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Central Andean Rotation Pattern
Abstract

New paleomagnetic and anisotropy of magnetic suddkly (AMS) studies were
performed in the southern Subandes of Bolivia oteoito assess vertical axis rotations
in a poorly studied area. Due to the presence Hripp reversals, it was possible to

perform a reversal test that provided evidence afklable paleomagnetic record
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interpreted to be primary. In an area where vdrtapas rotations are a principal
component of deformation, we have developed a manpetric method for the
determination of tectonic rotations. We calculagualeomagnetic pole for the Miocene
Tariquia Formation (Lat.= 78.4° S, Long.= 113.1RB5= 3.5°, N= 72, K= 23.73, Slat=
22.08°, SLon= 64.06°) and from our results, rotegiaround vertical axes, commonly
sought around the Arica-Santa Cruz bend were roled From the integration of
paleomagnetic and AMS results, it was seen thatrthgnetic lineation lies within the
bedding plane, consistent with the early stagdayar parallel shortening. However, it
is not parallel to the structural trend, implyingterial displacement parallel to it. In
concomitance with paleomagnetic results, this alaw to argue that a local change in
the azimuth of the structures at this latitude ddug the consequence of an asymmetric
or heterogeneous basement and/or exogenous adentifferences in erosion along

the course of the structures during the evolutiothe Bolivian fold and thrust belt.

1 Introduction

Throughout the entire South American west margifissh order tectonic feature is the
prominent bend in both the continental margin dreddrogenic system near 20°S - also
known as the Bolivian orocline (Carey, 1955). Thental Andes at this latitude can be
subdivided into five main physiographic units (fromest to east): Western Cordillera,
Altiplano-Puna plateau, Eastern Cordillera, interddan zone, and Subandean ranges.
The Subandean ranges are a thin-skinned fold amdttbelt characterized by narrow
NNE elongated anticlines separated by synclineeys]l forming continuous and
parallel belts (Fig. 1, Belotti et al., 1995). Tkeuthern Subandes of Bolivia are
separated from the Puna-Altiplano system by thdéeBasCordillera, which transferred

eastward thrusting to this tectonic province atehd of the Miocene (Eichelberger et
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al.,, 2013; Lease et al.,, 2016; Uba et al., 2009us] the Subandean ranges
accommodated the most recent phase of deformatmn €a. 15 Ma and, actively
deforming today, the wedge front is currently beprgpagated there (Brooks et al.,

2011).

Carey (1955) coined the term “Bolivian orocline’dagoroposed that the curvature is the
result of a secondary bending of an originally igtre orogenic belt. Later, Isacks
(1988) hypothesized that this feature was the regwdlong strike differential Neogene
horizontal shortening, with maximum shortening resties occurring near the axis of
the bend, decreasing northward to Peru and southtoarard Argentina (Fig. 1). These
changes would need to be accompanied by tectotations around vertical axis in the
fore arc. However, the required horizontal shortgngradient between the core and the
limbs is not supported by recent shortening eseméKley, 1996; McQuarrie, 2002;

McQuarrie et al., 2008).

Our understanding of the spatial distribution ainuirig of deformation have improved
in recent years, and paleomagnetic data througtimutentire orogenic system (e.g.
Arriagada et al., 2006; Barke et al., 2007; Ropeatclal., 2006; Somoza et al., 1996,
2015; Somoza and Tomlinson, 2002) currently rescoiethe regional scale, the so-
called central Andean rotation pattern (CARP), rkdi by Somoza et al. (1996). This
data defines a broad rotation pattern of clockwiations in the southern limb and
counterclockwise rotations in the northern limb,iethis coincident with present
geodetic observations (Allmendinger et al., 200B)is pattern suggests that small-
block rotations driven by distributed shearing bé tCentral Andean crust are the
dominant process related to the curvature of thetr@eAndes (e.g. Arriagada et al.,
2008; Eichelberger et al., 2013; Somoza and Tomtin&2002). But orogenic curvature

is best classified based on kinematic history (¥é&l and Sussman, 2004, and
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references therein), which requires combining bslortening and vertical axis
rotations with finite strain directional data (elgichelberger and McQuarrie, 2014,
Weil et al., 2010). Recent studies based on thig, ddassify the Bolivian orocline as a
progressive arc that develops increasing structtuatature and vertical axis rotation
during deformation. Moreover, the curvature hasbdeveloping as a consequence of
curved deformation paths (e.g. Arriagada et alQ8P) Eichelberger et al., 2013)
implying 3-D kinematics and the necessity of act¢mgnfor material displacement
parallel to the orogenic belt, that is not addrdsse 2-D cross sections. Thus, an
understanding of the orientation of shortening &y Kor defining the kinematic
evolution of the Bolivia orocline, here addresseg &nisotropy of magnetic

susceptibility (AMS).
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Figure 1. Digital elevation model of the Central Andes. DedHines represent the

approximate boundaries of the main morphotectamiss.



89

90

91

92

93

94

95

96

BOLIVIA

Sam Nicolas 3 Sidras

REFERENCES

Tariquia Fm.

>{ Plunge anticline . Local fluvial course
% Syndline © Samplingsites
" Bedding

SCALE 1:10000

Figure 2. Geological map of the Ifiguazu anticline and swnding areas with the
location of the paleomagnetic sites sampled. Sggaghic projection shows the

bedding planes with their respective poles, andrthm trend of the anticline (NNW).

This study presents new paleomagnetic data froncéfie deposits from the Ifiguazu
anticline, located in the southern Subandean ranfé¥livia to assess vertical axis
rotations in a poorly studied area. Moreover, tigfothe use of anisotropy of magnetic
susceptibility (AMS), we assess the direction afrgning and the contribution of layer

parallel shortening (LPS) in the total shorteningldget.

2 Geological framework
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Subduction of the oceanic Nazca plate beneath Saumrica has driven deformation
and magmatism from late Cretaceous heretofore (arand Zaffarana, 2008), leading
the tectonic uplift of the Central Andes and codpseibsidence of sedimentary basins
along this convergent plate boundary. Andean faklzasin systems contain long-lived
successions recording the timing of exhumation d&irmation, thus providing key

records to unravel the patterns of Andean mourtailding.

In particular, the Subandean foreland basin regigtee growth of the orogeny since 20
My and its interaction with the advancing centrald&an fold-thrust belt (e.g. Uba et
al., 2009, 2005). This greater than 10 km thiclkeliand succession is composed of
Oligocene to Quaternary clastic deposits that dironably overlie Jurassic—
Cretaceous Ichoa Formation aeolian sandstonesoudththe exact age and distribution
of sedimentary facies vary within the basin asrafion of timing of deformation and
coupled flexural subsidence, previous studies hea@gnized several equivalent
lithostratigraphic units throughout the entire ba@alle et al., 2018; Uba et al., 2005).
The main body of sedimentation of this foreland isethtation represents mixed
anastomosing and braided fluvial systems definetheyupper Miocene sandstones and
mudstones of the Tariquia Formation. This studylangs the foreland sedimentation of

the Tariquia Formation outcropping at the Ifiguanficline at 22°S.

3. Stratigraphy and structure

3.1 Stratigraphy

In this contribution, the Miocene deposits of Tara Formation that overly Jurassic-
Cretaceous eolian quartzite sandstones were sar(flgd3). Calleet al (2018) from
sedimentology and U-Pb geochronology interpretgbigion of the Subandean foreland

systems with an early-middle Miocene (~24-12 Ma&).ag
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The sequence is composed of 60 meters of lentibaliaks of medium to fine purple to
brown colored sandstones, with intraclasts of pelet the base of the banks and
tractive structures, such as ripples and/or creskling stratification (Fig. 3). 1 to 5
meters thick sandstone beds are interspersed midies banks (0.5 to 2 m) of reddish
siltstones and claystones with parallel laminatibime sandstone beds have erosive and
net contacts at the base and are mostly amalganidteddepositional environment was

interpreted as a braided river.
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Figure 3. Tertiary stratigraphic sequence outcropping invilestern limb of the Ifiiguazu anticline in
the Subandean Ranges. The sequence is composedtiofilar banks of medium to fine purple to

brown colored sandstones, with intraclasts of k¢ the base of the banks and tractive structures



The depositional environment was interpreted asaaléd river. Paleomagnetic site positions with

the respective AMS stereonets are indicated.
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3.2 Structure

The Iiiguazu anticline (S 22° 05’, W 64° 04’) issymmetric structure with oriental
vergence. The dip of the fold axis is less thar{f3§. 2). The attitude of the bedding
planes is NNW-SSE (168° on average, Fig. 4b) aakhiations between 25° and 40° to

the west (bedding strike 0°-360° and dip 90° cldskvirom given strike, 0°-90°).

—64715' —64°10' —64°05' —64°00' —63755" —63°50' —63745'
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Figure 4. Structure features andigital elevation model of the Ifiguazu anticlinehe
yellow square shows the work area. The azimuthefstructure in this area (NNW-
SSE) differs from the general azimuth of the erdinéicline (NNE-SSW)At least three

patterns of joints have been identifi¢d) The most predominant is parallel to the axis of

10
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the fold (green), and the other two correspondhiiqoe (orange) and perpendicular
(blue) of it.(b) Ciclographics (red) of the fractures and theiatiehs with the bedding
planes (blue). They tend to be orthogonal to therk of thein situ stratification,

implying that they have been developed during tiitgai stages of the deformation.

From the measurement of the joints in the Neogaper$ (Fig. 4a), it arises that there
are three different populations. There is a predami population parallel to the axis of
the fold where the curvature is maximum (Twiss &mdores, 1992; Fig. 4a, green
color). The remaining two populations correspond disigue and perpendicular

fractures to the fold axis. It appears that theydteo be orthogonal to the stratification
in situ (Fig. 4b). This suggests that they have begun tddweloped during the initial

stages of deformation (i.e. layer parallel shorighiand so the directional analysis
should be done by previously restoring the strgctilihe directional disposition of the
fractures (Fig. 4a) presents certain symmetry, Withmain axis NNW-SSE consistent
with the local azimuth of the layers (NNW-SSE), bot with the regional direction of

the Ifiguazu anticline (NNE-SSW) (Fig. 4).

4 Methodologies

4.1 Sampling

Ninety-nine (99) specimens were taken for paleoreigrand anisotropy of magnetic
susceptibility (AMS) studies. They were distributegttically along to the stratigraphic
profile in fifteen sites (TE1 to TE14 and TE3X) Wwib to 7 specimens per site. The

specimens were collected with a portable gasoloweped drill and oriented in the

11
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field using magnetic and sun compasses and incltemno differences were found

between both readings.

4.2 Techniques

Room temperature anisotropy of magnetic suscefyibiRT-AMS) was measured
before the paleomagnetic study to shed light onréhegionship between the magnetic
fabric of the rocks and the evolution of the stiuet RT-AMS was measured with an

MFK-1A Kappabridge (AGICO).

The basis of the method is the application of a-lsensity magnetic field in 15

different positions, with the objective of definesw the induced magnetization is
oriented due to the internal anisotropies of thaas. The results were analyzed with
the Anisoft 42® software to obtain directional riksiand AMS scalar axes represented
in the ellipsoids and their statistic parametarssitu and with bedding correction, also

the anisotropy degreej(jRralues and shape parameter (T) (Jelinek 1981gTYb

Paleomagnetic measurements were made using a 2&0i@-cryogenic magnetometer
at the University of Buenos Aires. Thermal demagadébn proved to be more

effective for the isolation and determination oé tmnagnetic components. Hence, the
whole collection of samples was submitted to thérteaning in at least 13 steps, with
maximum temperatures of 580 °C to 680 °C, with essive increments of 100°, 50°
and 25°C, in a dual chamber TD-48 ASC paleomagmhatiace. Bulk susceptibility of

the samples was measured after each step to anabgaible mineralogical changes

during heating, with a Bartington MS2 susceptipititeter.

Demagnetization results were analyzed using orthaigeector plots (Zijderveld, 1967)

and stereographic projections. Paleomagnetic direst were determined using

12
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principal component analysis (PCA) from at leasirfguccessive steps (Kirschvink,

1980).

A subset of representative samples was furtherestuid characterize their magnetic
mineralogy. Thermomagnetic analysjs-1) was carried out using an AGICO MFK1-
FA with an alternating field of 200 A/m and a fremqay of 976 Hz, equipped with a
CS-4 temperature control system. Furthermitre,isothermal remanent magnetization
(IRM) was induced using an ASC Model IM-10-30 ImgmulMagnetizer successively
with pulsed fields of 5 T. The IRM was measurechgsan AGICO JR-6A Dual Speed

Spinner Magnetometer.

5 Results
5.1 Rock Magnetism

Eight samples along the profile were selecteddar-temperature and high-temperature
susceptibility experiments. All of the low-tempenat thermomagnetic curves s t)

are a hyperbola (Fig. 5), representing paramagnatierals (Hrouda et al., 1997).

From the comparison of the shape of the heatingcanting curves, it can be inferred

due to the irreversibility of the curves, and a Kapon peak (Dunlop and Ozdemir,

1997) at 500°C (Fig. 5), possible structural chamiansformations. Plus, low values

of susceptibility allow to infer the presence datiohematite due to the replacement of
small amount of iron per titanium. In this way, tti@nohematite can conserve the
magnetic properties of hematite but the Curie teatpee descends +®&00°C (Dunlop

& Ozdemir 1997).

13
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Figure 5. Left column shows the representative low and tingitmomagnetic curves (k
vs t). Red lines correspond to heating curves; bhes correspond to cooling curves.
Note that the thermomagnetic curves show hypertioaiavior, indicating the presence
of paramagnetic minerals and the Hopkinson peakuraro500°C. Due to the
irreversibility of the curves, it is not ruled owt possible structural chemical
transformation. Low values of susceptibility allomwferring the presence of

titanohematite due to the replacement of a smadiuarhof iron per titanium. The right
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column shows the spline fitting of the heating @uand its first derivate indicating

Curie/Neel temperatures of representative magnatieralogy.

Coercivity components and IRM acquisition curvesemygerformed (Fig. 6). Due to the
antiferromagnetic behavior found during the AF dgn#dization, the study was done
with a 5 T coil. The entirety of the samples did reach the saturation in the presence
of pulsed DC fields up to 3 T. This behavior shdhet the magnetization is not carried
by ferromagnetic minerals; particularly there is pwidence of the presence of
magnetite in the samples in accordance with NRMmatgation and thermomagnetic

curves.

Modeling of coercivity spectra was performed usanfititing program (Maxbauer et al.,
2016). The model was fitted using two possible congmts, both with high coercivity.
The lack of saturation of the samples and the loiggrcivity of the present minerals

show that the magnetization is carried probablynty-stoichiometric hematite.

15
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5.2 Anisotropy of Magnetic Susceptibility (AMS)

The results of each of the 15 sites studied shésvnal statistical consistency. Most of
the sites have oblate to triaxial fabric (Table T}, 0. The AMS K.« axes tend to be
grouped towards the SW with an azimuth/inclinattsaund 200° / 18°, this magnetic
lineation is contained in the bedding planes. The, Exes tend to be parallel to the
stratification planes poles (Fig. 7; Table 1), at@dance with the early stages of layer

parallel shortening (LPS; Weil and Yonkee, 2009).

The average susceptibility of the samples fromsites is <21x10 Sl (Table 1, Fig. 8)
suggesting that the AMS is mainly controlled by threentation of the paramagnetic
minerals within the crystalline structure (Tarlirmnd Hrouda, 1993). From the
discrimination of susceptibility by lithology, isiobserved that every lithology has a
characteristic susceptibility (Fig. 8c) but no ftianal relationship is found between
P/T and susceptibility (Fig. 8d and e). This allowssto argue that the scalar parameters

of AMS are mainly controlled by the stratigraphasgion.
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234  From the scalar analysis of the AMS parameterserdifices arise between the sites of

235 the base with those of the top of the sequence &ighe anisotropy degree (Pj) of the

18



236  studied sequence is less than 1.19, increasingdswiae base (TE1-5 and TE7-9, Table
237 1, Figures 7 and 8). The shape parameter T alsngelafrom oblate to the base to
238  prolate/oblate towards the top (TE11-12 and TEligufés 7 and 8; Table 1). The
239  behavior of samples of the sites TE1 and TE6 diffeom that of their stratigraphic

240 neighbors. TE1 presents oblate and prolate ellilssand in TE6 the anisotropy degree

241 is low. In both sites, the grain size correspomdsandstones.

242  When the structural correction is applied on the \Mxes (i.e. each ellipsoid is
243  corrected by taking the stratification plane to tiwizontal), it is observed that the
244  Kmintend to be close to the vertical slightly imbredb the southeast, and thenkx

245 tend to be aligned in an approximate NNE-SSW dweatlosed to the horizontal.
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Figure 8. (a) Shape parameter (T(p) Anisotropy degree (Pvs accumulated thickness. The shape
parameter T changes from oblate at the base t@tpfoblate towards the top. The anisotropy

degree Pof the whole package is less than 19%, increasmwgards the base. The average
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susceptibility of the sites is <21x10-5 Sl, sugmesthat the anisotropy is mainly controlled by the

orientation of the paramagnetic minerals within ¢hgstalline structurgc) Histogram showing the

frequency of three different lithologies. Note thad strong functional relationship between

anisotropy degredd) or shape parametge) and magnetic susceptibility is seen, the scalar

parameters of AMS are mainly controlled by thetgjraphic position.
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Table 1. Anisotropy of magnetic susceptibility parametemd/n:

number of specimens

measured/used in the calculation of the mean; healiion; F: magnetic foliation; Pj and T:

anisotropy degree and shape parameter calculatemdiieg to the Jelinek (1981) statistics (See

figures 7 and 8).

Site

TE1l

TE2

TE3

TE3X

TE4

TES

TEG6

TE7

N/n

6/6

6/5

6/6

717

8/8

7/6

5/5

9/8

Kmean

(x10-5)

Sl

0,43

14,0

19,00

13,40

13,10

10,20

6,42

21,00

Bedding Plane

Dec(°)/Inc(®)

167/26

167/26

167/33

164/34

168/39

163/33

166/36

175/34

L

K1/K2 K2/K3

1,058

1,015

1,025

1,022

1,023

1,008

1,011

1,019

20

1,085

1,061

1,070

1,074

1,068

1,068

1,024

1,076

Anisotropy of Magnetic Susceptibility Parameters

Pj T

1,150,191

1,080,604

1,100,477

1,108,535

1,096,488

1,089,788

1,03D,338

1,108,592

Mas Eigenvectors

K max

Kmin

Dec(®°)/Inc(®°) Dec(®)/Inc(®)

306/52

206/21

197/18

204/19

195/25

354/01

207/14

195/16

087/31

080/57

081/53

088/53

080/41

085/56

103/44

088/45



248

249

250

251

252

253

254

255

256

257

258

259

260

TES 5/5 16,60 176/32 1,022 1,065 1,09P,481 200/18 079/57

TE9 715 1,32 169/29 1,036 1,039 1,080,027 220/19 099/57
TE10 6/5 10,00 170/34 1,014 1,016 1,030,095 185/27 290/27
TE11l 7/5 2,23 170/34 1,075 1,036 1,12®,142 322/11 092/73
TE12 6/5 7,30 167/40 1,012 1,005 1,010,323 176/02 085/27
TE13 6/5 5,67 168/39 1,008 1,009 1,018,086 248/06 150/52
TE14 8/5 4,00 174/38 1,016 1,013 1,03®,085 336/22 096/50

5.3 Paleomagnetic results

Most of the samples exhibit similar behavior, watlslight decay in their magnetization
during the initial stages of heating until showmgnore abrupt fall between 600°C and
680°C to the origin (Sites 1-8; 14, Fig. 9 and Ither samples exhibit an unstable and
quasi-random behavior, with slight ascents and atdscin their magnetization until
their total or partial decay between 600°C and ®8(QSites 9-13). The blocking
temperatures between 625°C and 680°C, as wellsasoittinuous descent of the
magnetization, show that the magnetization would dzeried by hematite or

titanohematite.
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Figure 9. Representative thermal demagnetization behavidifferent specimens after
bedding correction. Zijderveld diagrams: open €€l circles indicate vertical
(horizontal) plane projections, in geographic camates; demagnetization curves;

equal-area stereographic projection. See also Table

Throughout the analyzed profile, there are normdl r@verse polarities alternately. The
isolated components corresponding to sites 1 aack Geversed while the components
of sites 2 to 8 and 14 are normal (Table 2). Sktde 13 do not have a well-defined
polarity that can be indistinctly either normalreverse. This variation could be due to
oscillations and instabilities of the magneticdieluring the reversals (e.g. Vakdtal.

2016), or be the consequence that some of theldgles are not suitable magnetic

records.
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269

Table 2. High-temperature characteristic remanent magreiizdChRM) directions of the specimen
in the Ihiguazu Anticline. Dec.: declination (°jcl: inclination (°); BP: bedding plane, strike ahg
(90° clockwise from given strike); MAD (°): maximuamgle deviation; k: Fisher statistical parameter
(Fisher, 1953); n: number of specimens used irc#theulation of the mean. The mean was calculated
with the directions as reverse.

Specimen Dec® Inc® BP° Dec® Inc® MAD Plat® Plong® Polarity

In Situ With bedding
correction
TE12 334.8 1.5 167/26 155.4 4.0 6.3 -58.83 62.51 R
TE13a 160.8 18.1 167/26 169.7 18.9 6.7 -74.23 75.57 R
TEl4a 171.8 8.2 167/26 1749 5.3 8.2 -70.03  100.93 R
TE15 165.2 16.4 167/26 172.7 15.5 3.8 -74.24 88.40 R
TE1l6a 1759 115 167/26 180.0 6.4 5.7 -71.21  116.00 R
TE21la 358.4 -13.2 167/26 3.0 -7.0 129 -71.29 1253 N
TE22a 357.7 -14.1 167/26 2.8 -8.0 105 -71.82 149 N
TE23 2.5 -23.8 167/26 11.3 -14.8 5.0 -71.89 154.67 N
TE24 3546 -17.2 167/26 1.4 -12.2 142 -7411 121.0 N
TE25 351.0 -16.3 167/26 357.9 -12.8 6.5 -74.35 108.24 N
TE26a 2.9 -23.3 167/26 11.3 -14.2 8.6 -71.63 154.08 N
TE31 3559 -15.7 167/33 3.0 -8.3 108 -71.94 125.69 N
TE32a 3539 -154 167/33 1.2 9.1 6.8 -72.54 119.99 N
TE33 0.4 -84 167/33 182.8 -0.1 7.0 -67.78  236.58 N
TE34 3555 -75 167/33 358.2 -1.7 11.7 -68.78 111.02 N

TE35 358.8 -18.2 167/33 6.7 -9.0 76 -71.36 137.34 N
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TE36a 355.9 -18.8 167/33 4.7 -11 8.1 -7293 13213 N

TE3X1 2.0 -17.0 164/34 179.8 -3.9 12.9 -66.05 244.49 N

TE3X2 2.3 -10.7 164/34 185.1 -1.0 7.2 -66.96 230.87 N

TE3x3a 3545 -7.8 164/34 357.1 -0.7 6.5 -68.17 108.18 N

TE3X4 357.3 -7.0 164/34 1789 -1.5 10.2 -67.22 246.84 N
TE3X5 3595 53 164/34 1799 -4.1 3.3 -65.95 244.25 N
TE3x6a 8.9 -11.7  164/34 191.2 -3.5 5.7 -63.85 217.86 N
TE3X7 358.1 -15.0 164/34 4.0 -4.7 83 -69.97 127.74 N
TE41a 352.6 -17.2 168/39 25 -10.4 9.0 -73.07 45 N

TE42 3440 -25.6 168/39 1.9 -22.0 7.3 -79.27 126.05 N

TE43 3479 -11.3 168/39 355.1 -8.9 9.0 -71.85 100.14 N

TE44a 341.0 -12.2 168/39 350.4 -13.9 5.0 -72.42 82.78 N
TE45 0.2 -22.7 168/39 11.6 -10.2 40 -69.74 151.34 N
TE46 1.8 -23.8  168/39 13.5 -10.1 55 -68.63 155.65 N
TEA48 3.4 -22.8 168/39 14.0 -8.4 7.0 -67.64 155.35
TES51a 347.6 -13.8 163/33 354.4 -9.0 9.7 -71.70 97.95 N
TES2 3411 -10.9 163/33 347.4 -10.2 8.7 -69.19 78.29 N
TESS 3432 -22.0 163/33 355.6 -18.2 3.6 -76.65 96.86 N
TES4 346.2 -6.3 163/33 349.1 -35 47  -67.14 86.88 N
TESS 343.6 -5.0 163/33 346.3 -3.9 5.8 -65.93 80.53 N
TES6a 3421 -12.9 163/33 349.3 -11.3 5.2 -70.70 82.02 N
TES7 3449 -6.4 163/33 348.1 -4.3 46 -67.03 84.13 N
TE61 1576 215 166/36 172.6 22.1 46  -77.32 80.90 R
TE63a 152.3 151 166/36 164.1 20.2 5.8 -70.87 60.70 R

TE64 151.6 145 166/36 163.1 20.1 43 -70.06 59.00 R
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TEG65a 161.6 153 166/36 171.7 14.8 7.2 -73.46 85.82 R

TE71 333.8 -19.0 175/34 348.5 -27.5 7.1 -76.81 58.24 N
TE73 3289 -215 175/34 3459 -32.1 11.8 -75.96 42.58 N
TE74a 3419 -19.9 175/34 355.9 -23.7 9.2 -79.61 93.21 N
TE75 346.6 -13.1 175/34 355.6 -15.5 8.3 -75.27 98.61 N
TE76 340.9 -16.6 175/34 3529 -21.5 13.0 -77.19 82.83 N
TE77 3299 -21.9 175/34 347.0 -32.0 76 -76.91 4451 N
TE78 349.2 -39 175/34 3524 -6.5 3.6 -69.86 93.45 N
TE79a 333.8 -19.7 175/34 348.9 -28.1 7.4  -77.34 57.95 N

TES81 3499 -21.0 176/32 25 -20.9 79 -78.56 128.47 N

TE82a 348.1 -9.0 176/32 354.1 -11.8 11.8 -72.98 95.56 N
TES83 356.0 -159 176/32 4.6 -13.4 76 -74.16 132.96 N
TE84 357.3 -16.7 176/32 6.1 -13.4 50 -73.69 138.07 N

TE85a 358.3 -28.9 176/32 141 -23.1 78 -73.26 8¥l. N

TE9la 189.6 149 169/29 194.0 34 13.6 -65.56 151.76 R

TE105 4.3 -24.3 170/34 1953 124 8.6 -68.42 161.49 R
TE11l1 171.0 251 170/34 1854 20.1 16.2 -77.27 140.84 R
TEll6a 176.5 40.6 170/34 200.0 29.5 13.6 -70.11 191.30 R
TE121a 1846 23.6 167/40 1953 7.4 85 -66.45 157.23 R
TE123 1825 17.6 167/40 190.0 3.9 8.4 -67.72 143.24 R
TE126 126.2 11.0 167/40 140.7 34.0 8.0 -53.09 23.94 R
TE13la 3029 -8.7 168/39 135.3 33.9 8.7 -48.08 22.32 R
TE132 104 -11.3 168/39 12.6 4.8 8.7 -62.67 215.66 R
TE135 3.6 -5.6  168/39 3.7 5.3 8.1 -65.08 235.20 R

TE136 3415 -17.4 168/39 1743 175 7.7  -75.85 92.33 R
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TE141 359.3
TE142a 334.5
TE143 341.5
TE1l44a 312.8
TE146 7.0
TE148 350.0
Meanin situ

-28.1

-47.4

-40.4

-13.5

-48.9

-29.8

Meanwith bedding correction

270

174/38

174/38

174/38

174/38

174/38

174/38

Dec®

169.4

179.4

16.0

17.3

13.9

327.8

36.2

10.6

Inc®

17.6

14.0

-18.7 11.2 -70.27 .@b9 N

-46.0 98 -73.41 .@31 N

-37.8 52 -77.06 @05. N

-35.4 10.0 -59.85 24.66

-30.1 7.0 -55.38 202.75 N

-25.4 36 -76.72 1BK7. N

A95 k n

3.3 26.13 72

3.5 23.73 72

271 Sampling was performed across the succession, epEgimen represented a single

272 strata and thus, a time line. Following Deenen let(2011) each specimen was

273 considered as an individual direction or in otheoras, a spot-readings of the

274 geomagnetic field direction. Then, every directieatures a VGP’s. After applying a

275  cut-off angle of 45° on the VGP’s distribution, W&re accepted from a total of 89

276  isolated directions (Fig. 10, Table 2). The disedrd7 directions were considered as

277  outliers resulting from transitional data obtaimating reversals.

278
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Figure 10. (a) Virtual geomagnetic poles (VGPs) distribution shaythe fixed 45°
cut-off angle.(b) Accepted ChRM directions in geographic coordinatesAccepted
tilt corrected ChRM directions(d) Positive reversal test between both normal and
reverse directions of ChRM, suggesting a primargme#ization of the studied rocks.
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280 Reversal tests were performed to evaluate the aidljty of the mean direction of the
281 normal and reverse populations. The data pass dbestbap reversal test (Fig. 10d;
282 Tauxe et al. 2010) as well as the McFadden and McElinnhy (Mclead and

283  McElhinny, 1990) test classified as ‘B’ (Gamma=,xatical Gamma= 9.39, R (95%)=

284  0.55), indicating that both populations are sttty equal.
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Although a fold test could not be performed du¢hi logistical difficulty of sampling
both flanks of the structure (Fig. 2), the magredton is assumed to have been acquired

before folding or during the initial stages of theformation.

6 Quantifying vertical axis rotations: a bootstrapapproach

The calculated paleomagnetic declination and iatlom may be compared to values
expected from paleomagnetic measurements fromtéiespart of the continent, the
difference between measured and expected declnptmvides the tectonic rotation. In
this contribution (Fig. 11), paleomagnetic dirensovere compared with the reference
direction from the 20 Ma paleomagnetic pole of glebal Apparent Polar Wander Path
of Torsvik et al. (2012) in South American coordes(Dec: 178.0, Inc: 45.695: 2.6,
following Torsvik et al., 2012) using the rotatiparameter of Torsvik et al. (2012).
Usually, tectonic rotations around a vertical ami® calculated with the method
proposed by Demarest (1983) under the assumptadrthk directions follow a Fisher
distribution (Fisher, 1953). However the distriloumti of paleomagnetic directions is
elongated in N-S direction (e.g. Deenen et al.,1200auxe and Kent, 2004). It is
therefore inappropriate to use Fisher statisticdiiactional datasets (Tauxe and Kent,
2004). From this assumption, we have developednparametric approach (e.g. Gallo
et al., 2018) for the determination of tectoniatmns in a fully data-driven way where
the uncertainties are calculated empirically, aradel in the following bootstrap

scheme:

1. Let X = (Xy, ..., X;) be the set of n observed directions wheyre ¥Deg, Ing).

Let Xret= (DeGer, INGer) be the reference direction.
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2.

1.00 -

0.75 -

cdf (%)

0.25 -

0.00

CalculateAR; = De¢ — Deger andAl; = InGg — Inges for each of the n observed
directions. CalculatAReanandAlmeanas the arithmetic means.

Obtain a pseudosample X* = {X..., X,) of n observations by randomly
drawing data (with replacement) from X. This prasedis repeated J\times
were N, >> n. On each replicat®Rmean and Almean iS computed against a new
Xref randomly draw direction from a Fisher distributiamth the same mean
direction andk; hence, we obtaiMRmea”, ... , ARmeat ] and Almeat’, ... |
Almeai™).

AR andAl are calculated from the quantile 50% of the emogirdistribution

functions of ARmear™, ... , ARmeat™®] and Almeat™ ... , Almeat ],
respectively.
@ 10- @
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Figure 11 Vertical axis rotation results from the bootstrapgedure described in the

text. The histograms show the frequency of the sicayiped(a) AR and(b) Al. The

variability of the parameters was used to estintae95% confidence bounds which lie

between the 2.5 and 97.5% values of the empiricadutative distribution functions
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(green line).

From the above, we have obtainedR=0.02° with an upper confidence bound of 2.9°
and a lower bound of -3.4°. This parameter allowsta discard any statistically
significant tectonic rotation of the studied aréhe obtained\I1=31.9° with upper and
lower bounds of 34.5° and 28.8° respectively, an$ ibelieved to be a bias due to

compaction-induced inclination errors (further diseed in the next section).

7 Discussion

It is known that tectonic shortening is not enoughaccount for observed crustal
thickness in the Central Andes (Baby et al., 19d@y and Monaldi, 1998). However,
layer parallel shortening (LPS) can represent aifsignt component of the overall
magnitude of shortening accommodated in an orogényg. Eichelberger and
McQuarrie, 2014; Yonkee and Weil, 2010) and thustrdoutes in the total shortening
budget. Moreover, LPS can also alters the kinengatb proposed in balanced cross-
sections so that the material displacement paralltie orogenic belt is addressed (e.g.
Hindle et al., 2005). Thus, accounting for LPS lmust sheets can alter the total
shortening budget and the resulting kinematic modeke, we have acquired fabric
information by means of anisotropy of low-field magc anisotropy (AMS). AMS
ellipsoid has been proven as an analog of prefesrghtation of mineral grains and
strain (see Borradaile, 2001; Rochette et al., 1992e theoretical AMS fabric
expected for sedimentary rocks is oblate, with K, axis in the vertical and
perpendicular to the stratification plane, and witle Kna.x and Ky axes randomly

arranged in a girdle contained within the stradifion, (Tarling & Hrouda 1993, stage
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‘a’ in Well & Yonkee 2009). However, we show thaetK,.x axis (i.e. the maximum
extension direction) although contained in the tgication plane, is not randomly
distributed and it is not parallel to the struct(®e: 170°-350°). It tends to be grouped
in the SSW-NNE quadrant (Fig. 7). This suggestsitiere is a preferred orientation of
present magnetic grains (Stage “b” of Weil & Yonk2#09) indicating a WNW-ESE
direction of maximum shortening, parallel to thgeles in the horizontal position before
the folding (first stage of the deformation; Fi2 &). This implies the presence of
material displacements parallel to the orogenicdr@oughly N-S, Fig. 4). The regional
stress field was controlled by a principal stressifthe W-NW (Fig. 12). At the time of
folding, the internal structure of the rocks waeatly being acquired (Fig. 12 a) and
prior to the folding, occurred the developmentahis (Fig. 12 b. and Fig. 4) and the
subsequent folding that leads the layers to theasgnt attitude (SSE-NNW). For this
stage, the field of local efforts acquires an abra@drENE-WSW direction, respect to the

southern regional Subandean trends structure 4Fagd 12 c).

The studied rocks have a characteristic remaneghetiation with normal and reverse
polarity, consistent with a primary magnetizatiocg@ired during the Miocene and

before the folding of the sequence. This obsermai® supported by a high-field

coercitivity spectra and blocking temperatures aB&0° (stable magnetization carried
by hematite), that we interpret the carriers of thagnetization as hematite and/or
titano-hematite. The characteristic directionsasad by PCA indicate a single high-
blocking temperature component. The samples wé&entakom a 60 meters succession
(see Fig. 3) where we found normal and reverserippleones, implying that the secular

variation was properly averaged.
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After applying a cut-off angle of 45° on the VGRIstribution, 72 from a total of 89
isolated directions were accepted (Fig. 11, Tablearid subsequently used for the
directional analysis. The mean direction basedhmse accepted specimens (n = 72)
was in situ Dec = 169.4 °, Inc = 17.6 °, k = 26.@95 = 3.3°. After full bedding
correction the mean direction is: Dec = 179.4°, nt4°, k = 23.73p95 = 3.5° (Fig.

13).

If the inclination shallowing correction envisageyl Tauxe and Kent (2004) is applied
to the corrected mean directions, the distributtdnVGP’s produces a distribution
related to a flattening factor f=0.62. The corrdctanclination is 20.37° with

bootstrapped confidence bounds of 14.77° to 25a28Pan elongation parameter of 2.5.

It is important to note that this correction nedesss at least 100 spot-readings of the
geomagnetic field, a number greater than the egstamples, and thus, we consider the
obtained correction as an approximation rather tthen real flattening factor. The
directions pass a reversal test allowing us torassthat the magnetization is likely to
be primary. Based on the accepted directions, @opagnetic pole (PP) was calculated
for the Miocene Tariquia Formation: Lat. = 78.49.86ng. = 113.1° E, A95= 3.5° (Fig.

13).
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BEDDING PLANE

Figure 1Z. Model of the structural evolution. The rectangépresents the sampled zone. In yellow:
Miocene Tariquia Formatiora) the principal stressl is perpendicular to the bedding plane, responding
to a maximum stress corresponding to the sedimetdad, ands2 represents the regional applied stress
that occurs in the west, with WNW-ESE direction.thAis time the AMS is being acquireh) with the
deformation front approaching from the west, tfiebeing located in a WNW-ESE position and &2e
occupied the vertical position perpendicular to tbieelding plane. At the first stage of deformatithre
formation of joints takes place. For this time, tbeks magnetic fabric had already been acquii@dn

this stage occurs the folding with a regiondl in a position WNW-ESE, but with local stress (ddt
arrow) rotated respect of the regiondl as a consequence of anisotropy in the basemeimggan

anomalous structure with NNW-SSE strike.
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From the scalar analysis of the AMS parameterderdiices arise between samples
from the base with those of the top of the sequefibe anisotropy degreejéven
when it is less than 19% in the entirety of theimedtary package, increases towards
the base. The shape parameter T also changes fiotate do the base to prolate-
towards the top (Table 1; Fig. 8). No strong fumcéil relationship between anisotropy
degree or shape parameter (Fig. 8d and 8e) and eti@gusceptibility was seen,
implying that the scalar parameters of AMS are iyabontrolled by the stratigraphic
position (i.e. increasing Pj and T towards the bdse to compaction). Thus, we
interpret that the sedimentary column has beenestdy] to heavy compaction
processes. It is argued that the obtained paleostiagpole of reference owing to a

shallowing in the paleomagnetic inclination.

It was ruled out the possibility of rotations abwattical axes as is usually thought from
paleomagnetic around the Arica bend. From a needyelbped nonparametric approach
to quantify vertical axis rotations, we found thhere are no significant statistical
differences in the declination between the refezguule for the Miocene (Torsvik et al.,
2012) and the obtained data (Fig. 13). The locahge in the azimuth of the structures,
while the paleomagnetic data do not show rotatmmyld be the consequence of a
previous basement structure, basement heteroger{thigkness or rheological
variations), and/or even be the consequence ofemag agents (Darnault et al., 2016)
as there could be differences in erosion along dbwrse of the structures, or the

combination of these factors.
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Figure 12 Paleomagnetic pole with A95 in South American dowates from obtained data. Yellow dot:
Miocene Tariquia Formation pole (MTF; Lat.= 78.49.86ng.= 113.1° E, A95=3.5°). Red dots: poles of 5,
10 and 20 Ma (from Torsvikt al.2012).

406
407 8 Conclusions

408 Unraveling the complex three-dimensional kinemaigtory of the Bolivian orocline
409 necessitates reporting for material displacemeatallel to the trend of the orogen and
410 vertical axis rotations. Here, we address strath strortening direction as well as layer

411  parallel shortening (LPS) by means of new paleoreagrand AMS data. On the one
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hand, the paleomagnetic study reveals the abseheertical axis rotations in the
studied area. The magnetization is likely to beuaegl before the deformation,
probably during the deposition of the sedimentss T$consistent with the presence of
normal and reversed polarities in the same suamgsaihich yields a positive reversal
test. The Miocene Tariquia Formation paleomagnetie obtained is: Lat. = 78.4° S,

Long = 113.1° E, A95= 3.5°.

On the other hand, the study of AMS reveals thatf#bric must have been acquired
before folding (i.e. pre-tectonic fabric) and dgyithe initials stages of LPS. This
implies that the magnetic lineation (i.e. the maximextension direction) has been
perpendicular to the maximum regional stress befiolding. However, the structural

trend is not parallel to the magnetic lineatioe.(shortening direction not perpendicular
to the bedding planes). This also implies matafigphlacement parallel to the orogenic
belt, and this is not resolved in balanced crosti@es performed perpendicularly to the
orogenic trend. Thus, it is proposed that duriregdbvelopment of faulting and folding
at this latitude, externals factors (i.e. strudta@sotropies within the basement) could
have conditioned the trend and growth of the stmectvithout the need of rotations
around a vertical axis. Finally, LPS can represesignificant component of the overall
magnitude of shortening (e.g. Eichelberger and Mu@e, 2014) and can also alter the
kinematic path proposed in balanced cross-sectidhsis, we stress the need for
accounting for LPS and shortening direction whisgfprming balanced cross sections,

and we highlight AMS studies as a means for domg s
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