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ABSTRACT

A shelly fauna from the upper part of the Zapla glacial diamictite includes the lingulate brachiopod
Orbiculoidea radiata Troedsson, the rhynchonelliforms Dalmanella cf. testudinaria (Dalman) and Paro-
malomena sp., the bivalve Modiolopsis? sp., and the trilobite Dalmanitina subandina Monaldi and Boso.
Both taphonomic and paleoecologic data indicate a lack of transport reflecting the original community.
The assemblage is closely comparable to the widespread latest Ordovician Hirnantia-Dalmanitina fauna.
The Hirnantian age of the Zapla diamictite is further corroborated by the record of the northern
Gondwana chitinozoans Spinachitina cf. oulebsiri Paris and Desmochitina minor typica Eisenack. The
graptolites and chitinozoans from the overlying Lipeén Formation indicate that the postglacial trans-
gression took place in the earliest Llandovery (Parakidograptus acuminatus Biozone). According to the
tectonosedimentary evidence, the Early Silurian age of the Cancaniri and San Gaban diamictites of north
—central Bolivia and south Peru based on their palynological record is more likely the age of posglacial
gravity flows and not that of the glaciation. We support the hypothesis that the weakly lithified glaci-
genic deposits of Hirnantian age were reworked and redistributed by high-energy marine processes
during the postglacial transgression and then transported to the adjacent deep-marine trough. Iron-rich
horizons have been recognized in many basins of southern South America reflecting eustatic and pa-
leoclimatic fluctuations. Most of them formed during the early stages of the postglacial transgression at
the Ordovician/Silurian transition and are associated with low sedimentation rates and condensed in-
tervals. The mild maritime postglacial climate, the increasing atmospheric CO,, and possibly the presence
of incipient vegetated areas led to extensive weathering of glacigenic sediments supplying iron into the
marine system to form ferruginous deposits. The sea level fall related to the peak of glaciation is recorded
by both paleovalley incision and a sharp subaerial to subglacial unconformity. The transgressive systems
tract starts with fluvio-estuarine deposits within incised valleys followed by widespread deposition of
subtidal to open marine organic-rich shales onlapping regionally the basement rocks. The recognition of
key stratigraphic markers (e.g. sequence boundary, flooding surface, ferruginous beds), alongside reliable
micro and macropaleontological evidence allow a more accurate correlation between the Central Andean
Basin of Peru, Bolivia and NW Argentina, the W Puna region, the Paraguayan and Brazilian sectors of the
Parand Basin, the Precordillera Basin of W Argentina, and the Cape Basin of South Africa.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

In the Central Andes, a lower Paleozoic diamictite extends over
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to in Peru as the San Gabdn Formation, in Bolivia as Cancaniri
Formation, and in Argentina as Zapla Formation (the names
Mecoyita and Caspala have also been used for other localities). The
thickness of the diamictite unit varies from ca. 1500 m in the
depocenter located west of Potosi in the Cordillera Oriental
(Eastern Cordillera) of Bolivia, to a few tens of meters towards the
basin margins (Suarez Soruco, 1995; Diaz-Martinez and Grahn,
2007). Throughout the Central Andean Basin the diamictite rests
upon a regional erosional surface truncating different Lower to
Upper Ordovician (Sandbian/Katian) siliciclastic marine units. Its
glacial origin was first postulated by Schlagintweit (1943) who
introduced the name ‘Horizonte Glacial de Zapla’ (Zapla Glacial
Horizon) for the diamictite that immediately underlies conspicuous
iron-rich levels in the Sierra de Zapla (Zapla Range) of north-
western Argentina. Since then, the Zapla Formation and correlative
units of Bolivia and Peru have been considered by most authors as
glacimarine in origin (Berry and Boucot, 1972; Crowell et al., 1981;
Buggisch and Astini, 1993; Astini, 2003), though evidence of syn-
sedimentary deformation structures led to interpret the diamictite
as glacigenic sediments redeposited in deeper waters (Rodrigo
et al,, 1977; Sempere, 1995; Diaz-Martinez and Grahn, 2007). The
diamictite succession of southern Bolivia (e.g. Tarija region) has
been interpreted as true tillites deposited during successive ad-
vances of temperate grounded glaciers in a glacioterrestrial envi-
ronment (Schonian et al.,, 1999; Schonian and Egenhoff, 2007). By
contrary, Boso (1996) rejected the glacial origin of the Zapla dia-
mictite arguing that sedimentary structures point to large-scale
sediment gravity flows in a tectonically unstable basin. This hy-
pothesis, however, does not account for the abundance of faceted
and striated clasts within the diamictite. Nevertheless, it should be
noted that the occurrence of large-scale, tectonically induced
events (Diaz Martinez et al., 1996, 2001; Egenhoff and Lucassen,
2003) is not incompatible with glaciated areas in the region.

The age of the diamictite remains controversial due to the
reworked nature of most of the fossils and, additionally, by the fact
that some fossiliferous beds attributed to the upper part of the
Cancaniri Formation (e.g. those yielding the Silurian shelly faunas
described by Antelo, 1973) are currently ascribed to the base of the
overlying non-glacial Kirusillas Formation (Benedetto and Sudrez-
Soruco, 1998). Further data from chitinozoans recovered from the
Zapla Formation (Grahn and Gutiérrez, 2001) and the Cancaniri
Formation (Diaz Martinez and Grahn, 2007; Diaz Martinez et al.,
2011) allow reinterpreting the ‘Cancaniri glacial event’ as essen-
tially Early Silurian. This age has been uncritically accepted in some
global-scale Early Paleozoic paleoclimatic discussions (i.e. Brand
et al., 2006; Eyles, 2008; Cherns and Wheeley, 2009; Lehnert
et al,, 2010; Loi et al., 2010). However, an increasing amount of
micro and macropaleontological evidence, including the fauna
described in the present work, tends to constrain the main glacial
advance in the Central Andean Basin essentially to the Hirnantian
in accordance with the timing of the glaciation peak in northern
Gondwana and other regions of the world.

The aim of this paper is to briefly describe and illustrate the
shelly fauna recovered from the glacial diamictite of the Zapla
Formation exposed in the Sierra de Santa Barbara of northwestern
Argentina. The interest of this assemblage lies in its undoubtedly
autochthonous nature, then providing critical information on the
age of the end of the main phase of the glacial event as well as the
beginning of the subsequent marine transgression triggered by the
ice cap melting. We also propose some explanations to account for
the inconsistency in the age of the diamictites of Argentina, Bolivia
and Peru. Finally, we attempt a regional correlation of the Upper
Ordovician/Lower Silurian successions of southern South America
to enlighten the complex dynamic of the end-Ordovician glacial
event in the high-latitude western Gondwana.

2. Stratigraphy, taphonomy and paleocology

The fauna was collected from the Zapla Formation exposed
along the Arroyo Pedregoso creek (Pedregoso River) in the southern
part of the Sierra de Santa Barbara (Fig. 1). This range, together with
the adjacent Sierra de Zapla and other mountain systems, consti-
tutes the Subandean Ranges morphotectonic unit (Rolleri, 1976;
Kley and Monaldi, 1999, 2002). In the studied area, the Zapla For-
mation overlies unconformably the Centinela Formation, of prob-
able Sandbian age, which consists of Skolithos-rich quartz-
sandstones interbedded near the base with greenish siltstones
bearing fragments of linguliform brachiopods. The thickness of the
Zapla Formation in the Arroyo Pedregoso section is of 78 m (Fig. 2).
The lower 15 m consist of dark gray massive diamictites interca-
lated with a ca. 1 m thick bed of coarse-grained quartz-sandstones.
This interval is followed by a lenticular sandstone bed reaching a
maximum thickness of 5 m, consisting of fine-to very coarse-
grained sandstone showing diffuse low-angle cross stratification.
Higher in the section the massive diamictites are interbedded with
packages up to 25 m thick of lenticular quartz-sandstones dis-
playing hummocky cross stratification. Throughout the unit dia-
mictites contain small quartz grains and boulders up to 20 cm in
diameter of quartzite, shale, granitoids, chert, and diamictite
reworked from the same unit, and scarce pyrite nodules. The
sandstone beds are contorted and often broken appearing as iso-
lated blocks of quartzite, denoting synsedimentary soft deforma-
tion linked probably to glacial processes. At the top of the section
the diamictites are intercalated with thin beds of dark gray mud-
stones yielding the fauna described herein (Fig. 2). These levels bear
scattered quartz clasts (<5 mm in diameter) that may represent ice-
derived dropstones.

The Zapla Formation is conformably overlain by the Lipedn
Formation (=Cachipunco Formation), which starts with ca. 10 m
thick fine-grained micaceous gray sandstones followed by a con-
spicuous chamoisitic oolitic ironstone bed reaching 1.50 m in
thickness. This horizon is overlain by yellowish fine-grained
micaceous sandstones with abundant Zoophycos followed by a
second ferruginous sandstone reaching 3.70 m in thickness. The
exposed stratigraphic section culminates with dark gray micaceous
shales and sandstones truncated by an inverse fault against Ceno-
zoic rocks.

As stated above, the studied fauna comes from a dark gray
mudstone bed near the top of the Zapla Formation. The only
trilobite recovered is Dalmanitina subandina (Monaldi and Boso,
1987). This species is represented by isolated pigydia, cranidia
and free checks corresponding probably to molt remains. Some
bivalve specimens (Modiolopsis? sp.) are preserved with their
valves open but united along the hinge (Fig. 4). Because this genus
is edentulous, post mortem resistance to disarticulation after the
ligament decay should have been very low, and then this is
important evidence against hydrodynamic transport or long resi-
dence time on the substrate. Although valves transported by non-
turbulent sediment gravity flows can occasionally remain
conjoined, there is no sedimentological evidence of such processes
in the sampled interval.

Brachiopods are the more abundant component of the Zapla
community, the small organophosphatic discinoidean Orbiculoidea
radiata Troedsson being largely dominant (Fig. 3). This species is
represented by both dorsal and ventral valves, but the former are
more numerous and better preserved than the thinner and flat-
tened ventrals. The presence of juvenile and adult shells in the
same bedding plane reveals absence of sorting. Moreover, although
valves of O. radiata and associated rhynchonelliform brachiopods
are disarticulated do not show signs of mechanical damage and
their external ornament is finely preserved, indicating absence of
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Fig. 1. Geological map of the Subandean Ranges in NW Argentina showing location of the fossiliferous site (star). SB: Sierra de Santa Barbara; Z: Zapla Range anticline.

winnowing by currents or waves.

O. radiata is an epifaunal linguliformean brachiopod. Like other
discinaceans it lay attached to the substrate by its short pedicle. The
widespread genus Orbiculoidea inhabited in a wide range of depths,
but more frequently occurs in subtidal dark gray mudstones and
shales reflecting poorly oxygenated bottoms. Burrowing linguli-
formeans, which are better adapted to cope fluctuations in water
energy, salinity and temperature, are absent in the Zapla commu-
nity. Dalmanella cf. testudinaria Dalman is the most abundant
rhynchonelliform brachiopod. Dalmanella is a typical orthide with
biconvex shell and permanent open delthyrium, living umbo-down
attached to the bottom by mean of a strong pedicle. It is considered
a eurytopic form capable to inhabit shallow to deep waters in
carbonate or siliciclastic environments (Brenchley and Cocks, 1982).
Paromalomena, as most strophomenoids, lived free on soft bottoms
with the slightly convex ventral valve downward partially sunk into
the sediment (Bassett, 1984). Modiolopsis was a suspension feeder
semi-infaunal bivalve fixed to the substrate by a byssus.

The low diversity of the Zapla assemblage (five taxa) was
probably caused by slightly dysoxic bottom conditions, episodic
input of coarse sediments, and/or salinity fluctuations. It closely
resembles the Hirnantia-Modiolopsis Community recorded in the
Don Braulio Formation of the Argentine Precordillera, which occurs
in gray bioturbated calcareous mudstones just above the glacigenic
diamictite (Sanchez et al., 1991). The Zapla and Don Braulio com-
munities have in common a dalmanitid trilobite (see Dalmanitina/
Mucronaspis remarks bellow), Orbiculoidea (the specimens from the
Don Braulio Formation are illustrated for the first time in the pre-
sent paper), Dalmanella, Paromalomena, and probably Modiolopsis.
The Precordilleran assemblage, however, is more diverse, and Hir-
nantia sagittifera and Dalmanella testudinaria are the commonest
brachiopod. Moreover, in the Hirnantia-Modiolopsis community,
bryozoans are relatively frequent including a stick cylindrical form
(Helopora fragilis) and small branched phylloporinid colonies
(Halpern and Carrera, 2014). These bryozoans, together with the
brachiopods H. sagittifera, Cliftonia oxoplecioides, and Dalmanella
testudinaria, the gastropod Holopea sp., and ambonychiid bivalves,
are particularly abundant in a thin but widespread transgressive
quartz-conglomerate/sandstone bed at the top of the diamictite

(Carrera and Halpern, 2011; Benedetto et al., 2011). The compara-
tively higher richness of the assemblage from the Precordillera
terrane may be due to its location at a lower latitude than the
autochthonous Gondwanan basins (Fig. 8). Available samples from
the Zapla Formation, however, are by far more reduced that the
much larger collections from the Don Braulio Formation, and
consequently that values of diversity and relative abundance of
taxa may be biased by the nature of sampling.

The Zapla community shows similarities to the fauna recovered
from the Kyrkds Quartzite of Sweden, which besides typical ele-
ments of the Hirnantia Fauna contains Orbiculoidea cf. radiata and
diverse articulated bivalves including Modiolopsis? sp. (Dahlqvist
et al., 2010). Also comparable are the Hirnantia Fauna from the
Holy Cross Mountain of Poland described by Temple (1965), and the
Dalmanella Association of the Oslo-Asker District of Norway
(Brenchley and Cocks, 1982). The latter assemblage is characterized
by the dominance of D. testudinaria and the presence of the bryo-
zoan Hallopora? sp.

3. Composition of the fauna (by J.L. Benedetto and K.
Halpern)

Illustrated specimens are deposited in the paleontological
collection housed in the Centro de Investigaciones en Ciencias de la
Tierra (CICTERRA), Consejo Nacional de investigaciones Cientificas
y Técnicas and Universidad Nacional de Cérdoba, Argentina
(acronym CEGH-UNC). Prefix CNS—I corresponds to the collection
of Department of Ciencias Naturales of the Universidad Nacional de
Salta). Prefix LO corresponds to the Departament of Geology, Lund
(Sweden), and BB to The Natural History Museum, London.

3.1. Brachiopods

Order LINGULIDA Waagen, 1885

Superfamily DISCINOIDEA Gray, 1840.

Family DISCINIDAE Gray, 1840.

Genus Orbiculoidea d’Orbigny, 1847

Type Species: Orbicula forbesii Davidson, 1848. Silurian
(Wenlock), England.
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Fig. 2. Stratigraphic column of the Arroyo Pedregoso section showing fossiliferous level at the top of the Zapla Formation.

Orbiculoidea radiata Troedsson, 1918.

Fig. 3.1-3.5, 3.9-3.11.

Material: Twelve valves CEGH-UNC 26001—26012 from the
Zapla Formation, Sierra de Santa Barbara (Arroyo Pedregoso), Jujuy
Province, Argentina; six valves CEGH-UNC 26044—26049 from the
Don Braulio Formation, Cerro La Chilca, San Juan Province,
Argentina.

Remarks: The Zapla specimens display the chief diagnostic
features of the type material of O. radiata Troedsson from Rostanga,

Sweden (re-illustrated here in Fig. 3.6—3.8), among them their
small shell size (maximum width ca. 4.5 mm), subcircular outline,
conspicuous concentric growth fila crossed by weak radial plica-
tions, slightly eccentric ventral umbo located at about one-third of
the length from posterior margin, and dorsal valve more convex
than ventral with the umbo located near to the posterior margin.
The same species has also been reported from the Dalmanitina Beds
of the Holy Cross Mountains of Poland and the Hirnant Beds of
north Wales (Temple, 1965) (some of these specimens re-illustrated
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Fig. 3. 1-11, Orbiculoidea radiata Troedsson, 1918. 1-5, Zapla Formation, Arroyo Pedregoso. 1, dorsal valve CEGH-UNC 26005; 2, dorsal valve CEGH-UNC 26007; 3, dorsal valve
exterior, latex cast, CEGH-UNC 26010; 4, dorsal valve exterior, CEGH-UNC 26006; 5. ventral valve CEGH-UNC 26014a; 6, dorsal valve LO 2866T from Rostanga, Sweden, (figured by
Temple, 1965 pl. 1, Fig. 6); 7, ventral valve, lectotype LO 2867 from Rostanga, Sweden, (figured by Temple, 1965 pl. 1, Fig. 7); 8, ventral valve internal mold BB 30769, Holy Cross
Mountain, Stawy, Poland; 9—11, Don Braulio Formation, Sierra de Villicum, Argentina; 9 dorsal valve CEGH-UNC 26044; 10, dorsal valve CEGH-UNC 26045; 11, ventral valve CEGH-
UNC 26047. 12—16. Dalmanella cf. testudinartia (Dalman, 1828); 12, ventral valve exterior, latex cast, CEGH-UNC 26014b; 13, dorsal valve exterior, latex cast, CEGH-UNC 25018; 14,
ventral valve exterior, CEGH-UNC 26014c; 15, ventral valve internal mold, CEGH-UNC 26024; 16, dorsal valve internal mold, CEGH-UNC 26025. 17—19, Paromalomena sp. 17, ventral
valve exterior, CEGH-UNC 26015b; 18, dorsal valve internal mold CEGH-UNC 26015a; 19, detail of the specimen illustrated in Fig. 18. Scale bars: Figs. 1-11 = 1 mm;

Figs. 12-19 = 5 mm.
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Fig. 4. 1-2, Modiolopsis? sp. 1, conjoided valves CEGH-UNC 26029; 2, right valve CEGH-UNC 26030. 3—6. Dalmanitina subandina Monaldi and Boso, 1987. 3, Cephalon, holotype
CNS—I 094-1/654(1); 4, pygidium CNS—I 094-1/654(2); 5, incomplete pygidium CEGH-UNC 26015c; 6, pygidium CEGH-UNC 26016. Scale bars = 5 mm.

Pacific Ocean

Atlantic Ocean

Fig. 5. Lower Paleozoic basins of southern South America and localization of the
stratigraphic sections illustrated on Fig. 6 and 7 (gray: emerged areas). 1-5: Central
Andean Basin; 1, southern Peru; 2, Bolivia (Tarija region); 3, Sierra de Santa Barbara
(Subandean Ranges); 4, Cordillera Oriental (Los Colorados); 5. western Puna (Salar del
Rincoén). 6, Puna region; 7, Parand Basin (Paraguay and Brazil); 8, Paranaiba Basin; 9,
Amazonas Basin; 10, Precordillera Basin; 11, Tandilia System; 12, North Patagonian
Massif.

here in Fig. 3.6—3.8). The muddy interval of the Don Braulio For-
mation has yielded a few specimens of a discinid closely similar to
0. radiata in size, ornament, valve convexity and position of the
umbo, and they are therefore regarded tentatively as conspecific
(Figs. 3.9-3.11).

Order ORTHIDA Schuchert and Cooper, 1932

Superfamily DALMANELLOIDEA Schuchert, 1913

Family DALMANELLIDAE Schuchert 1913

Genus Dalmanella Hall and Clarke, 1892

Type species: Orthis trestudinaria Dalman, 1828. Upper Ordovi-
cian (Hirnantian) Dalmanitina Beds, Loka Formation, Borenshult,
Ostergotland, south Sweden.

Dalmanella cf. testudinaria (Dalman, 1828)

Fig. 3.12—-3.16.

Material: Three ventral valves and four dorsal valves, CEGH-UNC
26014, 26018, 26022—26026 from the Zapla Formation, Sierra de
Santa Barbara (Arroyo Pedregoso), Jujuy Province, Argentina.

Remarks: The material from the Zapla Formation consists of

several exteriors of both valves and some poorly preserved interiors
preventing a more conclusive specific identification. The Zapla
specimens are assigned to Dalmanella on the basis of their ven-
tribiconvex shell, weakly fascicostellate ornament, short diverging
dental plates becoming subparallel anteriorly bounding a cordate
muscle field, and small bilobed cardinal process. The taxonomic
value of the ribbing style has been emphasized by Jin and
Bergstrom (2010) who noted that the ‘true’ D. testudinaria have a
dorsal medial interspace delimited by a pair of symmetrical pri-
mary costae originated near to the umbonal region and branched
anteriorly. The dorsal medial interspace between them corresponds
to a median costa in the ventral valve. Also typical of D. testudinaria
is the weakly bundled fascicostellae radial ornament averaging 3
costellae per 1 mm at the anterior margin. All of these features
have been observed in our material but details of microperforations
(punctae, aditicules) are not preserved. D. testudinaria is one of the
more distinctive taxa of the typical Hirnantia Fauna (Rong and
Harper, 1988; Rong et al., 2002, and references therein).

Order STROPHOMENIDA Opik, 1934

Superfamily STROPHOMENOIDEA King, 1846

Family GLYPTOMENIDAE Williams, 1965

Genus Paromalomena Rong, 1984.

Type species: Platymena polonica Temple, 1965. Upper Ordovi-
cian Dalmanitina Beds, (Hirnantian), Stawy, Holy Cross Mountain,
Poland.

Paromalomena sp.

Fig. 3.17-3.19.

Material: One ventral valve CEGH-UNC 26015a, one dorsal valve
CEGH-UNC 26015b from the Zapla Formation, Sierra de Santa
Barbara (Arroyo Pedregoso), Jujuy Province, Argentina.

Remarks: The gently convex, non geniculate ventral valve,
nearly plane semicircular dorsal valve, finely multicostellate radial
ornament crossed by irregular concentric rugae, short widely
divergent sockets ridges, and weak notothyrial platform are all
features suggestive of Paromalomena. The Zapla specimens are left
under open nomenclature due to the paucity of material. The only
species ascribed to this genus is the widespread P. polonica
(Temple), a core taxon of the Hirnantia Fauna. In Argentina,
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P. polonica is very common in the Don Braulio Formation
(Benedetto, 1990; Astini and Benedetto, 1992).

3.2. Bivalves

Order MYTILIDA Férussac, 1822

Superfamily MODIOLOPSOIDEA Fisher, 1886

Family MODIOLOPSIDAE Fisher, 1886

Genus Modiolopsis Hall, 1847

Type species: Pterinea modiolaris Conrad, 1838. Upper Ordovi-
cian, New York, US.A.

Modiolopsis? sp.

Fig. 41-4.2.

Material: One conjoined specimen and two right valves CEGH-
UNC 26028—26030 from the Zapla Formation, Sierra de Santa
Barbara (Arroyo Pedregoso), Jujuy Province, Argentina.

Remarks: Available specimens are scarce but well preserved. In
the conjoined specimen illustrated in Fig. 4.1 there is no trace of
teeth, placing this species among the edentulous modiolopsids and
refer it tentatively to Modiolopsis. The shell outline is suboval with a
posteriorly directed rounded carina and a very shallow, almost
inconspicuous ventral sinus; the umbo is prosogyrate and curved
on the hinge plane, and it is situated towards the anterior third of
shell. The valve exterior is essentially smooth with fine growth lines
only. Modiolopsis cuyana Sanchez, 1990, from the Hirnantian Don
Braulio Formation, differs from the Zapla specimens in its strongly

expanded posteriorly shell profile and in the subterminal position
of the umbo.

3.3. Trilobites

Order PHACOPIDA Salter, 1864

Superfamily DALMANITOIDEA Vodges, 1890

Family DALMANITIDAE Vodges, 1890

Genus Dalmanitina Reed, 1905

Type species: Phacops socialis Barrande, 1846. Upper Ordovician
of Bohemia.

Discussion: The relationships between the sister genera
Mucronaspis Destombes, 1963, and Dalmanitina Reed, 1905 consti-
tute a persistent and unsolved systematic problem (Owen, 1986,
Owen et al., 1991; Waisfeld and Vaccari, 2003; Zhou et al., 2012;
Hints et al., 2012). According to Owen (1981), Mucronaspis can be
distinguished from Dalmanitina on the basis of a set of morpho-
logical features including a less convex cephalon, less swollen
glabella, longer genal spines, posterior branch of the facial suture
cutting lateral margins of the cephalon at about the level of the
posterior border furrow, larger eyes, subparallel S1 and S2, S2 well
incised only adaxially, S3 less divergent anteriorly, posterior margin
of hypostome denticulate, thoracic pleurae extending into long
pointed tips, and pleural ribs of the pygidium more curved and
more rearward directed posteriorly. Despite these features, the
wide morphological variation and the combination of characters in
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Fig. 7. Correlation of stratigraphic sections of southern Bolivia (Tarija area), Parand Basin (Paraguay and Brazil), and Cape Basin of South Africa. References the same as Fig. 6.

species belonging to both genera obscure their identity (Hints et al.,
2012). Recently, in an attempt to unravel this topic, Zhou et al.
(2012) studied a group of species related to ‘mucronata’ and many
of the Dalmanitina or Mucronaspis species were transferred to
Mucronaspis (Songxites) Lin, 1981. However, the systematics of
these dalmanitids is far from being solved and both genera are in
need of a global revision. Thus, following its original designation,
and to avoid more confusion in the literature, we refer the Zapla
species to Dalmanitina.

Dalmanitina subandina Monaldi and Boso, 1987.

Fig. 43—4.6.

Material: One cephalon, CNS—I 094-1/654 (1), and four pygidia
CNS—I 094-1/654 (2), CEGH-UNC 26015c, 26016, 26017 from the
Zapla Formation, Sierra de Santa Barbara (Arroyo Pedregoso), Jujuy
Province, Argentina.

Remarks: Isolated cephala, pygidia, and free cheeks were
initially reported from the upper strata of the Zapla Formation in
the Sierra de Santa Barbara by Monaldi and Boso (1987) and later,
the type material was re-illustrated by Waisfeld and Vaccari (2003).
The record of well preserved Dalmanitina suggests a Hirnantian age
for these beds. The pygidia from the Zapla Formation resemble
those of Mucronaspis? sudamericana Baldis and Blasco, 1975, from
the Precordilleran Don Braulio Formation of Hirnantian age, but
their cephala differ in the smaller size of the eyes and the shorter
genal spines (Waisfeld and Vaccari, 2003). Unlike the Zapla
assemblage, the Precordilleran trilobite association also includes
Eohomalonotus villicumensis Baldis and Blasco, 1975, and Eoleo-
naspis? Sheng, 1974 (Halpern et al., 2014).

4. Age of the Zapla/Cancaniri diamictite
4.1. The Zapla Formation

When Schlagintweit (1943) proposed the name Zapla Glacial
Horizon he considered this unit to be ‘Gotlandian’ (=Silurian) in age
based on its stratigraphic position above ‘Skiddavian’ (=Lower
Ordovician) quartz-arenites and below a thick succession of mica-
ceous shales and sandstones bearing ‘Devonian’ shelly faunas.
Subsequent paleontological studies demonstrated that the Schla-
gintweit's inference was essentially correct, as the underlying
Capillas/Centinela Formations (and the correlative San Benito For-
mation of Bolivia) are Sandbian to early Katian in age (Sudrez
Soruco and Benedetto, 1996; Sanchez and Astini, 2011; Benedetto,
2013), and the overlying richly fossiliferous Lipe6n Formation is
Silurian.

Autochthonous (non resedimented) fossils within the glacial
diamictite are scarce, probably due to a combination of unfavorable
environmental factors (e.g. non marine sediments), physiochemical
conditions (partially anoxic bottoms), and taphonomic conditions
(coarse-grained gravity mass flows). To date, in situ macrofossils
have been found only in the upper part of the Zapla Formation,
including the trilobite D. subandina Monaldi and Boso (1987) and
the brachiopods and bivalves described in this paper. On the basis
of the record of Dalmanella cf. testudinaria and Paromalomena sp.
the Zapla shelly fauna may be ascribed to the Hirnantia Fauna. It is
interesting to note that Brockmann et al. (1972) mentioned in their
geologic study of the Chapare area, in the central Subandean
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Fig. 8. Paleogeographic reconstruction showing location of basins mentioned in the
text (modified from Benedetto et al., 2013).

Ranges of Bolivia, the brachiopod Schizophoria? sp. from the Can-
caniri Formation exposed between the km 99 and 100 of the road
Coroico-Villa Tunari. Fossils come from a bed of bioturbated silt-
stones interbedded within a ca. 20 m thick succession of poorly
stratified diamictites, which are sharply overlain by organic matter-
rich shales bearing monograptid graptolites and the trilobite Leo-
naspis (s.l.). One of the authors (JLB) had the opportunity of revising
a Schizophoria? Specimen housed in the Yacimientos Petroliferos
Fiscales Bolivianos (YPFB) collection at Santa Cruz de la Sierra
concluding that undoubtedly it belongs to Hirnantia, and very
probably to Hirnantia sagittifera (Benedetto et al., 1992). Unfortu-
nately, this material has never been described nor illustrated. The
occurrence of Hirnantia in the Cancaniri diamictite is consistent
with the fauna described herein and corroborates the presence of a
low diversity Hirnantia fauna in the diamictite of both localities. As
it is widely known, the Hirnantia-Dalmanitina fauna is a worldwide
brachiopod—trilobite assemblage that characterizes the uppermost
Ordovician Hirnantian Stage (Lespérance, 1974; Owen et al., 1991;
Rong and Zhan, 2006; Amstrong, 2007; Hints et al., 2012; among
others). Although the majority of last occurrences of this fauna have
been documented within the upper Hirnantian Normalograptus
persculptus Biozone, in a few sites (e.g. Gizhou in South China, Lake
District in England) representatives of the Hirnantia-Dalmanitina
fauna persist into the very basal Llandovery (lower part of the
Parakidograptus acuminatus Biozone) (Rong et al., 2002; Harper and
Williams, 2002).

The Hirnantian age of the Zapla Formation has been further
corroborated in the Rio Capillas stratigraphic section of the Sierra
de Zapla by the record of a chitinozoan species comparable to

Spinachitina oulebsiri Paris et al. (de la Puente and Rubinstein, 2013;
pl. 2, Fig. 2), which in northern Gondwana indicates the late Hir-
nantian, but possibly reaches the earliest Rhuddanian
(Vandenbroucke et al., 2009). This species is associated with well-
preserved specimens of Desmochitina minor typica Eisenack (de la
Puente and Rubinstein, 2013; pl. 2, Fig. 1), a classical component
of the Late Ordovician of northern Gondwana with its LAD in the
late Hirnantian (Paris et al., 2015). S. oulebsiri has been identified in
the glacially-related Second Bani Formation of the Moroccan Anti-
Atlas, where it indicates the uppermost Ordovician chitinozoan
biozone (Loi et al., 2010). These beds contain representatives of the
Hirnantia Fauna (Sutcliffe et al., 2001). The Zapla Formation also
yielded a palynomorph assemblage dominated by Villosacapsula,
Eupoikilofusa, Neoveryhachium, Polygonium, Myrchistidium, and
Multiplicisphaeridium, corroborating a Late Ordovician age
(Rubinstein and de la Puente, 2008). This evidence, however, does
not fit with the chitinozoans described by Grahn and Gutiérrez
(2001) from samples collected in the Rio Capillas and Arroyo Los
Matos sections of the Sierra de Zapla, which indicate a Silurian age
(not older than Aeronian) for the upper part of the Zapla Formation.
That age is contradictory not only with the above mentioned fossils
but also with the Rhuddanian graptolite assemblage recovered
from the base of the overlying Lipedn Formation (Rickards et al.,
2002). We support here the interpretation by de la Puente and
Rubinstein (2013) that those levels sampled by Grahn and
Gutiérrez (2001) belong actually to the Lipe6n Formation and not
to the Zapla Formation. In fact, lithology of the sampled beds (‘dark-
gray to brownish-yellow quartzitic sandstones’) is suggestive of the
lower yellowish sandstones of the Lipe6n Formation, whilst the
overlying micaceous sandstones and mudstones probably corre-
spond to the upper member of this unit. Also striking is the absence
in the successions studied by Grahn and Gutiérrez (2001) of iron-
stone beds, which are present at or near the contact between the
Zapla and Lipeén formations throughout the Zapla Range (Boso and
Monaldi, 2008).

Recently, late Katian—Hirnantian chitinozoans have been
recovered from the glacially-related deposits of the Caspald For-
mation, an equivalent of the Zapla Formation at the eastern margin
of the Cordillera Oriental (Rubinstein et al., 2015). The late Katian
species from this unit, such as Tanuchitina cf. fistulosa Taugourdeau
and de Jekhowsky, have been frequently recorded in northern
Gondwana (Paris et al., 2015, and references therein). Their pres-
ence in the Caspalda Formation has been interpreted as a recycled
association during the Hirnantian glacial pulses.

As stated above, the age of the Zapla diamictite is further con-
strained by the fauna from the immediately overlying Lipeén For-
mation. The graptolites recovered from the lower member
(‘yellowish sandstones’) at the Zapla anticline (9 de Octubre Mine
section) and Sierra de Puesto Viejo are indicative of the lowest
Llandovery P. acuminatus Biozone (Rickards et al., 2002). The as-
sociation consists of Talacastograptus leanzai Cuerda, Rickards and
Cingolani, Normalograptus rectangularis (McCoy), Clinoclimacog-
raptus sp., and Metaclimacograptus? robustus Cuerda (Monteros
et al,, 1993; Moya and Monteros, 1999; Rickards et al., 2002). The
middle and upper parts of the Lipeén Formation have yielded
diverse brachiopod, trilobite, and bivalve faunas ranging in age
from late Llandovery to Pridolian (Sanchez, 1989, 1991; Benedetto,
1991; Waisfeld and Sanchez, 1993). Evidence from chitinozoans
also points to a Llandovery age for the base of the Lipe6n Formation
at the Zapla Range. On the basis of the occurrence of Margachitina
margaritana (Eisenack) and Salopochitina monterrosae Cramer,
Grahn and Gutiérrez (2001) assigned the lower part of the Lipedn
Formation at the Rio Capillas section to the upper Llandovery
(Telychian)-lower Wenlock (Sheinwoodian). de la Puente et al.
(2012) and de la Puente (2014) reported for the first time
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chitinozoans of Rhuddanian, Aeronian and Telychian age from the
base of the Lipe6n Formation at the Rio Capillas of the Sierra de
Zapla. The basal Lipe6n Formation contains a large species of Spi-
nachitina that probably correspond to Spinachitina fragilis (Nestor,
1980) (de la Puente et al., 2012), which is one of the diagnostic
chitinozoans for the early Rhuddanian in most of the northern
Gondwana regions, known from the A. ascensus and P. acuminatus
biozones (Paris et al., 2015, and references therein). In the Caspala
are the Lipe6n Formation contains Telychian chitinozoans, which
correlate to the associations from the lower (but not basal) Lipeén
Formation cropping out in the Subandean Ranges (Rubinstein et al.,
2015).

4.2. The Cancaniri/San Gaban formations

Since the first palynological data (mostly unpublished) provided
by paleontologists of Yacimientos Petroliferos Fiscales Bolivianos
(e.g. Lobo et al., 1976), the age of the Cancaniri Formation of Bolivia
has been regarded as essentially Silurian. More specifically, paly-
nomorphs from this unit have been referred to the Helios aranaides/
Duvernaysphaera gothica Biozone of Llandovery age (Liachenko and
Pérez Leytdn, in Limachi et al., 1996). Acritarchs from other sections
of the Cancaniri Formation (e.g. Rio Blanco in the Potosi area),
however, pointed to a rather Late Ordovician than Early Silurian age
(Gagnier et al., 1996), in accordance with the above mentioned
record of Hirnantia in the Chapare region. The trilobites and bra-
chiopods described by Antelo (1973) from the Pojo and Lampaya
sections are in need of revision, but the fauna is undoubtedly
Silurian (Laubacher et al., 1982; Benedetto and Suarez Soruco,
1998). These fossiliferous strata, however, do not belong to the
Cancaniri Formation but to the lower part of the Kirusillas Forma-
tion (Benedetto et al., 1992) or the Llallagua Formation (Laubacher
et al,, 1982). Correlative strata, formerly referred to the Cancaniri
Formation (Anaya et al.,, 1987; Sudarez Soruco, 1995), are well
exposed along the Sikhiri River in the Cordillera del Tunari, west of
Cochabamba. These beds contain a rich brachiopod assemblage of
Wenlock age displaying strong affinities with the Precordilleran
faunas (Los Espejos Formation), sharing Australina, Dedzetina
(Notodedzetina), Harringtonina, Leangella, and probably Amosina
(Benedetto and Sudrez Soruco, 1998). As Diaz-Martinez and Grahn
(2007) demonstrated, these fossiliferous mudstones correspond to
the lower part of the Kirusillas Formation. In the Cordillera del
Tunari and in the Chapare region (central Subandean Ranges) a
distinctive cool-water, temperate carbonate bed (the Sacta Lime-
stone) of 1-3 m in thickness contains poorly preserved macrofos-
sils (corals, brachiopods) and conodonts of early Wenlock age
(Sheinwoodian) (Merino, 1991). This carbonate unit, that was
regarded by Montano (1994) as a member of the Kirusillas For-
mation, has been interpreted as deposited on the stable margin of
the deep, strongly subsiding foreland basin developed to the west
during the Llandovery and Wenlock (Diaz-Martinez, 2007).
Although the presence of resedimented limestone slabs in the
Cordillera del Tunari has been mentioned by Diaz-Martinez (2007)
as supporting a Sheinwoodian glaciation, conclusive field evidence
of glacial deposits of such age is lacking.

New evidence supporting the Silurian age of the Cancaniri dia-
mictite was provided by Diaz-Martinez and Grahn (2007) who re-
ported scattered and poorly preserved chitinozoans from La
Cumbre, north of La Paz (Belonechitina cf. postrobusta, Cyathochitina
sp., and Conochitina cf. elongata) suggesting a Rhuddanian to early
Aeronian age. A similar age was inferred by Vavrdova et al. (2011)
for the San Gaban diamictite exposed along the Inambari River in
southern Peru on the basis of a low diverse palynomorph
association.

5. Hirnantian vs. Silurian age of diamictites

In order to account for the inconsistency of the Silurian age of
the Cancaniri/San Gaban formations in northern Bolivia/southern
Peru, and the Hirnantian age of the Zapla glacial diamictite in
northwestern Argentina, two different —but probably com-
plementary— hypotheses are evaluated: a tectonosedimentary hy-
pothesis and a paleoclimatic hypothesis.

The first hypothesis states that under the name ‘Cancaniri For-
mation’ at least two genetically different types of diamictites have
been included (a) true glacial diamictites recording different sub-
environments, e.g. subglacial till, supraglacial debris, glaciofluvial
and glacimarine deposits; and (b) gravity-flow deposits unrelated
with, or indirectly related to, glacial activity, ranging from fine-
grained turbidites interbedded with open marine platform muds,
to coarse debris flows including olistolith-sized blocks coming from
underlying units (e.g. Sandbian quartzite slabs over 20 m long),
embedded in a matrix contorted by slump folds. Similar rocks
exposed in southern and southeastern Peru have been referred to
as the San Gabdn Formation, which consists of boulders of variable
composition including some faceted and striated clasts, as well as
large sandstone slabs immersed in a muddy matrix. According to
Diaz-Martinez et al. (2001) the Peruvian successions resulted from
the superposition of several gravity-induced sedimentary events
alternating between background marine sedimentation. A similar
explanation was already proposed by Gonzalez et al. (1996) and
further discussed by Diaz-Martinez and Grahn, 2007, p. 75 who
suggested that the Cancaniri diamictite and the lower ‘diamictite’ of
the Kirusillas Formation may represent separate resedimentation
events of different provenance.

Evidence against a glacial origin of the above mentioned suc-
cessions of Bolivia and Peru are the following: (1) the great thick-
ness of the pebbly mudstones (up to 750 m near to the depocenter),
which largely exceeds that recorded in glacimarine environments,
and (2) the presence within the diamictite of huge olistolith-sized
slabs that are unknown in glacigenic environments. It has been
argued that such olistostromes and associated turbidites accumu-
lated in a deep-marine trough supplied from the fault-bounded,
tectonically active western margin of the foreland basin (Egenhoff
et al., 1999; Egenhoff, 2003). Resedimented boulders of glacial
origin are occasionally present in such olistolith-bearing units.
Deformational events leading to the accumulation of these thick
successions have been related to the rotation of the Arequipa-
—Antofalla continental block (Forshite et al., 1993; Erdtmann and
Sudrez Soruco, 1999). According to Sempere (1995) the strongly
subsident trough of the Bolivian Central Andes originated by tec-
tonic loading of the craton linked to subduction-related trans-
pressional stress. The uplift of the proto-Puna along the Antofalla
segment is distinguished by an interruption of sedimentation
during the Sandbian/Katian (Ocloyic Orogeny) and the migration of
the foreland basin to the east (Ramos, 2008 and references therein).
These units are to some extent comparable both lithologically and
genetically to the Rinconada Formation of the Precordillera belt,
which consists of strongly deformed debris-flow deposits —
formerly described as a ‘tectonic mélange’ by Heim (1948) — con-
taining huge, over 100 m long tabular olistoliths of Lower-Middle
Ordovician platform limestones together with boulders of
different sizes and lithologies (quartzites, conglomerates, meta-
morphic rocks), all embedded in a matrix with slump folds (Gosen
et al.,, 1995). Glacially striated pebbles have been mentioned from
the upper part of the Rinconada Formation (Keidel, 1939; Gosen
et al., 1995). To the south, in the Sierra de Villicum, a very similar
olistostrome named the Mogotes Negros Formation overlies
tectonically the glacigenic Don Braulio Formation (Fig. 6). The basal
levels of the Mogotes Negros Formation contain striated clasts and
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fossiliferous slabs bearing Hirnantia fauna. On the basis of the
resedimented fossiliferous boulders, the age of Precordilleran
olistostromes is Silurian to Early Devonian, but the precise age of
sedimentation remains to be established (cf. Peralta, 2007). The
origin of the Rinconada/Mogotes Negros Formation has been linked
alternatively to the accretion of the Chilenia terrane (Ramos et al.,
1986; Thomas and Astini, 2003), post-collision relaxation after
the Precordillera-Gondwana docking (Astini et al., 1995), rifting
(from Laurentia?) along the eastern margin of the Precordillera
(Gosen et al., 1995), or strike-slip deformation of a remnant basin
during the final phase of the Precordillera accretion (Benedetto,
2004).

In the light of this ‘tectonosedimentary’ hypothesis, the more
likely scenario is that of a coast covered by tillites and proglacial
sediments deposited during the retreat of glaciers by the end of the
Hirnantian. These emergent, weakly lithified glacigenic deposits
were reworked and redistributed by high-energy wave- or storm-
dominated processes prevailing during the postglacial trans-
gression, and afterwards partly incorporated to gravity flows and
resedimented in the deep basin, which explain the presence of
scattered striated and faceted clasts within the debrites and their
association with deep-water turbidites. Almost simultaneously,
large boulders and a great amount of detritus may have been shed
into the basin by rock fall, sliding and slumping from the tectonic
highs. In the light of this hypothesis, the Lower Silurian chitino-
zoans reported by Diaz-Martinez and Grahn (2007) and acritarchs
and prasinophytes reported by Vavrdova et al. (2011) dating the
gravity flows containing glacial boulders rather than the glaciation.
As Diaz-Martinez and Grahn (2007, p. 73) stated “... its original
relation to glaciers, and the time lapse before resedimentation are
not known”.

The paleoclimatic hypothesis stated that glaciated highlands
(probably mountain glaciers) persisted in some regions during the
Early Silurian supplying glacigenic material to the marine basin.
Data from clumped isotope paleothermometry from Laurentian
carbonates revealed that after the peak of glaciation in the Hir-
nantian relatively low temperatures and moderate polar ice sheets
persisted during the Rhuddanian and the first half of the Aeronian
(Finnegan et al., 2011) and stratigraphic evidence (forced re-
gressions) from Antocosti Island suggest glacial activity until the
early Telychian (Desrochers et al., 2010). In this frame, it can be
assumed that the glacigenic sediments within the Cancaniri/San
Gaban formations were generated during the last stages of the
glaciation and their recycling in deeper waters was virtually syn-
chronous with the glaciation. If correct, palynomorphs recovered
from the matrix of diamictites indicate the presence of relict ice
sheets in the area by the Early Silurian. Following this reasoning,
the Ludlow shales of the Ananea Formation that in southern Peru
cover the San Gabdn diamictite (Vavrdova et al., 2011) should
reflect the postglacial sea-level rise.

On balance, we consider that available data favor the tectono-
sedimentary hypothesis for the genesis of Bolivian/Peruvian dia-
mictites. Although during the poleward retreat of the ice sheet
some glaciated areas could have persisted in the Central Andean
region during the Early Silurian, the enormous volume and the
great thickness of diamictites accumulated in this basin hardly can
be attributed purely to glacial action. But if it was, there is not a
convincing explanation for the complete absence of glacial action of
that age in the neighboring Paraguayan and the NW Argentina
subbasins (Fig. 5) in which a continuous upper Hirnantian-
Pridolian succession is preserved. This reinforces the idea that the
San Gabdn Formation represents one or more gravity flow events
within open marine sedimentation. In turn, deposition of the
Ananea shales can be better related to the deepening of the basin
due to the extensional tectonics that opened the Peruvian Contaya

Basin (Erdtmann and Sudrez Soruco, 1999) rather than to post-
glacial transgression. It is also striking the absence in these regions
of ironstone beds that everywhere are associated with the base of
the rapid postglacial transgression.

6. Regional correlation of ironstone beds

Oolitic ironstones are particularly abundant in Ordovician rocks
formed at middle to high latitude regions of Gondwana and peri-
Gondwanan terranes (Van Houten, 1985). Iron-rich horizons have
been recognized in many southern South American basins (Fig. 5)
reflecting large-scale eustatic and paleoclimatic fluctuations
around the Hirnantian/Llandovery boundary useful for their cor-
relation (Figs. 6 and 7).

In the Subandean Ranges a first ironstone interval ranging from
1 to 10 m in thickness developed at the base of the Lipedn For-
mation, immediately above the Zapla glacial diamictite, and a
second horizon of similar thickness is usually present some tens of
meters above the first one (Fig. 6). The two main ironstone beds are
separated by bioturbated yellowish to reddish wackes. Although
the thickness, mineralogy and texture of the ironstones are quite
variable regionally, in general they are made by an alternation of
hematitic and chamoisitic beds. The facies dominated by peloids
and ooids, hematite intraclasts, and well-sorted and rounded
quartz grains with large scale trough and planar cross bedding has
been interpreted by Boso and Monaldi (2008) as originated along
the crest of shallow shelf ridges. The chamoisite peloidal wacke-
ironstone facies characterized by smaller size predominantly cha-
moisitic allochems, often associated with flaser and wavy bedding,
is interpreted by these authors as generated on the slopes of bars in
low-energy and slightly dysoxic conditions. These beds grade up-
wards and laterally to platform bioturbated sandstones and mud-
stones bearing Zoophycus and Chondrites.

Schonian (2003) and Schonian and Egenhoff (2007) studied to
some detail the diamictites exposed in the Sella area, 20 km north
from Tarija, which unconformably overlie the Lower Ordovician
Sella and Rumi Orkho formations (Fig. 7). There, the top of the
Cancaniri diamictite is overlain by one or two 2—15 m thick beds of
ferruginous sandstones containing chamoisite ooids. According to
these authors such ferruginous horizons generated in a brackish
shallow marine environment during the transgression that took
place after a subaerial exposure. These ironstone beds developed at
the base of a 400 m thick succession of siltstones and fine-grained
sandstones (Kirusillas Formation), in the same stratigraphic posi-
tion that the above mentioned ironstones of the Zapla Range. Thus,
the Cancaniri and Kirusillas formations of southern Bolivia are
correlatable with the Zapla and Lipeén formations of the Sub-
andean Ranges of NW Argentina, respectively (Benedetto et al.,
1992; Schonian and Egenhoff, 2007) (Figs. 6 and 7). Of interest
here is that in the depocenter area of the Cancaniri Formation
located in the Altiplano (= Puna) and Cordillera Oriental of Bolivia,
ironstone beds have not been reported from the overlying dark gray
shales and sandstones (Llallagua/Uncia formations), suggesting
that prevailing environmental conditions were different from those
in the southern part of the basin.

In the western flank of the Cordillera Oriental of Argentina, at
the Los Colorados locality, a 9—20 m thick glacial diamictite has
been referred to as the Zapla Formation by Astini et al. (2004)
(Fig. 6). The diamictite bears faceted and striated clasts of meta-
morphic rocks and fossiliferous mudstones redeposited from the
underlying Sandbian strata. Glacial diamictites are interbedded
with channelized cross-stratified sandstones capped by Skolithos-
rich sandstones. A conspicuous ferruginous horizon ca. 1 m thick
made of quartz arenites with hematitic cement lies in sharp contact
above the diamictite. It is overlain by a quartz conglomerate
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followed by reddish and greenish graptolitic mudstones of Mid-
Llandovery age (D. convolutus-S. sedgwicki Zones) (Toro, 1995;
Rubinstein and Toro, 2006) and reddish-violet sandstones bearing
a monotypic assemblage of Harringtonina sp. (Benedetto and
Toro,1996).

Iron-rich deposits of Silurian age are known from many local-
ities in the Precordillera of western Argentina (Peralta et al., 1986).
The ironstone beds occur near the top of the Don Braulio Formation
in the Villicum Range are of particular interest for the purpose of
this paper as they occur a few meters above shallow-water marine
mudstones bearing Hirnantia Fauna and N. persculptus, which in
turn overlie a glacial diamictite of Hirnantian age (Levy and Nullo,
1974; Benedetto, 1986, 1990; Peralta and Carter, 1990; Peralta and
Baldis, 1990; Buggisch and Astini, 1993; Astini, 1999, 2001). The
upper 20 m of the Don Braulio Formation consist of dark gray
(yellowish in weathering surface) bioturbated mudstones inter-
bedded with scattered thin beds of fine-grained sandstone (Fig. 6).
Towards the top there are one to three conspicuous sharp-based
beds of oolitic ironstones ranging in thickness from 10 to 60 cm,
exceptionally reaching 1 m. Ooids are mostly of chamoisite and to a
lesser degree of goethite; phosphatic nodules, chert intraclasts and
bioclasts are common. Ooidal laminae are interbedded with quartz
arenites cemented with hematite (Astini, 1992). These ferruginous
beds have been interpreted as deposited on the top of nearshore
migrating bars formed during short-term variations of sea level
(e.g. rapid regressions and transgressions) leading to alternating
reduced and oxic conditions (Astini, 1992). However, the interca-
lation of relatively thin ironstones within open shelf muds lacking
in situ benthic fauna, and the presence of intraclasts near the base
of oolite beds is suggestive of storm transport of ooids from coastal
banks (Van Houten and Bhattacharyya, 1982). The age of ferrugi-
nous beds has been constrained to the Rhuddanian on the basis of
the graptolite Climacograptus aff. hughesi (Peralta, 1985), chitino-
zoans (Volkheimer et al., 1980), and a rich and rather diverse
acritarch assemblage recovered from the interbedded mudstones
(Pothe de Baldis, 1997).

Ferruginous beds have also been reported in the Cerro La Chilca
area, about 60 km NW of Sierra de Villicum (Fig. 6). In this Pre-
cordilleran locality, the bioturbated mudstones with Hirnantia
Fauna are overlain by graptolitic mudstones interbedded with three
horizons some centimeters thick of ferruginous sandstones corre-
sponding to the base of the La Chilca Formation (Astini and
Benedetto, 1992). They consist of bioturbated fine-grained quartz-
sandstones and mudstones with hematitic and ankeritic cement
bearing Thalassinoides and Chondrites burrows often filled with
peloidal hematite (Bosio, 2000). A few hundred meters to the north
of Cerro La Chilca the Hirnantian mudstones pinch out and the
transgressive surface associated with ferruginous beds lies directly
on Sandbian black shales (Los Azules Formation). The graptolite
Lagarograptus sp. recovered from these levels indicates a Rhudda-
nian age. In other localities where the La Chilca Formation lies
unconformably upon Middle Ordovician limestones (e.g. Talacasto,
Gualilan) it starts with a thin chert conglomerate containing
reworked ferruginous oolites. The flooding surface is slightly dia-
chronous through the Precordillera basin, ranging in age from late
Hirnantian (N. persculptus Biozone) (Cuerda et al., 1988) to early
Rhuddanian (P. acuminatus-A. atavus biozones) (Rickards et al.,
1996; Benedetto, 1995; Benedetto and Cocks, 2009; Toro et al.,
2014), which can be due to the complex topography inherited
from the collision of the Precordillera terrane against the South
American margin of Gondwana (Astini et al., 1995; Benedetto,
2004). The presence of the endemic genus Talacastograptus in the
basal levels of both La Chilca and Lipeén formations is significant as
it confirms the correlation of the Precordilleran and Subandean
ferruginous beds.

The Sierra Grande Formation in the North Patagonian Massif
contains the southernmost (in present coordinates) extensive fer-
ruginous deposits of South America. This unit rests unconformably
above metamorphic basement rocks. The two main levels of oolitic
ironstone are interbedded with mudstones, wackes, and quartz
sandstones deposited in a storm- and wave-dominated shallow
platform (Spalletti et al.,, 1991). Although this unit has yielded
poorly preserved shelly faunas of undifferentiated Silurian/Early
Devonian age, new collections studied by Siccardi et al. (2014)
revealed the presence of the trilobite Eoleonaspis sp. and the bra-
chiopods Eostropheodonta chilcaensis aff. parvula Benedetto (in
Benedetto and Montoya, 2015), Heterorthella sp. and Dalmanella sp.,
supporting a correlation with the Rhuddanian Heterorthella pre-
cordillerana Assemblage, the lowermost fauna from the La Chilca
Formation (Benedetto, 1995; Benedetto and Cocks, 2009). Such
faunal similarities also indicate a connection between the north
Patagonian and Precordilleran basins (Fig. 5).

7. Age and extent of the postglacial transgression

As a result of melting of the large Late Ordovician polar ice cap,
the Ordovician/Silurian transition was a time of an unprecedented
flooding of land masses (Cherns and Wheeley, 2009; Loi et al., 2010,
and references therein). In South America, the sea penetrated
deeply into the low relief cratonic areas of Brazil and Paraguay (e.g.
Amazonas, Parnaiba, and Parana basins) for the first time in the
Phanerozoic (Berry and Boucot, 1973; Benedetto et al., 2013). The
seareached as far as the Puna region of Argentina and Chile and the
North Patagonian Massif of southern Argentina covering
peneplanized continental areas (Fig. 5). The timing of the post-
glacial sea level rise is useful evidence to constrain the end of glacial
maximum. In the western Puna region of Argentina, for instance,
the succession referred to as the Salar del Rincén Formation starts
with lenticular conglomerates and cross-bedded fine to medium
sized sandstones truncating folded Lower Ordovician volcanose-
dimentary rocks (Fig. 6). These beds have been interpreted as
deposited in low sinuosity anastomosing fluvial channels (Donato
and Vergani, 1985). We consider these erosive-based deposits as
the infill of incised valleys formed during the lowstand phase at the
peak of glaciation. The transgressive systems tract initiates with a
tabular conglomerate succeeded by reddish siltstones and fine-
grained sandstones with ferruginous cement bearing trilobites,
brachiopods, conularids, dendroid graptolites, and palynomorphs.
The basal cryptospore assemblage indicates the Imperfectotriletes
spp. Interval Biozone of late Hirnantian age, whereas acritarchs
include both Late Ordovician and Early Silurian species (Rubinstein
and Vaccari, 2004). The brachiopod fauna from the immediately
overlying sandstones consists of Hindella crassa, Fardenia sp., and a
species of Heterorthella comparable to the South African Hetero-
rthella africana Cocks (Cocks, 1972), subsequently referred to Mar-
klandella by Cocks and Fortey (1986). The assemblage suggests a
latest Hirnantian to early Llandovery age (Isaacson et al., 1976;
Benedetto and Sanchez, 1990). Chitinozoans from the Upper
Member of the Salar del Rincén Formation in the Puna region
(Fig. 6) record the transition of the latest Hirnantian (lower part of
the Upper Member) to the lowermost Rhuddanian (upper part of
the Upper Member) containing associations comparable with those
in Northern Gondwana (de la Puente and Rubinstein, 2013; de la
Puente, 2014; de la Puente et al., 2015).

About 150 km to the west, a closely comparable succession crops
out in the southern part of the Salar de Atacama, northern Chile
(Nyemeyer et al., 2010). This unit, named Quebrada Ancha Forma-
tion, starts with some tens of meters of quartz microconglomerate
capped by a red coarse-grained sandstone layer, which in turn is
overlain by reddish-brown siltstones and fine-grained calcareous
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sandstones bearing conularids and abundant brachiopods. As in the
Argentine Puna, the fauna is dominated by Hindella crassa and it has
been referred to the lower Llandovery (Nyemeyer et al., 2010).

The Central Andean Basin (Peru-Bolivia-NW Argentina-N Chile)
is connected to the east by the vast intracratonic Parand Basin,
which extends through southern Brazil, Paraguay, Uruguay and
northeastern Argentina (Fig. 5). Lower Paleozoic deposits are
known from both the western (Paraguayan) and eastern (Brazilian)
rims of the basin. In the Asuncién area of Paraguay, the lowest
sedimentary unit is the Caacupé Group (Harrington, 1950), which
starts with conglomerates and massive or cross-bedded sandstones
exhibiting sigmoidal cross stratification and mud drapes suggesting
a fluvio-estuarine origin. This succession is conformably overlain by
the Itacurubi Group, which has been divided into the Eusebio Ayala,
Vargas Pena and Cariy formations (Harrington, 1972) (Fig. 7). The
Eusebio Ayala Formation is a ca. 200 m thick succession of reddish
sandstones grading upwards to fossiliferous fine-grained sand-
stones and siltstones interbedded with iron-rich beds. The abun-
dance of Skolithos burrows and the presence of wavy and lenticular
stratification indicates a lower subtidal to intertidal setting,
whereas the shales and claystones of the overlying Vargas Pena
Formation reveal the establishment of an open platform during the
peak of the transgression (Benedetto et al., 2013). The Eusebio Ayala
Formation has yielded a low diversity shelly fauna formerly
attributed to the Silurian Clarkeia Fauna (Boucot et al., 1991). A
recent revision, however, recognizes Arenorthis paranaensis Bene-
detto, Plectothyrella? itacurubiensis Benedetto, Eostropheodonta
conradii (Harrignton), and Hindella sp. suggesting a Hirnantian age
(Benedetto et al., 2013). Associated graptolites indicate a latest
Ordovician to earliest Llandovery age (Cingolani et al., 2011; Alfaro
et al., 2012) and the Ordovician/Silurian boundary probably lies
within the upper part of the unit. The overlying Vargas Pena shales
contain graptolites, trilobites, brachiopods, and palynomorphs
supporting an Aeronian (D. convolutus - S. sedgwicki biozones) to
early Telychian age, but a Rhuddanian age for the lowest horizons
cannot be ruled out (Gray et al., 1992; Uriz et al., 2008; Tortello
et al., 2008). It should be noted that glacial sediments are not
exposed in the area, but a ca. 50 m thick tillite capped by sand-
stones and shales bearing Late Ordovician to Early Silurian paly-
nomorphs has been reported from drill cores (Figueredo, 1995).

Along the eastern part of the Parana Basin in Brazil (Fig. 5), the
oldest Phanerozoic sedimentary rocks are represented by the Rio
Ivai Group, which rests unconformably above different basement
units (Milani et al., 2007) (Fig. 7). The lower unit is the Alto Gargas
Formation consisting of a basal quartz conglomerate followed by
cross-bedded sandstones of fluvial origin grading upwards to red-
dish Skolithos-bearing sandstones, which likely represent deposi-
tion in a coastal marine environment. They are sharply overlain by
the laterally extensive lapé diamictite of ca. 60 m in thickness. It is
succeeded by the Vila Maria Formation, which consists of reddish
ferruginous shales grading upwards to sandstones displaying
hummocky cross stratification (Assine et al., 1994). Evidence from
acritarchs, spores, chitinozoans, and graptolites indicates an early
Llandovery age for the Vila Maria Formation (Gray et al., 1985, 1992;
Misuzaki et al.,, 2002), whereas an Rb—Ar age of 4359 + 7.8 Ma
obtained from shales of this unit set the age around the Aeronian/
Telychian boundary. Consequently, it correlates with the Vargas
Pena shales of Paraguay (Gray et al., 1992).

To the north, in the Parnaiba Basin of central-eastern Brazil, the
Serra Grande Group rests unconformably above the Proterozoic
basement or Cambro—Ordovician sandstones (Vaz et al., 2007). The
lower Ipu Formation consists of conglomerates, cross-bedded
sandstones, pebbly sandstones, and diamictites ranging in thick-
ness from 6 to 20 m, interpreted as reworked tillites deposited in
glaciofluvial (outwash deposits) and fan-delta environments

(Caputo and Crowell, 1985; Grahn and Caputo, 1992). This unit is
overlain by, and interfinger with, the Tiangua Formation, which
comprises dark-gray ferruginous shales and bioturbated micaceous
siltstones and sandstones representing shallow marine deposits
(Gées and Feijo, 1984) generated during the postglacial trans-
gression. Palynomorphs indicates that the Tiangua shales are Early
Silurian in age (Caputo and Lima, 1984; Grahn et al., 2005), and
therefore, a Late Ordovician age can be inferred for the underlying
diamictite (Vaz et al., 2007).

8. Discussion

The correlation between the successions summarized above is
possible due to the recognition of three main stratigraphic markers.
The first marker is the sequence boundary surface (SBS) generated
during the glacioeustatic sea-level fall, the second marker is the
extensive flooding surface related to postglacial melting, and the
third one is the development of ferruginous deposits, which are
genetically related with the transgressive event (Figs. 6 and 7).

The sea-level fall during the maximum extent of the Gondwana
ice sheet in the Hirnantian was estimated over 100 m by Loi et al.
(2010). In the South American basins it is reflected by widespread
valley incision. Paleovalley infill initiates with cross-stratified
sandstones and lenticular clast-supported conglomerates of
fluvial origin including lithologies representative from different
underlying strata. This reveals an extensive erosional phase, which
represents a SBS. The drowning of fluvial systems during the early
transgressive systems tract led to the accumulation of fluvio-
estuarine deposits, which are better developed where the SBS
rests on Ordovician folded rocks, as in W Puna region, or on the
Proterozoic basement, as in the Paraguayan and Brazilian sectors of
the Parand Basin. On the contrary, in those areas flooded by the sea
during the Late Ordovician, the abrupt sea-level fall is expressed by
a sharp contact of glacial diamictites over shallow to open marine
deposits of Sandbian to early Katian age (Precordillera, Subandean
Ranges, Cordillera Oriental), and the SBS takes the form of a sub-
aerial to subglacial unconformity. In southern Bolivia, the sequence
starts with brecciated and internally deformed sandstones indi-
cating glacial abrasion and subglacial soft deformation of the un-
derlying Lower Ordovician strata (Schonian and Egenhoff, 2007).
The precise age of the early phase of the transgressive systems tract
is difficult to constrain because the estuarine strata only contain
trace fossils lacking chronologic value (e.g. Skolithos, Cruziana).

The estimated magnitude of the post-Hirnantian glacioeustatic
sea-level rise ranges from 45 to 80 m supporting the existence of a
North African ice sheet and separate ice masses located on the
Central Andes and South Africa (Le Heron and Dowdeswell, 2009).
As a consequence, marine deposits onlap onto the paleovalley
margins and covered the vast intracratonic areas emerged since the
end of the Proterozoic. Overall, onlap geometry of the transgressive
surface and succeeding marine deposits become evident from the
correlation of the surveyed stratigraphic sections (Figs. 6 and 7).
According to the palentological evidence, basinward flooding took
place essentially in the Hirnantian (N. persculptus Biozone) or
during the Hirnantian/Rhuddanian transition. In most northern
Gondwana basins (North Africa, Arabia) the post-glacial trans-
gressive deposits are represented by black shales (‘hot shales’),
which form a marker horizon at the base of the Silurian. It has been
argued that such organic-rich shales resulted from high produc-
tivity, eutrophy of epeiric seas, and dysoxic/anoxic bottom condi-
tions (Page et al., 2007; Cherns and Wheeley, 2009). Age-equivalent
deglacial black shales are also known in the Cape Basin of South
Africa (Soom Shale), which overlie glacial diamictites (Pakhuis
Formation) deposited in subaerial, fluvioglacial and marine-
marginal environments (Young et al., 2004) (Fig. 7). It should be
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noted that Van Staden et al. (2010), on the basis of sedimentological
and detrital-zircon geochronological evidence, correlated the Pak-
huis diamictite with the Sierra del Volcan diamictite of the Tandilia
System, formerly considered of Proterozoic age, demonstrating the
continuity of the Hirnantian ice sheet trough South-Africa and
eastern Argentina (Fig. 8).

In southern South America, biostratigraphic evidence strongly
suggests that the rapid glacioeustatic sea level rise was associated
to low sedimentation rates leading to condensed deposits and/or
omission surfaces. A good example is the Talacasto section in the
Precordillera Basin where three biozones (N. persculptus,
P. acuminatus, and A. atavus) occur consecutively within the
lowermost 1.60 m of the La Chilca Formation (Cuerda et al., 1988). In
the Zapla Range, the transgressive basal conglomerate that overlies
the glacial diamictite is succeeded by a 5-m thick condensed suc-
cession of bioturbated shales and ferruginous beds containing
Rhuddanian, Aeronian and Telychian chitinozoans (de la Puente
et al,, 2012). In the Cordillera Oriental of NW Argentina the paly-
nological and graptolite evidence from the transgressive shales
indicates a Llandovery (probably late Aeronian) age (Rubinstein and
Toro, 2006); therefore, it can be inferred that between the basal
ferruginous sandstones and the overlying open shelf shales there is
a gap involving the Rhuddanian and part of the Aeronian. In
Paraguay, biostratigraphic data also indicate a low rate of sedi-
mentation at the contact between the upper Hirnantian/lower
Rhuddanian ferruginous sandstones of the top of the Eusebio Ayala
Formation and the overlying Aeronian/lower Telychian open ma-
rine shales of the Vargas Pena Formation. A similar gap could be
present in the Brazilian sector of the Parand Basin between the
ferruginous sandstones deposited at the top of the Iap6 diamictite
and the Vila Maria shales.

The link of ironstones with episodes of widespread trans-
gression and low clastic influx has been underlined by many
workers (Van Houten,1985; Van Houten and Bhattacharyya, 1982;
Young, 1989). Stratigraphic evidence from the analyzed South
American basins indicates that most iron-rich deposits formed
during the early stages of the extensive postglacial transgression
around the Ordovician/Silurian transition (Figs. 6 and 7). It seems
likely that the mild maritime climate leading to melting of the
Gondwana ice sheet together with increasing atmospheric CO;
were responsible for weathering of the widespread sediments
produced by glacial action. Their reworking during the trans-
gressive event supplied iron to the marine system enough to
generate the ferruginous allochems (Young, 1989). Although high-
latitude Ordovician ironstones are thought to have been gener-
ated without the action of land plants (Van Houten, 1985), the
finding of terrestrial plant megaspores in Middle Ordovician
(Dapingian) rocks of the Zapla Range (Rubinstein et al., 2010) and of
trilete spores indicating the advent of vascular plants in the region
by the Hirnantian (Rubinstein et al., 2015) allow infer the existence
of incipient vegetated areas enhancing chemical weathering
around the Ordovician/Silurian boundary.

9. Conclusions

Taphonomic and paleoecologic evidence indicate that the shelly
fauna recovered from the top of the Zapla Formation in the Sub-
andean Ranges of NW Argentina was not transported and repre-
sents at least partially the original community. The assemblage of
brachiopods, bivalves, and trilobites is closely comparable to the
widespread latest Ordovician Hirnantia-Dalmanitina fauna. The
Hirnantian age of the Zapla diamictite is further corroborated by
the recent discovery of the northern Gondwana chitinozoans
including Spinachitina cf. oulebsiri and Desmochitina minor typica.
Equivalent glacial levels of the Caspald Formation contain late

Katian chitinozoans interpreted as a recycled association during the
Hirnantian glacial events. This age is also consistent with the lowest
Llandovery (P. acuminatus Biozone) graptolites and chitinozoans
recovered from the base of overlying Lipe6n Formation. The post-
glacial transgression has been dated as Rhuddanian to Aeronian in
most of the South American basin. It was associated with low
sedimentation rates and widespread formation of iron-rich strata.
The mild maritime postglacial climate, the increasing atmospheric
CO,, and possibly the presence of incipient vegetated land areas led
to extensive weathering of the large amount of glacigenic sedi-
ments supplying iron into the marine system to form the ferrugi-
nous deposits.

To account for the younger Lower Silurian age of the diamictite
exposed north of La Paz in Bolivia and southern Peru we postulate
that palynomorphs are dating the resedimentation of the striated
and faceted boulders into the deep basin and not the autochtho-
nous glacial deposits. In our interpretation, the ablation of glaciers
led to a rapid and widespread accumulation of glacial sediments,
which were reworked and redistributed by high-energy marine
processes along the shore during the postglacial transgression, and
then partly incorporated into gravity flows. The great thickness of
olistostromic successions, the coexistence of striated and faceted
boulders with large olistoliths, and the interbedded turbiditic de-
posits support accumulation in a tectonically active deep-marine
trough.

Evidence from lithofacies and stratigraphic markers, in partic-
ular the ubiquitous ironstone beds and the postglacial transgressive
surface, have been used to adjust the correlation of the Subandean
Ranges successions with other basins. In long-standing emergent
areas (e.g. Parana Basin, W Puna basin) the glacial event is recorded
by incision of paleovalleys during the sea level fall, but in those
areas flooded by the sea during the Sandbian/Katian the lower
contact of glacial deposits is an erosional surface truncating pre-
glacial strata. A sharp surface at the base of transgressive post-
glacial deposits is traceable over the whole intracratronic and pre-
Andean basins of southern South America.
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