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A paleomagnetic and rock magnetic study was carried out in the Ediacaran Avellaneda (~570 Ma) and Cerro
Negro (~555 Ma) Formations belonging to the La Providencia Group, in the upper part of the Neoproterozoic
sedimentary cover of the Tandilia region, in the Rio de la Plata craton. The Avellaneda Formation was studied at
outcrop level and in three drill cores, yielding a mean characteristic remanence direction of Dec: 21.4°, Inc:
67.1°, ags: 4.2°, k: 23.9, N: 51 and a paleomagnetic pole at 1.0° S, 313.4° E, Ags: 5.9°. The Cerro Negro Formation
yielded a mean characteristic direction of Dec: 22.0°, Inc: 68.5°, ags: 10.3°, k: 20.8, N: 11 obtained from a single
drill core, from which a paleomagnetic pole at 3.6° S, 307.8°E, Ags: 16.6° was computed. Rock magnetic data
indicates that magnetic remanence is mainly associated with magnetite and hematite. The paleomagnetic in-
formation presented here results in a change in the previously accepted Late Ediacaran apparent polar wander
path of the Rio de la Plata Craton. The newly obtained poles indicate that Rio de la Plata Craton experienced a
rapid drift from a low latitudes location (ca. 19° S) at ca. 600 Ma to moderately higher latitudes (between 50°

and 42°S) from around 580 to 550 Ma.

1. Introduction

The Ediacaran period (635-539 Ma) witnessed a series of events of
great importance such as the appearance and diversification of a com-
plex biota (Erwin et al., 2011; Xiao et al., 2014, among others). At the
same time, significant climatic changes occurred affecting the atmo-
sphere composition and the chemistry of the oceans (eg. Canfield et al.,
2008; Ader et al., 2009, 2014; Lyons et al., 2014; Sperling et al., 2015;
Smith et al., 2016), which include a wide-spread glaciation (Gaskiers, Pu
et al., 2016; Gomez-Peral et al., 2018; Poiré et al., 2018) and the largest
negative excursion recorded in carbon isotopic composition (Shuram
excursion, Macdonald et al., 2013; Gomez-Peral et al., 2018; Li et al.,
2020). It has been speculated that all these processes have been directly
related to global paleogeographic changes due to the final dispersal of
the Rodinia supercontinent and the assembly of Gondwana (e.g. Collins

and Pisarevsky, 2005; Li et al., 2013). In addition, the Ediacaran could
have experienced very particular geomagnetic or geodynamic phe-
nomena based on different non-actualist hypotheses. For example,
geodynamic processes that led to episodes of inertial interchange true
polar wander (IITPW) have been proposed (eg. Evans, 2003; Mitchell
et al., 2012; Robert et al., 2017, 2018), or very peculiar geomagnetic
patterns, such as the existence of a magnetic field with an equatorial
dipole (Abrajevitch and Van der Voo, 2010) or a very weak geodynamo
with permanent non-dipole configurations of the field (Driscoll, 2016).
These hypotheses question the ability of the paleomagnetic method
through the geocentric axial dipole (GAD) hypothesis to determine the
paleolatitude and paleoorientation of the continents in the Ediacaran.
These views may have been reinforced by recent absolute paleointensity
determinations suggesting that during this period the Earth experienced
an ultra-low geomagnetic field (e.g. Bono et al., 2019; Thallner et al.,
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Fig. 1. A) Location of the study area, “La
Cabanita” quarry in the Tandilia System,
close to the Olavarria city; b) simplified
geological map of the “La Cabanita” quarry
where the location of the drill cores and the
sampled site are indicated. modified map
from Hernandez et al. (2017). Note: the map
published by Hernandez et al. (2017) was
carried out after the sampling of the AV1

u Ciy site. The outcrops in the quarry changed due
to the extraction works. In this way, the
location of site AV1 currently corresponds to
outcrops of the Loma Negra Formation.
Bedding numbers: strike/dip (right hand
convention).
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2021). In contrast to those findings, some Ediacaran-Cambrian polar
positions, with a high degree of reliability, have shown coherence along
a relatively simple Gondwana apparent polar path, suggesting that the
GAD hypothesis may still be valid for several intervals within, if not
across most of the Ediacaran (for example, Tohver et al., 2006; Rapalini,
2018).

One of the major questions regarding the paleogeography of Western
Gondwana from the Early Ediacaran to the Early Cambrian is the hy-
pothesis, based on paleomagnetic data, of the existence of a large Cly-
mene ocean between Amazonia-West Africa and Congo-Sao Francisco-
Rio de La Plata (Trindade et al., 2006; Cordani et al., 2013; Tohver
and Trindade, 2014; Rapalini et al., 2015). According to this hypothesis,
the Amazon-West Africa block should have been the last major landmass
to join Gondwana in the Early Cambrian. The existing paleomagnetic
information in volcanic units of the middle Ediacaran of West Africa
(Robert et al., 2017) allows a comparison of high quality contempora-
neous paleomagnetic poles for the ~ 575 Ma of the Rio de la Plata, West
Africa and Congo-Sao Francisco cratons. The superposition of the poles
of these cratons suggests that they were already united or very close to
each other in the middle Ediacaran (Rapalini et al., 2021), weakening
the model of a large Clymene ocean for those times (e.g. Rapalini et al.,
2015). On the other hand, sedimentological and paleontological evi-
dence has recently been interpreted as evidence for a still open Clymene
Ocean in the late Ediacaran (Warren et al., 2014; Arrouy et al., 2016;
Gomez-Peral et al., 2019; Arrouy and Gomez-Peral, 2021).

Paleomagnetic constraints on the paleogeographic evolution of the

- La Providencia Group
[ ] Loma Negra Fm.

Rio de la Plata craton (RPC) in the Precambrian is limited to three time-
spans (Rapalini et al., 2021). The first of them is restricted to the
Rhyacian, between 2.11 and 2.05 Ga (Rapalini et al., 2015; France-
schinis et al., 2019). The second time span occurs during the Statherian
and correspond to the 1790 Ma pole of Teixeira et al. (2013), which was
obtained from the Florida tholeitic dyke swarm exposed in the Piedra
Alta terrane, Uruguay. Finally, a third group of paleomagnetic poles and
virtual geomagnetic poles (LB, Rapalini, 2006; SBd, SBe and SBf,
Rapalini et al., 2013; SAn and PH, Rapalini et al., 2015) correspond to
the Ediacaran, coeval with the assembly of Gondwana (600-550 Ma,
Meert, 2014). The first paleomagnetic studies in Precambrian units of
the Tandilia system, southern Rio de la Plata craton, were carried out by
Valencio et al. (1980) in sedimentary units assigned at that time to the
La Tinta Formation (current Sierras Bayas Group). However, Rapalini
and Sanchez Bettucci (2008) and Rapalini et al. (2013) demonstrated
that these first studies had isolated a secondary remanence, likely
related to a Permian to Triassic remagnetization. In the last twenty
years, an apparent polar wander path (APWP) has been constructed with
a total of six polar positions from paleomagnetic poles and VGPs for the
Rio de la Plata Craton (Rapalini et al., 2013; 2015; Rapalini, 2018). This
path suggests that the craton was at low, nearly equatorial, latitudes at
around 600 Ma and drifted to intermediate latitudes by 575 Ma, possibly
already attached to or very close to the Congo-Sao Francisco and NW
Africa cratons (Rapalini et al., 2021). By around 550 Ma, the RPC was
still at intermediate latitudes. During the Ediacaran, besides this lat-
itudinal migration, the RPC underwent a large counterclockwise
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Fig. 2. A) Regional stratigraphic profile from Tandilia System. modified from Arrouy et al. (2019); b) Stratigraphic profiles of drill cores E34, E7 and H9. Strati-
graphic position of each sample is indicated. The main magnetic mineral identified is indicated at different stratigraphic levels for each drill core. M: magnetite,
H: hematite.
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Fig. 3. A) and b) Quarry front where the
Avellaneda Formation (site AV1) was
sampled; c), d) and e) Samples extracted
from the Avellaneda Formation in drill
core E34. photos d) and e) belong to the
same sample, showing the observed lami-
nations in detail; f) and g) samples
extracted from the Avellaneda Formation
in drill core H9; h) and i) samples
extracted from the Avellaneda Formation
in drill core E7; j) drilled samples from the
same formation with the individual cores;
k) and 1) samples extracted from the Cerro
Negro Formation in drill core E7. note the
fiduciary mark along the samples and the
well-developed laminations, used for
azimuthal orientation of the samples. See
text for more information.
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rotation. Lack of Neoproterozoic paleomagnetic data older than 600 Ma
has prevented a paleomagnetic test of the position of this craton within
Rodinia (e.g. Li et al., 2013). However, the available data has been
interpreted as incompatible with a mid-Ediacaran rifting of RPC from
the eastern margin of Laurentia (Rapalini et al., 2015). Despite this
progress on the Ediacaran apparent polar wander path of the Rio de la
Plata craton that has placed some constraints on its paleogeographic
evolution and the timing and kinematics of Western Gondwana assem-
bly (e.g. Rapalini, 2018; Rapalini et al., 2021), the paleomagnetic
database is still scarce for robust and precise paleogeographic
reconstructions.

In order to provide better constraints on the paleogeographic and
paleoenvironmental evolution of the southern Rio de la Plata craton
during Ediacaran times, a multidisciplinary study was initiated by
collaboration between researchers of the University of Buenos Aires,
National University of La Plata and University of Sao Paulo on the
sedimentary cover of the Tandilia system. The first results of this
collaboration are here presented in the form of two companion papers,
reporting paleomagnetic, rock magnetic, magnetic stratigraphy and
isotope stratigraphy data for the Avellaneda Formation. The present
paper is the first one, and describes in detail the paleomagnetic and rock
magnetic study carried out on nearly-two hundred and fifty oriented
samples of the Avellaneda Formation, mainly from three drill cores
drilled near the city of Olavarria, in the Buenos Aires province. Pre-
liminary data from the younger Cerro Negro Formation are also pre-
sented. These results permit to determine two new paleomagnetic poles
for the Rio de la Plata craton at approximate ages of 570 and 550 Ma
providing new evidence on the paleogeography of this cratonic unit
during Gondwana assembly.

2. The Tandilia System

The Tandilia System (Fig. 1) is exposed along a 300 km long NW-SE
belt in the Buenos Aires province, in central eastern Argentina. The
oldest rocks are represented by gneiss, migmatites, granitoids and dykes
of the Paleoproterozoic Buenos Aires Complex (Marchese and Di Paola,
1975; Cingolani et al., 2002). The basament rocks were intruded by a
swarm of Mesoproterozoic tholeiitic dykes (Teixeira et al., 2002 and
references therein) and covered by a Neoproterozoic sedimentary suc-
cession of unmetamorphosed and weakly deformed clastic and carbon-
ate rocks. These have been subdivided into the Sierras Bayas (see Poiré
and Gaucher, 2009) and La Providencia Groups (Arrouy et al., 2015).
The Sierras Bayas Group is made up of the following units, from the
oldest to the youngest: Villa Monica (dolostones and quartzites),
Colombo (diamictite), Cerro Largo (sandstones and mudstones), Ola-
varria (mudstones) and Loma Negra (limestones) Formations (Fig. 2a).
The youngest formation of the Sierras Bayas Group, the Loma Negra
Formation (Borrello, 1966), consists of a sequence of approximately 40
m of reddish and black micritic limestones deposited in an outer ramp
environment under low energy conditions related to a connected ocean,
interpreted as Clymene, by suspension fall-out (Gomez-Peral et al.,
2019). Gomez-Peral et al. (2007; 2018; 2019) suggested an age between
580 and 590 Ma for this formation on the basis of §'°C (+2.2 to + 4.5 %)
and ®7Sr/%0Sr (0.7064 up to 0.7080). In addition, this unit was related to
a global oceanic oxygenation event (OOE) at ~580 Ma (Sahoo et al.,
2016) revealed in Loma Negra Formation by redox sensitive indicators
(Gomez-Peral et al., 2019). A major regression marks the end of the
Sierras Bayas Group, with the development of the erosive Barker surface
(Poiré et al., 2007) on the Loma Negra limestones. This big drop in sea-
level has been assigned to the Gaskiers glaciation (Gomez-Peral et al.,
2018; Poiré et al., 2018), recorded at 580 Ma in Newfoundland (Pu et al.,
2016). This surface has been correlated with similar features in other
regions of southwestern Gondwana, like in Uruguay, Brazil, South Af-
rica, and Namibia (Poiré et al., 2018 and references therein).

Arrouy et al. (2015) proposed a new stratigraphic scheme for the
Late Neoproterozoic cover of the Tandilia system based on the
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subsurface recognition of a sedimentary succession of 150 m of shales
and siltstones. The succession on top of the Barker Surface was included
into the La Providencia Group, which is integrated from base to top by
the Avellaneda, Alicia and Cerro Negro Formations (Fig. 2a). The
Avellaneda Formation (Arrouy et al., 2015) is deposited directly on the
erosive Barker Surface. It consists of an association of facies, starting
from the base with a mixed composition of massive and laminated marls,
increasing the siliciclastic content towards the top where it is composed
of massive red clays. The palaeoenvironment proposed for its deposition
is intermareal to supramareal, with sparse evidence of subaerial expo-
sure (Arrouy et al.,, 2015). The age of the Avellaneda Formation is
restricted stratigraphically between the Barker Surface and the Late
Ediacaran fossils found in the Cerro Negro Formation (see below). This
suggests the Avellaneda Formation to be constrained somewhat between
580 Ma and 560 Ma. Accordingly, the carbon isotope profile of the
Avellaneda Formation displays a marked negative excursion from + 2.8
to —3.6 %o, which was considered the cooling response during a post
Gaskiers glaciation event (Gomez-Peral et al., 2018; Arrouy et al., 2021)
correlated to the onset (574-570 Ma) of the global Shuram carbon
isotope excursion (570-562 Ma Gong and Li, 2020; 574-567 Ma Rooney
et al., 2020; see Afonso et al., 2022 companion paper).

The Alicia Formation (Arrouy et al., 2015; Arrouy and Gomez-Peral
2021) consists of a clastic succession of black shales in the lower levels
that grade into a succession of heterolytic facies of black to grey silt-
stones and sandstones, both with wavy and lenticular stratification.
Massive gray siltstones appear towards the top of the unit. A distal
subtidal setting, with anoxic to suboxic conditions, has been inferred for
this unit based on its dark color and the presence of pyrite, and later
confirmed based on geochemical redox-sensitives indicators (Arrouy
and Gomez Peral, 2021).

The Cerro Negro Formation (Iniguez and Zalba, 1974), redefined by
Arrouy et al. (2015), consists of a succession of massive, fine- to
medium-grained sandstones with symmetric waves and swaley cross
lamination, black to gray heterolytic facies with wavy stratification, and
massive red shales. This formation is assigned to a subtidal to intertidal
zone with frequent structures associated with tractive processes alter-
nating with subordinate processes of decantation by suspension. Arrouy
et al. (2016) reported discoidal structures in fine sandstones of this
formation that were assigned to the genus Aspidella sp. The character-
istics of these fossil remains in the upper levels of the Cerro Negro
Formation have been interpreted as corresponding to the “White Sea”
Assemblage (Arrouy et al., 2016), with a most probable age between 558
and 550 Ma (Cracknell et al., 2021).

3. Methodology
3.1. Outcrop sampling

The outcrop sampling was carried out in the “La Cabanita” quarry
(Cementos Avellaneda SA), near Olavarria city (Fig. 1a). The outcrop
consists of a fairly monotonous succession of purple marls with in-
tercalations of lighter levels (Fig. 3a, b). We collected four oriented cores
using a portable drill and five oriented hand samples (Site AV1:
36.988780° S, 60.220840° W, Fig. 1b). Whenever possible, samples
were oriented with both sun and magnetic compasses. The sampled
stratigraphic thickness was just over 6 m.

3.2. Drill core sampling

A detailed study of the Avellaneda Formation was carried out in
samples from three vertical drill cores (E34, E7 and H9, Fig. 1b and 2b).
Sections of these cores have already been studied for their sedimento-
logical and isotopic aspects by Arrouy et al. (2015) and Gomez-Peral
et al. (2018), respectively. Segments of these drill core samples,
approximately 10-30 cm in length, were selected for paleo magnetic
sampling (see Fig. 3). From each sample, between three to seven
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Fig. 4. a) Representative specimens of the Avellaneda Formation at site AV1 demagnetized by alternating fields plus high temperatures. Demagnetization plots and
Zijderveld diagrams are shown. In the latter open (full) symbols correspond to projection in the vertical (horizontal) plane; b) Stereographic projections of the
specimens directions obtained from the low coercivity component “A” and the high temperature component “B”. Blue circle: the direction of the geocentric axial
dipole field at the study locality; blue diamond, present geomagnetic field at the study area. Open (full) circles represent upward (downward) directions. The
components are shown in “in situ” coordinates and after bedding correction. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

cylindrical cores 2.54 cm in diameter and approximately 3 cm in height
were extracted, from which a specimen of 2.2 cm high was obtained
(Fig. 3). The core segments were drilled centered on the fiduciary mark,
which allowed defining their x and y axes. Since the dip of the lami-
nation could be observed and measured along the samples, the relative
orientation of the core fiduciary mark was determined with respect to
this structural feature. This made possible to azimuthally orient the
samples spatially assuming a bedding strike equivalent to the mean
strike observed at the nearby AV1 site. This first orientation was later
improved using the low-temperature natural remanent magnetization
(NRM) component (see section below).

3.2.1. Drill core E34 (Avellaneda Formation)

The drill core E34 (Fig. 2b) is located approximately 260 m SSE of the
AV1 site, (36.991059° S, 60.220154° W, Fig. 1b). It consists of a suc-
cession of massive red marls with some grey color alternations. In the
upper half of the profile there are intercalations of massive levels of clays
with reddish tones (Fig. 2b). The measured vertical thickness of the
Avellaneda Formation in this core is 9 m, extending from 91 m to 82 m
below the surface (mbs). Sixteen samples were selected in this drill core
(Fig. 3c, d, e). Dipping of the lamination was measured in the laboratory,
on each sample fragment. Dip values ranged between 14° and 23°,
obtaining an average of 15° for the drill core.

3.2.2. Drill core H9 (Avellaneda Formation)

Drill core H9 (Fig. 1b, 36.990898° S, 60.211683° W) is located just
over 750 m east of drill core E34. Thickness of the Avellaneda Formation
at this drill core reaches 19.7 m, with its base at 77.7 m. and its top at
57.6 m (mbs). It consists of a succession dominated by reddish marls,
with a change into a succession of massive shales with red and gray tones
in the upper 7 m (Fig. 2b). Thirty-one samples were collected from this
drill core (Fig. 3f, g). Lamination is sub-horizontal.

3.2.3. Drill core E7 (Avellaneda and Cerro Negro Formations)

Drill core E7 (Fig. 1b, 36.99017° S, 60.228392° W) is located just
over 740 m to the west from E34 drill core. The succession belonging to
the Avellaneda Formation consists almost exclusively of marls, being
mostly reddish, with few intercalations of massive reddish shales
(Fig. 2b). The vertical thickness determined for the Avellaneda

Formation is 18.3 m, with its base at 57.9 m and its top at 39.7 m (mbs).
Twenty-seven samples were collected from this formation (Fig. 3h, i, j).
The average dip determined for the laminations is 17°, ranging between
14° and 24°.

Over the Avellaneda Formation there is a very thin level (1.5 m) of
the greenish to greyish siliciclastic mudstones of the Alicia Formation,
which is overlain by the Cerro Negro Formation. The later consists of
reddish heterolithic facies of fine sandstones and shales. The shales show
parallel lamination and the sandstones wave ripples and swaley strati-
fication (Fig. 2b). It has a vertical thickness of 7.1 m (between 36.9 and
29.8 m mbs). Ten samples were collected from this formation (Fig. 3k, 1).
These sediments show an average dip of the lamination of 17°, identical
to that measured in the underlying Avellaneda Formation. Dip values
ranged between 14° and 21°.

3.3. Laboratory procedures

Bulk magnetic susceptibility (k) and k vs temperature curves were
performed using a Kappabridge MFK1-A (AGICO) susceptibility-meter
with CS-L and CS3 devices. These instruments are located at the
“Daniel A. Valencio” Paleomagnetism Laboratory (IGEBA) of the Uni-
versity of Buenos Aires. Hysteresis loops, IRM (isothermal remanent
magnetization) and IRM back-field curves were performed using a
Molspin 1td. vibration sample magnetometer (VSM) and the paleomag-
netic processing of the AV1 site samples using a 2G-550R-DC cryogenic
magnetometer, at the same institution. A single chamber ASC48-TD
furnace was used for the thermal demagnetization stages, meanwhile
a 2G static 3 axes alternating field (AF) demagnetization attached to the
cryogenic magnetometer was used for AF demagnetization. Paleomag-
netic processing of all drill core samples was conducted at the Labora-
tory of Paleomagnetism of the University of Sao Paulo (USPmayg), using
a cryogenic long-core magnetometer 2G 755-4 K and an ASC48-TD
furnace for thermal desmagnetization. Another batch of hysteresis cy-
cles, IRM and IRM back-field curves were performed in this laboratory
using a MicroMag-VSM, Model 3900 (Princeton Measurements
Corporation).
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Mean directions per sample with n (specimens) > 3 obtained for the Avellaneda Formation in drill cores H9, E34, E7 and site AV1. N: number of samples; n: number of
specimens considered in each sample; NPS: normal polarity specimens; Dec: declination; Inc: Inclination; Lat: latitude; Long: longitude; ags and Ags: confidence ellipses
for mean directions and VGPs at 95 % confidence, respectively. All normal directions were inverted for the calculation of the mean. All the values in the table are

expressed in (°).

In situ Bedding corrected
Sample NPS Dec Inc g5 n Lat Long Aogs Dec Inc o5 Lat Long Ags
H9-11 17.1 59.7 33.3 4 10.9 312.9
H9-17 14.0 55.3 7.6 3 16.0 311.6
H9-18 24.0 61.5 4.9 6 7.4 317.4
H9-19 1 11.8 58.2 6.2 4 13.4 309.2
H9-20 34.2 63.2 5.4 4 2.7 323.4
H9-21 16.5 59.7 7.6 5 11.0 312.5
H9-25 344.6 26.4 21.9 3 37.0 281.0
H9-28 45.5 51.5 17.0 5 8.9 337.5
H9-30 53.1 43.2 18.6 4 10.3 347.2
H9-32 65.7 41.2 19.8 3 3.4 356.6
H9-4 23.4 63.0 13.8 3 5.8 316.3
H9-5 2.9 62.1 14.2 4 9.6 301.9
H9-7 9.7 71.1 7.1 4 -3.0 305.3
H9-8 30.7 65.5 12.7 4 1.0 319.9
All (N: 14) All (n: 1) 24.4 58.1 8.8 56 10.0 318.5 10.3
E34-10 12.6 58.3 7.2 4 13.2 309.8 16.3 73.2 -6.8 308.2
E34-11 20.7 63.0 5.4 5 6.4 314.5 34.8 77.3 -16.2 313.9
E34-12 16.9 69.6 5.6 3 -1.5 309.8 39.1 84.0 —27.5 308.2
E34-13 28.3 55.6 13.6 3 12.3 3229 41.3 69.1 —6.5 323.6
E34-14 3 39.5 58.0 17.1 3 6.0 329.7 59.9 69.4 -13.9 332.2
E34-15 2 23.6 58.9 12.2 5 10.3 318.0 36.1 72.9 —10.0 318.1
E34-16 4 26.5 56.4 16.2 4 12.1 321.2 39.0 70.1 -7.1 321.6
E34-1 22.4 49.7 6.8 5 19.3 320.1 29.6 63.9 3.2 320.0
E34-2 17.4 47.6 6.6 4 22.3 316.3 21.7 62.4 6.9 315.4
E34-4 2 17.4 61.4 45.4 3 8.9 312.7 26.7 75.9 —12.6 311.7
E34-5 357.6 44.7 14.8 3 26.6 297.4 353.3 59.3 12.7 294.5
E34-6 6.2 37.6 4.0 3 31.7 306.6 5.6 52.6 19.6 304.8
E34-7 2.4 42.4 1.9 4 28.4 302.3 0.4 57.3 15.1 300.1
E34-8 8.6 42.3 7.0 6 28.0 308.7 8.8 57.3 14.7 307.0
E34-9 13.0 53.2 4.7 3 18.2 311.1 16.1 68.1 0.7 309.8
All (N: 15) All (n: 11) 15.7 53.7 5.3 58 16.3 313.7 6.0 20.5 68.5 5.3 -1.9 312.7 8.0
E7-11 352.2 61.3 8.6 5 10.3 293.9 25.6 64.7 3.3 317.1
E7-12 349.0 52.2 10.0 3 19.5 290.0 12.4 58.0 13.5 309.7
E7-13 345.9 54.2 10.0 3 17.1 287.7 11.0 60.6 10.8 308.1
E7-14 317.2 62.1 12.2 3 0.7 270.2 346.7 75.1 —9.6 293.5
E7-15 332.5 65.1 8.0 3 2.9 281.5 13.6 73.3 —-6.7 306.8
E7-20 347.8 45.6 15.1 4 2.4 287.8 6.0 52.4 19.8 305.1
E7-21 334.1 64.5 6.7 6 3.5 282.2 14.0 72.5 —5.5 307.2
E7-22 353.6 68.3 11.8 3 1.4 295.8 39.1 69.5 —6.4 322.1
E7-23 327.7 59.3 8.1 3 7.4 275.4 356.8 70.2 -1.3 297.9
E7-26 1 357.4 55.6 15.9 5 16.8 297.6 23.7 58.5 10.7 318.3
E7-36 3 265.2 81.7 5.8 3 —36.6 279.4 130.3 79.9 —47.8 322.1
E7-37 345.7 63.6 7.0 7 6.8 289.7 23.5 68.4 -1.0 314.1
E7-38 344.7 70.8 8.6 4 -3.1 291.1 39.4 73.5 -11.7 319.1
E7-40 2 273.9 80.2 13.5 3 -33.4 276.8 130.0 82.0 —45.9 317.1
E7-42 1 348.9 66.2 17.9 3 3.9 292.4 31.2 69.4 -4.0 318.0
E7-43 3 300.5 72.4 7.9 3 -16.9 270.9 15.1 86.9 -31.0 301.7
E7-44 3 271.5 86.8 14.3 3 —36.6 291.8 114.2 76.0 —43.2 333.7
E7-45 6 234.5 70.0 10.5 6 —49.4 252.3 182.5 72.8 —68.7 296.2
All (N: 18) All (n: 19) 335.5 68.1 6.7 70 -3.0 284.4 10.7 24.5 74.5 6.7 —-12.0 311.6 11.6
AVIA 359.3 17.4 8.3 7 44.1 298.8 358.9 27.4 385 298.4
AV1C 4.8 55.5 2.7 10 16.8 303.8 4.7 65.5 5.3 303.0
AV1D 1.7 54.1 5.0 8 18.4 301.3 0.5 64.1 7.2 300.1
AV1E 27.1 61.3 14.3 5 6.9 319.6 37.3 70.2 —6.7 320.7
All (N: 4) All (n: 0) 6.1 47.8 25.0 30 21.6 306.5 21.0 6.4 57.8 25.0 11.0 305.9 25.3
All (N: 51) All (n: 31) 7.0 60.9 4.8 214 8.7 304.3 6.6 21.4 67.1 4.2 —1.0 313.4 5.9

4. Paleomagnetic results
4.1. Site AV1

Samples from AV1 site were submitted to a first stage of demagne-
tization by alternating magnetic fields (AF) in steps of 3, 6, 9, 12, 15, 20,
25, 30, 40, 50, 60, 70, 80 and 90 mT, followed by a second stage of high
temperature demagnetization in steps of 100, 150, 300, 400, 500, 530,
560, 590, 620 °C. Each sample demagnetization behavior was analyzed
independently and principal component analysis (PCA, Kirschvink,

1980) was used to determine the magnetic components. A “soft” mag-
netic component, labelled “A”, with low to medium coercivities was
defined at alternating magnetic fields under 40 mT. Between 50 and 90
mT very little remanence was removed. The characteristic remanent
magnetization (ChRM or component “B”) could be defined by high-
temperature demagnetization at ranges higher than 150-200 °C,
showing a trend towards the origin of coordinates in Zijderveld dia-
grams. In some cases, unblocking temperatures close to or greater than
600° C were observed, while in other samples the unblocking temper-
atures were lower, between 500 and 550° C (Fig. 4a). "In situ” mean
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Fig. 5. a) Representative specimens of the Avellaneda Formation in E34 drill core demagnetized by high temperatures. Demagnetization plots and Zijderveld di-
agrams are shown; b) Stereographic projections of the specimen directions obtained from the low coercivity component “A” and the high temperature component
“B”. Blue circle: the direction of the geocentric axial dipole field at the study locality; blue diamond, present geomagnetic field at the study area. The components are
shown in “in situ” geographic coordinates and after bedding correction. Lowermost stereonet shows specimen ChRM directions after inverting those of negative
inclinations. References as in Fig. 4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

direction of component “A” was Dec: 5.5°, Inc: —60.2°, ags: 3.6°, k: 43.4,
n: 37 (specimens) (Fig. 4b). Component “B”, interpreted as the charac-
teristic remanent magnetization, presented a consistent direction in the
analyzed specimens, with moderate to high positive Inclinations,
pointing to the north, obtaining a mean “in situ” direction of Dec: 8.5°,
Inc: 47.6°, ags: 6.9°, k: 14.3, n: 33 (specimens). After application of the
bedding correction, the characteristic mean direction for”B” at AV1 is
Dec: 9.5°, Inc: 57.6°, ags: 6.9°, k: 14.3 (Fig. 4b, Table 1 and 4).

An analysis of great circles (MacFadden and McElhinny, 1988) was
carried out for specimens from the hand sample AV1A, sInce their
components “B” show lower Inclinations than the remaining specimens
in the AV1 site. We found that the great circle intersection in geographic
coordinates was Dec: 359.2°, Inc: 25.4°, ags: 5.9° while the mean di-
rection obtained for component “B” using PCA analysis was Dec: 359.3°,
Inc: 17.4°, aos: 8.3°; n: 7. After bedding correction, the great circle
intersection is at Dec: 358.5°, Inc: 35.3°, meanwhile component “B”
mean direction from PCA was Dec: 358.9°, Inc: 27.4°. The difference
between mean Inclinations (~8°) computed in both ways suggests that
minor contamination of component “B” directions by component “A” is
possible.

4.2. Drill core E34

Sixteen samples were collected from this drill core. The measured
vertical thickness for the Avellaneda Formation was ~ 9 m (Fig. 2). All
paleomagnetic specimens (n: 58) were demagnetized with high tem-
peratures according to the following steps: 90, 120, 150, 200, 250, 300,
350, 400, 450, 500, 525, 550, 575, 600, 620 and 640 °C. (Fig. 5a). The

behavior during thermal demagnetization was very similar in all spec-
imens. Up to approximately 250-350 °C, a NW to NE directed magnetic
component (component “A”) of moderate negative Inclination was iso-
lated. The maximum angular deviation (MAD) values were always
below 12°. This component was used to refine the azimuthal orientation
of the sampled fragments of the core, previously oriented assuming same
dip direction of the lamination as in the outcrop site AV1. As a reference
for this “second step” of azimuthal orientation, we used component “A”
isolated in the specimens obtained in the outcrops of the quarry (site
AV1) (see Fig. Al in the appendix section to see specimens directions
before azimuthal correction). To achieve that we rotated the “A” in situ
mean direction for each core sample around a vertical axis so that its
mean declination matches that obtained for the same component at site
AV1 (Dec: 5.5°). After this we were able to determine with more con-
fidence the dip direction of the layers observed in the core (Az = 188°),
in order to perform a more reliable bedding correction. Fig. 5b shows the
directions of component “A” isolated from each specimen “in situ” (after
this azimuthal correction) and after bedding correction (mean dip 15°
towards Az: 188°). The average of these directions “in situ” is: Dec: 5.5°,
Inc: —51.6°, k: 69.2, ags: 2.1°, n: 67, while corrected to the paleohor-
izontal is: Dec: 6.0°, Inc: —36.7°, k: 69.2, ags: 2.1°. SInce assuming a
Fisherian distribution in this case is not strictly valid, because the mean
direction of the sample was pre-determined to be of declination 5.5°, a
mean Inclination only computation was carried out for components “A”
of this drill core (McFadden & Reid, 1982). In this way, in geographic
coordinates, the “A” component mean Inclination was —51.5°, k: 38.3,
ags: 2.6°, n: 67 while after bedding correction it turned out —36.6°, k:
38.5, ags: 2.4°. Between 350 and 575 °C component “B” was isolated,
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Fig. 6. a) Representative specimens of the Avellaneda Formation in H9 drill core demagnetized by high temperatures. Demagnetization plots and Zijderveld dia-
grams are shown; b) Stereographic projections of the specimen directions obtained from the low coercivity component “A” and the high temperature component “B”.
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shown only in “in situ” geographic coordinates as bedding is horizontal. Lowermost stereonet shows specimen ChRM directions after inverting those of negative
inclinations. References as in Fig. 4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

generally trending towards the origin of coordinates (Fig. 5a). Maximum
accepted MAD was of 15°, but most (80 %) were less than 10°. The
minimum number of demagnetization steps to determine components
was 6. At temperatures of 600° C or higher all specimens showed an
abrupt Increase in the intensity of magnetic remanence and random
directions. At this temperature, they also presented an Increase in bulk
magnetic susceptibility, sometimes of one order of magnitude. Forty-
seven specimens showed a ChRM pointing NNE and downwards, while
eleven specimens (from samples E34-14, E34-15 and E34-16) presented
nearly antipodal, SSW and upwards directions. Component “B” “in situ”
mean direction is: Dec: 15.7°, Inc: 53.3°, ags: 3.2°, k: 35.4, n: 58 and
after bedding correction: Dec: 20.4°, Inc: 68.1°, ags: 3.2°, k: 35.4
(Fig. 5b, Table 1 and 4). It is interesting to note that the mean bedding-
corrected direction of component “B” is very similar to that of the same
component determined at AV-1. None of these two mean directions are
similar to any expected post-Cambrian directions for the study area (e.g.
Torsvik et al., 2012).

4.3. Drill core H9

Thirty-one samples were collected from this drill core, where the
measured vertical thickness for the Avellaneda Formation was 19.7 m
(Fig. 2). The paleomagnetic processing consisted of high-temperature
demagnetization following the same steps as in the previous case. A
low temperature component “A” was isolated at temperatures below
200-300° C in most specimens. A second component “B” of high
unblocking temperature was generally determined between 350 and
575° C, or up to 600° C in some cases (Fig. 6a). In this collection, all
except two specimens showed a NW to NE downward directed ChRM.
The demagnetization behavior was very similar to that observed in
samples from drill core E34. Unlike the other two cores, the H9 pre-
sented subhorizontal laminations. Azimuthal orientation of the samples
was therefore only achieved by rotating each sample around a vertical
axis so that the component “A” mean sample declination colncides with
that obtained for the same component at AV-1. The mean direction of
component “A” is, Dec: 5.4°, Inc: —48.2°, ags: 2.8°, k: 28.9, n: 89. The
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Inclination only calculation yield an Inclination of —48.1°, ags: 3.7°, k:
15.2, n: 89. Component “B” yielded a mean direction: Dec: 20.5°, Inc:
58.0°, ags: 3.9°, k: 18.3, n: 76 (Fig. 6b, Table 1 and 4).

As illustrated in Fig. 6 b, a group of “A” component directions show
anomalous low Inclinations. In order to test whether they were affected
by “contamination” with another magnetic component a great circle
analysis was performed. Specimens for samples H9-13, H9-15, H9-21,
H9-22, H9-25, H9-27, H9-28 and H9-32 were analyzed. In the cases of
the specimens from H9-15, H9-27 and H9-32 no great circles could be
determined with acceptable precision (MAD less than 15°). From sam-
ples H9-21, H9-25 and H9-28 (a total of 11 specimens) great circles were
obtained from 90 up to 450 °C (or even 575 °C in one specimen) in the

former sample. In the latter two cases, the range was between 90 and
400 °C. A minor overlap between components “A” and “B” cannot be
ruled out, from his great circle intersection (Dec: 1.1°, Inc: —27.5, ags:
4.3° n: 11). On the other hand, samples H9-13 and H9-22 only showed a
single specimen with anomalous low Inclinations. Component “B”
specimen directions show some scatter with lower Inclinations towards
the NNW (H9-25) and E (H9-28, H9-30 and H9-32). However, either no
great circles could be determined with acceptable precision or anoma-
lous directions corresponded to isolated specimens (H9-25, H9-28, H9-
32). In the case of sample H9-30, only two great circles could be
determined between 90 up to 625 °C with an intersection at Dec: 61.3°,
Inc: 38.6°. If we considered that the mean direction of component “B”

10
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Table 2
Mean directions per sample obtained for the Cerro Negro Formation in drill core E7. For references see Table 1. With (*) sites previously reported by Rapalini et al.
(2013). All the values in the table are expressed in (°).

In situ Bedding corrected

Sample Dec Inc Oos n Lat Long Ags Dec Inc Oos Lat Long Ags
E7-27 340.5 68.0 7.9 5 0.3 287.7 28.6 73.0 -8.5 314.4

E7-28 338.9 29.4 18.6 4 33.7 275.2 348.3 39.5 29.6 287.3

E7-29 352.1 61.2 24.1 2 10.4 293.8 25.4 64.7 3.4 316.9

E7-30 330.2 62.1 9.0 3 5.2 278.5 4.6 71.7 -3.6 302.3

E7-31 338.4 71.8 4.7 4 —5.4 288.1 38.8 75.7 —-14.7 316.9

E7-32 14.2 41.1 329 2 28.0 314.5 29.0 40.6 239 328.9

E7-33 342.1 67.0 10.3 3 1.9 288.3 27.4 71.9 —6.6 314.5

E7-34 344.5 59.3 31.3 2 11.6 287.7 15.5 65.3 4.5 310.2

E7-35 322.4 64.9 20.9 2 —-0.4 275.1 1.0 76.1 -10.7 300.2

E7-51 14.9 49.2 8.5 4 21.5 313.6 34.2 47.8 16.7 330.7

All (N: 10) 348.3 58.7 10.0 31 10.9 290.0 11.4 18.5 63.7 10.0 3.4 312.4 12.1
OV-9* 21.4 40.9 11.8 9 26.3 321.7 37.0 59.2 5.9 327.4

OL-20* 6.0 46.1 - 1 25.3 305.7 2.4 48.3 23.7 302.0

OL-21* 327.1 74.3 80.6 2 -11.3 284.0 33.3 49.6 15.7 329.2

OV-22* 5.9 54.2 27.1 5 17.4 305.7 19.4 53.0 16.5 317.4

All (N: 4) 6.8 54.8 20.9 17 15.0 303.9 27.0 22.2 53.3 12.3 15.7 319.3 16.0
All (N: 14) 353.9 57.9 8.5 48 12.1 293.8 10.1 19.8 60.7 7.7 7.0 314.4 9.5

11
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Table 3
Great circles intersections obtained for the Avellaneda and Cerro Negro Formations. For references see Table 1. All the values in the table are expressed in (°).
In situ Bedding corrected
Site/Drill core Unit Samples Dec Inc Oos n Dec Inc
AV1 Avellaneda AV1A 359.2 25.4 5.9 8 358.5 35.3
H9 Avellaneda H9-21 358.1 -52.8 7.3 5 - -
H9-22 348.6 —62.3 3 - -
H9-28 351.5 —-36.7 16.1 4 - -
E7 Avellaneda Normal polarity 159.9 -76.7 5.0 20 236.1 -76.4
Reverse polarity 344.4 66.4 4.0 50 27.8 70.8
All (N: 70) 344.8 69.4 3.2 70 34.9 72.5
E7 Cerro Negro E7-27 339.1 69.6 13.9 5 32 74.4
E7-28 319.7 43.9 15.6 4 332.2 54.8
E7-30 3459 58.1 - 3 15.4 64.0
E7-31 325.5 71.5 - 2 29.3 79.2
E7-32 15.0 46.0 2 32.4 44.9
E7-33 327.0 71.6 3 30.8 78.8
E7-34 264.5 74.2 - 2 178.4 82.8
E7-35 314.6 71.1 2 17.9 82.2
All samples (N: 8) 333.4 66.0 12.4 23 16.9 73.8
All specimes (n: 24) 325.7 67.3 5.1 24 12.4 76.8

Table 4

Mean ChRM directions determined for the Avellaneda and Cerro Negro Formations. Mean directions obtained by averaging specimens, by considering sample/site, and
samples with specimens > 3 are shown. BP: bedding plane (strike/dip, right hand convention); N: number of samples taken from the drill cores and in the outcrop at
AV1; n: number of specimens; Dec: declination; Inc: Inclination; ags and k: Fisherian statistical parameters. All the values in the table are expressed in (°), with the
exception of the k parameter. (*) mean Including specimens and samples reported in Rapalini et al. (2013). CNF: Cerro Negro Formation sites previously reported by
Rapalini et al. (2013): OV-9, OL-20, OL-21 and OV-22. GC: direction computed with great circle analysis. PCA: direction computed with prIncipal component analysis.
In bold, the Avellaneda and Cerro Negro formations directions used to compute paleomagnetic poles.

Geographic coordinates Bedding corrected

Geologic unit Drill core/outcrop BP (°) N n Dec Inc o5 k Dec Inc o5 k

Avellaneda Fm. AV1 95/10 5 33 8.5 47.6 6.9 14.3 9.5 57.6 6.9 14.3
E34 98/15 15 58 15.7 53.3 3.2 35.4 20.4 68.1 3.2 35.4
H9 0/0 25 76 20.5 58 3.9 18.3 - - - -
E7 20/17 24 79 336.9 66.1 3.7 19.5 20.5 72.8 3.7 19.5
All (specimens) - - 246 6.6 59.3 2.4 15.1 18.6 65.2 2.2 18.0
All (samples) - 69 - 6.5 59.1 4.2 17.3 18.8 64.2 3.9 20.5
All (samples with n > 3) - 51 - 7.0 60.9 4.8 18.3 21.4 67.1 4.2 23.9

Cerro Negro Fm. E7 (specimens-PCA) 20/17 - 31 347.8 58.8 5.9 20.3 18.2 64.0 5.9 20.3
E7 (specimens-GC) 20/17 - 24 325.7 67.3 5.1 36.3 12.4 76.8 5.1 36.3
E7 (samples-PCA) 20/17 10 - 348.3 58.7 10.0 24.4 18.5 63.7 10.0 24.4
E7 (samples-GC) 20/17 - 8 333.4 66.0 12.4 20.9 16.9 73.8 12.4 20.9
E7 + CNF (specimens)* - - 48 358.8 56.4 5.8 13.8 22.4 61.3 5.1 17.6
E7 (samples PCA) + CNF (sites)* - 14 - 353.9 57.9 8.5 23.0 19.8 60.7 7.7 27.7
E7 (samples GC) + CNF (sites)* - 11 - 344.2 64.7 11.2 17.7 22.0 68.5 10.3 20.8

Avellaneda Formation
n: 246

Geographic
coordinates

Bedding
corrected

S S

Fig. 9. Stereographic projections of the characteristic remanence directions and the overall mean direction (full red circle) obtained at a specimen level for the
Avellaneda Formation. The directions are represented in in situ geographic coordinates (left) and after bedding correction (right). Specimen directions of negative
inclinations have been inverted into its antipodal hemisphere. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 10. a) Stereographic projections of the characteristic remanence directions and mean directions obtained for the Avellaneda Formation on a sample basis (upper
diagrams), and excluding samples with less than 3 specimens (lower diagrams), in in situ coordinates (left) and after bedding corrections (right); b) idem a) for the
Cerro Negro Formation considering all the samples taken from the drill core E7 and those directions reported in Rapalini et al. (2013) (black diamonds); ¢) Mean
great circle intersection of each sample compared with the mean directions reported by Rapalini et al. (2013) in situ and after bedding correction. The great circles of
each specimens of the Cerro Negro Formation reported in this paper are also shown. PCA: principal component analysis; GCI: great circle intersection.
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Fig. 11. Stereographic projections of the mean directions obtained per drill core and site AV1 for the Avellaneda Formation. It is analyzed considering all samples
and with those samples with n > 3 specimens. The directions are shown in geographic coordinates and after bedding correction.

obtained through PCA from 4 specimens at this sample is Dec: 53.1°, Inc:
43.2°, ags: 18.6°, components overlapping seems unlikely.

4.4. Drill core E7

Twenty-seven samples were collected for the Avellaneda Formation
from this drill core. Measured vertical thickness of this unit was 17.5 m.
All specimens were demagnetized by high temperatures. Heating steps
were the same as those applied to the other drill cores specimens.
Component “A” was determined between 100 and 350° C. The high
temperature, characteristic component “B” was isolated between 350
and 550° C in most cases. In just few specimens unblocking temperatures
reached 575 °C or even 600° C (Fig. 7a). Both polarities of component
“B” were recorded. As in E34, in situ mean direction of Component “A”
for each sample was used to check and correct the azimuthal orientation
of the core, previously obtained by assuming same lamination dip di-
rection than that measured at AV1, by comparison with mean declina-
tion of this component at that site. Negative Inclinations were found for
Component “B” at samples E7-26, E7-36, E7-40, E7-42, E7-43, E7-44
and E7-45. The measured averaged dip of the laminations was of 17°.
The mean direction obtained for Component “A” in “in situ” coordinates
is: Dec: 5.4°, Inc: —56.0°, ags: 1.5°, k: 101.1, n: 88 while after bedding
correction is Dec: 345.1°, Inc: —48.8°, ags: 1.5°, k: 101.1. The Inclination
only mean computed for this component yielded, in geographic co-
ordinates, a value of —55.9°, ags: 1.9°, k: 59.6, n: 88 and after bedding
correction —48.6°, ags: 1.5°, k: 67.3. On the other hand, mean direction
of Component “B” in”in situ” coordinates is Dec: 336.9°, Inc: 66.1°, ags:
3.7°, k: 19.5, n: 79 while after bedding correction the mean direction is
Dec: 20.5°, Inc: 72.8°, ags: 3.7°, k: 19.5 (Fig. 7b, Table 1 and 4).

Fig. 7b shows that component “B” directions are of both positive and
negative Inclinations. However, visual inspection of the stereonet
clearly indicates that they are not antipodal. When those of negative
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Inclination are inverted, a conspicuous elongated distribution can be
observed. This could be due to partial overprint of component “A” on
component “B”, not adequately erased during demagnetization. There-
fore, a great circle analysis was performed on demagnetization results
from all specimens of the Avellaneda Formation at this drill core (n: 70).
The analysis consisted in determining great circles trajectories for
demagnetization steps higher than 400 °C (the usual lowermost tem-
perature step utilized to isolate component “B” with PCA). Great circle
intersection was obtained yielding a direction at Dec: 344.8°, Inc: 69.4°,
ags: 3.2°, n: 70 in geographic coordinates. After bedding correction, the
intersection is at Dec: 34.9°, Inc: 72.5°, ags: 3.2°. Both of them are very
close to the mean directions obtained through PCA. The mean direction
in geographic coordinates is Dec: 336.3°, Inc: 66.3°, ags: 3.7°, n: 79
while after bedding correction is Dec: 20.5°, Inc: 72.8°, ags: 3.7°. These
close directions found between great circles intersections and mean di-
rection suggest an overlap between components “A” and “B”, however, it
is not significant enough to change our directional analysis. When the
comparison of mean direction from PCA and great circles intersection
was made for those of negative Inclination alone, the great circle
intersection is Dec: 159.9°, Inc: —76.7°, dags: 5.0°, n: 20 while the mean
direction is Dec: 90.7°, Inc: —78.9°, ags: 6.0°, n: 20. With the reversal
specimens the great circle intersection is Dec: 344.4°, Inc: 66.4°, ags:
4.0°, n: 50 and the mean direction is Dec: 343.6°, Inc: 59.6°, ags: 3.0°, n:
59 (Fig. 7c) (see section 5.3 for the reversal test analysis).

The Cerro Negro Formation was also sampled in this drill core. Ten
samples were collected from this formation encompassing a vertical
thickness of 7.1 m. Samples were oriented by the lamination dip di-
rections. SInce the same mean dip was measured for the Cerro Negro and
Avellaneda Formations, the same bedding attitude determined for the
latter was used for the Cerro Negro samples (Strike Az: 20°, dip: 17°).
Demagnetization of the specimens proceeded following the same
scheme applied to samples from the Avellaneda Formation. Only high
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Fig. 12. Low and high temperature thermomagnetic curves. a) Normalized low temperature curve for a sample of the Avellaneda Formation from site AV-1
(outcrop); b) high temperature curves for the same sample; c), d) and e) high temperature curves from samples of the Avellaneda Formation from H9; E34 and
E7 drill cores, respectively; f) high temperature curves for a sample from the Cerro Negro Formation, taken from drill core E7. The red (blue) lines correspond to the
heating (cooling) curves. Most samples generally show irreversible curves with possibly neo formation of magnetite. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Coercitive force (Bc) and remanence coercivity (Bcr) values for samples of the Avellaneda Formation in drill cores E34, E7 and H9 and site AV1. The values obtained for
the Cerro Negro Formation in the drill core E7 are also shown. Note that there is not a clear correlation between lithology and the values obtained. Bc and Ber in mT.

Drill core (formation) Lithology Core Be Ber
E34 (Avellaneda Formation) marl E34-1 44.6 74.8
marl E34-2 29.1 56.1
marl E34-3 70.4 290.8
marl E34-4 37.0 85.5
marl E34-5 316.0 422.8
marl E34-6 308.0 434.9
marl E34-7 312.2 414.6
shale E34-8 187.6 385.7
shale E34-9 370.5 433.7
marl E34-10 100.9 359.8
shale E34-11 180.7 364.7
marl E34-12 94.3 298.7
E7 (Avellaneda Formation) marl E7-22 361.8 456.1
marl E7-26 348.2 439.3
marl E7-37 21.2 47.1
marl E7-40 33.9 84.8
H9 (Avellaneda Formation) marl H9-9 52.7 242.9
marl H9-18 78.7 351.4
marl H9-21 297.5 404.6
shale H9-26 361.0 452.6
AV1 (Avellaneda Formation) shale AV1A-1C - 469.9
shale AV1A-4B - 467.5
shale AV1D-3 41.7 108.2
shale AV1E-4B - 395.7
E7 (Cerro Negro Formation) shale E7-29 305.7 403.9
sandstone E7-32 51.0 307.2
shale E7-35 277.8 360.3

temperature demagnetization with steps like those described above for
the Avellaneda Formation was applied. A low temperature component
“A” was isolated between 90 and 300°/350 °C. The mean direction of
component “A” isolated was virtually identical to that from the Avel-
laneda Formation in this drill core confirming the validity of the same
bedding correction. Component “B” was isolated between 350 and 575°
C, although in some occasions unblocking temperatures above 600° C
were found (Fig. 8a). With a single exception, all specimens carried a
NNW downward directed component “B” with moderate to high In-
clinations. The mean direction obtained for component “A” “in situ”
was: Dec: 4.9°; Inc: —30.0°; aos: 5.1°; k: 39.8; n: 21 and after bedding
correction: Dec: 356.6°; Inc: —24.3°; ags: 5.1°; k; 39.8. The Inclination
only mean yielded a value of Inc: —29.7°, ags: 4.8°, k: 30.7, n: 21 in
geographic coordinates and values of Inc: —24.1°, ags: 4.9°, k: 30.2 after
bedding correction. The mean “in situ” direction obtained from
component “B” is n: 31, Dec: 347.8°, Inc: 58.8°, ags: 5.9°, k: 20.3, while
after bedding correction the mean direction is: Dec: 18.2°, Inc: 64.0°,
aos: 5.9°, k: 20.3 (Fig. 8b, Table 2 and 4).

Like in Avellaneda Formation (drill hole E7), a great circle analysis
was performed for all specimens of the Cerro Negro Formation. In
geographic coordinates, at specimen level, a great circle intersection
was determined at Dec: 325.7°, Inc: 67.3°, ags: 5.1° (Table 3), while the
mean direction computed from PCA analysis is Dec: 347.8°, Inc: 58.8°,
ags: 5.9°, n: 31. After bedding correction, the great circle intersection is
at Dec: 12.4°, Inc: 76.8° (Table 3) and the mean direction from PCA
computation is Dec: 18.2°, Inc: 64.0°. It is clear that a significantly
steeper remanence direction is inferred from the great circle intersection
analysis and that some contamination of component “A” on “B” is likely.
Also, the analysis was made by the mean great circle intersection for
each sample. In geographic coordinates, the great circle intersection is
Dec: 333.4° Inc: 66.0°, ags: 12.4° (Table 3) while the PCA mean direc-
tion is Dec: 348.3°, Inc: 58.7°, ags: 10°, N: 10. After bedding correction,
the great circle intersection is at Dec: 16.9°, Inc: 73.8° and the PCA mean
direction is Dec: 18.5°, Inc: 63.7°. This confirms the results obtained
from the analysis made on a specimen basis suggesting some unerased
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overlap between components “A” and “B” (Table 3 and Fig. 10).
5. Directional analysis
5.1. Mean directions determined on a specimen basis

From the study carried out at the outcrop level at site AV1 and in drill
cores E34, H9 and E7, a mean direction for the ChRM can be obtained
considering all specimens for the Avellaneda Formation. This yields an
“in situ” direction (after azimuthal orientation) of: Dec: 6.6°, Inc: 59.3°,
ags: 2.4°, k: 15.1, n: 246. After application of the respective bedding
corrections an improvement in the statistical parameters is observed:
Dec: 18.6°, Inc: 65.1°, ags: 2.2°, k: 18.3 (Fig. 9).

5.2. Mean direction determined on a sample basis

The mean direction for the Avellaneda Formation was also deter-
mined by averaging the specimen ChRM directions per core segment in
order to obtain a single direction for each independent sample of the
drill cores and the outcrop. In this way, each sample (approximately 10
to 30 cm long segments of the cores) resembles a more traditional
paleomagnetic site. This procedure was carried out either considering all
samples regardless of the number of specimens contributing to each
mean or selecting only those samples with a number of specimens > 3
(Fig. 10a, Fig. 11). The mean direction obtained considering all samples
in “in situ” geographic coordinates is: Dec: 6.5°, Inc: 59.1°, ags: 4.2°, k:
17.3, N: 69, and after applying the bedding correction the statistical
parameters improve slightly: Dec: 18.8°, Inc: 64.2°, ags: 3.8°, k: 20.8.
This improvement is not significant at 95 % confidence. On the other
hand, the mean direction from samples with three or more specimens in
“in situ” geographic coordinates is: Dec: 7.0°, Inc: 60.9°, ags: 4.8°, k:
18.3, N: 51 and when applying the bedding correction is: Dec: 21.4°, Inc:
67.0°, ags: 4.1°, k: 24.2, again showing a slight improvement in the
statistical parameters after bedding correction. Application of the
McElhinny (1964) tilt test turns a significant pre-tilt magnetization at
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Fig. 13. Isothermal remanent magnetization (IRM) and IRM back-field acquisition curves, a) Curves belonging to representative samples of the Avellaneda For-
mation from drill core E34; b) and ¢) MAXunMix modeling from IRM data showing coercivity component from the previous samples; d) idem a) for representative
samples from drill core H9; e) and f) idem b) and c) for the samples of the drill core H9. Ber: coercivity of remanence.
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Fig. 14. Isothermal remanent magnetization (IRM) and IRM back-field acquisition curves, a) Curves belonging to representative samples of the Avellaneda For-
mation from drill core E7; b) and ¢) MAXunMix modeling from IRM data showing coercivity component from the previous samples. Ber: coercivity of remanence.

90 % but not-significant at 95 %. In any case, the results suggest that a
pre-tilting remanence is more likely. Regarding the folding age,
Hernandez et al. (2017) estimated an Ediacaran age for the deformation,
that could have lasted until Cambrian times according to structural
studies carried out by Massabie and Nestiero (2005). As shown in
Table 4, the method for determining the mean direction of the Avella-
neda Formation, whether by averaging all specimens, all samples or only
samples with a number of specimens equal or greater than 3, does not
yield significantly different results.

In the Cerro Negro Formation, an analysis was also carried out to
determine the mean direction on a sample (and not specimen) basis. In
this case, due to the low number of samples, no selection was made
based on the number of specimens. A complete directional analysis was
made considering the mean directions of the samples obtained in this
work and those directions reported by Rapalini et al. (2013) for the same
formation (see Table 2). The mean direction for the Cerro Negro For-
mation computed in this way is Dec: 353.9°, Inc: 57.9°, ags: 8.5°, k: 23.0,
N: 14. When applying the bedding correction the mean direction is Dec:
19.8°, Inc: 60.7°, ags: 7.7°, k: 27.7, observing a slight improvement in
the statistical parameters but not statistically significant (Fig. 10b).
However, Rapalini et al. (2013) reported a positive fold test for this
formation.

On the other hand, a great circle analysis was carried out in all of the
Cerro Negro specimens here reported. The great circles intersections
obtained are shown in Table 3 and Fig. 10c. If we compare the directions
determined with principal component analysis for Cerro Negro Forma-
tion (see Table 2 and 4) and those determined with great circle analysis,
a significant difference (~9°, see Table 3) is evident, suggesting that
contamination of ChRM directions by unerased contributions from the A
component is likely. Therefore mean site ChRM were in this case
computed by great circle analysis (McFadden and McElhinny, 1988).
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5.3. Reversal tests

The paleomagnetic records of the Avellaneda Formation suggest a
dominant reverse polarity with some short periods of normal polarity
(see below and Afonso et al., 2022 companion paper). A reversal test was
applied to the Avellaneda Formation ChRM directions after bedding
correction (McFadden and McElhinny, 1990, Koymans et al., 2016). In
two cores the reversal test yielded negative results (E34, angle between
directions of 12.3° vs critical angle of 8.3°, E7, angle between directions
of 29.0° vs critical angle of 6.7°). At core H9 the result was classified as
indeterminate, with an angle between directions of 12.3° and a critical
angle of 31.2°. When the reversal test was determined for all specimens
(n: 246), both in geographic coordinates and after bedding correction,
the result was still negative. In geographic coordinates, the angle be-
tween directions was 22.9° vs critical angle 7.8°, meanwhile after
bedding correction the angle between directions was 23.9° vs critical
angle 6.3°. Failure of the reversal test may indicate that the sampling of
normal intervals was not sufficient to fully average the paleosecular
variation or an incomplete desmagnetization of the component “A”. In
this sense, a new reversal test was carried out considering the great circle
intersection directions from the reverse and normal polarities specimens
in drill core E7. The directions obtained are shown in Table 3. In this
case, the reversal test is still negative, with an angle between directions
of 10.4° and a critical angle of 9.2°. As can be seeing in Fig. 7, the
analysis of great circles allows to reduce the angular difference but the
test still fails.

6. Rock magnetism
Rock magnetism studies were carried out in representative samples

from the three drill cores and from the outcrop of the Avellaneda and
Cerro Negro Formations. The studies consisted of K (bulk susceptibility)
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Fig. 15. Isothermal remanent magnetization (IRM) and back-field acquisition curves, a) Curve belonging to the Avellaneda Formation at site AV1; b) Curves
belonging to representative samples of the Cerro Negro Formation from drill core E7. Ber: coercivity of remanence.

vs T, IRM (isothermal remanent magnetization) acquisition and back-
field curves, hysteresis cycles and FORCs diagrams.

6.1. Thermomagnetic curves

The K vs T curves were performed at low and high temperatures in
the AV1D-3 sample (marl) taken from the AV1 site (Avellaneda For-
mation). The low temperature susceptibility curve (Fig. 12a) shows the
typical behavior of paramagnetic minerals as mainly responsible for
susceptibility. On the other hand, the high temperature curve (Fig. 12b),
carried out under argon atmosphere, shows a minor drop in K between
540 °C and 580 °C, consistent with the presence of magnetite. Cooling
curve shows an irreversible cycle indicating mineralogical changes in
response to heating. The peaks in susceptibility observed in the high
temperature cooling curve indicate the formation of new ferromagnetic
(sensu lato) phases (magnetite?, maghemite?) as a product of the alter-
ation during heating. The same happens in the high temperature curves
from samples of the Avellaneda Formation in H9 (sample H9-29, shale)
and E34 (sample E34-7, marl) drill cores (Fig. 12¢, d). In these latter
cases, production of magnetite seems obvious due to the steep increase
in susceptibility with cooling just below 580 °C. In all these cases a five
to ten fold increase in K at room temperature is observed after heating. A
different behavior is observed in the sample E7-14 (marl) taken from the
Avellaneda Formation in drill core E7 (Fig. 12e), with a noisy but
basically reversible cycle. During heating an apparent Hopinson peak
(Dunlop and Ozdemir, 1997) develops followed by a steep delay in K
around 540-580 °C compatible with (Ti poor) magnetite. Finally, the
sample E7-29 (sandstone) from the Cerro Negro Formation (drill core
E7) presents a behavior similar to that of most of the samples analyzed in
the Avellaneda Formation, with irreversible cycle and neo formation of
magnetite producing a fivefold increase in K at room temperature
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(Fig. 12f).

6.2. IRM and IRM back-field

The IRM and IRM back-field curves were performed on 12 specimens
from the Avellaneda Formation, at E34, four specimens from H9 and E7,
each, and one specimen from AV1 (Table 5). Three specimens of the
Cerro Negro Formation collected from E7 drill core were also analyzed.
The samples from the drill core E34 showed mostly behaviors associated
to ferrimagnetic minerals, reaching saturation at fields lower than 1 T
and a steep increase in the curve at low fields (Fig. 13a, sample E34-2b,
marl). The exception was the sample E34-10, at the upper part of the
section, where hematite is dominant. In most cases, where ferrimagnetic
minerals are dominant, there is clear evidence of an additional antifer-
romagnetic contribution (Fig. 13a, sample E34-12a, marl). The rema-
nence coercivity (Ber) yielded a wide range of values, between 56.1 and
434.9 mT. As can be seen in Table 5, low Ber values are observed in the
lower stratigraphic levels (samples E34-1 and E34-2) while in the upper
levels, values of a higher order of magnitude are consolidated, with a
more stratigraphic correlation prevailing than lithological with the
value of Bcr. Statistical unmixing of different phases contributions was
achieved using MAXunMix application (Maxbauer et al., 2016 and ref-
erences therein). The result for some selected samples is presented in
Fig. 13 b and c for drill core samples E34. The qualitative interpretation
just described is confirmed by this analysis. Both samples show the
presence of two components with significantly different coercive forces
(Bc) likely corresponding to magnetite (41-39 mT) and hematite
(620-477 mT), respectively, with medium to strong predominance of
hematite. However, the presence of maghemite as a remanence carrier
must be considered likely as a high coercive force phase. This is
consistent with the amplitude of unblocking temperatures observed in
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Fig. 16. a) Representative hysteresis cycles of the Avellaneda Formation in drill core E34; b) and c) idem a) for drill cores H9 and E7, respectively, after subtraction
of the paramagnetic contribution. In the insets, the original “uncorrected” cycles are shown. Bc: coercive force in mT.

the demagnetization diagrams (Fig. 5a).

In drill core H9, a behavior opposite to the previous drill core is
observed (Fig. 13d) with a predominance of the antiferromagnetic
fraction, easily identifiable from the less abrupt increase in magnetiza-
tion at low fields and from non-saturation at smaller fields than 1 T. This
behavior is observed in rocks of different lithology, being the samples
H9-9, H9-18 and H9-21 marls, and H9-26 a shale sample. The rema-
nence coercivity values obtained were similar to each other, between
242.9 and 452.6 mT (Table 5). The analyses using the MAXunMix
application are consistent results with the IRM method, based on the
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predominance of an antiferromagnetic component (Fig. 13e, f).

As in the previous case, drill core E7 showed antiferromagnetic
fraction in samples E7-22 and E7-26 located in the upper section of the
stratigraphic column (Fig. 2 and Fig. 14) but a ferrimagnetic fraction
was observed in the other two samples located in the lower part (E7-37
and E7-40, Fig. 2 and Table 5). In both cases, the lithology remains the
same with the presence of marls. The remanence coercivity varied be-
tween 47.1 and 456.1 mT (Table 5). Finally, at the AV1 site, a marked
predominance of the antiferromagnetic fraction is seen (Fig. 15a), with
remanence coercivity values between 108.2 and 469.9 mT (Table 5). It is
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important to mention that the determination of IRM and IRM back-field
in this case was carried out by an ASC Scientific IM-10-30 pulse
magnetizer applying the following steps to IRM: 15, 29, 44, 61, 74, 100,
150, 200, 300, 450, 600, 800, 1000, 1310, 1970 and 2300 mT. On the
other hand, the pulses applied for the IRM back-field were: 15, 25, 35,
65, 100, 250, 350, 450, 500 and 550 mT. The study of the AV1D-3
sample (not shown in Fig. 15) was carried out using a VSM magne-
tometer (Molspin 1td.).

In the Cerro Negro Formation, there is a clear predominance of the
antiferromagnetic fraction (Fig. 15b). The IRM back-field curves yielded
remanence coercivity values between 307.2 and 403.9 mT (Table 5).

6.3. Hysteresis cycles

The hysteresis cycles, performed on the same IRM samples, showed
an important contribution of paramagnetic minerals (Figs. 16 and 17),
in all the analyzed samples and in the two formations studied. After
subtracting the paramagnetic contribution, moderate to high coercive
forces were observed in the Avellaneda Formation, with a wide range of
values between 29.1 and 370 mT in drill core E34, between 52.7 and
297.5 mT in drill core H9, and between 21.2 and 361.8 mT in drill core
E7 (see Table 5). Finally, a single hysteresis cycle was performed at the
AV1 site, obtaining a moderate coercivity Bc: 41.7 mT. In the Cerro
Negro Formation, the coercivity values were also moderate to high
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Fig. 19. Magnetostratigraphic columns obtained for the Avellaneda Formation at drill cores E7, E34 and H9. For a detailed discussion of the magnetostratigraphic
results and their implications, see the companion paper by Afonso et al. (2022). Modified from Afonso et al. (2022).

(between 51.0 and 411.0 mT, Table 5) with a slightly higher mean value
(Bc mean: 211.5 mT). From Figs. 16 and 17, it is possible to observe a
significant disparity in the shapes of the hysteresis curves within each
drill core and in both formations. This is analyzed based on the strati-
graphic height and by comparison with the IRM and thermomagnetic
curves. In drill core E34, hysteresis curves show “pseudo-single domain”
loops (sample E34-2b, Fig. 16a), shapes determined by the presence of
hematite (sample E34-9c, Fig. 16a) and “goose-neck” loops, following
the classification proposed by Tauxe (2005). These curves are coherent
with the behaviors observed in the IRM curves (Fig. 13a) where a pre-
dominance of magnetite was observed (80-54 %) with a subordinate
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antiferromagnetic (hematite) fraction (20-46 %). In drill core H9, hys-
teresis curves showed “goose-neck” loops (sample H9-18, Fig. 16b) and
shapes determined by the presence of hematite (sample H9-26,
Fig. 16b), which is corroborated with the coercivity spectra (Fig. 13f).
Finally, the drill core E7 has hysteresis curves with shapes determined
by the presence of hematite (sample E7-22, Fig. 16¢) and “pseudo-single
domain” loops (sample E7-37, Fig. 16c¢). Stratigraphic height does not
show a clear correlation with magnetic mineralogy (Table 5, Fig. 2). In
the drill cores E34 and E7 the predominance of marls is almost absolute,
with shaly levels near the top of the Avellaneda Formation. In the case of
the former, the predominance of magnetite does not change with
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Fig. 20. Proposed APWP for the RPC in the 600-550 Ma interval. The paleomagnetic poles of other Western Gondwana cratons for the same interval are also shown.
The RPC and Congo-Sao Francisco poles were rotated to Africa according to the Euler pole 47.5° N, 33.3° W, 56.2° ccw (Torsvik et al., 2012), while the Amazonia
pole was rotated according to 50° N, 32.5° W, 55.1° ccw (Torsvik et al., 2012). For the acronyms used in the poles see Table 6. The white boxes next to the APWP

indicate approximate ages in that section.

lithology (marl or mudstone), being the exception sample E34-10 (pre-
dominance of hematite in marl). In the second, the analyzed samples
that are in the upper levels (E7-22 and E7-26) show a predominance of
hematite while for the samples analyzed in lower levels (E7-37 and E7-
40) a predominance of magnetite is inferred. Finally, in drill core H9, a
greater contribution of detrital material is observed in the upper part of
the Avellaneda Formation between 63.5 and 58 m (below surface),
approximately. All samples showed a predominance of hematite,

Table 6

irrespective of them belonging to marls or to shales (sample H9-26). The
Cerro Negro Formation, only represented in drill core E7, shows hys-
teresis curves with shapes determined by the presence of hematite
(sample E7-29 and E7-35, Fig. 17b) and “pseudo-single domain” loops
(sample E7-32, Fig. 17b). The IRM curves show the presence of anti-
ferromagnetic minerals (Fig. 15b) and the high temperature thermo-
magnetic curve is consistent with the presence of hematite and
magnetite (Fig. 12f).

Ediacaran poles belonging to the Rio de la Plata, Congo-Sao Francisco, West Africa and Amazonia cratons. They are reported in current coordinates and in Gondwana
coordinates. The rotations of the paleomagnetic poles were made according to the Euler poles (Torsvik et al., 2012): RPC (47.5°N, 33.3°W, 56.2° ccw) and Amazonia
(50.0°N, 32.5°W, 55.1° ccw). Pole references: 1- This paper; 2- Rapalini et al. (2013); 3- Rapalini (2006); 4- Rapalini et al. (2015); 5- D’Agrella Filho and Pacca (1988);
6- Meert and Van der Voo (1996); 7- Moloto-A-Kenguemba et al. (2008); 8- Morel (1981); 9- Robert et al. (2017); 10- Garcia et al. (2013). Lat: latitude, Long: longitude.
GCA: Cerro Negro Formation pole computed with great circle analysis plus samples reported by Rapalini et al. (2013). PCA: Cerro Negro Formation pole computed with

principal component analysis plus samples reported by Rapalini et al. (2013).

€ Present-day Pole position
coordinates (Gondwana coordinates)

Craton Geologic unit Pole Lat (°) Long (°) Lat (°) Long (°) Ags (°) Age (method) Ref.

Rio de la Plata Cerro Negro (GCA) CNc -3.6 307.8 -1.3 352.4 16.6 558-550 (APWP and paleontology) 1
Cerro Negro Fm. (PCA) CN 7.0 314.4 11.2 351.3 9.5 558-550 (APWP and paleontology) 1
Avellaneda Fm. AV -1.0 313.4 4.1 355.3 5.9 570 (APWP and stratigraphy) 1
Olavarria Fm. SBd 21.0 290.4 8.2 3239 8.9 560 (APWP) 2
Los Barrientos LB -16.2 253.9 —42.4 312.6 12.9 570 (APWP) 3
Sierra de Animas Complex SAn —-12.2 258.9 -36.5 315.3 14.9 578 + 4 (U-Pb SHRIMP, zircon) 4
Cerro Largo Fm. SBe —25.9 219.0 —62.9 265.7 11.3 580 (APWP) 2
Villa Ménica Fm. SBf —49.0 198.2 —78.6 181.4 9.2 590 (APWP) 2
Playa Hermosa Fm. PH —58.8 183.1 -71.2 137.1 12.1 590 (U-Pb SHRIMP, detrital zircons) 4
Campo Alegre Fm. CA —-57.0 223.0 —83.9 33.9 9.0 600 (APWP) 5

Congo-Sao Francisco Sinyai Dolerite SD —29.0 319.0 - - 3/5 547 + 4 (Ar-Ar, biotite) 6
Nola Dyke NL —61.8 304.8 - - 5.4/10.7 571 + 6 (Ar-Ar, amphibole) 7

West Africa Adma Diorite AD 32.5 344.7 - - 15.9 616 + 11 (U-Pb, zircon) 8
Fajjoud and Tadoughast Volc. Bl 21.9 31.0 - - 15.6 572-551 (U-Pb SHRIMP, zircon) 9
Djebel Boho Volc. B2 27.3 27.1 - - 14.9 547-526 (U-Pb SHRIMP, zircon) 9
Adrar-n-Takoucht Volc. C —57.6 295.6 - - 15.7 577-564 (U-Pb SHRIMP, zircon) 9

Amazonia Planalto da Serra PS 49.7 313.4 42.6 319.8 10.8 615 =+ 5 (Ar-Ar, phlogopite) 10
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Fig. 21. Paleogeography of the RPC at 600, 580 and 560 Ma. At 600 Ma there is no paleomagnetic evidence that supports the RPC together with another Gondwana
craton. From ~ 575 Ma, paleomagnetic information allows more complete paleoreconstructions. WA: West Africa; AM: Amazonia; C-SF: Congo-Sao Francisco.

6.4. First-order reversal curve (FORC) analyses

FORC studies were carried out in six samples from E7 (E7-37 and E7-
40), H9 (H9-9 and H9-21) and E34 (E34-1 and E34-10) drill cores
providing more details about the magnetic remanence in the Avellaneda
Formation. All representative samples show a highly peaked line on the
By = 0 axis with contours elongated across Bc axis. The presence of a
lobe extending along the negative B, axis (Fig. 18) is characteristic of
interacting SD magnetite. Similar distributions have been observed for
experimentally disaggregated magnetosome particles (Kopp and
Kirschvink, 2008; Moskowitz et al., 1993) and for some magnetofossil-
bearing sediments (Egli et al., 2010; Roberts et al., 2011, 2012; Yuan
et al., 2019). The sample E34-12 show a broader vertical spread close to
the origin of the Bc axis indicating some contributions of super-
paramagnetic fractions (Roberts et al., 2014).

7. Discussion

Our study of the Ediacaran Avellaneda and Cerro Negro Formations
allowed us to compute two new paleomagnetic poles for the Rio de la
Plata Craton. The directional analysis of the Avellaneda Formation was
carried out with two methodologies: by averaging the specimens and by
considering the mean directions obtained in each sample. From this last
methodology, mean directions were determined from samples with n >
3 specimens and without such restriction. In the case of the Cerro Negro
Formation, the directional analysis was performed in the same way but
without applying any restriction to the number of specimens per sample.
In the latter, we resorted to the analysis of remagnetization circles to
better define the ChRM. As seen in Table 4, the final mean directions
obtained either by averaging specimens or samples do not vary signifi-
cantly. In the two studied formations, the specimen directions and mean
directions per sample were converted into VGPs in order to compute the
respective paleomagnetic poles. In all three drill cores analyzed domi-
nant reverse polarity is ubiquitous. However, some short intervals of
opposite polarities have been found (Fig. 19). For a detailed discussion
on the magnetostratigraphy of the Avellaneda Formation the reader is
referred to the companion paper of Afonso et al. (2022). No reversals
were observed in the outcrop sampled at AV1, however such small
sampling only encompassed 6 m of stratigraphic thickness. The Cerro
Negro Formation exhibits a similar behavior to the underlying Avella-
neda Formation, with a large predominance of specimens with reverse
polarity (a single specimen showed normal polarity).

The paleomagnetic poles determined for the Avellaneda (1.0°S,
313.4° W, Ags: 5.9°) and the Cerro Negro (3.6° S, 307.8° E, Ags: 16.6)
Formations are located close to each other. They are presented in Fig. 20
in West Africa coordinates in a Western Gondwana reconstruction
(Torsvik et al, 2012), and in Table 6, together with other Ediacaran poles
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from Western Gondwana cratons (i.e. Rio de la Plata, Amazonia, West
Africa and Congo-Sao Francisco). As has been already published several
times (see Rapalini, 2018) a simple and long apparent polar wander path
seems to accommodate all previous poles and VGPs from the Rio de la
Plata Craton between around 600 and 575 Ma. These are mainly based
on the well-dated poles of Playa Hermosa Formation (PH, ca. 594 Ma)
and Sierra de las Animas Complex (ca. 578 Ma) plus the Los Barrientos
(LB) pole, with a less well constrained age, but likely around 580 to 585
Ma from stratigraphic considerations as it belongs to the Cerro Largo
Formation (see Gomez-Peral et al., 2018). Assuming an assembled West
Gondwana, this fast section of the Rio de la Plata craton APWP is sup-
ported by the position of the Nola dykes pole (ND, ca. 571 Ma) from the
Congo- Sao Francisco craton and the Adrar-n-Takoucht volcanics pole
(C, ca. 577 Ma) from West Africa. A few VGPs from the Sierras Bayas
Group (Rapalini et al., 2013, 2021) consistently fall along this path.

The positions of the Avellaneda (AV) and Cerro Negro (CN) Forma-
tions poles obtained in our study suggest that the Late Ediacaran path for
the Rio de la Plata (and West Gondwana?) should be modified. The
Avellaneda Formation paleomagnetic pole has a more likely age, limited
by stratigraphic constraints, between 580 and 560 Ma. A negative C!3
anomaly in its upper levels (e.g. Gomez-Peral et al., 2018, Afonso et al,
2022 companion paper) may be correlative of the Shuram global iso-
topic excursion, dated at 570 Ma (Gong and Li, 2020; Ronney et al.,
2020). An age of 570 Ma or younger for the AV pole is also suggested for
its position nearly 60° apart from the SAn, LB, ND and C poles of ca.
585-575 Ma. In any case, this implies a fast polar drift of CRP in the
early Late Ediacaran and a path that turns into northern central Africa,
different from most previously proposed Gondwana paths (Trindade
et al., 2006; Rapalini et al., 2013). The less robust paleomagnetic pole
obtained for the Cerro Negro Formation falls very close to AV pole. The
age of this formation is restricted from the discoidal structures reported
by Arrouy et al. (2016) in its upper levels. These structures were
assigned to the genus Aspidella sp. and have been interpreted as corre-
sponding to the “White Sea” fauna (Arrouy et al., 2016) for which a more
likely age of 558-550 Ma has been proposed (Boag et al., 2016; Crack-
nell et al., 2021). CN pole was obtained from the lower levels of the
Cerro Negro Formation. These considerations suggest that AV and CN
poles are most likely encompassed in the 570-550 Ma. Of course, this is
based on the acceptance of a primary magnetization for both units.
Marginally positive tilt tests, rock magnetic data plus a coherent mag-
netostratigraphic pattern as shown in Fig. 19 and described in the
companion paper (Afonso et al., 2022) are consistent with a primary
remanence.

Robert et al. (2017) conducted paleomagnetic studies on well-dated
volcanics in the West African craton. The authors proposed the existence
of two events of inertial interchange true polar wander (IITPW) occur-
ring in the Ediacaran. In particular, the second proposed event occurred
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between 575 and 565 Ma and would explain the very distant paleo-
magnetic poles of the Adrar-n-Takoucht and Fajjoud and Taddoughast
volcanics (Robert et al., 2017) of approximately those ages, respectively.
Robert et al. (2018) further developed this model comparing approxi-
mately coeval paleomagnetic poles from West Africa, Laurentia, Baltica,
West Gondwana and Australia that were interpreted to be compatible
with the IITPW hypothesis. Ediacaran poles from West Africa (AD, B1,
B2 and C, see Table 6, Fig. 20) show a long and fast track as well as an
abrupt change in its direction determined by pole C of ~ 577 Ma. This
pole is approximately consistent with poles of similar ages in RPC (SAn
and LB) and Congo-Sao Francisco (ND), suggesting that these blocks
were close to each other or even already united at that time. The AV and
CN poles imply a fast apparent polar displacement for the RPC (and
other West Gondwana blocks?) between ca. 580 and 570-550 Ma
(Fig. 20). This seems consistent at a first sight with the IITPW proposal,
although the RPC track falls short of a ca. 90° swath apparently found in
other continents (Robert et al., 2018). Whether this is invalidating such
model or just the recording of superposed independent tectonic move-
ments along the TPW track during final Gondwana assembly should be
investigated further. The role of long-lived large non-dipole contribu-
tions in the Late Ediacaran Earth magnetic field remain ambiguous.
Consistent paleopole positions from different continents at around
580-575 Ma, as already discussed, suggest that the GAD hypothesis was
likely valid at least near the end of the Early Ediacaran.

With the new paleomagnetic information for RPC, and assuming a
basically valid GAD hypothesis up to ca. 550 Ma it is possible to infer a
gross picture of the drift of this block during the late Early and early Late
Ediacaran (Fig. 21). At ~ 600 Ma the craton might have been at a paleo
latitude of ~ 19° S (as computed for the Olavarria city in the Tandilia
System), according to the paleomagnetic pole from the Playa Hermosa
Formation (Rapalini et al., 2015). Relative location of other Western
Gondwana blocks are not well constrained paleomagnetically, particu-
larly Congo- Sao Francisco lacks any paleomagnetic pole of similar age.
Slightly older poles from West Africa and Amazonia (see Table 6) at
610-615 Ma, suggest that both blocks were probably a single plate
relatively far-away from RPC. By ~ 580 Ma (Fig. 21), the RPC, Congo-
Sao Francisco and West Africa cratons are reconstructed as already
assembled, although minor relative movements among them are
allowed from the data. They are the already mentioned SAn, LB, ND and
C poles (Table 6). Although there is no paleomagnetic information on
the Amazonia craton for this time, it is indirectly inferred that it was part
of the same continent together with the RPC given the paleo-
reconstructions that locate Amazonia attached to West Africa since the
Paleoproterozoic (see D’Agrella Filho et al., 2016 and references
therein) and the consistent early Ediacaran poles already mentioned. In
this context, the existence of the Clymene Ocean (Trindade et al., 2006)
is in doubt from the paleomagnetic point of view. However, it is possible
to continue supporting its existence by appealing to the uncertainty of
the paleomagnetic method as suggested by Rapalini et al (2021), but
maintaining that Clymene was a smaller ocean/sea. Some authors
(Warren et al., 2014; Arrouy et al.,, 2016; Gomez-Peral et al., 2019;
Arrouy and Gomez-Peral, 2021; among others) interpreted sedimento-
logical, petrographic and geochemical evidence as consistent with the
existence of Clymene, at least as a epeiric sea. By ~ 580 Ma, the Ola-
varria locality in the RPC was situated at ~ 46° S, drifting about 27° in
20 Ma. The Western Gondwana forming blocks may have drifted after-
wards towards even higher latitudinal positions within a large coun-
terclockwise rotation (Fig. 21). Deposition of the marls and shales of the
Avellaneda Formation took place at those times at latitude of ~ 50°S.
The CN pole suggests similar paleolatitudes around 560-550 Ma.

8. Conclusions
Detailed paleomagnetic studies were conducted in the Avellaneda

(~570 Ma) and Cerro Negro (~555 Ma) Formations. In the former unit,
sampling was carried out at an outcrop and in samples extracted from
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three different drill cores. In the second, the sampling was carried out in
only one drill core. In both cases, new paleomagnetic poles were ob-
tained: (AV, 1.0° S, 313.4° E, Ags: 5.9°) for the Avellaneda Formation
and (CNc, 3.6° S, 307.8°E, Ags: 16.6°) for the Cerro Negro Formation.
Rock magnetism analyses suggest that both magnetite and hematite, in
variable proportion, carry the remanence. The new poles allow a more
robust APWP for the RPC in the 600-550 Ma interval. A drift of the RPC
from low latitude positions at 600 Ma (~19°S for the Olavarria city)
towards positions of moderately high paleolatitudes (around 50° S) for
the interval 580-550 Ma. A long APWP between around 580 and 570 Ma
for the RPC mainly involved a very large counterclockwise rotation with
minor paleolatitudinal change. Whether this movement can be associ-
ated, and therefore supports, proposals of IITPW during the transition
between the Early and Late Ediacaran awaits more in depth analyses and
further paleomagnetic data of such age from different Western Gond-
wana forming blocks.
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Fig. Al. Stereographic projections of the specimen directions obtained from the low coercivity component “A” for drill cores E34, H9 and E7. The directions are

shown before azimuthal correction.
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