 During the last 20 years, a wealth of paleomagnetic data has been collected from 

the Central Andes (Figure 1 and Table 1) [MacFadden et al., 1990, 1993, 1995; Roperch 

and Carlier, 1992; Butler et al., 1995; Somoza et al., 1996, 1999; Aubry et al., 1996; Beck, 

1998, 2004; Coutand et al., 1999; Roperch et al., 2000; Arriagada et al., 2000, 2003, 2006; 

Lamb, 2001a; Randall et al., 2001; Somoza and Tomlinson, 2002; Prezzi and Alonso, 2002; 

Gilder et al., 2003; Prezzi et al., 2004; Richards et al., 2004; Rousse et al., 2005; Taylor et 

al., 2005, 2007; Barke et al., 2007]. A vertical axis rotation pattern (Central Andes rotation 

pattern (CARP) of Somoza et al. [1996]) with the following features has been documented: 

1. Mesozoic to Cenozoic rocks from the northern and southern limbs of the orocline 

underwent a regional CCW and CW (respectively) rotation of some tens of degrees (Figure 

1). Along the orocline axis, paleomagnetic rotations of variable sign are observed, and a 

clear border between the opposite rotating limbs cannot be discerned. 

2. Over a given region, the magnitude of rotations from coeval rocks may be considerably 

scattered.  

3. A debate exists as to the existence of a correlation between the amount of rotation and 

distance from the plate boundary (compare for instance Beck [1998] and Prezzi and Alonso 

[2002]). 
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4. The magnitudes of the rotations are not clearly correlated with the ages of the rocks, and a 

temporal progression in the amount of rotation is not observed. This observation suggests that 

the tectonic rotation(s) occurred during rather short tectonic phase(s). 

 The CARP has been explained by two end-member models: (1) oroclinal bending 

[Isacks, 1988; Butler et al., 1995; MacFadden et al., 1995; Rousse et al., 2003; Barke et 

al., 2007] induced by an along-strike gradient of crustal shortening, and (2) in-situ block 

rotations [Hartley et al., 1992; Somoza et al., 1996, 1999; Randall, 1998; Randall et al., 

2001; Somoza and Tomlinson, 2002; Beck, 2004] associated with the evolution of the 

Central Andean megasalient, where the rotations occur in a domino-style manner as a 

consequence of the transpression due to the oblique subduction (especially in the forearc 

regions) [Randall et al., 1996; Abels and Bischoff, 1999], or in the vicinity of a regional 

shear zone [Prezzi and Alonso, 2002]. Among these, a “composite model” has also been 

put forward, where oroclinal bending and small-block rotations are thought to occur 

concurrently [MacFadden et al., 1995; Beck et al., 1994; Butler et al., 1995; Lamb, 2001a; 

Riller and Oncken, 2003].  

 

Previous paleomagnetic data from the Puna Plateau-Eastern Cordillera (latitude 21-

24°S) 

 Predominant CW rotations have been documented from the Puna Plateau and 

Eastern Cordillera (Figure 1, Table 1). Between latitude 21 and 24°S, paleomagnetic 

evidence from volcanic and sedimentary rocks just west of our study area suggest that the 

northern Puna underwent a post-Eocene CW rotation of ~40° that ended in late Miocene 

times [Somoza et al., 1996; Prezzi and Alonso, 2002]. Conversely, data from the Eastern 

Cordillera reveal that significant tectonic rotations continued after mid-late Miocene times. 
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In fact, MacFadden et al. [1990] and Coutand et al. [1999] documented a post-13 Ma CW 

rotation of ~18° at Quebrada Honda (22°S), and a post-10 Ma CW rotation of ~20° from 

lava flows at Negro de Chorrillos-San Geronimo (24.2°S). Coutand et al. [1999] also 

reported post-late Cretaceous (~80 Ma) CW rotations of 30° and 50° (as re-evaluated by us 

considering updated South American poles from Besse and Courtillot [2002]) at the Siete 

Hermanos (22.2°S) and Abra Pampa (22.8°S) localities, respectively. These authors related 

some of the observed rotations to a scissoring mechanism along major reverse faults. 

Finally, Prezzi et al. [2004] measured a small (~8°) CW rotation in middle Miocene 

volcanic rocks (12-13 Ma) from the Laguna de Pozuelos basin (22.4°S), within our study 

area. 

 

3. Geological setting of the study area 

Tectonics 

 The study area is located in the Eastern Cordillera adjacent to the northern Puna, 

though several previous studies (i.e., Coutand et al. [1999, 2001], Marrett et al. [1994], 

and Cladouhos et al. [1994]) have considered this region as belonging to the northern Puna 

(Figures 1 and 2). The Eastern Cordillera in the study area is controlled by N-S to NNE-

SSW striking reverse and thrust faults bounding deep Tertiary basins [Coira, 1979; Coira 

et al., 1982; Marrett et al., 1994; Cladouhos et al., 1994; Coutand et al., 1999, 2001]. The 

distance between ranges is on the order of ten kilometers and the predominant dips of 

reverse faults are at high angles, likely because of the reactivation of Cretaceous normal 

faults. Specifically, the Cangrejos-Tres Cruces ridge is bounded to the west by the Yavi-

Abra Pampa fault (Figure 2), interpreted as a Miocene low-angle east-verging thrust fault 
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[Bianucci et al., 1987], and locally reactivated by Quaternary oblique dextral extensional 

kinematics [Cladouhos et al., 1994].  
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Figure 2.  Digital elevation model and main tectonic features of the study area (see Figure 1 for 
location). Symbols for sampled sites are as in Figure 5. Black arrows represent site-mean rotations 
from this study calculated with respect to stable South America (see Table 2). AA’, BB’ and CC’ are 
the traces of the geological cross sections of Figure 8. 
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 Here, the Miocene reverse faults are truncated by the San Juan del Oro 

unconformity, which in turn is covered by a volcanic deposit dated at 8.78±0.17 Ma 

[Gubbels et al., 1993; Cladouhos et al., 1994]. Kinematic indicators and stratigraphic 

offset at several subvertical fault scarps recognized by Cladouhos et al. [1994] here and on 

the western flank of the Cochinoca and Rinconada ranges are suggestive of recent 

(probably Quaternary) right-lateral strike-slip tectonics. 

 Previous structural studies carried out in this region have yielded evidence for a 

WNW-ESE (110°-120°) regional shortening direction during the Miocene tectonic phase 

[Cladouhos et al., 1994; Marrett et al., 1994; Coutand et al., 2001] postdating, or in some 

cases predating, the strike-slip tectonics [Baby et al., 1990; Barrios, 1991; Cladouhos et 

al., 1994; Hérail et al., 1996; Müller et al., 2002]. Regardless of the sense of shear, the 

significance and interpretation of the strike-slip structures have remained elusive so far. 

The outward descent to the thin-skinned foreland belt (Subandean) initiates east of Tres 

Cruces (i.e., the Quebrada de Humahuaca, Figure 2), where the dominantly east-verging 

thick-skinned thrust system of the Eastern Cordillera involved Precambrian metasediments 

and Cretaceous cover [Rodríguez Hernández et al., 1999; Kley, 1996; Kley et al., 1997].  

 

Stratigraphy 

 The most widely exposed rocks on the Eastern Cordillera are Ordovician 

metasediments (Acoite formation) of the uppermost unit of the Santa Victoria Group 

[Turner, 1979; Coira, 1979, 1982]. During the Cretaceous rifting phase, regional-scale 

continental units (“Salta Group”) were deposited in the Salta Rift [Salfity, 1982; Galliski 

and Viramonte, 1988; Marquillas et al., 2005; Monaldi et al., 2008]. The first syn-rift 

deposits are represented by the Pirgua Subgroup (Aptian-Maastrichtian), a continental unit 
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comprising reddish conglomerates, sandstones, and shales from alluvial fan, fluvial, eolian, 

and lacustrine environments, with rare intercalations of volcanic rocks (basalts and 

trachytes) [Coira, 1979; Galliski and Viramonte, 1988]. In the study area, the Pirgua 

Subgroup reaches an average thickness of 700 m [Marquillas et al., 2005], and is overlain 

by Maastrichtian to Eocene post-rift sequences (Balbuena and Santa Barbara Subgroup) 

[Moreno, 1970; Salfity, 1980; Salfity and Marquillas, 1994]. 

 Both the Paleozoic basement and the sedimentary rocks from the Salta Group are 

unconformably covered by a thick package of continental clastic deposits, mainly showing 

westerly detrital sources [Jordan and Alonso, 1987; Marshall and Sempere, 1991]. 

Because of the paucity of fossils, their age has usually been inferred through regional 

correlation and/or radiometric dating on intercalated volcanic deposits (where present). In 

the western part of the study area, the oldest exposed continental deposits (besides the 

Salta Group) are represented by the Moreta and the Candado formations, a ~2000 m thick 

(in total) clastic sequence made of red conglomerates and sandstones [Coira, 1979]. 

Coutand et al. [2001] suggest that the Candado formation could be slightly older than the 

Moreta formation (see their Figure 4), while Coira [1979] considers them as coeval. Since 

volcanic rocks from the Moreta formation have been dated at 28±3 and 20±2 Ma [Linares, 

1979; Linares et al., 1987] we assume a 20-30 Ma age for the Moreta/Candado deposits. 

At the Abra Moreta locality (Figure 2) a mainly conglomeratic deposit called the “Cara 

Cara strata” [see Cladouhos et al., 1994] has been dated at 14.26±0.19 Ma using 40Ar/39Ar 

on biotite from an intercalated tuff. This deposit was previously identified by Coira [1979] 

as the Sijes formation, and was correlated to the Chaco formation exposed near Tres 

Cruces, at the eastern flank of the Sierra de Aguilar (Figure 2). 
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 Finally, within the eastern part of the study area, along the Quebrada de 

Humahuaca, the syn-orogenic deposits, directly lying upon the Ordovician basement, are 

represented by the Miomarà formation [Ramos et al., 1967; Salfity et al., 1984], a thick 

continental clastic sequence composed of loose red-pinkish quartzitic sandstones of late 

Miocene-early Pliocene age (5-10 Ma). 

 

4. Sampling and methods 

 We collected sandy to silty samples from the Pirgua, Moreta/Candado and Miomarà 

formations at 32 localities (Figure 2, Table 2), predominantly using a petrol-powered 

portable drill cooled by water (oriented hand samples were gathered at only three sites). At 

each site we collected 6-16 cores (11 on average), spaced in at least two outcrops in order 

to try to average out secular variation of the geomagnetic field. In total, 325 cores and 15 

hand samples were recovered. All samples were oriented using a magnetic compass, 

corrected to account for the local magnetic field declination value at the sampling area 

(about -6° according to NOAA's National Geophysical Data Center 

[http://www.ngdc.noaa.gov]). We also performed structural analysis on small-scale brittle 

faults at nine localities, mostly coinciding with paleomagnetic sites. 

 After cutting the sampled cores into standard cylindrical specimens of 22 mm 

height, one pilot specimen per site was thermally demagnetized in 14 steps up to 680°C in 

order to select the most effective thermal steps to isolate the characteristic remanent 

magnetization (ChRM). Afterwards, all samples were thermally demagnetized through 11-

12 steps up to 680°C. Preliminary laboratory analyses on the pilot specimens were carried 

out in the paleomagnetic laboratory of the Universidad de Buenos Aires (UBA, Buenos 

Aires, Argentina), while all the other measurements were completed in the paleomagnetic 
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laboratory of the Istituto Nazionale di Geofisica e Vulcanologia (INGV, Rome, Italy). The 

natural remanent magnetization (NRM) of the specimens was measured in the 

magnetically shielded room of the paleomagnetic laboratory of INGV with a DC-SQUID 

cryogenic magnetometer (2G Enterprises, USA). Magnetic mineralogy analyses were 

carried out to identify and characterize the main magnetic carriers. These analyses 

included:  

• the measurement of the hysteresis properties, the acquisition of an isothermal 

remanent magnetization (IRM) and its subsequent back-field demagnetization with a 

Micromag Alternating Gradient Magnetometer (AGM, model 2900) with a maximum 

applied field of 1.4 T; 

• the investigation of the thermal change of the magnetic susceptibility during a 

heating-cooling cycle from room temperature to 700°C, using an AGICO CS-3 

apparatus coupled to the KLY-3 bridge; 

• the thermal demagnetization of a three-component IRM imparted on the specimen 

axes, according to the method of Lowrie [1990]. Fields of 2.7, 0.6 and 0.12 T were 

successively imparted on the z, y, and x sample axes (respectively) with a Pulse 

Magnetizer (Model 660, 2G Enterprises). 

 

5. Results 

5.1. Magnetic mineralogy 

 Hysteresis measurements invariably indicate the presence of a high-coercivity 

fraction. All specimens show well-developed hysteresis loops that do not saturate at the 

maximum applied field of 1.4 T (Figures 3a-3b). The matrix is predominantly 
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paramagnetic (Figure 3a), though diamagnetic behavior is observed for the most quartz-

rich samples (Figure 3b).  
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Figure 3.  Results from magnetic mineralogy analyses from representative samples. (a, b) Hysteresis 
loops for (a) a typical and (b) a quartz-rich sample from the Pirgua formation. (c) Isothermal 
remanent magnetization (IRM) acquisition curve for a representative sample from the Pirgua 
formation. (d) Thermal variation of the low-field magnetic susceptibility during a heating and cooling 
cycle (black and grey lines, respectively). (e) Thermal demagnetization of a three-component IRM 
according to the method of Lowrie [1990] for three representative specimens from the Pirgua, Moreta 
and Miomarà formations. 
 

Specimens were not saturated (except for the two sites PX and TM, Figure 3c) during the 

acquisition of the IRM up to 1.4 T. Thermomagnetic curves (Figure 3d) show a rather 
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linear decrease of the magnetic susceptibility from 500 to 700°C, suggesting that hematite 

is the predominant magnetic carrier. Finally, the thermal demagnetization of a three-

component IRM (Figure 3e) confirms that both the medium-coercivity and the hard 

fractions are represented by hematite (demagnetized at about 700°C), while a soft 

component is virtually absent. In conclusion, magnetic mineralogy analyses point to 

hematite (of variable grain sizes) as the unique magnetic carrier of all Cretaceous-Pliocene 

samples gathered from the Eastern Cordillera. 

 

5.2. Paleomagnetic characteristic directions 

 Thermal demagnetization data were plotted on orthogonal diagrams [Zijderveld, 

1967], and the magnetization components were isolated by principal component analysis 

[Kirschvink, 1980]. Only 24 (out of 32) sites yielded reproducible directions during 

cleaning, while the remaining eight sites showed scattered demagnetization diagrams 

(Figure 4 and Table 2). For 18 sites, a ChRM was isolated between 400 and 680°C (Figure 

4a-4n). Conversely, six sites revealed two magnetization components, a low temperature 

(LT) component between room temperature and 590°C, and a high temperature (HT) 

component removed at approximately 680°C (Figure 4o-4q).  

 The site-mean directions, for both LT and HT components, were evaluated by 

Fisher’s [1953] statistics. Only two out of the six site-mean LT components showed an α95 

value less than 20.0° (Table 2) (fixed by us as the threshold value to discriminate between 

paleomagnetically reliable and scattered sites), and were thus discarded from further 

consideration. Conversely, 20 out of the 24 ChRMs and HT components yielded an α95 

value below 20.0°, and were used to infer on the paleomagnetism of the study area. Of the 

20 sites revealing a reliable paleomagnetic direction, site PE was discarded, as it is the sole 
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site from the Pirgua Formation yielding a northeastward-directed, downward (and thus 

aberrant) paleomagnetic direction (Table 2). 

Pi
01

NR
M

=6
.2

m
A/

m
S

N

W
/U

P

E/
DO

W
N

20

67
3

66
0

55
0

30
0

59
0

PM
07

NR
M

=8
.3

m
A/

m

S
N

W
/U

P

E/
D

O
W

N
20

66
0 62

0

45
0

67
3

PU
11

NR
M

=8
.8

m
A/

m

W
/U

P

E/
D

O
W

N

N
S

20

67
065

5

61
0

55
0

30
0

64
0

PL
04

NR
M

=7
.4

  m
A/

m

W
/U

P

S
N

E/
DO

W
N

20
67

5

64
0

59
0

55
0

30
0

Pi
08

NR
M

=9
.2

  m
A/

m

S
N

W
/U

P

E/
DO

W
N

20

59
0

55
0

45
0

66
0

67
3

PB
03

NR
M

=5
.6

 m
A/

m

S
N

W
/U

P

E/
DO

W
N

20

64
0

59
0

55
0

30
0

67
0

20

45
0

60
0

65
5

67
5

TG
05

NR
M

=1
.1

 m
A/

m
S

N

W
/U

P

E/
DO

W
N

20

55
0

64
0

67
5

TH
12

N
RM

=2
.6

   
m

A/
mW

/U
P

E/
D

O
W

N

Ti
02

N
RM

=3
.0

  m
A/

m

W
/U

P

E/
D

O
W

N

N
S

20

60
0

65
5

68
0

20

55
0

67
3

PN
03

N
RM

=6
.5

  m
A/

m

W
/U

P

E/
D

O
W

N

N
S

PH
05

N
RM

=7
.7

  m
A/

m

W
/U

P

E/
D

O
W

N

N
S

20

60
0

67
5

PD
12

N
RM

=3
.9

  m
A/

m

W
/U

P

E/
D

O
W

N
N

S

20

60
0

64
0

67
5

20

55
0

62
0

67
3

PG
04

N
RM

=2
.5

  m
A/

m

W
/U

P

E/
D

O
W

N
N

S

20

55
0

64
0

67
50PO

12
N

RM
=8

.5
  m

A/
m

W
/U

P

E/
D

O
W

N

N
S

20

55
0

61
0

63
0

65
0

67
0TM

04
N

RM
=3

.9
  m

A/
m

W
/U

P

E/
D

O
W

N
N

S

a f m
n

o
p

q

g
h

i
l

b
c

d
e

 

Figure 4.  Orthogonal vector diagrams of typical demagnetization data, in situ coordinates, showing 
representative samples carrying single (a-n) and multiple (o-q) magnetization components. Solid and 
open dots represent projections on the horizontal and vertical planes, respectively. Demagnetization 
step values are in °C.  
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 Only two Candado/Moreta Oligo-Miocene sites out of the 19 reliable site-mean 

directions showed a reverse polarity (Figure 5 and Table 2). The systematic normal 

polarity of all 12 upper Cretaceous samples taken from sites of the Pirgua Formation 

suggests that they may have been deposited during the Long Normal Cretaceous 

Superchron, as advocated by Aubry et al. [1996] and Valencio et al. [1977]. All sites show 

northeastward-directed (in the normal polarity state) paleomagnetic directions, except for 

four sites from the Pirgua Formation (PD, PF, PO, PP) sampled adjacent to the Yavi-Abra 

Pampa fault (Figures 2 and 5).  

 

tilt corrected

N

S

W E

N
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W
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Oligocene-Miocene
Late Miocene-Pliocene

Late Cretaceous(Group A)
Late Cretaceous(Group B)  

Figure 5.  Equal-area projections of the site mean paleomagnetic directions from the studied area. 
Solid (open) symbols represent projection onto the lower (upper) hemisphere. Open ellipses are the 
projections of the �95 cones about the mean directions. The star represents the mean normal polarity 
geocentric axial dipole (GAD) field direction (D=0°, I=-40°) for the study area. Groups A and B from 
the upper Cretaceous Pirgua Formation refer to CW rotated and non-rotated sites sampled adjacent 
to the Yavi-Abra Pampa fault, respectively (see text). 
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 Therefore we calculated mean paleomagnetic directions for groups of sites sharing 

similar ages, but for the Pirgua formation we evaluated two mean directions, one for the 

four sites yielding northward “anomalous” directions (“group B”), and another for the 

remaining eight sites (“group A”, Table 3). The rotation and flattening values with respect 

to South America for the individual sites and the mean regional directions (Table 2 and 

Table 3, respectively) were evaluated according to Demarest [1983], using the reference 

paleopoles from Besse and Courtillot [2002]. 

 The [McFadden, 1990] fold test, separately applied to Cretaceous (distinguishing A 

and B groups) and Tertiary sites, systematically yielded a positive result at the 95% 

confidence level (Table 4). The reversal test (according to McFadden and McElhinny 

[1990]), solely performed on the Tertiary sites (Cretaceous sites were invariably of normal 

polarity), was indeterminate.  

 In conclusion, the results from the fold test, along with the evidence that all the in-

situ paleomagnetic directions are far from the geocentric axial dipole field direction for the 

study area (Figure 5), indicate that 19 sites from the Eastern Cordillera host a pre-tilting 

(and likely primary) remanent magnetization.  

 

5.3. Structural analysis 

 We measured 70 striated small-scale brittle fault planes (and relative kinematic 

indicators, if present) from late Cretaceous to Miocene sedimentary rocks at nine localities 

(Figure 6). For each fault plane we recorded the dip and strike, the direction and plunge (or 

the pitch, where more convenient) of the slickensides, and the sense of slip (if 

recognizable). Quartz or calcite steps, Riedel shear and SC-structures were the most 

commonly identified fault kinematic indicators.  
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Figure 6.  Structural and geological map of the study area, showing at each measurement site the 
stereographic projections of the fault planes and relative slickensides. AA’, BB’ and CC’ are the traces 
of the geological cross sections of Figure 8. 1, Recent alluvial and colluvial deposits [Quaternary]; 2, 
Miomarà formation [late Miocene-Pliocene]; 3, Sijes/Chaco formation [middle-late Miocene]; 4, 
Moreta/Candado formation [Oligocene-Miocene]; 5, basic and acid volcanics [Neogene]; 6, Pirgua 
formation [Aptian-Maastrichtian]; 7, granitoides [Cretaceous]; 8, Acoite formation [Ordovician] and 
pre-Cretaceous formations; 9, main exposed (a) and buried (b) thrust faults; 10, site-mean direction of 
the slip vector and sense of displacement at reverse brittle faults; 11, structural analysis site; 12, 
bedding attitude for 0°-35° (a), 35°-70° (b), and ~90° (c) dipping strata. 
_________________________________________________________________________ 

 At each locality, we measured at least five fault planes in order to obtain a 

significant fault population. The average strike of the slip vector and the sense of 

displacement at each site is derived by contouring the slickensides density. Figure 6 shows 

the results of the structural analysis: at each site we show the stereonet of fault planes and 

the relative slickensides (Schmidt’s lower hemisphere equal area projection) along with the 

arrows showing the relative motion of the hanging wall block, deduced by the average 

strike and sense of the slip vector. For reverse faults with a pure dip-slip component, this 

vector is roughly parallel to the shortening direction. 

 Measured fault planes strike roughly NNE-SSW on average, in agreement with the 

regional trend of the major structures, and show dual vergence with a predominance of 

west-dipping planes (Figure 6, 7a). Contouring of the slickensides density from all sites 

(Figure 7b) reveals two main clusterings at about 270° and 330°. This indicates an average 

regional strike of the slip vectors of ~N130°, as observed at the Abra Moreta, Abra Pampa, 

and Rinconada sites (sites St04, 07, 11, 12, 14, Figure 6). The sense of shear on reverse 

faults is only locally dip-slip (on NE-SW fault planes, i.e., near site St07 and 11) but 

predominantly oblique on NS to NNE-SSW planes, yielding an overall left-lateral 

transpressive regime (Figure 6). The E-W direction of the slip vectors was noted at two 

sites adjacent to the Yavi-Abra Pampa fault (St10 and 18), and its possible significance 

will be discussed below. The high angle of some reverse fault planes (Figure 7b) again 

suggests a reactivation of pre-existing structures. 
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 The Sierra de Cochinoca structure constitutes a fault-bounded ridge bringing Pirgua 

and Paleozoic units on top of Tertiary ones [Coutand et al., 2001]. On its western margin, a 

40 km long strike-slip fault zone is characterized by the occurrence of subvertical strata, 

strike-slip duplexes and flower structures involving Tertiary formations. At Abra Moreta 

(site St02, Figure 6), the Moreta formation is exposed in a tectonic slice squeezed by the 

Paleozoic Acoite formation, forming a typical flower structure (Figure 8, cross section B-

B’ and Figure 9e). 
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Figure 7.  Kinematic indicators from 70 fault planes. Lower-hemisphere stereographic projections of 
(a) fault planes directions, and individual slickenside direction and sense, and (b) slickenside density. 
 

 Close to the flower structure, the Paleozoic Acoite formation thrusts over the 

Moreta formation, with left-lateral oblique motion (Figure 9d). To the west, the 

Sijes/Chaco formation shows subvertical N-S beds and is cut by N-S left-lateral strike-slip 

faults along almost the entire ~1 km long outcrop (Figure 8, 9b and 9c). Progressive 

unconformities mark a gradual decrease in bedding dip towards the west (Figure 8, 9a), 

revealing typical “growth strata” pointing to a syn-tectonic origin for this deposit. Thus, 

the age of this syn-tectonic deposit (14.26±0.19 Ma, according to Cladouhos et al. [1994]) 

may constrain the age of the strike-slip tectonics in this sector of the Eastern Cordillera.  
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Figure 8.  Geological cross sections from the study area. See Figures 2 and 6 for location. The arrows 
and respective numbers indicate the paleomagnetic rotation values with respect to South America at 
the sampling sites, according to Table 2. The stereographic projections of the fault plane directions at 
the measurement sites are shown as in Figure 6. 
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 This pattern of deformation and sedimentation has also been observed northward at 

paleomagnetic site TH, where the Moreta/Candado formation shows sub-vertical beds. 

Growth strata with progressive unconformities within the Sijes/Chaco formation were also 

observed west of Cochinoca (Figure 8, cross section AA’), and near Tres Cruces (Figure 8, 

cross section CC’, and Figures 9h and 9i).  

 East of the Yavi-Abra Pampa fault, at the latitude of Abra Pampa, the Pirgua strata 

are remarkably subvertical along a 3.5 km long outcrop (Figure 8, cross section AA’), 

before coming into tectonic contact with the Acoite formation along a roughly N-S sinistral 

transpressive-trending fault zone (Figure 9g). In map view, this fault is en echelon 

arranged with the Yavi-Abra Pampa fault (Figures 2 and 6). The structural analysis carried 

out along the whole outcrop (St10, Figure 6), reveals the presence of mainly N-S trending 

east-dipping reverse and strike-slip faults.  

 To the west, the hanging wall of the Yavi-Abra Pampa fault is composed of a 

pervasively cataclastic Pirgua Formation for some hundreds of meters (Figure 8, cross 

section AA’). The fault itself cuts through the pre-existing thrust structures with a set of 

east-dipping (close to Abra Pampa) and west-dipping (Cangrejos locality, see Bianucci et 

al., [1987]) reverse splays. This change in dip and vergence within a short distance along 

the same fault seems to be a common structural feature of this region (compare Coutand et 

al. [1999] and Kley et al. [2005]). Just west of the main faults, the Candado/Moreta 

formation is exposed along a N-S anticline-syncline couplet (Figure 8, cross section AA’). 

Moreover, at the Tres Cruces locality, N-S folds in the Cenozoic sequence plunge abruptly 

southward, possibly because of the interplay between thrust-related folding and strike-slip 

shear along the Yavi-Abra Pampa fault [e.g., Kley et al., 2005]. 
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Figure 9.  Main structural features from the study area. See Figure 8 for location. (a,h,i) Growth strata 
in the Sijes/Chaco formation. (b) Erosional channel in the “Cara Cara strata” revealing the bedding 
polarity. (c) Strike-slip fault plane. (d,e) Thrust faults of the flower structure at Abra Moreta. (f) SC-

 121



PART II - The examples from the Alps and the Andes 
Chapter 3.  The Bolivian Orocline 

structure indicating a top-to-the-NW shear. (g) High angle reverse fault between Pirgua and Acoite 
formation. 
_________________________________________________________________________ 

 Summing up, the tectonic setting of this sector of the Eastern Cordillera is 

characterized by a set of reverse and thrust faults, possibly re-activating Cretaceous 

extensional faults, carrying Pirgua and pre-Cretaceous formations on top of Tertiary 

basins. The regional mean direction of the slip vectors (roughly NW-SE) is predominantly 

oblique on N-S to NNE-SSW fault planes, producing an overall sinistral transpressive 

regime. Perhaps the most impressive feature of the area is represented by the tens of 

kilometer-scale strike-slip features. Their activity is marked not only by important damage 

zones, duplexes and flower structures, but also by the deposition of a thick pack of clastic 

deposits that grew as their dip became sub-vertical. This supposition is clearly attested by 

the presence of growth strata (Figure 9a, and 9i).  

 The discharge of huge clastic deposits indicates that deformation occurred during a 

phase of intense erosion, possibly related to the uplift of the structures. Growth strata 

within the Sijes/Chaco formation indicate that the strike-slip deformation was active in mid 

Miocene times.  

 The transition between thrusting and strike-slip tectonics probably occurred under a 

similar tectonic regime. In fact, this transition is possible during mountain building, as the 

minimum compressional axis (which is vertical) gets larger with the increasing gradient of 

potential energy (due to the uplift). Therefore, we may imagine that the tectonic regime 

progressively shifted from compressive to strike-slip during the uplift of the belt. 

 

6. Discussion 

6.1. Paleomagnetic rotation pattern from the Eastern Cordillera 
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 Our paleomagnetic data document that the Eastern Cordillera between 22° and 24°S 

has undergone 45.9°±9.4° (Cretaceous sites, group A), 30.1°±23.9°, and 15.4°±19.3° CW 

rotations with respect to South America after the late Cretaceous (~80 Ma), Oligo-Miocene 

(20-30 Ma), and late Miocene-Pliocene (5-10 Ma), respectively (Table 3). Such rotation 

values are fully consistent with previous results from the Pirgua Formation in Abra Pampa 

[Coutand et al., 1999], indicating at three sites a mean 49.7° post-Cretaceous CW rotation 

(Figure 1 and Table 1).  

 Error bars on our rotation values do not allow us to statistically discriminate 

whether the rotation started before (or after) 20-30 Ma, nor can we determine whether part 

of the rotation occurred as recently as after 5-10 Ma. As a consequence, though our data 

indicate that the Eastern Cordillera of northwestern Argentina rotated CW by about 45° 

with respect to the foreland during the orogenic episodes, and that (a part of) the rotation 

certainly occurred after 20-30 Ma, the rotation timing may be solely inferred considering 

other paleomagnetic data and both local and regional geological-geophysical evidence. 

 Relying on the systematic (though not statistically significant) decrease of the mean 

paleodeclination values over time (Figure 5), and on the timing of the shortening episodes 

in this region previously documented by Boll and Hernández [1986] Coutand et al. [2001], 

Carrapa et al. [2005] and Carrapa and DeCelles [2008], we suggest that the rotation 

started during the first Eo-Oligocene (30-40 Ma) tectonic episodes (Incaic phase) affecting 

the Eastern Cordillera, and that the roughly 45° rotation was completed after the deposition 

of the Miomarà Formation (5-10 Ma). Thus, a gross 1°/Ma Tertiary rotation rate can be 

calculated, though it is not possible to discriminate whether the rotation was steady over 

time or episodic. A rotation ending no earlier than late Miocene-Pliocene times is 

consistent with previous data from the Eastern Cordillera, documenting a post-7-15 Ma 

 123



PART II - The examples from the Alps and the Andes 
Chapter 3.  The Bolivian Orocline 

15°-18° CW rotation [MacFadden et al., 1990, 1995], and a post-2-13 Ma 10° CW rotation 

[Barke et al., 2007] (Figure 1 and Table 1). Conversely, the lack of post-late Miocene 

rotations (reported by Somoza et al. [1996] and Prezzi and Alonso [2002] from Puna 

volcanic and sedimentary rocks west of our study area) might be related to a different 

rotational behavior of the central Puna with respect to the Eastern Cordillera domain. Other 

Neogene volcanics from the Puna and the Altiplano (SW and NW of the study area, 

respectively) document small (yet systematic) CW rotations [Prezzi et al., 1996; Lamb, 

2001a; MacFadden et al., 1995; Roperch et al., 2000; Prezzi et al., 2004], though rocks 

from these studies in some cases are older than 10 Ma (i.e., the age of the supposed ending 

of the major deformation phase in the Altiplano-Eastern Cordillera). In any case, given the 

normal confidence cones of both site-mean and regional-mean paleomagnetic directions 

(5°-15°, for the most favorable cases), it is almost impossible to assess the statistical 

significance of small-magnitude (10°-15°) rotations from recent rocks. This limitation is 

inherent to the paleomagnetic technique. 

 Nevertheless, independent geophysical evidence strongly supports the hypothesis 

that the Andean salient has indeed undergone further rotations during the last 5-10 Myrs. 

In fact, GPS data document that CCW and CW rotations are presently occurring north and 

south (respectively) of the orocline axis [Allmendinger et al., 2005, 2007], perfectly 

mirroring the paleomagnetic rotation pattern averaged over the geological past. This 

strongly suggests that the Andean tectonics have not significantly changed during the last 

tens of millions of years, and that the present-day tectonic regime may be extrapolated into 

the geological past, as previously proposed by Hindle et al. [2002]. 

 Paleomagnetic directions from four sites from the Pirgua Formation (group B) 

located adjacent to the Yavi-Abra Pampa fault fall roughly 40° apart from the remaining 
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eight coeval sites (group A), and are roughly concordant with the cratonic South American 

paleofield (Figures 2 and 5; Tables 2 and 3). We think that this peculiar behavior of sites 

from group B has a local origin linked to the Yavi-Abra Pampa fault system. Neutral 

rotations were already demonstrated to occur near N-S striking left-lateral strike-slip faults 

from the southern central Andes by Riller and Oncken [2003], and interpreted as the result 

of local shear-induced rotations. Furthermore, the average strike of the slip vectors 

evaluated at two stations (St18 and St10) close to the Yavi-Abra Pampa fault are rotated 

about 60° CCW with respect to those observed at the remaining sites far from the fault 

(Figure 6). As CCW (CW) rotations in the vicinity of a strike-slip fault are definitely 

induced by a left-lateral (right-lateral) shear [Sonder et al., 1986, 1994], we suggest that 

the Yavi-Abra Pampa fault had a dominant left-lateral displacement that induced along the 

fault wall a roughly 40° CCW rotation, almost annulling the 40°-50° regional CW rotation 

observed elsewhere in upper Cretaceous strata. Also, the average strike of the slip vectors 

at sites adjacent to the Yavi-Abra Pampa fault zone, which differs from those evaluated at 

other sites far from the fault, would be the result of this local CCW rotation. 

 This mechanism, previously recognized in the Luracatao and Calchaqui valleys 

(24°-27°S) by Riller and Oncken [2003], could also explain why Coutand et al. [1999] 

observed a mean 29.7° CW rotation in strata from the Pirgua Formation exposed a few 

kilometers to the north at Siete Hermanos, along the northward prosecution of the Yavi-

Abra Pampa fault, while the same formation at Abra Pampa, far from faults, yielded an 

average 49.7° CW rotation. 

 Finally, we may also rule out the possibility that the last Quaternary right-lateral 

strike-slip fault activity documented in the area by Cladouhos et al. [1994] has 

significantly influenced the paleomagnetic rotational pattern.  
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6.2. Oroclinal test: implications for the structural style and deformation 

timing 

 We have performed an “oroclinal” test [e.g., Schwartz and Van der Voo, 1983; 

Eldredge et al., 1985; Hirt and Lowrie, 1988] on our paleomagnetic data, to verify whether 

in the Eastern Cordillera a statistically significant rotational difference (i.e., “oroclinal 

bending”) exists at sites characterized by different structural attitude. In Figure 10, we 

compare the site mean paleomagnetic declinations (in tilt corrected coordinates) to the 

local bed strikes, considered as proxies of structural directions. D0=25° and S0=20° were 

adopted as reference paleodeclination and structural direction values, respectively 

(reference values are trivial for the test result).  
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Figure 10.  Paleomagnetic declination deviations versus relative strike of beds’ deviations for (a) late 
Cretaceous “group A” sites (see text), (b) Oligocene-Pliocene sites, and (c) the complete late Cretaceous 
data set [e.g., Schwartz and Van der Voo, 1983]. D is the observed paleomagnetic declination at a site, 
D0 is the reference declination value. S is the observed bed strike at a site and S0 the reference bedding 
strike. Error bars for declination data are the respective α95/cos(I) values. 
 

 We separately performed the oroclinal test on the Cretaceous sites of group A (i.e., 

without the four non-rotated sites adjacent to the Yavi-Abra Pampa fault (group B), Figure 

10a), the Oligocene-Pliocene sites (Figure 10b), and the complete Cretaceous data set 

(Figure 10c). The slope of the best-fit line indicates the degree of correlation between 

paleomagnetic declinations and structural trends. A zero and a unitary slope of the best-fit 
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line imply that structural trend variability is not and is (respectively) due to paleomagnetic 

rotations. The statistical t-test (according to Hirt and Lowrie [1988]) is used to verify 

whether the slope values of the best-fit line calculated from our data set are statistically 

different from zero (indicating no paleomagnetic vs. structural correlation). 

 The t-test on the slope of the regression lines compared to zero slope gives t = 1.34 

and t = 0.28 for the diagrams in Figure 10a and 10b, respectively. Both values are smaller 

than the critical t value at the 99% significance level (t99 = 2.99 and t99 = 3.14, 

respectively), implying that the best-fit lines are statistically indistinguishable from zero-

slope. Conversely, when the whole Cretaceous data set is considered (Figure 10c), the t-

test yields t = 3.72, which is greater than the critical value at the 99% significance level (t99 

= 2.71). The result of the t-test for Figure 10c when the best-fit line is compared to the 

unitary-slope line (t = 1.20) implies that both lines are statistically indistinguishable. 

 The tectonic implications of the results from the oroclinal test are twofold: first, 

thrust-fold structures from the Eastern Cordillera showing variable orientation (i.e., N-S to 

NE-SW) underwent an uniform regional CW rotation, with no oroclinal bending 

mechanism at the scale of our study area; second, oroclinal bending occurred at the four 

polyphase-rotated sites located adjacent to the Yavi-Abra Pampa fault (group B), when the 

entire Cretaceous data set (group A + group B) is considered. This implies that the local 

CCW rotation at sites located adjacent to the Yavi-Abra Pampa fault (inferred to be related 

to the strike-slip shear along this fault) occurred after the structural grain of the orogen was 

acquired, i.e., it postdates the onset of the deformation in the Eastern Cordillera of 30-40 

Ma (according to Bool and Hernández [1988]; Coutand et al. [2001], Carrapa et al. [2005] 

and Carrapa and DeCelles [2008]). This time relationship among tectonic episodes is 

confirmed by the evidence that the strikes of the slip vectors along reverse faults evaluated 
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at two stations near the Yavi-Abra Pampa fault (St10 and St18, Figure 6) are rotated about 

60° CCW with respect to those from other stations located far from major tectonic 

structures. 

 

6.3. Style and timing of deformation in the Eastern Cordillera: interplay 

between compressive and strike-slip tectonics 

 The paleomagnetic and structural evidence gathered at the Eastern Cordillera 

allows us to reconstruct the local tectonic history for the pre- and syn-orogenic episodes 

characterizing the deformation and uplift of the Central Andes (Figure 11). The deposition 

of the continental units of the Salta group started in Cretaceous times (Figure 11a) in the 

Salta Rift system. The inversion of pre-existing normal faults in Eo-Oligocene times (30-

40 Ma) marked the onset of the Andean shortening in this sector (coeval to or a little later 

than the Incaic event in the internal part of the orogen). The end of the compressive 

tectonic phase is difficult to constrain, although several reverse faults are sealed by late 

Miocene deposits (around 10 Ma) further north.  

 The shortening stage was accompanied by a roughly 45° CW rotation, recorded 

along a thick yet discontinuous pile of continental sedimentary sequences (Pirgua, 

Moreta/Candado, and Miomarà formations). Approximately 30 degrees of rotation 

occurred during the Eocene to mid-Miocene interval (Figure 11b, the mean rotation values 

from the Pirgua and Miomarà formations are statistically different, see Table 3). 

 The slip vectors, as inferred by structural analysis of slickenside directions, are on 

average NW-SE striking (indicating a predominant SE-ward sense of displacement), 

though reverse and thrust fronts strike N-S to NNE-SSW (i.e., not orthogonal to the strike 

of the slip vectors). 
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Figure 11.  Schematic 3D-block diagram showing the proposed post-late Cretaceous evolution of the 
northern Puna-Eastern Cordillera-Subandean domain. 1, Undeformed domains. 2, Deformed domains. 
3, Acoite formation [Ordovician]. 4, Salta group sedimentary rocks [upper Cretaceous-Eocene]. 5, 
Moreta/Candado formation [Oligocene-Miocene]. 6, Syn-tectonic deposits (Sijes/Chaco and Miomarà 
formation [middle Miocene-Pliocene]). (a) During the late Cretaceous (~80 Ma), elongated NW-SE 
depressions limited by normal faults developed in the frame of the regionally extensive Salta rift, 
guiding the deposition of the syn/post-rift continental units of the Salta group. (b) Between ~40 and 15 
Ma thrust-sheet emplacement in the southern Altiplano, northern Puna, and Eastern Cordillera, 
frequently inverting inherited extensional structures, accounted for part (~30°) of the total CW 
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rotation recorded by the Cretaceous sedimentary rocks. Uplifting of the plateau occurred by the early 
Miocene (when it attained no more than a third of its modern elevation), and was more enhanced in 
the north, near the orocline apex. (c) At about 15 Ma ~N-S left-lateral strike-slip faults accommodated 
the southward spreading of the Central Andes plateau, and locally inducing up to 40° CCW rotations 
at the fault walls. Moreover, since 10-15 Ma to Present, a further regional ~15° CW rotation affected 
the Eastern Cordillera. 
_________________________________________________________________________ 

 Obliquity between slip vectors and major reverse and thrust faults suggests that 

compressive tectonics reactivated late Cretaceous normal faults trending not orthogonal to 

the mean regional shortening direction (which is roughly NW-SE according to previous 

studies [Cladouhos et al., 1994; Marrett et al., 1994; Urreiztieta et al., 1996; Coutand et 

al., 2001; Riller and Oncken, 2003]), yielding sinistral transpression on N-S striking faults. 

Structural, stratigraphic, and paleomagnetic evidence from the study area have shown that 

left-lateral strike-slip tectonics played a significant role in the evolution of this sector of the 

Andean belt. Map view structural relationships between thrust/reverse and strike-slip 

structures, the results of the oroclinal test, and the rotation of the thrusting-related 

directions of the slip vectors along the Yavi-Abra Pampa fault, strongly suggest that the 

mid-late Miocene left-lateral strike-slip tectonics postdate thrust-sheet emplacement. The 

age of the strike-slip activity along the N-S faults is constrained by a growing clastic 

sequence of the Sijes/Chaco formation (14.26±0.19 Ma, 40Ar/39Ar age on reworked biotite, 

Cladouhos et al. [1994]) deposited during ongoing deformation. The lateral displacement 

of this fault should have been large enough to produce a local 40° CCW rotation along the 

Yavi-Abra Pampa fault (Figure 11c), as documented by paleomagnetic data and local 

deflection of slip vectors (Figures 2 and 6). 

 Evidence of orogen-parallel sinistral strike-slip faults is fairly well documented in 

the southern Central Andes. North of the investigated region, near Tupiza (22°S-21°S), 

Herail et al. [1996] and Müller et al., [2002] reported sinistral N-S strike-slip to 

transpressional tectonics active from the end of the Oligocene to the late Miocene. Orogen-
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parallel sinistral strike-slip faults have also been documented south of the studied area 

(24°-27°S), in the Luracatao and Calchaqui valleys [Riller and Oncken, 2003], the Santa 

Maria valley [Strecker et al., 1989], and at the Olcapato-El Toro fault [Allmendinger et al., 

1983; Riller et al., 2001]. These structures, associated with NE-striking fault zones, formed 

rhomb-shaped deformation domains, giving rise to internally drained sub-basins within the 

south-central Andes [Ramos, 1977; Riller and Oncken, 2003].  

 Generally, the transition from a compressive to a strike-slip regime is indeed 

expected if the strike-slip regime activated during uplift of the belt, as the minimum 

compressional axis (which is vertical in a compressive regime) gets larger with the 

increasing gradient of potential energy (i.e., mountain building and uplift). The linkage 

between strike-slip tectonics and uplift is supported by the syn-tectonic deposition of thick 

clastic wedges at ridge sides, attesting to a strong erosion episode also driven by uplift. 

Paleoaltitude data indeed agree in documenting that this portion of the belt acquired the 

significant elevation of 1.5-2 km around the middle-late Miocene [Gregory-Wodzicki, 

2000; Hoke and Garzione, 2008]. 

 Our paleomagnetic data collected in the Humahuaca valley (sites Ti, PG, and TM, 

Figure 2) also indicate that while strike-slip was active to the west, the shortening focused 

frontward, where upper Miocene-lower Pliocene deposits show an average 15° CCW 

rotation (Figure 11c). These results, along with GPS data documenting that the northern 

and southern Central Andes are presently undergoing CCW and CW rotations 

(respectively), mirroring the paleomagnetic rotation pattern [Allmendinger et al., 2005, 

2007], support the hypothesis that rotation and bending processes could continue until 

recent times. If so, we speculate that the presence of rotations within the Eastern Cordillera 

in absence of major faulting since ~9 Ma could be explained by the existence of a deep-
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crustal shear zone or basement mega-thrust (as proposed by McQuarrie and DeCelles 

[2001] and McQuarrie [2002]) over which these domains have been passively shifted 

eastward and rotated with no significant internal deformation. 

 Earlier works [e.g., Marrett et al. 1994; Cladouhos et al. 1994; Lamb 2001a, 

2001b] have described N-S to NNE-SSW striking Quaternary right-lateral strike-slip faults 

as the most recent tectonic feature in the Puna plateau and Eastern Cordillera. Within our 

study area, we have found no evidence of such kinematics, which in principle should 

postdate the structural evolution we have documented here. 

 

6.4. A southward lateral growth of the Puna plateau? 

 The relevance of the strike-slip tectonics in the growth and deformation of the 

Central Andean plateau emerges only from a few studies and remains controversial. 

Previous models include: (i) strike-slip deformation between individual thrust sheets, 

sinistral in the south and dextral in the north, similar to flexural slip folding [Müller et al., 

2002]; (ii) strain partitioning related to shortening oblique to the strike of the orogen 

[Randall et al., 1996; Abels and Bischoff, 1999]; (iii) sinistral shear on orogen-parallel 

deformation zones linked to tectonic segmentation into rhomb-shaped domains 

(longitudinally southward propagating), controlled by the gradient of crustal shortening 

[Riller and Oncken, 2003]. 

 Here we suggest a “composite” rotational model, where large-scale oroclinal 

bending and local small-block rotations occur concurrently, as also previously proposed for 

the Andean belt by several other authors [Beck et al., 1994; Butler et al., 1995; Lamb, 

2001a; Riller and Oncken, 2003]. Relying on our paleomagnetic data and interpretation, 

regional CW rotations related to the development of the Andean arcuate belt occurred in 
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the Eastern Cordillera from 30-40 Ma to Present, as GPS data suggest [Allmendinger et al., 

2005, 2007]. Accordingly, an average rotation rate of about 1°/Myr can be calculated, 

though obviously both a quasi-continuous rotation through time, and distinct episodes of 

rotations separated by intervals of “rotational quiescence”, are compatible with 

paleomagnetic data. Conversely, the strike-slip tectonics and (associated) CCW rotations 

that we document have only occurred in the past 15 Ma, and are coeval with a relatively 

recent regional-scale tectonic event. In fact, the strong uplift of the Altiplano-Puna plateau 

up to the remarkable height of 4000 m observed today is thought to have occurred mostly 

during the Neogene (last 10 Ma) [e.g., Gregory-Wodzicki, 2000; Riller et al., 2001; 

Hartley, 2003; Hoke and Garzione, 2008]. In contrast to the composite rotational models 

put forward in the past, and in agreement with the model by Riller and Oncken [2003], we 

suggest that the development of N-S strike-slip activity (and related local rotations) in the 

Eastern Cordillera (at the border with the Altiplano-Puna plateau) is related to the major 

uplifting phase of the plateau, and thus not directly linked to the large-scale development 

of the Andean salient (which started earlier). 

 According to this hypothesis, the onset of the strike-slip activity would be linked to 

the lateral (southward) growth of the Central Andean plateau. The plateau uplift started in 

the central part of the Andean salient, where the shortening amount was greater [e.g., Kley 

and Monaldi, 1998; McQuarrie et al., 2005, 2008]. This may have induced a compressive 

stress (related to body forces) at the plateau margins, and progressive spreading of the 

plateau toward its northern and southern margins. Recent work by Riller and Oncken 

[2003] strongly supports the southward growth of the Puna plateau. They propose that the 

southward decrease in (I) thickness of Cenozoic foreland deposits, (II) width of the eastern 

fold-and-thrust belt, (III) age of coarse conglomerates at the eastern margin of the Puna, 
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and (IV) age of the intra-orogenic sub-basins, are the consequence of continuous 

southward growth of the plateau. 

 Present-day GPS rotations are almost ubiquitous over both internal and external 

Andean belt sectors [Allmendinger et al., 2005, 2007], consequently they (as well as older 

paleomagnetic rotations) should be driven by a deep crustal shear zone (whose existence 

has been put forward by McQuarrie and DeCelles [2001] and McQuarrie [2002]) finally 

merging eastward into the surface thrust structures along the external Subandean Belt. 

Conversely, the local CCW rotations related to left-lateral strike-slip activity are a local 

phenomenon accommodating the southward plateau spreading, and occurred in a peculiar 

moment within the long-lasting formation of the Bolivian orocline. Thus, strike-slip 

tectonics in the Eastern Cordillera may represent a second-order effect of the huge crustal 

thickening kinematically requested at the apex of a 3000 km long salient undergoing 

progressive bending during the last 40 Myrs. 

 

7. Conclusions 

 New paleomagnetic and structural evidence from the Eastern Cordillera at 22°-24°S 

reveals the relative timing and geometric-rotational characteristics for the interplay of 

thrust tectonics and strike-slip activity. These data may also suggest a novel interpretation 

for the geodynamics of this structural system. 

 The paleomagnetism of sandy-silty continental sedimentary rocks yields 

45.9°±9.4°, 30.1°±23.9°, and 15.4°±19.3° CW rotations with respect to South America 

occurring after the late Cretaceous (~80 Ma), Oligo-Miocene (20-30 Ma), and late 

Miocene-Pliocene (5-10 Ma), respectively. After considering previous paleomagnetic 

results from adjacent Andean sectors, ages for onset of tectonic deformation, and regional 
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GPS evidence from the Andes, we infer that a regional-scale CW rotation of about 45° 

occurred along with shear along reverse and thrust faults from the Eo-Oligocene (30-40 

Ma) to Present, at an average rotation rate of roughly 1°/Myr. Since the major deformation 

phase ceased in the Eastern Cordillera at ~9 Ma, the recent and possibly present-day 

rotation was likely driven by a deep shear zone, merging further east with the active 

Andean thrust front. 

 Since about 15 Ma, N-S left-lateral strike-slip faults reactivated late Cretaceous 

normal faults (previously also inverted as reverse faults), and locally induced up to 40° 

CCW rotations at the fault walls, virtually annulling (along the faults) the regional CW 

rotation. The occurrence of strike-slip faulting was practically synchronous with the uplift 

of the Puna plateau. Thus, we propose, in agreement with the model by Riller and Oncken 

[2003], that strike-slip activity accommodated the southward spreading of the high-altitude 

Puna plateau. This tectonic process represented a second order effect of the large-scale 

development of the Andean salient, and occurred only after the crust had been 

overthickened by large shortening at the rear of the arc apex. 
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Table 1. Previous paleomagnetic data from Cretaceous to Neogene rocks from Central Andes a  
 
 

Label Locality/Formation Age (Ma) Coordinate 
(Lat °S/Long °W) D (deg) I (deg) α95 (deg) R ± ΔR (deg) Reference 

         

1 Descanso 18.6-12.1 14.5/71.4 146.6 32.3 11.9 -31.0±11.6 Rousse et al. [2005] 
2 Umayo 58-75 15.8/70.1 319.0 -24.0 10.0 -33.0±9.0 Butler et al. [1995] 
3 Huaccochullo 26.5-12.1 16.0/70.5 166.4 25.8 6.5 -11.3±6.4 Rousse et al. [2005] 
4 Aréquipa 100 16.5/71.8 300.0 -47.0 15.0 -56.0±18.0 Roperch and Carlier [1992] 
5 Viacha 25-35 16.8/68.5 169.0 32.0 11.0 -12.0±11.0 Roperch et al. [2000] 
6 Salla 26 17.2/67.7 353.0 -37.0 5.0 -12.0±15.0 MacFadden et al. [1990] 
7 Micaña 8-6 17.5/67.0 355.2 -25.8 5.9 -4.8±5.2 MacFadden et al. [1990] 
8 Totora Formation 14-9 17.5/68.3 347.0 -22.0 3.0 -10.2±3.3 Roperch et al. [1999] 
9 North Chuquichambi 41 17.5/68.3 329.0 -27.0 8.0 -36.0±16.0 Roperch et al. [1996] 
10 Ilo, Peru ca. 80 17.5/71.4 331 -40.0 9.0 -18.0±9.0 Roperch and Carlier [1992] 
11 Mor-Eucalyptus 13-5 17.8/67.3 355.9 -34.3 18.6 -1.4±18.3 Barke et al. [2007] 
12 Tiupampa 58-60 18.0/65.5 167.2 38.1 7.9 -5.3±8.9 Butler et al. [1995] 
13 La Yarada 80 18.1/70.7 331.0 -38.0 6.0 -22.0±8.0 Roperch and Carlier [1992] 
14 Arica ca. 19 18.5/70.0 358.0 -34.0 8.0 1.3±7.9 Roperch et al. [1999] 
15 Camaraca Formation 143 19.2/70.3 351.0 -40.0 7.0 -6.0±8.0 Scanlan and Turner [1992] 
16 La Palca 60-71 19.5/65.8 212.9 42.1 4.4 40.6±6.0 Butler et al. [1995] 
17 Los Frailes 13-2 19.5/66.3 6.7 -43.3 6.9 9.9±7.7 Barke et al. [2007] 
18 Inchasi 4-3 19.7/65.3 356 -31.1 5.6 -1.1±5.6 MacFadden et al. [1993] 
19 Quehua 13-7 20.0/67.0 15.3 -37.9 9.3 15.3±9.5 MacFadden et al. [1995] 
20 Altiplano volcanics 14-7 20.0/68.0 9.5 -47.2 11.6 12.5±13.9 Lamb [2001a] 
21 Monteagudo 15-25 20.5/64.0 5.0 -32.0 7.0 8.0±6.9 Lamb [2001a] 
22 Cerdas 16 20.8/66.3 10.0 -39.0 7.0 12.0±8.0 MacFadden et al. [1995] 
23 Cerdas 16-15 21.0/66.0 10.1 -39.1 7.0 10.1±7.2 MacFadden et al. [1995] 
24 Quebrada Honda 13-12 22.0/65.0 17.8 -40.7 3.9 17.8±4.1 MacFadden et al. [1990] 
25 Siete Hermanos ca. 80 22.2/65.5 22.3 -22.4 12 29.7±11.6 b Coutand et al. [1999] 
26 El Loa 11.3 22.3/68.6 1.0 -46.0 7.0 4.3±8.3 Somoza et al. [1999] 
27 Purilactis Formation 75-115 22.3/68.3 36.0 -40.7 4.1 ~35 Somoza and Tomlinson [2002] 
27 El Loa Formation 10 22.3/69.0 354.4 -36.0 4.9 -3.5±6.6 Somoza and Tomlinson [2002] 
27 San Pedro Formation 30 22.4/68.1 6.2 -38.0 6.7 5.4±7.8 Somoza and Tomlinson [2002] 
28 Bermejo 20-30 22.4/64.5 35.0 -44.0 19.0 38.0±21.6 Lamb [2001a] 
29 Laguna de Pozuelos basin 12 22.4/66.0 5.4 -45.9 6.1 7.6±7.8 Prezzi et al. [2004] 
30 Lipiyoc 9 22.5/67.0 1.0 -46.0 7.0 4.0±8.3 Somoza et al. [1996] 
30 Paciencia Group 28-17 22.6/68.3 20.0 -27.0 13.5 17.0±13.0 Harley et al. [1992] 
31 Purilactis Formation 65-55 22.8/68.4 41.0 -36.0 9.0 29.0±10.0 Harley et al. [1992] 
32 Abra Pampa ca. 80 22.8/65.7 42.3 -47.7 19.0 49.7±7.8 b Coutand et al. [1999] 
33 Morro Blanco 10 23.0/66.5 356.1 -41.1 2.7 -0.6±3.3 Prezzi and Alonso [2002] 
33 Lomo Blanca mine 7 23.1/66.4 1.3 -41.6 12.7 9.0±6.8 Prezzi and Alonso [2002] 
34 Coranzulì 52 23.1/66.4 216.4 38.4 9.5 39.8±8.4 Prezzi and Alonso [2002] 
35 Baquedano, Chile 45 23.4/69.8 56.0 -41.0 9.0 51±19 Dupont-Nivet et al. [1996] 
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Label Locality/Formation Age (Ma) Coordinate 

(Lat °S/Long °W) D (deg) I (deg) α95 (deg) R ± ΔR (deg) Reference 
         

36 Negro de Chorrillos-S. Geronimo 10 24.2/66.4 17.0 -31.9 14 19.5±13.5 Coutand et al. [1999] 
37 Puna Salteña 17 24.6/67.1 14.0 -41.0 5.0 16±8 Prezzi et al. [1996] 
38 Volcanics, Chile 51.5 25.2/69.7 25.0 -50.0 6.0 20±18 Dupont-Nivet et al. [1996] 
39 Volcanics, Chile 105 25.6/70.1 26.0 -46.0 19.0 29±23 Dupont-Nivet et al. [1996] 
40 Pirgua group 96 26.5/66.0 4.0 -45.0 6.0 12±9 After Aubry et al. [1996] 
41 Remolino Pluton Dykes 126 26.7/70.2 37.0 -39.0 12.0 40±13 Randall et al. [1996] 
42 Hualfin-Santa Maria 13 27.0/66.5 15.0 -37.0 11.0 17±13 After Aubry et al. [1996] 
43 Tinogasta 13 28.1/67.3 6.0 -37.0 9.0 8±11 After Aubry et al. [1996] 
44 Huaco-Mogna 13 29.6/68.1 

 
13.0 -44.0 10.0 15±13 

 
After Aubry et al. [1996] 

       

 

a, See Figure 1. 
b, Recalculated using paleopoles from Besse and Courtillot [2002]. 
Label refers to numbers in Figure 1. D and I, tilt-corrected declination and inclination; α95, statistical parameter after Fisher [1953]; R±ΔR, rotation value 
and respective error with respect to stable South America, reported from Lamb [2001a], Prezzi and Alonso [2002], and Barke et al. [2007]. 
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Table 2. Paleomagnetic results from the Eastern Cordillera. 
       Low temperature component  High temperature component/ChRM 

  Geographic coordinates    Tilt corrected  In situ     Tilt corrected  In situ      

Site Formation Latitude S Longitude  W Age Age 
(Ma) Bedding (°) D(°)    I(°)  D(°) I(°) k α95(°) n/N   D(°)   I(°)   D(°) I(°) k α95(°) n/N R (°) ΔR (°) F (°) ΔF (°) 

               
PA Pirgua 22°25.41' 65°46.61' Late Cretaceous ~80 284 - 43 - - - - - - -  - - - - - - - - - - - 
PB Pirgua 22°44.43' 65°50.96' Late Cretaceous ~80 313 - 51 - - - - - - -  45.7 -61.3 348.7 -34.7 15.2 12.1 11/14 53.1 21.0 26.1 12.4 
PC Pirgua 22°42.26' 66°03.05' Late Cretaceous ~80 129 - 61 - - - - - - -  - - - - - - - - - - - 
PD Pirgua 22°45.32' 65°34.38' Late Cretaceous ~80 249 - 97 349.0 -19.2 318.6 -7.0 17.8 22.4 4/5  7.7 -22.2 311.2 -23.3 20.4 9.8 12/14 15.2 10.0 -13.0 11.1 

  PE * Pirgua 22°45.42' 65°34.79' Late Cretaceous ~80 265 - 85 - - - - - - -  41.6 12.4 17.3 -43.5 44.6 10.1 6/6 46.6 8.5 -35.0 8.7 
PF Pirgua 22°44.77' 65°35.92' Late Cretaceous ~80 265 - 85 - - - - - - -  357.7 -26.4 327.9 -5.5 12.4 16.3 8/10 5.1 15.3 -8.8 15.1 
PG Miomarà 23°17.96' 65°21.83' Miocene-Pliocene 10-5 274 - 40 - - - - - - -  10.4 -37.1 342.0 -31.3 51.7 7.2 9/10 12.6 7.6 -8.9 6.3 
PH Pirgua 23°41.80' 65°41.02' Late Cretaceous ~80 309 - 40 - - - - - - -  57.6 -46.1 14.9 -44.0 111.2 5.8 7/8 65.1 8.7 9.5 9.1 
Pi Pirgua 22°45.77' 65°42.89' Late Cretaceous ~80 316 - 40 23.9 -36.7 6.3 -15.3 13.2 21.9 5/12  42.2 -37.3 17.6 -25.5 30.7 7.6 13/15 49.7 9.4 2.1 10.0 
PL Pirgua 22°46.79' 65°32.08' Late Cretaceous ~80 92 - 7 223.1 28.3 225.6 23.6 47.9 9.8 6/6  37.8 -47.5 43.3 -43.1 46.0 10.0 6/6 45.3 12.9 12.2 11.2 
PM Pirgua 22°49.00' 65°31.38' Late Cretaceous ~80 294 - 24 - - - - - - -  49.8 -30.1 34.2 -37.7 256.1 4.2 6/7 57.3 6.9 -5.2 8.7 
PN Pirgua 22°47.29' 65°32.49' Late Cretaceous ~80 134 - 21 - - - - - - -  35.6 -46.3 57.6 -45.3 24.6 9.9 10/11 43.1 12.6 11.0 11.2 
PO Pirgua 22°26.19' 65°34.49' Late Cretaceous ~80 96 - 32 - - - - - - -  0.9 -36.7 23.8 -33.0 19.0 10.8 11/12 8.3 12.0 1.9 11.7 
PP Pirgua 22°23.44' 65°34.15' Late Cretaceous ~80 84 - 60 - - - - - - -  346.9 -36.6 24.4 -22.6 50.1 9.6 6/7 -5.7 11.0 1.9 11.1 
PQ Pirgua 22°22.98' 65°34.52' Late Cretaceous ~80 114 - 93 - - - - - - -  30.5 -36.7 60.6 7.0 108.1 8.9 4/8 37.9 10.4 2.0 10.7 
PR Pirgua 22°21.55' 65°35.09' Late Cretaceous ~80 274 - 65 - - - - - - -  31.1 -33.2 339.8 -35.2 57.9 6.8 9/9 38.5 8.5 -1.4 9.7 
PS Pirgua 22°25.20' 65°10.82' Late Cretaceous ~80 314 - 32 - - - - - - - - - - - - - - - - - - 

  PT * Candado 22°54.95' 65°33.79' Oligocene-Miocene 30-20 170 - 38 - - - - - - -  192.3 -13.9 193.3 21.3 11.6 28.2 4/4 -165.0 23.1 -35.7 22.3 
PU Candado 22°55.26' 65°33.48' Oligocene-Miocene 30-20 199 - 20 - - - - - - -  12.5 -13.5 11.4 -33.3 207.5 4.2 7/11 13.8 5.8 -33.7 5.9 

  PV * Pirgua 22°44.95' 65°35.74' Late Cretaceous ~80 170 - 68 - - - - - - -  17.2 3.8 39.2 -53.0 7.4 20.3 9/10 -157.8 16.2 -37.0 16.2 
PW Pirgua 23°34.30' 65°25.88' Late Cretaceous ~80 109 - 78 - - - - - - - - - - - - - - - - - - 

  PX * Pirgua 22°44.89' 65°35.52' Late Cretaceous ~80 184 - 72 10.5 5.4 19.9 -65.7 11.9 20.2 6/11  12.6 2.6 27.3 -67.7 10.9 24.3 5/9 -162.4 19.2 -39.8 19.3 
PY Pirgua 23°34.30' 65°25.88' Late Cretaceous ~80 284 - 132 - - - - - - - - - - - - - - - - - - 
TA Moreta 22°31.73' 65°51.95' Oligocene-Miocene 30-20 267 - 52 - - - - - - -  25.6 -30.2 346.4 -39.5 28.4 10.6 8/10 26.9 10.7 -16.6 9.7 
TB Candado 22°55.04' 65°35.66' Oligocene-Miocene 30-20 262 - 67 - - - - - - - - - - - - - - - - - - 
TE Moreta 22°31.73' 65°51.94' Oligocene-Miocene 30-20 254 - 65 - - - - - - - - - - - - - - - - - - 
TF* Candado 22°44.12' 65°36.84' Oligocene-Miocene 30-20 104 - 100 332.4 13.8 4.4 -42.6 16.6 17.0 6/6  243.7 24.5 220.0 -49.1 7.5 23.7 7/8 69.2 20.4 -24.8 19.2 
TG Candado 22°44.12' 65°36.84' Oligocene-Miocene 30-20 299 - 64 - - - - - - -  212.2 20.7 191.5 11.6 16.3 15.4 7/9 33.5 13.7 -26.3 13.0 
TH Moreta 22°25.78' 65°51.21' Oligocene-Miocene 30-20 99 - 85 343.8 12.1 353.5 -23.4 3.6 29.8 10/12  228.0 56.1 252.2 -16.1 12.4 12.2 13/17 49.3 18.0 9.5 10.7 
Ti Miomarà 22°57.50' 65°23.27' Miocene-Pliocene 10-5 272 - 78 - -  - - - - -  12.7 -25.9 338.1 -14.7 17.5 10.7 12/12 14.9 9.7 -19.7 8.9 
TL Miomarà 22°57.61' 65°23.13' Miocene-Pliocene 10-5 289 - 68 - -  - - - - -  - - - - - - - - - - - 
TM Miomarà 23°21.87' 65°22.42' Miocene-Pliocene 10-5 354 - 33 - - - - - - -  14.1 -50.7 7.3 -19.0 44.4 10.2 6/7 16.3 13.0 4.6 8.5 

                                                        

 
*Discarded sites (see text). The geographic coordinates are referred to WGS84 datum. Age in Ma is from the geologic timescale of Gradstein et al. [2004]. Bedding is expressed in dip 
azimuth-dip values. D and I are site mean declination and inclination calculated before and after tectonic correction for the low and high temperature components and the characteristic 
remanent magnetization direction (ChRM). k and α95 are statistical parameters after Fisher [1953]. n/N is number of samples giving reliable results/number of studied samples at a site. 
Site mean Rotation (R) and Flattening (F) values, and relative errors (ΔR and ΔF) (according to Demarest [1983]) are relative to coeval D and I South American values expected at the 
sampling area considering South American paleopoles from Besse and Courtillot [2002].            
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Table 3. Mean paleomagnetic directions for sites of similar age. 
 

    In situ Tilt corrected     
Age Age (Ma) Formation N D(°)  I(°) k α95(°)  D(°) I(°) k α95(°) R (°) ΔR (°) F (°) ΔF (°) 

                 

Late Cretaceous (group A)* ~80 Pirgua 8 25.0 -36.0 7.5 21.7 40.9 -42.6 43.9 8.4 45.9 9.4 -0.9 7.5 
Late Cretaceous (group B)* ~80 Pirgua 4 350.7 -24.6 5.1 45.4 358.6 -30.7 60.5 11.9 3.6 11.3 -12.8 10.0 

Oligocene-Miocene 30-20 Moreta/Candado 4 341.8 -35.3 2.7 70.4 27.4 -30.5 13.7 25.7 30.1 23.9 -19.2 20.5 
late Miocene-Pliocene 10-5 Miomarà 3 349.2 -22.2 22.5 26.6 12.3 -37.9 42.2 19.2 15.4 19.3 -5.2 15.2 

                                  

 
*See text for definition of groups A and B. N, number of sites. Legend as in Table 2. 
 
 
 
 
 
Table 4. Results of the fold test (according to McFadden [1990]) for sites of similar age. 
 

In situ statistics Unfolded statistics ξ95%Age N 
D(°) I(°) k α95(°) ξ D(°) I(°) k α95(°) ξ  

               

Oligocene-Pliocene 7 6.1 -21.9 5.6 28.0 5.783 21.1 -34.0 18.8 14.3 1.791 3.086 
Late Cretaceous (group A)* 8 25.0 -36.0 7.4 21.7 4.701 40.9 -42.6 43.9 8.5 1.232 3.298 
Late Cretaceous (group B)* 4 350.7 -24.6 5.1 45.4 3.849 358.9 -30.9 61.8 11.8 1.475 2.335 

                      

 
* See text for definition of groups A and B. N, number of sites. D and I are mean declination and inclination, respectively. K and α95 are the Fisher’s [1953] statistical 
parameters. ξ and ξ95% are the statistical scos parameter and its 95% critical value, respectively (see McFadden [1990]). 
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Paleomagnetic evidence for a pre-early Eocene (~50 Ma) bending of the Patagonian 

orocline (Tierra del Fuego, Argentina): paleogeographic and tectonic implications. (*) 

 

(*) Manuscript submitted to Earth and Planetary Science Letters. 
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Abstract 

 The southernmost segment of the Andes of southern Patagonia and Tierra del 

Fuego forms a ~700 km long orogenic re-entrant with an interlimb angle of ~90° known as 

Patagonian orocline. No reliable paleomagnetic evidence has been gathered so far to assess 

whether this great orogenic bend is a primary arc formed over an articulated paleomargin, 

or is due to bending of a previously less curved (or rectilinear) chain. Here we report on an 

extensive paleomagnetic and anisotropy of magnetic susceptibility (AMS) study carried 

out on 22 sites (298 oriented cores), predominantly sampled in Eocene marine clays from 

the external Magallanes belt of Tierra del Fuego. Five sites containing magnetite and 

subordinate iron sulphides yield a positive fold test at the 99% significance level, and 
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document no significant rotation since ~50 Ma. Thus, the Patagonian orocline is either a 

primary bend, or an orocline formed after Cretaceous-earliest Tertiary rotations. Our data 

imply that the opening of the Drake Passage between South America and Antarctica 

(probably causing the onset of Antarctica glaciation and global climate cooling), was 

definitely not related to the formation of the Patagonian orocline, but was likely the sole 

consequence of the 32±2 Ma Scotia plate spreading. Well-defined magnetic lineations 

gathered at 18 sites from the Magallanes belt are sub-parallel to (mostly E-W) local fold 

axes, while trey trend randomly at two sites from the Magallanes foreland. Then AMS data 

show that the Fuegian Andes were characterized by a N-S compression and northward 

displacing fold-thrust sheets during Eocene (50-35 Ma), an unexpected kinematics 

considering coeval South America-Antarctica relative motion. Both paleomagnetic and 

AMS data reveal no significant influence from the E-W left-lateral Magallanes-Fagnano 

strike-slip fault system (MFFS), running few kilometres south of our sampling sites. We 

conclude that strike-slip activity in the Fuegian Andes postdated the Eocene thrust 

tectonics, and that strike-slip fault offset may range in the lower bound values (~20 km) 

among those proposed so far. In any case our data exclude any influence of strike-slip 

tectonics on the genesis of the great orogenic bend called Patagonian orocline. 

 

Keywords: paleomagnetism, tectonics, Patagonian orocline, Fuegian Andes, Drake 

Passage, Magallanes belt. 

 

1. Introduction 

The Andean Cordillera is one of the longest mountain belts of the Earth, spanning the 

entire Pacific margin of South America. Below 50°S, the trend of the southernmost 
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Andean belt decidedly changes from ~N-S (Patagonian Andes) to ~E-W (Fuegian Andes), 

forming a regional orogenic re-entrant arc commonly referred to as the Patagonian orocline 

(Carey, 1958; Figure 1). This arcuate structure forms at the intersection between the South 

America, Scotia, and Antarctica plates (Figure 1).  
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Figure 1. Digital elevation model of the Scotia plate and surrounding regions from the General 
Bathymetric Chart of the Oceans (GEBCO). Lines with triangles and thicker black lines indicate 
trench zones and oceanic ridges, respectively. White arrow indicates the movement of the Antarctic 
plate with respect to South America, according to DeMets et al. (1990). SFZ, Shackleton Fracture 
Zone. AFFZ, Agulhas Falkland Fracture Zone. MFFS, Magallanes-Fagnano fault system.  
 
 

The Scotia plate with its deep-sea pathway (Drake Passage) separating the South 

American and Antarctic continents (Barker, 2001; Eagles et al., 2005; Livermore et al., 

2005; Lodolo et al., 1997, 2006) is thought to have caused first-order outcomes in the 

global paleoclimate. In fact, the formation of a deep water “gateway” between South 

America and Antarctica determined the onset of the Antarctic Circumpolar Current (ACC) 
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(Lawver and Gahagan, 2003; Barker et al., 2007a), which is considered one of the main 

causes for the developing of extensive ice sheets in the Antarctic continent (Barker et al., 

2007b) and the onset of global climate cooling at the Eocene/Oligocene boundary (Zachos 

et al., 2001).  
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Figure 2. Digital elevation model of the southernmost Andes, redrawn from Ghiglione and Cristallini 
(2007), showing orogenic structural trends (thin solid white lines), major strike-slip faults (dashed 
black lines), basement thrust front (thick solid white line), strikes of shortening axes (black bars) 
according to Diraison et al. (2000), and previous paleomagnetic directions from igneous or 
metamorphic rocks (A=Rapalini et al., 2001; B=Rapalini et al., 2004; C=Burns et al., 1980; D=Dalziel 
et al., 1973; E=Cunningham et al., 1991; F=Baraldo et al., 2002; G=Rapalini et al., 2005). MFFS, 
Magallanes-Fagnano fault system. Location is in Figure 1. 
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The opening of the Drake passage is commonly related to the spreading of the Scotia 

Sea, where oceanic anomalies from the West Scotia ridge have been dated back to 34-28 

Ma (Lawver and Gahagan, 2003; Livermore et al., 2005; Lodolo et al., 2006), but its 

tectonic relationships with the symmetrical curved margins of the Patagonian orocline and 

the Antarctic Peninsula, are still unclear. 

Though a wealth of geological and geophysical data have documented ongoing tectonic 

deformation in the Patagonian and Fuegian Andes since ~100 Ma to Present [Dalziel and 

Palmer, 1979; Winslow, 1982; Cunningham, 1993, 1994, 1995; Kohn et al., 1995; 

Diraison et al., 2000; Lodolo et al., 2003, 2006; Kraemer, 2003; Ghiglione and Ramos, 

2005], the kinematics and timing for the formation of the Patagonian orocline are 

unknown. Recently, a non-rotational origin for the Patagonian orocline was proposed, and 

its curved shape was related to the tectonic heritage from an original articulated 

paleomargin [Ramos and Aleman, 2000; Diraison et al., 2000; Ghiglione, 2003; Ghiglione 

and Ramos, 2005; Ghiglione and Cristallini, 2007]. However, paleomagnetic 

investigations of metamorphic and igneous rocks from the Fuegian Andes [Dalziel et al., 

1973; Burns et al., 1980; Cunningham et al., 1991; Roperch et al., 1997; Beck et al., 2000; 

Rapalini et al., 2001, 2004, 2005; Baraldo et al., 2002; Iglesia Llanos et al., 2003] have 

systematically revealed so far northwestward-directed paleodeclinations (Figure 2), which 

conversely seem to indicate that the orogenic bend formed after rotations of mountain belt 

segments with respect to South America. The problem with the available paleomagnetic 

data is that both igneous and metamorphic rocks lack paleo-horizontal indicators (implying 

possible significant biases on the declination values), and the age of magnetization 

acquisition (related to the last metamorphic peak) is questionable (see Rapalini, 2007 for 

an updated review). Therefore, both the rotational vs. non-rotational character of the 
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Patagonian orocline and the rotation timing (if existing) are paleomagnetically 

unconstrained at present. 

The most external part of the Patagonian orocline is represented by the thin-skinned 

Magallanes fold and thrust belt (Figure 2), where upper Cretaceous to Miocene marine and 

continental sediments are exposed along folds and thrust sheets sub-parallel to the large-

scale orogenic bend [Winslow, 1982; Olivero et al., 2001, 2003; Ghiglione et al., 2002; 

Ghiglione, 2002; Olivero and Malumiàn, 2008]. The 7 km-thick sedimentary succession 

exposed in the Magallanes belt of Tierra del Fuego offers in principle the opportunity to 

paleomagnetically document with great accuracy the magnitude and timing of vertical axis 

rotations in the southernmost Andes, overcoming the problem of a safe paleo-horizontal 

evaluation for metamorphic and igneous rocks.  

In this paper we report the results of an extensive paleomagnetic study of Eocene to 

early Miocene marine and continental sedimentary rocks from the southeastern Magallanes 

fold and thrust belt of Tierra del Fuego. Our data represent the first reliable paleomagnetic 

constraint on the formation of the Patagonian orocline, and document that no vertical axis 

rotations occurred since early Eocene times (~50 Ma). A pre-existing Patagonian orocline 

since at least 50 Ma implies that the significantly younger (~32 Ma) opening of the Drake 

Passage was not influenced by Andean tectonics, but was rather the exclusive consequence 

of the Scotia Sea spreading onset. 

 

2. Background 

2.1. Geology of the Patagonian and Fuegian Andes, and structural setting of the 

Magallanes belt of Tierra del Fuego 
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From southwest to northeast, five broad morphostructural provinces parallel to the arc 

can be recognized in the southernmost Andes: (1) a coastal magmatic arc (Patagonian 

batholith), (2) a marginal basin assemblage (Rocas Verdes basin), (3) a metamorphic core 

zone (Cordillera Darwin), (4) a fold and thrust belt (Magallanes fold and thrust belt), and 

(5) an undeformed foreland basin (Magallanes (or Austral) basin). The Magallanes basin is 

composed by a thick (~7 km) succession of marine and continental sedimentary units 

ranging from Jurassic to Miocene age [Thomas, 1949; Winslow, 1982; Olivero and 

Malumián, 1999, 2008; Olivero et al., 2001, 2003; Ghiglione et al., 2002; Ghiglione and 

Ramos, 2005; Malumián and Olivero, 2006; Rossello et al., 2008]. 

The southern part of the Patagonian orocline is also cut by the Magallanes-Fagnano 

fault system (MFFS), a roughly E-W en-echelon left-lateral strike-slip fault array running 

for more than 600 km from the Atlantic to the Pacific coast of South America, and 

considered the present-day South America-Scotia plate boundary [Cunningham, 1993, 

1995; Barker, 2001; Lodolo et al., 2003; Eagles et al., 2005; Rossello, 2005]. The total 

displacement of the MFFS, as well as the age of its formation are still a matter of debate 

[Cunningham, 1995; Olivero and Martinioni, 2001; Lodolo et al., 2003; Rossello et al., 

2004a; Eagles et al., 2005; Torres-Carbonell et al., 2008a], whereas its present-day 

activity is substantiated by both GPS [Smalley et al., 2003] and seismological [Pelayo and 

Wiens, 1989] evidence. 

Fold axes and thrust faults from Tierra del Fuego strike from NW-SE in the inner 

sectors, to E-W and ENE-WSW along the Atlantic coast [Ghiglione et al., 2002; 

Ghiglione, 2002; Ghiglione and Ramos, 2005; Torres-Carbonell et al., 2008b] (Figures 2 

and 3). Folds are usually asymmetric with axes predominantly plunging westward 

[Ghiglione et al., 2002; Torres-Carbonell et al., 2008b]. According to Diraison et al. 
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[2000], the shortening directions (as inferred by 1600 striated fault planes from the 

Mesozoic-Cenozoic sedimentary cover of the fold-thrust belt) are not always perfectly 

orthogonal to the main structures, and progressively rotate from N75° to N43° from the 

Patagonian to the Fuegian Andes, respectively (Figure 2). Finally, some NNE-trending 

right-lateral strike-slip faults (i.e., Fueguina fault, Figure 3b) have been interpreted as R’ 

Riedel shear zones associated to the major MFFS [Ghiglione et al., 2002]. 

The first orogenic episodes at the southern margin of South America were triggered by 

the mid to late Cretaceous inversion and closing of the back-arc Rocas Verdes marginal 

basin [Dalziel et al., 1974; Cunningham, 1994, 1995], yielding shortening, ductile 

deformation, and regional metamorphism, with peak metamorphism occurring between 

100 and 90 Ma [Kohn et al., 1995; Cunningham, 1995]. A first episode of rapid uplift and 

cooling of the metamorphic core between 90 and 70 Ma [Kohn et al., 1995] predated the 

late Campanian (~70 Ma) northward propagation of compression in the Magallanes basin 

[Winslow, 1982; Ghiglione et al., 2002]. At least four main compressive events, related to 

an equivalent number of unconformities recorded by the sedimentary successions, occurred 

in the Magallanes belt in late Paleocene (61-55 Ma), early-middle Eocene (50-43 Ma), 

early Oligocene (~33 Ma), and early Miocene (~21 Ma) times [Olivero and Malumiàn, 

1999; Ghiglione et al., 2002; Kraemer, 2003; Ghiglione and Ramos, 2005; Malumiàn and 

Olivero, 2006; Torres-Carbonell et al., 2008b]. Virtually undeformed post-early Miocene 

sedimentary rocks testify the end of tectonic shortening in the southern Magallanes basin 

[Ghiglione, 2002; Ghiglione et al., 2002]. The tectonic history of the Magallanes basin has 

been interpreted as related to either compressive [Ghiglione and Ramos, 2005] or 

extensional [Ghiglione et al., 2008] tectonics of Eocene age, followed by an Oligocene-

early Miocene episode in which wrench tectonics dominated.  
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Figure 3. Structural and geological maps of the study areas, redrawn from Ghiglione et al. (2002) 
(Figure 3b, 3c, 3d)). Legend: 1, Alluvial sediments (Quaternary). 2, Glacial deposits (Quaternary). 3, 
Carmen Silva formation (middle Miocene). 4, Capas de Cabo San Pablo (early Miocene). 5, 
Desdemona formation (late Oligocene-early Miocene). 6, Cabo Domingo group (Oligocene-Miocene). 7, 
Capas de la Estancia Maria Cristina (earliest Oligocene). 8, Sloggett formation (late Eocene-early 
Oligocene). 9, Cerro Colorado formation (upper middle to late Eocene). 10, Leticia formation (upper 
middle Eocene). 11, Punta Torcida formation (early Eocene). 12, Site-mean rotation with respect to 
South America with respective rotation error (grey cone). 13, Direction of the (in situ) site-mean 
magnetic lineation (Kmax). 
_______________________________________________________________________________________ 
 

2.2. Previous paleomagnetic data from the Patagonian orocline and the Antarctic 

Peninsula 

Though Carey [1958] first proposed that the abrupt curvature of the southernmost 

Andes could be due to oroclinal bending of an initially straight orogen, paleomagnetic 

evidence from the southernmost Andes has been gathered only since the 1970s [Dalziel et 

al., 1973; Burns et al., 1980; Cunningham et al., 1991; Roperch et al., 1997; Beck et al., 

2000; Rapalini et al., 2001, 2004, 2005; Baraldo et al., 2002; Iglesia Llanos et al., 2003]. 

These studies indicate significant post-late Cretaceous counterclockwise (CCW) rotations 

(up to 118°) affecting the internal southern Andes below latitude 48°S (Figure 2). It is 

likely that (at least part of) the largest magnitude rotations arise from local tectonic effects 

linked to thrusting [Iglesia Llanos et al., 2003], or strike-slip faulting [Rapalini et al., 

2001]. 

However, the earliest paleomagnetic studies [Dalziel et al., 1973; Burns et al., 1980] do 

not pass modern reliability criteria of laboratory procedures [e.g., Beck, 1988], while all 

data from Patagonian and Fuegian Andes, were invariantly gathered from igneous or 

metamorphic rocks, thus suffer of significant uncertainties on the paleo-horizontal surface 

and age of magnetization, as well as of possible incomplete averaging of the paleosecular 

variation of the geomagnetic field. 
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In detail, three localities from the southern Patagonian Andes at a 47°S latitude do not 

show any significant rotation, thus defining the northern limit of the CCW-rotating domain 

[Roperch et al., 1997; Beck et al., 2000; Iglesia Llanos et al., 2003]. To the south, a post-

late Jurassic CCW rotation of 39°, 57°, and 62° has been documented from sedimentary 

and igneous rocks at Lago San Martin north (49°S, 72.2°W), Lago San Martin south 

(49.1°S, 72.5°W), and Lago Argentino (50.2°S, 72.8°W), respectively [Iglesia Llanos et 

al., 2003]. Further south, Rapalini et al. [2001] have evidenced a post-early Cretaceous 

CCW rotation of 118° from basalts and lavas at the Madre de Dios Archipelago (50.4°S, 

75.4°W, Figure 2), while Rapalini et al. [2004] have documented a 59° post-late 

Cretaceous CCW rotation from ophiolites at the southernmost Patagonian Andes (51.7°S, 

73.6°W). An extensive paleomagnetic study carried out by Burns et al. [1980] on volcanic 

and metamorphic rocks throughout the Patagonian and Fuegian Andes revealed post-late 

Jurassic-early Cretaceous 27-40° CCW rotations. Conversely, igneous rocks of the 

Navarino Island and adjacent regions of Chile yielded post-94 and post-77 Ma 150° and 

120° CCW rotations, respectively [Dalziel et al., 1973], while a 90° post-late Cretaceous 

CCW rotation was obtained from volcanic and sedimentary rocks [Cunningham et al., 

1991]. Igneous rocks sampled by Baraldo et al. [2002] and Rapalini et al. [2005] in the 

inner part of the orogenic belt from Tierra del Fuego documented a 33° to 66° post-late 

Cretaceous CCW rotation.  

Finally, the arcuate shape of the Antarctic Peninsula, mirroring to the Patagonian 

orocline, could suggest a related tectonic evolution. The paleomagnetic data from the 

Antarctic Peninsula [Grunow, 1993, and references therein] documented two distinct 

phases of rotation, clockwise (CW) with respect to East Antarctica between 175 and 155 
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Ma, due to the early opening in the Weddell Sea basin, and CCW with respect to West 

Antarctica in the 155-130 Ma time interval. 

 

3. Sampling and methods 

 In December 2007 we performed an extensive paleomagnetic sampling campaign 

within the southeastern part of the Magallanes belt of Tierra del Fuego (Figures 2 and 3). 

Because of the widespread cover of glacial deposits and the scarce road network, most of 

the samples (except for sites TF02 and TF03) were collected along the cliffs of the Atlantic 

coast between Cabo San Pablo and Cerro Colorado (Figure 3). Lower Eocene to lower 

Miocene marine fine-grained sediments (siltstones and mudstones) were systematically 

sampled (only at site TF03 continental clays were gathered). 

 The oldest sampled marine sediments are those from the Punta Torcida Fm. (early 

Eocene, Olivero and Malumiàn, 1999, 2008), a major ~400 m thick regressive unit 

dominated by dark-grey mudstones with scarce intercalations of light-grey fine sandstones. 

This formation is unconformably covered by the upper middle Eocene Leticia Fm., 

consisting of grey and greenish fine, bioturbated, glauconitic, tuffaceous or lithic 

sandstones with subordinated fine conglomerates, mudstones and tuffaceous sandstones. 

The Leticia Fm. is followed by the upper middle to late Eocene Cerro Colorado Fm., a 

major transgressive-regressive sequence consisting of a vertical stacking of four 

coarsening- and thickening-upwards sequences with a very high sedimentation rate. Each 

member is composed by dark-grey mudstones at the base, intercalation of mudstones and 

light-grey sandstones in the middle part, and thick grey or yellowish fine to coarse 

sandstones at the top. Finally, the younger sampled rocks are those from the Capas de la 

Estancia Maria Cristina (earliest Oligocene, Malumiàn and Olivero, 2006) and the Cabo 
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Domingo Group, in turn including the Desdemona (late Oligocene-early Miocene, 

Ghiglione, 2002; Malumiàn and Olivero, 2006), the Capas de Cabo San Pablo (early 

Miocene, Malumiàn and Olivero, 2006), and the Carmen Silva (middle Miocene, 

Codignotto and Malumiàn, 1981) Formations. 

 The continental deposits of the Sloggett Fm. (late Eocene-early Oligocene, Rossello 

et al., 2004b; Olivero and Malumiàn, 2008) sampled at site TF03 are conglomerates and 

sandstones grading laterally and vertically to mudstones and coal measures, including large 

trees. 

In total, we collected 298 cylindrical oriented samples at 22 sites (Tables 1 and 2) using 

a petrol-powered portable drill cooled by water. Site distribution within the sedimentary 

succession is as follows (Table 1): eight sites were sampled from the early Eocene Punta 

Torcida Fm., ten sites from the upper middle-late Eocene Cerro Colorado Fm., one site 

from the late Eocene-early Oligocene Sloggett Fm., one site from the earliest Oligocene 

Capas de la Estancia Maria Cristina, one site from the late Oligocene-early Miocene 

Desdemona Fm., and one site from the early Miocene Capas de Cabo San Pablo Fm. At 

each site we gathered 9-18 cores (14 on average), spaced in at least two outcrops in order 

to try to average out the secular variation of the geomagnetic field.  

All samples were oriented in situ using a magnetic compass, corrected to account for 

the local magnetic field declination value at the sampling area (~12° during the sampling 

campaign period, according to NOAA's National Geophysical Data Centre 

(http://www.ngdc.noaa.gov)). 

Once selected the most effective temperature steps through the use of pilot specimens, 

one sample from each core was thermally demagnetized in eight-nine steps up to 360°C. 

All natural remanent magnetization (NRM) measurements were carried out in the 
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magnetically shielded room of the paleomagnetic laboratory of the Istituto Nazionale di 

Geofisica e Vulcanologia (INGV, Rome, Italy), using a DC-SQUID cryogenic 

magnetometer (2G Enterprises, USA). Demagnetization data were plotted on orthogonal 

diagrams [Zijderveld, 1967], and magnetization components were isolated by principal 

component analysis [Kirschvink, 1980]. Rotation and flattening values with respect to 

stable South America for the individual sites were evaluated according to Demarest 

[1983], using reference South American paleopoles from Besse and Courtillot [2002]. 

The low-field anisotropy of magnetic susceptibility (AMS) of all specimens was 

investigated by a KLY-3 bridge (AGICO), while magnetic mineralogy experiments were 

only performed on selected specimens from each site. We studied the hysteresis properties 

and the acquisition of an isothermal remanent magnetization (IRM) up to 500 mT, using a 

Micromag Alternating Gradient Magnetometer (AGM, model 2900). We also investigated 

the thermal change of the magnetic susceptibility during a heating-cooling cycle from 

room temperature to 700°C, using an AGICO CS-3 apparatus coupled to the KLY-3 

bridge, and the thermal demagnetization of a three-component IRM imparted on the 

specimen axes, according to Lowrie [1990]. Fields of 2.7, 0.6 and 0.12 T were successively 

imparted on the z, y, and x sample axes (respectively) with a Pulse Magnetizer (Model 

660, 2G Enterprises). 

 

4. Results 

4.1. Magnetic mineralogy 

Hysteresis measurements consistently indicate the predominance of a paramagnetic 

fraction (likely clayey minerals) in the induced magnetization, being the hysteresis loops 

represented by lines passing very close to the axes origin (Figure 4a). The few 
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“ferromagnetic” (sensu lato) fraction shows saturation remanence (Mrs) values of ~2 

nAm2, and coercivity of remanence (Bcr) in the range of 28-33 mT (Figure 4b).  
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Figure 4. Results of the magnetic mineralogy analyses for representative samples. (a) Hysteresis cycle, 
(b) isothermal remanent magnetization (IRM) acquisition curve, (c) thermal variation of the low-field 
magnetic susceptibility during a heating-cooling cycle (black and grey line, respectively), and (d) 
thermal demagnetization of a three-component IRM according to the method of Lowrie [1990]. 

 

Thermomagnetic curves (Figure 4c) yield a hyperbolic trend up to ~300°C during 

heating, thus confirming the predominant contribution of the paramagnetic fraction to the 

low-field susceptibility (i.e., Hrouda, 1994). A susceptibility increase between 350 and 
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520°C and the path of the cooling curve (revealing a Curie temperature of ~580°C), 

suggest the formation of new magnetite from the paramagnetic matrix. Finally, the thermal 

demagnetization of a three-component IRM (Figure 4d) reveals that the “ferromagnetic” 

minerals are represented by a largely predominant soft fraction demagnetized between 550 

and 600°C. At sites TF02 and TF19 the soft and the intermediate coercivity fraction also 

undergo a significant drop between 300 and 400°C. 

In summary, the magnetic mineralogy experiments reveal that paramagnetic clayey 

minerals dominate the low-field susceptibility, while a small amount of “ferromagnetic” 

fraction is generally represented by magnetite, and by a mixture of magnetite and iron 

sulphides at sites TF02 and TF19. 

 

4.2. Anisotropy of magnetic susceptibility 

The AMS parameters at both the specimen and the site levels were evaluated using 

Jelinek statistics [Jelinek, 1977, 1978], and are reported in Table 1. The site-mean 

susceptibility values, ranging from 126 to 302 x 10-6 SI (205 x 10-6 SI, on average), 

confirm the predominant contribution of the paramagnetic clayey matrix on both the low-

field susceptibility and AMS [e.g., Rochette, 1987; Averbuch et al., 1995; Sagnotti et al., 

1998; Speranza et al., 1999). The shape of the AMS ellipsoid is predominantly oblate, with 

a mean value of the shape factor (T) of 0.47 (Table 1), suggesting a prevailing sedimentary 

fabric [Hrouda and Janàk, 1976]. In addition, the low values of the P’ parameter (1.030-

1.070) indicate that the sediments underwent mild deformation. The magnetic foliation 

(given by the clustering of the Kmin axes) is well defined at all sites except for sites TF01 

and TF03 (Figure 5), and it is always parallel to the local bedding plane, confirming that 

the sediments host a predominant sedimentary-compactional magnetic fabric. 

 156



PART II - The examples from the Alps and the Andes 
Chapter 4.  The Patagonian Orocline 

Kmax Kint Kmin

 

Figure 5. Schmidt equal-area projections, lower hemisphere, of the (in-situ coordinates) principal axes 
of the AMS ellipsoid and their respective 95% confidence ellipse, for all sampled sites (see Table 1). 
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The sites yielding a well-defined magnetic fabric are also characterized by a well-

developed magnetic lineation, as documented by the clustering of Kmax axes from the 

individual specimens (12 and 8 sites display an e12 value lower than 10° and 24°, 

respectively, Table 1). Magnetic lineations trend roughly E-W (on average) in the 

Magallanes belt (i.e., sub-parallel to local fold axes and thrust fault trends, Figure 3b and 

3d), while they are ~N-S oriented at two sites located in the foreland basin. 

 

4.3. Paleomagnetism 

Only eight (out of 22) sites yielded a measurable remanent magnetization, well above 

the noise level of the magnetometer (~5 μA/m). Their characteristic remanent 

magnetization directions (ChRMs) were isolated between 120-210°C and 360°C, after the 

removal of a scattered low temperature component (Figure 6). Site-mean directions 

(evaluated according to Fisher [1953]), are well defined, the α95 values being comprised 

between 9.7° and 19.9° (13.5° on average, Figure 7 and Table 2). Two out of the eight 

magnetized sites (TF08 and TF09) were discarded because of their sub-horizontal 

paleomagnetic directions (while a -75° inclination is expected at the sampling localities 

considering the 50 Ma paleopole for South America). The remaining six reliable 

paleomagnetic sites are equally distributed into the normal and reverse polarity state, and 

yield, except for site TF19, NNW-directed directions (when considered in the normal 

polarity state). 

There are three lines of evidence which support the primary nature of the ChRMs 

evaluated for the six reliable sites from Tierra del Fuego: (1) both the in-situ and tilt-

corrected directions are far from the local geocentric axial dipole (GAD) field direction 

(D=0°, I=-70.0°; Figure 7), thus excluding a magnetic overprint; (2) dual paleomagnetic 
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polarities suggest magnetization acquisition during at least two magnetic polarity chrons; 

(3) the McFadden’s (1990) fold test performed on five out of six sites (excluding the 

scattered site TF19) is positive at the 99% significance level (ξin situ=4.2; ξunfolded=0.8; ξ99% 

critical value=3.6), thus supporting a pre-tilting magnetization acquisition.  
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Figure 6. Orthogonal vector diagrams of demagnetization data (in situ coordinates) for the 8 sites 
yielding a measurable remanence. Solid and open dots represent projection on the horizontal and 
vertical planes, respectively. Demagnetization step values are in °C. 
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Since the ages of the rocks (predominantly early to late Eocene) are very close to age 

of regional tectonic deformation and strata tilting (early-middle Eocene to early 

Oligocene), a positive fold test is virtually the proof for the primary nature of the measured 

magnetization. 
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TF05

 

Figure 7. Equal-area projections of the site-mean paleomagnetic directions. Open (solid) symbols 
represent projection onto the upper (lower) hemisphere. Open ellipses are the projections of the α95 
cones about the mean directions. The star represents the normal polarity geocentric axial dipole 
(GAD) field direction (D=0°, I=-70.0°) for the study area. 
 

 Site-mean flattening values with respect to South America are always negative, and 

range between -33.8° and -54.2° (Table 2). Such “shallowing” of the paleomagnetic 

directions can be explained considering the effects of diagenesis and compaction on clayey 

sediments [e.g., Deamer and Kodama, 1990], as already observed for similar deposits 

sampled elsewhere [Speranza et al., 1997; Maffione et al., 2008]. The five clustered sites 

yield no significant rotation of the Magallanes belt of Tierra del Fuego with respect to 

 160



PART II - The examples from the Alps and the Andes 
Chapter 4.  The Patagonian Orocline 

South America (-7.8°±10.4°) since at least early Eocene times (~50 Ma). Conversely, the 

scattered TF19 site yields a 63.9°±11.1° CW rotation (Figure 3 and Table 2). 

 

5. Discussion 

5.1. Rotational nature of the Patagonian orocline, and relations with Scotia plate 

spreading and Drake Passage opening 

Our data represent the first paleomagnetic evidence from sedimentary sequences 

exposed in the northern foothills of the Fuegian Andes, and support that the curved shape 

of the orogen was already fully acquired at ~50 Ma. Therefore the Patagonian orocline 

might be in principle the result of one of the two following kinematics: (1) it is a non-

rotational (or primary) arc (sensu Marshak [1988]), resulting from the tectonic deformation 

of an original curved paleo-margin affected by radial shortening directions; (2) it is an 

orocline, formed after rotations older than 50 Ma. The first scenario has been proposed in 

several recent papers [Ramos and Aleman, 2000; Diraison et al., 2000; Ghiglione, 2003; 

Ghiglione and Ramos, 2005; Ghiglione and Cristallini, 2007], though none is based upon 

proper paleomagnetic evidence. Conversely, this hypothesis mostly relies upon sand-box 

analogue models results, indicating how an opportune changing through time in the South 

America-Antarctica relative plate motion can account for all features observed in the 

Patagonian arc (i.e., shape of the curvature, pattern and amount of the shortening 

directions). 

However, when the overall paleomagnetic data set from the Patagonian orocline is 

considered, all previous results from the Fuegian Andes systematically yield a post-160 to 

100 Ma CCW rotation with respect of South America, though the igneous and 

metamorphic nature of the studied rocks may imply first-order flaws on both data quality 
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and magnetization age. We conclude that further paleomagnetic investigations of the pre-

lower Eocene sequences from the Magallanes belt of the Tierra del Fuego are surely 

needed to properly understand the rotational nature of the Patagonian orocline. Yet, the 

available paleomagnetic data set is indeed suggestive of an orogenic bend formed after 

rotations occurring before 50 Ma, in late Mesozoic-earliest Paleogene times. 

A candidate yielding the possible pre-50 Ma oroclinal bending of the Fuegian Andes is 

the inversion and closure of the Rocas Verdes marginal basin during mid-late Cretaceous 

times. Kraemer [2003] demonstrated that the closure of the Rocas Verdes basin could have 

produced a maximum regional CCW rotation of 30°, assuming a reasonable basin width of 

25 km. Therefore, we speculate that about 60° of the entire 90° orogenic trend change 

observed along the Patagonian orocline could be related to a pre-existing articulated 

paleomargin, while further 30° were possibly acquired during the mid-late Cretaceous 

closure of the Rocas Verdes basin (Figure 8). 

Thus the final configuration of the Patagonian orocline was completed well before than 

the onset of the Scotia plate spreading at ~32 Ma [Barker, 2001; Lawver and Gahagan, 

2003; Eagles et al., 2005; Livermore et al., 2005; Lodolo et al., 2006]. This implies that the 

opening of the Drake Passage deep-sea pathway at the Eocene-Oligocene boundary 

[Barker, 2001; Eagles et al., 2005; Livermore et al., 2005; Lodolo et al., 1997, 2006], 

likely determining first-order outcomes in the global paleoclimate [Lawver and Gahagan, 

2003; Barker et al., 2007a, 2007b], was decidedly unrelated to the evolutionary history of 

the Patagonian orocline, and most likely the sole consequence of the Scotia plate 

spreading. 

Resting apart from the five non-rotated sites, site TF19 yields a ~60° CW rotation 

(Figures 3 and 7). 
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This site is located in proximity of the Fueguina fault (Figure 3), a right-lateral strike-

slip fault interpreted as an R’ Riedel shear fracture associated to the major left-lateral 

MFFS [Ghiglione et al., 2002]. Thus we interpret this large-magnitude CW rotation as a 

local effect related to right-lateral displacement along the Fueguina fault, consistently with 

paleomagnetic evidence gathered from other strike-slip faults exposed elsewhere [e.g., 

Sonder et al., 1986]. 

 

5.2. Unravelling the relative relevance and timing of thrust vs. strike-slip tectonics 

in the Fuegian Andes: evidence from magnetic fabric 

The well-defined magnetic lineations gathered at 20 out of 22 sites from Tierra del 

Fuego offer the opportunity to unravel with great accuracy the finite deformation pattern of 

the Magallanes belt of the Fuegian Andes. In fact there is wide evidence from other 

orogens that AMS of fine-grained sediments represents a valuable strain proxy, even in 

absence of other visible strain markers [e.g., Sagnotti et al., 1998; Maffione et al., 2008]. 

The magnetic lineation gathered from a fold belt normally trends sub-parallel to the local 

fold axis, or anyway parallel to the maximum elongation axis (ε1) of the strain ellipsoid. 

Along the Atlantic coast between Cabo San Pablo and Cerro Colorado, the magnetic 

lineations from Tierra del Fuego consistently define the extent the external orogen, where 

they trend roughly E-W sub-parallel to local fold axes, while they are N-S (on average) at 

two northernmost sites located in the undeformed foreland (Figure 3 and Figure 5). At site 

TF19, the magnetic lineation trends NW-SE, thus confirming the significant CW rotation 

with respect to other neighbour sites evidenced by paleomagnetic data, likely due to the 

Fueguina fault activity. Apart from the sites located along the Atlantic coast, magnetic 

lineation is oriented NW-SE at site TF02, again sub-parallel to local fold axes (Figure 3). 
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The general E-W trending of the magnetic lineations between Capo San Pablo and 

Cerro Colorado, coupled with the lack of paleomagnetic rotations, proves that a roughly N-

S directed compressive tectonic regime was active in the southern Magallanes basin 

synchronous with sedimentation. In fact, it has been shown that the magnetic fabric is 

mostly sensitive to the pristine tectonic regime, acting during sedimentation or shortly 

after, prior to complete sediment lithification [e.g., Sagnotti et al., 1998; Faccenna et al., 

2002]. Therefore, our AMS data from the Atlantic coast support a N-S oriented shortening 

acting during sediment deposition (i.e., during Eocene, 50-35 Ma). 

The origin of this tectonic regime is not completely clear. A N-S compression in the 

Magallanes basin of Tierra del Fuego is in apparent contrast with the relative motion 

between Antarctica and South America, which was characterized from 46 Ma by a WNW-

ESE oriented sinistral component, changing to a clear E-W direction since ~20 Ma 

[Livermore et al., 2005]. Alternatively, Eocene N-S shortening might be related to the 

vanishing activity of the southeastern tip of the Andean subduction zone. Within this 

frame, the Magellan basin could be directly interpreted as a flexural-related basin 

developing during the formation of the orogenic belt. Further data on the deep belt 

structure are needed to fully understand the tectonic setting. 

AMS data may also serve to evaluate the relative relevance of thrust vs. strike-slip 

tectonics in the Fuegian Andes, where both the displacement and onset age of the MFFS 

strike-slip fault system are a matter of debate. Variable displacement amounts of some tens 

of kilometres have been postulated so far (20-30 km, Olivero and Martinioni [2001]; 40 

Km, Lodolo et al. [2003]; 48 Km, Torres-Carbonell et al. [2008a]; 55 km, Rossello et al. 

[2004a]), while ages of the onset of the MFFS activity vary between 100 and 7 Ma 

[Cunningham et al., 1995; Torres-Carbonell et al., 2008a]. The magnetic fabric of the 
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sampled rocks reveals a N-S compression acting during the Eocene (50-35 Ma) at sites 

along the Atlantic coast, which is incompatible with left-lateral strike-slip shear along the 

E-W segment of the MFFS located ~10 km south of the sampling area. Conversely, this 

tectonics is compatible with the roughly N40° direction of maximum shortening inferred 

from brittle fault populations in Tierra del Fuego by Diraison et al. [2000] (Figure 2). 

Therefore we may suppose that the apparent discrepancy between the shortening direction 

inferred by magnetic fabric and structural analysis is related to the evolution of the tectonic 

regime with time. We suggest that most of the brittle faults measured by Diraison et al. 

[2000] formed synchronous to a post-early Oligocene (~30 Ma) onset of wrench tectonics 

in the southern Magallanes basin (in agreement with Ghiglione and Ramos [2005]), while 

the older Eocene (50-35 Ma) tectonics was characterized by a pure N-S compression 

related to thrust tectonics. The Oligocene (and/or younger) strike-slip tectonic regime has 

not overprinted the magnetic fabric of Eocene sedimentary rocks, as also observed 

elsewhere in case of evolving tectonic stresses of mild intensity (i.e., not yielding new 

schistosity, e.g., Faccenna et al. [2002]). We speculate that the onset of strike-slip 

tectonics may be related as well to the opening of the Scotia plate, determining the 

superposition of a strike-slip regime on a pre-existing orogenic bend characterized by 

almost pure thrust tectonics. 

Sites from Cerro Colorado and site TF03 are located ~5 km and ~200 m (respectively) 

from the MFFS, thus their paleomagnetic directions and magnetic lineation trends can be 

used to assess whether left-lateral strike-slip activity has caused local CCW rotations [e.g., 

Sonder et al., 1986]. We note that rotation values from sites TF03-TF05 are not 

significantly different from those at sites TF11-TF13, located several km more distant from 

the MFFS, and magnetic lineations from Cerro Colorado are not CCW rotated with respect 
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to sites located further north along the external orogen sector (Figure 3). Therefore we 

conclude that strike-slip shear along the MFFS has not caused large-magnitude rotations in 

the Fuegian Andes, and displacement along the fault is likely in the lower bound among 

those put forward in the past (~20 km, according to Olivero e Martinioni [2001]). In any 

case, there is surely no influence of strike-slip tectonics for the formation of the Patagonian 

orocline (see “strike-slip orogen” model by Cunningham [1993]). 

 

6. Conclusions 

Five lower Eocene-lower Oligocene paleomagnetic sites from the Magallanes belt of 

Tierra del Fuego consistently yielding a positive fold test indicate a lack of paleomagnetic 

rotations in the Fuegian Andes since ~50 Ma. Further data from older sediments are 

needed to assess whether the Patagonian orocline is a primary arc developed above an 

articulated paleomargin, or it formed after rotations older than 50 Ma. However, previous 

paleomagnetic evidence from metamorphic and igneous rocks (even if not fully reliable) 

from the internal part of the orogenic bend may suggest that the arc is mostly primary (i.e., 

developed above an articulated paleomargin), and that a further 30° CCW rotation 

occurred in mid-late Cretaceous times during the closure of the Rocas Verdes marginal 

basin. A pre-existing Patagonian orocline at 50 Ma implies that opening of the Drake 

Passage at ~32 Ma was the exclusive consequence of the Scotia plate spreading, where 

32±2 Ma oceanic anomalies are documented. 

A well-developed magnetic fabric from 20 sites, coupled with paleomagnetic evidence, 

documents an Eocene (50-35 Ma) N-S shortening in the Magallanes belt of Tierra del 

Fuego associated to northward fold-and-thrust belt propagation. Both paleomagnetic and 

 167



PART II - The examples from the Alps and the Andes 
Chapter 4.  The Patagonian Orocline 

AMS data do not reveal any significant influence from the postulated left-lateral shear 

along the E-W MFFS.  

We conclude that strike-slip tectonics postdated the Eocene north-verging thrust 

tectonics (i.e., is younger than 35 Ma), and that the horizontal displacement along the 

MFFS may range in the lower bound values (~20 km) among the estimates put forward so 

far. In any case, our data indicate that strike-slip tectonics has not contributed at all to the 

genesis of the great orogenic re-entrant known as Patagonian orocline. 
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Table 1. Anisotropy of magnetic susceptibility results from Tierra del Fuego. 
 

Site Formation Latitude °S Longitude °W Age Age 
(Ma) n/N Km L F T P' D(°) I(°) e12(°) 

               

TF01 Capas E. Maria Cristina 54.50819 66.30651 Earliest Oligocene 30-34 - - - - - - - - - 
TF02 Cerro Colorado 53.91318 68.36002 U. Middle-Late Eocene 34-40 6/11 264 1.023 1.056 0.376 1.084 311.4 -1.3 18 
TF03 Sloggett 54.55055 67.00568 L. Eocene-E. Oligocene 28-37 - - - - - - - - - 
TF04 Cerro Colorado 54.49756 66.37447 U. Middle-Late Eocene 34-40 10/11 179 1.007 1.045 0.731 1.057 110.6 10.8 19 
TF05 Cerro Colorado 54.49685 66.37592 U. Middle-Late Eocene 34-40 13/13 202 1.010 1.040 0.564 1.057 90.8 15.5 13 
TF06 Cerro Colorado 54.49291 66.38249 U. Middle-Late Eocene 34-40 11/13 243 1.020 1.026 -0.01 1.035 94.6 9.1 14 
TF07 Cerro Colorado 54.49213 66.38316 U. Middle-Late Eocene 34-40 14/14 302 1.013 1.028 0.441 1.042 281 -6.4 4 
TF08 Punta Torcida 54.45557 66.49070 Early Eocene 49-56 10/11 244 1.018 1.045 0.429 1.067 58.6 17.2 9 
TF09 Punta Torcida 54.46647 66.48586 Early Eocene 49-56 10/12 194 1.010 1.036 0.603 1.049 301.6 1.7 5 
TF10 Punta Torcida 54.40377 66.55741 Early Eocene 49-56 10/11 128 1.016 1.050 0.521 1.070 94.8 13.1 6 
TF11 Punta Torcida 54.43650 66.52520 Early Eocene 49-56 11/11 177 1.005 1.022 0.565 1.028 79.5 24.3 10 
TF12 Punta Torcida 54.43860 66.51984 Early Eocene 49-56 8/9 150 1.008 1.036 0.618 1.047 115.9 -11.3 8 
TF13 Punta Torcida 54.44307 66.50858 Early Eocene 49-56 10/13 170 1.014 1.027 0.293 1.041 79 -14.9 7 
TF14 Punta Torcida 54.42979 66.53755 Early Eocene 49-56 11/13 187 1.008 1.023 0.662 1.030 81.8 -17.4 8 
TF15 Cerro Colorado 54.48060 66.45114 U. Middle-Late Eocene 34-40 13/13 214 1.011 1.036 0.621 1.052 278.4 -2.4 9 
TF16 Cerro Colorado 54.43369 66.54663 U. Middle-Late Eocene 34-40 12/13 177 1.012 1.021 0.342 1.033 83.8 -23.9 8 
TF17 Cerro Colorado 54.48033 66.44112 U. Middle-Late Eocene 34-40 11/11 264 1.015 1.040 0.451 1.058 84 -21.5 18 
TF18 Cerro Colorado 54.48695 66.40784 U. Middle-Late Eocene 34-40 7/9 278 1.009 1.055 0.715 1.070 82.8 -26.6 20 
TF19 Punta Torcida 54.39883 66.56378 Early Eocene 49-56 8/10 195 1.018 1.022 0.112 1.040 310.4 1.1 7 
TF20 Desdemona 54.31318 66.69111 L. Oligocene – E. Miocene 20-25 12/13 212 1.004 1.055 0.774 1.065 14.2 -8.4 15 
TF21 Cerro Colorado 54.35286 66.64365 U. Middle-Late Eocene 34-40 6/15 126 1.017 1.046 0.007 1.054 266.3 -0.2 8 
TF22 Capas Cabo San Pablo 54.27540 66.73711 Early Miocene 16-20 9/9 185 1.007 1.048 0.759 1.060 322 3.4 24 

                           

 
The geographic coordinates are referred to WGS84 datum. Age in Ma is from the geologic timescale of Gradstein et al. [2004]. n/N, number of samples 
giving reliable results/number of studied samples at a site. Km, mean susceptibility in 10-6 SI. L, F, T and P’ are magnetic lineation (kmax/kint), magnetic 
foliation (kint/kmin), shape factor and corrected anisotropy degree, respectively, according to Jelinek [1981]. D and I are in situ site mean declination and 
inclination, respectively, of the maximum susceptibility axis. e12 is semi-angle of the 95% confidence ellipse around the mean Kmax axis in the Kmax-Kint 
plane. 
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Table 2. Paleomagnetic results from Tierra del Fuego. 
 

  Geographic coordinates    Tilt corrected  In situ     

Site Formation Latitude °S Longitude °W Age Age 
(Ma) Bedding (°) D(°) I(°) D(°) I(°) k α95(°) n/N R (°) ΔR (°) F (°) ΔF (°) 

                   

TF02 Cerro Colorado 53.91318 68.36002 U. Middle - Late  Eocene 34-40 229-26 176.2 21.1 164.2 34.8 19.7 11.9 9/11 6.3 15.9 -54.2 9.9 
TF03 Sloggett 54.55055 67.00568 L. Eocene - E. Oligocene 28-37 106-50 331.9 -35.9 24.5 -54.0 7.7 19.9 9/14 -19.2 20.7 -37.9 15.7 
TF05 Cerro Colorado 54.49685 66.37592 U. Middle - Late  Eocene 34-40 157-34 333.6 -39.8 327.6 -73.6 10.7 14.0 12/17 -16.7 19.2 -36.0 11.4 
TF08* Punta Torcida 54.45557 66.49070 Early Eocene 49-56 339-70 328.6 -1.3 312.1 66.4 16.3 11.2 12/12 -23.6 10.9 -72.9 8.9 
TF09* Punta Torcida 54.46647 66.48586 Early Eocene 49-56 213-50 261.8 2.3 275.4 32.0 9.0 18.7 9/13 89.6 16.0 -71.9 14.7 
TF11 Punta Torcida 54.43650 66.52520 Early Eocene 49-56 89-25 346.6 -40.4 8.6 -41.0 58.8 10.4 4/13 -5.6 12.5 -33.8 8.3 
TF13 Punta Torcida 54.44307 66.50858 Early Eocene 49-56 235-16 168.5 23.8 160.9 29.2 18.8 12.2 9/13 -3.7 12.3 -50.4 9.7 
TF19 Punta Torcida 54.39883 66.56378 Early Eocene 49-56 223-27 236.1 32.4 244.3 58.5 23.1 9.7 11/11 63.9 11.1 -41.7 7.8 

                                      

 
*Discarded sites (see text). Bedding is expressed in dip azimuth-dip values. D and I are site mean declination and inclination calculated after and before 
tectonic correction. k and α95 are statistical parameters after Fisher [1953]. n/N is number of samples giving reliable results/number of studied samples at a 
site. Site mean Rotation (R) and Flattening (F) values, and relative errors (ΔR and ΔF) (according to Demarest [1983]) are relative to coeval D and I South 
American values expected at the sampling area considering South American paleopoles from Besse and Courtillot [2002].  
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PART III. Conclusions 
Chapter 5. Results, implications, and concluding remarks 

1. Main results and implications from the studied curved belts 

 The first part of my study has dealt with the bending of the Western Alpine Arc. 

The bending of the Alps in this region has been investigated so far using different 

approaches, though few based on reliable paleomagnetic data. Paleomagnetic data from 

this study reveal that the Western Alpine Arc is a primary bend formed along the irregular 

paleomargin of the European plate, that has been tightened by further ~50° during 

Aquitanian-Serravallian times. The formation of the further 50° of curvature occurred 

during the rollback of the Apenninic slab and related back-arc spreading of the Liguro-

Provençal Basin and drift of the Corsica-Sardinia block. Possible toroidal components in 

the mantle flow near the lateral edge of the Apenninic slab could have triggered a common 

dynamics driving both the Alpine and the Apennine slab motions, and resulting in a 

synchronous opening of the Liguro-Provençal basin and rollback of Alpine slab, with 

following bending of the belt. 

This study revealed that the Western Alpine Arc is a complex bend formed during a 

multiphase deformation, and controlled by different geodynamic mechanisms, mainly 

linked to the subduction of the Apenninic-Alpine slab. 

 The second study has been carried out in a specific sector of the southern limb of 

the Central Andean megasalient, using paleomagnetism and structural analysis integrated 

with previous geological and geophysical data. This study provided a contribution to the 

understanding of the timing of deformation in a specific area of the Andean chain. Relying 

on our and past evidence, the Bolivian Orocline, erroneously called “orocline” by Carey 

[1955], would represent a progressive bend [sensu Weil and Sussman, 2004] whose arcuate 

shape was controlled by the along-strike gradient of crustal shortening. Actually, rotations 

occurred synchronous with thrusting, and the acquisition of the curvature was coeval to the 

 173



PART III. Conclusions 
Chapter 5. Results, implications, and concluding remarks 

main deformation phase. Clockwise rotations up to ~45° documented from our study are 

compatible with a secondary-bending type mechanism occurred after Eocene-Oligocene 

times (30-40 Ma), and their nature is probably related to the widespread shearing taking 

place between zones of differential shortening. Beginning from ~15 Ma ago, the activity of 

N-S left-lateral strike-slip faults in the Eastern Cordillera at the border with the Altiplano-

Puna plateau induced up to ~40° counterclockwise rotations along the fault zone, locally 

annulling the regional clockwise rotation. We suggested that mid-Miocene strike-slip 

activity developed in response of a compressive stress (related to body forces) at the 

plateau margins, caused by the progressive lateral (southward) growth of the Altiplano-

Puna plateau, laterally spreading from the overthickened crustal region of the salient apex. 

The growth of plateaux by lateral spreading seems to be a mechanism common to other 

major plateaux in the Earth (i.e., Tibetan plateau). 

Nevertheless, how did rotations occur in the Central Andes still remain the main 

debated issue about the Bolivian Orocline bending. In fact, a progressive shear model like 

that proposed for the developing of the megasalient, would produce rigid block rotations 

along vertical axis of both thrust sheets and bounding fault planes. This would imply a 

~NW-SE direction of the original structural grain of the orogen in this sector before 

deformation. Conversely, rotations could also have occurred by diffuse shear internal to the 

rock, without implying a rotation of the fault planes. In this case, the strike of the present 

structural features (fault traces and fold axes) would have not changed during the arc 

formation. The depth of the detachment zone allowing rotation is another strongly debated 

issue. According to the model by McQuarrie [2002] and McQuarrie et al. [2005], rotations 

in the Eastern Cordillera may have occurred above a mid-crustal megathrust, over which 

the entire sector would have passively transported onto the foreland and rotated. 
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Therefore, despite the very numerous studies carried out in the Central Andes, the 

problem of the bending of the Bolivian Orocline remain not still fully resolved. 

The study of the Patagonian Orocline, in the southernmost Andes, though based on 

a small number of paleomagnetic data, represents the first reliable constraint to the timing 

of the bending in the southern tip of South America. The importance of this study is in the 

fact that the bending of the Patagonian Orocline is strictly linked to the opening of the 

Drake Passage between South America and Antarctica, which is thought to have caused 

first-order outcomes in the global paleoclimate. Our data indicate that the Patagonian 

Orocline did not undergo any significant rotation since early Eocene times (~50 Ma), 

implying that it may represent either a primary bend, or an orocline formed during late 

Cretaceous-early Eocene deformation phase. 

 Our data imply that the opening of the Drake Passage at ~32 Ma was definitely not 

related to the formation of the Patagonian orocline, but was likely the sole consequence of 

the Scotia plate spreading. 

 

2. Concluding remarks about curved mountain belts and their study 

 In this study, different types of orogenic bends from various geologic and 

geodynamic settings have been investigated. Some important implications can be inferred 

from the paleomagnetic and structural investigations from this study, in addition to the 

various examples of arcuate systems reported in Part I of this thesis. These are the 

followings: 

a. Bends are common features to numerous orogenic chains in the Earth. Their evolution, 

both at small and big scales, is strictly related to the general processes leading to the 

growth of mountain belts. Therefore, unravelling the evolution of specific orogenic 

 175



PART III. Conclusions 
Chapter 5. Results, implications, and concluding remarks 

bends can allow us to understand, with major detail, the general mechanisms governing 

mountain building.  

b. Besides the geometric similarities shown by several arcuate systems, they can deeply 

differ by each other depending on both tectonics and kinematics, thus on mechanisms 

governing their formation. 

c. An integrated paleomagnetic and structural analysis is required to unravel the timing 

and kinematic evolution of a curved orogen. In fact, only a comprehensive 

multidisciplinary study can allow us to discern between primary, progressive and 

secondary arcs, and document their tectonic evolution. 

d. A rigid classification of curved belts in primary, progressive, or secondary arcs could 

be, in some cases, too simplistic. In fact, many orogenic bends are the result of a long 

and complex geologic history, controlled by different geodynamic mechanisms that can 

change with time, or act simultaneously. 
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