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Abstract

This thesis is focused on the analysis of the paleomagnetic rotation pattern inside the deforming
zone of strike-slip faults, and the kinematics and geodynamics that can describe it. These topics
have been addressed in different tectonically active zones along the Chilean margin (38°-42°S) and
the Austral Andes (around 54°S) of South America through detailed paleomagnetic investigations.

At 38°-42°S the margin-parallel component of the strain partitioning lead by the oblique
subduction of the Nazca oceanic plate below South America since at least 50 Ma, has been
accommodated along the Liquifie-Ofqui fault zone (LOFZ), a major active dextral strike-slip system
that straddles the volcanic arc of south-central Chile. This fault system is composed by two NNE-
trending right stepping straight lineaments that decoupled a fore-arc sliver (Chiloé Block) from the
rest of the overriding plate, and by NW-trending curved sinistral faults that seem to splay off west
of the straight lineaments. NW faults control along-strike fore-arc segmentation, separating blocks
with different Pre-Andean orogeny stories.

The paleomagnetic investigation carried out along the LOFZ and inside the fore-arc sliver (98
paleomagnetic sites gathered from Oligocene to Pleistocene volcanics and Miocene granites)
revealed an asymmetric rotation pattern, consistently with previous studies. East of the LOFZ and
adjacent to it, rotations are up to 150°-170° clockwise (CW), and fade out ~10 km east of fault. In
turn, west of the LOFZ, an unexpected counterclockwise (CCW) rotation pattern has been
documented. While sites at 42°S (Chiloé Island) and ~130 km away from the LOFZ yield
systematic CCW rotations (between 27° and 164°), paleomagnetic sites at 40°-41°S (Ranco-Osorno
domain) and adjacent to the LOFZ (fore-arc eastern margin) revealed CW rotations up to 136°
before evolving to CCW rotations at ~30 km from the fault. Around 39°S (Villarrica domain)
ubiquitous CCW rotations have been observed.

These data may suggest that the rotation sense distribution is function of plate coupling along
subduction interface. Zones of high coupling will induce high LOFZ strength, yielding to a ~30 km
wide deforming zone west of the LOFZ characterized by CW rotations. Conversely, low coupling
imply a weak LOFZ, a lack of CW rotations, and a fore-arc entirely dominated by CCW rotations
related to NW-SE sinistral fault kinematics. These inferences on plate locking are in good
agreement with those derived by GPS analysis, and indicate that seismotectonic segments coupling
has remained virtually unchanged during the last 5 Ma.

Considering geodynamic models the rotation pattern is consistent with a quasi-continuous crust

kinematics, characterized by small rigid blocks (1 tol0 km size range) drag by the underlying
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ductile crust flow, where CW (CCW) rotations are related to dextral (sinistral) faults. However, it
seems unlikely that the lower crust flux can control the block rotation in the upper crust,
considering that the cold and thick fore-arc crust inhibits the gradient velocity transmission of the
underlying material flux until the upper crust. Therefore, | suggest that the rotations are the
consequence of forces applied directly on the block edges themselves and along the main fault,
within the upper crust.

Farther south, the southernmost segment of the Andean chain (Austral Andes, 54°S) is the result
of alternating compressive, extensional and strike-slip tectonics occurring during Cretaceous-
Miocene times. Here | aimed at evaluating the influence of the Magallanes-Fagnano sinistral strike-
slip fault on the configuration of the arcuate Patagonian Orocline, but the paleomagnetism of the
collected samples failed. Consequently, | measured the anisotropy of magnetic susceptibility (AMS)
of 22 Upper Cretaceous to Upper Eocene sites gathered from the Magallanes fold-thrust belt
internal domains. The data document that the Southern Andes underwent continuous compression
from the Early Cretaceous until the Late Oligocene. Magnetic anisotropy data also show that the
tectonic inversion of pre-existing Jurassic extensional faults during the Late Cretaceous
compressive phase may have controlled the Cenozoic kinematic evolution of the Magallanes fold-
thrust belt, yielding slip partitioning that can effectively explain both the current geometry and the

kinematic evolution of the Southern Andes.



Guide of this thesis

This research is divided in six parts.

The Part | includes three chapters. The first one contains a state-of-the-art of the kinematic
models of block rotation, fundamental setting to this research. The subsequent chapters describe the
aim of this research and a brief overview of the paleomagnetic application in the solution of tectonic
problems, in special making reference to obtain vertical-axis rotation and strain proxy.

The subsequent parts of the text are dedicated to present the results of the research of vertical-
axis rotation pattern related to strike-slip faults. Thus, in the Part Il are reported the outcomes from
the research along the Liquifie-Ofqui fault zone (LOFZ) in the southern-central Chile, published on
Tectonics as Hernandez-Moreno et al. [2014]. Part 111 includes the results of the paleomagnetic
analysis of the rotation pattern along the Chiloé fore-arc sliver, also in the central-southern Chile,
and is presented for first time the application of the paleomagnetism as a tool to inferred coupling
degree variations along the subduction interface.

Part IV contains the results of the paleomagnetic research carried out at the internal structural
domain of the Magallanes fold and thrust belt, in the austral part of the Andean Cordillera (Tierra de
Fuego-Argentina). There using anisotropy of magnetic susceptibility (AMS) measurements was
possible inferred how has been the evolution of the Southern Andes from the Early Cretaceous until
the Late Oligocene. However a rotational pattern could not obtained due to the erratic magnetic
behavior of the sampled rocks.

Part V includes a short part of the research developed during my stage at the Universidad de los
Andes at Bogota, during the second PhD year. In this stage | developed a 2D basic numerical model
with the aim to reproduce the starting configuration of the Liquifie-Ofqui deforming zone, using the
paleomagnetic results and all the available geologic information.

Finally, in part VI there are the concluding remarks of this research.



PART I. Kinematic models of block rotation

related to strike-slip faulting



PART |. KINEMATIC MODELS OF BLOCK ROTATION
RELATED TO STRIKE-SLIP FAULTING

1. Introduction

A fundamental component of the intraplate deformation of Earth occurs in strike-slip tectonic
domains, yielding both strike-slip fault displacement and vertical-axis rotation of crustal blocks
[Freund, 1974; Garfunkel, 1974; MacDonald, 1980; Lamb and Bibby, 1989; Jackson and Molnar,
1990].

During the last decades, several different geometric models have been suggested to explain the
pattern of deformation and paleomagnetic rotation into strike-slip fault zones. These models
consider geologic parameters as crust rheology, length, sense and total slip of the main shear zone,
structural arrangement, deforming zone width, and deformation scale. When some of these
parameters are known with good approximation, the rotation amount can be quantified using simple
mathematic relations. Paleomagnetic measurements along first-order strike-slip faults have been
used to validate the models: Dead Sea transform fault [Israel, Ron et al., 1984], North Anatolian
fault zone [Turkey, Piper et al., 1997], Las Vegas Valley shear zone [Western US, Sonder et al.,
1994], Alpine Fault [New Zealand, Randall et al., 2011], Eneko and Tanna fault zones [Japan,
Kimura et al., 2004, 2011], fault systems of the Aegean Sea [central Greece, McKenzie and
Jackson, 1986], Alpine Himalayan Belt [Iran, Jackson and McKenzie, 1984], and San Andreas Fault
System [Central California, McKenzie and Jackson, 1983; Terres and Luyendyk, 1985; Titus et al.,
2011].

Depending on block size and shape, and rotation pattern, models can be subdivided in three main
groups, called discontinuous, continuous, or quasi-continuous models.

The discontinuous or discrete models consider the bookshelf tectonics [Ransome et al., 1910;
Morton and Black, 1975; Cowan et al., 1986; Mandl, 1987]. Here sets of strike-slip faults
(secondary faults) inside a shear zone bound rigid or undeformed blocks with similar dimensions to
the width of the shear zone [Ron et al., 1984; Garfunkel and Ron, 1985; McKenzie and Jackson,
1986; Nur et al., 1986] (Figure 1). These blocks rotate around vertical axis as a consequence of
space accommodation problem within the deforming zone bounded by the two main strike-slip
faults. Therefore, secondary faults rotate along with adjacent blocks [McKenzie and Jackson, 1986;
Nur et al., 1986].
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Figure 1. 3D model showing simultaneous strike-slip displacement and rotation of fault-bounded
blocks. A) Initial configuration, B) After deformation. Modified from Ron et al. [1984].

Within the same domain, rotation is spatially constant in amount and sense, cannot exceed 90°,
and decreases to zero when the secondary faults become parallel to the domain boundary. In the
case of sets of conjugate faults, expected rotations should be of both senses: CW (CCW) at blocks
bounded by sets of left-lateral (right-lateral) strike-slip faults (Figure 1) [Freund, 1974; Garfunkel,
1974; Ron et al., 1984; Garfunkel and Ron, 1985; McKenzie and Jackson, 1986; Beck et al., 1993].
The block length changes to accommodate rotations, and the geometry at the strike-slip bounding
faults tips may be complex. It can be represented by splaying faults [Freund, 1974] or bending
[Hoeppener et al., 1969], and the strike-slip motion is transformed to dip slip or to diffuse
deformation [Ron et al., 1984].

Among the discrete models there is the slate model [Ron et al., 1984; Garfunkel and Ron, 1985;
Mckenzie and Jackson, 1986; Nur et al., 1986] (Figure 2). This model predicts the amount of

vertical axis rotation and the overall strain of the faulted domain parallel to the boundary, as:

d sin§ — cot (o —5) fe (1); A= I sin(x —6) 2
W sin «sin (€ —8) O €0 7, sinx 2)
Where d: displacement along the fault (positive when right-lateral)

w: faulted block width

a: initial angle between faults and domain boundary
J': rotation angle (positive when CCW)

A: faulted domain length parallel to the its boundary
lo: faulted block initial width

I: faulted block width after rotation



Figure 2. Slate or floating block model. Quantitative relation between the strike-slip displacement
and the rotation of the fault-bounded blocks. Modified from Ron et al. [1984].

McKenzie and Jackson [1986] proposed the floating block model, compatible with the previous
slate model [Ron et al., 1984], and the pinned block model where the length of each rotating block
will remain constant because they are pinned to moving apart plates on either side of the deforming

zone (Figure 3).

Plate 1 V
——>> Wa

Deferming

Zone

Plate 2 SITEw A pwot

Figure 3. Pinned block model constructed from wooden slats screwed to two parallel, larger slats.
The large white arrow indicates Plate 1 motion relative to Plate 2, with components -2Ta normal to
the zone and Wa parallel to the zone. The large black arrow indicates the slip vector between
adjacent blocks, which involves both normal and left-lateral strike-slip motion. The blocks rotate in
a clockwise direction. a deforming zone width, 2T rate of crustal thickening (negative if crustal

extension occurs). Modified from McKenzie and Jackson [1986].

In the pinned block model the plates motion will be distributed inside the deforming zone by
block rotations and extension between them, by the instantaneous components of velocity -2Ta
normal to the zone and Wa along the strike of the zone. Given the relative movement across the



whole zone (W and T), there is only one possible orientation of the faults () to satisfy the

deformation distribution:

tan @ = — W/ZT (3)

If W =0 then 6 = 0, so there is no strike-slip motion neither rotation. The 8 value will change
over time. The simple broken slat model of Taymaz et al. [1991] (Figure 4) shares the statements of

the pinned model of McKenzie and Jackson [1986].

A)

Figure 4. Simple broken slat model. The slats are attached to the plates 1 and 2 though screws
(black circles). White circles are screws that join only the two arms of each broken slat. A) Starting
configuration, B) After deformation. Modified from Taymaz et al. [1991].

A different geometric configuration of the secondary faults which bound rigid blocks inside the
shear zone is the buttress effect model [Beck, 1991; Beck et al., 1993] (Figure 5). It explains the
rotation pattern along margin-parallel strike-slip faults as a consequence of unfavorable
displacement conditions of the fore-arc or crust sliver at the overriding plate in a convergence
margin, due to buttress or physical impediment which can prevent its displacement or reduce its
velocity.

The buttress can be geometric when the continental margin trend changes abruptly, or due to
changes in the physical properties of the overriding plate, subducting plate age, or angle of both
plate convergence and subduction. In this way the sliver velocity (Vs) would be a small fraction of

its predicted magnitude:

Vs =V x sin6 4)
Where Vs sliver displacement velocity
I: plates convergence velocity

6 : plates convergence angle



Buttress

Figure 5. Buttress effect model. a) Northward sliver motion by oblique subduction is prevented by
buttress. Resulting compression produces conjugate fractures (short-dash lines). Incipient master
strike-slip fault shown by long-dash line; b) Roughly half-lens shaped blocks form; c) Half-lens
shaped blocks move northward by rotating counterclockwise and overlapping one another. Sliver
widens thereby. Dot pattern indicates areas of potential sedimentary basins; wriggle pattern shows

areas of compression and potential uplift. Modified from Beck et al. [1993].

The buttress causes a space problem solved by crust thickening and/or widening. Widening
results in curved strike-slip fault segments that break the sliver into arcuate crustal blocks, which
driven by the shear coming from the oblique subduction, rotate CCW (CW) in dextral shear zone
(sinistral) and move forward overlapping one another causing areas of extension and compression
(Figure 5).

The second group models correspond to the continuous models. McKenzie and Jackson [1986]
postulated that if the scale of deformation has a large wavelength compared to the brittle layer crust
thickness, the surface deformation can be expected to look continuous. Conversely to the
discontinuous models, the shear is here distributed inside the deforming zone with no through-going
faults over a wide uniform domain (Figure 6). Rotations are expected to be CW (CCW) in right-
lateral (left-lateral) fault systems, to progressively increase towards the fault, and to be up to 90° in
magnitude [Kimura et al., 2004, 2011].

Based on the assumption that the entire lithosphere behaves as a thin viscous sheet [Bird and
Piper, 1980; England and McKenzie, 1982; Sonder and England, 1986], these models suggest that
the rotation occurs in the brittle upper crust that forms a thin rigid plastic veneer upon the rest of the
lithosphere. Deforming upper crust presumably follows passively the motion of the deeper parts of



the lithosphere, expected to behave like a viscous medium [England et al., 1985; Sonder et al.,
1986; England and Wells, 1991].

A
A 4
N
Y
A
A 4

al

N/ RN

B

Figure 6. Continuous deformation model. The amount of rotation at a point close to the fault trace
is larger than at a point far from the fault. a width of the shear zone; d displacement parallel to the
fault caused by strike-slip deformations, s strike-slip offset on the fault trace. Modified from Nelson
and Jones [1987].

The continuous models consider necessary add the drag deformation within the shear zone (d,
continuous rotational drag) to the offset on the fault trace (s, rigid deformation) to quantify the total
displacement of strike-slip faults (Figure 6). Ignore the drag deformation yields to underestimation
of both individual faulting events magnitude and fault slip rates [Salyards et al., 1992; Nagy and
Sieh, 1993; Kimura et al., 2004, 2011].

The continuous drag deformation d along a strike-slip fault and the amount of rotation at any
point following the Kimura et al. [2004; 2011] equations are defined respectively by:

(1
d=2 xfo /Z)atan(D — Do) dx (5) ; D=ix+j (6)

Where: a: shear zone width
D: paleomagnetic declination (°)
Do: regional rotation or reference declination at the site a/2 from the fault
(D-Dy): relative rotation

i: declination increase rate with distance

10



J: declination when x =0

x: distance from the fault (m)

The continuous drag deformation d can also be calculated based on the power law rheology
model [England et al., 1985]. Thus, Kimura et al. [2011] propose an equation that expresses the
relation between distance from a fault trace y (km) and the relative rotation 8 around vertical-axis
(rad):

4DsmVn 4mvn
0 = arctan( SL” - exp (— nTny)> (7)

Where: Ds: displacement in one side of the fault (km)

L/2: fault length (km)

n: power-law exponent or stress exponent. It provides an indication of the relative
contributions of brittle and ductile behavior to the average lithospheric strength
[McKenzie and Jackson, 1983; Sonder and England, 1986; Nelson and Jones, 1987].
A n value between 3 to 5 indicates ductile behavior of the lower crust [Sonder et al.,
1986], while greater values correspond to brittle faulting near the surface [Sonder and
England, 1986].

The third group, the quasi-continuous models, are also based on a viscous model for lithospheric
deformation [England and McKenzie, 1982; England et al., 1985; Sonder et al., 1986; Sonder and
England, 1986; England and Wells, 1991]. Here the thin viscous sheet represents the ductile middle
and lower crusts under the uppermost brittle seismogenic crust, which unlike to the continuous
models, are broken into small rigid blocks with sizes smaller than the shear zone width (Figure 7).
Block rotations occur in response to the angular velocity of the ductile deformation taking place at
great depth in the lower crust [Beck, 1976; McKenzie and Jackson, 1983; Lamb, 1987; Nelson and
Jones, 1987; Salyards et al., 1992; Sonder et al., 1994; Piper et al., 1997; Randall et al., 2011].

The rotation magnitude will depend on fault length, displacement amount, lithosphere rheology,
block aspect ratio (short/long axis) and their orientation with respect to the system-bounding fault
[Lamb, 1987; Piper et al., 1997; Randall et al., 2011]. The rotation is CW (CCW) in regions of
dextral (sinistral) shear, and increases gradually getting closer to the fault, reaching values greater
than 90° [Nelson and Jones, 1987; Sonder et al., 1994; Piper et al., 1997].

11
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Figure 7. Small-block (quasi-continuous model). Modified from Lamb [1987].

One of the most simple quasi-continuous models is the ball bearing fashion [Beck, 1976; Piper
et al., 1997], where crustal blocks can rotate freely like balls in a bearing into narrow zones
bounded by strike-slip faults parallel to the main shear zone (Figure 8). As the rotation is a continue
process, brittle destruction at the corners of the blocks tends to produce subrounded
equidimensional blocks.

The relationship between fault displacement D and rotation ¢ (expressed as a proportion of 360°)

of a fault block of width a approximated by a freely moving circular block is:

D = ¢mna (8)

But rotating blocks are not usually equidimensional, as might be required to accommodate very

large rotations prevented by the friction between them [Nur et al., 1986].

[t (1) =

O

p—
Figure 8. Ball bearing fashion model. Modified from Beck [1976] and Piper et al. [1997].

As from structural observations may not be possible to know the block size or size distribution
since its edges may or may not correlate with mapped faults, Sonder et al. [1994] present two block
geometry models to estimate the maximum characteristic block size associated with a strike-slip

fault (Figure 9).
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The first model to equal blocks rotating independently, considers a rigid circular block of radius
R sampled at a distance r from its center (Figure 9a). The probability p that a locality a distance L

away from r has indistinguishable from that at r is given by:

(
| 1 L<R-r
— 2 _12
p(R,L,Q,7) 4 Q+(1 Q. [u] R-r<L<R+r ©)
L 2rL
Q R+r<lL

The probability Q depends on the measurement uncertainties of the two localities and is defined
by Q = 2(average declination difference (AD) between the analyzed sites)/360, in any case would be

<<1.

a) b)

Figure 9. Models proposed by Sonder et al. [1994] to estimate block size. Arrows indicate
paleomagnetic declinations at hypothetical localities. a) Circular block model, R is the radius of
shaded rigid circular block, r the position of a locality relative to the center of the block, and L the
interlocality distance, p (the average probability that a site a distance L from the locality at r is
indistinguishable from that at r) is related to the fraction of the circle of radius L inside the rigid
block (shaded circle). b) Domain block model. In this case R is the width of the domain, |y| the
distance from the domain axis of a locality, and L the distance of other localities from the first.
Modified from Sonder et al. [1994].

The equation (9) assumes that all paleomagnetic localities in different blocks from a reference
site have a probability Q (0 <Q <1) of being indistinguishable, but localities within the same block
are identical (Q = 1). As usually r value is unknown, the average probability p may be calculated in

function of the block area, where:
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_ R 2nr
p(R,L,Q):f p(RL,Q,r) — dr (10)
0

TR?

If declination differences between pairs of paleomagnetic localities are plot as function of the
distances between localities and then it is compares with theoretical values (Figure 8 therein Sonder
et al. [1994]), a measure of block size R may be estimated.

The second case concerns to highly elongated blocks rotating together as domains [McKenzie
and Jackson, 1983, 1986; Ron et al., 1984; Taymaz et al., 1991] (Figure 9b). If R is the width
domain perpendicular to the direction of elongation, domain length is >>R, and rotations of
different domains are random. For a locality positioned at a perpendicular distance |y| from the axis
of symmetry of a domain, the probability p that a second locality a distance L away is

indistinguishable, is given by:

( 1 . y|+L<R/2
@+1(1—Q)sin—1l%y'l R/2<|y|+L<R

2 T

P(R.L,Q.ly) = i (D

le + %(1 - Q) [Sin‘1 I%l + sin ! Igzyll

RL|y|+ L

For L/R < 1 (locality spacing less than block size), p is the same as that given by a circular
model. Only when L/R >1 in a domain model, regardless of the value L, there are always localities
along domain strike with indistinguishable rotations. In return in a circular block model when L is
large, the localities pairs always lie in two different blocks and thus have a finite chance of being
indistinguishable. As in this domain model the interlocality distance L is measured perpendicular to
the domain strike, rather than along the line connecting localities, the average probability p can be

determined analytically as:

(12)

Sonder et al. [1994], using a thin viscous sheet model [e.g. England and McKenzie, 1982; 1983],

also give an equation to calculate the rotation rate assuming infinitesimal circular blocks lying on
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top of the thin sheet, when the along-strike component of fluid velocity (u) is much greater than the
across-strike component (v) (Figure 10):

1
10u  2upnzm

20y A

sin(2mx /1) exp(—4n%ny//1) (13)

Positive (negative) values represent CCW (CW) rotations. If velocities are constant in time, then
the rotation of any material point is approximately:

_ 2d(x)nl/2

0= 7 ”exp(—4n%ny//1) (14)

Where d(x) is the displacement of the boundary point (x,0) with respect to the point at (x,a) and A
shear zone length. The n value can range from 3, corresponding to creep of lower crustal or mantle

materials (olivine), to infinity to plastic deformation of the upper crust [Sonder and England, 1986].

VA

X,u

ol — 5
Xx=M2

I x=0
u(x,0}=ug sin (2 = x/3)
v(x,0)=0
Figure 10. Sketch of boundary conditions used to calculate distribution of rotations using the thin

viscous sheet model. Modified from Sonder et al. [2004].

Conversely, Lamb [1987] and Randall et al. [2011] in their shear rotation model showed
ellipsoidal blocks whose rotation rate and amount are in function of both their aspect ratio (k = short
axis b/long axis a) and orientation with respect to the system bounding fault through time (Figure
11). Thus, this model predicts a marked decrease in rotation rate for elongate blocks (k <1, constant)
when they rotate into a direction more nearly parallel with the shear zone margins [Randall et al.,
2011]. Conversely, if the aspect ratio k increases by breakup during rotation (k ~ 1), the resulting

equidimensional block will continue to rotate at a constant rate [Lamb, 1987].

15



For a width shear zone W, and fault displacement D, the total amount of rotation at any particular
time, given the initial orientation ¢; of the long block axis a, is determined by the ratio D/W and the
aspect ratio k [Lamb, 1987].

D Alpine Fault / Equidimensional block

Shear N _ (?V Higher Sheal
Zone /\ Elongate blocks ‘
(W) A |

ower shear strair

Margin

Figure 11. Shear rotation model. The fixed axis (x,y) have origin in the center of the ellipsoidal
block, and the deforming zone margins are parallel to the x axis. ¢ is the angle of the relative
velocity vector between a (long axis of the ellipse) and the x axis, & is the angle of the relative
velocity vector between the two margins with the x axis. Negative & values implies dextral shear
and compression. Modified from Lamb [1987] and Randall et al. [2011].

For a width shear zone W, and fault displacement D, the total amount of rotation at any particular
time, given the initial orientation ¢; of the long block axis a, is determined by the ratio D/W and the
aspect ratio k [Lamb, 1987].

The block rotation for k > 5 can be approximated within 10% accuracy to that of a passive
marker line, equation 15, while for k ~ 1 is defined by the equation 16 [Lamb, 1987]:

0 = 90° — ¢; + atan(D/W — tan(90° — ¢,)) (15) ; 6 =0.5D/W (16)

If k does not equal to 1, also there is a simplified expression for R, the instantaneous rotation rate
(d¢/dt), by Lamb [1987]:

_W[(1-k? _
R = ?Kl n kz) (cos2¢ + tanf sin 2¢p) — 1 (17)

Positive values of R indicate CCW rotations.
When k = 1, R is constant and equals -W/2 (CW to dextral shear). For k < 1, the rotation rate
varies with orientation. For sufficiently small values of k, R changes sign for certain orientations

and hence the block will rotate in the opposite direction. The overall effect of all this deformation is
16



a “straightening-out” of the major faults, where shear could be taken up by slip on the faults without
any rotation of the intervening faults blocks or slow rotation.

The end-member of the quasi-continuous models would be in the case of elongated blocks
trending approximately parallel to the relative plate motion across the strike-slip zone. Pure strike-
slip is applied to blocks displacing parallel to the deformation zone, implying a lack of rotations
[Geissman et al., 1984; Platzman and Platt, 1994; Bourne et al., 1998] (Figure 12). If the frictional
forces on faults walls are negligible in comparison with basal traction, the block will be in
equilibrium when the net drag force on their base is zero [Bourne et al., 1998]. This coincides with

one of the stationary states of Lamb [1987].

Figure 12. Transcurrent deformation by displacement on parallel faults, with no rotation. Modified
from Sonder et al. [1994].

A different quasi-continuous model is the S-C kinematics model [Rosenau et al., 2006],
considering a conjugate set of faults into a shear zone, in turn enclosing sigmoidal shaped domains
(Figure 13). In a hypothetical 2-D strain ellipse of maximum tangential shear strain v, right-lateral
(synthetic C) and left-lateral (antithetic S) strike-slip faults represent the a/a’ and b/b’ lines,
respectively (a and b undeformed state, a’ and b’ deformed state). These lines include the angle ¢
with the long (extensional) axis of the strain ellipse (e1), which is 45° in the undeformed state and
decrease during progressive deformation [Wettstein, 1886]. Thereby, into a dextral shear zone the
expected rotation would be CCW for a’ (dextral synthetic faults C) and CW for b’ (sinistral
antithetic faults S). According to Rosenau et al. [2006], both the set of conjugate faults and the
blocks limited by them rotate.

The distribution of vertical axis rotations induced by shear along the conjugate faults can be
inferred considering the two components of rotation in a Cartesian reference frame: line rotation

A@, and rotation induced by tangential shear strain y along the fault. Even in absence of
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quantitative fault offset constraints, this model predicts according to Wettstein [1886] the decrease

of the angle ¢ between the lines a/a’ and b/b’ during the progressive deformation:
¢ = arctan (1/R) (18)

Where R is the ellipticity of the finite strain ellipse. The angle ¢ bisector indicates the long
(extensional) axis of the strain ellipse (e1) (45° to undeformed state).

Cartesian
reference
frame

ab Lines of maximum angular shear strain
before deformation

a', b Lines of maximum angular shear strain
after deformation

€4, 8 Axes of finite extension/shortening
£1.8p Axes of instantanecus extension/shortening
¥ Shear strain

W Tangential shear (°)
20 Angle between a/a’' and b/b' (*)
AG Finite rotation of lines a' and b* (*)

Figure 13. S-C kinematics model. Modified form Rosenau et al. [2006].

The shear strain y and the tangential shear strain y necessary to produce the finite strain ellipse
by simple shear are given by Ramsey and Huber [1983]:

y = tany = (R? — 1)tang / (1 + R*tan?p) (19)
While the orientation of the shear plane with respect to the strain ellipse is given by:
tan20 = 2/y (20)

Where 4 is the angle between the long (extensional) axis of the finite strain ellipse (e;) and the
shear plane [Ramsay and Graham, 1970].
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2. Aim of this research

Rotation pattern inside the deforming zone of strike-slip faults up today remains highly
controversial. It seems that rotation pattern variability is high, depending upon fault slip rate and
total amount, as well as upon crust characteristics and rheology (in turn linked to geothermal
regime), and locking (i.e., shear strength) of the main fault walls [McKenzie and Jackson, 1986;
Sonder et al., 1994, Piper et al., 1997; Kimura et al., 2011].

Through the paleomagnetism we are able to accurately document the distribution, sense, and
amount of rotation of each single block in the fault damage zone, but the density of the reported
paleomagnetic data on a specific fault are typically low that it would required. Usually, only a small
percentage of the deformed rocks inside a fault zone are suitable to paleomagnetic studies, but not
always these rocks give us complete information because some can lost their original paleomagnetic
signal due to later overprint, a frequent drawback of paleomagnetic studies. Rotations predicted
from structural data analysis, usually can lose it values because they are carry on rocks which may
be rotated, without a previous quantification.

Therefore, with this research | wish to give a contribution to (1) understanding of the vertical-
axis rotation pattern associated to strike-slip fault systems, (2) which is the mechanism driving it,
and (3) how the crust behaves during the rotation process.

To reach these objectives | investigated the distribution of vertical-axis rotations inside the
deforming zone of the dextral Liquifie-Ofqui fault zone (LOFZ) and the adjacent fore-arc sliver
(central-southern Chile), that are interpreted as being due the oblique convergence between the
Nazca and the South American plates.

| also carried out a part of this research at the northern Magallanes fold and thrust belt border, in
the austral part of the Andean Cordillera (Argentina). There, the cordillera abruptly changes its N-S
trend to E-W. This trend change has been related with an oroclinal bending process arising from a
CCW rotation related to the Drake Passage opening and to the development of the sinistral

Magallanes-Fagnano at the South America-Scotia plate boundary.

3. Methodology

3.1. Paleomagnetism and tectonics
This subject has been vastly addressed in the last forty years by both research papers and books

[Irving 1964; McElhinny, 1973; Beck 1976, 1980, 1984; McElhinny 1976; Jelinek 1977, 1978;
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Hillhouse 1977; Simpson and Cox 1977; Beck and Burr, 1979; Kamerling and Luyendyk 1979;
Coney et al., 1980; Magill and Cox, 1980; Bates et al., 1981; Magill et al., 1981; Globerman et al.,
1982; Magill et al., 1982; Demarest 1983; Merril and McElhinny 1983; Tarling 1983; Hillhouse
and Gromme 1984; Coe et al., 1985; Luyendyk et al., 1985; Wells and Coe 1985; Beck et al., 1986;
Gromme et al., 1986; May and Butler 1986; Hagstrum et al., 1987; Wells and Heller 1988; Butler et
al., 1989; Butler, 1992; Dunlop and Ozdemir 1997; Tauxe 1998, 2009; McElhinny and McFadden
2000]. As the method is classical and well-known I will not report on it. Below | just briefly
introduce some basic concepts that are essentials to understand what the rotation (R) and flattening
(F) parameters investigated in this thesis at various tectonic deformation zones mean.

The geomagnetic field, if assumed as a dipolar geocentric field, can be represented as a vector
framed into a three-dimensional, orthogonal coordinate system usually with origin in a specific
point on the earth surface. This vector has an H magnitude and can be broken into two components,
Hv vertical and Hh horizontal (Figure 14). Inclination | (angle between the horizontal plane and the
geomagnetic field vector, ranging from -90° to 90° and positive when downward) and declination D
(angle from geographic north to horizontal component, ranging from 0° to 360°, positive clockwise)

completely describe the direction of the geomagnetic field.

Geographic Geomagnetic field components
North Magnetic
North H, =H sinl ; H, = H cosI
D — Hp=H cosl
I Geographic north and east components
» East
o Hy =HcosIcosD; Hp = HcoslIsinD
I
1]
mny
5 Total intensity of the geomagnetic field

H= \/HNZ + Hg? + Hy?

Y
Figure 14. Geomagnetic field H components: Hv vertical component, Hh horizontal component, |

inclination, D declination. Modified from McElhinny [1973].

The “ferromagnetic” (sensu lato) minerals contained in the rocks, record the geomagnetic field
that has acted on the material and can “frozen” parallel to it under specific conditions. This is

known as natural remanent magnetization (NRM). When the magnetization has been acquired at the
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rock formation times it is called primary magnetization, while posterior magnetizations are known
as secondary [Butler, 1992; Sagnoti and Meloni, 1993]. The paleomagnetism is the unique tool that
permits us measure the intensity H, inclination | and declination D, and therefore deduce all the
components of a remanent magnetization.

The paleomagnetism has played a central role in the solution of tectonic problems from plate
scale to local events, because tectonic motions can be detected with respect to a paleomagnetic pole.
Figure 15 illustrates how paleomagnetism can be used to detect vertical-axis rotation and latitudinal
motion of crustal blocks. The apparent polar wander (APW) path of the continent indicates how that
continent has moved with respect to the rotation axis. The set of paleomagnetic poles that make up
the APW path also serve as reference poles for determining motions of crustal blocks. Each
reference pole was determined by paleomagnetic analysis of rocks of a particular age from the
continental interior. The reference pole can be used to calculate the expected paleomagnetic
direction for rocks of that age at any point on the continent. If the measured paleomagnetic
declination and inclination are different with respect to those expected, in function of the

geographic position and the age of the analyzed rocks, tectonic rotations can be inferred.

PP

Figure 15. Discordant paleomagnetic directions resulting from tectonic movements. PP
paleomagnetic pole. a) Meridional cross section of the Earth showing the directions of a dipolar
magnetic field with magnetic pole at PP; arrows at the Earth’s surface show expected inclinations.
A block magnetized at low paleolatitude acquires a magnetization in the direction of the red arrow;
transport of the block toward the paleomagnetic pole by the angle p results in its magnetization
being shallower than the expected direction by the angle F (flattening). b) Rotation of the
paleomagnetic declination by tectonic rotation about a vertical axis internal to the crustal block. The
original orientation of the block is shown by the partially hidden outline; the present orientation is
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shown by the outline filled with the heavier stippling. The paleomagnetism of rocks of this crustal
block would originally have pointed along the expected declination toward the paleomagnetic pole
PP. But the vertical-axis rotation produces a clockwise rotation R, of the observed declination from
the expected declination. Modified from Butler [1992].

There are two basic methods of analyzing vertical-axis rotations and latitudinal motions from
paleomagnetic directions, the direction-space and pole-space approaches. These methods have been
developed by Beck [1976, 1980], Demarest [1983], and Beck et al. [1986]. In this research | use the
direction-space approach, where the observed paleomagnetic direction for a particular site (I, Do)
is simply compared with the expected direction (lx, Dx) obtained on rocks of the same age from the
stable part of the continent (Figure 16). The inclination flattening or latitudinal motion F and the

rotation R of declination is given by, respectively:

F=1,-1, : R= D, -D,

R is defined as positive when D, is clockwise with respect to Dy. The expected and observed
directions both have associated confidence cones (awgs), S0 F and R have 95% confidence limits 4F
and 4R, respectively. Results of direction-space analyses are usually reported by listings of R £ AR
and F £ AF. To a complete explanation of the confidence limit mathematical development refer to
Demarest [1983] and Butler [1992].

Figure 16. Equal-areal projection of an observed discordant paleomagnetic direction, inclination 1,
and declination D,, compared to an expected direction, inclination I, and declination Dy. The
observed direction is shallower than the expected direction by the flattening angle F. Observed
declination is clockwise from the expected declination by the rotation angle R. Modified from
Butler [1992].
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This analytical approximation can be use when the 95% confidence cone of the paleomagnetic
direction is less than 10° and the mean inclination is not too close to vertical [Clark and Morrison,
1981; Demarest, 1983]. To | >80° the paleomagnetic declination is poorly defined.

Important structural information may also come from the magnetic anisotropy studies, a field
also widely investigated in the last forty years [Jandk 1967; Hrouda and Janak 1976; Jelinek 1977,
1978; Lowrie and Kligfield 1981; Borradaile 1981, 1987, 1988; Hrouda, 1982; Borradaile and
Tarling 1984; MacDonald and Ellwood, 1987, Hrouda and Jelinek, 1990; Parés et al., 1999].
Rocks in which intensity of magnetization, induced or remanent, depends on direction of the
applied magnetic field have magnetic anisotropy. One type of magnetic susceptibility is the AMS or
anisotropy of magnetic susceptibility, in which susceptibility is a function of direction of the
applied field. The AMS can be use as a powerful tool for fabric analysis in different rock types [e.g.
Goldstein 1980; Pearce and Fueten 1989; Jackson and Tauxe, 1991; Rochette et al., 1992; Sagnoti
and Speranza 1993; Tarling and Hrouda, 1993; Borradaile and Henry, 1997; Bouchez 1997; Mattei
et al., 1997, Cifelli et al., 2005].

The AMS is commonly geometrically expressed in terms of a three-axis ellipsoid: K;>K;>K3,
maximum, intermediate, and minimum susceptibility. The AMS ellipsoid, principal axes usually
correspond to the strain ellipsoid axes, indicating that the magnetic fabric is a strain proxy, and
suggesting that magnetic fabric measurements are significant with respect to the strain history of
rocks [e.g. Goldstein & Brown, 1988]. Main AMS parameters as anisotropy degree and its shape, Pj
and T respectively [Jelinek, 1981; Hrouda, 1982], are commonly used.

In weakly deformed (non-metamorphic) sedimentary rocks, AMS reflects the pristine fabric
produced during incipient deformation at the time of, or shortly after, deposition and diagenesis of
the sediment [Sintubin, 1994; Mattei et al., 1995; Sagnotti et al., 1998, 1999; Parés et al., 1999;
Coutand et al., 2001; Cifelli et al., 2004, 2005; Soto et al, 2009]. AMS analysis of weakly deformed
sediments have frequently been used in orogenic settings to document the syn-sedimentary tectonic
regime [Mattei et al., 1999; Sagnotti and Speranza, 1993; Sagnotti et al., 1998; Parés et al., 1999;
Maffione et al., 2008, 2012; Macri et al., 2014]. During deposition, sedimentary rocks acquire a so-
called ‘sedimentary fabric’ characterized by the kmnax and kin; axes dispersed within a plane
(magnetic foliation (F)) that is sub-parallel to the stratification plane. This sedimentary fabric can be
partially overprinted by a ‘tectonic fabric’ during incipient deformation (e.g., Parés et al. [1999]).

The result of this process is the development of a magnetic lineation (L) whereby kmnax aligns
parallel to the maximum axis of stretching (g1), hence perpendicular to the maximum axis of
compression (o). This mechanism allows a direct correlation between the AMS and strain
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ellipsoids (e.g., Parés et al. [1999]). In extensional settings, the magnetic lineation coincides with
the local dip of the bedding, and is therefore perpendicular to the local normal fault planes [Sagnotti
et al., 1994; Mattei et al., 1997, 1999; Cifelli et al., 2004, 2005; Maffione et al., 2012]. In
compressional settings, the magnetic lineation is usually subhorizontal and parallel to both the local
strike of the strata and the folds axes [Sagnotti and Speranza 1993; Mattei et al., 1997; Sagnotti et
al., 1998; Maffione et al., 2008]. The relationship between the direction of the magnetic lineation
and that of the local structure of the rock is therefore diagnostic to distinguish between a
compressional and extensional tectonic magnetic lineation (e.g., Mattei et al., [1997]).

Increasing deformation progressively modifies the shape of the AMS ellipsoid from a pure
sedimentary fabric (oblate ellipsoid: Kmax = Kint >> Kmin), t0 @ sedimentary fabric with a marked
tectonic imprint (triaxial ellipsoid: Kmax > Kint > Kmin), t0 a tectonic fabric (prolate ellipsoid: Kmayx >>
Kint = Kmin), and eventually returning during the highest strain to an oblate ellipsoid with the

magnetic foliation parallel to the cleavage/schistosity (e.g., Parés, 2004) (Figure 17).

increasing deformation

:

Undeformed Earliest deformation Pencil stucturc Stron cleavage Stron cleavage
with stretching lineatior
(@) (b) (c) d (e) (f)
) K, K, ky K, K, k k
1
& Kot ks ks kst k, ks ks
kZ
kT
k1 k2 l | 1

Sedimentary Composite Tectonic

Figure 17. Magnetic fabric evolution during progressive deformation. The ellipsoid is oblate
(flattened) when Ky»K; but K,>K3, and prolate (cigar-shaped) when K> K, K»Ks. Modified from
Graham [1966].

In the last stage of deformation, which corresponds to incipient metamorphism, the pristine
tectonic fabric developed during the initial (syn-sedimentary) phases of deformation is completely
obliterated. Conversely, the pristine tectonic fabric is not easily overprinted by small strains at low
temperature (e.g., Borradaile, 1988; Sagnotti et al., 1994, 1998; Cifelli et al., 2004, 2005; Parés,
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2004; Soto et al., 2009]. This implies that, compared to classical structural geological analysis
where the definition of the age of deformation requires additional constraints (i.e., crosscutting
relationships or unconformities), the finite strain determined from AMS analyses of weakly
deformed rocks is a direct and powerful tool that can be used to study the deformation active at the

time of sedimentation.

3.2. Sampling and laboratory methods

To carry out this research, about 1400 oriented core samples were collected using a portable drill
and following a classic paleomagnetic sampling scheme: several sites in the same rock unit and
several samples in the same site (~10 on average). The samples include volcanic and sedimentary
rocks.

All samples were demagnetized at the shielded room of the paleomagnetic laboratory of the
Istituto Nazionale di Geofisica e Vulcanologia (INGV, Roma) by alternating field (AF), using a 2G
Enterprises DC-superconducting quantum interference device cryogenic magnetometer and online
AF device reaching a peak field of 150 mT; twin specimens from some cores were also thermally

cleaned up to 680°C using a Pyrox shielded oven. Demagnetization data were plotted on orthogonal

vector component diagrams [Zijderveld, 1976].

Analysis of low-field anisotropy of magnetic susceptibility (AMS) was done using a MFK1
Kappabridge (AGICO). The AMS parameters were evaluated using Jelinek statistics [Jelinek, 1977,
1978].

Magnetization components were identified by principal component analysis [Kirschvink, 1980].
Site-mean paleomagnetic directions were computed using Fisher [1953] statistics and were plotted
on equal-angle projections. Rotation and flattening values with respect to South America were
evaluated according to Demarest [1983], using the reference paleopoles from Torsvik et al. [2008].
To define the sense and amount of rotation, we always considered the smaller angle between the
observed and expected declinations, thereby calculating rotation values always <|180°|. This is a
conservative approach, although we are aware that in the past, some authors considered rotation

values exceeding 180° [e.g., Nelson and Jones, 1987; Piper et al., 1997].
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PART I1. Understanding kinematics of intra-arc transcurrent
deformation: Paleomagnetic evidence from the
Liquifie-Ofqui fault zone (Chile, 38-41°)
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Abstract The Liquifie-Ofqui fault zone (LOFZ) is a major ~1000 km long dextral shear zone of southern
Chile, likely related to strain partitioning of Nazca Plate oblique convergence with South America. To
understand block rotation pattern along the LOFZ, we paleomagnetically sampled 55 sites (553 samples)
between 38°S and 41°S. We gathered Oligocene to Pleistocene volcanics and Miocene granites at a maximum
distance of 20 km from the LOFZ, and at both sides of it. Rotations with respect to South America, evaluated
for 36 successful sites, show that crust around the LOFZ is fragmented in small blocks, ~1 to 10 km in size.
While some blocks (at both fault edges) undergo very large 150°-170° rotations, others do not rotate, even
adjacent to fault walls. We infer that rotations affected equidimensional blocks, while elongated crust slivers
were translated subparallel to the LOFZ, without rotating. Rotation pattern across the LOFZ is markedly
asymmetric. East of the fault and adjacent to it, rotations are up to 150°-170° clockwise, and fade out ~10 km
east of fault. These data support a quasi-continuous crust kinematics, characterized by small rigid blocks
drag by the underlying ductile crust flow, and imply 120 km of total fault offset. Conversely, crust west of the
LOFZ is cut by seismically active NW-SE sinistral antithetic faults, and yields counterclockwise rotations up to
170° at 8-10 km from LOFZ, besides the unrotated blocks. Further data from the Chile fore arc are needed to
understand block rotation kinematics and plate dynamics west of the LOFZ.

1. Introduction

A fundamental component of the intraplate deformation of Earth occurs in strike-slip tectonic domains,
yielding both strike-slip fault displacement and vertical-axis rotation of crustal blocks [Freund, 1974;
Garfunkel, 1974; MacDonald, 1980; Lamb and Bibby, 1989; Jackson and Molnar, 1990].

Relying on both structural data and paleomagnetic measurements collected on relevant strike-slip fault
zones, several different kinematic models have attempted to predict the distribution, sense, and amount of
rotation inside the deforming zone [McKenzie and Jackson, 1986; Sonder et al., 1994; Piper et al., 1997; Kimura
et al,, 2004, 2011; Taymaz et al.,, 2007; Randall et al., 2011]. These attempts have been hindered by two major
drawbacks: first, structural analysis data lose their value if significant rotations of the measured rocks have
occurred but paleomagnetic data are lacking. Second, although paleomagnetism is in principle able to
accurately document the rotation magnitude of each single block in the fault damage zone, the areal density
of reported paleomagnetic data is typically low.

The main problem is that—as a rule—a small percentage of the deformed rocks inside a fault zone are
suitable to paleomagnetic investigations, and, among them, some lost their original paleomagnetic signal
due to later overprint, a frequent drawback of paleomagnetic studies. Therefore, the rotation pattern in a
strike-slip fault zone is rarely elucidated with the high resolution that would be required. Furthermore, it
seems that rotation pattern variability is high, depending upon slip rate and total amount, as well as upon
crust characteristics and rheology (in turn linked to geothermal regime), and locking (i.e., shear strength) of
the main fault walls [McKenzie and Jackson, 1986; Sonder et al., 1994; Piper et al., 1997; Kimura et al., 2011].

In summary, the kinematics and rotation pattern of strike-slip fault zones remain nowadays highly

controversial. Several different kinematic models to accommodate transcurrent deformation have been put
forward, including continuous and discontinuous deformation of the crust, and, among discontinuous end-
members, different models for crustal block and/or slate rotation and displacement [e.g., Sonder et al., 1994].
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In this paper we report on an extensive paleomagnetic investigation (55 sites and 553 paleomagnetic
samples) of the Liquifie-Ofqui fault zone (LOFZ, southern Chile, 38°S-48°S, Figure 1). Considering its
dimensions (more than 1000 km in length) and the present-day activity (testified by both seismic and GPS
data, yielding a displacement rate of 6.5 mm/yr [Wang et al., 2007]), the LOFZ is perhaps the more relevant
active strike-slip fault of South America.

LOFZ is a classic intra-arc strike-slip fault system [Hervé, 1976, 1994; Hervé and Thiele, 1987; Cembrano and
Herve, 1993; Thomson, 2002], interpreted as accommodating the trench parallel component of the strain
partitioning between the obliquely converging Nazca and South American plates since at least 50 Ma [Hervé,
1976, 1994; Beck, 1988; Garcia et al., 1988; Lavenu and Cembrano, 1999], as well as the post 10 Ma indentation
of the Chile Rise beneath the continent [Forsythe and Nelson, 1985] (Figure 1). The LOFZ also controls a
spectacular sequence of andesitic volcanoes, arising from the subduction of the Nazca Plate beneath South
America. Previous paleomagnetic studies at 29 localities [Garcia et al., 1988; Cembrano et al., 1992; Rojas et al.,
1994; Beck et al., 1998, 2000] had shown moderate rotations, clockwise (CW, 8° to 49°) and counterclockwise
(CCW, 8° to 30°) at the eastern and western fault walls, respectively.

Our work confirms the rotational pattern previously reported along the LOFZ and reveals further details
about it. We document a quasi-continuous crust deformation pattern into a 20 km fault zone width,
characterized by small blocks with 1-10 km of size range that rotate in opposite sense, and frequently
exceeding 90°, at the two sides of the fault. Block rotation magnitudes seem to depend upon the distance
from the fault and the block aspect ratio.

2. Kinematic Models of Block Rotation and Transcurrent Deformation

During the last decades, different geometric models have been suggested to explain the pattern of
deformation and vertical-axis rotation in a strike-slip fault zone (Figure 2). These models consider geologic
parameters as crust rheology, length, sense of strike-slip motion and total slip of the main shear zone, structural
arrangement, deforming zone width, and deformation scale. When some of these parameters are known with
good approximation, the rotation amount can be quantified using simple mathematic relations. Paleomagnetic
measurements along first-order strike-slip faults have been used to validate the models: Dead Sea transform
fault (Israel [Ron et al., 1984]), North Anatolian fault zone (Turkey [Piper et al., 1997; Platzman and Platt, 1994]), Las
Vegas Valley shear zone (Western U.S. [Sonder et al., 1994]), Alpine Fault (New Zealand [Randall et al., 2011]),
Eneko and Tanna fault zones (Japan [Kimura et al., 2004, 2011]), fault systems of the Aegean Sea (central Greece
[McKenzie and Jackson, 1986]), Alpine Himalayan Belt (Iran [Jackson and McKenzie, 1984]), and San Andreas Fault
System (Central California [McKenzie and Jackson, 1983; Terres and Luyendyk, 1985; Titus et al., 2011]).

Depending on block size and shape, and rotation pattern, models can be subdivided in three main groups,
called discontinuous, continuous, or quasi-continuous models (Figure 2). The discontinuous or discrete models
consider the bookshelf tectonics [Ransome et al., 1910; Morton and Black, 1975; Cowan et al., 1986; Mandl,
1987]. Here sets of strike-slip faults (secondary faults) inside a fault zone bound rigid or undeformed blocks
with similar dimensions to the width of the shear zone [Ron et al., 1984; Garfunkel and Ron, 1985; McKenzie
and Jackson, 1986; Nur et al., 1986]. These blocks rotate around vertical axis as a consequence of space
accommodation within the deforming zone bounded by the two main strike-slip faults. Therefore, secondary
faults rotate along with adjacent blocks [McKenzie and Jackson, 1986; Nur et al., 1986] (Figures 2a-2c).

Within the same domain, rotation is spatially constant in amount and sense, cannot exceed 90°, and
decreases to zero when the secondary faults become parallel to the domain boundary. In the case of sets of
conjugate faults, expected rotations should be of both senses: CW (CCW) at blocks bounded by sets of left-
lateral (right-lateral) strike-slip faults (Figure 2b) [Freund, 1974; Garfunkel, 1974; Ron et al., 1984; Garfunkel and
Ron, 1985; McKenzie and Jackson, 1986; Beck et al., 1993]. The block length changes to accommodate
rotations, and the geometry at the strike-slip bounding faults tips may be complex. It can be represented by
splaying faults [Freund, 1974] or bending [Hoeppener et al., 1969], and the strike-slip motion is transformed to
dip slip or to diffuse deformation [Ron et al., 1984].

A different geometric configuration of the secondary faults inside the shear zone is proposed in the buttress
effect model (Figure 2c) [Beck, 1991; Beck et al., 1993]. Here motion of crust slivers along a margin-parallel fault
(typically a fore-arc block of the overriding plate edge) is hampered by geometric, physical, and kinematic
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Figure 1. (a) Tectonic setting of southern South America (modified from Diraison et al. [1998]). Arrows indicate
motions of oceanic plates relative to South America [Pardo-casas and Molnar, 1987; Angermann et al., 1999;
Kendrick et al., 2003; Quinteros and Sobolev, 2013]. LOFZ Liquifie-Ofqui fault zone, CT Chile Trench, NSR North Scotia
Ridge. (b) Tectonic setting of Patagonian Andes showing the LOFZ traces (modified from Lange et al. [2008] and
Melnick et al. [2009]). The white box marks the study area. Arrows correspond to paleomagnetic rotations recalculated
from Garcia et al. [1988], Cembrano et al. [1992], and Rojas et al. [1994], using updated South American poles by
Torsvik et al. [2008]. Shallow crustal focal mechanisms are also shown [Chinn and Isacks, 1983; Dziewonski et al., 1991;
Barrientos and Acevedo-Ardnguiz, 1992]. MVFZ Mocha-Villarrica Fault Zone, BBFZ Bio-Bio fault zone, LF Lanalhue Fault,
RMF Rio Manihuales Fault, CR Coastal Range, CV Central Valley, MC Main Cordillera.
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Figure 2. Kinematic models attempting to explain the distribution and amount of rotations in strike-slip fault systems. Arrows represent an original magnetization
direction, subsequently rotated by tectonics (the unrotated magnetization direction is shown by dashed lines). Discontinuous or discrete models: (a) Slate or floating
and pinned block models, (b) conjugate set of bounding faults into a strike-slip domain, and (c) buttress effect model overcome by sliver widening. Continuous
models: (d) Continuous simple shear models, (e) pure strike slip—no rotation, shearing along faults parallel to the main shear zone, and quasi-continuous models:
(f) Ball bearing model, (g) small block model, (h) shear rotation model, (i) S-C kinematics model.

features that induce blocks to escape laterally and rotate. This model considers curved strike-slip faults and
adjacent blocks that rotate CCW (CW) in dextral (sinistral) shear zones and move forward overlapping
between them and yielding domains of extension and compression.

The second group models correspond to the continuous models (Figure 2d). McKenzie and Jackson [1986]
postulated that if the scale of deformation has a large wavelength compared to the brittle layer crust
thickness, the surface deformation can be expected to look continuous. Conversely to the discontinuous
models, the shear is here distributed inside the deforming zone with no through-going faults over a wide
uniform domain. Rotations are expected to be CW (CCW) in right-lateral (left-lateral) fault systems, to
progressively increase toward the fault, and to be up to 90° in magnitude [Kimura et al., 2004, 2011]. Based on
the assumption that the entire lithosphere behaves as a thin viscous sheet [Bird and Piper, 1980; England and
McKenzie, 1982; Sonder and England, 1986], this model suggests that the rotation occurs in the brittle upper
crust that forms a thin rigid plastic veneer upon the rest of the lithosphere. Deforming upper crust
presumably follows passively the motion of the deeper parts of the lithosphere, expected to behave like a
viscous medium [England et al., 1985; Sonder et al., 1986; England and Wells, 1991].

The third group, the quasi-continuous models, is also based on a viscous model for lithospheric deformation
[England and McKenzie, 1982; England et al., 1985; Sonder et al., 1986; Sonder and England, 1986; England and
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Wells, 1991] (Figures 2f-2i). Here the thin viscous sheet represents the ductile middle and lower crusts under
the uppermost brittle seismogenic crust, which unlike to the continuous models, are broken into small rigid
blocks with sizes smaller than the shear zone width. Block rotations occur in response to the angular velocity
of the ductile deformation taking place at great depth in the lower crust [Beck, 1976; McKenzie and Jackson,
1983; Lamb, 1987; Nelson and Jones, 1987; Salyards et al., 1992; Sonder et al., 1994; Piper et al., 1997; Randall
etal.,, 2011]. The rotation magnitude will depend on fault length, displacement amount, lithosphere rheology,
block aspect ratio (short/long axis), and their orientation with respect to the system-bounding fault [Lamb,
1987; Piper et al., 1997; Randall et al., 2011]. The rotation is CW (CCW) in regions of dextral (sinistral) shear and
increases gradually getting closer to the fault, reaching values greater than 90° [Nelson and Jones, 1987;
Sonder et al., 1994; Piper et al., 1997].

One of the most simple quasi-continuous models is the ball bearing fashion [Beck, 1976; Piper et al., 1997]
(Figure 2f), where crustal blocks can rotate freely like balls in a bearing into narrow zones bounded by strike-slip
faults parallel to the main shear zone. Brittle destruction at the block corners tends to produce equidimensional
subrounded blocks. But rotating blocks are not usually equidimensional, as might be required to accommodate
large rotations that are usually inhibited by friction between them [Nur et al., 1986]. Block rotation estimated
by Sonder et al. [1994] do not depend significantly upon block geometry (Figure 2g). Conversely, Lamb [1987]
and Randall et al. [2011] in their shear rotation model showed that rotation rate and amount of blocks are
mainly in function of both their aspect ratio (k= short axis b/long axis a) and orientation with respect to the
system bounding fault through time (Figure 2h). Thus, this model predicts a marked decrease in rotation rate for
elongate blocks (k < 1, constant) when they rotate into a direction more nearly parallel with the shear zone
margins [Randall et al,, 2011]. Conversely, if the aspect ratio k increases by breakup during rotation (k~ 1), the
resulting equidimensional block will continue to rotate at a constant rate [Lamb, 1987].

The end-member of the quasi-continuous models would be in the case of elongated blocks trending
approximately parallel to the relative plate motion across the strike-slip zone. Pure strike-slip is applied to
blocks displacing parallel to the deformation zone, implying a lack of rotations [Geissman et al., 1984;
Platzman and Platt, 1994; Bourne et al., 1998] (Figure 2e). Blocks are in equilibrium when the net drag force on
their base is annulled, as the frictional forces on faults walls are negligible in comparison with basal traction
[Bourne et al., 1998]. This coincides with one of the stationary states of Lamb [1987].

A different quasi-continuous model is the S-C kinematics model [Rosenau et al., 2006], considering a conjugate set
of faults into a shear zone, in turn enclosing sigmoidal shaped domains (Figure 2i). In a hypothetical 2-D strain
ellipse of maximum tangential shear strain y, right-lateral (synthetic C) and left-lateral (antithetic S) strike-slip
faults represent the a/a’ and b/b' lines, respectively (a and b undeformed state, @’ and b’ deformed state). These
lines include the angle ¢ with the long (extensional) axis of the strain ellipse (e;), which is 45° in the undeformed
state and decrease during progressive deformation [Wettstein, 1886]. Thereby, into a dextral shear zone the
expected rotation would be CCW for a’ (dextral synthetic faults C) and CW for b’ (sinistral antithetic faults S).
According to Rosenau et al. [2006], both the set of conjugate faults and the blocks limited by them rotate.

3. Plate Tectonic Setting

The central-southern margin of Chile is one of the most active plate boundaries of Earth, where the oceanic
Nazca Plate is subducting obliquely beneath the continental South American Plate (Figure 1). This area
comprises the rupture zone of the 1960 Valdivia earthquake, the largest earthquake ever recorded, with
M,, 9.6 and a rupture of more than 1000 km in the fore arc between ~37 and 46°S [Plafker and Savage, 1970].

The relative convergence between the two plates has changed both in direction and rate along the
geological past [Pardo-Casas and Molnar, 1987; Somoza, 1998; Quinteros and Sobolev, 2013] (Figure 1a), either
as a consequence of major deformational events in the South American Plate [Somoza, 1998] or as a result of
the Nazca Plate penetration into the transition zone and lower mantle [Quinteros and Sobolev, 2013].

The Farallon Plate started subducting beneath South America ~50 Ma ago with a highly oblique NE direction.
Afterward, between 26 and ~20 Ma ago, as a response of breakup of the Farallon Plate in the Nazca and Cocos
plates, the convergence direction changed to nearly trench-orthogonal and to a higher rate (10 to ~15 cm/yr)
[Pardo-Casas and Molnar, 1987; Somoza, 1998]. This period coincided with the beginning of the growth of the
Andes Mountains [Sempere et al., 1990; Somoza, 1998]. Since 20 Ma ago the convergence follows a N77°E
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trend [Pardo-Casas and Molnar, 1987; Kendrick et al., 2003] with a present-day rate between 6.3 and 7.9 cm/yr
[Angermann et al., 1999; Kendrick et al., 2003] (Figure 1).

During the late Miocene (10 Ma), the Chile Ridge started colliding with the South American Plate, giving rise
to the Chile triple junction [Forsythe and Nelson, 1985].

The relatively steady dextral oblique convergence between Farallon (Nazca) and South American plates since
at least the Eocene (50 Ma), induces strain partitioning, with almost pure E-W shortening in the fore-arc and
dextral shear in the arc, defining a typical transpressive environment, as confirmed by regional seismicity
studies [Cifuentes, 1989; Dewey and Lamb, 1992; Murdie et al., 1993].

The dextral shear component of the oblique subduction is recorded along the intra-arc LOFZ [Hervé, 1976;
Beck, 1988; Dewey and Lamb, 1992; Hervé, 1994; Rojas et al., 1994; Cembrano et al., 1996a, 2000; Diraison et al.,
1998; Lavenu and Cembrano, 1999]. Different obliquity values of the Farallon (Nazca)-South America
convergence vector likely yielded episodic dextral strike-slip and dip-slip deformation events along the arc
[Cembrano et al., 1996b]. As about 26 Ma the orthogonal subduction phase caused strike-slip motion
cessation and underthrusting [Cembrano et al., 1996b].

Besides the subduction, some authors consider the Chile Ridge collision and subduction since the middle
Miocene (10-15 Ma), as the major driving force for the transpression and hence the strain partitioning
[Forsythe and Nelson, 1985; Murdie et al., 1993; Nelson et al., 1994; Thomson, 2002]. The Chile Ridge acted as an
indenter and together with the LOFZ caused the detachment and northward translation of the fore-arc sliver
known as the Chiloé Block (37°S to ~47°S, Figure 1) parallel to the continental margin with respect to South
America [Beck, 1988; Beck et al., 2000; Forsythe and Nelson, 1985; Hervé, 1976, 1994; Nelson et al., 1994;
Cembrano et al., 1996a, 2000, 2002; Lavenu and Cembrano, 1999; Rosenau, 2004; Hoffmann-Rothe et al., 2006;
Rosenau et al., 2006]. The northward movement of the fore-arc sliver seems to be hampered north of ~33°S
by the thickened central Andean crust, the flat slab geometry, and the absence of volcanic activity that
precludes strain partitioning at lithospheric scale [Siame et al., 2005; Rosenau et al., 2006].

4, Liquine-Ofqui Fault Zone

The LOFZ is a prominent intra-arc dextral strike-slip fault system running throughout the margin of the Main
Andean Cordillera along the Miocene to the present-day volcanic arc for more than 1000 km [Cembrano et al.,
19964, 2007] (Figures 1 and 3). Since it is discovery by Steffen [1944], different authors have provided various
fault length estimates [Moreno and Parada, 1976; Solano, 1978]. Currently, it is acknowledged that the LOFZ
begins immediately south of the Chile triple junction in the Golfo de Penas (47°S), considered as an
extensional Cenozoic basin at the trailing edge of the Chiloé Block [Forsythe and Nelson, 1985; Cande and
Leslie, 1986; Rojas et al., 1994]. Northward, the LOFZ extends until the Copahue volcano (38°S) [Lavenu and
Cembrano, 1999; Rosenau et al., 2006], where it gets into Argentina and continues through the Arauco transfer
zone, in a dextral step with the active contractional Antifiir-Copahue fault zone [Folguera et al., 2004; Melnick
et al., 2006a, 2006b]. In our work, we investigated the LOFZ central segment located into the Patagonian
Andes, between the Llaima Volcano (38°41'S) and Rupanco Lake (41°S) (Figures 1b and 3).

The LOFZ is considered as a strike-slip duplex defined by two major NNE-trending right-stepping straight
segments faults linked between 44°S and 47°S by at least four minor en echelon NE-trending structures.
Curved NW-trending fault segments splay off west of the straight major fault system toward the trench
(Figure 1) [Hervé, 1976; Hervé and Thiele, 1987; Cembrano and Herve, 1993]. Some of the curved splays are the
Bio-Bio fault zone [Bohm et al., 2002], the Mocha-Villarrica Fault [Melnick et al., 2003], and the Lanalhue Fault
[Glodny et al., 2008] (dashed lines in Figure 1b). They are mostly interpreted as long-lived basement structures
reactivated as sinistral reverse strike-slip faults (displacing segments of the LOFZ) during the arc
development, and not actually connected nor genetically related to the LOFZ [Glodny et al., 2008; Lange et al.,
2008; Melnick et al., 2009]. Conversely, Rosenau et al. [2006] relying on cross-cutting relations, consider these
arc-oblique sinistral strike-slip faults as contemporaneous with the LOFZ. Some of them cross the upper plate
from the Pacific coast into the Main Cordillera, accommodate sliver motion, and separate blocks with
different histories related with the pre-Andean orogeny [Bohm et al., 2002; Hackney et al., 2006; Rehak et al.,
2008; Melnick et al., 2009]. Temporary seismic networks clearly document their current left-lateral strike-slip
activity [Lange et al., 2008].
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Figure 3. Digital elevation model (DEM) of the study area and paleomagnetic rotation distribution along the LOFZ.
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East of the LOFZ, in the sub-Andean region between 41° and 42°30'S, the N-S to NNW-SSE North Patagonian
Andes belt arises from post late Oligocene eastward propagation of the orogenic front [Giacosa and Heredia,
2004; Giacosa et al., 2005; Ramos et al., 2011].

The nature and timing of the LOFZ activity suggest that it may be a long-lived shear zone accommodating
continental-scale deformation arising from the Farallon (Nazca)-South America plate convergence [Cembrano
etal, 1996a, 1996b]. Pankhurst et al. [1992] proposed that the LOFZ initiated in the pre-Late Cretaceous along
the magmatic arc, based on a 2 km wide mylonitic belt at the northernmost LOFZ (north of ~41°S) predating
a ~100 Ma cross-cutting dike [Cembrano et al., 1996a, 2000]. Late Eocene to early Miocene basins formation
close to the LOFZ north of ~46°S [Hervé, 1993; Rojas et al., 1994] documents a transtensional regime coinciding
with the right-oblique subduction between 48 and 26 Ma [Pardo-Casas and Molnar, 19871, when the LOFZ
started behaving as a dextral strike-slip fault [Hervé, 1993; Cembrano et al., 1996b]. At 26 Ma with the almost
orthogonal convergence [Pardo-Casas and Molnar, 1987], the basins were underthrust and a widespread calc-
alkaline granitoid intrusive activity occurred [Hervé, 1993; Cembrano et al., 1996a, 1996b]. At 20 Ma, when the
plate convergence became right-oblique again with a high convergence rate [Pardo-Casas and Molnar, 1987],
a young buoyant subducting ocean plate north of the Chile ridge may have led to strong coupling with upper
plate, favoring dextral transpression along the magmatic arc [Beck, 1991; Cembrano et al,, 1996a, 1996b].
Intrusive and metamorphic rocks within the LOFZ central segment (39°S-42°S) also testify a subsequent
Miocene-Pliocene dextral strike-slip deformation accompanied by syntectonic pluton emplacement
[Nakamura, 1977; Cembrano et al., 1996a, 2007]. Late Miocene (~6 Ma) collision of three segments of the Chile
Rise between 46.5°S and 47.5°S caused a transpressional regime and rapid exhumation [Cembrano et al., 2002;
Thomson, 2002; Melnick et al., 2009]. According to Lavenu and Cembrano [1999] and Cembrano et al. [2000], this
process may explain the most recent dextral motion along the LOFZ southern segment (42°-47°30'S). Finally,
the whole Patagonian Andes between 38°S and 47°S experienced Plio-Quaternary dextral strike-slip faulting
along LOFZ-related faults [Lavenu and Cembrano, 1999; Rosenau et al., 2006].

Despite the low seismic activity reported along the LOFZ, focal plane solutions of shallow earthquakes in the
intra-arc region (<25 km) demonstrate its current dextral strike slip and its relationship with volcanism,
although accuracy of earthquake depth determinations is limited [Chinn and Isacks, 1983; Dziewonski et al., 1991;
Barrientos and Acevedo-Ardnguiz, 1992; Nelson et al., 1994; Lépez-Escobar et al., 1995; Lavenu and Cembrano,
1999; Lara et al.,, 2004; Melnick et al., 2006b; Lange et al., 2007, 2008; Cembrano and Lara, 2009] (Figure 1b).
Seismic activity seems to be concentrated at the northern and southern LOFZ ends [Hackney et al., 2006; Lange
et al., 2008] (Figure 1b). This has been interpreted as a response of along-strike coupling variations at the
subduction interface, being low at the northern LOFZ tip and high at its central segment [Hackney et al., 2006].

Relying on structural data, Rosenau et al. [2006] predict a long-term (~5 Ma) LOFZ slip rate of 32+ 6 mm/yr for
its southern segment (46°S-42°S), decreasing northward (42°5-38°S) to 13 £ 3 mm/yr. However, GPS data
document a northward translation of the Chiloé Block sliver along the LOFZ occurring at a maximum rate of
6.5 mm/yr, and tapering to zero at the northern termination of the LOFZ [Wang et al., 2007]. Comparison
between GPS data and the present-day Nazca-South America convergence direction and rate [Angermann
et al., 1999; Pardo-Casas and Molnar, 1987] implies that ~44% of the margin-parallel convergence component
is accommodated by northward translation of the Chiloé Block. The remaining 56% could be represented by
permanent and elastic deformation released during coseismic periods [Klotz et al., 2001; Wang et al., 20071].
Furthermore, Wang et al. [2007] suggests that south of 42°S the margin-normal plate velocity decreases, due
to a possible narrower interface subduction because of the occurrence in the south of younger (thus warmer)
oceanic lithosphere.

Along most of its length, the LOFZ goes through Miocene plutons from the North Patagonian Batholith
[Cembrano and Herve, 1993; Hervé, 1994] (Figures 3 and 4), where available K/Ar and Rb-Sr whole rock
determinations indicate an age between 8.5 and 12.8 Ma [Munizaga et al., 1988]. In general, the North
Patagonian Batholith is composed by calcalkaline granitoids varying from gabbro to monzogranite, with
tonalite and granodiorite as the predominant rock types [Pankhurst et al., 1992; Hervé, 1994]. They form a
hundreds of kilometers long belt (39°S to 53°S), built episodically from Early Cretaceous to Miocene by
subduction-related processes [Moreno and Parada, 1976; Munizaga et al., 1988; Pankhurst et al., 1999]. Locally
this Batholith has taken different names, as close to the Liquifie town, where it is called Liquifie Granitoid
(Mgl) [Hervé, 1977; Moreno and Parada, 1976).
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Figure 4. Field features of the LOFZ. Evident geomorphological expression, as long fault scarps and pressure ridges at (a)
Conguillio National Park and (e) around Liquifie town. (b and f) Ductile strain evidence close to the fault trace, (c, d, and g)
brittle deformation kinematic indicators, and (h-k) faulting of Holocene postglacial volcanoclastic deposits.

Close to the fault and associated with the magmatic arc, Oligo-Miocene lavas, and ignimbrites rest
unconformably upon the North Patagonian Batholith (Figure 3a). In turn, Oligo-Miocene volcanics are locally
covered by Plio-Pleistocene basaltic and andesitic lavas, as well as by Holocene basic to intermediate lavas
from adjacent Quaternary volcanoes aligned along the LOFZ [Moreno and Clavero, 2006] (Figure 3).

Where the North Patagonian Batholith is cut by the LOFZ, there is clear geomorphological evidence of strike-
slip faulting, such as long fault scarps and pressure ridges (Figures 4a and 4e). In the Conguillio National Park
(38°70'S) and near Liquifie town (39°75'S) we observed ductile strain zones, characterized by few kilometers
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long elongated bodies of mylonite with a predominant NW to N-S foliation (Figures 4b and 4f). Kinematic
indicators (slickensides on fault planes) of brittle strain over the plutonic rocks are abundant (Figures 4c, 4d,
and 4q). These observations are consistent with Hervé [1976], Hervé and Thiele [1987], Hervé [1993], and
Thomson [2002]. We also found widespread evidence of Holocene faulting at 39°00’S to 39°50' latitudes,
where the postglacial pyroclastic deposits from active volcanoes are cut by normal and reverse faults
(Figures 4h to 4k).

5. Previous Paleomagnetic Studies on the LOFZ

The paleomagnetic survey in the west margin of South America begun in the 1980s, in an attempt to search
analogous settings to the northward displaced crustal block slivers documented in the U.S. Western
Cordillera [Beck, 1976, 1989, 1991; Irving et al., 1985]. Relying on paleomagnetic evidences, Beck [1986, 1988,
1994] suggested that there is no comparable evidence of margin-parallel displacement in the Andes.

First paleomagnetic evidence from the LOFZ was reported by Garcia et al. [1988], who investigated upper
Paleozoic to upper Tertiary intrusives and basaltic rocks in the Lake District (Southern Chile), documenting up
to ~49° CW rotations east of the LOFZ, and 4° to 39° CCW rotations west of it (Figure 1 and Table 1, all rotation
were recalculated by us using updated South American reference poles from Torsvik et al. [2008]). They
suggested the occurrence of small independent crustal blocks into a distributed shear zone. The
paleomagnetic investigation of the Eocene-Miocene marine volcanoclastic Ayacara Formation west of the
LOFZ (42°S) revealed an insignificant CCW rotation of 12.4° + 14.9° [Rojas et al., 1994], while east of the LOFZ
(~43°S to 44°S) volcanic rocks remagnetized by the Patagonian Batholith intrusion at ~90 Ma, yielded a small
CW rotations between ~11°and 17° CW [Cembrano et al., 1992; Beck et al., 1998]. Beck et al. [2000] studied over
100 sites in the northernmost North Patagonian Batholith and dikes (~40-46°S), reporting ~10° CW and CCW
rotations east and west of the LOFZ, respectively. They estimated a post mid-Cenozoic rotation age, because
the rotation magnitude is nearly the same for both the North Patagonian Batholith and the younger rocks
(Eocene-Miocene Ayacara volcanics and Cocotue basalts). Paleomagnetic data from late Paleozoic granitoids
west of the LOFZ (~40°S) reveal a mean CW mean rotation of 7.5° [Beck, 1991].

Two hypotheses have been put forward to explain this distribution of paleomagnetic rotations along the
LOFZ. The first is the buttress effect [Beck et al., 1993], suggesting that the northward fore-arc sliver motion is
hampered by a thick crust buttress at its north leading edge, in turn related to both changes in subducting
plate age (~35 Ma at 38°S to ~0 Ma at 46°S [Herron, 1981]) and the concave westward shape of the central
Andes. As a consequence, sliver widens through conjugate faults breaking it into CCW rotating lens-shaped
crustal blocks bounded to the east by the LOFZ [Beck et al., 1993]. This model justifies the domains of both
extension and compression documented in the LOFZ, the CCW rotation of the sliver adjacent to a dextral
shear zone, and a CW rotation within and east of the LOFZ arising from the dextral oblique subduction
(see Figure 2¢).

In the second model, Rosenau et al. [2006] explain the rotational pattern of the LOFZ through SC kinematics,
considering a conjugate set of NE-SW dextral arc-parallel (synthetic, C structures) and NW-SE sinistral arc-
oblique (antithetic S structures) faults, enclosing less deformed sigmoidal domains (Figure 2i). They suggest
that domain motion and slip are driven by diffusive deformation within the ductile lower crust [Bourne et al.,
1998; Roy and Royden, 2000; Cowgill et al., 2004]. Based on the assumption that the 2¢ angle between the S-C
faults decreases during progressive deformation, they predict the total displacement accommodated by

the brittle LOFZ system, the associated long-term deformation rates, and the spatial distribution and amount of
associated local vertical axis rotations. Rosenau et al. [2006] predict 31° CW and 9° CCW rotations for the

C and S faults (respectively).

6. Paleomagnetic Sampling and Methods

We collected 553 paleomagnetic samples in 55 sites, located within a maximum distance of 20 km from the
main trace of the LOFZ, and at both sides of it. Sites were gathered from two main areas (called hereinafter
Villarrica and Osorno domains), from Llaima Vulcano in the north until Rupanco Lake in the south (Figure 3).
The 40 km sampling transect across the fault was established considering that several studies demonstrated
that shear-related rotations virtually end within 10-20 km from the fault trace [Ron et al.,, 1984; Sonder et al.,
1994; Piper et al., 1997; Randall et al., 2011].
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Table 1. Recalculated Paleomagnetic Site Mean Directions Along the Liquifie-Ofqui Fault Zone (LOFZ) From Previous Investigations®

Geographic Coordinates

Site Unit Latitude S Longitude W Age Age (Ma)
Garcia et al. [1988] W LOFZ 85CJ38 Paleozoic intrusives 40.32 72.37 Paleozoic 309+8
85CJ39 Paleozoic intrusives 40.33 7237 Paleozoic 309+8
85CJ44 Paleozoic intrusives 40.12 72.33 Paleozoic 295+7
85CJ15 Panguipulli formation 39.82 72.1 Jurassic 1607
85CJ24 Panguipulli Batholith 39.58 72.03 Mesozoic 200-190
85CJ05 Miocene intrusives 39.26 71.76 Miocene 85+0.1
85CJ06 Miocene intrusives 39.26 71.76 Miocene 85%0.1
85CJ07 Miocene intrusives 39.15 71.75 Miocene 85%0.1
85CJ08 Miocene intrusives 39.24 71.83 Miocene 8.5+0.1
85CJ14 Miocene intrusives 40.00 72.00 Miocene 82+2.1
85CJ41 Miocene intrusives 40.23 7227 Miocene 13.1+06
85CJ35 Cocotue beach basalts 41.92 74.02 Lower Miocene 404+1.8
85CJ36 Cocotue beach basalts 41.92 74.02 Lower Miocene 21717
85CJ37 Cocotue beach basalts 41.92 74.02 Lower Miocene 21717
ELOFZ 85CJ25 Miocene intrusives 39.78 71.73 Miocene 289+1.2
85CJ10 Curarrehue formation 39.38 71.56 Pliocene 3.0+0.5
85CJ11 Curarrehue formation 39.33 71.62 Pliocene 42+05
85CJ12 Curarrehue formation 39.35 71.62 Pliocene 41+04
Cembrano et al. [1992] W LOFZ pa18* Alto Palena formation 43.62 71.80 Lower Cretaceous 145-125
pal9* Alto Palena formation 43.62 71.80 Lower Cretaceous 145-125
pa20 Alto Palena formation 43.62 71.80 Lower Cretaceous 145-125
pa21* Alto Palena formation 43.62 71.80 Lower Cretaceous 145-125
pa23 Alto Palena formation 43.60 71.73 Lower Cretaceous 145-125
pa25 Alto Palena formation 43.60 71.80 Lower Cretaceous 145-125
pa26 Alto Palena formation 43.62 71.87 Lower Cretaceous 145-125
fudé Alto Palena formation 43.60 71.85 Lower Cretaceous 145-125
fua7 Alto Palena formation 43.60 71.85 Lower Cretaceous 145-125
fu48 Alto Palena formation 43.60 71.83 Lower Cretaceous 145-125
fus0 Alto Palena formation 43.63 71.82 Lower Cretaceous 145-125
pa07 North Patagonian Batholith 4405 72.27 Lower Cretaceous 120-110
fus1 North Patagonian Batholith 43.63 71.93 Lower Cretaceous 120-110
fus2 North Patagonian Batholith 43.63 71.93 Lower Cretaceous 120-110
fus3 North Patagonian Batholith 43.60 72.05 Lower Cretaceous 120-110
Rojas et al. [1994] W LOFZ 89EMO1 Isla Manzano - Ayacara Formation 40.02 7267 Eocene-Miocene 16.5+0.5
89FA01 Isla Manzano - Ayacara Formation 40.02 72.67 Eocene-Miocene 16.5+0.5
89FA05 Isla Manzano - Ayacara Formation 40.02 7267 Eocene-Miocene 16.5+£0.5
89FA06 Isla Manzano - Ayacara Formation 40.02 7267 Eocene-Miocene 16.5+£05
89A04  Caleta Ayacara - Ayacara Formation ~ 40.3 728 Eocene-Miocene 16.5+0.5
89A06  Caleta Ayacara - Ayacara Formation 40.3 728 Eocene-Miocene 16.5+0.5
89A09  Caleta Ayacara - Ayacara Formation 40.3 728 Eocene-Miocene 16.5+0.5
89FU58 Isla Puduhuapi - Ayacara Formation ~ 42.93 72.79 Eocene-Miocene 16.5+0.5
89FU59 Isla Puduhuapi - Ayacara Formation ~ 42.93 72.79 Eocene-Miocene 16.5+0.5
89FU60 Isla Puduhuapi - Ayacara Formation ~ 42.93 72.79 Eocene-Miocene 16.5+0.5
90PA28 Isla Puduhuapi - Ayacara Formation ~ 42.93 72.79 Eocene-Miocene 16.5+0.5
Beck et al. [1998] ELOFZ 93bs09 Ibaiez Group or Divisadero Group 44.2 71.91 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs10  Ibanez Group or Divisadero Group 44.2 71.91 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs11 Ibafiez Group or Divisadero Group 4435 71.83 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs12  Ibdiez Group or Divisadero Group 44.26 71.85 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs13 Ibdiez Group or Divisadero Group 44.26 71.88 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs14  Ibafiez Group or Divisadero Group 44.26 71.88 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs16  Ibafiez Group or Divisadero Group 44.26 71.86 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs17  Ibanez Group or Divisadero Group 44.26 71.9 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs18  Ibanez Group or Divisadero Group 44.26 719 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs20  Ibanez Group or Divisadero Group 44.28 7191 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs21 Ibafiez Group or Divisadero Group 44.28 71.95 Jurassic or early to middle Cretaceous Remagnetized at 90
93bs22  Ibaiez Group or Divisadero Group 44.2 719 Jurassic or early to middle Cretaceous Remagnetized at 90
Beck [1991] W LOFZ 86c¢j38 Paleozoic Granitoids 4031 7237 Paleozoic 309+8
85¢j39 Paleozoic Granitoids 4031 72.36 Paleozoic 309+8
85cj44 Paleozoic Granitoids 40.11 72.35 Paleozoic 295+7
88bc06 Paleozoic Granitoids 40.13 72.24 Paleozoic 295+7
88bc07 Paleozoic Granitoids 40.11 72.35 Paleozoic 295+7
88bc08 Paleozoic Granitoids 40.17 72.24 Paleozoic 295+7
88bc14 Paleozoic Granitoids 40.32 72.33 Paleozoic 309+8
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Table 1. (continued)

ChRM/Low-Coercivity Component

Tilt Corrected In Situ Recalculated by Us
D (deg) I (deg) D (deg) I (deg) k ags (deg) n R (deg) AR (deg) F (deg) AF (deg)
= = 1104 70.7 250.0 38 7 —25.0 10.9 29 4.0
° = 3434 —729 90.9 5.8 8 28.0 16.8 5.1 53
° = 136.5 69.8 5834 23 8 -3.1 6.1 —-0.7 22
- - 3442 —63.6 95.9 5.7 8 —19.1 12.2 —-14 5.7
= = 17.2 —571 98.6 5.6 8 —44 9.0 —7.1 49
= = 134 —475 34.9 15.7 4 137 18.6 —134 124
° = 253 —63.0 28.6 12.6 6 256 22.6 2.1 10.0
° = 2299 618 9.8 22.6 50.1 425 1.0 17.7
° = 235.2 713 36.4 10.1 7 55.5 26.0 10.4 8.1
- - 265.5 61.2 741 8.9 5 85.8 14.8 -0.3 7.1
- - 3436 —60.0 190.5 5.6 5 —16.1 9.2 -1.7 4.7
168 70.7 - - 3333 3.7 6 —8.38 94 4.6 33
144 64.6 = = 1000.0 2.1 6 —-33.0 5.0 =1 23
138 52.0 = = 52.1 94 6 —39.0 124 —14.1 7.5
° = 30.7 —52.7 34.8 13.2 5 33.2 17.6 —-11.8 104
509 —56 - - 1111 11.6 3 50.9 20.7 —-2.0 11.6
227 55.1 - - 230.8 4.0 7 —132.7 7.0 —113.1 4.0
43.2 —68 - - 189.2 40 8 432 10.8 10.0 4.0
6.00 —45 18.1 —61.9 375.0 2.0 4 13.1 37 —14.5 25
6.00 —45 159 —634 136.0 20 4 131 3.7 —145 2.5
360 —40 4.5 —-59.9 83.0 6.6 7 6.6 —19.5 —19.5 55
6.00 —45 14.8 —64.0 857.0 20 7 13.1 3.7 —145 25
119 —59 3346 —71.1 190.0 55 5 19.0 8.9 -0.5 4.7
223 —63 67.0 —75.6 131.0 59 6 294 10.6 35 5.0
94 —55 1.9 —49.7 102.0 6.7 6 16.5 9.6 —4.5 5.6
142 —67 10.2 —57.3 109.0 6.5 6 213 13.5 7.5 5.5
209 —59 16.5 —493 113.0 6.3 6 28.0 10.0 -0.5 53
352 —67 3545 —57.1 143.0 5.6 6 —0.6 11.7 7.5 4.8
352 —63 11.5 —62.6 167.0 5.2 6 -1.0 9.5 349 4.5
- - 351.0 —63.1 286.0 3.6 7 —6.9 73 25 3.7
= = 358.1 —589 29.0 14.5 5 03 229 —-14 11.6
° = 15.6 —60.8 57.0 10.2 5 17.8 17.0 0.5 83
= = 3.9 —53.0 148.0 6.3 5 6.0 9.0 —7.2 55
287 —-79 3254 —32.7 = 7.3 7 293 32.7 15.5 6.0
320 —72 3187 —244 = 9.1 9 —393 24.2 8.5 7.3
357 —-79 328.1 —32.7 - 4.7 7 —22 20.1 15.5 4.1
350 —-74 329.0 —274 - 94 6 —9.8 27.5 10.5 76
138 56.8 98.2 16.4 - 44 6 —41.0 7.1 —6.9 39
4.0 —50 292.0 —26.1 = 5.0 6 4.6 6.9 —13.7 43
169 59.1 89.3 17.2 = 3.6 7 —10.1 8.3 —4.6 43
168 434 187.1 51.7 = 7.3 5 —-11.2 8.6 —224 6.0
3.0 —54 104 —63.2 - 7.9 6 37 1.1 —-11.8 6.4
154 57.7 150.9 67.6 - 59 6 —25.8 9.3 —8.1 49
145 519 166.6 66.2 - 59 7 —345 83 —13.9 49
30.2 —66 20.6 —753 34.5 13.2 5 259 50.1 8.8 104
16.4 —57 6.5 —65.0 133 15.8 8 11.8 314 -15 124
25 —65 136 —736 20.5 13.7 7 189 44.6 7.0 10.8
3.1 —56 9.7 —63.8 260.0 3.8 7 15.0 74 —-2.7 33
3555 —-50 359.0 —58.8 203.2 4.7 6 43 7.7 —7.7 4.0
356.3 -39 358.7 —473 49.9 9.6 6 4.0 11.5 —19.2 76
29 —43 6.8 —514 94.2 6.9 6 121 9.2 —15.1 5.6
54 —52 1.7 —60.4 151.3 55 6 17.0 9.3 —6.1 4.5
1.3 —46 17.2 —538 30.9 12.2 6 225 16.6 —12.7 9.6
351.2 —47 3535 —56.1 281.7 4.0 6 —-1.2 6.4 —10.5 35
39.2 —59 474 —64.1 300.2 53 4 52.7 10.0 —-25 44
359.8 —68 11.2 —759 171.0 59 5 16.5 19.7 9.4 4.8
1104 71 3.8 —29.1 9.7 0.4 3.2
3434 -73 5.8 239 16.1 24 4.7
136.5 70 23 -3.1 6.1 -0.5 2.2
27.7 85 10.7 = = ° =
189.3 79 9.5 49.7 46.8 8.5 7.5
1724 64 10.8 328 20.0 —6.6 8.5
110 50 13.2 —294 16.5 —20.6 104

@Age in Ma is from the geologic timescale of Gradstein et al. [2004]. D and / are site mean declination and inclination calculated before and after tectonic correction.
After Fisher [1953], k and ags are statistical parameters. D and / values in bold were used to recalculate R, AR, F and AF for each site. Recalculated rotation (R) and
flattening (F) values, and relative errors AR and AF (according to Demarest [1983]) are relative to coeval D and / South American values expected at the sampling area
considering updated South American paleopoles from Torsvik et al. [2008].
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We gathered 31 paleomagnetic sites in the Miocene North Patagonian Batholith granitoids (Mg, MgL), 19
sites in the Oligo-Miocene ignimbrites and lavas (Om2c), and 5 sites in the Plio-Pleistocene andesitic and
dacitic lavas (one site in the PPl5, two sites in the Plv;, and two sites in the Pl; formation, Figure 3 and Table 2).
Bedding (occurrence of intraflow sedimentary or volcanoclastic layers, evidence of geometric relations with
substratum) was retrievable in only 10 volcanic sites.

The samples were drilled using a petrol-powered portable drill cooled by water and oriented in situ using the
Sun (when possible) and a magnetic compass, corrected for the local magnetic declination for year 2012
(between 6°E and 8°E according to NOAA's National Geophysical Data Center, http://www.ngdc.noaa.gov/
geomag/declination.shtml). Afterward, the cores were cut into standard paleomagnetic specimens of

22 mm height.

Measurements were carried out in the shielded room of the paleomagnetic laboratory of the Istituto
Nazionale di Geofisica e Vulcanologia (INGV, Roma), using a 2G Enterprises DC-superconducting quantum
interference device cryogenic magnetometer. Samples were demagnetized in 12 steps by alternating field
(AF) yielded by three coils online with the magnetometer until a maximum AF peak of 150 mT. Twin
specimens from some samples were also thermally demagnetized using a Pyrox shielded oven in 12 steps up
to 680°C. The specimens from three sites (LOF04 from Mg, and LOF29 and LOF37 from Om2c), that were
still strongly magnetic at 150 mT due to a high coercivity magnetization, were thermally cleaned in additional
11 steps up to 680°C. Demagnetization data were plotted on orthogonal vector component diagrams
[Zijderveld, 1976] (Figure 5).

The magnetization components were identified by principal component analysis [Kirschvink, 1980], and the
site mean paleomagnetic directions were computed using Fisher [1953] statistics, and these were plotted on
equal-angle projections (Figure 6). Finally, the rotation and flattening values with respect to South America
were evaluated according to Demarest [1983], using the reference paleopoles from Torsvik et al. [2008]. To
define the sense and amount of rotation, we always considered the smaller angle between the observed and
expected declinations, thereby calculating rotation values always <|180°|. This is a conservative approach,
although we are aware that in the past, some authors considered rotation values exceeding 180° [e.g., Nelson
and Jones, 1987; Piper et al., 19971.

7. Paleomagnetic Results

Samples from 13 out of 55 sites yielded erratic magnetization directions and were discarded from further
considerations. Demagnetization diagrams from the remaining 42 sites (Figure 5) show that as a rule, a
viscous component is removed between 10 and 30 mT, and a characteristic magnetization (ChRM) is isolated
between 30 and 150 mT. Samples from three sites, LOF04 (Mg-granite), LOF29, and LOF37 (Om2c-volcanics),
yielded both a low coercivity (LC) component of magnetization isolated by AF demagnetization, and a high
coercivity (HC) component subsequently demagnetized by thermal cleaning (Figures 5e and 5i and Table 2).
The hard fraction shows a significant remanence drop between 300 and 350°C, and in one sample a complete
demagnetization at 680°C. This seems to show that in these three sites, the LC component (probably
magnetite) is associated with maghemite and hematite. As both minerals may arise from chemical overprint,
the HC component isolated in these three sites was discarded by further consideration (Table 2).

The ags values relative to the site mean paleomagnetic directions from the reliable 42 sites vary from 7.4° to
84.3° (average 15.5° excluding the latter value). From these, further six sites were discarded as their ags value
exceeded 30°, or their mean in situ inclination (bedding was not apparent in these sites) was <|10.0°|. In fact,
sites yielding subhorizontal directions have undefined magnetic polarity (the local normal polarity geocentric
axial dipole (GAD) field inclination is —58°/—60°) and cannot be used to evaluate tectonic rotations.

To sum up, 36 site mean directions passed the above quality criteria and were classified as reliable to infer on
the rotation pattern of the study area.

8. Rotation Pattern Along the Liquiie-Ofqui Fault Zone

In Figure 6, site mean directions are grouped depending on formation age. Tilt-corrected directions could be
calculated only for six Oligo-Miocene and two Plio-Pleistocene volcanic sites, as in the remaining 28 sites
bedding was not apparent (Table 2). For all three age groups, both normal and reverse polarities are
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Table 2. Paleomagnetic Site Mean Directions From Liquinie-Ofqui Fault Zone (LOFZ)?

Geographic Coordinates

ChRM/Low-Coercivity Component

Tilt Corrected

Site Unit Latitude S Longitude W Age Age (Ma) Bedding (deg) D (deg) I (deg)
LOF1 Plv, 39°21'28.0404”  71°46'45.2388" Middle to late Pleistocene <1.81 - - -
LOF2 Plv, 39°22'21.0612" 71°47'5.7660" Middle to late Pleistocene <1.81 - - -
LOF3 Mg 39°15'29.8368"  71°52'39.3852" Miocene 8-12 = = =
LOF4 Mg 39°16'17.9904"  71°53'53.6928" Miocene 8-12 - - -
LOF5 Mg 39°15'2.0448" 71°55'57.1008" Miocene 8-12 - - -
LOF6 Mg 39°15'55.1196"  71°53'29.3748" Miocene 8-12 = = =
LOF7 Om2c  39°13'15.8736"  71°50'48.6636" Late Oligocene Early Miocene 29-18.8 = = =
LOF8 Mg 39°10'55.3080"  71°48'41.8428" Miocene 8-12 - - -
LOF9 Mg 39°08'22.1784"  71°45'32.8536" Miocene 8-12 = = =
LOF10 Mg 39°10'17.7852"  71°43'46.6536" Miocene 8-12 - - -
LOF11 Mg 39°14'49.4016”  71°45'35.6508" Miocene 8-12 = = =
LOF12 Mg 39°12'54.4464"  71°43'34.8096" Miocene 8-12 = = =
LOF13 Mg 39°12'33.0660"  71°44'12.6168" Miocene 8-12 - - -
LOF14 Mg 39°12'26.7372"  71°41'42.9216" Miocene 8-12 = = =
LOF15 Mg 39°11'55.6548"  71°43'15.8340" Miocene 8-12 - - -
LOF16 Om2c  39°13'59.2464"  71°38'52.9656" Late Oligocene Early Miocene 29-18.8 = = =
LOF17 Om2c  39°13'38.4924”  71°38'59.0352" Late Oligocene Early Miocene 29-18.8 - - -
LOF18 Mg 39°13'17.3856"  71°40'52.6872" Miocene 8-12 = = =
LOF19 Mg 38°45'53.3916"  71°35'44.4516" Miocene 8-12 - - -
LOF20b Om2c 38°56'33.8964" 71°43'0.8256" Late Oligocene Early Miocene 29-18.8 152/13 3373 253
LOF21 Om2c  38°55'31.6344”  71°42'43.7292"  Late Oligocene Early Miocene 29-18.8 75/39 10.7 —15
LOF22 Om2c 38°55'6.9960" 71°41'44.4300" Late Oligocene Early Miocene 29-18.8 259/28 41.8 -25
LOF23 Om2c  38°54'36.1224" 71°43'4.9692" Late Oligocene Early Miocene 29-18.8 103/42 245.7 —58
LOF24 Mg 38°50'54.8952"  71°32'25.2276" Miocene 8-12 = = =
LOF25 Om2c 39°03'48.1860" 71°40'16.4028" Late Oligocene Early Miocene 29-18.8 30/30 338.1 —53
LOF26 Om2c  39°03'48.2508"  71°42'40.2228" Late Oligocene Early Miocene 29-18.8 = = =
LOF27 Om2c 39°03'50.1228" 71°43'44.4504" Late Oligocene Early Miocene 29-18.8 - - o
LOF28 Om2c  39°04'10.6104”  71°45'50.0904" Late Oligocene Early Miocene 29-18.8 = = =
LOF29 Om2c 39°03'4.3632" 71°47'19.4784" Late Oligocene Early Miocene 29-18.8 = = =
LOF3Ob Mg 38°50'18.3300”  71°34'43.1760" Miocene 8-12 = = =
LOF31 Mg 38°50'12.9012"  71°35'58.4232" Miocene 8-12 - - -
LOF32b Mg 38°50'10.5684”  71°36'19.9764" Miocene 8-12 = = =
LOF33 Mg 38°45'58.2588" 71°36'2.4120" Miocene 8-12 - - -
LOF34b Mg 38°41'49.0416"  71°36'49.4640" Miocene 8-12 = = =
LOF35 Mg 39°02'48.9228"  71°48'59.7240" Miocene 8-12 - - -
LOF36 Mg 39°03'17.9280"  71°49'28.4808" Miocene 8-12 = = =
LOF37 Om2c  39°06'58.4172"  71°53'24.6624" Late Oligocene Early Miocene 29-18.8 = = -
LOF38b Om2c  39°06'42.7608"  71°52'45.8112" Late Oligocene Early Miocene 29-18.8 257/79 91 28.2
LOF39 Om2c  39°05'34.1196"  71°53'47.3532" Late Oligocene Early Miocene 29-18.8 130/34 135.6 —45
LOF40 Om2c 40°53'54.4488" 72°15'2.8260" Late Oligocene Early Miocene 29-18.8 - - -
LOF41 Om2c  40°53'46.6512"  72°15'14.2596"  Late Oligocene Early Miocene 29-18.8 = = =
LOF42 Om2c 40°53'31.0920" 72°15'27.6984" Late Oligocene Early Miocene 29-18.8 228/52 439 —45
LOF43 Om2c  40°53'33.4212"  72°17'15.9540"” Late Oligocene Early Miocene 29-18.8 = = =
LOF44 Pl3 40°40'34.1040"  72°17'49.7436" Pleistocene <1.81 38/1 3425 23.2
LOF45 Pl3 40°46'17.6196" 72°16'5.2392" Pleistocene <1.81 = = =
LOF46 Mg 39°35'8.8008" 71°56'20.5656" Miocene 8-12 - - -
LOF47 MgL 39°45'22.7160" 71°50'44.3004" Miocene 151 ° ° o
LOF48 Mgl 39°45'32.2092" 71°50'3.6132" Miocene 15+1 = = =
LOF49b MgL 39°42'25.0272" 71°54'11.9484" Miocene 151 o o -
LOF50 Mgl 39°42'30.8196"  71°54'53.6796" Miocene 15+1 = = =
LOF51 Mg 39°40'57.2556"  71°53'15.6660" Miocene 8-12 - - -
LOF52 PPI3 39°39'11.6928"  71°54'53.3016" Pliocene Pleistocene <533 186/45 298.3 —43
LOF53 Mg 39°37'28.5564" 71°55'9.9516" Miocene 8-12 = = =
LOF54 Mg 39°36'11.6856"  71°54'44.7264" Miocene 8-12 - - -
LOF55 Mg 39°35'30.6384”  71°55'14.1492" Miocene 8-12 = = =

observed. Directions show a significant spread and are generally far from both the normal (D=0° /=—-58
to —60) and reverse polarity (D =180°, /=58° to 60°) GAD field direction, thus excluding a possible recent
magnetic overprint. Declination spread is mostly due to vertical axis rotations, as it is also observed for the
tilt-corrected sites (Figure 6). However, the lack of bedding for most of the sites surely translates into errors
for the rotation and flattening values calculated in Table 2. This is a classical problem of paleomagnetism
addressed to igneous rocks and could not be overcome [Cembrano et al., 1992; Beck et al., 2000].
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Table 2. (continued)

In Situ
D (deg) I (deg) k ags (deg) n/N R (deg) AR (deg) F (deg) AF (deg)

30.2 —46.2 83 189 9/10 30.2 27.3 -11.8 189
3389 —44.4 174 11.9 10/10 —21.1 16.7 —13.6 11.9
9.3 —249 46 26.8 9/10 9.6 234 —36.0 21.0
1854 80.9 37.8 9.1 8/10 5.7 0.2 20.0 9.1

342 —66.9 234 117 8/10* HC
326.2 —40.8 36.9 8.6 9/10 —335 9.3 —20.1 6.9
43 —39.9 18.1 18.5 5/10 4.6 19.2 —21.0 14.5
352.0 —514 12.2 153 9/10 —7.5 19.8 —-11.5 121
12.8 —21.0 283 11.5 7/10 13.1 10.0 —39.8 9.1
3129 52.3 1.4 17.2 8/10 133.1 22.7 —8.5 13.5
74 —504 17.4 22.7 4/10 7.7 29.2 —10.5 17.8
351.2 779 12.1 18.1 7/10 171.4 0.2 17.0 18.1
0.6 —52.8 9.9 224 6/10 0.84 30.6 —8.1 17.6
359.0 —46.3 11.6 14.8 10/10 —0.5 17.2 —16.6 11.7
286.7 —69.5 124 22,6 5/10 —72.8 63.4 6.62 22.8
2553 329 1.3 16.0 9/10 75.5 15.2 —28.0 12.6
147.2 —244 23.7 12.7 7/10 147.4 11.2 —36.1 10.0
337.0 12.3 41.9 9.4 7/10 157.8 8.7 —374 7.6
14.1 3.8 40.2 8.8 8/10 11.2 7.8 —47.9 7.1
28.0 —45.0 46.2 8.2 8/10 423 7.8 —38.0 6.7
155.2 —65.9 17.5 11.9 10/10 —113.8 18.1 —4.8 9.5
356.9 —30.7 21.8 13.2 7/10 -214 17.8 —94 10.5
206.9 68.1 15.8 144 8/10 274 328 54 114
3423 26.7 50.2 74 9/10 162.8 7.2 —36.0 6.1
301.5 —62.7 84 17.8 10/10 —58.0 32.8 —54 14.0
338.0 50.0 8.5 18.8 9/10 158.5 23.7 —12.7 14.8

11.6 308 17.6 225 4/10* HC
223 —3.8 27.7 10.0 9/10 225 8.2 —56.8 8.0
150.3 -39 16.9 129 9/10 150.5 10.4 —56.6 10.2
59.2 394 284 10.6 8/10 —120.6 11.1 —21.0 84
56.6 5.3 1.3 84.3 10/10 —123.1 68.6 —554 65.8
178.5 329 17.5 14.9 7/10 —-1.2 14.2 —27.8 11.7
38.1 40.6 134 171 7/10 —1414 18.1 —22.2 13.5

65.1 41 275 24 3/10* HC
95.9 —48.5 17.6 13.6 8/10 —88.5 125 —34.6 10.8
134.0 —-10.8 54 31.7 6/10 136.1 37.6 —-17.8 24.8
1629 —47.1 19.6 11.9 9/10 163.5 14.2 —17.1 9.5
283.7 —26.8 15.5 15.8 7/10 —75.7 143 —374 125
249.7 —82.1 16.9 13.9 8/10 445 15.9 —19.0 11.0
203.8 46.2 4.0 293 9/10 244 353 —18.0 229
342.1 23.8 29.1 9.1 10/10 162.5 9.9 —34.8 9.1
206.0 —254 219 13.2 7/10 —154.0 14.6 —32.6 13.2
3239 23.1 33 31.8 10/10 144.2 274 —38.2 249
104 45.7 239 10.7 9/10 —169.3 123 —15.6 8.5
252.6 —42.9 235 10.8 —61.7 204 —15.0 10.8

9/10

“The geological units are referring to the Geological Map of Chile at scale 1:1.000.000 (2003), Geology of the Villarrica Volcano at scale 1:50.000 (2006),
and Munizaga et al. [1988]. Plv, = Andesitic Lava, Middle to Late Pleistocene; Pl3 = Basic to intermediate lava sequences and volcanic centers, Pleistocene;
PPI3 = Mainly basic lava, Plio-pleistocene; Mg = North Patagonian Batholith, Miocene; MgL = Liquifie Granitoid, Miocene; Om2c = Andesitic to dacitic lava,
Oligo-Miocene. 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 / are site mean declination and inclination calculated before and after tectonic correction for low and high coercivity (in
bold and identified with *HC) component; k and ags 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 AR and AF (according to Demarest [1983]) are relative to coeval D and /
South American values expected at the sampling area considering South American paleopoles from Torsvik et al. [2008].

Rejected sites with values of ags >30° and / < |10°| (see text).
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and °C for the alternating field a

nd thermally demagnetized samples, respectively.

Site rotations with respect to South America are shown in Figure 7. Although most of the rotations are calculated
using the in situ paleomagnetic directions, rotation sense and values are often consistent with those from close
sites where bedding is apparent. This suggests the first-order validity of the rotation pattern documented in
Figure 7, although we are aware that the lack of bedding for most of the sites represents the main weakness point
of our work. Flattening values are mostly negative but show a great variability, even in rocks of the same age at
the same side of the LOFZ (Table 2), implying that they cannot be used to assess microplate latitudinal drift.

In the whole studied area, rotations change significantly in close sites, so that the size of the rotating blocks
seems to be very small, in the order of 1 km for the smallest domains. The largest coherent block is depicted
by six nonrotated sites (LOF03 to LOF08, Figure 3b) east of Pucén and shows a long axis, subparallel to the LOFZ,
of approximately 15 km.

A possible age dependence of the rotation amount cannot be properly evaluated, as rotations vary greatly up
to [170°| depending strongly on the distance to the main fault of independent small blocks inside the LOFZ
deforming zone. Although most of the sites yielding rotations >|100°| are Oligo-Miocene in age (e.g., sites 20
and 27), some of the Plio-Pleistocene sites (e.g., sites 44 and 45) show rotations of similar magnitude. We
conclude that rotations are surely post 5 Ma in age, but the occurrence of older rotations cannot be assessed
in our data set (180° is the maximum rotation value that we admit). In any case, this is in agreement with the
post mid-Cenozoic rotational timing suggested by Beck et al. [2000].

The Villarrica domain yields the more complete rotation pattern (Figures 3 and 7a). Two completely different
behaviors are observed east and west of the LOFZ. East of the LOFZ, some sites yield a 150°-170° CW rotation
adjacent to the fault. CW rotations progressively decrease moving eastward, until no significant rotation is

HERNANDEZ-MORENO ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1979



@AG U Tectonics 10.1002/2014TC003622

OLIGO - MIOCENE MIOCENE PLIO - PLEISTOCENE
VOLCANIC ROCKS GRANITIC ROCKS VOLCANIC ROCKS

Tilt corrected
(Wulf)

PROJECTION
@ Lower hemisphere (Fill)
O Upper hemisphere (Empty)

SAMPLED UNITS

< PIvl  Middle-Late Pleistocene
andesitic lava

[ PI3  Pleistocene basic to
intermediate lava sequences
and volcanic centers

2} PPI3 Plio-Pleistocene basic lava

O Mg  Miocene North Patagonian Batholith

/\ Om2c Oligo-Miocene andesitic to dacitic lava

IIIIIII+II%IIII

S I%%'Geocentric axial dipole field direction S

Figure 6. Equal-angle projection of the site mean paleomagnetic directions gathered along the LOFZ. Solid (open) symbols represent projection onto the lower
(upper) hemisphere. Open circles are the projections of the ag5 cones about the mean directions. Numbers correspond to sites shown in Figure 3 and detailed in
Table 2. The asterisk represents the normal polarity geocentric axial dipole (GAD) field direction (D =0° /= —58°/—60°) expected at the study area.

observed at approximately 10 km from fault trace. On the other hand, other sites located east of the fault are
nonrotated, independently of their distance from the LOFZ. Within 2 km from the fault trace, two CCW
rotated sites also occur.

West of the LOFZ, a complete different rotational pattern occurs (Figure 7a). Some sites are similarly not
rotated, independent of their distance to the fault, but most of the sites yield CCW rotations, up to a
maximum 150°-170° value. Four CW rotated sites also occur in the Osorno domain.

In Figure 7b, we consider the case of rotation values >|180°| based on the assumption that CW rotation amount
increases toward a dextral fault [e.g., Nelson and Jones, 1987; Piper et al., 19971]. Figure 7b shows that, besides the
unrotated blocks, CW rotations would reach values of ~300° within 4 km east and west from the LOFZ.

Rotation senses documented by us along the LOFZ are consistent with previous results by Garcia et al. [1988],
Cembrano et al. [1992], Rojas et al. [1994], and Beck et al. [1998, 2000], who documented CCW and CW
rotations west and east of the LOFZ, respectively. However, reported rotation magnitudes were smaller than
in our study, as they did not exceed —30° and 49°, respectively.

9. Kinematic Model of Block Rotation in the Liquifie-Ofqui Fault Zone

The paleomagnetic data documented by us show that the rotation pattern is not symmetrical along the LOFZ
and that it cannot be accounted by any of the kinematic models of block rotation proposed so far. First, we
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Figure 7. Plot of paleomagnetically determined rotations with respect to South America versus site distance to the LOFZ
main trace (see Figure 3 for location). Dashed lines are a logarithmic best fit curve for the CW rotated sites located east of
the LOFZ. (a) Sense and amount of rotation defined by the smaller angle between the observed and expected decli-
nations for South America (rotation values by definition <|180°|); (b) Same as Figure 7a, but assuming that CW rotation
magnitude increases toward the fault. Sites rotated CCW and located within 4 km from the fault were considered as
rotating CW more than 180°.
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Figure 8. Quasi-continuous block rotation model of the
Patagonian Andes around the LOFZ based on paleomag-
netically observed rotations. The dimension and shape of
the individual crustal blocks are hypothetic, but consistent
with the areal variability of the paleomagnetic rotations and
the location of both the LOFZ main strand and the sec-
ondary fault system (Figure 3).
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note that the continuous models do not apply, as
rotations largely exceed 90°, which is the maximum
possible value if the crust is entirely assimilated to a
thin viscous sheet [Nelson and Jones, 1987; Kimura
et al., 2004, 2011]. Crust is clearly subdivided in small
(~1-10km) blocks, which underwent rotations
largely exceeding 90°. The occurrences of blocks
smaller than LOFZ deforming zone width, as well as
block rotation distribution, are also inconsistent with
discontinuous kinematic models of block rotation
[Ron et al., 1984; Garfunkel and Ron, 1985; McKenzie
and Jackson, 1986].

Both block size and rotation magnitude are very
similar to those documented for the Alpine Fault of
New Zealand by Randall et al. [2011]. We note that
the maximum rotation documented by us (170°) is
probably a lower bound, as a rotation greater than
180° would be interpreted as lower than 180° and
with opposite rotation sense (Figure 7b).

The existence of different small blocks along the
LOFZ was also postulated by Thomson [2002], who
relying on fission tracks thermochronology reported
south of ~43°S an important vertical component
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30  We fit this CW rotation trend using a
logarithmic regression curve (Figure 7a),
defined by an R-squared value of 0.9534.

Rotation sense (CW in a dextral shear

zone), magnitude (>90°), and pattern

o ls seem to support the quasi-continuous

model of McKenzie and Jackson [1983],

Nelson and Jones [1987], and Sonder et al.

[1994] (Figure 8).

A significant difference with respect to the
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by the unrotated sites, observed along
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Figure 9. Rotation difference between pairs of sites along the LOFZ with
respect to the distance between them. We considered the zone between
39.0 and 39.4°S where there is the greatest paleomagnetic data concen-

tration. (a) LOFZ eastern side, (b) LOFZ western side.

30  and very close to the fault. We think that
the nonrotated sites occur on elongated
slivers with the long axis subparallel
to the fault (Figures 3 and 8). These
blocks are simply translated parallel to
the fault and are unable to rotate due
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to their low aspect ratio. A similar crust deformation pattern was documented by Randall et al. [2011] on
the Alpine Fault of New Zealand. Unrotated blocks occur also west of the LOFZ. Here the distribution of
unrotated sites LOF03-LOF08 adjacent to the fault supports the occurrence of an elongated block
subparallel to the LOFZ (Figure 3). Our data could also explain why several paleomagnetic studies of
major strike-slip fault zones (North Anatolian and San Andreas faults) have puzzlingly documented the
lack of rotations [Haeussler et al., 1991; Platzman and Platt, 1994].

An estimate of the maximum block size into the LOFZ deforming zone can be provided by the rotation difference
between site pairs. If two or more sites belong to the same block, a low or null rotation difference between
them is expected. We considered the zone between 39.0 and 39.4°S where there is the greatest paleomagnetic
data concentration and evaluated the distribution of rotation difference between site pairs with respect to the
distance between them (Figure 9). Figure 9a shows that east of the LOFZ, the sites more than 2 km distant each
other have rotation differences >40°. Conversely, west of the LOFZ, rotations differences increase significantly
(>80°) only for sites more than 9 km far, while closer sites have rotation differences mostly <40° (Figure 9b).
Inferred block sizes again support a quasi-continuous deformation model east of the LOFZ, as shear zone width is
~10km (according to rotation distribution, Figure 7) and block sizes are smaller than 2 km.

This small block size implies a shallow décollement depth, of the same order of magnitude. Rotating blocks
are expected to detach along the brittle-ductile transition, which is inferred to occur at 350 £ 50°C within
the crust [Chen et al., 2013]. Thus, our data indicate a high geothermal gradient at the LOFZ, consistent with
the widespread occurrence of volcanoes along the fault trace. Differences of estimated block sizes east
and west of the LOFZ may be related to inherited crust rheology differences and/or different geothermal
gradients at the two sides of the fault. This is consistent with expected geothermal gradient decrease moving
from a volcanic arc toward a subduction fore arc.

Considering that the vertical-axis rotations are distributed among a great number of different irregular blocks
and therefore that the LOFZ deforming zone does not behave as a single continuously deforming block,
we cannot discard the possibility of interaction between adjacent blocks, which could induce changes in
block rotation magnitude and sense. However, in the aim of simplifying the problem, block interaction was
never mentioned by the kinematic models proposed so far [e.g., Nur et al., 1986].

The total displacement along the LOFZ can be predicted using the equation for a constant slip velocity of
rotating circular blocks obeying to the thin viscous sheet model [Nelson and Jones, 1987; Sonder et al., 1994]:

2d 1/2
0=— 2d(x)n’ exp(—4n1/2ny/}v) (1)
where
0 rotation, positive (negative) values represent CCW (CW) rotations;
2d(x) displacement;
A twice the shear zone length;
n power law exponent.

Considering a 3-5 n value, typical for ductile behavior of the lower crust that drives block rotation [Sonder et al.,
1986], a 4 value of 2000 km (twice LOFZ fault length), and our maximum CW rotation value of 171° (site LOF13), we
get a 1112 km offset, which is clearly too big for a 1000 km long fault. Conversely, the equation of Lamb [1987]
relates fault width (W) and displacement (D) with the rotation value of equidimensional blocks (4)

6 =05 D/W )

By considering a 20 km W value (double of the CW rotated domain east of the LOFZ) and again a 171° 8 value,
we get a total offset of 120 km. This value is consistent to a 1000 km total fault length [Sylvester, 1988] and
about double of the 65 km Plio-Pleistocene offset for the central LOFZ segment proposed by Rosenau et al.
[2006] (13 mm/yr for the last 5 Ma).

The quasi-continuous kinematic model predicts a symmetrical rotation pattern at both fault edges (Figure 2).
Conversely, CCW rotations dominate west of the LOFZ and do not seem to fade out moving away from the
LOFZ (most of the strongly CCW rotated sites occur at 8-10 km from fault, Figures 3 and 7). This area is

characterized by a set of NW-SE left-lateral faults, antithetic to the LOFZ, and spaced by 20-40 km, whose
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present-day activity has been recently demonstrated by seismicity distribution and focal mechanisms
[Lange et al., 2008].

The unique models postulating CCW rotations into a dextral shear zone are the “slate” models by Ron et al.
[1984] and McKenzie and Jackson [1986] (Figure 2a). However, the slate models cannot explain our data, as
they would require a set of NE-SW synthetic dextral faults bounding CCW rotating slates inside the deforming
zone (Figure 2b), which are not apparent. Similarly, the continuous and the quasi-continuous models cannot
explain the “wrong-way rotation” [Beck et al., 1993; Rojas et al., 1994], because CW rotations increasing in
magnitude toward the fault are expected in dextral strike-slip fault zones. This evidence suggests that the
LOFZ itself actually does not drive directly the rotations along its west side and that these CCW rotations are
mainly consequence of the kinematics of or within the Chiloé Block. We put forward two possible
explanations for the occurrence of a CCW rotation domain west of the LOFZ:

1. Left-lateral antithetic faults locally yield a quasi-continuous rotation pattern similar to that observed
east of the LOFZ, but characterized by CCW rotations because fault kinematics is left-lateral here. This
seems to be confirmed by the occurrence of some CCW rotated sites (LOF05, LOF37, and LOF38,
Figure 3) adjacent to the antithetic faults, although other CCW rotated sites (LOF34 and LOF52) are
definitely located far from them.

2. Beck et al. [1993] and Rojas et al. [1994] explained CCW rotations west of the LOFZ with the occurrence of
buttresses hampering the northward drift of a fore-arc crustal sliver pushed by the oblique Nazca sub-
duction (buttress effect model of Beck [1991] and Beck et al. [1993], Figure 2c). The sliver would be
segmented into lens-shaped blocks, which rotate CCW and overlap one another as they move forward. If
we consider the first 14 km west from the LOFZ (Figure 7), our rotation pattern is barely consistent with
this model, requiring the occurrence of great lens-shaped block rotating rigidly. Conversely we have
evidence on small (1-10 km) blocks undergoing variable amounts of CCW rotations, as well as other
(possibly elongated) blocks not rotating at all.

In any case, the asymmetrical rotational pattern at the two LOFZ sides suggests that the NW-SE left-lateral
faults mostly apparent in the western fore-arc sliver are connected and genetically related to the LOFZ, as
suggested by Rosenau et al. [2006] relying on cross-cutting relations. In fact, the occurrence of NW-SE sinistral
faults inverting older basement structures and displacing the LOFZ (thus not connected nor genetically
related to it [e.g., Glodny et al., 2008; Lange et al., 2008; Melnick et al., 2009]) would likely yield the same
rotation scenario at both LOFZ edges.

It is clear that further paleomagnetic data from the Andean fore arc are needed to properly understand
the kinematic meaning of the CCW rotations west of the LOFZ. Finally, we are aware that a few data do not fit
with the rotation patterns described above: five sites rotate CCW and CW east and west of the LOFZ,
respectively (Figures 3 and 7a). It is difficult to assess the validity of these data as two potential sources of
error exist: first, all these directions but two are calculated in situ (no bedding is apparent) implying a possible
rotation error; second, it is possible that these sites (and mostly those located adjacent to the fault) rotated in
fact more than 180° in the opposite sense (Figure 7b).

10. Conclusions

Paleomagnetic data from the Chile fore arc at 38°S-41°S reveal unprecedented kinematics of crust
deformation along the Liquifie-Ofqui fault zone, a major 1000 km long dextral shear zone that takes up the
margin-parallel component of the Nazca Plate oblique subduction beneath South America. The data do not
completely match any of the kinematic models proposed so far and have evidence on a different behavior at
the two fault edges. Crust within 20 km from the fault is fragmented into ~1-10 km wide blocks, and their
small size suggests similarly shallow detachment depth and brittle-ductile transition as well as high heat flow,
consistently with the occurrence of andesitic volcanoes along fault trace. While some block show large (up to
150°-170°) rotations, others are not rotated, even adjacent to the fault walls. We infer that this is related to
block aspect ratio and that equidimensional blocks are prone to rotate, while elongated crust slivers parallel
to the fault are displaced and undergo no rotation.

Rotating blocks east of the LOFZ yield 150°-170° CW rotations, ending at approximately 10 km from fault
trace (Figure 7a). These data, considering the dextral shear sense of the LOFZ, are consistent with the
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quasi-continuous deformation model proposed by Sonder et al. [1994] and Randall et al. [2011]. Thus, we
infer that upper crust is subdivided in small blocks that are dragged by the flow of the underlying
ductile crust rotating even more than 90°. Plio-Pleistocene sites rotate more than 150°, implying that block
rotation is very recent and occurred during the last 5 Ma. Conversely, the possible occurrence of older
rotations cannot be evaluated by our data set (as a conservative approach, we consider 180° as the maximum
possible rotation value). By using the equation of Lamb [1987], relating rotations to fault displacement, we find
a total LOFZ offset of 120 km, which is consistent to a 1000 km total fault length and about the double of
the 65 km offset proposed by Rosenau et al. [2006] for the last 5 Ma.

West of the LOFZ, a different structural and rotation pattern is apparent. Crust is cut by seismically active NW-SE
antithetic faults spaced by 20-40 km, and CCW rotations, reaching 170°, dominate. CCW rotations do not
diminish moving away from the LOFZ, as the majority of the rotated sites occur at 8-10 km from fault trace
(Figure 7a). This suggests that the LOFZ activity does not drive directly the rotations along its west side and that
CCW rotations are mainly consequence of the kinematics and/or faulting of the Chiloé Block. Although more
data are needed to understand crust kinematics yielding the observed paleomagnetic data west of the LOFZ, it
is clear that some models, as the slate discrete model by Ron et al. [1984] and McKenzie and Jackson [1986],
would predict CW rotations of the blocks bounded by the NW-SE left-lateral antithetic faults and are thus not
consistent with our data set.

Our study reveals that the pattern of rotations along continental transcurrent zones is more complex than
previously believed and that the existing models for kinematics of crust deformation are unable to explain
the observed kinematic complexity. It is clear that the rotation pattern we documented is related to the
peculiar setting of a strike-slip fault occurring on the fore arc of a subduction zone and controlling volcanism,
thus characterized by high heat flow. More work is needed to relate each peculiar paleomagnetic rotation
pattern to local tectonics of transcurrent shear zones.
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Abstract

The southern Chile fore-arc between 37° and 47°S represents the inland co-seismic deformation
zone of the great 1960 M,, 9.5 Valdivia earthquake. Gravity anomalies and GPS displacements have
been used to infer on along-arc variations of coupling between the subducting Nazca plate and the
fore-arc, but their conclusions disagree. Here we report on a paleomagnetic investigation of 43
Oligocene-Pleistocene volcanic sites from the fore-arc sliver between 38° and 42°S. Seven sites
from the Chiloé Island (42°S) at ca. 130 km from the Liquifie-Ofqui fault zone (LOFZ, a 1000 km
long dextral fault bounding the sliver to the east) yield systematic counterclockwise (CCW)
rotations, ranging between -27° and -164°. CCW rotation variability (even at close sites) and
rapidity (>20°/Myr considering Pleistocene sites at 39°N) suggest that block rotation pattern is
related to NW-SE seismically active sinistral faults crosscutting the whole fore-arc. Paleomagnetic
sites were also gathered at the eastern margin of the fore-arc (adjacent to the LOFZ), at 40°-41°S
(Ranco Osorno Domain) and around 39°S (Villarrica Domain). While in the Ranco-Osorno domain
clockwise (CW) rotations up to 136° occur before evolving to CCW rotations at ca. 30 km from the
LOFZ, in the Villarrica domain the fore-arc is characterized by ubiquitous CCW rotations.
According to previously published data, CW rotations up to at least 170° also occur east of the
LOFZ, and have been related to 50-100 km dextral fault shear in the last 5 Ma. We suggest that the
width of the eastern fore-arc (just west of the LOFZ) undergoing CW rotations is a function of plate
coupling along subduction interface. Zones of high coupling enhance stress normal to the LOFZ,
induce high LOFZ strength, and yield a wide deforming zone characterized by CW rotations.
Conversely, low coupling imply a weak LOFZ, a lack of CW rotations, and a fore-arc entirely
dominated by CCW rotations related to NW-SE sinistral fault kinematics. Our locking inferences
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are in good agreement with those recently derived by GPS analysis, and indicate that seismotectonic

segment coupling has remained virtually unchanged during the last 5 Ma.

1. Introduction

Understanding crust kinematics of fore-arc slivers lying on top of obliquely subducting oceanic
slabs yielding My, ~9 mega-thrust earthquakes is becoming one of the most addressed issues of plate
tectonics. Slivers of fore-arc crust are formed along active continental margins, when an extensive
portion of crust is displaced along margin-parallel strike-slip faults generated or reactivated in
response to either oblique subduction or ridge collision [Nelson et al., 1993]. Oblique convergence
is usually partitioned in pure dip-slip subduction mega-earthquakes and trench-parallel strike-slip
faulting, occurring as a rule along the volcanic arc [Beck, 1980; Dewey and Lamb, 1992; Wallace et
al., 2004]. Fore-arc crustal motion has been usually addressed by the analysis of earthquake slip
vectors and, since the last twenty years, by velocity fields derived from Global Positioning System
(GPS) data. Yet this observation time window (few decades) can be significantly shorter than a
complete seismic cycle, or constrained to interseismic periods where the post-seismic deformation
release, the vicinity of other important faults, and the slip partitioning in oblique subduction may
hinder the finite deformation pattern [Minster et al., 1974; Minster and Jordan, 1978; Dewey, 1980;
DeMets et al., 1990; Argus and Gordon, 1990; Hofmann-Wellenhof et al., 1993; Larson et al.,
1997; Chamot-Rooke et al., 1999; Wallace et al., 2004; McCaffrey et al., 2000, 2002].

On the other hand, paleomagnetic data yield finite rotations occurring since rock formation age,
thus provide a much longer observation time span in the order of millions or tens of millions of
years. The cumulative permanent or nonreversing deformation in function of the considered
geological formation age can represent the average over many seismic cycles, thus significantly
complement “instantaneous” information derived from seismic and GPS data. Rates of rotation
about vertical axes from residual geodetic velocity field may also differ from those inferred from
paleomagnetic rotations because the deformation is non-uniform, either in space or in time [Feigl et
al., 1993].

One of the best modern examples of a fore-arc sliver is located in the leading margin of the
South American plate above the obliquely subducting Nazca plate, where the strongest earthquake
ever recorded (Valdivia 1960, My, 9.5) occurred (Figure 1).
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Figure 1. Plate tectonic configuration of the southern Chile and main structural features within the
Chiloé Block. Main faults after Hackney et al. [2006], black arrows indicate motion of oceanic
plates relative to South America [Pardo-casas and Molnar, 1987; DeMets et al., 1994; Angermann
et al., 1999; Kendrick et al., 2003; Quinteros and Sobolev, 2013]. Arrows with white stroke
correspond to paleomagnetic rotations from Garcia et al. [1988], Cembrano et al. [1992] and Rojas
et al. [1994], recalculated by Hernandez-Moreno et al. [2014] using updated South American poles
by Torsvik et al. [2008]. Shallow crustal focal mechanisms are also shown [Chinn and Isacks, 1983,
Dziewonski et al., 1991; Barrientos and Acevedo-Aranguiz, 1992]. The white box marks the study
area of this research. SAP South American Plate, NP Nazca Plate, AP Antarctic Plate, SP Scotia
Plate, ArP Arauco Peninsula, CTJ Chile Triple Junction, GP Golfo de Penas, LOFZ Liquifie-Ofqui
fault zone, MVVFZ Mocha-Villarrica Fault Zone, LF Lanalhue fault, BBFZ Bio-Bio fault zone.
Tinny arrow represent the GPS velocity vector by: red Klotz et al. [2001]; green Wang et al. [2007],
yellow Ruegg et al. [2009] and blue Moreno et al. [2008]. Locking rate by Moreno et al. [2011].
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The sliver (also called Chiloé Block) is bounded to the east by the Liquifie-Ofqui fault zone
(LOFZ), a dextral strike-slip fault system more than 1000 km long coinciding with the volcanic arc
of Southern Chile. The LOFZ is considered to be related to the strain partitioning of oblique
convergence between Nazca and South American plates since at least 50 Ma [Hervé, 1976;
Cembrano and Herve, 1993], and/or the post-10 Ma indentation of the Chile Rise beneath the
continent [Forsythe and Nelson, 1985]. The Chiloé Block sliver occurs between Concepcion (37°S)
and the Golfo de Penas (~47°S), an extensional Cenozoic basin located at its trailing edge [Forsythe
and Nelson, 1985; Hervé, 1976; Nelson et al., 1994; Lavenu and Cembrano, 1999]. The northward
movement of the fore-arc sliver seems to be hampered north of ~38°S by the thickened central
Andean crust, the flat slab older than 30 Ma, and the absence of volcanic activity that precludes
strain partitioning at lithospheric-scale [Siame et al., 2005; Rosenau et al., 2006].

Minor intraplate seismicity and shallow earthquakes reveal margin-normal shortening close to
the coast and recent, brittle deformation of the forearc along the LOFZ and the NW crustal-scale
transverse faults splaying off west of it [Chinn and Isacks, 1983; Barrientos and Acevedo, 1992;
Haberland et al., 2006]. In fact, GPS velocity vectors also pointing to strain partitioning within the
fore-arc. GPS data yield a LOFZ dextral slip of 6.5 mm/yr decreasing northward [Wang et al.,
2007], and margin-normal shortening toward both inland and seaward, which suggest current
locking of the seismic zone and protracted effects of the post Valdivia earthquake mantle rebound,
respectively [Khazaradze et al., 2002; Hu et al., 2004, Wang et al., 2007].

Recently a debate has developed on the zones (or segments) above the 1000 km long rupture of
the Valdivia earthquake where changes occur in the coupling between the subducting Nazca plate
and the overriding fore-arc sliver. Locked fore-arc segments are expected to yield maximum slip
patches during megathrust earthquakes. Hackney et al. [2006], by analyzing gravity anomaly and
the geoid suggested that segments characterized by high gravity anomalies are related to a shallower
subducting plate. The thinner fore-arc wedge would be responsible of low coupling, mainly as a
result of reduced normal stress acting on the subduction interface. In this way, they identify a
northern segment (Arauco-Lonquimay) characterized by low coupling, followed to the south by two
locked segments down to 42°S. In turn, Tassara [2010] also based in gravity anomalies and other
geophysics information interpreted that low-gravity fore-arc regions likely indicates a conditionally-
stable regime dominated by low normal stress loading the plate interface because a forearc wedge
formed by low density rocks (low coupling), whereas high-gravity regions predict stick-slip
behavior dominated by larges normal stresses imposed by a dense fore-arc (high coupling). He
conclude that in general the southern Andes fore-arc is low coupling with an exception of high

coupling along the Arauco Peninsula (36°-38°S).
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Thus while low gravity values are considered for the Hackney et al. [2006] as consequence of
fore-arc thickness and its subsequent larger normal shear on the subducting plate that yield to high
coupling, to Tassara [2010] low gravity values are considered as consequence of lighter fore-arc
and its subsequent small vertical shear on the subducting plate that yield to low coupling.

More recently, Moreno et al. [2011] evaluated coupling by analyzing new GPS data, as well as
those previously gathered by Wang et al. [2007]. Moreno et al. [2011] argue for a strong coupling at
36°-38°S and 40°-42°S, separated by a low coupling zone around 39°S. Thus, apart for the 40°-42°S
segment where locking is indicated by Hackney et al. [2006] and Moreno et al. [2011], the
conclusions of these authors on subduction segment coupling are in disagreement, while in general
the conclusions by Tassara [2010] are relatively close to them by Moreno et al. [2011].

Paleomagnetic studies carried out along the LOFZ and at both sides of it show an asymmetric
rotation pattern [Garcia, 1988; Rojas et al., 1994; Cembrano et al., 1998; Hernandez-Moreno et al.,
2014] (Figure 1). East of the fault and adjacent to it, rotations are up to 150°-170° clockwise (CW),
and fade out ~10 km east of fault. These data support a quasi-continuous crust kinematics,
characterized by small rigid blocks in the 1-10 km size range likely drag by the underlying ductile
crust flow [England et al., 1985; Sonder et al., 1994]. On the other hand west of the LOFZ, within
the Chiloé fore-arc sliver, an unexpected counterclockwise (CCW) rotation pattern, even at ca. 200
km away from the fault, has been documented. Most of the paleomagnetic sites are located within
20 km from the LOFZ, so that it is not clear whether CCW rotations arise from LOFZ or fore-arc
sliver kinematics. The few models considering CCW rotations in a dextral strike-slip fault system
require a set of synthetic dextral faults inside the deforming zone [Ron et al., 1984; Garfunkel and
Ron, 1985; McKenzie and Jackson, 1986; Hernandez-Moreno et al., 2014] that are definitely
lacking in the fore-arc, broken up by a set of NW-trending seismogenetic sinistral faults that cut
through almost the whole forearc crust [Melnick and Echtler, 2006; Haberland et al., 2006]
(Figures 1 and 2).

In this paper we report on a detailed paleomagnetic investigation of the fore-arc sliver between
38° and 42°S. Our data, along with previous paleomagnetic evidence (e.g. Hernandez-Moreno et al.
[2014]) helps understanding crust fragmentation pattern, block rotation and overall kinematics of
fore-arc slivers. We also propose for the first time that paleomagnetic data from fore-arc blocks can

be used to infer on along-arc locking variations of subducting plate segments.
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Figure 2. Paleomagnetically detected vertical-axis rotations along the Chiloé Block fore-arc sliver
between the Llaima Volcano (38°36°S) and the Chiloé Island (42°S), southern Chile. Arrows
represent vertical- axis rotations by us and recalculated from Garcia et al. [1988]; Rojas et al.
[1994] and Hernandez-Moreno et al., 2014, as specified. Some faults are referred to Hackney et al.
[2006] and Rosenau et al. [2006], others were interpreted by us from the DEM. LOFZ Liquifie-
Ofqui Fault Zone, MVFZ Mocha-Villarrica Fault Zone, LF Lanalhue fault, CR Coastal Range, CV
Central Valley, MC Main Cordillera. Thick NW-trending faults indicate the fore-arc segments
defined by Hackney et al. [2006]: MVZ- boundary between the Arauco-Longuimay segment (36°S
to 38°S) northward and the Valdivia-Liquifie segment (38°S to 39°S) southward, unnamed NW-
fault close to the Puyehue Volcano- boundary between the Valdivia-Liquifie segment northward and
the Bahia Manso-Osorno segment (39°S to 42°S) southward. Locking plate rate range from O (plate
convergence accommaodates by full slip) to 1 (non-slipping areas or fully locked) [modified from
Moreno et al. 2011].

2. Tectonics and geodynamics of fore-arc slivers

A fore-arc sliver can be generated as a detached part of a continent by rifting [Karig, 1971], or
most commonly by margin-parallel strike-slip generated or reactivated in response to either oblique
subduction or ridge collision [Fitch, 1972; Dewey, 1980; Jarrard, 1986; McCaffrey, 1992; Nelson et
al., 1994].

Oblique subduction has been suggested as a principal cause of fore-arc sliver formation [e.g.
Beck et al., 1981; Beck, 1986]. Here plate convergence vector is decomposed in trench orthogonal
compression usually confined to the subduction interface and the fore-arc, and trench parallel strike-
slip motion accommodated by distributed wrench and shortening and/or discrete margin-parallel
transcurrent faults. Strike-slip faults usually develop near magmatic arc axis, as this is the weakest
part of the overriding plate because of heating-related lithospheric thinning [Fitch, 1972; Beck,
1983, 1986; McCaffrey, 1992; Tikoff et al., 1995; Saint Blanquat et al., 1998].

The orthogonal subduction compression/strike-slip fault pair represents a low-energy alternative
to oblique subduction, because a vertical surface can concentrate shear more effectively than an
inclined subduction interface, minimizing the shearing area [Beck 1983; Jarrard, 1986]. Margin-
parallel strike-slip faults occur in about 50% of all modern subduction zones, even in cases where
obliquity is less than 45° [Jarrard, 1986, Woodcock, 1986].

Strike-slip faults detach fore-arc slivers from the leading edge of the overriding plate, bounded to

the other side by the subduction thrust fault. Fitch [1972] first described a modern example of sliver
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lateral transport driven by oblique subduction (“Sunda type”). In an ideal situation, the fore-arc will
move consistently with the direction of the oblique convergence, yielding to extension and
compression at its trailing and leading edge, respectively [Fitch, 1972; Beck, 1983; Jarrard, 1986].
The most outstanding examples of strike-slip faults related to strain partitioning are the Atacama
(Chile), Longitudinal (Taiwan), Philippine [Allen, 1965], and Semangko faults (Sumatra) [e.g.,
Katili, 1970; Fitch, 1972], median tectonic line (SW Japan) [Karneko, 1966; Okada, 1971],
Nicaragua trough (Central America) [Maldonado-Koerdell, 1966], and western North American
Cordillera [Beck, 1976, 1980; Irving, 1979; Coney et al., 1980].

In addition to oblique subduction, margin-parallel faults detaching fore-arc slivers can be
generated or reactivated by collision of a seamount on the subducting plate, which acts as an
indenter [Ben-Avraham et al., 1981; Tapponnier et al., 1982; Tapponnier and Molnar, 1976]. The
collision of a buoyant and thermally-active oceanic ridge can also yield significant thermal and
tectonic effects along the trench [Nelson and Forsythe, 1989; Nelson et al., 1994]. Tectonic
consequences include a dip decrease of the subducting slab and convergence rates changes [Dewey,
1980], while thermal effects imply heat flow rise [DeLong et al., 1979; Cande et al., 1987] due to
asthenosphere window opening after ridge collision [Dickinson and Snyder, 1979].

Fore-arc sliver drift parallel to plate margin is favored by the occurrence of continental
overriding plates, high-obliquity convergence, low subduction angle, strong interplate coupling, and
thermal “softening” of the magmatic arc [Fitch, 1972; Beck, 1983; Vink et al., 1984; Jarrard, 1986].
Statistical analysis of slivers’ motion shows that fore-arc drift velocities are significantly lower than
predicted considering oblique subduction partitioning [Jarrard, 1986; Beck, 1986; Beck, 1991].
This has been related to the “buttress effect” or motion impediment at the fore-arc leading edge, as
well as to changes in plate margin geometry, overriding plate physical properties, and subduction
parameters [Beck, 1986; Beck et al., 1993; Wang, 1996]. A sliver will move only insofar as the
buttress can be overcome by crustal thickening (Peru-northern Chile trench) or/and sliver widening
(southern-central Chile).

Owing to the shear arising from strain partitioning, the fore-arc sliver translation can be
accompanied by block rotation [Beck, 1980, 1987; 1989]. Beck [1980] first noticed that the fore-arc
may be mechanically unstable and responds to surface stresses by breaking into roughly equant
blocks that would rotate (CCW in a sliver bounded by a dextral fault) in response to shear caused by

ductile flow in the lower crust.
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3. Plate tectonic framework of the southern-central Chile margin (37°-47°S)

One of the best modern examples of detached fore-arc slivers driven by oblique subduction
occurs in southern Chile (Figure 1). The fore-arc block lies above the rupture zone of the 1960
Valdivia earthquake, the largest earthquake ever recorded characterized by a M,, 9.5 and a rupture
more than 1000 km long [Plafker and Savage, 1970].

Along the Chile Trench since at least 50 Ma ago the convergence vector between the Farrallon
and South American plates has been dextral oblique, with an exceptional nearly trench-orthogonal,
convergence period following the breakup of the Farallon into the Nazca and Cocos plates between
26 and ~20 Ma [Pardo-Casas and Molnar, 1987; Somoza, 1998; Quinteros and Sobolev, 2013].
Afterwards the convergence vector between Nazca and South America plates has maintained a
largely constant N77°E trend, with a present-day rate between 6.3 and 7.9 cm/yr [Pardo-Casas and
Molnar, 1987; Angermann et al., 1999; Kendrick et al., 2003]. This relatively steady northeast
convergence has favored the strain partitioning with almost pure E-W shortening in the fore-arc and
right-lateral component of horizontal displacement. The latter been accommodated by the 1000 km
long dextral Liquifie-Ofqui fault system (LOFZ). It is composed by two NNE-trending right
stepping straight lineaments running near the thermally-weakened axis of the southern Chile
magmatic arc, and by NW-trending curved sinistral faults that splay off west of the straight
lineaments [Hervé, 1976, 1994; Hervé and Thiele, 1987; Cembrano and Hervé, 1993; Lavenu and
Cembrano, 1999; Cembrano et al., 1996, 2000]. The fore-arc is bounded to the west by the Chile
trench and to the east by the LOFZ from Concepcidn (37°S) to the Golfo de Penas-Taitao pull-apart
basin (~47°S) [Hervé, 1976; Forsythe and Nelson, 1985; Nelson et al., 1994; Cembrano et al., 1996,
2000; Lavenu and Cembrano, 1999; Beck et al., 2000; Hoffmann-Rothe et al., 2006; Rosenau et al.,
2006] (Figure 1).

Further south, four Chile Rise segments (dated at 10-15, 5-6, 3.0, and 0.5 Ma) have collided and
subducted from middle Miocene onward under South America. Consequently, the Chile triple
junction between Antarctic, Nazca and South American plates has been migrating northward
alternating trench-transform-trench and trench-ridge-trench configuration (currently at ~46°S)
[Herron et al., 1981; Cande and Leslie, 1986; Nelson and Forsythe, 1989; Murdie et al., 1993].

Rise collision has acted as an indenter, being another possible driving force for the strain
partitioning and fore-arc northward drift [Forsythe and Nelson, 1985; Muerdie et al., 1993; Nelson
et al., 1994; Lavenu and Cembrano, 1999; Cembrano et al., 2000; Cembrano et al., 2002].
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4. Tectonics of the southern Chile fore-arc sliver

The fore-arc sliver correspond to the southern Chilean margin segment, which has three main
morphologic units: the uplift Coastal range which includes a Permo-Triassic accretionary complex
and a Permo-Carboniferous magmatic arc, the Central Valley to the east, and father east
approaching to the LOFZ, the Main Cordillera which includes the southern active volcanic arc and
the middle Jurassic to Neogene North Patagonian Batholith [Hervé, 1994; Nelson et al., 1994]. In
contrast to the central Chilean margin, the fore-arc is characterized by the low-relief and narrow
southern Patagonian Andes (1 km mean elevation, 300 km wide), a reduced crustal thickness (< 40
km), the small distance between the trench and the volcanic front, and a subducting slab dipping
~20° whose age and depth decrease southward (~25 Ma at 38°S to ~0 Ma at 46°S at the Chile triple
junction) [Herron et al., 1981, Jarrard, 1986; Tassara et al., 2006, Tassara and Echaurren, 2012].

The uplift and exhumation along the fore-arc increase towards the south, probably as a
consequence of the decreasing age of subducting oceanic lithosphere and lower slab dip as the triple
junction is approached [DeLong and Fox, 1977; Forsythe and Nelson, 1985; Cande and Leslie,
1986; Barrientos and Ward, 1990; Thomson, 2002; Rosenau, 2004].

Left-lateral NW-trending faults, extending even until the offshore, accommodate sliver motion
and control along-strike fore-arc segmentation separating blocks with different Pre-Andean orogeny
stories [Echtler et al., 2003; Kus et al., 2006; Hackney et al., 2006; Moreno et al., 2008; Melnick et
al., 2009] (Figures 1 and 2). Strike-slip earthquakes delineated along these faults reach 30 km
depth, indicating that those are deep structures cutting almost the whole fore-arc crust [Bohm et al.,
2002; Haberland et al., 2006]. They have been interpreted either as long-lived basement faults not
genetically related to the LOFZ, reactivated as sinistral-reverse strike-slip faults during the arc
development [Glodny et al., 2008; Lange et al., 2008; Melnick et al., 2009], or as Riedel (R) shears
consistent with the LOFZ right-lateral slip component [Nelson et al., 1994; Lopez-Escobar et al.,
1995; Cembrano et al., 1996; Rosenau et al., 2006]. The Bio-Bio Fault is the most prominent NW
structure, because it separates Plio-Quaternary back-arc shortening in the central Chile from the
dominant LOFZ strike-slip motion at the southern Chile [Bohm et al., 2002; Folguera et al., 2002;
Folguera et al., 2003; Melnick et al., 2006a]. The Mocha-Villarrica [Melnick et al., 2003] and
Lanalhue faults [Glodny et al., 2008] are also significant NW-trending structures.

Focal plane solutions of shallow earthquakes along the fore-arc suggest that it is currently
undergoing strain partitioning though a trench-orthogonal shortening and a small trench-parallel
dextral component absorbed along the volcanic arc [Chinn and Isacks, 1983; Cifuentes, 1989;
Barrientos and Acevedo, 1992; Dewey and Lamb, 1992; Murdie, 1994; Bohm et al., 2002; Lange et
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al., 2008]. Recent GPS analyses into the 1960 Valdivia earthquake (M, 9.5) rupture zone also
document this fore-arc deformation (Figure 1A).

Margin-parallel GPS velocities, especially between 42°S and 44°S, show a current northward
fore-arc sliver motion of 6.5 mm/yr [Wang et al., 2007] which represents only the ~44% of the
margin-parallel plate convergence component [Hernandez-Moreno et al., 2014]. At ~38°S the
margin-parallel velocities tapers to ca. 25% of the total margin-parallel component, as reveals the
6.9 mm/yr dextral strike-slip of a N30°E fault, parallel to the continental margin [Moreno et al.,
2008].

GPS velocities also indicate opposite motion between inland and coastal sites. While inland sites
move seaward (7 to <3 mm/yr [Wang et al., 2007]) supporting the model of prolonged post
Valdivia earthquake deformation from viscous stress relaxation in the mantle [Khazaradze et al.,
2002; Hu et al., 2004; Wang et al., 2007]; coastal sites move landward following the plate
convergence direction as result of current locking between the Nazca and South American plates
[Klotz at al., 2001; Ruegg et al., 2009; Moreno et al., 2011]. Thus, whereas at the fore-arc end (36°
to 37.5°S) coastal GPS velocities decrease toward the arc from 40 mm/yr to 15 mm/yr at 300 km
inland, within the fore-arc these velocities have lower magnitudes and decrease rapidly from 32
mm/yr to 18 mm/yr at only 10 km from the coast [Moreno et al., 2008], while also decrease
southward. This distribution of the interseismic surface velocity has been interpreted in terms of
southward narrowing (from 120 to 80 km in plan view [Wang et al. 2007]) and shallowing (from 49
km downdip depth at 36°S to 40 km at 42°S [Moreno et al. 2008, 2009]) of the interplate locked
zone, possibly due to the younger subducting plate and warmer thermal regime southward [Moreno
etal., 2011].

Residual velocities obtained by Moreno et al. [2008] subtracting interseismic velocities from
GPS observations; put in evidence the upper plate faults effects on the fore-arc surface velocity.
Between 37.5° and 39°S, high magnitude residual velocities reveal CCW vertical-axis rotation in a
limited region between the coast and the sinistral NW-trending Lanalhue fault. This rotation is
possibly caused by the collision of the Chiloé fore-arc against the Arauco-Nahuelbuta block, partly
accommodated along the Lanalhue fault. This also suggests that the fault has been active during the
interseismic period coinciding with seismic information [Lange et al., 2008].

Different temporal scale estimations of the locking degree along the fore-arc are contradictory.
Long-term interplate locking variations proposed by Hackney et al., [2006] and Tassara [2010],
both based on gravity anomaly values, seismic distribution and 3D density models, are not agree.
While to the formers high/low gravity anomalies are related with a thinner/thicker fore-arc,

63



shallow/depth slab geometry and therefore to low/high coupling, for the second high/lows gravity
anomalies can be related to a dense/light fore-arc crust and therefore high/low coupling.

Thereby, Hackney et al. [2006] using the three-dimensional density model by Tasdrova [2004]
have interpreted gradually southward: slab depth increases (5 km between 36°S and 40°S),
subsequent fore-arc crust thickness, and interplate locking degree (following Song and Simons
[2003] statements to infer shear stress on the plate interface). The authors identified three different
fore-arc segments of locking plate (Figure 2): The northern Arauco-Lonquimay segment (36°S to
38°S), at the fore-arc north end, characterized by positive gravity anomaly and widespread
seismicity interpreted in terms of shallow slab and thinner fore-arc which yield to low subduction
coupling; and the Valdivia-Liquifie (38°S to 39°S) and Bahia Mansa-Osorno (39°S to 42°S)
segments, where negative gravity anomalies and limited fore-arc seismicity were related to a thicker
fore-arc and a 5 km deeper slab yielding high interface coupling. Hoffman-Rothe et al. [2006] also
agree with these arguments, but put in evidence the lack of precise information about the slab
geometry at that time.

In turn, Tassara [2010] based on an update three-dimensional density model [Tassara et al.,
2006] and the spatial distribution of VSA (vertical stress anomaly: lithostatic overpressure loading
the seismogenic intraplate fault) suggest that the long-term coupling degree is rules by fore-arc
density. Positive/negative VSA values were correlated to high/lows of the gravity field caused by
dense/light fore-arc crust. Thus, between 34° and 45°S the author defines a general low coupling
supported by the scarce seismicity recorded along the fore-arc, the presumably wet subduction
channel (low friction p and high pore pressure p) full with water-rich sediments, and the neutral to
negative VSA values that suggest a light fore-arc column exerting a small vertical load on the
subduction interplate. Relatively high VSA were only found at the Arauco Peninsula (36°-38°S)
leading to the author to propound high coupling sufficient to allow elastic stress accumulation and
the consequent episodic release associated to the initiation of large earthquakes, as the 1960
Valdivia earthquake.

Recently Moreno et al. [2011], based on new and previous GPS vectors, indicate current high
locking plate at 36°-38° (interseismic strain accumulation as indicated by high GPS costal
velocities) and 40°-42°S separated by a zone of low coupling at ca. 39°S (Figure 1B and 2).

The region between 36°-38°S corresponds with the southern termination of the 2010 Maule
earthquake, unveiling that even before the earthquake was highly coupled. The coastal zone ca.
39°S is characterized by high slip during the 1960 Valdivia earthquake but current low margin-
normal GPS velocities (a not persistent asperite), features that lead the authors to proposed current

creeping without not much slip accumulation since 1960, and therefore a wide, less locked area
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[Moreno et al., 2008; 2011]. South of it, between 39°S and 42°S, where the highest coseismic slip
occurred (>40 m) and where the maximum postseismic viscoelastic motion is found, they defined a
fully coupled interplate accumulating at present significant amounts of interseismic strain. It means
that this segment behaves as a persistent asperity over the least two seismic cycles. South of 43°S,
the interface appears to be less locked, with two locking patches representing emerged sectors of the
continental shelf. Thus, after correcting the signals for mantle relaxation (post-seismic motion), the
residual GPS velocity pattern suggests that the plate interface accumulates slip deficit in a spatially
and presumably temporally variable way towards the next great event. Their interpretation is in
agreement with the intersection of the slab with the continental Moho, determined independently by
tomography [Bohm et al., 2002; Haberland et al., 2006], seismic reflection and refraction profiles
[Lath et al., 2003; Krawczyk et al., 2006; Grof} et al., 2007], and modeling of gravity data [Tassara
et al., 2006; Tassara, 2010; Tassara and Echaurren, 2012].

5.  Previous paleomagnetic evidence from the LOFZ and the south Chile fore-arc sliver

Although strike-slip partitioning since Eocene has favored the northward displacement of the
Chiloé Block, there is no clear paleomagnetic evidence for late Mesozoic-Cenozoic latitudinal drift
[Beck, 1988, 1991; Cembrano et al., 1992; Beck et al., 1994; Beck et al., 2000]. However, it must be
considered that the minimum measurable paleomagnetic inclination shallowing (considering error
bars) is on the order of 10°-20°, implying that any drift lower than some 2000 km is not
paleomagnetically detectable at these latitudes.

Consequently, paleomagnetic analyses have been focused on the rotation pattern around the
LOFZ [Garcia et al., 1988; Cembrano et al., 1992; Beck et al., 1993; Rojas et al., 1994; Beck et al.,
1998, 2000; Hernandez-Moreno et al., 2014], while rotations within the fore-arc sliver have not
been studied in great detail.

Paleomagnetism shows very recent rotations (mostly occurring within the last 5 Ma) and an
asymmetric rotational pattern at LOFZ edges (Figures 1 and 2). CW rotations occur in a 10 km wide
deforming zone east of the LOFZ, with CW rotation values progressively increasing towards the
fault up to 150-170°, consistently with dextral fault kinematics [Hernandez-Moreno et al., 2014].
The deforming zone is broken into small blocks of 1-10 km of size range, which seem to follow a
quasi-continuous crust behavior [McKenzie and Jackson, 1983; Nelson and Jones, 1987; Sonder et
al., 1994]. Moreover, unrotated elongate blocks parallel to the LOFZ and at both sides of it, seem to
be simply translated without rotating, following fault kinematics. The rotation pattern west of the
LOFZ, within the Chiloé Block, is less clear and according to Hernandez-Moreno et al. [2014] does

not support an univocal interpretation. Here CW rotations also occur, but CCW rotations dominate
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and exceed values of 150° at ca. 10 km west of the LOFZ (Figures 1 and 2). All data from the fore-
arc were gathered at a maximum distance of 50 km from the LOFZ, with the exception of a three
sites collected in the Oligo-Miocene Cocotue Beach basalts close to Ancud (northern Chiloé Island)
at ~120 km from the LOFZ that yields -27° CCW rotation [Garcia et al., 1988].

Few authors have tried to explain the significance of both the northward translation and the
“wrong-way” CCW rotations of the fore-arc sliver. According to Beck [1991], Beck et al. [1993],
and Rojas et al. [1994], the Chiloé Block cannot translate freely northward because of a buttress
occurring at its leading edge. Therefore ongoing dextral slip along the LOFZ would generate a
space problem inducing the formation of lens-shaped blocks bounded by both NE and NW trending
dextral faults. The lens-shaped blocks would escape laterally towards the trench rotating CCW,
yielding domains of extension and compression. Thereby this model requires very little northward
transport. The problem with this model is that dextral faults are not apparent in the fore-arc sliver,

which is cut in fact by a set of NW trending seismically active sinistral faults (Figures 1 and 2).

6. Paleomagnetic Sampling and Methods

We collected 479 paleomagnetic samples (43 sites) in the fore-arc sliver, between ~38°S (Llaima
Vulcano) and 42°S (Ancud, northern Chiloé Island) (Figure 2). Samples were gathered from
Oligocene to Pleistocene lavas and ignimbrites (except one site from Lower-Mid Miocene
sedimentary rocks) in three different zones, henceforth named as Chiloé (15 sites), Ranco-Osorno
(18 sites), and Villarrica (10 sites) domains (Figure 2 and Table 1).

In the Chiloé domain we sampled one site (LOFZ74) in the Lower-Mid Miocene Lacui
Formation (M1m), described as a sedimentary marine sequence of coarse light grey sandstone
[Antinao et al., 2000]. The remained 14 sites belong to the Ancud Volcanic Complex (Om3b), the
main unit exposed at the Chiloé Island, formed by Upper Oligocene to Lower Miocene basaltic-
andesitic lava flows interlayered with Lower Miocene marine fossils-bearing sediments [Duhart et
al., 2000]. The Ancud Complex age was constrained between 20.4 and 27.7 Ma relying on K-Ar
dating [Vergara and Munizaga, 1974; Stern and Vergara, 1992].

In the Ranco-Osorno domain we sampled six different volcanic sequences: (i) the Lower-Mid
Miocene Estratos del Lago Ranco (Omlr, seven sites), which correspond to a sequence of
subhorizontal marine sediments, conglomerates, breccia and andesitic lava, dated between 20.7+2.4
[Campos et al., 1998] and 13.1+2.0 Ma [Garcia et al., 1988] both by K-Ar method (whole rock and
plagioclase crystals, respectively); (ii) the Upper Miocene-Pliocene Estratos de Pitrefio (MPlipb,
one site), a subhorizontal volcanic and sedimentary sequence unconformably on the top of the
Estratos del Lago Ranco sequence. It is constituted by basaltic to andesitic lava, pyroclastic flows
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and lahar deposits on the upper layers and by conglomerates and lutites in the lower levels [Campos
et al., 1998]. K-Ar whole rock age determinations give 5.2+0.5 Ma to 2.4+0.6 Ma from basaltic and
andesitic rocks [Campos et al., 1998]; (iii) the Lower Pleistocene Cordillera Nevada-Cordon Caulle
volcanic sequence (Pliv, one site), related to an old stratovolcano and primitive fissural volcanism
before the formation of the caldera of the Cordillera Nevada Volcano. The sequence includes
columnar basalt to dacitic lava, pyroclastic flows, volcanic breccias, tuffs, and subvolcanic
structures (dikes, veins and necks). K-Ar whole rocks determinations from lava indicate ages
between 1.4+ 0.6 and <1 Ma [Campos et al., 1998]; (iv) the Cordon Caulle 2 (Plcc2, four sites). It
belongs to the Cordén Caulle Volcano deposits and consists of a subhorizontal sequence of
andesitic to dacitic lava, breccias and tuffy sands intruded by hypabyssal bodies. “°Ar/*°Ar analysis
in whole rock and matrix yield ages between 0.31 to 0.08 Ma, respectively [Lara and Moreno,
2006; Lara et al., 2006; Singer et al., 2008]; (v) The Sarnoso Volcanic Complex (P13, four sites),
emplaced SE of the Casablanca Volcano, is a basaltic to andesitic eroded dome on which have been
emplaced pyroclastic cones aligned N-S [Lara et al., 2001]. Radiometric K-Ar ages in whole rock
indicate 0.9+0.1 Ma [Lara et al., 2001]; (vi) The Secuencia piroclastica-epiclastica San Pablo (Plsp,
one site). It includes a series of acid to intermediate pyroclastic flows with ash and lapilli, lacustrine
deposits and epiclastic flows, originated during the quaternary interaction of glacial and volcanic
events. Its age has been constrained stratigraphically as Upper Pleistocene (0.132-0.073 Ma) [Perez
et al., 2003], because it is under the Llanquihue glaciations deposit (ca. 73.000 to 14.000 BP) and
above of the Santa Maria Glaciation (262.000 to 132.000 BP) [Porter, 1981].

In the Villarica domain we sampled five units: (i) Estratos de Pino Huacho Formation (Omeph,
one site), a folded sequence of stratified andesitic lavas and epiclastic sediments [Moreno and
Clavero, 2006]. There are not radiometric ages reported for this formation, therefore we estimated
an age interval close to the Oligocene-Miocene limit (29 to 18.8 Ma); (ii) Plio-Pleistocene Malleco
Formation (PPIm, four sites), which is an extended sub-horizontal volcanic sequence of proximal
and distal volcanic facies of interbedded laharic and epiclastic deposits of basaltic and andesitic
composition, dated by K-Ar as 4.4+0.5 to 0.8£0.3 Ma [Suarez and Emparan 1997; Lara et al.,
2001]; (iii) Sierra de Quinchilca Volcano (Plsqg, two sites), which corresponds to an annular
volcanic structure with an eroded core flanked by basaltic to andesitic volcaniclastic rocks and lava
levels. K-Ar whole rock ages on olivinic basalts from the upper part of the structure indicated
1.4+0.6 and 0.8+£0.6 Ma, while lava flows in the distal zone always indicate ages of less than 1 Ma
[Lara et al., 2001]; (iv) Curacautin Ignimbrite (Llic, two sites). It is part of the Llaima 2 pyroclastic
sequences of the Llaima Volcano, active since the Upper Pleistocene to the Holocene (maximum

age ~250 ka) [Suarez and Emparan, 1997].
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Table 1. Paleomagnetic site-mean directions from Liquifie — Ofqui Fault®

Chiloé domain

ChRM / Low-Coercivity Component

Geographic
Coordinates Tilt Corrected In situ

Latitude Longitude Age Bedding D ) D ) Olgs R AR F AF
Site Unit S w Age (Ma) (deg) (deg) (deg) (deg) (deg) k (deg) n/N (deg) (deg) (deg) (deg)
LOF60 OM3b 41°52'57.6" 73°50'37.9" 25.6+0.7 355/16 141.8 56.8 1509 427 79.5 5.8 9/9 -35.3 9.0 -9.2 4.8
LOF61 OM3b 41°52'57.6" 74°01' 38.9" 20.4-27.7 - - - 149.4 28.9 31.4 10.0 8/9 -27.6 9.5 -37.2 8.0
LOF62° OM3b 41°55'39.6" 74°01' 41.6" 20.4-27.7 - - - 186.5 72.7 579 6.8 9/9 9.5 18.6 6.6 5.5
LOF63° OM3b 41°55'44.9" 74°01'58.7" 20.4-27.7 - - - 64.9 -81.8 9.3 19.1 8/9 68.0 1339 -15.7 15.3
LOF64° OM3b 41°55'40.1" 74°02'13.8" 20.4-27.7 - - - 33.2 80.0 256 11.2 8/8 -144 64.5 13.9 9.1
LOF65° OM3b 41°58'21.3" 74°02'52.9" Upper 20.4-27.7  Subhzt - - 257.5 56.8 5.9 41.4 4/4 80.5 75.6 -9.3 33.1
LOF66 OM3b 41°59'15.4" 74°02'30.1" Oligocene 20.4-27.7 - - - - - - - - - - - -

Lower
LOF67 OM3b 41°49'12.3" 73°58' 58.9" Miocene 24.2-16.1  285/1 - - - - - - - - - - -
LOF68 OM3b 41°52'0.2" 74°00' 56.1" 20.4-27.7 - - - 1304 411 12.1  20.1 6/8 -46.7 21.4 -25.0 15.8
LOF69 OM3b 41°52'2.4" 74°01'12.2" 20.4-27.7 - - - 1314 425 11.1  15.2 10/10 -45.7 16.6 -23.5 12.0
LOF70 OM3b 41°53'17.3" 73°52'7.9" 20.4-27.7 - - - 72.2 23.7 141 211 5/5 -105 18.3 -42.3 16.5
LOF71° OM3b 41°58'24.8" 73°58' 56.9" 20.4-27.7 - - - 213.0 6.1 7.2 22.2 8/10 36 17.7 -60.0 17.4
LOF72 OM3b 41°56'39.3"  74°01' 49" 20.4-27.7  Subhzt 12.5 67.2 9.0 21.2 7/8 -164.6 53.9 11 16.6
LOF73° OM3b 41°56' 58.6" 74°01' 40.1" 20.4-27.7 - - - 2395 729 22.8 10.3 10/10 62.5 29.4 6.8 8.2
LOF74  Mlm  41°12'36.6" 73°37'6.5" Lower-Mid 5 161 - - - - - - - - - - - -
Miocene

LOF75 PI3 40° 46'58.1"  72°24'48.6" 0.9+0.1 - - - 231.4 50.2 349 8.8 9/10 51.4 13.7 -9.8 8.8
LOF76° PI3 40° 47' 25" 72° 25' 56.6" 0.9+0.1 - - - 63.3 -9.9 149 116 12/18 63.3 12.0 -50.1 11.6
LOF77  PI3 40°48'38.7"  72°23'8.7" Pleistocene  0.9:0.1 - - - 126 553 163 123 9/10 126 216 -47 123
LOF78¢ PI3 40°48'41.7"  72°23'21.4" 0.9+0.1 - - - 49.4 -89.8 9.4 15.0 12/12  49.4 4297.2 29.8 15.0
LOF79 Plcc2 40°36'27 " 72°23'8" 0.31-0.08  Subhzt - - 63.6 -35.0 129 126 12/12  63.6 15.4 -25 12.6
LOF80* Plcc2 40°36'12.4"  72°27'56.6" 0.31-0.08  Subhzt - - 359.5 -78.5 11.7 148 10/11  -0.5 74.2 18.5 14.8
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Ranco — Osorno domain

Villarrica domain

LOF81  Plcc2  40°37'18.6"  72°24'46.6" 0.31-0.08 Subhzt - ; - ; - ; ; - - - -
loFg? Plcc2  40°37'135"  72°24'47.1" 0.31-008 Subhzt - - 353 58 482 8.1 8/10 1763 8.1 542 8.1
LOF83  Plsp 40°34'41.9"  73°09' 33.3" Plelijszsce;ne 01320073 355/15 81.8  -43.8 682 -41.1 73 146 16/16 818 202  -16.2 14.6
LOF85  Omlr  40°12'49.7" 72°15'54.9" 520.7-13.1 Subhzt - - 2168 31.0 201 118 9/10 374 113 -32.7 9.4
LOF86  Omlr  40°15'10.6" 72°13'0.4" . 520.7-13.1 Subhzt - ; ; ; ; ; ; ; . ; ;
Lower-Mid
LOF87" Omlr  40°15'155"  72°12'40.6" Miocene  5307.13.1 Subhzt - - 2366 -390 42 306 89  -123 325 -240 240
LOF88  Omlr  40°17'55.9"  72°16'33.9" 520.7-13.1 Subhzt - - 1352 382 136 170 7/7 136 174  -255 134
LOF89  Omlr  40°20'12.8"  72°14'46.7" 520.7-13.1 Subhzt - ; - ; - ; ; ; ; ; ;
LOF90  Omlr  40°19'58.8"  72°16'57.3" 520.7-13.1 Subhzt - - 1941 =583 85 220 7/7  -1653 356 -55 172
Upper
.o en wicia. o Oligocene -
LOF92  Omlr  40°20'9.6"  72°15'215 o 520.7-13.1 Subhzt 3326 686 88 274 5/6 1531 751 86 27.4
Miocene
LOF93 Pliv 40°21'6.8"  72°23'5.2" Lower 14-<1  Subhzt - - 313 -534 203 104 11/11 313 174 -66  10.4
Pleistocene
Upper
LOF94  MPlipb  40°19'51.9"  72°26'2.6" Miocene - 5.2-2.4 Sbhztal - ; - ; - ; ; ; - ; ;
Pliocene
LOF91  Llic 38°40'24.7" 71°51'50.6"  Pleistocene  0.013-0.012 - - - 2949 310 337 76 12/12 -651 89 290 7.6
LOF95  Plsq 39°35'51.4"  72°12'57.1" 1.4-0.8 - - - - ; - - ; - ; -
p Pleistocene
LOF96°  Plsq 39°34'4.7"  72°04'41.2" 1.4-0.8 ; ; - 1843 86 46.7 76 9/10 43 7.7 514 7.6
LOF97°  Omeph 39°27'7.5"  72°02'50.7" Csl'igoocceen”ee 29-18.8 ; ; - 1155 -76.1 29.8 85 11/11 118 298 119 6.8
o " o o " Pliocene
LOF98  Ppleh  39°23'452"  72°07'54.8 Do 4.4-0.8 241/9 223.0 398 2201 482 160 9.9 15/15 430 129 -192 9.9
LOF99  PPIm  39°01'20.6" 72°00'4.3" 4408 40/40 ; ; - ; - ; ; ; - ; ;
LOF100 PPIm  39°09'29.6"  72°03'29.3" piocene 4408 suhztal - - 1650 104 177 118  10/11 -15 120 -476 118
PRp " o Aq! " Pleistocene
LOF101 PPIm  39°08'27.8" 72°03'42.5 4408 158/47 1249 454 505 663 504 6.2 12/12 551 9.0 126 62
LOF102° PPIm  39°07'34.6" 72°04'20.1" 4408 66/23 141.0 -109 1380 -43 492 87 7/10 1410 8.9 471 8.7
LOF103 Llic 38°36'51.8"  71°44' 48" Pleistocene  0.013-0.012 - ; - 92 584 148 123  11/11 9.2 235 04 123
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& Geological units: OM3b-Volcanic Complex of Ancud, Omlr-Estratos del Lago Ranco, Omeph-
Estratos de Pino Huacho, M1m-Lacui Formation, MPlipb-Estratos de Pitrefio, PI3-Sarnoso
Complex, Plcc2-Corddn Caulle 2, Plsp-Secuencia piroclastica-epiclastica de San Pablo, Llic-
Curacautin Ignimbrite, Pliv-Cordillera Nevada - Cordon Caulle, Plsg-Volcan Sierra de Quinchilca,
Ppleh-Estratos de Huincacara, PPIm-Formacion Malleuco. 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 | are site-mean declination and inclination calculated
before and after tectonic correction; k and 95 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 4R and AF (according to Demarest [1983]) are relative
to coeval D and | South American values expected at the sampling area considering South
American paleo-poles from Torsvik et al. [2008]. ¢ Rejected sites with values of 095 >30° and

70°>1<10° were rejected.

It consists of an extended deposit of scoria and ash pyroclastic flow of basaltic to andesitic
composition, mainly distributed along the valley bottom that radially start from the volcano
[Naranjo and Moreno, 1991]. The Curacautin Ignimbrite was erupted at the beginning of the last
post-glacial period from 13,460+400 BP to 12,760+130 BP, as suggested by four *C ages obtained
from charcoal within the ignimbrite deposit [Naranjo and Moreno, 2004]; (v) Estratos de
Huincacara Formation (Ppleh, one site), a subhorizontal eplicastic and volcaniclastic sequence of
conglomerates, sands and breccias of basaltic to andesitic composition. It is equivalent to the Upper
Pliocene to Lower Pleistocene Malleco Formation [Moreno and Clavero, 2006]. There are not
radiometric ages reported to this formation, therefore for further considerations we assume the same
Malleuco Formation age.

Bedding (occurrence of volcaniclastic layers or sedimentary layers interbedded within the
volcanics) was retrievable in only 23 (out of 43) sites. At each site we collected 18 to 4 samples (11
on average) using a petrol-powered portable drill cooled by water, and oriented them in-situ using a
magnetic compass corrected for the local magnetic declination for year 2013 (between 7° and 10°E
according to NOAA'’s National Geophysical Data Center,

http://www.ngdc.noaa.gov/geomag/declination.shtml), and when possible also using a sun compass.

The oriented cores were cut into standard paleomagnetic specimens at the paleomagnetic
laboratory of the Istituto Nazionale di Geofisica e Vulcanologia (INGV, Roma). The natural

remanent magnetization (NRM) of each specimen was measured in a magnetically shielded room
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using a 2G Enterprises DC-superconducting quantum interference device cryogenic magnetometer.
The lava specimens were demagnetized in 10 steps by alternating magnetic field (AF) yielded by
three coils online with the magnetometer until a maximum AF peak of 100 mT. Ignimbrites (13
sites) and the sedimentary site (LOF74) were thermally demagnetized using a Pyrox shielded oven
in 11 steps up to a maximum temperature of 600°C. Highly magnetic specimens (NRM>20 A/m)
from site LOF60 were thermally cleaned and their NRM was measured using an AGICO JR6
spinner magnetometer.

Demagnetization data were plotted on orthogonal diagrams [Zijderveld, 1976], and the
magnetization components of each specimen were isolated by principal component analysis
[Kirschvink, 1980]. Site-mean paleomagnetic directions were computed using Fisher [1953]
statistics and plotted on equal-angle projections. Site-mean rotation and flattening values with
respect to South America were calculated according to Demarest [1983] using reference paleopoles
from Torsvik et al. [2008].

As a conservative approach, we always considered the smaller angle between the calculated and
expected South American declinations to define the sense and amount of rotation. As a
consequence, rotation values are always <|180°|, although it cannot be excluded that some sites
rotated by more than 180° in the opposite sense [e.g., Nelson and Jones, 1987; Piper et al., 1997,
Hernandez-Moreno et al., 2014].

7. Paleomagnetic Results

Samples from 9 out of 43 sites yielded erratic magnetization directions and were discarded from
further considerations. Demagnetization diagrams from the 34 remaining sites show a rather
homogeneous magnetic behavior (Figure 3). A viscous component was removed during the first
demagnetization steps, 10-20 mT or 120-200°C during AF or thermal demagnetization,
respectively. Afterwards a well-defined characteristic magnetization (ChRM) was isolated in the
20-100 mT or 200-600°C interval, depending on the demagnetization method.

By considering the low magnetic coercivities, the remanence drops between 200° and 300°C
observed at several sites, and the complete demagnetization systematically occurring around 600°C,
we infer that the ferromagnetic content is represented by titanomagnetite and magnetite.

The ags values relative to the site-mean paleomagnetic directions vary from 5.8° to 41.4° (13° on
average, Figure 4 and Table 1). Further 14 sites were rejected from the 34 sites yielding valuable
ChRMs, because their agsvalues were greater than 30°, and/or their in-situ (or tilt-corrected for site
LOFZ102) mean inclinations were < |10° or > |70°|. In fact, sites yielding subhorizontal directions

have undefined magnetic polarity (the local normal polarity geocentric axial dipole (GAD) field
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inclination is -58°/-61°) and cannot be used to evaluate tectonic rotations. On the other hand, the
declination error is defined by AD=ags/Cosl, thus declinations (and rotations) tend to become
indefinite for subvertical paleomagnetic directions with 1>|70°|. After applying our reliability
criteria, 20 site-mean paleomagnetic directions were retained to infer on the tectonic rotation
pattern.
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Figure 3. Orthogonal vector diagrams (in-situ coordinates) of representative samples carrying
typical demagnetization data for each domain. Solid (open) squares represent projection onto the
horizontal (vertical) plane. Demagnetization step values are in mT and °C for the alternating field

and thermally demagnetized samples, respectively.
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Figure 4. Equal-angle projection of the site-mean paleomagnetic directions gathered along the
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Site mean directions are shown in Figure 4, grouped according to the respective domain (see
Figure 2 for location). Only 4 out of the 20 reliable directions could be tilt corrected, implying that
an error on the rotation values cannot be excluded for the remaining 16 in-situ directions. However,
in the Chiloé Island the volcanics from the Ancud Complex (Om3b) are interbedded and overlaid
by the subhorizontal pelagic sediments of the Lacui Formation, thus excluding the occurrence of
tilting errors. Beside those sites other 7 belong to subhorizontal volcanic sequences, excluding also
tilting errors (Plcc2, Omlr, Pliv, PPIm; Table 1). We interpret the difference between observed and
expected South American declinations as entirely due to tectonic rotations, although the
paleosecular variation of the geomagnetic field certainly played a role in the paleomagnetic
directions recorded by the studied volcanics. However this effect is expected to be small (mostly
within £20° at similar latitudes [Speranza et al., 2008; Di Chiara et al., 2012], with respect to the
tectonic rotations that here and in the adjacent LOFZ reach (and probably exceed) 180° (e.g.
Hernandez-Moreno et al. [2014]). Both a fold and a reversal test could not be performed due to the
few tilt-corrected directions and the great directional scatter related to individual block rotation. In
any case, paleomagnetic directions are always far from both the normal (D= 0°, I=-58 to -61°) and
reverse polarity (D= 180°, 1= 58 to 61°) GAD field directions (Figure 4), thus excluding a possible
recent magnetic overprint.

In the Chiloé domain it is noteworthy the systematic reverse polarity of the Oligo-Miocene
Ancud Volcanic Complex, while in the other two domains both normal and reverse polarities occur.
Data from the Chiloé domain might suggest that all sampled volcanics are almost synchronous and
belong to the same reverse polarity chron, although new ad-hoc radiometric data would be needed
to verify this hypothesis. The great majority of the sites from the Ranco-Osorno domain show a
normal polarity that, considering their Mid-Upper Pleistocene age, constrain them to the Brunhes
polarity chron (0-0.78 Ma [Cande and Kent 1995]).

Flattening values with respect to South America are mostly negative but show a great variability,
even in closer sites of the same age, implying that they cannot be used to assess microplate
latitudinal drift (Table 1).

8. Rotation pattern in the south Chile fore-arc

Each studied domain is characterized by a different rotation pattern (Figures 2 and 4, Table 1).
All six reliable Oligo-Miocene volcanics from the Chiloé Island, located far from LOFZ (120-140
km, Figure 5) yield significant CCW rotations, ranging from -28° to -165° (mean -71°+ 21). CCW
rotations are consistent with Garcia et al. [1988] who reported to the same distance from the LOFZ

rotations around -27°+ 9, and Rojas et al. [1994] who even close to the LOFZ (~20 km) found CCW
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ca. -10+18.1). Data scatter suggest independent block rotations of small blocks with sizes in the

order of few km.
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Figure 5. Plot of paleomagnetically detected rotations with respect to South America vs. distance
from the LOFZ main trace (see Figure 2 for location). In gray are indicated the paleomagnetic data

reported by Hernandez-Moreno et al., [2014] (Table 2 and Figure 3 therein).

Conversely, at the Ranco-Osorno domain, rotations from both normal and reverse polarity sites
gathered within 30 km from LOFZ are predominantly CW, and range from 13° to 165° (mean 45°+
25). At Ranco Lake, the -14°+8.5 and -16.1°+9.2 CCW rotations documented from two Upper
Carboniferous and one Miocene sites respectively, by Garcia et al., [1988], might represent the
western boundary of the CW rotation domain shown by us adjacent to the LOFZ. Further west, an
upper Pleistocene site LOF83 located close to Osorno at 90 km from LOFZ, gives a 82° CW
rotation (but the low 7.3 value for the k precision parameter makes this result suspicious). It is
noteworthy that three of the CW rotating sites (excluding site LOF83) are mid-upper Pleistocene in
age, translating into rotation rates of 64°Myr. This confirms that protracted activity of the LOFZ
during the last 20 Ma may have induced CW block rotations largely exceeding 180°, as already
hypothesized by Hernandez-Moreno et al. [2014]. Two Oligo-Miocene sites (LOF88 and LOF92)
yield greater 136° and 153° CW rotations, but a rotational evolution vs. age considering Pleistocene

data cannot be assessed as these two sites are closer to the dextral LOFZ, thus stronger CW
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rotations are expected. Finally, it is likely that the adjacent site LOF90 has been in fact rotated CW
by 195° (a CCW rotation of 165° is evaluated considering the smaller angle between observed and
expected declination).

In the Villarrica domain only five reliable Plio-Pleistocene data are available, and rotations are
both CW and CCW. However, this domain had been already investigated by Hernandez-Moreno et
al. [2014]. Considering the whole available paleomagnetic data set, west of the LOFZ CCW
rotations dominate and occur even adjacent to the LOFZ (Figures 2 and 5). Five sites by
Hernandez-Moreno et al. [2014] located just west of the LOFZ at 39.2°S do not rotate and,
according to them, define one of the elongated crust slivers translating without rotations parallel to
the LOFZ. CCW rotations must have also occurred recently and rapidly (>10°/Myr), as the Plio-
Pleistocene site LOF101 rotated by -55°. Three Oligo-Miocene sites by Hernandez-Moreno et al.
[2014] reveal a rotation rate for the last 24 Ma of ~5%Myr We regard as suspicious the 65° CW
rotation of the upper Pleistocene site LOF91, which would yield the puzzling rotation rate of ca.
5000°/Myr.

9. Discussion

9.1.Crustal block kinematics in the fore-arc sliver

Our data confirm at first approximation previous results by Beck et al. [1993] on the occurrence
of “wrong way” CCW rotations in fore-arc sliver, although we also document CW rotations in the
easternmost 40 km of the fore-arc adjacent to LOFZ at 40°-41°S. Beck et al. [1993] suggested that
the foreland is undergoing N-S shortening, as its northward drift is hampered by a buttress located
at its northern edge (flat slab and thick crust occurrence). Therefore the fore-arc would be
segmented by lens-shaped blocks exceeding 100 km in width that tend to escape laterally towards
the trench by rotating CCW (see also Figure 2C by Hernandez-Moreno et al. [2014]). We note that
this model is inconsistent with both structural and paleomagnetic data. First CCW rotating lens
shaped blocks need to be decoupled by the rest of the fore-arc by right-lateral strike-slip faults (both
NE-SW and NW-SE), but in fact there is no evidence for such faults. On the other hand, the whole
fore-arc (from LOFZ to trench) is crosscut by an array of NW-trending seismically active left-
lateral faults, possibly reactivating (at least close to LOFZ) inherited basement faults [Glodny et al.,
2008; Lange et al., 2008; Melnick et al., 2009]. Second, the rotation difference between sites
(Figure 6) evaluated in the Chiloé Island and in the Villarrica domain (where CCW rotation
dominate) document that crust of the fore-arc is fragmented in small blocks undergoing CCW
rotations of different magnitudes. According to data of Figure 6, crustal block size seems to be in
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the order of 1-2 km in the Chiloé Island, and 10 km in the Villarrica and Ranco domains, in

agreement with previous estimates by Hernandez-Moreno et al. [2014].
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Figure 6. Rotation difference between pairs of sites along the Chiloé fore-arc sliver with respect to
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paleomagnetic data concentration: (a) Villarrica, (b) Ranco Lake, (c) Chiloé Island.
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Wider block size in the eastern fore-arc likely reflects pre-existing crust fabric of pre-Andean
orogenic episodes. Conversely moving towards the trench the fore-arc becomes thinner and, at least
at depth, should be made by a chaotic mélange of upper crust slices detached from subducting plate
and accreted to wedge. Thus a thinner and more densely faulted fore-arc moving towards the trench
justifies the 1-2 km size blocks documented at Chiloé Island.

The occurrence of NW trending sinistral faults and of 1-10 wide crustal blocks rotating
independently CCW up to at least 180° is consistent with the quasi-continuous crust deformation
model proposed by Sonder et al. [1994] and Randall et al. [2011] (Figure 7). CCW rotations would
occur in the deforming zones of the left lateral faults that according to Sonder et al. [1994] may be
up to 15 km wide. CCW rotations occurred very recently (Plio-Pleistocene site LOF101 from the
Villarrica domain rotated 55°), and this is consistent with the present-day seismic activity of the
NW sinistral faults, according to Bohm et al., 2002; Haberland et al., 2006; and Lange et al.,
[2008]. The rotation pattern of the fore-arc is conversely inconsistent with both continuous crust
deformation (admitting rotations <|90°| [England et al., 1985; Sonder et al., 1986; McKenzie and
Jackson, 1986, Kimura et al., 2004, 2010]), and with the slate block model by Ron et al. [1984],
Nur et al. [1986]; and Mckenzie and Jackson [1986], where CCW rotating blocks are bounded by
dextral faults that are not apparent in the south Chile fore-arc (Figure 7).

However, the quasi-continuous model by Sonder et al. [1994] and Randall et al. [2011] consider
that block rotation is due to the drag exerted by the underlying ductile crust flowing subparallel to
faults. That was indeed a viable mechanism to justify large CW rotations observed east of the
LOFZ, where at least 50 km of dextral displacement occurred in the last 5 Ma [Rosenau et al.,
2006] and the occurrence of volcanoes and high heat flow implies a shallow brittle-ductile transition
in the crust. But a similar dynamics is difficult to reconcile with the fore-arc, that is thought to be
composed by a stack of “cold” crustal slices with virtually no ductile flowing lower crust [Bohm et
al., 2002; Tassara et al., 2006; Tassara, 2010]. Therefore we must admit that CCW rotations in the
fore-arc are due to the drag exerted on adjacent crust by fault walls. Crust fragmentation pattern and
rotations sense (CW/CCW for dextral/sinistral faults) and amount (>90°) would be similar to that
considered by the quasi-continuous model of Sonder et al. [1994], but dynamics is definitely
different.
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INITIAL STATE A. CONTINUOUS B. QUASI-CONTINUOUS C. DISCONTINUOUS

. ~F
7 r L
"y
i a
England ef al., 1985 ;;f‘—— g
Sonder ef al, 1888 7 Sonder ef ai, 1004
Mckenzie and Jackson, 10928 Fiper et al,, 1097 Ron etal, 1984 Mur ef al, 1986
Kimura et al., 2004, 2011 Garfunkel and Ron, 18985

Mchkenzie and Jackson, 1986

E.RANCO-OSORNO DOMAIN

20

e

A

1\

[

Sl
=
I\ D) AR -~
LT

¥
2o
PO e
=
2
&,

IRSY

P E‘x‘ ‘tgg . s
IR

Figure 8. A to C kinematic models attempting to explain rotation distribution and values in strike-
slip fault systems. D and E quasi-continuous models of crust behavior for the Chiloé fore-arc
sliver: Villarrica and Ranco-Osorno domains, respectively. The dimension and shape of the
individual crustal blocks are hypothetic, but consistent with the areal variability of the
paleomagnetic rotations and the location of both the LOFZ main strand and the NW-trending
sinistral faults (Figure 2). Hatched (not hatched) blocks rotate in CCW (CW) sense.

Finally, our data may help solving the controversy on whether sinistral faults of the fore-arc are
related to LOFZ activity (thus being synchronous splays of the LOFZ, e.g. Nelson et al., 1994;
Lopez-Escobar et al., 1995; Cembrano et al., 1996; Rosenau et al., 2006), or they are long-lived
basement structures reactivated as sinistral reverse strike-slip faults, displacing the LOFZ and not
actually connected nor genetically related to it [Glodny et al., 2008; Lange et al., 2008; Melnick et
al., 2009]. We note that the rotational pattern is definitely asymmetric with respect to the LOFZ, as
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CCW rotations dominate in the fore-arc, while CW rotating blocks occur east of the LOFZ and
rotations are definitely annulled at ca. 10 km east of the LOFZ [Hernandez-Moreno et al., 2014].
This rotation pattern is definitely consistent with the hypothesis that the left-lateral faults from the
fore-arc and the LOFZ share synchronous activity and are genetically related. We suggest that
LOFZ and sinistral fault activity are both the expression of the tectonic deformation of the south
Chile fore-arc, drag by oblique subduction of the Nazca plate. Pre-existing basement structures
were reactivated only in the fore-arc, while east of the LOFZ their activity is related to tectonic
episodes older than fore-arc sliver formation (predominantly the last 5 Ma). In fact, evidence for
ongoing seismic activity along NW-trending sinistral faults is limited to the fore-arc sliver, and does
not occur in the Andean cordillera east of the LOFZ [Bohm et al., 2002; Haberland et al., 2006;
Lange et al., 2008].

9.2.Width of the CW rotation zone west of the LOFZ: a new method to infer on subducting

plate coupling

Hernandez-Moreno et al. [2014] have shown that east of the LOFZ the crust is fragmented in 1-
10 km wide blocks that seem to be consistent with quasi-continuous crust deformation as defined by
Sonder et al. [1994]. Rounded blocks within a ca. 10 km wide zone east of the LOFZ rotate CW,
consistently with dextral LOFZ kinematics, and their rotation magnitude increases up to 170° (and
possibly more) adjacent to the LOFZ. Hernandez-Moreno et al. [2014] also documented that (in
agreement with Lamb [1987] and Randall et al. [2011]) rotation pattern is strictly dependent upon
block aspect ratio, as elongated blocks, even located adjacent to LOFZ, do not rotate but are simple
translated parallel to fault.

West of the LOFZ, the fore-arc is fragmented in similarly small blocks that conversely rotate
CCW, as it is apparent from data from the Chiloé Island that are located ca. 130 km from LOFZ
thus surely do not reflect LOFZ kinematics (Figure 2 and 5). Consequently, we expect that the
easternmost fore-arc sector located adjacent to the LOFZ is subjected to both CW and CCW
rotations, related to LOFZ and sinistral faults kinematics, respectively. This is apparent in the
Ranco-Osorno domain, where blocks from a 30 km wide zone west of LOFZ rotate CW, while
CCW rotations occur further west around the Ranco lake (Figures 2 and 5). Conversely, further
north in the Villarrica domain CCW rotations occur immediately west of LOFZ, and CW rotated
sites are definitely confined to the eastern LOFZ side.

We suggest that the width of the CW rotating domain west of LOFZ is a function of LOFZ
strength. Higher fault coupling in the Ranco-Osorno domain would requires a greater fault-parallel

stress accumulation beside elastic deformation before to overcome fault strength, thus obviously a
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larger deformation zone characterized by CW rotations. Fault strength depends in turn on both fault
lubrication and intensity of stress applied normal to fault walls. Also the crust rheology is a very
important factor in the strength of the crust, but we can ignore this factor as the LOFZ runs mainly
along the North Patagonian Batholith. If we assume similar lubrication along different LOFZ
segments, then we must conclude that eastward fore-arc push against the LOFZ is significantly
greater in the Ranco-Osorno than in the Villarrica domain. Fore-arc push depends on the degree of
coupling between the Nazca plate, subducting below South America at a 6.6 cm/yr rate, and the
overlying fore-arc wedge. Thus we suggest that paleomagnetic data document a greater subduction
plate coupling at 40°-41°S than at 39°S.

Paleomagnetism reflects rotations occurring in the geological past, predominantly in the Plio-
Pleistocene according both to Hernandez-Moreno et al. [2014] and our new data, thus should reflect
the mean degree of plate coupling during the last 5 Ma.

Our proposed mechanism for the dependence of CW rotation zone width upon LOFZ coupling
implies, similarly to the mechanism proposed for the fore-arc, that CW rotations are primarily
driven by LOFZ drag, rather than by lower crust flow. Our rotation model turns out to be a mixture
between the “ball bearing” model by Beck [1976] and Piper at el. [1997] and the quasi-continuous
deformation by Sonder et al. [1994] (e.g. Hernandez-Moreno et al. [2014]).

Our data indeed reflect fore-arc behavior in the geological past, while GPS data and Bouguer
anomalies show the degree of coupling between the Nazca plate and the overlying wedge over time-
scales ca. 10° yr and 102 yr, respectively [Imanishi et al., 2005].

The integration of new GPS data with those by Klotz et al. [2001], Ruegg et al. [2009], and
Wang et al. [2007] allowed Moreno et al. [2011] to show that plate locking peaks at maximum in
two zones at 36°-39° and 40°-42°S, while a zone of reduced coupling seems to occur at around
39°S (FigurelB and 2). Thus along-arc coupling variations observed today between 39° and 41°S
by GPS evidence would have also occurred during the last 5 Ma, according to our paleomagnetic
inferences (Figure 2). This implies that geological and geophysical parameters controlling plate
locking have remained rather unchanged during the last few Myrs, and that high coupling could be
due to a persistent geological features, such as for example a subducting seamount at 40°-41°S.

Finally, we remind that plate locking shown by GPS data is partly inconsistent with that inferred
by Bouguer anomaly interpretation by Hackney et al. [2006] who argue for a low-coupling segment
at 36°-39°S followed further south by two locked fore-arc segments, and by Tassara [2010] who
pointing out to a generalized low coupling along the southern Andes due to a lighter fore-arc that
does not exert a significant load over the plate interface, with just one exception at the Arauco

Peninsula where he reports high coupling consequence of more mafic rocks. However, locking
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inferred by Bouguer anomaly data depends upon gravimetric modeling (that is typically non-
univocal), and a number of assumptions on the factors yielding coupling between plates (slab depth
and dip, wedge thickness, rock frictional properties).

10. Conclusions

New paleomagnetic data from the southern Chile fore-arc at 39°-42°S document a predominant
CCW rotation pattern. Rotations are very recent (Plio-Pleistocene sites rotated by -55° (LOF101))
and their magnitudes vary greatly reaching (at least) 180°. Block size decreases from ca. 10 to 1-2
km moving westward from the LOFZ, at the eastern fore-arc margin, towards the trench. Block size
variation is consistent with progressive westward thickness decrease of the fore-arc wedge and
more pervasive tectonic deformation approaching trench. By considering also the occurrence of
seismically active sinistral NW-SE fault that crosscut the whole fore-arc, CCW block rotation is
consistent with quasi-continuous crust deformation related to sinistral fault occurrence, similar to
the model proposed by Sonder et al. [1994]. Quasi-continuous models require that rotations are
driven by drag exerted by the lower crust flowing below brittle upper crust, but fore-arc wedge is
made by a stack of cold crustal slice scraped off from subducting slab, where lower crust flow is
unlikely to occur. Therefore we suggest that CCW rotations in the fore-arc are driven by drag
exerted by sinistral fault shear.

Within the fore-arc, CW rotations occur only within a 30-km wide sector adjacent to LOFZ
between 40° and 41°S. Here block size (ca. 10 km) and rotation pattern (up to 180° at least) is
similar to those documented by Hernandez-Moreno et al. [2014] east of the LOFZ, and interpreted
as quasi-continuous crust deformation related to ongoing and Plio-Pleistocene dextral shear
occurring along the LOFZ. Conversely, further north at 39°S the eastern margin of the fore-arc
adjacent to LOFZ is characterized by a CCW rotation pattern.

We suggest that the width of the CW rotation zone occurring west of the LOFZ may be used as a
proxy for the locking between the subducting plate and the fore-arc wedge along the geological
past. High coupling would yield higher stress normal to the LOFZ, thus higher fault strength and a
wider deforming zone characterized by CW rotating blocks. Low coupling would imply a weak
LOFZ and the lack of CW rotations, and a fore-arc entirely dominated by the CCW rotation pattern
driven by sinistral fault activity.

Our inferences on subdution plate locking during the geological past (predominantly the last 5
Ma) are in fair agreement with present-day locking on different subduction segments documented
by GPS data [Moreno et al., 2011]. This suggests that factors determining plate coupling are
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represented by geological features (subducting seamounts, zones of anomalous upper/lower plate

thickness) that remained virtually unchanged during the last 5 Ma.
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Abstract

The southernmost segment of the Andean chain developed within a highly dynamic and variable
tectonic setting, where compressional, extensional and strike-slip tectonics alternated, controlling its
evolution from the Cretaceous until the Miocene. Because of these complexities, several points
remain poorly constrained, including: (i) the exhumation mechanism of the upper amphibolite
facies metamorphic core complex currently exposed in the Cordillera Darwin (Fuegian Andes), and
(i) the relationship between the deformation of the Southern Andes and the origin of the Patagonian
Orocline, a regional-scale curved structure characterized by a ~90° interlimb angle. Here, we
present new anisotropy of magnetic susceptibility (AMS) data from 22 Upper Cretaceous to Upper
Eocene sites within the more internal structural domains of the Magallanes fold-thrust belt in Tierra
del Fuego. Our data, combined with the available AMS database, covers the Lower Cretaceous-
Early Miocene time interval, and indicate that the Southern Andes underwent continuous
compression from the Early Cretaceous until the Late Oligocene. AMS data provide definitive
proof for the exhumation of the Cordillera Darwin core complex under a pure compressive tectonic
regime. Furthermore, the pattern of magnetic lineation evidences a radial paleostress that has been
always perpendicular to the local trend of the chain. Assuming (according to recent paleomagnetic
data) the existence of a primary arc since the Middle Paleocene (~60 Ma), we propose that the
configuration of pre-existing Jurassic extensional faults at the southern South American continental
margin directly controlled the Cenozoic kinematic evolution of the Magallanes fold-thrust belt.

Tectonic inversion of these faults into thrusts rooted in the basement during the Late Cretaceous

94



compressive phase, may have allowed slip partitioning mechanisms that can effectively explain
both the current geometry and the kinematic evolution of the Southern Andes.

1. Introduction

The Andean Cordillera is commonly considered the archetype of non-collisional orogens, as it
formed by subduction of the oceanic Nazca (and part of the Antarctica) plate below South America
[Jordan et al., 1993; Ramos, 1999; among many others]. Increased westward motion of the South
American plate, combined with intense magmatism in the upper plate above the subduction zone
resulted in extensive deformation and uplift along the western edge of continental margin [Pilger,
1984; Allmendinger et al., 1997; Somoza, 1988; Cobbold et al., 2007; Somoza & Ghidella, 2005,
2012]. The result of this process is a gigantic orogenic system, 200 to 700 km wide, spanning the
entire South American continent from ~7°N to ~56°S latitude.

The current tectonic setting of the Andes is relatively simple and characterized by mainly
eastward verging thrusts, which also involve the basement (i.e. thick-skinned tectonics). In the
central and southern part of the chain, two regional-scale orogenic arcs are present, identified by a
sharp deviation of the structural trend of the orogen. The northern arc (14°-26°S latitude), known as
the Bolivian Orocline [e.g., Isacks, 1988], is a relatively “open” orocline characterized by an
interlimb angle of ~120°. The change in structural trend, NW in the northern segment and NNE in
the southern segment, is reflected by a paleomagnetically-constrained rotation of the two limbs:
clockwise (CW) in the southern segment and counterclockwise (CCW) and northern segment
[Maffione et al., 2009 and references therein; Prezzi et al., 2014]. Rotations were coeval with the
eastward propagation of the orogenic front and define the Bolivian Orocline as a ‘progressive
orocline’ [sensu Weil and Sussman, 2004].

Both the kinematic and style of deformation associated to the evolution of the Bolivian Orocline
are relatively well constrained. In contrast, more controversial is the tectonics and style of
deformation that controlled, at the southern edge of the Andean chain (Chile and Tierra del Fuego)
the origin of the orogenic re-entrant known as the Patagonian Orocline [e.g., Carey, 1958] (Figure
1). Here, the ~NS trending Patagonian Andes and the ~EW trending Fuegian Andes defines an arc
characterized by an interlimb angle of ~90°. Source of uncertainty in the tectonic evolution of this
region is a complex geodynamic setting, where the interplay of two continental plates (South
America and Antarctica) and two oceanic plates (Scotia and Nazca) through time vyielded

alternation of extensional, strike slip, and compressive events [e.g., Klepeis and Austin, 1997].
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Figure 1. Simplified tectonic setting of the Southern Andes showing the main tectonic features and

structural domain.

Tectonic models put forward to explain the formation of the Patagonian Orocline consider either
a main contribution of strike slip tectonics [e.g., Cunningham, 1993], or pure compressive events
associated to the initial stages of the Andean orogeny [Kraemer, 2003; Ghiglione and Cristallini,
2007]. More recently, the primary origin of the orocline has also been proposed [Ramos and
Aleman, 2000; Diraison et al., 2000]. Distinctive of this complex, poorly defined tectonic scenario,
is the nature of the Cordillera Darwin metamorphic core complex (herein referred to as CDCC)
exposed along the hinge of the Patagonian Orocline at ~55°S latitude (Figure 1). Although several
Paleozoic to Mesozoic metamorphic core complexes are present in the Patagonian Andes [e.g.,
Hervé et al., 2008], the CDCC is the one showing the most controversial tectonic setting [Dalziel
and Brown, 1989; Kohn et al., 1995; Cunningham, 1995; Klepeis 1994; Maloney et al., 2011].
Cordillera Darwin exposes tectonically denudated Paleozoic continental basement rocks (Middle-
Upper Jurassic granite and orthogneisses, Upper Jurassic rhyolitic volcanics, and Late Jurassic
mafic dikes) metamorphosed under upper amphibolite to greenschist facies (7-11 kbar, 580-600°C)
[Nelson et al., 1980; Kohn et al., 1993, 1995; Klepeis et al., 2010]. Kohn et al. (1995) proposed an
initial rapid exhumation of the CDCC at 90-70 Ma driven by extension (or transtension), while
more external sectors were under compression. Similarly, Delziel and Brown [1989] argued the

uplift of the CDCC began at ~70 Ma in a localized extensional setting within the developing
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transform zone between the South American and Antarctic plates. On the other hand, several
models were proposed by Cunningham [1995] who related the exhumation of the CDCC to (i)
erosional denudation within a restraining bend setting, (ii) trasntension, or (iii) isostatic rebound due
to slab breakoff. The most popular model for the uplift of the CDCC requires thick-skinned
compressional mechanisms coupled with widespread erosion [Klepeis, 1994; Klepeis and Austin,
1997; Gombosi et al., 2009; Barbeau et al., 2009; Klepeis et al., 2010; Maloney et al., 2011; Torres
Carbonell and Dimieri 2013].

Analyzing the stress regime at the southernmost Andes during the early (Late Cretaceous-
Paleocene) orogenic phases is therefore key to contribute to the most hotly debated issues on the
tectonic evolution of this area. Previous reconstructions of the tectonic history of the Southern
Andes used kinematic analysis of structures preserved in the Magallanes fold-thrust belt of Tierra
del Fuego (Argentina) [Torres-Carbonell et al., 2008, 2013; Torres-Carbonell and Dimieri, 2013].
While these studies provided relatively precise description of the main compressive events that led
to the formation of the Magallanes fold-thrust belt [Alvarez- Marron et al., 1993; Ghiglione et al.,
2002; Ghiglione and Ramos, 2005; Torres-Carbonell et al., 2008, 2011], the exact age of the first
tectonic pulse still remains poorly constrained due to the paucity of kinematic constraints available
from the most internal domains of the belt exposing the oldest sedimentary units. So far, major
folding affecting the Maastrichtian-Danian Policarpo Formation [Olivero and Malumian, 1999], as
well as older units of the Austral foreland basin (i.e., Turonian-Campanian Punta Barrosa Fm. (also
called “Estratos de Buen Suceso”) and Bahia Thetis formation) has been attributed to an early
deformation event occurring during the Mid-Late Paleocene [Ghiglione and Ramos 2005]. Only
recently, Torres-Carbonell et al. [2013] interpreted the presence of pencil structures associated to
layer-parallel shortening within the Policarpo Fm. as the result of an earlier (Danian or even
younger) compressive event. Large uncertainties, therefore, still exist on the nature and style of the
tectonics affecting the Southern Andes during the Upper Cretaceous-Lower Paleocene (i.e., during
the main exhumation phase of the CDCC).

In this study, we define the nature and orientation of the paleostress field at the Southern Andes
from the Cretaceous throughout the Oligocene by using new and published anisotropy of magnetic
susceptibility (AMS) data from the Magallanes fold-thrust belt. Results are then discussed within
the framework of the existing tectonic models for the exhumation of the CDCC and the deformation
mechanisms associated to the evolution of the Patagonian Orocline.
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2. Background

Four tectonic provinces can be recognized in the Fuegian Cordillera, from SW to NE: (i) a
coastal magmatic arc, including a calc-alkaline igneous suite (Patagonian batholith) emplaced
between the Late Jurassic and Neogene [Rolando et al., 2002; Hervé et al., 2007]; (ii) Rocas Verdes
marginal basin units including weakly metamorphosed relics of the oceanic floor (Sarmiento
Ophiolite; [Allen, 1982, 1983; Cunningham 1994]) and sedimentary cover [Fildani and Hessler,
2005; Olivero and Malumian, 2008]; (iii) a metamorphic core zone exposing Paleozoic basement
schists at the Cordillera Darwin and characterized by thick-skinned shortening [Kohn et al., 1995;
Klepeis, 1994; Hervé et al., 2010; Klepeis et al., 2010; Maloney et al., 2011, 2013]; and (iv) a thin-
skinned Magallanes fold-thrust belt, developed within a ~7 km thick foreland (Austral) basin
containing Upper Cretaceous to Miocene marine sequences [Biddle et al., 1986; Alvarez-Marron et
al., 1993; Klepeis,1994; Olivero and Malumian, 1999; Olivero and Martinioni, 2001; Olivero et al.,
2001, 2003; Ghiglione et al., 2002; Ghiglione and Ramos, 2005; Malumian and Olivero, 2006;
Olivero and Malumian, 2008; Torres-Carbonell et al., 2008].

The Magallanes fold-thrust belt in E-W segment of the Patagonian Orocline of Tierra del Fuego
is composed of north-vergent thrust sheets that, from south to north, progressively involve younger
units: Upper Cretaceous in the hinterland, Lower Middle Eocene in the central domain, and
Paleogene to Neogene in the most external sectors [Olivero and Malumian, 1999; Olivero and
Martinioni, 2001; Ghiglione and Ramos, 2005; Menichetti et al., 2008; Olivero and Malumian,
2008]. A Neogene left-lateral Magallanes—Fagnano fault zone cuts the northern domain of the fold-
thrust belt along the Irigoyen River, forming a transtensional pull-apart basin [Ghiglione, 2003].

The tectonic evolution of the Southern Andes started in the Mid-Late Jurassic with widespread
subduction-related plutonism followed by silicic subaerial vulcanism along the present Pacific
continental margin, coeval with the extensional tectonic phase associated with Gondwana breakup
[Bruhn et al., 1978; Pankhurst et al., 2000; Hervé et al., 2007]. Prolonged extension along the
South American margin culminated in the Late Jurassic with the opening of the Rocas Verdes
marginal basin [Katz, 1973; Dalziel et al., 1974; Bruhn and Dalziel, 1977; Bruhn et al., 1978;
Andrews-Speed, 1980; Dalziel, 1981; Fildani and Hessler, 2005; Klepeis et al., 2010]. This
extensional phase also affected more internal sectors of the South American craton, yielding
widespread normal faults that are believed to have controlled both the syn-tectonic sedimentation
and subsequent foreland propagation of the deformation [Winslow, 1981; Corbella et al., 1996;
Fosdick et al., 2011; Likerman et al., 2013]. The first sedimentary infill of the marginal basin is

represented by the Upper Jurassic to Lower Cretaceous volcaniclastic Tobifera (or Lemaire) and

98



Yahgan (Zapata) Formations, followed by slope mudstones of the Beauvoir Formation [Wilson,
1991; Fildani and Hessler, 2005; Olivero and Malumian, 2008; Klepeis et al., 2010].

In the Early Cretaceous, plate reorganization induced acceleration of the spreading rates in the
South Atlantic Ocean, increasing of the subduction rates along the Pacific margin [Rabinowitz and
LaBrecque, 1979; Dalziel, 1986; Ramos, 1989; Diraison et al., 2000; Somoza and Zaffarana, 2008],
likely triggering a sinistral transpression between South America and Antarctica [Cunningham et
al., 1995; Klepeis, 1994]. This event caused tectonic inversion (i.e., extension to compression) in
the retro-arc region that was accommodated by trench-ward underthrusting of the South American
craton down to ~35 km depth and first obduction of the oceanic floor [Bruhn, 1979; Wilson, 1991,
Klepeis et al., 2010]. Closure of the Rocas Verdes basin marked the actual onset of Andean orogeny
and vyielded ductile deformation, isoclinal folding and low-grade metamorphism of the marginal
basin sedimentary fill [Bruhn, 1979], and peak metamorphism at upper amphibolite facies
conditions (7-11 kbar and 580-600°C; Kohn et al. [1993]) of the Paleozoic basement currently
composed at the CDCC [Klepeis et al., 2010; Maloney et al., 2011]. Early “’Ar/**Ar and fission—
track thermochronology data constrained the cooling and uplift of the CDCC at two main tectonic
pulses at 90-70 Ma and 60-40 Ma [Nelson, 1982; Kohn et al., 1995]. More recently, Gombosi et al.
[2009] obtained new apatite and zircon fission-track and (U-Th-Sm)/He ages indicating rapid uplift
occurring not earlier than the Middle-Late Eocene (40-35 Ma), followed by slower exhumation
rates.

U-Pb age on detrital zircons from the first foreland deposits (Punta Barrosa Formation, or
“Estratos de Buen Suceso”) constrain the beginning of the contractional tectonics in the Southern
Andes to the Turonian (92 £ 1.0 Ma; Fildani et al., 2003), with incipient thrusting likely active as
early as the Albian (101 Ma; e.g., Fosdick et al. [2011]). Closure of the marginal basin and collision
between the Jurassic volcanic arc and the continental margin was completed by the Late Cretaceous
[Halpern and Rex, 1972; Bruhn and Dalziel, 1977; Cunningham, 1994; 1995; Diraison et al.,
2000].

Progressive crustal thickening continued in the hinterland of the Fuegian Cordillera throughout
the Late Cretaceous, yielding lithospheric loading and flexural subsidence in the Magallanes (or
‘Austral’) and Malvinas foreland basins [Winslow, 1981; Biddle et al., 1986; Ramos, 1989; Wilson,
1991; Grunow et al., 1992; Alvarez- Marron et al., 1993; Klepeis, 1994; Coutand et al., 1999;
Fildani et al., 2003]. Sedimentation in the Magallanes foreland basin was synchronous with the
northward propagation of the compressive fronts [Alvarez-Marrén et al.,, 1993; Olivero and
Malumian, 2008; Ghiglione and Ramos, 2005; Torres-Carbonell et al., 2008, 2011, 2013; Torres-

Carbonell and Dimieri, 2013]. The first compressive episode in the Magallanes foreland basin
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produced a regional unconformity between the Maastrichtian-Danian Policarpo Fm. and the
overlying Selandian to Ypresian Rio Claro Group (e.g., Olivero et al. [2003]), and has been
constrained by Ghiglione et al. [2005] to the mid-late Paleocene (San Vicente thrusting episode, 61-
55 Ma). More recently, Torres-Carbonell et al. [2013, 2014] proposed the earliest compressive
event in the Magallanes foreland basin to be not younger than the Danian (> 61.7 Ma), based on
layer-parallel shortening-related pencil structures recognized within the Policarpo Fm. in Tierra del
Fuego. These authors relate this early compressive event to the first pulse of uplift of the central
belt (CDCC).

The Rio Claro Group is composed from bottom to top of the following formations: Tres Amigos
(upper Paleocene), Cabo Leticia (Paleocene), La Barca (upper Paleocene), Punta Noguera
(uppermost Paleocene — lowermost Eocene), Punta Trorcida (upper Paleocene-lower Eocene), and
Cerro Ruperto (lower Eocene). A minor unconformity separates the Rio Claro Group from the Rio
Bueno Fm. (lower mid Eocene), which is in turn unconformably covered by the La Despedida
Group (mid-upper Eocene), composed of the Leticia (upper mid Eocene) and Cerro Colorado
(upper middle to upper Eocene) Fms. This last unconformity marks the Rio Bueno thrusting event
(49-34 Ma; Ghilgione and Ramos [2005]). Another minor unconformity is observed in this group
and at its top, just below the subsequent sub-horizontal foreland strata of the Cabo Domingo Group
(Oligocene-Miocene). The Punta Gruesa sinistral strike-slip event (ca. 24-16 Ma) defines the final
tectonic phase associated to the development of the Magallanes-Fagnano fault system (MFFS;
Figure 1) [Cunningham, 1993, 1995; Lodolo et al., 2003; Eagles et al., 2005; Rossello, 2005]. Then,
virtually undeformed post-early Miocene units testify the end of shortening in the southern
Magallanes basin [Ghiglione, 2002; Ghiglione et al., 2002].

3. Anisotropy of magnetic susceptibility (AMS): methodology

AMS is a petrofabric tool to determine the preferred orientation of dominant minerals, and it is
commonly used as a paleostress indicator [Jelinek, 1977, 1978; Hrouda, 1982; Borradaile, 1988,
1991; Jackson, 1991; Jackson and Tauxe, 1991; Rochette et al., 1992; Tarling and Hrouda, 1993;
Sagnotti et al., 1994, 1998; Borradaile and Henry, 1997; Parés et al., 1999; Borradaile and
Jackson, 2004, 2010; Soto et al., 2009]. In weakly deformed (non-metamorphic) sedimentary rocks,
AMS reflects the pristine fabric produced during incipient deformation at the time of, or shortly
after, deposition and diagenesis of the sediment [Sintubin, 1994; Mattei et al., 1995; Sagnotti et al.,
1998, 1999; Parés et al., 1999; Coutand et al., 2001; Cifelli et al., 2004, 2005; Soto et al, 2009].
For this reason AMS analysis of weakly deformed sediments have frequently been used in orogenic

settings to document the syn-sedimentary tectonic regime [Mattei et al., 1999; Sagnotti and
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Speranza, 1993; Sagnotti et al., 1998; Parés et al., 1999; Maffione et al., 2008, 2012; Macri et al.,
2014].

AMS can be described geometrically by an ellipsoid whose axes are the minimum (Kmin),
intermediate (Kin), and maximum (Kmax) axis of susceptibility [Hrouda, 1982]. During deposition,
sedimentary rocks acquire a so-called ‘sedimentary fabric’ characterized by the kmax and kin; axes
dispersed within a plane (magnetic foliation (F)) that is sub-parallel to the stratification plane. This
sedimentary fabric can be partially overprinted by a ‘tectonic fabric’ during incipient deformation
(e.g., Parés et al. [1999]). The result of this process is the development of a magnetic lineation (L)
whereby kmax aligns parallel to the maximum axis of stretching (g1), hence perpendicular to the
maximum axis of compression (c1). This mechanism allows a direct correlation between the AMS
and strain ellipsoids (e.g., Parés et al. [1999]).

In extensional settings, the magnetic lineation coincides with the local dip of the bedding, and is
therefore perpendicular to the local normal fault planes [Sagnotti et al., 1994; Mattei et al., 1997,
1999; Cifelli et al., 2004, 2005; Maffione et al., 2012]. In compressional settings, the magnetic
lineation is usually subhorizontal and parallel to both the local strike of the strata and the folds axes
[Sagnotti and Speranza 1993; Mattei et al., 1997; Sagnotti et al., 1998; Maffione et al., 2008]. The
relationship between the direction of the magnetic lineation and that of the local structure of the
rock is therefore diagnostic to distinguish between a compressional and extensional tectonic
magnetic lineation (e.g., Mattei et al., [1997]).

Increasing deformation progressively modifies the shape of the AMS ellipsoid from a pure
sedimentary fabric (oblate ellipsoid: Kmax = Kint >> Kmin), t0 @ sedimentary fabric with a marked
tectonic imprint (triaxial ellipsoid: Kmax > Kint > Kmin), t0 a tectonic fabric (prolate ellipsoid: Kmax >>
Kint = Kmin), and eventually returning during the highest strain to an oblate ellipsoid with the
magnetic foliation parallel to the cleavage/schistosity (e.g., Parés, 2004). Such a progression can be
observed i.e. from the external towards the internal domains of a foreland fold-thrust belt (e.g.,
Parés et al. [1999]). In the last stage of deformation, which corresponds to incipient metamorphism,
the pristine tectonic fabric developed during the initial (syn-sedimentary) phases of deformation is
completely obliterated. Conversely, the pristine tectonic fabric is not easily overprinted by small
strains at low temperature (e.g., Borradaile, 1988; Sagnotti et al., 1994, 1998; Cifelli et al., 2004,
2005; Parés, 2004; Larrasoafa et al., 2004; Soto et al., 2009]. This implies that, compared to
classical structural geological analysis where the definition of the age of deformation requires
additional constraints (i.e., crosscutting relationships or unconformities), the finite strain determined
from AMS analyses of weakly deformed rocks is a direct and powerful tool that can be used to

study the deformation active at the time of sedimentation.
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4. Previous AMS studies from the Southern Andes

AMS data from the Southern Andes are relatively scarce compared to other, more extensively
studied orogens. Two studies have been carried out in the most internal metamorphic domains of
the belt. In one of them, Rapalini et al. [2005] collected 96 samples from 12 sites from the
metamorphosed Upper Jurassic-Lower Cretaceous Lemaire and Yahgan formations within the
Fuegian Andes of Tierra del Fuego. The magnetic foliation of these rocks resulted always parallel
to the local foliation/cleavage, confirming a tectonic origin of the AMS and a complete overprint of
the pristine tectonic fabric. A N-NE-directed magnetic lineation coincident with the mineralogical
lineation is parallel to the local shear sense along thrust faults [Diraison et al., 2000] and is
probably the result of the compressive phase that affected this area. In a more recent study, Esteban
et al. [2011] collected additional samples (240 cores from 27 sites) mainly from the Lemaire Fm.
within the same area investigated by Rapalini et al. [2005], obtaining similar results.

A larger number of data is available from the non-metamorphic sedimentary units of the
Magallanes fold-thrust belt. One of the earliest AMS works in this region was carried out by
Diraison [1978] who collected 210 samples at 16 Upper Cretaceous to Cenozoic sites throughout
the Patagonian and Fuegian Andes. More specifically, eight sites exposing Eocene-Miocene rocks
within the most external sectors of the eastern part of the fold-thrust belt in Tierra del Fuego; four
Upper Cretaceous-Paleocene sites were sampled within the axial part of the Patagonian Orocline;
and four Albian-Santonian sites were samples within the N-S trending segment of the Patagonian
Andes. The magnetic fabric of the sampled units is predominantly sedimentary (i.e., oblate AMS
ellipsoid with magnetic foliation parallel to the strata), with a tectonic imprint that is more evident
in the oldest Mesozoic units characterized by a well-defined magnetic lineation. Triaxial AMS
ellipsoids are documented at only two sites. The magnetic lineation of these rocks, restored to its
original in situ coordinates, is generally sub-horizontal and sub-parallel to the local strike of the
strata and fold axes, consistently with a compressive origin of the lineation.

AMS results reported by Maffione et al. [2010] from 20 Upper Eocene-Lower Miocene sites
within the external domains of the eastern Magallanes fold-thrust belt of Tierra del Fuego (north of
the Magallanes-Fagnano fault system, documented a predominant sedimentary fabric with triaxial
AMS ellipsoids characterized by magnetic foliations generally sub-parallel to the strata. Well-
defined magnetic lineations at 16 sites are ca. E-W trending and parallel to both the local strike of
the rocks and fold axes, implying a tectonic, compressive origin of the lineation. These authors
concluded a ~N-S shortening characterized the northward propagation of the thrust sheets in the

external domains of the eastern Magallanes fold-thrust belt since the Early Eocene.

102



A large AMS dataset has been recently published by Poblete et al. [2014] who sampled 85
Cretaceous to Miocene sites within the sedimentary cover of the Magallanes fold-thrust belt at the
foothills of the Patagonian and Fuegian Andes. AMS results from the Fuegian Andes were obtained
from Upper Cretaceous to Miocene formations. The magnetic fabric of the units within the external
sectors of the belt is predominantly sedimentary (i.e., oblate AMS ellipsoid), whereas it is clearly
tectonic (i.e., triaxial to prolate AMS ellipsoid) at sites located within the central and internal
domains. Sixteen Upper Cretaceous to Lower Paleocene sites in the most internal domain of the belt
show both oblate and prolate fabric with a well-defined shallowly plunging magnetic lineation.
Eight sites from the Upper Cretaceous Cerro Matrero Fm. show a macroscopic cleavage produced
under relatively high degrees of deformation. The magnetic fabric of those sites is characterized by
a predominantly oblate AMS ellipsoid with a lineation that at five sites is moderately plunging and
forming a significant angle (10-30°) with the strike of the strata. At the remaining three sites the
lineation is sub-horizontal and parallel to the local strike of strata. While the lineation at the three
sites with sub-horizontal lineation indicate a compressive origin of the AMS, we believe that the
anomalous lineation at the other five sites is the result of a high deformation that completely
overprinted the pristine fabric. At the remaining eight Campanian-Danian and Lower Paleocene
sites within the Cerro Cuchilla and Cabo Nariz formations the fabric is predominantly prolate,
suggesting a relatively high degree of deformation. The magnetic lineation at those sites is generally
shallowly plunging and sub-parallel to the strike of the strata, indicating a consistent compressive
tectonic origin of the lineation. The overall NNW orientation of the magnetic lineation indicate a
mainly ca. N-S compressional regime controlling the early stage evolution of the Magallanes fold-
thrust belt.

5. Sampling and methods

Paleomagnetic samples were collected from Upper Cretaceous to Middle-Upper Eocene
sedimentary rocks exposed in the most internal domains of the Magallanes fold-thrust belt south of
the strike-slip MFFS, along the Atlantic coast of the Mitre Peninsula (Figures 1 and 2). The
sampled rocks are folded and faulted, but they do not show evidence of metamorphism or pervasive
cleavage. A total of 286 cores where drilled at 22 sites distributed within five different formations
(Figure 2).
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Figure 2. a) Regional geological map of the Fuegian Andes showing the main tectono-

stratigraphic domains. CD, Cordillera Darwin. MFFS, Magallanes Fagnano Fault System. b, c)

Geological maps of the two sampling areas south of the strike-slip Magallanes Fagnano Fault

system.
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Five sites were collected from the Maastrichtian-Danian Policarpo Fm. (>700 m thick)
represented by highly bioturbated dark slaty mudstones and sandstones deposited in the earliest,
innermost Bahia Tethis foreland depocenter [Olivero and Malumian, 1999; Martinioni et al., 1999].
This formation is overthrust in the south by the pervasively cleavaged Upper Campanian-Lower
Maastrichtian Bahia Tethis Fm., and, at the sampling locality, it is unconformably covered by the
Rio Bueno Fm. Eight sites were drilled within the Upper Paleocene La Barca Fm. (220 m thick),
composed of tuffaceous sandstones and siltstones, and black mudstones. Three sites were sampled
from the Upper Paleocene-Lower Eocene Punta Noguera Fm. (380 m thick), consisting of
glauconitic gravity flows deposits, including massive tuffaceous sandstones and turbidites. One site
was drilled within the Lower-Mid Eocene rhythmically bedded grainstones of the Rio Bueno Fm.
(60-80 m thick). Five sites were sampled within the Mid-Upper Eocene dark gray mudstones of the
Cerro Colorado Fm. (855 m thick).

Samples were drilled in the field with a petrol-powered portable drill cooled by water, and
oriented with a magnetic compass, which was corrected for the local magnetic declination (11°E at
the time of sampling). Low-field AMS was measured with a Multi-Function kappabridge (MFK1-
FA, AGICO) at the Paleomagnetic laboratory of the Istituto Nazionale di Geofisica e Vulcanologia
(INGV, Rome, Italy). The AMS parameters at both the specimen and the site levels were evaluated
according to Jelinek [1977, 1978] using Anisoft 4.2 software (AGICO).

6. Results

A well-defined magnetic fabric characterizes 21 sites (site RL0O2 shows an isotropic fabric)
(Figure 3 and Table 1). The site mean susceptibility (k) varies between 1.24 and 4.13 x 10™ SI
(with more frequent values in the range of 1.2-3.2 x 10™ SI) (Figure 4a; Table 1). These are typical
values for clay-rich sediments where the magnetic anisotropy is mainly controlled by the
phyllosilicate paramagnetic matrix [Rochette, 1987; Borradaile et al., 1987; Hrouda and Jelinek,
1990]. The site mean anisotropy degree (P°) is commonly low (< 1.120), with most of the sites
showing a mean P’ values lower than 1.070 (Figure 4b; Table 1). Figure 4b show a clear direct
correlation between kn, and P’, suggesting that the increase of anisotropy degree is controlled by the

different concentration of the ferromagnetic minerals rather then by the degree of strain of the rock.
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Figure 4. a) Frequency distribution of the magnetic susceptibility (k) from all the sampled
specimens; b) Site mean susceptibility versus corrected anisotropy degree (P’) for all the sampled
sites; ¢) Shape factor (T) versus corrected anisotropy degree (P’) diagram compared to the typical
trend expected from increasing deformation degrees.
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Table 1. Anisotropy of magnetic susceptibility results from the internal domains of the Magallanes fold-thrust belt.

Site  Formation Latitude Longitude Age (S?r?l(:g/ilg?p) kn L F P' T (E)) (!) ?&; Q:\g;
RBO1 Policarpo 54° 40'30.66"  65°48'39.13"  Maastr. — Danian 092/74 9 1.33 1.002 1.004 1.007 0.256 189.9 34.8 342 T?
PDO1 Policarpo 54°38'57.77" 65°33'15.85"  Maastr. — Danian 257/55 25 219 1.008 1.004 1.012 -0.320 2559 23 229 T,c
PD02 Policarpo 54°39'3.83"  65°33'24.51"  Maastr. — Danian 240/55 10 153 1.012 1.012 1.024 -0.005 2504 27.1 134 T,c
PLO1 Policarpo 54° 39'30.58" 65°38'30.23"  Maastr. — Danian 68/45 16  1.24 1.009 1.007 1.016 -0.130 2905 9.1 126 T,c
CRO1 Policarpo 54°39'06.19" 65°45'14.84"  Maastr. — Danian 257/34 22 300 1.037 1.005 1.046 -0.775 653 6.8 176 T,c
CJO5 LaBarca 54° 35' 25.24"  66° 00’ 43.60" U. Paleocene 177/35 12 1.84 1.008 1.028 1.038 0.575 2845 27.6 260 T,c
CJ06 LaBarca 54° 35'26.72"  66° 00 41.57" U. Paleocene 170/33 9 1.89 1.009 1.033 1.045 0550 2723 17.0 92 T,c
CJO7 LaBarca 54° 35' 27.43"  66° 00’ 38.49" U. Paleocene 176/34 11 1.77 1.010 1.026 1.037 0.456 2552 188 120 T,c
CJ08 LaBarca 54° 35'28.16"  66° 00’ 35.47" U. Paleocene 218/34 8 1.60 1.007 1.018 1.025 0.443 2439 199 408 T,c
CJ09 LaBarca 54° 35'30.87"  66° 00’ 21.37" U. Paleocene 112/51 8 1.93 1.021 1.037 1.060 0273 2746 123 135 T,c
CJ10 LaBarca 54° 35'34.58"  66° 00’ 03.13" U. Paleocene 092/53 8 1.85 1.028 1.031 1.060 0044 2511 16.0 81 T,c
FBO1 LaBarca 54° 36' 38.78"  65° 54' 54.16" U. Paleocene 292/57 10  1.27 1.010 1.016 1.026 0.213 99.2 21.1 210 T,c
FB02 LaBarca 54° 36'35.37"  65° 56' 43.11" U. Paleocene 072/77 9 1.93 1.001 1.014 1.017 0.806 236.6 18.2 720 S

RLO1 PuntaNoguera 54°38'23.98" 65°50'59.09" U.Paleoc.-L.Eoc.  102/31 9 413 1.092 1.032 1.131 -0.472 264.8 118 223 T,c
RLO2 PuntaNoguera 54°38'53.53" 65°49 13.70" U.Paleoc.-L.Eoc.  102/31 8 3.05 - - - - - - - no AMS
RLO3 PuntaNoguera 54°38'53.53" 65°49 13.70" U.Paleoc.-L.Eoc.  102/31 7 2.63 1.023 1.081 1.112 0544 2695 275 306 T,c
PGO1 Rio Bueno 54° 39' 43.59"  65° 40' 19.30" M. Eocene 354/4 24 148 1007 1.053 1.067 0.753 1500 7.1 303 S

CJO1 Cerro Colorado 54°35'11.59" 66° 01' 46.03" M. — U. Eocene 264/37 19 248 1.016 1.012 1.028 -0.139 257.9 125 245 T,c
CJ02 Cerro Colorado 54°35'13.82" 66° 01' 41.81" M. — U. Eocene 272/23 12 260 1.011 1.031 1.044 0456 831 17 141 T,c
CJ03 Cerro Colorado  54°35'15.31"  66° 01' 35.39" M. — U. Eocene 266/31 10 250 1.010 1.021 1.032 0.334 2735 24 137 T,c
CJ04 Cerro Colorado 54°35'17.27"  66° 01' 25.96" M. — U. Eocene 260/39 24 236 1012 1.021 1.033 0.282 2764 0.7 269 T,c
CJ11 Cerro Colorado 54° 35'37.89"  65° 59' 44.66" M. — U. Eocene 267/38 16 268 1.018 1.046 1.067 0.423 2822 11 192 T,c
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Table 1. Geographic coordinates use WGS84 datum. N, number of studied samples at a site. km,
site mean susceptibility expressed in 10-4 Sl. Magnetic lineation (L), magnetic foliation (F),
corrected anisotropy degree (P’), and shape factor (T) according to Jelinek (1981). D and | are the
in situ site-mean declination and inclination, respectively, of the maximum susceptibility axis. e12,
semi-angle of the 95% confidence ellipse around the declination of the mean lineation. ‘AMS
origin’ indicates the interpreted nature of the AMS (T = tectonic, S = sedimentary), and related
tectonic style (c = compressive).

A remarkable change in the shape of the AMS ellipsoid, from strongly oblate (T = 1, F >> L), to
triaxial (T = 0, F = L), to strongly prolate (T = -1, L >> F) is observed throughout our sampled sites
(Figure 4c; Table 1). Such variation describes a path that matches the expected variation of the
magnetic fabric during increasing deformation from undeformed (sedimentary fabric) to strongly
deformed rocks (tectonic fabric) (Borradaile and Henry, 1997; Parés et al., 1999). The highest
values of P’, determining a relative misfit with the curved trend shown in Figure 4c, belong to two
sites from the Punta Noguera Fm., which are likely characterized by a higher concentration of the
ferromagnetic minerals or the occurrence of different magnetic phases compared to the other
formations.

A nearly pure sedimentary fabric is observed at sites FB02 and PG01, where the AMS ellipsoid
is strongly oblate (Figures 3 and 4c; Table 1), and the kin; and kmax susceptibility axes are not clearly
resolved being F >> L (Figure 3). The magnetic fabric at the remaining 19 sites indicates a variable
tectonic overprint of the original sedimentary fabric. Within this group, the AMS ellipsoids of 13
sites are mainly oblate (T > 0), with a strong triaxial tendency (i.e., the three susceptibility axes
form distinct clusters) and the magnetic foliation plane (sub) parallel to the strata (the pole to local
bedding and the knyin coincides or are very close) (Figure 3; Table 1), all typical features of weakly
deformed rocks [Borradaile 1987; Borradaile and Jackson, 2004]. A pure triaxial fabric (T ~ 0) has
been recognized at two sites (PD02 and CJ10). A mainly prolate fabric (T < 0), showing a girdle
distribution of the kin: and kni, axes perpendicular to the kmax mean orientation dominate at five sites
(three of which belonging to the Maastrichtian-Danian Policarpo Fm.). One of these sites (CR01)
shows a magnetic fabric resembling that of typical pencil structure, a stage that predate the
development of a macroscopic cleavage upon moderate to high deformation [Borradaile and
Tarling, 1981]. However, no microscopically developed cleavage was observed at this site in the
field.

Magnetic lineation is well developed at 16 sites (semi-angle of the 95% confidence ellipse in the

magnetic foliation plane (e12) < 30°), and moderately developed at four additional sites (30° < ej; <
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40.8°) (Table 1). At two remaining sites (RL02, FB02) the magnetic lineation is absent given the
high values of the associated errors (e1; Table 1). The magnetic lineation at 15 sites is horizontal or
shallowly plunging and parallel to both the local strike of the bedding and local fold axes (Figures 2
and 3). At four sites the lineation is sub-parallel to the dip direction of the strata (Figure 3), while at
site PLO1 the lineation is oblique to the local strike of the bedding. The orientation of the lineation
range from ESE to ENE, except for two sites where it is ~N-S (RB01) or even NW-SE (PGO01).

7. Discussion

AMS results from the Upper Cretaceous to Upper Eocene non-metamorphic sedimentary rocks
of the internal structural domains of the eastern Magallanes fold-thrust belt of Tierra del Fuego
revealed a well-defined magnetic fabric at 21 sites (site RLO2 shows an isotropic fabric with e, =
78.1°; Figure 3, Table 1). The shape of the AMS ellipsoid at sites RB02 and PGOL1 is highly oblate
(T = 0) and typical of pure sedimentary fabric not affected by tectonic imprint. Although site RB0O1
displays a triaxial AMS ellipsoid its degree of anisotropy is very low (P’ = 1.007; Table 1)
compared to other sites, and the tectonic nature of the AMS at this site is questionable. Furthermore,
we have no or little structural control at this site where the Policarpo Fm. displays only a weakly
developed stratification. These four sites have been therefore excluded from further analyses.

Based on the shape of the ellipsoid (T), the anisotropy degree (P’), and the relationship between
the three susceptibility axes and the local bedding at each sampling site, we recognized a clear
tectonic origin of the AMS at 18 sites (Table 1). This evidence, combined with the absence of
macroscopic cleavage indicates that the studied rocks only experience a weak degree of
deformation that did not obliterate the pristine AMS fabric. Similar AMS parameters and
lithological features characterize the sedimentary units studied by Diraison [1978] and Poblete et
al. [2014], proving that the sedimentary infill of the southern and western Magallanes fold-thrust
belt preserve a pristine tectonic fabric that was acquired during (or shortly after) their deposition.

Indicative of the intensity of deformation affecting this region is the shape of the AMS ellipsoid
(e.g., Parés et al., [1999]). The most internal structural domains of the fold-thrust belt exposing
Upper Cretaceous to Paleocene rocks (Policarpo, Rosa, Rocallosa, Cerro Matrero, Cerro Cuchilla,
and Cabo Nariz formations) show a predominantly prolate AMS ellipsoid indicative of moderate-
to-high strain (Table 1). Conversely, the oblate-to-triaxial AMS ellipsoids characterizing the
younger post-Paleocene formations exposed within the most external domains of the belt show that
these areas experienced a relatively weak deformation. A progression of the magnetic fabric,

reflecting a comparable decreasing of the tectonic stress form the axial towards the frontal areas of
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the belt, have previously been documented from a similar setting within the Ebro foreland basin at
the foothills of the Pyrenees (e.g., Parés et al., [1999]).

7.1. Tectonic significance of the magnetic lineation

Previous studies have demonstrated that in weakly deformed clay-rich rocks AMS represents a
reliable paleostress indicator [Larrasoafa et al., 2004; Soto et al., 2009]. Furthermore, the tectonic
style (compressive vs. extensional) can straightforwardly be inferred from the direction of the
magnetic lineation and its relationship with the local bedding attitude (e.g., Mattei et al., [1997]).
This allows us to use AMS analyses to determine the nature and direction of the tectonic field active
during progressive phases of the building of the Southern Andes from the Cretaceous until the
Miocene. In particular, paleostress constraints from the oldest (non-metamorphic) units located in
the most internal sectors of the foreland fold-thrust belt are here used to determine the nature of the
earliest tectonic phases associated to the exhumation of the CDCC and the initial propagation of the
deformation into the Magallanes foreland basin.

The mainly horizontal magnetic lineation calculated at 14 sites within our study area (Figures 2
and 3; Table 1) are always sub-parallel to both the local strike of the strata and the fold axes, and
indicate a predominantly compressional tectonic setting at the time of their deposition (or
subsequent diagenesis). Discrepancy (of few degrees up to ~10°) between the strike of the strata
and the direction of the magnetic lineation at each site is likely related to the uncertainty associated
to the measurement of the bedding directions in the field.

Within the remaining sites, three Upper Paleocene sites from the La Barca Fm. (CJO5, CJ06, and
CJO7) show a magnetic lineation that is sub-parallel to the local dip direction of the strata
suggesting, at a first glance, an extensional tectonic origin of the lineation. The direction of the
lineation at these three sites is, however, statistically indistinguishable from that of adjacent, coeval
sites CJ08, CJ09, and CJ10, which show a clear compressive origin of the lineation. Furthermore,
sites CJO5, CJ06, and CJO7 lie along the crest of a ~E-W trending, westward plunging syncline
(Figure 2). It is therefore more plausible that the magnetic lineation of these three sites formed
under the same compressive tectonic regime upon layer-parallel shortening, and was subsequently
tilted to the west after progressive folding and tilting of the fold axis to the west.

Site PLO1 (Policarpo Fm.) show a horizontal lineation that is not contained in the bedding plane,
is at high angle to the strike of the strata, and has a direction that is significantly different from that
of adjacent, coeval sites (Figure 3). While the mismatch between the lineation and the strike of the

strata can be related to uncertainties associated to the bedding measurement (stratification of the
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Policarpo Fm. was hard to recognize in the field), the intra-formational variation of the lineation
orientation is remarkable and requires further analysis.

Mean lineation directions were calculated for four age intervals within the 17 sites showing a
clear tectonic origin of the lineation, distributed as follows: Late Cretaceous-Early Paleocene
(Policarpo Fm., PD01, PD02, CRO1), Late Paleocene (La Barca Fm., CJO5, CJ06, CJO7, CJO8,
CJ09, CJ10, FBO01), Late Paleocene-Early Eocene (Punta Nuguera Fm., RLO1, RLO3), and Mid-
Late Eocene (Cerro Colorado Fm., CJ01, CJ02, CJ03, CJ04, CJ11) (Figure 5).

Late Cretaceous-Early Paleocene [Policarpo Fm.]

I (PDO1, PDO2, CRO1; D/ = 246 5°/0.8°, e, = 23.9°)
[ (PLO1; D/ =2905°/9.1°, e, =126°

Late Paleocene [La Barca Fm.]
() (CJ05-CJ10, FBO1; DAl = 267 1°118.1°. e, = 27.0°)

\ Late Paleocene-Early Eocene [Punta Noguera Fm.]
J (O (RLO1, RLO3; D/ = 267.7°/184°, e , = 22.5°)

Mid-Late Eocene [Cerro Colorado Fm.]
A (CJ01-CJ04, CJ11; DN =271.9°/2.4°, e, = 24.2°)

Figure 5. Schmidt equal-area projections, lower hemisphere, of the mean lineation (kmax)
calculated for each sampled formation, and respective 95% confidence ellipses. For each group, site
name, mean declination (D) and inclination (I) of the lineation, and error associated to the lineation
declination (e12) are reported.

Cretaceous site PLO1 was not included in the computation of the mean lineation for the
Policarpo Fm. due to its distinctive direction (Figure 5). The youngest three age groups show a very
consistent E-W direction of the lineation (Figure 5). The two mean lineation directions from the
Upper Cretaceous Policarpo Fm. are not statistically different from this E-W trend, yet there is
substantial difference within the Policarpo Fm. between the average direction including sites PDO0L1,
PDO02 and CRO01, and that of site PLO1. We propose two alternative explanation to the anomalous

direction of the lineation at site PLO1: either (i) it formed under a tectonic regime characterized by
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significant strike-slip component (which would explain the high angle between the lineation and the
local strike of the strata), or more likely (ii) it was affected by the interference between a regional
stress field producing mainly E-W to ENE trending fold axes and a more local (and probably
younger) deformation phase resulting in a series of folds with ~N-S axes (Figure 2). Due to these
uncertainties we discarded site PLO1 from further analysis.

In summary, 17 Upper Cretaceous to Upper Eocene sites from the internal domains of the
Magallanes fold-thrust belt show a consistently ~E-W oriented magnetic lineation formed under a
compressional stress field. This result indicates that the Southern Andes at the study area
experienced a continuous ~N-S compression during the Late Cretaceous-Late Eocene time interval
(~70to ~35 Ma).

7.2. The exhumation of the Cordillera Darwin metamorphic core complex (CDCC)

Although there is growing evidence in support of models requiring compressive tectonics for the
exhumation of the CDCC [Klepeis et al., 2010; Maloney et al., 2011], the tectonic events affecting
the Fuegian Andes during the main uplifting phase of the Cordillera Darwin (~90-70 Ma; Kohn et
al. [1995]) are still poorly constrained. Relying on structural and geochronological constraints,
Klepeis et al. [2010] proposed the occurrence of two early compressive events in the Fuegian
Andes. The first event occurred between 100 and 86 Ma, and caused inversion of the Rocas Verdes
marginal basin and southward underthrusting of the South American craton below the magmatic
arc. This age is precisely constrained in the Cordillera Darwin by crosscutting relationships between
folded sedimentary rocks of the Rocas Verdes basin and Late Cretaceous (86-74 Ma; Kohn et al.
[1995]) granites. The second tectonic event has been associated to a poorly constrained post-80 Ma
compressional phase yielding basement-rooted thrust sheets emplacement. Based on the model of
Klepeis et al. [2010], Torres-Carbonell and Dimieri [2013] argued that starting from ~80 Ma a
regional-scale basement duplex system developed along the current axis of the Fuegian Andes
above a mid-crustal decoupling surface, yielding uplift in the Fuegian Andes and continuous craton-
ward propagation of the compression until the Miocene. The other oldest well-constrained tectonic
pulse, involved the foreland basin during the Early Paleocene (~61 Ma; e.g., Ghiglione and Ramos
[2005]) or slightly before [Torres-Carbonell et al., 2013], and led to the formation of the thin-
skinned Magallanes fold-thrust belt. A large gap of data therefore exists for the time interval
spanning from 86 to 61 Ma, period that corresponds to the main exhumation phase of the CDCC.

Applying the same criteria for the definition of the tectonic significance of the AMS, we
integrate our new data from Upper Cretaceous to Upper Eocene rocks with the available AMS

database from other sectors of the orocline [Diraison, 1978; Maffione et al., 2010; Poblete et al.,
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2014] to determine the nature and orientation of the paleostress active at the Southern Andes during
the Lower Cretaceous - Early Miocene time interval. Almost all the sites studied by Diraison
[1978] and Poblete et al. [2014] are characterized by a magnetic lineation that is horizontal and sub-
parallel to both the local strike of the bedding and the structural trend of the orogen, implying a
compressive tectonic origin. The combined AMS dataset provides clear evidence for the existence
of a compressive tectonics that was, in each location, perpendicular to the local structural trend of
the orogen, and was active from the Lower Cretaceous to the Late Oligocene (Figure 6).

The coaxiality of the deformation inferred from the parallelism between the magnetic lineation
and the local structural trend at each site seems to exclude a significant contribution of strike-slip
components to the main regional stress. We therefore conclude, in agreement with existing models
(e.g., Klepeis et al. [2010]), that both stages of the uplifting and exhumation of the CDCC (90-70
Ma and 60-40 Ma; Khon et al., 1995) were driven by pure (~NE directed) compression yielding
regional-scale crustal duplexing within the structural (Paleozoic) basement. Such a thick-skinned
tectonics affected the whole central belt (between the Patagonian batholith and the Magallanes fold-
thrust belt), and resulted, in combination with extensive erosion, in regional uplift and local

exhumation of the metamorphic basement currently exposed in the Cordillera Darwin.

7.3. Paleostress constraints on the kinematic evolution of the Southern Andes

The combined AMS dataset compiled for the Southern Andes reveals a paleostress field that was
radial at any stage of the evolution of this region (Figure 6). The inferred local shortening directions
are in fact perpendicular to the main trend of the orogen in each segment of the arc, and do not vary
significantly through time. According to these data, the southern segment of the Patagonian Andes,
where the regional structural trend has a direction of N345° [Poblete et al., 2014], underwent a
continuous ENE-directed shortening. To the south, the western domain of the Fuegian Andes show
a main structural trend that varies eastward from N320° to N295° [Poblete et al., 2014]; here the
inferred shortening directions mimic the structural variation, ranging from NE to NNE. Finally, in
the eastern segment of the Fuegian Andes where the regional structural trend is variable between
N285° and N260°, the inferred regional shortening direction is ~NS to ~NNW directed.
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A similar, radial stress field is documented by fault kinematic data obtained by Diraison et al.
[2000] throughout the orogenic arc. According to these authors, the shortening directions (based on
the measurement of 1600 striated fault planes from the Mesozoic-Cenozoic sedimentary cover of
the Magallanes fold-thrust belt) show a progressive rotation from NO75° (Patagonian Andes) to
NO043° (Fuegian Andes). Few data from the easternmost sectors indicate a ~NS shortening direction.
More fault kinematic data have been produced in this sector by Torres-Carbonell et al. [2014]
displaying the same ~NS shortening directions.

The presence of a radial stress field can be a common feature in secondary oroclines (sensu Weil
and Sussman [2004]) as it can be easily explained by relative rotation of the limbs of the arc after
the first compressive phase [Speranza et al., 1997; Gutiérrez-Alonso et al., 2012]. However, if the
arc is a primary orocline (i.e., the arc formation does not involve limb rotation) a radial stress field
becomes more difficult to explain. The arcuate shape of the Southern Andes first induced Carey
[1958] to propose that it could have been related to oroclinal bending of an originally straight
orogen. Since then, this region has been referred to as the Patagonian Orocline. The initial
hypothesis was subsequently supported by sparse paleomagnetic data from the volcanic units
mainly within the internal belt indicating strong counterclockwise rotations consistent with a
kinematics expected for such oroclinal bending (see Rapalini [2007] for a review). Initially, models
requiring oroclinal bending in the Tertiary received the largest consensus [Dalziel et al., 1973;
Cunningham, 1993; Kraemer, 2003], while only few authors [Burns et al., 1980] supported an
oroclinal bending related to the Cretaceous closure of the Rocas Verdes marginal basin. Later on, a
new hypothesis emerged that put forward the primary origin of the bend [Ramos and Aleman, 2000;
Diraison et al., 2000]. This scenario is partly supported by paleomagnetic data from sedimentary
rocks within the southern Magallanes fold-thrust belt published by Maffione et al. [2010] and
Poblete et al. [2014]. These data proved that the Fuegian Andeshave not been affected by regional
tectonic rotation since the Middle Paleocene (~60 Ma), showing that the Patagonian Orocline has
been a primary arc for large part of the Cenozoic. These authors concluded suggesting possible
oroclinal bending occurring during the Cretaceous phase of marginal basin closure.

Assuming therefore the Magallanes fold-thrust belt to be a primary orocline, its tectonic
evolution necessary involves the convergence of an L-shaped indenter (represented by the
Cretaceous proto-Southern Andes), similar to that modeled by Ghiglione and Cristallini [2007]. A
primary orocline also implies that the radial stress field documented in this study is not reflective of
a finite strain resulting from oroclinal bending, but is rather indicative of the active in situ tectonic
stress during the Cenozoic. Analog models showing the effects of a simple translation of a curved

indenter (see Ghiglione and Cristallini [2007]) seems to be not able to reproduce the radial stress
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field characterizing the Southern Andes, being the finite displacement vectors consistently parallel
to the displacement direction of the indenter. Similarly, also a two-phase indentation model
[Ghiglione and Cristallini, 2007] is incompatible with the paleostress data presented in this study,
as the stress field was radial at every moment of the tectonic evolution of this region (the southern
Patagonian Andes were affected by ENE-directed compression as early as the Lower-Middle
Cretaceous) (Figure 6).

It seems clear, therefore, that in the absence of external factors controlling the kinematic
evolution of the Southern Andes, the indentation of a curved buttress cannot simultaneously explain
its current structural setting and paleostress field. It has been already proposed that pre-existing
crustal heterogeneities (i.e., faults) at the southern edge of the South American continental margin
have controlled the evolution of foreland basin sedimentation and subsequent deformation
[Likerman et al., 2013; Fosdick et al., 2014]. We argue that the pattern of pre-existing extensional
structures in the basement of the Southern Andes strongly controlled the kinematic evolution of the
Patagonian Orocline. We propose that during the Jurassic extensional phase that culminated in the
opening of the Rocas Verdes marginal basin the southern edge of the South American continent was
thinned by a number of extensional faults that mirrored the current shape of the Southern Andean
arc (Figure 7a). After the closure of the marginal basin and the collision of the magmatic arc with
the attenuated South American continental margin in the early Late Cretaceous, these normal faults
were reactivated into thrusts, forming a primary arc (currently represented by the central belt)
(Figure 7b). A thick-skinned tectonics in the central belt is consistent with recent models by Torres-
Carbonell and Dimieri [2013]. Slip partitioning mechanisms along the foreland-ward edges of these
faulted blocks in the central belt may have transferred a fault-normal compression component to the
external domains, yielding radial (convergent) propagation of the thrust sheets in the Magallanes
fold-thrust belt since the Late Cretaceous (Figure 7c¢). Assuming a ~NE oriented regional
convergence of the indenter, represented by the Jurassic volcanic arc, the strike-slip component
along the frontal thrust of the central belt should become more significant away from the hinge of
the arc, with a dextral kinematics in the NS limb, and sinistral in the EW limb. According\ to
Torres-Carbonell and Dimieri [2013], Cenozoic deformation in the Magallanes thrust-belt occurred
above a décollement at the top of the basement, while the compressive stress was transmitted to the
foreland basin by the crustal duplex structures of the central belt. In our model, the central belt,
operated throughout the whole evolution of the fold-thrust belt as a transfer zone accommodating
strike-slip displacement and allowing the propagation of a radial stress into the Magallanes foreland

basin.
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8. Conclusions

In this contribution we report on the anisotropy of magnetic susceptibility (AMS) of Upper
Cretaceous-Upper Eocene sedimentary rocks from 22 sites within the most internal structural
domain of the Magallanes fold-thrust belt (Tierra del Fuego). We identified a tectonic origin of the
lineation at 17 sites, indicating a consistent ~NS compression affecting this area of the Southern
Andes from the Late Cretaceous until the Late Eocene. We integrated our data with re-analyzed
previously published AMS data form other sectors of the Patagonian Orocline to built a robust
dataset that allowed us to reconstruct the evolution of the paleostress at the Southern Andes
throughout most of its geological history (i.e., Early Cretaceous to Late Oligocene).

First key conclusion of our analysis is that a mainly compressive tectonic regime characterized
the early tectonic phases of the Andean orogeny associated to the exhumation of the Cordillera
Darwin metamorphic core complex. Together with previous structural geological constraints, AMS
data provide definitive proof for a compression-driven uplift and exhumation of the Paleozoic
basement of the Cordillera Darwin. A second implication of our results is the identification of a
radial (convergent) paleostress field controlling the kinematic evolution of the Patagonian Orocline
throughout the Cenozoic. To explain the radial stress field in the absence of oroclinal bending (as
suggested by recent paleomagnetic data) we propose that the regional configuration of pre-existing
normal faults in the basement, formed during the Jurassic extensional phase and mimicking the
current curved shape of the arc, may have strongly controlled the subsequent kinematic evolution of
the Southern Andes. Continuous slip partitioning along thrust sheets rooted in the basement of the
central belt upon ~NE-ward translation of a rigid indenter (the Jurassic volcanic arc) can provide an
effective mechanism to yield orogen-perpendicular compression into the Magallanes foreland basin

and led to the formation of a primary curved fold-thrust belt.
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PART V. NUMERICAL MODELLING APPLIED TO RESTORE
CRUSTAL BLOCK KINEMATICS INTO
STRIKE-SLIP DEFORMING ZONES

-First steps-

In this part of the research | will report on an application of the paleomagnetic data investigated
during the first phases of this research.

During a stage of 6 months at the Universidad de los Andes (Bogota - Colombia), |1 worked in
collaboration with the professor assistant PhD. Natalia Gomez Perez, giving the first steps in the
attempting to restore the initial configuration of a strike-slip deforming zone. It implies the
development of a numerical modelling to solve an inverse time-reverse mathematical problem,
because there is a lack of information of the initial conditions, but its effects can be known through
geologic and geophysics information.

Over the last decades, physical and numerical modelling has been increasingly used to simulate
tectonic processes as a way to better understand the geologic record. The models provide a valuable
insight into the development history and the mechanisms responsible of deformation at all scales.

The numerical modelling is the process by which a simplified mathematical reality from a more
complex physical reality is constructed, through the approximate solution of equations chosen
because they can describe dynamic processes of the earth.

A numerical model can predict earth kinematics as the mathematical equations describe its
dynamics. The predictive power varies in function of the model complexity. The accuracy of those
predictions are often overwhelmed by difficulties in the fully characterization of the geologic
setting (in three dimensions), in providing appropriate theoretical descriptions, in uncertainties in
measuring, and in numerical problems with analytic tools.

According to [Mercier and Faust, 1981; Ferziger and Peric 2002; Ismail-Zadeh and Tackley,
2010], the basic components of the numerical modeling are (Figure 1):

1. Physical model, it depicts our understanding of the physical system. It constitutes the

geodynamic problem to solve.

2. Mathematical model, it consists in translating the geodynamic process into a mathematical
system, a set of partial differential equations and its boundary conditions. The mathematical
models can be solved using analytical solutions, numerical models and computational

methods. The conservation equations can be written in many different forms, depending on
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the coordinate system: Cartesian, cylindrical, spherical, etc. The choice depends on the
target of the problem, and may influence the discretisation method and grid type to be used.
The numerical grid is a discrete representation of the geometric domain, on which the

problem has to be solved. There are structured (orthogonal) and unstructured grids.

. A discretisation method to convert the mathematical equations into discrete equations to be
solved numerically. The most popular methods are the finite difference, finite element, finite

volume and spectral methods. These facilitate the visualization of the results.

Numerical methods to solve the discrete equations. It means a procedure that permits us to
obtain the solution for the mathematical problem with an arbitrary precision in a finite
number of steps that can be performed rationally. The number of step depends on the desired

accuracy.

Computer code (software) to be developed or to be used to numerically solve the discrete

equations.

Results of numerical modelling. These must be validated, calibrated and interpreted in the
context of the physical system.

1. Physical model

As the starting point for the modelling we use the physical model of the LOFZ deforming zone

investigated in the first part of this research, which describes a series of small blocks (max. size 13

km) that move along the fault zone following the fault slip parameters. Contemporaneously to the

displacement, those blocks can rotate depending on their aspect ratio and orientation with respect to

the fault [Hernandez-Moreno et al., 2014]. While equidimensional blocks can undergo very large
rotations (150°-170°), elongated blocks, subparallel to the LOFZ do not rotate (Figure 2).

Rotation pattern across the dextral LOFZ is markedly asymmetric. East of the fault and along of

it, rotations are mainly clockwise. In turn, west of the LOFZ rotations are clockwise of

counterclockwise in function of high or low interface coupling degree, respectively. This rotation

pattern responds to a quasi-continuous crust kinematics [McKenzie and Jackson, 1983; Nelson and
Jones, 1987; Sonder et al., 1994].
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Figure 1. Flowchart depicting the numerical modelling process. Modify from Ismail-Zadeh and
Tackley [2010].

Figure 2. Quasi-continuous kinematic model describing the crustal behavior inside the LOFZ
deforming zone [Hernandez-Moreno et al., 2014].

129



Specifically, a zone east of the LOFZ between 39°S and 39.40°S was selected because of the
high concentration of paleomagnetic rotation vectors reported in the first part of this research
(Figure 3A). Both the shape and size of the different blocks inside the LOFZ deforming zone were
chosen from the paleomagnetic data distribution, resulting in a total number of 41 blocks (Figure
3B).

Figure 3. A) The white box encloses the selected area for the numerical modelling. B) Selected area
zoom in. Red blocks have a paleomagnetically detected rotation value while in green are
represented the blocks with rotation value come from the equation of the best-fit line of the
clockwise rotations east of the LOFZ (Figure 9 therein Hernandez-Moreno et al., [2014], Part | of

this thesis).

Restore the starting conditions of the crust inside the LOFZ deforming zone by numerical
modelling, implies a very complex problem: first the crust subdivision in small blocks, and then the
simultaneous translation and rotation of more than 40 irregular blocks inside a restricted area, where

blocks can interact more than two at a time.
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Virtually we can control only the initial conditions of the problem, because of the tangential
force due to the interaction between blocks. During block interactions, both non uniform linear
(velocity change over time) and circular (torque) motions are going to be generated in function of
the point where the tangential force is applied. Thus, this geophysical problem can be defined as the
elastic collision (kinetic energy is conserved) of irregular rigid blocks. Assuming conservation of
both momentum and kinematic energy, it is possible to calculate the final velocities after two-body
collisions.

The collision will become inelastic if part of the kinematic energy changes to some other forms

of energy during the collision, as for example friction between blocks or heating.

2. State-of-the-art of the numerical modelling of crustal block rotation

During the 1980s, mathematical models and analytical solutions mostly related to describe crust
large-scale and long-term deformation have been developed, especially for continental collision
zones. In one model, known as the “thin viscous sheet model”, the continental lithosphere is
regarded as a thin continuous material obeying a Newtonian rheology, overlying an inviscid
substrate [Bird and Piper, 1980; England and McKenzie, 1982, 1983]. The thin viscous sheet model
assumes that the base and the top of the lithosphere are free of traction and that vertical gradients of
the horizontal velocity are negligible. But those formulations ignore the role of faulting in
lithospheric deformation [England and McKenzie, 1982].

McKenzie and Jackson [1983] were the first that considered the case where at the surface
distributed deformation is taken up by motion on faults which separate the zone into blocks which
can rotate about a pole, and applied this concept to the strike-slip faults. In their mathematical
models the displacement rate on the faults, their strike and the finite rotations of blocks are all
controlled by the velocity gradient, which is considered constant everywhere throughout the
deforming zone at all times. However they continued to use the thin viscous sheet model and the
equations by England and McKenzie [1982, 1983], assuming that enough faults are active at the
same time and that the scale of the deformation is large compared with the size of the blocks
bounded by faults in the deforming zone. According to the authors, although where faults intersect
the surface the velocity filed is discontinuous, the movement of rigid blocks, separated by faults and
with small sizes compared with the width of the deforming zone, can approximate the continuous
deformation if the angle between the margins of the zone and the faults is related to the velocity
gradients.

Then England et al. [1985] and Sonder et al. [1986] carried out different analytical solutions for
the deformation of this thin viscous sheet (Newtonian fluid) governed by an imposed velocity
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vector or shear stress parallel to a considered boundary, therefore under strike-slip conditions. This
boundary may be regarded as a zone of weakness, across which some of the relative motion is taken
up but which nevertheless exerts a tangential stress on the continental lithosphere [Sonder et al.,
1986]. Thus, the authors predict the deformation length scale under strike-slip conditions as
considerably shorter across-strike than for deformation under compressional or extensional
boundary conditions.

Sonder et al. [1986] also calculated the amount of vertical-axis rotation, defining it as the angle
through which a small, horizontal, rigid block would rotate if it was floating on the deforming fluid
making reference to the Mckenzie and Jackson [1983] statements, and the distance from the fault
where rotation should die out. The rate of this rotation would be half of the vertical component of
the vorticity. Thus, comparisons between paleomagnetic data and their mathematical
approximations are possible only if the horizontal dimensions of the blocks are small compared
with lengths over which the underlying flow varies.

In general all the equations referred by the previous authors describe the crust rheology,
vertically averaged by a single power law exponent n, which indicates the relative contributions of
brittle and ductile behavior to the average lithospheric strength [Sonder and England, 1986]. It
means approximating the deformation that may occur under several different regimes, including
brittle deformation near the surface, high-stress plasticity at depth, and steady state creep at greater
depths [Sonder et al., 1986].

The previous mathematical solutions define the principles of the quasi-continuous models of
crustal behaviour, which consider as rotation mechanism the velocity gradient in the underlying
ductile crust that makes rotate passively the crustal blocks in the upper brittle crust [Beck, 1976;
McKenzie and Jackson, 1983; Lamb, 1987; Nelson and Jones, 1987; Salyards et al., 1992; Sonder
et al., 1994; Piper et al., 1997; Randall et al., 2011].

In the last years it seems that this field of geodynamics has been virtually abandoned, while all
the efforts to try to understand the rotation pattern related to strike- slip faults have been focused on
the paleomagnetic evidence of it, leaving apart further applications of these data.

3. 2D modeling of a random polygon which rotates and translates

When a numerical modelling is in development, the starting point is to reduce the problem as
simple as possible. Therefore, as we are concerned to the first step of initial LOFZ configuration
restoration, we selected a simple problem: the 2D modelling of an irregular, random polygon
framed on the flat surface of a fixed Cartesian coordinate system (x-y plate), which translates while

rotating around a vertical-axis of rotation, orthogonal to the flat surface (Figure 4).
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Figure 4. Plan view of a random polygon inside the deforming zone of a strike-slip fault. The
polygon simultaneously translates and rotates. Input parameters considered in the Matlab code are

specified. Red point: geometric center and rotation axis.

The resulting polygon motion is a chain of rotation through a vertical axis followed by
translation during different intervals of time, until both the total block rotation (fi) and total fault
slip (length) are reached (Figure 5). To develop the mathematical model we considered the linear
motion parameters as position (x,y coordinates), velocity and acceleration, as well as angular units
as rotation angle (6), angular velocity (change in angle per change in time, w = A6/At), and total
rotation (6 = 6, + wt). We used Matlab for Student Version (R2014a) to develop the code of
algorithms (Appendix 1.A).

The first step consists in defining the Matlab code input parameters: polygon slip sense in
azimuth according to its location and the fault slip sense (dir), total fault slip (length), fault slip rate
(rate), and rotation in degrees (fi) (step 1- Appendix 1.A, Figure 4). To create the random polygon,
first we have to define a work area framed in a Cartesian coordinate system (step 2- Appendix 1.A),
and then select randomly (x,y) coordinates inside of this area, until the irregular polygon is created
(step 3 - Appendix 1.A).
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Figure 5. Sketch of the Matlab code. A) During different intervals of time a polygon is going to

describe rotation through the geometric center (red point) as axis rotation followed by translation.
This process is going to be repeated until both the total slip fault and the total block rotation are
reached. B) Detail of the block rotation procedure. T1: angle between the horizontal and the line
that join the geometric center to each polygon vertex. Adding or subtracting raterot to T1, in case of
clockwise or counterclockwise respectively, we can find T2, and therefore find the new vertices

position after rotation.

Before carrying out the polygon rotation, it is essential to fit the angular reference. In
paleomagnetism, rotation vectors consider 0° of azimuth coinciding with the geographic north and
increasing clockwise, while in the Matlab reference 0° of azimuth is coinciding with the East (90° of
azimuth in paleomagnetism) increasing counterclockwise (step 4 - Appendix 1.A).
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Rotation about an axis can be defined by specifying the axis and the angular rate of rotation
around this. If we assumed that our polygon has homogeneous density, its mass center will
correspond to the geometric center. To simplify the numerical modelling we assumed that the
geometric center represents the polygon rotation axis (step 5 - Appendix 1.A). As we don’t know
how long the polygon took to complete the total rotation, to define the angular rate of rotation
(raterot, Figure 5) we assumed that the total rotation (fi) is reached at the same time when the total
fault slip is completed (length). Then, the ratio between the total fault slip and the rate slip indicates
us how many intervals of time (numtras=length/rate) are required to complete both total rotation
and total translation (step 6.1 - Appendix 1.A, Figure 5). To obtain the rotation amount during each
interval of time (raterot, Figure 5) it is enough to calculate the ratio between the total block rotation
(fi) and the number of intervals of time (step 6.2 - Appendix 1.A).

During each interval of time the polygon will rotate by a raterot amount, therefore their vertices
will change to x,y coordinates. The new vertex position can be calculated through simple

trigonometric relations. For instance, in the case of vertex n in Figure 5B:

1. To start the angle between the horizontal and the line joining the geometric center with the
vertex n must be calculated (T1). As since the beginning the coordinates of the vertex (Xo,Yo )
and the geometric center (Xcm ,Yem) are known, the sides L, h, and H of the triangle formed
between the horizontal and the line joining the vertex and geometric center, can be deduced
(step 8.1-Appendix 1.A).

L= vertex xo coordinate - x geometric center coordinate
h= vertex y, coordinate - y geometric center coordinate

H=+/L?>+h?
Then, using a trigonometric relation T1 can be derived (step 8.2-Appendix 1.A).

T, = sin‘l(h/H)

2. In the example the polygon rotates in a clockwise sense. So for the rotation is enough to add
raterot to T1 (T2=T1+raterot).

3. Aswe already know T2 and considering that H is constant, the new magnitude of the triangle

sides hl and L, can be derived:

hy =sinT,*H ; L, =cosT,*H
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4. The new position of the vertex n (xi, y1) coordinates comes from adding the geometric center
coordinates to the new values of L; and hy, respectively; because the geometric center does

not coincide with the origin of the Cartesian system (step 8.3, Appendix 1.A).

X1=Li+Xem 7 V1= M+ Yem

Now the polygon is ready to translate. Considering that the polygon is framed into the x-y plane
of the Cartesian coordinate system, and based on total slip vector (sense: the polygon slip sense in
azimuth; magnitude: the total fault slip), the x and y total slip components can be calculated (xtotal
slip and ytotal slip in Figure 4, step 6.3 - Appendix 1.A). The ratio between x and y total slip
components and the number of time intervals, give us the translation amount to each interval (xtras,
ytras) (step 6.3 - Appendix 1.A, Figure 5A). Therefore to translate the polygon the xtras and ytras
values must be added or subtracted -in function of the sing- to the respective x, y coordinates of
each polygon vertices and also to the geometric center.

In function of the number of intervals of time (numtras=Ilength/rate) the Matlab code reproduces
the polygon rotation followed by translation until the total fault slip and block rotation are reached
(step 8 - Appendix 1.A).
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APPENDIX 1.A. MATLAB CODE

1.A. 2D modeling of a random block which contemporaneously rotates and translates

clc;
close all

% 1. INPUT PARAMETERS
The user can setup the input parameters in the command window using the Matlab
function “prompt =”. These can be change every time.

%$1.1. Block slip sense in azimuth (clockwise from north=0°) according to the its
position and the fault slip sense. For instance, as in the Figure 4-Part V the
considered block is located to the right of a dextral fault of azimuth 100°,
then the block slip sense would be 350°.

prompt = 'Specify block slip sense in azimuth (N zero):';
dir=input (prompt) ;

%1.2. Total fault slip

prompt = 'Specify total fault slip (no units): ';
length input (prompt) ;

%$1.3. Fault slip rate

prompt = 'Specify fault slip rate (no units): ';
rate = input (prompt) ;

$1.4. Total block rotation, (+) when clockwise and (-) when counterclockwise
prompt = 'Specify the total Dblock rotation, (=) counterclockwise and (+)
clockwise: ';

fi = input (prompt) ;

% 2. DEFINING THE WORK AREA

Define the area using a the x-y plane of the Cartesian system. In this case, a
random area of 1x10 km is going to be defined by 2 matrices. Each matrix depict
the x,y coordinates of each area corner.

x=[0 10 10 0]
y=[1 1 0 0]

Q

plot (x,vy) % Plot the area

% 3. CREATING A RANDOM POLYGON INSIDE THE WORK AREA

Using the function “rand” is possible to select the x,y vertices coordinates
that are going to define the polygon, from the study area matrices x and vy.
Because of the matrices x and y have different range of values, x (0 to 10) and
y (0 to 1), 1is necessary use the function “rand” separately.
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%$3.1. Create random points from matrix x (0 to 10)

n=3 % Define the number of polygon vertices.
a =20; b=10 % Limits within which will be selected the polygon

vertices, coinciding with the minimum and maximum
values of the matrix x.

xl=a + (b - a) * rand(1l, n);

%3.2. Create random points from matrix y (0 to 1)

n=3 % Define the number of polygon vertices.
=0; b=1 % limits within which will be selected the polygon

vertices, coinciding with the minimum and maximum
values of the matrix vy.

yl=a + (b - a) * rand(l, n);

% 3.3. Draw the polygon plotting their x,y vertices

plot(x1l,vyl)
hold on; % We have to add another elements to this figure
grid on;

o)

% 3.4. But the polygon is open. Repeating the first x,y coordinate vertex after
the last one to close the polygon.

vtx=[x1(:),y1(:)] % This matrix contains the coordinates x,y of the
vertices of the polygon.

Vi=vtx (1, :) % The first and the 1last vertices have to be V2=vtx(n,:)
selected from the previous matrix.

plot ([V1(1,1) V2(1,1)7,[V1(1,2) V2(1,2)1) % Plotting the first and
the last vertices, the
polygon is going to be
close.

% 4. FITTING THE ANGULAR REFERENCE

Matlab reference system considers the north at 90° of azimuth increasing in a
counterclockwise sense, instead the rotation values have been referred to north
at 0° increasing clockwise. To fit the angular values to the matlab reference is
necessary do this passage:

teta=90-dir % To fit the block slip sense specified in the step 1.1.
fi=-fi % To fit the total block rotation specified in the step
1.4.

% 5. THE POLYGON GEOMETRIC CENTER

It can be calculated using the simple equation for a polygon of n sides:

Xcenter=(x1+x2+x3) /n and Ycenter=yl+y2+y3)/n

center=sum(vtx) % The command “sum” adds the all values of each column
of matrix wvtx. Column 1 (x vertex coordinates),
column 2 (y vertex coordinates).
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Q

Xcenter=[center (:,1)]1/n; % The X,V coordinates of the geometric
Ycenter=[center (:,2)]1/n; center will be obtained dividing center
by the polygon side number (n=3).

plot (Xcenter, Ycenter, 'r') % Plot the polygon geometric center in red
hold on; % We have to add another elements to this
figure

o

6. PREPARING THE POLYGON FOR THE ROTATION AND LINEAR MOTION
%$6.1. Calculate how many times (intervals of time) the polygon has to translate
and simultaneously rotate to reach the total slip and total rotation.

o

numtras=(length/rate)

%6.2. Rotating the polygon. Find the amount of rotation during each interval of
time:

raterot=fi/numtras

%6.3. Translating the polygon. Find the amount of displacement or translation
during each interval of time:

-First find the total displacement x and y components, in function of the total
slip vector:

xtotal=cosd(teta) *length
ytotal=sind(teta) *length

-Then the polygon translation in x and y during each time interval can be get
dividing these components by numtras:

xtras=xtotal/numtras
ytras=ytotal/numtras

% FIRST TO COME IN TO THE LOOP. Rename the matrix that contains the polygon
vertices x,y and the initial wvalues of the geometric center X,Y coordinates to
keep the original values:

vtc=vtx;
Xcm=Xcenter;
Ycm=Ycenter;

display(xtras);
display(ytras);
display(vtc);
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%8. DISPLACEMENT AND ROTATION LOOP

% As calculations of translation and rotation should be repeated as many times

as numtras. It is possible using the command “loop”

for i=1:numtras
vm=vtc;
vtc=zeros(n,2);

% POLYGON ROTATION (Figure 5B)
% Calculate the angles between the horizontal and the lines that
joint the geometric center to each polygon vertex (T1):

for j=1l:n % 8.1. Calculating the angle..
/ L=vm(j,1l)-Xcm;
h=vm(j,2)-Ycm;
H=((L"2)+(h"2))"(1/2);

located:

$If the vertex is located at the second gquadrant of the
Cartesian coordinate system:
if ((L<0) && (h>0))
Tl=acosd (L/H) ;
T2=Tl+raterot;

% If the vertex is located at the third quadrant of the
Cartesian coordinate system:
elseif ((L<0) && (h<0))
Tl=- (acosd(L/H));
T2=Tl+raterot;

% If the vertex is located at the first and fourth quadrant
of the Cartesian coordinate system:
else
Tl=asind (h/H) ;
T2=Tl+raterot;
end

oe

8.3. NEW VERTEX POSITION AFTER ROTATION
X=cosd (T2) *H+Xcm;
Y=sind (T2) *H+Ycm;

vtc(3,1)=X; % Each time the matrix vtc is going to be replace
vtc(j,2)=Y; by new x,y vertex

\end

POLYGON TRANSLATION

After the rotation, the polygon is going to be translated xtras
amount. Thereby after the translation the x,y coordinates of the
vertex will change again:

o\°

o\°

vtc(:,1l)=vtc(:,1)+xtras;
vtc(:,2)=vtc(:,2)+ytras;

% And the geometric center coordinates too:

% 8.2. Then add or subtract it to the raterot in case of clockwise
counterclockwise (T2) 1in function of the quadrant where the vertex

or
is
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Xcm=Xcmt+xtras;
Ycm=Ycm+ytras;

% DRAWING THE RESULTS

plot(vtc(:,1), (vtc(:,2)));
hold on;
grid on;

o)

% But the polygon is going to be open. The procedure is the same followed at the
the step 3.3: create a new matrix with the x,y vertices of the polygon to
identify the first and repeat it in the last position of the polygon matrix.

Vli=vtc(1l,:); % First polygon vertex
V2=vtc(n,:); % Last polygon vertex

[

% Plot the line that Jjoins the first and the last vertices to close
the polygon.

plot ([V1(1,1) Vv2(1,1)]1,[V1i(1l,2) V2(1,2)]1);
display(vtc);

drawnow
pause (0.1);

end
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PART VI. Conclusions and remarks
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PART VI. CONCLUSIONS AND REMARKS

This research, besides providing a new set of paleomagnetic vertical-axis rotations, gives a
contribution to the understanding of the rotation pattern related to strike-slip faults and the
kinematics and geodynamics that can describe it; these have been very controversial topics during
the last 30 years.

In this section | will synthetize the most outstanding conclusions of my thesis, as the specific
conclusions are at the end of each chapter.

The paleomagnetic analysis of 98 sites (Oligocene to Pleistocene volcanics and Miocene

granites) gathered along the Liquifie-Ofqui fault zone (LOFZ) and the adjacent fore-arc in central-
south of Chile (38°S-41°S), revealed a very recent (5 Ma) asymmetric rotation pattern that does not
completely match with any of the kinematic models proposed so far to describe crust behavior.
East of the LOFZ there is an outstanding CW rotation pattern with rotation values increasing toward
the fault (up to 150°-170°) and systematically decreasing east away from the fault until they fade
out at ~10 km. In turn, west of the LOFZ and therefore along the fore-arc, a CCW rotation pattern
dominates. Around 39°S (Villarrica domain) ubiquitous CCW rotations reaching 170° have been
observed. Conversely at 40°-41°S (Ranco-Osorno domain) and adjacent to the LOFZ (fore-arc
eastern margin), CW rotations up to 136° before evolving to CCW rotations at ~30 km from the
fault have been documented. These CCW rotations do not diminish moving away from the LOFZ,
as sites at 42°S (Chiloé Island) and ~130 km away from the LOFZ yield systematic CCW rotations
between 27° and 164° (Figure 1).

Furthermore, at ca. 39°S paleomagnetic sites adjacent to the LOFZ do not document any rotation.

6.1. Kinematic model of block rotation

The reported rotation sense distribution suggests that the dextral LOFZ kinematics drives the
CW rotations, not the CCW rotations along the fore-arc west of it. Conversely, the CCW rotations
are related to the NW sinistral strike-slip faults cutting the fore-arc.

From significant variations of rotation amount between closely spaced paleomagnetic sites, |
document that the upper crust inside the LOFZ deforming zone is broken in blocks of maximum
size of ~2 km, clearly smaller than the width of the deforming zone (~20 km). Only west of the
LOFZ at ca. 39°S a maximum block size of 10 km was found. There, paleomagnetic data
distribution has been interpreted as due to the occurrence of unrotated elongated blocks parallel to
the fault, which are moving northward following LOFZ kinematics. This is in agreement with both
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Lamb [1987] and Randall et al., [2011], who explained that the rotation pattern is strictly dependent
upon block aspect ratio.

Blocks size suggests similarly shallow detachment depth and brittle-ductile transition as well as
high heat flow, consistently with the occurrence of andesitic volcanoes along fault trace.

Small block size (~2 km) documented further west away from the LOFZ (~130 km, Chiloé
Island) reflects the tectonic deformation of the thinner fore-arc crust close to the trench that should
be made by a chaotic mélange of upper crust slices detached from subducting plate and accreted to

wedge.

Locking rate
oee—— 9 up 200k
?
0 05 1

Figure 1. Diagram showing the rotation pattern along the Chiloé fore-arc sliver and adjacent to the
LOFZ (southern Chile), and its relation with the interplate locking. Red (blue) arrows represent CW
(CCW) rotation. Arrow size is directly proportional to the rotation value. Zones of high (low)
interplate locking are related to CW (CCW) rotation pattern. The subducted slab geometry, the ICD
intercrustal density discontinuity, the Moho of the oceanic and continental crusts, and the LAB
Lithosphere-asthenosphere boundary are referred to the 3D density model by Tassara et al. [2006].
Locking rate by Moreno et al. [2011]. SAP South American plate, NP Nazca plate, MVFZ Mocha-
Villarrica Fault Zone, LF Lanalhue fault, LOFZ Liquifie-Ofqui fault zone.
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Overall, the rotation pattern - small (1-10 km) blocks, rotation increase toward the LOFZ fault,
CW (CCW) rotation related to dextral (sinistral) strike-slip faults - yields a quasi-continuous
kinematic model of crust behavior along both the LOFZ and the NW sinistral strike-slip faults
(Figure 1). Neither the continuous models nor the discontinuous ones can entirely explain the
rotation pattern features.

The model specifically proposed for the Chiloé fore-arc by Beck et al. [1993] cannot explain the
CCW rotation pattern reported in this research, because it considers large lens-shaped blocks (>100
km width), which should rotate CCW as the consequence of NE-SW and NW-SE right-lateral strike
strike-slip faults. But in fact there is no evidence of such dextral faults within the fore-arc.
Moreover, Beck et al. [1993] do not consider the occurrence of CW rotation west of the LOFZ,
documented in the easternmost 30 km of the fore-arc adjacent to LOFZ at 40°-41°S.

6.2. Block rotation dynamics
In general, the kinematic models proposed to try to explain the rotation pattern along strike-slip
faults consider two options as the mechanism driving the rotation:

Q) Continuous and quasi-continuous models: the flux of the ductile material beyond the
upper fragile crust, which can be or not decoupled from it (e.g. Sonder et al., [1994] and
Lamb [1987], respectively)

(i) Discontinuous models: the shear applied directly along the faults bounding elongated
blocks located in the upper fragile crust and inside the strike-slip fault deforming zones
[Freund, 1970; Garfunkel and Ron, 1985].

As this study documents, the LOFZ rotation pattern can indeed be explained by the quasi-
continuous models. Those models establish that although the upper crust deforms in a discontinuous
way by faulting, this deformation represents only the failure of the outermost, brittle layer of the
lithosphere, and not of the lithosphere as a whole [England and McKenzie, 1982]. Therefore
applying the equations of the thin viscous sheet [England and Wells, 1991; Sonder and England,
1986], the quasi-continuous models assume a continuous viscous fluid to depict the whole
lithosphere, predicting that the rotation in the upper crust passively reflects the flow of this viscous
underlying medium. However some authors following the thin viscous sheet statements are aware
that the rotation related to strike-slip faults reflect the dominance of the brittle layer in
accommodating strain (e.g. Sonder et al. [1986]).

Faults kinematics effects on the upper crust deformation is also evident in the modelling of GPS
data, because velocity fields calculated including faults in the upper crust yielded results fitting

better the current crust displacement [Moreno et al., 2008].
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Thus the differences between the two mechanisms proposed to explain block rotation could be
reduced to the crust rheology (thus crust material) considered by each model. As England and
McKenzie [1982] explained, if the considered material is Newtonian with a power law rheology n =
I, typical of material of the ductile lower crust, the deformation associated with an influx of material
(e.g. approximating an indenter) is of much greater lateral dimension than the width of the indenter.
Conversely, when the considered material has a higher power law rheology, n = 3, 5 or even higher
typical of material at the upper fragile crust, the deformation is confined to a region of lateral width
comparable to that of the indenter.

Thereby the fundamental factor or mechanism that produces either the flux of the lower crust or
the shear along block boundaries in the upper fragile crust would be the simple shear coming from
the stress tensor related to the strike-slip regime, in which the strike-slip fault itself acts as a
boundary where the shear is applied. Without the strike-slip regime neither simple shear, and
therefore nor block rotation, would occur.

An important point is that the flux of the ductile material proposed by the quasi-continuous
models cannot definitely explain the CCW rotations found along the fore-arc wedge, which is made
by a stack of cold (geothermal gradient ca. 10°C/km) crustal slices scraped off from subducting

slab, where lower crust flow is unlikely to occur.

6.3. Locking of subducting plate

Another important contribution of this research is the unprecedented application of the
paleomagnetism as a tool to evaluate interplate locking in tectonic settings of strain partitioning lead
by oblique subduction.

| interpret the width of the CW rotating domain west of the LOFZ as a function of LOFZ
strength. Fault strength depends on both fault lubrication and intensity of stress applied normal to
fault walls. If a similar lubrication along different LOFZ segments is assumed, greater subduction
plate coupling between the Nazca and South American plates (converging with a rate of 6.6 cm/yr)
will produce a stronger fore-arc push against the LOFZ. That situation would requires a greater
fault-parallel stress to overcome fault strength, thus obviously a larger deformation zone
characterized by CW rotations.

Relying on paleomagnetic data, | infer that the eastward fore-arc push is significantly greater in
the Ranco-Osorno domain (40°-41°S, CW rotations occur within the first 30 km adjacent to the
LOF2Z) than in the Villarrica domain (~39°S, ubiquitous CCW rotations west of the LOFZ).

Therefore high interplate subduction coupling requires a domain of CW rotations west of the

LOFZ. In turn low coupling conditions, usually related to aseismic slip, would inhibit stress
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accumulation and hence no rotation will be recorded; this can be the case of the paleomagnetic sites
adjacent to the LOFZ ca. 39°S where instead | found elongated blocks that not rotate evolving
further west in the CCW rotation domain (Figure 1).

In the low coupling zones it seems that the structural pattern is dominated by the NW-trending
sinistral faults, because of the ubiquitous CCW rotations. This situation is evident immediately
north of Ancud town (Chiloé island, 42°S), where there is a prominent NW fault along which CCW
rotations were found, and in the Villarrica domain where the CCW rotation is a generalized feature.

Paleomagnetic rotations depict the mean permanent deformation accumulated in the geologic
past (considering the time span covered by the studied rocks age) and can be considered in the
assessment of the long-term coupling degree, but certainly not for the present-day coupling
occurring along the subduction interface. In the case of this research, paleomagnetic data should
reflect the mean degree of plate coupling during the last 5 Ma. The inferred interplate subduction
coupling variations agree with those from Moreno et al. [2011], implying that geological and
geophysical parameters controlling plate locking have remained rather unchanged during the last
few Myrs.

6.4. Modelling paleomagnetic rotations

Having clear how the crust behaves within the LOFZ strike-slip deforming zone and with the
scope to restore the initial configuration of this deforming zone, | developed a 2D modelling of an
irregular, random polygon framed on the flat surface of a fixed Cartesian coordinate system (x-y
plate). This random polygon represents one rigid block inside the deforming zone of any strike-slip
fault, which translates while rotates around a vertical-axis of rotation, orthogonal to the flat surface.
To develop the numerical modelling | considered linear motion parameters as position (X,y
coordinates), velocity and acceleration, as well as angular units as rotation angle (6), angular
velocity (change in angle per change in time, w = A6 /At), and total rotation (6 = 6 + wt). | used
Matlab for Student Version (R2014a) to develop the code of algorithms.

Thus, after defining the input parameters: polygon slip sense in azimuth according to its location
and the fault slip sense (dir), total fault slip (length), fault slip rate (rate), and rotation in degrees
(fi); the resulting polygon motions is going to be a chain of rotation through its geometric center
(vertical-axis of the rotation) followed by translation during different intervals of time, until both
the total block rotation and total fault slip are reached.

An important development for the future would be to continue working in the implementation of
numerical modelling of faulting using paleomagnetic data beside other geophysics information.

Despite that over the last decades, physical and numerical modelling has been increasingly used to
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simulate tectonic processes taking advantage of their predictive power, the crust behavior modeling
along strike-slip faults have been virtually abandoned during the last thirty years, while all the
efforts have been focused on increasing the paleomagnetic evidence for rotation patterns.

For instance the modelling of GPS data, which starts from different measurement points and
using a discretisation method (usually finite element models), permits to characterize the
rheological conditions and detect which are the areas where stress accumulation and therefore
potential seismogenic zones are occurring. As | previously specified, through paleomagnetism we
can get a mean permanent deformation accumulated in the geologic past (regarding the time span
covered by the paleomagnetic study). Thus numerical models done using paleomagnetic data could
show, for instance, how interplate coupling along subduction zones is evolving along time and

therefore allow a complete characterization of seismogenic zones.
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