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ABSTRACT. The Puesto Viejo Group crops out in the San Rafael Block, southwest Mendoza, Argentina. This group 
is an important unit for the knowledge theTriassic faunas. It is composed of basal Quebrada de los Fósiles Formation 
(QF) overlying by the Río Seco de la Quebrada Formation (RSQ). In this study, we report tetrapod remains from the 
RSQ Formation that includes, until now, exclusively therapsids. Non-mammalian therapsids predominated in terrestrial 
ecosystems during the Late Paleozoic and Early Mesozoic. Although cynodonts and dicynodonts have been studied from 
several perspectives, the relation between taxa and sedimentary context has been scarcely documented. This study is 
aimed to elucidate the diagenesis of tetrapods from the Puesto Viejo Group and its relation to depositional environment. 
Diagenetic features of therapsid bones from the RSQ Formation were analyzed through thin sections to interpret the 
degree of taphonomic alteration. Diagenetic processes inferred include substitution; fracturing; brittle deformation and 
different permineralization events. Combined analyses through scanning electron microscopy; energy-dispersive X-ray 
spectrometry (SEM-EDX); X-ray diffractometry (XRD) and petrographic studies reveals the substitution of hydroxyapatite 
by francolite. The presence of fluorine in some samples suggests a link between the elemental composition and depositional 
environments: floodplain and crevasse splay. Permineralization stages include infilling of vascular canals, trabeculae and 
fractures with iron oxides and iron carbonate minerals during the burial history. This contribution represents a relevant  
approach to elucidate the relation between diagenesis on tetrapods and their paleoenvironments, as exemplified in this 
case study from the Puesto Viejo Group during the Upper Triassic. 

Keywords: Diagenesis, Therapsids, Upper Triassic, Puesto Viejo Group, Argentina.

RESUMEN. Análisis diagenético de tetrápodos del Triásico Superior, Grupo Puesto Viejo, Argentina. El Grupo Puesto 
Viejo aflora en el Bloque San Rafael, en el suroeste de Mendoza, Argentina. Este grupo constituye una importante unidad 
para el conocimiento de las faunas del Triásico y está compuesto en su base, por la Formación Quebrada de los Fósiles 
(QF), superpuesta por la Formación Río Seco de la Quebrada (RSQ). En este estudio, se reportan restos de tetrápodos de 
la Formación RSQ que incluye, hasta ahora, exclusivamente terápsidos. Los terápsidos no-mamiferoides predominaron en 
los ecosistemas terrestres durante el Paleozoico tardío y el Mesozoico temprano. A pesar de que cinodontes y dicinodontes 
han sido estudiados desde varias perspectivas, la relación entre los taxones y su contexto sedimentario está escasamente 
documentado. Este estudio tiene como objetivo dilucidar la diagénesis de los tetrápodos del grupo Puesto Viejo y su 
relación con el ambiente depositacional. Las características diagenéticas de los huesos de terápsidos de la Formación RSQ 
se analizaron a través de secciones delgadas para interpretar el grado de alteración tafonómica. Los procesos diagenéticos 
inferidos incluyen la sustitución, fracturación, deformación frágil y diferentes eventos de permineralización. El análisis 
combinado a través de microscopía electrónica de barrido, espectrometría de rayos X de energía dispersiva (SEM-EDX), 
difractometría de rayos X (DRX) y estudios petrográficos revelaron la sustitución de la hidroxiapatita por francolita. La 
presencia de flúor en algunas muestras sugiere la vinculación entre la composición elemental y los ambientes depositacionales: 
llanura de inundación y lóbulo de desbordamiento. Las etapas de permineralización incluyen el relleno de canales vasculares, 
trabéculas y fracturas con óxidos de hierro y carbonatos de hierro durante la historia de enterramiento. Esta contribución 
representa un enfoque relevante para dilucidar la relación entre la diagénesis de tetrápodos y sus paleoambientes, como lo 
demuestra este estudio de caso del Grupo Puesto Viejo durante el Triásico Superior.

Palabras clave: Diagénesis, Terápsidos, Triásico Superior, Grupo Puesto Viejo, Argentina.
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1. Introduction

The Triassic was a significant moment in the 
history of life with important changes in terrestrial 
ecosystems. Recently, an unexpected turn in the 
Triassic knowledge emerged from new reports 
about Argentinian sequences that modified their age 
and the biostratigraphic correlations of vertebrate 
assemblages (Ottone et al., 2014; Marsicano et al., 
2015). One of these sequences is the Puesto Viejo 
Group, traditionally considered early Middle Triassic 
based on biostratigraphic correlations with the Karoo 
Basin (Bonaparte, 1969a; Abdala, 1996; Martinelli 
et al., 2009). 

The Puesto Viejo Group crops out in the San 
Rafael Block, southwest Mendoza, Argentina. It is 
composed of mainly grayish basal Quebrada de los 
Fosiles Formation (QF) overlying by the reddish 
Río Seco de la Quebrada Formation (RSQ). The 
basal unit includes both plant remains (pleuromeians 
and sphenopsids) and vertebrates (scattered fish 
scales; dicynodont synapsids and remains of an 
archosauriform). In contrast, the RSQ beds report 
only tetrapod fauna, which includes kanemeyeriid 
dicynodonts (Domnanovich and Marsicano, 2012) 
and non-mammalian cynodonts (Bonaparte, 1966a, 
b, 1969a, b; Abdala, 1996; Martinelli et al., 2009). 

Here, we report the tetrapod remains from the 
RSQ Formation that includes, until now, exclusively 
therapsids. Non-mammalian therapsids were important 
components of terrestrial ecosystems in Gondwana 
during the late Paleozoic and early Mesozoic (e.g., 
Langer et al., 2007; Abdala and Ribeiro, 2010; 
Mancuso et al., 2014). Among these, the anomodonts; 
gorgonopsians; therocephalians; dicynodonts and 
cynodonts have been studied in detail from different 
perspectives i.e., taxonomic, phylogenetic and 
functional morphology (e.g., Kemp, 1982; King, 1988; 
Crompton, 1995; Ray, 2000; Blob, 2001; Abdala and 
Ribeiro, 2010; Ruta et al., 2013). However, there 
has been little published about the relation between 
these vertebrates preservation and their sedimentary 
context (e.g., Smith, 1993; Rogers, 2001; Smith and 
Swart, 2002; Colombi et al., 2013). 

The bone microstructure of well preserved fossil 
vertebrate in general and particularly in therapsids 
provides a host of information about ontogeny; 
skeletal age; lifestyle habits and growth patterns of 
the animal (e.g., Curry, 1999; Botha and Chinsamy, 
2004; Ray and Chinsamy, 2004; Salgado et al., 

2005; Chinsamy and Abdala, 2008; García et al., 
2010). Nevertheless, when skeletal elements are 
diagenetically altered during fossilization and their 
histological details are obliterated, the paleobiological 
explanation is limited. In this sense, our study deepens 
the information about tetrapods which was masked 
by diagenetic processes.

This work represents a holistic approach aimed to 
understand the link between preservation of tetrapods 
found in RSQ Formation and their sedimentary 
context. The range of diagenetic changes in bones 
has been estimated by means of mineral and chemical 
compositions. A series of taphonomic analyses: 
petrographic; EDX spectra and X-ray diffractometry 
were performed in thin sections of bones collected 
from specific environmental conditions: floodplain 
and crevasse splay.  

2. Geological Setting

At the Permian-Triassic boundary, extensional 
basins were formed as an early manifestation of 
the supercontinent Pangaea breaking up (Uliana 
and Biddle, 1988; Ramos and Kay, 1991; Barredo 
et al., 2012). The San Rafael depocenter, located 
in Southern Mendoza, Argentina is one of these 
basins (Strelkov and Álvarez, 1984; Kokogian et al., 
1993, 1999, 2001) (Fig. 1). During the Permian and 
Early Triassic, the San Rafael region manifested an 
active volcanism related to the Choiyoi extensional 
igneous province (Kay et al., 1989; Llambías et al., 
1993; Llambías and Sato, 1995; Rocha-Campos 
et al., 2011), that continued during the deposition 
of the Triassic Puesto Viejo Group (Kleiman and 
Salvarredi, 2001; Kleiman and Japas, 2009). The 
basal Huárpica diastrophic phase (López Gamundi et 
al., 1989) separates the Cerro Carrizalito Formation 
(Permian) from the Puesto Viejo Group (Triassic). 
Syn-depositional extension occurred during the 
deposition of the Puesto Viejo Group, which 
includes sedimentary, volcaniclastic and volcanic 
rocks mostly light grey and reddish (Stipanicic et 
al., 2007). Triassic infill ended during the Upper 
Triassic (Ottone et al., 2014) and Puesto Viejo 
Group is unconformably overlain by the Miocene 
Aisol Formation (González Díaz, 1972). 

The Puesto Viejo Group was interpreted as 
deposits from the middle-distal part of the alluvial 
fan, and low and high meandering fluvial systems 
characterized by conglomeratic and sandstone lens, 
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crevasse channels and splays, and floodplains with 
paleosols (Spalletti, 1994). This group includes, from 
bottom to top, the grayish Quebrada de los Fósiles 
Formation (QF) and the mostly reddish Río Seco de 
la Quebrada Formation (RSQ) (Ottone et al., 2014). 

The paleontological content of QF Formation 
includes palynomorphs; plants; invertebrates; and 
vertebrates (e.g., Ottone and García, 1991; Morel 
and Artabe, 1994; Bonaparte, 2002; Stipanicic et al., 
2002; Sepúlveda et al., 2007; Gallego et al., 2009; 
Vaz-Tassi et al., 2013). Whereas the paleontological 
content of the RSQ Formation includes the medium-
sized kanemeyeriid dicynodonts: Kanameyeria 
argentina and Vinceria sp. (Domnanovich and 
Marsicano, 2012) and the non-mammalian cynodonts: 
Pascualognathus polanskii, Cynognathus crateronotus 
and Diademodon tetragonus (Bonaparte, 1966a, b, 
1969a, b; Abdala, 1996; Martinelli et al., 2009). 
This fauna is similar to subzones B and C of the 
Cynognathus Assemblage Zone (AZ), South Africa 
(Martinelli et al., 2009). Cynognathus crateronotus 
(Abdala, 1996) and Diademodon tetragonus, two of 
the most common cynodonts from the Cynognathus 
AZ of South Africa (Kitching, 1995) are present in 
the RSQ Formation, the Burgersdorp Formation of 
the Karoo Basin of South Africa, and the Omingonde 
Formation of Namibia. The new SHRIMP U-Pb age 
presented by Ottone et al., 2014 for the ignimbrite 
emplaced at the top of the QF Formation suggests 
that the tetrapod fauna of the RSQ Formation was 

developed during the Late Triassic (Early Carnian) 
thus ca. 10 Ma later than the age attributed to the 
Cynognathus AZ of South Africa. 

The RSQ Formation is characterized by reddish 
and whitish sediments. The volcanic rocks of the 
Puesto Viejo Group could have been originated by 
fissurale eruptions, although there is no evidence of 
volcanic cones in the study area (Ottone et al., 2014). 
Particularly in the Quebrada del Durazno area, the 
RSQ Formation is interpreted as channel, floodplain 
with crevasse channels, and crevasse splay facies. 
The high meandering fluvial system includes a coarse 
member with erosional bases, lentiform geometry 
dominated by normally graded conglomerates and 
coarse-grained sandstones with cross-stratification 
(Gt, SGt, St), (Spalletti, 1994; Ottone et al., 2014) 
constituting the channel fill (Fig. 2A). The fine 
member is mainly tabular with greater thickness 
than the coarse member dominated by overbank 
deposits in the floodplain (Fm, FTm, STm, Sm, see 
in Spalletti, 1994); and crevasse channel and splay 
deposits (St, Sl, Sh, see in Spalletti, 1994) (Fig. 2B).

Tetrapod remains were recovered from the fine 
member; mainly in the overbank and crevasse splay 
facies. The overbank is dominated by red massive 
mudstone and fine-grained sandstone showing greenish 
grey mottles and bands (Fig. 3A). The crevasse splay is 
characterized by red compact fine-to medium-grained 
sandstone with abundant invertebrate burrows at the 
top of the beds (Fig. 3B). Crevasse channels preserve 

FIG. 1. Location map of the Puesto Viejo Group showing the Quebrada del Durazno area, Mendoza Province, Argentina.
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FIG. 2. Fluvial deposits of the Río Seco de la Quebrada Formation outcropping in the study area. A. Fluvial channels association;                     
B. Floodplain facies association with crevasse channel and splay deposits. 

FIG. 3. Detail photographs of floodplain levels from Quebrada del Durazno site. A. Red fine-grained sandstone with light greenish 
grey mottled and banded beds containg fossil remains; B. Red compact fine-to medium-grained sandstone showing abundant 
bioturbation at the top; C. Crevasse channels with cross-bedded medium-to coarse-grained sandstone; D. Paleosols showing 
the abundant bioturbation levels and mottled and banded structures.
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some vertebrate remains. This facies is characterized 
by cross-stratification medium-to coarse-grained 
sandstone, with occasional conglomerate lags (Fig. 3C).                                                                                     
Paleosols (Fig. 3D) are common in the sequence 
showing abundant root trace and discoloration. 

The record of greenish grey mottled and band levels 
in the overbank suggests incipient paleosol formation 
(Freytet and Plaziat, 1982) whereas the root traces 
in the mudrock evidence the plant activity during 
a longer period of time in the paleosol formation. 
Therefore, during the paleosol and overbank deposits 
described here, we considered that the water table 
was subject to vertical fluctuations. Additionally, 
the abundant invertebrate burrows at the top of the 
crevasse splay evidenced period of time with enough 
water in the floodplain to enhance the bioturbation 
in these levels. The red and greenish grey mottled 
and band levels and the root trace in the fine member 
suggest a moderately well-drained overbank with 
water table fluctuation (Kraus and Hasiotis, 2006).

3. Materials and Methods 

The studied material has been collected in the 
RSQ Formation at the Quebrada del Durazno site 
and preserved in the repository of the Museo de 
Historia Natural de San Rafael, Mendoza. The seven 
samples include ribs and appendicular elements of 
cynodonts (MHNSR.Pv.1159; MHNSR.Pv.1160; 
MHNSR.Pv.1162) and dicynodonts (MHNSR.
Pv.1161; MHNSR.Pv.1163).

3.1. Microscopic analysis 

Thin sections of fossil bones were processed 
following the techniques outlined by Chinsamy 
and Raath (1992) and observed under plane and 
cross-polarized light with a petrographic microscope 
(BX 51-P Olympus). Histological terminology and 
definitions generally follow those of Reid (1996) and 
Chinsamy-Turan (2005). This paper takes the criteria 
used by various authors about diagenetic processes 
(Schmidt and McDonald, 1979; Burley et al., 1985; 
Scasso and Limarino, 1997). 

3.2. EDX spectra

Elemental compositions of the carbon-coated 
samples were obtained using a LEO 1450 VP 
scanning electron microscope equipped with an 

EDAX Genesis 2000 energy-dispersive spectrometer 
(EDS) with a polypropylene ultrathin window Si (Li) 
detector. Spectra were analyzed using the software 
EDAX Genesis 2000. Working conditions included 
an acquisition live time of 200 seconds, nominal 
incident beam energy Eo=15 keV, and 15 mm working 
distance. The average weight of major elements of 
the samples -O, F, Na, Mg, Al, Si, P, K and Ca, Mn 
and Fe- was determined at each point-scans. These 
elements were selected with the purpose of including 
major cations for rock- matrix minerals (e.g., silicate, 
carbonate), major pore fillers (e.g., iron, calcite) and 
species representing the original bone (e.g., carbonate, 
phosphate). The results of semi-quantitative data 
reported statistical errors -not shown- for these 
concentrations. Elements with percentages greater 
than 10% present an error of 4%; other elements with 
percentages ranging between 10%-1%, the statistical 
error is of the 15% and finally, elements with lower 
percentages than 1% present an error of the 20%.  

3.3. X-ray diffractometry (XRD)

Qualitative analysis of crystalline solids were 
performed with a RIGAKUD- MAX IIIC diffractometer 
using copper lamp operated by nickel filter at 30 kV, 
20 mA, scanning speed of 1.5°/min., pitch reading 
of 0.05° continuous. The samples were ground until 
granulometries less than 200 mesh in a rings mill 
(Fritsch Analisette). Analysis by X-ray diffractometry 
of specimens showed the presence of crystalline 
structures of the following chemical elements: O, 
F, Na, Si, Al, P, K, Ca, Mg, Mn and Fe previously 
determined by EDX.  
Institutional Abbreviations: MHNSR.Pv.: Museo de 
Historia Natural de San Rafael, Mendoza, Argentina, 
Paleontología de Vertebrados.
Histological and Diagenetic Abbreviation: Figs. 4, 
6. FL: fibrolamellar bone; LB: lamellar bone; LAGs: 
lines of arrested growth; P: perimedullary region; 
Mc: medullary cavity; Cs: cancellous spaces; T: 
trabeculae; Ap: apatite; Fc: ferroan calcite; Fe: iron; 
Mn: manganese; Cal: calcite; Sd: siderite; S: silt; 
FAp: fluorapatite; Mnt: montmorillonite; OHAp: 
hydroxyapatite; Phyll: phyllosilicate; Qtz: quartz.

4. Pre-burial and Post-burial Modification

The bones recovered in a floodplain facies 
(MHNSR.Pv.1159; MHNSR.Pv.1160 and MHNSR.
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Pv.1163) exhibit features assigned to pre-fossilization 
weathering. Both, appendicular bones and ribs, show 
a high grade of pre-burial cracking (stages 1-3 of 
Behrensmeyer, 1978). Their upper surface displays 
longitudinal fractures parallel to bone fibers. These 
fractures were produced by pre-burial subaerial 
exposure and cemented during the post-burial stages. 
Outermost concentric thin layers of bone show flaking 
usually associated with splintered cracks. In some 
sectors, deeper and more extensive flaking follows, 
until most of the outermost bone is gone. Thus, the 
inner cancellous bone of the epiphyses is exposed. 
Some weathered bones were more vulnerable to 
abrasion and breakage. In such abrasion, a significant 
rounding of broken edges of bones was produced. 

In contrast, the bones found in a crevasse splay 
(MHNSR.Pv.1161 and MHNSR.Pv.1162) show little 

evidence of pre-fossilization weathering as a result of 
prolonged subaerial exposure, predation or trampling. 
Various bones exhibit perpendicular fractures to the 
bone long axis occurred during fossil-diagenetic 
stages (Fernández López and Fernández Jalvo, 
2002). Some bones recovered on the soil surface 
indicate post-fossilization weathering evidenced by 
the presence of non-cemented fractures reflecting 
exhumation events.
 
5. Bone microstructure and diagenesis 

This section includes a detailed description of 
the bone microstructure and diagenetic sequence of 
each specimen to indicate their preservation state 
(Tables 1 and 2). Overgrowth patterns of the minerals 
indicate relative time of formation. 

TABLE 1. DIAGENETIC FEATURES OF THE CYNODONT AND DICYNODONT TAXA EXAMINED.

Specimen Taxa Bones Facies Diagenetic processes

MHNSR-PV 1159 Cynodont Rib Floodplain Permineralization stages include: (1) iron oxides cementation 
in osteons and medullary tissue; (2) siderite encrustation in 
vascular canals; (3) calcite cementation in vascular canals. 
Scarce brittle deformation.

MHNSR-PV 1160 Cynodont Rib Floodplain Diagenetic processes: (1) iron oxides cementation in vascular 
canals, medullary tissue and longitudinal fractures; (2) calcite 
cementation in vascular canals and fractures; (3) an infiltration 
of iron carbonates on the cortical wall. Fracturation and 
brittle deformation.

MHNSR-PV 1161 Dicynodont Bone 
Fragment

Crevasse Splay Permineralization stages include: (1) iron oxides cementation 
in vascular canals, medullary cavity and radial fractures; (2) 
calcite precipitation in some vascular canals. 

MHNSR-PV 1162 Cynodont Rib Crevasse Splay Cortical region: iron oxides coating in osteons, vascular 
canals and radial Fractures. Perimedullary and medullary 
areas: vascular canals, fractures and cancellous spaces infilled 
in two permineralization events: (1) iron oxides coating; (2) 
calcite cementation.

Appendicular 
Bone

Diagenetic processes: (1) iron oxides coating in vascular 
canals and fractures (2) drusy calcite cementation in vascular 
canals and cancellous spaces; (3) an infiltration of iron oxides 
imposed onto the medullary tissue. Fracturation and brittle 
deformation.

MHNSR-PV 1163 Dicynodont Rib Floodplain In both remains it is observed similar diagenetic features. 
Cortical region: (1) rim of iron oxides in osteons;(2) growth 
of calcite in vascular canals; (3) infiltration of iron oxides in 
longitudinal fractures of the cortical wall.

Appendicular 
Bone

Medullary region: (1) a rim of carbonate-cemented silty 
sediment; (2) growth of fibrous calcite in vascular canals; 
(3) blocky calcite infilling trabeculae and cancellous spaces
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5.1. MHNSR.Pv.1159, Cynodont indet.

The sample studied corresponds to a rib found 
in a floodplain facies. Thin sections display a well-
preserved bone microstructure containing a small 
medullary cavity surrounded by a thick cortex. The 
cortex of the rib comprises lamellar and fibrolamellar 
bone tissues showing simple canals and primary 
osteons permineralized by iron oxides (e.g., hematite) 
and calcite (CaCO3) (Fig. 4A, Table 1). Perimedullary 
region displays an extensive secondary remodeling with 
a development of secondary osteons and resorption 

cavities. In this region, vascular canals show scarce 
brittle deformation and are infilled by iron oxides, 
siderite (Fe2CO3) and calcite (Fig. 4B). Medullary 
cavity contains large cancellous spaces and bony 
trabeculae mainly occupied by iron oxides with scarce 
calcite (Fig. 4C). Permineralization stages include: 
(1) an initial iron oxides cementation in osteons and 
medullary tissue, then (2) a siderite encrustation in 
bone vascular canals and followed by (3) calcite 
cementation in the centre of vascular canals.

The diagenetic processes affecting the bones 
were permineralization -mentioned before- and the 

TABLE 2. SEMI-QUANTITATIVE CONCENTRATIONS OF MAJOR ELEMENTS GIVEN AS WEIGHT % (WT%). THE 
HIGHLIGHTED ITEMS ARE PLOTTED IN FIGURE 5.

Specimen/elements O F Na Si Al P K Ca Mg Mn Fe

48.53 5.75 0.99 0 0.16 15.03 0.14 29.21 0 0 0

MHNSR-PV1159 46.99 5.42 0.77 1.62 0.48 14.88 0 29.84 0 0 0

Cynodont 47.57 4.31 1.06 6.27 1.67 10.47 0 24.62 0.73 0 3.30

Floodplain facies 54.04 1.45 0.35 2.91 0.89 1.73 0.09 35.05 0.25 0 3.25

45.60 2.38 0.70 19.35 6.54 5.55 0.79 15.79 0.79 0 2.51

51.17 1.24 2.09 8.53 3.23 2.39 0.49 28.58 0 0 1.11

1.69 0 0 18.67 0 0 0 8.25 0 42.36 29.03

MHNSR-PV1161 26.86 0 0.78 40.25 3.13 1.36 5.66 4.41 0.23 6.40 10.31

Dicynodont 24.23 0 0.14 11.62 1.34 1.08 0.64 2.82 0.21 53.86 3.56

PV1159Crevasse splay 34.53 0 0.66 43.38 3.80 1.58 1.77 3.60 0.68 1.74 8.26

facies 19.14 0 0 2.15 0.59 7.74 0 45.95 0 16.04 8.40

49.08 0 0 1.08 0.32 0.96 0 44.80 0 3.76 0

42.78 0 0.52 2.40 0.72 13.78 0 29.29 0 0 10.52

MHNSR-PV1162 38.41 0 0.57 2.07 0.66 15.52 0.67 34.52 0.15 0 7.43

Cynodont 30.07 0 0.45 13.37 3.31 1.71 1.71 3.26 0.54 0.85 44.26

Crevasse splay 40.18 0 7.40 31.61 11.49 1.01 0.42 2.20 0 1.66 4.04

facies 42.06 0 0.95 2.67 1.00 12.77 0 27.53 0 0 13.03

46.97 0 0.65 1.52 0.50 15.57 0 33.57 0 0 1.21

34.26 3.06 0.39 1.13 0.85 12.09 0 25.67 0.33 5.99 2.87

MHNSR-PV1163 41.89 1.71 0.26 0.95 0.36 11.23 0 31.40 0 2.21 3.49

Dicynodont 36.10 3.35 0.45 1.31 0.31 17.03 0 37.62 0 1.64 2.01

Floodplain facies 36.01 4.20 0 0.83 10.22 3.34 0 7.06 2.01 33.21 2.84

36.06 3.73 0.47 1.51 1.42 13.08 0 27.34 0 10.23 4.92

34.35 2.74 0.35 0.95 0 17.98 0 41.67 0 1.55 0
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FIG. 4. Transverse sections of cynodont and dicynodont bones. A-C. Cynodont rib MHNSR.Pv.1159; D-F. Cynodont rib MHNSR.
Pv.1160; G-I. Dicynodont bone fragment MHNSR.Pv.1161; J. Cynodont rib MHNSR.Pv.1162; K-L. Cynodont appendicular 
bone MHNSR.Pv.1162; M-N. Dicynodont rib MHNSR.Pv.1163; O. Dicynodont long bone MHNSR.Pv.1163. Photomicrographs 
in cross-polarized light. Scale bar equals 1 mm. See text for further explanation. 
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substitution of hydroxyapatite [Ca5 (PO4)3 3(OH)] 
by francolite [Ca5 (PO4, CO3) 3(F)], a carbonate-
rich type of fluorapatite. EDX spectra indicate the 
presence of fluorine, as shown by the peak at 0.67 keV                                            
(Fig. 5). X-ray diffraction shows the presence of 
several crystalline phases based on the chemical 
composition: O, F, Na, Si, Al, P, Ca, Mg and Fe 
(Table 2). The presence of fluorapatite appears as 
the main signal in the diffractogram (Fig. 6). Other 
minority phases that could be attributed to quartz and 
calcite are observed in a very low proportion. These 
analyses display recrystallization to francolite, which 
is a typical mineral replacement of fossilized bone 
(Elorza et al., 1999; Rogers et al., 2010). 

5.2. MHNSR.Pv.1160, Cynodont indet. 

The sample analyzed is from a rib of another 
cynodont found in the floodplain facies. Transverse 
sections show a compact cortex surrounding a central 
cancellous region. The external cortex is formed 
by fibrolamellar bone with primary osteons and 
vascular canals filled by iron oxides and, to a lesser 
extent, calcite (Fig. 4D, Table 1). Toward the inner 
cortex, the perimedullary region contains abundant 
secondary osteons filled with iron oxides (Fig. 4E). 
The medullary cavity shows endosteal trabeculae and 
cancellous spaces occupied by iron oxides (Fig. 4F). 
Lithostatic pressure and the consequent deformation of 
bone tissue caused complex fracture systems cutting 
the vascular canals and thus modifying the original 
structure. Diagenetic processes include: (1) an initial 
iron oxides cementation within vascular canals of the 
perimedullary region, medullary tissue, and longitudinal 
fractures (Fig. 4D-F) then, (2) calcite cementation 
infills some vascular canals and fractures (Fig. 4D) 
and finally (3) an infiltration of iron carbonate minerals 
covering directly bone tissue on the cortical wall                          
(Fig. 4D). The presence of calcite and iron enrichment 
(possibly corresponding to ferroan calcite) indicates 
local reducing conditions below the water table during 
precipitation (Previtera et al., 2013). 

This specimen shows similar diagenetic processes 
to those described in rib sample MHNSR.Pv.1159 
(Table 1). EDX spectra indicate the presence of 
fluorine as shown by the peak at 0.67 keV (see 
Previtera et al., 2013: Fig. 3.2). XRD display the 
preponderance of fluorapatite and a negligible presence 
of quartz (Fig. 6), thus proving recrystallization to 
francolite. 

5.3. MHNSR.Pv.1161, Dicynodont indet. 

This sample consists of a bone fragment of 
dicynodont recovered in a crevasse splay facies. 
Transverse sections display a parallel-fibred bone 
forming the subperiosteal surface surrounding a 
central medullary cavity. The inner cortex contains 
fibrolamellar bone with primary osteons interrupted 
by lines of arrested growth (LAGs) (Fig. 4G). The 
perimedullary region contains abundant secondary 
osteons with radial fractures cutting and distorting 
the vascular canals (Fig. 4H). Medullary cavity shows 
an intrincate network of trabeculae and cancellous 
spaces forming islets (Fig. 4I). The primary osteons 
and vascular canals are mainly filled by iron oxides 
and in less proportion by calcite (Fig. 4G-I, Table 1). 
Permineralization stages include: (1) an initial iron 
oxides cementation in vascular canals, medullary 
tissue, and radial fractures (Fig. 4G-I) and followed 
by (2) a calcite precipitation in the center of some 
vascular canals (Fig. 4H). EDX spectra indicates 
the presence of O, Na, Mg, Al, Si, P, K, Ca, Mn 
and Fe (Fig. 5, Table 2). XRD show a slight signal 
of phosphates zone, which can be attributed to 
hydroxyapatite, since fluoride is not reported in 
the analysis. It can be observed three intense peaks 
possibly attributed to a phyllosilicate. These results 
were not conclusive, therefore, this sample was not 
considered for the XRD analysis. 

5.4. MHNSR.Pv.1162, Cynodont indet. 

The samples consist of a rib and an appendicular 
fragment of cynodont found in a crevasse splay 
facies. The rib is similar to the appendicular element 
in terms of the cortical tissue type, endosteal bone 
deposition, and secondary remodeling. In contrast, 
they show differences in their diagenetic features. 

The transverse section of the rib shows a cortex 
zonal containing wide zones of fibrolamellar bone 
interrupted by some LAGs (Fig. 4J). This cortical 
region displays different diagenetic pathways (Table 1).                                                                                                 
In the external cortex, longitudinally oriented primary 
osteons and radial fractures are mainly filled by iron 
oxides (Fig. 4J). However, some longitudinal fractures 
show a thin coating of iron oxides and fibrous calcite 
cementation (Fig. 4J). Towards the inner cortex, 
secondary osteons -reflecting Haversian remodeling- 
contain central vascular canals and radial fractures 
filled by iron oxides (Fig. 4J). Perimedullary and 
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FIG. 5. SEM-EDX results. X-ray spectra of samples (MHNSR.Pv.1159; MHNSR.Pv.1161; MHNSR.Pv.1162 and MHNSR.Pv.1163). 
Note that graphics (MHNSR.Pv.1159 and MHNSR.Pv.1163) show the presence of fluorine peak at 0.67 keV. 

FIG. 6. X-ray diffraction data of therapsid bones (MHNSR.Pv.1159; MHNSR.Pv.1160; MHNSR.Pv.1162 and MHNSR.Pv.1163). 
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medullary areas show vascular canals, fractures and 
cancellous spaces infilled in two permineralization 
events: (1) an initial iron oxides coating and then 
(2) calcite cementation (Fig. 4J).

The appendicular bone section displays a 
thick cortex surrounding the medullary cavity. 
The fibrolamellar bone contains primary osteons 
arranged in a sub-plexiform pattern. LAGs are 
present in the outer and middle cortical region                                      
(Fig. 4K). The cortical and medullary areas (Table 1)                                                          
show vascular canals and trabeculae mainly filled 
by iron oxides and calcite. The perimedullary 
region and bony trabeculae show fracturing and 
brittle deformation (collapse of the spongy tissue) 
due to lithostatic pressure (Fig. 4K, L). Diagenetic 
events include: (1) an initial coating of iron oxides 
in vascular canals and fractures  (Fig. 4K) followed 
by (2) a drusy calcite cementation in vascular 
canals and cancellous spaces (Fig. 4L) and finally 
(3) an infiltration of iron oxides imposed onto the 
medullary tissue (Fig. 4L). This last event may be a 
result of late diagenetic oxidization of iron minerals 
(Previtera et al., 2013). 

EDX spectra analysis of the following elements: 
O, Na, Mg, Al, Si, P, K, Ca, and Fe is summarized 
in figure 5 and Table 2. XRD show phosphorus, 
but not fluorine, so that the presence of apatite 
corresponds to hydroxyapatite. A small coincident 
signal is with quartz and with the phyllosilicates 
group are observed (Fig. 6).

5.5. MHNSR.Pv.1163, Dicynodont indet. 

These samples consist of a rib and an unidentified 
appendicular bone of dicynodont found in a 
floodplain facies. Both elements show similarity 
in the fibrolamellar bone with primary osteons, 
some LAGs on the peripheral side, and cancellous 
bone tissue in the medullary region (Fig. 4M-O).

In these fossil remains it is observed similar 
diagenetic characteristics (Table 1). Cortical tissues 
contain primary and secondary osteons filled in three 
sequential permineralization events: (1) an initial rim 
of iron oxides (Fig. 4M-O) followed by (2) growth 
of calcite in vascular canals (Fig. 4M) and then (3) 
an infiltration of iron oxides in longitudinal fractures 
of the cortical wall (Fig. 4M, O). In contrast, the 
medullary cavities show endosteal trabeculae and 
cancellous spaces with a first iron oxides coating and 
an infilling geopetal carbonate, with the following 

diagenetic sequence: (1) an initial deposition of a 
rim of carbonate-cemented silty sediment followed 
by (2) a growth of fibrous calcite in vascular canals 
and finally (3) an event of blocky calcite infilling 
the center of endosteal trabeculae and cancellous 
spaces (Fig. 4N). 

The substitution of hydroxyapatite by francolite 
is evidenced by EDX spectra demostrating the 
presence of fluorine indicated by the peak at 0.67 keV 
(Fig. 5). XRD analysis shows mainly the presence 
of apatite considering the following elemental 
chemical composition: O, F, Na, Al, Si, P, Ca, Mn, 
and Fe (Table 2). The presence of fluorine suggests 
fluorapatite (Fig. 6). 

6. Discussion 

Histological examination of cynodont and 
dicynodont remains reveals differences in the 
bone microstructure and growth patterns. These 
therapsids show a preponderance of well-vascularized 
fibrolamellar tissue; a variable incidence of growth 
marks and growth patterns involving an initial rapid 
growth, which may be interrupted or sustained 
(Amprino, 1947; de Ricqlès et al., 1991; Chinsamy, 
1997).The predominance of fibrolamellar bone 
indicates that these animals grew quickly but the 
presence of LAGs indicate periodic arrests in 
growth. Starck and Chinsamy (2002) have suggested 
that LAGs are an expression of a high degree 
of developmental plasticity that is the ability to 
respond to changes in the environment by evoking 
different developmental regimes (Smith-Gill, 1983). 
These interruptions represent changes in the rate of 
deposition and were probably temperature induced 
(Ray et al., 2004). The growth marks serve in the 
identification of the stratification produced by cyclical 
growth, and also confirm that the bones correspond 
to adult individuals (Chinsamy-Turan, 2005). 

The development of LAGs mentioned in this 
study as an environmental response to unfavourable 
periods could be attributed both to the latest Choiyoi 
volcanic activity and the relatively humid climatic 
conditions during the deposition of Puesto Viejo 
Group (Spalletti et al., 2003; Ottone et al., 2014). 
This instability of the landscape is evident also 
by the impoverishment of the paleoflora, as has 
also been proposed for other Triassic successions 
controlled by volcanic processes (Domnanovich and 
Marsicano, 2006). The Puesto Viejo therapsids show 
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similar histological features to those observed in 
South Africa Beaufort Group assemblages (Ray et 
al., 2004) and also in Exaeretodon frenguellii from 
the Ischigualasto Formation, Argentina (Chinsamy 
and Abdala, 2008). 

The elucidation of diagenetic features in fossil 
remains from floodplain and crevasse splay provides 
a deeper understanding on their taphonomic history. 
After death, the carcasses that survived early post-
mortem destructive processes were buried in the 
upper soil zone by crevasse splays or accumulation 
of sediment in the floodplain (Fig.7). Diagenesis 
included processes as substitution; deformation; 
fracturing and permineralization stages of iron 
oxides (e.g., hematite); iron carbonates (e.g., siderite) 
and calcite during the burial history. Primary pore 
spaces inside the studied bones include medullary 
cavities; erosional cavities, primary and secondary 

osteons, among others. Mineral infillings consist 
of surrounding sediment; iron oxides, siderite and 
calcite, however, the amount of particular type of 
infilling may vary among the bones. The general 
sequence begins in surrounding sediment filling 
large vessels from the cortex to internal cavities and, 
in the cavities; it forms a thin padding around their 
surface. Below are described the particular sequences 
observed in the different burial environments.

The bones buried by the crevasse splay (Fig. 7)        
suffered a brittle deformation due to lithostatic 
pressure evidenced by the abundance in radial 
fractures. Subsequently, bone voids and fractures were 
filled by iron oxides during early diagenetic stages. 
Later, calcite was the main authigenic mineral that 
precipitated in the vascular canals and cancellous 
spaces. Also, a final thin iron oxides infiltration 
deposited onto the medullary tissue occurred. 

FIG. 7. Schematic diagram summarizing taphonomic processes (weathering and permineralization events) observed in crevasse splay 
and floodplain facies. 
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In contrast, the fossils buried in the floodplain 
(Fig. 7) display longitudinal fractures associated 
with weathering and scarce evidence of brittle 
deformation. During early stages of diagenesis, voids 
and fractures were cemented by iron oxides, after 
which took place a siderite and calcite precipitation. 
Afterwards, the medullary tissue was filled with 
calcite and also a deposition of iron carbonate 
minerals into the cortical wall occurred. These 
remains show a substitution of biogenic apatite by 
francolite variety in which PO4

3- is substituted by 
CO3

2- and OH- by F- (McClellan, 1980; Mc-Arthur, 
1985; Elorza et al., 1999; Elliott, 2002). The presence 
of fluoride-bearing apatite in terrestrial fossils is, 
therefore, an indicator of diagenetic ion exchange 
through interaction with ground water (Hollocher 
et al., 2005). Furthermore, the recrystallization of 
francolite may incorporate carbonate ions from 
groundwater into bone voids as suggested by 
Trueman et al., 2004. This type of replacement 
not observed in the specimens from the crevasse 
splay. The samples from crevasse splay facies 
(MHNSR.PV.1161 and MHNSR.PV.1162) lack 
fluorine contents as fluorapatite. 

Bones are preserved only within a restricted field 
of Eh and pH conditions that are found in slightly 
acidic or alkaline soils Retallack (2001). Mineral 
associations found in the studied bones are as a 
function of pH and Eh conditions of the surrounding 
environment during diagenesis (Downing and 
Park, 1998). The iron oxides formation requires 
oxidizing conditions with O2 as electron acceptor. 
In continental sediments, iron oxides conditions 
can persist more than few centimeters below the 
surface, in the oxidizing zone in soils (Bao et al., 
1998). Some of the features of soil and climate 
that may have contributed to the formation of 
hematite in RSQ Formation include: iron-rich soil 
parent materials, alternating wet/dry conditions and 
fluctuating water tables (Bown and Kraus, 1981; 
Kraus and Aslan, 1993), episodic flooding or rapid 
crevasse splay deposition, which limited the time 
of soil development (Kraus, 1987). Therefore, in 
the RSQ specimens, the Fe is present probably as 
hematite in the upper part of the soil. The calcite 
cemented occurred at the lower levels of the soil, 
just above water table, as it is described in other 
researches (Behrensmeyer et al., 1995; Retallack, 
1984, 2001; Clarke, 2004). Furthermore, calcite is the 
main mineral in pore spaces of the RSQ specimens 

occurring in both spongy and compact bone and it 
is represented by at least two generations: fibrous 
calcite cementation and blocky calcite generation. 
Sedimentary siderite is known as a mineral formed 
under dysoxic conditions (Lim et al., 2004; Roh et 
al., 2003). The latter often found in sedimentary 
deposits with a biological component suggests 
a biogenic origin under low oxygen and low-Ph 
conditions, whereby its precipitation is mediated 
by sulfate and iron reducing bacteria (Sánchez-
Róman et al., 2014; Tobias and Neubauer, 2009; 
Bodzioch, 2015). In our case, the position of siderite 
in external part of vascular canals of cynodont rib 
(MHNSR.Pv.1159) recovered in a floodplain could 
suggest oxygenation of the bone interior. Similar 
diagenetic features have been identified in other 
vertebrate bone remains (Holz and Schultz, 1998; 
Reichel et al., 2005; González Riga and Astini, 
2007; González Riga et al., 2009; Previtera, 2011, 
2013; Previtera et al., 2013; Casal et al., 2013, 
among others).

7. Conclusions

In this paper, it has been analyzed therapsid 
remains from the Upper Triassic in the Río Seco de 
la Quebrada Formation. Histological examination of 
these adult individuals reveals a predominance of 
fibrolamellar bone tissue, suggesting rapid periosteal 
osteogenesis and overall fast growth. However, the 
presence of growth rings in fossils indicates that they 
had an initial fast growth with periodic interruptions 
followed by a considerable slowing down of growth, 
which is probably related to environmental stress 
and a flexible growth strategy. 

From a fossil-diagenetic viewpoint, therapsid 
remains found in floodplain facies and crevasse splay 
respectively show similar events of permineralization. 
However, it has been recognized some differences in 
the types of cements precipitated and the number of 
diagenetic events occurred during the burial history. 
EDX, XRD, and petrographic analysis confirm, in 
three of the cases, the substitution of hydroxyapatite 
by francolite in the bone microstructure. High 
fluorine concentrations in samples MHNSR.PV.1159, 
MHNSR.PV.1160 and MHNSR.PV.1163, not detected 
in samples MHNSR.PV.1161 and MHNSR.PV.1162, 
confirm differences between the two sample groups 
and their depositional environments: floodplain and 
crevasse splay. These environmental differences 
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are the result of burial depth, temperature and 
geostatic pressure suffered by the fossils in each 
burial environments. The diagenetic processes 
observed comprise: substitution; fracturing; brittle 
deformation and permineralization events. The 
vascular canals and fractures were mainly filled 
by iron minerals and carbonates. In both, crevasse 
splay and floodplain facies, the dominant authigenic 
mineral is hematite and the main cement of bone 
voids is calcium carbonate.

This study proposes a functional use of EDX, 
XRD and petrographic data about diagenetic history 
to elucidate the relation between paleoenvironments 
and tetrapod assemblages. 
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