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ABSTRACT 

The study of trace fossils is of paramount importance to recognize different depositional 

environments within coastal systems, which usually display a mosaic of shorefaces, deltas, 

lagoons and bays along the same coast. However, the ichnology of deltas is comparatively less 

understood than that of non-deltaic shorelines and estuaries, and most research has been focused 

on subtropical to temperate paleolatitude deltas of the Cretaceous Seaway of North America, 

with only a few studies from the tropics.  

Ichnologic and sedimentologic studies in wave-influenced coastal systems of the middle-

upper Miocene Urumaco Formation, in northwestern Venezuela identified three main 

sedimentary environments: (1) Basinal and low-energy shallow-marine deposits, which are 

dominant during transgressions, are characterized by high ichnodiversity and intense 

bioturbation, recording a fully marine expression of the Cruziana Ichnofacies. (2) Regressive 

wave-influenced shallow-marine and deltaic deposits contain sporadically distributed trace 

fossils, display reduced ichnodiversity and show variable bioturbation intensities, illustrating a 

depauperate Cruziana Ichnofacies. However, wave-dominated deltaic deposits show higher 

ichnodiversity and degrees of bioturbation than river-dominated deltas, reflecting less stressed 

conditions associated with strandplains, characterized by the Cruziana and Skolithos Ichnofacies. 

(3) Delta-plain and marginal-marine environments contain brackish-water trace-fossil 

assemblages in interdistributary bays and lagoons, whereas upper delta-plain deposits encompass 

immature paleosols, overbank deposits, and highly incised fluvial channels, which are essentially 

unbioturbated. This study identified a complex stratigraphy of high-frequency transgressive-

regressive cycles, in which the progradation of an asymmetric wave-dominated delta complex, 

alternated with the formation of barrier islands and lagoons during transgressions. The 

Glossifungites Ichnofacies delineates discontinuity surfaces and helps to establish an early 

brackish-water transgression associated with a lagoon system, and a late and more laterally 

extensive fully marine transgression represented by coquinas and associated wave ravinement 

surfaces. The dominance and high diversity of crustacean burrows is an ichnologic signature of 

the tropics, including monospecific associations of Sinusichnus in lagoon deposits. An extensive 

coastal wetland system developed in western Venezuela and extended south into the 

Amazon/Orinoco region through lowland passages across the raising Merida Andes during 
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periods of high sea level, explaining the biogeographic connection of the Urumaco vertebrate 

fauna with the proto-Orinoco river.  

The trace fossil Macaronichnus is reported for the first time from low-latitude, tropical 

settings based on its occurrence in nearshore deposits in the upper Oligocene-lower Miocene 

Naricual Formation, and the middle-upper Miocene Urumaco Formation in Northern Venezuela. 

Macaronichnus is an intrastratal trace fossil attributed to the deposit-feeding of worms in high-

energy, sandy shallow-marine environments. The majority of its occurrences are from Mesozoic 

to Cenozoic high- to mid-latitude shorelines. The opheliid polychaetes Ophelia limacina and 

Euzonus mucranata make identical structures to those described from the fossil record. 

Macaronichnus shows a similar geographical and environmental distribution in the fossil record 

to that of its modern producers, and has been proposed as an indicator of high- to mid-latitudes. 

Accordingly, its presence in the Neogene of Venezuela is highly anomalous and seems to 

challenge its paleoclimatic value. However, this occurrence may be related to seasonal coastal 

upwelling of nutrient-rich cold waters. Such oceanographic conditions were prevalent in the 

northern coasts of South America, at least from the Late Oligocene to the Early Pliocene prior to 

the final closure of the straits of Panama. This study underscores the value of Macaronichnus 

because its presence in the tropics may indicate upwelling conditions, providing high-resolution 

information in paleoceanographic reconstructions.  

To test this hypothesis that was solely based on the fossil record, several trenches and 

sediment peels were made in two high-energy sand beaches, with different oceanographic 

conditions, along both the Pacific and Caribbean coast of the Central American Isthmus. 

Macaronichnus were found only on the highly productive waters of the Pacific coast of Costa 

Rica in connection with upwelling, while they were absent from the oligotrophic waters of the 

Caribbean coast of Panama. This finding demonstrates that sometimes the past may be a key to 

the present, providing an example of reverse uniformitarianism. 

The results of this study underscore the ichnologic signatures of tropical marginal-marine 

environments, further exploring the paleoclimatic dimension of biogenic structures. The 

dominance and high diversity of deep-tier crustacean burrows in the Urumaco Formation is 

characteristic of the tropics, whereas the occurrence of Macaronichnus in the Miocene of 

Venezuela and recent sands of the Pacific coast of Costa Rica, in connection with upwelling, 

enhances the value of this ichnogenus as a new paleoceanographic tool. Articulation of 
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neoichnologic studies with exploration of the trace-fossil record of Cenozoic successions allows 

a more refined characterization of marginal-marine coastal deposits and biotas in the Caribbean 

region. 
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CHAPTER 1: INTRODUCTION AND THESIS STRUCTURE 

 

The Cenozoic Falcon Basin was developed as an east-west trending depression in 

northwestern Venezuela, related to the complex interaction between the Caribbean and South 

America plates (Audemard, 2001). The importance of this basin is enhanced by the fact that 

its sedimentary record is very well preserved due to aridity, and has been nearly continuous 

since the late Eocene (Wheeler, 1963). The Urumaco Trough, a narrow northwest-trending 

depression, limited by growth faults that belongs to the western part of the Falcon Basin, 

hosts a thick and continuous Miocene succession accumulated in a large delta region which 

was biogeographically connected to Amazonia during most of the Miocene (Aguilera, 2004; 

Sanchez-Villagra and Aguilera, 2006; Aguilera et al., 2013).  

The middle-upper Miocene Urumaco Formation represents the last deltaic 

progradation in the Falcon Basin. This unit is up to 1800 m thick, and consists of a complex 

intercalation of medium- to fine-grained sandstone, organic-rich mudstone, coal, shale, and 

thick-bedded fossiliferous sandstone and packstone with abundant mollusk fragments. It 

hosts a rich and diverse vertebrate fauna which has been studied during the past 90 years, and 

includes the world largest turtle ever, giant crocodiles, marine and freshwater fishes and 

mammals, and giant rodents (Aguilera, 2004). Far less attention has been given to the 

sedimentology, ichnology and sequence stratigraphy of the unit, and only few studies deal 

with the general environments of the Urumaco Formation (Diaz de Gamero and Linares, 

1989) or the whole Miocene succession (Hambalek et al., 1994). To date there is not any 

study dealing with the detailed sedimentology, ichnology and sequence stratigraphy of the 

Urumaco Formation.  

The vertebrate fauna of the Urumaco Formation has been correlated 

biogeographically with the modern Orinoco River system and other Miocene localities with 

similar fauna in Colombia and northern Brazil. Accordingly, the Urumaco Formation has 

been interpreted as the product of the proto-Orinoco delta system, a large, continental-scale 

river that drained northern South America from south to north, before the major rise of the 

Andes in the late Miocene/early Pliocene (Lundberg et al., 1998; Aguilera, 2004; Sanchez-

Villagra and Aguilera, 2006; Aguilera et al., 2013).  

The Caribbean region has also experienced dramatic oceanographic changes as a 

consequence of the rise of the Isthmus of Panama, which had profound effects on the 

evolution and ecology of Miocene to Quaternary marine communities. Stratigraphic evidence 

and the distribution of benthic foraminifera along Panama and western Colombia indicates a 
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deep-marine early Miocene to early Pliocene open seaway consisting of a complex island-arc 

archipelago in southern Central America (Coates et al., 1992; Collins et al., 1996), and deep-

marine conditions with free active water circulation between the Pacific Ocean and the 

Caribbean Sea (Duque-Caro, 1990). Upwelling of nutrient-rich cold waters had once been 

widespread in the Caribbean region during this time, prior to the final closure of the Central 

America Seaway by the late Pliocene, which created a marine barrier that changed ocean 

circulation and restructured shallow marine communities (Vermeij, 1978; Keigwin, 1982; 

Petuch, 1981; Jackson et al., 1993; Todd et al., 2002; Schneider and Schmittner, 2006). 

Although the paleoenvironmental and paleobiological consequences of the formation of the 

Isthmus of Panama have been evaluated based on an extensive analysis of body fossils, the 

trace fossil record has not been explored yet.  

The objectives of this thesis are to: (1) provide a revision of the stratigraphy and the 

environmental evolution for the Miocene succession in the western part of the Falcon Basin; 

(2) document and describe the trace fossils of the Urumaco Formation; (3) characterize the 

different facies associations and their interpretation in terms of sedimentary processes and 

environments; (4) develop a sequence stratigraphic framework based on the recognition of 

substrate controlled ichnofacies, and (5) evaluate trace-fossil diversity in the tropics and its 

paleoecological significance in relation to the environmental changes in the Caribbean region 

during the Neogene. 

In this research manuscript-based thesis each of the four chapters corresponds to a 

manuscript submitted or prepared for a peer-reviewed journal. Chapter 2 deals with the 

general stratigraphy and sedimentary environments of the Miocene succession in the 

Urumaco Trough, providing stratigraphic columns, facies description and environmental 

interpretations of the Agua Clara, Cerro Pelado, Querales, Socorro, Urumaco and Codore 

formations. This manuscript was published in the book: Urumaco and Venezuelan 

Paleontology. The Fossil Record of the Northern Neotropics: Bloomington, Indiana 

University Press. Chapter 3 focuses on the ichnology and sedimentology of the Urumaco 

Formation, providing a comprehensive systematic description of the ichnofauna and a 

detailed analysis of the different facies associations. The identification of substrate-controlled 

ichnofacies produced a robust stratigraphic and environmental evolution of the unit, which is 

essential to understand the biogeographic implications of its vertebrate fauna. Additionally, 

the paleoclimatic significance of the ichnofauna is discussed. This manuscript was sent to 

Journal of Paleontolgy, and a revised version is almost ready for submission following 

suggestions by reviewers. Chapter 4 expands on the paleoclimatic significance of the 
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ichnofauna of the Urumaco Formation by reporting for the first time the trace fossil 

Macaronichnus from tropical latitudes, which was believed to be an indicator of temperate to 

cold climates. By providing a compilation of all the previously documented occurrences, 

restricted to high- to mid-latitude shorelines, the paleoclimatic value of this ichnogenus is 

outlined, and its anomalous presence in Venezuela is linked to coastal upwelling, enhancing 

the value of Macaronichnus as a new paleoceanographic tool. This manuscript was published 

in Geology. Chapter 5 is a follow-up of the previous research, and focuses on the search of 

modern Macaronichnus in two high-energy sand beaches along the Pacific and Caribbean 

coast of the Central American Isthmus, which experience contrasting oceanographic 

conditions (upwelling and non-upwelling, respectively). Trenches and sediment peels in the 

sand revealed modern examples of Macaronichnus only from the Pacific coast, successfully 

testing the hypothesis that upwelling of nutrient-rich cold waters, rather than temperature per 

se, was the main control for the distribution of Macaronichnus along high-energy coasts. This 

manuscript will be submitted to Nature Scientific Reports.   
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TRANSITION 

 

Chapter 1 presents an introduction to the general tectonic and stratigraphic setting of 

the study area, outlining the biogeographic connection of northwestern Venezuela with the 

Amazon/Orinoco region and the oceanographic context of the Caribbean region in the 

Miocene. The research objectives and structure of this thesis are included in this chapter.  

Chapter 2 provides the stratigraphic framework for the Miocene succession in the Urumaco 

Trough, establishing the sedimentary environments of the different units and the 

environmental evolution associated with the tectonic history of the region. For chapter 2, I 

carried out fieldwork in the Urumaco region as part of an internship at the Smithsonian 

Tropical Research Institute. I provided the description and environmental interpretation of the 

different stratigraphic units discussed. I wrote the manuscript and prepared all the figures 

presented.   



 5 

CHAPTER 2: STRATIGRAPHY AND SEDIMENTARY ENVIRONMENTS OF 

MIOCENE SHALLOW TO MARGINAL MARINE DEPOSITS IN THE URUMACO 

TROUGH, FALCON BASIN, WESTERN VENEZUELA 

 

Quiroz, L.I., and Jaramillo, C., 2010, Stratigraphy and sedimentary environments of Miocene 

shallow to marginal marine deposits in the Urumaco Trough, Falcon Basin, Western 

Venezuela. In Sanchez-Villagra, M., Aguilera, O., and Carlini, A. (Eds), Urumaco and 

Venezuelan Paleontology. The Fossil Record of the Northern Neotropics: Bloomington, 

Indiana University Press, p. 153–172. 

  

2.1 Introduction 

 

Falcon State in northwestern Venezuela lies in the complex interaction zone between 

the Caribbean and South American plates and several discrete tectonic blocks including 

Maracaibo and Bonaire (Audemard, 2001). The Paleogene collision of the Caribbean and 

South American plates generated the Falcon Basin as a small, narrow structural depression 

trending nearly east-west in an intra-arc rifting setting (Figure 2.1). The basin evolved as a 

pull-apart basin generated by transtension during the Oligocene and early Miocene, which 

resulted in narrow, northwest-trending depressions (Macellari, 1995; Gorney et al., 2007).  

From the middle Miocene to recent, the Falcon Basin was inverted and sedimentation was 

restricted exclusively to the northern part of the Falcon State (Audemard, 2001). 

 The Urumaco Trough is one of these northwest-trending depressions, extending 

inland from the Mitare River in the east, to the Zazárida River in the west, and limiting the 

western margin of the Paraguana Peninsula with the Gulf of Venezuela (Figure 2.1). Miocene 

sedimentation in the Urumaco Trough was characterized by a thick sequence of more than 

9000 m of shallow- to marginal-marine deposits, controlled tectonically during deposition.  

 In this study, we address the lithostratigraphy and the sedimentary environments of 

the Miocene in the Urumaco Trough, based on fieldwork and published data, and discuss the 

paleoenvironmental evolution in relation to the tectonic history of the Falcon Basin.  

 

2.2 Geological setting 

 

The Cenozoic history of northern Venezuela is influenced by the diachronous 

emplacement of allochtonous metamorphic rocks of the Lara Nappes, related to the collision 
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of the Caribbean and South American plates. The plate convergence began during the 

Paleocene in the Maracaibo Basin (Escalona and Mann, 2006) and progressed eastward, 

reaching the eastern Venezuela Basin during the late Miocene (Pindell and Barrett, 1990). 

 The eastward movement of the Caribbean plate relative to South America has 

generated an active transpressional zone of more than 100 km wide, with associated 

topography along the Falcon coastal plain (Audemard, 2001). This transpressional zone 

boundary extends southward in the Merida Andes, where strain is partitioned between the 

strike-slip Bocono fault system, located along the axis of the mountain chain, and the fold-

and-thrust belts along the foothills (Audemard, 2001).  

 The most conspicuous tectonic feature in Falcon State is the right-lateral strike-slip 

Oca fault system, which has a documented displacement of at least 20 km (Tschanz et al., 

1974). This fault system, which extends for more than 650 km in an east-west direction, 

forms the northern limit of the Sierra Nevada de Santa Marta and Sierra de Perija in 

Colombia and cuts through the inlet of Lake Maracaibo, the coastal plain of northwestern 

Falcon State and the mountain ranges in the center, extending to the eastern coast of the state 

(Figure 2.1). 

 

 
Figure 2.1. Location of the study site in the Falcon State, western Venezuela (modified from 

Macellari, 1995). 
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2.2.1 The Falcon Basin 

 

The Falcon Basin in northwestern Venezuela extends for more than 36000 km2 

covering most of Falcon State and the adjoining parts of the states of Zulia, Lara and Yaracuy 

(Wheeler, 1963; Audemar, 2001). According to Wheeler (1963), the opening of the basin 

began during the Late Eocene, as a small, narrow structural depression trending nearly east-

west in an intra-arc rifting setting (Gorney et al., 2007).  

During the Oligocene and early Miocene, a pull-apart zone was developed as the 

Caribbean plate continued to move eastward relative to South America, forming northwest-

trending depressions in the Falcon Basin, including the Urumaco Trough and  La Vela Bay, 

separating more stable highs, such as the Dabajuro platform and the Paraguana Peninsula 

(Macellari, 1995; Gorney et al., 2007). Intra-arc rifting in the Falcon Basin continued to be 

active throughout this Oligocene–early Miocene phase, but with reduced intensity (Gorney et 

al., 2007).  During this time, more than 6000 m of Oligocene to lower Miocene sediments 

were accumulated in relatively deep-marine environments in most of the area of the Falcon 

Basin, and in shallow- to marginal-marine environments toward the west, south and north-

central margins (Figure 2.2), including reef limestones toward the north- and south-central 

area (Wheeler, 1963).  

 
Figure 2.2. Stratigraphic chart of the Miocene succession in the Urumaco Trough (modified from 

Wheeler, 1963; Audemard, 2001). 
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During the middle to late Miocene, the Falcon Basin was inverted, forming an ENE-

WSW trending anticlinorium, and sedimentation during this time was restricted exclusively 

to the north flank of this structure (Audemar, 2001). A thick succession of shallow- to 

marginal-marine sediments was accumulated in the western and central parts of the basin 

controlled by the previously formed northwest-trending depressions, still active during this 

time (Figure 2.2). Subsidence curves calculated by Macellari (1995) show that sedimentation 

rates along these growth faults were extremely high, especially in the Urumaco Trough (up to 

350m/m.y.), where more than 5000 m of sediments were accumulated in prograding deltaic 

complexes. Deep-marine environments predominated in the eastern Falcon Basin (Díaz de 

Gamero, 1996).  

 During the Pliocene a major phase of inversion was recorded in the conglomeratic 

facies of the San Gregorio and Coro formations (Figure 2.2), deposited along the northern 

flank of the Falcon anticlinorium. According to Audemard (2001), basin inversion was active 

until at least the early Pleistocene. 

 

2.3 Miocene stratigraphy in the Urumaco Trough 

 

In this study we measured the Miocene succession along several creeks and rivers in 

the vicinity of the towns Urumaco and Pedregales (Figure 2.3), including the Agua Clara, 

Cerro Pelado, Querales, Socorro, Urumaco and Codore formations (Figure 2.2).   

 

2.3.1 Agua Clara Formation 

 

The Agua Clara Formation crops out in northern Falcon State and represents the 

beginning of the marine transgression during the early Miocene. This shale unit is 2000 m 

thick in the central part of the basin, and pinches out toward the northern, southern and 

western margins (Wheeler, 1963). It grades to shallow- and marginal-marine deposits such as 

the reef limestones of the San Luis Formation and the deltaic deposits of the Guarabal 

Formation in the north (Figure 2.2), limestones of the Charaguara Formation in the south, and 

marginal-marine to continental deposits of the Castillo Formation in the west (Wheeler, 

1963). Toward the east, the Agua Clara Formation is correlative with part of the Agua Salada 

Group (Figure 2.2), deposited in deep-marine environments (Díaz de Gamero, 1985). The 

upper part of the Agua Clara Formation correlates with the La Rosa Formation in the 

Maracaibo Basin (Wheeler, 1963). 
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Figure 2.3. Geological map of the region near the town of Urumaco, showing the creeks where the 

main Neogene formations were measured, described and sampled (modified from Hambaleck et al., 

1994). 
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 Figure 2.4.  Legend for the stratigraphic sections depicted in figures 2.4, 2.5 and 2.6. 

 

2.3.1.1 Lithology 

 

The lower part of the unit is not exposed in the study area, and only the uppermost 

600 m were studied along the Troncon Creek (Figure 2.5), located north of the town of 

Pedregales (Figure 2.3). In this section, the Agua Clara Formation is composed mainly of 

dark-gray, parallel-laminated mudstones, with ferruginous concretions (Figure 2.6A).  

Towards the top, the mudstones grade upward to thin-bedded, very fine-grained sandstones 

with parallel to ripple cross-lamination (Figure 2.6B), or massive-bedded sandstones with 

abundant carbonaceous debris, and Thalassinoides and Ophiomorpha (Figure 2.6C and D). 

Locally, the mudstones are sharply overlain by medium-bedded coal beds alternating with 

organic-rich mudstones bearing abundant plant fragments, and gray, massive-bedded 

mudstones (Figure 2.6 E).     

 

2.3.1.2 Sedimentary environments 

 

The mudstones of the Agua Clara Formation were deposited on a shelf or open bay 

(i.e. below storm wave base), largely by low-energy suspension fallout. Dark color, 

lamination, and the absence of bioturbation suggest anoxia, probably associated with 

restricted water circulation. Periodic influx of coarser material, facilitating oxygenation and 

bioturbation, resulted in the interbedded sandstones in more proximal prodeltaic to delta front 

environments. Phytodetrital pulses during periods of increasing fluvial discharge are recorded 

in the sandstone with abundant carbonaceous debris (MacEachern et al. 2005). Intervals with 

coals and organic-rich mudstones represent swamp environments. The mudstones 
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immediately below the carbonaceous intervals are characterized by a light-gray color and 

massive aspect (Figure 2.6E), suggesting incipient paleosol development, probably associated 

with a rapid drop in relative sea level.  

 
Figure 2.5. Sedimentologic logs of the Agua Clara, Cerro Pelado and lower Querales formations 

along the Troncones and Palomas Creeks. 
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Figure 2.6. Outcrop photographs of the Agua Clara Formation along the Troncon Creek. A. Dark-gray 

mudstone with abundant ferruginous concretions (100 m above base of section). B. Mudstone grading 

upward to thin-bedded sandstone with ripple cross-lamination (485 m above base of section). C. 

Intercalation of massive-bedded sandstone with abundant carbonaceous debris, containing 

Thalassinoides and Ophiomorpha (560 m above base). D. Detail of the sandstone in C with abundant 

carbonaceous debris. E. Dark-gray mudstone sharply overlain by organic-rich mudstones, coals and 

light-gray, massive bedded mudstone (dashed lines). Note the light-gray color and massive aspect of 

the mudstone below the carbonaceous interval (444 m above base of section).  
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2.3.1.3 Contacts 

 

The Agua Clara Formation lies conformably on the Pedregoso Formation in the 

central part of the basin and on the other Oligocene–Miocene formations around the basin 

margins (Wheeler 1963). The lower contact is placed at the top of the uppermost sandstone or 

limestone of the underlying units. The upper contact with the Cerro Pelado Formation in the 

study area is conformable and gradational, and is placed at the base of the lowermost 

sandstone bed that forms a resistant topography (Figure 2.5).  

 

2.3.1.4 Age  

 

On the basis of foraminifera, Díaz de Gamero (1989) assigned an early Miocene age 

to the Agua Clara Formation.      

 

 2.3.2 Cerro Pelado Formation 

 

The Cerro Pelado Formation outcrops for more than 100 km along the northern ranges 

in the Falcon State, extending from the Mitare River in the east to the western border of the 

state. This unit represents the final stage of subsidence, a drop in relative sea level in the 

Falcon Basin, and the beginning of the syntectonic sedimentation in the Urumaco Trough. In 

this study, we measured a maximum thickness of 2075m in the Pedregales area. The unit 

thins toward the west and is correlative with the Lagunillas Formation of Lake Maracaibo 

(Guzman and Fisher 2006). In the Coro High, the unit is 600 m thick and is correlative with 

part of the Guarabal Formation, and in the eastern Falcon Basin it is equivalent to the El Salto 

Formation of the Agua Salada Group (Diaz de Gamero 1989) (Figure 2.2). 

 

2.3.2.1 Lithology 

 

This unit was studied along the Troncon and Palomas creeks (Figure 2.3), where it is 

divided into three informal members, lower (530 m), middle (1290 m), and upper (255 m) 

(Figure, 2.5). The lower member is characterized by dark-gray, parallel-laminated mudstones  

intercalated with ripple cross-laminated, thin-bedded, fine- to very fine-grained sandstones, 

and thick-bedded, bioturbated, fine- to very fine-grained sandstones, forming coarsening-

upward successions (Figure 2.7A-D). Some intervals contain abundant drapes of organic-rich 
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mudstone separating the ripple-laminated sandstone beds (Figure 2.7C). Intercalations of 

medium to thick-bedded sandstones with planar to trough cross-stratification are common in 

some intervals (Figure 2.7B), and tend to be more abundant toward the top of coarsening-

upward successions. Intervals with massive mudstones interbedded with organic-rich 

mudstones and coals are typically intercalated throughout the lower member.  

 The middle member is composed of trough and planar cross-stratified, medium- to 

very thick-bedded, medium- to fine-grained sandstones, and thin-bedded, ripple cross-

laminated, very fine-grained sandstones, stacked in units up to 15 m thick in a fining-upward 

trend (Figure 2.7E, D). Sandstones are intercalated with gray, massive mudstones with root 

traces (Figure 2.7F) and parallel-laminated, organic-rich mudstones and coals. The uppermost 

part of the middle member is characterized by organic-rich mudstones intercalated with 

lenticular to ripple cross-laminated and bioturbated, fine- to very fine-grained sandstones and 

thick-bedded coals.  

 The upper member is composed of ripple cross-laminated, fine- to very fine-grained 

sandstones and thick-bedded, bioturbated fine-grained sandstones with the ichnogenus 

Ophiomorpha, and planar to trough cross-stratified, fine- to medium-grained sandstones, 

forming coarsening-upward successions up to 11 m thick (Figure 2.7H). The mudstone 

intervals are not well exposed (Figure 2.5).  

 

2.3.2.2 Sedimentary environments 

 

The coarsening-upward successions in the lower and upper members reflect terminal 

distributary channel-mouth bar progradation, with the migration of three-dimensional dunes 

over the delta front. Convolute laminations suggest sedimentary loading due to rapid 

sedimentation. Bioturbated sandstones reflect periods of wave reworking or delta 

abandonment. In the middle member, sandstones were deposited by migration of three-

dimensional dunes in low-sinuosity channels in the delta plain, whereas massive-bedded, 

mudstone with root trace fossils represents paleosol development in the floodplain. 

Bioturbated heterolithic intervals suggest the establishment of interdistributary bays towards 

the top of the middle member. 
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Figure 2.7. (A) Contact between the Agua Clara and Cerro Pelado formations, Troncon Creek. (B) 

Thinly bedded, ripple cross-laminated sandstone alternating with medium-bedded sandstone with 

planar cross-stratification (Troncon Creek, 720 above base of section). (C) Detail of current ripple 
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cross-laminated sandstone in B, showing drapes of organic-rich mudstone. (D) Ripple cross-laminated 

sandstone grading upward into massive-bedded, bioturbated sandstone with abundant Thalassinoides 

(Troncon Creek, 980 m above base of section). (E) Thick sandstone interval sharply overlaying 

massive-bedded mudstone with root trace fossils (Palomas Creek, 2190 m above base of section). (F) 

Detail of massive mudstone in E, showing carbonized root trace fossils (Rt). (G) Thick-bedded, 

trough cross-stratified sandstone (Palomas Creek, 2160 m above base of section). Contact between the 

Cerro Pelado and Querales formations, Palomas Creek).     

 

2.3.2.3 Contacts 

 

The lower contact with the Agua Clara Formation is conformable and transitional, 

although in the western area of the Falcon Basin and in the Coro High is probably 

unconformable (Wheeler, 1963; Audemard, 2001). The upper contact is conformable and 

transitional, and is placed in the uppermost resistant sandstone, which is overlain by the 

mudstones and bioturbated sandstones of the Querales Formation (Figure 2.8A). 

 

2.3.2.4 Age 

 

The Cerro Pelado Formation is poor in fossil content, and a relative age of late early 

Miocene has been assigned by Díaz de Gamero (1989). Hambaleck et al. (1994) assigned the 

same age on the basis of palynology.  

 

2.3.3 Querales Formation 

 

The Querales Formation crops out for more than 100 km along the interior ranges, 

extending from the south of the city of Coro in the east to the west of the town of Urumaco. 

This unit represents a transgression on the northern flank of the Falcon Anticlinorium 

(Audemar 2001). In the study area, along the Caduce Creek, the unit is 425 m thick and 

pinches out toward the west, in the Dabajuro area where the unit is not present (Figure 2.2). 

In the Coro High, the thickness ranges from 55 m along the western margin to 500 m south of 

Coro (Díaz de Gamero, 1989). According to Díaz de Gamero (1989), the unit is correlative 

with the Cantaure Formation in the Paraguana Peninsula and with part of the Agua Salada 

Group in the eastern Falcon Basin (Figure 2.2). 
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2.3.3.1 Lithology  

 

The unit is composed mainly of dark-gray, parallel-laminated mudstones, and 

intercalations of bioturbated, fine- to very fine-grained sandstones, forming units up to 4 m 

thick (Figures 2.8B, D). Bivalves are common in the mudstone intervals, and the trace fossils 

Thalassinoides and Planolites are present in the sandstones (Figure 2.8C). 

 

 
Figure 2.8. (A) Contact between the Cerro Pelado and Querales formations (Palomas Creek). (B) 

Thick bioturbated sandstone bed of the lower part of the Querales Formation (Palomas Creek, 2730 m 

above base of section). (C) Detail of the bioturbated sandstone in B, showing abundant 

Thalassinoides. (D) Dark-gray, parallel-laminated mudstone interbedded with thick, bioturbated 

sandstone bed (Caduce Creek, 2785 m above base of section).     

 

2.3.3.2 Sedimentary environment 

 

Mudstones of the Querales Formation were deposited on the shelf largely by low-

energy suspension fallout sedimentation. In contrast, the interbedded, bioturbated sandstones 

were deposited in offshore to lower shoreface environments with alternating wave energy 

conditions.  
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Figure 2.9. Sedimentologic logs of the upper Querales and Socorro formations along the Caduce and 

Pauji Creeks. 
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2.3.3.3 Contacts 

 

The lower contact with the Cerro Pelado Formation is conformable and transitional, 

whereas the upper contact with the Socorro Formation is sharp and defined by a thick and 

laterally continuous sandstone interval (Figure 2.10A, B).  

 

2.3.3.4 Age 

 

Díaz de Gamero (1988) has assigned a late early to middle Miocene age based on 

planktonic foraminifera.  

 

2.3.4 Socorro Formation 

 

The Socorro Formation crops out along the northern margin of the Falcon ranges, 

extending for more than 150 km in an east-west direction from Coro to the town of Dabajuro. 

A thickness of 2209 m was measured along the Pauji Creek, located 20 km west of Urumaco 

(Figure 2.3), whereas in the Coro area the unit is 1000 m thick. The Socorro Formation is 

correlated with the Pozon Formation of the Agua Salada Group in eastern Falcon, which was 

deposited in deep-marine environments (Díaz de Gamero (1988). Toward the west, The 

Socorro Formation is correlated with the lower part of La Puerta Group (Molina and Pittelli 

1988), characterized by a predominance of continental deposits (Figure 2.2).  

 

2.3.4.1 Lithology 

 

In the Urumaco area the Socorro Formation is divided into three informal members, 

lower (690 m), middle (880 m), and upper (639 m) (Figure 2.9). The lower member is 

composed of dark-gray, parallel-laminated mudstone, and coarsening-upward successions of 

lenticular to ripple cross-laminated, very fine to fine-grained sandstone and medium-bedded, 

hummocky cross-stratified, fine-grained sandstone (Figure 2.10C, D), forming units up to 4 

m thick. The trace fossils Ophiomorpha, Diplocraterion, and Arenicolites are present in the 

sandstone (Figure 2.10E).  

 The middle member is more heterogeneous in composition and is characterized by a 

complex intercalation of medium- to fine-grained sandstone, organic-rich mudstone, coal, 

dark-gray parallel-laminated mudstone, light-gray massive-bedded mudstone and thick-



 20 

bedded coquinoid limestones with abundant mollusk fragments (Figure 2.9). Coarsening 

upward successions of dark-gray mudstone interbedded with lenticular and ripple cross-

laminated, very fine- to fine-grained sandstone, grading to medium- to thick-bedded, 

hummocky or trough cross-stratified fine- to medium-grained sandstone. The sandstones 

form units up to 10 m thick, and are generally bioturbated by Ophiomorpha. The heterolithic 

intervals are characterized by the trace fossils Thalassinoides, Teichichnus, and Planolites, 

and the occurrence of syneresis cracks. Detrital organic matter occurs in the foresets of the 

trough cross-stratified sandstones.   

 Coarsening upward successions are commonly overlain by parallel-laminated, 

organic-rich mudstones with plant fragments and coal, interbedded with gray, massive-

bedded, sandy mudstones and locally coarsening-upward successions of lenticular to ripple 

cross-laminated and trough cross-stratified, fine- to medium-grained sandstones, with 

laminations of detrital organic matter, forming units up to 4 m thick. Vertebrate fragments are 

commonly found in the organic-rich and the gray massive mudstones. Locally, this interval is 

characterized by intercalations of very thick- to medium-bedded, trough cross-stratified, 

medium- to fine-grained sandstones, with lenticular geometry and common convolute 

bedding, forming fining-upward units up to 25 m thick (Figure 2.10F). The lower contacts are 

erosive and very-thick lenticular beds with mudstone intraclasts are common. Very thick-

bedded coquinoid limestones, containing abundant Thalassinoides at their bases, are 

commonly found on top of the organic-rich mudstones and coals, and are overlain by 

parallel-laminated mudstones (Figure 2.10G). 

 The upper member is characterized by gray, massive-bedded, sandy mudstone 

interbedded with parallel-laminated, organic-rich mudstones with plant fragments and coals, 

and locally lenticular to ripple cross-laminated and trough cross-stratified, fine-grained 

sandstones with laminations of detrital organic matter. Interbeddings of, thick- to medium-

bedded, trough cross-stratified, fine- to medium-grained sandstones with lenticular geometry, 

and stacked in a fining-upward pattern are common (Figure 2.10H).  
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Figure 2.10. Outcrop photographs of the Socorro Formation along the Pauji Creek. (A) Contact 

between the Socorro and Querales formations, showing a thick sandstone interval, sharply overlying 

parallel-laminated mudstones of the Querales Formation. (B) Detail of the contact in A, with massive-

bedded bioturbated sandstones erosively overlying mudstones. (C) Typical outcrops of the lower 

member of the Socorro Formation, displaying thick intervals of parallel-laminated mudstones grading 

upward into thin- to medium-bedded sandstones with hummocky cross-stratification (220 m above 

base of section). (D) Detail of sandstone with hummocky cross-stratification (140 m above base of 

section). (E) Mudstones and thin beds of sandstones with wave ripple cross-lamination and medium-
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bedded sandstones with hummocky cross-stratification, burrowed by Diplocraterion (190 m above 

base of section). (F) Thick sandstone interval with lenticular geometry and a finning-upward trend, 

erosively overlying massive mudstones and organic-rich mudstones (1040 m above base of section). 

(G) Thick-bedded coquinoid limestone sharply overlying carbonaceous mudstones, followed by 

parallel-laminated mudstones (1425 m above base of section). (H) Thick sandstone interval sharply 

overlying massive-bedded mudstones and organic-rich mudstones (2160 m above base of section).   

 

2.3.4.2 Sedimentary environments 

 

The lower member represents progradation of a shoreface and delta front dominated 

by waves and storms, over prodeltaic and shelf mudstones. Hummocky cross-stratification is 

interpreted as proximal storm beds, recording high-energy oscillatory and combined flows 

during repeated storms. The trace fossil associations are more common of wave-dominated 

shorelines (Pemberton, et al. 2001).   

The middle member was deposited in a different environment within the deltaic 

system. Heterolithic intervals with organic-rich sediments and coal are deposited in 

interdistributary bays and crevasse splays. Syneresis cracks may indicate clay shrinkage 

resulting from salinity changes (MacEachern et al. 2005). Thick sandstone intervals with 

lenticular geometry were deposited in the delta plain, far from marine influence, forming 

distributary channels. Terminal distributary channel-mouth bar progradation and a storm-

dominated delta front are locally present. The Thalassinoides at the base of the coquinoid 

limestones illustrates the Glossifungites Ichnofacies and represents high-energy ravinement 

during transgressions (MacEachern et al., 1992). 

 The upper member was deposited in the delta plain, in channels and floodplain areas. 

Crevasse splays are recorded in some coarsening-upward successions of sandstones with 

abundant detrital organic matter.    

 

2.3.4.3 Contacts 

 

The lower contact with the Querales Formation is sharp and may be unconformable, 

and is defined by a very thick sandstone interval (up to 10 m thick) that erosively overlays 

parallel-laminated mudstone of the Querales Formation (Figure 2.10A, B), and forms a 

laterally continuous ridge along the study area. The upper contact is conformable with the 
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Urumaco Formation and is placed at the first intercalation of thick-bedded coquinoid 

limestone. 

 

2.3.4.4 Age 

 

On the basis of foraminifera, Diaz de Gamero (1989), assigned a middle Miocene age 

to the Socorro Formation. Linares (2004), based on the study of terrestrial mammals, 

assigned the same age to the upper member of the Socorro Formation. 

 

2.3.5 Urumaco Formation  

 

The Urumaco Formation is well exposed along the Urumaco River, in the Falcon state 

coastal plain, extending from the Mitare River to the east, for more than 50 km to the west, 

near Dabajuro. The unit was measured along the Bejucal Creek and the Urumaco River, 

where it is approximately 1700 m thick (Figure 2.11), although the section is faulted and its 

true thickness is uncertain (Figure 2.3). Along Pauji Creek, 20 km east of Urumaco, the unit 

is 1110 m thick and toward the east it is correlative with the Caujarao Formation in the Coro 

High. According to Díaz de Gamero and Linares (1989), the thickness decreases to the west, 

near Dabajuro, where the unit is correlated with the continental La Puerta Group (Figure 2.2). 

 

2.3.5.1 Lithology 

 

The Urumaco Formation consists of a complex intercalation of medium- to fine-

grained sandstones, organic-rich mudstones, coals, dark-gray parallel-laminated mudstones, 

light-gray massive-bedded mudstones and thick-bedded coquinoid limestones with abundant 

mollusk fragments (Figure 2.11). The unit is informally divided into three members, lower 

(400 m), middle (970 m) and upper (330 m). 

 The lower member is dominated by mudstones and is not as well exposed as the 

others two members. It is composed of dark-gray, parallel-laminated mudstones and 

heterolothic intervals with lenticular to ripple cross-laminated, very fine-grained sandstones, 

with syneresis cracks and Planolites, grading to medium-bedded, hummocky (Figure 2.12C), 

and ripple cross-stratified, fine-grained sandstones, commonly burrowed, containing 

Ophiomorpha, Diplocraterion and Skolithos. These coarsening-upward successions form 

units up to 5 m thick and are commonly overlain by massive-bedded gray mudstone with root 
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trace fossils, intercalated with organic-rich, parallel-laminated mudstones and thin- to 

medium-bedded coal beds, and end with a thick-bedded coquinoid limestones with 

Thalassinoides. These burrows penetrate into the underlying sediments and are passively 

filled by shells from the limestone above, and represent the Glossifungites Ichnofacies 

(Figure 2.12A, B).   

 The middle member is characterized by similar coarsening-upward successions and 

interbedded limestone beds. Locally, the hummocky cross-stratified sandstones grade to 

medium-bedded, trough cross-stratified, medium- to coarse-grained sandstones with mollusk 

fragments, and to parallel-laminated to low-angle cross-stratified medium-grained sandstones 

(Figure 2.12D), containing abundant Macaronichnus; these various sandstones form units up 

to 10 m thick (Quiroz et al. 2008). The presence of very thick to medium-bedded, trough 

cross-stratified, fine-grained sandstones, stacked in fining-upward successions with erosive 

bases and lenticular geometries, are more common in this member. These lenticular 

sandstones typically grade upward to heterolithic intervals of mudstone and thin-bedded, 

ripple cross-stratified, fine- to very fine-grained sandstone. Laminated detrital organic matter 

in the foresets of cross-bedded sandstone, convolute lamination and the trace fossil 

Ophiomorpha are common. The lenticular sandstones commonly form units up to 20 m thick, 

and may be sharply overlain by thick-bedded coquinas (Figure 2.12E), having Thalassinoides 

representative of the Glossifungites Ichnofacies (Figure 2.12F). Intervals with massive-

bedded, gray mudstone and organic-rich, parallel-laminated mudstone and coal with 

abundant vertebrate fragments, wood, and coprolites are commonly intercalated in the middle 

member (Figure 2.11).  

The upper member is composed of dark-gray, parallel-laminated mudstone, 

heterolithic intervals of lenticular to ripple cross-laminated, very fine-grained sandstone with 

syneresis cracks, and medium-bedded, ripple cross-laminated, very fine-grained sandstone 

with root trace fossils. Intervals with massive-bedded, light-gray mudstone, parallel-

laminated, organic-rich mudstone with vertebrate, and coal are abundant throughout this 

member (Figure 2.12G). Intercalations of muddy sandstone with shell fragments are locally 

common. Fining-upward successions of very thick- to medium-bedded, trough cross-

stratified, fine-grained sandstone, with detrital organic matter in the foresets, form units up to 

30 m thick with erosive contact and lenticular geometry (Figure 2.12G). 
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Figure 2.11. Sedimentologic logs of the Urumaco and Codore formations, along the Urumaco Creek. 
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Figure 2.12. (A) Contact between the Socorro and Urumaco formation, defined by the first 

intercalation of coquinoid limestone of the Urumaco Formation (Pauji Creek). (B) Detail of the 

contact in A, showing abundant Thalassinoides of the Glossifungites Ichnofacies. (C) Detail of the 

coarsening-upward successions with heterolithic intervals of mudstones and thin-bedded sandstones 

intercalated with medium-bedded sandstones with hummocky cross-stratification (Urumaco River, 

1030 m above base of section). (D) Trough cross-stratified sandstones followed by parallel-laminated 

sandstones (junction betwenn the Bejucal Creek and Urumaco River, 485 m above base of section). 

(E) Thick sandstone intervals with trough cross-stratification grading upward into thin-bedded 

sandstones and mudstones, which are sharply overlain by thick-bedded coquinoid limestone 

(Urumaco River, 780 m above base of section). (F) Detail of the base of the coquinoid limestone in E, 
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showing abundant Thalassinoides of the Glossifungites Ichnofacies, penetrating into the underlying 

mudstones and passively filled with shells from the limestone above. (G) Massive-bedded mudstones 

sharply overlain by a thick sandstone interval with cross-bedding and ripple cross-lamination, stacked 

in a finning-upward trend (Urumaco River, 1520 m above base of section).   

 

2.3.5.2 Sedimentary environments 

 

The Urumaco Formation was deposited in a prograding delta/strandplain complex. 

Shales in the lower and middle member represent deposition of low-energy suspension 

fallout on the shelf and prodelta. Hummocky cross-bedded sandstones represent progradation 

of a wave- and storm-dominated delta front, locally overlain by massive mudstone and 

organic-rich fine-grained sediments of the interdistributary bay. A complete strandplain 

progradation was deposited under more wave reworked conditions, where the hummocky 

sandstones grade to trough cross-bedded sandstone produced by migration of three-

dimensional dunes in the upper shoreface, and parallel-laminated sandstone with 

Macaronichnus, typical of high-energy foreshores (Pemberton et al., 2001).  

Channelized sandstones in the middle member represent deposition in distributary 

channels. The influence of marine conditions within the channels is suggested by 

Ophiomopha, and the detrital organic matter deposited on sandstone foresets represent 

periods of increasing fluvial discharge. The sandstones grade to heterolithic intervals with 

syneresis cracks, deposited in interdistributary bays, and the soft-sediment deformation 

structures represent periods of high rates of sedimentation. In the lower and middle member, 

coquinoid limestones and associated Thalassinoides of the Glossifungites Ichnofacies, 

generally found on top of the interdistributary bay deposits and overlain by marine mudstone, 

represent high-energy ravinement during transgressions (MacEachern et al., 1992).   

The upper member was deposited mainly in the delta plain. Sandstones were 

deposited in highly incised channels by migration of three-dimensional dunes. Heterolithic 

intervals with organic-rich mudstones and coals were deposited in floodplain areas. Local 

marine influence is suggested by syneresis cracks and scarce sandstones with shell fragments, 

representing short-term transgressions.     
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2.3.5.3 Contacts 

 

The lower and upper contacts are conformable with the Socorro and Codore 

formations, respectively. The lower contact is placed at the first intercalation of thick-bedded 

coquinoid limestone containing Thalassionoides, typical of the lower member of the 

Urumaco Formation (Figure 2.12A, B). The upper contact is placed where the gray massive 

mudstones of the upper member of the Urumaco Formation change to mottled and reddish 

coloration (Figures 2.13A, B), and the coal beds disappear. The contact might be more 

gradual, because there is interbedding of some red mudstones intervals toward the top of the 

unit. 

 

2.3.5.4 Age 

 

The Urumaco Formation is poor in planktonic fauna. However, Hambaleck et al. 

(1994) assigned a late Miocene age on the basis of palynology. Linares (2004) assigned a 

middle to late Miocene age, based on the study of some terrestrial mammals. Considering the 

difficulties of carrying out chronostratigraphic correlation of tropical land vertebrates with 

those of more southerly latitudes, such as those from Argentina, estimations of land mammal 

ages for the Urumaco Formation remain at best tentative (M. R. Sánchez-Villagra, personal 

communication, MacFadden 2006).  

 

2.3.6 Codore Formation 

 

The Codore Formation crops out in the Falcon State coastal plain and is recognized in 

the Urumaco Trough and the eastern part of the Coro High (Figure 2.2). It extends from the 

areas surrounding Coro, for more than 100 km to the west, near Dabajuro. This formation is 

860 m thick along the Urumaco River (Figure 2.11), and according to Rey (1990), there are 

no major thickness variations between the eastern and western sections. The unit is 

correlative with the La Vela Formation south of Coro (Rey 1990) and with the upper part of 

La Puerta Group to the west (Molina and Pitelli 1988) (Figure 2.2). 
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2.3.6.1 Lithology 

 

The Codore Formation has been divided into three formal members, Jebe (475 m), 

Chiguaje (65 m) and Algodones (320 m) (Figure 2.11). The Jebe Member is composed of 

gray-mottled to reddish, massive-bedded mudstones intercalated with thick- to thin-bedded, 

massive, fine-grained sandstones (Figure 2.13C), locally with lenticular geometry, and 

fining-upward successions of thick- to medium-bedded trough cross-stratified, medium- to 

coarse-grained sandstones (Figure 2.13D), grading to medium- to thin- bedded, fine-grained 

sandstones and red mudstones. The sandstones form units up to 8 m thick, with an erosive 

base and convolute lamination.  

 The Chiguaje Member is composed of dark-gray, parallel-laminated mudstones, 

intercalated with thick-bedded, massive, fine-grained muddy sandstones with abundant 

mollusk fragments, sharply overlain by coquinoid limestones with oysters (Figure 2.13E), 

commonly containing Thalassinoides.   

 The Algodones Member is similar to the Jebe Member, and is characterized by fining-

upward successions of massive-bedded to planar and trough cross-stratified, fine- to medium-

grained sandstones, with tabular to lenticular geometry (Figure 2.13F), grading to massive-

bedded, muddy sandstones and to reddish mudstones. The sandstones form units up to 4 m 

thick, with an erosive base and locally convolute lamination. 

 

2.3.6.2 Sedimentary environments 

 

The Jebe and Algodones members were deposited in a fluvial setting without marine 

influence. Sandstones in the Jebe Member were deposited in high-sinuosity channels 

associated with migration of three-dimensional dunes and formation of bars. The channels in 

the upper part of the Algodones Member, tend to be more tabular and thinner, and tractive 

current structures are less well developed, suggesting deposition in more ephemeral channels 

in a distal alluvial fan setting. Red and mottled mudstones were deposited in floodplain 

environments and exposed during long periods of time to subaerial conditions, reflecting a 

more fluctuating water table in these paleosols.  

The Chiguaje Member represents a transgressive event, and the mudstones and 

sandstones with monospecific associations of oysters indicate sedimentation in a low-energy 

coastal lagoon or bay, with reduced salinity.     
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Figure 2.13. Contact between the Urumaco and Codore formations in the Corralito area, 2.5 km west 

of the Urumaco River. (B) Detail of the same contact at the Urumaco River, showing thick, light-gray 

massive-bedded mudstone of the Urumaco Formation, follow by red and mottled mudstone of the 

Codore Formation. (C) Massive-bedded, mottled mudstone with medium beds of massive-bedded 

sandstone, overlain by red mudstone (Urumaco River, 2060m above base of section). (D) Medium 

bedded sandstone with through cross-stratification at the base of fining-upward successions (Urumaco 

River, 2050m above base of section). (E) Oyster bed of the Chiguaje Member of the Codore 

Formation (Urumaco River, 2220 m above base of section). (F) Sandstone with lenticular geometry 

and planar cross-stratification grading upward into red, mottled mudstone (Urumaco River, 2510m 

above base of section.  
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2.3.6.3 Contacts 

 

The lower contact is conformable and is placed on top of the upper interval of 

mudstone with organic matter of the Urumaco Formation. According to Rey (1990), the 

upper contact is conformable and is placed in the first conglomeratic level of the San 

Gregorio Formation. The contacts between the members in the studied sections are not 

exposed.  

 

2.3.6.4 Age 

 

The age of the Codore Formation is based on the age of the Chiguaje Member, 

because the lower and upper members are unfossiliferous. Accordingly, Rey (1990) has 

assigned a late Miocene–early Pliocene age to the Codore Formation, based on plancktonic 

foraminifera in the Chiguaje Member. Hamballeck et al. (1994) assigned a similar age based 

on palynology. Linares (2004) cited unpublished studies of terrestrial mammals to assign a 

late Miocene age to the Jebe Member.    

 

2.4 Paleoenvironmental evolution 

 

During the early Miocene, regional subsidence continued from the previous 

Oligocene pull-apart extension, causing a relative rise in sea level and resulting in an onlap 

and overstepping of the previous margins of the basin (Macellari 1995). The Agua Clara 

shales were deposited in the western and central part of the Falcon Basin, in shelf and 

prodelta environments, whereas the eastern Falcon Basin was dominated by deep-marine 

sediments (Díaz de Gamero 1985). Reef complexes developed in the southern margin of the 

Coro High, as well as in the south-central margin of the Falcon Basin (Wheeler, 1963, 

Johnson et al., 2009). According to Wheeler, shallow to marginal marine and fluvial 

sediments were accumulated in the western margin of the basin.  

At the end of the early Miocene, a relative fall in sea level, probably related to the 

early stages of deformation and inversion (Macellari 1995), significantly changed the pattern 

of sedimentation in the Falcon Basin (Figure 2.14). As a consequence, a thick succession of 

the Cerro Pelado prograding deltaic complex was deposited in the central Falcon Basin 

(Urumaco Trough and Coro High), preventing the development of reef limestones in this area 

(Johnson et al. 2009). There is also evidence of the migration of a large delta system from the 
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Maracaibo Basin to the Falcon Basin during the early Miocene (Johnson et al. 2009). Deltaic 

progradation probably advanced in a northeasterly direction, accumulating deltaic sandstones 

of the El Salto Formation enclosed in deep marine shales of the Agua Salada Goup (Díaz de 

Gamero 1985). During the early Miocene–middle Miocene transition, a relative rise in sea 

level caused retrogradation of the delta complex and deposition of the Querales Formation in 

shelf and offshore environments in the Urumaco Trough (Figure 2.14).  

 

 
Figure 2.14. Summary of the Neogene stratigraphy and their main depositional environments. 
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Basin inversion in the middle Miocene restricted the sedimentation to the northern 

area of the Falcon Basin (Audemar 2001), and probably resulted in a rapid relative sea-level 

drop that caused erosion of the previously deposited sediments of the Querales Formation. 

The subsequent transgression may have created accommodation space for the progradation of 

strandplain and deltaic complexes of the Socorro Formation, reaching delta plain 

environments in the Urumaco Trough (Figure 2.14), and more marine conditions in the Coro 

High. Deep-marine conditions continued in the eastern Falcon Basin. To the southwest, the 

delta plain change to more-continental environments of the La Puerta Group (Molina and 

Pittelli 1988), suggesting a possible main source of sediments located in that direction.  

The Urumaco Formation represents a new transgressive event in the late middle 

Miocene, resulting in progradation of strandplain-deltaic complexes in the Urumaco Trough 

(Figure 2.14). In the Coro High, sedimentation of the Caujarao Formation took place under 

more marine conditions, resulting in progradations of a shoreface complex, alternating with 

the formation of carbonate shoals during transgressions. Progradation continued in the 

Urumaco Trough, with the establishment of a delta plain dominated by organic-rich, fine-

grained sediments, which support a rich reptilian and mammalian fauna typical of wetlands 

(Aguilera 2004). At the end of the Miocene, a major change in the dynamics of the 

sedimentary environments took place in the central part of the basin, and the sediments of the 

floodplain of the Codore Formation underwent long periods of subaerial exposure and soil 

formation, resulting in the dominance of the red mudstones in this unit (Figure 2.14). This 

change is probably related with a decrease in subsidence and sediment supply. A short 

transgression is recorded in the Chiguaje Member.  

A major phase of inversion took place during the Pliocene, and the conglomeratic 

facies of the San Gregorio and Coro formations represent accumulation in alluvial fans 

prograding from the south, as evidenced by the general northward-fining grain size in the 

Coro Formation, and the occurrence of reworked vertebrate fossils fragments from the 

underlying formations (Rodolfo Sánchez, personal communication, 2007). 

 

2.5 Conclusions 

 

During the Miocene, a thick sequence of more than 9000 m of shallow- to marginal-

marine sediments was deposited in the Urumaco Trough, tectonically controlled by the 

interaction between the Caribbean and South American plates. Tectonic activity at the time of 
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deposition is evidenced by the rapid changes in sedimentary facies and thickness of the 

Miocene succession.  

Sedimentation in the Urumaco Trough during the early Miocene started with shelf 

deposits of the Agua Clara Formation and the subsequent progradation of the Cerro Pelado 

deltaic complex. During the early Miocene–middle Miocene transition, a transgression 

resulted in retreat of the deltaic complex and deposition of the Querales shales in shelf and 

offshore environments.  

Middle Miocene onset of inversion in the Falcon Basin probably produced a relative 

fall in sea level and the formation of an unconformity at the base of the Socorro Formation.  

The Urumaco Formation represents a transgressive event and a subsequent progradation of 

the strandplain-delta complex, with the establishment of a wetland delta plain. At the end of 

the Miocene, the wetlands of the Urumaco Formation changed dramatically, and the fluvial 

systems of the Codore Formation experienced long periods of subaerial exposure and soil 

formation, possibly related to a decrease in subsidence and sediment supply.  
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TRANSITION 
 

 Chapter 2 provides the stratigraphic context of the Urumaco Formation within the 

whole Miocene succession. Chapter 3 focuses exclusively on the Urumaco Formation, 

dealing with the detailed ichnological and sedimentological aspects of this unit in order to 

determine major paleocological controls on the distribution of infaunal organisms in wave-

influenced coastal systems, including the paleoclimatic significance of the ichnofauna, and to 

provide a paleonvironmental framework to explain the biogeographic implications of the 

vertebrate fauna. In chapter 3, I carried out fieldwork in Venezuela, including detailed 

measurement and descriptions of stratigraphic sections and trace fossils, and provided the 

interpretations of the different environments discussed. I wrote the manuscript and prepared 

all the figures and tables presented.   
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CHAPTER 3: ICHNOLOGY AND SEDIMENTOLOGY OF A WAVE-INFLUENCED 

TROPICAL COASTAL SYSTEM: THE LATE MIOCENE URUMACO FORMATION, 

NORTHWESTERN VENEZUELA  

 

Abstract 

 

Ichnologic and sedimentologic studies in wave-influenced coastal systems of the late 

Miocene Urumaco Formation, in northwestern Venezuela identified three main sedimentary 

environments. (1) Basinal and low-energy shallow-marine deposits, which are dominant during 

transgressions, are characterized by high ichnodiversity and intense bioturbation, recording a 

fully marine expression of the Cruziana Ichnofacies. (2) Regressive wave-influenced shallow-

marine and deltaic deposits contain sporadically distributed trace fossils, display reduced 

ichnodiversity and show variable bioturbation intensities, illustrating a depauperate Cruziana 

Ichnofacies. However, wave-dominated deltaic deposits show higher ichnodiversity and degrees 

of bioturbation, reflecting less stressed conditions associated with strandplains, characterized by 

the Cruziana and Skolithos Ichnofacies. (3) Delta-plain and marginal-marine environments 

contain brackish-water trace-fossil assemblages in interdistributary bays and lagoons, whereas 

upper delta-plain deposits encompass immature paleosols, overbank deposits, and highly incised 

fluvial channels, which are essentially unbioturbated. The Glossifungites Ichnofacies delineates 

discontinuity surfaces and helps to establish an early brackish-water transgression associated with 

a lagoon system, and a late and more laterally extensive fully marine transgression represented by 

coquinas and associated wave ravinement surfaces. The dominance and high diversity of 

crustacean burrows is an ichnologic signature of the tropics, including monospecific associations 

of Sinusichnus in lagoon deposits. An extensive coastal wetland system developed in western 

Venezuela and extended south into the Amazon/Orinoco region through lowland passages across 

the raising Merida Andes during periods of high sea level, explaining the biogeographic 

connection of the Urumaco vertebrate fauna with the proto-Orinoco river.  
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3.1 Introduction 

 

The Caribbean region of western Venezuela hosts extensive and thick Neogene deposits, 

accumulated in a tectonically complex area related to the interaction of the Caribbean and South 

American plates. In particular, the late Miocene Urumaco Formation forms an exceptionally thick 

succession, up to 1800 m thick, which records the establishment of a progradational wave-

influenced coastal system, frequently affected by transgressive events (Quiroz and Jaramillo, 

2010). Despite initial interest in the unit due to petroleum exploration, dating back to early 1920s, 

most research has been focused on its abundant and well-preserved vertebrate fauna (e.g. Diaz de 

Gamero and Linares, 1989; Sanchez-Villagra et al., 2010). The Urumaco vertebrate fauna has 

been correlated biogeographically with the Amazon/Orinoco region and with other Neogene units 

in Colombia and Brazil, which has prompted the idea that the proto-Orinoco river formed a large 

delta system in northwestern Venezuela before the major rise of the Andes in the late 

Miocene/early Pliocene (e.g. Lundberg and Aguilera, 2003; Aguilera et al., 2013). However, only 

a few studies deal with the general sedimentology and broad paleoenvironmental context of the 

Urumaco Formation (Diaz de Gamero and Linares, 1989; Hamballeck at el., 1994; Quiroz and 

Jaramillo, 2010). The unit includes deposits that are intensely bioturbated and contain an 

abundant and well-preserved ichnofauna that provides useful information to decipher its 

depositional evolution.  

Trace-fossil distribution within sedimentary facies is regarded as the expression of animal 

behavior typically as a response to physical and chemical conditions, providing high-resolution 

information for paleoenvironmental reconstructions. Wave-influenced coastal systems are highly 

dynamic environments where the relative importance of wave energy and sediment discharge by 

rivers results in prograding deltaic or shoreface complexes during shoreline regression (e.g. 

Bhattacharya and Walker, 1991; Buatois et al., 2012), alternating with a series of barrier islands, 

lagoons, bays and estuaries during transgression (e.g. MacEachern and Gingras, 2007; Boyd, 

2010), being the study of trace fossils of paramount importance to recognize these different 

depositional environments.  

In this study, we provide a comprehensive taxonomic description of the ichnofauna from 

the Urumaco Formation and a thorough sedimentological analysis of its facies associations, 

establishing a robust stratigraphic framework and detailed paleoenvironmental evolution of this 
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unit. In addition, the ichnologic signatures of discontinuity surfaces within the Urumaco 

Formation and the paleoclimatic significance of its ichnofauna are discussed. We propose an 

alternative hypothesis to explain the biogeographic connection of the vertebrate fauna with the 

Amazon/Orinoco Region. 

 

3.2 Geological and stratigraphic setting 

 

The Urumaco Formation is exposed in the Falcon State coastal plain, northwestern 

Venezuela (Fig. 3.1A), enclosed within a tectonic depression known as the Urumaco Trough, 

which belongs to the western part of the Cenozoic Falcon Basin (Fig. 3.1B). The opening of the 

basin began in the late Eocene (Wheeler, 1963), as an east-west trending graben with shallow-

marine environments developed over the accreted terranes of the Lara Nappes (Fig. 3.1C), 

emplaced during the collision of the Caribbean and South American plates in late 

Paleocene/middle Eocene times (Baquero et al., 2009; Gorney et al., 2007). A major phase of 

subsidence occurred in Oligocene and early Miocene times when sedimentation in most of the 

Falcon Basin was characterized by deep-marine shale with the local development of a reef 

complex in the north- and south-central area, and shallow- and marginal-marine environments in 

the western and southwestern margins of the basin (Wheeler, 1963) (Fig. 3.1C).  

 
Figure 3.1. (A) General map of northern South America with location of the Falcon Basin. (B) Regional 

geological map of the basin with location of the study area (modified from Macellari, 1995). (C) 

Stratigraphic chart of the Falcon Basin (modified from Audermard, 2001).   
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 During the late Oligocene/early Miocene, the Caribbean Plate continued to move 

eastward relative to South America, generating small, northwest-trending depressions such as the 

Urumaco Trough in northwestern Falcon (Macellari, 1995; Gorney et al., 2007). The Urumaco 

Trough was the main depocenter in the western Falcon Basin during the Miocene and relatively 

high rates of subsidence, up to 300m/m.y., persisted until the late Miocene (Macellari, 1995), 

resulting in a thick succession of more than 7000 m of shallow- and marginal-marine deposits 

punctuated by marine transgressions (Quiroz and Jaramillo, 2010). Basin inversion began in the 

middle Miocene in the south and western parts of the basin (Audemard, 2001), shifting the 

depocenter to the northern area, where sedimentation in the late Miocene to early Pliocene 

became progressively less influenced by marine conditions (Quiroz and Jaramillo, 2010), leading 

to the establishment of an extensive fluvial system in the western Falcon Basin (Fig. 3.1C).  

The Urumaco Formation crops out as a series of east-west striking ridges and valleys 

resulting in a low topography of badlands, which are mainly controlled by tabular and laterally 

extensive coquina beds that form a north-dipping monocline affected by normal and strike-slip 

faults, with locally developed folding structures (Fig. 3.2). The unit is characterized by a highly 

variable lithology, consisting of intercalations of dark to light gray, parallel-laminated and 

massive mudstone and siltstone, medium- to very fine-grained sandstone forming coarsening- or 

fining-upward successions, carbonaceous shale and coal, and thick-bedded coquina with erosive 

bases and abundant mollusk fragments. Vertebrate fragments are very abundant throughout the 

succession, especially in carbonaceous shale. In the Llano Grande area, 5 km west of the 

Urumaco Town, the unit is approximately 1800 m thick, and has been divided in three informal 

members (Diaz de Gamero and Linares, 1989). The lower member is 500 m thick, and is 

dominated by mudstone with rare sandstone and coquina intercalations. The middle member is 

581 m thick, and is characterized by an increase in the proportion of sandstone and coquina beds, 

whereas the upper member is 867 m thick, and its distinctive feature is the absence of coquinas.  

The general paleoenvironmental context includes a complex of coastal lagoons and 

swamps recorded in the lower two members, whereas the upper member represents mostly 

lagoons and fluvial environments (Diaz de Gamero and Linares, 1989). These authors interpreted 

the thick-bedded coquina as storm deposits in the back barrier lagoon in the absence of major 

marine transgressions. Quiroz et al. (2010) recognized elements of prograding delta-strandplain 

complexes along the succession, with extensive development of interdistributary bays and 
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wetlands in the delta plain (Quiroz and Jaramillo, 2010). Paleoenvironmental studies based on 

benthic foraminifera suggest predominance of inner-shelf environments with highly variable, 

low-salinity conditions (Smith et al., 2010). 

 
Figure 3.2. Geologic map of the study area with location of figured trace fossils and measured 

stratigraphic sections presented in the text.  

 

The Urumaco Formation is correlated with the Caujarao Formation, east of the Urumaco 

Trough (Fig. 3.1C), accumulated on a more stable marine platform (Smith et al., 2010). To the 

west, near the town of Dabajuro, the unit is correlated with part of La Puerta Group (Diaz de 

Gamero and Linares, 1989), deposited mainly in fluvial environments (Fig. 3.1C). The contact 

with the underlying middle Miocene Socorro Formation is conformable, and is placed in the 

lowermost, laterally extensive coquina of the lower member of the Urumaco Formation, which 

overlies relatively thick sandstone packages of the upper member of the Socorro Formation (Fig. 

3.3), deposited in delta-plain environments (Quiroz and Jaramillo, 2010). The contact with the 

overlying Codore Formation is also conformable, but is variable within the study area. At the 

Urumaco River, it is marked by the occurrence of thick, red and mottled mudstone intervals 

accumulated in fluvial environments (Fig. 3.3), whereas at the Pauji Creek, is placed in the 

uppermost coquina bed of the upper member of the Urumaco Formation, which occurs at a lower 

stratigraphic level than in the Urumaco area (Fig. 3.3). 
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Figure 3.3. General stratigraphic columns of the Urumaco Formation along the Urumaco River and Pauji 

Creek. Color lines correspond to the coquina beds mapped in figure 3.2.  
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3.3 Materials and methods 

 

For this study we measured two general stratigraphic sections along the Bejucal Creek 

and Urumaco River in the west, and the Pauji Creek 20 km east from the Urumaco Town (Fig. 

3.3). The Bejucal Creek and Urumaco River sections are affected by several normal and strike-

slip faults, and local folding structures such as the Domo de Agua Blanca Anticline (Fig. 3.2). 

Accordingly, we measured several partial stratigraphic sections in this area, resulting in a 

composite section of approximately 1625 m thick. In the Pauji Creek section, the Urumaco 

Formation is 1180 m thick. The coquina beds used to correlate the two general stratigraphic 

sections (Figs. 3.2, 3.3) were mapped in the field and from aerial photographs.  

Facies associations were identified based on lithology, sedimentary structures, bed 

boundaries and geometry, trace-fossil content and degree of bioturbation (Table 3.1). Assessment 

of degree of bioturbation was based on a scheme comprising seven categories, from non-

bioturbated sediment (bioturbation index or BI 0) to sediment totally homogenized by 

bioturbation (BI 6) (Taylor and Goldring, 1993).  

Trace fossil descriptions are based on direct observation and measurements of specimens 

in the field. Discussion is focused on the ethological interpretation of the ichnotaxa and their 

potential producer. Preservational categories follow the terminology proposed by Seilacher 

(1964). Trace fossils are associated with the lithology and corresponding sedimentary 

environment. Occurrences of described and figured specimens are provided in the detailed 

stratigraphic sections and the geological map (Table 3.1 and Fig. 3.2). 
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Table 3.1. Location of detailed measured stratigraphic sections of the Urumaco Formation. 

Latitude / longitude in degrees and decimal minutes (WGS 84). 

 

3.4 Systematic ichnology 

 

Ichnogenus ARENICOLITES Salter, 1857 

ARENICOLITES STATHERI Bather, 1925 

Figure 3.4A 

Occurrence: 13 m above base of Bejucal Creek / Urumaco River section. 

Description: Simple, smooth walled, thinly lined, narrow and vertical U-shaped burrows. 

Diameter of the burrows is 5-6 mm and the maximum depth observed is 60 mm. Burrow limbs 

are straight, symmetrical and circular in cross section. Burrow fill is massive and similar to the 

host rock. Preserved as full relief. 

Facies distribution: Arenicolites statheri occurs in highly bioturbated, fine-grained sandstone of 

the wave-dominated delta front.  

Remarks: Arenicolites statheri is characterized by its symmetrical U-shape form with straight 

limbs. Arenicolites is differentiated from Diplocraterion by the absence of spreite. It is 

interpreted as dwelling structures (Domichnia) produced by suspension-feeding polychaetes 

(Schlirf, 2000). 

Stratigraphic section Start point End point Stratigraphic position 

Bejucal Creek / Urumaco River  
(Figure 3.11) 

11° 11.86’N  
70° 15.25’W 

11° 11.97’N  
70° 15.15’W 
 

Middle Member 

Bejucal Creek (Figure 3.13) 11° 11.37’N  
70° 15.44’W 

11° 11.43’N  
70° 15.43’W 
 

Lower Member 

Domo de Agua Blanca (Figure 3.14) 
Segment 1 (0–6 m) 
 
Segment 2 (5–66 m) 
 
 

11° 13.36’N  
70° 15.03’W 
 
11° 13.41’N  
70° 15.16’W 

11° 13.38’N  
70° 15.03’W 
 
11° 13.51’N  
70° 15.22’W 
 

Middle Member 

Urumaco River 1 (Figure 3.16) 11° 12.66’N  
70° 15.04’W 

11° 12.70’N  
70° 15.07’W 
 

Middle Member 

Urumaco River 2 (Figure 3.17) 11° 13.64’N  
70° 15.30’W 
 

11° 13.71’N  
70° 15.29’W 

Upper member 
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Ichnogenus ASTEROSOMA von Otto, 1854 

ASTEROSOMA isp. 

Figure 3.4B, 3.4D 

Occurrence: Figure 3.4B occurs on the west bank of the Urumaco River, 11° 13.53’N / 70° 

15.26’W. Figure 3.4D occurs on the Urumaco River, immediately east of the Urumaco town, 11° 
12.17 / 70°15.1’W.   

Description: Horizontal to sub-vertically oriented bulbs, showing concentric laminations around 

a central, inner tube. Concentrically laminated fill is composed of alternating mudstone and 

irregular laminations of very fine-grained sandstone. The central tube is infilled by very fine-

grained sandstone. Bulb diameter is 9-20 mm and maximum length is 45 mm. Preserved as full 

relief. 

Facies distribution: Asterosoma isp. occurs in highly bioturbated offshore sandy mudstone and 

mudstone interbedded with very fine-grained sandstone of bay-head deltas. In some of the 

specimens occurring in offshore deposits, the concentrically laminated filling of the bulbs is 

reworked by Chondrites isp. (Fig. 3.4D).  

Remarks: Ichnospecies of Asterosoma can be distinguished by the branching pattern of the 

concentrically laminated infilled bulbs, including horizontal to inclined structures, either with 

star-like arranged bulbs branching from a vertical, central tube, or bulbs that bud from a 

subcircular tube in a dichotomously to fan-like pattern (Schlirf, 2000; Seilacher, 2007, pl. 46). 

Burrow walls may display longitudinal striae. Although the described specimens have only been 

observed in cross-section, they display the typical concentrically laminated backfill structure 

characteristic of this ichnogenus (Fig. 3.4B). Elements representing related branches are 

organized in horizontal planes (Fig. 3.4D). The absence of bedding-plane views precludes 

reconstruction of the 3-D architectural pattern and ichnospecific assignment. Asterosoma is 

interpreted as feeding burrows (Fodinichnia) of a selective, deposit-feeding vermiform organism 

(Pemberton et al., 2001, p. 282). Crustaceans have also been proposed as potential producers 

based on the scratch traces pattern present in some specimens (Schlirf, 2000; Seilacher, 2007, p. 

134). 
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Ichnogenus BERGAUERIA Prantl, 1945 

BERGAUERIA HEMISPHERICA Crimes et al., 1977 

Figure 3.4C 

Occurrence.: 20 m above base of Bejucal Creek section.  

Description: Simple, unlined, plug-shaped structures, 18–20 mm wide and oriented 

perpendicular to bedding. Preserved as positive hyporelief. 

Facies distribution:.Bergaueria hemispherica occurs at the base of very fine-grained sandstone 

interbedded with mudstone in bay-head delta deposits.  

Remarks: The typical reported size range of B. hemispherica (43–60 mm) is considerably larger 

than that of the Urumaco specimens (Pemberton et al., 1988), but the studied material displays 

the diagnostic features of this ichnospecies. Additionally, size is not considered a significant 

ichnotaxobase (Bromley, 1996, p. 166; Buatois and Mángano, 2011, p. 28). Bergaueria 

hemispherica was only recorded at one locality as a cluster of three specimens (Fig. 3.4C). It is 

interpreted as resting (Cubichnia) or dwelling (Domichnia) structures most likely produced by 

sea anemones (Pemberton et al., 1988). 

 

Ichnogenus CHONDRITES von Sternberg, 1833 

CHONDRITES isp. 

Figure 3.4D–3.4F 

Occurrence.: Figured specimens occur along the Urumaco River, immediately east of the 

Urumaco town, 11° 12.17 / 70°15.1’W.   

Description: Smooth walled, regularly branched, small burrow systems, 1–2 mm in diameter. 

Burrow fill is lighter than the enclosing rock. Preserved as full relief. 

Facies distribution: Chondrites isp. is only recorded in thoroughly bioturbated offshore to low-

energy lower shoreface deposits, which typically records a relatively deep tier cross-cutting 

shallower-tier structures (Figs. 3.4D and 3.6F). 
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Remarks: The ichnogenus Chondrites is characterized by a root-like morphology of regularly 

branching shafts and tunnels of constant diameter, which never intersect and ramify downward to 

form a dendritic structure (Bromley and Ekdale, 1984; Fu, 1991). The specimens described here 

show the typical arrangement of tiny subcircular dots described in cores (Pemberton et al., 2001, 

p. 288), but longitudinal sections of branching tunnels are locally visible as well (Fig. 3.4E). 

Chondrites isp. is a feeding structure (Fodinichnion) produced by an unknown, deposit-feeding 

organism (Bromley and Ekdale, 1984) or chemosymbiont (Fu, 1991).  

 

Ichnogenus HELICODROMITES Berger, 1957 

HELICODROMITES MOBILIS Berger, 1957 

Figures 3.4G, 3.4H 

Occurrence: Figures 3.4G and 3.4H occur 29.5 m and 28.5 m above base of Bejucal Creek 

section, respectively.   

Description: Smooth, corkscrew-shaped, tightly spiraling burrow oriented parallel to bedding 

(Fig. 3.4H) . Burrow fill consists of a massive, sandy siltstone contrasting with the host rock. 

Tubes are 8–12 mm wide and distance between successive whorls is less than 5 mm. Maximum 

length observed is 50 mm. Preserved in full relief. 

Facies distribution: Helicodromites mobilis was only recorded at one locality in heterolithic 

intervals from prodelta environments. 

Remarks: Horizontal, helical spiral burrows similar to the specimens described herein have been 

reported in recent sediments from both deep (Baldwin and McCave, 1999) and shallow-marine 

environments (Hill, 1985), under low-energy conditions. Helicodromites mobilis probably 

represents a feeding structure (Fodinichnion) most likely produced by a deposit-feeding 

vermiform organism (Baldwin and McCave, 1999). 
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Figure 3.4. (A) Arenicolithes statheri in wave-dominated delta-front deposits. (B) Asterosoma isp. (As) in 

heterolithic intervals of bay-head delta deposits. (C) Cluster of Bergaueria hemispherica at the base of 

sandstone bed in bay-head delta deposits. (D) Chondrites isp. reworking a diffuse burrowing mottling 

fabric and Asterosoma (arrows) in offshore deposits. (E) Cross-section view of Chondrites isp. displaying 

typical branching (arrow) in thoroughly bioturbated muddy sandstone of low-energy lower shoreface 

deposits. (F) Typical aspect of Chondrites isp. in cross-section view from thoroughly bioturbated, offshore 

mudstone deposits. (G) Cross-section view of irregular, horizontally oriented Helicodromites mobilis? 

(He) in prodelta deposits. (H) Bedding plane view showing Helicodromites mobilis and Planolites 

montanus (Pl). 
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Ichnogenus LOCKEIA James, 1879 

LOCKEIA SILIQUARIA James, 1879 

Figure 3.5A 

Occurrence: Cerro Atravesado, 11° 11.86’N / 70° 17.4’W.  

Description: Elongated, small oval-shaped structures, 25–30 mm long and 10–13 mm wide, 

displaying smooth walls with no ornamentation. They occur as isolated specimens and are 

preserved in convex hyporelief at the base of sandstone beds. 

Facies distribution: Lockeia siliquaria occurs at the base of fine-grained sandstone in wave-

dominated delta-front deposits.  

Remarks: Lockeia siliquaria is interpreted as dwelling or resting traces (Domichnia or 

Cubichnia) produced by infaunal bivalves in soft substrates (Seilacher and Seilacher, 1994; 

Mángano et al., 1998). 

 

Ichnogenus MACARONICHNUS Clifton and Thompson, 1978 

MACARONICHNUS SEGREGATIS Clifton and Thompson, 1978 

Figure 3.5B–3.5E 

Occurrence: Figure 3.5B, 2 m above base of Domo de Agua Blanca section, segment 1. Figures 

3.5C–3.5E, 16 m above base of Bejucal Creek / Urumaco River section.   

Description: Densely packed, small cylindrical, unbranched trace fossils, 2–3 mm in diameter, 

straight to highly sinuous. They occur gregariously and some linear forms exhibit a preferred 

orientation along the bedding planes (Fig. 3.5D). Preserved as endichnia and oriented parallel to 

the stratification. More rarely, specimens are slightly inclined. Fill consists of light-colored 

sandstone contrasting with the dark-colored surrounding mantle (Fig. 3.5B).  

Facies distribution: Macaronichnus segregatis occurs at or near the top of parasequences 

reflecting strandplain progradation characterized by medium-grained sandstone with horizontal to 

low-angle cross-stratification, interpreted as foreshore deposits, and less commonly, in trough 

cross-stratified medium-grained sandstone in the upper shoreface (Quiroz et al., 2010). 

Remarks: Macaronichnus segregatis is interpreted as grazing traces (Pascichnia) attributed to 

deposit-feeding infaunal polychaetes, commonly in high-energy sandy shallow- to marginal-

marine environments (Clifton and Thompson, 1978; Pemberton et al., 2001, p. 130; Quiroz et al., 

2010). Bromley et al. (2009) revised the ichnotaxonomic status of Macaronichnus segregatis and 



 49 

recognized three ichnosubspecies based on the pathway configuration: M. s. lineiformis is 

characterized by straight linear forms, and shows a strong, parallel orientation along bedding 

planes, M. s. meandriformis shows regular to irregular sinusoidal wave morphology and loops, 

and M. s. spiriformis is characterized by irregular spirals. Accordingly, observed morphological 

variations in the specimens described here suggest the occurrence of M. s. lineiformis (Fig. 3.5D) 

and M. s. meandriformis (Fig. 3.5E). 

 

 
Figure 3.5 (A) Lockeia siliquaria at the base of sandstone bed in wave-dominated delta-front deposits. (B) 

Close-up view of Macaronichnus segregatis showing the light-colored sandstone fill and the surrounding 

dark-colored mantle. (C) Intensely bioturbated foreshore deposits with Macaronichnus segregatis. (D) 

Bedding plane view with densely packed Macaronichnus segregatis, showing preferred orientation of 

linear forms (arrows). (E) Bedding plane view of Macaronichnus segregatis displaying tight meanders 

and loops. 
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Ichnogenus OPHIOMORPHA Lundgren, 1891 

OPHIOMORPHA NODOSA Lundgren, 1891 

Figures 3.6A–3.6C 

Occurrence: Figure 3.6A, 2.5 m above base of Domo de Agua Blanca section, segment 1. Figure 

3.6B, Pauji Creek, 11° 13.64’N / 70° 5.09’W. Figure 3.6C, 13 m above base of Urumaco River 

section 1.   

Description: Simple to complex, large burrow systems with vertical and horizontal components, 

having mostly T-shaped branching (Fig. 3.6A). Burrows are distinctly lined with dense, 

agglutinated, ovoid pellets, and a smooth inner surface. The fill is passive and burrow diameter is 

19–30 mm. Preserved in full relief. 

Facies distribution: Ophiomorpha nodosa is a facies-crossing trace fossil, which is present in 

virtually all the sand-rich deposits affected by marine to brackish-water conditions, including 

distributary-channel, delta-front and shoreface environments. It is locally observed in offshore 

and proximal-prodelta deposits representing a deep-tier structure. 

Remarks: Ophiomorpha nodosa is distinguished from other Ophiomorpha ichnospecies by the 

presence of ovoid pellets in the burrow lining (Frey et al., 1978). The overall morphology of the 

burrow systems varies from regular boxworks with predominantly straight burrow segments and 

vertical shafts, which are more typical in amalgamated sandstone deposited in the shoreface (Fig. 

3.6B), to irregular boxworks with a general decrease in burrow diameter and intergradational 

forms with Thalassinoides suevicus, common in heterolithic deposits of interdistributary bays, 

distal delta front and bay-head deltas/ lagoon margins. Ophiomorpha nodosa is interpreted as 

dwelling structures (Domichnia) produced by suspension-feeding thalassinidean shrimps (Frey at 

al., 1978). In particular, burrows produced by Callichirus major are considered modern analogs 

of Ophiomorpha (Bromley, 1996, p. 86). Although the majority of thalassinideans are deposit 

feeders (Griffis and Suchanek, 1991), the muddy nature of fecal pellets produced by C. major and 

the agglutinated mud pellets present in the wall lining of Ophiomorpha implies capture of fine 

particles kept in suspension, which were not available in the clean sands where these structures 

were produced (Bromley, 1996, p. 90).  
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Figure 3.6 (A) Bedding plain view of Ophiomorpha nodosa in foreshore deposits. (B) Vertical shafts of O. 

nodosa in upper-shoreface deposits. (C) O. nodosa in distributary channels. (D) Bedding-plain view of 

Palaeophycus tubularis. (E) Thickly lined Palaeophycus heberti cross cut by Thalassinoides suevicus in 

low-energy lower-shoreface deposits. (F) Cross-section view of P. heberti reworked by Chondrites isp. 

(Phe+Ch) and Skolithos linearis in low-energy shoreface deposits. Note gastropod shell in the upper 

center of the photo (G) General view of sandstone with wave-ripples and long Palaeophycus striatus, bay-

head delta deposits. (H) Detail of striae in P. striatus. 
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Ichnogenus PALAEOPHYCUS Hall, 1847 

PALAEOPHYCUS HEBERTI (de Saporta, 1872) 

Figure 3.6E, 3.6F 

Occurrence: Urumaco River, immediately east of the Urumaco town, 11° 12.17 / 70°15.1’W.   

Description: Straight, unbranched, thickly-lined, smooth-walled, cylindrical burrows, 7–11 mm 

wide. Preserved in full relief and oriented parallel to the stratification. Burrow fill is massive and 

similar to the host rock. 

Facies distribution: Palaeophycus heberti is rare and is only reported in transgressive, 

thoroughly bioturbated offshore to low-energy lower shoreface deposits.  

Remarks: Smooth-walled with thick linings characterize Palaeophycus heberti (Pemberton and 

Frey, 1982). Burrow fill is locally reworked by Chondrites (Fig. 3.6F). Palaeophycus is 

interpreted as dwelling structures (Domichnia) produced by predaceous or suspension-feeding 

polychaetes (Pemberton and Frey, 1982).  

 

PALAEOPHYCUS STRIATUS Hall, 1852 

Figure 3.6G, 3.6H 

Occurrence: 660 m south east of the Bejucal creek section, 11° 11.18’N / 70°15.17’W. 

Description: Straight, cylindrical, unbranched burrows, 5–7 mm in diameter, thinly-lined having 

thin, relatively continuous, parallel, longitudinal striae (Fig. 3.6H). Preserved in full relief and 

oriented parallel to the stratification. Maximum length observed is 60 cm. Burrow fill is massive 

and similar to the host rock.  

Facies distribution: Palaeophycus striatus occurs in ripple-cross laminated fine-grained 

sandstone interpreted as interdistributary bays and bay-head deltas (Fig. 3.6G). 

Remarks: Palaeophycus striatus is distinguished from other ichnospecies of Palaeophycus by 

having fine, longitudinal striae (Pemberton and Frey, 1982). The ethologic interpretation is 

similar to that of P. heberti. 

 

PALAEOPHYCUS TUBULARIS Hall, 1847 

Figure 3.6D 

Occurrence: 9.5 m above base of Bejucal Creek / Urumaco River section.    

Description: Straight to slightly curved, horizontal, unbranched, thinly-lined, smooth-walled 
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cylindrical burrows, 6–7 mm in diameter. Preserved in full relief and oriented parallel to the 

stratification. Burrow fill is massive and similar to the host rock. 

Facies distribution: Palaeophycus tubularis is the most common ichnospecies of Palaeophycus 

along the succession, occurring in fine-grained sandstone deposited either in the distal wave-

dominated delta front to lower shoreface, or in the delta front of mixed wave- and river-

influenced deltas. It is also common in sandy deposits of interdistributary bays and bay-head 

deltas. 

Remarks: Palaeophycus tubularis is distinguished from the other ichnospecies by having a thin 

lined wall and the absence of ornamentations (Pemberton and Frey, 1982). The ethologic 

interpretation of Palaeophycus tubularis is similar to that of P. striatus and P. heberti.   

 

Ichnogenus PHYCOSIPHON Fischer-Ooster, 1858 

PHYCOSIPHON INCERTUM Fischer-Ooster, 1858 

Figure 3.7A, 3.7B 

Occurrence: Figure 3.7A, Pauji Creek, 11° 13.63’N / 70° 5.05’W. Figure 3.7B, 11 m above base 

of Domo de Agua Blanca section, segment 2.   

Description: Small structures consisting of a mud-filled, marginal tube recurving in a series of 

U-shaped lobes or tight, irregular meanders, oriented parallel or oblique to bedding plane, 

forming an extensive and irregularly tangled burrow system of black-cored tubes, surrounded by 

a coarser, pale silt mantle. Burrows are elliptical to sub-circular in cross section. Diameter of the 

black core is 0.3–0.7 mm. Preserved in full relief. 

Facies distribution: Phycosiphon incertum occurs in thin siltstone and sandstone beds 

intercalated with mudstone in prodelta environments. Dark fills of P. incertum are apparent in the 

background of low-energy offshore deposits, characterized by burrow mottling textures. 

Remarks: Phycosiphon has been regarded as a spreite burrow (Wetzel and Bromley, 1994); 

however, the spreite is not clearly visible in the studied specimens. It is interpreted as a 

systematic feeding structure (Fodinichnion) produced by an unknown, vermiform organism 

(Bednarz and McIlroy, 2009).  
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Ichnogenus PLANOLITES Nicholson, 1873 

PLANOLITES MONTANUS Richter, 1937 

Not figured 

Description: Simple, unlined, unbranched, horizontal to inclined, cylindrical burrows, 2–4 mm 

in diameter. Some specimens are highly irregular and short segments are oriented parallel and 

perpendicular to bedding. Burrow fill is massive and of different lithology to that of the host rock 

(Figs. 3.4H and 3.7B). Preserved in full relief. 

Facies distribution: Planolites is a facies-crossing ichnogenus, commonly recorded in mudstone 

interbedded with sandstone in prodelta, interdistributary-bay, bay-margin and overbank deposits. 

Remarks: Planolites isp. is a simple trace fossil interpreted as feeding structures (Fodinichnia) of 

infaunal polychaetes (Pemberton and Frey, 1982). 

 

Ichnogenus RHIZOCORALLIUM Zenker, 1936 

RHIZOCORALLIUM COMMUNE Schmid, 1876 

RHIZOCORALLIUM COMMUNE ULIARENSE Firtion, 1958 

Figure 3.7C 

Occurrence: Pauji Creek, 11° 13.65’N / 70° 5.08’W. 

Description: Spiral, U-shaped marginal tubes, displaying parallel limbs with spreite, oriented 

parallel to bedding. Burrow consists of at least two consecutive whorls that are partially 

preserved due to erosion. Burrow width is 14–20 mm and maximum length observed is 83mm. 

Preserved in full relief. 

Facies distribution: Rhizocorallium commune uliarense occurs at one locality in wave-

dominated delta front deposits. Segments of horizontal spreite locally occur in low-energy lower 

shoreface and bay/lagoon margin sandstone. 

Remarks: Knaust (2013) recently reviewed the ichnotaxonomy of the ichnogenus 

Rhizocorallium, emphasizing extensive and horizontal U-shaped burrows with spreite within the 

tubes, as the main morphological features for the ichnospecies Rhizocoralium commune. 

According to this ichnotaxonomic scheme, morphological variations of R. commune are used to 

designate ichnosubspecies and varieties, with spiral forms characterizing the ichnosubspecies R. 

commune uliarense. Although the studied specimen is partially preserved, segments of parallel 
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tubes forming a spiral and enclosing a spreite can be recognized. This ichnotaxon is interpreted as 

a feeding structure (Fodinichnion) likely produced by crustaceans (Seilacher, 2007, p. 56). 

 

Ichnogenus ROSSELIA Dahmer, 1937 

ROSSELIA SOCIALIS Dahmer, 1937 

Figure 3.7D, 7.5E 

Occurrence: Cerro Atravesado, 11° 11.82’N / 70° 17.65’W. 

Description: Vertically oriented burrows, consisting of a central shaft filled with sandy sediment, 

surrounded by muddy sediment showing poorly defined concentric laminations. Burrows are 

circular in plan view. Diameter of the burrows is 15–23 mm and the central shaft is 3–5 mm. 

They are preserved in full relief. 

Facies distribution: Rosselia socialis was only recorded at one locality in fine-grained sandstone 

of the distal wave-dominated delta front.  

Remarks: Specimens of Roselia socialis were only observed along bedding planes (Fig. 3.7D), 

precluding the recognition of its characteristic vertical to inclined, spindle- to funnel-shaped 

forms (Nara, 1995). It is considered as a dwelling structure (Domichnion) produced by detritus-

feeding terebellid polychaetes (Nara, 1995).  

 

Ichnogenus SINUSICHNUS de Gibert, 1996 

SINUSICHNUS SINUOSUS de Gibert, 1996 

Figure 3.7F–3.7I 

Occurrence: Figure 3.7F, Cerro Atravesado, 11° 11.86’N / 70° 17.4’W. Figure 3.7G, 4 m above 

base of Urumaco River section 2. Figures 3.7H and 3.7I, west bank of the Urumaco River, 11° 

12.91’N / 70° 15.13’W.  

Description: Burrow systems composed of horizontal, unlined, smooth-walled, regularly sinuous 

tunnels, 12–19 mm in diameter, showing Y-shaped branching (Fig. 3.7H) and short, vertical 

shafts (Fig. 3.7I). Tunnels are circular to elliptical in cross sections. Burrow fill is massive and of 

similar lithology to that of the host rock. However, specimens occurring in muddy substrates 

have been replaced by siderite, showing a reddish color and a nodular aspect (Fig. 3.7G). They 

are preserved in full relief. 
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Facies distribution: Sinusichnus occurs as monospecific associations in bay/lagoonal mudstone. 

It is also recorded in prodelta and wave-dominated delta-front environments.   

Remarks: The general morphology of Sinusichnus sinuosus shows close similarities to other 

burrow systems produced by decapod crustaceans, such as Thalassinoides and Ophiomorpha (de 

Gibert, 1996). These branching, open-burrow systems have been interpreted as dwelling or 

feeding traces. However, the high regularity of burrow networks and sinuous branches resemble 

the graphoglyptid burrow Protopaleodictyon, suggesting that Sinusichnus could have been 

produced by a crustacean combining deposit-feeding and farming or trapping strategies (de 

Gibert, 1996; Buatois et al., 2009; Belaústegui et al., 2014). However, the absence of spreite in 

the studied specimens favors an agrichnial (farming or trapping) strategy.   

 

Ichnogenus SKOLITHOS Haldemann, 1840 

SKOLITHOS LINEARIS Haldemann, 1840 

Figure 3.8.A–3.8C 

Occurrence: Figure 3.8A, 13 m above base of Bejucal Creek / Urumaco River section. Figure 

3.8B, 31.5 m above base of Bejucal Creek section. Figure 3.8C, 55 m above base of Domo de 

Agua Blanca section, segment 2.   

Description: Vertical, straight to slightly curved, unbranched, cylindrical burrows, 4–6 mm 

wide. Burrows are thinly lined, having a smooth wall. Maximum length observed is 20 cm. 

Burrow fill is massive and similar to the host rock. Preserved in full relief.  

Facies distribution: Skolithos linearis occurs in very fine- to fine-grained sandstone deposited in 

delta-front to lower/middle-shoreface environments. It is also recorded in cross-bedded sandstone 

formed in distributary channels, and more rarely, in thin sandstone beds intercalated in prodelta 

mudstone.  

Remarks: Skolithos linearis is interpreted as a dwelling structure (Domichnion) produced by 

suspension feeding, vermiform organisms or passive predators (Schlirf and Uchman, 2005).  
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Figure 3.7. (A) Phycosiphon incertum (Ph) displaying high degrees of bioturbation in prodelta deposits. 

Burrows are cross cut by Thalassinoides suevicus (Th). (B) Thinly bedded heterolithic prodelta deposits 

with graded siltstone showing minute P. incertum. Section displays small-scale soft-sediment deformation 

structures and Planolites montanus (Pl). (C) Rhizocorallium commune uliarense showing an overall spiral 

form with parallel, marginal tubes (white arrows) and segments of spreite (black arrows). (D) Bedding 

plain view of Rosselia socialis in wave-dominated delta-front deposits. (E) Close-up view of R. socialis 
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displaying irregular concentric lamination around an inner tube. (F) Bedding-plane view of Sinusichnus 

sinuosus in wave-dominated delta-front deposits. (G) General view of lagoon mudstone with 

concretionary sideritic burrow fills of Sinusichnus sinuosus. Note the overall lack of vertical components. 

(H) Bedding-plain view of S. sinuosus displaying Y-shaped branching. (I) Short, vertical shafts (arrows) 

associated with S. sinuosus. 

 

Ichnogenus SPONGELIOMORPHA de Saporta 1887 

SPONGELIOMORPHA isp. 

Figure 3.8D–3.8G 

Occurrence: Figures 3.8D–3.8F, tributary creek of the Urumaco River, 11° 12.57’N / 70° 

14.94’W. Figure 3.8G, Urumaco River, 11° 14.24’N / 70° 15.8’W. 

Description: Cylindrical, unlined burrow systems having vertical and horizontal components, 

with Y-shaped, or multiple branching points, and less commonly T-shaped branches (Fig. 3.8E). 

Diameter of burrows is 15–25 mm. Burrow segments consist of irregular horizontal boxworks 

(Fig. 3.8D) and sparse vertical shafts, with short branching segments. Burrow enlargements 

typically occur at points of branching (Fig. 3.8E). Short, conical, blunt terminations and ovoid to 

irregular chambers are very common (Fig. 3.8F). Burrow walls are ornamented by short, 

longitudinal bioglyphs, straight to Y-shaped, running sub parallel to the burrow axis and forming 

an irregular rhombic pattern (Figs. 3.8E and 3.8G). Burrow-fill consists of structureless, 

mudstone and sandy mudstone that has been replaced by siderite, and locally contains gray 

mudstone intraclasts, lithologically similar to that of the host rock. Preserved in full relief.   

Facies distribution: Spongeliomorpha isp. occurs in grey, massive-bedded mudstone interpreted 

as immature paleosols formed in delta plain to floodplain environments. However, the burrows 

descend from the top surfaces of these paleosols, which are overlain by lagoonal mudstone, 

probably deposited during transgressions.  

Remarks: The overall burrow morphology of Spongeliomorpha isp. resembles that of 

Thalassinoides paradoxicus described along the succession. Longitudinal bioglyphs present in 

the former, as well as the abundance of short, blunt terminations, distinguish these two ichnotaxa. 

Also, T. paradoxicus tends to form more closely packed branching boxworks. Bioglyphs in 

Spongeliomorpha isp. described herein resemble those of S. iberica, but the latter forms 

horizontal burrow networks and lacks vertical components (de Gibert and Ekdale, 2010).  

 



 59 

Ichnogenus TEICHICHNUS Seilacher, 1955 

TEICHICHNUS RECTUS Seilacher, 1955 

Figure 3.8H 

Occurrence: Bejucal Creek, 11° 11.24’N / 70° 15.46’W. 

Description: Simple, horizontal, unlined burrows having a vertical, retrusive spreite. Diameter of 

causative burrow is up to 12 mm, a maximum length of spreite is 40 mm. Preserved in full relief.  

Facies distribution: Teichichnus rectus is only recorded in small numbers in prodelta, 

interdistributary-bay to bay-head delta, offshore to lower-shoreface deposits.  

Remarks: The general morphology of Teichichnus rectus results from the upward migration of a 

subhorizontal tunnel produced by an organism trying to keep pace with sedimentation while 

probing the sediment for food (Pemberton et al., 2001, p. 324). It has been interpreted as feeding 

structures (Fodinichnia) produced by crustaceans (Seilacher, 2007, p. 120).   

 

Ichnogenus TEREDOLITES Leymerie, 1842 

TEREDOLITES CLAVATUS Leymerie, 1842 

Figure 3.8I 

Occurrence: 6 m above base of Domo de Agua Blanca section segment 2.  

Description: Unlined, club-shaped borings oriented perpendicular to the surface of a wood 

fragment. The borings are smooth and circular in cross section. The diameter of the boring is 5–9 

mm. The filling is massive, and is composed by fossiliferous fine-grained sandstone. Preserved in 

full relief. 

Facies distribution: Teredolites clavatus is only present in a wood fragment preserved at the 

base of a massive coquina. 

Remarks: Teredolites clavatus is interpreted as feeding structures (Fodinichnia), produced by 

teredinid (shipworms) bivalves in woody substrates (Bromley et al., 1984; Villegas-Martin et al., 

2012). 
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Figure 3.8. (A) Skolithos linearis (Sk) in wave-dominated delta-front to lower/middle-shoreface deposits, 

Urumaco River. Relict horizontal lamination and intense bioturbation associated with fair-weather 

conditions. Ophiomorpha nodosa (Op) occurs associated with S. linearis in delta-front/shoreface deposits. 

(B) Skolithos linearis (Sk), Palaeophycus tabularis (Pt) and Thalassinoides paradoxicus (Th) displaying 

low degrees of bioturbation in wave-ripple cross-laminated sandstone of river- and wave-influenced delta-

front deposits. (C) S. linearis in trough-cross stratified sandstone with drapes of carbonaceous debris in 

subaqueous distributary-channel deposits. (D) Gray mudstone (paleosols) with irregular boxworks of 

Spongeliomorpha isp. (E) Detail of Spongeliomporpha isp. displaying T-shaped (white arrow) and Y-

shaped (black arrow) branching, with burrow enlargements at point of branching. (F) Close-up view of 

Spongeliomorpha isp. with blunt terminations (B.T.) and chambers (Ch.), strongly ornamented by striae. 

(G) Detail of striae in Spongeliomorpha isp. (H) Teichichnus rectus in the transition of prodelta to wave- 
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and river-influenced delta-front deposits. Sandstone beds display wave and combined-flow ripples. (I) 

Wood fragment bearing the boring Teredolites clavatus, encased at the base of coquina bed.  

 

Ichnogenus THALASSINOIDES Ehrenberg, 1944 

THALASSINOIDES PARADOXICUS (Woodward, 1830) 

Figure 3.9A–3.9D 

Occurrence: Figures 3.9A and 3.9C, Urumaco River, immediately east of the Urumaco town, 

11° 12.2’N / 70° 15.07’W. Figures 3.9B and 3.9D, Pauji Creek, 11° 13.96’N / 70° 5.09’W. 

Description: Simple to complex, irregularly branched, passively filled, cylindrical burrow 

systems, having vertical and horizontal components, with T- and Y-shaped branching, and 

oriented at different angles with respect to bedding. Diameter of burrow segments is typically 

10–30 mm, and may be composed by sparse, essentially vertical shafts (Fig. 3.9A), or dense and 

highly branched horizontal boxworks (Fig. 3.9B). Bulbous enlargements are generally present at 

points of branching, and ovoid to irregular chambers are common in some specimens (Fig. 3.9D). 

Burrow walls are smooth and generally unlined, but some specimens are characterized by a thin 

lining composed of fine-grained sediment, locally characterized by a knobby texture, showing an 

intergradation with Ophiomorpha nodosa. Burrows fill may be massive or characterized by 

laminated sandstone and carbonaceous mudstone (Fig. 3.9C). Preserved in full relief. 

Facies distribution: Thalassinoides paradoxicus is very abundant in heterolithic intervals from 

interdistributary bays and lagoons, and some prodelta to delta-front intervals.  

Remarks: Thalassinoides paradoxicus, as well as the other ichnospecies of Thalassinoides, are 

interpreted as the dwelling structures (Domichnia) of deposit-feeding decapod crustaceans, 

especially thalassinidean shrimps (Bromley and Frey, 1974).  
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Figure 3.9. (A) Thalassinoides paradoxicus in interdistributary bay deposits. (B) Deep tier T. paradoxicus 

displaying high degrees of bioturbation in lagoon/bay-margin deposits. Burrows are passively filled with 

sandstone of the overlaying bay margin. (C) Detail of passive fill in A, showing sandstone with mudstone 

drapes. (D) Close up of T. paradoxicus in B, displaying chamber (Ch) and multiple branching points. (E) 

Robust Thalassinoides suevicus at the base of coquina bed displaying high degrees of bioturbation and 

predominance of horizontal components. Hammer for scale. (F) Thalassinoides suevicus (Ts) in prodelta 

deposits. Lower interval shows gutter cast filled with small-scale hummocky cross-stratified sandstone 

and escape trace fossils (Es). (G) T. suevicus in delta-front deposits, Bejucal Creek. 
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THALASSINOIDES SUEVICUS Rieth 1932 

Figure 3.9E–3.9G 

Occurrence: Figure 3.9E, Urumaco River, Domo de Agua Blanca anticline (southern flank), 11° 

13.24’N / 70° 15.17’W. Figure 3.9F, 8.5 m above base of Bejucal Creek / Urumaco River 

section. Figure 3.9G, 31 m above base of Bejucal Creek section.   

Description: Horizontal, more or less regularly branching, passively filled, unlined, smooth-

walled, cylindrical burrow systems, having mostly Y-shaped branches (Fig. 3.9E), enlarged at 

branching points. Ovoid, vertical chambers are common in some specimens (Fig. 3.9E). Burrow 

diameter is 15–60 mm. Burrow fill is massive. Preserved in full relief or in convex hyporelief at 

the base of coquina.  

Facies distribution: Thalassinoides suevicus occurs in great numbers throughout the succession 

at the base of thick-bedded coquinas related with transgressive surfaces of marine erosion, and 

locally at the base of sharp-based shoreface sandstone related with regressive surfaces of marine 

erosion. It is also common in wave-dominated delta-front, prodelta, offshore to lower-shoreface, 

and lagoon environments. 

Remarks: Thalassinoides suevicus is distinguished from T. paradoxicus by its more regular 

branching and a general horizontal orientation of the burrow components.  

 

3.5 Trace-fossil distribution, paleoecologic conditions and sedimentary environments  

 

Fifteen facies associations have been recognized in the studied sections exposed in the 

Urumaco River and Pauji Creek, environmentally ranging from basinal and low-energy shallow-

marine environments (Table 3.2), into wave-influenced shallow-marine and deltaic environments 

(Table 3.3), and delta-plain and marginal-marine environments (Table 3.4). Accordingly, the 

Urumaco Formation represents a complex association of shallow- and marginal-marine 

environments stacked in high-frequency transgressive-regressive cycles mostly in the lower two 

members, where progradation of deltaic/shoreface complexes alternated with the formation of 

barrier islands and lagoons during transgressions. The upper member represents mostly delta-

plain and marginal-marine environments, with more restricted marine incursions.  
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3.5.1 Basinal and low-energy shallow-marine environments 

 

Four facies associations record sedimentation in the most distal settings within the 

Urumaco Formation. Transgressive coquinas, a very common feature of the Urumaco Formation 

especially in the lower members, consist of 0.5-2 m thick, tabular and usually well-cemented 

beds forming resistant and very continuous ridges along strike (Fig. 3.10A). Coquinas 

representing transgressive lag deposits display a sharp and erosive contact with the underlying 

units. They range from fossiliferous sandstone to sandy packstone/grainstone with densely-

packed, poorly-to well-sorted, disarticulated and locally highly fragmented shells, composed 

almost entirely by bivalves, with abundant sandstone and mudstone intraclasts, as well as 

reworked siderite and sideritized burrow fragments. Gastropod shells, shark teeth, stingray plates, 

and vertebrate and wood fragments occur locally throughout the succession. In some coquinas, 

wood fragments bear the boring Teredolites clavatus. These transgressive lags may grade sharply 

and concordantly into shelf mudstone, or more transitionally into densely packed coquinas 

having less reworked shells with abundant robust, articulated and in situ bivalves representing 

periods of sediment starvation in the inner shelf (Kidwell, 1991).  

The base of transgressive coquina beds is highly erosive and delineated by a monospecific 

and high-density suite of Thalassinoides suevicus, with overall high degrees of bioturbation (BI 

4-5), characterized by unlined, highly branched burrow systems that display sharp boundaries and 

are passively filled with shell fragments from the overlying coquina bed (Fig. 3.10B). These 

burrows were excavated in a firmground substrate, and illustrate the Glossifungites Ichnofacies 

(Pemberton and Frey, 1985; MacEachern et al., 1992) or the Teredolites Ichnofacies where the 

borings were excavated on a woody or highly carbonaceous substrate (Bromley et al., 1984; 

Pemberton et al., 2004). Dark gray mudstone, with massive aspect to poorly developed parallel 

lamination (Figs. 3.10A, C), represents low-energy suspension fallout sedimentation in shelf 

environments in the absence of waves and currents, well below the storm wave base. Forams and 

mollusk fragments are dispersed in the mudstone, but no discrete trace fossils are preserved more 

likely reflecting a taphonomic bias where the lack of lithological contrast prevents preservation of 

discrete traces. Shelf mudstone typically overlies thick transgressive coquina beds, and grades 

upward into well-bedded prodelta mudstone (Figs. 3.10A, D; 3.11, 3.13, 3.14,).  
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Table 3.2. Basinal and low-energy shallow-marine environments.  

Facies 
A

ssociations 
L

ithology and 
paleontologic content 

Sedim
entary  

Structures 
Ichnology 
 

Processes 
D

istribution 

C
oquina 

M
edium

 to very thick- 
bedded packestone and 
grainstone to fossiliferous 
fine- to m

edium
-grained 

sandstone. A
bundant 

fragm
ents of m

ollusks, 
vertebrates, w

ood, shark 
teeth, m

udstone, sandstone 
and siderite intraclasts.  

M
assive to nodular 

aspect. Erosive base.  
D

isarticulated and 
highly fragm

ented 
bivalve shells oriented 
parallel to bedding, 
locally grading into a 
m

ore packed coquina 
w

ith articulated and in 
situ bivalves.    

B
I 3–5 in m

onospecific suite 
of firm

ground 
Thalassinoides suevicus 
concentrated along the base. 
N

odular aspect related w
ith 

intense bioturbation. 

C
oastal erosion 

during 
transgression. 
A

ccum
ulation of 

highly fragm
ented 

m
ollusks and/or in-

situ biogenic 
concentration 
during sedim

ent 
starvation. 

Sharply 
overlies delta-
front, shoreface 
and delta-plain 
to m

arginal-
m

arine 
environm

ents.    

Shelf  
D

ark gray m
udstone. 

C
om

m
on m

ollusk 
fragm

ents and 
foram

inifera.  

M
assive aspect to poorly 

bedded. 
 

N
o discrete trace fossils 

recorded. 
Low

-energy, 
suspension fallout 
sedim

entation, 
below

 storm
 w

ave 
base. 

A
bove 

transgressive 
coquina. 
G

rading 
upw

ard into 
prodelta. 

O
ffshore 

D
ark gray sandy m

udstone 
interbedded w

ith very 
fine-grained m

uddy 
sandstone. A

bundant 
m

ollusk fragm
ents 

dispersed in the m
udstone. 

M
assive aspect w

ith 
local relict, lenticular 
lam

ination. 

B
I 5-6. B

urrow
 m

ottling and 
discrete, C

hondrites isp., 
Phycosiphon incertum

  
Thalassinoides suevicus, 
Asterosom

a isp., Planolites  
isp., Teichichnus rectus and 
Palaeophycus heberti. 

Low
-energy 

suspension fallout 
sedim

entation, 
below

 fairw
eather 

w
ave base, under 

norm
al m

arine 
conditions. 

Intercalated 
w

ith coquina 
beds and 
locally grading 
upw

ard into the 
low

er 
shoreface. 

Low
-energy 

low
er/ 

m
iddle 

shoreface 

Thick-bedded fine- to 
m

edium
-grained 

sandstone. A
bundant 

m
ollusk fragm

ents 
dispersed in the sandstone 
or form

ing thin beds and 
irregular lenses.  

M
assive aspect.  

B
I 4–5. Thalassinoides 

suevicus, O
phiom

orpha 
nodosa, Palaeophycus 
heberti, and locally 
Teichichnus rectus and 
C

hondrites isp. B
ase of 

succession delineated by 
firm

gound T. suevicus. 

Low
 w

ave-energy 
sedim

entation 
above fairw

eather 
w

ave base, under 
norm

al m
arine 

conditions. 

Intercalated 
w

ith coquina 
beds and 
locally grading 
upw

ard into 
upper shoreface 
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Figure 3.10. (A) Thick coquina bed sharply overlying delta plain deposits, followed by massive-bedded 

shelf and well-bedded prodelta mudstone (24 m above base of Domo de Agua Blanca section). (B) Detail 

of the base of the coquina limestone in A, showing Thalassinoides suevicus (Th) of the Glossifungites 
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Ichnofacies penetrating in carbonaceous mudstone. (C) Massive-bedded, shelf mudstone with dispersed 

shells (725 m above base of Pauji Creek general section). (D) Detail of the well-bedded prodelta mudstone 

in A, showing abundant siderite bands. (E) Massive-bedded, offshore sandy mudstone grading upward to 

muddy sandstone of the lower shoreface (Urumaco River, east of the Urumaco Town). (F) Prodelta 

deposits having erosively based, massive-bedded mudstone with abundant carbonaceous debris interpreted 

as fluid mud deposits (FM), interbedded in mudstone and thin beds of parallel-laminated sandstone with 

abundant siderite bands (10 m above base of Domo de Agua Blanca section). (G) Prodelta mudstone with 

lenticular sandstone beds interpreted as gutter cast (8 m above base of Bejucal Creek / Urumaco River 

section).   

 

Offshore and low-energy shoreface environments are locally sandwiched between thinner 

coquina beds, forming intervals up to 3–4 m thick (Fig. 3.11). Offshore deposits are characterized 

by thoroughly bioturbated (BI 5-6), rubbly weathered sandy mudstone with abundant shell 

fragments dispersed in the mudstone (Fig. 3.10E). Trace fossils tend to be uniformly distributed, 

but the intense bioturbation characterized by mottled textures typically preclude the identification 

of individual structures. Where distinct trace fossils can be recognized, the assemblage is 

dominated by feeding structures (Chondrites isp., Asterosoma isp., Planolites isp., Teichichnus 

rectus) and dwelling structures of deposit feeders (Thalassinoides suevicus) and passive predators 

(Palaeophycus heberti). Other feeding structures, such as Phycosiphon incertum, are locally 

visible in the background, which may be likely forming the mottled texture, along with Planolites 

isp, and other unrecognized grazing structures. The dominance of feeding structures, with 

subordinate presence of dwelling and grazing structures, is characteristic of the Cruziana 

Ichnofacies. High degrees of bioturbation and relatively diverse trace-fossil assemblages are 

consistent with slow sedimentation in offshore environments below the fair-weather wave-base, 

with abundant food supply and well-oxygenated waters under normal-marine conditions 

(MacEachern and Pemberton, 1992; Pemberton et al., 1992; MacEachern et al., 2007; Buatois 

and Mángano, 2011, p. 128).  
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Figure 3.11. Bejucal Creek / Urumaco River section, showing progradation of wave-dominated deltas and 

aggradation of immature paleosols of the upper delta plain, alternating with the formation of offshore and 

low-energy lower shoreface deposits during transgressions. Legend for figures 3.11, 3.13, 3.14, 3.16, 

3.17). 
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Low-energy, lower- to middle-shoreface environments range from muddy to clean, very 

fine- to fine-grained sandstone with dispersed shell fragments (Fig. 3.10E). Degree of 

bioturbation is typically high (BI 4–5) with trace-fossil suites dominated by robust dwelling 

structures, such as Thalassinoides suevicus, Ophiomorpha nodosa, and Palaeophycus heberti. In 

more muddy sandstone, feeding structures (Chondrites isp. and Teichichnus rectus) are more 

abundant. This trace-fossil assemblage may be regarded as a proximal expression of the Cruziana 

Ichnofacies (MacEachern et al., 2007), and likely reflects deposition immediately above fair-

weather wave base, in low-energy shoreface environments (MacEachern and Pemberton, 1992). 

However, in most cases Ophiomorpha and Thalassinoides are the only ichnotaxa recognized, 

perhaps representing a change to the Skolithos Ichnofacies under slightly higher energy or 

shallower-water conditions (i.e., the middle shoreface).    

 

3.5.2 Wave-influenced shallow-marine and deltaic environments 

 

Facies associations and biogenic structures within this range of environments display 

strong evidence of high-energy wave action and sediment discharge by rivers in nearshore 

environments. They typically form coarsening- and shallowing-upward successions (Figs. 3.11–

3.14), recording progradations of the shoreline, although the upper shoreface and foreshore are 

associated with transgressions as well (Fig. 3.16).  

The prodelta is the most distal area in a seaward direction, and is typically found above 

shelf mudstone. It is characterized by thinly bedded mudstone alternating with very thin beds of 

siltstone displaying erosive bases and graded tops. Mudstone beds may display parallel 

lamination representing periods of low-energy suspension fallout sedimentation. In other cases 

they are massive in aspect, with no biogenic structures, forming thin beds having sharp and 

locally erosive base, indicating deposition by fluid muds (Fig. 3.10F) (MacEachern et al., 2005; 

Bhattacharya and MacEachern, 2009). Sharp-based, normally graded siltstone beds, characterized 

by massive aspect or planar lamination, are interpreted as deposited from high-density currents. 

The presence of low-angle undulatory parallel lamination resembling small-scale hummocky 

cross-stratification, and the abundance of allochtonous plant fragments suggest storm-induced 

hyperpycnal flows associated with river floods and discharge of high-suspended sediment during 

storm events (Pattison, 2005; Bhattacharya and MacEachern, 2009; Macquaker et al., 2010).
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Table 3.3. Wave-influenced shallow-marine and deltaic environments. 

       Facies 
A

ssociations 
L

ithology and 
paleontologic content 

Sedim
entary  

Structures 
Ichnology 
 

Processes 
D

istribution 

Prodelta 
D

ark gray m
udstone. 

Intercalations of siltstone 
lam

inae to thin beds 
increase upw

ard and  
thin- to m

edium
-bedded 

very fine-grained 
sandstone at the top. 
D

ispersed m
ollusk 

fragm
ents. A

bundant 
carbonaceous debris and 
plant fragm

ents.  

Thinly bedded m
udstone 

w
ith m

assive aspect or 
parallel lam

ination. 
Siltstone w

ith erosive bases 
and graded tops. Sandstone 
w

ith w
ave-ripple cross-

lam
ination and m

icro-
hum

m
ocky cross- 

stratification. C
om

m
on 

gutter cast, soft-sedim
ent 

deform
ation structures, and 

syneresis cracks. Siderite 
bands and nodules very 
com

m
on. 

B
I 0–2. Phycosiphon 

incertum
, Thalassinoides 

suevicus, T. paradoxicus, 
Planolites m

ontanus, and 
locally Sinusichnus isp., 
Asterosom

a isp., 
Teichichnus rectus, 
H

elicodrom
ites m

obilis, 
Arenicolites isp., escape 
trace fossils and “m

antle 
and sw

irl” structures. 
Som

e siltstone beds highly 
bioturbated (B

I 4–5) by P. 
incertum

. 

Low
-energy, 

suspension fallout 
alternating w

ith 
hyperpycnal 
currents. 
H

igh-energy 
oscillatory currents 
related to storm

 
events. 
Sedim

entary 
loading due to 
rapid 
sedim

entation.  

G
rading upw

ard 
into delta-front 
or 
interdistributary
-baydeposits. 
  

R
iver- and 

W
ave- 

influenced 
delta front 
 

Thin- to m
edium

-bedded, 
very fine- to fine-grained 
sandstone interbedded 
w

ith thin m
udstone and 

siltstone beds. Thick 
sandstone beds locally on 
top. C

arbonaceous debris 
concentrated in lam

ina or 
dispersed in the sandstone 
beds.  
 

M
udstone w

ith m
assive 

aspect. Sandstone w
ith 

erosive base, planar 
lam

ination, w
ave-ripple 

cross-lam
ination and 

hum
m

ocky cross-
stratification. Trough and 
planar cross-stratification 
locally on top. Siderite 
bands and nodules, 
syneresis cracks and soft-
sedim

ent deform
ation very 

com
m

on. 

B
I 0–3. O

phiom
orpha 

nodosa, Thalassinoides 
suevicus, T. paradoxicus, 
Planolites isp., and locally 
Palaeophycus striatus, P. 
tubularis, Skolithos linearis 
and escape trace fossils. 
R

oot traces locally on top.  

Fairw
eather 

oscillatory currents 
alternating w

ith 
storm

 events and 
high fluvial 
discharge. 

G
rading upw

ard 
into distributary- 
channel and 
interdistributary
-bay deposits.  
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Table 3.3. Continued. 

 Facies 
A

ssociations 
L

ithology and 
paleontologic content 

Sedim
entary  

Structures 
Ichnology 

Processes 
D

istribution 

W
ave-

dom
inated 

delta front 
  

M
edium

-bedded, very 
fine- to fine-grained 
sandstone beds. M

ollusk 
fragm

ents dispersed in the 
sandstone or form

ing 
lenses and thin, tabular 
beds. C

arbonaceous 
debris and plant 
fragm

ents locally 
com

m
on. 

  

H
um

m
ocky cross-

stratification, am
algam

ated 
or interbedded w

ith m
ore 

bioturbated sandstone 
H

um
m

ocky beds locally 
grade upw

ard into w
ave 

ripple cross-lam
ination. 

G
utter cast and tool m

arks 
are com

m
on. 

B
I 0–2 in hum

m
ocky 

sandstone w
ith 

O
phiom

orpha nodosa, 
Palaeophycus tabularis and 
Skolithos linearis.  
B

I 3–5 in bioturbated 
sandstone w

ith 
Thalassinoides suevicus, 
O

phiom
orpha nodosa, 

Palaeophycus tubularis, 
Skolithos linearis, 
Arenicolites statheri, 
Rosselia isp, and locally, 
Sinusichnus isp, Lockeia 
siliquaria. 

O
scillatory-ripples 

and intense 
bioturbation during 
fairw

eather 
alternating w

ith 
high-energy storm

 
events.  

A
bove prodelta 

deposits. 
G

rading 
upw

ard into 
upper-shoreface 
and foreshore 
deposits. 

U
pper 

shoreface 
  

M
edium

- to thick-bedded, 
fine- to m

edium
-grained 

sandstone. A
bundant 

m
ollusk fragm

ents 
dispersed in the sandstone 
or form

ing lenses.  

Trough and planar cross-
stratification. 

B
I 0–3. O

phiom
orpha 

nodosa and locally 
M

acaronichnus segregatis. 
Sharp-based shoreface 
delineated by firm

ground 
Thalassinoides suevicus.   

M
igration of 

longshore bars and 
three-dim

ensional 
dunes in the surf 
zone under high-
energy conditions. 

A
bove w

ave-
dom

inated 
delta-front or 
lagoon 
deposits. 

Foreshore/ 
B

ackshore 
  

Fine- to m
edium

-grained 
sandstone. Shell 
fragm

ents oriented 
parallel to the bedding or 
form

ing thin to m
edium

 
lenticular beds.  
Turtle fragm

ents and eggs 
locally present. 

H
orizontal to low

-angle 
cross-stratification in 
foreshore deposits. 
B

ackshore deposits of 
m

assive aspect.  
 

Foreshore deposits slightly 
bioturbated (B

I 0–2), w
ith 

O
phiom

orpha nodosa and 
M

acaronichnus segregatis. 
H

ow
ever, som

e intervals 
are highly bioturbated by 
M

. segregatis (B
I 4–5). 

R
oot traces in backshore. 

H
igh-energy 

currents due to w
ave 

sw
ash and backw

ash 
in the foreshore.  
Subaerial conditions 
and storm

 w
ashover 

in the backshore. 

A
bove upper- 

shoreface or 
lagoon 
deposits. 
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Thin to medium, very fine-grained sandstone beds with erosive base, planar to undulatory 

lamination, hummocky cross-stratification (HCS) and wave ripple cross-lamination are more 

abundant towards the upper part of prodelta units recording high-energy oscillatory currents (Fig. 

3.10F). In particular, HCS has been widely interpreted as the product of high-energy oscillatory 

and combined flow currents generated during storm events (e.g. Dott and Bourgeois, 1982; Duke, 

1985). Gutter casts, interpreted as erosional scours commonly associated with storms (Myrow, 

1992) are also common in the upper part of some prodelta units (Fig. 3.10G). Siderite is abundant 

throughout prodelta intervals, forming bands associated with fluid mud deposits or nodules 

around plant fragments and concretionary burrow fills (Figs. 3.10 D, F). Syneresis cracks, which 

may be related with mud shrinkage associated with salinity fluctuations (Plummer and Gostin, 

1981), are more common at the base of sandstone beds.  

Trace fossils are sporadically distributed in the prodelta, where feeding structures such as 

Planolites isp. and Phycosiphon incertum, and dwelling structures of deposit feeders, such as 

Thalassinoides suevicus and T. paradoxicus, are dominant and recurrent components of the 

ichnofauna in most prodelta units. Other feeding structures, including Teichichnus rectus, 

Helicodromites mobilis and Asterosoma isp., and the farming crustacean burrow Sinusichnus 

sinuosus, are locally common. Phycosiphon incertum may form sparse, monospecific suites in 

thin siltsone and sandstone beds recording opportunistic colonization of distal tempestites (Fig. 

3.7B), or they may form discrete siltstone and mudstone intervals with intense bioturbation (Fig. 

3.7A).  

The predominance of structures produced by deposit feeders is characteristic of the 

Cruziana Ichnofacies. However, the rapid and frequent emplacement of sediment gravity flow 

deposits, heightened concentration of suspended sediment and salinity fluctuations, induced 

stress factors for infaunal colonization associated with enhanced fluvial discharge. Additionally, 

the occurrence of unbioturbated fluid muds are evidence of water-saturated, soupy substrates 

(soupgrounds) that further inhibited colonization by infaunal organisms (Ekdale, 1985; 

MacEachern et al., 2005). Therefore, the prodelta ichnofauna displays overall low degrees of 

bioturbation (BI 0-2), sporadic distribution of trace fossils, relative low ichnodiversity and the 

occurrence of monospecific suites, resulting in a depauperate Cruziana Ichnofacies with respect 

to its fully marine counterpart. The presence of structures that typically develop under open-

ocean conditions, such as Phycosiphon incertum (e.g. MacEachern et al., 2005; Buatois et al., 
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2008, 2012) and Helicodromites mobilis (Hill, 1985; Carmona et al., 2008), are evidence of 

increasing salinities, representing short periods of less stressed, normal-marine conditions. 

Thicker, HCS sandstone beds may contain elements of the Skolithos Ichnofacies, such as 

dwelling structures of suspension feeders (small Skolithos linearis) and predators (Palaeophycus 

tabularis), representing opportunistic colonization of storm beds. Escape trace fossils in these 

sandstone beds are consistent with periods of rapid sedimentation. 

Sandstone-dominated intervals deposited in the delta front and occurring above the 

prodelta are highly variable along strike, and are grouped into two distinct facies associations: 

wave-dominated delta front (Fig. 3.11) and mixed river- and wave-influenced delta front (Figs. 

3.13, 3.14). Wave-dominated delta-front deposits form amalgamated sandstone intervals (Figs. 

3.11, 3.12A), characterized by the occurrence of thin to medium beds of sandstone with HCS and 

wave-ripple cross-lamination alternating with bioturbated sandstone beds (Fig. 3.12B), resulting 

in the so-called lam-scram pattern (Ekdale, 1985; Pemberton et al., 1992), where two trace fossil 

suites can be recognized. HCS beds are unbioturbated to sparsely bioturbated (BI 0-2) with 

elements of the Skolithos Ichnofacies, including escape trace fossils, dwelling structures of 

suspension feeders (Ophiomorpha nodosa, and Skolithos linearis) and passive predators 

(Palaeophycus tubularis), representing opportunistic colonization of storm beds. Bioturbated 

sandstone beds, on the other hand, display an increase in ichnodiversity and degrees of 

bioturbation (BI 3–4), being dominated by dwelling structures of suspension feeders 

(Ophiomorpha nodosa, Skolithos linearis, Arenicolites statheri), predators (Palaeophycus 

tubularis) and deposit feeders (Thalassinoides suevicus). Subordinate elements include dwelling 

structures of detritus feeders (Rosselia socialis), feeding structures of deposit feeders 

(Rhizocorallium commune uliarense) and farming traces produced by crustaceans (Sinusichnus 

sinuosus). The bivalve resting trace Lockeia siliquaria is locally present. The dominance of trace 

fossils attributed to both, deposit feeders and suspension feeders, and the relatively high diversity 

and degrees of bioturbation are consistent with the proximal expression of the Cruziana 

Ichnofacies, reflecting stable and predictable conditions during fair-weather times (MacEachern 

and Pemberton, 1992; Pemberton et al., 1992).  
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Figure 3.12. (A) Amalgamated sandstone interval of the wave-dominated delta front, capped by upper 

shoreface and foreshore sandstone (10 m above base of Bejucal Creek / Urumaco River section).           
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(B) Typical lam-scram pattern in the sandstone of the wave-dominated delta front, consisting of 

alternations of laminated and bioturbated intervals (Cerro Atarvezado). (C) Troughcross-stratified 

sandstone of the upper shoreface, followed by parallel-laminated sandstone of the foreshore, and massive-

bedded sandstone of the backshore (16 m above base of Bejucal Creek / Urumaco River section). (D) 

Prodelta mudstone grading upward into sandstone-dominated heterolithic intervals of the river- and wave-

influenced delta front, capped by organic-rich deposits of the interdistributary bay (31 m above base of 

Bejucal Creek section). (E) River- and wave-influenced delta front deposits, with hummocky cross-

stratified sandstone interbedded with irregular beds of massive mudstone interpreted as fluid mud. Note 

syneresis cracks developed in the fluid muds and the general absence of bioturbation (35 m above base of 

Domo de Agua Blanca section). (F) Distributary channel with Ophiomorpha nodosa and root trace fossils 

(14 m above base of Domo de Agua Blanca section). (G) Interdistributary bay deposits grading upward 

into paleosol and coal. Root trace fossils (Rt) colonizing form the top of the paleosol (17 m above base of 

Domo de Agua Blanca section).  

 

The wave-dominated delta front may grade upward into fossiliferous sandstone with 

trough- and planar-cross stratification and horizontal to low-angle cross stratification of the upper 

shoreface and foreshore, respectively (Fig. 3.11, 3.12C). These structures reflect migration of 

dunes in the surf zone (upper shoreface) and the wave swash and backwash in intertidal areas 

(beach/foreshore). Although trace fossils are locally common, they are rarely abundant and 

ichnodiversity and degrees of bioturbation are typically low (BI 1–3), having only Ophiomorpha 

nodosa and Macaronichnus segregatis. However, some intervals in the foreshore are highly 

bioturbated (BI 5) by Macaronichnus segregatis (Quiroz et al., 2010). These structures are 

typical of the Skolithos Ichnofacies, reflecting continuously migrating bedforms under high-

energy conditions, where only deeply penetrating structures are preserved (Howard and Frey, 

1984). Deep burrowing in these settings provides protection from instability of the ever-shifting, 

sandy substrates (Pemberton et al., 2001, p. 91). Additionally, the dominance of vertical 

structures produced by suspension feeders (Ophiomorpha nodosa) indicates high abundance of 

organic particles kept in suspension by waves and currents (Buatois and Mángano, 2011, p. 131). 

The Macaronichnus assemblage, however, seems to be common in higher-energy shoreface 

environments where permanent domiciles and filter-feeding strategies are precluded because of 

shifting substrates and intense wave action (Pemberton et al., 2001, p. 132). The deep-tier 

emplacement of these structures produced by deposit feeding polychaetes, promotes their 
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preservation within this harsh environment (Clifton and Thompson, 1978; Pemberton et al., 2001, 

p. 130).  

River- and wave- influenced delta-front deposits tend to be more heterolithic (Fig. 3.12D), 

consisting of thin- to medium-bedded sandstone with HCS, wave ripple cross-lamination and 

planar lamination, interbedded with thin mudstone beds (Figs. 3.13, 3.14). Graded siltstone beds, 

similar to those described in the prodelta, may be common in the lower part of delta-front 

intervals. Massive and thin, black mudstone interbeddings interpreted as fluid-mud deposits occur 

throughout the whole interval, displaying erosive bases and abundant syneresis cracks (Fig. 

3.12E). Delta-front intervals may grade transitionally into interdistributary-bay deposits (Fig. 

3.13) or into medium to thick sandstone beds with sharp bases and trough-cross stratification 

forming thin, fining-upward successions less than 2 m thick (Figs. 3.12F, 3.14), interpreted as 

terminal distributary-channels (Olariu and Bhattacharya, 2006).  

Trace fossils are rarely abundant and the degree of bioturbation is typically low (BI 0–2), 

with some intervals devoid of biogenic structures. The ichnofauna is dominated by structures 

produced by deposit feeders, such as Thalassinoides suevicus and Planolites montanus. Deep-tier 

T. paradoxicus is locally present, probably colonizing from overlaying interdistributary bay 

deposits. The low diversity of trace-fossil assemblages and the dominance of simple, facies-

crossing forms are typical of a depauperate Cruziana Ichnofacies, which is consistent with 

deposition closer to a river mouth, where stress conditions associated with increased 

sedimentation rates, water turbidity and reduced salinity prevent colonization by infaunal 

organisms. The abundance of fluid mud deposits suggests high water turbidity and soupy 

substrates that further inhibited colonization of the substrate. Dwelling structures of the Skolithos 

Ichnofacies produced by suspension feeders (Ophiomorpha nodosa and Skolithos linearis) and 

predators (Palaeophycus tubularis) are locally present at the top of HCS beds and represent 

opportunistic colonization of storm beds. In other cases, only O. nodosa forms sparse, 

monospecific suites in terminal distributary-channel deposits, associated with root traces (Fig 

3.12F). This is consistent with previous studies of river-dominated deltas, where water turbidity 

precludes the colonization of the substrate by suspension feeders, and elements of this 

ichnofacies are rare even in clean sandstone beds (Gingras et al., 1998; MacEachern et al., 2005; 

Buatois et al., 2012).   
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Figure 3.13. Bejucal Creek section, where progradations of river- and wave-influenced deltas alternate 

with marginal-marine deposits and coquina beds during transgressions.  
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3.5.3 Delta plain and marginal-marine environments  

 

Facies associations and trace-fossil distribution in this category contain evidence of 

sedimentation in more persistent brackish-water settings, with localized nonmarine conditions. 

These facies associations are typically found above delta-front and shoreface environments 

throughout the Urumaco Formation, but in the upper member they are commonly stacked in 

fining- and coarsening-upward successions, forming thick intervals with more sporadic and short-

lived marine incursions.  

Interdistributary-bay deposits in the Urumaco Formation are immediately overlying the 

delta front of river- and wave-influenced deltaic successions (Figs. 3.13, 3.14), or more rarely, 

they could be transitional with prodelta environments, forming muddy shorelines. They consist of 

carbonaceous mudstone interbedded with very thin to medium sandstone beds forming intervals 

less than 2 m thick, typically capped by immature paleosols and coal (Fig. 3.12G), or more rarely 

by distributary-channel deposits. Common sedimentary structures include lenticular and wavy 

bedding, parallel lamination, and current- and wave-ripple cross lamination, indicating 

suspension fall-out sedimentation alternating with weak, unidirectional and oscillatory currents. 

The presence of mudstone drapes is associated with tidal influence. Coarsening-upward 

successions are locally present and may represent progradations of small bay-head deltas within 

restricted bays, which are associated with the downdrift side of the main distributary channel of 

asymmetric deltas (Bhattacharya and Giosan, 2003). Plant fragments, coaly laminae, 

disseminated pyrite and siderite nodules are abundant throughout interdistributary-bay intervals.  

Trace fossils commonly form monospecific assemblages, displaying low degrees of 

bioturbation (BI 0–2) dominated by simple, facies-crossing forms including feeding traces of 

deposit feeders (Planolites montanus), and dwelling structures of deposit feeders (Thalassinoides 

paradoxicus) and predators (Palaeophycus striatus). Root traces are commonly found throughout 

the interval, more likely indicating very shallow water and frequent subaerial exposure, but are 

especially abundant towards the upper part of bay-fill successions underlying coals (Fig. 3.12G). 

Interdistributary-bay deposits may grade upward into paleosols and crevasse-splay deposits of the 

upper delta plain (Fig. 3.14), or they may be sharply overlain by lagoonal deposits (Figs. 3.13, 

3.15A).  
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Table 3.4. Delta plain and marginal-marine environments. 

  Facies 
A

ssociations 
L

ithology and 
paleontologic content 

Sedim
entary  

Structures 
Ichnology 

Processes 
D

istribution 

Interdistribu-
tary bay 

B
lack to dark gray 

m
udstone interbedded 

w
ith thin to m

edium
, very 

fine- to fine-grained 
sandstone beds. 
Succession capped by 
carbonaceous shales and 
thin coal beds. A

bundant 
carbonaceous debris. 

M
udstone w

ith m
assive 

aspect. Sandstone w
ith 

m
assive-aspect to parallel 

lam
ination, w

ave- and 
current-ripple cross-
lam

ination. Lenticular and 
w

avy bedding. C
om

m
on 

drapes of carbonaceous 
m

udstone, syneresis cracks, 
siderite bands and nodules. 

B
I 0–2. Thalassinoides 

paradoxicus, Planolites isp. 
and Teichichnus rectus in 
heterolithic intervals.  
A

bundant root traces 
tow

ards the top of 
succession. 

Low
-energy 

suspension fall out 
alternating w

ith 
oscillatory and 
unidirectional 
currents. D

rapes of 
organic m

atter m
ay 

suggest tidal 
influence. 

A
bove delta 

front or 
prodelta. 
G

rading 
upw

ard into 
delta-plain 
m

udstone or 
distributary-
channel 
sandstone.  

Lagoons 
D

ark gray m
udstone w

ith 
dispersed m

ollusk. Thin 
to m

edium
 beds of 

fossiliferous sandstone 
w

ith shells localy 
interbedded in the 
m

udstone. A
bundant 

carbonaceous debris and 
plant fragm

ents. O
yster 

beds locally com
m

on.  

M
udstone w

ith m
assive 

aspect or parallel 
lam

ination. Fossiliferous 
sandstone w

ith planar 
lam

ination or planar-cross 
stratification. Siderite bands 
and nodules very abundant.  

B
I 1–3 in m

udstone w
ith 

m
onospecific occurrences 

of Sinusichnus sinuosus. 
B

ase of succession m
ay be 

delineated by firm
ground T. 

suevicus or 
Spongeliom

orpha isp. 

Low
-energy 

suspension fallout 
sedim

entation. 
Fosiliferous 
sandstone deposited 
during high-energy 
w

ashover events. 

A
bove 

interdistributary 
bay and upper 
delta plain. 
Som

e intervals 
sharply 
overlaying 
delta front or 
upper 
shoreface.  

Lagoon 
m

argin/ 
B

ay head 
deltas 

D
ark gray m

udstone and 
siltstone interbedded w

ith 
thin- to m

edium
-bedded, 

very fine- to fine-grained 
sandstone beds. 
Succession capped by 
coal and carbonaceous 
shales, and/or paleosols. 
A

bundant carbonaceous 
debris and plant 
fragm

ents.  

M
udstone and siltstone 

w
ith planar lam

ination.  
H

eterolithic intervals w
ith 

lenticular and w
avy 

lam
ination. Sandstone w

ith 
m

assive aspect, planar 
lam

ination, current- and 
w

ave-ripple cross-
lam

ination. Siderite bands 
and nodules very abundant. 
Syneresis cracks locally  
com

m
on. 

B
I 0–4. Thalassinoides 

paradoxicus, T. suevicus, 
O

phiom
orpha nodosa, 

Planolites isp., 
Palaeophycus striatus, P. 
tubularis and locally, 
Skolithos linearis and 
Bergaueria hem

ispherica. 
R

oot traces on top of 
succession.  
 

Low
-energy 

suspension fallout 
alternating w

ith 
m

oderate-energy 
oscillatory and 
unidirectional 
currents.  

A
bove lagoonal 

m
udstone. 

G
rading 

upw
ard into 

upper delta 
plain coals and 
paleosols. 
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Table 3.4. Continued. 

 Facies 
A

ssociations 
L

ithology and 
paleontologic content 

Sedim
entary  

Structures 
Ichnology 

Processes 
D

istribution 

Subaqueous 
distributary 
channels 

M
edium

- to thick-bedded, 
very fine- to fine-grained 
sandstone, grading 
upw

ard to intercalations 
of thin- to m

edium
-

bedded very fine-grained 
sandstone and m

udstone.  

Planar and trough cross-
stratification. C

onvolute 
bedding and highly 
deform

ed heterolithic 
intervals very com

m
on. 

A
bundant m

udstone 
intraclasts. C

om
m

on drapes 
of carbonaceous debris in 
the foresets. 

B
I 0–2. O

phiom
orpha 

nodosa and Skolithos 
linearis. 

M
igration of tw

o- 
and three-
dim

ensional dunes 
generated by 
unidirectional 
currents. 
Phytodetrital pulses. 
Trace fossils 
suggest brackish-
w

ater conditions. 

Typically 
above 
interdistributary
-bay and upper 
delta-plain 
deposits.  

Subaerial 
distributary/ 
fluvio-
estuarine 
channels 

M
edium

- to thick-bedded, 
fine-grained sandstone, 
grading upw

ard to 
intercalations of thin- to 
m

edium
-bedded very 

fine-grained sandstone 
and m

udstone 

Planar and trough cross-
stratification. C

urrent-
ripple cross-lam

ination. 
B

ase of the succession 
erosive and m

antled by 
m

udstone and siderite 
intraclasts. C

om
m

on drapes 
of carbonaceous debris. 

N
o bioturbation recorded. 

M
igration of tw

o- 
and three-
dim

ensional dunes 
generated by 
unidirectional 
currents.  

H
ighly incised 

in delta-plain to 
m

arginal-
m

arine deposits 
and m

ore 
rarely, shallow

-
m

arine and 
deltaic deposits 

U
pper delta 

plain 
D

ark gray m
udstone 

intercalated w
ith thin- to 

m
edium

-bedded fine-
grained sandstone 
alternating w

ith light gray 
m

udstone, carbonaceous 
m

udstone and thin coal 
beds and lam

inae. 
A

bundant vertebrate 
fragm

ents.  

Sandstone w
ith m

assive 
aspect, parallel and current-
ripple cross lam

ination. 
Light gray m

udstone w
ith 

m
assive aspect and slicken 

sides. C
arbonaceous shale 

w
ith parallel lam

ination. 
 

B
I 0–2. Planolites 

m
ontanus and root traces. 

C
oprolites in carbonaceous 

m
udstone.  

Sedim
entation from

 
suspension fall-out. 
C

revasse splay 
during high-energy 
river flooding and 
avulsion. Sw

am
p 

developm
ent. 

Subaerial exposure 
and soil form

ation. 

Intercalated 
w

ith subaerial 
distributary-
channels and-
interdistributary 
bay/lagoon 
deposits. 
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Figure 3.14. Domo de Agua Blanca section. Segment 1 measured on the crest of the Agua Blanca 

anticline, and shows transgressive, wave-dominated shallow marine deposits follow by immature 

paleosols of the upper delta plain. Segment 2 measured along the Urumaco River, showing two 

progradations of mixed river- and wave-influenced deltas with associated distributary channels and 

interdistributary-bay deposits, separated by a transgressive coquina. Upper part shows development of 

thick, immature paleosols of the upper delta plain capped by a distributary channel, which in turn is 

erosively overlain by transgressive, lagoonal deposits.  
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Facies associations of lagoons are highly variable within the Urumaco Formation, 

reflecting the complex interaction of multiple sediment sources and the combined effect of 

waves, tides and river discharge. The deepest parts of lagoons consist of dark gray, thinly bedded 

to massive mudstone (Fig. 3.15A) with dispersed articulated and fragmented bivalves, abundant 

organic debris and plant fragments indicating low-energy, suspension fallout sedimentation in the 

absence of waves and currents. Siderite nodules around plant and shell fragments, and 

concretionary burrow fills are extremely abundant throughout the mudstone interval. Deposits are 

dominated by a monospecific trace-fossil suite, consisting of farming traces of the crustacean 

burrow Sinusichnus sinuosus, generally displaying low to moderate degrees of bioturbation (BI 

1–3), and are locally overprinted by deep-tier Thalassinoides paradoxicus. Sinusichnus is 

invariably replaced by siderite, enhancing their preservation within the apparently unbioturbated, 

background mudstone. Ekdale et al. (1984, p. 170) argued that the fine-grained sediment 

deposited from suspension in distal areas of lagoons is often rendered structureless by the 

cryptobioturbation activities of small benthic animals (i.e. meiofauna). In some places discrete, 

thin to medium beds of fossiliferous sandstone with mollusk fragments, massive aspect to 

current-ripple cross lamination indicates deposition by high-energy washover events and 

proximity to a barrier island.  

Lagoonal mudstone typically grades upwards into thinly bedded heterolithic intervals 

with lenticular and wavy bedding and thin- to medium-bedded sandstone of massive aspect, 

planar lamination and wave-and current-ripple cross lamination (Fig. 3.15B). These intervals 

contain abundant plant fragments and organic debris (Fig. 3.15D), and form coarsening-upward 

successions up to 3 m thick, representing progradations of bay-head deltas or lagoon margins 

(Figs. 3.11–3.13), which are typically capped by coal and paleosols. Syneresis cracks are 

especially common in bay-head delta deposits (Fig. 3.15D). Trace-fossil distribution and degrees 

of bioturbation are highly variable in these successions. In bay-head deltas, trace fossils are 

sporadically distributed and typically display very low degrees of bioturbation (BI 0–2), 

dominated by simple forms, including feeding structures of deposit feeders (Planolites 

montanus.) and dwelling structures of deposit feeders (Thalassinoides paradoxicus) and predators 

(Palaeophycus striatus, P. tabularis). Dwelling structures of suspension feeders are represented 

by Ophiomorpha nodosa, and locally Skolithos linearis, typically in thicker sandstone beds.  

The resting trace Bergaueria hemispherica is very rare and was only recorded at one locality. 
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Figure 3.15. (A) Lagoon mudstone sharply overlaying interdistributary bay deposits, grading upward into 

heterolithic intervals of the bay-head delta (16 m above base of Bejucal Creek section). (B) Detail of the 
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bay-head delta deposits in A, displaying low degrees of bioturbation and isolated Thalassinoides 

paradoxicus. (C) Lagoonal succession having a sandy fossiliferous sandstone bed at the base, sharply 

overlaying gray paleosols of the upper delta plain. The surface is delineated by Thalassinoides suevicus 

(Th) of the Glossifungites Ichnofacies. The lagoon mudstone with abundant siderite nodules (Si) is 

erosionally truncated by a transgressive coquina bed (690 m above base of Pauji Creek general section). 

(D) Detail of bay-head delta deposits, showing thin-bedded sandstone with abundant carbonaceous debris, 

syneresis cracks and Planolites montanus (Pl) and Ophiomorpha nodosa (Op) (5 m above base of 

Urumaco River section 1). (E) Distributary channel with Ophiomorha nodosa and drapes of carbonaceous 

debris in the foresets of cross-bedded sandstone (13 m above base of Urumaco River section 1). (F) Thick 

immature paleosol intervals interbedded with carbonaceous mudstone and coal beds (41 m above base of 

Domo de Agua Blanca section). (G) Fluvio-estuarine channels overlaying a thick paleosol interval (35 m 

above base of Urumaco River section 2). (H) Detail of the channel in G, showing thick sandstone beds 

with trough cross-stratification. (I) Thinly-bedded crevasse splay mudstone and sandstone sharply 

overlaying swamp deposits (20 m above base of Domo de Agua Blanca section).   

 

In lagoon margins the degree of bioturbation is higher (Fig. 3.9B), reflecting less stressed 

conditions with lower rates of sedimentation, and similar heterolithic intervals to those of the 

bay-head delta are intercalated with medium to thick beds of clean to muddy sandstone with 

massive aspect and intense bioturbation (BI 4–5), dominated by Thalassinoides suevicus, T. 

paradoxicus, Ophiomorpha nodosa, Skolithos linearis and Planolites montanus. Thalassinoides 

paradoxicus is commonly the deepest tier within lagoon-margin successions, colonizing from the 

more sandy intervals in the upper part, where it typically forms intergradational structures with 

Ophiomorpha nodosa penetrating down 4–5 m deep into the underlying lagoon mudstone (Fig. 

3.9B). Thick and massive sandstone beds, similar to those of the lagoon margin, may be found at 

the base of some lagoonal successions typically having dispersed, oyster shell fragments, 

abundant carbonaceous debris and locally, high concentrations of vertebrate fragments (Figs. 

3.13, 3.14, 3.16). The base of these sandstone beds is erosive and may be delineated with 

firmground Thalassinoides suevicus of the Glossifungites Ichnofacies (3.15C) or the Teredolites 

Ichnofacies where overlying coal beds or highly carbonaceous shales. In other cases, lagoon 

mudstone may transitionally replace carbonaceous shale deposits or sharply overlay paleosols of 

the upper delta plain (Fig. 3.17). In the latter case, the resulting flooding surface is delineating 

with firmground Spongeliomorpha isp., locally forming dense, monospecific suites (BI 2–4). 
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These burrows are filled with fine-grained sediment, which have been replaced by siderite, 

preserving delicate scratch traces along the burrow margins. This surface is interpreted as a low-

energy flooding surface or drowning of the delta/coastal plain. 

 
Figure 3.16. Urumaco River section 1, with a thick succession of marginal-marine environments sharply 

overlain a prodelta unit, and capped by deltaic and shallow-marine deposits. Two, sharp-based shoreface 
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sandstones towards the top are delineated by the Glossifungites Ichnofacies, associated with forced 

regressions and shoreface retreat during transgression, respectively.  

 

Interdistributary bays and lagoons are characterized by similar trace-fossil assemblages, 

displaying very low diversities but variable degrees of bioturbation. Although there is an increase 

in ichnodiversity and degree of bioturbation towards the lagoonal system, the abundance of 

simple, facies crossing forms dominated by feeding structures, the mixture of elements of both 

the Cruziana and Skolithos Ichnofacies and the occurrence of monospecific suites is consistent 

with sedimentation in more permanent, brackish-water settings, where lowered and variable 

salinities result in stressful ecological conditions (Pemberton and Wightman, 1992; MacEachern 

and Gingras, 2007). The presence of syneresis cracks is consistent with this interpretation. The 

abundance of siderite suggests a high supply of organic matter under reducing conditions 

(Berner, 1981). Bay/lagoon margins display an increase in ichnodiversity and degrees of 

bioturbation, reflecting less stressed conditions probably associated with increasing salinities and 

lower sedimentation rates. 

Subaqueous distributary-channel deposits are commonly interbedded with 

interdistributary-bay and upper delta plain deposits, having erosive bases and forming 1–6 m 

thick, fining-upward successions (Figs. 3.14, 3.16). These channels are filled by trough cross-

stratified and current-ripple cross-laminated sandstone with abundant drapes of carbonaceous 

debris (Fig. 3.15E). Trace fossils commonly occur towards the top of channel fills, forming 

monospecific assemblages with low degrees of bioturbation (BI 2), dominated by elements of the 

Skolithos Ichnofacies (Ophiomorpha nodosa and Skolithos linearis). 

Upper delta-plain deposits are characterized by parallel-laminated mudstone and thin 

sandstone beds with massive aspect and parallel lamination to current ripple cross-lamination, 

forming small-scale coarsening-upward successions up to 2 m thick, representing crevasse-splay 

deposits (Fig. 3.14). Planolites montanus is found in the mudstone forming low-density 

monospecific assemblages (BI 0–1). Root traces occur towards the top of the successions. 

Immature paleosols are commonly interbedded with crevasse splay deposits, and carbonaceous 

mudstones and coals, representing swamp conditions, forming intervals up to 8 m thick (Figs. 

3.15F, I). The predominantly grey colors of these paleosols and their association with 

carbonaceous shale and coal, capping the succession, indicate waterlogged conditions (Mack et 

al., 1993). Coprolites and vertebrate fragments are abundant, especially in the carbonaceous 
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shale. Well-preserved coprolites are large, elongated and cylindrical structures (up to 13.8 cm 

long and 4.6 cm wide), with smooth surface and tapering towards one end, whereas others are 

fragmented into short, irregular and cylindrical structures. Distributary-channel deposits of the 

subaerial delta plain, similar to those in the lower delta plain, are unbioturbated and typically 

stacked in fining- upward successions up to 8 m thick, forming intervals up to 25 m thick (Figs. 

3.17, 3.15G, H). The basal surface is highly erosive, and is commonly mantled by a lag with 

abundant mudstone and siderite intraclasts. These multistorey channels are highly incised in 

upper delta plain and lagoon deposits, and more rarely, shallow-marine and deltaic deposits, 

likely representing the filling of incised valleys or fluvio-estuarine channels overlying a sequence 

boundary. The upper delta-plain deposits are typically intercalated with more bioturbated 

intervals of the lower delta plain, or may be sharply overlain by transgressive deposits and 

coquinas. 

 

3.6 Discussion 

 

3.6.1 Substrate controlled ichnofacies and delineation of discontinuity surfaces 

 

One of the most important ecological controls for the distribution of organisms and their 

associated biogenic structures is substrate consistency (e.g., Ekdale, 1985; Bromley et al., 1984; 

Bromley, 1996, p. 14; Buatois and Mángano, 2011, p. 101). In siliciclastic settings, the 

Glossifungites Ichnofacies is the most common substrate-controlled trace-fossil suite, and is 

typically associated with erosional exhumation of previously buried sediments (dewatered muds 

or highly compacted sands), commonly linked to relative see-level changes, and thus corresponds 

to stratigraphic discontinuities (Pemberton and Frey, 1985; MacEachern et al., 1992; Pemberton 

et al., 2004). In wave-influenced shallow- and marginal-marine environments, erosional 

exhumation of these substrates is commonly related with wave erosion in the shoreface as barrier 

islands migrate landward during transgression (wave ravinement), or during forced regression of 

the shoreline associated with relative sea-level fall (MacEachern et al., 1992; Pemberton et al., 

2004). 
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Figure 3.17. Urumaco River section 2 showing the persistence of marginal-marine and fluvial 

environments of the Upper Member of the Urumaco Formation. Several lagoon-fill successions alternate 

with paleosols of the coastal plain, and the formation of a thick, fluvio-estuarine channel, probably incised 

during periods of sea-level fall.  
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In the Urumaco Formation, discontinuity surfaces demarcated by the Glossifungites 

Ichnofacies are widespread and abundant, and help to establish the stratigraphic framework of 

high-frequency transgressive-regressive cycles, probably associated with glacio-eustatic sea-level 

changes driven by Milankovitch orbital forcing. Evidence from glaciomarine sediments and ice-

rafted detritus near Antarctica and the foraminifera δ18O isotopic record indicate intermittent 

presence of ice sheets on Antarctica since at least the early Oligocene (Miller et al., 1991), which 

became permanent since the late Miocene (Shackleton and Kennett, 1975). It is believed that the 

growth and decay of Antarctic ice sheets caused glacioeustatic sea level changes in the Neogene 

(Miller et al., 1991) that were strongly dominated by the 41-ky period tilt forcing (Zachos et al., 

2001; Miller et al., 2005). In the Caribbean region, high-frequency sea level changes have been 

documented from the sedimentary record of the Great Bahama Bank (Eberli, 2000), although 

only the major, third-order sea-level changes correlate with the eustatic sea-level curve of Haq et 

al. (1987).  

The most common occurrence is at the base of the thick-bedded, laterally extensive 

coquinas (Figs. 3.18A–E), which have been previously interpreted as the product of storms, 

forming washover deposits in a back-barrier lagoon (Diaz de Gamero and Linares, 1989). 

However, their stratigraphic context and the presence of firmground Thalassinoides suevicus of 

the Glossifungites Ichnofacies indicate a different origin. They typically truncate lagoonal and 

delta-plain deposits (Figs 3.18C–F), or more rarely lower shoreface deposits (Fig. 3.18A), and are 

overlain by shelf or prodelta mudstone (Figs. 3.11–3.16), clearly indicating a rise in relative sea 

level. Erosion of the previously deposited lagoonal complex deposits occurred in the upper 

shoreface/foreshore of landward migrating barrier islands. Colonization of the firm substrate by 

the trace-making crustaceans probably occurred in the lower shoreface, as the eroded sediment is 

transferred onto the inner shelf or along shore resulting in the construction of extensive open 

burrow networks. Most of the fine-grained sediment is winnowed by wave action, forming a 

transgressive lag rich in shell fragments, which passively infill the burrows. Accordingly, the 

base of these coquinas is interpreted as a wave ravinement surface cut by erosional shoreface 

retreat (Swift, 1968). With continued transgression, some areas of the inner shelf may experience 

sediment starvation as sediment is trapped in the coeval back-barrier lagoon, resulting in 

relatively thick coquinas with complex taphonomic signatures (Figs. 3.18D, E) (Kidwell, 1991). 

The abundance of reworked siderite and vertebrate fragments of both terrestrial and aquatic 
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origins found at the base of thick coquinas supports their interpretation as transgressive lags (Fig. 

3.18D).  

 
Figure 3.18. Examples of the Glossifungites Ichnofacies in the Urumaco Formation. (A) Transgressive lag 

overlaying highly bioturbated offshore to lower-shoreface deposits (2 m above base of Bejucal Creek / 
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Urumaco River section). Dashed line indicates the wave ravinement surface (WRS). (B) Detail of offshore 

deposits in A, showing Thalassinoides suevicus of the Glossifungites Ichnofacies overprinting softground 

T. suevicus (Ts) and intense bioturbation in the background offshore mudstone. (C) Thick coquina bed 

sharply overlaying upper delta-plain deposits followed by shelf/prodelta mudstone (23 m above base of 

Domo de Agua Blanca Section). T. suevicus of the Glosifungites Ichnofacies is delineating the WRS. (D–

E) Thick coquina with highly fragmented shells in the lower part (lag), grading to a more packed coquina 

with articulated and in situ bivalves (810 m above base of Pauji Creek general section). T. suevicus (Ts) at 

the base of the coquina bed cross cut softground T. paradoxicus (Tp) emplaced in lagoon deposits. (E) 

Detail of T. suevicus at the base of coquina bed showing nodular aspect due to intense bioturbation. 

Abundant sideritized burrows (sid) reworked from the underlying lagoon mudstone are only concentrated 

in the transgressive lag. (F–G) Stacked lagoon-fill successions separated by a transgressive surface of 

erosion delineated by T. suevicus, which in turn are truncated by the WRS and associated Glossifungites 

Ichnofacies (22 m above base of Bejucal Creek section). (G) Detail of firmground T. suevicus excavated 

in carbonaceous mudstone and passively filled with sandstone of the bay margin. Some burrows have 

suffered compaction indicated limited erosional exhumation. (H) Spongeliomorpha isp. of the 

Glossifungites Ichnofacies emplaced in a light gray, massive mudstone (immature paleosols) sharply 

overlying by lagoon mudstone (17 m above base of Urumaco River section 2). Dashed line indicates a 

transgressive surface (TS). 

 

In other places, the transition from lagoonal deposits into less restricted shelf and prodelta 

mudstone is represented by a thin succession from offshore to lower-shoreface deposits bounded 

at the base and top by thin transgressive lags (Figs. 3.18A, B). In this case, robust Thalassinoides 

suevicus of the Glossifungites Ichnofacies typically develops along the upper transgressive 

surface of erosion, overprinting the intense softground bioturbation characteristic of these open-

marine deposits (Fig. 3.18B). This succession is similar to the transgressively incised shoreface 

model put forward by MacEachern et al. (1999), and records short periods of shoreface 

progradation punctuating the overall transgression. In more proximal areas, upper shoreface and 

foreshore sandstone occur immediately above the basal transgressive lag (Figs. 3.16, 3.19A, C).  

The shelf or prodelta mudstone on top of thick coquina beds, records the final phase of 

transgression (i.e. the maximum flooding surface) and represents the distal parts of prograding 

deltaic systems associated with normal regression of the shoreline, accompanied by a gradual 

change in facies and softground trace-fossil associations. However, in one interval of the middle 

member in the Urumaco River section, a sharp-based upper shoreface sandstone occurs on top of 
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prodelta deposits (Figs. 3.16, 3.19A), separated by an erosive surface delineated by a low-density 

suite of firmground Thalassinoides suevicus of the Glossifungites Ichnofacies emplaced in the 

prodelta and filled with sandstone of the overlying unit (Fig. 3.19B). This upper-shoreface 

sandstone is erosionally truncated on top by lagoon deposits, which accumulated during the 

subsequent transgressive event (Figs. 3.16, 3.19A). This example may represent a regressive 

surface of marine erosion cut by wave action during a forced regression of the shoreline 

associated with a fall in relative sea level. MacEachern et al. (1999) cautioned about the fact that 

the internal facies and trace-fossil associations of both forced regressive and transgressively 

incised shoreface complexes are fairly similar, and therefore differentiation between these two 

scenarios must rely ultimately on the regional correlation of the associated surfaces. The absence 

of a shell-rich lag underlying the shoreface sandstone, which is common in the transgressive 

scenario, and the overlying transgressive lagoon deposits favor a forced-regressive origin. 

Alternatively, the surface may represent localized erosion in the downdrift portion of an 

asymmetric wave-influenced delta due to the alongshore migration of the higher-energy, 

strandplain complex on the updrift side of the river mouth. 

The basal surface of lagoonal deposits overlying regressive, deltaic deposits is locally 

delineated by firmground Thalassinoides of the Glossifungites Ichnofacies, especially where 

fossiliferous sandstone beds with abundant carbonaceous debris, dispersed shell fragments and 

vertebrate remains are present (Figs. 3.13, 3.14). In this case, the formation of the firmground 

may have been associated with subaerial exposure and erosion during a fall in relative sea level, 

and colonization of the surface by the trace-making crustaceans occurred during the subsequent 

transgression, resulting in an amalgamated or composite surface of lowstand erosion (sequence 

boundary) and transgressive erosion (MacEachern et al., 1992; Pemberton et al., 2004). In some 

intervals along the Urumaco River, thick-shelled oysters are associated with the basal sandstone 

beds forming irregular levels or discontinuous oyster reefs. Where thick lagoonal successions are 

stacked vertically, such as in some intervals of the lower member and most of upper member of 

the Urumaco Formation, the internal discontinuity surfaces separating lagoon-fill deposits may be 

also delineated by Thalassinoides of the Glossifungites Ichnofacies or Teredolites Ichnofacies 

where the burrows are constructed in coal or highly carbonaceous mudstone and are filled with 

sandstone of the lagoon margin. In this case, however, the burrows display some degree of 

compaction, indicating lower levels of firmness and minor erosion (Fig. 3.18G).  
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Figure 3.19. (A) Sharp-based upper shoreface sandstone sharply overlaying prodelta, representing a 

regressive surface of marine erosion (RSME) delineated by Thalassinoides suevicus of the Glossifungites 

Ichnofacies. Lagoon mudstone erosionally truncates the shoreface sandstone, implying the formation of a 

sequence boundary (SB) during a relative fall in sea level, and a transgressive surface (TS) during the 

subsequent transgression. Lagoon mudstone is sharply overlain by a shell lag and associated wave 

ravinement surface (WRS) delineated by Thalassinoides suevicus of the Glossifungites Ichnofacies, follow 

by upper shoreface and foreshore sandstone, representing a transgressively incised shoreface. (B) Detail of 

firmground Thalassinoides suevicus (Tf) penetrating in prodelta and filled with sediment of the overlaying 

sandstone bed. (C) Detail of lagoon mudstone with softground Thalassinoides paradoxicus (Ts), crosscut 

by firmground Thalassinoides suevicus (Tf) and associated shell lag deposit.    

 

Another example of this type of internal discontinuity in lagoon deposits is represented by 

the monospecific suites of Spongeliomorpha isp. penetrating immature paleosols, where lagoon 

mudstone is deposited on top (Fig. 3.18H). The low-energy nature of the overlying lagoon 

mudstone indicates that erosional exhumation did not play a major role in the formation of the 

firmground, which is related with dewatering associated with more extended periods of subaerial 
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exposure. During a gradual and low-energy flooding of the delta/coastal plain, these paleosols are 

typically replaced by coal and carbonaceous shale, representing swamp deposits, which in turn 

are transitionally overlain by lagoonal mudstone. Accordingly, colonization of the firmground 

occurred in intertidal areas along low-energy margins of the lagoon during a rapid drowning 

event of the coastal plain that precluded the formation of extensive coastal swamps and the 

accumulation of significant peat and carbonaceous shale that otherwise would have prevented the 

colonization of the firm substrate. These surfaces, however, seem to be more restricted in areal 

extent, and may represent autogenic discontinuities.  

Substrate controlled ichnofacies help to establish a complex mosaic of shallow- and 

marginal-marine environments stacked in high-frequency transgressive-regressive cycles. 

Regressive deltaic systems record progradation of a shoreline characterized by an asymmetric 

delta complex, where the river- and wave-influenced delta and associate interdistributary bay 

deposits are located on the downdrift side of the river mouth, whereas the wave dominated delta / 

strandplain complex is located on the updrift side (Fig. 3.20A). The regressive deltaic system 

alternates with the formation of barrier islands and lagoons during transgressions, which are 

characterized by an early, brackish-water transgression that forms an interdeltaic lagoonal 

system, followed by a more extensive, fully marine transgression, where laterally extensive 

coquinas and offshore to lower shoreface deposits are accumulated (Fig. 3.20B).   
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Figure 3.20. Sedimentologic and ichnologic model for the high-frequency transgressive-regressive cycles 

in the Urumaco Formation, where the progradation of an asymmetric delta system (A), alternates with the 

formation of lagoons, barrier islands and offshore to lower shoreface environments during transgressions 
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(B). WRS = wave ravinement surface, TSE = transgressive surface of erosion, Ar = Arenicolites, As = 

Asterosoma, Ch = Chondrites, He = Helicodromites, Lo = Lockeia, Ma = Macaronichnus, Op = 

Ophiomorpha, Pa = Palaeophycus, Pah = Palaeophycus heberti, Ph = Phycosiphon, Pl = Planolites, Rh = 

Rhizocorallium, Ro = Rosselia, Si = Sinusichnus, Sk = Skolithos, Sp = Spongeliomorpha, Te = 

Teichichnus, Th = Thalassinoides.   

 

3.6.2 Paleoclimatic implications 

 

The topic of climatic and latitudinal controls on shallow-marine ichnofaunas has been 

explored by Goldring et al. (2004), who proposed the existence of three climatic zones that can 

be extended back into the Cenozoic; zones are based on the distribution of infaunal echinoids and 

burrowing crustaceans in modern coastal and shoreface settings: (1) tropical and subtropical 

zones are characterized by pellet-forming thalassinidean burrows (Ophiomorpha) and echinoid 

burrows (Scolicia), as well as other ichnotaxa, (2) a temperate zone with echinoid traces 

dominant and Thalassinoides producers, but not Ophiomorpha, and (3) an arctic zone with only 

biogenic structures produced by mollusks and worms. While some anomalous occurrences of 

Ophiomorpha in Neogene deposits in temperate zones were addressed by Goldring et al. (2004), 

lower Miocene deposits of Patagonia contain abundant Scolicia and Ophiomorpha under 

temperate to cold climates, challenging the proposed pattern (see Buatois et al., 2003; Carmona et 

al., 2008). Gingras et al. (2006) provided partial support to this model from observations in 

modern marginal-marine environments, although these authors extended the dominance of 

biogenic structures produced by mollusk and worms to temperate zones. In particular, the 

ichnogenus Macaronichnus has been proposed as an indicator of Pacific temperate to cold 

climatic zones from the Cretaceous to the Recent (Pemberton et al., 2006; Gingras et al., 2006). 

Quiroz et al. (2010) reviewed the distribution of this ichnogenus and its known modern 

producers, providing compelling evidence of their recurrence in high- to mid-latitude settings, as 

previously noted. However, the anomalous occurrence of Macaronichnus in the Miocene coast of 

Venezuela was explained as a consequence of coastal upwelling of cold waters and high primary 

productivity, related to mixing of Pacific and Caribbean waters through the Strait of Panama, 

further expanding the paleoclimatic value of this ichnogenus (Quiroz et al., 2010). 

Another point to explore is the high diversity and exceptional dominance of biogenic 

structures produced by decapod crustaceans in both shallow- and marginal-marine environments 
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of the Urumaco Formation that may be considered as another tool to infer past, warmer climates 

or the extension of the tropical zone into higher latitudes. Although these structures are dominant 

components in Cretaceous and Cenozoic shallow-marine environments in agreement with 

diversification events recorded by body fossils and the dominance of the modern evolutionary 

faunas (Carmona et al., 2004; Buatois et al., 2016), there is a decrease in ichnodiversity of these 

structures towards high-latitude settings, corresponding with the trend observed in the 

distribution of modern thalassinidean decapods (Dworschak, 2000). Trace fossils produced by 

decapod crustaceans are abundant in other Neogene shallow- and marginal-marine environments 

from tropical (e.g. Gingras et al., 2002; Buatois et al., 2008; 2012) and temperate latitudes (e.g. 

de Gibert and Martinell, 1998; Carmona and Buatois, 2003; Buatois et al., 2003; Carmona et al., 

2008). However, in more permanent brackish-water settings, such as estuaries and lagoons, they 

become secondary components in temperate latitudes, but remain dominant in the tropics. 

Accordingly, the dominance and high diversity of decapod crustacean burrows are here 

considered a more reliable ichnologic signature of tropical conditions, than the mere presence of 

individual components such as Ophiomorpha, which may extend into temperate regions (e.g. 

Goldring et al., 2004; Carmona et al., 2008). 

Additionally, the presence of sophisticated feeding strategies is uncommon for permanent 

brackish-water settings, which tend to be dominated by structures produced by trophic generalists 

(Pemberton and Wightman, 1992). The decapod crustacean burrow system Sinusichnus, 

characterized by regularly sinuous branches, is interpreted to represent a bacterial farming 

strategy (de Gibert, 1996; Buatois et al., 2009; Belaústegui et al., 2014) that first appeared in the 

Cretaceous (Buatois et al., 2009), and became geographically widespread in the Neogene 

(Belaústegui et al., 2014), being reported from several units in the Miocene of Venezuela, 

including the Falcon Basin (Buatois et al., 2009), and the Pliocene of the Mediterranean (de 

Gibert, 1996; de Gibert and Martinell, 1998).  

Although stress resulting from salinity fluctuations is documented from all these previous 

occurrences, including the one described here from prodelta and delta-front environments, the 

associated ichnofauna in the Urumaco Formation suggests periods of normal-marine salinities. 

However, the monospecific occurrences of Sinusichnus with concretionary sideritic fills reported 

here from the lagoonal mudstone and interpreted as deposited in more permanent brackish-water 

systems, represent a departure from the previously known occurrences (Belaústegui et al., 2014), 
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and seem to be unique for tropical latitudes. The early-formed diagenetic siderite in these settings 

is commonly associated with reactions mediated by bacterial reduction in interstitial waters 

where abundant organic matter is deposited under strongly reducing conditions (Berner, 1981), 

further supporting an agrichnial interpretation for Sinusichnus. Tropical, hypertrophic brackish-

water lagoonal systems, such as Ciénaga Grande de Santa Marta, a shallow transgressive lagoon 

developed on the delta plain of the Magdalena River delta in Colombia, rank among the most 

productive coastal lagoons in the world (Hernandez and Gocke, 1990; Knoppers, 1994). This 

lagoonal system is characterized by an extremely high bacterial abundance and biomass (Gocke 

et al., 2004), making it a plausible analog for the monospecific associations of Sinusichnus from 

Urumaco. However, modern examples of Sinusichnus have yet to be found. 

 

3.6.3 Implications for vertebrate paleontology 

 

 The vertebrate fauna of the Urumaco region consists of at least 77 taxa, making it one of 

the most diverse and best-documented tropical Miocene faunas in the world (Sanchez-Villagra 

and Aguilera, 2006). The majority of these fossils come from the Urumaco Formation; however, 

the lack of adequate sedimentologic and stratigraphic context has prevented a proper 

understanding of the paleoenvironment associated with this vertebrate fauna. The vertebrate 

fauna in this unit includes marine, brackish-water and freshwater fishes; terrestrial, freshwater 

and marine turtles and crocodilians; and terrestrial and semiaquatic/aquatic mammals (Aguilera, 

2004; Sánchez-Villagra and Aguilera, 2006). Reptiles, especially turtles and crocodylians, are the 

most abundant group and dominate the vertebrate fauna of the Urumaco Formation (Sanchez-

Villagra and Aguilera, 2006), whereas fishes are by far the most diverse group (Aguilera, 2004). 

Mammals, especially large semiaquatic rodents, are also common and well preserved within the 

succession (Sanchez-Villagra et al., 2003; Linares, 2004a), while those of more terrestrial 

habitats, such as ungulates and armadillos, are less abundant and poorly preserved (Aguilera, 

2004; Linares, 2004a; Carlini et al., 2006a, Bond et al., 2006), with the exception of several 

species of the giant ground sloths (Aguilera, 2004; Carlini et al., 2006b; 2006c Sanchez-Villagra 

and Aguilera 2006).  

Fossil vertebrates in the Urumaco Formation occur in a variety of lithologies within the 

three members; however, they mostly occur in carbonaceous shale, and less commonly in 
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fossiliferous sandstone with shell fragments and coquina beds (Diaz de Gamero and Linares, 

1989; Hamballeck et al., 1994; Aguilera, 2004; Linares, 2004a). Carbonaceous shales are 

typically associated with thin coal beds and immature paleosols, representing swamp/marsh 

environments, and may contain abundant coprolites and wood fragments. These deposits occur 

interbedded in a wide variety of depositional settings, including interdistributary bays and upper 

delta-plain deposits, which are associated with the regressive deltaic system and record 

aggradation of the delta plain during periods of high sea level. They also occur along flooding 

surfaces at the base of low-energy lagoon margins, and capping the deposits of lagoon-fill 

successions represented by prograding bay-head deltas, which are part of the transgressive, 

interdeltaic lagoonal system.  

Trace fossils in carbonaceous shales are typically absent, being only recorded where 

crustacean burrows, such as Thalassinoides suevicus, colonize from overlying sediments 

recording an unrelated environment associated with the formation of a discontinuity surface 

within the context of the Glossifungites/Teredolites Ichnofacies. However, the trace-fossil 

assemblages in related facies within these depositional settings, excluding upper delta-plain 

environments, indicate brackish-water conditions suggesting that the associated swamp 

environments were most likely affected by marine or brackish waters. The frequent presence of 

marine palynomorphs, foraminifera test linings and mangrove pollen in the carbonaceous shales 

(Hamballeck et al., 1994) supports this interpretation. Trace fossils in the upper delta plain are 

scarce and less diagnostic of brackish-water conditions, being only represented by Planolites 

montanus and root trace fossils, with intervals devoid of biogenic structures. Carbonaceous shales 

in these settings are interbedded either with crevasse-splay sandstone or thick intervals of 

immature paleosols, suggesting the development of freshwater swamps.  

Accordingly, the most common occurrence of swamp environments within the Urumaco 

Formation is that associated with brackish-water conditions, where a mixture of freshwater and 

marine vertebrate fauna would be expected. Semiaquatic forms, including marine and freshwater 

turtles, crocodiles and rodents, and fully aquatic species such as freshwater and marine catfishes, 

are the recurrent vertebrate associations reported from these swampy environments (e.g. 

Lundberg and Aguilera, 2003; Aguilera, 2004; Sanchez-Villagra et al., 2003; Sanchez-Villagra 

and Aguilera 2006). Although freshwater conditions are certainly present within the succession 

and are more easily recognized by the presence of thick, vertically stacked immature paleosols or 
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highly incised fluvial channels, few fossil vertebrates are reported from these deposits (e.g. 

Linares, 2004b). Fossils from terrestrial species are less abundant and are typically more 

fragmented (Aguilera, 2004; Linares, 2004a; Carlini et al., 2006a, Bond et al., 2006), indicating a 

higher degree of transport than most of the associated fauna. 

Other occurrences of vertebrate fossils are associated with the formation of discontinuity 

surfaces and associated transgressive lag deposits that locally occur at the base of lagoonal 

deposits (brackish-water transgression) or are invariably present in the basal part of basinal and 

low-energy shallow-marine environments (fully marine transgression). Vertebrates in these 

settings display a mixture of highly fragmented specimens from different habitats, well preserved 

marine turtles (Gaffney and Wood, 2002) and a relatively diverse shallow-marine fish 

assemblage represented by otoliths of several species of croaker fishes, abundant shark teeth and 

ray plates (Aguilera and Rodrigues de Aguilera, 2004). The fragmented vertebrates along with 

the abundance of siderite, mudstone and sandstone intraclasts, and sideritized burrow clasts, have 

been erosionally exhumed from previously deposited intervals during the formation of the 

transgressive surface of erosion associated with the lower boundary of these beds. The formation 

of the Glossifungites Ichnofacies associated with such discontinuity surfaces further supports this 

interpretation. 

Several freshwater species, including Serrasalminae fish, thorny catfishes, silver croaker, 

redtail catfish, matamata turtle, freshwater dolphins and sirenians, support an ancient 

biogeographic connection with the Amazon/Orinoco region, leading to the hypothesis that the 

delta of the Proto-Orinoco River existed in this area of north-western Venezuela during late 

Miocene times (Lundberg and Aguilera, 2003; Aguilera, 2004; Sanchez-Villagra and Aguilera, 

2006; Aguilera and Lundberg, 2010; Aguilera et al., 2013). However, most of this vertebrate 

fauna comes from swamp deposits, typically associated with brackish-water conditions, which 

record aggradation of the delta/coastal plain during periods of high sea level or formation of 

interdeltaic lagoons during transgressions. We suggest that the proposed biogeographic 

connection with the Amazon/Orinoco region occurred through the establishment of an extensive 

coastal wetland system in western Venezuela (Fig. 3.21), sourced by small rivers draining the 

northern Andean blocks (Quiroz et al., 2012), and affected by frequent transgressive events. The 

Urumaco coastal wetland extended south into the Amazonian mega-wetland system in the 

Amazon/Orinoco regions (Hoorn et al., 2010), through lowland passages across the rising Merida 
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Andes, such as the central part, which only experienced rapid uplift since late Miocene/Pliocene 

times (Bermudez et al., 2010). 
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Figure 3.21. Paleogeographic reconstruction of western Venezuela during late Miocene times, showing 

prograding deltaic systems and the formation of barrier islands, lagoons and bays during transgressions. 

Development of an extensive wetland system during periods of overall high sea level allowed a 

connection of the Urumaco region with the Amazon/Orinoco region (Modified form Macellari, 1995; 

Bermudez, 2010). 

 

3.7 Conclusions 

 

Integration of ichnologic and sedimentologic studies from outcrops of the late Miocene 

Urumaco Formation allowed establishing three main categories of sedimentary environments 

within a tropical, wave-influenced coastal system. Basinal and low-energy shallow-marine 

environments are associated with transgressions, including transgressive coquinas, shelf and 

offshore to lower shoreface deposits. Shelf mudstone is massive and no discrete trace fossils are 
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preserved, whereas offshore to lower-shoreface deposits display high ichnodiversity, intense 

bioturbation and dominance of feeding structures, typical of the Cruziana Ichnofacies.  

Regressive, wave-influenced shallow-marine and deltaic environments are associated with 

the seaward migration of the shoreline. Prodelta and delta-front environments display evidence of 

intense fluvial discharge alternating with wave reworking during storms. Trace-fossil 

assemblages in most prodelta units and in the delta front of river- and wave-influenced deltas 

display the typical stress signature associated with deltaic environments, namely low 

ichnodiversity and degrees of bioturbation, sporadic distribution of biogenic structures, and 

dominance of simple, facies-crossing forms, reflecting a depauperate Cruziana Ichnofacies. The 

occurrence of more sophisticated feeding structures in some prodelta units, such as Phycosiphon 

incertum and Helicodromites mobilis, indicates less stressed periods with normal-marine 

conditions. Elements of the Skolithos Ichnofacies are restricted to opportunistic colonization of 

storm beds or they may form sparse, monospecific suites in terminal distributary-channel 

deposits. The wave-dominated delta front represents the accretion of a strandplain complex at the 

updrift side of the river mouth of an asymmetric delta. Ichnodiversity and degrees of bioturbation 

increase towards this side of the delta complex, where HCS sandstone beds display opportunistic 

colonization by elements of the Skolithos Ichnofacies, alternating with more bioturbated 

sandstone beds dominated by a relatively high diversity of trace fossils attributed to both, deposit 

and suspension feeders, consistent with the proximal expression of the Cruziana Ichnofacies, 

reflecting stable and predictable conditions during fair-weather times. Upper-shoreface/foreshore 

deposits are the most proximal within the wave-dominated delta-front complex, with intervals 

characterized by the Macaronichnus assemblage, typical of high-energy beach environments. 

Delta-plain and marginal-marine environments were associated with more persistent 

brackish-water settings, with localized nonmarine conditions. Interdistributary-bay deposits are 

part of the regressive deltaic system, transitionally overlying the delta front or prodelta of river- 

and wave-influenced deltas, whereas lagoonal deposits truncate the underlying deltaic or delta 

plain deposits. Bay-head deltas are recognized in both settings, where ichnodiversity and degrees 

of bioturbation are typically low and trace-fossil assemblages consist of simple, facies-crossing 

forms produced by deposit feeders, with the local occurrence of high-density, monospecific suites 

dominated by deep-tier crustacean burrows. The monospecific occurrence of Sinusichnus 

sinuosus is characteristic of the lagoon mudstone. Ichnodiversity and degrees of bioturbation 
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increase in the bay/lagoon margin deposits, reflecting less stressed conditions. Associated 

distributary-channel fills contain a low-diversity assemblage of structures produced by 

suspension feeders of the Skolithos Ichnofacies. Interdistributary bay and lagoon- fill successions 

are capped by swamp deposits and immature paleosols, alternating with crevasse-splay deposits 

containing root trace fossils, in the upper delta plain. Very thick fluvial-channel deposits are 

unbioturbated and are highly incised in upper delta-plain and marginal-marine deposits, and more 

rarely, shallow-marine and deltaic deposits, likely representing the filling of incised valleys or 

fluvio-estuarine channels overlying a sequence boundary.  

The substrate-controlled Glossifungites and Teredolites ichnofacies along discontinuity 

surfaces help to establish a stratigraphic framework of high-frequency transgressive-regressive 

cycles. The regressive, deltaic system is truncated by an initial brackish-water transgression 

occurred in an interdeltaic lagoonal system. The basal transgressive surface of erosion is 

delineated by Thalassinoides suevicus and mantled by a thick, bioturbated sandstone bed of the 

lagoon margin or by a thin to medium fossiliferous sandstone bed that represents a transgressive 

lag recording the landward migration of a sandy, bay/lagoon shoreline. Low-energy flooding 

surfaces are defined by firmground Spongeliomorpha isp. where lagoon mudstone is sharply 

overlaying paleosols, or by a more gradual transition through intervening swamp deposits that 

prevents the formation of the Glossifungites Ichnofacies. Wave ravinement surfaces mantled by 

coquina beds are the most laterally extensive discontinuity surfaces, invariably delineated by 

Thalassinoides of the Glossifungites Ichnofacies, representing fully marine transgressions 

associated with migration of barrier islands by erosional shoreface retreat.  

The high diversity and abundance of crustacean burrows within the Urumaco Formation 

is an ichnologic signature of the tropics, and can be used as a tool to infer past, warmer climates 

and the expansion of the tropical zone. These structures remain dominant components of the 

ichnofauna in tropical, brackish-water settings, including sophisticated farming traces, such as 

Sinusichnus, which are unknown in equivalent deposits in temperate climates. However, the 

anomalous presence of Macaronichnus, previously believed to indicate Pacific-like conditions in 

temperate to cold climates, is related with coastal upwelling and high primary productivity 

widespread in the Caribbean region before the final closure of the Panama Isthmus in the 

Pliocene.  
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The proposed presence of the proto-Orinoco river in the Caribbean region of western 

Venezuela to explain the biogeographic connection of the Urumaco vertebrate fauna with the 

Amazon/Orinoco region to the south, is explained herein by the aggrading coastal wetland system 

during periods of high sea level and the frequent transgressive events recorded in the Urumaco 

Formation, which allowed an extension of these coastal systems with the Amazon mega-wetland 

through lowland passages across the rising Merida Andes.  
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TRANSITION 

 

Chapter 3 established the stratigraphic framework and the environmental evolution of the 

Urumaco Formation, providing the paleoecological controls on the distribution of trace fossil. 

The paleoclimatic significance of the ichnofauna of the Urumaco Formation has been discussed. 

In chapter 4, I move forward on this topic by exploring the anomalous occurrence of 

Macaronichnus in tropical settings and its possible connection with upwelling conditions. In 

Chapter 4, I carried out fieldwork in the Urumaco region, provided the description and 

environmental interpretation of the stratigraphic section from the Urumaco Formation. I wrote the 

manuscript and prepared the figures and tables presented.    
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CHAPTER 4: IS THE TRACE FOSSIL MACARONICHNUS AN INDICATOR OF 

TEMPERATE TO COLD CLIMATES? EXPLORING THE PARADOX OF ITS 

OCCURRENCE IN LOW LATITUDE TROPICAL COASTS 

 

Quiroz, L.I., Buatois, L.A., Mángano, M.A., and Jaramillo, C.A., and Santiago, N., 2010, Is 

the trace fossil Macaronichnus an indicator of temperate to cold climates? Exploring the 

paradox of its occurrence in low latitude tropical coasts: Geology, v. 38, p. 651–654. 

  

Abstract 

 

The trace fossil Macaronichnus is reported for the first time from low-latitude, 

tropical settings based on its occurrence in nearshore deposits in the upper Oligocene-lower 

Miocene Naricual Formation, and the middle-upper Miocene Urumaco Formation in 

Northern Venezuela. Macaronichnus is an intrastratal trace fossil attributed to the deposit-

feeding of worms in high-energy, sandy shallow-marine environments. The majority of its 

occurrences are from Mesozoic to Cenozoic high- to mid-latitude shorelines. The opheliid 

polychaetes Ophelia limacina and Euzonus mucranata make identical structures to those 

described from the fossil record in modern intertidal and shallow subtidal sediments of 

northwest United States, western Canada, and Japan. Macaronichnus shows a similar 

geographical and environmental distribution in the fossil record to that of its modern 

producers, and has been proposed as an indicator of high- to mid-latitude settings. 

Accordingly, its presence in the Neogene of Venezuela is highly anomalous and seems to 

challenge its paleoclimatic value. However, this occurrence may be related to seasonal 

coastal upwelling of nutrient-rich cold waters. Such oceanographic conditions were prevalent 

in the northern coasts of South America, at least from the late Oligocene to the early Pliocene 

prior to the final closure of the straits of Panama. This study underscores the value of 

Macaronichnus because its presence in the tropics may indicate upwelling conditions, 

providing high-resolution information in paleoceanographic reconstructions. 

 

4.1 Introduction 

 

The ichnogenus Macaronichnus is an intrastratal trace fossil in high-energy, sandy 

shallow- to marginal-marine deposits that range in age from the Permian to the Recent 

(Bromley, 1996; Clifton and Thompson, 1978) (Table 4.1). Macaronichnus is interpreted as a 
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grazing trace (Pascichnia) produced by deposit-feeding worms, commonly in foreshore and 

shallow subtidal deposits (Clifton and Thompson, 1978; Pemberton et al., 2001). Identical 

structures to those described from the fossil record are produced by the opheliid polychaetes 

Ophelia limacina in Willapa Bay, northwestern United States (Clifton and Thompson, 1978), 

and Euzonus mucranata at Vancouver Island, Canada (Pemberton et al., 2001) and Japan 

(Seike, 2008). 

The majority of occurrences of Macaronichnus are from Mesozoic to Cenozoic high- 

to mid-latitude shorelines (e.g., Pemberton et al., 2001; de Gibert et al., 2006; Carmona et al., 

2008; Bromley et al., 2009). The distribution of its known opheliid producers is constrained 

by latitude and water temperature, being restricted to temperate to sub-artic waters 

(McConnaughey and Fox, 1949; Bellan and Dauvin, 1991). Accordingly, Macaronichnus has 

been suggested as an indicator of high- to mid-latitude coastal environments (Pemberton et 

al., 2006). 

In this paper, Macaronichnus is recorded for the first time in low-latitudes, based on 

its occurrence in nearshore deposits of two Neogene units of northern Venezuela: the upper 

Oligocene-lower Miocene Naricual Formation and the middle-upper Miocene Urumaco 

Formation (Figure 4.1). In addition, we have compiled all previously documented 

occurrences of Macaronichnus (n = 55) and provide compelling evidence of its recurrence in 

high- to mid-latitudes, outlining its paleoclimatic value (see Table 4.1). To explain the 

apparent paradox of Macaronichnus in tropical settings, we underscore the role of upwelling 

and emphasize the importance of this ichnogenus as a high-resolution paleoceanographic 

tool, opening a new field of research in ichnology. 

 

 
Figure 4.1. Location map. 1, El Furrial Field. 2, Urumaco Formation outcrops. 
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Table 4.1. Macaronichnus occurrences through geologic time. 

Reference1  Age Unit / Location 
 

Depositional 
environment 

Paleolatitude2 

Bromley (1996) Permian 
 
 

Offshore, Norway Foreshore 
 

Temperate to 
subtropical/N 

Bann et al. 
(2004) 

Lower Permian Pebbly Beach Fm., Sydney 
Basin, Australia 

Shoreface to 
foreshore 

Temperate to 
subartic/S 
 

Bann and 
Fielding (2004) 

Lower Permian Lower Aldebaran Sandstone, 
Denison Trough, Queensland, 
Australia  
 

Delta front to 
mouth bar 
 

Temperate to 
subartic/S 

 Upper Permian Freitag Fm., Denison Trough, 
Queensland, Australia 
 

Foreshore to 
shoreface 

Temperate to 
subartic/S 

Tye et al. (1999) Triassic Ivishak Fm., Alaska, USA  
 

Delta front Temperate/N 

MacEachern et 
al. (2005) 

Middle Jurassic Tarbert and Oseberg fms., 
Offshore, Norway 
 

Delta front Temperate/N 

McIlroy (2007) Middle Jurassic Lajas Fm., Neuquén Basin, 
Argentina 
 

Delta front to 
mouth bar 

Temperate/S 

Heinberg (1974) Jurassic Pecten Sandstone, Milne 
Land, East Greenland 
 

Nearshore Temperate/N 

Pemberton and 
Gingras (2005) 
 

Lower 
Cretaceous 

Toro Sandstone, Papua, New 
Guinea 

Shoreface Temperate/S 

Pollard et al. 
(1993) 

Lower 
Cretaceous 

Woburn Sands Fm. Southern 
England 
 

Large-scale 
subtidal 
sandbars  

Temperate to 
subtropical/N 

Pemberton et al. 
(2001) 

Lower 
Cretaceous 

Avalon Fm., Jeanne d’ Arc 
Basin, Newfoundland, Canada 
 

Shoreface 
 

Temperate to 
subtropical/N 

 Lower 
Cretaceous 

Cadotte Member, Peace River 
Fm., Alberta, Canada 
 

Foreshore Temperate/N 

MacEachern and 
Gingras (2007) 
 

Lower 
Cretaceous 

Bluesky Fm., Alberta, Canada  Shoreface Temperate/N 

Coates and 
MacEachern 
(2007) 
 

Lower 
Cretaceous 

Viking Formation, Alberta, 
Canada 

Shoreface Temperate/N 

Gingras et al. 
(2002) 

Upper 
Cretaceous 

Horseshoe Canyon Fm., 
Alberta, Canada 
 

Foreshore 
 

Temperate/N 

Reid and 
Pemberton 
(2007) 

Upper 
Cretaceous 

Doe Creek Member, Kaskapau 
Fm., Alberta Canada 
 

Shoreface and 
delta front 

Temperate/N 

MacEachern et 
al. (2005) 

Upper 
Cretaceous 

Frontier, Harlan, Posey and 
Willow fms., Wyoming, USA 
 

Delta front to 
mouth bar 

Temperate/N 

 Upper 
Cretaceous 

Blackhawk Fm., Utah, USA Delta front Temperate/N 

 Upper 
Cretaceous 

Belly River and Dunvegan 
fms., Alberta, Canada 

Delta front Temperate/N 
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Gani et al. (2007) Upper 
Cretaceous 

Ferron Sandstone Member, 
Mancos shale Fm., Book 
Cliffs, Utah, USA 
 

Shoreface and 
delta front 

Temperate/N 

Curran (1985) Upper 
Cretaceous 

Englishtown Fm., New Jersey, 
USA 

Nearshore, 
shoaling 
 

Temperate/N 

Savrda & Uddin 
(2005) 

Upper 
Cretaceous 
 

Eutaw Fm., Alabama, USA Tidal-inlet 
sandbars  
 

Temperate to 
subtropical/N 

Clifton & 
Thompson 
(1978) 

Upper 
Cretaceous 

Mt. Laurel Fm., Runnemede 
New jersey, USA 
 

Nearshore Temperate/N 

Olivero et al 
(2007); Olivero 
et al (2008) 
 

Late middle 
Eocene 

Leticia Fm., Tierra del Fuego, 
Argentina 

Nearshore Subartic to 
artic/S 

Chiesa (1996)3 Middle Eocene 
to lower 
Oligocene 
 

Chacay Fm, Southern 
Patagonia, Argentina 
 

Nearshore Temperate to 
subartic/S 

DeCelles (1987) Lower 
Oligocene 

Upper San Emigdio Fm., San 
Joaquin Basin, California, 
USA 
 

Foreshore to 
shoreface 

Temperate to 
subtropical/N 

 Upper 
Oligocene 

Pleito Fm., San Joaquin Basin, 
California, USA 
 

Foreshore to 
shoreface 

Temperate to 
subtropical/N 

 Lower Miocene Lower Temblor Fm., San 
Joaquin Basin, California, 
USA 
 

Foreshore to 
shoreface 

Temperate to 
subtropical/N 

Uchman and 
Krenmayr, 
(2004) 
 

Lower Miocene Upper Austria Molasse Shallow subtidal 
 

Temperate/N 

Carmona et al. 
(2008) 
 

Lower Miocene Chenque Fm., Patagonia, 
Argentina 

Upper shoreface 
and subtidal 
sandbars 
 

Temperate/S 

Clifton & 
Thompson 
(1978) 

Lower Miocene Vaqueros Fm., Santa Lucia 
Range, California, USA 
 

Nearshore Temperate/N 

 Middle Miocene Branch Canyon Sandstone, 
Southeastern Caliente Range, 
California, USA 
 

Nearshore Temperate/N 

Kotake (2007) Middle Miocene Yonaguni Fm., Yonaguni-jima 
Island, Southwest Japan 

Shoreface Temperate to 
subtropical/N 
 

Encinas et al., 
(2008) 

Upper Miocene Navidad Fm. South-central 
Chile 
 

Foreshore Temperate to 
subtropical/S 

Clifton & 
Thompson 
(1978) 

Pleistocene Marine terrace deposits, Otter 
Point, Oregon, USA 
 

Nearshore Temperate/N 

 Pleistocene Marine terrace deposit, 
Monterrey Bay, California, 
USA 
 

Foreshore Temperate/N 
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Gibert et al. 
(2006) 

Pleistocene 
 

Chui Fm., Southern Brazil Very shallow 
subtidal 

Temperate to 
subtropical/S 

D’alessandro 
and Uchman 
(2007) 

Lower 
Pleistocene 
 

Tursi Sandstone, Southern 
Italy 

Shoreface Temperate/N 

Nara (1998) Middle 
Pleistocene 

Kongochi Fm., Chiba 
Prefecture, Japan 
 

Foreshore Temperate/N 

Kamada (2008) Middle 
Pleistocene 

Outcrops at Doba River, 
Aomori Prefecture, Japan 
 

Foreshore Temperate/N 

Seike (Written 
communication, 
2008) 

Middle 
Pleistocene 

Wakimoto Fm., Akita 
Prefecture, Japan 

Foreshore Temperate/N 

 Middle 
Pleistocene 

Tanabu Fm., Aomori 
Prefecture, Japan 
 

Foreshore Temperate/N 

 Upper 
Pleistocene 

Shibikawa Fm., Akita 
Prefectrure, Japan 
 

Foreshore Temperate/N 

Okazaki and 
Masuda (1992) 

Upper 
Pleistocene 

Kioroshi Fm., Chiba 
Prefecture, Japan 
 

Foreshore Temperate/N 

Sakai, et al., 
(2006) 

Upper 
Pleistocene to 
Holocene 

Marine terrace deposits, Isumi 
River lowland, central Boso 
Peninsula, Japan 
 

Foreshore Temperate/N 

Gregory at el., 
(2008) 

Holocene Beach ridges, One Tree Point, 
Northland, New Zeland 
 

Foreshore and 
shoreface 

Temperate/S 

Bromley et al. 
(2009) 

Holocene Beachrock, Rhodes Island, 
Greece 
 

Foreshore Temperate/N 

Clifton & 
Thompson 
(1978) 

Holocene Sandbars of main channel, 
Willapa Bay, Washington, 
USA 
 

Tidal sandbars Temperate/N 

Pemberton et al. 
(2001) 

Holocene Beach sediments at Long 
Island, Vancouver, Canada 
 

Foreshore Temperate/N 

Seike (2007, 
2008) 

Holocene  
 

Beach sediments at Hasaki 
Coast, Japan 
 

Foreshore 
 

Temperate/N 

 
1 Burrows referred to as Macaronichnus segregatis from the Lower Ordovician of England 

(Orr and Howe, 1999) display meniscate infill, which is not present in this ichnotaxon. They 

are present in deep-marine turbidites. Burrows described as Macaronichnus segregatis from 

the Pennsylvanian Fountain Formation of Colorado (Maples and Suttner, 1990) are isolated 

rather than forming densely packed assemblages, which are typical of Macaronichnus. Both 

occurrences are removed from Macaronichnus.  

2 Paleolatitudinal data was obtained from Scotese (2001). Latitudinal division: Tropical 0º - 

23.5º N/S, Temperate 23.5º - 66.6º N/S and Arctic > 66.6º N/S. Subtropical 20º - 35º N/S and 

Subarctic 50º - 70º N/S. 
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3 The age of the Chacay Formation is debatable. It is regarded as coeval with the San Julian 

Formation by stratigraphic relationship and faunal similarities (Chiesa and Camacho, 1995), 

but foraminifera data place the latter in the upper Eocene-lower Oligocene and palynomorphs 

in the Oligocene (Del Río & Martínez, 2006 and references therein).  

 

4.2 Geological setting and occurrence of Macaronichnus 

 

The specimens of Macaronichnus segregatis come from cores of the upper 

Oligocene-lower Miocene Naricual Formation, and outcrops of the middle-upper Miocene 

Urumaco Formation (Figure 4.1). The Naricual Formation is exposed as a series of west-east 

trending outcrops in the Anzoátegui state of northern Venezuela, but is known in the 

subsurface also. This formation consists of ~2000 m of coarse- to very fine-grained 

sandstone, siltstone and coal (Hedberg, 1950). The Naricual Formation was mostly deposited 

in a widespread coastal plain, in which deltaic progradation alternated with formation of 

estuarine systems during transgression. The specimens described occur in cores of the El 

Furrial Field (Eastern Venezuela Basin), and are present in medium- to fine-grained 

sandstone either with trough cross-stratification, low-angle cross-stratification or parallel 

stratification (swash-zone stratification) (Figures 4.2A and 4.3A). The Macaronichnus beds 

occur at or near the top of parasequences reflecting either strandplain or deltaic progradation, 

and characterize the foreshore or the most proximal positions of delta front mouth bars 

(bathymetrically equivalent to the upper shoreface and foreshore of wave-dominated 

strandplains) (Figure 4.2A). The beds are overlain in most cases by transgressive deposits 

and, more rarely, by distributary-channel deposits. 

The Urumaco Formation is exposed along the Urumaco River, in the Falcon State of 

northwestern Venezuela. The 1800-m-thick Urumaco Formation consists of an intercalation 

of medium- to fine-grained sandstone, organic-rich mudstone, coal, shale, and fossiliferous 

sandstone and packstone. It was deposited mainly in a prograding delta-strandplain complex. 

Macaronichnus segregatis occurs in medium-grained sandstone with horizontal to low-angle 

cross-bedding (Figure 4.2B and 4.3C) interpreted as foreshore deposits, and, less commonly, 

in trough cross-stratified fine- to medium-grained sandstone formed by the migration of a 

three-dimensional dune complex in the upper shoreface (Figure 4.2B). 

Macaronichnus segregatis consists of densely packed, small cylindrical unbranched 

trace fossils, 2–3 mm in diameter, straight to slightly sinuous (Figs. 4.3A, B, D and E). They 

are preserved as endichnia and oriented parallel to the stratification. The trace fossils are 
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actively filled by light-colored sand contrasting with the dark-colored surrounding mantle 

(Figure 4.3E). 

 

 
Figure 4.2. Sedimentologic logs for the Macaronichnus-bearing deposits in the Naricual (A) and 

Urumaco (B) formations. 

 

4.3 Paleoclimatic significance of Macaronichnus 

 

Macaronichnus is attributed to the deposit-feeding of opheliid polychaetes who fed 

from epigranular bacteria around sand grains and inhabit up to several meters below the 

sediment-water interface due to strong infiltration that produce well-oxygenated and nutrient-

rich environments within the sediment (Pemberton et al., 2001). At the present time, 

Macaronichnus has only been recorded in shallow-marine deposits from high- to mid-

latitudes (see Table 4.1). Although most of the reported occurrences of Macaronichnus are 

from the Mesozoic to Cenozoic of the northern hemisphere (e.g., Pemberton et al., 2001; 

Bromley et al., 2009), this ichnogenus is also known from Cenozoic high- to mid-latitudes in 

the southern hemisphere (e.g., de Gibert et al., 2006; Carmona et al., 2008). Interestingly, 
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Macaronichnus is absent in Paleocene to lower Eocene rocks, most likely as a result of 

overall high temperatures and the expansion of subtropical belts (Zachos et al., 2001; Hollis 

et al., 2009). In addition, the few middle to upper Eocene occurrences are from high latitudes 

(e.g., Olivero et al., 2008), signaling the transition to colder climates. Notably, some of the 

oldest records of Macaronichnus are from Permian cold-water deposits of Australia (e.g., 

Bann et al., 2004). 

Geographic and environmental distribution of Macaronichnus in the fossil record 

mimics that of its opheliid polychaete producers, which are mostly restricted to substrates 

within a relatively narrow range of particle size (Dales, 1952). Euzonus mucranata lives in 

dense populations in the sand beaches along the west coast of North America, from Baja 

California to Vancouver Island in British Columbia (McConnaughey and Fox, 1949), as well 

as in Japan (Seike, 2008). This species has been observed producing incipient 

Macaronichnus at Long Beach, Vancouver Island (Pemberton et al., 2001), and on the Pacific 

coast of central Japan (Seike, 2008). Ophelia limacina makes similar structures in the modern 

intertidal and shallow subtidal sediments of Willapa Bay, Washington (Clifton and 

Thompson, 1978). This species has a wider distribution, being found in several regions of the 

northern hemisphere in sub-arctic to temperate waters, in the Pacific and Atlantic Oceans 

(Bellan and Dauvin, 1991). Other species of opheliid polychaetes are abundant in sandy 

beaches of the southern hemisphere, including Euzonus furciferus from Chile (Clarke and 

Peña, 1988) to southernmost Brazil (Gianuca, 1983), and Euzonus otagoensis in New 

Zealand (Probert, 1976). In each of these areas, Macaronichnus is known in Upper Miocene 

to Holocene deposits (de Gibert et al., 2006; Encinas et al., 2008; Gregory et al., 2008). 

Euzonus is not known in sandy beaches north of 30° S in South America (Jaramillo, 1994; 

Souza and Borzone, 2007). 
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Figure 4.3. Macaronichnus segregatis in cores of the Naricual Formation, Eastern Venezuela Basin 

(A and B), and outcrops of the Urumaco Formation, northwestern Venezuela (C, D and E). A, 

General view of foreshore deposits showing low-angle cross-stratification and localized high density 

of M. segregatis. B, View of M. segregatis. C, General view of foreshore deposits with low-angle 

cross-stratification and pervasive bioturbation by M. segregatis. D, Close-up of M. segregatis. E, 

Detail of the light-colored sand infill and the dark-colored surrounding mantle. 
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4.4 Discussion: Macaronichnus as a Paleoceanographic tool  

 

The occurrence of Macaronichnus in Neogene deposits from Venezuela is an 

anomaly that challenges the value of this ichnogenus as a paleoclimatic indicator. However, 

this occurrence is herein explained by coastal upwelling of nutrient-rich cold waters. Today, 

upwelling is restricted to the south central areas of the Caribbean Sea (Vermeij, 1978; Petuch, 

1981, Hughen et al., 1996), and is associated with the southward migration of the 

Intertropical Convergence Zone during the boreal winter, where strong northeasterly trade 

winds blow along the northern coast of Venezuela, causing Ekman drift-induced coastal 

upwelling (Hughen et al., 1996). However, during the Miocene upwelling and high primary 

productivity are thought to be widespread in the Caribbean Sea as a consequence of the 

incursion of nutrient-rich pacific waters into the Caribbean through the Central America 

Seaway (Keigwin, 1982; Schneider and Schmittner, 2006). The closure of the Panama 

Isthmus in the late Pliocene created a marine barrier that changed profoundly ocean 

circulation (Vermeij, 1978; Keigwin, 1982; Petuch, 1981; Jackson et al., 1993; Teranes et al., 

1996; Todd et al., 2002; O’Dea et al., 2007). A striking contrast resulted between the 

relatively warm, more saline, nutrient-poor Caribbean and the more seasonal, relatively less 

saline and more productive eastern Pacific (Jackson and D’Croz, 1997). The change in 

oceanic circulation and the declining planktonic productivity in the Caribbean led to a 

restructuring of shallow-marine communities, from suspension-feeder dominated 

communities to more carbonate-rich, phototrophic-based communities (Todd et al., 2002; 

O’Dea et al., 2007). As a consequence, a massive turnover in Caribbean mollusks (Jackson et 

al., 1993; Vermeij, 1978; Petuch, 1981) and a more gradual change in coral diversity and reef 

structure took place (Budd et al., 1996). 

Distribution of benthic foraminifera along Panama and western Colombia indicates an 

early Miocene to early Pliocene open seaway consisting of a complex island-arc archipelago 

in southern Central America (Collins et al., 1996), and well-aerated deep and open oceanic 

conditions with free active water circulation between central Panama and western Colombia 

(Duque-Caro, 1990). The net water mass transport through the Central America seaway was 

directed from the Pacific into the Atlantic Ocean (Schneider and Schmittner, 2006). Isotopic 

profiles of δ18O from venerid bivalves in middle to upper Miocene deposits on the Caribbean 

side of Panama record seasonal variations in salinity and temperature due to upwelling 

conditions (Teranes et al., 1996). Mixing of Pacific and Caribbean waters occurred until the 

late Miocene, when the differences in carbon isotopic composition (δ13C) on benthic 
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foraminifera from the deep sea in the Caribbean and Pacific started to increase, reaching 

modern values in the late Pliocene (Keigwin, 1982). 

In Venezuela, upwelling has been documented in the upper Miocene-lower Pliocene 

Cubagua Formation, based on an extremely rich fish assemblage and the exceptional co-

occurrence of deep- and shallow-water taxa (Aguilera and Rodrigues de Aguilera, 2001). 

Bivalves in the lower Miocene Quebradon Formation, a lateral equivalent of the Naricual 

Formation, are typical of inner-shelf turbid temperate waters, with abundant organic matter 

(Macsotay and Wesselingh, 2004), also suggesting upwelling. Further evidence is provided 

by high TOC values (up to 3wt%) in cores from the Naricual Formation in El Furrial Field, 

typical of modern upwelling areas of Peru, Africa and the Arabian Sea (Ten Haven et al., 

1992). 

Extensive evidence of upwelling in the Urumaco Formation is revealed by marine 

fossil invertebrates and vertebrates. Diaz de Gamero and Linares (1989) reported Crassostrea 

cahobasensis, a fast-growing oyster typical of high planktonic productivity areas, which 

became extinct in the Late Pliocene (Kirby and Jackson, 2004). Fossils tooth of the giant 

white shark Carcharodon megalodon and cetacean fragments are abundant in the Urumaco 

Formation (Linares, 2004a; Aguilera 2004; Aguilera et al., 2008). This extinct shark 

preferred relatively cold waters and is widespread in Neogene deposits of the Western 

Atlantic in connection with upwelling (Purdy, 1996). High primary productivity was 

necessary to maintain the largest macropredatory shark to ever live (Gottfried et al., 1996). 

Although upwelling is restricted today to certain areas of the Caribbean along the 

northern coast of Venezuela and Colombia, such as the Venezuela Gulf (Vermeij, 1978; 

Petuch, 1981) and the Cariaco Basin (Hughen et al., 1996), and these areas experience 

anomalous high primary productivity compared to the rest of the Caribbean waters (Jackson 

and D’Croz 1997), no opheliid polychaetes are known from modern Venezuelan shorelines 

(Bone and Klein, 2000; Díaz, and Liñero-Arana, 2000, 2003). We predict that further 

exploration of foreshore siliciclastic deposits along high-energy shorelines in areas affected 

by upwelling may reveal the presence of some group of fast-burrowing polychaetes capable 

of producing Macaronichnus. 

 

4.5 Conclusions 

 

The occurrence of Macaronichnus in Oligocene-Miocene nearshore deposits in 

Venezuela is highly anomalous because all the previously documented occurrences are from 
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high- to mid-latitudes. The presence of Macaronichnus in tropical shallow-marine deposits is 

linked to coastal upwelling that causes strong seasonality of cold water and replenishes the 

surface waters with nutrients. Such oceanographic conditions were prevalent in the northern 

coasts of South America, at least from the late Oligocene to the early Pliocene, before the 

final closure of the straits of Panama. This evidence further expands the value of 

Macaronichnus not only in paleoclimatology as previously noted, but also in 

paleoeceanography, because its presence in tropical-coastal deposits is indicative of 

upwelling conditions, providing high-resolution information which may be particularly useful 

in the absence of body fossils. 
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TRANSITION 

 

Chapter 4 outlined the paleoclimatic value of Macaronichnus as an indicator of cold 

waters and linked its anomalous occurrence in tropical waters in the Neogene of Venezuela to 

coastal upwelling, further enhancing its value as a paleoceanoghraphic tool. The prediction of 

its modern occurrence along tropical coasts affected by upwelling will be tested in chapter 5, 

by searching for those worm traces along the Central American Isthmus. In chapter 5, I chose 

the study sites and carried out fieldwork in Costa Rica and Panama. I wrote the manuscript 

and prepared the figures presented.     
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CHAPTER 5: THE PAST AS A KEY TO THE PRESENT: REVERSE 

UNIFORMITARIANISM AND THE SEARCH FOR AN ELUSIVE WORM IN THE 

TROPICS 

 

Abstract 

 

The distribution of trace-making organisms in coastal settings is largely controlled by 

changes in physicochemical parameters, which in turn are a response to different climatic and 

oceanographic conditions. The trace fossil Macaronichnus and its modern producers are typical 

of high-energy, siliciclastic foreshore sands from temperate- to high-latitude settings. 

Macaronichnus has been assumed to be an indicator of cold-water conditions; however, it was 

found in Miocene Caribbean deposits of Venezuela, prompting the hypothesis that upwelling of 

nutrient-rich waters rather than latitude was the main control of its distribution. To test this 

hypothesis that was solely based on the fossil record, several trenches and sediment peels were 

made in two high-energy sand beaches, with different oceanographic conditions, along both the 

Pacific and Caribbean coast of the Central American Isthmus. Macaronichnus were found only 

in the highly productive waters of the Pacific coast of Costa Rica in connection with upwelling, 

while they were absent from the oligotrophic waters of the Caribbean coast of Panama. This 

finding demonstrates that sometimes the past may be a key to the present, providing an example 

of reverse uniformitarianism. 

 

5.1 Introduction 

 

Trace fossils record organism behavior as a response to the dynamics of physical and 

chemical conditions during deposition, thus providing a wealth of information to reconstruct the 

ecology and environments of the past (Pemberton et al., 2001; Buatois and Mangano, 2011). 

Although trace fossils in modern coastal environments are highly indicative of ecology and 

environment, shallow-marine trace fossils have not been considered useful paleoclimatic 

indicators. However, Goldring et al. (2004) explored the present distribution of burrowing 

crustaceans and infaunal echinoids in nearshore settings, establishing latitudinal limits for their 

well-known biogenic structures, with Ophiomorpha generally restricted to the tropical and 
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subtropical zones, Thalassinoides and Scolicia extending into temperate areas, while the artic 

regions only having mollusk and polychaete traces. Other lines of evidence have suggested an 

increase in trace-fossil size towards high latitudes and more common equilibrichnia in temperate 

settings (Pemberton et al., 2006; Gingras et al., 2006).  

The trace fossil Macaronichnus and their modern producers are characteristic of 

temperate to high-latitude foreshore settings (Pemberton et al., 2006; Gingras et al., 2006; Quiroz 

et al., 2010; Seike et al., 2015). However, Quiroz et al. (2010) recorded an unusual occurrence of 

this ichnogenus in Miocene tropical deposits of Venezuela, representing a departure from the 

currently accepted model. These authors linked this occurrence to upwelling of nutrient-rich 

waters and the high primary productivity of the Caribbean Sea before the final closure of the 

Panama Isthmus. In addition, Quiroz et al. (2010) predicted the presence of Macaronichnus 

along modern high-energy, siliciclastic shorelines in the tropical region subject to similar 

oceanographic conditions as interpreted from the sedimentary record. 

In this study, we test the proposed prediction by searching for these polychaete traces in 

two high-energy beaches of both the Caribbean coast of Panama and the Pacific coast of Costa 

Rica. The contrasting oceanographic conditions of these tropical coasts offer a unique 

opportunity to prove the proposed oceanographic value of this ichnogenus. Uniformitarianism, 

the principle stating that the present is the key to the past, represents a traditional milestone in 

geology and paleontology. The opposite situation, using the fossil record to state a prediction for 

modern environments, is rarely known (Frey and Seilacher, 1980), and here we present such a 

case. 

 

5.2 Oceanographic context 

 

The tropical oceans along the Central American Isthmus (CAI) display markedly 

different oceanographic conditions, which are reflected in shallow-marine communities with 

contrasting ecological structure (Jackson and D’Croz, 1997). Despite intense rainfall (>3000 

mm/year) mostly derived from the Intertropical Convergence Zone (ITCZ) over Panama and 

Costa Rica from May to December (D’Croz et al., 2005; Fiedler and Talley, 2006), abundant 

supply of nutrients by freshwater runoff is mainly found in areas protected from open ocean 

influence (D’Croz et al., 2005; Palter et al., 2007). Although both areas experience high mean 
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annual sea surface temperature (Fig. 5.1A), the basin-scale thermocline shoaling and local wind-

driven upwelling on the Pacific side (Fiedler and Talley, 2006), results in a high supply of 

nutrients in the euphotic zone thus elevating primary production in shallow waters (Pennington 

et al., 2006; D’Croz and O’Dea, 2009). During the dry season from January to April (boreal 

winter), when the ITCZ migrates southward, and northeasterly trade winds blow through low 

passages across the CAI adjacent to the Gulfs of Papagayo and Nicoya, the Bay of Panama (Fig. 

5.1B), the thermocline nearly breaks at the surface producing strong upwelling of nutrient-rich 

cold waters, resulting in phytoplankton blooms in surface waters (Brenes et al., 2003; Pennington 

et al., 2006; D’Croz and O’Dea, 2009). Additionally, there is a permanent thermocline ridge off 

the coast of Costa Rica known as the Costa Rica Dome (Fig. 5.1B), which shoals gradually to the 

coast during this season (Fiedler, 2002). Along the coast, between the Gulf of Nicoya and the 

Panama Bay, upwelling is hampered by higher mountain ranges that effectively block the trade 

winds, however, nutrient-rich thermocline water does shoal to subsurface depths (up to 25 m) 

during the dry season, leading to phytoplankton blooms at these levels (D’Croz and O’Dea, 

2009). This increase in nutrients and high planktonic productivity favor the growth of seaweeds 

and plankton-feeding organisms over coral reefs and sea grasses (Jackson and D’Croz, 1997).   

 

 
Figure 5.1. A, Map of mean annual sea surface temperature and major oceanic currents in tropical 

America (modified from Wüst, 1964; Fiedler and Talley, 2006). B, Location map of the study sites in 

Panama and Costa Rica showing areas with relief above 500 m in gray shade and above 3000 m in white. 
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Contour lines depict the average thermocline depth for March (20°C isotherm) in the region of the Costa 

Rica Dome according to Fiedler (2002). 

 

 The Caribbean Sea, on the contrary, is characterized by nutrient-poor, clear waters 

throughout the year, and is considered in general as an oligotrophic sea (D’Croz et al., 2005). 

The warm Caribbean current mixes the surface water (Fig. 5.1A), resulting in a mass of warm 

(>20°C) and salty water in the upper 200 m throughout the year (Wüst, 1964). Accordingly, 

extensive coral reefs and sea-grass beds dominate benthic ecosystems, although high freshwater 

and sediment discharge by rivers inhibits their development in nearshore areas (Jackson and 

D’Croz, 1997; D’Croz et al., 2005).  

 

5.3 Occurrence of Macaronichnus: Sedimentologic and hydrodynamic Settings 

 

Two high-energy beaches exposed to open ocean swells, one affected by upwelling 

(Pacific of Costa Rica) while the other one is not (Caribbean of Panamá), were chosen as study 

sites. Sands in both areas were compositionally immature, consisting entirely of siliciclastic 

sediment with approximately 60–70% mafic grains and 30–40% felsic grains. Fieldwork was 

carried out during May 2010 in Costa Rica, and December 2010 in Panama. Digging of trenches, 

sediment cores and resin peels follow the methodology employed by Seike (2009) on the Pacific 

coast of Japan.  

 Changuinola beach, on the Caribbean coast of Panama, lies immediately to the west of 

the Bocas del Toro Archipelago (Fig. 5.2B) and forms a prograding, wave-dominated strandplain 

system (Phillips and Baustin, 1996). The area experiences a microtidal range (<0.5 m), with a 

well-developed surf zone and moderate-to high-energy waves (0.5–1 m). The study site is 

located 6 km southeast of the Changuinola River (9.43°N / 82.40°W), with a foreshore 

characterized by moderately to well-sorted, fine- to medium-grained, subangular sands, 

corresponding to an intermediate morphodynamic state (McLachlan and Brown, 2006). Despite 

appropriate hydrodynamic conditions, biogenic structures attributable to Macaronichnus are 

absent.  
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Figure 5.2. Detailed map with sedimentary environments and location of study sites. (A) Cocal beach, 

Costa Rica. (B) Changuinola beach, Panama (modified from Lizano and Salas, 2001; Phillips and Bustin, 

1996). 

 

 Cocal beach, on the Pacific coast of Costa Rica, forms a series of transgressive barrier 

islands and spits in front of small, estuarine mangrove systems and river mouths (Lizano and 

Salas, 2001), that extend for about 40 km to the rocky headlands of the Gulf of Nicoya in the 

west (Fig. 5.2A). A semidiurnal, mesotidal range (<3 m) and moderate to high-energy waves 

(0.5–2 m) are typical in this area (Lizano and Salas, 2001); however, the surf zone tends to be 

narrower than in Changuinola beach. The study site is located to the west of Quepos (9.44°N / 

84.17°W), with a foreshore of up to 70 m wide during low tide, consisting of moderately sorted, 

medium-grained, subangular sands, characteristic of intermediate morphodynamic state. Feeding 

traces assigned to Macaronichnus were found in this beach. The sediments with Macaronichnus 

occur at the mid foreshore level, 40 to 80 cm below the surface (Fig. 5.3), and display the 

typical, pervasive bioturbation observed in the sand beaches of temperate latitudes (Pemberton et 

al., 2001; Seike, 2009).  
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Figure 5.3. Incipient Macaronichnus from Cocal beach. (A) Box core of foreshore sediments displaying 

low-angle cross-stratification and planar lamination, with localized zones of intense bioturbation by 

Macaronichnus. (B) Horizontal view of the Macaronichnus level. (C) Detail of resin peels showing the 

typical light-colored sand trail contrasting with the dark-colored surrounding mantle. 

 

5.4 Deposit Feeding Polychaetes in Sand Beaches 

 

The ichnogenus Macaronichnus is attributed to the deposit-feeding activities of opheliid 

polychaetes occurring in clean, intertidal sands, subject to moderate- to high-energy waves. 

Although these polychaetes are well known for having narrow preferences for particle size 

(Dales, 1952), they occur in a wide variety of marine environments and depths (e.g. Bellan and 

Dauvin, 1991). However, only a few species of the genus Ophelia and Thoracophelia (formerly 

called Euzonus) live in dense populations in high-energy intertidal habitats and have been 

observed to produce Macaronichnus.  
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While Ophelia limacina lives in moderate numbers (180 individuals/m2) in sands of the 

outer estuarine channel at Willapa bay, Washington (Clifton and Thompson, 1978), 

Thoracophelia mucranota in the Pacific coast of North America (McConnaughey and Fox, 

1949), Thoracophelia sp. in Japan (Seike, 2009) and T. furcifera in southern Brazil (Souza and 

Borzone, 2007), live in vast numbers along sand beaches in these areas, experiencing different 

morphodynamic states, with populations one to two orders of magnitude larger than those of 

Willapa Bay. Occurrences of the Macaronichnus ichnofabrics in the fossil record are consistent 

with this recording. Cross-bedded, outer estuarine channel or subtidal sandstone are sparsely 

bioturbated and typically accompanied by a more diverse trace fossil assemblages (e.g. Pollard et 

al., 1993; Campbell and Nesbitt, 2000; Savrda and Udin, 2005), whereas ichnofabrics in the 

foreshore are commonly monospecific and display pervasive bioturbation (e.g. Gingras et al., 

2002; Quiroz et al., 2010). Additionally, Seike et al. (2011) made a distinction between small 

Macaronichnus (2-5 mm in diameter) characteristic of the foreshore, and a large one (5-15 mm 

in diameter) more common in subtidal settings, which is produced by Travisia japonica, a 

common opheliid polycahete of the northern Pacific Ocean. 

The bloodworm T. mucranata is by far the most abundant opheliid polychaete living in 

intertidal sands and holds a world record in population density, with thriving colonies of up to 

43,000 individuals/m2 in California (McConnaughey and Fox, 1952). They are also the fastest 

burrowing polychaetes of its kind, with a gut throughput time of 4 minutes, which is an order of 

magnitude higher than that of other deposit feeders of similar weight (Kemp, 1988). It appears 

that these worms ingest sand and feed from organic matter and microorganism adhering to the 

grains, although diatoms are not included in its diet (McConnaughey and Fox, 1952). 

Interestingly, these polychaetes are able to meet their nutritional requirements by direct 

assimilation of detrital organic carbon derived from seaweeds, even in the absence of microbial 

modification (Kemp, 1986). This is unusual for deposit feeders, which are long believed to rely 

on microbial carbon obtained from bacteria, rather than the refractory components of organic 

matter (Kristensen, 1972). Although vascular plant detritus are very refractory, some components 

of seaweed detritus and pellets are enriched in nitrogen and are directly available to detritivores 

(Tenore et al., 1979). Despite the low organic content of high-energy sand beaches, these marine 

polychaetes inhabit the intertidal region where sand filtration of particulate organic material from 

the wave swash is greatest (McLachlan and Brown, 2006).  
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5.5 Discussion 

 

Sand beaches are extremely dynamic environments and are considered physically 

controlled ecosystems, providing habitats to a variety of organisms (McLachlan and Brown, 

2006). Although species richness, abundance and biomass of macrobenthic communities tend to 

increase from the harsh reflective beaches to the more benign dissipative ones (Dafeo and 

McLachlan, 2014), Macaronichnus and their producers are present in the Hasaki coast of Japan 

even during times of reflective beach morphodynamic state, but displaying a more restricted 

distribution (Seike, 2009). However, oceanographic variables such as temperature and primary 

production have not been integrated in deciphering latitudinal trends (Dafeo and McLachlan, 

2014). Temperate latitudes experience planktonic blooms during the spring season, after the 

winter mixing of nutrients in surficial waters, when stratification sets in and sunlight in the 

euphotic zone becomes sufficient (Pennington et al., 2006). In California, which is one of the 

four major upwelling regions of the ocean’s eastern boundaries, these blooms are maintained 

during the summer due to the extended upwelling season (Smith, 1992). This may explain the 

extreme occurrence of T. mucronata in this area.  

The occurrence of Macaronichnus in the highly productive waters of the Pacific coast of 

Costa Rica, further supports this hypotheses and demonstrates that abundant nutrients and high 

primary productivity (rather than temperature per se) are more important factors controlling the 

occurrence of deposit-feeding opheliid polychaetes in high-energy intertidal sands, an 

environment commonly dominated by filter feeders and scavengers (McLachlan and Brown, 

2006). Additionally, Macaronichnus has been recently reported in foreshore and shallow marine 

deposits from several units in two tropical localities, including Miocene and Pleistocene units in 

the Cape Verde Archipelago (Mayoral et al., 2013) and Pliocene units in the Azores Archipelago 

(Uchman et al., 2016). These tropical localities are under the influence of the Canary Current 

upwelling system (Valdés and Déniz-González, 2015), which is believed to have been active 

since at least the early Miocene, albeit with variable intensities (Diester-Haass and Chamley, 

1978), further supporting the original suggestion by Quiroz et al. (2010). 

Although the ecological structure of tropical sand beaches has not been extensively 

studied, a few references on the polychaete fauna along the coasts of tropical America document 

the occasional occurrence of T. furcifera in one beach of the Pacific coast of Costa Rica and 
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Colombia (Dexter, 1974). Other studies reported the occurrence of T. mucronata in Ecuador 

(Trovant et al., 2012) and Thoracophelia sp. in Peru (Tarazona et al., 1986). These species are 

well known from the Pacific coast of North America and southern Chile (McConnaughey and 

Fox, 1949; Hartman, 1966), where the cold and highly productive California or Peru currents, 

respectively, provide a migratory pathway for these temperate polychaetes in the Tropical Pacific 

Ocean.  

The outcome of this study parallels the finding of kelp forests in tropical, upwelled 

waters of Galapagos, based on a sophisticated, synthetic oceanographic and ecophysiological 

model that predicted the occurrence of these high-latitude ecosystems in areas where bathymetry 

and upwelling resulted in thermocline shoaling (Graham et al. 2007). Notably, the Pacific coast 

of Central America was among the predicted areas, whereas the oligotrophic waters of the 

Caribbean Sea were consistently excluded. 

Frey and Seilacher (1980) underscored the potential of reverse uniformitarianism in 

ichnology. However, only in rare instances have ichnologists been able to put forward 

predictions based on the fossil record that have been subsequently favorably tested with modern 

data. The classic example is Seilacher’s (1962) suggestion that deep-sea graphoglyptids were 

pre-turbidite trace fossils formed as shallow-tier open burrows in the hemipelagic mud and 

ultimately preserved due to erosive removal of the uppermost muddy layer by a turbidity current 

and later casting with sand. At the time, this interpretation was entirely based on the fossil 

record. Later studies of the modern sea floor provided photographs of some of these structures 

(e.g. Heezen and Hollister, 1971; Ekdale and Berger, 1978), but it was not verified until recently 

when the infaunal nature of these biogenic structures was actually confirmed based on submarine 

exploration of the Mid-Atlantic Ridge (Rona et al., 2009). The hypothesis for the occurrence of 

Macaronichnus has been refined after observations of its distribution in the fossil record and 

modern environments. However, the oceanographic conditions of the Caribbean region in the 

Miocene led Quiroz et al. (2010) to further predict its occurrence in tropical waters affected by 

upwelling. Accordingly, the fossil record yielded essential information to predict the modern 

occurrence of Macaronichnus in the tropics, providing another example of reverse 

uniformitarianism, using the past as a key to the present.  
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5.6 Conclusions 

 

In this study, we document the occurrence of Macaronichnus in a high-energy sand beach 

in the highly productive waters of the Pacific coast of Costa Rica in connection with upwelling, 

and its remarkable absence from the oligotrophic waters of the Caribbean Sea. This finding 

challenges the conventional model of macrofaunal structure in exposed sand beaches as being 

exclusively controlled by the physical dynamics of these ecosystems, and instead prompts us to 

invoke upwelling and primary productivity as a major control for the occurrence of marine 

deposit feeders in an atypical environment. We successfully tested a prediction based on the 

fossil record, demonstrating that, at least in some cases, the past may be indeed a key to the 

present, providing an example of reverse uniformitarianism. 
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TRANSITION 

 

In the previous chapter we have moved from the past to the present and have successfully 

tested the prediction for the modern occurrence of Macaronichnus based on the fossil record, by 

uncovering its traces from the pacific coast of Costa Rica in connection with upwelling 

conditions and failing to do so in the oligotrophic waters of the Caribbean Sea. It is now time to 

summarize the results obtained in this research project.   
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CHAPTER 6: CONCLUSIONS 

 

The Neogene in the Urumaco Trough, western part of the Falcon Basin, records the 

accumulation of a thick succession of shallow- and marginal-marine deposits accumulated in a 

tectonically active basin. Lower Miocene mudstones of the Agua Clara Formation record low-

energy sedimentation in shelf and prodelta environments. The Cerro Pelado Formation records 

the progradation of a river-dominated delta, with common mouth bar/distributary channel 

complexes. After the development of an extensive delta-plain system, retrogradation of the 

deltaic complex caused by a relative rise in sea level at the end of the early Miocene resulted in a 

marine transgression and accumulation of bioturbated shale and sandstone in shelf and offshore 

environments of the Querales Formation. Middle Miocene onset of basin inversion, probably 

resulted in a relative fall in sea level, restricting the sedimentation to the northern part of the 

basin where a thick succession of a delta and marginal-marine complex was accumulated in the 

middle and late Miocene, which is recorded in the Socorro and Urumaco formations. Each unit 

records an overall progradation of a wave-dominated delta system, with common hummocky-

cross stratification and beach deposits, and the establishment of a wetland deltaic plain towards 

the upper part, characterized by immature paleosols and coal. At the end of the Miocene, the 

wetlands of the Urumaco Formation changed dramatically to the red and mottled mudstone of 

the Codore Formation, recording sedimentation in fluvial environments in the lower and upper 

members, which are separated by thin muddy unit accumulated in a marine bay that resulted 

from a more restricted transgression.  

Detailed ichnological and sedimentological studies in the Urumaco Formation allowed 

the distinction of three main categories of sedimentary environments within a wave-influenced 

coastal system and the establishment of a stratigraphic framework of high-frequency 

transgressive-regressive cycles through the identification of substrate-controlled ichnofacies. 

Basinal and low-energy shallow-marine environments, including shelf and offshore to lower 

shoreface deposits, are characterized by the Cruziana Ichnofacies, displaying high 

ichnodiversity, intense bioturbation, dominance of feeding structures, and the presence of 

ichnotaxa that typically develop under normal-marine conditions (e.g. Chondrites). These 

deposits are associated with transgressions and the basal part is delineated by a wave ravinement 

surface and associated coquina beds, which are invariably delineated by firmground 



 131 

Thalassinoides suevicus of the Glossifungites Ichnofacies. Regressive, wave-influenced shallow-

marine and deltaic environments transitionally overlay shelf deposits and form two distinct 

progradational units, namely river- and wave-influenced deltas and wave-dominated deltas, 

forming part of an asymmetric delta complex. The prodelta in general and delta fronts of river- 

and wave-influenced deltas are characterized by a depauperate Cruziana Ichnofacies, displaying 

low ichnodiversity and degrees of bioturbation, sporadic distribution of biogenic structures, 

dominance of simple, facies-crossing forms, and opportunistic colonization of storm beds by 

elements of the Skolithos Ichnofacies. The local occurrence of more sophisticated feeding 

structures (e.g. Phycosiphon incertum and Helicodromites mobilis), indicates less stressed 

periods with normal-marine conditions. Distributary channels, typically associated to river- and 

wave-influenced deltas, are characterized by the Skolithos Ichnofacies (e.g. Ophiomorpha 

nodosa). The wave-dominated delta front represents the accretion of a strandplain complex at the 

updrift side of the river mouth. Lam-scram patterns characterized by laminated (HCS) sandstone 

with opportunistic colonization by elements of the Skolithos Ichnofacies alternate with more 

bioturbated intervals dominated by a relatively high diversity of trace fossils attributed to both, 

deposit and suspension feeders, consistent with the proximal expression of the Cruziana 

Ichnofacies, reflecting stable and predictable conditions during fair-weather times. Upper-

shoreface/foreshore deposits cap the wave-dominated delta-front, with intervals characterized by 

the Macaronichnus assemblage, typical of high-energy beach environments. 

Delta-plain and marginal-marine environments are associated with more persistent 

brackish-water settings, with localized nonmarine conditions. Trace-fossil assemblages consist of 

simple, facies-crossing forms produced by deposit feeders, with the local occurrence of high-

density, monospecific suites dominated by deep-tier crustacean burrows. Interdistributary-bay 

deposits are part of the regressive deltaic system, transitionally overlying the delta front or 

prodelta of river- and wave-influenced deltas, whereas lagoonal deposits are associated with a 

brackish-water transgression, truncating the previously deposited intervals. The basal 

transgressive surface of erosion is delineated by T. suevicus of the Glossifungites Ichnofacies and 

mantled by a transgressive sandstone with shell fragments, whereas low-energy flooding surfaces 

are defined by firmground Spongeliomorpha isp. where lagoon mudstone is sharply resting on 

top of paleosols. Interdistributary bay and lagoon-fill successions are caped by swamp deposits 

and immature paleosols, alternating with crevasse-splay deposits containing root trace fossils, in 
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the upper delta plain. Very thick fluvial-channel deposits are unbioturbated and are highly 

incised in the underlying deposits likely representing the filling of incised valleys or fluvio-

estuarine channels overlying a sequence boundary.  

The high diversity and abundance of crustacean burrows along the Urumaco Formation is 

an ichnologic signature of the tropics, and can be used as a tool to infer past, warmer climates 

and the expansion of the tropical zone. These structures remain dominant components of the 

ichnofauna in tropical, brackish-water settings, including sophisticated farming traces, such as 

the monospecific association of Sinusichnus in lagoonal mudstone, which are unknown in 

equivalent deposits in temperate climates.  

Fossil vertebrates in the Urumaco Formation are mostly reported from carbonaceous 

shales accumulated in swamp/marsh environments, which are associated to the delta plain of the 

regressive deltaic system and the lagoonal system developed during transgressions. The frequent 

transgressive events recorded in the Urumaco Formation and the aggradation of the wetland 

coastal plain during periods of high sea level, allowed an extension of these coastal systems with 

the Amazon/Orinoco region to the south, which is an alternative hypothesis to explain the 

biogeographic context of the Urumaco vertebrate fauna.  

 The anomalous occurrence of Macaronichnus in Miocene, tropical nearshore deposits in 

Venezuela is linked to coastal upwelling that causes strong seasonality of cold water and 

replenishes the surface waters with nutrients. Such oceanographic conditions were prevalent in 

the northern coasts of South America before the final closure of the straits of Panama in the 

Pliocene. This evidence further expands the value of Macaronichnus not only in 

paleoclimatology as previously noted, but also in paleoeceanography, because its presence in 

tropical-coastal deposits is indicative of upwelling conditions. To test this hypothesis, the 

occurrence of modern Macaronichnus was documented from a high-energy sand beach in the 

highly productive waters of the Pacific coast of Costa Rica in connection with upwelling, and 

was remarkable absent from the oligotrophic waters of the Caribbean Sea. We successfully tested 

a prediction based on the fossil record, demonstrating that, at least in some cases, the past may be 

indeed a key to the present, providing an example of reverse uniformitarianism. 
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