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LETHATA

The study of biofacies has proven to be relevant in the understanding of trilobite palae-
oecology, palaeobiogeography and macroevolution. The widespread Olenid biofacies is
one of the best known, and is usually interpreted as occuring in dysoxic environments.
Tremadocian successions of the Argentinian Cordillera Oriental bear a diverse and long-
studied olenid-dominated fauna. Based on cluster analysis, five distinct biofacies are
defined for the middle Tremadocian (Tr2 stage slice), distributed from shelf (below
storm wave base) to lower-shoreface settings (above fair-weather wave base). Ordination
shows biofacies along two gradients, a bathymetrical one and another related to oxygen
content. All of them are dominated both taxonomically and ecologically by olenids. This
detailed quantitative palacoecological study challenges current views suggesting instead
that the Olenidae dominated a broad range of environments, from oxygenated shallow-
marine to dysoxic deep-marine. Comparisons with largely coeval trilobite records from
geodynamically and palaeobiogeographically disparate sites suggest that siliciclastic sedi-
mentation appears as the most influential controlling environmental factor upon olenid
distribution and dominance. Further comparisons across different climatic belts show
that siliciclastic input controlled trilobite diversity gradients, even more than latitude.
From an autoecological viewpoint distribution of traditional olenid morphotypes shows
no relation to depth or to oxygen content, and at least some members of the group
appear to have had the possibility of coping with low oxygen content, rather than being
restricted to oxygen-deficient environments. The analysis performed herein, together
with recent research on the group, demonstrate that factors controlling olenid distribu-
tion are more complex than previously envisaged. L Biofacies, diversity, Olenidae, palae-
oecology, Tremadocian, trilobite.
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The study of biofacies provides important informa-
tion about patterns and processes in evolutionary
palacoecology (Bennington & Bambach 1996; Patz-
kowsky & Holland 1999; Westrop & Cuggy 1999;
Holland & Patzkowsky 2007). The analysis of trilo-
bite biofacies has shed much light on trilobite pal-
aeoecology, palacobiogeography and macroevolution
(e.g. Westrop & Ludvigsen 1987; Fortey 1989;
Westrop & Cuggy 1999; Zhou et al. 2003; Adrain
et al. 2004; Amati & Westrop 2006). In particular,
the Olenidae has received much attention after the
pioneer attempts of defining trilobite biofacies (For-
tey 1975; Fortey & Owens 1978).

Henningsmoen (1957) was one of the first authors
to point out that many olenids were probably related
to dark-shale dysoxic facies. Ever since, these trilobites

have been interpreted as a highly specialized clade that
was restricted to dysoxic facies throughout their exis-
tence (Fortey 1989, 2000). Indeed, Fortey (1999, 2000)
proposed that they were the first organisms to bear
chemosymbiotic bacteria, an adaptation that allowed
them to conquer oxygen-depleted environments.
These hypotheses are mostly supported by the ole-
nid faunas from the Alum Shale (Middle Cambrian—
Tremadocian) of Scandinavia and the Valhallfonna
Formation (Floian—Dapingian) of Spitsbergen. Sub-
sequent work corroborated this pattern around the
globe (e.g. Fortey & Owens 1978; Ludvigsen &
Westrop 1983; Clarkson & Taylor 1995; Pegel 2000;
Esteban & Tortello 2007). Some olenids are present in
diverse trilobite biofacies, always as lesser components
(Fortey 1985). These cases were generally interpreted
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as the intergradations between oxygenated and dys-
oxic environments (e.g. Schovsbo 2001; Landing et al.
2007).

The Furongian-Lower Ordovician outcrops from
the Argentinian Cordillera Oriental are with no doubt
the best known from all coeval successions of the Cen-
tral Andean Basin (Benedetto 2003 and references
therein). The Central Andean Basin extends from Peru
up to Norwestern Argentina (Fig. 1), the Argentinian
Cordillera Oriental corresponding to the south edge
of the basin. These strata bear an important and well-
known olenid-dominated trilobite fauna (Harrington
& Leanza 1957; Waisfeld & Vaccari 2003 and refer-
ences therein). In particular, olenids were more abun-
dant in this basin than anywhere else in the world
during the Early Ordovician (Fortey & Cocks 2003).
Previous studies have dealt mainly with systematic,
biostratigraphical or autoecological issues of these fau-
nas (e.g. Waisfeld 2001; Tortello & Clarkson 2003,
2008; Tortello & Esteban 2003; Zeballo & Tortello
2005; Waisfeld & Vaccari 2006, 2008b; Waisfeld et al.
2006; Esteban & Tortello 2007), while palacosyneco-
logical questions have received little attention (Balse-
iro & Marengo 2008; Waisfeld & Vaccari 2008a).
Therefore, the palaeobiological dynamics of these fau-
nas is far from being understood.

In this context, Furongian-Lower Ordovician suc-
cessions from the Argentine Cordillera Oriental are
ideal to test different hypotheses concerning olenid
palaeoecology. Here, we present a detailed analysis of
trilobite biofacies for the earliest Middle Tremadocian
(Tr2 stage slice, Bergstrom et al. 2009) from North-
western Argentina (Fig. 1). This analysis shows that
the distribution of olenids was not restricted to dysoxic
facies as previously thought.

Geological setting

The Furongian—Early Ordovician tectonic and sedi-
mentary history of the Cordillera Oriental is complex
(Astini 2003). This succession developed in a back-arc
foreland basin with variation in subduction angle

Fig. 1. Map showing location of Central Andean Basin and studied
localities in the Argentinian Cordillera Oriental. Localities 1-4 were
sampled for this study. Data from localities 5-9 come from the lit-
erature (Harrington & Leanza 1957), as well as additional samples
from locality 3 (Zeballo & Tortello 2005). Localities: 1, Angosto del
Ferrocarril, Angosto de Chucalezna; 2, Quebrada del Arenal, Hua-
calera area; 3, Alfarcito area (Quebrada de Casa Colorada and
Quebrada de Rupasca were sampled for this study — Quebrada de
San Gregorio and Quebrada de Casa Colorada based on literature);
4, Corte Ruta 9, Sierra de Mojotoro; 5, Santa Victoria; 6, Iruya,
Nazareno; 7, Oran; 8, Azul Pampa; 9, Incamayo. Modified from
Astini (2003).
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(Bahlburg 1991; Astini 2003, 2008). There is growing
evidence suggesting a doubly fed sedimentary system,
with one source from the arc to the west, and the
other from the craton to the east (Astini et al. 2003;
Astini & Marengo 2006). Also, the development of
areally restricted, incised fluvial conglomeratic and
estuarine sandstone wedges indicates that some
regions of the basin were partially exposed, while oth-
ers were submerged during the Tremadocian (Buatois
& Mangano 2003; Astini 2005, 2008; Buatois et al.
2006). As a result, an amazingly thick sedimentary
succession with complex stratigraphical architecture
and a diverse facies mosaic accumulated and is unlike
that in any other coeval basin (Astini 2003; Buatois &
Mangano 2003; Buatois et al. 2006).

The Furongian—Early Ordovician of the Cordillera
Oriental is represented by the Santa Rosita Formation
and partial equivalents (see Astini 2003, 2008 for a
review). This formation records a wide array of
depositional environments, ranging from shelf to
storm-dominated shallow-marine deposits, usually
associated with deltaic systems, punctuated by conver-
sions towards complex tide-dominated estuaries
(Astini 2003; Buatois & Mangano 2003; Buatois et al.
2006). The Santa Rosita Formation has recently been
divided into different members combining the classic
lithostratigraphical nomenclature proposed by Har-
rington (in Harrington & Leanza 1957) with a detailed
sequence stratigraphical study (Buatois et al. 2006).
According to these authors, in the Quebrada de
Humahuaca area this formation is divided into at least
six members. The Tilcara, Casa Colorada and Pico de
Halcon members are Furongian (Late Cambrian) in
age, the Alfarcito Member may include the Cam-
brian—Ordovician boundary, and the Rupasca and
Humacha members range in age from the Middle
Tremadocian up to the Late Tremadocian (Buatois
et al. 2006).

The investigated time interval is represented in the
Rupasca Member that is constrained to the lowest part
of Tr2 stage time-slice (Paltodus deltifer pristinus subz-
one, Ortega & Albanesi 2005; Albanesi & Acenolaza
2005; Zeballo et al. 2005). This member is represented
in its type locality by three sequences that describe a
stepwise flooding event (Buatois et al. 2006). Correla-
tion of the Rupasca Member across the Cordillera
Oriental is difficult due to the great diversity of lithof-
acies and common discontinuities. Nevertheless, inte-
gration of high-resolution graptolite, conodont and
trilobite biostratigraphy with sequence stratigraphy
helps the understanding of the sedimentary history
and possible correlations (Ortega & Albanesi 2005;
Buatois et al. 2006; Waisfeld & Vaccari 2008b). These
analyses have allowed the correlation of the Tr2 along
the Cordillera Oriental. Almost all known outcrops of
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this time-slice have been sampled for this study. The
sampled localities include the Quebrada de Casa Colo-
rada and Quebrada de Rupasca both in the Alfarcito
area (Zeballo et al. 2005; Buatois et al. 2006), the
Quebrada del Arenal in the Huacalera area (Moya
1988), and the Angosto del Ferrocarril in the Angosto
de Chucalezna area (Albanesi & Acenolaza 2005)
(Fig. 1). Additional samples were taken from the
broadly coeval Floresta Formation, from the Corte
Ruta 9 in the Sierra de Mojotoro (Moya 1998). In
addition, published data (Harrington & Leanza 1957;
Zeballo & Tortello 2005) from the Santa Rosita For-
mation exposed at Santa Victoria, Iruya (Nazareno),
Oran, Azul Pampa, Incamayo, and Alfarcito area
(Quebrada de Casa Colorada and Quebrada de San
Gregorio) were taken into account (Fig. 1).

The depositional environments (terminology after
MacEachern et al. 1999) interpreted for this time-
slice range from shelf (from storm wave base to
shelf/slope break) to lower shoreface (immediately
above fair-weather wave base) (Buatois et al. 2006).
The deepest-water facies crop out at the Alfarcito
area, while shallower-marine settings are recorded
in the other localities exposed farther north (e.g.
Quebrada del Arenal).

Sedimentary facies

Five sedimentary facies have been identified in the
Rupasca Member, based on detailed sedimentological
analysis in three areas, Alfarcito (Quebrada de Rupas-
ca and Quebrada de Casa Colorada sections), Huma-
cha (Quebrada del Arenal section) and Chucalezna
(Angosto del Ferrocarril section) areas (Fig. 2). These
facies are stacked, forming coarsening- and thicken-
ing-upward parasequences. Lower-shoreface deposits
consist of light grey, hummocky cross-stratified, fine-
grained sandstone forming amalgamated packages.
Individual sandstone beds generally pinch out, but
bedsets are laterally persistent. Thin mudstone part-
ings are locally present. Gutter casts, load casts, ball-
and-pillow structures and tool marks are common,
while wrinkle marks are present locally. Physical sedi-
mentary structures in these deposits indicate episodic
storm wave activity, and wave-generated surges
(Buatois & Mangano 2003; Buatois et al. 2006).
High-energy oscillatory, and combined flows were the
dominant processes during frequent storms. Flows
were strongly erosive, and characterized by rapid
influx of sand. Recurrent storms and continuous wave
agitation during fair-weather removed most of the
finer-grained particles, leaving only thin mudstone
partings between sand units. These deposits are typi-
fied as strongly storm-dominated shorefaces (sensu
MacEachern & Pemberton 1992). Lower-shoreface
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Fig. 2. Measured stratigraphical sections and inferred depositional
environments of the Rupasca Member in the Cordillera Oriental.
Neither base nor top observed in the Angosto del Ferrocarril sec-
tion. Quebrada de Casa Colorada section after Buatois et al.
(2006). Note different scales. Ls. lower shoreface, o.t. offshore tran-
sition, u.o. upper offshore, Lo. lower offshore, s. shelf.

deposits are uncommon in the Rupasca Member,
being restricted to the tops of progradational packages
in the Quebrada del Arenal.

Offshore-transition deposits consist of regularly int-
erbedded, yellowish green and grey, parallel-laminated
mudstone, and thin to thick, light grey, erosive-based,
fine- to very fine-grained sandstone with hummocky
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cross-stratification, combined-flow ripple cross-lami-
nation and/or symmetrical to near-symmetrical rip-
ples at the top. Sandstone beds are usually laterally
extensive, although displaying thickness variation.
Hummocky cross-stratification is the dominant struc-
ture in the thickest sandstone beds, while combined-
flow ripple cross-lamination tends to dominate in the
thinnest beds. In contrast to lower-shoreface deposits,
amalgamation of hummocky beds is uncommon.
Common shell lags and intraclast layers are present at
the base of hummocky beds. Gutter casts, load casts,
tool marks and wrinkle marks are common. These
deposits reflect alternation of quiet-water sediment
fall-out, and combined and pure oscillatory flows due
to frequent storms (Buatois & Mangano 2003; Buatois
et al. 2006). The presence of thin mudstone intervals
separating hummocky beds indicates periods of low
energy between storm flows and deposition immedi-
ately below fair-weather wave base. Offshore-transi-
tion deposits are more abundant than lower-shoreface
facies, but tend to be more common in the Huacalera
area (e.g. Quebrada del Arenal) than in the Alfarcito
area. In the latter, they invariably mark the tops of
coarsening-upward parasequences, while in the former
they may also occur immediately below lower-shore-
face deposits.

Upper-offshore  deposits consist of yellowish
green, grey and brown parallel-laminated mudstone
intercalated with thin light grey, tabular, erosive-
based, very fine-grained silty sandstone. Sandstone
usually displays parallel lamination, combined-flow
ripple cross-lamination, symmetrical to near-sym-
metrical ripples, micro-hummocky cross-stratifica-
tion, and hummocky cross-stratification. Load casts,
tool marks and wrinkle marks are common. Upper-
offshore deposits reflect alternating background sus-
pension fall-out in a low-energy setting punctuated
by distal storm deposition (Buatois & Mangano
2003; Buatois et al. 2006). The decrease in sand/-
mud ratio with respect to offshore-transition depos-
its indicates longer periods of fair-weather
deposition of fines and sedimentation well below
the fair-weather wave base. Upper-offshore deposits
are abundant in the Huacalera and Alfarcito areas,
as well as the section at the Angosto del Ferrocarril
at the Angosto de Chucalezna.

Lower-offshore deposits consist of greenish grey,
massive or thinly parallel-laminated mudstone. Mud-
stone units are laterally extensive, displaying sharp
bases and are interbedded with grey, sharp-based, tab-
ular, very thin, very fine-grained silty sandstone beds,
exhibiting combined-flow ripple cross-lamination and
symmetrical to near-symmetrical ripple tops. These
deposits were formed in a low-energy setting, where
suspension fall-out sedimentation was punctuated by
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rare, storm events (Buatois & Mangano 2003; Buatois
et al. 2006). The presence of oscillatory structures in
most of the interbedded sandstone layers indicates
deposition immediately above storm-wave base. This
environmental scenario is also supported by the scar-
city of sandstone beds and the presence of thick
mudstone intervals. Lower-offshore deposits are more
abundant in the Alfarcito area, but are also present in
the Huacalera area. In Huacalera, they commonly
occur at the base of coarsening-upward parasequences
immediately overlying flooding surfaces. In the Alfarcito
area, they may also be present immediately above shelf
deposits.

Shelf deposits consist of black, thinly parallel lami-
nated shale. Shale units are laterally extensive, display-
ing sharp bases. Bioturbation is absent. This facies
records deposition below storm-wave base in a low-
energy environment due to suspension fall-out depo-
sition in the absence of waves and currents (Buatois &
Mangano 2003; Buatois et al. 2006). Absence of bio-
turbation indicates dominantly anoxic conditions at
the sediment-water interface. However, oxygenation
events leading to the establishment of periods of dys-
aerobic waters are indicated by the local presence of
benthic fauna. This facies is restricted to the Alfarcito
area where it forms thick packages.

Data and methods

Sampling method

Sixteen samples were collected from shales corre-
sponding to fair-weather suspension-fallout deposi-
tion. This lithofacies was the only one sampled so
taphonomical biases were minimized. The stratigraph-
ical thickness of each sample was restricted to 10—
20 cm, in order to avoid significant time-averaging
signatures. A minimum number of 100 individuals
was an a priori sample-size aim, which was usually but
not always reached. Every identifiable trilobite sclerite
was counted and the MNI protocol was used to obtain
the number of individuals in each sample (Gilinsky &
Bennington 1994).

One sample was obtained from the Floresta Forma-
tion from a homogeneous 1-m-thick shale interval.
This interval was too thick compared with the strict
sampling procedure applied for the other samples and
had a greater sample size, therefore the original sample
was divided in two sub-samples, whose sizes were ran-
domly chosen from a normal distribution of mean
100 and standard deviation 10. For the sub-samples,
the individuals were randomly chosen without
replacement from the original sample until both sub-
sample sizes were reached. A similar resampling
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technique was recently used by Bulinski (2007) and
Layou (2009).

The final database (‘abundance dataset’, Table 1)
consists of 18 samples, 3408 trilobite remains, 2018
individuals and 11 taxa (mean sample size: 112 indi-
viduals/sample).

In addition, 23 samples from similar lithologies
were obtained from the literature (Harrington &
Leanza 1957; Zeballo & Tortello 2005). Unfortunately,
no counts are available for these literature samples,
although the mean richness and variance is similar to
our own dataset, implying a similar sample size. The
complete  database  (‘presence—absence  dataset’,
Table 2) consists of 41 samples and 13 taxa. Agnostids
were removed from all analyses because they are gen-
erally interpreted as planktonic (e.g. Robison 1972; see
review by Fortey & Owens 1999), and some authors
have even considered that they might not be trilobites
(e.g. Walossek & Miiller 1990).

Analytical methods

To analyse the data, a cluster analysis and an ordina-
tion were carried out. Cluster analysis has the ten-
dency to define groups and due to this property is an
ideal method for defining biofacies (Ludvigsen et al.
1986). This analysis was performed using the
HCLUST and VEGDIST in the vegan package for R
(R project 2008). The dendrogram was obtained using
the square root of the Bray-Curtis similarity with the
Ward grouping method. Because the used metric is
ultrametric with binary data and possibly with abun-
dance data (Legendre & Legendre 1998), it is suitable
for Ward’s method.

As cluster analysis has the tendency to break gradi-
ents into discrete assemblages, an ordination was con-
ducted. This analysis was performed to see how
biofacies intergraded along a biotic gradient and rec-
ognize the main underlying environmental factor
(Webber 2004). The analysis was carried out by means
of a correspondence analysis (CA) using the CCA
function in the vegan package for R (R Project 2008).
The CA was preferred against other commonly used
ordination methods, because it has shown to be as
effective as other methods (e.g. DCA) in finding gradi-
ents while it does not lose information due to detr-
ending (Minchin 1987). Particularly, our ordination
shows two gradients and a detrending procedure
would obscure one of them.

A preliminary analysis showed that the high domi-
nance of one genus (Leptoplastides) in most samples
prevented a clear interpretation of the results, mainly
of the ordination analysis. To avoid this problem, two
alternatives were used. Firstly, the abundance dataset
was log-transformed prior to a within sample
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Fig. 3. Result of the cluster analysis carried out with the presence—absence dataset. Cophenetic correlation = 0.645.

percentage transformation. To avoid values of zero in
cases of abundances of one individual, the equation
used was (logx) + 1, while zero abundances remained
as 0. Secondly, the dataset was transformed to a pres-
ence/absence matrix. This option has two advantages:
it gives equal importance to all taxa, thus minimizing
the effect of highly abundant ones; and, it also allows
the possibility of analysing the literature data together
with our own dataset. The preliminary analysis also
showed that Apatokephalus was an outlier in the
ordinations, so it was removed from both datasets for
the cluster analysis and for the ordination.

The cluster and CA were carried out for both trans-
formations after removing all taxa present in only one
sample and all samples having only one taxon. The
results were similar, although not identical, and all of
them will be discussed in the next section.

In order to study the diversity gradient, two stan-
dardization methods were applied. Firstly, the sam-
ples from the abundance dataset were rarefied down
to 90 individuals (E[Sn]) in order to obtain a stan-
dardized richness comparable with that of Westrop
& Adrain (1998, 2001). Only samples with more
than 90 individuals were taken into account for this
analysis. Rarefaction was carried out with Analytical-
Rarefaction 1.3 (Holland 2003), which is based on
the analytical solution described by Hurlbert (1971).
In addition, in order to compare the richness in
each biofacies including the presence—absence data-
set, a different re-sampling technique was applied
(Alroy 2000a,b). This methodology is extensively
explained by Alroy (2000a) and Bush ef al. (2004),
and has shown to be more accurate compared with
the rarefaction based on occurrences and more use-
ful in standardizing different datasets (Alroy 2000Db).
In this case, the quota used was 25, this is a very-
low quota, but it is caused by the very-low richness

in one of the biofacies. Nevertheless, using higher
quotas, without taking into account the low richness
biofacies, vyields similar results. The re-sampling
technique employed was the O2W (Alroy 2000a).
Using other proposed coefficients such as 1.4
(O1.4W, Bush et al. 2004) gives comparable results.
For the sake of clarity, only the O2W analysis with
a quota of 25 is shown herein. The re-sampling was
repeated 100 times in order to have confidence
intervals.

Results

Cluster analysis

The cluster analysis of the abundance and presence
absence data shows five groups that, following Ludvig-
sen et al. (1986), can be interpreted as biofacies. As
some biofacies have rather different compositions in
the abundance and presence—absence datasets, each
cluster analysis will be discussed separately.

Presence—absence dataset. — The Leptoplastides-Asap-
hellus biofacies (Fig. 3) is clearly defined and groups
samples consisting of Leptoplastides, with the asaphid
as almost the only other genus present. All samples
from this cluster lack other olenids but Leptoplastides.
This biofacies occurs in offshore-transition deposits,
and to a lesser extent in lower-shoreface and upper-
offshore facies.

The Olenid-Asaphellus biofacies (Fig. 3) is com-
posed of samples that have moderate olenid richness
always associated with Asaphellus. The olenids include
Leptoplastides, Bienvillia and Parabolinella. The sam-
ples of this cluster occur in upper-offshore to off-
shore-transition deposits.
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The Olenid-rich 1 biofacies (Fig. 3) is dominated
by olenids such as Leptoplastides, Bienvillia, Paraboli-
nella, Peltocare and Plicatolina. While Plicatolina is
present only in one sample, all other olenids are
invariably present in this cluster. The richness of ole-
nids is the highest, compared with any other biofacies
in the analysis. Other trilobites present are Asaphellus
and Pseudokainella, although they are randomly pres-
ent in the samples defining this cluster. It occurs in
lower-offshore deposits.

The Olenid-rich 2 biofacies is characterized by Lep-
toplastides, Parabolinella and Bienvillia (Fig. 3). As in
the Olenid-rich 1 biofacies, Pseudokainella is present
in many though not all samples. However, it is distin-
guished from the latter biofacies by the absence of
Asaphellus and Peltocare. Hapalopleura is mostly
restricted to this biofacies. The samples come mainly
from dark shale interpreted as shelf facies (Buatois
et al. 2006).

The Bienvillia biofacies corresponds to the sub-
samples from the Floresta Formation (Fig. 3). Bien-
villia, Parabolinella and two asaphids define this
biofacies. The absence of Leptoplastides is surprising as
it is the only genus invariably present in every other
biofacies. The samples from this cluster are also char-
acterized by the occurrence of an orometopid not
present in any other biofacies. These samples come
from scarcely bioturbated brown shales interpreted as
deposited in a shelf environment (Moya 1998).

Abundance dataset. — As in the case of the presence—
absence dataset, the Leptoplastides-Asaphellus biofacies
is clearly defined. It has almost the same membership
(Fig. 4). Leptoplastides is highly abundant reaching
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Fig. 4. Result of the cluster analysis carried out with the abundance
dataset. Cophenetic correlation = 0.776.
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90% of individuals in some samples. Asaphellus is
always present, though in low abundances (~10%).

The Olenid-Asaphellus biofacies exhibits some dif-
ferences compared with its counterpart defined in the
presence—absence dataset (Fig. 4). Here, it is only
defined by two samples, one of which (DLA31) does
not belong to this biofacies in the presence—absence
analysis. The composition is also rather different, with
Leptoplastides and Asaphellus present in moderate to
high abundances, and other taxa, such as Parabolinella,
in much lower abundances. Interestingly, Asaphellus
has its highest relative abundances (~30%) in this
biofacies.

The Olenid-rich 1 biofacies is very similar to its
equivalent defined in the presence—absence dataset.
Four olenids always occur: Leptoplastides, Bienvillia,
Parabolinella and Peltocare, and a fifth (Plicatolina) is
locally present. The only one with high relative abun-
dance is again Leptoplastides. The main difference,
compared with the presence—absence dataset, is that
in every sample analysed here Asaphellus is present in
moderate to low relative abundances. Pseudokainella
also occurs in all samples in low to moderate abun-
dance. This biofacies is again the one with more
numerous olenid genera.

The Olenid-rich 2 biofacies is very similar to the
one defined in the presence—absence dataset (Fig. 4).
Its main feature is that Asaphellus is virtually absent in
this biofacies, being present in only one sample in
extremely low abundance (0.1%). Only three olenids
are always present (Leptoplastides, Bienvillia and Para-
bolinella), and again Leptoplastides is the dominant
taxon. Other taxa present are Pseudokainella and
Hapalopleura, although not in every sample. This is
the only biofacies where olenids may account for every
individual in some samples.

The Bienvillia biofacies is clearly defined in this
analysis (Fig. 4). The differences between this biofacies
and the others resemble the results of the presence—
absence analysis. The most important feature is the
dominance of Bienvillia and the absence of the other-
wise ubiquitous Leptoplastides.

Finally, the main differences between the biofacies
defined in the abundance dataset and the presence—
absence dataset are found in the Olenid-Asaphellus
biofacies, and to some extent in the Olenid-rich 1
biofacies. Two possible causes might explain these
differences. Firstly, the situation might result from
the fact that the Olenid-Asaphellus biofacies includes
numerous samples from the literature. This causes a
difference in membership between biofacies when
each dataset is analysed. Secondly, these two biofa-
cies, as will be explained below, are in the centre of
the gradient, and hence samples cluster in a different
way when more importance is given to rare taxa, as
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Fig. 5. Correspondence analysis performed with the presence—
absence dataset. Each biofacies is depicted with a particular symbol.
Numbers between brackets indicate percentage of total inertia asso-
ciated with each axis.

is the case with the presence—absence transforma-
tion.

Ordination

When the presence—absence dataset is analysed, the
major axis (CAl) segregates the Bienvillia biofacies
from all other biofacies (Fig. 5). This may be caused
by the presence of an environmental gradient devel-
oped towards the southeast of the basin (Sierrra de
Mojotoro, Fig. 1) which is difficult to sample because
broadly coeval successions are not properly exposed.
If the Bienvillia biofacies was in or near the extreme of
an unsampled gradient, in the CA analysis these sam-
ples would be separated from the others while the
well-sampled gradient would be defined as a linear
distribution of samples (Olszewski & Erwin 2009).
Also, the possibility that the sampled interval from the
Floresta Formation and the Rupasca Member of the
Santa Rosita Formation are not strictly coeval should
be considered. In this case, the compositional differ-
ences due to time alone would cause a similar pattern
in the ordination space.

The second axis clearly distributes all other samples
along a gradient (Fig. 5). The linear distribution of
the samples along this gradient implies that one envi-
ronmental factor is the responsible for most of the
compositional differences along it. If depositional
environments are taken into account, the gradient can
be interpreted as a bathymetrical one. This interpreta-
tion is based on the occurrence of samples from near-
shore depositional environments (lower shoreface) in
low CA axis 2 scores, and samples from deeper-water
(shelf) depositional environments in high CA axis 2
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scores. The intermediate scores for the offshore-transi-
tion and upper-offshore samples are in agreement.

In this gradient, the Leptoplastides-Asaphellus bio-
facies lies at the shallowest extreme, followed by the
Olenid-Asaphellus biofacies. However, there is a
palaeoenvironmental overlap between these two shal-
low-water biofacies because both occupy the offshore-
transition and upper-offshore zones. The Olenid-rich
1 and the Olenid-rich 2 biofacies are in similar posi-
tions, although most of the Olenid-rich 1 samples
tend to be towards the shallow extreme (mainly lower
offshore) and most of the Olenid-rich 2 towards the
deep end of the gradient (shelf) (Fig. 5).

When individual genera are analysed along this gra-
dient, it can be seen that Leptoplastides occurs all along
the depositional profile, representing a facies-crossing
taxon. While Asaphellus tends to be present towards
the shallow end, Bienvillia, Parabolinella, and other
olenids appear successively with increasing depth
(Fig. 6, Table 2).

When the abundance dataset is analysed, the results
are very similar to those of the presence—absence data-
set (Fig. 7). As in the presence—absence dataset the CA
axis 1 separates the Bienvillia biofacies from the rest of
the biofacies (Fig. 7A), and the CA axis 2 defines the
bathymetrical gradient (Fig. 7A). However, the bathy-
metrical gradient does not follow a linear distribution,
indicating that more than one environmental factor
controlled the distribution of taxa. When CA axis 3 is
plotted against CA axis 2, this pattern can be clearly
observed (Fig. 7B). The CA axis 2 possibly corre-
sponds to depth. The interpretation is based on the
arrangement of shelf environments towards one end
and lower shoreface settings towards the other. The
Olenid-rich 1 and Olenid-rich 2 biofacies are arranged
along a distinct line when analysing the CA axis 3 and
2 together (Fig. 7B). This distribution is probably
developed in response to a different gradient than
depth. Based on sedimentological evidence, this sec-
ond gradient can be interpreted as related to oxygen
content. The samples with low CA axis 3 scores come
from light coloured highly bioturbated shale, while
samples with high scores come from dark, laminated,
scarcely bioturbated shale. Buatois et al. (2006) inter-
preted this dark-shale facies as having accumulated in
an oxygen-depleted environment.

The detailed analysis of the relative abundance of
each genus in the ordination shows that once again
Leptoplastides is the only taxon present in all samples,
but the Bienvillia biofacies (Fig. 8). Other olenids are
present in deeper-water settings, both oxygenated and
dysoxic. Asaphellus is present in low to moderate
abundances in the shallow end of the bathymetrical
gradient and the oxygenated end of the oxygen gradi-
ent. Interestingly, the highest relative abundances of
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Asaphellus are in the samples that lay in the middle of
the bathymetrical gradient (Fig. 8).

Overall, both analyses, either based on the pres-
ence—absence or on the abundance datasets, show that
a gradient is clearly present. This gradient is character-
ized in its shallower extreme by the Leptoplastides-
Asaphellus biofacies, followed by the Olenid-Asaphellus
biofacies. The interpretation of the position of the
Olenid-rich 1 and Olenid-rich 2 biofacies is not

straightforward. While the presence—absence analysis
tends to place them along a bathymetrical gradient
(Fig. 9), the abundance analysis reflects a broadly
similar bathymetrical position, and a lateral variation
that might reflect differences in oxygen content. As
the oxygen content may covary with depth, neither
the sedimentological analysis, nor this detailed palaeo-
ecological study, provide enough support for differen-
tiating which of these factors prevailed.
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Diversity

The diversity is lower in the shallow end of the gradi-
ent and rises towards the deep end, although the max-
imum is reached in the Olenid-rich 1 biofacies. This
pattern is stable for both the alpha diversity of each
rarefied sample and for the diversity of each biofacies
(Fig. 10A).

For the rarefaction analysis, the shallowest (lower
shoreface) samples have a diversity of two taxa, reach-
ing almost six (average E[S] = 5.7) taxa in deep well-
oxygenated settings (Fig. 10A). Other environments
have rarefied diversities ranging between 4 and 5.5
taxa. The diversity of each biofacies follows the same

pattern. The Leptoplastides-Asaphellus biofacies has the
lowest richness with three genera, while the maximum
richness is found in the Olenid-rich 1 biofacies with
5.93 genera. The Olenid-Asaphellus and Olenid-rich 2
biofacies have intermediate richness, being 4.89 and
5.23 genera respectively (Fig. 10A).

If the Olenidae is analysed as a whole, the pattern is
surprising. They are present in every sample no matter
what their position along the gradient. Indeed, at least
half of the genera present in each sample belong to
this family. When relative abundances are available, at
least 50% of the individuals in every sample are ole-
nids (Fig. 7). Interestingly, the highest relative abun-
dances of olenids are found towards the extremes of
the gradients: in the shallow samples it reaches 90%
and in the deep less-oxygenated ones 100%. Neverthe-
less, the highest olenid richness (five genera) is found
in the well-oxygenated deep samples (Fig. 7). Taking
this into account, a clear dominance, both taxonomi-
cally and ecologically along the whole gradient, is evi-
dent.

Discussion

Development of an olenid-dominated gradient

As stated above, this is the first detailed account of an
olenid-dominated bathymetrical gradient. Along this
gradient, olenids dominated both oxygenated and
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Fig. 10. Diversity gradients in Argentinian Cordillera Oriental and Laurentia. A, Diversity in Argentinean Cordillera Oriental. Diversity mea-
sured as richness for each biofacies (O2W, Alroy 2000a,b) and mean rarified richness for each biofacies (S[E = 90], Westrop & Adrain 2001).
For O2W the error bars represent 95% confidence intervals. For the rarefaction # = number of samples. B, diversity gradient in Laurentia,
for the carbonate platform and the mixed ramp. Diversity is measured as mean rarified richness (S[E = 90]). Modified from Westrop &
Adrain (2001). C, Rarefaction Curves for the samples of Cordillera Oriental, note sedimentary environments of each sample in Table 1.
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dysoxic environments, a remarkable pattern taking
into account their broadly accepted palacoecology
(Fortey 1985, 2000; Clarkson & Taylor 1995). How-
ever, this seems not to be an isolated case. Although
lacking a palaeoecological analysis as performed
herein, the uppermost Cambrian—-Tremadocian olenid
dominated faunas from Poland, Finnmark (northern
Norway), and Wales seem to share a similar pattern
(Nikolaisen & Henningsmoen 1985; Fortey & Owens
1991, 1992; Zylinska 2002). The occurrence of similar
olenid taxa also accounts for a similar biogeographical
signature of these regions and the Cordillera Oriental
(Nikolaisen & Henningsmoen 1985; Zylinska 2002).
Interestingly, all these four regions have in common
the thickness of their siliciclastic successions, which
are composed of shale and interbedded sandstone
beds, and abs'ence of carbonates (Reading 1965; Bevins
et al. 1992; Zylinska 2002; Astini 2003). In addition,
successions from Finnmark and Cordillera Oriental
developed in a broadly similar geodynamical/tectoni-
cal setting: a foreland basin (Astini 2003; A. Nielsen
personal communication 2009).

Nikolaisen & Henningsmoen (1985) noted the sim-
ilarities in composition of the faunas and, possibly, in
sedimentation rates. They proposed that the olenids
recorded in Finnmark were not adapted to the dysoxic
environments usual of Alum Shale, but to an environ-
ment with much more input of siliciclastic material.
Zyliﬁska (2002) arrived at a similar conclusion in her
study of the biogeography of the uppermost Cam-
brian from Poland. She proposed that these particular
olenids flourished in the margin of Baltica, and
migrated to Avalonia and South America.

The sedimentary history of these regions is com-
pletely different from those prevalent in other coeval
epicontinental basins, such as Baltoscandia, Laurentia
or Siberia. In the latter two areas, a carbonate platform
with microbial reefs developed. Localized mixed car-
bonate-siliciclastic ramps are also recorded in the
Upper Cambrian of Laurentia. Meanwhile, in Balto-
scandia clastic sediment supply was extremely low,
and carbonate production was restricted until the
development of ‘cool-water’ carbonates during the
Tremadocian (Jaanusson 1973; Nielsen 2004). In these
cases, olenid-dominated faunas are known both for
the Upper Cambrian and the Tremadocian (e.g. Hen-
ningsmoen 1957; Ludvigsen & Westrop 1983; Clark-
son & Taylor 1995; Pegel 2000; Lauridsen & Nielsen
2005). These faunas are always restricted to black shale
or dark limestone from outer-platform settings, in
accordance to the ‘usual’ olenid biofacies defined by
Fortey (1975). Recently, Karim (2008) described an
olenid-dominated assemblage from a boulder in the
Shallow Bay Formation (Newfoundland) interpreted
as having been derived from a shelf-margin
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environment. Although an olenid-dominated assem-
blage was not previously reported from rather shallow
carbonate environments, this record is difficult to
interpret due to its restricted distribution and particu-
lar stratigraphical provenance.

These contrasting examples account for a distinct
pattern. The ‘usual’ olenid-dominated biofacies occurs
in outer-platform dysoxic settings, while a more ‘unu-
sual’ olenid biofacies is present in environments with
high sedimentation rates. The pattern implies that
ecologically similar olenid faunas occur in basins with
similar sedimentary regimes and geodynamical con-
text, suggesting a common factor structuring these
ecosystems.

The high input of siliciclastic material causes tur-
bidity and soupy bottoms, apart from increasing
nutrient supply (Pearson & Rosenberg 1987; Wignall
1993). The development of these environments, linked
to high sediment input is interpreted to be a key fac-
tor, enabling olenids to inhabit shallower-water envi-
ronments. Indeed, high sedimentation rates allow the
development of deposit-feeder dominated communi-
ties (Pearson & Rosenberg 1987; Wignall 1993), as
interpreted to be the case with the olenid biofacies
(Fortey & Owens 1999). In contrast, environmentally
different shallow-marine settings developed in epicon-
tinental carbonate platforms, where bottoms are fir-
mer and turbidity is almost absent (Shinn 1969;
Tucker & Wright 1990).

Accordingly, oceanographical factors related to geo-
dynamical context and sedimentation rates seem to
control the structure of the biotic gradients. Olenids
dominate all environments along the bathymetrical
gradient where particularly high sedimentation rates
are present, while they are almost restricted to deep-
water dysoxic ones in environments involving
carbonate accumulation and very low siliciclastic
sedimentation.

Based on the palacogeographical distribution of
‘usual’ and ‘unusual’ olenid biofacies, it could be
argued that this pattern broadly mirrors a latitudinal
gradient between equatorial/sub-equatorial settings
and temperate to cold sites (e.g. Taylor 1977; Fortey &
Owens 1978 among others). In fact, whether the pat-
tern is climatically or sedimentologically driven is dif-
ficult to distinguish. Nevertheless, an independent line
of evidence shows that clastic sedimentation rates may
indeed be an important controlling factor. In Baltica,
both ‘unusual’ and ‘usual’ olenid biofacies occur at
broadly similar latitudes. While the usual one occurs
in Baltoscandia (mainly Alum Shale Formation,
Southern Sweden, Norway and Denmark), the unu-
sual occurs in the other extreme of the palaeoconti-
nent (Finnmark, northern Norway). Interestingly, this
palacocontinent rotated during the Cambrian and
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Ordovician as much as 90° (Torsvik & Rehnstrom
2001 and references therein). Yet, this had little or no
effect on its fauna, implying little climatic variation
between its different regions (Fortey & Cocks 2003).
Accordingly, different tectonosedimentary settings
rather than climate between the Baltoscandian and
Finnmarkian margins might have triggered the devel-
opment of the usual and the unusual olenid biofacies,
suggesting that sedimentation regime and geodynamic
context are the major controlling factors of the biotic
gradients.

Diversity patterns

Unfortunately, there are only very few studies describ-
ing detailed palaeosynecological patterns for the time
interval analysed (latest Cambrian—Tremadocian).
Most of these studies, if not all, come from Laurentia
(e.g. Ludvigsen & Westrop 1983; Westrop 1996;
Westrop & Adrain 1998, 2001; Westrop & Cuggy
1999). As mentioned above, in Laurentia both a car-
bonate platform and a mixed carbonate-siliciclastic
ramp developed. This mixed ramp differs from the
backarc-foreland system studied here, mainly because
environments and oceanographical conditions prevail-
ing in Palaeozoic epeiric seas were possibly very differ-
ent from those in ocean-facing basin (Peters 2007;
Miller 2008). Hence, comparisons have to be done
carefully, as macroecological and macroevolutionary
patterns might also have been different in these two
settings (Peters 2007; Miller 2008). Nevertheless, when
comparing synecological aspects of these two low-lati-
tude Laurentian environments with the Cordillera
Oriental, an interesting pattern arises. The biofacies
differentiation in the carbonate platforms is surpris-
ingly high, having at least five clearly defined biofacies
(Ludvigsen & Westrop 1983; Westrop & Cuggy 1999).
However, for the mixed carbonate-siliciclastic ramps,
there are never more than three biofacies with low dif-
ferentiation (Westrop 1986; Westrop & Cuggy 1999).
The latter pattern is similar to the one described and
discussed above (see Results). Indeed, almost the
whole gradient along the mixed ramp is usually domi-
nated by a unique family, as is the case in the Cordil-
lera Oriental.

A similar case is present when comparing the diver-
sity gradients in these environments. The carbonate
platform has a mean rarified richness of more than
ten species in almost all environments (Westrop &
Adrain 2001; Fig. 10B), with the maximum reaching
over 15 species in the reefs. The mixed ramp has a
much simpler pattern with a gentle rise in richness
towards the deepest-water settings, having just over
six species in the richest environments (Westrop &
Adrain 2001; Fig. 10B). This is particularly similar to
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the diversity gradient found herein for the Tr2 of the
Cordillera Oriental. Here, the data confirm a gentle
rise of diversity towards the offshore where the richest
settings have almost six taxa (Fig. 10A).

Again the influence of sedimentary regime and cli-
mate is not easy to discriminate. However, these com-
parisons show that high biofacies differentiation
occurs together with high alpha diversity in carbonate
platforms, contrasting with siliciclastic shelves and
mixed carbonate-clastic ramps. This difference
accounts for the style of sedimentation as a major
control on macroecological patterns, being even more
important than latitude at least in trilobite-dominated
assemblages. The style of sedimentation is a proxy for
underlying environmental factors, in turn, highly
influential on habitat complexity. In this scenario,
independent evidence (e.g. sedimentological, micro-
stratigraphical, geochemical) would be required to
understand ecologically significant factors at different
spatial scales for contrasting sedimentary regimes.

Implications for olenid palaeoecology

The development of a bathymetrical gradient domi-
nated by olenids has important implication for under-
standing the ecology of these particular trilobites.
Based on our findings, the olenids seem to have had
the capability of coping with low-oxygen content if
necessary, rather than being restricted to dysoxic envi-
ronments.

The distribution of taxa throughout the gradient
represents a broadly nested pattern (Boyer & Droser
2009). This pattern is more evident when comparing
samples along the deepest settings (i.e. offshore
through shelf). Particularly, Leptoplastides is the domi-
nant taxon in every sample. This implies that it was
not an opportunistic species (Dodd & Stanton 1981),
but fully adapted to cope with dysoxic and normal
conditions. The presence of taxa capable of being suc-
cessful in this broad range of environments is not
common in recent environments. This particular ecol-
ogy has been recently described for the Middle Devo-
nian brachiopod Eumetabolotoechia  multicostata
(Boyer & Droser 2007, 2009). The authors proposed
that such distribution might be related to the more
frequent dysoxic conditions in the Early Palacozoic
than in post-Palaeozoic times (Boyer & Droser 2007;
Peters 2007). Our findings suggest that this capability
might have been already present in the Early Ordovi-
cian in a completely unrelated taxon. More research is
needed to see whether this pattern stands as a perva-
sive and unique characteristic of early Palaeozoic eco-
systems.

Usually, the olenids have been divided in different
morphotypes (Henningsmoen 1957). The Peltura type
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is interpreted as being more active, while the Olenus
type as having a rather sluggish mode of life (Hen-
ningsmoen 1957; Fortey 1975, 1985). Representatives
of the Peltura type are known to be present in oxygen-
ated environments, though in low abundances (Fortey
1985). The olenids from the Rupasca Member belong
to the Peltura type (Leptoplastides, Bienvillia and Pelto-
care) and to the Olenus type (Parabolinella and Plicat-
olina). As described above, members of both types
occur in oxygenated environments and in dysoxic
ones, achieving significant abundances and being the
dominant elements of the assemblages. The distribu-
tion of these morphotypes is not related to bathymetry
as both occur either in rather shallow or in deep envi-
ronments, nor to oxygen content.

A similar pattern of distribution is recorded for the
widespread Hypermecaspis, which is a classical Olenus
type olenid, occurs in a wide range of environments in
the Upper Tremadocian—Floian successions of the
Cordillera Oriental. It is a common element in low-
diversity dysoxic biofacies up to diverse well-oxygen-
ated biofacies (Waisfeld 2001; Waisfeld & Vaccari
2008a). Some olenids may have had chemosymbionts
(Fortey 1999, 2000), although our findings suggest
that this might not have been the case for all of them,
or for every morphotype. The interpretation of this
life habit should be evaluated on a case-by-case basis
taking into account independent evidence (e.g. Gaines
& Droser 2003; Farrel & Briggs 2008).

Recently, Lee & Chatterton (2007) proposed that
the environmental distribution of olenids might be
related to adaptations in early ontogenetic stages,
rather than to the adult morphology. These findings,
along with the detailed analysis presented herein, sug-
gest that the ecological factors controlling olenid dis-
tribution were much more complex than previously
thought.
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