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Paleomagnetism in Mesozoic rocks of the Northern Andes and its Implications
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New paleomagnetic data isolated in Upper Triassic to Aptian rocks exposed in the Colombian Andes and
west of the Guyana craton, in conjunction with paleomagnetic data from the Andes of Venezuela and the South
American craton, permit the interpretation of along-margin northward translations of Andean Colombian terranes
during the Early-Middle Jurassic. Field tests and comparison with reference paleopoles for South America
indicate that characteristic components uncovered in red-siliciclastic and igneous rocks are primary, or near-
depositional, and they are carried dominantly by hematite, magnetite and Ti-magnetite. Difference in declination
values of characteristic components isolated in fault-bounded blocks document counter-clockwise rotations
previous to syn-extensional deposition. The Jurassic tectonic scheme proposed here for the northwestern corner
of South America shows an Early Jurassic, linear subduction-related magmatic arc evolving to Late Jurassic rift-
related setting associated to the opening of the Proto-Caribbean Ocean and westward retreat of the subduction
zone. A similar tectonic evolution for the Jurassic has been proposed for southwestern USA and the Nazas arc in

Mexico.
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1. Introduction

Triassic and Jurassic units exposed in the Andes of
Ecuador, Colombia and Venezuela (Fig. 1) encompass a
complex association of limestone, red siliciclastic, volcani-
clastic and plutonic rocks (Mojica et al., 1996). Two tec-
tonic settings have been proposed for these Mesozoic rocks:
(1) an early Mesozoic continental magmatic arc and back-
arc basin (e.g., Pindell and Tabbutt, 1995), that in the
north developed between the southwestern United States
and Guatemala (Nazas arc; Bartolini, et al., 2003 and ref-
erences there in), and (2) an extensional tectonic regime as-
sociated with the break up of Pangea and opening of the
proto-Caribbean sea and Gulf of Mexico (e.g., Jaillard et
al., 1990; Cediel et al., 2003). The controversy about which
tectonic scenario dominates is in part due to the lack of re-
liable geochronological, biostratigraphic, and geochemical
analyses. In addition, these tectonic analyses for the early
Mesozoic have not considered any significant paleolatitudi-
nal translation of terranes west of the Guyana craton that
may be determined by paleomagnetism.

Previous paleomagnetic results from Middle Jurassic and
younger rocks exposed in the Mérida Andes (Castillo et al.,
1991) and Santa Marta massif (MacDonald and Opdyke,
1984) in the northern Andes indicate no paleolatitudi-
nal translations of allochthonous terranes since the Mid-
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dle Jurassic (Fig. 1A). Based on paleomagnetic studies,
Gose et al. (2003) document clockwise vertical-axis rota-
tions of fault-bounded blocks in the Perija Range, but more
complex vertical-axis rotations are inferred from the San-
tander massif (Hargraves et al., 1984), Upper Magdalena
Valley (Scott, 1978) and Guajira (MacDonald and Opdyke,
1972). Here, we present the results of a paleomagnetic
and magnetic mineralogy study carried out in Upper Tri-
assic to Aptian rocks cropping out in the Eastern Cordillera
and Upper Magdalena Valley (Fig. 1A), between the Borde
Llanero and Romeral fault systems. Our results are com-
pared with previous data from the northern Andes and cra-
tonic South America in order to evaluate potential paleolat-
itudinal translation of terranes and vertical-axis rotations of
fault-bounded blocks during the Mesozoic.

2. Regional Setting

In Colombia, the Andes branches into three major moun-
tain ranges, the Western, Central and Eastern Cordilleras,
which are separated by the Cauca and Magdalena valleys.
The Romeral fault system (Fig. 1A) is considered a paleosu-
ture that places terranes of oceanic affinity against terranes
cored with continental crust (e.g., Etayo-Serna et al., 1983;
Cediel et al., 2003). Farther north, and east of the Bucara-
manga fault, four mountain ranges constitute the northern
continuity of the Andes. Paleomagnetic and geochemical
studies in Cretaceous and Tertiary rocks exposed in terranes
westward of the Romeral paleosuture have documented the
oceanic affinity and allochthonous character of such blocks
(Estrada, 1995; Kerr and Tarney, 2005).
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(A) Location of areas with paleomagnetic analysis in the northern Andes,

continental to marginal, coarse-
grained siliciclastics

continental to marginal, fine-grained
siliciclastics

E marine, carbonates

La Quinta

and present structural position of mountain ranges with exposed

Triassic-Jurassic rocks between the Borde Llanero and Romeral-San Jacinto-Oca fault systems. Jurassic strata exposed north of the Oca Fault (GU)
are not discussed in this paper. (B) Schematic stratigraphic position and major lithologies of Triassic to Lower Cretaceous beds exposed in the eastern

and western compartments. Units discussed in the text are in bold.

The pre-Cretaceous history of terrane accretion between
the Guyana craton and the Romeral paleosuture is still
poorly understood due in part to the structural complexity
and poly-deformed character of those terranes. Detailed
geochronological and geochemical analyses in granulite-
cored basement uplifts of Grenvillian age in the northern
Andes reveal an affinity with terranes of Mexico and the
Central Andes (Restrepo-Pace et al., 1997; Cordani et al.,
2005). Fragmentation of these terranes took place during
the early Paleozoic (Cordani et al., 2005), but collisions be-
tween Grenvillian-age basement blocks and Gondwana dur-
ing the aggregation of Pangea remains uncertain (Silurian-
Early Devonian, Forero, 1990; Restrepo-Pace, 1992); per-
haps, yet unknown later translations to its present latitudinal
position were important. An alternative hypothesis consid-
ers that geotectonic units west of the Guyana craton are in

situ, and constitute the westward growth of the plate margin
(Mojica et al., 1996). When and how these terranes formed,
collided and arrived to its present geographic position re-
mains unclear and deserves significant further research.
Previous tectonic reconstructions for Mesozoic deforma-
tional events that affected the area between the Romeral pa-
leosuture and the craton have not considered along-plate-
margin displacements or rotations of terranes. Recent re-
visions of Mesozoic tectonics in northern South America
consider accumulation of Triassic and Jurassic sedimentary
rocks in rift-related extensional basins (e.g., Mojica et al.,
1996; Cediel et al., 2003). Major, trace and rare earth ele-
ments analyses yield subduction-related magmatism in Up-
per Triassic-Jurassic igneous, volcanic and volcaniclastic
rocks in the Central Cordillera (Aspden et al., 1987; Al-
tenberger and Concha-Perdomo, 2005), Upper Magdalena
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Valley (Bayona et al., 1994; Castafieda, 2002; Cajas, 2003;
Vasquez et al., 2006), San Lucas Range (Vasquez et al.,
2006), Santander massif (Dorr et al., 1995) and Perija
Range (Maze, 1984). Large granite-to-diorite intrusions
in the Santander massif (Ward et al., 1973) might have
occurred in a back-arc setting and induced a local meta-
morphic event as suggested by Restrepo-Pace (1995) based
on *°Ar/* Ar geochronology, petrology and field observa-
tions. In short, geochemical data support the influence of
continental-margin magmatism, whereas sedimentary suc-
cessions indicate deposition in extensional settings.

The present Andean distribution of terranes with
Triassic-Jurassic volcanic and plutonic rocks makes diffi-
cult to explain two or three parallel magmatic-arcs related to
a single subduction margin. One belt with Triassic-Jurassic
rocks in southern Colombia (UMYV and eastern flank of the
CCO) bifurcates into two belts in central Colombia (SL to
the West and FM-BA-SM to the East), and then into three
belts (from East to West are: MA, PR, SMM) in north-
ern Colombia and Venezuela (Fig. 1A). Sarmiento-Rojas
(2001) suggested that Jurassic sedimentation occurred in
two separate basin compartments, based on lithofacies and
thickness similarities and related to their geographic posi-
tion. The western compartment (eastern flank of the CC,
UMYV, SL, SMM in Fig. 1A) includes Upper Triassic-Lower
Jurassic shallow-marine strata covered with a 1-km-thick
volcanic-related succession, and Aptian-Albian rocks un-
conformably overlie this succession (Fig. 1B). Large in-
termediate plutonic bodies define the western limit of the
western compartment. In contrast, the eastern compartment
(EC, FM, SM, PR and MA in Fig. 1A) consists mostly
of Jurassic continental sedimentary rocks, interbedded with
volcaniclastic rocks in PR and MA, and they are overlain
by a thick Lower Cretaceous succession. In the Santander
massif (SM), granite-to-diorite intrusive rocks cut this suc-
cession (Ward et al., 1973).

3. Study Areas and Sampling Strategy

The areas selected for this study are both in the eastern
(FM and BA) and western (UMV) compartments defined by
Sarmiento-Rojas (2001). The stratigraphic position of se-
lected units and regional geologic maps showing the struc-
tural setting of selected areas are shown in Figs. 1B and 2,
respectively. In each selected area, sites were distributed in
at least two structural domains in order to perform the tilt
test. Sites in unconformable upper or lower units were col-
lected in order to compare characteristic directions between
units (i.e., unconformity test). Samples in dykes and con-
glomerate clasts were taken in order to establish the relative
age of magnetization.

A total of 389 specimens distributed in 41 sites were col-
lected for this study. In Bucaramanga (BA) red-siliciclastic
beds with minor volcanic interbeds of the Jordan (Lower-
Middle Jurassic), Girén and Los Santos Fms (Upper
Jurassic-Berriasian) were collected in two structural do-
mains, named the northern and southern blocks (Fig. 2A).
The Jordan Fm underlies the Girén Fm in an unconformable
contact, which has 10-15° angularity in some areas (Ward
etal., 1973). The contact between the Girdén and Los Santos
Fms is also considered as an unconformity. The eastern side
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of the northern block is highly deformed by strike-slip faults
associated to the Bucaramanga fault, whereas the western
side has broad folds and then the beds dip uniformly west-
ward. In contrast, the southern block is in a very stable and
sub-horizontal region. Stratigraphic columns for each site
and a complete list of analyzed sites are in Ayala-Calvo et
al. (2005).

In the Floresta massif (FM), sites were distributed in the
western and eastern flanks of an antiform cored by the mas-
sif, and in the southern end of the massif (Fig. 2B). Red
siliciclastic beds of the Upper Jurassic Girén Fm and lime-
stone beds of the Valanginian Tibasosa Fm were sampled
in those structural domains. The Girén Fm unconformably
rests on several Paleozoic units, and siliciclastic strata of
the lower Tibasosa Fm cover the red siliciclastic succession
of the Gir6n Fm in a paraconformity contact. Four sites in
fine-grained strata and 2 sites in conglomerate beds were
located in a 130-m thick stratigraphic column of the Girén
Fm in order to perform the conglomerate tests and check by
reversal of paleomagnetic directions. Stratigraphic columns
and components of magnetization no reported here because
of its high dispersion or anomalous directions are reported
in Ayala-Calvo et al. (2005).

Two areas were selected in the northern Upper Mag-
dalena Valley (UMV, Fig. 2C), where the Aptian Yavi
Fm rests in an angular unconformity upon Upper Triassic-
Lower Jurassic Saldafia Fm. In Olaya Herrera area (OH),
located close the Jurassic magmatic belt exposed in the
Central Cordillera, samples were collected from lavas and
red-volcaniclastic beds of the Saldafia Fm at the southeast-
ern and northwestern flank of an anticline structure along
the Chipalo river, as well as in the Macule river (Fig. 2D).
Note that Yavi strata are only recorded in the latter block.
Even though samples of Cretaceous units were collected at
these three localities, a characteristic component was not
isolated (Bayona et al., 2005). In Alpujarra (AL), an area
located near the western margin of the Eastern Cordillera of
Colombia, sites of the Yavi Fm were collected in two thrust
sheets, named the eastern and western thrust sheets. The
sampled lithologies in the Yavi Fm were tuffs and red mud-
stones to very fine-grained sandstones. Sites in the Saldafia
Fm were also collected; however, high-temperature magne-
tization components uncovered in these rocks yield a very
disperse orientation. Details of stratigraphic columns and
statistics of Saldafia and Yavi sites are in Bayona et al.
(2005).

4. Methods

Thermal and AF progressive demagnetization analysis
were carried out at the Paleomagnetic laboratories of In-
geominas (Colombia) and the Universidad de Buenos Aires
(Argentina). Components of magnetization were calculated
by means of Principal Component Analysis (Kirschvink,
1980) interpreted with the aid of orthogonal demagneti-
zation diagrams (Zijderveld, 1967). Mean magnetization
directions were calculated using Fisher’s statistics (Fisher,
1953). Local incremental tilt tests (McFadden and Reid,
1982) were used to determine the timing of magnetization
with respect to Cenozoic deformation. The significance
of the tilt test followed the criteria of McElhinny (1964)
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paleomagnetic sites. (C) Geologic map of the Upper Magdalena Valley (UMV) showing exposures of intrusives and volcaniclastic beds and the
location of the two selected areas. (D) and (E) Detailed geologic maps of the Olaya Herrera (OH) and Alpujarra (AL) areas showing location of
structural domains and paleomagnetic sites. Arrows in A, C and D show the mean declination of characteristic directions for each structural domain.

because of the limited number of sites per structural do-
main. Classification of the reversal test follows McFadden
and McElhnny (1990) criteria. The mean VGPs (virtual ge-
omagnetic poles) determined from the characteristic com-
ponents of each formation at each locality were later com-

pared with the reference poles for the South American cra-
tonic areas in order to infer tectonic implications. Thermo-
magnetic curves and thermal demagnetizations of compos-
ite orthogonal IRMs (Lowrie, 1990) have been conducted
at the Universidad Simé6n Bolivar (Venezuela) in 16 rep-



G. BAYONA et al.: PALEOMAGNETISM IN MESOZOIC ROCKS OF THE NORTHERN ANDES

1259

A Jordan Fm (red siltstone) B Gir6on Fm (red sandy siltstone)
BA (Southern block) v FM (Eastern flank)
(site M6, specimen m58) (site P2, specimen p21)
w ! C
300 A Ticks: 1 mA/m — h ‘
100 S
B \. NRM 100
80
NRM 620 C v
40 NRM 60
94| c “
0 0 200 400 600 800 2
T(O) i"\ \690 C N T T . ’
Ticks: I mA/m T(°C) . *., (site P2, specimen p17a)
. . NR
(site M7, specimen m38) -~ _ﬁ\ L* "
*
3000 N 5 . MS 3
a
2000 N 4 \
1000 (Y-axis, 0.4T) 0 200 400 600 800 T ( C)
! 200 400 600 800
(X-axis, 0.12T) T ( C)
e 7 100 A
C Saldafia Fm (dyke) 0 D Yavi Fm (tuff)
Olaya Herrera-UMV o[ \a Alpujarra-UMV NRM
(site OS5, specimen 083b) NRM (site A6, specimen a61) w C

00 200 400 600
.600
—

Ticks: 10 mA/m

N
N

\\A’L\IRM
AN
\ \
\
< b

800
T (°C)

2000

MS 140
0

o0 200 400 600
(site OS5, specimen 081b)

E Girdn Fm. (red sandy siltstone)
BA (Northern block)
(site M2, specimen m19)

1000
160

80
120 0

MS ® Ve

T (°C)

Fig. 3.
represent projections onto the horizontal (vertical) plane.

resentative samples. In the Lowrie experiments, the IRMs
were induced sequentially along the Z (3T), Y (0.4T) and X
(0.12T) axis of the cylindrical specimens. Thermomagnetic
curves were obtained using a Bartington MS2 with a MS2W
probe that allows continuous susceptibility and temperature
readings of a sample heated, up to 700°C.

5. Paleomagnetic and Rock Magnetic Results
Demagnetization diagrams for the studied Mesozoic
strata show univectorial to multivectorial paths (Fig. 3), the
latter suggesting at least two events of magnetization. Both
low-temperature/coercivity magnetic components and mod-
erate to high-temperature/coercivity characteristic magnetic
components were isolated from Upper Triassic to Aptian
rocks exposed in the three selected areas (Tables 1, 2 and 3).

200
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The former components carry directions parallel to the
present Earth magnetic field and were uncovered in all the
three areas and in all the sampled units. These directions
are interpreted as recently acquired thermoviscous or chem-
ical magnetizations. Directions and unblocking tempera-
ture/coercivity for the characteristic components for each
area (Table 4) are discussed in the following paragraphs for
each area.

In the Bucaramanga area (BA, Fig. 2A), mean-site di-
rections of tilt-corrected characteristic components from the
Jordan Fm (Lower-Middle Jurassic) and Girén-Los Santos
Fms (Upper Jurassic-Berriasian) show negative and posi-
tive inclinations, respectively. Tilt-corrected characteristic
directions isolated in basalts and red siltstones of the Jordan
Fm show northward and westward declinations with mod-
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A. Upper Triassic - Middle Jurassic rocks

Saldaiia Fm.
Olaya Herrera
Macule rive)

Bucaramanga
Northern block

Jordan Fm.
Bucaramanga
Southern block

Saldaria Fm.
Olaya Herrera
Chipalo river
Mérida
Perija

Santa Marta Massif A

Fig. 4. A and B. Equal-area plots at different ages showing tilt-correc
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B. Upper Jurassic-Lower Cretaceous

Yavi Fm.

N Alpujarra

Gir6n - Tibasosa Fms,
Floresta Massif
) os Santos Fm.

Girén Fm. Bucaramanga

Bucaramanga

b4

C. Other Mesozoic rocks
N

€

Andes ®
Range =

g

ted directions of characteristic components per unit and sampled area. C.

Tilt-corrected directions of characteristic components reported for other Triassic to Lower Cretaceous units in the northern Andes (see Table 4 for
statistical parameters). Solid (open) symbols represent positive (negative) inclinations.

A. Tilt test (after McElhinny, 1964;
McFadden and Reid, 1982)

Result positive and not significative
(p=0.05):CR=3.44

=

10

B. Normal and reverse
tilt-corrected directions

C. Conglomerate test
tilt-corrected directions

20 40

Hmk ACR

60 80 100

P5c y Pé6c sites
N clasts=11
k=1.48

Fig. 5. Field tests for characteristic components of the Girén and Tibasosa Fms in the Floresta massif area. See text for discussion. A) The tilt test plots
k (squares, an estimate of the degree of clustering of inclination data on a sphere) and CR (triangles, a critical ratio above which k values become
significant at the 95% confidence level) (McElhinny, 1964) versus percent of tilt-correction. B and C) For the reversal and conglomerate tests, sites
P1 to P4 were sampled in a 130-m thick stratigraphic section, site P3 corresponds to a site in a siltstone bed interbedded with conglomerate beds of

sites PS5 and P6.

erate negative inclinations (Table 4, Fig. 4A). A significant
NRM intensity drop over 600°C indicates that hematite is
the dominant magnetic carrier of the characteristic compo-
nents in these samples. Thermal demagnetization curves of
the IRM induced along the Z-axis (3T) for a red siltstone
sample of the Jordan Fm suggests that hematite is the chief
magnetic phase (Fig. 3A). Characteristic directions isolated
in fine-grained sandstones and mudstones of the Girén-Los
Santos Fms have low to moderate positive inclinations with
northward declinations (Table 4, Fig. 4B). Antipodal di-
rections were isolated in both units (e.g., sites M10 and
M16 in Table 1), and they had a classification “C” in the
reversal test. A thermomagnetic curve for a fine-grained
sandstone from the Girén Fm shows a characteristic Ti-
magnetite behaviour with a sharp reversible drop at about
580°C (Fig. 3E). The absence of a Hopkinson peak near the

Curie temperature of magnetite may be due to a distributed
grain size spectrum for this sample (Wilson and Roberts,
1999).

In the Floresta massif (FM), the tilt-corrected mean di-
rection of the characteristic magnetic component isolated
in the Girén-Tibasosa Fms (Upper Jurassic-Valanginian) is
similar to the direction isolated from rocks of the same
age in Bucaramanga (Fig. 4B). After tilt correction, and
integrating data from 5 sites of the Girén and Tibasosa
Fms with alfa95 < 15°, clustering of directions increases
(Table 4, Fig. 5A) showing a northward declination with
low positive inclination. The presence of magnetite and
hematite is revealed in the thermomagnetic heating curve
(Fig. 3B) by the two susceptibility shoulders at about 580
and above 600°C, respectively; unblocking temperatures of
these components reveal the dominance of hematite over
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A. Two-steps untilting of Upper Triassic-Lower Jurassic Saldana beds/dyke

Correction 1 - Cretaceous
100% Aptian beds

No tilt correction

7 02803¢

B. Untilting of Aptian Yavi beds

No tilt correction

A3-cr

direction plotted in the northern hemisphere

A3-cr

Correction 2 - Triassic - Jurassic
100% Saldana beds

-
! A Macule, Sites 06 to 09
.

N
1 O } Chipalo W, Sites O1 to O4 - tuffs
\

O Chipalo W, Site O5 - dyke

@ Chipalo E, Sites 010 a O15

Tilt-corrected

direction plotted in the northern hemisphere

Fig. 6. Tilt-correction procedure of characteristic components in the Upper Magdalena Valley area. A) The best clustering of directions occurs after
the two steps of tilt corrections for Saldana beds/dyke. B) Intermediate positive to nearly horizontal inclinations are obtained after tilt correction of

characteristic directions uncovered in the Yavi Fm.

600°C (Fig. 3B). Characteristic components isolated in
limestones of the Tibasosa Fm have unblocking tempera-
tures from 300 to 500°C, suggesting the presence of Fe-
sulphides and/or titanomagnetite.

In the northern UMYV, characteristic components of mag-
netization in the Upper Triassic-Lower Jurassic Saldafia
Fm and the Aptian Yavi Fm were isolated in Olaya Her-
rera (OH) and Alpujarra (AL), respectively. In Olaya Her-
rera area (OH), characteristic directions were isolated in
lavas and tuffs as well as in dykes of the Saldafia Fm
(Fig. 3C) exposed in the three structural domains (Fig. 2D).
The best cluster of characteristic directions isolated along
the Chipalo River occurs after two-steps tilt correction of
Saldafia beds (Tables 2, 4 and Fig. 6A). The first correc-
tion considers untilting of overlying Cretaceous beds; the
second correction is made by pre-Aptian tilt of Saldafia
beds. Characteristic directions have southern declinations
and shallow-positive inclinations, similar to the characteris-
tic direction isolated in a dyke (Fig. 6A). After converting
the characteristic direction of the Macule river to southern
directions, the mean inclination values between Chipalo and
Macule river blocks become similar but declinations show
evidence for rotation (Table 4, Fig. 4A). Thermal demag-
netizations of IRM fractions along the X (0.12T) and Y-
axis (0.4T) for a tuff display a decaying trend over a wide
range of unblocking temperatures that roughly extrapolates
to complete demagnetization at around 350°C (Fig. 3F). We
believe these observations are suggestive of the presence of
either titanomagnetite, maghemite or an iron sulphide. A

dyke reveals that magnetite appears to be the main magnetic
phase in this sample (Fig. 3C).

In Alpujarra area (AL), characteristic directions isolated
in volcanic-sedimentary rocks of the Yavi Fm (Fig. 3E)
have both normal and reversed directions. A northward
declination/positive inclination direction of the unit mean is
obtained after tilt correction of beds (Table 4, Fig. 6B). Both
magnetite and hematite record the characteristic component
in the Yavi Fm as indicated by the two shoulders of the
intensity decay curve during thermal demagnetization and
the thermomagnetic heating curve, at 580 and above 600°C,
respectively (Fig. 3D).

6. Timing of Magnetization for Characteristic
Components

Several of the field tests give a not significant statistics
results or are rejected at 95% level of confidence; however,
the visual comparison and association of field test allow us
to suggest a relative age of magnetization.

A near-depositional magnetization of characteristic di-
rections in Bucaramanga and Floresta massif areas is in-
ferred by: (1) increasing cluster of the inclinations by untilt-
ing of strata in both areas (Table 4 and Fig. 5A); (2) normal
and reversed directions isolated in the Girén Fm in both ar-
eas (Fig. 5B); (3) high dispersion of high-temperature com-
ponents isolated in 11 clasts in conglomerate beds of the
Girén Fm (Fig. 5C); (4) high stability of components car-
ried by hematite in red siliciclastic rocks of the Jordan and
Girén Fms; (5) different paleomagnetic directions in sites
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4

B
Cluster of paleopoles for
Lower Jurassic rocks

Saldafia Fm -UMV
Chipalo

Jordan Fm-

Saldaiia Fm - ¢ BA-Northern
UMYV, Macule block
~]

Jordan Fm - o
BA- Southern

block

D o
Cluster of paleopoles for
Lower Cretaceous rocks

|
Yavi Fm- A
UMYV, Alpujarra °N
Los Santos Fm-
BA

]

Tibasosa Fms. -

N

A Perij- Range (data from Jurassic to Eocene strata, Gose e al., 2003)
oe Bucaramanga area, BA (open circle plots in the southern hemisphere, Table 4)

¢ Floresta massif, FM (Table 4)

© Upper Magdalena Valley, UMV (Table 4)
m Meérida Andes (data from La Quinta and Rio Negro Fms., Castillo et al., 1991)
¥ Santa Marta massif (data from Guatapuri and Los Clavos Fms; MacDonald and Opdyke,1984)

Fig. 7. Polar plots in the northern hemisphere for four intervals of time showing VGP’s calculated for characteristic components isolated in this study
and in other ranges of the northern Andes. For simplicity, circle of confidence for each VGP are not shown but values of A95 are in Table 4. For
each plot, the polygon encloses circles of confidence of VGP’s calculated for the South American craton in Upper Jurassic to Lower Cretaceous rocks
(data from: Castillo et al., 1991; Randall, 1998; McElhinny and McFadden, 2000; Iglesia Llanos et al., 2003; Somoza, 2002; Ernesto et al., 2002;

Vizan et al., 2004).

of the Jordan/Girén Fms in Bucaramanga; and (6) different
magnetic mineralogy assemblage in sites of the Tibasosa
and Giron Fms in the Floresta massif.

The difference in characteristic directions between the
Saldafia and Yavi units, the best clustering of directions of
the Saldana Fm after the two-step tilt corrections, and the
similarity of directions between dykes and tuffs support a
pre-Aptian (likely Jurassic) age of magnetization for rocks
of the Saldafia Fm in OH and a mid-Cretaceous (Aptian-
Albian?) age for rocks of the Yavi Fm. Characteristic
directions of Chipalo River Saldafia tuffs/dykes are nearly
antiparallel to characteristic directions uncovered from the
Jordan Fm (Lower-Middle Jurassic) in the northern block
of BA (Fig. 4A), although the reversal test is rejected at
95% level. The characteristic directions uncovered in Yavi
beds are shallower than the directions from the Girén Fm
and Lower Cretaceous units in BA and FM (Fig. 4B). Since
there is not a characteristic component that could be asso-
ciated with a specific magnetic carrier, we argue that most
magnetic minerals in samples from the UMV were early-
acquired phases dating from incipient thermochemical pro-
cess that could have affected these lithologies.

7. Comparison of Characteristic Directions with
Reference Paleopoloes for South America

Even though the definition of Mesozoic paleopoles for
the South American craton is still a matter of debate, com-
parison of VGPs calculated in this study with Late Triassic
to Aptian-Albian South American paleopoles allows us to
infer some tectonic implications (Fig. 7). First, character-
istic directions with declinations close to the North-South
line and VGP’s latitudes higher than 65° fall in the cloud of
calculated paleopoles for the craton (Castillo et al., 1991;
Randall, 1998; McElhinny and McFadden, 2000; Vizan et
al., 2004 and references therein).

This exercise confirms that characteristic directions
whose declinations significantly differ from the North-
South line can be interpreted as belonging to blocks with
some degree of vertical-axis rotation. This is the case
for westward declinations in rocks of the Jordan Fm (BA,
southern block), southeastern declinations in rocks of the
Saldafia Fm (UMV-Macule), directions reported by Scott
(1978) in the UMV (Figs. 7A and B), as well as north-
eastern declinations reported for the Perija range (Fig. 7C)
(Gose et al., 2003). The VGP’s calculated for characteristic
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directions reported for the Santa Marta massif by MacDon-
ald and Opdyke (1984) also fall outside the cloud of pale-
opoles, suggesting an unresolved event of deformation for
this mountain range. The paleopole calculated for the char-
acteristic direction of the Los Santos Fm (Berriasian) in BA
also falls outside from the cloud of circles of confidence
from the paleopoles reported for Lower Cretaceous rocks in
the South American craton (Fig. 7D).

8. [Evidence for Rotations

Comparison of declinations of the Jorddn and Saldafia
Fms illustrate vertical-axis rotations between fault-bounded
blocks. In BA, declinations of the Jordan Fm indicate
95.9° £ 16.2° counterclockwise rotation of the southern
block with respect to the northern block. The difference in
inclinations between those blocks is 11.4° + 14.9°, which
are not as significant as the amount of rotation. Character-
istic paleomagnetic directions from syn-rift deposits of the
Girén Fm in the two structural domains coincide with each
other (Table 4), but stratigraphic thickness changes across
inverted structures from a few hundred meters in the ro-
tated southern block to >4.5 km in the non-rotated northern
block. Therefore, paleomagnetic data from the Jorddn and
Girén Fms indicate vertical-axis rotation of fault-bounded
blocks associated to extensional deposition of the Girén Fm
during the Late Jurassic (Fig. 8).

After converting the characteristic direction of the Mac-
ule river to southern directions, the mean inclination values
between Chipalo and Macule river blocks become similar
(the difference is 2.9° 4-28.9°), but declination values show
evidence of vertical-axis rotations (Table 4, Fig. 4A). The
comparison of declination values of characteristic compo-
nents between the Chipalo and Macule blocks documents
43.3° £29° counterclockwise vertical-axis rotation of Mac-

SOUTHERN BLOCK
D=257.7
=-15.7

__0-100m

Jurassic intrusives
Bocas & Jordan Fms I:l
Precambrian & Paleozoico -

characteristic declination (D), incli-
nation (I) and alfa95 of the Jordan Fm

Fig. 8. Sketch showing the structural geometry of fault-bounded blocks
after syn-extensional (transtensional?) deposition of the Girén Fm. Al-
though strata of the Girén Fm are not shown for clarity, the range of
stratigraphic thickness of this unit is shown for each structural block.
The diagram shows the top of underlying units (Jordan and Bocas Fms).
95.9° £ 16.2° counterclockwise vertical-axis rotation of the southern
block may be associated to this extensional setting. The confidence lim-
its for structural domain declinations and the difference of declinations
follow the criteria given by Demarest (1983).
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ule block respect to Chipalo block. Even though the angle
of alfa95 is very large, in part due to the low number of sites
in the Macule river (N = 3), a change in stratigraphic thick-
ness of the Yavi Fm from O m in the non-rotated Chipalo
block to over 220 m in the rotated Macule block in less
than 1.5 km additionally support this suggestion of fault-
bounded rotations.

Counterclockwise rotations reported in both BA and OH
areas are associated to syn-extensional deposition and vol-
canism, suggesting a relationship among extensional tec-
tonism, rotations of fault-bounded blocks and deposition.
Paleomagnetic studies in transtensional systems of volcanic
terranes document rotation of fault-bounded blocks (Dimi-
triadis et al., 1998; Wawrzyniec et al., 2001). Christie-Blick
and Biddle (1985) indicate that vertical-axis rotations occur
at diverse magnitudes and influence the process of genera-
tion of wrench-related sedimentary basins. Therefore, pale-
omagnetically determined vertical-axis rotations as inferred
in this study indicate that block rotations associated to a
transtensional system is a common mechanism that needs
to be considered in the analysis of Mesozoic basins in the
northwestern corner of the South America plate.

9. Translation of Tectonic Terranes
Comprehensive analysis of our results together with pa-
leomagnetic data from Jurassic to Lower Cretaceous rocks
exposed in the Santa Marta massif, Perija Range, Mérida
Andes and stable areas of South America shows northward
translation of terranes west of the Bucaramanga and Borde
Llanero Faults with respect to the craton and the above men-
tioned ranges (Table 2; Fig. 6). In the Early Jurassic, mean-
paleolatitude values for terranes west of the Borde Llanero
and Bucaramanga faults varies from —14.4° (BA) to —3.6°
(UMYV), but these values change significantly in the Late
Jurassic-Early Cretaceous to +7.5° (FM) or +11.3° (BA)
(see Table 4; Fig. 9B shows error bars for paleolatitudinal
and age determinations). Northward translation of mean-
paleolatitudinal values of a reference point in the craton
(4°N, 72°W, see position in Fig. 1A) from Early Jurassic to
Early Cretaceous was only from +0.9° to 46.2° (Table 4;
Fig. 9A shows error bars for paleolatitudinal and age de-
terminations). Northern (positive) paleolatitudes have been
determined for MA, PR, SMM, BA and FM since Middle
to Late Jurassic, as well as for the stable craton. Therefore,
our preliminary paleomagnetic data supports the hypothesis
of along-plate margin accretion of those terranes west of the
Borde Llanero fault system with respect to a reference point
in the craton during the Early Jurassic and no change in pa-
leolatitude since then (Fig. 9B). Even though Scott (1978)
proposed translation of more than 20° for the UMV terrane
based on paleomagnetic analysis of Upper Triassic Luisa
Fm, it is necessary to re-evaluate those paleomagnetic data
with a more detailed structural analysis of the sampled area.
Our conclusion is, however, heavily dependent on the ac-
curate determination of the South American reference poles
and the complex deformation history of terranes west of the
Bucaramanga and Borde Llanero fault systems. The most
generally accepted and more conservative reference poles
as proposed by Randall (1998) or McElhinny and McFad-
den (2000) support a significant northward displacement
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Fig. 9. Paleolatitude data for (A) the stable craton and (B) mountain ranges in the northern Andes with paleomagnetic data from Upper Triassic to
Lower Cretaceous rocks. Note the contrasting difference in paleolatitudinal displacement of the craton in Early to Middle Jurassic time, in contrast
to the uniform paleolatitude position of the craton since Late Jurassic. Similarly, accreted terranes show a northward displacement, but of a greater

magnitude than the craton, during Early to Middle Jurassic time.

of terranes west of the Borde Llanero fault system. How-
ever an alternative selection of reference poles for the Early
Jurassic (see for instance Iglesia Llanos et al., 2003) may
significantly reduce the amount of northward displacement
of these terranes. Until new reliable paleomagnetic data
from tectonically stable areas of South America for the Tri-
assic and Early Jurassic are obtained, we prefer the con-
servative reference poles that minimize the latitudinal dis-
placement of South America in the Jurassic.

The early Mesozoic conceptual tectonic evolution pre-
sented here illustrates along-margin northward translation
of terranes with respect a reference point in the craton
(Fig. 10), as indicated by paleomagnetic data, and consid-
ers both geochemical and stratigraphic data of lower Meso-
zoic rocks. The model is based on the suggestion of north-
ward displacement of accreted terranes in a greater magni-
tude than the northward displacement of a reference point in
the South America craton. In addition, this model permits
the proposition of two major tectonic events affecting the
northwestern margin of South America. More detailed pale-
omagnetic work is needed in order to establish a more con-
fident paleolatitudinal position for each accreted terranes.

The first tectonic scenario occurred during the Late Tri-
assic and Early Jurassic and is related to an oblique sub-

duction margin (Fig. 10B). A magmatic-arc belt formed
as result of subduction along western Pangea, resulting in
the southward continuation of the early Mesozoic continen-
tal magmatic arc developed from the southwestern United
States to Guatemala (see figure 4 of Dickinson and Lawton,
2001). Marine (southward of SL) and continental (north-
ward of SL) deposits were covered by thick volcaniclastic
deposition in a continental arc-related (intra-arc, back-arc)
setting. Calc-alkaline magmas intruded along a magmatic
arc striking parallel to the subduction zone. This magmatic
arc includes from north to south: SMM, SM, FM, SL and
UMV.

In Middle-Late Jurassic to Early Cretaceous (Fig. 10C),
northward translations of BA, FM and UMYV terranes, west-
ward retreat of the subduction zone and opening of the
proto-Caribbean sea favored intracontinental extensional
and/or transtensional deformation with development of
basins filled by syn-extensional siliciclastic and volcani-
clastic continental deposits in MA and PR, as well as in
basins close to the Bucaramanga fault (near BA and FM).
For Early Cretaceous, diachronous marine transgression in-
undated the latter basins and reached its maximum exten-
sion in mid to Late Cretaceous time (Etayo-Serna et al.,
1976) (Fig. 10D).
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Fig. 10. (A) Conceptual tectonic model illustrating northward displacement of terranes in an oblique subduction margin. (B to D) Late Triassic-
Aptian tectonic evolution of the northern Andes constrained by paleomagnetic and geochemical data, and distribution of plutonic/volcanic/
sedimentary/metamorphic rocks in major mountain belts. See Fig. 1A for present geographic distribution of Triassic and Jurassic rocks in north-
ern South America. (A) calc-alkaline plutonic and volcanic rocks are aligned along a linear subduction-related magmatic arc. Upper Triassic-Lower
Jurassic rocks in MA and PR have not been reported in the literature. Paleomagnetic data indicate along-margin translations of terranes west of
the Borde Llanero fault system (FM, UMV) from south of the paleomagnetic equator; they had a greater northward latitudinal movement than MA
and PR terranes, and a reference point in the South America craton. (B) Translations changed to a dominantly east-west direction, as suggested by
Castillo et al. (1991). Extensional tectonism affected areas close to the Bucaramanga fault (FM, SM, PR, MA). (C) For Aptian time, the terrains are

juxtaposed to the stable craton.

Structures formed by northward translations of ter-
ranes constituted weak zones where fault-bounded exten-
sional/transtensional basins might have formed in Late
Jurassic-Early Cretaceous time. Although the latter struc-
tures are presently buried by Andean structures, they acted
as a major control during contractional deformation of the
western (Cortés ef al., in press) and eastern (Rowan and

Linares, 2000) thrust belts bounding the Eastern Cordillera.

New geochronological, isotopic and paleomagnetic in-
vestigations are necessary to fully test the proposed evo-
lution of the region. A similar and coeval tectonic evolu-
tion from arc-related magmatism and continental deposition
during middle Triassic to Middle Jurassic followed by slab
rollback and post-arc rifting during Middle Jurassic to Early
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Cretaceous has been proposed for southwestern USA and
Mexico (Dickinson and Lawton, 2001).

10. Conclusions

Low-temperature/coercivity magnetic components and
moderate to high-temperature/coercivity characteristic
magnetic components were successfully uncovered in
Upper Triassic to Lower Cretaceous rocks exposed in the
Upper Magdalena Valley, Floresta massif and Bucaramanga
area (Fig. 1A). Characteristic paleomagnetic directions,
isolated in dykes, lavas and tuffs in the Saldafia Fm, tuffs
and red mudstones in the Yavi Fm, fine-grained siliciclastic
rocks of the Giron Fm, lavas and red siltstones in the Jordan
Fm, and in limestones in the Tibasosa Fm, are carried dom-
inantly by hematite, Ti-magnetite, and magnetite. Even
though individual field test are not statistically significant,
the following arguments support the suggestion that char-
acteristic components were recorded close to the time of
deposition: (1) comparison of characteristic directions and
magnetic mineralogy between units separated by uncon-
formities, (2) cluster of characteristic directions increases
during untilting of strata, (3) record of normal and reverse
directions within the same stratigraphic unit; (4) high dis-
persion of characteristic directions isolated in conglomerate
clasts, (5) comparison of characteristic directions of units
of the same age but in different areas, and (6) comparison
of reference cratonic paleopoles with VGP calculated for
each characteristic directions. The comprehensive analysis
of the results of this pioneer paleomagnetic study carried
out in terranes between the Borde Llanero and Romeral
fault systems and previous paleomagnetic data from the
Andes of Venezuela and the south American craton permit
the proposition of along-margin northward translations of
those terranes with respect a reference point in the craton
and counter-clockwise rotations between fault-bounded
rocks in extensional settings. Our conceptual tectonic
evolution of the northwestern margin of the South America
plate permits the proposition of a linear, subduction-related,
magmatic arc tectonic setting in the Late Triassic to Middle
Jurassic followed by the onset of intracontinental exten-
sional and/or transtensional deformation with development
of basins since the Late Jurassic to the Early Cretaceous.
More detailed paleomagnetic work is needed in order to
establish a more confident paleolatitudinal position for
each accreted terranes.
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