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ABSTRACT

The Argentine Precordillera (“Precordillera”) is part of a larger terrane which is
exotic to the western margin of Gondwana. This larger terrane is characterized by a
Grenvillian-type basement and the presence of Laurentian carbonate-platform rocks of
Cambrian—Ordovician age. The original position of the terrane is interpreted to be the
Ouachita embayment of southeastern Laurentia.

Terminal Neoproterozoic continental breakup and the formation of the Appala-
chian-Ouachita margin during the late Precambrian—Early Cambrian established a
passive margin to the present east of the Precordillera. This passive margin is the origi-
nal continental margin of Laurentia, which was located outboard of the Precordillera.
Continuous crustal extension during the Cambrian along the Ouachita margin created
a marginal plateau that accommodated the Argentine Precordillera carbonate platform.
This marginal plateau to Laurentia was separated from mainland Laurentia by a deep
graben system, today represented by the offshore Ouachita facies of the southeastern
United States. The Cambrian through earliest Middle Ordovician mark the climax of
the Laurentian episode because the Argentine Precordillera sediments and fauna are
indistinguishible from Laurentia.

In the carbonate platform succession of the Argentine Precordillera, the La Laja
Formation marks the transition from rift-related redbeds to carbonate sedimentation.
The La Laja Formation was deposited on a platform seaward of the nearshore silici-
clastic trap but inboard of a (only partly exposed) carbonate belt which might have
marked the platform margin. Several third-order cycles developed; differential rates of
sea-level rise were the driving forces for cycle formation. Near the base of the La Laja
Formation, a sandy interval is separated from the older rocks by a presumed hiatus.
This hiatus might represent the Hawke Bay regression event of the eastern margin of
Laurentia.

Upper Cambrian limestones and dolostones of the Zonda and La Flecha Forma-
tions record the evolution of vast peritidal flats. The spatial and biostratigraphical rela-
tions between both formations are not clear and await further research. At present, it
seems that the lower, more calcareous facies of the La Flecha Formation in the Guan-
dacol subbasin is coeval to the dolomite facies of the Zonda Formation in the San Juan
subbasin. The last important terrigenous input is noticed in Marjuman sediments of the
La Flecha Formation, which marks a major shift in coastal onlap toward the hinter-
land.

The Tremadocian La Silla Formation reflects a somewhat deeper environment,
although open-marine rocks are absent. However, extensive tidal flats are also absent.
The rocks are mud-dominated limestones and dolostones with locally abundant oolites.
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Small-scale cycles are locally present. The general arrangement of facies is best
explained by a tidal-flat island model. The La Silla Formation shows the most uniform
facies development of all successions of the carbonate platform in the Argentine Pre-
cordillera. The very uniform facies arrangement can be explained either by a rimmed-
shelf model or the model of a carbonate ramp.

The San Juan Formation was mainly deposited during the Arenig and consists of
open-marine limestones. Two important reef accumulations are present near the base
and near the top of the formation. The San Juan Formation represents sediments of a
carbonate ramp including inner ramp, mid-ramp, and deep-ramp environments. In the
upper part of the formation, a deepening led to the drowning of the formation and the
regionally developed carbonate platform. Drowning across the platform was not coeval,
the different episodes were caused by the onset of extensional tectonics. Sea-level fluc-
tuations still exerted a major control on facies evolution and the effects of eustasy versus
tectonics are difficult to distinguish.

In the carbonate platform succession of the Precordillera, 13 third-order sequences
have been recognized. Biostratigraphic control on many of the sequence boundaries is
still poor; however, most of them are located in time intervals characterized by eustatic
events. Hence it seems that eustasy was the dominant factor in carbonate platform evo-
lution. The effects of the global Lange Ranch eustatic event at the Cambrian-Ordovi-
cian boundary are recognized for the first time in the Argentine Precordillera.

From Middle Cambrian time on, a deep-water carbonate environment existed to
the west of the platform. Rocks of the deep-water facies are only present as olistoliths in
the Ordovician continental-margin successions with the exception of Cerro Pelado,
where they overlie an isolated outcrop of platform dolomites of the Cerro Pelado For-
mation. Within the olistoliths, mass-flow deposits that might have been derived from
the platform margin are conspicuously absent. The absence is interpreted as reflecting
a very gentle relief between the platform and the basin during the early history of the
Precordillera.

Near San Rafael, in the province of Mendoza, Ordovician rocks are present that
belong to the same terrane as does the Argentine Precordillera. The Ponon Trehue For-
mation is composed of limestones and dolostones that show a similar succession of sed-
imentological events and an identical fauna to the La Silla and San Juan Formations.
About 80 m of the Ponon Trehue Formation resemble more than 300 m in the Pre-
cordillera and are the expression of a cratonal setting, where onlap of the carbonates
did not occur before the Tremadocian.

Sediments of an evolving continental-margin comprose the Los Sombreros Forma-
tion and its equivalents. Sedimentation of these deposits started during the Llanvirn;
however, the most important events took place during the Llandeilo and early Caradoc
with the emplacement of megaolistoliths and megabreccias. The Los Sombreros For-
mation is interpreted as a continental-rise deposit at the toe of a major fault scarp,
locally more than 2100 m high.

The basinal facies shows an overall fining tendency toward the west; there is an
overall fining-upward into the early Caradoc that is expressed by the widespread depo-
sition of graptolitic black shales within the Nemagraptus gracilizgone. Along the western
margin of the Precordillera, pillow basalts were extruded into the shales. These basaltic
magmas are taken as evidence of the existence of oceanic crust by some, but certainly
mark the culmination of the preceding crustal extension.

In the eastern basin, the Middle and lower Upper Ordovician siliciclastic succes-
sions containing abundant conglomerates were deposited in half grabens and grabens
attributed to an extensional regime.

Crustal extension dominated the depositional history of the Argentine Precordillera
during the Middle and Late Ordovician, and is interpreted to reflect the rifting that led
to the final separation of the Precordillera from mainland Laurentia. In this context,
the widespread Guandacol tectonic phase and the accompanying unconformity sepa-
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rate synrift siliciclastic from prerift strata. In many sections, the Guandacol event is
represented by a hiatus that was caused by erosion of uplifted areas. Locally, horst
structures were used for the establishment of an isolated carbonate platform, the Sassito
limestones.

Latest Ordovician platform deposits with a chert-pebble conglomerate at the base
unconformably cover older rocks. Although the effects of the preceding erosion cannot
be determined in detail, erosion and the accompanying hiatus mark this unconformity
as the breakup unconformity that separates the synrift rocks from the postrift rocks,
which in the Precordillera are represented by siliciclastic platform deposits. From the
Late Ordovician into the Silurian, the Precordillera was an independent microplate.

The history of accretion of the Argentine Precordillera to Gondwana is ambigious.
A Late Silurian to Early Devonian metamorphic event is observed at the western mar-
gin of the Precordillera. Compressional deformation there affected strata as young as
Early Devonian. Along the eastern margin of the Precordillera Devonian sedimentary
rocks are absent. Deformation there can only be confined to post-Late Silurian and pre-
Late Carboniferous time.

Deformation in the west is interpreted to reflect the docking of the Chilenia terrane
whereas concomitant structures in the east may be related to the accretion of the Argen-
tine Precordillera to Gondwana. The easterly derived Punta Negra flysch-like sediments
record uplift and erosion of an igneous and metamorphic source area, which included
the basement of the Precordillera and its parent terrane. Hence the Paleozoic compres-
sional deformation of the Precordillera is the result of complex plate interactions
between western Gondwana, the Precordillera, and the Chilenia terrane. The accretion
of the Precordillera to Gondwana was terminated prior to the Late Carboniferous,
when molasse sediments were deposited, initiating the Gondwanan sedimentary cycle.

INTRODUCTION preserving a Lower Cambrian through lower Middle Ordovician
carbonate platform (see Appendix 1). Isolated carbonates of
Argentine Precordillera Ordovician age were described from the Sierra Pintada near San

Rafael (Wichmann, 1928; Nufiez, 1979) in the province of Men-

The Precordillera of Western Argentina (“Precordillera’floza (Fig. 2) and from the province of La Pampa (Limay
(Figs. 1 and 2) is part of the Andean mountain chain, whisahuida; Baldis et al., 1985). Laterally extensive carbonate plat-
extends along the entire Pacific margin of South America frdorm deposits of that age, however, are absent from any other ter-
Colombia to the southern tip of Chile. The Precordillera is thtene in western Gondwana (South America, Africa). The
one element of the predominantly Mesozoic-Cenozoic mobfeesence of carbonate platform rocks in the Precordillera that are
belt, formed along the present western edge of cratonic Sasithilar in age, facies, sedimentology, and paleontology to
America, which in turn represents the western part of Paleozdéposits around the passive margin of Laurentia opened the door
Gondwana. The mobile belt, which developed as a responséotospeculations about the origin and provenance of the Pre-
subduction of the laterally extensive Phoenix plate and its saordillera (Borrello, 1971; Bond et al. 1984; Ramos et al. 1986;
cessor (the Nazca plate) beneath South America, incorpordtegpie, 1991).
several Paleozoic tectono-stratigraphic terranes, among which areOn the basis of thermal subsidence curves, Bond et al.
the Precordillera as part of a larger Cuyania terrane (Ramd$84) speculated that the Argentine Precordillera until Neopro-
1995) or Occidentalia terrane (Dalla Salda et al., 1992a), andt#m@zoic time might have been part of Laurentia and that it might
neighboring terranes of the Puna, Sierra de Famatina, and Sidveagxotic to South America. This idea was put forward by
Pampeanas (Fig. 2). These terranes were accreted to the weRimmos et al. (1986) and Ramos (1988a, 1988b), who proposed a
margin of Paleozoic Gondwana during the early Paleozoic FamaHisional model for South America that centered around the
tinian orogeny (see Appendix 1). The Sierras Pampeanas (Fid?i@cordillera. Various other allochthonous models were devel-
mark the transition zone from the stable craton toward the diffeped in subsequent years (e.g., Dalla Salda et al., 1992a, 1992b;
ent mobile belts. Each of the geologic provinces of western dbalziel et al., 1994; Astini et al., 1995, 1996b; Dalziel, 1997);
northwestern Argentina had a distinct geologic history during thewever, there were always objections and models that favored
early Paleozoic. These histories were summarized in time-spaceautochthonous or parautochthonous position of the Pre-
diagrams by Bahlburg and Hervé (1997), Pankhurst et al. (1928)dillera. A right-lateral movement from the area of the prov-
and Rapela et al. (1998). The Argentine Precordillera is uniquérice of La Pampa (Limay Mahuida) or south of Buenos Aires
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60° Scope of the Study

In order to discuss the hypothesis of an allochthonous origin
O of the Argentine Precordillera and its presumed Laurentian prov-
enance, this paper describes, documents, and interprets the evo-
______ lution of the carbonate platform succession developed during
Cambrian through early Middle Ordovician time, when more
than 2000 m of carbonate sediments accumulated. Although
these carbonate rocks have been studied since the nineteenth cen-
0° tury (Kayser, 1867; Stelzner, 1873), there is still no integrated
""""""""""""""""" synthesis to interpret the entire succession. Many publications
deal with one or two sections (e.g., Espisua, 1968; Beresi and
Bordonaro, 1984; Beresi et al., 1987; M. Keller et al., 1989), or
30° rarely with one formation on a regional scale (Beresi, 1986a;
-------------------- Arbaniing - - Cafas, 1995b). In addition to the carbonate platform rocks, the
Precordillera [ Middle and Upper Ordovician continental margin facies and their
- amatinion transition into basinal deposits in the Precordillera have been
JDrogen studied. The interpretation of the geotectonic environment in
~ / . which the sediments of the Precordillera were deposited forms
. 60 the basis for the discussion about allochthony versus autochthony
of the Precordillera and its parental crustal fragment. Subse-
Figure_ 1. Present-day Iocati_ons of Precordilleraz 'the Famatinian %ﬂﬂently, a plate tectonic scenario is presented to explain the prob-
Taconic orogens, and Ouachita embayment (modified from Dalla S%e provenance of this parental terrane, the Cuyania (Ramos,
etal. 1992b). 1995) or Occidentalia terrane (Dalla Salda et al., 1992a), and the
processes involved in the transfer.
Methods.This study is based on 68 sections with Cambrian
(Sierras de la Ventana and del Tandil, respectively) was dasid Ordovician strata measured at 33 localities (Fig. 3) in the
cussed by Baldis et al. (1989); however, they concluded tagentine Precordillera and the area of San Rafael (Fig. 2),
there is neither sufficient sedimentologic nor tectonic evidenseutheast of Mendoza. A measured section was restricted to one
for an allochthonous origin of the Precordillera. Acefiolaza afadmation, although there are many localities where the exposed
Toselli (1988, 1998) assumed that the Argentine Precordillexaccession contains two or more formations. Consequently, two
originally was located much farther south (present coordinates)more sections are counted in these localities. The measured
along the paleopacific margin of western Gondwana and thatéttions total more than 14000 m of strata, which were analyzed
was transferred to its present-day position together with thed by bed. About 1300 thin sections have been studied for pet-
western Sierras Pampeanas along a system of right-lateral stegaaphy, facies, and microfacies. Diagenesis was studied under a
zones after Ordovician time. Loske (1992) proposed a modeluminiscope using about 10% of the samples.
which the Precordillera carbonate platform originated in a back An important part of field work was dedicated to biostrati-
arc environment related to the Famatinian magmatic arc. Fgiaphic sampling, especially for conodonts. These samples were
lowing this model, the Precordillera is supposed to have reackredted by O. Lehnert (Erlangen) and many of the results are pub-
its present-day position during a left-lateral transport witlshed (e.g., Lehnert, 1993, 1995a, 1995b, 1995c; Lehnert and
respect to the Famatina system. On the basis of sedimentol&giter 1993a, 1993b; Lehnert et al., 1997, 1998). Sections in the
and structural evidences, Gonzalez Bonorino and Gonzat&zandacol area have not been studied to avoid overlap with the
Bonorino (1991) argued in favor of an entirely autochthonodsctoral thesis of F. Cafias (Cérdoba), who worked on the Upper
evolution of the Precordillera. Cambrian—-Lower Ordovician succession. As Fernando com-
As a consequence of the fundamentally different interprefdeted part of his thesis with us in Erlangen, there was no need to
tions of the evolution of the Precordillera a Penrose Conferemepeat his efforts in the field. The results are published (Cafias
was held in San Juan (Argentina) in 1995 and there was geng@85a, 1995b) and | believe adequately cited here.
agreement that the Precordillera in its early history was part of The data obtained in the field and from thin-section analysis
Laurentia (discussion in Dalziel et al., 1996). However, the timere the base for constructing a stratigraphic panel (Fig. 4) and
ing and the processes involved in the transfer of the Precordilleedimentary columns, which, together with the new biostrati-
from Laurentia to Gondwana are still highly controversial (e.@raphic data from the Ordovician rocks, served for the correla-
Dalla Salda et al., 1992a, 1992b; Astini et al., 1995, 1996&n of sections and for the interpretation of the geotectonic
Dalziel et al., 1994; Dalziel and Dalla Salda, 1996; Keller, 199%istory of the Precordillera.
1996; Keller and Dickerson, 1996; Dalziel, 1997). The data were also used for the sequence-stratigraphic anal-

Quachita
embayment

p——



http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on September 24, 2011

NY

P
+ 4
Sistemade
Famatina

Puna
block of
San
Rafael

200km

post-Early Paleozoicrocks of the
Neuquénbasinandadjacentareas

Sierras Pampeanas

Oriental

Precordillera
eastern

Frontal

o
0
D
100 km
Cordillera

Pipanacobasin

© ?
c @
f=
o/_o//m; ° b
woma @ © a
Qv =L 1= >
£ o 29 o 5
- S 3% 3% g% <
3 =3 s S g e
5 @ o< °5 ¢s S
> = OO0 o O X% ]
£ = —
> ®© © oy
5 w0
% F e Sz W 5%
KERIRIRAR 5 T3 o2
KKK, S o2 ®
S ~ 25 oSx
(@]
LN\
s 0 NN

(= 1|

Figure 2. Geologic provinces and morphostructural units of northwestern Argentina and adjacent areas.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on September 24, 2011

6 M. Keller

ysis of the carbonate platform succession. However, this ana
is hampered by the following. Sequence stratigraphy is base
the recognition of depositional sequences and their bounding
faces (Vail et al., 1977; Van Wagoner et al., 1988; Posame|
and Vail, 1988; Sarg, 1988). Although many boundaries h
been identified in the field, their character (onlap, toplap, do\
lap) could not be evaluated in the field. Sequence stratigrapl
carbonates (Sarg, 1988; Handford and Loucks, 1993) is bask
sea-level changes in relation to the platform-bank margin. In
Precordillera, the position of the platform margin for most of-
history of the carbonate platform is unknown; there is an i
about its location only during the Arenig. However, as statec
James and Mountjoy (1983, p. 189), “. . . the nature of the s}
slope break is commonly interpreted rather than observed,
synthesized on the basis of information from surrounding faci
Similarly, the cratonward and basinward migration of coa:
onlap is almost impossible to determine, because the relatic
the platform to the basement is unknown. With all these res
tions of the applicability of sequence stratigraphy in mind, |

still convinced that the concept of sequence stratigraphy can
valuable tool in interpretations of basin configuration and

geodynamic history of the Precordillera.

For the following discussion, third-order sequences :
sequence boundaries in the carbonate platform succession
been labeled from 1 to 13. Because the nature of a seqt
boundary (type 1 vs. type 2) determines the nature of the ov
ing systems tract and the overlying sequence, a sequence b
ary plus the overlying strata form an entity. Sequence bound:
is not exposed because it underlies the lowermost exposed
of the La Laja Formation.

Regional Setting of the Argentine Precordillera

The Precordillera forms the eastern slope of the Ande
western Argentina. It trends north-south between 28 4%d
33°15S over more than 400 km and is separated from the r
Andes (Cordillera Frontal) by the longitudinal valley of Iglesi¢
Calingasta-Uspallata (Fig. 2). Toward the south, the Precordi
is in fault contact with Mesozoic and Cenozoic rocks of the nr
Andes.

To the east, the Precordillera is separated from the we:
Sierras Pampeanas by the Bermejo-Tulum Valley (Fig. 2), wi
is filled by several thousand meters of Tertiary and Quaten
sediments. This valley trends obliquely (~ northwest—southe
to the main structures of the Precordillera, following a presur
right-lateral shear zone (Acefiolaza and Toselli, 1988). Col
guently, the northern end of the Precordillera overlaps in latit
with the Sierra de Famatina and, in plane view, forms a we
between the Cordillera Frontal and the Sierra de Famatina (Fi

L
>

Figure 3. Distribution of Cambrian-Ordovician sedimentary rocks
Precordillera and localities mentioned in text. Also shown is subdivisi
of Precordillera into basins and subbasins as applied in this paper.
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Figure 4. Stratigraphic chart for Cambrian through Devonian rocks of Precordillera. Absolute ages are from Bowring and Erwin (1998)
for Cambrian and Early Ordovician; Ordovician, Silurian, and Devonian ages are from Tucker et al. (1990, 1998) and Fordham (1992).
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The term Precordillera is strictly an orographic and morphopposite (conjugate) margin by Baltica and northwestern Gond-
structural term; however, because of its unique rock suite, thena (Scotese and McKerrow, 1990; McKerrow et al., 1991,
term is almost exclusively used as that of a geologic provind®92; Fortey and Cocks, 1992; Torsvik et al., 1995, 1996; Van der
This has led to much confusion in the recent discussion aboutRhgjm et al., 1995; MacNiocaill et al., 1997). Although in some
allochthony of the Precordillera and the existence of a Poéthese models (e.g., MacNiocaill et al., 1997) the Precordillera
cordillera terrane. and its accretion to Gondwana are discussed, the Precordillera is
Historically, a distinction was made between the “Precordiller@t regarded as an Ordovician pinpoint because a later accretion
of San Juan” or “San Juan faunal province” and the “Precordillésanferred. A detailed discussion of these models, which in this
of Mendoza” or “Mendoza faunal province” (e.g., Borrello, 1971paper is referred to as “conventional plate tectonic models,” was
Although based on political boundaries, this distinction also impligiven by Dalziel (1997).
lithostratigraphic differences between both areas, especially for the Recently proposed alternative models for Neoproterozoic
Cambrian-Ordovician succession. Cambrian-Ordovician strataaofd early Paleozoic plate tectonic assemblages center around
the San Juan Precordillera record the evolution of a carbonate glagculations that various supercontinents may have existed dur-
form, whereas in the Precordillera of Mendoza the corresponding mid-Neoproterozoic, terminal Proterozoic, and Ordovician

continental-margin sediments are preserved. time, respectively. These hypothesis were developed from the
realization that East Antarctica and South America might have
Neoproterozoic-Paleozoic Global Paleogeographic been juxtaposed with the Pacific margin of Laurentia (SWEAT
Reconstructions and the Evolving Terrane Concept for the  hypothesis of Moores, 1991; see also Dalziel, 1991; Hoffman,
Argentine Precordillera 1991) during Neoproterozoic time. Laurentia is supposed to have

formed the nucleus of a supercontinent (Fig. 5) termed Rodinia
Conventional plate tectonic models for the early Paleozdig McMenamin and McMenamin (1990). Following these mod-
show Laurentia as an isolated continent, its Appalachian-Cadés, breakup of this supercontinent essentially left eastern Gond-
donian margin facing the lapetus ocean, and bounded onwitma on the one side and on the other side western Gondwana,

Rodinia Pannotia

o+ o+ V

== 7 [ [ ] [ ]

Baltica Avalonia Siberia Grenville Laurentia Eastern (cratonal nucleiof)
orogenicbelts Gondwana western Gondwana

Figure 5. Two hypothetical Neoproterozoic supercontinents of Rodinia and its successor Pannotia in latitudinally cowinsliedttions. TxP

is Texas plateau of Dalziel (1997), which includes Precordillera. FP = Falkland Malvinas Plateau, AM = Amazonas craton, C = Congo craton, EG
= eastern Gondwana, F = Florida, K = Kalahari craton, L = Laurentia, P = Rio de la Plata craton, S = Sao Francisco craton, WA = West African cra-
ton, WG = western Gondwana. Both reconstructions are from Dalziel (1997).
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still connected to eastern Laurentia. The Brazilian—Pan-Africeonic evolution of both the Famatinian mobile belt and the
and related orogenies of latest Neoproterozoic and earliest Caatonic Appalachians, this model was modified subsequently
brian time reflect the final amalgamation of Gondwana. Dalzi@alla Salda et al., 1992b) in proposing that both orogens might
(1992), Powell (1995), and Powell et al. (1995) pointed out thhgve formed a single mountain chain as the result of the Lauren-
if western Gondwana and Laurentia were still connected, tiieeGondwana collision during the Middle Ordovician. In this
assembly of Gondwana might have involved the formation siiccessor model, the Arequipa-Antofalla terrane was excluded
another short-lived terminal Neoproterozoic supercontinent (Figom Occidentalia. Instead, its southern tip was used as a piercing
5), which they called Pannotia (see also Dalziel, 1997, Fig. 1@dint, where the Taconic orogen might have been separated from
In this scenario, severence of Laurentia from western Gondwéma Famatinian system during Middle to Late Ordovician rifting.
led to the formation of the proto-Appalachian margin of Laurehater (Dalziel, 1993; Dalziel et al., 1994) the Precordillera was
tia. After this separation, Laurentia is supposed to have rotatekien as a tectonic tracer in the reconstruction of the presumed
clockwise around the proto-Andean margin of South Ameri€xdovician supercontinent.
and to have interacted with this margin at different times (Dalziel, On the basis of several lines of evidence, Dalla Salda et al.
1991) until it reached its position within Pangea. (1992b) pointed out that the Argentine Precordillera might have
More or less coeval to these evolving alternative paleogéeen derived from the Ouachita embayment of the southeastern
graphic reconstructions was the realization that the western nhaurentian craton (Fig. 6). A major conclusion of the Occiden-
gin of Gondwana might consist of a complex mosaic of differetaia terrane model (Dalla Salda et al., 1992b, 1993) is the
often poorly defined terranes. Early on, the distinct deformatiorg@sumption that the Precordillera was separated from Laurentia
and stratigraphic history of the Argentine Precordillera latlring a late Middle Ordovician to Late Ordovician rifting event,
Ramos et al. (1986) and Ramos (1988b) to the assumption #saocumented by the extrusion of abundant pillow lavas into the
the Precordillera is not indigenous to South America and thatvestern basin during the Caradocian.
might represent a Paleozoic (exotic) terrane. The first workers Texas plateauA modification of the Occidentalia terrane
who recognized the close similarities between the eastern marmgodel and the presumed Ordovician continent-continent colli-
of Paleozoic Laurentia and the Precordillera were Bond et sibn is the model of the Texas Plateau (Dalziel, 1997). The Texas
(1984). On the basis of thermal subsidence curves and fadrlateau, mainly composed of the Argentine Precordillera and its
comparisons, they speculated on the possibility that Laurergarental terrane, was attached to Laurentia outboard of the
and southern South America were combined in a NeoproteroZ0igachita embayment until the Late Ordovician. The plateau
supercontinent. Continental breakup of this hypothetical Neopveeuld have had a dimension of 1500 km by 800—-1000 km, its
terozoic supercontinent along the Appalachian margin of Laurégngth being almost the same as that of the Cuyania terrane
tia was responsible for the separation of the Precordillera fréRamos, 1995). The plateau had attenuated crust, and between
Laurentia in their model. Laurentia and the plateau, deep rift-related basins may have
On the basis of the alternative paleogeographic reconstrexisted (Dalziel, 1997), floored by oceanic crust. Middle Ordovi-
tions and within their general framework, Dalla Salda et alian collision of this plateau was then responsible for the Ocldyic
(1992a) promoted the hypothesis that during the Ordoviciamrageny (see Appendix 1) of the Famatinian orogenic cycle. Sub-
Laurentia-Gondwana collision may have formed the Famatinisequent rifting left the plateau attached to western Gondwana. In
orogen of western South America. In this model, a large slivertbis model, the Precordillera is a tectonic tracer fixing the relative
Laurentian continental crust stayed attached to western Gopaisition between Laurentia and western Gondwana during the
wana after the renewed separation of both continents during@mwdovician.
Ordovician; i.e., the Occidentalia terrane. Precordillera terraneAstini et al. (1995) presented a model
Occidentalia terraneIn its original definition, this terrane based on detailed sedimentologic studies and the interpretation of
included all basement fragments from Peru to Patagonia thatfaumas, in which the Precordillera is regarded as a terrane that
thought to have been accreted to this part of South America:tifted and drifted away from Laurentia during Early Cambrian
Arequipa massif, the Arequipa-Antofalla terrane, Chilenia (séee, and collided with cratonic Gondwana during Middle
Appendix 1), and the North Patagonian massif, among othersOirdovician time. The critical points in this model are as follows.
west-central Argentina, the Occidentalia terrane includes fhiee Precordillera was an integral part of Laurentia through Early
western part of the Sierras Pampeanas (Sierra de Pie de Rambrian time and was the southern continuation of the Appala-
Cerro Valdivia, and Cerro Salinas; Fig. 2) and the Argentine Podian margin. Passive-margin sedimentation on the microplate
cordillera (Dalla Salda et al., 1993). This model is based offi.a., the formation of the carbonate platform) continued into the
main deformational event during the Early Ordovician and peAkenig. On the basis of paleontologic arguments, Astini et al.
magmatic activity between 480 and 460 Ma (data from Willngr995) claimed that by late Arenigian time the Precordillera was
and Miller, 1982; Rapela et al., 1989), which, according to Dakeparated from Laurentia by an ocean 2500 — 3000 km wide and
Salda et al. (1992a, 1992b, 1993), may reflect the collisioribat only a narrow ocean existed east of the Precordillera toward
event that formed a short-lived Ordovician supercontinent durithge Sierra de Famatina. During the Llanvirn, this ocean was
the Middle Ordovician. On the basis of a roughly similar geotdmally closed by east-directed subduction and the Precordillera
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Figure 6. Ouachita margin (embayment) of the southeastern United States, most likely area of provenance of Precordillera,
and its tectono-sedimentary components (modified from Viele, 1989).

accreted to the Sierra de Famatina. This subduction is thoughatest Neoproterozoic rifting, Thomas (1991) postulated the exis-
be responsible for the Famatinian magmatic activity and ttemce of a major continental fragment that was removed during
coeval strong deformation. The subsequent Ordovician sedimiie-opening of the Ouachita embayment. At that time, this conti-
tary history, according to Astini et al. (1995), reflects the formaental fragment still awaited identification, although Miser
tion of a foreland basin and a peripheral bulge in t{£921) and King (1937) noted that an enigmatic landmass
Precordillera. From Caradocian time on, west-directed subd(itdanoria”) had to have existed outboard of the Marathon-Soli-
tion to the west of the Precordillera is assumed, related to theo portion of the Ouachita embayment (Fig. 6). Realizing that
approach of Chilenia, which in turn is thought to have productet Argentine Precordillera might have been this fragment, and
another forebulge in Silurian time. An update of this model wasmbining their data and their views from either side of the
given by Astini et al. (1996b). southern lapetus, Thomas and Astini (1996) claimed that their
In his analysis of the evolving Appalachian margin followintPrecordillera terrane” was separated from Laurentia during the
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Cambrian, then traveled independently across the intervenglovician sedimentation was dominated by carbonate deposi-
ocean basin to be accreted to western Gondwana during the Mg, whereas younger strata are almost entirely composed of sili-
dle Ordovician. ciclastic rocks. A regional stratigraphic and geologic framework
Cuyania terrane.lt was demonstrated that the basemehts been known since the late nineteenth century (e.g., Stelzner,
rocks of the westernmost section of the Sierras Pampeanas W8va; Kayser, 1876) and the early twentieth century (e.g., Boden-
deformed and metamorphosed during the Grenvillian orogenybbender, 1902; Stappenbeck, 1910; Keidel, 1921). A major pale-
the Sierra de Pie de Palo (Fig. 2), a Grenvillian age (see Appemtological contribution is Kobayashi’s (1937) description of
dix 1) was demonstrated by Varela and Dalla Salda (1993) witissils of the San Juan limestones. Heim’s publications (1948,
1027 + 59 Ma rocks. McDonough et al. (1993) reported radit952) are the basis for modern structural interpretation of the Pre-
metric ages between 1092 and 938 Ma, and Varela et al. (1996}lillera. More recent interpretations of the regional geology,
recorded an age of 1030 + 30 Ma from the Sierra de Umant® geotectonic setting, and the stratigraphy are those of Baldis et
Similarly, radiometric dating of xenoliths (Abbruzzi et al., 1993l. (1982, 1984a), Cuerda et al. (1985a), Ramos et al. (1986),
Kay et al., 1996) within Miocene lava domes of the Argentir@ngolani et al. (1987, 1989), Ramos (1988a, 1988b), Astini
Precordillera showed the presence of Grenvillian rocks undgr991), Acefiolaza (1992), Loske (1992), Bordonaro (1992),
neath the Precordillera with ages of 1188 + 122 Ma, 1099 #A8tini et al. (1995, 1996b), and Keller et al. (1998).
Ma, and 1102 + 6 Ma. In addition, these rocks show a whole-rock The stratigraphic panel given in Figure 4 is a compilation of
Pb isotopic signature almost identical to that of the Grenvillianmultitude of individual data sets and papers. As paleontologic
basement along the eastern margin of North America (Kay et ah¢g sedimentologic research in the pre-Carboniferous rocks con-
1996), especially to the Llano uplift (Fig. 6), but distinctly differtinues, there will certainly be revisions in the future.
ent from any other South American basement. Basement with Cambrian.Cambrian rocks are present in the Sierras de Vil-
similar petrological characteristics seems to be present in the Bamm and Zonda in the San Juan area and from Jachal toward
Rafael area (Fig. 2; Criado Roque and Ibafiez 1979; Ramos, 1€xndacol in the northern part of the Precordillera (Figs. 3 and 4).
personal commun.), where it forms the foundation for a thin sdic-addition, there is an isolated occurrence of carbonate platform
cession of carbonate platform rocks (Wichmann, 1928). rocks at Cerro Pelado (west of Mendoza; Fig. 3), which was first
The limestones of San Rafael, which unconformably overtiescribed by Varela (1973). The presence of Cambrian rocks in
this basement, have been dated (Bordonaro et al., 1996; LehneheetSierra del Tontal is well established (e.g., Cuerda et al.,
al., 1998) as Early Ordovician, and it was demonstrated that #885b; Bordonaro and Baldis, 1987; Banchig and Bordonaro,
fauna is identical to that of the coeval Precordilleran carbonate890). All of these rocks, which are of Middle and Late Cam-
Bordonaro et al. (1996) concluded that these limestones reprebganh age (Bordonaro and Banchig, 1996), are of allochthonous
a part of the same platform as the carbonates of the Precordillerigin and are embedded in Ordovician basinal deposits as olis-
The similarities between the basement rocks beneath the Rlths. Similarly, the Cambrian of San Isidro (Borrello, 1971;
cordillera, in the Sierra de Pie de Palo, and south of San RafBeldonaro, 1985; Pina et al., 1986) was shown to have been
together with the similarities between the carbonates of the Resedimented into Ordovician deposits (Bordonaro, 1992; Bor-
cordillera and San Rafael, led Ramos (1995) to the model of tlemaro et al., 1993).
Cuyania terrane. This terrane incorporates all crustal fragments In the Precordillera, the Cambrian was a major period of car-
along the western margin of South America that contain Grentibnate deposition (e.g., Baldis and Bordonaro, 1981a, 1985).
lian-type basement (see Appendix 1) and/or remnants of a Catawever, a siliciclastic-evaporite succession (Cerro Totora For-
brian-Ordovician carbonate platform with Laurentian faunas. mmation; Fig. 4) of possibly middle to late Early Cambrian age has
consequence, the basement rocks of the western Sierras Pe@n described from the Guandacol area (Fig. 3; Astini and Vac-
peanas together with the basement and the Ordovician rocks otdrg 1996). These deposits together with siltstone intercalations
Sierra Pintada near San Rafael are part of the Cuyania terrani tie Middle Cambrian La Laja Formation (Bordonaro, 1980;
which the Precordillera forms by far the largest fragment (Fig. Bercowski et al., 1990) constitute the only noncarbonate rocks of
Looking at the definitions of the Cuyania terrane (RamadSambrian age in the Precordillera.
1995) and the Precordillera terrane (Astini et al., 1995; Thomas Although in the need of serious modernization and revision,
and Astini, 1996), it becomes evident that the latter definitionrizany of the elements of the Cambrian fauna were described by
an areally more restricted one and that the Precordillera terrRusconi in a series of papers between 1948 and 1962, mainly
constitutes one component of the larger Cuyania terrane. Copsedlished in the Revista del Museo de Historia Natural de Men-

guently, the term Cuyania terrane will be used here. doza (Volumes 2—14) and various issues of the Boletin Paleon-
tolégico de Buenos Aires (Volumes 24-32). More recent

Historical Review and Stratigraphy of the Argentine contributions to the Cambrian fauna include Bordonaro (1980,

Precordillera 1986, 1989, 1990a, 1990b), Bordonaro and Banchig (1990, 1995,

1996), Borrello (1962, 1971), Poulsen (1960), Shergold et al.
The Precordillera consists of a thick succession of mair{995), Tortello and Bordonaro (1997), Vaccari (1994), and Vac-
Paleozoic strata of varying thicknesses. Cambrian and Eardyi and Bordonaro (1993).
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Ordovician. Ordovician strata are the most widespread At San Isidro, near Mendoza (Fig. 3), a structurally complex
deposits in the Argentine Precordillera and record an eventful lsisecession of lower Paleozoic rocks is present. The Empozada
tory (platform drowning, rifting, evolution of the western basir;ormation of Middle and Late Ordovician age is sedimentologi-
glaciation), especially during Middle and Late Ordovician timeally similar to the Los Sombreros Formation (Gallardo et al.,
(Fig. 4). Carbonate deposition persisted well into the Middl®88; Bordonaro et al., 1993). However, its relations to the adja-
Ordovician; however, the laterally extensive carbonate platfonant sediments of the Villavicencio Group are not well estab-
was drowned during the earliest Llanvirn. lished, mainly because the Villavicencio Group contains

Tectonic movements during Middle and Late Ordovicia@rdovician and Devonian rocks and possibly some Silurian sedi-
time were attributed to the Guandacol and the Villicum orogemientary rocks (Cuerda et al., 1985a, 1987).
phases (Baldis et al., 1982; Furque and Cuerda, 1982) and wereThere is a wealth of paleontologic and biostratigraphic infor-
deduced mainly from the presence of conglomerate units withiation on the Ordovician strata of the Argentine Precordillera
the Ordovician succession. Tectonic events are also responghmécannot be listed in its entirety. Hence only some relevant cita-
for the differing depositional histories in the former carbonatiens for each group are given as follow: (1) brachiopods:
platform area and in the area to the west (eastern and wedBsmedetto (1986, 1987, 1990), Benedetto and Herrera (1986),
tectofacies of Astini, 1992). The contact between both areasierrera and Benedetto (1989, 1991), Levy and Nullo (1974); (2)
marked by a transition zone in which fine-grained sediments hoshodonts: Hunicken (1971, 1985), Lehnert (1990, 1993, 1994,
giant olistoliths and mass-flow deposits (Los Sombreros Formi®95a), Lehnert et al. (1997, 1998), Sarmiento (1986, 1990),
tion; Cuerda et al., 1983). Sarmiento and Garcia Lopez (1993), Sarmiento and Réabano

In the former platform area near Guandacol (Fig. 3), coff:992); Sarmiento et al. (1986), Serpagli (1974); (3) graptolites:
glomerates of the Las Vacas Formation (Fig. 4) overlie bladKaro (1988), Blasco and Ramos (1976), Brussa (1994, 1995),
shales, which in this area stopped carbonate deposition atGoerda et al. (1983, 1985a, 1986, 1987), Cuerda and Furque
base of the late Arenig (Hunicken and Sarmiento, 1982, 1988986), Peralta (1986, 1993), Varela et al. (1982); (4) trilobites:
Ortega et al., 1985). Clastic sedimentation continued well into Baldis and Blasco (1975), Baldis and Pdthe de Baldis (1995),
Late Ordovician (Las Plantas and Trapiche Formations). SouthHaiirington and Leanza (1957), Vaccari (1994, 1995); (5) miscel-
Jéachal, carbonate sedimentation locally continued inthiémea- laneous: Acefiolaza et al. (1976), Albanesi et al. (1995), Carrera
graptus gracilizone (Los Azules and Las Aguaditas Formationgt994), Hinicken and Ortega (1987), Hinicken et al. (1990),
Baldis et al., 1982; Cuerda and Furque, 1986; Keller et &gller and Fligel (1996), Kobayashi (1937), Lehnert and Keller
1993Db). In the Sierra de Villicum (Fig. 3), a thick succession (f993b), Ortega (1987).

Middle and Upper Ordovician conglomerates, sandstones, and Silurian. Silurian deposits are mainly restricted to the for-
diamictites (see Appendix 1) is preserved (La Cantera and Doer platform area. Two contrasting successions are present. At
Braulio Formations; Fig. 4). Similar deposits are rare in mattye eastern boundary of the Sierras Chica de Zonda and Villicum
other areas of the former platform area, because at least two(#ify. 3), the Rinconada and the Mogotes Negros Formations (Fig.
ferent erosional events affected the pre-Silurian strata. Tjeare thick siliciclastic units, in which olistoliths are common
Ashgillian diamictites of the Don Braulio Formation are inteAmos, 1954; Cuerda, 1981). In the Rinconada section, huge
preted to be of glaciomarine origin (Peralta and Carter, 1990&3toliths of the San Juan Formation are present, whereas in the
related to the Upper Ordovician Gondwana glaciation. Don Braulio section olistoliths of conglomerates are most abun-

Autochthonous sedimentary rocks older than Middigant. These deposits are part of the eastern facies of Cuerda
Ordovician are not present in the western basin. Most units yi€1885). The other succession, which is much more widespread,
Llanvirnian or Llandeilian graptolites (e.g., Cingolani et algonsists of varying amounts of sandstone, siltstone, and shale.
1987, 1989; Cuerda et al., 1987; Fig. 4). Caradocian sedimehtsording to their sedimentological and ichnological inventory
include the Alcaparossa Formation, which forms the matrix fokcefiolaza and Peralta, 1985a, 1985b; Peralta and Carter,
abundant basic dikes and pillow basalts (Haller and Ramb890b), these rocks were deposited on a stable platform. The
1984). One important problem in the interpretation of the seliasal Silurian is characterized by light colored sandstones (La
mentary succession of the western clastic basin is the laclCbilca Formation), that unconformably overlie Ordovician strata.
stratigraphic contacts between the formations. Thus, only a fieateral facies changes in the Silurian deposits are documented by
units have been studied in detail (Spalletti et al., 1989). different stratigraphic names (Fig. 4), i.e., the Tambolar Forma-

The difficulties of correlation within the western basin aréon of Heim (1952) in the Rio San Juan valley versus La Chilca
exemplified by units like the Yerba Loca and Sierra de la Inverad Los Espejos Formations (Cuerda, 1969) farther north. Both
nada Formations, which crop out in the sierras of those narsescessions form the central facies, according to Peralta (1986).
(Fig. 4). They are of similar lithology and contain a variety of Phyllites near Calingasta (Harrington, 1957) have a doubtful
mass-flow deposits. Graptolite ages obtained from various segedlovian age (Xicoy, 1963, cited in Peralta, 1990). These
tions vary between early Llanvirn and late Caradoc time (Brusdaposits, together with the La Tina Formation (Quartino et al.,
1994, Fig. 22; Albanesi et al., 1995), which at least in placesl&71) represent the western facies (Peralta, 1986) characterized
due to determination of fossils contained in olistoliths. by predominantly fine-grained sediments.
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Graptolites and brachiopods are the most important biost@oesen, 1992) in which the entire sedimentary column of Paleo-
tigraphic tools for the Silurian. The former were described lapic and Tertiary rocks is affected by deformation. This Andean
Cuerda (1965, 1969, 1971, 1981, 1985) and Peralta (1984, 1986stal shortening (see Appendix 1) was triggered by flat and
1990), the latter by Baldis (1964), Benedetto (1995), Benedettskallow subduction of a part of the Nazca plate beneath South
al. (1986, 1992), and Herrera (1985, 1993). In addition, isolatAcherica (Jordan et al., 1983). Crustal shortening as a result of
occurrences of conodonts have been described (Hinicken, 187®&isting and resulting east-directed imbrications is estimated to
Hunicken and Sarmiento, 1988). be on the order of 50% and more (Allmendinger et al., 1990; on

Devonian.In the central facies area of the Silurian strata, se@osen, 1992). The timing of the various deformation events and
mentation continued into the Devonian without a major depositiottatir bearing on sedimentary patterns in the foreland basin(s) was
break (Fig. 4); however, the deposits become successively coateeumented by Beer and Jordan (1989, and references therein).
grained. The lower unit (Talacasto Formation) still maintains a plat- There is no record of a thermal overprint, that might have
form character (Padula et al., 1967; Baldis, 1975), whereas the osecompanied Andean deformation. However, pre-Carboniferous
lying Punta Negra Formation is turbidite dominated (Gonzalsedimentary rocks show an increasingly higher thermal alteration
Bonorino, 1975a), and the entire succession has a flysch-fik@m east to west (Keller et al. 1993c), where rocks with a green-
appearance (Gonzalez Bonorino, 1975a, 1975b). A deep-water depist facies overprint are widespread. Metamorphism and the
ositional environment is also indicated by the ichnofaunas (Perattaresponding deformation are of Late Silurian—Devonian age
1986; Peralta and Acefiolaza, 1989). Parts of the Villavicen¢iRaleozoic [see Appendix 1] deformation; Von Gosen, 1992,
Group at San Isidro (Fig. 3), the Canota Formation of Cuerda etl@97; Buggisch et al., 1994b). In addition, near Uspallata at the
(1988a), are lithologically similar to the Punta Negra Formatiosputhwestern end of the Precordillera (Fig. 2), pre-Permian-Tri-
however, there remain many uncertainties with respect to age asslc compression is observed (Von Gosen, 1995).
depositional environment of the former (discussion in Kury, 1993).

In the western basin, there are several units that are assigadodivision of the Argentine Precordillera
a Devonian age; however, in many cases there is no agreement
about lateral extent, age, and names of the units (Quartino et al., The early Paleozoic record of the Precordillera displays a
1971, Sessarego, 1983; Selles Martinez, 1986). complex interplay of facies deposited in various basins and sub-

Major paleontologic contributions to the knowledge of thigasins. Many names have been used to characterize the different
Devonian include those of Baldis (1967, 1975), Baldis and Losedimentary successions. Astini (1992) subdivided the Ordovi-
gobuco (1977), Herrera (1993), Kerllefievich (1967), and Padualan deposits into an eastern and a western tectofacies, and only
et al. (1967). the central and western facies are still recognized from the Devo-

Post-DevonianA large hiatus, in places with an angulanian (Peralta and Baldis, 1990).
unconformity, separates Carboniferous strata from older rocks. Considering the entire Phanerozoic history, the recognition
This hiatus comprises the majority of the Late Devonian, tbéareas with distinct sedimentary successions accompanied by
Early Carboniferous, and most of the Namurian strata. Carbonifique structural styles led to a morphostructural subdivision of
erous strata are known not only from the Precordillera but frahe Argentine Precordillera (Baldis and Chebli, 1969; Ortiz and
all surrounding areas. Hence, these deposits are the Paleazainbrano, 1981) into eastern, central, and western parts (see also
overstep sequence, indicating that by no later than mid-CarboBi&dis et al., 1982). As pointed out by Von Gosen (1992), some of
erous time accretion of the terranes to Gondwana was completsel structural arguments for such a subdivision are doubtful. The

Permian-Triassic magmatic rocks of the Choiyoi Group andtlines of these morphostructural provinces partly coincide with
Triassic sedimentary rocks are restricted to the western and ahstlimits of the sedimentary basins and subbasins of the Pre-
ern borders of the Precordillera. Their distribution and interpretardillera.
tion were discussed by Baraldo et al. (1990). During Tertiary and In the pre-Carboniferous sedimentary history of the Pre-
Quaternary time, thick continental successions were depositedardillera, it can be demonstrated that there are a number of areas
longitudinal valleys (Fig. 2) and along the eastern border of tiiat throughout the early Paleozoic had their own distinct
Precordillera, where they represent the filling of the Andean fotectono-sedimentary history. These areas are not tectonostrati-
deep (Beer and Jordan, 1989; Beer, 1990). Andean magmataphic terranes in the sense of Howell et al. (1985), which would
rocks are present within the Precordillera (Leveratto, 1968, 19¥d&;ilitate their discussion as discrete areas. However, in a purely
Bercowski and Figueroa, 1987) and, although not widely distribescriptive sense they are sedimentary basins and/or subbasins
uted, bear important clues to the history of the PrecordillgiBally and Snelson, 1980; Allen and Allen, 1990) and this termi-

(Abbruzzi et al., 1993). nology will be applied in this paper.
For the purpose of this paper the early Paleozoic includes
Structural History of the Argentine Precordillera all Cambrian through Devonian strata below the Upper Carbon-

iferous overstep succession; two main basins are recognized, an
Today, the Precordillera represents a thin-skinned, high-leeelstern basin, characterized by the presence of a thick Cam-
thrust-and-fold belt (Heim, 1952; Baldis and Chebli, 1969; Vdrian-Ordovician carbonate platform succession, and a western
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basin filled with Ordovician through Devonian siliciclasticedimentary record that starts with Upper Cambrian through
deposits. lower Llanvirnian carbonate platform rocks. The drowning of the
Western basinThe western basin (Fig. 3) extends fronplatform and/or the transition into the overlying black shales,
Cerro Cacheuta (Fig. 2), which forms the southernmost exposétere preserved, is everywhere dated as early Llanvirn. Locally
part of the Precordillera southwest of Mendoza, to the northefbas Chacritas and Las Aguaditas sections; Figs. 3 and 4) carbon-
most outcrops of the Precordillera northwest of Jagle (Fig. 2).afe production continued, but a dramatic change to deep-water
the west, it is separated from the Cordillera Frontal by the longivironments is evident. In many places, different episodes of pre-
tudinal valley of Uspallata-Calingasta-lglesias (Fig. 2). The eaSilurian erosion caused stratigraphic gaps between deeply eroded
ern boundary of the western basin is at the boundary of tabonate platform rocks, Middle and Upper Ordovician silici-
carbonate platform and is marked by a fault along which the Latastic deposits, and the overlying Silurian succession. A chert-
Sombreros Formation was deposited. pebble conglomerate at the base of the overlying succession marks
The only uncertainty with respect to the boundary betwethie unconformity. The Silurian shows the return to deposition of
the western and the eastern basin concerns the area of Jdgilieiclastic) platform sediments, but during the Devonian, a shift
There, carbonate rocks similar to those of the San Juan Formatward flysch-like deposition is observed. In most sections, Car-
are present (Acefiolaza, 1969); however, nothing is known abbahiferous strata overlie the Devonian with a paraconformable
a possible presence of continental-margin facies or about thatact; however, in the Agua Hedionda section (Fig. 3), they
nature of the siliciclastic Ordovician rocks there. overlie the San Juan Formation (see Buggisch et al., 1994a).
Eastern basinThe eastern basin (Fig. 3) comprises the mor- There are two main tectonic features in the Talacasto sub-
phostructural provinces of the Precordillera Oriental (Ortiz abdsin: (1) the main thrusts are located at varying levels within the
Zambrano, 1981) and the Precordillera Central (Baldis abgper Cambrian and Lower Ordovician limestones, and (2) the
Chebli, 1969; Baldis et al., 1982). To the east and north, the eastcession was only moderately affected by pre-Carboniferous
ern basin is bounded by the longitudinal valleys that separateedtonics.
from the western Sierras Pampeanas (Fig. 2). Its western limit The northern limit of the Talacasto subbasin is arbitrarily
coincides with the westernmost outcrops of carbonate platfodnawn along an almost east-west—trending transect connecting
rocks. To the south, the eastern basin disappears beneathhiné os Tuneles section (which belongs to the western basin)

northern Mendoza piedmont. with the Agua Hedionda section. To the west and southwest, it is
Three subbasins are recognized within the eastern basinitbended by continental margin deposits, which, during the
San Juan, the Talacasto, and the Guandacol subbasins. Ordovician, outlined the transition from the platform to the basin.

San Juan subbasiithe pre-Carboniferous rocks of the PreFhe Talacasto subbasin comprises most of the Precordillera Cen-
cordillera Oriental, which are exposed only within the eastettnal sensu Baldis and Chebli (1969). The Ordovician rocks con-
most thrust sheets around the city of San Juan, constitute thesSitute a part of the eastern tectofacies of Astini (1992), whereas
Juan subbasin (Fig. 3). Today, these pre-Carboniferous rockstlageSilurian rocks represent the facies central of Peralta (1986).
exposed in the Sierra de Villicum, Sierra Chica de Zonda, and Guandacol subbasirThe Guandacol subbasin (Fig. 3) is a
Cerro Pedernal de los Berros. The San Juan subbasin is cha@dinuation of the Talacasto subbasin; however, there are
terized by the presence of isolated outcrops of Lower Cambnaarked differences in stratigraphy. It has an almost complete
limestones, a continuous succession of Middle Cambrian througbord of Cambrian and Lower Ordovician carbonate platform
lower Llanvirnian carbonate platform rocks, and Middle anacks, and some redbeds and evaporites at the base of the succes-
Upper Ordovician siliciclastic deposits with several stratigraptston. However, during the Arenig, the carbonate platform was
gaps of varying magnitude. The Silurian is represented by thédrowned. The most characteristic feature of the Guandacol sub-
sedimentary melange deposits with olistoliths and olistostromleasin is a very thick succession of Middle and Upper Ordovician
whereas Devonian rocks are conspicuously absent. From a séiciclastic deposits, which are overlain by Carboniferous rocks.
tonic point of view, there are two main features in the San Jugiturian and Devonian rocks are absent in this subbasin (Fig. 4).
subbasin: (1) the main thrusts are located in the lower—Middle The Guandacol subbasin is part of the Precordillera Central
Cambrian limestones, and (2) the entire succession was affeetsdlits Ordovician rocks are part of Astini's (1992) eastern tecto-
by a pre-Carboniferous deformation, in places demarcatedfagies.

Carboniferous deposits overlaying almost vertical Cambrian

dolomites. The San Juan subbasin includes the Villicum graeRRBONATE PLATFORM ROCKS OF THE
of Loske (1992) and the eastern facies of Cuerda (1985) and RSGENTINE PRECORDILLERA

alta (1986). The Ordovician rocks of the San Juan subbasin are

part of the eastern tectofacies of Astini (1992). . . .

Talacasto subbasifThe Talacasto subbasin (Fig. 3) is latel-2 Laja Formation and Equivalents
ally much more extensive than the San Juan subbasin and has rep-
resentatives from the Rio Jachal in the north to Cerro de la Cal The La Laja Formation (Borrello, 1962; Fig. 4) is the oldest
near Mendoza in the south (Fig. 4). The Talacasto subbasin hasigof the carbonate platform succession. Outcrops of the La
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Laja Formation are restricted to the San Juan subbasin (Figa8y flaser bedding are also observed. Glauconite is locally abun-
where they occur in a single belt parallel to paleodepositionint in these rocks.
strike. In addition to the six sections measured in the La Laja For- Fine- to coarse-grained quartz sandstones and sandstones
mation, several outcrops have been visited, especially thesataining bioclasts and wave and current ripples are also pres-
exposing the El Estero Member. In many places, major threst. In places, impure sandstones containing feldspar and dolo-
planes developed in the lowermost exposed beds of the La lmijte clasts have a calcareous matrix; in others carbonate cement
Formation during Andean orogeny (see Appendix 1). Deformia-observed. Locally, these impure sandstones laterally grade into
tion caused intense folding and faulting of the thinly beddedndy limestones. Sorting varies from moderately sorted in the
rocks, and hence prevented a detailed measurement and integaredstones to well sorted in the quartz sandstones.
tation of this part of the section. Among the carbonates, thick-bedded dark gray to black lime
The La Laja Formation is a mixed carbonate-siliciclastic sysrudstones are abundant. They are rich in organic matter and
tem, subdivided into four members (Bordonaro, 1986; Fig. Bpme of them are moderately to highly biologically mottled. The
The oldest rocks within the La Laja Formation are those of thelflrrows are easily recognized because they have a filling of
Estero Member, which previously was believed to crop out orilyownish dolomicrosparite. Trilobites and hyolithid fragments
at isolated places along a major thrust. These rocks were datet@she dominant faunal elements (1 in Fig. 8).
Early Cambrian by Borrello (1962, 1971). Our field work, how-  Fossiliferous wackestones show well-preserved trilobites,
ever, has shown that there are several sections in which the lomachiopods, eocrinoidslyolithes, and sponge spicules. In other
ermost beds exposed have characteristics of the El Estgackestones, the fossils are broken or abraded. Bioturbation is
Member. No biostratigraphic data are available from these nevdgally present, but is not pervasive and may be one cause for the
discovered horizons. Hence the attribution of these rocks to thel&truction of the fossils.
Estero Member is entirely based on sedimentology. The Soldano, Oolitic and oncolitic wackestones are also observed in the
Rivadavia, and Juan Pobre Members form the remainder of ltlael aja Formation. Some of them contain scattered fragments of
formation and were assigned an early Middle Cambrian througlobites and other organisms such as brachiopods or hyolithids
latest Middle Cambrian age (Baldis and Bordonaro, 1981a; B-in Fig. 8).
donaro, 1986). A reevaluation of the trilobites, however, seems to Fossiliferous packstones (5 in Fig. 8) are composed of trilo-
indicate that the trilobites of the Soldano Member belong to thiée hash and additional eocrinoids, brachiopods Hywalithes.
Glossopleurazone (A. R. Palmer, 1997, personal commun.; Figocally, hyolithid packstones are developed (2 in Fig. 8). In some
7). Trilobites of the Plagiura-Pollieland the Albertellaones are samplesGirvanellaclasts have been observed. Other compo-
apparently absent. The youngest trilobites of the Juan Pobheats are ooids, oncoids, intraclasts, and detrital quartz. In addi-
Member belong to thBolaspidellazone; consequently, the thredion, some of the rocks contain glauconite. The rocks are gray to
members were deposited during the late Delamaran and eddsk gray and thin to medium bedded.
Marjuman of the North American subdivision of the Cambrian Oolitic or oncolitic packstones (4 in Fig. 8) in places are
(Palmer, 1998). cross-bedded or fill erosional channels. They commonly show
Coeval, but as yet unnamed, sedimentary rocks in the Guadeditional bioclasts. Oncolitic packstones are composed of
dacol subbasin (Cafias 1988; Figs. 4 and 7) consist of peritmfatoids with a diameter of only a few millimeters to 2 cm. The
carbonates with well-developed cyclicity. About 35 m of thisiain component of the oncoids@rvanella, which is com-
succession in stratigraphic contact with dated Lower Cambriaonly well preserved. In most of the oncoids there is no visible
rocks have been described. Within the carbonate succession rtudeus; however, trilobites or detrital quartz served as a primary
intercalations of fine-grained siliciclastic strata, mainly siltstonesjbstrate for algae. Some oncoids are also found to be completely
are observed. The entire succession apparently is much thickiritized.
(Astini and Vaccari, 1996) than the fault-bounded 35 m described Two varieties of intraclast-bearing packstones have been
by Cafias (1988). observed. In many of them the intraclasts consist of broken bur-
The Cerro Pelado Formation, formerly assigned to the Latev or worm tubes with micritic and calcified walls. In the others,
Cambrian (Heredia, 1990), has recently shown to be of late Milde intraclasts are white to light gray dolomitic mud chips. The
dle Cambrian age (Holmer et al., 1999). Hence it is coeval witliraclast packstones are present as laterally continuous beds with
the Juan Pobre Member. Lithologically, it is similar to the roclsgours and grading, and as lenses or channel fills to 1 m across.
exposed near Guandacol with well-developed cyclicity and abied thickness varies from thin to thick.
dant thrombolites. Pure grainstones are rare in the La Laja Formation and most
Lithofacies.Among the siliciclastic sediments there are vagare oolitic. The oolite grainstones occur as thick-bedded units that
iegated shales and siltstones with a clayey or marly matrix. Marften have well-developed herringbone cross-stratification. In
stones are present only in a few places. Some of the shalesnaaly samples, the ooids are replaced almost entirely by large cal-
siltstones are bioturbated; horizontal trace fossils are the nutt crystals; however, the outer layers are preserved and in a few
common. In others, trilobite fragments, eocrinoids, and hyolithidgamples show the typical concentrical arrangement of the indi-
are found (6 in Fig. 8). Ripple-drift cross-lamination and linsesidual layers. Oolites containing lithoclasts show a variety of
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microfacies within the clasts, mainly from underlying rock unitsediments may also form in a deep shelf lagoon that is protected
(intraclasts), but detrital quartz and dolomite chips (extraclastgm the open ocean by a well-developed shelf-margin rim (Fig.
have also been observed. 9). The effects of storms are represented by intraclast packstones.
Bioclastic grainstones are composed of either eocrinoidsTdre intraclasts are mainly of the reworked-burrow variety. Most
trilobite hash with minor amounts of other bioclasts. Componenfsthese tempestites are medial to distal deposits (Aigner, 1982,
of mixed grainstones are bioclasts, mainly trilobites ari®85), because amalgamation is absent, scouring and other ero-
eocrinoids, intraclasts, ooids, and oncoids. Many of the grasienal features are scarce, and the beds are mainly thin intercala-
stones are cross-bedded or channelled. tions (5—40 cm) within the lime mudstones and wackestones.
Peloidal, strongly biologically mottled grainstones are char- A variation of this assemblage of rocks is the wackestone-
acterized by low fossil content, mainly trilobites. The dark gray émcolite association, present only in the La Laja section. There,
black color of the lime mud is contrasted by the yellow to orandeeds of cross-bedded oncolites as thick as 50 cm are present
brown filling of the burrows. This filling is mainly a dolomiticwithin lime mudstones and wackestones. In places, erosional fea-
microspar, but silt has also been observed. Where bioturbatiotuiss are found at the base of the oncolites. The oncolites are also
absent, a very thin internal stratification and ripple-drift crossterpreted as tempestites; their source area is not exposed, but
lamination are preserved. Peloids are commonly so densalgy have been a nearby oncolite shoal system.
packed that the rock appears to be a lime mudstone. In the peloidal grainstone-mudstone association most of the
Facies associations and depositional environmeliime lime mudstones are strongly biologically mottled. In some of the
mudstones and whole-fossil wackestones are characteristic ofjita@nstones, sedimentary structures (lamination, ripples) are visi-
lime mudstone—wackestone—intraclast packstone associatlia. Similar rocks have been described from both ancient (Pratt
The sediments were deposited under marine conditions belovd James, 1986; Osleger and Montafiez, 1996) and Holocene
fair-weather wave base, where thick successions of carbor(&arrett, 1977) environments. Pratt and James (1986) interpreted
mud with well-preserved fossils accumulated. As pointed out them as lower intertidal deposits; however, distinct indicators of
Osleger and Montafiez (1996), these deeper or quieter water eonintertidal setting (mudcracks, birdseye structures; Shinn,
ditions do not necessarily imply truly deep water. Instead, thd€®#83b; Goldhammer et al., 1993) are absent. A shallow subtidal,
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Figure 8. Sedimentary rocks of La Laja Formation. 1: Dark trilobite mudstone. Mudstone-wackestone-intraclast packstone association. 2: Packstor
composed of Hyolithesp. with few trilobite fragments. Mudstone-wackestone-intraclast packstone association. Magnificatiod: i©dlitic
wackestone-packstone with Hyolittes Only outer layers of ooids are preserved. Sediment is of tempestitic origin. Mudstone-wackestone-intraclast
packstone association. Magnification is 4.5. 4: Oncolitic packstone of wackestone-oncolite association. Magnification is 4.5. 5: Packstone-grainston
composed of trilobites, hyolithids, and phosphatic brachiopods. In addition, silt-sized quartz and ore particles are present. Packstone-grainstor
association. Magnification is 4.5. 6: Siltstone with few bioclasts. This is typical sediment of the siltstone intervals. Magnification is 4.5.
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somewhat restricted depositional setting is deduced from tiegs, barriers, and subtidal shelf sands. It shows abundant cross-
intense bioturbation, the lack of an open-marine fauna, and bfeelding or is present as channel fills. This association was
lack of high-energy sedimentary structures. In addition, the ladeposited in the shallow subtidal to lowermost intertidal area,
ination points to episodic rather than continuous sedimentatiaere wave and current activity removes most of the lime mud.
Hence this association may have formed landward of large s@ighl influence is clearly visible in the oolites with herringbone
shoals that were able to protect the platform interior from watgpss-stratification. In modern environments, such shoals com-
exchange and to dampen the effects of waves and tidal currentmly form near the platform margins in the highest energy zone
The oolite-oncolite association represents winnowed safedy., Hine, 1977; Harris, 1979). Unlike the ooids, however, the

SanJuansubbasin CerroPelado
(LaLajaFormation) Guandacolsubbasin
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J MSL 5
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carbonate belt, carbonate belt, innerdetrital belt, outerdetrital belt; mainly
low-energy high-energy deposits fine-and coarse-grained fine-grainedsiliciclastic
(lagoonal)deposits andtidal-flat complex siliciclastic sediments sediments, partly carbonates

Figure 9. Depositional environments and paleoenvironmental interpretation of La Laja Formation and of coeval rocks in Guandacol subbasin anc
at Cerro Pelado. Facies belts according to Palmer (1971a, 1971b). MSL = mean sea level, WB = wave base.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on September 24, 2011

Argentine Precordillera: Sedimentary and plate tectonic history, Laurentian crustal fragment, South Amerid®

primary site of oncoid formation was not the site of later depoare overlain by quartzitic sandstones (Pereyra, 1986) that exhibit
tion. From the Jurassic to the Holocene, oncoids normally foenfaint cross-bedding. The important information included in this
in slightly hypersaline intertidal ponds or tidal channels (Fligsliccession is that from its position within the section and within
1982), whereas in older sediments oncoids seem to have fortiedresolution of biostratigraphy, it is coeval with the major sand
in muddy environments with reduced rates of sedimentatimoierval at the top of the El Estero Member.
(Peryt, 1981; Bowman, 1983). The latter interpretation implies Platform configuration The facies associations of the La
that the accumulation of oncolite shoals like those in the La Lajga Formation can be grouped into three depositional systems
Formation was the result of high-energy events like major storitiEg. 9): a carbonate shoal complex, a subtidal, open marine envi-
An environment similar to the oolite-oncolite association l@nment that includes both back-barrier lagoonal deposits and
represented by the packstone-grainstone association, whicbpien platform limestones, and a shallow subtidal sand- and silt-
best explained as submarine sand belts. These formed in respdosenated shelf. Near Guandacol (Cafias, 1988) and at Cerro
to the frequent reworking of shallow-marine habitats by storffelado (Heredia, 1990), remnants of a peritidal carbonate system
and wave activity. The presence of mud in the sediments iralie preserved.
cates that no constant winnowing took place. Destruction of Around the Cambrian-Ordovician Laurentian margins, the
nearby shoals led to mixing of ooids and oncoids with skelef@teral relationships of the siliciclastic and carbonate lithosomes
debris (Tucker and Wright, 1990) to give a variety of packston@sre the basis for the concept of an inner detrital belt, a carbon-
and grainstones. The diverse fauna points to normal marine aer-belt, and an outer detrital belt (Palmer, 1971a, 1971b; Fig. 9).
ditions in a shallow-platform environment and, consequenti@parse terrigenous material is trapped in nearshore areas (inner
deposition of the packstones and grainstones took place ondeteital belt), the carbonate factory is located close to the platform
offshore side of the shoal systems (Fig. 9). margin (carbonate belt), and the outer detrital belt is composed
The siltstone association, which is present as discrete interadishales, deep-water carbonates, and mass-flow deposits.
within the La Laja Formation, is recognized by its brown to yellow Distinct features of intertidal and supratidal environments
color. Siltstones are the dominant lithotype, but there are also méelyg., Goldhammer et al., 1993) are absent in the La Laja Forma-
siltstones, marlstones, and thin beds of eocrinoidal grainstonetidn (Bercowski et al., 1990). The presence of nearby tidal flats,
the La Flecha section, oolitic grainstones are present in discreterever, is demonstrated by the small dolomitic mudchips in
beds and as channel fills. Linsen and flaser structures, ripples, somde of the intraclast conglomerates. These peritidal facies are
laminations are observed in the rocks. The combination of sexkposed near Guandacol and at Cerro Pelado. These two outcrop
mentary structures and the absence of indicators of intermiti@rgas indicate that a continuous carbonate belt might have been
exposure point to a tidally influenced (lower intertidal? to) shalldecated farther west. Sand and silt within the La Laja Formation
subtidal depositional environment (Reineck and Singh, 1980). have been interpreted as being shore derived, and there is little
The sandstone-grainstone association is restricted to thel&lbt that the siltstone intervals represent tongues of the inner
Estero Member of the La Laja Formation. It is composed oflatrital belt. Consequently, the La Laja Formation was deposited
variety of thin-bedded siliciclastic sandstones, siltstones, ainda position where both lithosomes interfingered; landward of
lime grainstones. Shales are uncommon. The grainstonestlagecarbonate factory, but seaward of the main siliciclastic trap.
almost exclusively trilobite coquinas with large (>10 cm) olenel- Sedimentary succession of the La Laja Formatidrhe La
lid fragments. The association was deposited under marine higlia Formation consists of several large-scale sedimentary suc-
energy conditions and the intermittent influx of terrigenougssions which have two main components, a siliciclastic interval
detritus. Abundant wave ripples and the absence of intertidal fead a calcareous interval (Fig. 10; see oversized plate at the back
tures point to a shallow subtidal setting. The quartz sands air¢he volume). The siliciclastic intervals can be used as marker
commonly coarse grained and indicate that the source area lai&ons and were previously used to define the four members of
not very distant. the La Laja Formation (Bordonaro, 1980). The calcareous inter-
Shales, wackestones, and packstones, together with few sdis consist of one or more shallowing-upward successions, each
ciclastic siltstones and sandstones, are part of the shale-packstbitizem with a thickness between 10 m and more than 100 m.
association. The depositional environment was the shelf, but Wagse successions commonly begin with sediments of the mud-
probably slightly deeper or more protected than during formatistone-wackestone-intraclast grainstone association, which repre-
of the sandstone-grainstone association. sents the deepest environments present in the La Laja Formation.
There is a succession of white quartzitic sandstones, sevistahy of them end with rocks of the oolite-oncolite association.
meters thick, associated with black shales. This association hasThe El Estero Member consists of sediments of the oolite-
been observed only in three localities, and everywhere the rocksolite association which upsection pass into sandstones, cal-
are tectonically strongly deformed. Hence an environmental disreous sandstones, and lime grainstones (Fig. 10). Locally,
cussion or their interpretation in the context of the sedimentaviiite quartz arenites and black shales are developed near the top
succession of the La Laja Formation can only be speculatiohthe member.
However, the section in the northern part of the Sierra Chica de The Soldano Member contains several calcareous shallow-
Zonda still reveals some information. About 15 m of black shaleg-upward successions and is characterized by a prominent silt-
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stone interval that marks the top of the member. This siltstone
interval is present everywhere in the Sierra Chica de Zonda, bt [
tectonically absent in the section measured in the Sierra de “|[_ ]
licum (Fig. 10). In the La Laja sections, an additional siltstor L] ts
interval is present within the Soldano Member, which has n|- — | smst
been found elsewhere.

The Rivadavia Member is a succession of limestones tt ‘JOUC vV V. V V
consists of two and locally of three (Zonda and La Laja sectior o O
Fio. 10 ina- i KR hst

g. 10) calcareous shallowing-upward successions. These ¢

cessions characteristically contain a large amount of dark mt
stones and peloidal grainstones, so the member is ea: I ? mfs
recognized in the field by its black color. L 11 st

The base of the Juan Pobre Member coincides with the b |1
of the uppermost siltstone interval of the La Laja Formatiol [~
Upsection, lime mudstones and wackestones grade into pa o
stones and grainstones. The top of the member consists of o« R hst
shoals in which well-developed herringbone cross-stratificatic
is present. o

Evolution and sequence stratigraphy of the La Laja For- i
mation. Considerations about sequence stratigraphy are ha | tst
pered by the few outcrops, which do not allow (P _©O fs+sb —Vvv]
three-dimensional view of the rocks of the La Laja Formation ' |
the reconstruction of the cross-platform architecture. In additic hst
it is not yet possible to correlate outcrops of the La Laja Form %

[
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depositionalgrandcycle
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Fourth-ordersequences

tion with those near Guandacol and at Cerro Pelado that mi
have been close to the platform margin. T
The calcareous shallowing-upward successions originat|__I tst
on surfaces across which there are indications of an abrupt de — ts
ening (Fig. 11). These surfaces are located either on top of - — | smst
preceding calcareous shallowing-upward succession, or on tof
a siltstone interval. The internal architecture of the shallowin ‘)ooo v v v v
upward successions demonstrates a dominantly aggradatic © . ©
pattern. Small-scale (1-5 m) cycles within the successions .
conspicuously missing.
In the siltstone intervals, abundant glauconite indicates tf
they are stratigraphically condensed successions characterize H @
starved sedimentation. Trilobites and bioclastic grainstones pc L.O_O
to a marine depositional environment. The grain size (sand to < oolite-oncolite packstone-grainstone
of the siliciclastic intervals leaves little doubt that they represe 9ssociation gassociation
tongues of shoreward-derived terrigenous detritus (Fig. 9). T E E
intervals have sharp upper boundaries. Most of them also hi
sharp lower boundaries, but more gradational transitions from { mudstone-wackestone siltstone
underlying oolites have also been observed. The lower bound Infraclast packstone association

. . - -7 association
surface of the siltstone intervals does not mark a major envirc
mental shift. mfs = maximum flooding surface

L . . . ts = fransgressive surface
Provenance of the silt in the siltstone units. Terrigenot ;o o /ence boundary

material was provided by a barren craton and either intermitten tst = transgressive systems tract

or continuously delivered to the shallow shelf. The origin ¢ hst =highstandsystemsfract

abundant silt in Middle Cambrian strata of the southern Gre $™s' = shelf-marginsystems fract

Basin was discussed in detail by Osleger and Montafiez (19Figure 11. Grand cycle and sequence stratigraphic framework of cycles
who concluded that much of the silt is of wind-blown Origin_ |Within La Laja Formation. In this sketch, sequence boundaries are all
was later reworked and redeposited in intertidal and subtityre 2.bqundaries. In contrast to their North American counterparts, sili-
areas. Modern analogues include the Persian Gulf, where WiC'CI‘rletIC interval represents shallowest facies.

blown silt is transported onto the tidal flats (Kukal and Saadi

mfs
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lah, 1973). The absence of siliciclastic detritus in most of the car- Sequence-stratigraphic interpretatiofihe basal surface of
bonate rocks of the La Laja Formation, however, indicates tifag¢ calcareous shallowing-upward successions is a major flood-
this detritus was effectively trapped in nearshore areas during surface and, because it separates the base of a new sequence-
periods of relative sea-level rise. When the rate of sea-level statigraphic entity from the underlying strata (Van Wagoner et
slowed or came to a stillstand, the relative amount of siliciclassic, 1988), it is regarded as a transgressive surface (Fig. 11). The
material on the shelf increased. Accommodation space was fillehsgressive surface is present either on top of a shallowing-
and the fine-grained detritus was redistributed across the shelfipward succession or on top of a siltstone interval.

waves and tides. Where the transgressive surface separates two calcareous

Relative sea-level history. Starting arbitrarily at the shaspallowing-upward successions without intervening siliciclastic
upper surface of a siltstone association, the surface betweerstraga, this surface separates an older highstand systems tract
siltstone interval and the overlying limestones marks a rapid ris@m the subsequent transgressive systems tract. In this case, in
of relative sea level. This relative rise is documented by the tréme absence of a lowstand systems tract (in the case of a type 1
sition from wave-induced structures in the siltstones to muddgquence) or a shelf-margin wedge (in the case of a type 2
calcareous sediments with intercalated tempestites of a despguence), the transgressive surface and the sequence boundary
water environment. The rise led to an instantaneous shut-ofaic# represented by the same surface (Fig. 11). As pointed out ear-
siliciclastic supply. Subsequently, relative sea level continuedlir, there is no way to work out of cross-platform architecture, to
rise and accommodation was slowly filled with carbonate sedkcognize basinward and or landward shifts of facies, or to trace
ment. Within each calcareous shallowing-upward successisuarfaces perpendicular to depositional strike. Consequently, the
there is a change from mud-dominated textures near the badg hints to the nature of the surfaces are the absence of subaer-
toward grain-supported textures near the top. This aggradatadrexposure and the lack of siliciclastic input. Hence, with all
toward sea level and the accompanying change in sediment checessary precaution these surfaces can be regarded as type 2
acter is interpreted to reflect a steady state in the rate of relas@gquence boundaries. Consequently, each of the calcareous shal-
sea-level rise. The widespread presence of oolites on top ofltiwéng-upward successions can be regarded as an individual type
shallowing-upward successions indicates the change from ag@rasequence. The internal architecture (shallowing upward,
dational to progradational sedimentation patterns (Sarg, 198Bsence of small-scale cycles) is in agreement with a catch-up
Chow and James, 1989). system (Kendall and Schlager, 1981; Sarg, 1988), which charac-

Many of the shallowing-upward successions are boundedeatzes the early highstand. In the sequences of the La Laja For-
the top by a flooding surface, above which a new, entirely catation, the transgressive systems tract seems to be relatively thin,
careous, shallowing-upward succession was deposited (Fig.a@d the maximum flooding surface is a cryptic feature. It might
However, there are shallowing-upward successions which at tleeiincide with the change from predominantly muddy textures to
top show a switch to shallow-water siliciclastic deposition withrain-supported textures in the carbonates. The highstand
sedimentation of the siltstone association. In places, a gradatioleglosits are relatively thick. One characteristic feature of catch-
transition between both associations is present; however, shgrsystems is that shoal deposition is restricted to the upper part
contacts between the calcareous shallowing-upward successiotihe sequence and that the shoals form during the late high-
and the overlying siltstone interval have been observed. In thesand. In most sequences within the La Laja Formation, sedi-
cases, the bounding surface marks a very subtle basinward shéfhts of the oolite-oncolite association were deposited during
of facies. this interval.

With the assumption of continuous subsidence, the change There are sequences in which a siliciclastic interval separates
to siliciclastic deposition indicates that relative sea-level rise halder, calcareous highstand deposits from the subsequent trans-
come to a stop or started to fall slowly, thus increasing the avgilessive systems tract (Fig. 11). If the interpretation is correct that
ability of siliciclastic detritus. Sea-level fall, however, was nevéne underlying oolites represent late highstand deposits related to
extensive enough to expose that part of the platform on which $ka-level stillstand or relative sea-level fall (assuming that subsi-
La Laja Formation was deposited. dence continued), then the siltstone units represent a time of rel-

In this scenario, the siltstone associations are sandwicladide sea-level lowstand. During this lowstand, the source area for
between the top of a shallowing-upward succession below &aigenous detritus increased. Most of the siliciclastic detritus
the base of a subsequent shallowing-upward succession alseems to have been trapped in nearshore areas (not exposed in the
(Fig. 11). A major deepening event separates the siltstone asdaritaja Formation) and filled accommodation there. As carbon-
ation from the overlying carbonates. From their sedimentologite production had essentially ceased during the late highstand,
characteristics, the siliciclastic intervals represent the shallowssine of the terrigenous detritus might have been washed across
facies present in the La Laja Formation. Consequently, the giite platform during the latest highstand. This is true especially
stone intervals cannot be the basal part of the overlying shalléar- those units where there is a gradational contact between
ing-upward succession. Neither can they be regarded as the uppltes and siltstones. However, the majority of the siltstone inter-
part of a shallowing-upward succession, because they are oftals does not belong to the preceding highstand systems tract.
separated from the underlying carbonates by a very sharp surface.Conventional wisdom dictates that a sequence boundary is
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present at the top of the highstand deposits; it also dictates thEtia indicates that the rate of relative sea-level rise had slowed. A
transgressive surface is present at the base of the subseqeartved acceleration of relative sea-level rise led to flooding of
transgressive systems tract. If the sequence boundary andhbeleposits and, after a short lag time, to the return of carbonate
transgressive surface are represented by two different surfapesjuction. Consequently, these sequences might be explained
either a lowstand systems tract (in the case of a type 1 sequemg@)simple autocyclic model in which sedimentation is governed
or a shelf-margin wedge (in the case of a type 2 sequence) rhysivailability of carbonate sediment as a function of the produc-
exist between the surfaces. tive area.

Position and nature of the sequence boundary between silt- In contrast, the siliciclastic input combined with the total
stone units and underlying carbonat@e top of the siltstone shut-off of the carbonate factory implies that there was an addi-
interval is consistently a transgressive surface; however, the ptsiral factor operating in formation of the siltstone intervals. This
tion and the nature of the corresponding sequence boundaryfactor was probably eustatic sea-level variations. During the
more difficult to assess. In successions in which there is a siagmbrian, a time of barren cratons, the slowing in the rate of
surface between the oolites and the siltstones, this contact iscthestal onlap (sea-level rise) or its stillstand must have had two
most likely candidate for the sequence boundary. Howewveffects. It helped the carbonate factory to build more rapidly
where there is a gradational contact, the siltstone intervals in theivard sea level and to fill accommodation, and it increased the
lower part may include calcareous sediments of the youngest pogilability of siliciclastic material. This terrigenous material was
tion of the previous late highstand (oolites). washed from the craton into the depositional environment. Sands

The deposition of the siltstone units testifies to an almastd silts were trapped in the inner detrital belt. Once this sedi-
complete shut-off of the carbonate factory. As pointed out ment trap was filled, the terrigenous material could prograde
Kendall and Schlager (1981), most carbonate factories do aotoss the entire platform, especially at the point relative sea-level
immediately return to production after the onset of an ensuiiadj changed to sea-level rise. At that point, before the recovery of
relative rise in sea level. In pure carbonate systems, this lag phlasecarbonate platform, increasing water depth may have facili-
is often characterized by condensed intervals (in the sense of &dd sediment transport by increasing the effectiveness of wave
iment starvation) or hardgrounds. In the La Laja Formation, homnd tidal current activity. Hence the sequences containing a sili-
ever, siliciclastic strata are present in nearshore areas, and dgidgstic interval are of allocyclic origin.
here assumed that these silts and sands were redistributed and he evidence cited here indicates that the differences in
washed across the carbonates during the transition from relatiernal architecture of the sequences in the La Laja Formation
sea-level fall to rise. A possible mechanism for this redistributiand the causal mechanisms are best explained by differential
is the increasing effectiveness of waves and tidal currents durmiages of sea-level rise, an explanation also offered by Palmer and
the incipient sea-level rise. Although not representing a carbortdidley (1979), Chow and James (1987), and Mount et al. (1991),
system, the siltstone intervals are interpreted to be condenserbng others. In addition, the sequences within the La Laja For-
successions as shown by the presence of abundant glaucami¢ion seem to reflect the laws of reciprocal sedimentation, i.e.,
Hence, they not only represent the lowstand deposits but alsosihieiclastic input during sea-level lowstands and carbonate pro-
lag phase of the carbonate system. Consequently, the sequdncgon during rising sea level and sea-level highstand.
boundary must be located somewhgithin (the lower part) the One sequence boundary, however, does not fit the model
siltstone interval. It is likely that in these cases the sequeniescribed here (sequence boundary no. 2; Fig. 7). The top of the
boundary is not a well-defined single surface, but ratherEaEstero Member shows a succession of sandy limestones, sand-
sequence boundary zone or interval (see also Osleger and Mtmnes, and locally white quartz arenites and black shales. In
tafiez, 1996). Even where there is a discrete surface betweerttgparison with the underlying carbonates, these rocks mark a
carbonates and the overlying siltstones, there is almost no shittainward shift in facies that is characteristic of a type 1 sequence
depositional environment. On the basis of the presenceboiindary. An important hiatus is present between strata with
sequence boundary intervals or surfaces that record only a veigbites of the Olenellugone in the El Estero Member and the
minor (if any) basinward shift of facies and the absence of in@tossopleurazone in the Soldano Member (Figs. 7 and 10). As
cators of subaerial exposure, the sequence boundaries are idistussed later, this sequence boundary and the accompanying
preted as type 2 sequence boundaries. Consequently, the siltdi@mtes probably represent the Hawke Bay regression event in the
units are interpreted to be shelf-margin wedges rather than lédyepalachians (Palmer and James, 1980).
stand systems tracts. In the La Laja Formation, the sandstone-grainstone associa-

The fundamental difference between the complete sequerta@son top of the El Estero Member represents a lowstand wedge
containing a shelf-margin systems tract and those without sudf a lowstand systems tract, which seems to have been deposited
systems tract is the presence of terrigenous detritus. In sequeoces erosional surface. This is indicated by the lower boundary
that donot contain a siliciclastic interval, carbonates built upf the sandstone-grainstone association, which is in contact with
toward sea level, filling accommodation. Once the system wthe siltstone association in the La Laja section, with oolites in the
near sea level and had changed from aggradation to prograddt@irlecha section, and with packstones and grainstones in the
during the highstand, the productive area was greatly diminishellicum section (Fig. 10). This sandstone-grainstone association
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belongs to the basal sequence within the Soldano Member. Fihebite fragments are present in these sediments. Bioturbation is
upper boundary of the lowstand wedge coincides with theesent but rarely pervasive. In some of the mudstones desicca-
marked flooding and the onset of carbonate production at tioe cracks are developed.
base of the Soldano Member. Consequently, the contact betweenOolitic grainstones are almost always replaced by
the El Estero Member and the Soldano Member is marked bydésparite. However, cross-bedding is preserved in several beds.
transgressive surface of the type 1 sequence boundary discuiss#un sections, relict structures are visible, which under lumi-
here. nescence are revealed to be ooids. Some of these rocks contain
In the La Laja Formation, four successions are presemball, dark micritic intraclasts or oncoids with trilobite fragments
(sequences 2-5; sequence 5 continues into the Zonda Formatiwoids as a nucleus.
comprising the sediments between two allocyclical events repre- Intraclast conglomerates (6 in Fig. 13) and flat-pebble con-
sented by the siliciclastic intervals. Given an approximate dugdemerates are present in thin layers. Intraclasts consist of
tion of the Middle Cambrian of 10 m.y., each of these sequenoesorked (peloidal) mudstones and laminites. Both grainstones
between two shelf-margin systems tracts spans about 2 to 3 rand, packstones are developed. In some of these rocks, trilobites
which is on the order of the third-order cycles of Vail et abr ooids are observed. Flat-pebble conglomerates are monomict;
(1977). The individual calcareous shallowing-upward succele tabular clasts are moderately rounded along their edges. The
sions that compose the third-order sequences are regardegrainstones and conglomerates commonly fill scour structures or

fourth-order sequences (Fig. 11). small channels. In addition, some of the grainstones onlap stro-
matolite mounds.
Zonda Formation Few monomict breccias with angular clasts are present in the

Cerro La Silla section (Fig. 12). They are cemented by chert or
The Zonda Formation is the second unit within the carbondt@ospar. In the upper part of the La Flecha section, which has
platform succession and consists almost entirely of dolomitet been measured, several breccias are present. These breccias
Four sections have been measured (Figs. 3 and 12) of which andy yellow, their clast content is monomict to oligomict and
one (Villicum section; Fig. 12) is complete. No biostratigraphieflects the lithologies of the overlying rocks. In several horizons,
data are available from the Zonda Formation, hence regional admert clasts are present.
siderations and correlations are difficult. These will be discussed Facies associations and depositional environmeBibtur-
within the context of the La Flecha Formation. Both formatiotmted mudstones, wackestones, and peloidal grainstones were
show a diversity of microbial boundstones. There are numeragposited in shallow subtidal areas. The scarceness of the fauna
approaches to the description of these rocks (e.g., Logan etagld of intraclast layers together with the few fossils indicate that
1964; Aitken, 1967; Monty, 1967; Burne and Moore, 1987). khis wackestone association formed in a tranquil environment
this paper the terminologies of Logan et al. (1964) and Aitkenth probably moderately restricted conditions. In modern envi-
(1967) are applied. ronments on the Bahamas, these sediments are formed in back-
Lithofacies.In the Zonda Formation, dolomitization is perbarrier areas within the shallow subtidal and lower intertidal areas
vasive and accounts for the replacement of most primary str(@arrett, 1977), where the muds are often strongly biologically
tures in most of the rocks. Equigranular and nonequigranutaottled by a low-diversity fauna.
dolosparites often do not give any information about the original Interbedded oolites and laminites (oolite-laminite associa-
sediment. However, the rocks of the Zonda Formation revéiah) form a thick succession in the Cerro La Silla section. The
aspects of primary depositional textures and fabrics. The maoslites are mostly cross-bedded; in the laminites, mudcracks and
important features are microbial dolostones and stromatolitesecciation are abundant. These rocks record the evolution of an
Among the stromatolites, laterally linked hemispheroids (LLHolite shoal complex and the adjacent tidal flats. The association
stromatolites) prevail. Stacked hemispheroids (SH stromatolitesyery similar to rocks described from Cambrian strata of the
are also present, as well as mud mounds with fenestral fabric\ppalachians (Chow and James, 1987), where similar rocks form
places, small mound-like structures are observed. Due to campredictable meter-scale assemblages. A comparable setting is
plete silicification, no internal structures are preserved within thvoked for the Zonda Formation (Fig. 14). Chow and James
mounds. The only clue to their microbial-mound origin is th@987, p. 422) stated that these successions do not form ordinary
onlap of surrounding sediment onto the flanks of the buildughallowing-upward cycles. Instead, the facies succession reflects
Microbial laminites (cryptalgal laminites of Aitken, 1967)changing hydraulic and topographic conditions on the platform,
are abundant; many consist of alternations of thin micrite lamingkich lead to migrating facies.
and layers of peloids. Desiccation cracks (5 in Fig. 13) and fen- The mudstone-boundstone association is composed of birds-
estral fabrics (3 in Fig. 13) are frequently observed in tlege mudstones, microbial boundstones, and flat-pebble conglom-
laminites. Silt-sized quartz is present in some laminites, whereriates. In addition, thin oolite beds may be present. The
was trapped by the microbial mats. dominance of low-relief stromatolites and microbial laminites
Dolomudstones, dolomitic peloidal grainstones, and wackegether with the birdseye structures are clear indications of a
stones are white, dark gray, or dark brown. In places, scattelnggher intertidal to lower supratidal environment (Fig. 14; Shinn,
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1983b). Long and repeated periods of exposure in the supratick&ntary successions are the result of vertical accretion and lat-
are also indicated by abundant mudcracks and breccias. @te migration of peritidal flats. One important characteristic of
supratidal area also provides lithified sediment that is reworkibis model is that cycles are difficult to correlate from one out-
during major storms. Thin laterally extended layers of intraclast®p to another. An actualistic counterpart to this model is pro-
may represent supratidal storm layers, whereas imbricated clasted by the Bahama platform (Schlager and Enos, 1996), where
in laterally restricted bodies are interpreted as channel filsdimentation takes place in different environments that laterally
(Shinn, 1983a). The thin oolite beds also represent storm layarerfinger across short distances.
Silt-sized quartz, trapped within microbial mats, is common in In all sections, the second unit indicates a sudden deepening
modern tidal flats of the Persian Gulf. Winds are the major traasid the onset of dominantly subtidal sedimentation. No dramatic
port agent (Kukal and Saadallah, 1973). changes within this unit are recognized in the southern sections,
Platform configuration. Regional platform configuration is but in the Cerro La Silla section, the presence of the oolite-lami-
difficult to determine because the outcrops of the Zonda Formée association in the upper part indicates the return to a peritidal
tion are limited. In addition, the Zonda and the La Flecha Forn@avironment.
tions seem to interfinger laterally. Consequently, the platform With the beginning of unit 3, the entire platform records the
configuration during the time of deposition of the Zonda Form@ansition toward intertidal and supratidal environments with the
tion is discussed in connection with the La Flecha Formation.formation of thick successions of microbial laminites. Conse-
Sedimentary succession of the Zonda Formatiorhe quently, units 2 and 3 together form a major shallowing-upward
Zonda Formation is composed of three units. In the Sierrassdecession, which from its thickness and the time involved qual-
Villicum and Chica de Zonda (Fig. 2), the basal succession cdies it as a third-order cycle (sequence 6 of the carbonate plat-
sists mainly of the mudstone-boundstone association aboveftim succession; Fig. 7).
massive oolites on top of the La Laja Formation. This interval is Evolution and sequence stratigraphy of the Zonda Forma-
characterized by light gray and white colors. The thickness of tleen. Because the Zonda Formation in the San Juan subbasin is
lower unit is on the order of 110-120 m. At Cerro La Silla, thgartly coeval to the lower part of the La Flecha Formation in the
same interval is dominated by dolomudstones with bioturbati@Guandacol subbasin, evolution and sequence stratigraphy of all
or birdseye structures (wackestone association). Upper Cambrian rocks is discussed after the description of the La
The second unit is composed of thick-bedded dark grelecha Formation.
dolosparites and abundant mudstones (wackestone association)
which in the southern sections only rarely exhibit sedimentdrs Flecha Formation
structures. The dark color is caused by a relatively high content of
organic matter. Upsection, birdseye mudstones become more The La Flecha Formation is a highly cyclical succession of
abundant. Microbial mounds are restricted to this interval. ptedominantly dolomitic rocks exposed from the Guandacol sub-
Cerro La Silla, a similar succession is present, which in the uppasin in the north to the southern tip of the Sierra Chica de Zonda
part shows a pseudo-cyclic development (oolite-laminite assogBan Juan subbasin) in the south (Fig. 3). Following the redefini-
tion). The thickness of the second unit varies between 100 ntiam of the La Flecha Formation by Keller et al. (1994), the Upper
the Villicum section and ~130 m in the Cerro La Silla sectio@ambrian rocks that are between the Zonda Formation and the
The third, upper succession of the Zonda Formation shokesSilla Formation (Keller et al., 1994) are included. In this sense,
abundant microbial laminites and intraclast conglomerates (Fig.
12). In addition, dolomudstones and coarse dolosparites are pres-
ent (mudstone-boundstone association). Black chert is preselFigure 13. Aspects of Zonda and La Flecha Formations. 1: “Not-so
nodules and, in the Cerro La Silla section, as massive (to sshallowing-upward cycle.“ Basal intraclast grainstones have mudstone

thick) beds (Fig. 12). Desiccation features are frequently obsercaP- When lithified this mudstone served as settleground for SH-stro-
i thi t of the Zonda F fi hich o inl matolite (stacked hemispheroid). This SH-stromatolite in turn formed
In this part ot the £onda Formation which again IS mainly COfy e tor thrombolite. Both microbial structures are embedded in oolitic

posed of light gray and white rocks. The upper successiolgrainstone. La Flecha Formation, La Flecha section. 2: Fenestral mud
65—-100 m thick. mound growing on sharp surface of thinly bedded dolomitic mudstones.

In the southern sections, the basal unit is clearly a continNote onlap of peloidal grainstone on mound. Structure is ~20 cm

tion of the uppermost cycle in the La Laja Formation. In contr:across. La Flecha Formation, Cerro La Silla section. 3: Thin section of

o th derlvi | ithin the La Laia F fi hall intraclast-peloidal grainstone which grades into dolomitic mudstone.
0 the underlying cycles within the La Laja ormation, sha O\'Boundary between both microfacies is characterized by abundant fen-

ing continues into the intertidal and supratidal environment. lestral fabrics. Oolite-laminite association of Zonda Formation. Magni-
small-scale cycles are visible; instead, the facies associationsfication is 4.5. 4: Large thrombolite mound is cut by erosional channel.
their vertical arrangement support an island tidal flat model (PiThis channel with overhanging walls is filled with oolitic grainstone. La
and James, 1986) for the deposition of the basal unit of the ZOFIecha Formation, La Flecha section. 5: Microbial laminite with thin

= ti In thi del di t distributi d ti layers of peloidal grainstone. Oolite-laminite association of Zonda For-
ormation. In this model, sediment distribution and Vertic g, Magnification is 4.5. 6: Graded intraclast grainstone of channel

arrangement of facies are governed by changing topography il in Zonda Formation. Clasts are composed of different microfacies.
hydraulics on a steadily subsiding platform. The small-scale sMagnification is 4.5.

L
-
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most of the sediments formerly included within the San Roque Lithofacies: Microbial boundstones and stromatolites.
Formation and the Los Sapitos Formation (Baldis et al., 198Microbial laminites consist of alternations of lime mud, layers of
Hunicken and Pensa, 1985) are discussed here. peloidal grainstone, organic tissue, and small, partly rounded,
Biostratigraphic control on the Upper Cambrian successimworked dolomite crystals. The laminae are subparallel to undu-
of the Argentine Precordillera is still poor. In the San Juan su#ting and there is a transition to low-relief LLH stromatolites.
basin, deposition of the Zonda Formation started during the e&iynilar laminae are observed in SH stromatolites and in LLH
Marjuman (Bolaspidellazzone, Bordonaro, 1990a). The nextypes. SH morphotypes (1 in Fig. 13) are much less abundant
datum is given by Plethopeltis cf. P. saratogeifisisd at the than are LLH morphotypes; however, in the Rio Acequion sec-
base of the overlying La Flecha Formation in its type section (disn they form spectacular structures almost 1 m high. SS stro-
cussion in Keller et al., 1994), attributed to the (late) Sunwaptiaratolites, rounded to elongated microbial structures, are present
by Vaccari (1994). only locally. Their size varies considerably between a few cen-
On the basis of their lithologic succession, all sections in ttimeters and almost 1 m. The latter correspond to Osagia-type
Guandacol subbasin are attributed to the La Flecha Format&iromatolites described from the La Flecha Formation by Baldis
These sections are neither complete toward the base or towarétla (1981b).
top. In the La Angostura section, Marjuman fossils have been Thrombolites (Aitken, 1967) are abundant (4 in Fig. 13; see
found near the base of the exposed succession (Vaccari, 1994p Armella 1989a, 1989b). These clotted, nonlaminated struc-
whereas the top is of Steptoean dger(derbergi& zone). Hith- tures form individual mounds, in places 2 m high, or they form
erto, neither fossils attributed to the latest Steptoean (Elvitagerally coalesced biostromes.
zone) nor to the early Sunwaptian have been described from the Other structures of probable organic origin are small mud
Zonda or La Flecha Formations. Hence, it is likely that the roak®unds (2 in Fig. 13) that are characterized by abundant fenestral
in the type section of the La Flecha Formation do not havéabrics (birdseyes and stromatactis). The mounds are as wide as
coeval representative in the Guandacol subbasin, as all ro2ks and as high as 1 m and some show overhanging walls.
there are older and probably correspond to the Zonda Formation. The peritidal nature of the La Flecha Formation implies the
Lithofacies: Mechanically deposited rock&smong the presence of a variety of sedimentary and early diagenetic features
mechanically deposited carbonates, nonfossiliferous lime myBig. 15) discussed in detail by M. Keller et al. (1989) and Cafias
stones are widespread and many of them show mudcracks ar{d®@®5a). Mudcracks, tepee structures, birdseye structures, stro-
pseudomorphs after evaporitic minerals. matactis, sheet cracks, and pseudomorphs after evaporites have
Light gray fossil-bearing mudstones and wackestones aeen described.
rare in the sections south of the Rio Jachal but are more abundanfacies associations and depositional environmértie pre-
near Guandacol (Cafias, 1995a). Only trilobites and raeting description gives a rather static subdivision of rocks of the
hyolithids have been observed in the rocks. Some of these sedi+lecha Formation; however, there is a complex interplay
ments are bioturbated. Few trilobite packstones were deposiietiveen mechanically deposited carbonates and the microbial
in the La Flecha section, where they form coquinas of brokeoundstones.
individuals. The mudstone-wackestone association represents shallow
Oolitic grainstones are very abundant and individual besigbtidal environments (Fig. 14). The scarceness of the fauna indi-
locally are 1 m thick. Scouring at the base and cross-beddingaates restricted conditions, probably hypersaline, unfavorable for
present in many intervals. Within intraclast grainstones, claat$lourishing fauna. However, burrowing organisms adapted to
represent the entire spectrum of rocks present in the La Flettiese conditions were locally abundant. Trilobite packstones rep-
Formation. With increasing amounts of ooids there is a transiti@sent sporadic high-energy events, probably storms, during
to oolitic-lithoclast grainstones and lithoclast-bearing ooliteahich the sediment and the fossils were stirred up, reworked, and
Rudstones are developed where intraclasts were mainly derresteposited.
from the erosion of thrombolites or stromatolites. The intraclast grainstone-oolite-thrombolite association
Flat-pebble breccias are mainly monomict and the clasts sreords constantly agitated water and repeated erosional events.
barely rounded. Commonly, the clasts are tabular and in plages is demonstrated by channels cutting into individual thrombo-
still show fitting fabrics. Oligomict breccias consist of irregularliite mounds (4 in Fig. 13) or eroding them laterally. Intraclast
shaped clasts of different lithologies. All of these described facgrginstones and rudstones, commonly containing ooids, and
are affected locally by brecciation. The clasts are cementeddboiitic grainstones fill the channels or onlap the mounds (Fig. 15).
chert, chalcedony, or calcite. This facies association was deposited in lower intertidal and
A sediment with unusual features shows a muddy matskallow subtidal areas. Thrombolites were able to grow verti-
with oval spheres that consist of a few layers several millimeteedly; however, there are no signs that their growth was termi-
thick. The layers show an alternation between brown and whitgted by subaerial exposure. Oolites, which in modern-day
colors. The individual spheres, which have been compared véttvironments form near mean sea level, onlap and cover the
caliche pisoids (M. Keller et al., 1989), in places coalesce to fomounds. There are also places where oolites onlap the mounds
enigmatic structures. and the thrombolites, in turn, laterally expand across the onlap-
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ping sediment. This shows that the depositional environmentsraf sediment as well as their upward grading into microbial
both oolites and thrombolites were closely connected. Early littaminites are evidence of an intertidal setting. Similar arguments
fication of the mounds is proven by the presence of steep cHanan intertidal origin were used by Pratt and James (1982, 1986)
nels within the mounds and the formation of overhanging walfsr Ordovician rocks of North America.

Another association is composed of stromatolites with vary- Local erosion of stromatolites and deposition of oolitic and
ing amounts of mudstones and grainstones (stromatolite assaniaaclast grainstones indicate intermittent high-energy events,
tion). Growth forms and environment of the stromatolites withmost probably storms or exceptional tides. Their effects are well
the La Flecha Formation have repeatedly been interpreteckimown in modern environments from the classic studies of Ball
comparison with their modern-day counterparts (Armella, 19894967), Ball et al. (1967), Shinn et al. (1969), and Hardie (1977).
M. Keller et al., 1989; Cafias, 1995a). Following these interpreta- The microbial laminite-breccia association shows ample evi-
tions, the stromatolite association represents shallow subtidince of prolonged periods of desiccation and evaporation (mud-
intertidal, and probably lowermost supratidal environments (Figacks, tepee structures, pseudomorphs). Microbial laminites as
14). Columnar stromatolites (as a counterpart of SH morplpreducts of supratidal areas have long been known from modern
types) grow in shallow subtidal areas with strong currents (1(kardie, 1977) and ancient environments (Aitken, 1967; Pratt and
Fig. 13). This was demonstrated in Shark Bay by Burne almimes, 1986). In supratidal environments, carbonate mud is
James (1986) and in the Bahamas by Dill et al. (1986). LLH mdeposited almost exclusively after major storms, forming thick
photypes are much more common in low-energy intertidal enkdyers that are later cracked by desiccation. In addition, these
ronments (Logan et al., 1964; Hoffman, 1976). In the La Fleclrme muds form the matrix in which evaporites crystallize. Crack-
Formation, mudcracks and evaporite crystals in the accompang of indurated layers produces rip-up clasts, which in the La

caliche mudstone- mudstone- oolite-
boundstone wackestone laminite
association association association

stromatolite association

microbiallaminite-
breccia
association

tidal-flatcomplex

_ 4

transition between supratidal
andterrestrialenvironments

intfraclast grainstone-
oolite -thrombolite
association

high-energy deposits,
mainly cross-bedded oolites

protected subtidal area
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—
///
-

shallow-marine limestones,
open-ocean side of
shoal complex

Figure 14. Depositional environments and facies associations of Zonda and La Flecha Formations.
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- caliche Upper Cambrian sections in the northern Appalachians, in which

IR T IS S K TSN ) , ) tidal flats prograded from the platform rim in a landward direc-

T PSS INCHU . N )

e e =¥ ‘3‘-'.— — | dissolution breC.C'OS tion. He also documented the migration over tens of kilometers of
YYYYYYYYYYYYyvyvyy | O© mudstones with . L )
vYvyyvyyvvvyvyvvv|2 evaporites oolite shoals from the margin into the back-barrier lagoon. In the
D D S S S g flat-pebble breccia (;ana:jlz?n Appalachlans, ;cjhlck oolite shoqls V\tl)er? ge_rl)(;)sned along

T 5| desiccation cracks the platform margin, and numerous microbial buildups grew

SO OO birdseye mudstones Petween the shoals (James et al., 1989). All along the eastern
margin of Laurentia, there was a belt of nearshore siliciclastic
deposits between the barren craton and the carbonate platform,
the intrashelf basin or the inner detrital belt (Fig. 9).

In the Zonda and La Flecha Formations, the peritidal com-

microbiallaminites

_"'E LLH-stromatolites plex is present across the entire eastern basin and there is only lit-
‘ ‘ ‘ = tle evidence of major facies changes. The section in the
@ @ c| SH-stromatolites Guandacol subbasin shows more subtidal facies and was proba-
- bly slightly deeper than the remainder of the platform (Fig. 14).
birdseye Neither a siliciclastic belt nor the platform margin are exposed.
mounds The peritidal complex may have been a broad barrier on the outer
o0 6 6 0 6 0 O platform (Read, 1985).
.....‘......... cross-bedded Sedimentary succession of La Flecha Formatid®ections
() o oolites of the La Flecha Formation are present in all three subbasins
[ ]

erosionalchannels  (rig. 3): however, the sedimentary successions differ from sub-
basin to subbasin. In the San Juan subbasin, two successions are
recognized within the La Flecha Formation. The lower one starts
with sediments of the intraclast grainstone-oolite-thrombolite

()
()
subtidal

& L4 L4 L4 rd L4
thrombolites association that pass upsection into intertidal and supratidal
S s 5 s intraclast deposits with abundant caliche horizons toward the top. The
s & o e - grainstones upper succession is more subtidally influenced and seems to be

Figure 15. Elements of small-scale shallowing-upward cycles in [g5S cyclically developed. _ _ _
Flecha Formation (modified from M.Keller et al., 1989). LLH = laterally  In the Guandacol subbasin, the La Flecha Formation consists

linked hemispheroids, SH = stacked hemispheroids, t = terrestial. ~ of an alternation of limestones and dolostones. The entire succes-
sion shows a well-developed cyclicity (Cafias, 1995a). Cycles
span the low-energy subtidal to supratidal environments.
Flecha Formation are present as flat-pebble breccias. Dissolution In the Talacasto subbasin, outcrops of the La Flecha Forma-
of laterally extensive layers of evaporites (gypsum mush) is mtish are centered around Cerro La Silla, south of Jachal. All sec-
likely the source for oligomict breccias. tions show a bipartite subdivision. The lower unit (Agua Negra
The dolomitic mudstones with the unusual pisoid-likMember of Baldis et al., 1981a) is a succession of peritidal cycles
spheres in the La Flecha Formation are most likely calcretes (dth abundant stromatolites and thrombolites. This basal succes-
Keller et al., 1989). There is no direct clue to the origin of thesien is similar to the type section. The upper part (Los Diaguitas
sediments, because the spheres lack the characteristic radiallelmmber of Baldis et al., 1981a), however, shows a different
centric fabric of pisoids; however, the spheres probably represgaielopment. The member is very evident in the field because its
recrystallized vadose pisoids. A supratidal to terrestrial origintbick-bedded white rocks contrast with the underlying and over-
these intervals is indicated by their position within the sedimdying gray rocks. Typically, the succession is composed of small-
tary succession (Fig. 15). They are mainly found above microtsahle cycles of light gray to white dolosparites and
laminites and commonly are erosionally overlain by intracladblomudstones. Dolosparites commonly show calcite as a
conglomerates and oolites at the base of the overlying cycle. replacement of gypsum nodules, whereas in the dolomudstones,
Platform configuration. The reconstruction of the platformpseudomorphs after gypsum prevail. LLH stromatolites, throm-
during the entire Upper Cambrian is hampered by the absencleatites, and intraclast grainstones or oolites are present only to a
a distinct platform margin; however, if we look at coeval succesgry minor extent.
sions around Laurentia, then some conclusions with respect to Evolution and sequence stratigraphy of the Zonda and La
platform organization can be drawn. Read (1989) describféldcha Formations.The basal succession within the Zonda For-
facies and platform architecture of the Upper Cambrian succestion is regarded as a sedimentologic continuation of the upper
sions in the Appalachians. There, cycles containing abundpatt of the La Laja Formation (Fig. 7). The uppermost package of
thrombolites and, in general, restricted facies are present ondblites of the La Laja Formation gradually gives way to intertidal
middle and inner shelf. Demicco (1985) developed a model &rd supratidal rocks. The top of this succession is marked by a


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on September 24, 2011

Argentine Precordillera: Sedimentary and plate tectonic history, Laurentian crustal fragment, South Americ&il

transgressive surface, which brings subtidal mudstones oftgether with abundant microbial laminites and mudcracks in

supratidal laminites. This surface (sequence boundary 6; Fig.tfig interval, the terrigenous input is taken as evidence of a type 1

which is present in all sections, is interpreted to be a typeséquence boundary. If this interpretation is correct, there ought to

sequence boundary because there is no significant basinvigr@ correlative surface in the other subbasins.

shift in facies, nor are there indications of large-scale subaerial One possibility is that the sequence boundary in the Guan-

exposure or karstification. dacol subbasin correlates to the sequence boundary within the
In the San Juan and the Talacasto subbasins, units 2 and 3 of

the Zonda Formation form one major shallowing-upward succes-

sion. No shelf-margin wedge is developed; consequently, tl

i L ) 500 m throm- caliche
transgressive surface coincides with the sequence boundary (| bolites
12). The thick subtidal sediments above the transgressive surf
represent a transgressive systems tract. Their transition into —
highstand systems tract is expressed by the change to thinner |
ded units with a more pronounced cyclicity and the return to fc —

mation of stromatolites and microbial laminites. In the La Flect

section, several breccia beds are observed below the contac

the La Flecha Formation, and are interpreted to be evaporite ¢ 400 m
solution beds. These horizons are present on top of an ove —
shallowing-upward succession and indicate that the sedime
had been subaerially exposed and that the rocks were fractu
during dissolution of the evaporites. Prolonged periods of su
aerial exposure are also indicated by mudcracks and flat-peb
conglomerates. Within this shallowing-upward succession, t
culminating event is the prolonged exposure of the uppermc
strata, and consequently, the top of the uppermost breccia of
Zonda Formation can be interpreted as a type 1 sequence bot

300m

=
[
EnaVanVas

Stenopilus
ary. This boundary (sequence boundary 7; Fig. 7) also coincic /A\ convergens
with a flooding surface above which thrombolites, oolites, an
intraclast conglomerates indicate shallow-subtidal environmen «
Two sequences are recognized within the La Flecha Form —

tion. The lower one begins with small-scale cycles (here taken Sequence

synonyms of parasequences) in which sediments of shallows 200 m % boundary

tidal and lower intertidal environments are abundant. Upsectic 8

intertidal and supratidal rocks are more important and there is -

increase in caliche rocks (Fig. 16). Within this lower successia f—

cycle thickness tends to decrease, mainly at the expense —

thrombolitic and stromatolitic rocks, resulting in a progradation: —_— =

stacking pattern. The sequence boundary (sequence boundar —

is marked by the disappearance of caliche horizons and the ret 100 m —

to more subtidally influenced parasequences and the return _

thrombolites. In this upper succession, caliche horizons are ri -_— -

(Fig. 16). Stacking patterns do not reveal a clear pattern of bei — -

progradational or retrogradational. The upper boundary of tt

sequence (boundary 9) will be described in the context of the N

Silla Formation. — e g’g;’;;’gzte’zsis
Cafas (1995a), constructing Fisher plots for the La Ango — o

tura section in the Guandacol subbasirepicephalugo Dun- 0Om :_\/_ «

derbergia[?] zone) from more than 50 shallowing-upward

cycles, found evidence of a sequence boundary at the transit iiqﬁzgfe
from the middle to the upper third of the exposed succession. 1 u 7 y

sequence boundary is located in the uppermost Crepiceph%iléare 16. Distribution of thrombolites and caliche horizons in type sec
zone. _BOth sequences, below fmd abpve the sequence bountion of La Flecha Formation. Increasing abundance of caliche toward
are third-order sequences. _thhologlca!ly, the bed above fmiddle of section is taken as evidence for sequence boundary. Trilobite
sequence boundary shows lithoclasts with coarse quartz gréesymbols mark biostratigraphic control. See text for discussion.
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Zonda Formation (boundary 6). This would imply that most of lime mudstones, dolomites, and silicified stromatolites. Above
the strata, both below and above the sequence boundary, irtlikecontact, only gray limestones are present; chert is virtually
La Angostura section are correlative and coeval to the Zonda Fdrsent. About 5 m above the base the first nautiloids and gas-
mation. tropods are observed. The overlying succession is highly cyclical
An alternative interpretation is that the type 1 sequenfteshnert and Cooper, 1995, personal commun.), but hitherto has
boundary that separates the Zonda Formation from the La Fleabiabeen studied in detail.
Formation in the San Juan subbasin (boundary 7) is the same typeThree main areas with sedimentary rocks of the La Silla For-
1 sequence boundary that is present in the Guandacol subbasation are recognized (Fig. 3). In the San Juan subbasin, sections
This assumption implies a major hiatus between the Zonda Fadrthe La Silla Formation have been measured at Las Lajas, Los
mation and the La Flecha Formation in the San Juan subb&sgrros, and Puesto de los Potrerillos (Fig. 17, see oversized plate
which would support the interpretation of the formational boundt the back of the volume). Within the Talacasto subbasin, two
ary as a type 1 sequence. This also implies that the rocks alaweas are distinguished: sections in the western thrust sheets
the sequence boundary in the La Angostura section have(Talacasto [west], Gualilan, Pachaco; Figs. 3 and 17), where only
coeval representatives in the San Juan subbasin. Could this nifeampper succession of the La Silla Formation is exposed; and
that in this scenario these rocks represent a kind of lowstdhe northern sections around Jachal (Cerro La Silla, Cerro La
deposit? Chilca, Cerro Viejo de San Roque; Fig. 17). Correlations between
Biostratigraphically, both scenarios are viable: whatever cdhe sections in the north and in the south are difficult, mainly
relation will eventually be shown to be correct, it has no bearibhgcause sections in the south are incomplete and because biostra-
on platform configuration. The study by Cafias (1995a) showtggtaphic data there are completely absent.
that the rocks of the Guandacol subbasin represent slightly deeperLithofacies.The La Silla Formation is composed of a variety
facies than both the Zonda and La Flecha Formations. of rocks which were deposited in a peritidal environment. Bound-
The evolution of the Upper Cambrian strata in the Argentiséones are very abundant in all sections. In the type section, sev-
Precordillera shows four major successions, the lowermost origjial white microbial mounds are found near the base of the
nating in the Middle Cambrian (top of La Laja Formation). Aflormation. These mounds have a height of as much as 50 cm; the
cycles are shallowing upwards and are bounded at the topbbhges are as wide as 80 cm. No internal structures are visible.
sequence boundaries. According to their thicknesses and the &eleidal grainstones onlap the mounds, but irregular erosional
age time involved in each sequence, they represent third-orctamtacts have also been observed.

sequences (Fig. 7). Microbial laminites (5 in Fig. 18) form prominent horizons
to 2 m thick. In places, they show mudcracks and in situ breccia-
La Silla Formation tion near the top of the beds. Other organic structures are throm-

bolite mounds, which in the Cerro La Silla section have

The La Silla Formation comprises a thick succession afalesced to form a 2-m-thick massive thrombolite horizon (Fig.
mostly medium- to thick-bedded, bluish-gray limestones witv). LLH and SH stromatolites are rare in the succession; how-
minor amounts of dolomite and dolomitic limestones. Biostrativer, they are easily detected because many of them are silicified.
graphic data are still sparse (e.g., Vaccari, 1994; Lehnert, 1995a¢ majority of these rocks shows fenestral fabrics, which vary in
and are only available from the Jachal area. There, the La Silize from microscopic to 2 cm. Internal (geopetal) sediment is
Formation begins during the latest Cambrian (Keller et al., 1994d)e and most of the fenestrae are filled with white blocky calcite
and ends in the latest Tremadoc. cement.

The La Silla Formation was introduced (Keller et al., 1994) Mudstones are very abundant and consist of pure lime mud.
as a formal unit within the carbonate platform deposits of the Pirethe middle part of the succession, many of the mudstones are
cordillera. The type section was chosen at Cerro La Silla soutioderately to strongly bioturbated (6 in Fig. 18). In other mud-
east of Jachal (Fig. 3), where the lower and the upper boundasteses, thin-section analysis reveals that much of the mud is of
are well exposed. There, the upper part of the La Flecha Formécrobial origin and that structure grumeleuse (Cayeux, 1935) is
tion consists of cyclically arranged dolomites with abundant stedsundant. Hence, many of the mudstones are better classified as
matolites and gypsiferous mudstones. The boundary with therhigrobial boundstones. Mudstones and microbial boundstones
Silla Formation is marked by 20 cm of dark gray silty dolomitehow abundant fenestral fabrics.

Above this bed light gray grainstones are present, in which sev- Wackestones and packstones with gastropods and nautiloids
eral white dolomitic microbial mounds are developed. Above thee also present (1 in Fig. 18). Their matrix is muddy or, in
silty dolomite, almost all the chert and the majority of the strplaces, consists of abundant peloids. Other bioclasts include trilo-
matolites disappear. In addition, the dominant rock type is limgtes, crinoids, sponges, and algae (2 in Fig. 18).

stone, whereas in the underlying La Flecha Formation dolomites Peloidal grainstone (4 in Fig. 18) is a very common rock type
prevail. in the La Silla Formation; oolites are less abundant. Ooids are

In the La Flecha section, a similar transition is observed. Tée@mmonly replaced by dolospar and only ghost structures are
upper part of the La Flecha Formation consists of an alternatgraserved. The size of the ooids varies between 0.4 and 0.7 mm.
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Figure 18. Facies of La Silla Formation. 1: Gastropod wackestone with internal fill of peloidal sediment and geopetal cements. Wackestone assoc
ation. Magnification is 4.5. 2: Large gastropod shell with graded fill of bioclastic packstone. Bioclasts are mainly gastropods and trilobites. Magni-

fication is 4.5. 3: Poorly sorted intraclast conglomerate. Clasts show variety of microfacies. Matrix is peloidal grainstone with a few bioclasts.

Magnification is 4.5. 4: Cross-bedded intraclast conglomerate with abundant flat-pebbles and shelter porosity. Large pebbles float in matrix of
peloidal grainstone. Magnification is 4.5. 5: Microbial laminite. In places, well-preséiveahella(arrow) are observed that encrust microbial lay-

ers. Magnification is 4.5. 6: Wackestone with sponge-fragment (arrows) is overlain by thin intraclast layer. Entire sediment is strongly biomottled.

Magnification is 4.5.
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Fragments of trilobites and gastropods as well as peloids seri@89), which occupy shallow subtidal to lower intertidal environ-
as nuclei for the radially concentric ooids. Grapestones or coateehts (Fig. 19). Storm and tide reworking of early lithified sedi-
grains are also present. In many oolite beds almost all ooidsrasnts provided a source for the abundant intraclast layers and the
diagenetically altered to microquartz or chalcedony. Individuatraclast-peloidal grainstones.
beds rarely exceed 50 cm in thickness and many of them show The oolitic rocks of the La Silla Formation (oolite associa-
cross-bedding. In places, onlap of oolite sands onto thrombodliten) were discussed in detail by Cafas (1995a, 1995b), who con-
mounds has been observed. cluded that the oolitic grainstones resemble accumulation in sand
Intraclast grainstones (3 in Fig. 18) and intraclast congloshoals, which is corroborated by the frequent cross-bedding in
erates are irregularly distributed throughout the sections. Som#hefrocks. Although some of the oolites may represent tidal-bar
them fill small channels. In places, intraclasts within the cofacies (herringbone cross-stratification), the majority of the ooid
glomerates are imbricated (4 in Fig. 18). Many of the beds sheands were deposited as laterally extensive sheets following
ripple-drift cross-laminations. The intraclasts are mainly dankajor storm events. A distinction between both types is not pos-
gray to brown mudstones (6 in Fig. 18), peloidal grainstone,sible, because this distinction is based on the orientation of the
reworked microbial mats. In addition, some oncoids have besmds with respect to the platform margin (Ball, 1967; Halley et
observed (6 in Fig. 18). In a few beds there are lithoclasts thatadrgl 983). In both sand types, tidal activity is the primary agent in
entirely composed of oolitic rocks. sediment distribution and formation of bed forms. A secondary
Flat-pebble conglomerates and breccias show large tabolarprint is due to storms, which are responsible for the forma-
clasts in a peloidal-grainstone matrix. These conglomeratestare of channels and spill-over lobes (Perkins and Enos, 1968;
mostly monomict and the clasts are either peloidal grainstonéHame, 1977) as well as for important sediment transport toward
mudstones and microbial boundstone. the platform margin and into the basin. Storms are also responsi-
Facies associations and depositional environmeBiblog- ble for the reworking of semilithified muds, which are incorpo-
ically mottled mudstones and wackestones (wackestone assageigd into the tempestites as intraclasts.
tion) were formed in a subtidal environment where carbonate Other constituents of the oolite association are thrombolites
mud was produced and deposited (Fig. 19). Slow sedimentatmid microbial mounds, which grew in subtidal areas and were
rates are indicated by the presence of numerous hardgroundsatapped by the carbonate sands. The giant stromatolites
bedding-parallel trace fossils. The scarceness of ripples togettescribed by Dill et al. (1986) from tidal channels in the Exuma
with the rare and low-diversity fauna indicate stagnant watersSound (Bahamas) are a recent counterpart.
which the absence of wave and current activity led to unfavorable The microbial-boundstone association with its laminites,
(hypersaline?) living conditions. Garrett (1977) described a siabundant mudstones, and its associated sedimentary structures is
ilar environment from the interior of the Bahamian platformg)terpreted to be of higher intertidal to supratidal origin (Fig. 19).
where a low-diversity fauna with few individuals is responsiblehis is shown by the growth forms of the laminites and stromato-
for an almost total biological mottling of the muds. Wackestonkgs, mudcracks, birdseyes, and evaporite pseudomorphs. Thin
and packstones with abundant nautiloids and gastropods inditaters of grainstone and packstone, mostly with intraclasts, are
a temporary improvement of environmental conditions, whi¢he products of storms that transported subtidal material onto the
also locally enabled receptaculitids and sponges to settle.  intertidal and supratidal flats. In this environment, flat-pebble
The peloidal-grainstone association has its classic countmnglomerates and breccias resulted from desiccation and
part in the muddy sand lithofacies of the Bahamas (Newell et edworking of carbonate layers.

microbial peloidal grainstone
boundstone and wackestone oolite
association associations association

Figure 19. Depositional environments and facies associations of La Silla Formation. Legend as in Figure 14.
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Platform configuration The sections of the La Silla Forma-context of the carbonate ramp (see Appendix 1) model (Aigner,
tion are all very similar in their facies succession (Fig. 20), whi@985; Read, 1985; Burchette and Wright, 1992), only two facies
is dominated by restricted subtidal and peritidal facies. The oolilts are recognized: the oolite sand bodies of the high-energy
association is present in all sections of the Talacasto subbasintamder zone and back-barrrier, protected lagoonal and peritidal
in the sections of the San Juan subbasin, but thick oolite accusnwironments. Cafias (1995a, 1995b) considered a rimmed-shelf
lations developed only locally (e.g., Cerro La Chilca; Figs. Tiiodel (see Appendix 1) the most likely for the deposition of the
and 20). The larger oolite sands were effective enough to protexiSilla Formation with the oolites being margin-related accu-
the platform interior from most wave and tidal currents and hermelations. This model is attractive in that it explains the presence
created restrictive conditions on the platform interior. Sedimesftdeeper water facies as related to a lagoonal environment in
accumulation in the intertidal and supratidal environments leddack-barrier settings. However, in the outcrop area of the La Silla
the formation of microbial boundstones and storm-induced miedrmation, there are no indications of a nearby shelf break and
layers with mudcracks and evaporites. the oolites are present all across the platform. The westernmost

The absence of extended subtidal flats and a distinct slapgcrops of the La Silla Formation at Gualilan, Talacasto, and
make it difficult to interpret the platform configuration. In théachaco (Fig. 21, see oversized plate at back of volume), where

Puestode Los Las Cerro CerroViejo Cerro
los Potrerillos Berros Lajas la Chilca de SanRoque la Silla
400 m VY
hst?
tst?
300m
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100 m 03

Fourth-order Third-order
sequences sequences

B i | ]

peloidal-grainstone wackestone microbial boundstone oolite

association association association association

sequence maximum flooding transgressive boundary between

boundary surface surface fourth-ordersequences
withinunit2

Ist=lowstand systemstract tst=transgressive systemstract hst=highstand systems tract

Figure 20. Sequence-stratigraphic interpretation of La Silla Formation. Third-order sequence numbers are those of entire carbonate platform successio
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only the upper part of the formation is exposed, still show thpsection pass into white and gray dolomitic rocks of the
wackestone and peloidal-grainstone associations. No microlpi@loidal-grainstone association (Fig. 20). Some of the sediments
boundstones or other indicators of an intertidal environment are of microbial origin.

present there. If this is taken as evidence of a slightly deeper envi- San Juan subbasirA correlation of the three main units of
ronment, then a ramp-like configuration of the sedimentary enthie Talacasto subbasin to the Las Lajas section (Fig. 3) is possi-
ronment of the La Silla Formation seems to be a vialide, and even the subdivision of the second unit into two shallow-

alternative. ing-upward successions is recognized (Fig. 20). In the Las Lajas
section, the lower two units each end with prominent microbial
Sedimentary succession of the La Silla Formation laminites (Fig. 17). The upper unit consists predominantly of the

peloidal-grainstone association (Fig. 20). Farther south, in the

Talacasto subbasinNear Jachal, the La Silla FormatiorLos Berros and the Puesto de los Potrerillos sections (Fig. 3),
consist of three units (sequences 9 through 11; Figs. 17 andady two units are preserved below the San Juan Formation. On
easily distinguished in the field. The middle unit is dark gray atite basis of lithostratigraphic correlation and the sedimentary
sandwiched between the lower and the upper units, which bsticcession, the two units in the south are correlated with units 2
show light gray and white rocks. This subdivision is alsand 3 in the Las Lajas section and, consequently, with units 2 and
reflected in the sediment composition. Unit 1 begins with 20-3%f the sections in the north. In the Los Berros and Puesto de los
m of peloidal grainstones, dolomitic limestones, and microbi@btrerillos sections, no subordinate successions are recognized
laminites (Fig. 20). Upsection, peloidal grainstones with minaithin the units.
intercalations of microbial laminites form the bulk of unit 1. The The lowermost exposed rocks of unit 2 are dolomitic lime-
rocks are thin bedded but rapidly pass to massively bedded stmres. Muddy textures prevail; however, grainstones and pack-
cessions upsection. Toward the top of unit 1, which is made uptaines with intraclasts, nautiloids, and scarce trilobites are
the microbial-boundstone association, chert becomes incrgagsent. In places, oolitic limestones are developed. Toward the
ingly abundant and commonly masks the microbial structurésp of the unit, microbial laminites become more abundant, alter-
The thickness of this basal unit is around 100 m in the Cerronating with fenestral mudstones. In both sections, unit 2 ends
Silla and Cerro Viejo de San Roque sections, but less than 6@ith a thick microbial laminite (Fig. 17).
in the Cerro La Chilca section (Fig. 17; see also Fig. 20). The upper unit (unit 3) shows a basal succession of the

Unit 2 starts with dark gray rocks of the wackestone assogiackestone association with peloids and few algae, which upsec-
ation with intercalations of peloidal grainstone. Bioturbation aridn pass into peloidal grainstones with gastropods and scarce
biologically mottled limestones are much more common thantitiobites. The uppermost interval of this unit is composed of
the other units. Upsection, more and more intraclast conglongloidal grainstones and mudstones with abundant fenestral fab-
ates and microbial laminites are intercalated with peloidal graiies, mainly birdseyes, and is also present in the more outboard
stones. In the upper part, microbial laminites are dominant.sections at Gualilan and Pachaco. Most of the rocks are thick
addition, many of the rocks are dolomitic. In the Cerro La Silleedded and gray. In the southern sections, this succession is about
section, the top of this unit is marked by a thin breccia bed witB5-130 m thick.
chert clasts cutting erosionally into the underlying rocks. This Evolution and sequence stratigraphy of the La Silla For-
upper part of unit 2 is strongly silicified; beds of pure chert moneation. The three units present in the La Silla Formation each
than 2 m thick have been observed (Fig. 17). record a shallowing-upward trend. Although the components of

Unit 2 is composed of two shallowing-upward successiorieese successions vary slightly, the framework of these shallow-
The basal succession starts with mudstones and peloidal griaig-upward successions consists of a basal subtidal unit, mainly
stones. In its upper part, there are some microbial laminites amd@esented by the wackestone association. The successions then
prominent thrombolite bed more than 1 m thick. Silicification show an interval of packstones and peloidal grainstones with
very intense in the thrombolites and the microbial laminites. Timereasing amounts of intraclasts, which reflect deposition under
change from mudstones and grainstones toward organogemice turbulent conditions. Together with ripples and small chan-
rocks is accompanied by a change toward light colors. In thels these rocks indicate a shallow subtidal to lower intertidal
Cerro La Chilca section, a major oolite package forms the uppevironment, where waves constantly winnow and rework the
part of the lower shallowing-upward succession. sediments.

The upper succession within unit 2 shows a comparable evo- The upper part of each of the lower two units is composed of
lution of facies and a similar change of color. The mudstones atdindant microbial laminites and fewer stromatolites, which are
wackestones in the lower part of this cycle show a more divetise sites of important chert accumulations. Although shallow sub-
fauna than observed in the other units. Sponges and rare recéipta-and lower intertidal sediments are present, the majority of
culitids have been observed besides trilobites, gastropods, #redupper part of both units formed in intertidal and supratidal
Hyolithes. environments, as indicated by the low-relief boundstones and

Unit 3 is an alternation of gray and light gray sediments atcompanying mudcracks.
the wackestone association and intraclast grainstones, which The uppermost succession (unit 3) differs in that its upper
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part consists of mudstones with abundant birdseyes and santecally abundant fauna including sponges and receptaculitids.
thrombolites. Birdseye formation is attributed to intertidal (Shin@ontinued flooding, the rate of deposition more or less equal to
1983b) or supratidal environments (Bathurst, 1971). As unigs8commodation, maintained subtidal conditions at the base of
lacks any other evidence of supratidal deposits, the thick birdsegguence 10. Finally, however, carbonate production outpaced
limestones are interpreted to have formed in the intertidal reatelative sea-level rise, resulting in a progradational pattern in the
Hence this unit lacks a well-developed supratidal cap. Teediments. The change from aggradation to progradation marks
boundaries of the units reflect abrupt changes in relative sea lebe.limit between the transgressive systems tract and the high-
They are depositional sequences according to sequence strstiagyd systems tract and consequently is the maximum flooding
raphy view (Sarg, 1988; Handford and Loucks, 1993; Fig. 2@urface (Fig. 20). In the middle sequence of the La Silla Forma-
Sedimentation of the La Silla Formation began above a distition (sequence 10), the highstand systems tract is dominated by
tive surface, which in the type section is characterized by t&omitic limestone with abundant fenestral fabrics and thick
presence of dark silty dolomites. The change from peritidaicrobial laminites (Fig. 17). The contact to the overlying unit
dolomites of the La Flecha Formation with abundant chert athtlee is sharp and represents a transgressive, marine flooding sur-
evaporites toward grainstones with mud mounds marks the flotatte along which there is locally evidence of subaerial exposure
ing of the peritidal platform and the onset of another depositioabundant mudcracks and a breccia bed in the Cerro La Silla sec-
regime. Consequently, the boundary between the two formatiting; Fig. 17). Biostratigraphic data in this part of the La Silla
is regarded as a sequence boundary (sequence boundary 9 éfameation are very sparse and do not allow the recognition of a
carbonate platform succession; Figs. 7 and 20). The sittyssible hiatus, so the breccia bed and the accumulation of mud-
dolomites in the Cerro La Silla section are accompanied by lacgacks at this surface are the only arguments to consider the
dolomitic extraclasts in the overlying rocks, which requiredsequence boundary a type 1 boundary. From a regional perspec-
prolonged time for lithification, erosion, and reworking. A similative, it is much more likely that the sequence boundary (sequence
horizon is present in the Puesto de los Potrerillos section. Thasindary 11 of the carbonate platform succession; Fig. 20) rep-
indicates that the entire platform was affected by a sea-level dregents a type 2 boundary, because there is no well-defined basin-
and the accompanying basinward shift of facies. Consequentlwaird shift in facies or areally exposure or karstification.
is likely that the boundary is a type 1 sequence boundary. Above The third sequence in the La Silla Formation is less well
the sequence boundary, there is a cyclical interval with dolomitiefined. Flooding above the sequence boundary led to the return
limestones and microbial laminites (Fig. 20). The individuaf a normal-marine subtidal environment in the northern sections,
parasequences shoal upward from peloidal grainstone or waekeereas the southern sections are dominated by the accumulation
stone toward laminites. The entire parasequence set is interprefqueloidal muds. There is hardly any variation visible in the
to represent the lowstand deposits above the sequence bounBassto de los Potrerillos or Los Berros sections. In contrast, in
Because they are connected to a type 1 sequence boundaryltigegorth there is a tendency toward more oolitic grainstone and
form a lowstand systems tract (Van Wagoner et al., 1988). In tthisombolitic mounds toward the sequence boundary that marks
context, the silt of the silty dolomites may have been washedtie top of the La Silla Formation. In general, this upper sequence
during the time of absolute sea-level lowstand. seems to be dominated by aggradation; only in its uppermost
The transgressive surface is located on top of the last midrterval is there some expression of progradation. The uppermost
bial laminite of the underlying lowstand systems tract (Fig. 2@equence within the La Silla Formation lacks a distinct supratidal
Above it, the basal sequence in the La Silla Formation (sequecap.
9 of the carbonate platform succession) shows peloidal grain-
stones at the base that pass upsection into mudstones and n&enoJuan Formation
bial laminites or, as in the Las Lajas section, into oolitic
grainstones with few laminites. The subtle change from peloidal The San Juan limestones have been known since the pioneer
grainstones to microbial laminites is interpreted to reflect therk of Kayser (1876) and Stelzner (1873). At that time, the
change from the trangressive systems tract toward the highstandstones were attributed to the “Infra-Silurian”. Kobayashi
systems tract. (1937) proved that the upper fossiliferous part of the entire car-
Unit 2 of the La Silla Formation consists of two shallowingionate succession was of Ordovician age. However, it was not
upward successions (sequences 10a and 10b; Fig. 20). The bashlecently that a formal definition of the San Juan Formation
one starts with subtidal rocks as the result of a retrogradatiomak given (Keller et al., 1994). The lower boundary coincides
pulse and is topped by a thick package of oolitic grainstoneswiith the sudden appearance of a fully developed and very diverse
the Cerro La Chilca section. Elsewhere, peloidal grainstonesrine fauna, which is commonly accompanied by a lithologic
microbial laminites, or thrombolites mark the top of the succeshange from thick-bedded to thin-bedded and platy limestones.
sion which in its entity is regarded as a fourth-order sequerttigherto, the base of the San Juan Formation has only been dated
within the second unit (sequence 10). The flooding on top of thighe type section at Cerro La Silla (Keller et al., 1994; Lehnert,
fourth-order sequence is easily recognized and marks the ri®8@5a, 1998c). There, conodonts indicate a late Tremadocian age
retrogradational pulse with the return to subtidal conditions, afud the base of the San Juan Formation.
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The San Juan Formation is conformably overlain by a vari- A brachiopod zonation of the Cerro La Silla section was
ety of formations (Gualcamayo Formation, Los Azules Formastablished by Herrera and Benedetto (1991), who subdivided the
tion, Las Aguaditas Formation; Fig. 4). In some places,San Juan Formation into five brachiopod zones. These zones span
characteristic package of dark lime mudstones, marlstones, trellate Tremadoc through early Llanvirn. The Niquivil section
shales is present at the transition (transfacies calcareo-peliticdFigt 3) is located in the same range as the type section at Cerro
Baldis and Beresi, 1981). La Silla (Fig. 3), and because this section has been studied in

From a regional point of view, five groups of sections can bletail (Lehnert, 1995a) there is a good correlation of brachiopod
distinguished. In the San Juan subbasin sections are present £Bigation and conodont biostratigraphy in this part of the Pre-
3) in the Sierra de Villicum (Don Braulio) and Sierra Chica dmrdillera.

Zonda (Las Lajas, Los Berros, Puesto de los Potrerillos). In the The top of the San Juan Formation has been dated in various
Talacasto subbasin, the sections around Jachal in the north (Qeoalities (Ortega et al., 1985; Sarmiento, 1986, 1990; Albanesi,
La Silla, Cerro Viejo de San Roque, Cerro La Chilca, Ague91; Lehnert, 1995a, 1995b). These studies revealed a marked
Hedionda, Niquivil; Fig. 3) are discussed as the northern sectiadifference in age between the sections around Guandacol (Fig. 3)
sections along the Rio San Juan (Rio Sassito, Rio Sasso, Tamhd-those to the south of the Rio Jachal. Near Guandacol, there
lar, Pachaco; Fig. 3) as the southern sections; and sections iratbesections where the black shales of the Gualcamayo Forma-
western thrust sheets north of the Rio San Juan (Talacasto, yielded graptolites of the late Arenig Isograptus victoriae
Gualilan, Las Chacritas; Fig. 3) as the western sections. Therezamge (Ortega et al., 1985). From a section a bit farther south
sections north of the Rio Jachal toward Guandacol that were f@krro Potrerillo), Albanesi (1991) described conodonts and
documented and interpreted by Cafias (1995a, 1995b). The gegptolites from the Arenig-Llanvirn boundary. South of the Rio
tions measured in the limestones of the San Juan Formation Jahal, however, the top of the San Juan Formation and the tran-
their lithologic correlations are documented in Figure 21. sition into the overlying formations is always of early Llanvirnian

Time frame of depositionAlthough detailed paleontologic age (Eoplacognathus suecicasne: Sarmiento, 1986, 1990;
work on the San Juan Formation began with Kobayashi (193®hnert 1995a, 1995b).
there are only a few sections that are biostratigraphically well Lithofacies.The San Juan Formation is the most widespread
dated and zoned. There are only isolated data from most sectidredl carbonate successions and shows the most variations in
and they do not allow a precise biostratigraphic correlationfawies and lithology, perpendicular as well as parallel to deposi-
other sections. tional strike. It is composed of a variety of carbonate rocks that

The first biostratigraphic subdivision of a section of the Saover the entire range of carbonate textures.

Juan Formation dates back to Serpagli (1974), who found five Birdseye mudstones are thick bedded and light gray. Within
characteristic conodont assemblages (faunas A-E; Fig. 22) thereef succession they are thick bedded, but near the base of the
section along the Rio San Juan. One of the biggest shortcomfogsation at Cerro La Silla they are thin bedded. There, mud-
of this paper is that there is no mention from which locality tis¢ones with abundant pseudomorphs after gypsum have been
samples were obtained. The map shown in the paper (Serpagkerved alternating with the birdseye limestones.

1974, p. 4) indicates a position between the Pachaco and theWhole-fossil mudstones and wackestones (Wilson, 1975)
Tambolar sections. This has led to confusion, e.g., when datarg present in medium- to thick-bedded intervals and show a
the top of the formation. Lehnert (1995a), considering tliéverse fauna with brachiopods, trilobites, crinoids, gastropods,
Pachaco locality (Fig. 3) as the original described sectiorgutiloids, ostracods, and sponge spicules. Among theldigae
pointed out the discrepancies between his data from the PaclzabGirvanella are the most prominent; in places, almost
section and those of Serpagli (1974). However, if it is assunmadnomicticNuia wackestones were deposited. However, in the
that the samples were originally obtained from the Tambolar sepper reef mound interval, calcareous algae are much more
tion (Fig. 3), the Serpagli data fit those of Lehnert (1995a, 1995mportant than Girvanellar Nuia. The latter is rare in these hori-
and thicknesses given in Serpagli (1974), and those reporzeds. The color of the mudstones and wackestones is gray and
herein are almost identical (Fig. 22). In addition, the interpretdark gray.

tion of the biostratigraphic data in connection with the sedimen- Thin-bedded and platy black mudstones and wackestones (6
tary record of the Tambolar section fits well into the regionel Fig. 23) are present at the top of the formation, where they
picture. Consequently, in this paper the correlation of the Tambdternate with black shales. These rocks, which constitute the
lar section to the other sections of the San Juan Formationiteensfacies calcareo-pelitica” of Baldis and Beresi (1981),
documented in Figure 21, is based on the assumption that Seinly contain deep-water trilobites and conodonts.

pagli's (1974) samples are from the Tambolar section. Nodular wackestones (5 in Fig. 23) are present in the lower

Another subdivision of the San Juan Formation into conoddhird of the sections and near the top of the formation (Fig. 21).
assemblage zones was given by Lehnert (1990, 1993) for the Niquitiy contain the same fauna and flora as the whole-fossil wacke-
section (Fig. 21). These zones are widely applicable and proved gémpes. In the upper interval, abundant lavigeluritestogether
helpful in dating various parts of the formation (e.g., Lehnert, 199%4th Lituites sp. and orthocones more than 2 m long have been
Lehnert and Keller, 1993b; Keller and Lehnert, 1998). observed (e.g., Talacasto west; Fig. 3). In the San Juan subbasin,
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Figure 22. Biostratigraphic subdivisions of San Juan Formation and their correlations to type section at Cerro La Silla (C). B shows zonation of
Niquivil section (modified from Lehnert 1990, 1993). A is Serpagli's (1974) subdivision plotted against measured section at Tambolar. Limits
between faunas A to E are not fixed, but are best fits. b = boundstone, f = framestone, g = grainstone, m = mudstone, p = packstone, w = wackeston

the nodular interval in the lower third of the sections is dominatied) several centimeters into the uppermost bed of the San Juan
by yellow, red, and green colors. The nodular texture is eith@rmation.

caused by intense bioturbation or pressure solution. DiagenesisNodular packstones together with some wackestones and

together with an elevated primary clay content make these rogieristones are present at the top of the limestone succession in
transitional to marly limestones. At Cerro La Chilca, there isLas Chacritas section. These rocks are not typical of the San Juan
prominent hardground developed with vertical burrows penetreirmation. They are dark gray and thin to medium bedded, and
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some of the beds are graded. The individual beds are often sE&b@ Fig. 23). They consist of a solid framework of stromato-
rated by dark gray to black shale partings. The fauna consistparbids (Keller and Fliigel, 1996). Some of these framestones
abundant sponges or their remnants (spiculites) and fragmenttitifcontain internal wackestone with abundant algae and bra-
small trilobites, brachiopods, crinoids, and Nuia. Ostracods actdopods. The mounds are onlapped by pelmatozoan grainstone.
calcareous algae are present only to a minor extent. The ddokne of the mounds are covered with packstones in which gas-
matrix is often peloidal and locally shows small intraclasts. tropods (Maclurites) and nautiloids are concentrated. Thick
some horizons, bioturbation is pervasive and responsible for in@stromes are also observed in the upper reef interval. Some of
destruction of primary sedimentary structures as well as, at lahseim are composed entirely of stromatoporoids with a variety of
in part, the fragmentation of the bioclasts. growth forms. Large domical individuals are embedded within

Bioclastic wackestones (1 in Fig. 24) and packstones anassive grainstone in the Don Braulio section (1 in Fig. 23).
abundant in all sections. Their fauna and flora are similar to théigh columnar forms are present in massive wackestone and
of the mudstones and wackestones; however, many of the ipdickstone in the Puesto de los Potrerillos section. There, some of
viduals are broken or abraded. In addition, sponge fragmentsh@ carbonate mud may have been passively baffled by the stro-
in Fig. 24) and peloids may be present. Many of the packstonggtoporoids; however, the influence of current activity is clearly
are dominated by one faunal element; i.e., crinoidal packstoneisible in many places. Other biostromes are a mixture of stro-
trilobite packstone are developed, among others. With increasimgtoporoid and sponge-algal associations (Cafias and Keller,
abundance of lithoclasts, there is a transition into bioclastic-litHt893). The latter are very similar to the mounds in the lower reef
clastic packstones (4 in Fig. 24). The lithology of the lithoclastshisrizon. The mounds form small patch reefs, which in places are
often that of the underlying beds (intraclasts; 5 in Fig. 24) btertoded to form rudstone. Rudstone and grainstone form the
(dolomitic) mudstones (extraclasts) have also been observedmatrix for these small reefs.

In some sections, oncolitic packstones prevail (6 in Fig. 24). Sponge biostromes are present in the Talacasto area (e.g.,
The size of the oncoids varies between 1 and 3 cm. The Bedesi, 1986b; section Talacasto east; Fig. 3) and at Cerro La
thickness of the bioclastic wackestones and packstones cha@felea and include thick-bedded wackestones, packstones, and
from thin bedded to thick bedded. Many of the thin beds showgmainstones. The fauna is dominated by a variety of sponges that
erosional base, and some are graded and/or cross-bedded. seem to have trapped the sediment.

Calcisiltites are rare and present only in thin beds toward the Facies associations and depositional environmextvide-
top of the formation. Traction-induced bedding is responsible fpread facies association of the San Juan Formation is the wacke-
a thin lamination or low-angle cross-bedding. In places, thesene-intraclast packstone association (Fig. 25). Wackestones and
beds are graded. rare mudstones with well-preserved fossils represent the back-

Among the grainstones three groups are distinguished. Bioeund sedimentation on the carbonate platform. The diversity
clastic grainstones show broken or abraded clasts of a varietgrud abundance of fossils indicate normal marine conditions
fossils. Intraclasts are present locally and where they are abundaittijn the photic zone. This background sedimentation was fre-
intraclast grainstones and intraclast-bioclast grainstones are deygtntly interrupted by storms, which stirred up the sediments,
oped. Some of the components show micrite envelopes. Pelmdéstroyed habitats and colonies of animals, and resedimented this
zoan grainstones are commonly cross-bedded and well soneitture to form tempestites. Similarly, the wackestone-oncolitic
They are present as continuous beds or as small channel fills.packstone association (Fig. 25) documents background sedimen-

Rudstones are restricted to the reef-bearing horizons whiateon with storm events. However, the source area for the tem-
they fill erosional channels between the mounds or onlap thgrestites differed and was probably a belt of nearby oncolite
The fauna is dominated by fragments of sponges, receptaculititi®als, which today are nowhere exposed.
and, in the upper horizon, rare stromatoporoids. These clasts areThere are clear proximal-distal trends in the tempestites. In
observed in a matrix of bioclastic or crinoidal grainstone. the sections of the San Juan subbasin (Fig. 3) tempestites are rare.

Boundstones are present in the two reef-mound horizons dihey are very abundant in the sections around Jachal and from
their lateral equivalents. They were described in detail by Calfiiasre toward the west and southwest. In the northern sections of
and Carrera (1993), Cafias and Keller (1993), Keller and Btre Talacasto subbasin (Fig. 3) tempestites are thicker and more
donaro (1993), and by Keller and Fliigel (1996). In the lower reeften show erosional features at the base, grading, and cross-bed-
mound horizon the boundstones are part of a complex reef rdilg. Farther to the west, these sediments in general are thinner
association. The mound horizon is composed of numerous Igine have a more regular base. Cross-bedding there is rarely pres-
herms, which are found as isolated mounds or coalesce to foremia There are also compositional variations across the platform.
three-dimensional network of mounds (3 in Fig. 23). The mdimthe eastern sections, abundant oncolite beds are present that
components are sponges, the receptac@liiththiumand Gir- are absent in the west. In addition, intraclasts become less abun-
vanella(4 in Fig. 23). Microbial mats and Girvane#lacrust rock dant toward the west. In the Pachaco section (Fig. 3), no intra-
fragments and organisms to form solid bindstones. A detailddsts or oncoids have been observed (Fig. 21). The tempestites
description of these facies was given by Cafas and Carrera (1988)e are thin layers (1-10 cm) of bioclastic wackestone and

Large isolated bioherms are present in the upper reef integyainstone.
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Figure 23. Field aspects of San Juan Formation. 1: Large isolated stromatoporoid in main biostrome of Don Braulio section. Dark layers consis
of pure chert. Hammer is 32 cm long. 2: Framestone of stromatoporoids with laminar growth forms. Upper reef interval, Las Lajas section. Ham-
mer tip is 5 cm long. 3: Lower reef-mound horizon at Cerro La Silla. Irregular surfaces are depositional surfaces of isutivigaadlgal

mounds. Inner ramp environment. 4: Outcrop of mound facies with abundant sponges and receptaculitids. Large sponge in upper right corner |
~5 cm long. Cerro La Silla section. 5: Lower nodular limestone interval in Cerro La Silla section. Note shale partings between limestones. Suc-
cession is essentially free of tempestites and marks major deepening event. Deep-ramp deposit. Hammer is 32 cm long. 6: Deepening success
at Cerro La Chilca. Stratigraphic top is to right; succession shown is ~2 m thick. Note decreasing thickness of limestone beds and increasing col
tents of shale interbeds toward top. This succession is typical of “transfacies” and is part of drowning succession.
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Figure 24. Facies of San Juan FormatiorNdia wackestone-packstone. Most of small white bioclasts are cross sections of possiligiaalga
(arrows). In addition, rounded crinoidal fragments and other bioclasts are present. Mid-ramp deposit. Magnification is 4.5. 2: Bioclastic wacke-
stone-packstone with gastropods, sponge fragments, and many other bioclasts. Many of these beds have tempestitic orlgot@haiedrafter
deposition. Mid-ramp deposit. Magnification is 4.5. 3: Bioclastic packstone of upper reef interval. Note abundant gastropods and large sponge frag
ment. Distal inner ramp environment. Magnification is 4.5. 4: Tempestitic packstone-grainstone with abundant intraclasts and oncoids (arrow). Note
bioclasts, which served as nuclei for oncoids. Mid-ramp deposit. Magnification is 4.5. 5: Biomottled packstone with bioclasts and isolated intraclasts.
Sediment is poorly sorted and contains crinoids, sponge spiblulies,and ore particles. Magnification is 4.5. 6: Graded oncolitic tempestite with
transition from grainstone to wackestone. Magnification is 4.5.
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The nodular-wackestone association (Fig. 25) is dominatei)id stromatoporoid patch reefs are surrounded by well-sorted
by whole-fossil wackestones and few mudstones. Tempestiteso@lenatozoan grainstone with abundant tidal channels and ripple-
absent in this association. The rocks were deposited well betinft cross-bedding. Lateral variations are biostromes in which
storm-wave base, but still within the photic zone. This is showlme stromatoporoids are found in a grainstone matrix (Don
by the composition of the abundant and diverse fauna and Bnaulio section), but also in a wackestone-packstone matrix
algae present. Brachiopods, pelmatozoans, and trilobites are(fPetesto de los Potrerillos section). This indicates a variety of
guent; reef-building organisms that contribute to the reef-mousubenvironments. A very protected environment, for example, is
horizons are absent. A similar facies was described from thdicated in the Puesto de los Potrerillos section by a thin mud-
Guandacol area (Cafias, 1995b) and interpreted in the same stape horizon with abundant birdseyes (birdseye mudstone asso-

The nodular-packstone association, only found in the Leigtion). This horizon forms the base for a level with small (<1 m)
Chacritas section, was deposited in the same general envigaieh reefs composed of sponges, algae, and stromatoporoidal
ment. Rare graded beds and shallow-water bioclasts indicate ¢thasts. In the Los Berros section, a thick interval with birdseye
some of the material was transported to a deeper environmenigdstone is present (Fig. 21). Together with a few horizons with
probably during storms. The intense bioturbation is responsibledseyes and gypsum below the lower reef mound horizon in the
for the textural homogenization of sediment and, in additioBerro La Silla section, these rocks are the only vestiges of an
points to reduced sedimentation rates. This is corroboratedirigrtidal to supratidal environment (cf. Shinn, 1983b). No indi-
shale partings and thin shale interbeds in this association.  cations of subaerial exposure have been found (see also Cafias,

The reef and reef-mound facies association (Fig. 25) is t895a). A back-barrier (lagoonal) environment present in pro-
most complex and diverse group of rocks. The sections in the &amed areas of the proximal inner ramp is the most plausible
Juan subbasin and the northern sections of the Talacasto sublyasirpretation (Fig. 25).
around Jachal (with the exception of Cerro La Chilca) are com- The lateral equivalent of the upper reef horizon is a pack-
posed mainly of grain-supported rocks and boundstones (ipne-grainstone association with intercalated biostromal bound-
21). The lower reef mound horizon at Cerro La Silla and its latones. This association is present in all those sections where
eral equivalents at Agua Hedionda, Cerro Viejo de San Roqtsre are no true bioherms (Fig. 21). It is also present in those
and Cerro La Chilca are dominated by a sponge-d@géethium sections of the Talacasto subbasin in which the reef interval is
community, which was described in detail by Cafias and Carrpraserved beneath the various younger erosional surfaces. Where
(1993) and Caias (1995a, 1995b). The abundance of fragmeptedent in the Talacasto subbasin, the interval is characterized by
reef organisms within the mounds as well as in the neighboramgalternation of packstones and grainstones, but wackestones are
sediment points to considerable turbulence in the shallow subiso found. The environment was slightly deeper and less agitated
dal environment. This is also indicated by deep channels thattbain that of the reef facies proper, but still within the range of
into the mounds and that are filled with rudstone. In addition, ttides and currents (Fig. 25). Isolated stromatoporoids and small
intermound sediment is also mainly coarse-grained packstor@pnies are only found in grainstones indicating that the low
grainstone, and rudstone, indicating that this shallow subtidmimical or bulbous organisms (growth forms according to Keller
area was within the range of currents and tides (Fig. 25). and Flugel, 1996) were sensitive to mud pollution. Within

The upper interval also records a high-energy environmenibstromal boundstones, sponges are present, many of them in

| basin | outerramp | mid-ramp | distalinnerramp | proximalinnerramp |
—— MSL
— FWWB 1 wove agitation tidal flat-sabkha complex
storm . , terrigenous sand and silt
— SWB reworking bioturbation shoal-water 9
complex
— PC bioclastic-oolitic
pelagic sedimentation
mudstone-wackestone- wackestone- reefandreef mound
shale association infraclast packstone association
association
nodularwackestone wackestone- packstone-grainstone birdseye mudstone
andnodularpackstone  oncolite association association

associations association

Figure 25. Facies associations of San Juan Formation and their attribution to depositional environments of carbonate ramp (modified from
Burchette and Wright, 1992). MSL = mean sea level, FWWB = fair weather wave base, SWB = storm wave base, PC = pycnocline.
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life position. In contrast to the stromatoporoids, the sponges grenze because it is located below storm wave base. In the San Juan
in a mud-dominated environment and probably acted as baffl&@tmation, both nodular wackestone intervals as well as the
The mudstone-wackestone-shale association is presemedular packstone association are outer ramp deposits (Fig. 25).
in a few sections on top of the San Juan Formation, e.g., in the Adjacent to the outer ramp is the basin. Burchette and
Cerro La Chilca section. The association is composed of darkdght (1992) addressed the problem of recognizing truly basinal
black mudstones and wackestones with intercalations of bldakies and concluded that the attribution of sediments to a basinal
shale beds. The latter may be as thick as 7 cm. The rocks vsettng is not always conclusive and that a combination of factors
deposited under very quiet conditions well below storm walias to be used. The deep-water character of the mudstone-wacke-
base (Fig. 25). Rare calcisiltite beds within this association atene-shale association was previously stressed. Organic-rich
interpreted to represent distal tempestites (Aigner, 1985). Thadstones and their transition into graptolite shales together with
limestones are typical deep-water sediments (Wilson, 1969) #mel absence of coarse-grained detrital material indicate a basinal
a hemipelagic origin is invoked. Deposition probably took plaesvironment. However, the tempestite facies within this associa-
near the boundary between oxic and anoxic bottom conditidiog (Cafas, 1995a) are more typical of the outer ramp; hence the
(Cafias, 1995a), shown by the rapid change between trilobéatire interval represents environments from the outer ramp to the
rich layers and anoxic mudstones without ichnofauna. Thiasin (Fig. 25).
association is the “transfacies calcareo-pelitica” of Baldis and For paleogeographic reconstructions it is important to note
Beresi (1981), which marks the drowning (see Appendix 1) thiat sediments that might have been deposited on the landward
the platform. side of the barrier system are almost absent and that an important
An additional facies within this association was described pgrt of a complete platform is missing.
Cafas (1995a). Between the Guandacol and Gualcamayo rivers,Sedimentary succession of the San Juan Formatidine
fine- to medium-bedded bioclastic packstones and grainstodesussion of the sedimentary succession and the lateral varia-
are present. They are poorly sorted, show shelter porosity, antidns of the San Juan Formation is hampered by the fact that
places are graded. The grainstones are also found as small ahany sections are incomplete. Some of the sections are incom-
nel fills. The fauna is a mixture of autochthonous deep-wafgdete at the base (especially those along the Rio San Juan)
trilobites and platform-derived bioclasts, including algae. Thiecause thrust faults have cut up to the base of the San Juan For-
facies is interpreted to represent distal tempestites depositeation (see Von Gosen, 1992). Many sections, however, are
below storm wave base. incomplete toward their top, which is caused by at least four dif-
Platform configuration.No oolites or vestiges of a tidal-flatferent phases of erosion (intra-Ordovician, uppermost Ordovi-
environment are preserved. The overwhelming majority of thian, Carboniferous, and Tertiary).
sediments that constitute the San Juan Formation are of subtidalSan Juan subbasin. The sections in the San Juan subbasin all
origin. The vast storm-influenced subtidal flats become progssart with mid-ramp deposits (Figs. 21 and 26). They contain a
sively deeper toward the west, but there are no indications ofasied fauna and flora with abundant Nuia. The rocks are thin
slope. The progressive deepening is most accentuated inbb@éded and gray and correspond to the “Miembro de calizas
Guandacol area (Cafias, 1995a, 1995b). lajosas” of Beresi and Bordonaro (1984). Upsection, distinct var-
The absence of a distinct slope is strong evidence that idfgated nodular limestones (Miembro de calizas y margas vari-
San Juan Formation was deposited on a homoclinal ramp (Alolores) are present. No tempestitic packstones or grainstones
1973; Read, 1985; Burchette and Wright, 1992). A similar modedve been observed in this outer-ramp succession. The nodular-
was developed by Cafas (1995b) for the area between Cerravhakestone association has a constant thickness, that varies
Silla and Guandacol. In the San Juan Formation, the inner ramepveen 25 and 35 m. Isolated conodont data (Beresi et al., 1987)
above fair-weather wave base is represented by the reef fati@® the Las Lajas section indicate the Oepikodus evae
with its mounds and grainstones (Fig. 25). The packstone-grgoenodont assemblage zone Il) and @heevae/ O. intermedius
stone association was deposited on the seaward side of the reefe (conodont assemblage zone Il of Lehnert, 1993) for the
The presence of carbonate mud indicates a slightly deeper panoofular-wackestone association. The latter is overlain by platy
the inner ramp toward the transition to the mid ramp. Except faackstones and grainstones (mid-ramp) that form the base for the
intervals of birdseye limestones, lagoonal deposits or the tidal flegt major reef accumulation in the sections of the San Juan sub-
are absent. basin. The inner-ramp reef succession shows a variety of reef
The middle ramp is the zone between fair-weather watyges and environments, among which are bioherms and
base and storm wave base. Tempestites are common in thistiegtromes as well as a lagoonal facies with birdseyes (Los
ment and proximal-distal trends are usually recognized (AignBerros section). The reef interval is more than 150 m thick, but its
1982, 1985; Burchette and Wright, 1992). In the San Juan Rop is only exposed in the Don Braulio and Puesto de los Potreril-
mation, the wackestone-intraclast-packstone and the wackesttwesections (Fig. 26). There, a sudden change from predomi-
oncolite associations were deposited on the middle part of ttatly crinoidal grainstones to thick-bedded, in places marly,
ramp (Fig. 25). wackestones is observed. In the Don Braulio section, the upper-
The outer ramp shows much less evidence of storm inflmest beds of this outer-ramp nodular-wackestone association are
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overlain by the black graptolitic shales of the Gualcamayo For- Western sections of the Talacasto subbdgie western sec-
mation. The upper successions in both the Don Braulio and tilbes are characterized by a rather monotonous succession of
Puesto de los Potrerillos sections are almost identical and in Hathes. In these sections, rocks of the wackestone-intraclast-pack-
sections the top is placed in tBeplacognathus suecicasne; stone association (mid ramp) prevail (Fig. 26). In some of the
therefore, it seems justified to combine the data from both sextercalated tempestites oncoids are concentrated. In the Gualilan
tions for the interpretation of platform development and the dgection, there is a lower interval of deep-ramp nodular limestones
cussion of the geodynamic evolution (Fig. 26). (Fig. 26), which from its stratigraphic position does not corre-
Northern sections of the Talacasto subba&iound Jachal, spond to the main interval of nodular limestones in the northern
the San Juan Formation is characterized by a lower intervakettions.
about 20 m thickness in which several small-scale shallowing- The main interval of nodular limestones (outer-ramp
upward successions are found between the top of the La SiBposits) is found higher up in the succession. A situation corre-
Formation and the lower reef-mound horizon. They are charapending to the northern sections is found in the Las Chacritas
terized by wackestones that pass upward into grainstones sexation, where two nodular intervals are separated by wacke-
finally into fenestral mudstones. Many of these fenestrae seemttmes and some packstones (Fig. 26). Upsection, mid-ramp sed-
have been gypsum or anhydrite. These horizons, interpretedrients are observed.
have been deposited on the proximal and protected inner ramp The upper part of the western sections is composed of thick-
(Fig. 25), form the base for the lower reef-mound horizon. In thedded to very thick-bedded limestones of the inner-ramp pack-
Agua Hedionda and Cerro La Chilca sections, the succession stwnes-grainstones association (Fig. 26). Among the organisms,
responding to the reef interval is characterized by coarse detthake are sponges and stromatoporoids. This interval correlates to
limestones (grainstone and rudstone; Fig. 21), and no moutius upper reef interval and the composition of the sediments
have been observed there. Mid-ramp wackestones with a varyiomts to a distal inner-ramp environment, seaward of the reefs. In
amount of packstones and intraclast packstones overlie the lithe-Talacasto section, outer-ramp wackestones form the top of the
stones. exposed succession, whereas in the Las Chacritas section (also
Higher up in the succession, there are two distinct intervaklled Las Tunas section) about 60 m of nodular packstones are
of the nodular-wackestone association with an intermediate guesent (Fig. 21). A sharp surface marks the contact between the
cession of non-nodular wackestone and packstones (Fig. 21}hick-bedded interval and the overlying outer-ramp limestones.
the sections studied, the base of this deep-ramp interval coincilesording to Espisua (1968), these rocks, the age of which is not
with the base of the O. evaene. It is not clear whether there igjuite clear, represent the upper member of the San Juan Forma-
only one thick amalgamated nodular interval in the Cerro Lian. Following Astini (1991) and Keller et al. (1993b), they are
Chilca section, or whether there is an upper interval hidden in gaet of the Los Azules Formation (see later discussion).
zone without outcrops. Southern sections of the Talacasto subbhaBire sections
Above the deep-ramp nodular limestones, wackestones vatong the Rio San Juan are the most difficult to interpret. In the
intercalations of packstones (middle ramp) are present that miRio Sassito and Rio Sasso sections the basal thrust is within the
those underneath the nodular limestones (Fig. 26). The mid-rdovger part of the San Juan Formation. The base of the section at
rocks are abruptly overlain by thick-bedded grainstones and rBdierto Tambolar is not accessible, whereas in the Pachaco sec-
stones that form the foundation for the upper reef-mound hdion the thrust is found in the upper part of the La Silla Formation.
zons. In the Cerro La Chilca section, this succession Tieere, however, Ordovician erosion cut down as deep as the
represented by thick-bedded grainstones and rudstones. In FigppeerO. intermediuszone (conodont assemblage zone IV of
25, a distinction is made between the inner-ramp associatiorLefinert, 1993), whereas in the other sections the top of the pre-
grainstone and packstone and the reef facies proper, which is s¢swed succession of the San Juan Formation is significantly
attributed to the inner ramp. younger. The lower part of the Tambolar and Pachaco sections is
The upper reef horizon, which is not as thick as in the seomposed mainly of wackestones with abundant intercalations of
tions of the San Juan subbasin, gradually passes into mid-rgzagkstones and grainstones (middle ramp). In the Tambolar sec-
wackestones. The boundary between both was drawn at a lggal outer-ramp nodular limestones are found near the base of
where the abundant coarse-grained tempestites disappeartlam@®. evaezone (Fig. 26). This interval is hardly recognized in
oncoids are absent. the Pachaco section, where it might coincide with a mudstone-
The upper part of the Cerro La Chilca section (Fig. 2@)ackestone succession that lacks tempestites. In the Tambolar
shows thick-bedded, in places nodular wackestones (ougection, the remainder of the succession is made up of distal mid-
ramp) followed by dark platy hemipelagic mudstones amdmp deposits, whereas at Pachaco the sediments are attributed
wackestones (transfacies). Overlying these are black shatethe deep ramp (Fig. 26).
and siltstones of the Los Azules Formation (6 in Fig. 23). A Guandacol subbasirThe interpretation of the Guandacol
similar transition is observed at Cerro del Fuerte (Fig. 3; alsections is based mainly on the descriptions given by Cafias
called Quebrada de Los Gatos), a bit north of Cerro La Si{te995a). Unfortunately, no thicknesses are given in that paper.
(Cafas, 1995a). The succession around Guandacol starts with mid-ramp deposits


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on September 24, 2011

46 M. Keller
Guandacol Pachaco Tambolar Gualildn Las Chacritas Talacasto
500m
400 m
300m
200m
@ fs
- s ]
100 m
W Base of
SanJuan Formation
Om
fs =flooding surface
mfs =maximum flooding surface
[ ] B v
protectedinner-ramp innerramp, distalinnerramp, shelf-margin
lowerreef-mound packstone-grainstone systemstract
association association

Figure 26 (this and opposite page). Depositional environments and ramp successions of San Juan Formation and their sequence stratigraphic in
pretation. Note highly irregular thicknesses and succession of flooding surfaces below drowning unconformity. Reference line is base of O. eva
conodont zone.

much like those found in the western sections. As in most othiee Tremadoc-Arenig boundary (Paltodus deltéene). The
sections, near the base of the O. ex@®e there is a deepeningncursion of a fully marine fauna and the deposition of wacke-
and the transition to deep-ramp nodular limestones (Fig. 2&pnes indicate a flooding of the vast peritidal deposits of the
Near the base of conodont assemblage zonePérgpandero- upper La Silla Formation. No erosional or subaerial exposure
dus”nogamii-P. gracilis-Ansella jemtlandicaone) and approx- features have been observed at the formation boundary; how-
imately coeval with the onset of reef growth in the other sectiorser, the dramatic change in fauna and depositional facies qual-
an interval dominated by proximal tempestites with black shéafies this boundary as a sequence boundary (Fig. 26). The
intercalations is described. Upsection, it rapidly gives way ¢tonventional view of sequence stratigraphy requires the pres-
black shales and lime mudstones of the Gualcamayo Formatemce of a shelf-margin wedge or a lowstand systems tract
Evolution and sequence stratigraphy of the San Juarbetween the sequence boundary and the transgressive systems

Formation. Deposition of the San Juan Formation began ndeaact (e.g., Sarg, 1988). The most common position for the low-
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stand systems tract is at the outer edge of the platform or offsegquence boundary. The prominent surface below the lower reef-
platform. mound horizons forms the transgressive surface, and the overly-
In the northern sections around Jachal several small-saéatgsediments represent the transgressive systems tract (Fig. 26).
shallowing-upward successions are found between the top oflthéhe sections of the San Juan subbasin, the parasequence set
La Silla Formation and the lower reef-mound horizon. Each loétween the La Silla Formation and the San Juan Formation is
these cycles forms a parasequence, and the parasequemutedeveloped, and no facies that might represent a lowstand
together form a progradational parasequence set. Cafias (199&pdsit are found (Fig. 26). Instead, the dominant mid-ramp
interpreted these deposits to represent the lowstand systems tkackestones without apparent cyclicity in the lower part of those
However, the presence of this parasequence set well inboardeaftions represent the transgressive systems tract, and the
the presumed platform margin of the upper La Silla Formatisaguence boundary and the flooding surface merge to one sur-
suggests that these cycles are a shelf-margin wedge (Fig. 26).fate. Consequently, the shelf-margin systems tract wedges out by
presence of a shelf-margin wedge in addition to the absencerdép toward the San Juan subbasin (Fig. 26).
subaerial exposure classify the sequence boundary between thdn the western and southern sections of the Talacasto sub-
La Silla Formation and the San Juan Formation as a typ&aain there is a much more uniform development of facies across
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the La Silla—San Juan formational boundary. One of the charettange from retrogradation toward aggradation in the carbonate-
teristics of a shelf-margin wedge is its thinning by downlap inpgoducing system and consequently, the maximum flooding sur-
basinal direction (Van Wagoner et al., 1988). Hence it is plausitdee is placed on top of the lower nodular deep-ramp limestones
to assume that the shelf-margin systems tract was restricted t¢Fig 26). Although this lower interval south of the Rio Jachal
more inboard sections and that it has only a very weak expmii®es not fit the classical condensed interval at the top of the trans-
sion in the western sediments. Although the transition from theessive systems tract (Loutit et al., 1988), it may be taken as a
La Silla Formation to the San Juan Formation is much more spteximal equivalent of it. A better candidate for the condensed
tle in the west, there is still no true correlative conformity recogperval is present in coeval strata in the Guandacol area, where
nized (Fig. 26). several hardgrounds are observed and glauconite is abundant in
In the northern sections of the Talacasto subbasin, the ghe-sediments.
cession from the base of the lower reef mounds toward the upper The succession above the lower nodular limestones indicates
reef horizon is interpreted as one sequence with one transgressiseccessive shallowing of the depositional environment inter-
systems tract and one highstand systems tract (Cafias, 1996p)ed in some sections by the second nodular-limestone inter-
The maximum flooding surface is placed within the higher pasl. However, the increasing amount of packstones together with
of the Prioniodus elegar®. communigone (conodont assem-the reappearance of sponges, calcareous algae, and stromato-
blage zone I). According to this interpretation, the subsequg@otoids suggests the evolution of an early highstand systems
highstand comprises the O. ewame (zone 1) through the low- tract. In the rocks, this development is documented by the transi-
ermost part of the P. nogamii—gracilis-A. jemtlandicazone tion from deep-ramp nodular limestones toward sediments of the
(zone VI). mid-ramp wackestone-intraclast packstone association (Fig. 26).
However, the transition from the lower reef-mound horizon There is no evolutionary pattern observed in the highstand
toward the overlying mid-ramp deposits indicates a deepeninggtems tract, which might indicate a late highstand (thinning of
the depositional environment, which is accompanied by a chabgels, shallowing, progradational patterns). Instead, there is an
in the conodont faunas from predominantly hyaline warm-watgsrupt change from mid-ramp deposits to shallow-water pack-
forms to temperate water forms (Lehnert, 1995a). The occurrestmnes and rudstones with abundant reef structures. This abrupt
of the different conodont groups in the Argentine Precordilleradsange marks a basinward shift in facies, which in siliciclastic
mainly depth-related (Lehnert and Keller, 1993a) and suppasistems indicates the nearby presence of a sequence boundary
the sedimentologic indications of a deepening at this level, whighg., Posamentier and Vail, 1988). Because carbonate ramps act
happened during the bagetodus deltatus?aroistodus proteus much like siliciclastic systems (Burchette and Wright, 1992), the
zone (Lehnert, 1995a). Consequently, the transition from tbentact underneath the reef interval is suspected as being the
inner-ramp reef-mound interval to mid-ramp limestones marksequence boundary. No subaerial exposure phenomena have been
marine flooding surface (Van Wagoner et al., 1988; Fig. 26).0bserved along the contact; however, in the lower beds of the reef
deepening event is also recorded in the Gualilan section, whaterval, Cordyloduscf. angulatuswas found (Lehnert, 1990,
there is a thin interval of nodular deep-ramp limestones. 1993), which is restricted to the latest Cambrian and the
Near the base of the O. evaene (conodont assemblagélremadocian. There is strong paleontologic evidence of a major
zone ll), there is another marked deepening event (Fig. 2&)sional event, probably in a more cratonward position, prior to
which is recognized in almost all sections by the presencetltd deposition of the reef interval. Hence, there must have been
strongly bioturbated and often variegated nodular limestonas.area where a marked drop in sea-level led to erosion down to
This succession of deep-ramp facies, which is almost 50 m thHekels where this species had lived. In addition, there are indica-
in the Cerro La Silla section, is also characterized by a conodibons in the conodont faunas that might point to a hiatus in the
fauna dominated by cold-water or deep-water forms (Lehnenpper part of conodont assemblage zone V or between zones V
1995a) and comprises the conodont assemblage zones Il (O. aadeVI (Lehnert, 1997, personal commum.). Especially the
zone) and Il (O. eva&- communizone) of Lehnert (1993). absence of any species of Baltonioduight indicate a hiatus
The boundary between the underlying mid-ramp deposits andd¢beprising much of the B. navB—triangulariszone (Lehnert,
deep-ramp limestones is sharp and, according to the few dei5a). The absence of subaerial exposure features in the pre-
available, the transition is synchronous over the entire ransprved parts of the ramp, the possible existence of a hiatus, and
including the Guandacol area. The limit between the mid-rarty@ sudden change in the character of the sediments at the base of
and deep-ramp associations is here interpreted as another m#v@apper reef interval are typical of a type 2 sequence boundary,
flooding surface (Fig. 26), which again is supported by tleeconclusion also drawn by Cafias (1995a). In the sediments of
change in the conodont faunas. Cafias (1995a) placed the nibgiGuandacol area, the shift of facies across the sequence bound-
mum flooding surface in this part of the section. As outlined heegy led to the deposition of a thick package of proximal tem-
the nodular wackestone interval is actually a triplet of nodulaestites in an environment that otherwise was dominated by black
limestone—wackestone/packstone—nodular limestones, and hashedes.
shows the first pulses toward a renewed shallowing just above the Cafas (1995a) interpreted much of the reef interval to repre-
lower nodular limestones. This is taken as good evidence of $keat the corresponding lowstand systems tract, which is incom-
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patible with the principles of sequence stratigraphy. A sea-leaeld the Upper Carboniferous rocks can be traced north as far as
lowstand associated with a type 2 sequence boundary resulténAgua Hedionda section. However, there is a fundamental dif-
the deposition of a shelf-margin wedge (Posamentier et &rence between the sections in the San Juan subbasin and the
1988). Here the idea is proposed that reef growth was relatedra around Agua Hedionda. In the former, Carboniferous glacial
the relatively rapid sea-level rise typical of the beginning of tleposits cover steeply tilted strata, whereas in the north, the con-
trangressive systems tract (Van Wagoner et al., 1988). One ofttue is paraconformable (Buggisch et al., 1994a). This is the effect
main arguments is reef growth. As demonstrated by Keller aofca different structural history of the San Juan subbasin and the
Flugel (1996), the principal reef mounds composetboidarella Talacasto subbasin during pre-Late Carboniferous time (Ortiz
had synoptic relief and are dominated by domical growth fornasd Zambrano, 1981). The Agua Hedionda section is the only
No vertical zonation is present and there are no indications thettion in the Talacasto subbasin where Carboniferous sediments
reef termination was caused by subaerial exposure. Hencarétfound on top of the carbonate platform rocks.

seems that the stromatoporoid mounds grew in an environment In many parts of the Talacasto subbasin, a major unconform-
that did not allow them to outpace steadily rising sea level. Sutshseparates the San Juan Formation from younger deposits (Fig.
a situation is in better agreement with a transgressive systdnghe unconformity is well marked by a chert-pebble conglom-
tract than with a lowstand systems tract or a shelf-margin systeree at the base of the overlying sedimentary rocks (Tambolar
tract. The development of reefs and reef mounds within a trand La Chilca Formations). This conglomerate is composed of a
gressive systems tract seems to be much more common tieddish or brownish, in places greenish shale matrix with small
within a lowstand systems tract (Burchette and Wright, 1992)asts of chert. Clast size is on the order of a few millimeters to 5
although this generalization is not an argument in favor of tbmm; the thickness of the unit varies between a few centimeters
scenario described here. The transgressive systems tract direcitiabout 20 cm. Graptolites found just above the conglomerate
overlies the sequence boundary, and the transgressive surfacénalichte a latest Ashgillian age for the deposits of the La Chilca
the sequence boundary have merged to one surface (Fig. 26)Formation (Peralta, 1990).

The interpretation of the subsequent evolution of the San Rio Sassito sectiorWith the discovery of Caradocian car-
Juan Formation with its transition into the overlying rocks t®nates (Lehnert 1995a, 1995b) in the Rio Sassito section (Fig. 3)
much more complicated than the previous events and fitdbecame clear that the pre-Silurian unconformity represents at
requires a description of the contact and the overlying sucdesst two different events. The effects and the amount of erosion of

sions. the individual events, however, are difficult to distinguish because
in most sections both unconformities merge to form one surface.
ROCKS OVERLYING THE SAN JUAN FORMATION A clue to the importance of the individual events is the section at

Rio Sassito. There, Llandeilian siliciclastic strata and Caradocian
carbonates overlie the San Juan Formation (Lehnert 1995b). In
this section, the top of the latter was dated as the lower part of
conodont assemblage zone VI. The Caradocian carbonates are
The contact between the San Juan Formation and the ovearlierlain by the pre-Silurian conglomerate. The San Juan Forma-
ing units is exposed in many sections. Two different situations &ioe and the Rio Sassito succession are separated by a chert-pebble
present: conglomerate very similar to the younger one at the base of the
1. The San Juan limestones gradually pass into youn§éurian. Astini and Cafias (1995) described a basal conglomerate
rocks. The transition from the San Juan Formation into the oweith clasts more than 1 m across. This basal conglomerate does
lying conformable successions has various expressions in ribeexist. The “clasts” described are blocks that resulted from frac-
rocks. Because of this nonuniform character, these transitiotuging of the San Juan limestones by several faults.
beds have received a variety of names or were assigned to differ-The Rio Sassito succession consists of a lower siliciclastic
ent formations (Fig. 4). The transitional nature was recognizeddmgccession and an upper calcareous interval. The upper succes-
Baldis and Beresi (1981), who introduced the term “transfaci&en has a thickness of about 15 m, and was interpreted as the
calcareo-pelitica” for these beds. remnants of an isolated or pelagic carbonate platform (see
2. An erosional contact separates the San Juan FormaAppendix 1; Lehnert 1995a,1995b; Keller and Lehnert, 1998).
from younger units. Erosion on top of the San Juan Formati@Ganodonts found in the limestones indicate a Caradocian age, but
occurred during at least four different events. Besides the conéihpresent it cannot be excluded that parts of the carbonates
uing Holocene erosion, the youngest, Tertiary erosion affectaelong to the Ashgill. The importance of this outcrop is many
mainly sections in the San Juan subbasin along the eastern folf- (1) it demonstrates that carbonate production was still pos-
gin of the Argentine Precordillera. This latest phase of erosisible during the Late Ordovician; (2) carbonate production was
affected the carbonate platform rocks in the same area as digthesible despite the fact that in many adjacent areas siliciclastic
pre-Late Carboniferous erosion. The effects of the latter are ssteata were deposited; and (3) similar carbonates may have been
where the Tertiary events did not totally remove the Carboniféine source for reworked Caradocian conodonts found in debris-
ous strata. The unconformity between the San Juan Formatiow deposits at San Isidro.

Conformable and Unconformable Successions
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Cerro La Chilca sectionln this section, which is the stan-that deposition of graptolitic black shales was initiated much ear-
dard section for the upper part of the San Juan Formation (Keliler than south of the Rio Jachal. Graptolites from black shales
et al., 1994), thick-bedded limestones of the nodular-wackestque above the limestones belong tolgwgraptus victoriagone
association are present in the upper part of the formation (K@Qrtega et al., 1985), whereas the conodonts (Hinicken and
21). The top of this succession is marked by a prominent haBdrmiento, 1982, 1985) are representatives oDthevaezone.
ground with abundant vertical burrows. Above this hardgrouri8igth fossil zones belong to the interval around the early-late
about 4.5 m of the mudstones-wackestones-shale associatiodegrig transition.
exposed (6 in Fig. 23) which upsection rapidly give way to black At Cerro Potrerillo (Fig. 3) the transition was dated by
and dark gray silty shales. In this section, the shales are assigkibdnesi (1991), who described conodonts from the Arenig-
to the Los Azules Formation (Furque, 1983). Llanvirn boundary interval. Hence this section seems to represent

The top of the San Juan Formatuefinitelybelongs to the an intermediate position between the Guandacol area and the sec-
E. suecicugzone (Lehnert, 1995a), whereas the overlying cafens south of the Rio Jachal.
bonates are tentativessigned to the same zone (Lehnert, DiscussionThe transition from the San Juan Formation into
1995a). the overlying units is one of the most critical intervals in the early

Las Chacritas sectionThis section was originally describedPaleozoic evolution of the Argentine Precordillera for several rea-
by Espisua (1968), who subdivided the San Juan Formation istms. (1) It marks the end of large-scale carbonate platform evo-
two members. There is no doubt that the lower member descrilidn, although carbonate production continued locally. (2) The
by Espisua (1968) is part of the San Juan Formation. The toprafisition into the younger rocks is not uniform; a variety of sed-
this member belongs to the packstone-grainstone associai@ntary successions is present on top of the San Juan Formation
with intercalated isolated mounds (inner ramp; Fig. 26). Ups€Eig. 4). (3) The transition is not coeval. (4) The noncoeval tran-
tion, there is a sharp contact above which more than 60 nsitibn is used as an argument in favor of a diachronous top of the
deep-ramp nodular limestones (upper member of Espisua, 1968) Juan Formation (Hunicken, 1985; Benedetto et al., 1986;
were deposited (Figs. 21 and 26). Along the contact, which is Betrresi, 1988). (5) The early Llanvirn was a time of major eustatic
well exposed, neither indications of hardground formation neea-level rise (Fortey, 1984; Ross and Ross, 1995) and is thought
other indicators of a break in sedimentation have been obsertede responsible for the transgression and the accompanying

The packstone-grainstone association yielded conodontsieposition of black shales (Beresi, 1990; Heredia and Beresi,
theE. suecicugone (Lehnert, 1995a); however, the younger cat995). In contrast, there have been also tectonic interpretations
bonates are undated at present. Conodonts found do not allofoathe termination of the carbonate platform (Astini, 1991, 1993;
assignment to the E. sueciausto the followingPygodus serra Keller et al., 1993b).
zone. Except for the Guandacol subbasin, the final countdown for

Las Aguaditas sectionAlthough the contact between thethe termination of regional carbonate production started near the
San Juan Formation and the overlying rocks is faulted in placegyinig-Llanvirn boundary, i.e., with the transition from conodont
is clearly visible that the mudstone-wackestone-shale associatissemblage zone VI of Lehnert (1993) towardHistiodella sin-
is in sedimentary contact with the top of the limestones. In theosazone of the North American subdivision. This transition
discussion of the Las Aguaditas section, Keller et al. (1993harks an abrupt deepening event on top of the packstone-grain-
included this association into the Las Aguaditas Formatistone association or the upper reef horizon (Fig. 26). With the
because the latter is composed of dark mudstones, wackestatespening, limestones of the deep-ramp nodular-wackestone
and shales with intercalations of mass-flow deposits. There isassociation were deposited. Relative sea-level rise continued into
doubt that in this section the “transfacies” and the rocks of tiieeHistiodella kristinaeE. suecicugone, and the carbonate pro-
Las Aguaditas Formation are genetically related; they are indisicing system was barely able to catch up with relative sea-level
tinguishable in the field. Rocks below and above the contaise. This is shown in the Cerro La Chilca section, where a well-
between the San Juan Formation and the Las Aguaditas Formeseloped hardground is present. Another major rapid deepening
tion are dated both with graptolites and conodonts (Brussa, 1994nt led to the final drowning of the platform and for a short
Lehnert, 1995a). The contact is placed in the E. suezmous. time mainly deep-water limestones and shales were deposited,

Guandacol subbasinA sedimentologic study of the tran-blanketing the carbonate platform. The corresponding flooding
sition between the San Juan Formation and the Gualcamaydace is a very sharp surface and nothing is seen in terms of a
Formation in the Guandacol area was given by Cafias (199Fahsition. In most areas, the “transfacies” forms the base of the
There, more than 50 m of dark gray nodular mudstones anweérlying succession; however, in the Las Chacritas section,
wackestones are intercalated between mid-ramp limestones deep-ramp nodular limestones are present above a sharp contact
the transitional beds that form the base of the Gualcamayo KBrg. 26). In all areas south of the Rio Jachal, this surface repre-
mation (Fig. 26). From the description and interpretation giveants the drowning unconformity (see Appendix 1).
by Cafias (1995a), these limestones are much like the deep-rampin the Guandacol subbasin, similar events are observed;
nodular packstones in the Las Chacritas section. however, they are considerably older there. The available biostra-

Biostratigraphic data from the Guandacol sections indicdigraphic data indicate that the onset of basinal deposition is
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coeval to the development of the upper reef horizons, i.e., duringtaquartzites. Quartz pebbles are abundant in places. Grapto-

a marked shallowing of the rest of the platform. lite-bearing shale clasts are as long as 2 m and show green and
black colors.
Don Braulio Section Among the calcareous clasts there are light gray limestones

of the San Juan Formation and dark to black lime mudstones with
The Don Braulio section (Fig. 3) is the only section in theetypical deep-water microfacies. In addition, there are orange to
San Juan subbasin in which Middle and Upper Ordovician rodkewn sandy limestones (2 in Fig. 27), in places calcareous sand-
are preserved. In addition, the Silurian rocks on top of te®nes, with an abundant fauna of thick-shelled gastropods, bra-
Ordovician show a development quite different from that of tishiopods, and some trilobites. Very few granite pebbles are
other parts of the Argentine Precordillera. Four formations gmesent, but no other plutonic clasts have been observed.
distinguished above the San Juan Formation: in ascending order,Predominantly clast-supported conglomerates are present.
these are the Gualcamayo, La Cantera, Don Braulio, a@dmponents are moderately to well rounded, and their size varies

Mogotes Negros or Rinconada Formations (Fig. 4). between coarse sand and large cobbles. The matrix, where pres-
ent, is sandy or arkosic.
Gualcamayo Formation The conglomerates show highly variable geometries. Nar-

row and steep channels contrast with broad and shallow channels.
In the Don Braulio section, rocks of the nodular-wackestoie places, individual conglomerate bodies are more than 100 m
association of the San Juan Formation overlie the upper réefig and exhibit sheet-like geometries. Amalgamation of individ-
mound interval. Upsection, there is a sharp surface (1 in Fig. B@) conglomerate beds and normal and inverse grading within the
above which the first black shales with intercalations of dableds is frequently observed.
mudstones, the “transfacies”, are observed. Peralta (1995) Diamictites contain pebbles and boulders in a green silty and
included these beds in the Gualcamayo Formation as its los@ndy matrix. The clast spectrum of the diamictites is identical to
member. The ages of both the top of the San Juan Formationthatof the conglomerates.
the lower member of the Gualcamayo Formation are well estab- Fine- to coarse-grained sandstones, in places pebbly sand-
lished and, according to conodont determinations, both belongtones, are a major constituent of the La Cantera Formation (Fig.
the E. suecicugone (Sarmiento, 1986; Sarmiento and Rabari28). In the coarser beds amalgamation is visible. These beds com-
1992). An early Llanvirn age is also indicated by the graptolitesonly are closely connected to conglomerates by grading from
Paraglossograptus tentaculatasd Glyptograptus austrodenta-fine to coarse or vice versa. Sublitharenites dominate, but sub-
tus austrodentatu@eralta, 1995). arkoses and arkoses are also present in significant amounts in the
Lithofacies and the sedimentary succession of the Gualcd-a Cantera Formation.
mayo Formation.The lower member of the Gualcamayo Forma- The medium- to fine-grained sandstones are thick to thin
tion is composed of the mudstone-wackestone-shale associdtistdded and show brown to yellow-brown colors. Many of the
(1 in Fig. 27). beds are graded and have a rippled top, but others are structure-
The middle member is composed predominantly of blatdss. In addition, pinch-and-swell structures and flute casts have
graptolite shales, which upsection gradually pass into variegabegn observed. The latter indicate a constant east—west directed
shales. Overlying these are diamictites (see Appendix 1), and dosmsport. Erosion at the base of the beds commonly incorporated
glomerates are present which traditionally were assigned to thestreall mud chips of the underlying beds into the sandstones.
Cantera Formation. Peralta (1995), however, separated the strataSiltstones, silty shales, and pure clay shales are medium to
beneath the main conglomerate horizon from the La Cant#im bedded. The rocks are gray, brown, or yellow. Plane-parallel
Formation and included them in the Gualcamayo Formation agijpgle lamination is present in some of the siltstones.
upper member. This is based on graptolite biostratigraphy, which Many of the sandstones and siltstones are combined to form
suggests a hiatus at the base of the main conglomerate. Althgugdtidites. Following the classic Bouma subdivisiop,and T,
there is clear field evidence of truncation of different stratigraphierbidites are observed in coarse-grained sandstones grading
levels beneath the main conglomerate, the abrupt change in depesard into siltstones. Medium- and fine-grained sandstones
sitional style at the base of the lowermost diamictite is here takegether with siltstones are mainly arranged,ipof T, ,succes-
as the boundary between the Gualcamayo Formation and thaibas. T, patterns are developed only locally.

Cantera Formation. Sedimentary succession of the La Cantera Formatidhe
section measured in the La Cantera Formation (Fig. 28) is the
La Cantera Formation type section described by Furque and Cuerda (1979) and Baldis

et al. (1982). Four units are recognized in the type section
The La Cantera Formation is an entirely siliciclastic succgs-C1-LC4). The lowermost unit (unit 1, ~24 m thick) corre-
sion (Fig. 28) and its basal conglomerates are an outstanding $pands to the upper member of the Gualcamayo Formation as
ture. Clast size varies from a few centimeters to >30 cm. Tdescribed by Peralta (1995), but is here included in the La Can-
clasts are dominantly sandstones and to a minor extesra Formation as originally defined. This lower unit is a succes-
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Figure 27. Don Braulio section. 1: Transition of San Juan limestones into Gualcamayo Formation (top). In contrast to succession at Cerro La Chilce
there are only few limestone beds intercalated in basal black shales. Thick limestone bed is ~15 cm thick. 2: Limestone clast in La Cantera Form:
tion. These fossiliferous sandy limestones yielded late Llanvirnian and earliest Llandeilian fossils. In addition, metaquartzite clast and clasts of veir
quartz are present. Quartz clasts are ~1 cm across. 3: Olistolith of reworked limestone conglomerate in Rinconada Formation. In addition to lime
stones, metaquartzite clasts and sandstone clasts are present within conglomeratic olistolith.View is 27 x 18 cm. 4: Huge olistolith (10 m high
entirely composed of conglomerates. In places, original bedding of conglomerates is still visible (arrow). 5: Olistolith consisting of alternation of

guartzarenites, siltstones, and shales. Within limits of Precordillera there is no known succession that might have served as source for this olistolit!
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sion of thin conglomerates, sandstones, diamictites, siltstonast 1 and to erosion of the uppermost layers of the underlying
and shales. It is overlain with a marked unconformity by tli&ualcamayo Formation or its equivalents. After this event, the
main conglomerate of the La Cantera Formation. Laterally, thépid decrease in grain size and bed thickness within the individ-
conglomerate cuts down deeply into the underlying strata,ual units, but also as an overall pattern, indicates a rise in relative
places into the Gualcamayo Formation. The unconformitysea level. This relatively rapid rise was interrupted only by two
paleontologically characterized by a hiatus (Peralta, 1995). Unininor pulses of coarser clastics. Whether this overall pattern was
still belongs to the Llanvirn sensu lato or the basal Llandeiltgused by eustatic events or by tectonics is hard to evaluate; how-
whereas graptolites from above the conglomerate indicate a Liawer, as discussed later, a tectonic control is most likely.

deilian age. No indicators of transport directions have been found in the

Units 2 to 4 are overall fining-upward and thinning-upwardonglomerates, but flute casts in the overlying sandstones and
successions (Fig. 28). At the base, unit 2 comprises the main &ilistones prove an eastern source area. If it is assumed that the
glomerates of the La Cantera Formation, which upsection gradonglomerates were also derived from the east, the noncarbonate
ally pass into coarse-grained sandstones and finally into fiickast content reflects a source area to the east where a siliciclastic
grained sandstones. Siltstones and shales are only minor comspdimentary succession was present. One major component of
nents of the succession. In the model of Mutti and Ricchi Lughis succession must have been sandstones, because they are the
(1972), the conglomerates represent facies A and B and, togetizeninant lithotype in the conglomerates. Another major con-
with the abundant T, to T, ,turbidites, are indicators of a proxi-stituent of the succession was metaquartzite. The metaquartizes
mal environment. Unit 2 is ~37 m thick. may be stratigraphic equivalents of the sandstones, eroded from a

Unit 3 (~33 m) begins with a prominent sandstone bed abaleeper crustal level. Alternatively, they may represent a strati-
the siltstones and shales on top of unit 2. Unit 3 consists maigigiphically older sedimentary succession that underwent meta-
of T, to T_, turbidites with intercalated siltstones and shalesorphism prior to the deposition of the sandstones.

Flute casts are abundant in this unit. Granitoids were also present in the source area. Their debris

A thick package of sandstones marks the base of unit@uartz and feldspar, mainly K-feldspar) is found in the arkoses
which is composed of fine-grained sandstones, siltstones, and subarkosic sandstones. Isolated granite intrusions of Early
shales (~47m). Flute casts and slump structures are presef@raovician age have been described from the western Sierras
several beds. Although a jturbidite bed is present, the majorityPampeanas (Rapela et al., 1998). These might have been the
of the beds exhibit I, successions. The siltstone and shale cossurce for the granitic pebbles observed.
tent is significantly higher than in the underlying units. Grapto-
lites found in this unit correspond to tNemagraptus gracilis Don Braulio Formation
zone (Sanchez et al., 1991) of the basal Caradoc.

Discussion.The turbiditic nature of the La Cantera Forma- The Don Braulio Formation was originally defined and sub-
tion was recognized by Peralta (1986). Astini (1991) presentedivdded into three members by Baldis et al. (1982); it is a rather
model for the deposition of the conglomerates and coarse-grainettrogenous unit, composed almost entirely of siliciclastic rocks.
sandstones that closely follows the fan-delta model of Mutti afh the basis of a detailed sedimentological study, Astini (1991)
Ricchi Lucci (1972). Although there is no doubt that most of tlieescribed two units within the Don Braulio Formation, a subdivi-
conglomerates are channeled, their vertical and lateral amakjan that is followed here (DB1-DB2).
mation to laterally extensive sheets at the base of unit 2 indicates Lithofacies. Diamictites and pebbly sandstones are an
that the depositional environment was not fed by a point souriogportant lithofacies of the Don Braulio Formation (Fig. 28).
but rather that the conglomerates were deposited along a Rebble- to boulder-sized clasts occur in a matrix of gray shale or
source. Hence, a slope apron configuration is favored here. fine sandstone. Many of the clasts are striated or faceted. Sand-

Unit 1 reflects the sudden input of coarse detritus above #tenes and metaquartzites are the main clast types, but igneous
black shales of the Gualcamayo Formation. It lacks an obvioasks are also present in the clast population.
internal arrangement of facies similar to that in the overlying A conglomerate layer separates the lower from the upper
units. The most important erosional event is documented in thember. It exhibits features (lateral and vertical amalgamation)
main conglomerate horizon not only paleontologically, but alsamilar to the main conglomerate in the La Cantera Formation,
by the clast content. Dark limestone pebbles assigned to @hbough the Don Braulio conglomerate is thinner.

Gualcamayo Formation or the Las Aguaditas Formation yielded Sandy limestones and calcareous sandstones are present in
upper Llanvirnian (Albanesi and Benedetto, 1992) and eathin beds or lenticular bodies. These rocks contain an abundant
Llandeilian faunas (Eoplacognathus lindstropfAibanesi et al., fauna of brachiopods, trilobites, and bryozoans. Many of the fau-
1995), indicating that sedimentation on top of the carbonate plat elements are typical of the Hirnanfzgauina (Benedetto, 1985,
form had been continuous until the early Llandeilian. Unit 1986). In weathered outcrops these sediments are brown to
records the first change in depositional style; however, the mosinge.

important erosional event was connected with the deposition of Green to yellowish-brown shales alternating with a few gray
the main conglomerate. This erosion led to the local removalsdfstones are another important rock type. Bioturbation is local-
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ized and a few trilobites have been found in the shales. Within thation from the La Cantera Formation is important because of
siltstones a horizon is present in which chert pebbles #ne major hiatus involved, whereas the younger sequence bound-
observed. The pebbles are as much as 4 cm across and floatyiiis characterized by an impressive erosional relief. The lower
the silty matrix. In places, the pebbles are densely packed. sequence, which predominantly consists of diamictite, does not
Iron oolites (Fig. 28) form thin orange to red horizons thatveal features that might be used in attributing the succession to
alternate with siltstones. The oolite packages attain a maximardistinct systems tract. The upper member, however, contains
thickness of about 1 m. Internal stratification features have some characteristics that help in a sequence-stratigraphic inter-
been observed. The ooids are densely packed, and their gietation. The erosional unconformity and the associated con-
varies between 0.2 and 1 mm. glomerates are the expression of a major drop in sea level
Sedimentary succession of the Don Braulio Formationaccompanied by a basinward shift of coastal onlap. Hence the
The lower unit of the Don Braulio Formation is composed preenglomerates most likely filled an incised valley system, char-
dominantly of diamictites and conglomerates (Fig. 28). Facewtterizing a type 1 sequence boundary, which subsequently was
and striated clasts are glacial features first described by Peiifdtaded. The transgressive surface is probably represented by the
and Carter (1990a), and are related to the Late Ordovician glaoi@set of shale deposition above the conglomerates. The maxi-
tion of Gondwana (Buggisch and Astini, 1993). Above the basalm flooding surface is located close to the horizon of sandy
diamictite (~17 m thick), a bed is present that consists mainlyliofiestones and calcareous sandstones containirigitthantia
sandstone but laterally interfingers with coarse conglomerat@sina. This horizon is the first horizon recognized in all sections
This horizon is separated by an intervening diamictite from a sbecause it locally rests directly on the conglomerate. Hence sea
ond conglomerate that marks the base of the overlying upper teviel rise had reached a position in which the erosional relief was
of the Don Braulio Formation. entirely flooded. A faunistic analysis of these fossiliferous hori-
In the section measured (Fig. 28), calcareous sandstorass (Sanchez et al., 1991) revealed differences in faunal compo-
with the Hirnantiafauna immediately overlie the conglomeratsition and age over short distances, horizontally as well as
and are overlain by silt and clay shales containing fragmentsveftically. It is here assumed that these differences are, in fact, the
graptolites. Hitherto, this conglomerate was placed at the topegult of differential onlap of the sediment onto a preexisting ero-
the lower unit of the Don Braulio Formation (Baldis et al., 198%jonal surface. This is corroborated by the faunas, which are com-
Peralta, 1990, Astini, 1991). However, if this conglomerate sed of shallow-water associations near the base of the
traced laterally toward the north, it successively cuts out oldessiliferous interval and deeper water communities higher up in
strata: it first cuts out the upper diamictite interval, then the cdhe succession. The change in composition of the faunas is
glomerate “cannibalizes” the lower sandstone-conglomerate solgserved in <20 m of section (Sanchez et al., 1991).
cession. The conglomerate then cuts into and through the main Consequently, the transgressive systems tract of the upper
diamictite and finally rests upon the uppermost sedimentagguence within the Don Braulio Formation is represented by the
rocks of the La Cantera Formation. Erosion prior to the depagieen shales and their varying thickness. They are separated from
tion of this conglomerate created a considerable relief. In the gbe- overlying highstand systems tract by a maximum flooding
tion measured, the Hirnantia-bearing horizon rests directly on thaface positioned near the fossiliferous interval. The highstand
conglomerate; however, if traced to the north, increasing amouwystems tract includes the iron oolites and the chert pebble con-
of green shales are present between the conglomerate and thgloaherate as an expression of a return to shallower water envi-
careous sandstones until 22 m of shale separate the two horizomsnents. There is no doubt that the upper sequence boundary is
This erosional unconformity, covered and marked by thelated to the Late Ordovician glaciation. However, as discussed
conglomerate, is the compelling reason to include the congldater, the effects of eustasy are matched by the effects of conti-
erate into the upper unit as its basal part. The overlying manemntal breakup and the onset of drifting. Tectonics played a major
shales record a rapid relative rise in sea level with the conrae in the formation of sequences during the Ordovician-Silurian
sponding onlap of sediments onto the erosional morphologgundary interval.
Upsection, siltstones dominate and finally sandy intercalations
are present, indicating an overall shallowing of the environmeRinconada Formation
A silty interval with chert pebbles is present toward the top
of the formation; higher up, iron oolites with siltstones and shales In the Sierra de Villicum (Fig. 3), a thick succession of Silu-
represent the topmost beds of the Don Braulio Formation. Shady rocks is present, which has been described as wildflysch
interbeds within the oolite succession, the upper member(Afmos, 1954; Borello, 1969) and was called the Mogotes Negros
Baldis et al. (1982) and Peralta (1990), are dated as earliest $irmation (Furque and Cuerda, 1979). Similar deposits in the
rian (Peralta, 1986). Sierra Chica de Zonda are known as Rinconada Formation
Discussion and sequence stratigraphy of the Don BrauligAmos, 1954). Both formations are sedimentologically identical
Formation. A sequence-stratigraphic analysis must focus on taed coeval (Peralta, 1990). Consequently, only the term Rin-
two important sequence boundaries within the Don Braulio Feaenada Formation is used in this paper (Fig. 4), because it corre-
mation. The sequence boundary separating the Don Braulio Bpends to the older definition (Amos, 1954); the term Mogotes
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Negros Formation is superfluous and should be abandoned. IrRtmnation; however, in the La Rinconada section silicified oolites
Sierra de Villicum, the Rinconada Formation conformably oveare present, which have not been observed in the carbonate plat-
lies the Don Braulio Formation, but in the Sierra Chica de Zonfitam rocks. The cobbles are composed of well-sorted ooids.
it is on top of the San Juan Formation (Fig. 4). These ooids are characterized by an extremely regular and con-
The thickness of the strongly deformed sedimentary rocksentric arrangement of the individual ooid layers. In addition, the
difficult to establish. Conservative estimates for the successiothatkness of the individual layers is very uniform. The size of the
La Rinconada show about 1000 m (Von Gosen et al., 1998yividual components (>2 mm) together with their uniform
whereas the 4000 m reported at Don Braulio (Peralta, 198@ernal structure might indicate that the ooids are in fact pisoids.
Loske, 1992) are probably caused by repetition of section aldtgwever, cobbles in general do not reveal pisolite textures.
cryptic thrusts. At La Rinconada, a few conglomerate blocks have been
Lithofacies. The Rinconada Formation consists of a matrisbserved that are composed entirely of small limestone clasts
of gray to dark gray, in places greenish shales and siltstones (a8 cm across). Most of the clasts represent facies of the San
host centimeter to kilometer sized olistoliths. In addition, finduan Formation, but dark lime mudstones similar to those of the
grained sandstones, as well as a few diamictites and conglorfteansfacies” have also been found. Conodonts described from
ates, are part of the autochthonous succession. The conglometiagse pebbles (Lehnert 1995a, 1995b) are not younger than the
occur in broad, shallow channels. Most of the clasts were deriezdly Llanvirn, hence the conglomerate is composed of rocks of
from the San Juan Formation (3 in Fig. 27), but greenish metae San Juan Formation and the basal Gualcamayo or Las Agua-
guartzites, a few basalt clasts, and even fewer granitoid clasts tfitges Formations.
also been observed. Similar conglomerates from the Don Braulio At the same locality, black shales with Ordovician grapto-
section were described by Loske (1992), who also described ifites are present (Peralta and Uliarte, 1986), but there is strong
oolite clasts. In a matrix of siltstones, diamictites show largeidence that the fossils were found in allochthonous blocks (Per-
(10-20 cm across), well-rounded pebbles of a variety of litholalta, 1990; Von Gosen et al., 1995). Graptolites and facies prove
gies. Most important are intermediate to acidic volcanics atidit these blocks were derived from the Gualcamayo Formation.
striated clasts of different lithologies. The latter have been inter- In the sections at Don Braulio and at La Rinconada, an
preted to be reworked from older glacial deposits of the Dowerse stratigraphy of the clasts is observed. In the Don Braulio
Braulio Formation (Von Gosen et al., 1995). section, this is true for the base of the succession, where the low-
Slumps and slides are abundant in the rocks and were usetitwost clasts are iron oolites derived from the immediately
determine transport directions (Von Gosen et al., 1995). Nortimderlying beds of the Don Braulio Formation. Upsection, con-
west and southeast-directed transport is documented in the sgdmerate clasts are present that were derived from the La Can-
ments at La Rinconada. tera Formation and, finally, olistoliths of the San Juan Formation
Among the olistoliths, there is a marked difference is sizeere deposited. Above this interval, however, conglomerate olis-
and composition between the Don Braulio section and the dotiths dominate. At La Rinconada, an olistolith of black shales
crops along the eastern border of the Sierra Chica de Zondaesembling the Gualcamayo Formation is present near the base.
the latter, limestone slabs of the San Juan Formation dominblgsection, mainly carbonate slabs are intercalated; according to
their size varying between ~100 m and several thousand metgaodonts (Lehnert, 1995), these are also inversely arranged.
In the Don Braulio section, they are not more than 300 m across. Discussion.The Rinconada Formation records sediment
There, a variety of other olistoliths has been observed, whimtcumulation in a rapidly subsiding basin. This is indicated by its
merits special attention. Clasts composed of iron oolite are ptbéckness, abundant slump and slide structures, and the presence
ent near the base of the formation. These clasts are cleaflyarge olistoliths and thick olistostromes. The inversely
derived from the underlying iron oolite within the Don Brauli@rranged olistoliths in the Don Braulio section testify to rapid
Formation. Another olistolith, several tens of meters across, cenbsidence and/or uplift of the basin shoulders. The giant car-
sists of a well-bedded succession of white and brown quartz at@mate slabs at La Rinconada can have been derived only locally
ites and siltstones (5 in Fig. 27). The facies within the olistolily pure gravitational processes.
has no known counterpart in the Ordovician succession of the Nothing is known about the original extension of the basin and
eastern Argentine Precordillera. Most important are olistolithsitsf continuation toward the east. However, it seems that the basin in
conglomerates, which are rarely more than 20 m across (4 in Rigich the Rinconada Formation accumulated, was originally north-
27). The internal fabric of the reworked blocks is mostly clasputh trending, bounding the Sierra de Villicum to the east, and that
supported; in places long-axes orientations have been obsertredlbasin continued south along the eastern border of the Sierra
Among the clasts within the olistoliths there are greenighica de Zonda. Toward the west, in the Talacasto subbasin, silici-
metaquartzites, sandstones, and siltstones, which together folastic platform sediments were deposited coevally and uninter-
the bulk of the conglomerates. The igneous rocks present wergted from the Late Ordovician into the Devonian. Therefore, the
described in detail by Von Gosen et al. (1995), who distinguisteatiiments of the Rinconada Formation and the clasts and olistoliths
acidic plutonic rocks and basic to intermediate volcanic rock®ntained in it cannot have been derived from a western source area
Carbonate components are mainly derived from the San Jbayond the Sierra de Villicum and Sierra Chica de Zonda.
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The basin-forming mechanism is interpreted to have begemoblems of formal nomenclature is the absence of reference with
large-scale extensional tectonics (Loske, 1992; Von Gosen etrakpect to giant olistoliths. The olistoliths described in the fol-
1995) and the basin, along its western margin, must have blsving fulfill most criteria to assign them formational status
bounded by east-dipping faults. (Codigo Argentino de Estratigrafia): they can be mapped on a

An important feature of the Rinconada Formation is its clagtale of 1:25,000, the outcrops are laterally continuous, and they
and olistolith contents. In the Don Braulio section, the clasts dmal/e a distinct lithology. However, the La Cruz Limestones are
olistoliths record erosion through the Don Braulio Formation aneldefined as an informal unit, because they lack distinct strati-
down into the San Juan Formation. Clasts and olistoliths mgsiphic boundaries owing to their allochthonous origin.
have been locally derived, i.e., from the present-day Sierra de Vil- La Cruz Limestones: Redefinition and lithologyhe La
licum. However, the conglomerate olistoliths above the inversefyruz Limestones are a succession of deep-water limestones,
arranged succession and the siliciclastic olistolith describedristones, and shales with a characteristic deep-water or open-
earlier (5 in Fig. 27) were probably derived from a different (eastarine fauna composed of agnostid trilobites and sponge
ern?) source area. The siliciclastic olistolith has no known in-s#fpicules.
counterpart exposed in the Argentine Precordillera. The con- Derivatio nominis and type sectiomhe name is derived
glomerate olistoliths are compositionally different from the Lisom the Quebrada de la Cruz in the San Isidro area west of Men-
Cantera conglomerates. In addition, they are volumetrically tdoza city (Fig. 30). The section in the Quebrada de la Cruz is the
abundant to be solely derived from the La Cantera Formationiginal type section of Borrello (1971). There, the La Cruz
They either represent a lateral equivalent of the La Cantera Famestones are present as huge olistoliths within the Ordovician
mation that, during deposition of the La Cantera Formation hadamtinental-margin succession (Los Sombreros Formation).
different source area, or the conglomerate olistoliths represent an Boundaries. The lower boundary is unknown, because hith-
independent (younger or older) depositional system unrelate@itim no olistolith has been found in which underlying rocks with
the La Cantera Formation and nowhere exposed within the acéudifferent lithology are exposed.
limits of the Precordillera. The upper boundary is exposed in the Los Tuneles section.

The presence of Gualcamayo blocks and of presumalyere, within an olistolith, Lower Ordovician slope sedimentary
reworked (Von Gosen et al., 1995) striated clasts in the La Rioeks overlie Middle Cambrian agnostid-bearing rocks with an
conada section indicates that both the Gualcamayo Formagowmsional unconformity.
and the Don Braulio Formation originally were much more Age.Many ages have been obtained from the La Cruz Lime-
widespread deposits than their present-day outcrop distributsbones (Benedetto and Vaccari, 1992; Bordonaro, 1985; Bor-

indicates. donaro and Baldis, 1987; Bordonaro and Banchig, 1990;
Borrello, 1971; Cuerda et al., 1985b; Heredia, 1987, 1995; Here-
CONTINENTAL MARGIN SEDIMENTS AND dia and Bordonaro, 1986; Vaccari, 1987). The most recent dis-
ALLOCHTHONOUS CAMBRIAN AND ORDOVICIAN cussions of the olistoliths and their trilobites were by Bordonaro
ROCKS and Lifian (1994) and Bordonaro and Banchig (1996). The oldest

olistoliths yield trilobites of the Glossopleuzane (early Middle
Cambrian), whereas the youngest olistoliths belong t8ukia
chron of the latest Cambrian.

Thickness. A minimum of 300 m is preserved in the Los

Middle and Upper Cambrian limestone olistoliths are pregeneles megaolistolith.
ent in all sections along the Ordovician continental margin within Distribution. Locally derived olistoliths of the La Cruz
the Los Sombreros Formation (Keller, 1995; Bordonaro ahdnestones are present in all sections of the continental-margin
Banchig, 1996). The largest slab is found in the Los Tuneles decies (Keller, 1995). Hence they were originally a laterally
tion (Fig. 3) and is ~1500 m long and ~300 m thick (Fig. 2%xtensive unit that supplied olistoliths to the sections at San
Other occurrences include the Cambrian of San Isidro (Borrelkidro, Los Sombreros, Ojos de Agua, Quebrada de los Ratones,
1971; Pina et al., 1986), which only recently has been showrata the Los Tuneles section near Jachal (Fig. 3). The limestones
be in an allochthonous position (Bordonaro et al., 1993). Manyawé also present east of the Quebrada Santa Elena and along the
these olistoliths show a characteristic deep-water facies descritoed between the Pampa de Yalguaraz and the Puesto Santa Clara
in the following. Different names have been applied to thede Abajo (Fig. 3) within the “Facies Alojamiento” of the Villavi-
rocks: Caliza La Cruz or La Cruz Formation (Borrello, 1971¢encio Group of Harrington (1971). In addition, it seems that
Cerro Solitario Formation (Borrello, 1971), and Estancia Satmost all the other limestones within this “Facies Alojamiento”
Martin Formation (Pina et al., 1986). A compilation of the mostsemble the La Cruz Limestones (Harrington, 1971; p. 24).
important outcrops of these limestones was made by Bordonaro Discussion.The La Cruz Limestones represent a widespread
and Banchig (1996). It is here proposed to include all Middle afadies in the Argentine Precordillera, but they are only present as
Upper Cambrian olistoliths in deep-water facies into the La Crattochthonous blocks in the Los Sombreros Formation. The olis-
Limestones, which requires a redefinition of this unit. One of thaiths give a wide range of ages for the sediments, which were

La Cruz Limestones
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Figure 28. Sedimentary succession of La Cantera and Don Braulio Formations in Don Braulio section. LC 1-LC 4 are lithologic units within La
Cantera Formation. DB 1 and DB 2 are lithologic units within Don Braulio Formation. See text for details.
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Figure 29. Aspects of Los Sombreros and Empozada Formations. 1: Chancellorid wackestone of Lower Cambrian olistolith at Los Tuneles locality
(x 10). 2: Los Tuneles megaolistolith. Light gray carbonate slab (arrow) is >1 km long and > 325 m thick. Olistolith is cohtygoSedz Lime-

stones and is embedded in Los Sombreros Formation. 3: Olenellid trilobite coquina of Lower Cambrian olistolith at Los dalitglés 18).

4: Boulder-bearing shale of Los Sombreros Formation at San Isidro. Boulder consists of brown sandstone. In purely descriptive sense, these sel
mentary rocks are true diamictites. Backpack for scale. 5: Diamictite in Empozada Formation at San Isidro. Fine-grained sandstones and siltstone
of platform environment host abundant limestone clasts and chert pebbles. Although sediments have possible Ashgillian age, there is no final clue :
to (glacial?) origin of these sediments. 6: Load casts are abundant in sedimentary rocks of Empozada Formation. Cast is about 5 cm across.
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Figure 30. Cambrian-Ordovician outcrops at classical San Isidro locality. Section A is proposed type section for Empozada Formation. Sections E
and D form composite section shown in Figure 21. Sections C and E were measured through San Isidro olistolith which represents facies of La Laj
Formation (modified from Keller et al., 1993a).

deposited probably in a deep outer platform setting. A varietyhare, the names Solitario Formation and San Martin Formation
names was applied to these rocks, mainly based on their diffedng superfluous, and should be abandoned; however, the individ-
ages. For example, Borrello (1971) included the rocks at Ceual olistoliths may be referred to as, e.g., San Martin olistolith
Pelado into his La Cruz Formation, but the former later weaed Solitario olistolith.

redefined as the El Relincho Formation by Heredia (1990, 1996). Lithofacies.Carbonates are the dominant lithology. Mud-
With the proof of more and more olistoliths with similar litholostones, wackestones, and, in places, packstones contain trilobites,
gies but even a wider variety of ages, it became clear that all thesesphatic brachiopods, and sponge spicules. Silt-sized quartz
rocks originally were part of the same depositional system; theaiad pyrite nodules are common. Bioturbation is observed only
fore there is no need to create an increasing number of formexry locally. The sedimentary rocks are thin to medium bedded,
tional names. The name La Cruz Limestone for all these depaaitd dark gray to black. Dark brown to yellow-brownish colors
was chosen because the type section is the most easily accessiblebserved where the matrix is recrystallized to microspar. Fol-
and the San Isidro area is a classical locality for the study of Miowing the microfacies concept (see Appendix 1) of Wilson
dle and Upper Cambrian limestones. With the redefinition givét975) and Fligel (1982), spiculitic mudstones (SMF 1), pelagic
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mudstones (SMF 3), and microbioclastic calcisiltites (SMF 2) dveeccias, and conglomerates, to which they assigned an Ordovi-
present. The microbioclastic calcisiltites are composed of fioken age. Cuerda et al. (1985b, 1986) reported Cambrian and
carbonate detritus, peloids, and small abraded bioclasts, am@mndovician fossils from these rocks. The recognition that the
which are trilobites and sponge spicules. In places, very sn@dmbrian and Lower Ordovician rocks are allochthonous blocks
white calcispheres of unknown origin have been observédistoliths) within the Los Sombreros Formation (Bordonaro,
Quartz silt, equigranular to the other components, is always prE890a; Benedetto and Vaccari, 1992) and the distribution of the
ent. Many of the beds are very thinly stratified, and some of théws Sombreros Formation all along the western margin of the
are graded and show traction-induced bedding. Small-scadestern basin led to almost identical redefinitions (Benedetto and
scouring at the base of the beds has been observed in places/accari, 1992; Banchig and Bordonaro, 1994). At present, the
Dark marlstones and brown and black shales are presentlms Sombreros Formation is regarded as an Ordovician slope
only locally abundant (e.g., in the San Martin olistolith). Theuccession comprising upper Arenigian through Caradocian sed-
shales are fissile. The fauna in the marlstones and shales isntleatary rocks (Banchig and Bordonaro, 1994). In this paper, the
same as in the limestones. In all the rocks bioturbation is absentcrops of the slope facies at San Isidro, which hitherto have
and the rocks show a very regular, in places slightly undulobeen included in the Empozada Formation, are also assigned to
bedding. Although in many cases the sediments are tectonictilly Los Sombreros Formation.
strongly deformed, slumping can still be observed in several San Isidro sectionGreen and black shales are the dominant
horizons. lithology in the San Isidro section (Figs. 30 and 31). They contain
Interpretation and depositional environmerbediments of a variety of mass-flow deposits. Conglomerates are composed of
the La Cruz Limestones reflect a deep-water depositional emlasts of sandstone, shale, alum shale (see Appendix 1), siliceous
ronment. This is shown by three microfacies (SMF 1-3) that ateale, chert, and limestones with a variety of textures. The con-
characteristic of a slope or basinal setting (Wilson, 1969) agidmerates are predominantly clast supported; the maximum
their association with marlstones and black shales. Other featatast size is ~5 cm. The conglomerates are laterally discontinuous
that corroborate such an interpretation are the dark color of #mel show channel-fill geometries. Some of them are vaguely
sediments, their thin lamination, micrograding and microscowraded and there is a transition toward current-induced stratifica-
ing, and the lack of bioturbation. In addition, the agnostid triltion in the upper parts of the beds. Amalgamation of conglomer-
bite fauna (Bordonaro, 1990b; Bordonaro and Lifian, 1994) aates is visible in a few outcrops. Channels may also be filled with
conodonts indicate a fairly deep, open-marine environment. coarse- to medium-grained graded sandstones with ripple-drift
In many Paleozoic deep-water environments the lime mudisss-bedding.
almost exclusively derived from adjacent platforms (peri-plat- Several breccia beds are present in the lower part of the sec-
form ooze; Schlager and James, 1978). The main depositidital. They are as much as 50 cm thick and can be laterally traced
processes are settling out of suspension and sedimentation famabout 40 m until they thin and disappear. There is a clear dif-
turbidity currents (Scholle et al., 1983). In the La Cruz Limderence between carbonate and noncarbonate clasts. Carbonate
stones, the graded beds of calcisiltite with their small scours el@sts are mostly tabular and in places are imbricated. They are
interpreted to represent distal turbidites. In contrast, most of tenposed of lime mudstone and wackestone and some cal-
mudstones, spiculites, shales, and marlstones are autochthonilsites. The noncarbonate clasts, which are smaller and much
deposits. more spherical, include quartz, chert, and siliceous shale.
Although there is no doubt that the La Cruz Limestones Diamictites are a prominent feature. They contain centimeter-
reflect a deep-water environment, the original site of depositido,meter-sized clasts of different lithologies (4 in Fig. 29). Several
i.e., slope or basin, is more difficult to assess, because of ieels of arkosic sandstones are present in the lower part of the
allochthonous nature of the outcrops. One characteristic of theslacession. They are graded and have an erosional base.
Cruz Limestones is the absence of debris-flow deposits, con- In general, the San Isidro section (Fig. 31) shows the greatest
glomerates, and megabreccias, which are much more commoramability among the clasts and among the olistoliths of all sec-
slopes than in the basins (Cook and Mullins, 1983). This miggns of the Los Sombreros Formation. Many of the rocks have
point to a basinal setting of the La Cruz Limestones, but as stdiedn described as the lower part of the Empozada Formation
by Mcllreath and James (1984) and Burchette and Wright (199&allardo et al., 1988; Gallardo and Heredia, 1995) or as part of
a carbonate platform may pass into deeper water withoutha Cambrian of San Isidro (Keller et al., 1993a).
marked break at the platform margin. In such a ramp-like config- The Cambrian of San Isidro is a thick succession of carbon-
uration, the La Cruz Limestones probably represent the deafes with intercalated packages of shales. This succession hith-

ramp and basinal environment together. erto was thought to be Early to early Middle Cambrian and Late
Cambrian in age. Several formations were established; in ascend-
Los Sombreros Formation ing order, the Estancia San Martin Formation, San Isidro Forma-

tion, and the La Cruz Formation, (Borrello, 1971; Pina et al., 1986).
The Los Sombreros Formation was introduced by Cuerdadetwever, it was demonstrated (Bordonaro, 1992; Bordonaro
al. (1983) for a thick succession of intermixed carbonates, shatgsl., 1993) that all three “formations” are huge olistoliths within
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the Ordovician slope facies of the Los Sombreros Formation, sgeipn of the presence of this olistolith is that in the San Isidro area
arated by the shale intervals (Fig. 31). Trilobites and conodoatdeep-water environment existed during the Arenig. Sedimenta-
are known from both the San Isidro olistolith and the La Crtinn might have taken place in a similar environment as, e.g., in
olistolith (Bordonaro, 1985; Heredia, 1987; Heredia and Bahe Guandacol area, where black shales were deposited from the
donaro, 1986). However, no macrofossils have been describady-late Arenig boundary onward.
from the Estancia San Martin alistolith. Ordovician olistoliths are Los Sombreros sectioThe type section (Fig. 32) shows
rare at San Isidro, and there is only one documented occurrera#&us mass-flow and rockfall deposits (Fig. 33) that yielded
(Bordonaro and Peralta, 1987). fossils spanning the Middle Cambrian through Early Ordovician.
Estancia San Martin olistolitiThe Estancia San Martin This led to some confusion about the stratigraphic range of some
olistolith is composed of the La Cruz Limestones. Because afdhese fossils. Bercowski and Fernandez (1988) foluidin
age-diagnostic macrofossils have been reported from this odieveral limestones in the upper part of the succession. On the
tolith to date, the assignment of the Estancia San Martin Forrbasis of its presence in horizons stratigraphically below beds con-
tion to the Cambrian is now mainly based on the occurrenceaihing Middle Cambrian trilobite Tonkinella stephensis, they
abundant sponge spicules, which seem to be typical of the Caomrcluded that Nuianight have a stratigraphic range from the
brian (Beresi and Rigby, 1994). Middle Cambrian into the Ordovician. With the realization that
San Isidro olistolith. The San Isidro olistolith is the begshe limestones in the Los Sombreros Formation are of allochtho-
dated (Bordonaro, 1989, 1992). The trilobites are mainly plaisus origin, this interpretation has to be reconsidered. The clasts
form types and are characteristic of open-marine conditions (Beith Nuiaare part of a thick megabreccia deposit, and according
donaro et al., 1993). The trilobites are very similar to those of tieetheir microfacies the clasts can easily be attributed to the San
coeval La Laja Formation. Juan limestones. Besides trilobites, the f¥stdylodus proavus
Packstones and grainstones are the most important litholégyna from South America was described from one of the Cam-
of the San Isidro olistolith (Fig. 31). The main bioclasts are trilbrian deep-water limestone olistoliths (Lehnert 1994).
bite fragments, but hyolithids, pelmatozoans, and brachiopods Several megabreccias are present in the upper part of the sec-
have also been observed. Other components include ooids, abban<1, 2 in Fig. 33). In these deposits, La Flecha type rocks and
dant oncoids, and detrital quartz grains. Glauconite is abundartlasts of the La Silla Formation and the San Juan Formation are
some horizons and is present either as a replacement of corfgaoid associated with clasts of sandstones and turbidites (3, 6 in
nents or as diagenetic filling of intergrain spaces (Keller et d&ig. 33). Another interesting sedimentary rock is fault-graded
1993a). Wackestones contain trilobites and brachiopods thatkards (Seilacher, 1969) in which small vertical faults propagate
better preserved than in the packstones. Sponge spicules areuglsard and die out toward the top of the horizon (5 in Fig. 33).
present. The rocks are often nodular and strongly bioturbated. Ojos de Agua sectiorSandstones and conglomerates are
Marlstones and siltstones are present to a minor extent and hamgpartant constituents in this section (Fig. 34). The maximum
fauna similar to that of the other rocks. In places, ripple-driftast size is ~60 cm. Among the clasts, garnet-bearing gneisses,
cross-lamination has been observed. schists, and granitoids have been observed (Banchig et al.,
Two facies associations are recognized that are also pred@80a). Many of the conglomerates fill erosional channels and
in the coeval La Laja Formation; i.e., the packstone-grainstare laterally discontinuous. They are often graded and pass into
association and the siltstone association. In addition, there arectherse-grained sandstones. The sandstones have erosional fea-
wackestones and marlstones, which can be assigned tottines and are graded. Amalgamation was observed in several
wackestone-intraclast packstone association or the mudstdrezls. Bouma sequencedd T, or T, to T, are common in these
wackestone association of the La Laja Formation. Consequergposits. Thick cross-bedded sandstones and sandstone without
the sedimentary rocks of the San Isidro olistolith do not haveiiternal sedimentary structures are also present. At the base of the
be reinterpreted here. Instead, identical rocks and almost identeattion, huge boulders are exposed that consist entirely of con-
trilobites to the coeval strata of the La Laja Formation are m@lemerates, but their connection to the section is not clear. In
than strong evidence that the San Isidro olistolith was part of #alition, thick carbonate megabreccia bodies have been
La Laja depositional environment. The recognition of an olidescribed from this section (Banchig et al., 1990b).
tolith of the La Laja Formation at San Isidro implies that the La Los Ratones sectiorfhe outstanding feature of these out-
Laja Formation extended from the surroundings of San Juan toraps (Fig. 3) is an apparent channel fill, in which basement boul-
least the San Isidro area. ders are present. Among the angular boulders, metaquartzites,
Ordovician olistolith. Graptolite black shales are present geisses, and granitoids have been observed. In addition, a huge
the southern margin of the Quebrada de San Isidro (Fig. 3fistolith of the La Cruz Limestones is present (Fig. 35).
They were dated as Arenig (Bordonaro and Peralta, 1987) and Los Tuneles sectioriThis section shows a uniform succes-
were thought to be in an autochthonous position. However, gien of slates in which one major olistostrome with a variety of
findings of Middle Ordovician graptolites in levels stratigraphlistoliths is present (Fig. 36). Among these is the largest olis-
cally beneath these shales (Bordonaro et al., 1993) indicate tblth found in the Los Sombreros Formation. It is here termed
the graptolite shales are also an olistolith. One important conthe Los Tuneles megaolistolith. It is more than 1500 m long and
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Figure 33. Type section of Los Sombreros Formation. 1: Large olistolith composed of La Cruz Limestones is overlain by thick megabreccia in uppel
part of Los Sombreros Formation. In places, thin-bedded limestones show large-scale slumping. 2: The upper megabreccia interval consists of tw
amalgamated thick breccias. Entire succession is >30 m thick. 3: Tabular conglomerate clast in upper megabreccia. Thestesomg dypical

facies of turbidite system exposed in Ojos de Agua and km-101 sections of Los Sombreros Formation (hammer tip is 11 cm long). 4: Clast-supporte
polymict conglomerate with abundant platform-derived limestone clasts (hammer is 32 cm long). 5: Fault-graded bed in upper part of Los Sombrero
section. Note small faults that cut through bed. Vertical displacement is large near base of bed, but strongly reducedafonetddTtbese faults

probably originated in semilithified sediments during earthquakes. Hammer tip is 11 cm long. 6: Calcareous turbidites in upper part of section con-
tain abundant platform-derived material (e.g., peloids, ooids, algae, etc.) Hammer tip is 5 cm long.
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~325 m thick (2 in Fig. 29). The other olistoliths include rockare poorly sorted; their main components are ooids. Some of the
with a variety of ages, from Early Cambrian to Early Ordovicianoids are broken, and others are well preserved. In addition, there
In addition, there is a package several meters thick with abundaet lithoclasts (peloidal grainstone, intraclast grainstone, black
chert pebbles in a slate matrix. Pebble sizes vary from 1 to 5 deep-water limestones), bioclasts, and coarse detrital quartz.
Lower Cambrian olistolithOnly one Lower Cambrian olis- Some of the grainstones exhibit rippled surfaces, and others fill
tolith has been documented (Vaccari, 1987; Benedetto and \@eep erosional channels. A variety of conodonts was found in the
cari, 1992) in the Los Sombreros Formation. It is present in t@instones (Albanesi, cited in Benedetto and Vaccari, 1992),
Los Tuneles section west of Jachal. which indicate a late Arenigian or even early Llanvirnian age for
The olistolith shows an alternation of thin-bedded shales ahe deposits.
siltstones with frequent intercalations of thin-bedded trilobite Toward the top of the megaolistolith, shales and wacke-
grainstones and packstones (Fig. 37). The shales are magtipes become more abundant but grainstones are still present.
green, but red has also been observed. Trilobite packstonedrathe shales, early Llanvirnian graptolites have been found
the dominant lithology among the carbonates (3 in Fig. 29rtega et al., 1991).
Densely packed olenellid fragments form the bulk of the bioclasts The lower part of the megaolistolith represents a deep-water
in these gray to orange-brown carbonates. Other clasts incladeironment like that described from the other Cambrian olis-
pelmatozoans and small intraclasts. Trilobite-intraclast pad&liths of the La Cruz Limestones. However, the Los Tuneles sec-
stones contain trilobites, lithoclasts, and pelmatozoans. Manytioh displays a more complete record of sedimentation well into
the clasts are rounded. Among the intraclasts two different typies Ordovician. The breccia, conglomerates, and grainstones are
of microfacies have been observed: dark brown mudstones #r&products of mass movements (Nardin et al., 1979). The three
brown trilobite wackestones. In addition, millimeter sized ovabck types include intraclasts consisting of deep-water lime-
components are present, which consist of a thin outer layer astbaes, and they contain extraclasts. The almost black intraclasts
filling of large calcite crystals. The shape of these clasts closelgre clearly derived from the underlying Middle Cambrian
resembles oncoids, which are found in the Middle Cambrian &imata; they were obviously mistaken by Cabaleri (1989) for
Laja Formation. In all packstones, the micritic matrix is recry$lack pebbles” (according to Strasser, 1984) and, together with
tallized toward microspar and pseudospar and is rich in partidies oolitic turbidites, were interpreted to represent a peritidal envi-
such as hematite and authigenic quartz. A few wackestone hanvment of the deposits.
zons are present in the olistolith. They contain trilobites and abun- The extraclasts are mainly platform derived, especially the
dant fragments of the sponge-like Chancellepa(l in Fig. 29). peloidal grainstones and intraclast grainstones, which are typical
Sediments of the olistolith were deposited under opefthe La Silla Formation, as are the ooids. A problem is pre-
marine conditions, probably below fair-weather wave base. Thented by the quartz clasts and elementoéflontus nakamu-
is indicated by the absence of current-induced structures in rie The latter are badly preserved and belong to a species that is
siliciclastic sediments that formed the matrix of packstones. Iniginly present on the Ordovician La Silla platform (Lehnert,
most likely that these rocks represent distal tempestites, whi@®7, personal commun.). Hence it seems possible that these
would explain their thin-bedded nature and the broken acmhodonts were also transported from the platform to the slope.
rounded bioclasts. Almost identical sedimentary rocks wefFbe provenance of the quartz is even more mysterious. No quartz
described by Palmer and Halley (1979) from Lower Cambriaands are present on the platform later than the Marjuman, nei-
strata of the western Great Basin (Carrara Formation), and wiber as individual sand bodies nor as scattered quartz grains in the
interpreted to represent sediments of a shelf lagoon, an explaaabonates. Their size and shape indicate that they might have a
tion that is likely for this unique olistolith in the Precordillerdocal source. They might have been provided by slope erosion
which shows a comparable facies. cutting down to the basement or by erosion of quartz veins pres-
Los Tuneles megaolistolithe lower part of the megaolis-ent close to the continental slope. The breccias are not typical
tolith (~300 m) consists of Middle Cambrian La Cruz Limestonegbris-flow deposits because they are clast supported and have
(Fig. 36). Toward the top, there is an erosional unconformiyly little matrix. However, they lack many features of turbidites
within the olistolith. Above the contact, a thick breccia with a vaifgraded bedding, Bouma sequences).
ety of lithologies is present. The breccia contains clasts of chert to Similar conglomerates and breccias were described by Gar-
5 cm x 5 cm, peloidal mudstone, lime mudstone, and deep-waison and Ramirez (1989) from Neogene strata (Monterrey For-
lithologies. In addition, coarse detrital quartz grains, ooids, anthtion) of central coastal California. Their oligomictic and
bioclasts are present. Many of the ooids are broken. Sortingpistromictic” conglomerates are a good analogue to the sedi-
poor, the fabric is clast supported, and the clasts are angulamémntary rocks described here. Transport mechanisms presumed
moderately rounded. With better rounding, a transition to cdior the Neogene deposits are debris-flow and high- and low-den-
glomerates is present in the overlying horizons. Graded beddiity turbidity currents that gave rise to a variety of geometries in
and other sedimentary structures have not been observed. the sediments. Although the clast sizes differ considerably
Upsection, there is a succession of thick-bedded grainstoretyeen the California conglomerates and the deposits described
conglomerates, few breccias, and thin shale beds. The grainstbiees, similar depositional processes are inferred. The relatively
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the relatively fine grained sediments, shallow channels, and the
sheet-like appearance of the deposits (Nardin et al., 1979).

A major unconformity and a hiatus are present within the
olistolith (Keller, 1995). About 2 m beneath the first breccia bed,
Middle Cambrian trilobites are present. Conodonts from the base
of the breccia (T. nakamujandicate a Late Cambrian or Early
Ordovician age. Therefore almost the entire Late Cambrian sec-
tion is missing there. The specimens might have been reworked
from Ordovician platform strata and it is thus possible that the
hiatus present is much greater.

Other olistoliths of the Los Tuneles secti@me of the most
conspicuous olistoliths is composed entirely of quartz pebbles
between 1 and 3 cm. Although this olistolith is barely 6 x 7 m
across, it still shows that the sediments are thick bedded and
cross-bedded. Comparable sediments were deposited around the
Laurentian margin during Late Proterozoic rifting and composi-
tionally have a good match in conglomerates of the Appalachian
Ocoee Group (R. Hatcher, 1995, personal commun.).

Varieties of small calcareous blocks are also present. The
facies of one of them can easily be attributed to the San Juan For-
mation and this olistolith was dated with conodonts as Arenig
(Benedetto and Vaccari, 1992). Many of the other calcareous olis-
toliths are dolomites similar to the Upper Cambrian Zonda and
La Flecha Formations.

Time frame of deposition of the Los Sombreros Formation
At San Isidro, the oldest autochthonous fossils so far reported
(Bordonaro et al., 1993) are present about 250 m above the base
of the exposed section, where Glossograptus hinckidii,
macograptus sp., orthograptids, and glyptograptids have been
found.

In the Argentine Precordiller&. hincksiiappears during the
Llanvirn (Cuerda et al., 1986). Although there are another 250 m
of sediment beneath the horizon with these graptolites, the pres-
ence of olistoliths with Arenigian graptolites (Bordonaro and Per-
alta, 1987) probably indicates that the base of the Los Sombreros
Formation is not older than the Llanvirn.

A multitude of graptolites has been described from the type
section (Cuerda et al., 1983, 1986), ranging from the Tremado-
cian into the Caradoc. Consequently, the authors assumed a
Tremadocian through Caradocian age for the deposits. However,
from their publication (Cuerda et al., 1986: Fig. 2) it is evident
that almost all specimens are found in an interval of about 50 m
that is characterized by calcareous breccias and conglomerates.

Figure 37. Section measured through Lower Cambrian olistolith at L[dgring field work it was demonstrated that among the clasts in
Tuneles section. Legend as in Figure 16.

the Los Sombreros Formation there are also shale clasts in a shaly
matrix, similar to the Arenigian clast in the San lIsidro area.
Hence it seems likely that the “autochthonous” age is that of the

fine grained breccias and conglomerates of the Los Tuneles geangest graptolites, i.e., Llandeilo or Caradoc, and that the older
tion are interpreted to have formed from debris flows and higiraptolites are reworked together with their matrix. This interpre-

density turbidity currents. Both mechanism are operative ala@adjon is supported by the presence of Middle Ordovician grapto-
slopes and in submarine canyons and fans (Nardin et al., 19Ifi@®s near the base of the measured section (Fig. 32).

The restricted outcrops in the olistolith do not permit an assign- In the Los Tuneles section, conodonts from a San Juan
ment of the sediments to either depositional environment. Hefiogestone olistolith indicate an (late?) Arenig age of the “source
it is more than speculative to infer a slope configuration basedrook” (Sarmientan Benedetto and Vaccari, 1992). Conodonts
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units within Empozada Formation. This section corresponds to upper member of the Empozada Formation following Gallardo and Heredia (1995)

and graptolites obtained from the megaolistolith indicate &ility cannot be entirely discounted, it is more likely that the
early Llanvirn age for the top of the allochthonous successituos Sombreros Formation in the Los Tuneles section is younger
In contrast, Benedetto and Vaccari (1992) interpreted the upftem early Llanvirn. This is in agreement with the data from the
25 m of the olistolith to be autochthonous slope sediments, apither sections and observations by Peralta (1997, personal com-
consequently, assigned an early Llanvirn age to the depositsnoh.) that the lower Llanvirnian graptolites found everywhere
the Los Sombreros Formation. This interpretation would implyere in allochthonous blocks. Consequently, the Los Som-
that the elements of T. nakamuraithis succession (Keller, breros Formation seems to comprise the late Llanvirn through
1995) are necessarily reworked specimens. Although this po&saradoc.
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Interpretation and depositional environment of the Los In the Precordillera, tectonics seems to be the contolling fac-
Sombreros FormationTwo contrasting sedimentary processe®r because on the one side, carbonate platform development had
are responsible for the thick deposits of the Los Sombreros Fessentially ceased by middle Ordovician time and on the other
mation. Accumulation of thick, often graptolite-bearing shales side, during evolution of the platform, no such steep escarpments
alum shales is the background sedimentation in quiet and deaye been documented. The presence of such an escarpment along
waters. Together with these feautures, the apparent absenaaumh of the eastern border of the western basin, together with the
bioturbation points to stagnant bottom conditions. nature of the rocks exposed, is strong evidence that sediment input

The fine-grained sediments form the matrix for mass-mowento the basin floor occurred along a line source (Schlager and
ment deposits. Conglomerates and turbidites are major gro@bgrmak, 1979). This line source was essentially the carbonate
and were discussed in detail by Banchig et al. (1990a) for fiatform, as the majority of the olistoliths are carbonates.
Ojos de Agua section. They concluded that the depositional edthough the carbonate platform was essentially dead by the time
ronment was proximal and medial to a slope apron. Proximihe Los Sombreros Formation was deposited, it still behaved like
indicators are the_ T turbidites, the amalgamation, and the deegpbypass margin (James and Mountjoy, 1983). Bypass margins of
erosional features at the base of the turbidites. The turbidites earthonate platforms are characterized by slope and platform edge
conglomerates in the Ojos de Agua section clearly represkiltre due to oversteepening and the origination of debris flows,
facies A and B of Mutti and Ricci Lucchi (1972). slides, and slumps, which are deposited at the toe of slope. The

The megabreccias give evidence of platform destruction,fasnation of bypass margins is particularly common toward the
Lower Cambrian through Lower Ordovician carbonates are pread of carbonate platform sedimentation (James and Mountjoy,
ent. In addition, turbiditic sandstone clasts (3 in Fig. 33) demd883), but in the Los Sombreros Formation it persisted beyond or
strate that the slope or the base of slope, was also affectedobyed after carbonate platform sedimentation had ceased.
submarine erosion. The megabreccias are interpreted as debrisin the description of modern continental margins, essentially
flow deposits, much like those described from the Devoniantbfee major physiographic areas are recognized (Drake and Burk,
Canada (Cook et al., 1972; Mountjoy et al., 1972) or those di$74): the continental shelf, slope, and rise. A marginal escarp-
cussed in Cook and Mullins (1983). ment forms the abrupt and steeply inclined transition from the

According to Seilacher (1969), fault-graded beds (5 in Fighelf to the rise where there is no slope. In the Precordillera, the
33) are the products of seismic waves (seismites of Seilackediments of the Los Sombreros Formation were deposited on the
1969), disturbing the sediment and documenting increasing coontinental rise (or toe of slope) adjacent to a marginal escarp-
solidation of the sediment with depth. Garrison and Ramire®nt. This interpretation of the Los Sombreros Formation as rep-
(1989) related such beds to extensional deformation in a slogg&enting the continental rise is in contrast to slope interpretations
and basin setting. for the Los Sombreros Formation (Banchig et al., 1990a, 1990b;

The only possible transport mechanism for the huge olBenedetto and Vaccari, 1992; Keller, 1995); however, a continen-
toliths is rockfall along steep or oversteepened slopes. Ttakrise interpretation is supported by the scarceness of slumps
implies that the individual olistoliths were deposited not on tlaad slides, which are much more common on the slope (Cook et
slope, but on the adjacent base of slope. In the Los Ratonesaind 982).
the Ojos de Agua sections, these steep slopes affected the deep-
water limestones and exposed part of the basement. The dinlgnpozada Formation
sions of the fault scarps there are difficult to establish, because of
the unknown total original thickness of the La Cruz Limestones. The Empozada Formation was originally introduced by Har-

Another important implication of the presence of the olisington (1957) for the Ordovician rocks of the classical San Isidro
toliths is that locally almost the entire carbonate platform succasea (Fig. 30); however, it lacks all formal requirements to satisfy
sion must have been exposed along escarpments. The ramatigraphical nomenclature. For a long time, these rocks were
argument for this is the presence of a possibly Precambribought to concordantly overlie Upper Cambrian limestones, the
quartz-pebble olistolith in the Los Tuneles section and ofLa Cruz Formation of Borrello (1971). However, these Cambrian
proven La Laja Formation olistolith in the San Isidro section. incks were interpreted as allochthonous blocks, here within the
addition, basement-derived clasts from metamorphic and igne@udovician Empozada Formation (Bordonaro et al., 1993).
sources were found in a number of sections. These escarpmentOn the basis of lithologic criteria, the succession above the
must have been on the order of >2100 m, as the maximum thiCkmbrian olistoliths was subdivided into two members (Gallardo
ness of the preserved carbonate succession is about 2100 ret &h, 1988; Gallardo and Heredia, 1995) separated by a major
modern environments, escarpments of this size have beanonformity. This major unconformity separates a lower suc-
demonstrated bounding the Bahamas platform (Mullins aoéssion, in which shales form the matrix for a variety of con-
Newman, 1979; Schlager and Chermak, 1979). There, howevegldimerates, breccias, and olistostromes, and an upper succession
is not clear whether upwards building of the carbonates (DietoEsandstones and siltstones with a major debris flow in the mid-
al., 1970) or tectonics (Mullins and Lyntz, 1977) is the ruling fadle of the unit. Beyond doubt, the lower succession of the
tor of formation of the steep slope. Empozada Formation is part of the Los Sombreros Formation as
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redefined by Banchig and Bordonaro (1994). This poses a Lithofacies and the sedimentary succession of the Empozada
nomenclatural problem for the succession at San Isidro, becaw@enation. Along the southern margin of the Quebrada de San
the name Empozada Formation, introduced by Harrington (19%)iro (Fig. 30), the Empozada Formation is composed of three
for the sedimentary rocks above the Cambrian limestones, cleants (EF1-EF3; Fig. 35). The lower unit (EF1) consists mainly
has priority. However, in his descriptions (Harrington, 1957; pf brown, very thin to thin-bedded fine- to coarse-grained silt-
20-21) the formations are not adequately defined. However, stenes. Slumping, load casts, and ripple-drift cross-bedding are
Los Sombreros Formation has been well defined (Cuerda etabyndant. In several beds, lenticular bedding with isolated lenses
1983) and redefined only recently (Banchig and Bordonais present. In others, megaripples (Reineck and Singh, 1980) have
1994). In order to overcome these problems | propose herdéen observed. The base of individual sandstone beds is often
redefine the Empozada Formation and to restrict it to the uppkarp. Three coarsening-upward successions have been observed,
sandy member, following Gallardo et al. (1988) and Gallardo amdlich start with fine-grained siltstones and end with fine-grained
Heredia (1995). Consequently, the San Isidro area is the only a@adstones (Fig. 35). Within these cycles, there is also a thicken-
in which the upper boundary of the Los Sombreros Formationrig-upward tendency; sand layers that are only millimeters to a
exposed. few centimeters thick to beds as thick as tens of centimeters. In
Empozada Formation: Redefinition. The Empozada Forntae northern section only two coarsening-upward successions are
tion is a succession of partly calcareous sand- and siltstones witserved.
intercalated debris-flow deposits. The second unit (EF2) of the Empozada Formation is a
Derivatio nominis and type sectiofihe name is derived prominent breccia bed, which in its lower 2 m is inversely graded,
from the Quebrada de la Empozada in the San Isidro area (Wigereas the upper part (16 m) shows a crude normal gradation.
30), in which the original type section is found. The formation &he entire bed is intensely slumped. The breccia is matrix sup-
even better exposed in the Quebrada de San Isidro ~500 m t@tred; among the clasts are brownish sandstones and siltstones
south (Fig. 30). This section is proposed as the new type sectiith a lithology similar to that of the underlying beds. Light gray
of the Empozada Formation (Fig. 35). limestones with a variety of textures can be attributed in their
Boundaries. The lower boundary is found at a level at whiafajority to the San Juan Formation. In addition, there are dark
sandstones overly black graptolite shales of the Los Sombreagesy to black deep-water limestone clasts. A big boulder of lime-
Formation with a sharp contact interpreted to represent a majone conglomerate is also present. In the northern section, this
disconformity. major breccia bed splits up into several horizons, which are sep-
The upper boundary is drawn where yellow sandstones arated by sandstones and siltstones. Conodonts have been
abruptly overlain by Silurian-Devonian green shales. Althouglescribed from clasts of this debris-flow deposit (Gallardo et al.,
locally this contact is a fault, the erosional contact is beautifullp88). Only two populations are present, one typical of the mid-
exposed if the boundary is laterally traced. dle and upper San Juan Formation and the other, of Caradocian
The overlying shales are tentatively assigned to the Canagg, similar to the fauna of the Rio Sassito carbonates. The brec-
Formation; however, they do not fit the general description cf can be traced all along the outcrops of the Empozada Forma-
these Devonian sedimentary rocks given by Cuerda et al. (198Rm) at San Isidro, and is probably a sheet-like deposit.
and Kury (1993). The third unit of the Empozada Formation (EF3) is similar
Age. At San Isidro, high in the black shale succession of thethe lower unit; however, grain size varies mainly between
Los Sombreros Formation, graptolites of the N. graciise coarse silt and fine to medium sand. Current-induced ripples,
have been described (Alfaro and Fernandez, 1985), and at thdenficular bedding, slumping, and load casts (6 in Fig. 29) are
of the black shale unit (below the unconformity) @whograp- very prominent. Indicators of current directions show east-
tus quadrimucronatusone is present (Alfaro, 1988). No autochdirected as well as west-directed transport. In several horizons
thonous fossils were found in the Empozada Formation; howewetthis upper part, small chert pebbles with diameters of 1-2 cm
the conodont Amorphognathus superhas been separated fromhave been observed; the rock is actually a pebbly sandstone or
carbonate clasts within the main debris flow (Gallardo et aliamictite (5 in Fig. 29).
1988; Heredia et al., 1990). Consequently, the base of the forma- The upper unit shows four coarsening-upward successions
tion is within or is younger than the graptolite zon®dhograp- starting with coarse silt and passing into medium-grained sand.
tus quadrimucronatus The presence ofAmorphognathus The four successions are part of one larger coarsening-upward
superbudn the debris-flow deposit indicates that the overlyinguccession.

sediments are not older than the Ashgillian. Interpretation. In the Empozada Formation, two contrasting
Thickness. Sections of the Empozada Formation as redefisigtes of sedimentation are observed: sedimentation out of debris
here vary between 120 and 150 m (Fig. 35). flows and sedimentation on a siliciclastic shelf. The units both

Distribution. At present, outcrops of the Empozada Formaelow and above the debris flow show a variety of structures and
tion are only known from the greater San Isidro area; howeweisedimentary succession, which together indicate deposition on
field observations around Canota to the north indicate that theneind- and wave-dominated shelf.
may be outcrops of the formation in this area. Sand-mud couplets, in which the sands form flat layers or are
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present as discontinuous lenses (lenticular bedding), are chandmeh is often bypassed by platform-derived sediment. On either
teristic of the heterolithic facies association of Johnson (1978nd of slope, major intraformational truncation surfaces may
The sand-mud ratio varies about between 4:1 and 1:4, reflectilegelop. The base of the deposit in the Empozada Formation rep-
changes in the hydrodynamic conditions or sediment suppBsents one of these truncation surfaces, because at the lower con-
Lenticular, flaser, and wavy bedding are found in subtidal atatt sediment is successively cut out. This is seen when the unit is
intertidal settings (Reineck and Singh, 1980). In subtidal envirdraced to the north (Fig. 35) until only a few meters of the lower
ments, sharp-based sandstones, in places graded, with erosiamibhre left between the black shales of the Los Sombreros For-
scours are often the result of major storms (Walker, 1984a). Hamation and the debris-flow deposit just south of the Quebrada de
ever, one characteristic feature of ancient storm deposits, hlanEmpozada. The sheet-like debris-flow deposit within the
mocky cross-stratification, (discussion in Dott and BourgeolEmpozada Formation may be taken as a hint to the presence of a
1982; Walker 1984a), has not been observed in the Empozsidae apron.
Formation. The internal structures of the sand beds in general DiscussionThere are two pecularities of the Empozada For-
point to a wave origin or a wave overprint. A similar interpretanation: first, there is a debris-flow deposit sandwiched between
tion of wave domination was given by Gallardo et al. (1988) astticiclastic sediments interpreted to have formed in a shelf envi-
Astini (1991) for this part of the Empozada Formation. ronment; and second, most of the clasts within the debris-flow

In the upper succession there is more evidence of a shaltteposit are carbonate platform derived. In addition, the con-
platform environment, especially the presence of bipolar orientedbnts obtained from the clasts belong to two distinctly different
cross-bedding. Astini (1991) concluded that this part of theits, the San Juan Formation and the Rio Sassito succession.
Empozada Formation might have been tidally influence@his might indicate that carbonates like those of the Rio Sassito
whereas Gallardo et al. (1988) assumed an environment gigtcession were also present in the San Isidro area, and second,
above storm wave base. The abundant indications of an osciliat a similar hiatus might had been developed between the
tory flow regime, however, are more in agreement with a wav@aradocian carbonates and the San Juan Formation. The assump-
dominated environment. tion of a situation similar to that at Rio Sassito (a horst-like struc-

An interesting rock type is diamictite. Taking into accounitire with carbonate sedimentation surrounded by siliciclastic
their (most likely) Ashgillian age, it is tempting to relate thgrabens) also explains the presence of carbonate clasts in the
diamictites to the Late Ordovician Gondwana glaciation. Uppaebris flow. But what about a debris-flow deposit in a succession
Ordovician glacial sediments are known in the Precordillera fravhplatform siliciclastic deposits?
the Don Braulio Formation (Peralta and Carter, 1990a), where One possibility is that the lower siliciclastic unit was misin-
striated clasts and dropstones are present. None of these featiemg®ted and that it, in fact, represents another depositional envi-
have been found at San Isidro. However, almost identical diami@ament. Gallardo et al. (1988) assumed a slope environment for
tites have been described from Portugal and the Prague b#sirsuccession based on the presence of slumps and graded beds,
(Brenchley et al., 1991) and were interpreted to be of glacial adhich they interpreted as turbidites. In such an environment the
gin. There, the main arguments against a debris-flow origin @aresence of debris-flow deposits is nothing unusual. However,
their presence within shallow shelf sandstones and the absentleayf also recognized storm-induced structures in the sandstones
associated turbidites. The same arguments are true for the seui-assigned the sediments to the heterolithic facies of Johnson
mentary rocks of the Empozada Formation. Although no conc{@978). Following Johnson (1978), this facies is a shallow plat-
sive evidence is present that the diamictites in the Empozé&atan facies. Yet Astini (1991) noted the ambivalence of the envi-
Formation are truly of glacial origin, this is a likely possibilityonmental indicators and concluded that the sandstones are either
and their presence should be kept in mind in future discussiona epecial kind of turbidite or just sands deposited below the depth
the Empozada Formation. to which oscillatory flows are effective. However, the presence of

If the interpretation of both units is correct, then the entitenticular bedding is strong evidence of a shallow platform envi-
succession may be regarded as one thickening- and one coarsement (Johnson, 1978; Elliott, 1978; Reineck and Singh, 1980).
ing-upward succession, separated by a thick debris-flow depo&#.storm surge ebb can produce turbidity flows, it seems likely
In marine environments, they usually form on slopes or the todlwdt the turbiditic nature of many of these beds is a result of storm
slope (Nardin et al., 1979; Walker, 1984b). However, initiaticactivity in a deeper platform environment.
and sedimentation of debris-flow deposits do not require steep If the interpretation of a platform environment for this lower
slopes nor do they imply great water depth (Cook and Mullirmrt of the Empozada Formation is correct, then the presence of
1983; Mcllreath and James, 1984). In carbonate depositional $lis-debris-flow deposit requires another explanation. The Middle
tems, two end-member models of slope sedimentation are distind Upper Ordovician history of the Precordillera has been inter-
guished, depending on the profile from the platform margin to theeted as reflecting major crustal extension (Loske, 1992; Von
slope and basin (Mcllreath and James, 1984). Depositional naosen et al., 1995; Keller, 1995). In addition, the Rio Sassito car-
gins have a ramp-like configuration and slopes merge with thenate platform is a platform formed in a horst position (Lehnert,
basin floor without major break in topography. Bypass margii995a; Keller and Lehnert, 1998). If it is assumed that block-
in contrast, show a steep slope adjacent to the platform maréanlting was still active during deposition of the Empozada For-
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mation, then the debris flow may have originated through oveebris. The fauna and flora are essentially the same as in the
steepening of the margin of a nearby platform or simply througlackestones; in addition, intraclasts are present.

an earthquake. Nodular crinoidal packstones and grainstones are dark gray
and thin bedded. Bioclasts are crinoids and fragments of thick-
ORDOVICIAN OF PONON TREHUE shelled brachiopods and trilobites. Abundant peloids have been

observed in thin sections, giving these rocks a bimodal clast size

Since the studies of Wichmann (1928), the presencedidtribution. Peloidal grainstones are a minor component of the
Ordovician rocks south of San Rafael, in the area of Ponon Tsedimentary succession.
hue (Fig. 39), has been well established. The limestones, now Massive biostromal boundstones are an accumulation of
regarded as the Ponon Trehue Formation, were compared Wtge receptaculitids (>20 cm) and sponges. In places, sponges
similar limestones at Cerro de la Cal just north of Mendoza (Famnd algae form small isolated mounds.
3), the latter beyond doubt belonging to the San Juan Formation. Interpretation, facies associations, and the sedimentary
Later, a variety of fossils were described from Ponon Trehsieccession of the Ponon Trehue FormatiorFour units
(Baldis and Blasco, 1973; Levy and Nullo, 1975; Heredia, 1982R,T1-PT4) have been distinguished in the field (Fig. 40). Unit 1
however, these fossils invariably were younger than the classisatomposed of a dolomite association, in which diagenesis has
San Juan limestones. Only recently was it demonstrated thatabi@erated most of the primary sedimentary features. Some of the
Ordovician of Ponon Trehue is composed of two fundamentalcks near the base were oolitic or oolites; the primary sediment
different successions (Bordonaro et al., 1996), one entirely dalthe other horizons may have been shallow-marine mudstone,
careous, the other a mixed siliciclastic-carbonate system. Baghindicated by micritic patches and the conodonts found. In such
formations nonconformably overlie crystalline basement, whielm environment the obscure mound structures may be remnants
seems to be typical Grenvillian-type (Ramos, 1995, persowéthrombolites.

commun.). The microbial-boundstone association characterizes unit 2.
The alternation of microbial laminites and pure lime mud is taken
Ponon Trehue Formation as evidence of a supratidal environment, although no desiccation

features have been observed. The wackestone association shows
Until recently, little was known about the sedimentology @n abundant open-marine fauna. Rocks and fauna are identical to
the Ponon Trehue Formation, and its relation to other carbonaleswackestone-intraclast-packstone association of the San Juan
of the Argentine Precordillera. A wealth of new data, both se@iermation, which was deposited on the middle ramp. A similar
mentologic and biostratigraphic, how allows a much better desvironment is likely for the rocks of the Ponon Trehue Forma-
cussion of these carbonates and their connection to tioa. This is corroborated by the composition of the conodont
Precordillera. The section measured in the Ponon Trehue Forfaana, which is a temperate-water association. The reef-mound
tion is shown in Figure 39. According to conodont data, the afgeies association is composed of biostromal boundstones, small
of the Ponon Trehue Formation spans the late Tremadoc throisghated sponge-algal mounds, and the intermound sediment. Two
middle or late Arenig (discussion in Lehnert et al., 1998). horizons are present. In the lower horizon, sponge-algal mounds
Lithofacies. Coarse dolosparites are massively bedded, aa associated with mudstone, whereas in the upper interval pack-
micritic patches and mound-like structures have been obserstmhe is the intermound sediment. This facies association is simi-
only locally. In thin sections, ghost structures are visible whiday to the lower reef-mound horizon at Cerro La Silla; however, in
by their size and shape, are identified as ooids. The rocksthePonon Trehue Formation it lacks high-energy grainstones.
mainly light gray to beige but in places pinkish colors are presefite sediments were deposited in shallow subtidal areas under
White and light gray microbial boundstones form massiehanging hydrodynamic conditions. The lower interval reflects a
beds. In many places, no sedimentary or internal structuresteaaquil environment, whereas the upper interval formed under
visible in the micritic sediments, but there are intercalations mibre turbulent conditions; packstones are present and in places
well-developed microbial laminites. In thin sections, these rocltank the mounds.
reveal structure grumeleuse, indicating a microbial origin. Fen- The wackestone association in combination with the reef-
estral fabrics have only rarely been found in the microbial rocksound horizons are typical of unit 3. The depositional environ-
Mudstones and wackestones are dark gray and often haweeat is best characterized as subtidal and open marine near
nodular texture. Bioclasts include crinoids, sponges, nautiloid®rmal wave base. Waves or currents only intermittently swept
gastropods, trilobites, brachiopods, ostracods, and the enigmatimoss the platform to stir up the sediment and redeposit it as
Monticulipora In addition, calcareous algae addia are pres- packstones. In comparison with the San Juan Formation, this
ent. Bedding varies from thin to thick bedded. With an increasiagvironment would correspond to the middle ramp. In the Ponon
amount of debris there is a transition to packstones. The palilehue Formation, however, it is impossible to tell whether this is
stone texture, however, was caused by a textural homogenizatéaily a middle ramp setting or a protected intrashelf basin.
by bioturbation. Unit 4 consists of an association of nodular crinoidal grain-
Packstones are thin-bedded accumulations of bioclastiones and few packstones. Chert is abundant in this association,
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Figure 39. Simplified geologic map of Ponon Trehue area showing classical localities of Ordovician of San Rafael (modified from Bordonaro et al., 1996).
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which forms the top of the exposed succession of the Ponon Tre-
hue Formation. The depositional environment is difficult to
assess because of the absence of sedimentary structures. The rel-
atively thin beds with intercalations of wackestones do not repre-
sent sand bars, but may reflect a platform environment still within
the range of waves or currents that periodically affected the plat-
form. The bimodal grain-size distribution (peloids vs. bioclasts)
together with remnants of matrix may be taken as evidence of a
tempestitic origin of the sediments. Conodonts obtained from
these rocks indicate cold-water conditions, which would be in
agreement with a deposition in deeper water.

Evolution and sequence stratigraphy of the Ponon Trehue
Formation. There are clear limitations to an evolutionary and
sequence stratigraphic interpretation of the Ponon Trehue Forma-
tion. There is only one 80-m-thick major outcrop of this forma-
tion. Fortunately, there is relatively good biostratigraphic control
on the upper two units within the formation (Bordonaro et al.,
1996; Lehnert et al.,1998). Nevertheless, much of the following is
based on the knowledge of the evolution of the La Silla and San
Juan Formations in the Argentine Precordillera.

Each of the four units described has sharp boundaries across
which there is evidence of a distinct change in environment and
depositional style. Unit 1 was deposited immediately above crys-
talline basement and marks the onlap of the carbonate platform
onto the exposed craton during late Tremadocian time. The
absence of any siliciclastic material along the lowermost
sequence boundary of the Ponon Trehue Formation is remarkable
and probably indicates very low relief. However, as is known
from central Texas where Cambrian sediments onlap basement
rocks, an archipelago of isolated basement islands existed that
locally had a topographic relief of >100 m (Donovan et al., 1988;
Donovan and Ragland, 1991). Thus, with only such a small out-
crop in San Rafael, it is perhaps not possible to assert that the evi-
dence given here really indicates low relief and the absence of a
siliciclastic transgressive lag deposit.

Colaptoconus quadraplicatdsund in this interval (Lehnert
et al., 1998) indicates a latest Tremadocian or early Arenigian age
for the deposits of unit 1. As this conodont species is still present
at the base of unit 3, it is most likely that the dolomites still
belong to the Tremadoc. The transition into unit 2 is equivalent to
the transition from a transgressive systems tract to the highstand
systems tract. Sediments of the former are shallow subtidal in ori-
gin (oolites, mudstones, thrombolites?), and the highstand
deposits are intertidal and supratidal (microbial boundstones and
laminites). The upper sequence boundary of this interval is
located at the transition between units 2 and 3, which marks a
pronounced deepening and the onset of submarine deposition.
The presence of C. quadraplicatkes the lower interval of
the Ponon Trehue Formation roughly equivalent to the lower reef-

Figure 40. Type section of Ponon Trehue Formation (modified from Befound horizon in the northern sections of the Precordillera. The

viations as in Figure 16.

donaro et al., 1996). 12 = sequence boundary 12 of carbonate platf

succession. PT 1-PT 4 are lithologic units distinguished in field. Abb

f88ding observed between units 2 and 3 at Ponon Trehue is
[ﬁ{ely to represent the deepening observed at the La Silla—San
Juan formational boundary. Consequently, the sequence bound-
ary at the unit 2—3 contact coincides with the type 2 sequence
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boundary separating the La Silla Formation and the San J T‘ S|i f|'~°’ T C|S ‘|3 C|C
Formation.

Sediments of unit 3 were deposited dui@®epikodus com-
munis-Prioniodus elegansme (conodont assemblage zonelc W [ E--—-—-————_—— I
Lehnert, 1993) and record an overall deepening of the envir
ment. This deepening culminates near the base dtlevae
zone, where the transition from wackestones with biostromes
(probably) tempestite-dominated regime is interpreted to
another flooding event. If this interpretation is correct, the floo
ing is coeval with the flooding at the base of the lower nodu 50 m
wackestone interval in the San Juan limestones. The deepe
interpretation is corroborated by the change from temperate w.
group conodonts to cold-water forms.
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The Lindero Formation was defined by Bordonaroeté¢ g, | | —1—
(1996) for the Middle Ordovician predominantly siliciclastic suc B | |ieoe——
cession of San Rafael. Other rocks that contribute to the suc
sion are limestones and volcaniclastic sediments. Conodc
from the limestone intervals indicate a latest Llanvirnian to Lla
deilian age for the deposits. Two members were described, wt
are separated by a hiatus spanning two conodont subzones.
Lindero Formation directly overlies crystalline basement in tl

type section (Fig. 41).
Lithofacies.At the base, the lower member (Peletay Men

ber; Fig. 41) is composed of dull red or purple arkoses that de' T

oped from weathering of the underlying granitoid. Th E
components are mainly angular clasts of feldspar and qua arkoses limestone siltstone
Grain size varies from coarse sand to conglomeratic. Highe!

the member, clasts are subangular to subrounded, but the r

striking features are large slabs (40 x 3 cm) of crinoidal lim - I:l ‘ '
stones within the arkoses. Locally, limestone slabs are imt shale sandstone limestone
cated. These gray grainstones contain a large amount of feld clasts
clasts and a minor amount of quartz grains.

Similar crinoidal limestones form elongate lenticular bodie M v +
near the top of the arkosic interval. The limestones are cross-t trilobites brachio- bioturbation
ded and thin bedded and contain fragments of trilobites and ! pods
chiopods as well as conodonts.

White quartz arenites locally form the top of the membe H
they are thick bedded, the grain size is medium to coarse, anc
grains are subangular to rounded. In places, these sandstone
iron stained, giving them a brown color in outcrop.

The upper member (Los Leones Member; Fig. 41) is mait
composed of fine-grained sandstones and siltstones. The dc
nant colors of the thin-bedded sediments are brown, green,
gray. Green and brown shales and silty shales are less abun
In places, trace fossils have been preserved. A few thin bedsj@steabove the contact with the lower member. These fine-grained
composed of arkosic sandstones with a dark gray color. grainstones are dark gray and contain conodonts and crinoids as

Diamictites have been observed in two sections. They cavell as fragments of brachiopods and trilobites. Many of the beds
tain large rounded quartz clasts, and lithic and feldspar fragmearts graded and some of them exhibit channel-fill geometries.
in a dark red matrix. Near the base of the horizons, silty intra- \olcanic ashes and breccias are present in one section near
clasts of the underlying horizons are present. the base of the member where they are intercalated into limestone

Thin limestone beds have been found in some of the sectibads. The rocks are green to light gray and thin to medium bed-
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Figure 41. Type section and members of Lindero Formation (modified
from Bordonaro et al., 1996). Abbreviations as in Figure 23.
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ded. Upsection, the ash beds pass into tuffaceous sandstone3la@dormer is composed of sandstones, siltstones, and shales.
siltstones. Trace fossils and the fauna indicate a marine environment; the
Interpretation, facies associations, and the sedimentargbsence of wave-induced structures and of tempestites points to a
succession of the Lindero Formatiorhe Lindero Formation setting below storm wave base. The few diamictites are inter-
represents two fundamentally different environments. Tpeeted to be the result of debris flows that transported some
arkoses of the lower member document basement uplift, its ezoarser material to the depositional environment. Some broad
sion, and almost in situ redeposition of the detritus. Increasicitannels with a graded sand fill were formed by turbidity cur-
rounding of the clasts, broad channels, and the limestone slkargs; however, sole marks and others indicators of turbiditic
indicate increasing transport and reworking of the material. d¢position have not been observed in the siliciclastic sediments of
least in the upper part of the member, deposition took place ith@ Los Leones Member.
marine environment, as indicated by the autochthonous crinoidal The limestone association is mainly composed of allochtho-
limestones. Better sorting and decreasing grain size towardribes carbonates, as indicated by abundant graded bedding and
top of the member mark the reduction of terrigenous input, eittiee channel-fill geometries, which together point to a distal tur-
by flooding of the basement or by its erosion. A combination bidite origin of the association. The conodonts obtained from
both processes is most likely. A sudden decrease in sedintbese beds are temperate-water forms and commonly are found in
input and nondeposition are recorded by the iron-stained sathekper water environments.
stones at the top of the member and the absence of two conodonfThe entire Lindero Formation represents a rapidly deepen-
subzones between the two members of the Lindero Formaiimgp succession, from shallow-marine high-energy environments
(Bordonaro et al., 1996). to low-energy environments well below storm wave base, where
The upper member is composed of two facies associations)ich of the sediment was deposited as a result of mass flows.
fine-grained siliciclastic association and a limestone associatidhe importance of the outcrops of the Lindero Formation is that

A Central Appalachian margin
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Precambrian predominanftly predominantly metasedimentary LowerCambrian nearshore Ordovician
basement dolostone limestone rocks, lava flows siliciclasticrocks siliciclastic rocks blackshales

Figure 42 (this and opposite page). Transects through central Appalachians (left side) and Precordillera toward San Rafael showing successiy
onlap of strata onto craton. In Appalachians, sequence 1 is upper Precambrian stratified sequence; 2 is Lower Cambrian clastic sequence; 3 is Ca
brian-Ordovician carbonate platform succession. A = Antietam Quartzite, B = Beekmantown Group, C = Conococheague Limestone, E = Elbrook
Dolomite, R = Black River Group and equivalents, T = Tomstown dolomite, W = Waynesboro Formation. Appalachian transect is modified from

Skehan (1988). In Precordillera, L = La Laja Formation, Z = Zonda and La Flecha Formations, J = La Silla and San Juan Formations. Note tha
thickness of carbonate succession is roughly equivalant to Appalachians. Transect through terrane is on the order of 400 km. See text for discussic
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they document uplift and exposure of the basement of the terrAnenigian limestones are present (Fig. 40) that correspond to
during the Llandeilo; that a local source for much of the detritabnost 400 m in the Precordillera proper (Bordonaro et al., 1996).
found in the Precordillera was present at that time; and that \lal{ransects through the Appalachians across strike (Fig. 42), a

canism was active during Llandeilian time. reduction of about 2000 m of carbonate platform rocks to ~300 m
is observed over a distance of ~600 km (Skehan, 1988). Even if

EARLY PALEOZOIC EVOLUTION AND we consider that the terrane was smaller and that the Ordovician

PALEOGEOGRAPHY OF THE ARGENTINE carbonates onlapped a more steeply inclined depositional surface,

PRECORDILLERA—GENERAL ASPECTS AND THE a width of about 400 km seems to be the minimum shelf width

CARBONATE PLATFORM required for the deposition of the Lower Ordovician limestones
(Fig. 42B).

Today, the Argentine Precordillera extends for about 400 km
in a north-south direction toward Cerro Cacheuta near Mendoza.
The Ordovician of San Rafael is located about 150 km to the

Size of the terraneAs outlined earlier, the Argentine Pre-southeast (Fig. 2). Still farther south, additional outcrops of lime-
cordillera is part of a larger terrane, be it Cuyania, Occidentakiones are known at Limay Mahuida (Baldis et al., 1985).
or any other terrane. What evidence do we have about its sig#Rough it is rumored that Ordovician fossils have been

The isolated Cambrian outcrops in the Precordillera hampéxtained from these limestones (V. Ramos, 1996, personal com-
speculations about the size of the terrane. However, during ithen.), neither conodonts nor other fossils have been found to
Early Ordovician more than 600 m of limestones were depositigie in these in places mylonitic rocks (E. J. Llambias, 1996, per-
in the Precordillera (La Silla and San Juan Formations). In #@nal commun.). Hence reliable data give a minimum longitudi-
area of Ponon Trehue (Fig. 39), 80 m of upper Tremadocian aatiextension of the terrane of about 550-600 km.

General Aspects

B Argentine Precordillera San Rafael

—— Ot exposed ———

el = B L]

Precambrian predominantly predominantly siliciclasticonlap  blackshales,
basement dolostone limestone drowning succession


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on September 24, 2011

82 M. Keller

Consequently, a conservative estimate for the size of thanan brachiopodissintia, appeared during the Caradoc in the
terrane is about 550 km by 400 km. If we consider that théteecordillera, which seems to have been isolated from other
was an additional east-facing passive margin on the terrane Goedwanan sedimentary basins, because no faunal exchange is
original width might well have been on the order of 1000 kmbserved (Benedetto et al., 1995; Benedetto, 1998). In contrast,
This is on the order of magnitude envisaged by Thomas (1981#gre is still a strong affinity to Anglo-Baltic faunas (Fig. 43).
for the microcontinental block that once occupied the Ouachitaward the end of the Ashgillian, the faunas in the Precordillera
embayment (Fig. 6) and by Ramos (1995) for the width of thee characterized by the presence of a typidalantia fauna
Cuyania terrane. (Benedetto, 1985, 1986), which is widely distributed on the cir-

Biogeographic aspects and faunal provincialisfBiogeo- cum-Gondwanan margins. Benedetto et al. (1995: p. 183) stated,
graphic arguments recently have been used in a number of ¢bat “. . . during the latest Ashgill, the Precordillera became fau-
tributions to the discussion about the provenance of thistically indistinguishable from other localities characterized by
Precordillera (e.g., Benedetto, 1993, 1998; Keller and Lehnartow-diversity, Kosov Hirnantidauna.” As demonstrated by
1993a, 1998; Astini et al., 1995; Benedetto et al., 1995; BrusSheehan and Coorough (1990), thimantia fauna is present on
1995; Vaccari, 1995) and both benthic and planktonic organisatisiost all continents. In addition, the Kosov faunal province is
have been considered. composed of species that lived in subtropical to temperate envi-

Among the trilobites, the Cambrian platform fauna showsranments (Owen et al., 1991).
high degree of endemism on a species level (100%), but on a The advent of Clarkeianarks the final and definite change
generic level there is a good correlation between Precordilleran
and Laurentian faunas (Bordonaro, 1990a, 1990b, 1992). About

endemic to the Precordillera. Vaccari (1994) reported anev|[\— — — — — — — — — — — — — — —
higher degree (>90% on the generic level) of Laurentian Ca| N _ _  _  _~—_ ~— _~—_~— _ — — —_— /7
brian trilobites. This relation did not change much until well intff \\~— — — — — — — — — — — — — —
the Arenig (Vaccari, 1995). From late Arenig time onward, Balt
and cosmopolitan genera became successively more impor = - —
(Fig. 43). One important observation, however, is the fact that d —
ing the entire Ordovician there is a fundamental difference in 1 <
composition of trilobite faunas between the Argentine Pr | | | | | |

cordillera and the (today) adjacent terrane of the Sierra I I

Famatina (F|g 2), which during the Early Ordovician was tt Cambrian Arenigian Llanvirnian Caradocian Ashg|||
home of Gondwanan trilobites (Vaccari, 1995). Trilobites of tt

illaenid-cheirurid biofacies and the nileid biofacies, together wi T T

bathyurids, point to a low-latitude position of the Precordillel
during Early Ordovician time, which is corroborated by epipelac
forms like Opipeuteand Carolinites. These, according to Cock

and Fortey (1990), have a pan-equatorial distribution. separation Isolatfion
Brachiopods are well known and described from the S

Juan Formation (e.g., Herrera and Benedetto, 1991) and your

strata. The pre-Arenig record, however, is poorly known. Herre | ' -

and Benedetto (1991) described five brachiopod assembla

from the San Juan Formation and discussed their biogeogra Laurentian  Baltic Gondwanan

relationships. Early Arenig brachiopod assemblages shov (Mediterranean)

strong relation to Laurentian faunas. From late Arenig time ¢

increasing Celtic as well as Baltic elements are obsen - — —
(Benedetto et al., 1995). Maximum diversity and abundance ]
brachiopods are recorded from early Llanvirn limestones of 1 Avalonian endemic pandemic

San J_uan Fo_rmatlon_. Endemic brachiopod g_enera apPear dLEiaGre 43. Composition of benthic fauna communities in Argentine Pre-
the mid-Arenig but disappear toward the earliest Llanvirn. A fecordillera (AP) (modified from Benedetto et al., 1995). During Late Cam-

endemic genera reappear toward the end of the carbonate brian, fauna is essentially Laurentian. During onset of extension during
form formation. During the early Caradoc, faunal elements of tlate Arenig, first Avalonian and Baltic elements are observed. Note that

Scoto-Appalachian and the Anglo-Baltic realm are reCognizecGondwanan elements are not present before early Caradoc. In addition,
o . . from faunistic point of view Caradoc is time of maximum isolation. This

addition to Cosm(_)pollta_n and end_emlc genera_. The eadiagram contradicts any model that claims Middle Ordovician collision

Caradoc, however, is the time of the highest endemism amon(of precordillera with Gondwana. For further discussions see Benedetto

benthic faunas (Benedetto et al., 1995; Fig. 43 ). The first Goi(1998) and Keller and Lehnert (1998).
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toward an entirely Gondwanan faunal signature (Benedetion there are also similarities to Baltica. The only known stro-

1998; Keller et al., 1998). However, this final change took plaogatoporoid from Argentina (Zondarella commuyrieller and

not before the Middle Silurian or Late Silurian, because tlélgel, 1996) has been described only from Newfoundland
Clarkeiafauna is found mainly in the middle and upper parts (Pohler and James, 1989).

the Los Espejos and Tambolar Formations (Fig. 4) and the The sponge-algal facies is important for paleogeographic
Clarkeiafauna is a valuable paleogeographic tool predominantconstructions of the position of the Precordillera with respect to
for Wenlockian and Ludlovian time (Cocks and Fortey, 199Q)aurentia. Lower-Middle Ordovician sponge-algal mounds are

Graptolites, although planktonic organisms and hence of lessst prominent in tropical, near-equatorial latitudes (Webby, 1992)
value in paleogeographic and biogeographic considerations, heawve are predominantly known from the margins of Laurentia (Pratt
also been considered with respect to the terrane nature of the d&vé-James, 1982; Toomey and Nitecki, 1979). They are concen-
cordillera (Brussa, 1995; Maletz and Ortega, 1995; Mitcheltated, however, along the northern and eastern margin of the
1997). A biogeographic interpretation of the Precordilleran grapuachita embayment (Alberstadt and Repetski, 1989; Fig. 44)
tolites (Brussa, 1995) indicates a close relation to Australasidnere they were studied in detail by Toomey (1970), Toomey and
Texas, northwest Canada, and to a lesser extent to NewfoundIaligcki (1979), and LeMone (1988a, 1988b). If the Precordillera
if mid-Arenigian through late Llanvirnian faunas are consideredas originally positioned near the Ouachita embayment (Fig. 6),
Younger graptolites (Llandeilo and early Late Ordovician) shaiwen the reef-mound facies of the San Juan Formation form a logi-
a marked affinity to the eastern margin of Laurentia. Accordingdal continuation of the reef-mound facies along the northern mar-
Maletz and Ortega (1995), all Lower, Middle, and early Uppegin of the Ouachita embayment. Although sedimentologically
Ordovician graptolites of the Precordillera belong to the Pacififferent (Goldhammer et al., 1993) and developed in another pale-
(warm water) faunal province, whereas the graptolite faunasotéctonic setting (“cratonal” sections near El Paso; Fig. 44), the
all surrounding terranes are typical of the Atlantic or cold-waterefs on the Laurentian side of the Ouachita embayment and on the
province. Mitchell (1997) concluded that the composition of tfiErecordilleran” side exhibit ecosystems almost identical to each
Middle and Upper Ordovician graptolite faunas of the Prether (Keller and Fligel, 1996; Keller and Dickerson, 1996).
cordillera contradict a Middle Ordovician collision between Lau-
rentia and Gondwana.

The possibilities and problems of the Precordilleran con
dont faunas in paleogeographic studies were discussed by Lt
ert and Keller (1993a) and lately extensively by Lehnert (1995
One important observation is the fact that the occurrence of
different faunas is clearly depth and temperature controlled. N
ertheless, Late Cambrian and Tremadocian elements form a|%
ciations that typically occur around the Laurentian margins. T
incursion of Baltic or North Atlantic elements during the Areni
and early Llanvirn reflects sea-level fluctuations with corrt
sponding temperature changes. Conodonts of Llanvirnian ¢
Llandeilian strata above the carbonate platform reflect a temg
ate- to cold-water environment and thus are attributed to
North Atlantic or Baltic faunas. This, however, is no surpris
because these faunas from the Precordillera were all obtai
from deep-ramp to deep-slope environments (Eberlein, 19
Keller et al., 1993b). A remarkable conodont fauna is presen
Caradocian limestones of the Rio Sassito section and
allochthonous boulders within the Empozada Formahphel-

. . continentalinterior sponge-algal off-shelf
ognathus polituand A. rhodesare warm-water elements and ar g, . s environment facios Ouachitafacies
well known from eastern Laurentia (e.g., Sweet, 1979). In ad
tion, there are several speciefanhderodusBelodina, andPlec-
todina, all typical of tropical waters of the Laurential
midcontinent.

Among the organism which in the Precordillera hithert ‘ , ‘

. hypotheticalcontinuation of AP carbonate platform,
have been found only in the carbonate platform rocks cqsierm passive margin
sponges, bryozoans (Beresi and Righy, 1993; Carrera, 1994).

. ] igure 44. Distribution of sponge-algal facies along Laurentian margins.
and stromatoporoids (Keller and Bordonaro, 1993; Keller 4 precordillera was situated to south of Ouachita embayment, these

Flugel, 1996). During the Arenig, sponges and bryozoans shfacies have logical continuation in Precordillera (modified from Alber-
clear affinities to Laurentian faunas, whereas during the Llestadt and Repetski, 1989).
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K-bentonitesK-bentonites, altered volcanic ashes, may plasate a mature area of provenance with a dominance of non- or
an important role in testing paleogeographic reconstructions)y slightly metamorphosed sedimentary rocks.
because in many cases they represent a succession of events ov@the other population is a high-diversity—high-quantity
a geologically significant time span. In the Ordovician, their usassociation (Fig. 45) composed of the minerals mentioned here
fulness has been documented in possible intercontinental corrated, in addition, garnet, zoisite, apatite, and titanite. This popu-
tions between Laurentia and Baltoscandia (Huff et al., 1992). lation is present in the Devonian and Carboniferous sedimen-
Ordovician volcanic ashes have been described from they rocks. Hence, from the Devonian onward, higher
Argentine Precordillera (Kolata et al., 1994), where they wemgetamorphic and igneous rocks were exposed in the hinterland.
found in the upper part of the San Juan Formation and the trahbe analysis of individual zircon populations from these heavy
tion into the overlying Los Azules Formation (Bergstrom et aimineral associations is further evidence of a major change in
1994). Although originally described from the Jachal area (Cethe source rocks. In the Devonian sediments, a population is
La Silla and Cerro La Chilca; Bergstrom et al., 1994), they goeesent in which the zircons are angular to subangular, often
also present in the Talacasto and Tambolar sections (Huff etidigmorphic, and show internal zonations and inclusions
1998), where they occur in the middle and upper part of the pfleaske, 1992). This population, absent in the older rocks, indi-
served succession of the San Juan Formation. Of special impates the presence of a granitoid area of provenance. The pres-
tance is their presence in the Tambolar section, the top of whicknse of 1.1 Ga zircons (Loske, 1995) in the Punta Negra and
dated as the Baltoscandicnavis/B. triangularizone of the lat- the Villavicencio Formations seems to indicate that it was the
est Arenig (Lehnert, 1995a). Grenvillian basement of the terrane that acted as the main sedi-
The geochemical and mineralogical characteristics of threent source.
Argentinian K-bentonites (Krekeler et al., 1995) point to a
parental magma with rhyolitic to trachyandesitic composition,
attributed to collision-zone volcanism by Huff et al., (1995
1998). This is corroborated by granite tectonic discriminaticy »  Gualilan section
diagrams, where the data from the Argentine Precordillera p| 2000
on the boundary between within-plate granites and volcanic-i
granites, which is typical of collision-margin felsic volcanic|
rocks (Huff et al., 1995). At present (C. Rapela, 1998, persor|- soo
commun.) it is not clear whether these K-bentonites are relatec
the intrusion of K-rich monzonites and monzogranites (Rapela|
al., 1998) into the basement of the Cuyania terrane at about 4} 4o
6 Ma (Pankhurst and Rapela, 1998). The volume of K-bentonil] ,
present in the Precordillera, however, leaves doubt that this m ,\A\

10000

6000

Volcanic zircons are also present in strata of the San Isic Ordovician I IDevonionI I

matic event was the principal source for the ashes.
area (Loske, 1992), where they were described from the Estar Silurian 42 Carboni- 4
San Martin Formation. The characteristics of these zircons w ferous

taken as evidence of an Early Cambrian rhyolitic volcanism

the Precordillera. However, the Estancia San Martin Formati] *"  Talacasto section
(composed of La Cruz Limestones) has been interpreted to be| 1000
olistolith within the Ordovician siliciclastic rocks of the Los} 8w
Sombreros Formation (Bordonaro et al., 1993). Hence, the z] o
cons described from sandstones (Loske, 1992) in the San Isi
section are also of Ordovician age and are another hint to wi
spread volcanic deposits in the Precordillera during Ordoviciif
time. Tuffs and volcanic breccias are present around San Raf
In the absence of geochemical investigations, their relation to |
K-bentonites in the Precordillera remains obscure. Carboniferous 4

Heavy mineral associationddeavy mineral analysis (Fig.

45) shows that Ordovician through Silurian clastic sedimentag -
rocks are dominated by a low-diversity—low-quantity associatic 'ow-diversity- high-diversity -

. . . . low-quantity association high-quantity association
of weathering-resistant minerals (Loske, 1992). The Cambri

sf'imples mentioned by LOSk? (1992) are ta.ke.n from the Ord(l‘—‘l'ig'ure 45. Composition of heavy-mineral spectra in Precordillera
cian Los Sombreros Formation. Characteristic elements of through time. Note dramatic change in composition during Early Devo-
population are zircons, tourmaline, and rutile. Together they innian (modified from Loske, 1992).

4000

2000

Silurian | | Devonian | |
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Evolution of the Carbonate Platform entire Middle and Late Cambrian (Bordonaro and Banchig,
1996), hence there is a continuous record of these deposits with-
Early Cambrian Lower Cambrian rocks are not widespreadut evidence of mass-flow deposits.
in the Argentine Precordillera and are found only in the Guanda- The Ordovician continental margin facies testifies to the
col subbasin and the San Juan subbasin. In the Guandacol pudzesses and source area during formation of major relief along
basin, marginal-marine redbeds and evaporites underlie daezbntinental slope and rise. In addition to the Cambrian deep-
uppermost Lower Cambrian limestones and dolostones (Cexaier limestones, platform-derived turbidites and megabreccias
Totora Formation; Astini and Vaccari, 1996). The absence of care present. The carbonate component of these mass-flow
relative strata in other parts of the Precordillera makes a regiateghosits is mainly Lower Ordovician limestone. Considering that
interpretation difficult; however, the Cerro Totora Formation wdlse Cambrian deep-water limestones and the Lower Ordovician
interpreted as a synrift deposit by Astini et al. (1995). platform-derived detritus both seem to have come from the same
The facies of the Lower Cambrian olistolith in the Los Tunelirection (although this is not proven), the debris flows and tur-
les section as well as the facies of the Lower Cambrian outcrbjuity currents affected both the platform and much of the adja-
in the San Juan subbasin indicate that by the latest Early Caent former deep-water depositional environment. In addition,
brian a passive margin had developed. On this margin, an alteey should have affected the intervening slope, if developed,
nation of siliciclastic sediments and carbonates was depositedyEich is the most likely site of deposition of mass-flow sedi-
Estero Member of the La Laja Formation). ments. This situation almost excludes a telescoping effect for the
Middle Cambrian The Middle Cambrian was the time ofabsence of mass-flow deposits in the deep-water olistoliths. The
deposition of major siliciclastic-carbonate cycles in the San Juaost likely explanation is that during the Cambrian depositional
subbasin. Five third-order sequences are present, the youniggistf between the platform and the deeper environments was not
one continuing into the (presumably) Late Cambrian Zonda Foonducive for the formation of mass flows.
mation (Figs. 7 and 46). In the Guandacol subbasin and at Cerro The La Laja Formation was deposited in a paleogeographic
Pelado, partly coeval dolomites are interpreted to have formeghasition at the transition from the inner detrital belt to the car-
a peritidal environment (Cafas, 1988). These rocks showlmmate belt (Fig. 9). Most of the terrigenous material was trapped
intercalation of siliciclastic detritus which, from the descriptiom the inner detrital belt. Consequently, the siltstone units of the
given, is similar to the siltstone association described from thellaa Laja Formation are tongues of this inner belt. The rocks at
Laja Formation. Cerro Pelado and in the Guandacol subbasin represent the car-
The widespread occurrence of Middle Cambrian deep-walb@nate belt (Fig. 9).
limestones as olistoliths within the Ordovician continental rise The most likely basin configuration during the Middle Cam-
deposits implies that a deep-water environment was present flwiran shows deep-water carbonates in the west, a carbonate belt
Middle Cambrian time. Mass-flow deposits are absent within thepresented by the shoal complex in the Guandacol subbasin and
olistoliths, and they contain no siliciclastic material coarser thahCerro Pelado, and the transition from this carbonate belt into
silt. One conclusion drawn from this observation is that, duritige seaward edge of the inner detrital belt in the sections of the La
Cambrian time, an effective barrier prevented bypass of matetiaja Formation (San Juan subbasin). The platform configuration
from the inner clastic shelf beyond the carbonate belt. This haferred here is similar the Early and Middle Cambrian of the
rier is probably represented by the rocks similar to those at Ceroathwestern Great Basin, where deep-water limestones actually
Pelado and in the Guandacol subbasin, which frequently shoateerfinger with and onlap platform carbonates (Palmer and Hal-
up to intertidal and supratidal environments. Early cementatiey, 1979), and both rock types occur in the same sections. Depo-
of rocks along the platform margin is well known and regardedsisonal relief between both environments was very low and the
one reason for the absence of mass-flow deposits of Cambsiaifting of the environments was governed by differential rates of
age in the Precordillera. However, there seems to have beenetative sea-level rise. This situation resembles the onlap margin
additional factor operating. The deep-water limestones are psJames and Mountjoy (1983), which is characterized by little
ent as olistoliths in younger successions. One reason for ah@o sediment transport toward the slope and basin.
absence of mass-flow deposits within the olistoliths may be that Late Cambrian.The Late Cambrian shows a major change
blocks with such sediments simply have not been erodeddepositional style. Whereas the Middle Cambrian was domi-
Another explanation is that the sections, in which Cambriaated by subtidal deposition of limestones, the Late Cambrian
mass-flow deposits are present, are buried beneath some wegdhe time of evolution of a vast peritidal platform with the for-
thrust sheets (telescoping effect). mation of dolostones. In contrast to the underlying sequences,
However, the outstanding number of these olistoliths in dile uppermost succession of the La Laja Formation succes-
sections of the Los Sombreros Formation is reason enougkitely shallows into intertidal and supratidal dolomitic facies of
suppose that if megabreccias and turbidites had been depositedasal Zonda Formation (Fig. 46). This is the first time that
they should be represented within the olistoliths. The onpgritidal facies are present in the San Juan subbasin. Three addi-
expression we find are graded beds interpreted as distal tianal third-order sequences formed before the end of the Cam-
bidites. In addition, trilobites found in these olistoliths cover thwian (Fig. 46).
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In comparison with the San Juan subbasin, rocks of @ and 48). The Tremadoc is an important time in the history of
Guandacol subbasin show a higher proportion of subtidal lintke terrane, because it shows the onlap of the carbonates onto the
stones, some of them fossiliferous. The succession also shorasonal basement (Ponon Trehue Formation near San Rafael)
fewer stromatolites and microbial laminites. It is here inferrethd thus a major cratonward shift of the shoreline. In the Pre-
that this pattern indicates that the Guandacol subbasin wadlillera, the Tremadoc documents the incipient but local evolu-
slightly deeper and probably farther offshore than the San Jtian of a slope with the deposition of breccias and turbidites to
subbasin. A reverse trend is reflected in dolomitization; rockstbe west of the carbonate platform. These slope sediments are
the San Juan subbasin are almost entirely dolomitized, whem@&sent in the megaolistolith of the Los Tuneles section and
near Guandacol, there is a higher proportion of limestone. Thisdsord the input of platform-derived material (ooids, peloids).
interpreted to be the effect of a more frequent exposure of roBkatform configuration is extremely difficult to determine
in the San Juan subbasin. This exposure favored fresh-waggause of the uniformity of facies. A platform with a rim of
recharge conducive to mixed-water dolomitization. Frequentlite shoals or a distally steepened ramp both seem reasonable.
exposure is also reflected by the presence of caliche horizdbseper water environments persisted, and limestones and grap-

The abundance of oolites in the Upper Cambrian platfotwaiitic shales are increasingly abundant.
sediments of the Precordillera is taken as evidence of a platform During the Arenig, the platform achieved fully marine con-
that may have been rimmed by oolite shoals. However, the actigbns. Most or all of the terrane was flooded and relative sea-
platform margin is not exposed. These shoals acted as a solenwed excursions can be correlated from the Precordillera into the
area for many of the sheet-like oolites at the base of small-s&d@m Rafael area. Two sequences developed in the San Juan For-
shallowing-upward cycles. The vast tidal flats of the Precordillaraation prior to the demise of the carbonate platform during the
probably interfingered with oolitic sands in back-barrier areasrly Llanvirn (Figs. 46 and 48). Sea-level fluctuations are
and the platform achieved a configuration comparable to tteeorded in the sediments and in the composition of the conodont
aggraded platforms described by Read (1985). Abundant e&alynas.
cementation and a low-relief slope seaward of the oolite rim may Sedimentation on the incipient slope continued and the plat-
account for the lack of mass-flow deposits in the Upper Cafarm became a distally steepened ramp. Limestone facies within
brian deep-water olistoliths. A similar scenario for the Guandaatistoliths testify to the persistence of deep-water carbonate envi-
subbasin was developed by Cafias (1995a). ronments into the Ordovician; in addition, Lower Ordovician

An interesting succession is present at Cerro Pelado (Flgep-water shale facies are preserved in olistoliths.

3), where rocks of the Cerro Pelado Formation are uncon- An important event during the Arenig is the advent of reef-
formably overlain by an upward-deepening succession of debpdding communities. Two intervals are recognized and both
water limestones and black shales, the El Relincho Formatioriafmed during a relative rise in sea level. K-bentonites are present
Heredia (1990; Fig. 47). The boundary between both units ig@he upper part of the San Juan Formation and mark the onset of
submarine hardground and represents a drowning unconforraityexplosive volcanic history that culminated during the Llanvirn.
(see Appendix 1) caused by a very rapid relative sea-level rise The most important event during the Late Arenig, however,
(Schlager, 1981, 1989). The overlying succession, which contimas the onset of the demise of the carbonate platform. In the
ues into the basal Ordovician (O. Lehnert, 1998, personal cdBuandacol subbasin, deep-ramp facies were drowned during the
mun.), is free of mass-flow deposits (Fig. 47). AlthougbhpperO. evaezone (conodonts) dsograptus victoriaezone
biostratigraphic resolution on the platform is poor in the Upp@raptolites) and subsequently, black shales were deposited. In
Cambrian rocks, nowhere is there an indication of a similar rapightrast, in both the Talacasto and the San Juan subbasins, this
flooding. Consequently, the submergence of the Cerro Pelg#oiod is marked by the evolution of a highstand systems tract,
platform block well below the photic zone most likely is thehich is terminated by a type 2 sequence boundary. This is strong
result of a local tectonic effect. evidence that drowning in the Guandacol subbasin was not a

It is important to note that during the Late Cambrian the plaistatic event, but rather controlled by local tectonics. This inter-
form must have extended beyond the present outcrops of the Pretation is more true for the Cerro Potrerillo section, where
cordillera. Redeposited Upper Cambrian conodonts have bdemwning is almost coeval with the evolution of the sequence
described from the San Juan Formation (Serpagli, 1974; Lehnsotundary in the Talacasto subbasin. If the interpretation is cor-
1995a). However, nowhere within the actual limits of the Argerect, that since the Middle Cambrian the Guandacol outcrops
tine Precordillera is there a place where Arenig erosion cut dowere located near or at the platform edge, then the disintegration
into the Cambrian strata. Hence these conodonts must have oofittee platform began along its margin or close to it. The nature of
from a place outside the actual limits of the carbonate platfortime lower Llanvirnian drowning of the San Juan Formation in the

Early Ordovician.During the Early Ordovician, the carbon-Talacasto and San Juan subbasins is more difficult to establish.
ate platform returned to somewhat more open-marine conditiéist, everywhere within the resolution of biostratigraphy drown-
and limestones were deposited. The Tremadoc shows a very ingiis synchronous (Lehnert, 1995b); second, the early Llanvirn
form facies development all across the platform. Three thiid-the time of a major eustatic sea-level rise (e.g., Fortey, 1984).
order sequences are recognized in the La Silla Formation (Fidgsnce if there was a tectonic factor in the demise of the platform
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during the early Middle Ordovician, it was most probably In the San Juan subbasin, three sequences (sequences 2—4;
masked by eustasy. Fig. 7) are present within the Glossoplerzmne of the Middle

Sea-level history of the Precordillerahe following dis- Cambrian. Sequence 2 begins at the base of the sandstone-grain-
cussion of sea-level history in the Argentine Precordillerassone association in the upper part of the El Estero Member.
based mainly on data from around Laurentia and from Baltidagether with sequence 3, the carbonate succession of this
two regions with fundamentally different basis for the timgequence forms the Soldano Member (Fig. 10).
scales. Correlations of strata in the Precordillera to both areas areThe carbonate succession of sequence 4 is equivalent to the
sometimes difficult, and are hampered by the absence of a cRivadavia Member. Much of the pre-Glossopleinterval is
parative sea-level curve that shows the similarities and diffabsent in the southern Appalachians as an effect of the Hawke
ences between both areas. | am aware that the jump betweenBayhevent (Read, 1989; Fig. 48), but a relatively thin succession
time scales is confusing; for better understanding the readds igresent in Newfoundland (Knight et al., 1995).
referred to Figure 49. Figure 48 shows the qualitative sea-level The top of the Rivadavia Member coincides approximately
curve for the carbonate platform of the Precordillera and its c(ffig. 7) with the boundary between tli&ossopleuraand
relation with the composite sea-level curve for the U.S. AppatlEhmaniellaor Bathyuriscus-Elrathindiozones (O. Bordonaro,
chians developed by Read (1989). 1997, personal commun.; see also Bordonaro and Banchig, 1996).

The Hawke Bay event. In the Precordillera, the sedimentbignce, the boundary between the Rivadavia Member and the
record starts in the Early Cambrian. In many places around dnean Pobre Member seems to reflect the Delamaran-Marjuman
Cambrian lapetus, the Early-Middle Cambrian boundary inten@undary of Laurentia (Palmer, 1998). The sequence boundary
was a period of a major relative sea-level fall, the Hawke Béyoundary 5) separating both members has a good match in the
regression event of Palmer and James (1980). Depending ors#zelevel lowstand (Fig. 38) in the Conasauga succession of the
regional geology, an unconformity or deposition of siliciclasti8ppalachians (cycles 2-2 and 2-3 of Read, 1989) and with the
sediments characterizes this interval along the eastern margimafked lithologic change between the Carrara and the Bonanza
Laurentia. King Formations in the southern Great Basin (Palmer and Hal-

In the Precordillera, trilobites of the critical interval, whichey, 1979; Osleger and Montafiez, 1996). The top of sequence 5
are typical of more complete successions along the western r@hich includes the lower part of the Zonda Formation) is
gin of Laurentia, are absent (A. Palmer, 1998, personal copaounger than the trilobites of tleolaspidellazone, which are
mun.). It is likely that the Hawke Bay event is represented byfaand near the top of the Juan Pobre Member of the La Laja For-
interval including the upper part of the El Estero Member anthtion and most probably is located in the Crepiceplzios of
the lower part of the Soldano Member (sequences 1 and 2) oftttieeLate Cambrian (Fig. 7).

La Laja Formation (Fig. 7). It is surmised that the absence of the Four sequence boundaries (boundaries 6-9) are present in
Plagiura-Poliellaand Albertella zones reflects this event. Thehe Upper Cambrian strata of the San Juan subbasin. The best
position of the event is indicated by a succession of black shalated boundary 9 (Fig. 46) separates the La Flecha Formation
and quartzitic sandstones at the transition from the El Esténam the La Silla Formation and corresponds to a global eustatic

Member to the lower part of the Soldano Member (Fig. 10). Awent.

interval of sandstones and calcareous sandstones has also beeSequence 8 was deposited during tBaukia chron

found in the La Laja and the La Flecha sections at the top of (eequence 6 of Osleger and Read, 1993) until the Cambrian-

El Estero Member (Fig. 10). Ordovician boundary interval (Figs. 7 and 48). This is deduced

In the Guandacol subbasin, the top of the Cerro Totora Fisom the presence of Stenopilus converdgmscal of the Saukia
mation is dated as Bonnia-Olenellzene (Astini and Vaccari, zone) about 30 m above the base of the sequence (Fig. 16; Keller
1996). It is represented by a succession of sandstones andetsilit., 1994; Vaccari, 1994). The sequence boundary (boundary 8;
stones with intercalated oolites much like the sediments of theHi. 7) is surmised to reflect the sea-level lowstand at the base of
Estero Member (Fig. 10) in the San Juan subbasin. The sucttesSaukiazone.
sion in the Guandacol subbasin is separated from overlying, as Near the base of sequence 7 (FigPTthopeltis cf. P.
yet undated, peritidal carbonates by an erosional unconfornsgyratogensisndicates that the thick basal succession of the La
(Cafias, 1988). Hence it seems that the basal part of the Solddacha Formation is not older than tharatogensisor ellip-
Member correlates to the undated carbonates above the Csomephaloidezone of the Sunwaptan and hence must correspond
Totora Formation. to the upper part of Laurentian sequence 5.

Assuming that the base of the Soldano Member was The ages of sequence 6 (the upper sequence of the Zonda
deposited during the Glossoplewtaron, the early Middle Cam- Formation) and of the upper part of sequence 5 in the San Juan
brian hiatus must be located at the base of the sandstone intswnabasin are unclear. However, in the Guandacol subbasin, a
in the upper part of the El Estero Member. It might have a corrilirly well dated sequence boundary is present in the La Angos-
ative at the base of the unnamed peritidal carbonates in the Guama-section. According to Cafas (1995a) and Vaccari (1994), this
dacol subbasin, as indicated by the erosional unconformityundary is close to the boundary between the Crepicephalus
(Cafas, 1988). andAphelaspigzones (Fig. 7) still within the Marjuman (Palmer,
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88 M. Keller
1998). This sequence boundary reflects the relative sea-level low ‘
stand between depositional sequences 3 and 4 of Osleger ar ‘ ‘ c 13
Read (1993). ‘ S|
In the San Juan subbasin, boundary 7, the Zonda—La Flech: -
sequence boundary, and boundary 6, the intra-Zonda boundary ‘ ‘ c
might reflected the corresponding sea-level event: both correla- ‘ C‘OU 12
tions seem viable. ‘ ‘
If it is assumed that the Marjuman sequence boundary in the
Guandacol subbasin corresponds to sequence boundary 7, the ‘
the upper part of the Zonda Formation belongs to the Marjuman ‘ ‘ 11
and is correlative to sequence 3 of Osleger and Read (1993). I ‘ —~——
this scenario a major hiatus must exist between the Zonda For_—_— " _—] (:U 10
mation and the La Flecha Formation in the San Juan subbasin. i N 1500 m
however, the alternative is considered to be more likely, then the>—— > ] |
-l

lower part of the Zonda Formation corresponds to sequence 3 o ‘
Osleger and Read (1993), and the upper succession correspont 9
to sequence 4. As the sequence boundary in the Guandacol sul ‘ ‘

basin is a type 1 boundary (Cafias, 1995a), the intra-Zonde l

boundary has to be regarded as a more cryptic type 1 boundary ¢

well. In this scenario, the sequence boundary between the Zond

Formation and the La Flecha Formation corresponds to the 4-£>—— ~— |

boundary of Osleger and Read (1993) and the Bonanza~__—__— © 8

King—Dunderberg shale contact in the southern Great Basin o

(Cooper and Edwards, 1991). A hiatus must be postulated @ @ 8

because the basal part of Laurentian sequence 5 is absent in tt Tl ~—

La Flecha section. - 1000 m
The boundary between sequences 4 and 5 of Osleger ank——>—_—"— _1

Read (1993) is located close to thenderbergiaElvinia bio- N~ 7
zone boundary (Figs. 7 and 48) which in turn marks the bound-
ary between the Sauk Il and Sauk Il sequences (Palmer, 1981) @ @
Whatever correlation will turn out to be the most likely one, the

presumed hiatus between the Zonda Formation and the Lzﬁ
Flecha Formation seems to encompass this major unconformity|__—_—] © 6
of Laurentia. I o]

In the Precordillera, the Cambrian-Ordovician boundary ‘ ‘ C|
interval is marked by the transition from the La Flecha Forma- 1 1 ,Sl

tion to the La Silla Formation (sequence boundary 9). According | — " —]
to the European subdivision (Fig. 49), the first Tremadocian con- -~
odonts (basal Early Ordovician according to the Europeans) aref — — — 5 500 m
found about 172 m above the base of the La Silla Formation[—
(Keller et al., 1994; Lehnert, 1995a) and consequently, the La|
Flecha—La Silla formational boundary is located in the Late [ [
Cambrian. According to North American standard stratigraphy, ‘ na's

however, the boundary is located near the Cambrian-Ordovician ol
transition (Fig. 49) as shown by the presence of the trilobite ‘ ‘ S 4
Plethopeltis obtusu@eller et al., 1994; Vaccari, 1994) which is e

present from the Saukia serotitmthe Missisquoia depressa |~ — |4
subzones. This relatively precise assignment is of great impor-| | vV
tance, because near the Cambrian-Ordovician boundary is the [ [ 3
major Lange Ranch eustatic event (Miller, 1984), which is ‘ RAS
exactly in the time span described here. Consequently, the ‘ ‘ 2

sequence boundary separating the La Silla Formation from the 0Om

La Flecha Formation (sgquence boundary 9)_ i_S here interpreﬁ,’g’are 46. Third-order sequences of Precordillera carbonate platform
to represent the eustatic event. At present, it is not possiblesuccession and their thicknesses.
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mw pg assign the sea-level fall observed in the Precordillera to one of
‘ ‘ ‘ ‘ the two regressive-transgressive couplets that make up the Lange
Ranch event (Miller, 1992).

77777777 Sequence boundary 10 (Figs. 46 and 48) is located about 25
jg T —T—* m above a horizon (point B of Keller et al., 1994) at which con-
= = odonts of the Clavohamulus hintzgine (Fig. 49) are present

T T 1 (Lehnert, 1995a). At 75 m above the sequence boundary, con-
og | ~ ~ ~ odonts of thdRossodus manitouengisne are found (point C of
ol L Keller et al., 1994). Between both conodont zones two major
100m LT [ T eustatic events, which embrace the base of the Tremadocian (Fig.
L T T 1 49), were recorded by Miller (1992). The global character of a
—_— basal Tremadocian transgression was stressed by Fortey (1984).
YA PP On the North American craton, there is a major flooding event
= = - observed, the Stonehenge transgression (Taylor et al., 1992), dur-

—r——r T T —T— ing the C. angulatusone. This flooding is slightly younger than

~ ~ o~ the two events described by Miller (1992). It will be interesting to
75m ES see whether biostratigraphy, most promisingly conodonts, will
25~ ~  ~ . . . .
e e one day be able to obtain a resolution high enough to assign
— T sequence boundary 10 to one of the three events.
pa T T T The next younger sequence boundary within the La Silla
LT T Formation (sequence boundary 11) is reasonably well dated,

because conodonts were found about 10 m below the breccia on
ey top of the sequence (point D of Keller et al., 1994). The cono-
) donts indicate a position close to the boundary betweeR.the
] manitouensigone and the low-diversity interval or the boundary

between the Skullrockian and Stairsian substages of the North

50m T

1 American subdivision (Fig. 49). Along the Laurentian margins,
= — the base of the Stairsian is characterized by a major sea-level rise
BT T (Ross and Ross, 1995) which is most probably reflected in the
25m rapid flooding at the base of sequence 11 in the Precordillera.
12 The La Silla Formation and the San Juan Formation are sep-
: A arated by a sequence boundary (boundary 12; Figs. 46 and 48)
I [ <’ belonging to the uppermost Tremadocian or mid-Stairsian,
T 1 respectively (discussion in Keller et al., 1994; Lehnert, 1995a).
! I ! I ! I 0 A During the late Stairsian, there is a marked regression around the
C T 1 11 M North American craton (Ross and Ross, 1995). This regression
might be reflected by a major eustatic event observed on other
continents. Outside North America, it spans the Tremadoc-
Arenig boundary (Fortey, 1984). Whether the Laurentian event is

E identical to this presumably global event has not yet been proven;

however, one of these two events is reflected by the sequence

\
D> D

C T 1
110 =717
o [T T ]

[
e [ T 1T
[T

ﬁﬁ"ﬁ
Ao

deep-water marlstone  blackshale boundary separating the La Silla Formation from the San Juan
limestone .
Formation.
A 1+ w Starting with the lower reef-mound horizon, there are sev-
. . . eral flooding events recognized within the San Juan Formation.
frilobites echinoderms crinoids .
in general Some of them are easily correlated to a sea-level curve worked
out for the Arenig of Scandinavia and Australia (Nielsen, 1992).
<% e A comparison to North America is somewhat more difficult for
slumping cross bedding various reasons. The San Juan Formation continues well into the

Whiterockian (and thus into the Middle Ordovician according to

Figure 47. Section of the deep-water limestones, marlstones, and SQﬂ'@%\Iorth American standard; Fig. 49). Along the eastern margin

of Late Cambrian El Relincho Formation at Cerro Pelado. Successi . . . .
overlies Middle Cambrian cyclical peritidal rocks of Cerro Pelado Foq?q_aurentla, the Whiterockian sediments record the onset of the

mation. Boundary is marked by hardground and hiatus. See also Fig@gonic orogeny and the interplay between eustasy and tectonics
7. Legend as in Figure 16. (James et al., 1989; Read, 1989). The southern and the western
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Figure 48. Sea-level curve for Cambrian-Ordovician carbonate platform deposits of Precordillera and its correlationHerthAgoatachians.
A and B show alternative correlations for earliest Ordovician sequence boundaries. Appalachian curve is modified from Read (1989).
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margins of Laurentia were affected by high-frequency eustatiéddle and Late Ordovician time (Dalla Salda et al., 1992a,
events in the upper Ibexian and the Whiterockian (Schutter, 199292b; Dalziel et al., 1994; Keller, 1995; Keller and Dickerson,
Ross and Ross, 1995; Cooper and Keller, 1995; Keller at@b6; Dickerson and Keller, 1998). Dalla Salda et al. (1992b)
Cooper, 1995). These sea-level fluctuations are related to thefitht pointed out that the Ouachita embayment (Fig. 6) is a candi-
max of the Sauk sequence deposition. In the Argentine Rdate for the provenance of the Precordillera. Prior to that, much
cordillera, the demise of the carbonate platform was initiatethphasis was placed on stratigraphic and tectonic correlations of
during this climax of sea-level highstand. the Precordillera to the Appalachians (Fig. 1). In contrast, pale-
Within sequence 12, the basal sequence of the San Juan émologists consistently have indicated a close connection to the
mation (Figs. 46 and 48), flooding was most dramatic at the basethern midcontinent and to the western United States, espe-
of the O. evaeone, which led to the deposition of the deep-rangially the southwestern Great Basin (e.g., Baldis and Bordonaro,
nodular limestones. In some sections, this interval is actually ré981b, 1982; Lehnert, 1993, 1995a).
resented by a couplet of nodular limestones with intercalated In the following chapter, a comparison is made between the
mid-ramp deposits. Within the resolution of biostratigraphy, thésolution of the carbonate platform in the Precordillera and its
couplet is coeval to similar events in Baltica and Australia. Theoeunterparts along the eastern and southeastern margin of Lau-
they were attributed to major eustatic sea-level changesrbgtia, especially to demonstrate similarities and differences
Nielsen (1992). It seems plausible to correlate the coupletbetween both areas. This comparison is based mainly on the
deepening events in Baltica and Australia to two of the three sement compilations by James et al. (1989) and Knight et al.
level changes in the Blackhillsian (uppermost Ibexian) of North995) for the Canadian Appalachians, and Read (1989) and
America (Fig. 49); however, at present it is not possible to assig@ad (inRankin et al., 1989) for the U.S. Appalachians. This
the couplet in the Precordillera to two distinct events around ttemparison does not intend to be a detailed stratigraphic com-
margins of Laurentia. parison like that of Astini et al. (1995), but intends to show gen-
The upper reef horizon in the San Juan Formation formei@l sedimentary and evolutionary patterns.
just above the base of the Whiterockian, which is marked by a After a platform-foundation phase during the Late Protero-
pronounced regressive event with subsequent flooding (Ross zwid and earliest Cambrian, carbonate platform sedimentation on
Ross, 1995). All conodont data from this interval within the S&th the Cordilleran and the Appalachian margins had begun by
Juan Formation (Lehnert and Keller, 1993b; Lehnert, 1995a) slage Early Cambrian time (Bond et al., 1984, 1988; James et al.,
gest that the sequence boundary below the reefs (sequd®89; Read, 1989). In many places along the Appalachian mar-
boundary 13) is caused by the drop of sea level at the base ofthgthe carbonates rest on rifted-margin sediment prisms that ter-
Whiterockian (Fig. 49). This is supported by data from Balticainate with mainly marine, mature quartz sandstones (Fig. 42A).
and Australia (Nielsen, 1992) that also point to a marked séathe Precordillera, there is indirect evidence that most of such a
level fall in the uppetriangularis-naviszone (basal late Arenig; sediment prism is absent. The carbonate platform might directly
Fig. 49). The subsequent history of the San Juan Formation isavezlie crystalline basement or is separated from the latter only
of rising sea level that finally led to drowning and the terminay a thin siliciclastic veneer (Fig. 42B; Keller, 1995). On both
tion of carbonate platform sedimentation. One important factoargins of Laurentia, the onset of carbonate platform deposition
for this drowning was that global sea level reached a maximigrbroadly correlative with thBonnia-Olenellugrilobite zone
near the Arenig-Llanvirn boundary (Fortey, 1984; Ross and Ro@opnd et al., 1989). Similarly, the oldest carbonates in the Pre-
1995). However, in the Guandacol subbasin the first signs of tecrdillera belong to the Bonnia-Olenellzsne. On a regional
tonic instability are as early as the late Arenig; therefore, risingale, however, the oldest well-developed carbonate platform
sea level was one factor in terminating carbonate production, tmaks belong to the Middle Cambri&lossopleurazone (Sol-
another was tectonics. At present, it seems impossible to distiano Member of the La Laja Formation).
guish between the effects of eustasy versus tectonics. Along the Laurentian margins, Middle and Upper Cambrian
Many of the assignments given here are not, or not wedtrata are arranged in grand cycles (Aitken, 1966, 1978; Palmer,
proven biostratigraphically; however, the interpretations and th&#71a, 1971b; Palmer and Halley, 1979, among others). These
correlations may serve as predictions and an encouragementyoles show a lower terrigenous half cycle and an upper carbon-
further biostratigraphic investigations, especially in the Uppate half cycle, indicating overall shallowing. In the Precordillera,
Cambrian successions. grand cycles are present although the siliciclastic interval repre-
Comparison between the carbonate platform of the Presents the shallowest facies (Fig. 11). The most important differ-
cordillera and the eastern margin of Laurenti&ince the 1995 ence to Laurentia is that in the Precordillera terrigenous half
Penrose Conference, it has become widely accepted thatdywes are only present until the late Middle Cambrian. Younger
Argentine Precordillera is a Laurentia-derived terrane (Dalzielsstdimentary cycles lack siliciclastic units, demonstrating that
al., 1996). Timing of the separation from Laurentia, however,ésastal onlap onto the hinterland had progressed far into the crys-
still highly controversial. Astini et al. (1995, 1996a, 1996ktalline source area. An alternative explanation for the absence of
believe in a separation during the Early Cambrian. In contrastrigenous detritus is the development of an intrashelf basin
there is much evidence that the Precordillera was detached dubiglgveen the actual depositional site of the La Flecha Formation
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Figure 49. Conodont biostra-
tigraphy of Late Cambrian and
Early Ordovician according to
North American (USA) and
European (GB, Baltic) zo-
nations. Shaded interval marks
uncertain interval of Tremado-
cian-Arenigian boundary.
Sources: (1) Ethington and
Clarke (1971); (2) Ethington
and Clarke (1981); Miller
(1988); (3) Ross et al. (1993);
(4) Lindstrém (1971); Lofgren
(1978, 1996). Sketch courtesy
of O. Lehnert.
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and the clastic shoreline. Intrashelf basins are well known fréaulting and local erosion of the platform strata, followed by
the U.S. Appalachians (Markello and Read, 1982; Rankin et edpid subsidence and the final burial under the prograding clastic
1989), but are called the inner detrital belt along the Cordillerasedge (Knight et al., 1995). In the northern Appalachians, the
margin of Laurentia (Aitken, 1978; Palmer, 1971a; see Fig. 8ain tectonic events are dated as Middle Ordovician.
These basins served as a sediment trap for the siliciclastic mate-In the Precordillera, the carbonate platform was entirely
rials derived from the adjacent hinterland. Given the present alriswned by the early Llanvirn. Although sea level seems to have
crop situation, both scenarios are viable. played the leading role, sequence stratigraphy and the sedimen-
In the Canadian Appalachians, there are extremely fossilifestogy of the pre-drowning succession (Fig. 50) indicate that tec-
ous and bioclastic carbonates of Early Cambrian age, wherneaécs might have been an important factor. Figure 50 shows a
“. .. middle and upper Cambrian sediments are almost abiot&atively uniform carbonate platform evolution and sequence
composed of peloids, ooids, and intraclasts with microbié¢velopment during much of the Early Ordovician. No major dif-
buildups and relatively few bioclasts” (James et al., 1989: p. 14f8xences in platform configuration or sediment thickness are
This trend was reversed during the Early Ordovician, when moeeorded in the Tremadocian La Silla Formation. The La Silla
muddy sediments were deposited and the rocks became prodfesnation is by far the most uniform succession present in the
sively more fossiliferous at the expense of ooids and peloids. Tiatform deposits, which probably indicates that the entire terrane
evolution, which seems to be recorded all around the Laurentieeas flooded and that eustasy was the only ruling factor.
margin, is also observed in the Precordillera; however, the timing The basal sequence of the San Juan Formation (sequence 12;
differs slightly. The Middle Cambrian (La Laja Formation) i§ig. 46) demonstrates that accommodation was greatest in the
very fossiliferous, containing abundant trilobites, hyolithids, ar@uandacol subbasin but it was almost matched by the southern
eocrinoids. The Upper Cambrian Zonda and La Flecha Forraad western sections of the Talacasto subbasin (Fig. 50). The
tions mirror the Canadian Middle and Upper Cambrian depoditcreasing thickness of this sequence toward the sections around
in being oolitic and intraclastic with abundant microbial strudachal and finally toward the San Juan subbasin reflects succes-
tures. At the Cambrian-Ordovician boundary, the reverse tresige onlap in an eastern and southeastern direction, a pattern not
was initiated with the flooding above the La Flecha—La Silla fobserved in the La Silla Formation. In addition, the intermediate
mational boundary (sequence boundary 9). Muddy sedimentaogition of the northern sections of the Talacasto subbasin is doc-
rocks prevail in the La Silla Formation, and the main componentsented by the presence of a shelf-margin systems tract at the
are peloids and, to a minor extent, ooids. At the base of the Base of the San Juan Formation, which is present neither farther
Juan Formation, a fully marine fauna started to flourish; in comest nor in the San Juan subbasin. The onlap pattern of the sedi-
trast, ooids and peloids are subordinate constituents. ments, together with the fact that Cambrian conodonts are found
A striking similarity between the Appalachians and the Prierthe San Juan Formation, indicates that sea level was lower dur-
cordillera is the tripartite subdivision of the Ibexian. In Canadag the time of deposition of the San Juan Formation than during
this interval is represented by a succession of subtidal limestdnesSilla Formation deposition or that tectonic uplift affected the
sandwiched between peritidal carbonates (Knight et al., 1998)rane in some place. Global sea level was lower in the Arenig
Almost identical strata are present farther south (Chepultepiean in the Tremadoc (Fortey, 1984; Read, 1989), so global sea-
interval, Bova and Read, 1987) and a similar succession is redegel fall is the most likely interpretation.
nized in the Precordillera. Three sequences are present in the Laln the upper sequence of the San Juan Formation (sequence
Silla Formation (sequences 9-11; Figs. 46 and 49); the midti& Fig. 46) the uniform facies and thickness evolution is no
sequence is the thickest and has the largest proportion of subtataier observed (Fig. 50). In contrast to the underlying
facies. sequences, the sections in the San Juan subbasin show the thick-
During the Early Ordovician, the morphology of the carbormst successions of all subbasins, whereas the sections of the Tala-
ate platform in the Precordillera changed from a Late Cambrzasto subbasin reveal highly variable thicknesses (Fig. 50)
platform with a high-energy rim toward a carbonate ramp duribgtween the sequence boundary and the drowning unconformity.
the Arenig. A similar evolution is observed in the U.S. Appalachihis heterogeneous evolution of the carbonate platform toward
ans (Read, 1989) and is there related to flexure of the contineitsaénd is interpreted to reflect differential subsidence caused by
crust during incipient collision. In the southern Appalachians, thiee onset of crustal extension. Consequently, the Talacasto and
Knox-Beekmantown unconformity (Bird and Dewey, 1970he San Juan subbasins record the continuation of block faulting,
marks the transition from passive-margin sedimentation to cavhich started to affect the platform during the early late Arenig in
vergent-margin deposition. Mussman and Read (1986) demitre Guandacol subbasin.
strated that karstification and erosion are most prominent in the In the Precordillera, incipient block faulting in combination
south and gradually decrease toward the north. Rocks beneath an important sea-level rise at the beginning of the Middle
and above the unconformity demonstrate that the main evedtdovician led to the drowning of the carbonate platform, which
took place during the middle Whiterockian, corresponding to teebsequently underwent major block faulting, uplift, and erosion.
Llanvirn and Llandeilo in the Precordillera. Demise of the camn contrast, in the Canadian Appalachians block faulting led to
bonate platform in the northern Appalachians started with blddeal uplift and erosion of the carbonate platform prior to subse-
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position across ancient shelf. The Guandacol section is in most offshore position, whereas sections at Los Berros and Las Lajas are most cratonward secti
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quent flooding, drowning, and the deposition of a clastfaulting. An important statement of Keller et al. (1993b) was
wedge. that within the Argentine Precordillera there is no evidence of a
These differences in the evolution of both areas, the Argearbonate platform that might have acted as a source for the
tine Precordillera and the Appalachians, and in the demise of ltleenipelagic limestones.
carbonate platform seem to be related directly to the geotectonic At Las Chacritas, sedimentation continued with nodular,
environment in which the sediments were deposited. In gh®bably deep-ramp limestones above a marked flooding surface
Appalachians, block faulting is related to crustal extension ommtop of the San Juan Formation (Figs. 21 and 50). This succes-
subducting plate, i.e., it is related to the Taconic orogeny. In gien, the age of which is not clear, is capped by a latest Ordovician
Precordillera, incipient block faulting seems to be related to ttieert-pebble conglomerate. In the sections toward the west and
onset of crustal extension, which finally led to continentabuth, Ordovician erosion removed the strata on top of the plat-
breakup and the separation of the Precordillera from Laureritiem and much of the platform. One exception and a key point for

(see following discussion). the interpretation of the geodynamic history is the Rio Sassito sec-
tion, where Caradocian limestones are present (Lehnert, 1995a;

EARLY PALEOZOIC EVOLUTION AND Keller, 1995). These overlie deeply eroded San Juan limestones,

PALEOGEOGRAPHY OF THE ARGENTINE demonstrating that the main period of Ordovician erosion took

PRECORDILLERA—THE MIDDLE ORDOVICIAN place prior to the Caradoc (Keller and Lehnert, 1998).

THROUGH DEVONIAN SILICICLASTIC In the Guandacol subbasin, deposition of black shales con-

SUCCESSIONS tinued across the Early-Middle Ordovician boundary. As in the

Don Braulio section, a succession of turbidites, conglomerates,
and olistostromes (Las Vacas Formation; Fig. 4) overlies the
black shales with an erosional unconformity (Astini, 1991). As in
the Don Braulio section, sedimentation of the chaotic and cata-
After the demise of the carbonate platform, sedimentatistrophic deposits started around the Llanvirnian-Llandeilian
continued during much of the Llanvirn; however, major facidmundary with erosion of the underlying strata. Limestone blocks
differentiations are recognized. In the San Juan subbasin, Midafithe San Juan Formation within the Las Vacas Formation, more
and Upper Ordovician strata are exposed in the Don Braulio sben 70 m long, attest to rapid uplift and increasing relief. The
tion (Figs. 3 and 28). There, the San Juan Formation wasnposition of the clast population within the conglomerates is
drowned during th&. suecicuzone, deposition of the Gualca-similar to that of the La Cantera Formation; however, mafic and
mayo Formation followed. Sedimentation of the Gualcamawtiramafic magmatic clasts compose >20% of the population
Formation continued probably into the earliest Llandeilo. Tifeoske, 1992). Overlying the Las Vacas Formation is the Las
hiatus present between the Gualcamayo Formation and thePlamtas Formation (Fig. 4) which was deposited in a slope-apron
Cantera Formation is caused by the erosional event that accenvironment (Astini, 1991). Typical sedimentary rocks are
panied deposition of the basal conglomerate of the La Cantauéochthonous hemipelagites and allochthonous debris-flow
Formation. deposits which are as young as the early Caradoc. The entire suc-
There are indications that the Gualcamayo Formation c@ession of Gualcamayo Formation—Las Vacas Formation—-Las
ered a much larger part of the San Juan subbasin. SarmienRlattas Formation shows the same general evolutionary pattern
al. (1986) described early Llanvirnian conodonts from an olias the Don Braulio section; however, sediment thicknesses are
tolith within the Rinconada Formation and mentioned overlyirggearly different. In both sections, the Llandeilian through lower
graptolite-bearing shales. In most sections of the San Juan §€idradocian rocks display an overall fining-upward trend. The
basin, however, Middle Ordovician strata have been eroded andcessions mirror several events during which conglomerates
the extent of erosion cuts down to different levels within the Sarre delivered to the basin and resedimented. Both successions
Juan Formation (Lehnert and Keller, 1994; Lehnert, 1995flect sedimentation in slope-apron environments. Hence the
Keller and Lehnert, 1998). most likely depositional scenario for both units includes grabens
A similar evolution to that of the San Juan subbasin @s half grabens with bounding faults along which material was
recorded in the Talacasto subbasin. Black shales of the Gudloeally eroded (limestone slabs, shale slabs), but that also
mayo Formation are preserved in several sections around Jachegived material from the hinterland. This coarse detritus was
but there are others (Las Aguaditas, Las Chacritas; Fig. 3) whegedimented to form thick conglomerates. In the Guandacol
carbonate sedimentation continued. The Las Aguaditas sectogn, block rotations are reflected in the succession by several
shows the early Llanvirnian drowning event and the evolutiamgular unconformities (W. Von Gosen, 1997, personal com-
of calcareous slope facies with megabreccia sedimentatioun.), especially between the Las Vacas conglomerates and the
(Keller et al., 1993b). Although eustatic sea-level fluctuatiohss Plantas Formation. Locally, the angular unconformity
may have been a factor during deposition, the formation obetween the two formations is as great as 30°.
slope apron, which acted as a source for the mass-flow depositsNear San Rafael, Middle Ordovician rocks (Lindero Forma-
in the Las Aguaditas Formation, is taken as evidence of bld@n) are also present (Nufiez, 1979; Baldis and Blasco, 1973;

Middle Ordovician
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Bordonaro et al., 1996). The lower member of the formationrigation), but the most important feature is Caradocian pillow
composed of arkoses and fine conglomerates (Fig. 41) whichlzasalts (Fig. 51). The only evidence of shallow-water deposition
the products of insitu weathering of the granitoid basemeistpreserved in the San Isidro area, where (glacially influenced?)
Above a marked hardground, sandstones, siltstones, volcasiatform sandstones overlie the continental margin facies.
breccias, and locally limestones form the upper member. Car- In the San Juan subbasin, Upper Ordovician sediments are
bonates, contained both in the lower and the upper memipeesent only in the Don Braulio section. In addition to the upper-
yielded conodonts (Bordonaro et al., 1996) that indicate that sembst part of the La Cantera Formation, the Late Ordovician is
imentation of the lower succession continued toward the Llanainly represented by the Don Braulio Formation, from which
virn-Llandeilo boundary, and that the upper member wé® first evidence of the Late Ordovician Gondwana glaciation
deposited during the late early Llandeilian and early Caradociaas described (Peralta and Carter, 1990a). Although Astini and
The importance of the outcrops is that they demonstrate tBaggisch (1993) favored a terrestrial origin of the diamictites, the
basement was exposed during early Middle Ordovician time grdsence of coeval marine sediments (Sanchez et al., 1991) seems
that the composition of this basement makes it a logical sout@kéndicate that the lower member of the Don Braulio Formation
for the coarse detritus found in many of the Middle Ordovicias of marine origin as well. At least two unconformities have been
sandstones and arkoses in the Precordillera. This does not neeesgnized in the succession at Don Braulio, one at the base of
sarily imply that the area of San Rafael was the source area thetdiamictites and the one at the base of the conglomerate, which
that similar outcrops in other parts of the terrane might have aateatks the base of the upper member of the Don Braulio Forma-
as a source. tion (Fig. 28). Locally, both unconformities merge to one surface.
Although the outcrops of the Lindero Formation do not pdBoth unconformities have been described (Baldis et al., 1982;
mit a regional interpretation, the facies succession from arkoS&schez et al., 1991) and differently interpreted. Baldis et al.
to deep-water shales and limestones indicates that the Ponon(I882) favored a tectonic origin (“Villicum phase”), whereas
hue area was rapidly submerged during the Middle Ordovici&anchez (1991) interpreted both surfaces to be related to sea-level
Hence the area might represent a local fault-bounded block tf@nges in connection with the Late Ordovician glaciation.
underwent major downwarping. In the Talacasto subbasin, there are only isolated outcrops of
The most important event during the Middle Ordovician Idpper Ordovician sediments. The importance of the temperate-
the evolution of a continental margin facies and the westavater Sassito limestones has already been mentioned. East of
basin. The onset of basin formation is still a matter of debdtechal, near Cerro del Fuerte (Fig. 3), Ashgillian shales are
(Keller, 1995; Astini et al., 1996a); however, the presence eXposed (Sanchez et al., 1991) and interpreted to have been
Llanvirnian faunas within olistoliths demonstrates that the madeposited below storm-wave base. A conglomeratic interval near
events, especially the emplacement of the major olistoliths, tdblke base of the exposed succession may be a correlative to the
place during the latest Llanvirn but predominantly during thion Braulio conglomerate. In most sections of the Talacasto sub-
Llandeilo. The stratigraphic and paleogeographic relationshipasin, a hiatus is present between the upper part of the San Juan
between the Middle and Upper Ordovician units in the westdfarmation and the latest Ordovician transgressive sediments of
basin are not clear. There seems to be a westward fining tee-La Chilca Formation. The latter belong to a Silurian sedimen-
dency: rock-fall deposits of the Los Sombreros Formation to caary cycle and will be discussed in the next chapter. The main ero-
glomerates of the Portezuelo del Tontal Formation to turbiditsnal event took place prior to the deposition of the Sassito
of the Don Polo Formation to shales of the Alcaparossa Forriaestones. The effects and the importance of the post-Carado-
tion (Figs. 4 and 51). West-directed transport is observed in ttien erosion, i.e., the post-Sassito limestone erosion, are difficult
bidites and megabreccias in the Los Sombreros Formatiortasstablish.
well as in the conglomerates and turbidites of the Portezuelo del In the Guandacol subbasin, sedimentation rates and subsi-
Tontal Formation (Spalletti et al., 1989). In the Don Polo Formdence increased toward the Caradoc-Ashgill boundary, as
tion, however, there are indications that sediment transport weffected by more than 1500 m of predominantly shales and tur-
directed toward the southeast and south (Astini, 1991). This gatites (Astini, 1991). Calcareous megabreccias attest to a tec-
tern is present in the area along the Rio San Juan and from ttmeally unstable environment and the local erosion of strata
toward the south. Whether there are similar tendencies fartiewn to the San Juan Formation. Concomitantly, another source
north has to be resolved once there is more understanding ofitle@ provided the detritus deposited as quartz arenitic turbidites.

stratigraphy in those areas. Paleocurrent indicators (Astini, 1991) demonstrate that the
megabreccias originated along the margin of the depocenter

Late Ordovician whereas the turbidites were transported longitudinally through
the basin.

In the western basin, Middle Ordovician sedimentation con- Upper Ordovician sedimentary rocks are also present in the
tinued into the Late Ordovician without a major change in se@ian Rafael area (Cingolani and Cuerda, 1996). These outcrops at
mentation patterns. There is a general tendency toward fiG@erro Bola (Fig. 39) are not directly connected to those at Ponon
grained siliciclastics, especially black shales (Alcaparossa Forehue. At Cerro Bola, a thick succession of Caradocian tur-
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Figure 51. Depositional environments and sedimentary rocks of Ordovician of western basin. Rocks reflect formation of Atlantic-type continental
margin during Middle and Late Ordovician.

bidites and shales crops out, which might be a correlative to sdollowed by Furque (1979), Furque and Cuerda (1979), and
of the units in the western basin of the Precordillera. The prBsidis et al. (1982). As already stated by Furque (1979), the con-
ence of pillow lavas (Wichmann, 1928) similar to those of tlggomerates document uplift and erosion of the central and eastern
western basin in the Precordillera (Davicino and Sabal(a, 19B@¢cordillera (sensu Ortiz and Zambrano, 1981). The effects of
suggests a correlation to the Alcaparrosa Formation. the Guandacol event are recognized everywhere in the eastern
basin: conglomerates and turbidites were deposited coevally in
Discussion of the Middle and Upper Ordovician evolution of the Don Braulio section and in the Guandacol area. The first and
the Argentine Precordillera most important megabreccia in the Las Aguaditas Formation is
of early Llandeilian age (Keller et al., 1993b). The pre-Carado-
In the Precordillera, the Middle Ordovician was the time @fan erosion that affected much of the Talacasto subbasin is here
major change in depositional style. Carbonate platform sedimanerpreted to reflect the Guandacol event. The Guandacol event
tation was terminated by drowning during the early Llanvirn, amgl also recognized in the San Rafael area, where the hiatus
only locally did carbonate deposition continue with deep-wateetween the Peletay and Los Leones Members of the Lindero
limestones and slope hemipelagites. Increasing tectonic instabdrmation represents the early Llandeilo. Deposition of the Llan-
ity postdating the late Arenig is indicated by the diachronodsilian rocks everywhere seems to be related to crustal extension
drowning of the platform; drowning in the Guandacol subbasimd the formation of graben structures (Furque, 1979; Loske,
was coeval with shallowing in the Talacasto and San Juan sU#92; Von Gosen, 1992; Keller et al., 1993b); for most of the for-
basins. In the eastern basin, the Llanvirn was dominated by blakions a slope-apron configuration of the sediment source has
shale sedimentation (Gualcamayo and Los Azules Formatio&en reconstructed.
but locally carbonates were still produced. Toward the end of the The Guandacol event is also recognized in the western basin.
Llanvirn, the basement of the terrane was locally exposed (Sdrere, formation of the continental slope was initiated during the
Rafael) and subject to intensive weathering. Near the base ofldite Arenig or early Llanvirn (Astini et al., 1995; Keller, 1995);
Llandeilo, the entire eastern basin shows the effects of the Guzwever, most of the sediments assigned to a slope or basin envi-
dacol tectonic phase. ronment were deposited during the Llanvirn and especially dur-
Guandacol eventThe Guandacol tectonic phase was intrang the Llandeilo (Spalletti et al., 1989; Cingolani et al., 1989).
duced by Furque (1972) to explain the presence of thick cdine Los Sombreros Formation contains blocks as young as early
glomerate successions in the Precordillera. This concept was lal@nvirn (Keller, 1995) and it is not difficult to imagine that the
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emplacement of the olistoliths is related to the Llandeilian Gudrase (Acefiolaza and Peralta, 1986; Peralta, 1990; Peralta and
dacol event. It must be stressed here that during the Guand@ewter, 1990b; Astini and Maretto, 1996, among others). There is
event a steep escarpment formed, locally more than 2100 m higbonsistent pattern of north-south polarity in the sediments of the
as indicated by the olistolith content, which comprises the ent8gurian. Paleocurrent data indicate predominantly a north-south
carbonate platform stratigraphy, as well as clasts of a crystallioe north-northeast—south-southwest transport (Astini and
basement. None of the stratigraphic units in the western bddaretto, 1996).
yielded (autochthonous) fossils older than Llanvirn, and most of In the Jachal area, sedimentary rocks are thicker, they are in
them were deposited during the Llandeilo and early Caradgeneral more coarse grained, and the sections are more complete
Hence, the Guandacol event marks not only an extensiotan toward the Rio San Juan. For example, the thickness of the
regime in the eastern basin, but also the formation and the initialChilca Formation decreases from 90 m in the north (Lehnert,
major subsidence of the western basin. This basin formation \k890) to about 30—40 m in the Talacasto area (Baldis et al., 1984;
related to major crustal extension leading to continental margig. 52). The La Chilca Formation is absent in the sections along
and basin plain environments. Sediments were supplied from line Rio San Juan. The Los Espejos Formation, which overlies the
sources (Spalletti et al., 1989; Keller, 1995). La Chilca Formation, displays a similar thickness trend (Fig. 52):
Toward the Caradoc, almost all areas show an overall finifigm more than 450 m around Jachal (Peralta et al., 1989; Lehnert,
of the sediments and the return to black shale deposition, egf890) to 250-300 m around Talacasto (Peralta, 1990). The Tam-
cially widespread during thd. graciliszone. Important features bolar Formation (Fig. 4), only present in the Rio San Juan sections
of Late Ordovician sedimentation are pillow basalts thétleim, 1952), is coeval with the Los Espejos Formation (Fig. 4)
extruded into the shales of the Alcaparrosa Formation. Upped is regarded as a distal facies of the latter (Peralta, 1993). In
Caradocian and lower Ashgillian sediments are volumetricatgmparison to its proximal counterpart, the thickness is strongly
important (Trapiche Formation) but are areally restricted to trexluced and varies between 120 and 30 m in different sections.
Guandacol subbasin and to the San Isidro area (Empozada Foere is not only a north-south polarity but also an east-west
mation as defined herein) of the western basin. In the other atezred. The Tambolar Formation thins from 120 m at Rio Sassito to
a hiatus is present that spans the late Caradoc through mo3tlah at Tambolar and 28 m at Pachaco (Fig. 52). Similar values
the Ashgillian. Although there are local indications of erosiomere described by Astini and Maretto (1996) in a compilation of
associated with this hiatus (Rio Sassito section), the dimensithicknesses of the Los Espejos Formation. This compilation also
of erosion are not clear. In most places, the Upper Ordovic@gmonstrates that there is a north-south—trending ridge connect-
unconformity merges with the Middle Ordovician unconformiting the sections of Las Aguaditas with Las Chacritas. Along this
caused by the Guandacol event. Above the Upper Ordoviciaye, the Los Espejos Formation shows thicknesses between 260
surface latest Ashgillian sediments of the La Chilca Formatiand 300 m. In contrast, sections southwest and east of Las Agua-
are found. The only exceptions from the distribution pattern difas are much thicker (e.g., 450 m at Cerro del Fuerte; Fig. 52).
Upper Ordovician sediments are a few sections where glacio- In the San Juan subbasin, the Silurian shows a completely
marine diamictites (Peralta and Carter, 1990a; Sanchez etdifferent development. The upper member of the Don Braulio
1991) are present, indicating that the effects of the Gondwdmamation starts with the main conglomerate which is overlain
glaciation, to some extent, affected the Precordillera (Buggidzh shales of varying thicknesses. The shales contain the
and Astini, 1993). Ashgillian Hirnantia fauna. Important features toward the top of
Silurian. The age and sedimentology of Silurian sedimethe formation and yet within the Silurian are iron oolites and
tary rocks in the western basin are insufficiently documentedatssociated chert pebbles. This part of the succession is absent in
allow their discussion and comparison with other parts of the Pilee Rinconada area; however, it is likely that it had been present
cordillera. In the Guandacol subbasin, neither Silurian nor Dewas-is shown by reworked glacial clasts in the overlying Rinconada
nian rocks are preserved, whereas they are well developed inrRrenation (Von Gosen et al., 1995). The Rinconada Formation is
Talacasto subbasin. There, sedimentation started with a cherick succession of shales and siltstones containing abundant
pebble conglomerate above the Upper Ordovician unconformdijstoliths and mass-flow deposits. Deposition of this chaotic suc-
The lowermost horizons of the La Chilca Formation (Saltession continued at least into the basal Ludlow (Peralta and
Macho Member of Baldis et al., 1984b) still belong to the latdgiedina, 1986; Peralta, 1990). In the Don Braulio section, the
Ashgill (Cuerda et al., 1988b, 1988c) and these beds are traistoliths within the Rinconada Formation mirror the entire
able from the area east of Jachal (Cerro del Fuerte) to the Tataderlying succession down to the San Juan Formation.
casto area (Cuerda 1985; Benedetto et al., 1986; Cuerda et al.,
1988b; Peralta, 1990; Sanchez et al., 1991). However, this loléscussion of the Silurian evolution of the Argentine
member of the La Chilca Formation seems to be absent imméutecordillera
ately south of Jachal (Peralta et al., 1989; Lehnert, 1990). In gen-
eral, the Silurian sedimentary rocks of the Talacasto subbasin Two principal depositional environments are recognized in
were deposited on a marine shelf with environments from tive Silurian of the Precordillera: a vast siliciclastic platform in
high-energy shoreface to muds deposited well below storm wavest of the Talacasto subbasin and an olistostrome along the


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on September 24, 2011

100 M. Keller
RioSanJuantransect Jachaldepocenter
Pacha- Tambolar Rio La Salto Tala- Las Los Las Lomadelos Cerro
co Sassito Deheza Macho casto Chacritas Pozos Aguaditas Piojos del Fuerte
W < - E SW &= => NE
S - = N
Talacasto Formation
- LE| LE
rmat\o
Talacastof? L8 LE LE LE
LE|
LE|
T !
| === [Sams 10 —H 1T

T =Tambolar Formation LE=Los Espejos Formation

. (11T 1 ] E
o
Q

SanJuan Formation La Chilca Formation Las Aguaditas Formation DonBraulio Formation (?)

andequivalents

Figure 52. Sediment thicknesses of Silurian deposits in Talacasto subbasin. Note Jachal depocenter and strongly reduced thicknesses along Rio !
Juan transect. Also note onlap character of La Chilca Formation and the dramatic cut-out of section beneath Devonian Talacasto Formation.

eastern margin of the San Juan subbasin. The locally derived ofiagnitude toward the south (Fig. 53). Thinning of the sections
toliths and their inverse stratigraphy point to the formation ofteward the south seems to be mainly due to cut-out of section
rapidly subsiding, elongate depocenter and pronounced ugiftvnward from the top (Fig. 53). This is true for the top of the La
along the flanks. The western flank separated this graben frGirilca Formation as well as for the top of the Tambolar Forma-
the platform area to the west. However, it is important to note tkiah (Fig. 52) and is indicated by basal, almost synchronous, con-
glacially influenced sediments are present in the Talacasto sgibmerates above the unconformities (Astini and Maretto, 1996).
basin and that the basal Silurian deposits in the Don Braulio deazontrast, the top of the successions beneath the unconformities
tion (above the glacial diamictites and beneath the sedimentagally shows strong variations in age (Franciosi, ditefistini
melange) are platform facies much like those of the basal Saltal Maretto, 1996), pointing to considerable local erosion (Figs.
Macho Member of the La Chilca Formation. Hence it seems tBatand 53).
for a short period during the latest Ordovician and the earliest The formation of the depocenter along the eastern margin
Silurian a shallow-marine platform extended over much of tbéthe San Juan subbasin (Villicum graben of Loske, 1992) has
Talacasto subbasin and the adjacent San Juan subbasin antbélkatattributed to crustal extension (Loske, 1992; Von Gosen et
there was no facies differentiation at that time. al., 1995). Strong uplift along the western margin of the Vil-
On the basis of thickness distribution of the Silurian succdisum graben is thought to be responsible for the asymmetric
sion, Furque and Caballé (1990) interpreted the platform of tpeometry of the depocenter and the gravitational transport of
Talacasto subbasin to consist of north-south—trending basins thredcarbonate megaolistoliths (Amos, 1954; Cuerda, 1985; Von
ridges. A depocenter existed in the Jachal area, although theré&sargen et al., 1995). Strong crustal extension with the formation
strong local differences in thickness (Fig. 52). However, tloé ridges (Zonda arc: Padula et al., 1967; Gonzalez Bonorino,
reduction of thickness toward the Rio San Juan is much m@8¥5b) and basins (Villicum graben) affected the eastern mar-
dramatic and is accompanied by an increase in the number of gia-of the San Juan subbasin during the Silurian. Hence it is
tuses (Benedetto et al., 1992; Herrera, 1993; Peralta, 1990). Goausible to assume that the same extensional regime also
comitantly, the time span involved in each of these hiatussected other parts of the Precordillera. The basins and ridges
increases. These hiatuses include the one at the base of the described by Furque and Caballé (1990) are here interpreted to
lying Devonian Talacasto Formation; the hiatus also increasebénthe result of (rotational?) block movements. However, these
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Figure 53. Thicknesses of Early Devonian Talacasto Formation show dramatic loss of section from north to south. This loss is caused mainly by los

of section beneath overlying Punta Negra Formation. L = Lochkovian; P = Pragian; E = Emsian (modified from Herrera, 1993).

movements were less effective and, in addition, had a soutbmposition indicates a recycled-orogenic and cratonal source
north tilting component. This tilting toward the north createarea (Kury, 1993). The tectono-sedimentary environment of the
the Jachal depocenter, in which most of the coarse detritus Walgvicencio Formation (sensu Kury, 1993) is interpreted as a
trapped. Basin-parallel transport distributed the finer grainpéssive continental margin or the continental side of a backarc
siliciclastic material toward the south. An apparent problemdgstem.

that the depositional environment was deeper in the south than In the Talacasto subbasin, the Silurian-Devonian boundary
in the north. This, however, is explained by a sedimentation raténcides approximately with the formational boundary
in the north capable of keeping-up with high accommodatidrgtween the Los Espejos and Talacasto Formations (Herrera,
and insufficient sediment supply toward the south to fill inrea$993; Fig. 53). The Talacasto Formation was deposited on a
ing accommodation there. A detailed model and a sequent&ine shelf. The sedimentary succession within the formation
stratigraphic interpretation were given by Astini and Maretti characterized by the transition from basal shale-dominated

(1996). deposits toward sandstones near the top of the formation. The
Talacasto Formation is overlain by the flysch-like deposits
Devonian (Gonzalez Bonorino, 1975a) of the Punta Negra Formation.

Biostratigraphic data from the base of the Punta Negra are

In the western basin, east of Calingasta, several units soenewhat sparse; however, the top of the Talacasto Formation
present that are assigned a Devonian age (Quartino et al., 1&Aiell dated (Herrera, 1993) and clearly shows that the topmost
Selles Martinez, 1986). Their stratigraphy and sedimentololggds get older to the south, toward the Tambolar area. This
are insufficiently known to allow a comparison with the bettérend is mirrored by dramatic decrease in thickness in the same
known strata of the Talacasto subbasin. West of Mendozalil@ction. It is not clear whether this reflects a major erosional
thick succession of turbiditic sandstones is present, whicheigent prior to the deposition of the Punta Negra Formation or a
commonly referred to as Villavicencio Group (Harringtorstrongly diachronous origin of the boundary.
1957; Padula et al., 1967). This succession was assigned anThe Punta Negra Formation consists of a thick succession of
Ordovician and Devonian age with probable Silurian parigrbidites that was described by Gonzalez Bonorino (1975a), who
(Cuerda, 1988). As demonstrated and discussed by Kuegonstructed a fan-delta environment for the Punta Negra For-
(1993), the Ordovician parts (Caradocian black shales) of thation. The composition of the graywackes and paleocurrent
Villavicencio Group belong to the Empozada Formation amiéta indicate two source areas, one to the northeast of Jachal that
hence to the Los Sombreros Formation as defined in this papmvided detritus from a mixed igneous and metamorphic source,
The turbidite succession of Devonian age constitutes the Villand a metamorphic source area to the southeast of San Juan.
icencio Formation in the sense of Kury (1993), which is equiv- Everywhere in the Precordillera, a hiatus separates the Car-
alent to the Canota Formation of Cuerda (1988). Vascular ldmahiferous sedimentary rocks from the Devonian or older strata.
plant fossils indicate an Early Devonian age for these rodksmany places this hiatus is represented by an angular uncon-
(Cuerda, 1988). The turbidites were derived from the east; theimity.
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Discussion of the Devonian evolution of the Argentine Cambrian Ordovician
Precordillera km

Silurian Devonian

\
N

tectonic subsidence

The Devonian strata record the change from crustal -9
sion and continental drift to a compressional regime. This ¢
is indicated in the geohistory plot curve for the Precordillera 2
54) which shows a passive-margin evolution until the end
Silurian and the beginning of the Devonian (Gonzalez Bon o . total
and Gonzalez Bonorino, 1991). During the Early Devoniai 4 — subsidence
shape of the curve changes and attains the shape typical
land basins (Kominz and Bond, 1986). This change is
reflected in the style of deposition and sediment compos
During the Early Devonian, there was the demise of the 6 —
clastic platform with fine-grained sediments. Subsequi
coarser grained sediments were deposited and, at the base (Figure 54. Thermal subsidence curve for lower Paleozoic sediments of

: . : f Precordillera (modified from Gonzalez Bonorino and Gonzalez
Punta Negra Formation, sedimentation from turbidity CurrerBonorino, 1991). Note that not before latest Silurian are effects of a pos-

became dominant. An accompanying evolution of sediment Cgjpe foreland evolution visible. Late Ordovician hiatus, interpreted to
position is observed with the change from quartzose sands duhave been caused by continental breakup, does not affect shape of curve.
the Silurian (Loske, 1992; Astini and Maretto, 1996) towaiSketch courtesy of W.Buggisch.

arkosic sands in the Punta Negra Formation and the chang

composition in the heavy-mineral spectra.

All sedimentologic data document the uplift of a cratonakpecially the Llano uplift area (Fig. 6). Ramos et al. (1993) and
source to the east of the Precordillera. West-directed thrusts Badhos (1995) took this evidence to postulate that the Pre-
imbricates (Von Gosen, 1992; Von Gosen et al., 1995) affectamtdillera and the western Sierras Pampeanas might have been
the eastern margin of the Precordillera in post-Silurian but ppart of southeastern Laurentia within the supercontinent of
Late Carboniferous time. Similar structures are observed in s@lsdinia (Fig. 5), which resulted from the Grenvillian orogeny.
mic lines, where they are interpreted to be located in the The breakup of Rodinia started at about 725 Ma (Hoffman,
crystalline basement of the western Sierras Pampeah@81; Powell et al., 1993) along the western margin of Laurentia.
(Cominguez and Ramos, 1990). Considering only the eastEan the Appalachian margin, rifting and continental breakup are
basin of the Precordillera, the entire set of data presented herardfanred for the late Neoproterozoic and earliest Cambrian (Bond
be interpreted as the accretion of the Precordillera to Gondwagiaal., 1984; Hoffman, 1991). Within the alternative models this

Concomitantly, however, the western margin was alseuld have been breakup of Pannotia (Fig. 5). The basic config-
affected by compression, documented by a metamorphic eugnation of the early Paleozoic Appalachian-Ouachita passive mar-
between 425 and 410 Ma (Buggisch et al., 1994b) that affectfal of Laurentia was outlined by Thomas (1991, 1993). Along the
the western margin of the Precordillera. The effects of this mefgpalachian margin, the rift-drift transition occurred near the
morphic overprint rapidly decrease toward the east (Keller et Brecambrian-Cambrian boundary (Bond et al., 1984, 1989; Read,
1993c). The corresponding compressional deformation affecl€i89; Thomas, 1996). Carbonate platform sedimentation started
strata as young as the Devonian Talacasto Formation (Von Godening the Early Cambrian, interrupted only by a short break
1997). Hence, deformation along the western margin of the Reflecting the Hawke Bay regression event (Read, 1989; Fig. 48).
cordillera is roughly coeval to compression along its eastern mbine Ouachita margin displays a somewhat different history. The
gin. Compression along the western margin of the Precordillerafisdrift transition seems to be younger than along the Appala-
interpreted to reflect the approach of Chilenia (Ramos et @hjan margin (Thomas, 1996) and passive-margin sedimentation

1984, 1986). did not start before the Middle Cambrian. By Sunwaptan time,

the entire Ouachita margin was the site of carbonate platform
GEODYNAMIC EVOLUTION OF THE ARGENTINE deposition. The oldest off-shelf sediments are also of Late Cam-
PRECORDILLERA AND ITS PARENTAL TERRANE brian age.

Important features along the entire Appalachian-Ouachita
margin are intracratonic fault systems that indicat incipient rift-
ing. The most important fault system is known as the Mississippi
Valley—Rough Creek—Rome graben system and is interpreted as

Precordillera as part of LaurentiaGrenvillian-type rocks resulting from crustal extension paralleling movements along the
that are present beneath the Precordillera and in the western 8iabama-Oklahoma transform (Thomas 1991, 1993). The graben
ras Pampeanas seem to be closely related to basement rockt aff this system and that of the Birmingham graben (Thomas
the southeastern Laurentian Grenville belt (Kay et al., 1998991) consists of Lower Cambrian fine-grained redbeds and local

History of the Precordillera
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Figure 55. A: Principal and main components of low-angle detachment model (Lister et al., 1991) in case of extension as result of delamination anc
subcrustal pure shear. B: Application of model to Precordillera, which, during Cambrian-Ordovician time, is interpreted to have been marginal
plateau to Laurentia. See text for further explanations.

evaporites overlain by marine siliciclastic material deposited urf&1000 m). Subsequently, the discussion of the rifting geometry
the Late Cambrian (Read, 1989; Thomas, 1991). Crustal exteas amplified to include the Precordillera as part of the model,
sion documented by these successions, however, was not acemd-Thomas and Astini (1996) concluded that the Precordillera
panied by the formation of oceanic crust. This is an important faod the Ouachita rifted margin constitute a conjugate rift pair, the
to remember for the discussion of the separation of the Argentdeachita margin being the upper plate and the Precordillera
Precordillera from Laurentia. being the lower plate.

Thomas (1993) applied the low-angle detachment model for DiscussionlIn low-angle detachment models of rifting of the
continental rifting (Wernicke, 1985; Lister et al., 1991) to theontinental lithosphere (Lister et al., 1991; Fig. 55A), lower plate
eastern margin of Laurentia and concluded that the Ouachitargins are characterized by thick synrift sediments that are
margin represents an upper plate configuration. This interpretaposited in isolated, fault-bounded graben structures. Late syn-
tion is based on the general lack of synrift deposits (Viele ariftl and early passive-margin strata unconformably overlie older
Thomas, 1989) and relatively thin passive-margin depositsposits in the grabens and associated horsts (breakup uncon-
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formity of Falvey, 1974). Passive-margin successions are thibkian (Bond et al., 1984; Hoffman, 1991) and might have affected
much thicker than on the conjugate upper plate. The latter usutidly southern margin of Laurentia, the Ouachita area (Fig. 6), as
lacks thick synrift deposits; if they are present, they are lateraligll. However, thermal subsidence data (Bond et al., 1984) indi-
and temporally very restricted. cate that the rift-drift transition in the Ouachita embayment
In the Precordillera, the Lower Cambrian redbed-evaporjieoper is younger than elsewhere. If the Precordillera was indeed
succession of the Cerro Totora Formation (~300 m thick) togethanarginal plateau to Laurentia, then the main rifting took place
with the quartz-pebble olistolith in the Los Tuneles section hametboardof the Precordillera and a passive margin must have
been used as arguments for major rifting and a lower plate settirgeloped there. This conclusion was also drawn by Dalla Salda
of the Precordillera (Astini et al., 1995; Thomas and Astirgf al. (1992b) in their reconstruction of the Occidentalia terrane.
1996). However, there is strong evidence that, on a regional scélee same conclusion was independently drawn by Thomas
the carbonate platform was established on the crystalline bg$891) in his discussion of the Ouachita rifted margin, before it
ment without an intervening succession of thick siliciclastic séokecame clear that the Precordillera might represent his microcon-
iments (Keller, 1995). One of the main arguments is thieental plate (see also Thomas, 1991, Figs. 6 ¢ and d). The tim-
abundance of locally derived angular basement blocks togetihgrof the rift-drift transition outboard of the Precordillera might
with carbonate-platform olistoliths in the Ordovician slope faciesoincide with the main rifting events along the southern and east-
In contrast, in most sections, siliciclastic olistoliths that might leen margin of Laurentia. Not much is known about this passive
attributed to a siliciclastic cover sandwiched between the crysargin, which might be represented by the Caucete Group (Bor-
talline basement and the carbonates are absent. Consideringeléd, 1969) or Caucete metamorphics of Dalla Salda and Varela
evidence, thick synrift sediments have not yet been proven to(b884). These sedimentary rocks consist of metaquartzites and
present in the Precordillera; instead, redbeds and evaporitesnagtacarbonates that underwent their main metamorphic overprint
localized facies. Hence the Precordillera rift is much like ttre Ordovician through Devonian time. Upper Precambrian trace
Ouachita margin and, during its earliest history, seems to coffiessils have been described from these rocks (Bordonaro et al.,
spond more to an upper plate setting than to a lower plate setti®92), which seems to support the considerations about the age
The thickness of the carbonate-platform succession, in contrasthese poorly dated rocks. However, it seems surprising that
matches that of mature passive margins in the Appalachians traee fossils are preserved at all in these marbles, so that this
responding to lower plate settings. Hence the rift-drift history datum should be taken with utmost caution.
the Precordillera reflects a composite history. In a later stage of rifting, crustal thinning led to the incipient
One approach to the tectono-sedimentary history of the Fseparation of the Precordillera from Laurentia to form a marginal
cordillera and, in part, to some aspects of the Ouachita historpleteau (Fig. 55B). This stage correponds to the ridge-jump event
the assumption that during Cambrian through Middle Ordovicianthe model of Thomas (1991). Sedimentologic evidence from
time the Precordillera was a marginal plateau to Laurentia (Rige Precordillera records the following steps (Fig. 56). Crustal
55B). Marginal plateaus (Lister et al., 1991) are large, relativehinning during the Early Cambrian is indicated by the redbeds
unstructured crustal fragments, which owe their characteristicatal evaporites of the Cerro Totora Formation. From the late Bon-
a mid-crustal detachment and the concomitant pull-out of middi@-Olenelluschron onward, carbonate sedimentation prevails.
and lower crust and, in places, of mantle material from beneatie presence of a widespread hiatus indicates the presence of the
the future marginal plateau (Fig. 55A). Modeling of rifting and ¢flawke Bay regression event in the Precordillera. DurinGtbe-
continental breakup demonstrates that marginal plateaus are tedpteurachron of the Middle Cambrian, a fully developed car-
expected on both the upper and the lower plate, depending orbthr@ate factory became established. The subsequent history of the
specific nature of the detachment. Marginal plateaus are sdp@cordillera marginal plateau mirrors that of the normal passive
rated from their main plate by a ramp syncline or hanging-wailrgins of Laurentia; however, as it consists mainly of unex-
basin, which may be relatively deep (Lister et al., 1991). Extedended lower crust with rift-related uplift playing only a minor role
sion faults are present in the inboard basin; however, these fallister et al., 1991), the plateau was rapidly flooded. During the
are not shallowly dipping rotational faults. latest Marjuman, much earlier than in other parts of Laurentia,
The Texas plateau model of Dalziel (1997) is also basedsiliciclastic input from a crystalline source area had ceased, testi-
the hypothesis that the Precordillera may have been a platigag to the flooding of the plateau. From the Steptoean to the
marginal to Laurentia. early Arenig, sedimentation of the carbonate platform proper was
Argentine Precordillera as a marginal plateau to Lauren-almost exclusively controlled by eustasy. The marginal-plateau
tia. Marginal plateaus are more commonly developed on uppeodel helps to explain the absence of margin-derived megabrec-
plate margins (Etheridge et al., 1989) than on lower plate meias and other mass-flow deposits in the Cambrian deep-water
gins. Upper plate margins are characterized by relatively thimestones. The gradient between the platform and the slowly sub-
synrift deposits (Lister et al., 1991) and hence it is no surprigding basin to the west was not big enough to permit gravity-dri-
that only areally restricted rift-related sediments are present in¥la processes to operate on a large scale (Fig. 55B).
Precordillera. The rift-drift transition along the Appalachian mar- The basement of the Precordillera had been flooded by the
gin occurred during the late Neoproterozoic and earliest Canate Cambrian. However, the sequences deposited in cratonal
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1 2 3 4 5 6 7 This basin, which was established during @lessopleura
chron, separated the Precordillera from the Ouachita margin; it is

probably underlain by attenuated continental crust (Fig. 55B), a

] necessary assumption for the model of a marginal plateau (Lister

P01 etal, 1991). However, as documented by Dalziel (1997), the

170 o[- Falkland-Malvinas Plateau, a marginal plateau to South America,

I is separated from the main continent by a deep graben floored by

: oceanic crust. Oceanic crust with an approximate age of 565 Ma

: has been described from the suture between Chilenia and the Pre-

: cordillera near Uspallata (Fig. 2; Davis, 1997). It is not clear to

: me whether this crust was part of the Precordillera or whether it

I

I

I

I

I

I

lLju] c | as

Ordovician

represents obducted ocean floor of the Chilenia terrane. In any
case, its presence does not necessarily contradict the argumenta-
tion followed here. For the time being it is assumed that there is
no definite proof of Cambrian oceanic crust in the Precordillera.

During Late Cambrian through Ordovician time the basin
accommodated the off-shelf facies of the Ouachita embayment
(Fig. 57, A and B). These facies were described by Lowe (1985,
1989) and McBride (1989), who pointed out the divergent inter-
pretations of the Ouachita sediments as being shallow-water
deposits or deep-water deposits, respectively. As discussed by

Keller and Dickerson (1996), the assumption that the Pre-
\_ cordillera was situated outboard of the Ouachita embayment dur-
ing Cambrian-Ordovician time and that the Ouachita embayment
developed above a rift-related fault-block topography with horsts
and grabens (Fig. 57, A and B) gives a good explanation for the
opposing interpretations.

Geophysical evidence suggests the presence of highly atten-
uated continental crust or oceanic crust to the southeast of the
Alabama-Oklahoma transform (G. Keller et al., 1989). These
data have been taken as evidence of the opening of a Cambrian
ocean in the Ouachita embayment (Thomas 1991, 1993). They
have been taken also as evidence of a Cambrian separation of the
Figure 56. Evolution of sedimentary environments in Precordillera througbecordillera from Laurentia by Astini et al. (1995, 1996b). The

time. 1 = Redbeds and evaporite in Guandacol subbasin as result of Crﬁ_ﬁ‘gltive Bouguer anomalies characteristic of this attenuated or

stretching; 2 = carbonate platform deposits with passive-margin histor\F/? . t deli te the interi . hich
= deep-water limestones; 4 = carbonate slope deposits as preserved i ¢ganic crust delineate the Interior zone maximum, whic

Taneles olistolith. 5 = continental rise deposits with rock-fall and turbidigxtends all along the interior side of the Ouachita orogenic belt
sediments along nascent continental margin; 6 = distal turbidites §Rtfy. 6). This Bouguer anomaly is taken as an indicator of the

basinal shales. 7 = basinal shales and intercalated pillow basalts. early Paleozoic margin of Laurentia in this part of the North
American craton (Viele and Thomas, 1989). To my knowledge,
there is no evidence as to the age of the deeply buried crust
positions must have been thin and repeatedly were subject to described by G. Keller et al. (1989). Lowe (1985) argued that the
sion, dominantly during eustatic sea-level events. This is sho@unachita off-shelf rocks were deposited in a failed rift that was a
by Cambrian conodonts in the San Juan Formation, which ¢an-sided basin. The southern continental block contributed
only have been derived from a cratonal section. This is abpeartz-rich sediments and magmatic pebbles to the siliciclastic
shown by the Tremadocian onlap of carbonates onto crystalliaeies of the Ouachita trough. Consequently, Lowe (1985, 1989)
basement near San Rafael (Fig. 42B). argued that the original continental margin of Laurentia was to
The low relief on the marginal plateau is responsible for thiee south of this continental block. The marginal-plateau model
absence of mass-flow deposits in the Cambrian deep-water liseems to be a viable solution to the contrasting views of the
stones. These limestones seem to have been deposited on anetuye of the southern Laurentian margin (Fig. 57). A passive
gently inclined ramp situated between the Precordillera platforargin must have bordered the Precordillera to the present-day
and the incipient Ouachita embayment, which represents a hagast while it was attached to Laurentia as a marginal plateau. This
ing-wall basin (Lister et al., 1991). The main dip was toward tpassive margin is the equivalent of the Late Proterozoic—Early
cratonward Ouachita basin. Cambrian passive margin as present in the Appalachians. The

T
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Cambrian

Early
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margin
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inboard basin of the Precordillera plateau is represented byehdy Llanvirn; however, in the Guandacol subbasin this event is
Ouachita trough (Fig. 57A) in the sense of Lowe (1985), wintder and is dated as late Arenig. Drowning of the carbonates in
concluded that this basin might have been a narrow structurethe Guandacol area is considered mainly as tectonically triggered
The Precordillera and Laurentia shared a common history(sse Astini et al., 1995) because it is coeval with shallowing in
part of the same plate until the Middle Ordovician, when renewetther parts of the basin. The drowning event in the Guandacol
rifting led to the final separation of the Precordillera from Lawsubbasin is here interpreted to be the first expression of the onset
rentia (see later discussion). This rifting produced oceanic cradtcrustal extension and rifting that finally led to the separation of
part of which is preserved in the Precordillera (Haller and Ramtie Precordillera from Laurentia.
1984). A major proportion of this crust, however, remained with A comprehensive model for rifting, continental breakup, and
Laurentia and today may be represented by the interior zeubsequent drifting of continental margins was proposed by
maximum. This zone marks the “. . . gravity signature of the eaHglvey (1974), who postulated two important unconformities on
Paleozoic margin of the North American craton from the Ouaaxtensional margins (Fig. 58): a rift-onset unconformity and a
ita Mountains to the Marathon region of Texas” (Viele ansreakup unconformity. The rift-onset unconformity is the result
Thomas, 1989: p.699). The absence of age data on this cafigrosion due to thermal expansion of the crust. Thermal expan-
facilitates the interpretation that the crust described in the subsion is followed by the formation of grabens and horsts charac-
face might be of Ordovician age. teristic of the rift-valley stage. The breakup unconformity
The model outlined here is based on sedimentologic sseparates the rift stage from the passive-margin stage and is inter-
regional evidence, mainly from the Precordillera but also fropneted to be approximately coeval with the onset of ocean-floor
the Ouachita embayment. On the basis of paleomagnetic datafarrdation. This unconformity is mainly recognized in the conti-
global plate reconstructions, Dalziel (1997) also developedental-margin sediments and on the shelf adjacent to the newly
model showing a promontory at the southeastern side of Laurgmened ocean. Embry and Dixon (1990) developed several crite-
tia during Late Proterozoic and earliest Paleozoic time. Tha for the recognition of the breakup unconformity, e.g., an
model presented here and the Texas plateau model of Dalaielipt change in subsidence rates below and above the breakup
(1997) agree in the timing of the final separation of the Preaconformity. Pre-breakup strata are mainly deposited in actively
cordillera from Laurentia during the Caradoc, as originally preubsiding half grabens that are bound by steep faults cutting into
posed by Dalla Salda et al. (1992a, 1992b; 1993) but differ in the basement. Adjacent horst structures are subject to consider-
timing of collision with or accretion to Gondwana. able erosion; however, they may also be covered with thin sedi-
Continental breakup and the rift-drift transitionThe car- ments. Volcanic strata related to synrift extension are present
bonate platform of the Precordillera was drowned during theedominantly below the unconformity.
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ofthe OQuachitaembayment
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Figure 57 (this and opposite page). A: Cross section from Laurentian craton across Marathon-Solitario portion of Ouachita embayment to carbon-
ate platform of Precordillera during Late Cambrian and Early Ordovician time. Pinpoint for correlations is sponge-alaskigoieed in Scenic

Drive section near El Paso and in Sierra Chica de Zonda of Precordillera. Fault-block geometry in Ouachita embayment is responsible for highly
varied sedimentary successions, in part interpreted to be of shallow-water origin, in part interpreted to be of deep-water origin. B: Same cross sec-
tion during Middle and Late Ordovician time shows effects of continental breakup. Precordillera is drifting away, and ostésitoened

between Precordillera and El Paso. Ouachita margin of Laurentia and eastern basin of Precordillera both show crustal extension and concomitan
erosion of fault blocks. Marathon-Solitario basin underwent major deepening; large Late Ordovician hiatus is interpreted to reflect breakup uncon-
formity. For details see Keller and Dickerson (1996) and Dickerson and Keller (1998).
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The Middle and Upper Ordovician rocks of the Precordilletgpical components of ophiolite suites, which testify to the for-
were deposited under a regional extensional regime (Spallettinetr existence of oceanic crust, the pillows basalts of the western
al., 1989; Loske, 1992; Von Gosen, 1992; Keller, 1995). Hoilsasin might represent part of such an ophiolite suite, although
and graben structures are interpreted to be responsible fortied chemical signature is not unambigious (Kay et al., 1984).
highly varied sedimentary succession in the eastern basin. As Batlowing Falvey (1974), the extrusion of the pillow basalts as
lined earlier, the Guandacol tectonic event marks uplift and epatt of developing oceanic crust should be accompanied by lat-
sion of individual blocks and the onset of deposition in grabersal heat flow causing uplift and erosion on the adjacent conti-
Consequently, in the context of the Falvey (1974) model, the soental margin. The widespread late Caradocian—Ashgillian hiatus
face separating the black shales (Gualcamayo Formation éfid. 4) separating the older Ordovician rocks from the upper-
equivalents) from the overlying conglomerates is a likely candiost Ordovician and Silurian La Chilca Formation is here inter-
date for the rift-onset unconformity (Fig. 58). Deposition of thereted to reflect the erosional event during continental breakup.
Las Vacas and La Cantera conglomerates represents the rift-taé breakup unconformity (Fig. 58) is marked by the chert-peb-
ley stage of sedimentation, which continued into the Late Ordobie conglomerate and associated facies at the base of the classical
cian. Concomitantly, the carbonate platform was eroded to higBljurian succession in the Talacasto subbasin. Identical rocks,
varied levels, but in a later stage, the Sassito limestones wadthough slightly younger, are also found in the San Juan sub-
deposited on one of the horst structures (Fig. 58). Boulders inltlhasin (Don Braulio section), demonstrating that the localized
Los Sombreros Formation prove the exposure of the baseniacies development during the Middle and Late Ordovician had
and of deep-seated faults affecting the entire platform succesgiven way to uniform sedimentary environments just above the
and cutting down into the basement (Fig. 58). breakup unconformity.

In the eastern basin, sedimentation in grabens and half In the Don Braulio section, two unconformities are present,
grabens continued into the Caradoc. In most sections of the east- between the La Cantera Formation and the diamictites of
ern basin, sediments younger than khegraciliszone are con- the Don Braulio Formation and one separating these diamictites
spicuously absent. The timing of the onset of sea-floor spreadiram the overlying upper member of the Don Braulio Forma-
in the western basin is not well established. Pillow lavas extrudish (Fig. 28). The absence of much of the Caradoc and a part of
into the Caradocian Alcaparrosa Formation (Fig. 56) and d&hne Ashgill below the diamictites indicates that the unconform-
interpreted to represent part of an ophiolite complex (Haller aigmarking the La Cantera—Don Braulio contact corresponds to
Ramos 1984). Coeval basic magmas that are geochemically cth@-breakup unconformity recognized elsewhere (Fig. 58). The
parable to those of the Precordillera extruded in the San Ratggber unconformity is correlative to the global sea-level fall
area (Davicino and Saballa, 1990). Because pillow basaltsareompanying the Late Ordovician glaciation. It is the subse-
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Figure 58. Falvey (1974) model of continental breakup, applied to Precordillera. Note that there are places where rift onset and breakup unconfor-
mities merge. See text for further discussion.

qguent sea-level rise that was responsible for the flooding of thistory of the Precordillera was controlled by the interplay
entire terrane. Looking at the Don Braulio section alone, thetween eustatic events and tectonic events.

sedimentary succession deposited during this sea-level rise canDiscussion.The Middle and Upper Ordovician rocks of the

be interpreted as reflecting a glacio-eustatic rise. HoweverPifecordillera have been interpreted as part of a clastic wedge
the sections in the Talacasto subbasin are incorporated, this ssldted to the Middle Ordovician collision of the Precordillera
imentary succession of latest Ordovician age represents whth Gondwana (Astini, 1992; Astini et al., 1995, 1996b). How-
post-breakup succession. This shows that the Late Ordoviaaer, there are no compressional structures older than the Devo-
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nian in the Precordillera; in contrast, the Ordovician was domaithin the platform and that a part of the carbonate platform was
nated by crustal extension. It might be argued that these phenlefit-behind on the conjugate margin. Consequently, this block
ena are caused by extension on a subducting plate and especidliit have been a source for the enigmatic southward-derived
the passage of the peripheral bulge. The passage of a periphiddle Cambrian boulders in the Pennsylvanian Haymond For-
bulge might cause uplift of as much as some 300-500 m (Jacwotation of the Ouachita orogen, which were described by Palmer
1981). In the Precordillera, this is contrasted by the formationetfal. (1984). This remnant might have been also the source for
an almost linear fault scarp locally more than 2100 m high, whitte southward-derived boulders in the Ordovician deposits
seems to be incompatible with the passing of a peripheral buldgscribed by Young (1970).

In addition, the thickness of typical clastic wedges is several Inthe Precordillera, a succession of turbidites and shales was
thousand meters. This generalization is true for, e.g., the ld&posited in the rapidly deepening western basin (Fig. 51). Close
Paleozoic Marathon, Valverde, and Arkoma basins (Fig. 6) in tleits eastern margin, east to west-directed transport prevailed
provenance area of the Precordillera, the Ouachita embayn{&palletti et al., 1989) and by far the coarsest sediments are
(Houseknecht, 1986, Wuellner et al., 1986). Hiscott (1996bserved along this margin. There is a general fining westward
described 4000 m of Taconic flysch in the northern Appalacbi-the sediments accompanied by a change in transport directions
ans; the flysch is broadly coeval with the presumed collisioninfo a more northeast to southwest direction. Astini (1991)
the Precordillera with Gondwana and its timing as proposedreports north to south transport in the Don Polo Formation,
Dalla Salda et al. (1992a, 1992b) and Dalziel et al. (1994). Thasplying margin-parallel (and consequently basin-parallel) trans-
thicknesses are contrasted by a mere 150 m of the La Carnpera According to their lithology and sedimentology, many of the
Formation. Other objections to a Middle Ordovician collisiothin sandstone beds bear characteristics of contourites, as dis-
include the composition of the heavy-mineral spectra of thessed by Reineck and Singh (1980). A transect across the
Ordovician rocks (Alcaparossa Formation, Los Sombreros F@rdovician passive margin of the Precordillera (Fig. 51) almost
mation, Don Braulio Formation, among others; Fig. 45). Mostirrors the present-day North Atlantic margin, e.g., as discussed
importantall faunal data from benthic and even from pelaglty Heezen (1974). Along the North Atlantic margin, the conti-
organisms directly contradict this Middle Ordovician collisionental shelf drops down to the continental rise along the slope.
(Fig. 43). The geohistory plots for the Precordillera of Bond et Relief is on the order of several hundred meters to more than
(1984), Gonzalez Bonorino and Gonzalez Bonorino (1991; FIfDO0 m as in the Precordillera, where a marginal escarpment was
43), and Williams (1997) do not show any excursion from padermed. Turbidites are the major source for continent-derived
sive-margin evolution until the Silurian. Following Williamsdetritus, which is deposited on the continental rise. Farther off-
(1997), it is unlikely that the shape of the subsidence curve of §re, longshore currents become increasingly more abundant
Precordillera reflects an Ordovician collision. and redistribute the sediment to form contourites. In areas not

The observed phenomena in the Middle and Upper Ordoaffected by contour currents, thick shales accumulate on the con-
cian rocks are much better explained by rifting than by continetitental rise (Heezen, 1974). In the Precordillera, much more
continent collision. This rifting is responsible for the separatisasearch on the western clastic basin is needed to include all units
of the Precordillera from Laurentia (Fig. 56) and for the copresent there into a model of sedimentation along a passive con-
comitant formation of a continental margin in the Precordillernental margin during Ordovician time.

This continental margin is marked predominantly by the deposits Keller and Dickerson (1996), in their discussion of the joint

of the Los Sombreros Formation and by the Portezuelo del Tohiatory of the Precordillera and the Marathon-Solitario area of the
Formation (Spalletti et al., 1989). The history of the margin@uachita embayment, concluded that the Middle and Upper
plateau of the Precordillera and the evolution of depositior@tdovician sediments as well as the important hiatus observed in
environments during rifting become very evident if we focus @he Ouachita strata are related to rifting and the subsequent open-
the oldest sediments of each environment. Figure 54 reflects ihgs of an ocean between the Precordillera and Laurentia (Fig.
history of incipient crustal stretching during the Early Cambria7A). Here the idea is put forward that the Caradocian hiatus in
carbonate platform evolution until the Llanvirn, and the form#he Marathon-Solitario area corresponds to the breakup uncon-
tion of the western basin as a rift structure. formity observed in and described from the Precordillera.

The fault scarp, which separates the platform from the The early history of the Precordillera is here interpreted as a
nascent basin (Fig. 58), resembles a marginal escarpment (Dra&gginal plateau to the evolving Ouachita margin (Figs. 55 and
and Burk, 1974) that bordered the carbonate platform rodKg). This margin was interpreted as an upper plate margin
toward the evolving western basin. This basin is characterized bgomas, 1993). Remnants of the upper plate, such as marginal
attenuated continental crust, which seems to pass into oceafateaus, are commonly bounded by cratonward-dipping major
crust (Fig. 58). As argued earlier, there are no indications offanlts (Etheridge et al., 1989; Lister et al., 1991), which typically
Ordovician carbonate platform margin or a platform slope at ttievelop in late stages of crustal extension. Hence these faults
present western limits of the carbonate outcrops. The platfamight be preserved as the west-dipping master faults (Von Gosen,
must have extended farther west; hence it seems reasonabl®92, 1997) of the Middle and Late Ordovician rifted margin
assume that continental breakup during the Ordovician occurfeys. 57B and 58). These faults probably originated from the
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Cambrian rifting event, implying that these faults are old featureasins, a problem already addressed by Baldis and Chebli
that were reactivated during the separation of the PrecordillEt869).
from Laurentia. Discussion.n the Precordillera, there are no compressional
Approach of the Argentine Precordillera toward Gond-structures that can be interpreted as being related to an Ordovi-
wana. The following chapter does not intend to solve all tha@an collision of the Precordillera with Gondwana. If we accept
problems and uncertainties with respect to the accretion of the evidence that the Middle and Upper Ordovician sedimentary
Precordillera to Gondwana and its relations to the Sierra sleecession of the Precordillera is related to crustal extension
Famatina and the Sierras Pampeanas. This would be far beyatfter than compression, then a Middle Ordovician collision of
the scope of this paper. Instead, some of these problems aretbatPrecordillera with Gondwana is highly unlikely.
lined and a few facts are combined to give a general idea aboutLarvae of modern brachiopods and arthropods are able to
the possible timing and mechanisms of the accretion of the Pnggrate about 1000 km and if the actualistic approach to fossil
cordillera to Gondwana. faunas is valid, the faunal evidence from within the Precordillera
The current models for western South American geologya critical test to the model discussed here and the alternative
argue for a Middle Ordovician collision between the Pr@aleogeographic scenario. Paleomagnetic data allow a maximum
cordillera and the Sierras Pampeanas. Dalla Salda et al. (1988paration of Laurentia and Gondwana at the latitude of the east-
1992h, 1993) include this collision in a much larger framework efn Sierras Pampeanas of ~2500 km (Dalziel, 1997) between 475
an overall Laurentia-Gondwana collision. Astini et al. (199and 465 Ma, i.e., prior to the Caradocian rifting. If we consider
1996a) favor an accretionary event between their Precordillaraximum separation of 2500 km (Fig. 59C) between Laurentia
terrane, which during the Early Cambrian had become an indad Gondwana during the Middle Ordovician and an intervening
pendent microplate, and the Sierra de Famatina during the noidean 1500 km wide, then there remain 1000 km (probably the
Llanvirn to Llandeilo. maximum terrane width) to accommodate the Precordillera in its
The most recent geochronological and geochemical dptssition attached to the Ouachita margin and still prevent faunal
(Rapela et al., 1998) from the Famatinian mobile belt, howevexchange. If Laurentia and western Gondwana were juxtaposed
suggest that this belt formed as a response to east-directed dutting the onset of rifting during the late Middle Ordovician (Fig.
duction beneath western Gondwana, starting at about 490 Mas®&@dD and E), a new ocean opened to the west but the ocean to the
lasting until 450 Ma. The Famatinian magmatic arc was rooteast was successively closed. In an intermediate position within
on continental crust, its plutonic rocks show almost identidéle oceans on either side, faunal exchange with both Laurentia
Sm-Nd crustal residence ages to those of the Cambrian plutorenof Gondwana was possible. With increasing distance to Lauren-
the eastern Sierras Pampeanas. It seems that there was no ‘t@ntaurentian faunas rapidly disappear.
amination” from another plate with continental crust, be it Lau- More realistically, the majority of the larvae may travel a dis-
rentia or a Laurentia-derived terrane. Consequently, Rapela etaaice between 1000 and 2000 km, some as much as 3000 km
(1998) argued in favor of a Siluro-Devonian accretion of tt{discussion in McKerrow and Cocks, 1986). Maintaining maxi-
Argentine Precordillera to Gondwana. mum separation between the Laurentian and Gondwanan plate
In the Precordillera, neither plutonic nor deformationdlut increasing the possible range of larval migration to about
events are preserved that might be related to the Ordovicl&®0 km, then the distance between Gondwana and the Pre-
events observed both in the Sierras Pampeanas and the Siertardédlera was not insurmountable for the larvae. Why then was
Famatina. The only vestiges of magmatic activity are the intthere no faunal exchange between at least the Precordillera and
sion of quartz monzonites and monzogranites at 481 + 6 KBandwana? In contrast, faunal exchange with Avalonia and
(Rapela et al., 1998; Pankhurst and Rapela, 1998), the K-bBattica is observed, two terranes which were (following the
tonites in the San Juan Formation, and the volcanic brecciaseiconstructions of Dalziel, 1991, 1997) in a far more distant posi-
the San Rafael area. The oldest deformational structures hithgoio. In addition, if the Precordillera was trapped between Gond-
described affect strata as young as the Early Devonian Talacagtna and Laurentia, the Precordillera might have served as a
Formation in the Jachal area (Von Gosen, 1997). stepping-stone for the further migration of the larvae toward Lau-
Along the eastern margin of the Precordillera, steeply digentia; but hitherto, no typical Gondwanan faunal elements have
ping carbonate platform rocks and the Silurian rocks are uncberen reported from the Appalachian margin. Was there some cli-
formably covered by Carboniferous sediments. Deformationnatic or ocean-current control that prevented larval migration
estimated to have taken place in post-Late Silurian (Rincondidan one terrane to the other? Furthermore, if the Precordillera
Formation) but in pre-Late Carboniferous times (Von Gosdmd been accreted to Gondwana during the Middle Ordovician,
1992; Von Gosen et al., 1995). Deformation was east-wesgty are the faunas composed of warm- to temperate-water ele-
directed and produced west-vergent structures. Hence thisnts, whereas the Gondwanan faunas are temperate- to cold-
deformation is mostly coeval to the deformation in the west awdter dominated?
produced similar structures. Corresponding effects of this Vaccari (1995), on the basis of trilobite studies, explicitely
deformation are unknown in the Talacasto and Guandacol ssiated that during the Arenig, the Precordillera and the Sierra de
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Famatina must have been separated by an ocean wider than 286tern source area for the detritus. Ramos et al. (1998) inter-
km. Although we don't know the effects of oceanic circulatiopreted the evolution of the Punta Negra foreland basin as being
during the Ordovician, if a drift rate of 15 cm / yr is assumeadlated to the approach of Chilenia in the west. It is curious that in
which is within the speed limit even of large plates (Meert et d@hjs model main sediment transport is toward the suture and col-
1993), then 10 m.y. are needed to bring the two areas withiliseon zone and not away from it, as one might expect.
range of 500 km and some 13 m.y. until the ocean basin is 3. Carboniferous sedimentary rocks unconformably overlie
entirely closed. Even if 20 cm / yr are taken as the drift rate, dlder sedimentary rocks, not only in the Precordillera and its
m.y. are needed to close the ocean. If we accept the termpaakntal terrane, but also in many of the adjacent areas. Hence the
Arenigian distance of 2000 km as a starting point and the d@farboniferous sediments are the overstep succession to the lower
rates discussed here, then a Middle Ordovician collision is, at Bedeozoic deformation and to the accretion of terranes. The
very least, difficult to explain. These drift rates, in contrast, shawolasse character of the Carboniferous sediments has been well
that by Late Ordovician time the Precordillera may have movestablished since the time of Bodenbender (1911).
to high latitudes, as documented in the sediments by the 4. In the eastern Sierras Pampeanas, there was an important
Ashgillian glacial diamictites (Peralta and Carter, 1990a). peak in magmatic activity during the Late Devonian and Early
A Middle Ordovician collision between the Precordiller&€arboniferous (Rapela et al., 1992). The accompanying granites
and Gondwana seems highly unlikely. Consequently, the Paee postdeformational or posttectonic granites. In contrast, in the
cordillera must have been accreted to Gondwana during a latestern Sierras Pampeanas the basement was reactivated
event. The following facts and observations from within the Pigetween ca. 430 and 390 Ma (Ramos et al., 1996). This reactiva-
cordillera and from outside, compiled by Keller et al. (1998) atidn is coeval to the metamorphism observed in the western basin
Rapela et al. (1998), may help in elucidating the timing of tiiBuggisch et al., 1994b).
accretion to Gondwana. The collisional history along a transect at 32°S was outlined
1. In the Precordillera, compression is documented for thg Ramos et al. (1986) and Ramos (1988a). Taking these outlines
Late Silurian, Devonian, and pre-Late Carboniferous interval and the evidence, the accretion of the Precordillera to Gondwana
both sides of the Precordillera (Von Gosen, 1997). The westar to the eastern Sierras Pampeanas took place in a succession
structures, which are found in strata as young as the Lower Davoevents. The earliest signs of deformation are reflected in the
nian Talacasto Formation, are supposedly related to the collisioatamorphism of the siliciclastic strata in the western basin.
of Chilenia (Ramos et al., 1984, 1986). This collision apparen@poncomitantly, the basement of the western Sierras Pampeanas
closed the western Ordovician ocean, leaving behind the rocksvat reactivated (Ramos et al., 1996). Compression in higher
the Caradocian ophiolite complex (Haller and Ramos, 1984) agastal levels is recognized in the Devonian, when deformation
marker of the suture between the Precordillera and Chilenia. Effected not only the basinal siliciclastic rocks, but also the silici-
corresponding metamorphism was dated as Late Silurian to Ealéstic Talacasto Formation of the eastern basin in the Jachal area
Devonian (Buggisch et al., 1994b). (Von Gosen, 1997, personal commun.). Timing of the deforma-
In the southern segment of the Sierras Pampeanas, compi@s-along the eastern margin of the Precordillera is much more
sional deformation and a corresponding metamorphism welitficult to elaborate because of the absence of Devonian sedi-
described by Sims et al. (1998) and Von Gosen and Prax&ntary rocks there. As argued by Gonzalez Bonorino (1975a), a
(1998). The latter concluded that this deformation was probaplpximal facies of the Punta Negra Formation must have been
caused by the accretion of the Precordillera. deposited in the San Juan subbasin. The flysch-like sediments of
2. The heavy-mineral spectra (Fig. 45) show a dominancebeth the Villavicencio Formation and the Punta Negra Formation
a low-diversity—low-quantity association in Ordovician and Silueceived detrital zircons having a Grenvillian age (Loske, 1995).
rian sedimentary rocks (Loske, 1992). Such associations are ofteis indicates that erosion of the terrane basement had begun by
derived from a sedimentary source that might already shovha Early Devonian, although the age of the Villavicencio Forma-
depleted spectrum. A high-diversity—high-quantity associatition is not well constrained. The composition and the heavy min-
indicates uplift and erosion of igneous and metamorphic roeksl spectra in the Punta Negra sediments mirror the uplift of an
starting during the Early Devonian and being dominant durilgneous and metamorphic source area to the east (Gonzalez
the deposition of the flysch-like Punta Negra Formation. Accorlenorino, 1975a; Loske, 1992; Kury, 1993). The absence of the
ing to Loske (1992), the increase in quantity also implies proximal facies of the Punta Negra Formation in the San Juan
increase in relief in the hinterland together with a less intenssugbbasin and the strong deformation of Cambrian-Ordovician
transport separation. Detrital zircon populations from the Puetbonate platform strata point to deformation and uplift subse-
Negra Formation are different from those of the Talacasto Fquent to the deposition of the Punta Negra Formation. During this
mation and include 1.1 Ga zircons (Loske, 1995). This indicatgdift, the proximal facies of the Punta Negra Formation was can-
that during deposition of the Punta Negra Formation the Grenvilbalized. The posttectonic granites of the Sierras Pampeanas
lian-type basement of the terrane contributed significantly to tinelicate that by Early Carboniferous time tectonic activity had
terrigenous input. Paleocurrent indicators (Gonzalez Bonorimssentially ceased.
1975a; Kury, 1993) and grain-size distribution prove an overall At present, it seems difficult to distinguish between discrete
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events that led to the collision of Chilenia with the Precordilleciclastic input, although not exclusively, was from the Pre-
in the west and the accretion of the Precordillera to the Sierasgdillera margin. The two-sided nature of the Ouachita off-shelf
Pampeanas in the east. However, overall evidence (see hbssin has long been recognized (King, 1937; Young, 1970) and
Rapela et al., 1998; Pankhurst and Rapela, 1998) suggestsl¢uato the concept of “Llanoria” (Miser, 1921; King, 1937), an
accretion of the Precordillera terrane and the Chilenia terranemniggmatic landmass to the southeast of the Ouachita embayment.
the South American margin of Gondwana took place in the int&eller and Dickerson (1996) pointed out that many of the enig-
val between the Late Silurian and earliest Carboniferous and thas are no longer enigmatic if the Precordillera is considered to
accretion was completed prior to the Late Carboniferous, whebesl lanoria.
laterally extensive molasse was deposited. As argued by Thomas (1991), the continental block formerly
occupying a position within the Ouachita embayment had been

PLATE TECTONIC SCENARIO FOR THE EVOLUTION removed from the embayment by Late Cambrian time. This is
OF THE ARGENTINE PRECORDILLERA indicated by regionally developed and laterally continuous car-
bonate platform facies from the Texas promontory to the

Alabama promontory. If the Precordillera was indeed this crustal
block, it had moved beyond the Alabama promontory by that
time. This movement apparently opened the Ouachita basin, as
Precordillera as part of LaurentiaSeveral lines of evidencethe oldest sediments preserved there are also of Late Cambrian
suggest that the basement of the Precordillera and its paresgal (Dagger Flat sandstone; see Dickerson and Keller, 1998).
terrane (Cuyania) was involved in the Grenvillian orogeny abdthere are, however, no ophiolitic rocks of Cambrian age that
1.1 Ga (e.g., Abbruzzi et al., 1993; McDonough et al., 1993; Kayight indicate the existence of ocean floor as required by the
et al., 1996; Vujovich and Kay, 1998). If this orogeny led to thmodel of Thomas (1991).
formation of the supercontinent of Rodinia, for almost 500 m.y. During Middle Cambrian through Early Ordovician time,
the Precordillera terrane shared a combined history with easten Precordillera marginal plateau is almost indistinguishable
Laurentia, first within Rodinia, later in its hypothetical successtiom Laurentia in its sediments and faunas. Although biostrati-
Pannotia. Following Vujovich and Kay (1998), the basement gifaphic control is often poor, the major events around Laurentia
the Cuyania terrane was located close to the Llano uplift of e recognized. However, sections like that at Cerro Pelado,
Ouachita embayment (Fig. 6). During the breakup along tiwbere deep-water limestones cover carbonate platform rocks,
Appalachian-Ouachita margin of Laurentia, a passive margastify to renewed crustal fragmentation. Continuous or renewed
must have formed on the eastern side of the Precordillerastal stretching also influenced the Ouachita off-shelf area and
(Fig. 59A). This margin is here interpreted to represent the oritfie sedimentation patterns there (discussion in McBride, 1989;
nal limit of the North American craton during earliest Paleozoieller and Dickerson, 1996). One of the major clues to the jux-
time. In many places of the newly formed margin of Laurenti@position of both areas well into the Middle Ordovician are
passive-margin sediments cover rifted-margin prisms. Rifted-bentonites found in the Precordillera (Huff et al., 1995),
margin prisms are rare in the Ouachita trough (Viele and Thomahkjch have a close match in subagueous ash-flow deposits in the
1989) and seem to be absent in the Precordillera (Keller, 1998arathon area of the Ouachita embayment. A controversial dis-
Following the alternative paleogeographic models, in a latassion of both findings was given by Dickerson and Keller
stage of the breakup of Pannotia, the Precordillera started to(1i898) and Huff et al. (1998).
and raft away from Laurentia, and the embryonic Ouachita Argentine Precordillera as an independent microplate
embayment was formed (Fig. 59A—C; see also Keller and Di¢krustal extension resumed during the Llandeilo and Caradoc. The
erson, 1996). Crustal thinning was responsible for the formatiBrecordillera was finally separated from Laurentia (Fig. 57B) and
of a marginal plateau to the southeast of the present Ouachitétlantic-type continental margin was formed that connected the
embayment. Both the marginal plateau and the rifted Ouacletestern basin of the Precordillera with its western basin (Fig. 58).
margin are part of the same upper plate, which is in agreemBEmere, basaltic pillow lavas extruded during the Caradoc (Haller
with the interpretation of Thomas (1993) that the Ouachita mand Ramos, 1984). Faunal data indicate that during the Caradoc
gin is an upper plate margin. The deep basin separating the theePrecordillera had reached maximum isolation (Fig. 43). How-
cordillera from mainland Laurentia at that time was probabdéyer, conodonts, ostracods, and graptolites document the predom-
underlain by attenuated continental crust (Fig. 57A), an assurnmance of warm and temperate waters (Lehnert, 1995a;
tion made by Dalziel (1997) for his Texas plateau model. Ho®ehallreuter, 1996; Brussa, 1995; Maletz and Ortega, 1995).
ever, oceanic crust may have formed locally (Davis, 1997). These faunas still show strong affinities to North American fau-
Several intracratonic grabens were formed on Laurentiaas, although there is still a notable difference in the graptolite
crust during the Cambrian and remnants of a similar intracratofsiunas of the Precordillera and the remainder of Gondwana.
graben are present in the northern Precordillera. The Ouachita During the Caradoc, the Precordillera for the first time was
off-shelf basin can be regarded as one of these grabens. The ol enough to Gondwana to permit a few organisms to cross the
received calcareous detritus from the Laurentian margin, but siitervening ocean. Following Benedetto et al. (1995) and

Plate Tectonic Evolution of the Argentine Precordillera
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Figure 59. Plate tectonic evolution of Precordillera based on alternative paleogeographic scenario of Dalziel (1991, 1997) and Dalziel et al. (1994)
In this figure outlines of Texas plateau (Dalziel 1997) are superimposed onto the elements of terrane and their size as discussed in this paper. A: P
cordillera is still attached to Laurentian (L) craton and widely separated from western Gondwana (WG). No faunal exchange is possible. B and C
Texas plateau approaches Gondwana, oceanic crust is subsequently subducted, and eastern Sierras Pampeanas (SP) undeajic agiak mag

ity. However, there are no effects of this collision seen in Precordillera and there is still no faunal exchange. D: The Ouachita ocean starts to open :
Precordillera finally rifts away from Laurentia. Between 465 and 460 Ma Laurentia and Gondwana are as close as paleomagnetic data permit. Sti
no faunal exchange is observed; however, Avalonian and Baltic faunal elements made their way into Precordillera, which is one of strongest argu
ments against plate tectonic reconstructions shown here. E and F: Precordillera is separated from Laurentia, the Ouachita basin (OE) fully opene
The position of Precordillera permits faunal exchange with all terranes in neighborhood. Low-latitude position of Precordillera explains the presence
of abundant warm- and temperate-water faunas in Caradocian.


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on September 24, 2011

114 M. Keller

Benedetto (1998), the composition of the Caradocian fauna of tbedillera from Laurentia. Within the western lapetus, several ter-
Precordillera is difficult to reconcile with a preceding collision afanes were trapped, among which is the Sierra de Famatina.
the Precordillera with Gondwana. This is true for the AshgillidWhatever the relative position between the Precordillera and the
faunas. The presence oHirnantia fauna and its composition Sierra de Famatina, the volcanic strata of the Sierra de Famatina
are no indications that the Precordillera was connected in @myhis scenario may have been the source for the K-bentonites in
way to Gondwana (Keller and Lehnert, 1998). Instead, the alee Precordillera without collision being recognized in the Pre-
ments of the Kosov province are widely distributed speciesaafrdillera (see also Huff et al., 1998).
subtropical to temperate waters (Owen et al., 1991). Assuming that Laurentia and Gondwana were juxtaposed
Concomitant to rifting and continental breakup along thluring Ordovician time and that the Precordillera was trapped
western margin of the carbonate platform, strong magmatisnibétween both plates, the separation of the Precordillera from
observed in the eastern Sierras Pampeanas. Geochemistrynaidland Laurentia must have been accompanied by subduction
especially Sr isotopes (Ramos, 1988b; Rapela et al., 1992, 19#8he oceanic crust bordering the eastern passive margin. It
are typical of subduction-related magmatism. Two plate tectos&ems logical that this Ordovician subduction, in the scenario dis-
scenarios are possible to explain this magmatism. Magmatismssed here, was subduction beneath the eastern Sierras Pam-
was related to a plate of oceanic composition, independent frpeanas causing the corresponding magmatism there. The
the Precordillera terrane; or magmatism was related to subdsubducted crust was part of the Precordillera terrane and repre-
tion of oceanic crust, which was part of the Precordillera terrasented the former eastern margin of the terrane (Fig. 59A). The
These two scenarios require fundamentally different plate te@ttervening ocean was not yet fully closed and maintained a
tonic configurations for the Ordovician. width greater than the maximum drift of larval stages (Fig.
Argentine Precordillera in the conservative modelhis 59,B—E). As Laurentia continued its clockwise motion around
scenario (Scotese and McKerrow, 1990; Torsvik et al., 19950ndwana, the Precordillera was detached from the Ouachita
among others) assumes that Laurentia and western Gondwambayment (Fig. 59,D and E). Dickerson and Keller (1998)
were widely separated. This would have allowed the Precordillp@nted out that this severance might have involved a transten-
to separate from Laurentia without the need of concomitant seimnal component. During the Caradoc, the approach to Gond-
duction and collision along the Precordillera’s eastern margin. ena slowed down and the Precordillera developed an endemic
Precordillera was (within the limitations of global plate tectonfauna. During the Late Ordovician, the Precordillera occupied a
processes) free to move to higher latitudes and to receive Ugguesition where subtropical to temperate water faunas were able to
Ordovician glaciomarine diamictites. These diamictites only indiurvive. This position was also a position within the reach of ice-
cate that by the Ashgillian, the Precordillera was within the redobrgs during the Ashgillian glaciation.
of icebergs, and hence ice-rafted sediments. Among the peculari- lgneous activity and the evolution of magmas in the Sierras
ties of the Late Ordovician glaciation is the fact that icebergs nigmpeanas indicate continuous subduction into the Silurian and a
have drifted as far as lat 30° (Brenchley and Newall, 1984). Cagnadual change toward collision during the Late Silurian and the
sequently, ice-rafted sediments alone (the glacio-marine diani@vonian (Rapela et al., 1992, 1998). This is corroborated by
tites of the Don Braulio Formation) cannot be taken as evidencebligue compressional deformation in the southern Sierras Pam-
a drift toward high latitudes or for an accretion of the Precordillggaanas (Sims et al., 1998; Von Gosen and Prozzi, 1998). During
to Gondwana (Keller and Lehnert, 1998). The first evidence thia¢ Early Carboniferous posttectonic granites were emplaced.
the Precordillera was truly close to Gondwana and in high ldtience the incorporation of the Precordillera (and of Chilenia in
tudes comes from the Middle to Late Siluri@tarkeiafauna the final stage) into Gondwana seems to have been a lengthy and
(Benedetto, 1998; Keller and Lehnert, 1998). According to Cogiobably not a continuous process. With incipient collision dur-
and Fortey (1990), this fauna is restricted to high latitudes and \ag the latest Silurian the Precordillera became faunistically
only present in a few areas of high-latitude Gondwana. In this soglistinguishable from the remainder of Gondwana.
nario, the accretion of the Precordillera to Gondwana must have In the Precordillera, the character of the heavy-mineral pop-
taken place during the Silurian or Devonian. ulations of Ordovician through Devonian strata indicates that a
Argentine Precordillera as part of Gondwana: Pre-hinterland was composed of granitoids and metamorphic rocks
cordillera in the alternative modeld?aleomagnetically permis-was not present before the (Middle) Devonian. Prior to the Devo-
sible reconstructions presented by Dalziel (1991, 1997) amdn, mainly a sedimentary hinterland was recycled (Loske,
Dalziel et al. (1994) place the Appalachian margin of Laurenti@92; Kury, 1993; Astini and Maretto, 1996). The Devonian
close to the proto-Andean margin of South America during thplift of this hinterland is here interpreted as one effect of the
Ordovician and permit the existence of an ocean between Lfnal accretion of the Precordillera to Gondwana.
rentia and northern South America (see also Torsvik et al., 1995). The position of the subduction zones, the one between the
The model discussed here implies that the ocean to the €astordillera (and its parental terrane) and the Sierras Pampeanas
of the Precordillera was the “Gondwanan lapetus” or the “west-the east as well as the one that might have existed between
ern lapetus” (Dalziel, 1997). The ocean that opened to the wesChflenia and the Precordillera in the west, are debatable (Ramos
the Precordillera was the Ouachita ocean separating the Btel., 1986; Ramos, 1988b; Astini et al., 1995). In addition, there
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is no agreement on the direction of subduction between Chilesvgence does not favor the alternative paleogeographic scenario,
and the Precordillera. No attempt is made here to solve theserather supports the conservative model

problems because this would be far beyond the scope of this In its early Paleozoic history, the Precordillera displays three
paper and the studies on which it is based. distinct stages: a Laurentian stage until the Caradoc; an open-

In the light of the “alternative paleogeographic reconstrugeean phase from the Caradoc at least into the Late Silurian; and
tion” (Torsvik et al., 1995) which places Laurentia close to Gond-Gondwanan stage starting not earlier than the Late Silurian.
wana during the Ordovician (Dalziel, 1991; Dalla Salda et &lVhatever global plate tectonic reconstruction for the Ordovician
1992a, 1992b, 1993; Dalziel et al., 1994), the microplate stagehe most likely, the history of the Precordillera as discussed in
was coeval to the early phase of the Gondwana stage. Separé#tisnpaper is compatible with both but favors a conservative
from Laurentia was accompanied by the onset of accretiorafgproach to Ordovician paleogeography.

Gondwana. A similar succession of events was described from

the Alps by Frisch (1979). There, during the Mesozoic, the midp| ogUE

dle Penninic microcontinent was separated from the Eurasian

plate (forming the North Penninic ocean) at the same time that | )
the South Penninic ocean between the microplate and the AgMmaining Questions
atic plate was closed.

Discussion.On the basis of sedimentologic and faunal evi- Despite all the results presented in this paper, this study can
dence from within the Precordillera, a collision of continentahly be regarded as a basic step to a better understanding of the
crust of the Precordillera terrane (Astini et al., 1995), of tlearly Paleozoic of the Argentine Precordillera. Many questions
Cuyania terrane (Ramos, 1995), or of the Occidentalia terraaeain open, among which are the following.

(Dalla Salda et al., 1992a, 1992b) with the eastern Sierras Pam-Is the Hawke Bay event really present in the rocks of the Pre-
peanas during the Middle Ordovician is difficult to reconcileordillera or is biostratigraphy in the Cambrian rocks not yet per-

Consequently, the accretion of the Precordillera to Gondwdrat enough to distinguish between tectonic and sedimentologic
must have taken place during a later stage. The original configfiects and hence, to pretend an erosional event in the early Mid-
ration of the terrane and its approach toward Gondwana is siid Cambrian?

debatable. What is the nature of the Grand Cycles in the La Laja For-

If the assumption is correct that the eastern margin of Lamation? If the Precordillera was part of Laurentia, why are the
rentia and the western margin of Gondwana were juxtaposed dycles so different from their North American counterparts? Is
ing the Ordovician, then it seems plausible that the contineriteg interpretation given here a misinterpretation, or is the differ-
crust of the Precordillera was detached from Laurentia; meance caused by the fact that the Precordillera is part of a marginal
while the oceanic crust forming the eastern part of the terrane plaseau to Laurentia with a presumably different crust?
subducted beneath the Sierras Pampeanas (Fig. 59, A-D). How-What are the age and the nature of the sequence boundaries
ever, this model is only valid under the assumption of maximumthe Upper Cambrian rocks? Some ideas and correlations have
separation (2500 km according to paleomagnetic data) and nisen presented here. However, it may well be that these ideas are
imum travel distances for larvae of about 1000 km. a mismatch of data between the Guandacol subbasin and the San

With all the restrictions discussed here, and explicituan subbasin. A critical factor for future discussions is the cor-

excluding a Middle Ordovician Precordillera-Gondwana collrelation of the Marjuman sequence boundary in the Guandacol
sion, the data from within the Precordillgrrmit the alternative area to strata farther south. In addition, will it be possible to
plate tectonic modelas described by Dalziel (1991, 1997) antbcate the Sauk IlI-1ll boundary?
Dalziel et al. (1994). If these alternative reconstructions are cor- In this context, the small-scale cycles present in the Upper
rect, the Precordillera must have played a key role in the inter@ambrian, and, presumably, younger rocks are interesting. Will
tions between Laurentia and Gondwana, the Precordillera ihese rocks reveal additional information via Fisher plots and
tectonic tracer (Dalziel, 1993) which, for a short period durirgher cycle analysis? Will the results of such analysis allow a bet-
the Middle Ordovician, marked the relative positions of Laurentier chronostratigraphic assignment and, in addition, a better cor-
and Gondwana. relation to Laurentian rocks?

Laurentia might have been relatively close to Gondwana. What are the relations among the siliciclastic strata of the
However, the intervening ocean was an obstacle big enoughvéstern basin? A variety of formations has been defined there, all
prevent faunal exchange and the effects of subduction alongahehich show similar rocks and facies. Are these truly indepen-
Sierras Pampeanas being recognized in the Precordillera. In ciemt formations or are they all representatives of the same deposi-
trast, faunal exchange with far more distant terranes was posstimeal system? Is the overall fining to the west in the western basin
The explosive volcanic record of eastern Laurentia and Baltaa artefact caused by the relatively intense deformation and the
strongly suggests that these two continents were juxtaposed dbsence of reliable biostratigraphic data and stratigraphic con-
ing Middle and Late Ordovician time (Huff et al., 1992), directlyacts? Or is this arrangement of facies the expression of an Ordovi-
contradicting a Laurentia-Gondwana juxtaposition. Together, tisian Atlantic-type margin in the Precordillera as interpreted here?
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An important question is the nature of the hiatuses obseregeently accreted to Gondwana (European time scale). The inves-
in the Silurian and Devonian rocks which increase in magnituilgations have demonstrated the urgent need for a globally
and abundance from the Jachal area toward the Rio San Jaecepted chronostratigraphic subdivision, especially of the
What is the continuation of the Silurian and Devonian towa@rdovician.

Mendoza, where Silurian strata are virtually absent? What does

the contact between the Talacasto Formation and the Punta NAGQNOWLEDGMENTS

Formation represent? Is it a major erosional unconformity or a

strongly diachronous evolution of the contact? Is it possible that This study is part of a larger project of the Erlangen Depart-
the surface at the base of the Punta Negra Formation, which getat of Geology on the evolution of the Argentine Precordillera.
older toward the south, is represented by the surface at the ba¥eéhe#n this project was initiated almost 10 years ago by Werner
the Villavicencio Formation, which is even older? If so, what Buggisch, my primary task was to work on the carbonate plat-
the significance of the strongly diachronous onset of flysch defjorm rocks together with him. | am grateful to him that he
sition? If not, are there two independant flysch sequences dedided to withdraw from this part of the project and that he left
basins? What is the significance of this overall north-south trethé carbonates to me, and | hope | meet the confidence he placed
recognized in the Silurian-Devonian history of the Precordillera?me.

There is an increasing number of hiatuses with an increasing Much of the field work in the later part of the project was
magnitude from Jéchal to the south. Concomitantly, distributioarried out with Oliver Lehnert. | appreciate his patience in our
of Silurian strata becomes more and more restricted, in spacdissussions about any aspect of the paleontology and biostratig-
well as in time, until they are absent in Mendoza. In addition, ttephy of the Ordovician rocks.

onset of flysch deposition becomes successively older toward | thank Werner Von Gosen for our discussions about the
Mendoza. Is it possible that these patterns indicate oblique caitructural geology and about the tectono-sedimentary environ-
sion, starting in the south and propagating toward the north? ment of the rocks in the Precordillera and for many helpful com-

What was the size of the terrane? It has been documentedrtiexits concerning the regional geology of western Argentina
the Ordovician of San Rafael is part of the same terrane as the rgng the late stage of this project. | also acknowledge the help
cordillera. Are there other outcrops on the block of San Rafael-dfaall the other members of the Erlangen Institute who con-
Pampa that might be assigned to the terrane? What is the originiladited to this study.
the, in places mylonitic, limestones of Limay Mahuida? Do they From the beginning, the project benefited from discussions
represent part of the Cambrian-Ordovician carbonate platformagth colleagues from other German Universities. Vicariously for
do they correspond to the limestones and marbles as exposed these colleagues, | thank Heinrich Bahlburg and Werner Loske
the Sierra de Pie de Palo and several other places? for many stimulating discussions.

What is the relation between the Sierra de Famatina and the The carbonate platform rocks in the Precordillera are more
Precordillera? Is it possible that the K-bentonites in the San Jttzem 2000 m thick. It would have been impossible to get to the
Formation are derived from volcanic sources in the Sierra Idealities and to measure all these sections without the help of
Famatina? If so, does this suggest a proximity of both areas dingentinian colleagues. | especially thank Osvaldo Bordonaro
ing the Ordovician? (Mendoza) for his hospitality and for having shared his

What are the mechanisms of terrane transport? Nothingagional knowledge of the Precordillera, his outstanding
known about transform faults, which might have served as pathowledge of the Cambrian rocks in the Precordillera, and
ways for the terrane. Was terrane accretion oblique or perpentdieny long discussions in the field. Field work with him was
ular to the margin of Gondwana? always a pleasure.

What is the relation between Chilenia and the Precordillera? | have also benefited from the company and friendship of
Are they totally different and independent terranes, or were thdgx LaMotte (San Juan), who accompanied me during field
related in some way, as indicated by Grenvillian-age zircons thatrk, carried samples, and taught me to how to get around in the
recently have been found in Chilenia (Ramos and Basei, 199%jéles. | thank him and his wife Maria Silvia for their great hos-

The discussion of the evolution of the Precordillera in tingatality during my stays in the city of San Juan. | had many fruit-
and space was hampered by the two fundamentally differéntdiscussions about the Upper Cambrian and Ordovician rocks
chronostratigraphic subdivisions of the Cambrian and Ordoviciaithe Precordillera with Fernando Cafias, not only in the field but
Systems based on differing philosophies of North American asdo during my stays in Cérdoba and his stay in Erlangen. |
European workers. One example is the upper reef-mound inggpreciate these discussions and especially my stays with Fer-
val, which is Early Ordovician in age according to the Europeanando and his family.

However, it is Middle Ordovician following the North Ameri- Many discussions with other members of the Cérdoba
cans. In this paper, mainly the European subdivision was appligatking group helped me to a better understanding of the
because it is the one which was traditionally applied to the rogjenlogy of the Precordillera and | especially thank Emilio

of the Precordillera. The Precordillera is a crustal fragmeveccari for his part in these discussions, at the “catedra” and
detached from Laurentia (Laurentian time scale) and subsethe field.
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Scientific, logistic, and human support in San Juan was pAPPENDIX 1
vided by Wilko Simon, Rubén Pelichotti, and Felisa Bercowski; | Alum shale

thank all of them for their help. In addition, I thank all those stu-  pari gray to black, sometimes yellowish shale with abundant sul-

dents from San Juan, who accompanied me during field work, i@ Stainings are the result of weathering of alum minerals: a group of
their help. double salts MeMe'l (SQ,), x 12 H,0. Most common mineral in sedi-

Over the years, | have had intensive discussions with cB¥ents is KAI (SQ), x 12 HO.

. . . . . Andean crustal shortening, Andean orogeny
leagues from the La Plata University (Luis Spalletti, Luis Dalla In the Precordillera, mainly Miocene deformation affects strata as

Salda, Sergio Mateos, Carlos Rapela) which | enjoyed; | €spgiing as early Tertiary. Formation of east-directed thrusts and imbrica-
cially thank Carlos Cingolani for many open-minded discussiofishs (Baldis and Chebli, 1969; Ortiz and Zambrano, 1981; Baldis et al.,
and his support. 1982; Allmendinger et al., 1990; Von Gosen, 1992, 1995) and west-

When it became evident that the Precordillera might hafigected back thrusting along the eastern margin of the Precordillera
been part of Laurentia during Cambrian-Ordovician time,g Cigégf”&'g%ﬁ:fmzqigfr?ﬁﬁ’islfs(?(; Yﬁgacb;lzsen' 1992; Von Gosen et
started field work in various parts of the southern United States. -aponate platform P g '

It is not possible to mention all the geologists who introduced This is the most general term for carbonate depositional systems
me to individual sections or regional geology or who discuss@ttad, 1982, 1985; Tucker and Wright, 1990). Classification is based on
with me aspects of lower Paleozoic sedimentation on the | §igtinctive morphologic profile, facies, and evolutionary sequences

rentian craton. (Read, 1985).
Carbonate ramp

| thank John D. Cooper and Tony Prave for sharing their 1hs is characterized by gently inclined depositional surface, and
knowledge of Great Basin geology and sedimentology with mtere is no major break at the platform-slope break (Ahr, 1973; Burchette
and for introducing me to sequence stratigraphy, but especiaityd Wright, 1992). Homoclinal ramps show a gradual deepening; how-

for their friendship and the moments that made field work in tR¥er. if there is a steepening on the outer ramp due to faulting or flexur-

Great Basin an outstanding episode in my life. Special thanks' of the lithosphere, a distally-steepened ramp is developed (Read,
’ ). Storm deposition and reworking is an important factor for sedi-

due to the people of Shoshone and of China Ranch for their Ragntation on ramps (Aigner, 1985; Burchette and Wright, 1992).
pitality and their interest in my work. | was deeply impressed by Chilenia

and grateful to Benny Troxel and Lauren Wright for their advice The Chilenia terrane, accreted to the Precordillera during Silurian-
and hospitality. Devonian time (Ramos et al., 1986; Ramos and Basei, 1997; Bahlburg

A two-week field trip with Allison “Pete” Palmer to theand Hervé, 1997) is still poorly understood because its basement out-
P crops in the Cordillera Frontal were subjected to intensive magmatism

classical localities of the Cambrian in the southwestern Grgafi metamorphism during late Paleozoic and Mesozoic time. The pres-
Basin was unforgettable; | thank him for sharing with me hé@ice of basic and ultrabasic magmatic rocks in the Ordovician of the
knowledge of the Cambrian of the world and for many fruitfidrecordillera was taken as evidence of the suture zone (Haller and
discussions, especially about the origin of the Precordillera. Iﬁﬁ%mssv 1984; Rlargosztsl., 19861) bet\éveenhylhe Precordillera anddChlle-
review of this book was also very benefical. _nla( amos et al., 1984; Ramos, 1988b). C ilenia was interpreted as an
. . independent terrane (Ramos and Basei, 1997) that extended from
~ lalso thank Pat Dickerson and Bill Muehlberger who, dugy,;roximately the southern end of the Precordillera well into northern
ing a field trip to west Texas, sharpened my eye for tkhile and northwestern Argentina (Ramos et al., 1986). However,
Marathon-Solitario connection; Dave LeMone, who introducdskhlburg and Hervé (1997) claimed that Chilenia did not extend farther
me to the geology of the El Paso area, west Texas, and N¥h than ~2730', hence it has a geographic extension similar to that

Mexico, and who gave logistic support during field work i fl_Dre(_:ordl_IIera. Rapela et al. (1995_3) pointed out that_ the basement of
. : . . hilenia might be a western extension of the Precordillera.
west Texas; Jim Miller for sharing his knowledge of the Upper  piamictite

Cambrian and Lower Ordovician rocks during a field trip to the  Throughout this paper, diamictite is used in a purely descriptive
Llano uplift in Texas; Ray Ethington for his support during fielgense.
work in Oklahoma; and lan Dalziel, who supported these stud- DProwning, drowned platform

ies in various ways. His review of this paper helped improve tlhe This is mainly the result of a rapid rise in relative sea level. Shal-
OW-water carbonates upsection give way rapidly to deep-water lime-

manuscript, especially those parts that deal with global plaignes or siliciclastic deposits (Kendall and Schlager, 1981; Schlager,

tectonic reconstructions. | am especially grateful that he pn®81, 1989). Within the drowning succession, hardgrounds and other

vided the base maps of his plate tectonic reconstructionédicators of reduced sediment supply are locally present. In seismic

thank Lisa Gahagan for preparing the different sets of maggs, the lithologic change from shallow- to deep-water rocks is often
I

Isabel Montafiez for her review of the manuscript and ma ognized as an unconformity and, in consequence, is called the drown-
) . ng unconformity (Schlager and Cumber, 1986).

helpful comments; and the other colleagues with whom 1 dis= pcies association

cussed various aspects of geology, paleontology, and volcanol- This combines various facies frequently occurring together (Tucker

ogy of the Precordillera. and Wright, 1990). The various facies associations identified are used to
| am grateful to the Volkswagenstiftung and the Germdalgscribe the architecture of a carbonate depositional system.

. . : - . . . Famatinian orogeny, Famatinian mobile belt
Science Foundation which gave financial support for this proj- o "o o related 10 east-directed Ordovician subduction between

ect through projec_ts Bu 312-17/1 and Bu 312-17/3 (Werngjy and 450 Ma (Famatinian orogeny: Pankhurst and Rapela, 1998;
Buggisch) and projects Ke 470-1/2 through Ke 470/2-4 to nRapela et al., 1998) and include both the Puna and Famatina rocks and
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the North Patagonian massif. Magmatic activity and formation of shéaefiolaza, F. G., and Peralta, S. H., 1985b, Icnofacies de CruzisebSilirico
zones continued into the Devonian. de la Precordillera de San Juan, ArgentinaAnais, 11° Congresso
Grenvillian age Brasileiro do Paleontologia: Fortaleza, Brasil. Sociedade Brasileira de
This is here used for “. . . rocks with ages between ~1300 to ~950  Geologia, p 151-156.
Ma that are contemporaneous with the North American Grenville présefolaza, F. G., and Peralta, S. H., 1986, Interpretacion del comportamiento de
ince basement” (Kay et al., 1996). la cuenca sildrica en funcién de sus icnofacies en el &rea de Talacasto, Pre-
Grenvillian-type basement cordillera de San Juam Actas, las Jornadas sobre Geologia de Pre-
Grenvillian-aged basement is petrologically and isotopically similar ~ cordillera: San Juan, Argentina, 1985, Universidad Nacional de San Juan,
to identical to the North American Grenvillian basement (see also Kay  p. 151-156.
etal., 1996). Acefiolaza, F. G., and Toselli, A. J., 1988, El Sistema de Famatina: Su inter-
Isolated carbonate platform pretacion como orégeno de margen continental adtivctas, 5° Con-
This is carbonate accumulation on topographic highs surrounded greso Geoldgico Chileno, v. 1, Universidad de Chile, Santiago p. 55-67.
by deep water. Adjacent slopes were generally steep and dominateédeyiolaza, F. G., and Toselli, A. J., 1998, Precordillera Argentina: al6¢ctono o
detritus from the platform. Distinctive facies patterns formed in response  autdctono gondwanico?: Terra Nostra, v. 5, p. 2-3.
to differing exposure to wind and waves over relatively short distancasefiolaza, F. G., Durand, F., and Diaz Taddei, R., 1976, Nautiloideos ordovicicos
Microfacies concept de la Precordillera Argentina. Fauna de Huaco, Provincia de San Juan:
Microfacies include the entirety of sedimentologic and paleonto-  Acta Geoldgica Lilloana, v. 13, p. 269-284.
logic information as revealed by thin-section analysis (Flugel, 1982hr, W. M., 1973, The carbonate ramp: An alternative to the shelf model: Gulf
This information is grouped into 24 standard microfacies (SMF; Wilson ~ Coast Association of Geological Societies Transactions, v. 23, p. 221-225.
1975). Aigner, T., 1982, Calcareous tempestites: Storm-dominated stratification in Upper
Ocloyic orogeny Muschelkalk limestones (Middle Triassic, SW-GermanyEinsele, G.,
This is part of the Famatinian cycle. There is an angular uncon-  and Seilacher, A., eds., Cyclic and event stratification: Berlin, Heidelberg,
formity between Lower Ordovician and Ashgillian strata in the Punaand ~ New York, Springer, p. 180-198.
the Eastern Cordillera. Regionally developed mylonites are in the E&dgner, T., 1985, Storm depositional systems: Lecture Notes in Earth Sciences,
ern Sierras Pampeanas (Pankhurst and Rapela, 1998). Berlin, Heidelberg, New York, Springer v. 3: 174 p.
Paleozoic deformation Aitken, J. D., 1966, Middle Cambrian to Middle Ordovician cyclic sedimenta-
This deformation affected strata as young as the Early Devonian tion, southern Rocky Mountains of Alberta: Canadian Petroleum Geology
(Talacasto Formation; Von Gosen 1997). There are no indications of  Bulletin, v. 14, p. 405-441.
Ordovician compression. Formation of west-vergent, large open folsltken, J. D., 1967, Classification and environmental significance of cryptalgal
(Cominguez and Ramos, 1990; Von Gosen, 1992, 1995, 1997; Von limestones and dolomites: Journal of Sedimentary Petrology, v. 37,
Gosen et al., 1995) was accompanied by a metamorphic event between p. 1163-1178.
440 and 410 Ma (Buggisch et al., 1994b). The metamorphic overp#iiken, J. D., 1978, Revised models for depositional Grand Cycles, Cambrian of
increases from east (field of diagenesis) to west (greenschist facies) and the southern Rocky Mountains, Canada: Canadian Petroleum Geology

is documented by illite crystallinity and conodont CAI (Buggisch et al., Bulletin, v. 26, p. 515-542.
1994b; Keller et al., 1993c). Albanesi, G. L., 1991, La conodontofauna y graptolitos asociados de las Forma-
Pelagic carbonate platform ciones San Juan y Gualcamayo en el Cerro Potrerillo, Precordillera de San

This is a special type of isolated platform, developed above struc-  Juan, Argentina [tesis de licenciatura]: Cérdoba, Argentina, Universidad
tural highs (Santantonio, 1993, 1994). The sedimentary succession is Nacional de Cordoba, Academia Nacional de Ciencias, 162 p.
pelagic deposits with abundant stratigraphic breaks. Albanesi, G. L., and Benedetto, J. L., 1992, Late Llanvirn pebbles from the La
Rimmed shelf Cantera Fm., Sierra de Villicum, San Juan Precordillera, Argeritina,
This is a relatively flat depositional surface, pronounced break at  Hiinicken, M. A, ed., Latin-American Conodont Symposium, 2nd: Cér-
shelf-slope transition, often marked by continuous reef trend or sand  doba, Argentina, Abstracts, p. 92.
shoals (oolitic-skeletal). The permeability of the barrier determines thbanesi, G. L., Hiinicken, M. A., and Ortega, G. A., 1995, Review of Ordovician

nature of the landward shelf lagoon. conodont-graptolite biostratigraphy of the Argentine Precordiliera,
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