Andean Geology 52 (1): 47-62. January, 2025 Andean Geology
doi: 10.5027/andgeoV52n1-3754 www.andeangeology.cl

The brachiopod Kvania, a biostratigraphic marker across the
Cambrian-Ordovician boundary in Andean Gondwana

Juan L. Benedetto!

' Centro de Investigaciones en Ciencias de la Tierra, CICTERRA, Consejo Nacional de Investigaciones y Técnicas (CONICET) and
Universidad Nacional de Cordoba. Vélez Sarsfield 1611, X5016GCA Cordoba, Argentina.

Jjuan.benedetto@unc.edu.ar

ABSTRACT. The plectorthoid brachiopod Kvania is widely distributed in Upper Cambrian and Lower Ordovician
rocks of the Central Andean basin of northwestern Argentina and southwestern Bolivia. In this contribution, Kvania
lariensis Benedetto is reported for the first time in the Eastern Cordillera (Quebrada de Humahuaca area) of northwestern
Argentina. Studied material comes from the Alfarcito Member of the Santa Rosita Formation (Santa Victoria Group)
of well constrained earliest Tremadocian age (Trl). The presence of Kvania lariensis in different localities of the
Altiplano-Puna region and the Eastern Cordillera of Bolivia and Argentina allows proposing this species as a reliable
biostratigraphic marker for the lowermost Ordovician of the region. On the basis of the phylogenetic hypothesis supporting
the Protorthisina-Kvania-Gondwanorthis lineage, four phylozones are recognized across the Cambrian-Ordovician
boundary. The basal member of the lineage is Kvania primigenia, which co-occurs with Parabolina (Neoparabolina)
frequens argentina, is proposed here as a biostratigraphic marker for the upper Furongian (Stage 10). The base of the
time slice Tr1 is indicated by the first appearance of Kvania lariensis, which is almost time-equivalent to the Jujuyaspis
keideli trilobite biozone, whereas the descendent species Kvania azulpampensis is almost coeval with the Kainella andina
trilobite biozone. Gondwanorthis calderensis calderensis, a more derived member of the lineage, indicates the upper
part of the lower Tremadocian (Trl), and is equivalent to the Kainella meridionalis trilobite biozone. The specimens of
Kvania lariensis from the Alfarcito Member provide additional information about its phenotypic variablity, confirming
the trend of increasing costellae number through ontogeny observed in the type material, and also corroborate that the
lineage as a whole experienced a defined evolutionary trend to increasing both shell size and costellae number.
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RESUMEN. Elbraquiépodo Kvania, un marcador bioestratigrifico a través del limite CAmbrico-Ordovicico en
la region Andina de Gondwana. El braquidpodo plectortoideo Kvania estd ampliamente distribuido en el Cdmbrico
Superior y Ordovicico Inferior de la cuenca Andina Central del noroeste de Argentina y suroeste de Bolivia. En esta
contribucion, la especie Kvania lariensis Benedetto es reportada por primera vez en el area de la quebrada de Humahuaca
de la cordillera Oriental del noroeste argentino. El material estudiado proviene del Miembro Alfarcito de la Formacion
Santa Rosita (Grupo Santa Victoria) del Tremadociano temprano (Trl). Kvania lariensis esta presente en diferentes
localidades del altiplano-puna y de la cordillera Oriental de Bolivia y Argentina, por lo que se propone a esta especie
como un marcador bioestratigrafico para el Ordovicico mas temprano de la cuenca Andina Central. Sobre la base de la
hipétesis filogenética del linaje Protorthisina-Kvania-Gondwanorthis, se reconoce un esquema cuadripartito de filozonas
a través del limite Cambrico-Ordovicico. Kvania primigenia, el miembro basal del linaje, ocurre simultdneamente con
Parabolina (Neoparabolina) frequens argentina en difentes localidades, por lo que es propuesto aqui como marcador
bioestratigrafico para el Furongiano Superior (Piso 10). La base del Tremadociano Inferior (intervalo Trl) es indicada
por la primera aparicion de Kvania lariensis, 1a cual es aproximadamente equivalente en edad a la biozona de Jujuyaspis
keideli, mientras que la especie descendiente Kvania azulpampensis lo es respecto de la biozona de Kainella andina.
Gondwanorthis calderensis calderensis, la subespecie mas derivada del lineaje, indica la parte superior del Tremadociano
Inferior (Tr1) y es equivalente a la biozona de Kainella meridionalis. Los especimenes de Kvania lariensis colectados
en el Miembro Alfarcito proveen informacioén adicional sobre su variabilidad fenotipica y confirman la tendencia al
incremento del nimero de costillas durante la ontogenia de la especie. También se corrobora que el linaje en su conjunto
experimento un definida tendencia evolutiva hacia el incremento del tamafio de las valvas y del nimero total de costillas.

Palabras clave: Filozonas, Bioestratigrafia, Braquiopodos, Furongiano, Tremadociano, Noroeste de Argentina, Cuenca Andina Central.
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1. Introduction

Paleozoic brachiopods have been rarely used as
biostratigraphic markers because of their benthic
lifestyle and their preference for shallow water settings.
These environments are generally unfavourable for
traditional markers such as graptolites and conodonts,
but in the absence of such fossils, brachiopods can
be potentially useful to establish a chronology (e.g.,
Ziegler, 1966; Baarli and Johnson, 1988; Laurie, 1991;
Jin, 2001; Reyes-Abril et al., 2011; Sohrabi and Jin,
2013), as well as for locating systemic boundaries
(e.g., Mottequin et al., 2014; Angiolini et al., 2021).

The first brachiopod-based biostratigraphic scheme
for southwestern Gondwana was proposed by Herrera
and Benedetto (1991), who erected five “assemblage”
biozones through the Tremadocian-Darriwilian
carbonate succession of the Precordillera basin of
western Argentina. These biozones proved to be useful
for intrabasinal correlations and, to a lesser extent,
for correlations with neighboring (e.g., Famatina)
basins. They were further redefined as “taxon-range”
biozones and their taxonomic composition was updated
(Benedetto, 2002). Although the set of taxa recorded
in each biozone reflects primarily the evolution of
brachiopod lineages through time, it is also conditioned
by the environmental changes that took place in the
basin, as well as by the relative paleogeographic
placement of the far-travelled Precordillera terrane
through time (Benedetto, 1998a, 2007a; Benedetto
etal., 1999). The sum of these biologic, climatic and
tectonic factors allowed each taxon-range biozone
to experience some taxonomic variability and often
some degree of diachronism through the basin.

A rather different biostratigraphic scheme based
on “lineage biozones” or “phylozones” was proposed
later for the Furongian-Lower Ordovician successions
of northwestern Argentina (Benedetto, 2005). A lineage
biozone, according to the definition of the North
American Stratigraphic Code (2005, p. 1574) is “...a
body of rock containing species representing a specific
segment of an evolutionary lineage”. The successive
taxa forming the evolutionary lineage constitute a
powerful tool to establish biostratigraphic schemes,
in particular in those cases where morphological
changes along the lineage concentrate in short
periods of time, and the new evolved species remain
nearly unchanged (morphological stasis) until the
next speciation event. Most lineages usually split
in two, originating new species in the process of
cladogenesis. In the example posed here, coexistence

in the same stratigraphic horizon of ancestral and
descendent species has not been observed, so that
the simplest scenario is one in which a single lincage
punctuated by phenotypic changes (punctuated
anagenesis; see Jackson and Cheetham, 1999)
spreads throughout the basin. However, the fact
that closely allied species of Kvania are present in
upper Tremadocian rocks of central Europe (e.g.,
Havli¢ek, 1994; Szduy et al., 2001), coexisting
with or postdating the more derived members
of the Andean lineage (e.g., Gondwanorthis and
Lampazarorthis), strongly suggests the occurrence
of one or more cladogenetic events in the region,
as the cladistic analysis of plectorthoids performed
by Benedetto and Muiloz (2017) demonstrated.
On the other hand, there is no conclusive evidence
of the so-called “punctuated gradualism”, in which a
lineage shows both punctuation and gradual change
(Fortey, 1988) since no morphological transition
between ancestral and descendent species has been
observed in the lineage under consideration. However,
since distinction of the terms “gradual” and “rapid”
when applied to morphologic evolution in the fossil
record is ambiguous and has been subject to varying
interpretations by different authors, an explicit,
statistical analysis is necessary to comprehensively
define the evolutionary pattern (Hunt, 2008).

The time interval covered by the successive
species of a lineage can vary somewhat, but it can
be usually as short as the conodont or graptolite
biozones. A further advantage of phylozones is that,
due to the nature of evolutionary process, there
should be no significant overlap in the ranges of
ancestral and descendent species along the lineage.
However, this is not always the case, being true only
in those lineages showing an anagenetic (punctuated
or gradual) pattern. For instance, in the Upper
Ordovician of Laurentia, the older and smaller species
of Zygospira co-existed with younger species that
evolved throughout the Katian, which is interpreted
as a case of sympatric speciation where a single
ancestral species gave rise to new species probably
by niche partitioning (Sproat and McLeod, 2023).
In the Kvania example from above, nevertheless,
there is no evidence that Kvania lariensis coexisted
neither with the ancestral species K. primigenia nor
with the descendent K. azulpampensis, although
further research at the basin scale is needed to fully
clarify the evolutionary pattern.

As in other biostratigraphic units, in the phylozones
the boundaries are surfaces that mark the lowest
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(first appearance datum; FAD) and highest (last
appeareance datum; LAD) occurrence of successive
taxa along the evolutionary lineage. Whenever
the lowest appearance of successive segments in
a lineage over the area of their distribution can be
considered as basically synchronous, the lineage
zones allow precise correlations to be established
(Tanaka and Takahasi, 2013). In the practice,
however, identification of such evolutionary lincages
is not always possible since it requires of a nearly
uninterrupted stratigraphic succession lacking abrupt
environmental shifts and, most importantly, an
essentially continuous series of phylogenetically linked
taxa. In northwestern Argentina, the ~3,500 m-thick
platform and shoreface clastic successions of the
Santa Victoria Group (Waisfeld et al., 2023, and
references therein) constitutes an excellent case
study since rhynchonelliform brachiopods of Late
Cambrian to late Floian age are abundant in there
and well preserved throughout the unit (Benedetto,
1998b, 2007b; Benedetto and Carrasco, 2002; Harper
et al., 2004; Villas and Herrera, 2004; Villas ef al.,
2009; Mufioz and Benedetto, 2016; Benedetto and
Muiloz, 2017). Also interesting is that fossiliferous
levels often include more or less continuous series
of early juvenile to gerontic individuals, allowing to
reconstruct the ontogenetic trajectories of some species
and hence to infer morphological trends directed by
heterochronic processes (Benedetto, 2007b).

In this contribution, Kvania lariensis Benedetto
is reported for the first time from the Eastern
Cordillera of the Jujuy Province, from beds of
well constrained earliest Tremadocian age (Trl).
The species K. lariensis is a basal form within the
Furongian-Early Ordovician Protorthisina-Kvania-
Gondwanorthis-Lampazarorthis-Tarfaya plectorthoid
lineage (Benedetto and Mufioz, 2017). The presence
of K. lariensis in widely separated localities of the
Altiplano-Puna region and the Eastern Cordillera
of Bolivia and northwestern Argentina, along with
its well-constrained conodont and graptolite-based
age, leaves this species as a useful biostratigraphic
marker for the lowermost Ordovician of the Central
Andean basin of Gondwana. Moreover, other
taxa of this phylogenetic lineage, in particular
the descending species Kvania azulpampensis
and Gondwanorthis calderensis calderensis also
constitute regional index fossils. The purpose of
this contribution is therefore to review and update
available chronostratigraphic information since the
first attempt of a brachiopod-based biozonation
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for the Ordovician of the Central Andean basin
(Benedetto, 2005), and also to propose the species
K. primigenia as a reliable biostratigraphic marker
for the upper Furongian. Finally, equivalences
among the brachiopod-based and the trilobite-based
biostratigraphic schemes are examined.

2. Geological setting

Lower Paleozoic rocks in northwestern Argentina
and southwestern Bolivia are superbly exposed in
the vast Central Andean basin encompassing the
Eastern Cordillera and the Subandean Ranges (e.g.,
Astini, 2003; Waisfeld et al., 2023) (Fig. 1). The
Puna-Famatina magmatic arc developed to the west
is characterized by thick volcanic and sedimentary
successions (Coira ef al., 1999). In northern Chile,
to the south of Salar de Atacama, there are also
extensive outcrops of Ordovician volcanic, intrusive,
and sedimentary rocks (Niemeyer, 1989).

An extensional phase during the Late Cambrian
led to deposition in the Eastern Cordillera of the
Mesén Group, which consists of Skolithos-rich
reddish sandstones and siltstones deposited in
tide-dominated environments (e.g., Mangano and
Buatois, 1999, 2004). During the latest Cambrian
(Furongian, Stage 10) and earliest Ordovician
(Tremadocian, Trl), the establishment of the Puna-
Famatinian magmatic arc along the convergent
proto-Andean margin, and the subsequent transition
from an extensional basin to a retroarc basin, led
to deposition of more than 3,500 m-thick marine
clastic rocks, now part of the Santa Victoria Group.
This succession was affected not only by sea-level
fluctuations (e.g., Astini, 2003; Buatois and Mangano,
2003; Buatois et al., 2006) but also by tectonic
uplifts due to the arc emplacement (e.g., Bahlburg
and Hervé, 1997; Vaucher et al., 2020). Regionally,
the Meson Group is unconformably overlain by
the Santa Victoria Group (Turner, 1960), which
includes the Santa Rosita (Furongian-Tremadocian)
and Acoite (Floian) formations. The Santa Rosita
Formation has been formally subdivided into six
members named, from base to top: Tilcara, Casa
Colorada, Pico de Halcon, Alfarcito, Rupasca, and
Humacha (Buatois and Mangano, 2003). The Tilcara
and Pico de Halcon members record sedimentation
in tidal-dominated settings, filling incised valleys,
whereas the Casa Colorada, Alfarcito, and Rupasca
members were deposited in wave-dominated open-
marine environments, punctuated by storm events.



THE BRACHIOPOD KVANIA, A BIOSTRATIGRAPHIC MARKER ACROSS THE CAMBRIAN-ORDOVICIAN BOUNDARY...

I To
68° e~ ,,,,EQLIM/(T\Q{/
/ Y a0 N
\ /=
Santa V/;étona v |
Cf ‘\// ,//‘/
‘/ //\ | &
4 7{/ <
—25° m /‘“\) Nazaré/no
= N 7 \
— Q\ ) // ,/
an al /
Q y v //
e/lruya / /
pre
[ o // ~ (
ot
a
/ \ kg \
\\ / ] |
ampa/ ¢ [ 20T
100 km 321 f N ‘)
udca U - )
b a //
€ |
\ ///ﬁ',{/‘/’ ) ( /
LY
6 BOLIVIA / /
=] / j\\// J
h /
=
S . arc
| " Jujuy Ronqui / Q;ﬂbrafia lto Alto
{ Angosto Phrm /ﬂ \/
=25, Salta \ad =
= S ﬁ
o) N
O &2 N
- &
100 km A | 24°
— <N
[
v
A //
Ch
?
%G’
o
Grandes \T
o
O‘L\D que Campo Alegre
San Antonio l*:/)ﬂ
de 125 Cobres dera
Ing.
25°4
Ordovician 20 km Santa Victoria
volcaniclastic rocks — Group outcrops

FIG. 1. Map showing the main exposures of the Santa Victoria Group (Furongian-Lower Ordovician) in the Central Andean basin
of northwestern Argentina. Upper left map, location of the (1) Subandean Ranges, (2) Eastern Cordillera, and (3) Altiplano-
Puna. In the main and bottom left maps, the black stars indicate the localities yielding species of Kvania and Gondwanorthis
referred to in the text (see central left map for regional locations). In the bottom left map, yellow areas indicate saline basins
The main roads (black lines) and towns (black circles) are indicated in the main map. The study area (Quebrada Salto Alto)

is located at 23°45° S and 65°28° W.
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The Quebrada Salto Alto, from which the studied
specimens of Kvania lariensis come from, is located
a few kilometers to the east of the Purmamarca
town, on the east side of the Rio Grande, which runs
along the extensive Quebrada de Humahuaca valley
(Figs. 1, 2A and B). There, the stratigraphic section
starts with the Pico de Halcon Member consisting
of several meters of thick-bedded, tabular, and
cross-stratified sandstones interpreted as recording
subtidal sandbars (Buatois and Mangano, 2003)
(Fig. 2C, D). They are overlain in sharp contact
by the heterolithic fine-grained deposits of the
Alfarcito Member, interpreted as reflecting an
extensive transgression flooding an estuarine valley
(Buatois et al., 2006). Downstream the Quebrada
Salto Alto, the stratigraphic section is faulted
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and folded so that the preserved thickness of the
member reaches about 120 m, approximately half
as thick as those in other less deformed sections
along the Quebrada de Humahuaca (e.g., Rupasca
section). The lower part of the Alfarcito Member
is characterized by mudstones and greenish-gray
fine-grained rippled sandstones, which represent
offshore deposits accumulated in a low-gradient
platform affected by fairweather and storm waves
(Buatois et al., 2006). A few meters above the base
of this member there is a conspicuous ~30 m-thick
interval of black shales and fossiliferous, pyrite-
rich calcareous mudstones and calcarenites
(Fig. 2C, D) partly corresponding to the Purmamarca
shales of Harrington and Leanza (1957). These
beds yielded well preserved specimens of Kvania

FIG. 2. A. Satellite general view of the study area (see Fig. 1 for a general location). B. Zoom-in excerpt into the Quebrada Salto Alto
showing the stratigraphic section (white line) and fossiliferous beds location (black asterisk). C. Headwaters of the Quebrada
Salto Alto toward the east, showing the Pico de Halcon and the Alfarcito members. Black asterisk indicates the location of
the fossiliferous beds. D. Detail of the sharp contact between the Pico de Halcon and the Alfarcito members (note that the
succession is overturned). In the foreground, fossiliferous black shales with calcareous concretions yielding Kvania lariensis
and Jujuyaspis keideli.
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lariensis, Jujuyaspis keideli Kobayashi, conodonts
(Zeballo and Albanesi, 2009), and linguliformean
brachiopods (siphonotretids and obolids).
The succession continues with ~80 m of interbedded
hummocky cross-stratified fine-grained sandstones
and mudstones, the lower ~30 m bearing shell
concentrations of Kvania lariensis, obolid
brachiopods, and trilobites (Jujuyaspis keideli
and Asaphellus communis).

3. The Protorthisina-Kvania-Gondwanorthis
phylogenetic lineage

The numerous and well-preserved plectorthoid
brachiopods recovered from the Upper Cambrian-
Floian successions of the Central Andean basin
led to recognition of the Protorthisina-Kvania-
Gondwanorthis-Lampazarorthis-Tarfaya phylogenetic
lineage (Benedetto and Muiioz, 2017). Beside
cladistic analysis, this evolutionary lineage is
supported by ontogenetic evidence, showing that
successive taxa display increasingly peramorphic
characters affecting shell size, ornament, and internal
structures. These findings favored the hypothesis
that morphological changes through time were
mainly directed by the heterochronic process of
peramorphosis (Benedetto, 2007b), consequently

constituting a peramorphocline (McNamara, 1990).
The phylogenetic hypothesis supports that the
endemic species Protorthisina simplex is the ancestral
form, which gave rise successively to Kvania
primigenia Benedetto, Kvania lariensis Benedetto,
Kvania azulpampensis Benedetto, and Gondwanorthis
calderensis (Benedetto) (Benedetto, 2007b; Benedetto
and Muiloz, 2017), thus bracketing the Furongian-
lower Tremadocian in the Central Andean basin
(Fig. 3). The younger members of the lineage of late
Tremadocian-Floian age, Lampazarorthis bifurcata
(Harrington), L. alata Benedetto and Muioz, Tarfaya
purmamarcaensis (Benedetto), and Tarfaya grandis
(Harrington), will be considered in a further analysis,
as they are likely to be useful markers for the upper
Tremadocian/Floian of the region.

Figure 4 shows the species succession and
morphologic changes that took place through the
Furongian and early Tremadocian of the Central Andean
basin. Protorthisina simplex is likely to be the basal
taxon of the lineage. It is characterized externally by
its minute subcircular shell ornamented by few, up to
ten simple ribs, occasionally dichotomized distally.
Internally it is distinguished by the brachiophore bases
forming a minute septalium. The inferred descendent
species Kvania primigenia has a somewhat larger
shell and the rib number increases to 18-20. Internally,
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FIG. 3. Biostratigraphic chart and brachiopod phylozones for the Tremadocian of the Central Andean Basin. Data on conodonts from
Rao and Hiinicken (1995), Ortega and Albanesi (2005), and Waisfeld et al. (2023, and references therein); trilobite biozones
from Vaccari ef al. (2010). Dotted line indicates that the boundary between Protorthisina simplex and Kvania primigenia is
yet to be established (note that P. simplex has not been proposed formally as a phylozone).
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FIG. 4. Phylogenetic lineage of the species discussed in the text showing morphological evolution of the exterior (left) and interior
(right) of the dorsal valves (modified from Benedetto, 2007b, and Benedetto and Mufioz, 2017). Scale bars represent 1 mm.

the septalium is larger than in Protorthisina and, in
later growth stages, brachiophore plates become
separated medially (Benedetto, 2007b). This species
is morphologically intermediate between P, simplex
and the succeeding Kvania lariensis, in which the rib
number increases to 25-30, and the brachiophore bases
tend to become subparallel or slightly convergent
anteriorly forming a narrow subrectangular notothyrial
chamber (Figs. 4 and 5). The latter feature is considered
diagnostic of the genus Kvania. The next step in
the evolutionary lineage is represented by Kvania
azulpampensis, which always occurs above the last
documented appearance of K. lariensis. This species
is larger than K. lariensis and the costellae are more
numerous, totalizing up to 45 (Fig. 4). Although the

dorsal interiors of both species are quite similar,
the notothyrial chamber in K. azulpampensis is
well developed at all ontogenetic stages. According
to the phylogenetic hypothesis detailed here,
K. azulpampensis gave origin to Gondwanorthis
calderensis (Benedetto), which is characterized by
a variably fascicostellate or parvicostellate ornament
forming well-defined bundles distally, the number of
costellae counted at valve margin ranging from 65 to
78. The notothyrial chamber in juvenile individuals
is small and subrectangular, and it is delimited by
blade-like, subparallel brachiophpore plates. As they
grow, the lateral apical cavities become gradually
filled by secondary deposits masking the brachiophore
bases, which are now confined to the posterior part
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FIG. 5. Kvania lariensis from Quebrada Salto Alto, lower part of the Alfarcito Member, Santa Rosita Formation. A. Dorsal valve exterior,
juvenile specimen CEGH-UNC 27670. B. Dorsal valve exterior, young adult specimen, CEGH-UNC 2776. C. Dorsal valve
exterior, CEGH-UNC 27662. D. Dorsal valve exterior, CEGH-UNC 24671. E. Ventral valve exterior, latex cast CEGH-UNC
27775. F. Dorsal valve exterior, CEGH-UNC 27663. G. Dorsal valve exterior, CEGH-UNC 27773. H. Dorsal valve exterior,
CEGH-UNC 27661a. 1. Ventral valve exterior CEGH-UNC 27672. J. Ventral valve exterior, CEGH-UNC 27660. K. Ventral
valve exterior CEGH-UNC 27673. L. Ventral valve exterior CEGH-UNC 27661b. M. Ventral valve exterior CEGH-UNC
27669. N. Ventral valve interior, CEGH-UNC 27664b. O. Ventral valve internal mold, CEGH-UNC 27665a. P-Q. Dorsal valve
internal mold and latex cast CEGH-UNC 27667. R. Dorsal valve interior CEGH-UNC 27665b. S. Dorsal valve interior CEGH-
UNC 27674. T-U. Dorsal valve interior, and detail of cardinalium, CEGH-UNC 27668. V. Dorsal valve interior, CEGH-UNC
27664a. W-X. Kvania lariensis, specimens from the Las Vicufias Formation (Quebrada Lari). W. Dorsal valve latex cast, detail
of cardinalium, CEGH-UNC 18951. X. Internal mold of dorsal valve, holotype CEGH-UNC 18948b (from Benedetto, 2007b).
Scale bars represent 1 mm. Figured specimens prefixed CEGH-UNC are stored in the paleontological collection of CICTERRA
(Centro de Investigaciones en Ciencias de la Tierra, CONICET-UNC), Cérdoba, Argentina.
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of the notothyrial platform (Fig. 4). It is remarkable
that juvenile specimens of G. calderensis strongly
resemble the adults of Kvania azulpampensis in
their subrectangular notothyrial chamber flanked by
long subparallel brachiophore bases, which suggests
that G. calderensis originated by peramorphy from
K. azulpampensis (Benedetto and Muiioz, 2017).

4. Kvania lariensis in time and space

Kvania lariensis Benedetto was described
originally from the early Tremadocian Las Vicunas
Formation exposed in the Quebrada Lari, north from
the Salar de Arizaro in the western Puna region, a
few kilometers from the Chilean border (Fig. 1).
In that location, the rocks are intensely folded and
faulted and their bases remain unknown. They
are unconformably overlain by marine shales and
sandstones of latest Ordovician-Early Silurian age
(Isaacson et al., 1976, Benedetto and Sanchez, 1990;
Rubinstein and Vaccari, 2004).

The Las Vicuias Formation consists of a lower
interval of pyroclastic rocks overlain in sharp contact
by a thin bed of fossiliferous calcareous sandstones
followed by ~70 m of green shales and mudstones.
The type material of K. lariensis comes from the
lower interval of green shales faulted against the
base of the pyroclastic beds, which also contain
Pseudokainellan. sp. aff. conica Kobayashi (formerly
referred to as Kainella sp. by Moya et al., 1993; see
Vaccari and Waisfeld, 2000). The basal calcareous
sandstones have yielded conodonts, graptolites,
and in particular trilobites of early Tremadocian
age, which incluyde Geragnostus aft. intermedius
Palmer, Asaphellus communis Robison and Pantoja,
Leiostegium douglasi Harrington, Australoharpes sp.,
Onychopyge sp., Amzaskiella sp., and Conophrys
fabiani Waisfeld ef al. (Moya et al., 1993; Malanca
et al., 1998; Vaccari and Waisfeld, 2000; Waisfeld
etal.,2001). These levels also contain the graptolites
Staurograptus sp. and Rhabdinopora sp.

The upper green shales of the Las Vicuiias
Formation have been referred tentatively to the
Rhabdinopora flabelliformis parabola Zone, the
second graptolite zone of the Tremadocian Stage
(Giuliano et al., 2013). Several calcarenitic levels in
there have yielded the conodonts Cordylodus caboti
Bagnoli, Barnes and Stevens, Cordylodus intermedius
Furnish, and Phakelodus tenuis (Miiller) (Rao
et al., 2000); more recently, Giuliano et al. (2013)
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documented from the same beds Cordylodus lindstromi
Druce and Jones, C. proavus Miller, C. deflexus
Bagnoli, Barnes and Stevens, and Teridontus nakamurai
(Nogami). Such conodont association is indicative
of an early Tremadocian age. Therefore, the sum of
evidence from the Quebrada Lari stratigraphic section
allows placement of K. /ariensis at the base of the
Tremadocian. Data from other localities where this
species has been recorded confirm this age placement.
For instance, in the Taique Formation at Sierra del
Cobre, ~25 km east of Susques (Fig. 1), K. lariensis
is associated with the trilobite Jujuyaspis keideli, a
well-established biostratigraphic marker of the base
of the Ordovician System in the Central Andean basin
(Tortello et al., 2002; Vaccari et al., 2010; Waisfeld
et al., 2023, and references therein). In the Ronqui
Angosto section, in the westernmost ranges of the
Eastern Cordillera (Fig. 1), a few specimens of
K. lariensis have been found ~80 m above the record
of Protorthisina simplex, of undoubtedly Furongian
age (Parabolina (Neoparabolina) frequens argentina
Zone). In the Eastern Cordillera of southwestern
Bolivia, in turn, a few specimens of K. lariensis have
been identified in the Iscayachi Formation. A recent
revision of the trilobites from this unit at Cuesta de
Erquis, ~10 km northwest of Tarija, revealed the
presence of an assemblage belonging to the lower
part of the Jujuyaspis keideli Biozone (lowermost
Tremadocian, Trl), which lies immediately above
levels bearing Parabolina (Neoparabolina) frequens
of Furongian age (Vaccari et al., 2018).

The material reported in this paper is the first
record of K. lariensis in the Quebrada de Humahuaca
region (Figs. 1 and 2). In the Quebrada Salto Alto
section, like most places, it is associated with
Jujuyaspis keildeli, which designates a biozone widely
distributed in the Central Andean basin marking the
base of the Ordovician System (Tortello ez al., 2002;
Vaccari et al., 2010). Conodonts from the calcareous
mudstones yielding K. lariensis were referred by
Zeballo and Albanesi (2009) to the Late Cambrian
Cordylodus intermedius Biozone (Hirsutodontus
simplex Subzone). However, although in certain
localities (e.g., Texas and Utah, United States)
H. simplex is restricted to the Furongian (Miller
et al.,2006), in the Green Point GSSP (Newfoundland,
Canada) it has been recorded above the first record
of lapetognathus fluctivagus, the primary marker of
the base of the Ordovician System (Barnes, 1988;
Cooper et al., 2001). So, H. simplex should be
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rejected as a marker for the uppermost Cambrian
(see discussion in Terfelt e al., 2012).

In accordance with the chronologic evidence
mentioned above, K. lariensis is proposed here as
a marker species for the base of the Ordovician in
the Central Andean basin. As figure 3 shows, this
phylozone is considered time-equivalent to the
Jujuyaspis keideli trilobite biozone.

5. The lower Tremadocian brachiopod lineage
biozones

Based on the previously exposed phylogenetic
evidence, two other phylozones can be recognized
within the time slice Trl (Bergstrom et al., 2009),
the Kvania azulpampensis and the Gondwanorthis
calderensis calderensis biozones. As figure 3
shows, they are almost equivalent to the Kainella
andina and Kainella meridionalis trilobite biozones
(as redefined by Vaccari ef al., 2010), respectively,
and to the Cordylodus angulatus conodont Zone.
These two phylozones are described below.

5.1. The Kvania azulpampensis Phylozone

The type material of K. azulpampensis was
recovered approximately 1 km north of the National
Road 9 in the Azul Pampa region (Fig. 1), from
grey and reddish pink fossiliferous sandstones
in the transition between the Casayok and Azul
Pampa Formations (Harrington and Leanza, 1957;
Fernandez, 1985). The succession of mudstones
and cross-bedded fine-grained sandstones bearing
reworked brachiopod shells, trilobite sclerites, and
trace fossils, was referred subsequently to the Alfarcito
Member of the Santa Rosita Formation, whereas
the overlying parallel-laminated green mudstones
(the Azul Pampa Formation) were re-assigned to
the Acoite Formation (Such et al., 2007). In the
Alfarcito Member, K. azulpampensis is associated
with the trilobites Leptoplastides marianus Harrington
and Leanza and Kainella andina. K. azulpampensis
has also been recorded in the upper part of the
Pupusa Formation (formerly considered as part of
the Cardonal Formation, see Vaucher et al., 2020)
exposed at Quebrada Amarilla in the Sierra de Cajas
(Fig. 1), where it is associated with K. andina.
In this section, the first appearance datum (FAD)
of K. andina lies ~15 m above the last record of
Jujuyaspis keideli (Vaccari et al., 2010). These beds

also mark the FAD of Anisograptus matanensis,
which occurs a few meters above the first record of
Rhabdinopora flabelliformis cf. parabola (Albanesi
and Ortega, 2016).

5.2. The Gondwanorthis calderensis calderensis
Phylozone

In the Eastern Cordillera, the genus Gondwanorthis
is one of the most common taxa in strata of late
early Tremadocian age. The genus was erected to
include some species formerly attributed to the genus
Nanorthis (Benedetto, 2007b). The type species
Gondwanorthis calderensis (Benedetto) occurs in
many localities of the Eastern Cordillera in strata of
early Tremadocian age. In the La Caldera stratotype
at the Sierra de Mojotoro, north of Salta City (Fig. 1),
this species is associated with trilobites of the
Kainella meridionalis Zone. In the Parcha locality
of the Quebrada del Toro, west of Salta City (Fig. 1),
Gondwanorthis calderensis calderensis is very
abundant in fossil-rich boulders redeposited from the
underlying shallow-water cross-bedded sandstones of
the Cardonal Formation (see Astini, 2003), which also
bear K. meridionalis and conodonts of the Cordylodus
angulatus Biozone (Tortello and Rao, 2000).

The subspecies G. calderensis alternata has
been recorded in the uppermost part of the Pupusa
Formation in the Angosto del Moreno and Sierra de
Cajas sections (Fig. 1), associated also with conodonts
of the Cordylodus angulatus Zone (Rao and Hiinicken,
1995; Rao and Tortello, 1998; Rao, 1999; Tortello
et al., 1999; Moya et al., 2003). In the Angosto
del Moreno stratigraphic section, G. calderensis
alternata occurs in cross-stratified sandstones and
densely packed shell concentrations bearing the
rhynchonelliform Chaniella pascuali Benedetto and
the linguliform brachiopods Torobolus cf. subplanus
Benedetto and Mufioz, Eurytreta harringtoni Mergl
and Herrera, and Celdobolus skrikus Lavié and
Benedetto (Benedetto, 2009; Lavié and Benedetto,
2023). These beds also yielded Kainella morena,
which according to Vaccari et al., 2010 is suggestive
of the Kainella andina Zone. However, as these
authors noted, there is some uncertainty about the
exact stratigraphic position of these Kainella species
because they have not been documented in the same
stratigraphic section. In the Sierra de Cajas (Quebrada
de la Vizcacha), G. calderensis alternata occurs
near the top of the Pupusa Formation, a few meters
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above the last appearance of Kvania azulpampensis,
supporting a direct ancestor-descendent relationship
between the two species.

6. The new Furongian Kvania primigenia lineage
Biozone

As stated previously, Protorthisina simplex is
the basal form of the lineage. Its biostratigraphic
significance is currently limited by the fact that until
the present this species has been found in a single
locality and for this reason it has not yet formally
proposed as a new biozone. Its Furongian age,
however, is beyond doubt and it has been included
in the biostratigraphic chart of figure 3. On the
contrary, Kvania primigenia has been recorded
in different localities of the Eastern Codillera, in
all cases associated with the trilobite Parabolina
(Neoparabolina) frequens argentina (Kayser), which
is considered a reliable biostratigraphic marker for
the Furongian (Stage 10) of the Central Andean
basin (Tortello and Rao, 2000; Tortello et al., 2002;
Tortello and Esteban, 2003; Vaccari ef al., 2010).
The type material of K. primigenia comes from
dark gray siltstones of the Lampazar Formation at
Quebrada Totora (Fig. 1). It also occurs in carbonate
lenses within the Lampazar Formation exposed
along the old trace of National Road 16 (upper
Pumamarca river), in fine-grained sandstones from
the lower part of the Santa Rosita Formation (Azul
Pampa region) (Such et al., 2007), and in calcareous
mudstones exposed at the eastern slope of Sierra
de Cajas, in Quebrada Vizcacha, ~130 m above the
Padrioc Formation sandstones (Fig. 1). In addition,
the Upper Cambrian conodont Cordylodus proavus
was first reported from these calcareous beds by Rao
and Hiinicken (1995) and confirmed by subsequent
studies (Albanesi and Ortega, 2002; Albanesi et al.,
2008, 2015, and references therein). Based on all the
available evidence, K. primigenia is proposed here
as a phylozone, marking the uppermost Cambrian
in the Central Andean basin (Fig. 3).

7. Additions to the morphology of Kvania primigenia
and K. lariensis

The numerous specimens of Kvania lariensis from
the earliest Tremadocian Alfarcito Member in the
Quebrada Salto Alto provide new information about
its phenotypic variablity (Fig. 5). Morphologically, the
new sample of Kvania lariensis from the Quebrada
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Salto Alto does not differ significantly from the type
material collected farther west, from the Quebrada
Lari area in the western Puna region. The latter,
however, is by far much less numerous than the
studied sample, so its range of morphological variation
cannot be established as accurately. Adult shells from
the studied locality are, on average, slightly larger
than those from Quebrada Lari, ranging from 3.7 to
6.5 mm in width (in the type specimen’s it ranges
from 3.0 to 4.3 mm). Unlike the type material from
Quebrada Lari, which includes a single conjoined
juvenile specimen (Fig. 7.1 in Benedetto, 2007b),
in the studied sample juvenile shells of both valves
are relatively frequent. In addition, there are some
valves corresponding to young adults and others to
large adults, so a reconstruction of the ontogenetic
series in possible. Smaller individuals (3.7-3.9 mm in
width) are characterized by few (5-6) simple primary
costellae dichotomized distally to reach a total of 16-18
at valve margin (Fig. 5A, B). Intermediate ontogenetic
stages display 10-11 primary costellae, generating by
dichotomy 20-23 costellae at the margin (Fig. 5C).
In large adults, primary costae split for a second
time at about two-third of valve length, reaching in
total ~35 costellae at valve margin. These specimens
also show some costellae interpolated between the
bundles, especially in the dorsal valve (Fig. 5F, G).
In this respect, the material of K. lariensis from the
Alfarcito Member confirms the trend of increasing
number of costellae through ontogeny observed in the
type material. This also corrobotates that the lineage
as a whole experienced a defined evolutionary trend
towards an increase in both shell size and costellae
number (Benedetto, 2007b). Internally, the studied
material is nearly identical to the type material
(compare Fig. 5U and W). Adult specimens from
both localities show subparallel brachiophore bases
converging onto the valve floor to form a small
subrectangular notothyrial chamber (Fig. SR-T).
An incipient septalium, however, can be developed in
juvenile individuals (Fig. 5P and Q), as in the adults
of the ancestral species K. primigenia, supporting
its origin by heterochrony.

Concerning the Furongian species K. primigenia,
a generic assignement is difficult since it exhibits
intermediate features between the inferred ancestor
Protorthisina simplex and its descendent Kvania
lariensis. K primigenia differs from P, simplex mainly
in the branching of primary ribs near the mid-valve
length and, internally, in its proportionally larger
septalium not supported by a septum. Originally,
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the author questionably referred the type material
to Kvania because of its fascicostellate ornament
rather than simple ribbing, and the fact that in adult
specimens the brachiophore bases converge onto the
valve floor forming a notothyrial chamber (Benedetto
2007b, p. 277). However, since a true septalium
is absent (excepting in some juvenile specimens)
and a well-defined subtriangular to subrectangular
notothyrial chamber (considered a diagnostic feature
of Kvania) is always present, the species primigenia
is herein assigned to Kvania without interrogation.

8. Conclusions

Species forming an evolutionary lineage are key to
establishing biostratigraphic schemes. In the Central
Andean basin of South America, the well-established
Protorthisina-Kvania-Gondwanorthis brachiopod
lineage evolved across the Cambrian-Ordovician
boundary. On the basis of well-constrained ages
and regional distribution of the successive species,
four phylozones are recognized. The species Kvania
primigenia is proposed as a reliable marker of
the uppermost Cambrian, spanning a time almost
equivalent to that of the Parabolina (Neoparabolina)
[frequens argentina trilobite zone. The species Kvania
lariensis is reported for the first time from the Eastern
Cordillera of Jujuy from beds of well-constrained
earliest Tremadocian (Tr1) age. Its presence in the
western and eastern Puna regions and in the Eastern
Cordillera of Bolivia and northwestern Argentina,
along with its well-known conodont-based and
graptolite-based age leaves this species as a useful
marker for the lowermost Ordovician in the region.
The K. lariensis and K. azulpampensis phylozones
are recognized within the time slice Trl, and are
almost time-equivalent to the Jujuyaspis keideli
and Kainella andina trilobite biozones, respectively.
Finally, the descendent subspecies Gondwanorthis
calderensis calderensis is considered coeval to the
Kainella meridionalis Biozone, marking the upper
part of the Tr1 time slice.
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