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The Triassic–Jurassic configuration of terranes in Western  
Gondwana is the subject of some uncertainty with respect to the 
major cratonic nuclei. Furthermore, the processes that promoted 
the motion of each of the terranes to their present-day position,  
as well as the structures that accommodated these motions, are 
poorly known (e.g. Dalziel & Grunow 1992; Marshall 1994;  
DiVenere et al. 1996; König & Jokat 2006; Martin 2007; Eagles & 
Vaughan 2009). This collage of early Mesozoic landmasses formed 
a Pan-Pacific mobile belt outboard of the major cratonic nuclei of 
Gondwana. In this context Patagonia is a major and enigmatic  
terrane and is the focus of this study.

A major contribution to the pre-breakup palaeogeography of the 
region was provided by palaeomagnetic results from c. 180 Ma dol-
erites in West Falkland, which indicate c. 100° clockwise rotation 
possibly during Jurassic times (Taylor & Shaw 1989). This rotation 
agrees with stratigraphic and structural correlations that point to a 
pre-breakup position of the island to the east of, and in continuity 
with the Cape foldbelt (e.g. Adie 1952; Curtis & Hyam 1998). The 
driving mechanism for the rotation of the whole Falkland/Malvinas 
platform remains elusive. Nevertheless, whatever the process con-
sidered, all previous models invoke a simultaneous westward escape 
of Patagonia either as a single microplate or as a collection of crustal 
blocks (e.g. Rapela & Pankhurst 1992; Ben-Avraham et al. 1993; 
Marshall 1994; Barker 1999; Martin 2007) to accommodate the 
Falkland/Malvinas rotation.

The most popular mechanism considered for the accommoda-
tion of the westward motion of Patagonia with respect to stable 
South America is dextral sliding along the Gastre Fault System 
(Fig. 1a), which was interpreted as an intercontinental, tens of kilo-
metres wide, dextral strike-slip zone (Rapela & Pankhurst 1992). 

However, Rapela et al. (2005) recognized that the amount of dextral 
displacement in the Gastre Fault System invoked in the above mod-
els is unrealistic. Moreover, recent work (von Gosen & Loske 2004; 
Zaffarana et al. 2010, 2012) has shown that the geological record in 
Gastre shows neither the intensity nor the kinematics or indeed the 
timing of deformation as required in previous Gondwana breakup 
models. Currently, the transcontinental fault zones required to 
accommodate the relative motion between the Patagonian blocks 
remain cryptic and unobserved (Zaffarana et al. 2010, 2012).

In this paper we report palaeomagnetic results and 40Ar/39Ar 
ages from Jurassic rocks that rest unconformably on the Late 
Triassic granitoids of the Central Patagonian Batholith (Rapela  
et al. 1992; Zaffarana et al. 2010). These Triassic granitoids were 
considered as the main carrier of the deformational evidence for 
supporting the transcontinental, dextral kinematics commonly 
attributed to the Gastre Fault System (e.g. Rapela & Pankhurst 
1992). The isotopic data indicate that the sampled lavas were 
erupted in the Early Jurassic, with ages comparable with those of 
both the dolerites in the Falkland/Malvinas Islands and the magma-
tism in the Karoo–Ferrar large igneous province (LIP). The palaeo-
magnetic results show that Gastre records an anticlockwise finite 
rotation with respect to stable South America, which argues against 
a direct relationship between the large clockwise rotation of the 
Falkland/Malvinas platform and the Jurassic deformation in Gastre.

The Lonco Trapial Formation at Gastre

The Gastre area, located in the central–southern sector of the North 
Patagonian Massif (Fig. 1), is characterized by widespread out-
crops of the Central Patagonian Batholith, which is formed by two 
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suites of Late Triassic (c. 220–210 Ma) I-type granitoids (Rapela  
et al. 1992; Zaffarana et al. 2010). Resting on a highly irregular 
palaeosurface carved in these granitoids is a Jurassic volcano- 
sedimentary unit, formerly known as the Taquetren Formation but 
now included in the Lonco Trapial Formation (e.g. Page & Page 
1993), whose type localities crop out further south.

The Lonco Trapial Formation at Gastre is composed of a volu-
metrically important andesitic eruptive suite associated with thick 
conglomerates and locally important tuffaceous layers and minor 
andesitic dykes. The volcanic facies is mainly represented by 
andesites, breccias, and subordinate ignimbrites. Sparse outcrops 
of rhyolitic and andesitic dykes represent associated sub-volcanic 
facies. The sedimentary facies is represented by thick conglomer-
ates, which in the main sampling zone are almost exclusively com-
posed of volcanic boulders, although blocks of granitoids are 
common in the conglomerates from the southern outcrops shown in 
Figure 1b. Subordinate to the conglomerates there are thinner units 
of pelites and tuffaceous sandstones.

The physical continuity of amalgamated volcanic facies can be 
traced over distances of tens of kilometres in the volcanic massif 
forming the Sierra de Lonco Trapial (Fig. 1b). Palaeohorizontal 
was confidently determined at most sampling sites by diverse 
observations such as intercalated sedimentary layers, c. 0.5 km 
scale triangulation of the topographic level from single conglomer-
ate–lava contacts, measurements of the disposition of in situ metre-
scale fossil tree trunks in tuffaceous sandstones, observation of 

contacts of ignimbrite bodies, and measurements of compaction 
planes provided by fiamme. overall most sites in the sampled 
region (Fig. 1b) were found to be subhorizontal in attitude.

Geochronology

The Lonco Trapial Formation has been traditionally assigned to 
the Middle Jurassic sensu lato (e.g. Rapela et al. 2005) although 
an interfingering stratigraphic relationship with supposedly 
older Jurassic units has been observed in some localities. 
Recently, Silva Nieto (2005) reported, without providing ana-
lytical data, a 173.1 ± 9.4 Ma whole-rock K/Ar age from an 
andesite cropping out c. 150 km SSW of Gastre. In this paper 
we report three 40Ar/39Ar step-heating ages on amphibole grains 
(Fig. 2) from samples from two outcrops in the study area (see 
location in Fig. 1b). These single grain analyses were carried 
out on grains of the order of 251 and 178 µm (60–80 mesh grain 
size). The dated samples are andesitic lavas cropping out at 
41°51′14.7″S, 69°18′02″W and 42°7′52.11″S, 69°4′19.55″W 
(samples T0 and T1 respectively in Fig. 1b).

Sample T0 is an andesitic lava (Sio2 = 62.39%; K2o = 1.98%; 
Franzese et al. 2002) with hornblende and plagioclase crystalo-
clasts (5% of the rock) immersed in a pilotaxitic-looking ground-
mass, where long plagioclase microlites in general show good 
flow-structure. Hornblende crystals are fresh and exhibit green to 
brown pleochroism and have resorption borders. They can measure 

Fig. 1. (a) Proposed trace of the Gastre 
Fault System (GFS) as suggested by Rapela 
& Pankhurst (1992). LT and CM denote 
the location of sampling zones of this 
study and of the study of Iglesia Llanos 
et al. (2003), respectively. (b) Geological 
map of the study area showing location of 
sampling sites.
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up to 10 mm, but their average size is significantly smaller because 
they appear frequently broken. Plagioclase crystals may also be 
fractured, and have polysynthetic twinning, zonality, cribate tex-
ture and albitic rims. The groundmass (95% of the rock) is com-
posed of plagioclase, opaque minerals, hornblende and clays.

Sample T1 is an andesitic lava with amphibole and plagioclase 
phenocrysts in a greyish green pilotaxitic groundmass. Phenocrysts 
(50% of the rock) are represented by hornblende, plagioclase, 

clinopyroxene, opaque minerals and biotite. Plagioclase phe-
nocrysts (60% of phenocrysts) are euhedral and zonal, and have 
cribate texture. They are intensely altered to sericite and clays. 
Sometimes they have nuclei of more calcic composition, which 
show more intense alteration than crystal borders. They can meas-
ure up to 30 mm in length. Hornblende phenocrysts are large  
(c. 10 mm), euhedral and fresh, and represent 10% of the rock. 
They are slightly pleochroic from green to light green and may 

Fig. 2. 40Ar/39Ar age spectra and isochrons 
obtained on single grains of amphibole 
from andesitic lavas of the Lonco Trapial 
Formation. Results from samples T0  
(a), T1A (b) and T1N (c).
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exhibit zonality and polysynthetic twinning, although, in contrast 
to sample T0, crystals from T1 do not show resorption borders. 
They may sporadically have inclusions of clinopyroxene and pla-
gioclase altered to sericite and clays. Clinopyroxene crystals are 
euhedral and represent 10% of the phenocryst fraction. Biotite phe-
nocrysts are very scarce and are intensely altered to opaque miner-
als and chlorites. The remaining 5% of the phenocryst fraction is 
shared by opaque minerals and apatite. The groundmass (50% of 
the rock) has a microgranular appearance, and is formed by opaque 
minerals, plagioclase and former glass, which is devitrified  
to clays, chlorite and secondary silica. Veins and amygdales are 
filled with chlorite and silica.

Amphibole separates picked from these two samples were sent 
to three laboratories for 40Ar/39Ar age determinations by furnace 
step-heating on single grains. Sample T0 was irradiated in the 
nuclear reactor at McMaster university, Hamilton, Canada; sam-
ple T1-A was analysed at the Arizona Noble Gases Laboratory of  
the university of Arizona (uSA); and sample T1-N was sent to 
the Nevada Isotope Geochronology Laboratory (NIGL) of the 
university of Nevada, Las Vegas (uSA). The decay constants 
used were those of Steiger & Jäger (1977). Errors shown in the 
age spectrum and isotope correlation diagram represent the ana-
lytical precision at 1σ. The dates and J values of sample T0 are 
referenced to Hb3Gr hornblende at 1072 Ma (Roddick 1983), to 
the Fish Canyon Tuff sanidine at an age of 28.02 Ma (Renne et al. 
1998) for sample T1-N, and to the GA 1550 Biotite flux monitors 
(98.79 ± 0.54 Ma, Renne et al. 1998) for sample T1-A. A sum-
mary of the geochronological data is given in Table 1. Sample  
T0 (Fig. 2a) gave a plateau age of 187.7 ± 0.73 Ma (1σ) for  
82% of the 39Ar released. Although there is no statistical differ-
ence between the plateau age and the isotope correlation age 
(185.4 ± 0.99 Ma) the initial ratio is greater than atmospheric. 
Thus, there could be some small amount of excess argon influ-
encing the plateau age and so the correlation age is the preferred 
value in our interpretation. Franzese et al. (2002) reported a 
u–Pb sensitive high-resolution ion microprobe (SHRIMP) age of 
242.9 ± 2.5 Ma for the same lava, which is incompatible with the 
geology because the outcrop clearly corresponds to the Jurassic 
Lonco Trapial Formation (i.e. the Taquetren Formation of 
Franzese et al.). Because our 40Ar/39Ar age is consistent with the 
regional geology, we suspect that the T0 lava carries inherited 
zircons from the underlying Triassic granitoids of the Central 
Patagonian Batholith, thus explaining the anomalous u–Pb 
SHRIMP age (Franzese et al. 2002).

Amphibole separates picked from sample T1 were divided into 
two aliquots (T1-N and T1-A) each sent to different laboratories as 
noted above. Sample T1-A (Fig. 2b) produced a good plateau age 
of 184 ± 5 Ma (1σ) with almost 95% of the 39Ar released. The cor-
related age is 182 ± 10 Ma (1σ), and the total gas age is slightly 
lower (179 ± 9 Ma, 1σ, Table 1) owing to argon loss in the less 
retentive sites. No excess argon seems to be present in the sample 
because the initial 40Ar/36Ar ratio is close to atmospheric and 
because the age spectrum does not show the typical u-shape of 
samples containing excess argon (Fig. 2c). The uncertainty in the 

correlation age is somewhat high (Table 1, and see below), thus the 
preferred age for this sample is the plateau age.

In aliquot T1-N, Ca/K and Cl/K ratios covary (Fig. 2c) and 
change by >30%, which indicates that the sample contained more 
than one source of amphibole (see the explanations of Villa et al. 
2000, and references therein). An isochemical age was calculated 
following Allaz et al. (2011) using the high-temperature release 
steps (15–17), which are the only ones with indistinguishable Ca/K 
ratios (25.2 ± 0.5), indistinguishable Cl/K ratios (0.184 ± 0.004), 
and also indistinguishable ages. For these steps, which together 
make up 44% of the 39Ar release, the weighted average age is 
181.6 ± 0.7 Ma. The isochron age for these three steps is 
182.8 ± 1.3 Ma (1σ) with an initial 40Ar/36Ar ratio of 281 ± 29 and 
MSWD of 0.08. The isochron age of 182.8 ± 1.3 Ma, which is 
closely coincident with the plateau age, is taken as the most accept-
able age for this aliquot and is consistent with the independent 
T1-A determination.

Palaeomagnetism

We drilled 198 samples at 24 sites irregularly covering an area of 
about 1800 km2 in the Sierra de Lonco Trapial (Fig. 1). Sampled 
rock types are andesitic lavas and dykes, andesitic breccias, ignim-
brites, hydrothermal breccias, fine-grained sandstones and pelites 
intercalated within the volcanites (Table 2). Samples were oriented 
using both magnetic and solar compasses. The natural remanent 
magnetization (NRM) of standard palaeomagnetic specimens was 
measured with a three-axis cryogenic magnetometer DC-SQuID 
(2G-750R), and the susceptibility of samples subjected to thermal 
demagnetization was monitored during the process using a 
Bartington MS-2 susceptibility meter.

The intensity of the NRM of the volcanic rocks ranged from 1 to 
4000 mA m−1, with the ignimbrites and andesitic lavas having the 
lowest and highest values, respectively. Stepwise thermal and alter-
nating field (AF) demagnetization techniques were applied to ana-
lyse the palaeomagnetic behaviour. Six sites (mainly greenish 
andesites) showed only a soft, low-coercivity magnetization almost 
completely removed at 15–20 mT and were omitted from further 
study. AF demagnetization revealed that remanence in samples 
from sedimentary sites JZ16t and T2 is dominated by a moderate- 
to high-coercivity component probably carried by magnetite (e.g. 
Fig. 3a). In contrast, AF demagnetization removed only c. 50% of 
the natural magnetization in the lavas, breccias and ignimbrites 
(e.g. Fig. 3b), pointing to the important contribution of hematite as 
a remanence carrier in these rocks. Thus, thermal demagnetization 
was the preferred method to fully demagnetize the samples (e.g. 
Fig. 3c–e). A univectorial behaviour was observed in all cases, with 
magnetite and hematite carrying the same palaeomagnetic vector 
(e.g. compare results from samples of site JZ3: Fig. 3b v. Fig. 3c). 
From these samples carrying a high-coercivity, high-temperature 
magnetization, only those components having a maximum angular 
deviation ≤10° were considered for further study.

Rock magnetism (hysteresis loops and isothermal remanent  
magnetization acquisition) further illustrates the almost exclusive 

Table 1. Summary of geochronological data (errors given at 1σ level)

Sample Laboratory Mineral 39Ar (%) Plateau age  
(Ma)

39Ar (%) Correlated age  
(Ma)

Total gas age  
(Ma)

Accepted age  
(Ma)

T0 Canada Hornblende 82.2 187.69 ± 0.73 95.3 185.39 ± 0.99 189.36 ± 0.78 185.39 ± 0.99
T1-Arizona Arizona Hornblende 96.5 184 ± 5 100 182 ± 10 179 ± 9 184 ± 5
T1-Nevada Nevada Hornblende 44 181.6 ± 0.7 44 182.8 ± 2.5 180.3 ± 0.7 182.8 ± 1.3
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presence of magnetite in the sedimentary sites and the coexistence of 
high- and low-coercivity phases in most of the palaeomagnetically 
suitable volcanic rocks. Polished sections from andesites of sites 
GTK, JZ6 and JZ10 (e.g. Fig. 4) were examined under reflected light 
to further investigate the relationship between high- and low- 
coercivity minerals. Euhedral titanomagnetite grains in the range 
100–200 µm appear disseminated in the groundmass of the andesites 
and are intensely oxidized to titanohematites disposed along the 

{111} planes of the host titanomagnetite (Fig. 4). The oxidation tex-
tures in the titanomagnetites could be ascribed to the C4–C5 stages 
of Haggerty (1976). Hematite patches also appear as alteration prod-
uct in amphibole phenocrysts.

The titanohematites are interpreted to be the product of high-
temperature (>400 °C) deuteric processes because: (1) titanohema-
tite in titanomagnetite is disposed along the {111} planes of the host 
resembling high-temperature oxidation states (C4 and C5 of 

Fig. 3. (a–e) Examples of palaeomagnetic 
behaviour. open (closed) symbols indicate 
projection onto the vertical (horizontal) 
plane. (f) Site mean directions with open 
(closed) symbols representing normal 
(reversed) palaeofield records. Squares 
denote mean direction with α95 >15°. Sites 
JZ12 and T7 were not used for tectonic 
interpretation.

Table 2. Palaeomagnetic results of Lonco Trapial Formation at Sierra de Lonco Trapial

Site Lat.  
(°S)

Long. 
(°W)

Lithology J0 
(mA m−1)

n/n0 Dec. Inc. α95 k VGP  
(°S)

VGP  
(°E)

dp dm

JZ1 −42.12 −69.28 Rhyolite 1 3/5 349.2 −45.3 27.2 22 −72.3 77.3 22 35
JZ2 −42.04 −69.28 Andesite 1000 5/6 156.0 61.0 7.6 101 −72.2 12.6 8.9 12
JZ3 −41.85 −69.40 Andesite 400 5/6 165.1 29.9 3.8 574 −61.2 79.8 2.3 4.2
JZ4 −41.85 −69.30 Andesite 300 4/5 147.3 46.0 9.7 90 −59.7 38.7 7.9 12
JZ5 −41.87 −69.33 Andesite 500 6/6 171.9 59.6 5.1 172 −83.8 31.4 5.8 7.7
JZ6* −41.88 −69.37 Andesite 1000 5/5 344.1 −37.8 5.2 312 −65.4 73.0 3.6 6.1
JZ10 −42.16 −69.12 Andesite 1000 4/5 356.0 −59.2 9.6 167 −86.3 55.3 11 14
JZ11* −42.17 −69.13 Ignimbrite 500 5/6 142.0 37.6 6.2 153 −51.7 42.7 4.3 7.3
JZ12 −42.03 −69.11 And/ignim 300 5/8 219.6 39.9 8.4 65 −51.8 183.0 6.1 10
JZ16 −42.26 −69.41 Breccia 10 4/6 314.6 −64.5 26 13 −57.7 357.5 33 42
JZ16t −42.26 −69.41 Tuff 10 7/9 9.6 −61.3 10.4 35 −82.9 205.0 12 16
JZ17 −42.26 −69.41 Ignimbrite 3 5/6 298.8 −52.4 16.9 21 −41.7 10.5 16 23
T2 −42.10 −69.10 Pelite 7 8/8 167.7 61.2 7.7 52 −80.9 15.6 9.1 12
T4 −42.05 −69.09 Andesite 4000 5/6 161.0 67.5 10 45 −82.2 62.2 18 19
T5 −42.14 −69.09 Rhyolite 9 9/9 2.7 −60.3 4.8 116 −87.8 177.8 5.5 7.3
T6 −42.13 −69.10 Andesite 20 6/6 14.8 −67.4 4.6 212 −77.0 244.4 6.4 7.7
T7 −42.17 −69.14 Ignimbrite 8 5/5 41.9 −46.1 5.9 170 −53.0 191.1 4.8 7.6
GTK −42.16 −69.12 Andesite 700 4/6 350.5 −62.9 10.4 79 −82.7 0.2 13 16

J0, average intensity of initial natural magnetization; n/n0, number of collected samples/number of samples used in statistics; Dec. and Inc., declination and inclination of site mean 
palaeomagnetic vector; α95, semiangle of the conus of 95% confidence around the mean; k, Fisherian precision parameter; VPG, virtual palaeomagnetic pole associated with each site 
(given in °S latitude, °E longitude); dp, semiaxis of the confidence ellipse around the VGP in the site-to-pole direction; dm, semiaxis of the ellipse in the direction normal to dp.
*After restoring to the palaeohorizontal. Bedding plane JZ6 = 270°E, dip 5°S; bedding plane JZ11 = 297°E, dip 30°NE.
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Haggerty 1976); (2) titanomagnetite and titanohematite carry the 
same palaeomagnetic component (compare Fig. 3b with Fig. 3c), 
pointing to almost simultaneous blocking of their remanences;  
(3) site mean palaeomagnetic vectors define a population of normal 
and reversed directions whose dispersion (Fig. 3f) resembles that 
expected for natural (palaeosecular) variation of the palaeomagnetic 
field instead of the tight clustering of directions typically seen in the 
cases of regional remagnetization; (4) regional remagnetization 
should also have affected the sedimentary sites JZ16t and T2, which 
show opposite polarities and magnetite as the principal carrier;  
(5) the Lonco Trapial volcanic rocks represent the last thermal event 
in the sampling area, with the exception of a small, isolated 
Quaternary basalt cropping out in a gorge carved in the Gastre gran-
itoids of the Sierra de Lonco Trapial. We conclude that the observed 
remanences in the lavas constitute records of the Early Jurassic geo-
magnetic field, in part of thermoremanent nature (titanomagnetites) 
and partly reflecting high-temperature, deuteric oxidation processes 
(thermoremanent and/or thermochemical) that occurred during and 
immediately after the emplacement of the lavas, ignimbrites and 
volcanic breccias. The remanence from the two sedimentary sites, 
showing opposite polarities and magnetite as the almost unique car-
rier, was therefore probably acquired at or soon after deposition.

A mean direction for each site was obtained by applying stand-
ard Fisherian statistics (Table 2). At site level we choose an α95 
≤15° cutoff angle for admission of results, resulting in the rejection 
of the mean direction from three of the sites listed in Table 2. 
Normal and reversed site mean directions are separated by 11° ± 14° 
arc (see inset in Fig. 3f) yielding a positive class C reversal test 
(McFadden & McElhinny 1990), which strongly suggests that the 
time-averaged palaeomagnetic vector constitutes an acceptable 
determination of the palaeofield and is valid for further tectonic 
interpretations. Site mean magnetizations from the 15 sites that 
passed the selection criteria were converted to virtual geomagnetic 
poles (VGP, Table 2) to compute a mean pole position. VGPs from 
two of these sites (JZ12 and T7; their vectors are denoted in Fig. 3f) 
were discarded because they are removed by more than 2σ from the 
mean pole position of the first (n = 15) run. Finally, a mean pole 
position for the 13 accepted sites of the Lonco Trapial Formation at 
Gastre was determined (79.35°S, 47.01°E, A95 = 8.4°, K = 26).

Early Jurassic tectonomagmatic overview of 
the North Patagonian Massif

The new 40Ar–39Ar ages from the Lonco Trapial unit allow an 
almost complete view of Early Jurassic palaeogeography across the 
North Patagonian Massif (Fig. 5). From west to east, the main tec-
tonic units representing this palaeogeography are: (1) a forearc 
mostly composed of marginal sedimentary prisms accreted to the 
continental margin in the Late Palaeozoic (north of c. 41°30′S) and 
latest Triassic–earliest Jurassic times (Duhart et al. 2001; Hervé & 
Fanning 2001; Hervé et al. 2003); (2) the Subcordilleran Plutonic 
Belt, representing an unroofed 180–185 Ma magmatic arc (Rapela 
et al. 2005); (3) the strata of the NNW–SSE-trending Pampa de 
Agnia Basin, which contain late Pliensbachian–Toarcian ammo-
nites (Lesta et al. 1980; uliana & Biddle 1987; Vizán 1998); (4) the 
herein dated Lonco Trapial volcano-sedimentary suite (Page & 
Page 1993); (5) the Marifil rhyolite–ignimbrite field (Pankhurst & 
Rapela 1995; Féraud et al. 1999) cropping out from central 
Patagonia eastward to the Atlantic coast (Fig. 5).

The c. 185 Ma Lonco Trapial andesites in Gastre overlie c. 
210 Ma granitoids of the Central Patagonian Batholith, constrain-
ing uplift and denudation of the batholith to a c. 25 Ma interval 
coinciding with the Triassic–Jurassic boundary. This interval 
includes the Chonide event, which represents the metamorphism 
and final accretion of the southern Andean Chonos and Madre de 
Dios accretionary complexes (Thomson & Hervé 2002; Hervé  
et al. 2003, 2008). The Chonide event, in turn, seems to be coeval 
with the Peninsula orogeny in West Antarctica and with the 
Rangitata I orogeny in New Zealand (e.g. Vaughan & Livermore 
2005), suggesting that uplift and denudation of the Central 
Patagonian batholith in Gastre may have been associated with an 
accretionary episode of regional extent along the proto-Pacific 
margin of Gondwana.

The new 40Ar/39Ar ages further indicate that the Lonco Trapial 
calc-alkaline lavas (LT in Fig. 5) were erupted in the eastern side 
of the evolving Pampa de Agnia Basin. Farther east, Early Jurassic 
magmatic activity produced the extensive Marifil rhyolite–ignim-
brite field (MF in Fig. 5). Similar isotopic ages found for both the 
Lonco Trapial and the Marifil units (Féraud et al. 1999; Pankhurst 
et al. 2000; this paper) agree with the observed interdigitation 
between the (eastern) rhyolites and the (western) andesites near 
67°W (Lesta et al. 1980). The composition of the western lavas 
was interpreted as the result of fractional crystallization of man-
tle-derived material with a subduction geochemical signature 
(Page & Page 1993). The eastern rhyolitic province is thought to 
be the result of extensive anatexis of the lower crust, producing 
initially primary andesitic magmas that later underwent crystal–
liquid fractionation processes involving fractional crystallization 
and remelting during magma ascent (Pankhurst & Rapela 1995). 
Thus, extensional tectonics would have been the likely mecha-
nism to produce melting in the eastern silicic sector. Although the 
western mafic volcanic rocks have a subduction-related signature 
indicating their active-margin association along with the Early 
Jurassic granitoids of the Subcordilleran Plutonic Belt, the par-
ticipation of extension in magma generation here is also likely 
(e.g. Gust et al. 1985; uliana et al. 1985), as indicated by coeval 
development of the adjacent, fault-bounded Pampa de Agnia 
Basin.

Analysing the Pliensbachian–Toarcian 
palaeomagnetic record in northern Patagonia

The tectonic analysis of deformed regions and suspect ter-
ranes requires the comparison between observed and expected  

Fig. 4. Photomicrograph of highly oxidized titanomagnetite grain in 
sample GTK6. Titanohematite is disposed along {111} planes of the host 
resembling stages C4 and C5 of Haggerty (1976). Higher oxidation in 
the border of the grain led to complete replacement of titanomagnetite 
by rutile. Parallel Nicols. th, titanohematite; tm, titanomagnetite.
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palaeomagnetic directions for the studied locality, the expected 
directions being derived from the coeval palaeomagnetic field in 
stable areas (the reference palaeofield). A common approach for 
performing this is to compare the obtained data with reference 
poles from global compilations (e.g. Besse & Courtillot 2002; 
Torsvik et al. 2008), which fill gaps in the available data for single 
plates and average out unknown residual problems with the selected 
poles (e.g. Somoza 2011). In the case of our study, however, we 
may compare the results with two indisputable Early Jurassic cra-
tonic poles for Gondwana, namely the palaeopoles from the c. 
180 Ma lavas and intrusive rocks of the Karoo (averaging six poles 
listed by Torsvik et al. 2008) and Ferrar (as determined by Lanza & 
Zanella 1993) large igneous provinces cropping out in the Kalahari 
and East Antarctica cratons, respectively.

The three available poles from 178–186 Ma rocks in the North 
Patagonian Massif together with the above reference poles for cra-
tonic Gondwana in South American coordinates, and an additional 
cratonic pole from coeval dykes and lavas in NE Brazil (Ernesto  
et al. 2003), are shown in Figure 6. The North Patagonian poles 
arise from studies in (1) dominantly sedimentary rocks from the 
Lepa and osta Arena Formations in the Pampa de Agnia Basin 
(Vizán 1998; Lo in Fig. 6), (2) rhyolitic lavas and ignimbrites from 
the Marifil Formation at Peninsula Camarones (Iglesia Llanos et al. 
2003; MF in Fig. 6), and (3) the palaeopole of this study from the 
Lonco Trapial Formation (LT in Fig. 6). All three North Patagonian 
poles are offset from the reference poles, with the main contrast 
being in the mean declination of their time-averaged palaeomag-
netic vectors. The palaeolatitudes predicted by the Early Jurassic 
volcanic rocks (MF and LT in Fig. 6) are in close agreement with 
each other and as predicted by the reference poles, whereas the 
lower palaeolatitude predicted by the pole from the Lepa and osta 
Arena formations (Lo in Fig. 6) could be related to inclination flat-
tening associated with compaction processes in the Pampa de 
Agnia basin. The overall picture suggests that these localities in the 
North Patagonian Massif record variable amounts of anticlockwise 
finite rotation with respect to cratonic South America, with very 
low to negligible latitudinal motion.

The internal difference between the Patagonian poles in Figure 6 
may result from either coeval differential rotation in small crustal 
blocks and/or the accumulation of rotations from differing subse-
quent events at one or more localities. The latter must be taken 
into account given the presence of pre-mid-Cretaceous clockwise 
(opposite sense) rotations detected in rocks of the Middle to 
upper Jurassic Cañadón Asfalto Formation cropping out c. 
200 km south of Gastre (Geuna et al. 2000) and possibly also in 
170 Ma dykes located c. 70 km WNW of Gastre (Rapalini & 
López de Luchi 2000), although the latter could alternatively be a 
case of unresolved eastward tilting. overall, the data in Figure 6 
together with those in previous studies (Geuna et al. 2000; 
Somoza et al. 2008) indicate that the pre-mid-Cretaceous palaeo-
magnetic record in Patagonia should not be incorporated in the 
cratonic palaeopole database for South America but should be 
analysed in terms of internal Patagonian deformation. Indeed, it is 
likely that, during the early breakup of Gondwana, the Patagonia–
West Antarctica region behaved as a collection of single blocks 
moving towards the ancestral Pacific in the frame of wide-
spread extensional tectonics (e.g. Barker 1999). In this context, 
the increasing palaeomagnetic database from southern South 
American localities of this former collection of West Gondwana 
Pacific borderland blocks shows a kinematic complexity resem-
bling that already observed from those blocks that form the pre-
sent-day West Antarctica and New Zealand landmasses (see 
discussion by DiVenere et al. 1996).

The kinematics indicated by palaeomagnetic data from Lower 
Jurassic rocks in the North Patagonian Massif, which incorporates 
results from two localities along the supposed tectonic junction of 
the Gastre Fault System (LT and CP in Fig. 6, see also Fig. 1), 
strongly contrasts with the large clockwise rotation detected in the 
roughly coeval (e.g. Stone et al. 2008) dolerites of the Falkland/
Malvinas Islands (Taylor & Shaw 1989). This argues against a 
direct kinematic relationship between the rotation of the islands 
and the deformation in the Gastre area (e.g. Rapela & Pankhurst 
1992; Marshall 1994; Martin 2007), further supporting the findings 
in new studies (von Gosen & Loske 2004; Zaffarana et al. 2010, 

Fig. 5. Main c. 185 Ma tectonic units in 
the North Patagonian Massif, from west 
to east: the Chonos accretionary complex 
(CMC), the Subcordilleran Plutonic Belt 
(SPB), the Pampa de Agnia Basin (PAB), 
the Lonco Trapial volcanic field (LT) 
and the Marifil volcanic field (MF), both 
of the last two covering an area greater 
than 200000 km2. Crosses in the upper 
right corner denote outcrops of c. 180 Ma 
plutons. CBP, Late Triassic Central 
Patagonian Batholith; dashed–dotted line, 
axis of the Middle Jurassic to Neogene 
Patagonian Batholith; GSJB, Mid- to 
Late Jurassic to Cretaceous Golfo de San 
Jorge Basin. Inset shows the region in a 
c. 180 Ma palaeogeography of Gondwana 
after Dalziel et al. (2000), with the old 
cratonic nuclei shaded dark grey and the 
Karoo–Ferrar (K and F, respectively) LIP 
shaded black.
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2012) that oppose the existence of the Gastre Fault System as a 
regional, through-going dextral fault system of transcontinental 
dimensions during the breakup of Gondwana.

Conclusions

The new c. 185 Ma 40Ar/39Ar age for andesites of the Lonco 
Trapial Formation at Gastre indicate a volcanic-dominated, 
Pliensbachian–Toarcian palaeogeography across the whole of the 
North Patagonian Massif. The rocks of the Lonco Trapial 
Formation lie on 210–220 Ma granitoids of the Central Patagonian 
Batholith, implying a period of batholith uplift and denudation in 
latest Triassic to earliest Jurassic times. The uplift of the Central 
Patagonian Batholith could thus be related to the association of 
events in the proto-Andean continental margin that Hervé et al. 
(2003) grouped into the Chonide orogeny.

The palaeomagnetic poles from three Early Jurassic localities in 
the North Patagonian Massif show the existence of anticlockwise 
finite rotations of rather small and variable magnitude. These data 
strongly contrast with the palaeomagnetic results from the roughly 
coeval (Stone et al. 2008) dolerites in the Falkland/Malvinas 
Islands, arguing against a kinematic relationship between the rota-
tion in the islands and the deformation in Gastre. Taken together, 
available palaeomagnetic data from Patagonia suggest a more com-
plex than previously thought pattern of deformation during the 

early stages of Gondwana breakup. The terrane boundaries in the 
region remain to be determined.
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spectroscopy, and RADAR data that reveal subsurface structure. This book reveals how this information is being used to understand the
evolution of martian landscapes, and includes topics such as fluvial flooding, permafrost and periglacial landforms, debris flows, deposition
and erosion of sedimentary material, and the origin of lineaments on Phobos, the larger martian moon. Contemporary remote sensing data of
Mars, on a par with those of Earth, reveal landscapes strikingly similar to regions of our own planet, so this book will be of interest to Earth
scientists and planetary scientists alike. An overview chapter summarising Mars’ climate, geology and exploration is included for the benefit of
those new to Mars.
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•208 pages •Hardback
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• Special Publication 352

Human Interactions with the Geosphere: 
The Geoarchaeological Perspective
Edited by L. Wilson

Human impact on our environment is not a new phenomenon. For millennia, humans have been coping with – or provoking – environmental
change. We have exploited, extracted, over-used, but also in many cases nurtured, the resources that the geosphere offers. Geoarchaeology
studies the traces of human interactions with the geosphere and provides the key to recognizing landscape and environmental change, human
impacts and the effects of environmental change on human societies.

This collection of papers from around the world includes case studies and broader reviews covering the time period since before modern
human beings came into existence up until the present day. To understand ourselves, we need to understand that our world is constantly
changing, and that change is dynamic and complex. Geoarchaeology provides an inclusive and long-term view of human–geosphere
interactions and serves as a valuable aid to those who try to determine sustainable policies for the future.
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