
University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other 
copyright owners. A copy can be downloaded for personal non-commercial 
research or study, without prior permission or charge. This thesis cannot be 
reproduced or quoted extensively from without first obtaining permission in writing 
from the copyright holder/s. The content must not be changed in any way or sold 
commercially in any format or medium without the formal permission of the 
copyright holders.
  

 When referring to this work, full bibliographic details including the author, title, 
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name 
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk

http://eprints.soton.ac.uk/


UNIVERSITY OF SOUTHAMPTON 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

Ocean and Earth Sciences 

 

 

 

 

Glaciation and extinction at the Devonian-Carboniferous 
boundary; high palaeolatitude record of the Bolivian 

Altiplano  

 

By  

Jon Andrew Lakin 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis for the degree of Doctor of Philosophy  

April 2016 



ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii   

UNIVERSITY OF SOUTHAMPTON 
ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 
Ocean and Earth Sciences 

Doctor of Philosophy 
GLACIATION AND EXTINCTION AT THE DEVONIAN-

CARBONIFEROUS BOUNDARY; HIGH PALAEOLATITUDE RECORD OF 
THE BOLIVIAN ALTIPLANO 

By Jon Andrew Lakin 
 
 

The Late Devonian and Mississippian record the transition from Greenhouse into a cooler 

global climate punctuated by glaciations.  Evidence for glaciation in the latest Devonian is 

primarily derived from diamictites deposits in South America.  The event was broadly 

coincident with eustatic changes and mass extinction associated with the Hangenberg Crisis.  

To understand the record of glaciation in more detail a stratigraphic, palynostratigraphic and 

chemostratigraphic field-study has been undertaken near Lake Titicaca, Bolivia.  Three 

primary sections were measured; Chaguaya, Villa Molino and CR5.  These record a 1.1 km 

thick Devonian-Carboniferous (D/C) boundary interval.  Glacigenic strata are represented by 

the Cumaná Formation, dated to within the lepidophyta-nitidus (LN) miospore zone.  

Additional sections were measured along a strike-parallel topographic ridgeline, which 

revealed that the Cumaná Formation consists of a single, preserved advance of glacigenic 

strata into a marine shelfal environment.  It is associated with incised palaeo-relief, which is 

>7 km in length and 110 m deep.  The D/C boundary in the study area is defined on the loss 

of Retispora lepidophyta and a collapse in marine phytoplankton diversity during initial 

post-glacial transgression.  Hence, palynological extinctions represent a proxy for the D/C 

boundary in South America that is tied to wider palaeoclimatic and glacioeustatic changes.  

A 2 ‰ positive carbon isotope excursion is associated with palynological extinctions at the 

D/C boundary.  Palynofacies were unable to quantify the marine vs. terrestrial ratio of 

preserved organic matter as amorphous organic matter was preferentially lost during 

standard palynological processing techniques.  However the excursion is likely related to a 

reduction in the supply of terrestrial and marine organic matter at a time of environmental 

stress. These combined results provide a high-palaeolatitude glacial perspective on debates 

regarding mass-extinction, eustatic and environmental change around the D/C boundary. The 

glacigenic Cumaná Formation is interpreted to represent the glacioeustatic control sea-level 

falls observed globally at the D/C boundary. 
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Chapter 1 

 Introduction and methods 

 

1.1. RATIONALE 

The latest Devonian to Mississippian is an important interval in Earth History, characterised 

by mass extinctions, marine anoxic events and isotopic perturbations, set against the 

backdrop of a cooling global climate (Algeo et al. 1995; Becker et al. 2016; Caplan & 

Bustin 1999; Kaiser et al. 2008, 2015).  Life had barely recovered from the severe Frasnian-

Famennian Mass Extinction before suffering additional extinction events at the 

Devonian/Carboniferous boundary (DCB) and mid Tournaisian (Kaiser et al. 2015).  These 

events drastically altered fossil communities from fish (Sallan & Coates 2010; Sallan & 

Galimberti 2015), reefs (Kaiser et al. 2015 and references therein), ammonoids (Becker 

1992), early tetrapods (Clack 2007; Smithson et al. 2012) and terrestrial plants (Marshall et 

al. 2013).   

The latest Devonian to Mississippian is also punctuated by short episodes of continental 

glaciation representing the early history of the Late Palaeozoic Ice Age (LPIA; Caputo et al. 

2008; Isaacson et al. 2008; Montañez & Poulson 2013).  These glacial episodes occurred in 

the latest Famennian, Tournaisian and Viséan stages respectively (Figure 1.1; Caputo et al. 

2008).  The evidence for glaciation is known primarily from Western Gondwana (in 

particular central South America; Caputo et al. 2008), and the southern margin of 

Euramerica (Appalachian Basin, USA; Brezinski & Blaine Cecil 2015; Brezinski et al. 2008, 

2010).  There are additional reports of diamictites in central Africa and South Africa 

(Isaacson et al. 2008; Streel & Theron 1999; Swart 1982).  The timing of the glacial events 

roughly corresponds to evidence for regression, environmental change and extinction events 

at the DCB and mid Tournaisian (Kaiser et al. 2015).   

The coincidence of glaciation with biotic and environmental crises suggests a potential 

causal relationship between abrupt climate change and mass extinction in the mid 

Palaeozoic.   The understanding of this relationship will help inform debates regarding End-

Devonian Mass Extinction (EDME) and also in redefining a new DCB Global Stratotype 

Section and Point (GSSP).   Furthermore it will shed light on the evolution of Palaeozoic 

fossil groups, which includes an important milestone in the history of the early vertebrates 

(Clack 2007; Sallan & Coates 2010).  At present however there is a relative lack of 
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measured sections detailing the record of glaciation and extinctions from the high 

palaeolatitudes.   

1.1.1. Aims and objectives 

The project has described new sections of the DCB interval in the Bolivian Altiplano, central 

South American Andes.  The aim was to investigate the record of latest Famennian and 

Mississippian glaciation reported from this region (see Díaz-Martínez & Isaacson 1994; 

Díaz-Martínez & Vavrdova 1999; Chapter 2).  The project has three main objectives: 1) to 

describe and interpret the depositional history of glaciation over the new section, 2) integrate 

the section with palynostratigraphy for dating and correlation purposes and 3) to provide a 

preliminary Total Organic Carbon (TOC) and organic carbon isotope (δ13Corganic) curve 

through the sequence.  The results will deliver a direct record of high-palaeolatitude 

glaciation and palynological changes, against which the wider record of mass extinction and 

environmental change can be compared.   

1.1.2. Thesis synopsis 

This first chapter introduces the stratigraphic methods relevant to the project and provides an 

overview of the Bolivian Altiplano field area (including its regional geology and unique 

challenges associated with this region).   It follows with a description of the data-collection 

and analytical methods used.   

The second chapter is a literature review of latest Devonian and Mississippian glaciations.    

It discusses the published biostratigraphic schemes available for dating diamictite deposits, 

assesses the stratigraphic evidence for glaciation, and integrates the known glacial history 

into a global context of mass extinction and environmental change.  A version of this chapter 

has been published in the Geological Society of London, Special Publications, v. 423. 

Chapter 3 is the first of the data chapters.   It describes and interprets the stratigraphy and 

sedimentology of the principle study area.  The chapter discusses the likely 

palaeoenvironment and depositional history of the latest Famennian diamictite deposits with 

a brief discussion on potential Mississippian glaciation.      

Chapter 4 describes and interprets the palynostratigraphy or the primary study area.  It 

provides a discussion on determining the age of the succession and the recognition of End 

Devonian Mass Extinction (EDME) in Bolivia.    
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Figure 1.1.  Geological timescale of the Devonian and Carboniferous Periods taken from Becker et 

al. 2012 and Davydov et al. 2012.  Numbers represent age of the Period boundaries in millions of 

years before present.  Grey bars represent periods of known continental glaciation, taken from Caputo 

et al. (2008) and Montañez & Poulson (2013).  Continental glaciation at the Frasnian/Famennian 

boundary has been speculated to exist by Streel et al. (2000a).   

 

Chapter 5 presents detailed taxonomic descriptions and photomicrograph plates of the 

palynological groups observed.  These are the data that underpin the palynostratigraphy in 

Chapter 4.   

Chapter 6 is the final data-chapter and presents a preliminary TOC and bulk δ13Corg 

geochemical dataset through the primary section.   

Chapter 7 is the discussion chapter.  It provides a synthesis of the main findings and 

discusses opportunities for future study.  The final Chapter 8 is a brief summary of the main 

conclusions.   
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1.2. STRATIGRAPHIC CONCEPTS  

The project has relied on traditional stratigraphic disciplines such as sedimentology, 

palynology and chemostratigraphy to answer the aims and objectives.  The results of these 

have been interpreted within a sequence-stratigraphic framework for the purpose of regional 

and global correlation.  The following section will briefly introduce these stratigraphic 

concepts and how they were relevant to the project.   

1.2.1. The sedimentary facies description of diamictites 

The description and interpretation of ancient glacigenic facies can be both problematic and 

controversial (see for example Eyles et al. 1983, 1984).  This is largely due to the extreme 

variability observed within glacigenic sedimentary systems and an apparent conflict between 

the traditionally statistical approaches of Quaternary researchers vs. the qualitative vertical-

logging approach of stratigraphers (Eyles et al. 1983).   Furthermore gravity flows can 

deposit massive diamictites similar to those of glacigenic processes, which makes ancient 

diamictites difficult to interpret in the field (Visser 2004).   

To reduce potential confusion the term ‘diamictite’ is used in a strictly non-interpretive way 

to classify a poorly-sorted sedimentary rock with a varying mixture of grain and clast size 

from clay to boulder (Flint et al. 1960a, 1960b; Frakes et al. 1978). The classification system 

of Moncrieff (1989) has been used to discriminate a diamictite from other poorly sorted 

rocks, such as conglomeratic sandstones. The term ‘till’ in contrast can only be used in an 

interpretive, genetic sense to classify a diamictite unit that was deposited sub-glacially 

(Eyles & Eyles 2010).   

There are a number of sedimentological features that can be used as evidence of glaciation.  

These may include, but are not limited to: faceted, striated or polished clasts and pavements, 

soft-sediment deformation and exotic dropstones (Eyles & Eyles 2010).    

1.2.2. Palynology and palynological biostratigraphy 

Palaeontologists study the fossilised remains of ancient organisms, such as trilobites, 

ammonoids, vertebrates etc., which fit into natural groupings that can be categorised 

taxonomically.  In contrast, Palynology (as a palaeontological sub-discipline) has a 

“pragmatic, working definition, saying in effect that palaeopalynology consists of the study 

of the organic microfossils that are found in our maceration preparations of sedimentary 

rocks” (Traverse 2007).  Essentially this means any organic material collected during 

palynological preparation techniques can be classed as palynological.   
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The above definition includes groups such as plant spores, pollen, algal spores, acritarchs, 

prasinophytes, dinocysts and chitinozoa, which are all resistant to acid maceration and 

typically < 1 mm in diameter.  Spores are formed during the reproductive cycle of plants and 

algae. Acritarchs and dinocysts represent are the preserved cysts of marine phytoplankton in 

which the motile stage of the organism is not preserved. Chitinozoa are a Palaeozoic marine 

microfossil group of uncertain affinity that have a distinctive bell-shaped outline (Paris et al. 

1999).  Together these are referred to as the palynomorph group (Mendonça Filho et al. 

2012; Tyson 1995) and can be described and categorised as microfossils.   

Palynological maceration techniques also capture plant-derived organic debris, such as 

wood, carbonaceous material and cuticle, which are collectively referred as the phytoclast 

group (Mendonça Filho et al. 2012; Tyson 1995).  The third and final set is the amorphous 

group, which in this project is referred to simply as Amorphous Organic Matter (AOM).  It 

is largely accepted that AOM is the product of microbial activity, either as primary organic 

production in the water column or via the microbial decomposition of organic material in the 

sediment (Pacton et al. 2011).  The relative combination of these groupings represents the 

total organic content of a palynological sample, i.e. its palynofacies (Combaz 1964).    

1.2.2.1. Relevance to the project 

The Devonian stratigraphy of South America contains an endemic fauna that makes 

biostratigraphic correlations to Europe, North America and China difficult (Troth et al. 

2011).  This difficulty is compounded by the extremely rare occurrences of conodonts and 

ammonoids, which are the fossil groups routinely used for Devonian and Carboniferous 

biostratigraphic zonation (Becker et al. 2012; Davydov et al. 2012).  Palynology provides a 

practical alternative for much of South America, due to the cosmopolitan nature of spore 

groups from the latest Devonian onwards that can be used for global correlation (Playford 

1991).  Palynological studies of latest Devonian and Mississippian stratigraphy in South 

America have undergone great strides in the last fifteen years with palynological zonation 

schemes proposed for plant spore (Melo & Loboziak 2003; Melo & Playford 2012) and 

Chitinozoan groups (Grahn 2005).  The regional correlation of peaks in phytoplankton 

populations in Bolivia have also been tentatively linked to Devonian global marine 

transgressions (Troth et al. 2011).   

Latest Famennian diamictites in Bolivia have previously been studied for palynology by 

Díaz-Martínez et al. (1999) and Vavrdova & Isaacson (1999).  The current project however 

can provide a much needed update that incorporates more recent taxonomic and 

biostratigraphic studies, in particular that of Melo & Playford (2012).   
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1.2.3. Sequence stratigraphy 

The concepts of sequence stratigraphy were originally presented in a series of papers by 

Exxon geologists as a way of linking seismic packages to variations in global sea-level (Vail 

et al. 1977).   The field has moved on significantly in the last four decades with sequence 

stratigraphy now encompassing many different (and sometimes contradictory) methods, 

models and terminologies (Catuneanu et al. 2009).   

Sequence stratigraphy can be defined as an interpretative framework that “ties  changes in 

stratal stacking patterns to the response to varying accommodation and sediment supply 

through time” (Catuneanu 2011).  It is therefore linked to the concept of accommodation 

space, i.e. the amount of available space that a basin has in which to accumulate sediment 

(Jervey 1988).  There are three primary controls on accommodation space, 1) eustatic sea-

level, 2) the tectonic control on subsidence/uplift and 3) the rate of sedimentation (Coe et al. 

2003; Jervey 1988; Posamentier & Allen 1999).  Sequence stratigraphy therefore attempts to 

recognise and map these external controls on a sedimentary sequence, which can help 

predict where different sedimentary facies reside in a basin (Catuneanu 2009).  As such it is 

widely used in the oil and gas industry as an exploration tool.   

 

Figure 1.2.  Sequence stratigraphic model modified from Catuneanu et al. (2011).   
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One of the main limitations of sequence stratigraphy is the number of different approaches, 

which traditionally have lacked standardisation (Catuneanu et al. 2009).  Standardisation of 

different approaches requires the agreement of fundamental concepts that are independent of 

the sequence stratigraphic model used (Catuneanu et al. 2009).  Such a standard approach 

would rely on the observation of key stratal stacking patterns and surfaces that exist 

independently of any single sequence stratigraphic model (Catuneanu et al. 2011).  For these 

to be observed a multi-disciplinary approach is needed that incorporates seismic, outcrop, 

well-log, geochemical and biostratigraphic data (Catuneanu et al. 2009).   

The architecture of stratal stacking patterns is formed by the progradation, retrogradation 

and aggradation of sedimentary layers as a response to changes in accommodation space 

(Figure 1.2).  These are bounded by certain key surfaces that should be regionally 

correlatable.  These stacking patterns help define sequences that are composed of systems 

tracts bounded by correlatable surfaces (Figure 1.2).  The Sequence Boundary (SB) forms 

the base of the Falling Stage and Lowstand Systems Tracts (FSST and LST).  This is the 

result a reduction in accommodation space, forming a progradational stacking pattern 

bounded at its base by an erosional sequence boundary or its correlative conformity.   As 

accommodation space increase the stratal packages will begin to retrograde, or step 

backwards, due to an increase in accommodation space that allows sediment to accumulate 

in more proximal areas on the shelf.  This forms the Transgressive Systems Tract (TST) that 

is bounded at its base by an Initial Flooding Surface (IFS).  The point of maximum 

retrogradation is the Maximum Flooding Surface (MFS).  The MFS separates the TST from 

the overlying Highstand Systems Tract (HST).  The MFS reflects the point at which 

accommodation space is at its maximum rate of increase.  Above the MFS there is a slower 

rate of increase in accommodation space, which is followed by a still-stand and eventual 

decrease (Coe et al. 2003).  The HST lies above the MFS and is characterised by an 

aggradational to progradational stacking pattern as a result of these changing rates of 

accommodation change.  

The interpretation of sequence stratigraphic surfaces needs careful thought.  An over-

reliance on sequence stratigraphic model predictions could lead to errors in interpretation.   

For example an erosional unconformity and/or flooding surface could be interpreted to have 

been caused by variations in accommodation space, i.e. a SB and/or MFS.  However channel 

avulsion or delta-lobe switching could also produce similar stratigraphic signatures, which 

do not require a change in accommodation in to occur (Catuneanu et al. 2011).  This would 

drastically change the overall interpretation and correlatable potential of the interpreted 

sequence stratigraphic framework.   
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 1.2.3.1. Relevance to the project 

Glaciation at the DCB has been linked to regression and erosion throughout Europe and 

North Africa (Becker et al. 2016; Kaiser et al. 2015).   The aim of using sequence 

stratigraphy in this project is to provide a chronostratigraphic framework of accommodation-

space change and glaciation in Bolivia, tied to palynological biostratigraphy, which can be 

used as a comparison to the records of regression and environmental change in the lower 

palaeolatitudes.    

The data available for this project are limited to outcrop logs, geological mapping and 

palynological biostratigraphy.  The measured logs are either standalone (Hinchaka) or as 

part of strike-lateral correlation panels (Chaguaya).  The three-dimensional stacking patterns 

along both dip and strike are therefore difficult to interpret with confidence.  Rather stratal 

stacking patterns are inferred by age-determined facies changes that are correlated between 

the principle and auxiliary study areas.  A main limitation is the lack of onshore seismic 

data, which simply does not exist for this area.  The differentiation of the FSST and LST 

would not be possible without seismic data and so for the purposes of this project they are 

combined into a single LST.  

1.2.4. Total Organic Carbon (TOC) and Carbon isotope stratigraphy 

Many carbonate successions at the DCB in Europe contain positive carbon isotope 

excursions, which have been interpreted as the global burial of organic carbon (Kaiser et al. 

2006; 2015).  These excursions are observed in both inorganic (δ13Ccarbonate) and organic 

(δ13Corganic) carbon and are assumed to be global in extent (Kaiser et al. 2006).  There are 

currently no published carbon isotope curves for South America over the DCB interval.  The 

project aims to test whether carbon isotope excursions can be recognised in the glaciated 

high-palaeolatitude record of the Bolivian Altiplano.   

The Devonian and Carboniferous stratigraphy in the Bolivian Altiplano is siliciclastic and 

with extremely rare macro-fossils.  This precludes any investigation of carbon isotopes from 

inorganic carbon.  The thick claystone deposits do however allow for Total Organic Carbon 

and δ13Corganic data to be collected.  As this is a preliminary geochemical study only bulk 

δ
13Corganic data will be analysed.  The aim of this is to provide a preliminary geochemical 

curve through the DCB stratigraphy that can be compared to the wider global record.   
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1.3. BOLIVIAN ALTIPLANO STUDY AREA  

The studied stratigraphic sections are all located around the shores of Lake Titicaca on the 

Bolivian Altiplano.  The Altiplano (‘high plain’ in Spanish) is the world’s second highest 

mountain plateau, with an average altitude of 3800 m.  Late Titicaca is a high altitude deep-

water lake situated on the Altiplano that straddles the border of Peru and Bolivia.  The field 

areas around Lake Titicaca are c. 100 km northwest of the Bolivian capital city of La Paz 

(Figure 1.3).  The region is an ideal study area for three reasons: 1) there are thick claystone 

deposits excellent for palynological recovery, 2) there are published studies describing latest 

Famennian and Mississippian diamictites in the area (Díaz-Martínez & Isaacson 1994; Díaz-

Martínez & Vavrdova 1999), and 3) the stratigraphy is very-well exposed and reasonably 

accessible for study.   

 

Figure 1.3a. Bolivia and neighbouring countries in central South America, with the main Andean 

tectonic zones overlaid (from Barnes et al. 2012 and Sempere 1995).   AP = Altiplano, EC = Eastern 

Cordillera, IA = Interandean Zone, SA = Subandean Zone. 1.3b. Higher resolution location of studied 

locations around the shores of Lake Titicaca in Bolivia.   

 

1.3.1. Regional geology  

1.3.1.1. Tectonic history  

The Altiplano region is part of the Andean mountains, which have been formed by the 

subduction of the Nazca Plate under the south western edge of South America (Capitano et 

al. 2011; Sobolev & Babeyko 2005).  Bolivia is situated at a kink in the Andes, known as the 

Fig 1.3b.
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Bolivian Orocline, where the curvature of the Andean Mountains and western edge of South 

America change significantly (Capitanio et al. 2011).  The exact mechanism of both Andean 

uplift and the formation of the Bolivian Orocline is complex.  Subduction of the Nazca Plate 

likely began in the Late Cretaceous, with orogenic uplift occurring in stages between the 

Eocene and Miocene (Capitanio et al. 2011; Gregory-Wodzicki 2000).  There are four main 

tectonic domains in the central Andes; the Western Cordillera, Altiplano, Eastern Cordillera 

and the Subandean (Capitano et al. 2011; Barnes et al. 2012).   

The 

Figure 1.4.  Structural elements map of the area around Lake Titicaca in the Bolivian Altiplano. 

Modified from Sempere (1995). 

Cenozoic uplift of the Andes has segmented the Palaeozoic stratigraphy of the Altiplano 

region into NE-SW orientated thrust-bounded tectonic zones (Sempere 1995; Figures 1.3 

and 1.4).   The primary field area on the north eastern shore of Lake Titicaca is within the 

Huarina Fold and Thrust Belt (Figure 1.4).  The auxiliary sections are on the Copacabana 

and Cumaná Peninsulas to the southwest and are extremely close to the Coniri Thrust 

(Figure 1.4).  Palaeogeographic reconstructions are difficult because of the complex tectonic 

deformation.   As such, a local palaeogeographic reconstruction of the study area has not 

been attempted in this project.   

 1.3.1.2. Palaeozoic stratigraphy 

Regional stratigraphic studies, combined with evidence for plutonic volcanism, suggest that 

the Palaeozoic stratigraphy of Bolivia accumulated in an intra-cratonic foreland basin, which 

was formed during the subduction of the Panthalassic Ocean beneath Western Gondwana 

(Isaacson et al. 1995; Sempere 1995).  The foreland depocentre likely extended along a 

relatively narrow belt between Bolivia and Peru (Figure 1.5; Isaacson et al. 1995; Sempere 

1995).  The Cambrian to Carboniferous stratigraphy is almost entirely siliciclastic, with the 

Bolivia

Brazil

Peru

Paraguay

ArgentinaChile

65°W70°W 60°W

15°S

20°S

10°S

200 km

70°W

65°W

20°S

H
FTB

A

C
R

CT

CRTCh.

MAT

Fig. 1.4b

a b



Chapter 1: Introduction and methods  11 

youngest carbonates known in the region being of Late Carboniferous and Permian age 

(Sempere 1995; Grader et al. 2007).   

 

Figure 1.5.  Palaeogeographic reconstruction of the Bolivia/Peru foreland basin in the Palaeozoic.  

Taken from Isaacson & Díaz-Martínez (1995).  Legend key: A) The boundary of the Palaeozoic Peru-

Bolivia foreland basin, B) the Brazilian shield and C) Ordovician, Devonian and late Palaeozoic 

plutons. 

 

The Middle and Late Devonian is represented by the Cabanillas Group, which contains the 

Sicasica and Colpacucho Formations, representing marine siliciclastic environments (Díaz-

Martínez et al. 1996).  This is overlain by the latest Devonian and Mississippian Ambo 

Group, comprised of the glacigenic Cumaná Formation, the deltaic Kasa Formation, and the 

coastal plain Siripaci Formation (Díaz 1993; Díaz-Martínez & Isaacson 1994; Isaacson & 

Díaz-Martínez 1995).   The Cumaná Formation has been interpreted as glaciomarine by 

Díaz-Martínez & Isaacson (1994) and represents the latest Famennian glaciation in the 

Bolivian Altiplano.  Diamictite deposits have also been noted in the early Carboniferous 

Kasa Formation (Oviedo Gomez 1965; see Chapter 2).    
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There is a mid-Carboniferous unconformity that developed during the Serpukhovian and 

Bashkirian throughout the Altiplano and Subandean (Isaacson & Díaz-Martínez 1995).  The 

amount of erosion and time missing in this unconformity is variable.  In the study area the 

unconformity is overlain by the Late Carboniferous to Permian Titicaca Group.  The basal 

Yaurichambi Formation of the Titicaca Group represents coastal plain facies that interfinger 

with - and overlain by - carbonates of the Permian Copacabana Formation (Grader et al. 

2007; 2008).   

1.3.2. Principle study area - Villa Molino and Chaguaya 

The principle study area is situated on the northeast shoreline of Lake Titicaca at an altitude 

between 3800 - 4300 m.  It is a 3 to 4 hour drive from La Paz along Ruta Nacional 2 

(National Route 2), before turning northwest onto Ruta Nacional 16 near Huarina (Figure 

1.6).  Ruta 16 runs past the community of Chaguaya at latitude = -15.792664° and longitude 

= -69.039330°.  The Villa Molino section is located 4 km north along the road to Aguas 

Calientes and Mina Matilda, which turns off the Ruta Nacional 16 at the corner of a Bolivian 

military training centre (Figure 1.7).  All other sections in the principle study area can only 

be reached by foot. There are partially stone-paved tracks along the hillside, with the one 

that intersects Ruta Nacional 16 at latitude = -15.839072° and longitude = -69.002525° 

being the most useful for starting the hike to the Chaguaya section (Figure 1.7).  It is 

possible to hike to the other sections from the Villa Molino road-cut, but this involves a 

difficult (and dangerous) initial ascent and is not advised.   

In 2000 Prof John Marshall identified diamictites at Villa Molino.  The section was revisited 

in 2009 by Prof John Marshall and Dr Ian Troth and was sampled for palynology.  They 

identified the plant miospore Retispora lepidophyta in claystone rocks below the diamictites.  

The observation of this spore allows the diamictites at Villa Molino to be correlated to the 

Cumaná Formation on the Copacabana Peninsula (Díaz-Martínez et al. 1999).  This was 

highly significant because diamictites had been previously unrecognised at this locality (see 

for example Díaz-Martínez & Isaacson 1994).  The Villa Molino diamictite sequence is 

bounded by claystone units that can be studied for palynology.    

All data and samples were collected during two field-trips; the first in 11/2011 and the 

second in 10/2012.  The Cumaná Formation outcrops along a topographic ridgeline that can 

be followed for almost 9 km laterally along the strike of the bedding (Figure 1.7).  This 

feature has been termed the Chaguaya Ridgeline.  The top of the ridgeline is defined by a 

sharp transition from prominent sandstones into recessive claystones.  This topographic 

feature and its clearly definable top-surface allowed the lateral and vertical profile of the 

diamictite sequence to be studied in detail.  The primary goal of fieldwork was to log the 
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Chaguaya and Villa Molino sections.  These describe 1 km of stratigraphy spanning the Late 

Devonian through to Permian.  In 10/2012 additional sections were measured along the 

ridgeline in order to understand further the lateral architecture of the diamictite sequences.    

 

 

Figure 1.6.  Google Earth screenshots of the study areas in the Bolivian Altiplano, central South 

America. 1.6a. South America with the location of Bolivia outlined. 1.6b. Bolivia with location of 

Lake Titicaca field area outline. 1.6c.  Lake Titicaca field area.  Outline of the field areas are shown 

and can be seen in Figures 1.7, 1.8 and 1.9.  National Routes 2 and 16 are labelled.   
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Figure 1.7a. Google Earth satellite image of the primary field area (Villa Molino and Chaguaya). 

1.7b. topographic and geological map.  

 

 



Chapter 1: Introduction and methods  15 

1.3.3. Auxiliary study areas - Hinchaka and the Cumaná Peninsula 

Two auxiliary study areas were visited in 10/2012 along the Copacabana Peninsula and 

Cumaná Peninsula, which resulted in the production of the Hinchaka section log and the 

Cumaná geological map (Figures 1.8 and 1.9.  See also Appendices A & B).    

 

Figure 1.8a. Google Earth satellite image of the Hinchaka field area. 1.7b. Geological map overly 

and Hinchaka section log track.  
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A measured section at Hinchaka has been published in Díaz-Martínez & Isaacson (1994), 

where it represents part of a correlatable glacigenic sequence across the Copacabana 

Peninsula.  This justified the revisit of the area in 10/2012 to gain insight and context into 

this 1994 study.  A new section with palynological samples was measured over two days.   

The Cumaná Peninsula is the eponymous type-section of the Cumaná Formation.  A visit to 

this area in 10/2012 was justified because very large boulder clasts and placoderm fossils 

have been noted here (Díaz-Martínez et al. 1996).  Díaz-Martínez & Isaacson (1994) 

observed that diamictites were laterally constrained, which they speculated could be a 

palaeovalley.  For these reasons the stratigraphy of the Cumaná Peninsula was described and 

mapped over three days.  The aim was to provide a detailed log of the type section, but due 

to local issues and a lack of good exposure this could not be achieved.  Instead field notes, 

photos and GPS waypoints were collated after the field trip to produce a geological map of 

the peninsula.   

 

Figure 1.9.  Google Earth satellite image of the Cumaná Peninsula study area.   

 

1.3.4. Unique considerations of field work in the Bolivian Altiplano  

There are unique challenges relevant to the Bolivian Altiplano that need to be addressed 

when undertaking field work in this region. The most vital of which is the high altitude. The 

fieldwork for this project involves physically strenuous hikes at an altitude of up to 4500 m 

in remote locations.  It is vitally important to be aware of the symptoms Acute Mountain 
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Sickness (AMS), aka altitude sickness.  These include vomiting, difficulty sleeping, 

dizziness, fatigue, headaches, increased heart rate and loss of appetite (http://www.nhs.uk).  

Severe symptoms include irritable coughs, breathlessness, irrational behaviour and fits.  Two 

to three days of acclimatisation are recommended before going above 3000m 

(www.fitfortravel.nhs.uk).  Above this altitude it is recommended to not climb more than 

300m per day.  This is an issue at Chaguaya because the hike to the top of the ridgeline can 

be up to a 500 m ascent.  It is important therefore to be vigilant of the risks and symptoms of 

AMS, with fieldwork only undertaken by those who are confident they have the sufficient 

fitness required.  The high altitude can also exacerbate the effects of sun burn and fatigue 

due to the thinner atmosphere and lower oxygen levels. 

Food poisoning and stomach illnesses are likely to happen due to the lack of clean water 

used for the preparation of food.  It is advised not to eat salads.  Take plenty of bottled water 

into the field as vomiting and diarrhoea can quickly cause dehydration.   Always make sure 

when buying bottles of water that the lid is sealed.   

The local population can be suspicious of foreigners.  It is necessary to have local support, a 

basic level of language skills and/or a translator at all times.  Castilian or South American 

Spanish is typically OK, but some people who are older or from more remote areas may only 

speak Aymara.  The research group employs a local tour operator when in the field, although 

it is also recommended to collaborate with local Bolivian geoscientists.  This is less of an 

issue in the Copacabana Peninsula as this is an established tourist route for back-packers. 

1.3.5.  Aim of field work 

The total productive amount of time spent in the field areas was 20 days.  The 2011 field trip 

was very short, with only five days spent in the primary study area.  It occurred in the first 

month of the PhD studies as an introduction to Bolivia.  Due to budget constraints second 

trip in 2012 was the last and so it was designed to be a one-shot excursion to gather all the 

data needed for the PhD project.   Therefore it was decided to make the objective of the 2012 

field trip broad in scope with multiple field sites visited and sections measured.   

 

1.4. FIELD DATA-COLLECTION METHODS 

1.4.1. Sedimentary logging 

Localities with decent exposure were identified using Google EarthTM.  Their location were 

pre-loaded into a GPS hand-held device (Garmin eTrex 20) and later explored in the field.   
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All sections were measured at a 1:50 scale using a Jacob’s staff and Abney level, with the 

scale increasing to 1:25 at intervals of interest.  If the thicknesses were impossible to 

measure directly, then they were estimated using dip-strike measurements and Way Point 

positions.  GPS waypoints and tracks were recorded so that the location of each field section 

could be mapped at a high-resolution.  Wherever possible the claystone facies were sampled 

at 3 to 9 m intervals for palynology.  The composite field logs were hand-drawn at an 

appropriate scale, scanned and then digitised using Corel Draw X5.  

The sedimentary grain-size nomenclature used for the project follows the Wentworth 

classification (Wentworth 1922).  This was qualitatively estimated in the field using a grain 

size chart.  The terms “lamination” and “bedding” are differentiated based on scale, with 

laminae being < 1cm in thickness and beds defined as being on a cm to larger scale.   

1.4.2. Sampling methods 

In total 440 palynological samples were collected and of these 192 were processed in the 

palynological prep lab.  The vast majority of samples were either claystones or siltstones.  

Two samples were collected from diamictites and two from carbonates.   In additional 

several sandstone samples were collected for reference.   

Samples were collected from outcrop at a shallow depth (< 20 cm) using a geological 

hammer.  Surficial material such as soil and vegetation was removed.  Each sample was 

labelled and its stratigraphic location marked against height on the measured sections.  Spot 

samples are those which were not collected during sedimentary logging.  For these a GPS 

waypoint number and coordinate was assigned and written on the sample bag.   

 

1.5. PALYNOLOGICAL PROCESSING METHODS 

A summary of the palynological processing workflow is shown in Figure 1.10.  This is a 

standard palynological workflow (see Phipps & Playford 1984).  The collected samples are 

organised into batches, cleaned and prepared for acid-maceration during Stages 2 - 4.  A 

typical processing batch consisted of 15 samples.  These were cleaned using de-ionised 

water, scrubbed to remove any potential contamination and left in clean glass beakers to dry.  

Each individual sample was wrapped in paper and crushed to ≤ 10 mm particles using a 

hammer and iron-plate.  The hammer and plate were cleaned and the wrapping paper 

disposed of between samples.  Approximately 5g of the crushed sample was weighed and 

transferred into labelled plastic containers and placed in a fume cupboard.   
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Figure 1.10. A simplified workflow of palynological processing 
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During the Stage 5 approximately 200 ml of concentrated ≥ 37 % hydrochloric acid (HCl) 

was poured into the plastic containers to remove any carbonate material from the matrix.  

This stage precedes hydrofluoric acid (HF) digestion so as to limit the precipitation of neo-

formed fluorite, a result of HF reacting with calcium (see Phipps & Playford 1984).  As the 

first few batches showed a negligible reaction the HCl stage was typically left out.  

After 24 hours in HCl the batch was neutralised by filling the plastic containers with water, 

waiting until the samples had settled and then decanting.  This was repeated until the litmus 

paper showed the samples were neutral.  Some sample is inevitably going to be lost whilst 

decanting, but care was taken to avoid this.  The batch then underwent HF digestion (Stage 

6) to remove silicate material.  Approximately 60 ml of concentrated (60 %) HF was poured 

into the plastic beakers, agitated, and then covered by a loose lid to be left for 48 hours.  

Samples were agitated at least once more to facilitate digestion.  The batch was then 

neutralised, washed through a 15 µm nylon mesh and transferred to glass beakers.  The mesh 

was washed thoroughly between samples to avoid any cross-contamination.  

Stage 7 is designed to remove any neo-formed fluorite that may have precipitated during HF 

digestion.  Approximately 100 ml of concentrated (37 %) HCl was decanted into the glass 

beakers.  These were placed individually on a Bunsen burner and heated to boiling point for 

approximately 1 minute.  The batch was diluted by filling the glass beakers with water, 

washed through a 15µm nylon mesh and transferred back into the glass beaker.  The 

resulting particulate residue comprised organic matter and sulphide minerals.  The residues 

were transferred into clear plastic vials for long-term storage and labelled as kerogen (Stage 

8).  At this point all samples were strewn onto cover slips and mounted onto a slide (Stage 

11).  These slides were used to determine the degree of oxidation to be applied to the sample 

(Stages 9 and 10).  

The objective of oxidation is threefold, 1) to transform any degraded organic matter into 

humic acids that can be washed away (Phipps & Playford 1984), 2) to remove pyrite and 3) 

to lighten the colour of opaque palynomorphs making them easier to identify (Marshall pers. 

comms.).  However, this is a delicate process, as oxidation can further degrade the 

palynomorphs.  Thus, only a fraction of the original kerogen residue was transferred into a 

clear glass vial. Approximately 10 ml of concentrated (70 %) nitric acid (HNO3) was 

pipetted onto the residue and left for 30 minutes.  To neutralise the reaction the glass vial 

was topped-up with de-ionised water, with the sample then being washed through a 15 µm 

nylon mesh.  Some of the resulting sample was then strewn onto a cover slip for mounting 

and the rest placed into a new labelled plastic vial for long-term storage.  Poorly preserved 
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and darkened samples needed a further 30 minutes in nitric acid saturated with Schulze’s 

Reagent (KClO3). 

To produce strew slides, a portion of the sample residue was diluted, then agitated so as to 

obtain a representative particulate size-range and pipetted onto a cover slip.  The cover slips 

were left to dry for 24 hours.  Once dry they could be mounted onto a slide using Elvasite 

mounting medium. 

 

1.6. PALYNOLOGICAL DATA COLLECTION AND STATISICAL 

TECHNIQUES 

1.6.1. Picking methods 

Samples had to be picked to extract rare, well preserved specimens and chitinozoa.  Organic 

residues left over from palynological processing were stored in clear plastic vials filled with 

de-ionised water.  These were poured onto glass petri-dishes and examined using a binocular 

microscope.  Using a modified glass pipette and a rubber tube, specimens were selectively 

drawn from the solution and placed onto cover slips to be mounted onto slides.  

1.6.2. Microscopy and photography 

Examination of the slides was done using a standard Olympus BH-2 trinocular transmitted-

light microscope.  A Wild Herrbrugg M3C binocular reflected-light microscope was used for 

picking.    

Different methods were used to obtain the best quality photomicrographs of palynological 

specimens.  Most were taken using an Olympus SC-30 digital camera attached to the BH-2 

microscope.  A software package called ‘analySIS getIT’ was used to capture images from 

the SC-30 digital camera.  Adobe Photoshop and CombineZP were used to combine a stack 

of photographs taken at difference focal depths.   

Higher quality photographs were sought for the photomicrograph plates (see Chapter 5).   

The majority were taken using a Nikon D3100 DSLR camera mounted onto the microscope.  

Specimens were measured manually for scale.  Others were taken using an Olympus BX-53 

trinocular transmitted-light microscope and an Olympus DP72 digital camera.  The images 

were captured using Cell software, which when calibrated can provide automatic scaling.  
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1.6.3. Taxonomy and open nomenclature  

Taxonomic categories were defined using the published literature – both local to South 

America and from elsewhere around the globe.  Open nomenclature, where used, is 

consistent with Mathews (1973) and Bengston (1988). 

1.6.4. Palynofacies counts 

The primary goal of palynofacies is to quantify the organic matter components against 

height, in order to see if there was any correlation with the TOC and δ13Corg curves.  

Palynofacies were counted by area (as opposed as individual particles) using a Pelcon 

automatic point counter, to a maximum of 300 points.  Eight categories were used 1) opaque 

phytoclasts, 2) translucent phytoclasts, 3) cuticle, 4) spore, 5) acritarch/prasinophyte, 6) 

palynomorph (indeterminate), 7) AOM and 8) indeterminate.  It was discovered later 

however that AOM was not captured by the 15 µm nylon mesh and so this fraction was 

removed from the palynofacies counts.  Phytoclasts that were translucent along their rims or 

at thinner parts of their body were counted as translucent phytoclasts.  This is because the 

opacity is likely a result of thickness as opposed to composition.   

Opaque heavy minerals and pyrite can resist acid-maceration and oxidation, which allows 

them to potentially exist in appreciable numbers in the strew samples.  Their differentiation 

from opaque phytoclasts can be difficult in transmitted light microscopy.  Occasionally 

crystal faces can be seen on the particle as well as a faint blue outline, which allows positive 

identification as pyrite.  The size and shape of individual particles will also give the operator 

an idea on their nature, for example a framboidal or cubic crystal habit would be criteria for 

not counting.  Another method is to shine a light obliquely onto the slide as the microscope 

is turned off; crystal faces will reflect the light whereas phytoclast debris won’t (Tyson 

1995).  Care was taken to make sure that the opaque phytoclast count was as true as possible 

using the above criteria.   

1.6.5. Taxonomic counts and biases 

Rich and relatively well-preserved palynological residues were chosen for quantitative 

counts of 200 specimens.  A count was performed by tracking randomly selected parts of the 

slide at x20 magnification, counting each specimen in view.  These count data were recorded 

in Excel spreadsheets, which can be found in Appendix F.  The count included identified 

species/genera, specimens that were recorded in open nomenclature and the indeterminate 

count.  Once the counts had been completed, the remaining slide was examined at x10 

magnification to record presence/absence data of taxa not recorded during the count.   



Chapter 1: Introduction and methods  23 

Poorly-preserved and/or phytoclast dominated samples were examined for presence/absence 

data only.   

Even in the relatively well-preserved samples only ~25 % of specimens on average could be 

determined to a species/genera taxonomic level.  This has imparted a large preservation bias 

into the counts.  The main effect of this problem is that robust forms are likely to have 

preserved better than fragile ones.  Secondly, species such as Retispora lepidophyta and 

Umbellisphaeridium saharicum have highly distinctive morphological features, so even 

poorly preserved specimens could be identified with confidence.  This is the same for a 

number of acritarch and prasinophyte species.  In contrast many miospore species have 

subtle distinguishing characteristics, and assemblages comprised mostly of simple 

Punctatisporites sp., Calamospora sp. and Leiotriletes sp., which could not be speciated 

with confidence.   

1.6.6. Rarefaction curves 

The large number of indeterminate specimens effectively decreased the taxon counts, which 

affects species richness and diversity estimates.  To test whether preservation had an impact 

on the upon the taxon counts, a number of rarefaction curves were compiled for two 

samples: CR5-01 and VM-14 (Figure 1.11).  These represent the best and worst samples 

respectively; 43 % of the counts were identified to at least generic level in CR5-01, with 

only 10 % identified in VM-14.  These two samples are from the same lithostratigraphic unit 

(Kasa Formation).   

The rarefaction curves were compiled using only identified, defined taxa and so the total 

specimen numbers fall short of 200.  The plots are split into total counts, marine counts and 

miospore counts.  The rarefaction curves for the total counts are not flattened, suggesting 

that additional counting might have resulted in more taxa being identified.  The curve is very 

steep in the miospore fraction and flatter for the marine fraction.  This is because miospores 

make up a considerable part of the indeterminate counts, resulting in low taxon counts and 

therefore a lower number of recognised taxa.   

The counts of 200 specimens should not be seen as representative, as poor preservation has 

reduced the number of identifiable specimens.  Additional counting would likely have 

resulted in more recognised taxa, but there is a case of diminishing returns.  For example 

only 34 and 5 miospore specimens were identified in the CR5-01 and VM-14 counts 

respectively, both samples having steep rarefaction curves.  To make the miospores 

comparable to the marine taxa, the total count would have had to have been 3-6 times larger 
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i.e. total counts to 1250-1500 specimens. A count of 200 specimens with an additional scan 

of the slides at x10 for presence/absence was therefore deemed an acceptable compromise.  

 

 

Figure 1.11. Rarefaction curves for samples CR5-01 and VM-14.   

 

1.6.7. Diversity indices 

The number of identified specimens from the marine fraction was enough to compile simple 

diversity curves using PAST v.3.   No diversity curves were compiled for the miospores as 

the number of identified specimens was too low. 

 

1.7. TOTAL ORGANIC CARBON (TOC) 

1.7.1. Processing methods 

In total 310 samples were processed for Total Organic Carbon (TOC).  Each sample was 

milled to a fine, homogenised powder and transferred to clear, labelled sample-bags for 

storage.  Powders were transferred into labelled glass test-tubes to be decarbonated using 

approximately 20 ml of concentrated ≥ 37 % HCl for 24 hours.  The solution was agitated at 

least once to aid digestion.  The test tubes were then topped-up with purified Milli-Q water 

to neutralise the reaction.  After 90 minutes the powdered samples had usually settled to the 
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bottom of the test tubes, which allowed the water to be siphoned off and re-filled again.  

This process was repeated until a Litmus test showed the solution was neutral.  The residue 

was then left to dry in the oven at a low temperature (50°C).  Of the powdered sample 3.0-

3.4 milligrams was placed into a tin capsule, sealed and placed into a clean cell plate.  The 

sealed capsules were then loaded into the auto-sampler of a Carlo-Erba EA-1108 elemental 

analyser and measured for TOC.   

1.7.2. Corrected values 

A low organic carbon standard sample (LOCSS) was loaded into the auto-sampler after 

every tenth sample.  This allows for a correction to be applied to groups of 10 samples 

measured between the two LOCSSs.  The carbon corrected value is defined as: 

������	����	�
	� =
LOCSS����� 	× 	Sample	
�LOCSS� + LOCSS�� ÷ 2

 

Where ‘LOCSSknown’ is the known value of LOCSS (1.52% & 1.55%); ‘Sample’ is the 

measured value of the sample; ‘LOCSS1’ is the measured value of the first standard, and 

‘LOCSS2’ is the measured value of the second standard.  This corrects for any consistent 

drift in measured values that may occur after continued use of the machine. 

1.7.3. Error analysis 

An error analysis was undertaken on the measured LOCSS values.  Two types of LOCSSs 

were used; one with a known value, TOC=1.55%, and the other with a known value of 

TOC=1.52%.  For more detailed table of the measurements used in the error analysis see 

Appendix F.  Otherwise the results are summarised in Table 1.1.  

 

Table 1.1. Results of error analysis on the two types of standards used in the study.   

 

LOCSS known value Number of 

measurements (N) 

Mean of 

measured 

values 

Standard 

deviation (σ) 

Standard 

error of the 

mean(SEM) 

LOCSS 

TOC = 1.55% 

30 1.56 0.04 ± 0.1 

LOCSS 

TOC = 1.52% 

26 1.52 0.06 ± 0.1 
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The standard error of the mean (SEM) is defined as follows: 

"#$ =
σ

√'
 

Where σ is standard deviation and N is the total number of measurements. Using the values 

from Table 1.1 the SEM can be calculated as ±0.1 % for both standards used.   

The measured LOCSSs were plotted as a histogram using PAST (Figure 1.12).  The 

measurements show a normal distribution around the mean that fit mostly within the 

standard error value.  The findings show that there is good agreement between the known 

LOCSS values and the measured means. Out of 56 individual measurements 78.6% were 

within 1σ and 92.9% within 2σ.  Three outliers (5.4%) were outside of the ± 0.1% standard 

error.  This could be due to a mistake during weighing of the sample or an error in the 

machine.  Such a large deviation led to a repeat run.  Overall the sensitivity of the machine is 

acceptable with respect to the way data is being used for this study, i.e., to recognise broad 

stratigraphic trends and profiles.  

 

 

Figure. 1.12. Histograms of the measured LOCSS values compiled using PAST.  Normal distribution 

curves, standard error and standard deviations (σ) from the mean are overlain.  The red dashed 

vertical line represents the mean value. Grey shaded area represents the standard error of the mean 

value (± 0.1%).  
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1.7.4. TC and TOC 

Samples CR5-1 to CR5-41 were measured for Total Carbon (TC - non-decarbonated) in 

addition to TOC (decarbonated).  The average difference between the two values is 0.072%, 

within the standard error values defined above.  This result shows that the carbonate content 

of this part of the succession is below the detectable limits.  

 

1.8. BULK δ13Corg 

Of the decarbonated powdered samples left from TOC analysis 112 were prepared for bulk 

δ
13Corganic.  Powders were measured using a mass balance, placed into tin capsules and 

sealed.  The measured weight was dependant on the TOC content and was as follows:  40 

mg (< 1 % TOC), 30 mg (1 - 2 % TOC) and 20 mg (2 - 3 % TOC).  The sealed capsules 

were stored in clean cell plates for storage and sent to Iso-Analytical Limited for Carbon-13 

analysis.  Iso-Analytical employed an Elemental Analyser - Isotope Ratio Mass 

Spectrometry (EA-IRMS) technique using a Europa Scientific elemental analyser.  The 

following is a brief summary provided by Iso-Analytical reports:   

“In brief, tin capsules containing sample or reference material are loaded into an auto-

sampler on a Europa Scientific elemental analyser. From where they were dropped in 

sequence into a furnace held at 1000°C, where they are combusted in an oxygen rich 

environment, raising the temperature in the region of the sample to ~1700 °C. The gases 

produced on combustion are swept in a helium stream over combustion catalyst (Cr2O3), 

copper oxide wires to oxidize hydrocarbons and silver wool to remove sulfur and halides. 

The resultant gases, N2, NOx, H2O, O2 and CO2 are swept through a reduction stage of pure 

copper wires held at 600 °C. This step removes O2 and converts NOx species to N2. A 

magnesium perchlorate chemical trap removes water. Carbon dioxide is separated from 

nitrogen by a packed column gas chromatograph held at an isothermal temperature of 100 

°C. The resultant CO2 chromatographic peak enters the ion source of the Europa Scientific 

20-20 IRMS where it is ionised and accelerated. Gas species of different mass are separated 

in a magnetic field then simultaneously measured using a Faraday cup collector array to 

measure the isotopomers of CO2 at m/z 44, 45, and 46.  

Both references and samples are converted and analysed in this manner. The analysis 

proceeds in a batch process, whereby a reference is analysed followed by a number of 

samples and then another reference.  
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The reference material used during d13C analysis of your sediment samples was IA-R001 

(wheat flour, δ13CV-PDB = of -26.43 ‰). For quality control purposes check samples of IA-

R001, IA-R005 (beet sugar, δ13CV-PDB = -26.03 ‰) and IA-R006 (cane sugar, δ13CV-PDB = -

11.64 ‰) were analysed during batch analysis of your samples. 

IA-R001, IA-R005 and IA-R006 are calibrated against and traceable to IAEA-CH-6 

(sucrose, δ13CV-PDB = -10.43 ‰). IAEA-CH-6 is an inter-laboratory comparison standard 

distributed by the International Atomic Energy Agency (IAEA), Vienna.” 
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Greenhouse to Icehouse: a biostratigraphic review of 
latest Devonian – Mississippian glaciations and their 

global effects 

This chapter has been accepted for publication in the Geological Society of London, Special 
Publication, v. 423 “Devonian Climate, Sea-Level and Evolutionary Events”.  It is 
presented herein in its accepted and peer-reviewed version.   
 

 

2.1. INTRODUCTION 

The latest Devonian to Mississippian time period saw the onset of the Late Palaeozoic Ice 

Age (LPIA), marked by three short “precursor” glaciations in the latest Famennian, mid 

Tournaisian and Viséan respectively (Caputo et al. 2008; Montañez & Poulson 2010).  In 

contrast, the earlier Devonian Period had globally warm climates, high sea levels and 

widespread reef complexes at median palaeolatitudes (Copper 2002; Joachimski et al. 2009).  

The latest Devonian and Mississippian therefore record a transitionary period between these 

two first-order climate modes, which was characterised by at least three distinct glacial 

episodes and long-term declining atmospheric CO2 concentrations (Berner 2006).  Within 

this transitionary period are global oceanic anoxic events associated with mass extinction, 

eustatic changes and isotopic excursions that approximately coincide with the glaciations in 

the latest Famennian and mid Tournaisian (Caplan & Bustin 1999; House 2002; Kaiser et al. 

2007, 2008, 2011, 2015; McGhee 2013; Sallan & Coates 2010; Saltzman 2002; Streel 1986; 

Yao et al. 2015).   

Evidence for LPIA glaciation in Gondwana is based on diamictite deposits and striated 

pavements in both South America and Africa (Caputo et al. 2008; Isaacson et al. 2008). 

Recent work describing latest Devonian diamictites in Appalachia also provides evidence for 

an additional glacial centre in the low palaeolatitudes of Euramerica (Brezinski et al. 2008; 

2010).  The precise age of these glacial deposits is crucial in understanding the relationship 

between LPIA glaciation and its wider effects on eustasy, environmental change and mass 

extinction.  There is uncertainty however, over the exact timing of these glacial events.  
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Several authors argue for an expanded range of glaciation that includes the Mid Devonian 

(Elrick et al. 2009) and Frasnian-Famennian (Isaacson et al. 1999; McGhee 2013; Streel et 

al. 2000a) based on indirect evidence from isotopes, palaeontology and palynology.  

Furthermore, the glaciation near the Devonian/Carboniferous (D/C) boundary has been 

regarded as both discrete, i.e., an individual precursor event (Caputo et al. 2008), or 

intermittent throughout the entire Famennian to earliest Mississippian (Isaacson et al. 1999; 

2008; Sandberg et al. 2002).    

Two recent reviews of latest Devonian and Mississippian glaciation are provided by Caputo 

et al. (2008) and Isaacson et al. (2008).  For reviews of the wider LPIA see Fielding et al. 

(2008), Limarino et al. (2014) and Montañez & Poulson (2010).  This review does not 

reiterate these previous contributions but rather approaches the glacial histories of the latest 

Devonian and Mississippian from a biostratigraphic standpoint.  The aims are to: (1) discuss 

published biostratigraphic schemes, their limitations and correlation into South America; (2) 

assess the primary biostratigraphic and sedimentologic evidence for glacial histories, and (3) 

to integrate these histories into a global context of mass extinction and environmental 

change.  This will facilitate future research by providing an assessment of the timing of 

glaciations from the latest Devonian and Mississippian interval.   

The review is divided into ‘near-field’ and ‘far-field’ phenomena.  The former refers to those 

areas with direct evidence for glaciation, i.e., diamictites and/or striated pavements.  ‘Far-

field’ refers to those areas with only proxy evidence for glaciation, which includes sequence-

stratigraphic and palaeoenvironmental observations.   

 

2.2  BACKGROUND 

Most of the continents at this time were part of either Euramerica or Gondwana (Figure 

2.1a).  Gondwana was situated in the southern palaeolatitudes and consisted of South 

America, Africa, the Arabian Plate, India, Australia and Antarctica.   

The Panthalassic Ocean bordered western Gondwana along an active margin (Sempere 

1995).  To the north of Gondwana was the closing Variscan Sea.  The subsequent collision 

v. Seismic stratigraphy and global changes of sea levelof Gondwana with Euramerica during 

this closure was a key part in the assembly of Pangaea in the Late Palaeozoic.  Putative ice-

centres have been suggested for the Brazilian Shield, Guiana Shield, Puna Arch and 

Arequipa Massif in central South America, and along an orogenic highland belt on the 

southern active margin of Euramerica (Figures 2.1a-b; Brezinski et al. 2010; Díaz-Martínez 
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& Isaacson 1994; Isaacson et al. 2008).  In addition, there are poorly-constrained ice-centres 

postulated in central Africa (Figure 2.1c; Isaacson et al. 2008).   

 

Figure 2.1a. Palaeotectonic reconstruction for the Early Carboniferous (350 Ma) with putative ice-

centres overlain, redrawn from Domeier and Torsvik, 2014. N. Am - North America, S. Am - South 

America, Af  - Africa.  2.1.b. Palaeozoic basin map of South America, redrawn from Caputo et al. 

2008.  2.1c. Location of Central African Republic and Niger in sub-Saharan Africa, with shields 

regions overlain, redrawn from Isaacson et al. 2008. 

 

The Late Devonian is an important interval in the evolution and diversification of land 

plants.  This includes an increase in arborescence (i.e. trees became taller and with deeper 

root systems) and the evolution of seeds, which allowed vegetation to colonise dryer upland 
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areas (Algeo & Scheckler 1998).   The resulting increase in deep-soil formation and 

continental weathering may have caused the postulated reduction in atmospheric CO2, thus 

possibly setting the stage for glaciation in the latest Devonian and Carboniferous (Algeo et 

al. 1995; Algeo & Scheckler 1998; Berner 2006).   

 

2.3. PUBLISHED BIOSTRATIGRAPHIC SCHEMES 

In Europe and North America, Late Devonian and Mississippian successions are primarily 

dated using conodonts and goniatites (Becker et al. 2012; Davydov et al. 2012).  These 

schemes are supplemented by miospore biostratigraphy, which is very well established in 

Western Europe (Clayton et al. 1977; Higgs et al. 1988; Maziane et al. 1999; Streel et al. 

1987).  The published global and regional biostratigraphic schemes discussed in this section 

are summarised in Figure 2.2.   

The D/C boundary Global Stratotype Section & Point (GSSP) is at La Serre, France, and is 

based on the supposed evolutionary lineage of the conodonts Siphonodella praesulcata to S. 

sulcata.  The first occurrence of the latter was used to define the base of the sulcata Zone 

and of the Carboniferous Period (Paproth & Streel 1984; Paproth et al. 1991).  However, the 

practical use of the siphonodellids has been questioned by Kaiser (2009) based on the 

occurrence of S. sulcata stratigraphically below the level that defines the GSSP.  

Additionally the GSSP is picked within a reworked oolitic sequence, which hinders its 

correlation potential.  This issue is compounded by difficulties in taxonomic discrimination 

between S. praesulcata and S. sulcata, which may represent two morphological end-

members of a single species (Corradini et al. 2013; Kaiser & Corradini 2011).  These 

findings reduce confidence in the both the current placement of the D/C boundary GSSP and 

its inter-regional correlation.  This is significant as the praesulcata - sulcata interval 

contains the first of the precursor glaciations in the latest Famennian and also the end-

Devonian mass extinction.      

2.3.1. The correlation of global schemes into South America 

2.3.1.1. The spore record 

The correlation of global biostratigraphic schemes into Gondwanan South America is of 

significant importance as this region has more reported occurrences of glacial diamictites 

than any other.  Unfortunately the dating of these sediments is problematic as conodonts and 

goniatites are extraordinarily rare in South America.  In addition, the macro-fauna available 

for regional biostratigraphy, such as brachiopods, are largely endemic (Isaacson 1977).   
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Figure 2.2. Published biostratigraphic schemes for the Famennian, Tournaisian and Viséan Stages.  

Chronostratigraphic age, Stage/Period boundaries and standard conodont & ammonoid schemes from 

Becker et al. 2012 and Davydov et al. 2012 (with corrections from Becker pers. comms).   
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Hence palynological analyses have the greatest biostratigraphic potential owing to the 

cosmopolitan nature of some miospore species that can be used for extra-Gondwanan 

correlation (Playford 1991; Table 2.1).  Significant research has improved Palaeozoic South 

American miospore taxonomy and established a miospore biostratigraphic scheme for the 

Amazon Basin, Brazil (Loboziak & Melo 2002; Loboziak et al. 1986, 1999, 2000a, 2000b, 

2005; Melo & Loboziak 2000, 2003; Melo & Playford 2012; Playford & Melo 2009, 2010, 

2012).  The Amazon Basin scheme has also been calibrated with established miospore 

biostratigraphy from Western Europe (i.e., Clayton et al. 1977; Streel et al. 1987).  The 

reference sections for the Amazon Basin scheme unfortunately contain large stratigraphic 

gaps, which may therefore limit its usefulness outside the basin (Melo & Loboziak 2003; 

Melo & Playford 2012).  Research into Palaeozoic palynostratigraphy in South America is 

ongoing, which will improve future correlations between Gondwana and Euramerica (see for 

example di Pasquo 2015; di Pasquo et al. 2015; Marshall 2016; Troth et al. 2011).   

 

Miospore species 

Retispora lepidophyta (Kedo) Playford 1976 
Knoxisporites literatus (Waltz) Playford 1962 
Indotriradites explanatus (Luber) Playford 1990  
Verrucosisporites nitidus Playford 1964 
Vallatisporites vallatus Hacquebard 1957 
Waltzispora lanzonii Daemon 1974 
Neoraistrickia loganensis (Winslow) Coleman and Clayton 1987 
Spelaeotriletes balteatus (Playford) Higgs 1996 
Spelaeotriletes pretiosus (Playford) Utting 1987 
Raistrickia clavata  (Hacquebard) Playford 1964 
Reticulatisporites magnidictyus Playford and Helby 1968 
Rugospora australiensis (Playford and Helby) Jones and Truswell 1992 
Verrucosisporites quasigobbettii Jones and Truswell 1992 

Acritarch and prasinophyte species 

Chomotriletes vedugensis Naumova 1953 
Gorgonisphaeridium ohioense (Winslow) Wicander 1974 
Maranhites mosesii (Brito) González 2009 
Stellinium micropolygonale (Stockmans and Williére) Playford 1977 
Umbellisphaeridium saharicum Jardine et al. 1974 
Umbellisphaeridium deflandrei (Moreau-Benoit) Jardine et al. 1974 
Horologinella quadrispina Jardiné et al. 1972 
(?)Schizocystia bicornuta Jardiné et al. 1974 
 

Table 2.1.  List of selected miospore, acritarch and prasinophyte taxa useful for stratigraphic 

correlation between Euramerica and Gondwana.   
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In the latest Famennian the index miospore Retispora lepidophyta has a near global 

distribution in a wide variety of settings.  In Western Europe the first occurrences of 

Knoxisporites literatus, Indotriradites explanatus (Luber) Playford 1990 and 

Verrucosisporites nitidus  subdivide the total range of R. lepidophyta into the LL 

(lepidophyta - literatus), LE (lepidophyta - explanatus) and LN (lepidophyta - nitidus) 

biozones respectively (Streel et al. 1987).  However, K. literatus and V. nitidus are rarely 

observed in Amazon Basin miospore assemblages, and so the LE/LN zones are often 

undifferentiated with the LL Zone either missing or not identified (Melo & Loboziak 2003; 

Melo & Playford 2012).  Therefore Melo & Loboziak (2003) proposed a lower Rle 

(lepidophyta) Zone and an upper LVa (lepidophyta-vallatus) Zone in the Amazon Basin, 

based on the first occurrences of R. lepidophyta and Vallatisporites vallatus.  The inception 

of V. vallatus is synchronous with that of V. nitidus in Western Europe; therefore the Rle and 

LVa zones were argued to be South American equivalents of the LE and LN zones 

respectively.   

The extinction of R. lepidophyta occurs 14 cm below the D/C boundary as defined in the 

GSSP paratype section at Hasselbachtal, Germany (Higgs & Streel 1993).  This extinction 

may not be entirely synchronous with the problematic boundary GSSP, but it is considered a 

useful global marker for the D/C boundary (Davydov et al. 2012).  In the Amazon Basin the 

last occurrence of R. lepidophyta and the first occurrence of Waltzispora lanzonii define the 

LVa - AL (Radiizonates arcuatus-lanzonii) zonal boundary.  However this boundary is an 

erosional surface and does not represent a continuously preserved D/C boundary sequence 

(Figure 2.2; Melo & Playford 2012).   

In the Mississippian there are several key miospores which exist in both Gondwana and 

Euramerica, the first occurrences of which can therefore be used for correlation.   These 

include Neoraistrickia loganensis for the early-mid Tournaisian and several species of 

Spelaeotriletes, such as S. balteatus and S. pretiosus (Brittain & Higgs 2007; Playford & 

Melo 2009; Playford et al. 2001).   

2.3.1.2. Acritarch, prasinophyte and chitinozoan records 

Acritarchs and prasinophytes represent the preserved cysts of marine phytoplankton.  Their 

use in Devonian biostratigraphy is more limited than that of spores, but many Late Devonian 

species are known from both Euramerica and Gondwana (Le Hérissé et al. 2000; Molyneux 

et al. 2013). Such cosmopolitan taxa include: Chomotriletes vedugensis, 

Gorgonisphaeridium ohioense, and Stellinium micropolygonale (Molyneux et al. 2013; 

Table 2.1). There is a distinct Famennian assemblage in Gondwana characterized by 

Umbellisphaeridium saharicum, U. deflandrei, Horologinella quadrispina, (?)Schizocystia 
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bicornuta and Maranhites mosesii (Le Hérissé et al. 2000; Molyneux et al. 2013; Vavrdova 

& Isaacson 1999).  U. saharicum, in particular, is associated with R. lepidophyta in South 

America (Daemon & Contreiras 1971; Vavrdova & Isaacson 1999; Wicander et al. 2011).   

Acritarchs are of limited biostratigraphic value in the Mississippian since their abundance 

and diversity became increasingly diminished across the D/C boundary and into the 

Carboniferous (Mullins & Servais 2008).  Marine phytoplankton did not recover until the 

Mesozoic.  This period of low phytoplankton diversity has been termed the Late Palaeozoic 

Phytoplankton Blackout (Riegel 2008).  However, a lack of detailed D/C reference sections 

for which there are comprehensive palynological records means that the decline in 

phytoplankton diversity is poorly constrained (Le Hérissé et al. 2000; Mullins & Servais 

2008).   

A global chitinozoan biostratigraphic scheme has been proposed for the Devonian, which is 

integrated with a regional scheme for Western Gondwana (Grahn 2005; Paris et al. 2000).  

Similarly to other fossil groups, however there is a significant degree of endemism in South 

America (Troth 2006).  Chitinozoa are useful for the wider Devonian Period but suffer total 

extinction near the D/C boundary.  In South America this extinction is reported in the VH 

Miospore Zone (Grahn 2005; Grahn et al. 2006).   

 

2.4. NEAR-FIELD LATEST FAMENNIAN GLACIATION 

The review by Caputo (1985) first argued for the glacial character of Famennian diamictites 

in Brazilian basins, which had until that point had remained controversial.  Since then, 

expressions of latest Famennian glaciations have been found to have a much wider 

geographic extent (Figure 2.3).  The primary evidence is based on diamictite deposits and 

striated pavements in Brazil, Peru and Bolivia of central South America (Caputo 1985; 

Caputo et al. 2008; Isaacson et al. 2008).  In Brazil, this evidence is known from the 

Solimões, Amazon/Maranhão, Parnaíba and Paraná basins that border the Brazilian Shield 

(Caputo et al. 2008).  In Bolivia and Peru there are diamictites in the Altiplano Basin and the 

Sub Andean Madre de Dios and Tarija basins (Díaz-Martínez & Isaacson 1994; Isaacson et 

al. 1999).  Brezinski et al. (2008, 2010) have described diamictites from Appalachia, on 

what was then the southern active margin of Euramerica.  These are interpreted to have been 

deposited in a terrestrial foreland basin under subglacial, englacial and supraglacial settings 

(Brezinski et al. 2010).  Evidence for glaciation in Appalachia broadens the geographic 

extent of latest Famennian glaciation into the lower palaeolatitudes.   
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Figure 2.3.  A summarised overview of published diamictite occurrences and their stratigraphy.  Peru referenced 

from Díaz-Martínez (2004).  Bolivia - Díaz-Martínez and Isaacson (1994), Isaacson et al. 1995, Troth (2006) and 

Wicander et al. (2011).  Brazil - Caputo et al. (2008), Cunha et al. (2007), Filho et al. (2007), Melo & Playford 

(2012), Milani et al. (2007) and Vaz et al. (2007).  Argentina - Perez-Loinaze et al. (2010) and Limarino et al. 

(2014).  Falklands Islands - Hyam et al. (1997).  South Africa - Evans (1999), Streel & Theron (1999) and 

Theron (1993).  Central Africa - Isaacson et al. (2008).  Libya - based on Klett (2000), Streel et al. (2000a). USA 

Appalachian Basin - Brezinski et al. (2010) and Ettensohn et al. (2009).  State abbreviations, PA – Pennsylvania, 

MD – Maryland, WV – West Virginia, KY  - Kentucky.  Malaysia - Meor et al. (2014).   



38  Chapter 2: Literature review  

2.4.1. Stratigraphic evidence from Brazil 

2.4.1.1. Maranhão and Amazon basins 

The Maranhão and Amazon basins contain the Curiri Formation, which outcrops along two 

500 km long belts on the northern and southern basin margins (Caputo et al. 2008).   An 

erosive unconformity separates the upper Curiri Formation from the diamictite-free lower 

Curiri Formation (Melo & Loboziak 2003).  In subsurface wells the upper Curiri Formation 

is a ~50 m thick diamictite unit with subordinate siltstone beds (Cunha et al. 2007).  

Maximum glacial advance is represented by lobate diamictite deposits (4000 km2) that 

contain “floating” heterogeneous clasts and which overlie offshore to shoreface black shales 

and siltstones (Carozzi 1979).  The diamictites are associated with incised subglacial 

channels and slump structures. The depositional model of Carozzi (1979) suggests 

glaciomarine conditions with ice-rafted debris and grounded ice-sheets.  Retreat occurs in 

the very latest Devonian.  The upper Curiri Formation grades, both laterally and vertically, 

into the non-glacial Oriximiná Formation.   

The Curiri Formation is associated with the enigmatic Protosalvinia fossil, of probably land 

plant origin, and the ichnofossil Spirophyton, a common feature of the uppermost Devonian 

in northern Brazilian basins (Carozzi 1979; Quijada et al. 2015).  Protosalvinia is 

Famennian in age but probably pre-R. lepidophyta (Loboziak et al. 1997; Over et al. 2009; 

Phillips et al. 1972).  The diamictites of the upper Curiri Formation contain R. lepidophyta 

and are assigned an undifferentiated LE-LN age (Loboziak et al. 1997).  Melo & Loboziak 

(2003) indicate an equivalent Rle-LVa age for the upper Curiri Formation.  However, there 

is no lithostratigraphic section which shows the vertical distribution of diamictites compared 

with the palynostratigraphy of Melo & Loboziak (2003).   

Isaacson et al. (2008) reported a VCo, VH and LE/LN age range for glaciation in the 

Amazon Basin.  This is likely based on Cunha et al. (1994) who showed the Curiri 

Formation as belonging to Zones ‘VII-VIII’ of Daemon & Contreiras (1971).  These zones 

correspond roughly to the VCo-LN spore zones of Europe (Melo & Loboziak 2003).  

However, diamictites only occur within the upper unit of the Curiri Formation and not in the 

lower unit, so this extended age range down into the V-+Co Zone is likely an overestimate.   

2.4.1.2. Solimões Basin 

The Jaraqui Diamictite Member (Jandiatuba Formation) is restricted to the subsurface in the 

Solimões Basin (Caputo et al. 2008; Filho et al. 2007; Isaacson et al. 2008).  The unit is up 

to 50m thick and has a distinctive wireline response characterised by high gamma values and 
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sharp changes in porosity, density and resistivity curves (Eiras et al. 1994).  Eiras et al. 

(1994) label the member as glaciomarine and of Famennian - Tournaisian in age, while Filho 

et al. (2007) show it restricted to the Famennian.  The chronostratigraphic chart in Eiras et 

al. (1994) shows the Jaraqui Diamictite Member as belonging to the “lepidophytus-

spelaeotriletes” Zone.  The name “lepidophytus” refers to R. lepidophyta and so a latest 

Famennian age (LL-LE-LN) is likely.   

Much of the primary sedimentological and biostratigraphical evidence for the glaciomarine 

deposits in this basin appears to derive from internal and unpublished company reports (for 

example Caputo & Silva 1990; Eiras et al. 1994; Quadros 1988).   With the exception of 

Eiras et al. (1994) detailed information for diamictites in the Solimões Basin is not easily 

available.  Although Caputo et al. (2008) have provided a brief lithological description of 

the diamictites and claimed that they are coincident with the upper Curiri Formation in the 

Amazon Basin.     

2.4.1.3. Parnaíba Basin 

The Parnaíba Basin contains the Cabeças Formation, which can be observed both at outcrop 

and in the subsurface (Caputo et al. 2008).  This formation consists of fine to medium 

grained, cross-bedded sandstones with interbedded siltstones and shales, which are 

interpreted as representing fluvial, deltaic to shelfal depositional environments (Caputo 

1985; Caputo et al. 2008; Góes & Feijó 1994; Vaz et al. 2007).  Diamictites occur with 

greater frequency in the upper part of the Cabeças Formation (Vaz et al. 2007).  They 

contain striated clasts and rest upon an unconformity surface and striated pavement (Caputo 

et al. 2008).  The orientation of the striations suggests a glacial source area on the Brazilian 

Shield (Caputo et al. 2008).  Equivalent deep-water strata are represented by varve-like 

rhythmites that contain marine acritarchs (Streel et al. 2000b).   

The diamictites in the Parnaíba Basin were broadly inferred to be synchronous with those 

from the Amazon Basin by Carozzi (1980) based on their association with a Protosalvinia - 

Spirophyton assemblage, similar to the Amazon Basin.  Rhythmites in the deeper basin were 

designated a LN age based on a palynological analysis of individual millimetre-scale 

rhythmites (Streel et al. 2000b).  In the subsurface the Cabeças Formation was attributed an 

undifferentiated LE-LN age by Loboziak et al. (1992).  A later investigation of sections in 

the Tocantins River valley produced a LN Zone age for a single sample from the Cabeças 

Formation (Loboziak et al. 2000a).   

The palynological investigations in the Parnaíba Basin are essentially based on single spot 

samples.  With the exception of Streel et al. (2000b) it is unknown if these spot samples 
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specifically date the diamictite facies or sediments in the associated stratigraphic sequences.  

There is no available palynostratigraphy to constrain the age of the incision surface at the 

base of the diamictites or the timing of the retreat, although final retreat is stated to have 

occurred immediately below the D/C boundary (Caputo et al. 2008).   

2.4.1.4. Paraná Basin 

Milani et al. (2007) informally described a 1.5 m thick diamictite interval as the ‘Ortigueira 

Diamictite’ in the uppermost part of the Late Devonian Ponta Grossa Formation.   The unit 

is unconformably overlain by diamictites of the Late Carboniferous - Early Permian Itararé 

Group (Milani et al. 2007).  It was extremely difficult to differentiate these latest Devonian 

diamictites from the overlying Itararé Group.  It was only when they were analysed 

palynologically that a latest Famennian age was constrained (Loboziak et al. 1995a).  The 

diamictites contain the following miospores: R. lepidophyta, V. cf. vallatus and 

Vallatisporites hystricosus, and were interpreted to be of LN age (Loboziak et al. 1995a).  

Loboziak et al. (1995a) is however a preliminary report and so does not contain any 

illustrations/descriptions of the palynological material or any measured sections.  Caputo et 

al. (2008) have described the diamictites as grey, muddy with clasts of varying size.  No 

further descriptions of latest Famennian diamictites in the Paraná Basin have been published, 

and without detailed sedimentary logs and facies descriptions the depositional environment 

remains unknown.  

2.4.2. Stratigraphic evidence from Bolivia 

2.4.2.1. Bolivian Altiplano 

The latest Famennian glaciation in the Bolivian Altiplano is represented by the Cumaná 

Formation exposed near Lake Titicaca (Figure 2.4a-b).  The entire unit contains striated and 

polished exotic clasts (Díaz-Martínez & Isaacson 1994).  There are three generalised 

lithofacies: the lowermost lithofacies comprises outer shelf laminated shales with ice-rafted 

dropstones (Díaz-Martínez & Isaacson 1994; Díaz-Martínez et al. 1999); the second 

lithofacies consists of massive muddy to sandy diamictites with large blocks, interpreted as 

sub-aqueous debris flows; the uppermost lithofacies is the most proximal and consists of 

interbedded cross-stratified sandstones and diamictites deposited within periglacial 

subaqueous outwash fans.  This vertical association was interpreted as a single glacial 

advance into a glaciomarine environment (Díaz-Martínez & Isaacson 1994).    
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Figure 2.4. Stratigraphic evidence for latest Famennian glaciation in the Bolivian Altiplano. 2.4a. 

Tectonic map of Bolivia redrawn from Barnes et al. 2012 and Sempere 1995. AP - Altiplano, EC - 

Eastern Cordillera, IA - Interandean Zone, SA Subandean Zone.  Location of Manuripi X-1 and Pando 

X-1 onshore wells shown, as is Bermejo section of Wicander et al. 2011 (see Figure 2.5). 2.4b. 

Geographic map of the Bolivian Altiplano near Lake Titicaca, with location of key sections shown.  

2.4c. The Villa Molino, Hinchaka and Isle del Sol sections, which have been sampled for palynology, 

and their geographic location.  Redrawn from Díaz-Martínez et al. 1999.  2.4d. Stratigraphic log from 

the Cumaná Peninsula that shows the stratigraphic position of Mississippian diamictites.  Redrawn 

from Díaz-Martínez 1996. 
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Palynological samples from the Cumaná Formation and associated stratigraphy were 

collected from Villa Molino, Hinchaka and Isle del Sol by Díaz-Martínez et al. (1999).  The 

samples contain R. lepidophyta and I. explanatus.  The absence of V. nitidus means that the 

LN Zone cannot be recognised.  The diamictites were also associated with a relatively 

diverse marine acritarch and prasinophyte assemblage, which includes U. saharicum, 

Maranhites mosesii, Pterospermella spp. and Exochoderma irregulare.  The D/C boundary 

was recognised at Villa Molino between samples 9a and 9b (Figure 2.4c).  Both R. 

lepidophyta and Devonian phytoplankton were reported to disappear above the boundary 

(Díaz-Martínez et al. 1999).  Sample 6 at Hinchaka was collected above the diamictites 

(Figure 2.4c), and contained only a single acritarch species and no R. lepidophyta, which 

suggests that the D/C boundary and phytoplankton extinctions occur within or immediately 

above the diamictite.   

2.4.2.2. Sub Andean Zone - Madre de Dios/Tarija basins 

Diamictites in the central Cordillera and Subandean Zones are assigned to the Itacua 

Formation.  In the eastern Cordillera diamictites are known in the Saipuru Formation and 

have been attributed to the R. lepidophyta Zone (Caputo et al. 2008; Suárez-Soruco & 

López-Pugliessi 1983).  

Towards the southwest, in the Madre de Dios Basin, diamictites form part of the Toregua 

Formation (Isaacson et al. 1995). The Toregua Formation was reported to straddle the D/C 

boundary as based on the first down-hole occurrence of R. lepidophyta and U. saharicum in 

the ‘Pando X-1’ and ‘Manuripi X-1’ wells (Isaacson et al. 1995; see Figure 2.4a for their 

location). 

2.4.2.3. Sub Andean Zone – the Bermejo section 

The most detailed available biostratigraphic evidence regarding latest Devonian glaciation in 

the Subandean Zone is from Wicander et al. (2011), presenting a sedimentary log through 

the 18 m thick diamictite unit representing the Itacua Formation at Bermejo (Figure 2.5; see 

Figure 2.4a for geographic location).  The unit contains sandstone lenses, exotic clasts, 

sandstone lithic boulders and overlies a sheared basal contact. It was interpreted as a 

glaciomarine environment based on the presence of marine acritarchs.  The palynological 

analysis suggests a sequence of glacial events through the LL, LE and LN zones based on 

the step-wise occurrence of R. lepidophyta, I. explanatus and V. nitidus.  This is significant 

as it potentially extends the onset of glaciation into the older LL Zone stratigraphy which is 

typically missing in Brazil.  
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Figure 2.5. Measured section of the latest Famennian and glaciomarine Itacua Formation at Bermejo.  

See Figure 2.4a for geographic location of this section and Figure 2.4c for lithology symbol key.  

Numbered arrows represent collected samples. Redrawn from Wicander et al. 2011.    

 

There is a degree of palynological reworking observed in the Bermejo section, which may 

affect any biostratigraphic interpretations.  Wicander et al. (2011) recognised several of the 

acritarch and prasinophyte species in the diamictites Itacua Formation were likely reworked 

from the Middle Devonian.  In addition Late Devonian miospore species have been 

reworked into the Mississippian Saipuri Formation sitting directly above the Itacua 

diamictites (Perez-Leyton 1991; Streel et al. 2013).  The latest Devonian miospores in the 

Itacua Formation however are likely not reworked considering that no exclusively 

Carboniferous species were identified by Wicander et al. (2011).     

Before the publication of the data from Bermejo, the Bolivian diamictites had been 

interpreted as representing a single glacial advance (e.g. Díaz-Martínez & Isaacson 1994). 

Wicander et al. (2011) in contrast, suggest that a series of glacial events spanned the entire 

LL-LE-LN range of R. lepidophyta.  This range defines the “Strunian” interval in Belgium, 
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which has an estimated duration of 1 - 3 million years, suggesting that the glaciations were 

of a similar duration (Streel et al. 2006; Trapp et al. 2004). A sandstone lithic boulder clast 

(i.e., a non-diamictite lithology) in the Itacua Formation at Bermejo was palynologically 

dated as of LN Zone age (‘exotic block’ in Figure 2.5).  The surrounding country rock 

however was interpreted as the older LE Zone.  This suggests the boulder was transported by 

ice in a frozen state and re-deposited into older unconsolidated sediment (Wicander et al. 

2011). The 1 - 3 million year duration and evidence of ice-reworking makes it unlikely this 

is a single glacial cycle. Rather the succession was interpreted as a composite of several 

deglaciation events shedding sediment into a glaciomarine environment (Wicander et al. 

2011).   

Streel et al. (2013) challenged the interpretation of Wicander et al. (2011) and argue that the 

entire Itacua Formation is more likely to have been deposited over a single 100,000 year 

glacial event within part of the LE-LN zones.  They base their challenge on three lines of 

reasoning: (1) that the LE-LN zones are not easily differentiated in Brazil due to the rarity of 

V. nitidus specimens.  The absence therefore of V. nitidus in country rock surrounding the 

exotic boulder would not necessarily be indicative of the LE Zone; (2) that the taxonomic 

assignment of their figured specimen of V. nitidus is questionable, and (3) that the record at 

Bermejo appears to contradict the far-field eustatic and oxygen isotope response observed in 

Europe, which indicates a cold regressive interval within a much narrower age range in the 

LN zone only (Kaiser et al. 2007, 2008, 2015; Streel et al. 2013; Walliser 1984).    

The palynological sampling at Bermejo was systematic over a continuous section and the 

published range chart in Wicander et al. (2011) only shows V. nitidus occurrences in the 

upper part of the Itacua Formation.  The occurrence of V. nitidus was not sporadic, but was 

instead stratigraphically confined, which is why the upper part of the Itacua Formation was 

interpreted as of LN Zone age.  The observation of rare V. nitidus in Brazilian spore 

assemblages may therefore not be comparable to contemporaneous assemblages in Bolivia.  

In addition, using an indirect far-field record to reinterpret primary near-field 

biostratigraphic data may be unwise and could lead to circular reasoning.  Whether 

glaciation in the latest Devonian consists of a single short event or a composite of many is a 

contentious issue and requires further investigation.  Furthermore, stacked glacial cycles 

may be difficult to recognise, as the younger glacial cycles would remove evidence of earlier 

glaciation during erosive ice-advances.   

2.4.3. Stratigraphic evidence from Peru 

Diamictites in south eastern Peru have been reported in various conference abstracts and 

termed the Ccatcca Formation (Carlotto et al. 2004; Cerpa et al. 2004; Díaz-Martínez 2004).  
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This formation has been correlated to the Cumaná Formation in Bolivia based on its 

lithological similarity and is stated to be of late Famennian age (Díaz-Martínez 2004; 

Isaacson et al. 2008).  The Ccatcca Formation is ~100 m thick and has been split into 3 

distinct units (Isaacson et al. 2008).  The lowest consists of laminated shales containing 

dropstones, overlain by massive diamictites with evidence for gravitational reworking.  The 

uppermost unit consists of sandstones with “disharmonic” folding and hummocky-swaley 

cross-stratification (Isaacson et al. 2008).  This vertical association is similar to the Cumaná 

Formation on the Bolivian Altiplano 400 km to the south-east.   

2.4.4. Stratigraphic evidence from Libya 

Latest Famennian glaciation is postulated to have existed in south Libya by Streel et al. 

(2000a).  This is based on an unpublished study of the A.1-NC 58 wildcat well in Ghadames 

Basin.  It was noted that this well contained conglomerates, sandstones and diamictites in the 

Tahara Formation that were interpreted to be of glacial origin (Streel et al. 2000a).  The 

Tahara Formation is latest Famennian age and contains R. lepidophyta (Coquel and Moreau-

Benoit 1986).  

2.4.5. Stratigraphic evidence from South Africa 

Putative pre-Dwyka Group glacial events have been recognised in the Devonian to Early 

Carboniferous Witteburg Group by Almond et al. (2002) in South Africa.  The stratigraphic 

lowest of these is within the Perdepoort Member of Famennian age.  The Perdepoort 

Member is predominantly a texturally-mature orthoquartzite, which contains lenticular to 

tabulate diamictite units.  These diamictites are clast-poor, sandy, weakly-bedded and have a 

lateral extent of hundreds of kilometres.  They were interpreted by as slump deposits formed 

during rapid deglaciation events by Almond et al. (2002).  A glacial interpretation is 

supported by the reports of clasts within the diamictite bearing striated surfaces (Almond et 

al. 2002).   

2.4.6. Stratigraphic evidence from North America 

Recent evidence has strongly suggested an additional glacial centre in the Appalachian 

Basin, then situated in the temperate latitudes (Brezinski et al. 2008, 2010; Blaine Cecil et 

al. 2004).  This is based on mudstone and diamictite sequences in the Spechty Kopf and 

Rockwell formations exposed along a 400 km outcrop belt (Brezinski et al. 2008, 2010; 

Brezinski & Blaine Cecil 2015).  These were deposited within a glacio-lacustrine to 

proglacial terrestrial environment and consist of a single preserved ice advance and retreat 

trend (Brezinski et al. 2010). Evidence for glaciation also extends into Kentucky, where a 3-
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tonne granitic boulder clast (i.e. a dropstone) can be observed in the black mudstones of the 

Cleveland Member of the offshore-marine Ohio Shale Formation (Lierman & Mason 2007; 

Ettensohn 2008; Ettensohn et al. 2008, 2009).  Ice likely nucleated on highland areas 

generated by the Acadian Orogeny and expanded north-westwards into the central 

Appalachian Basin (Lierman & Mason 2007).   

The diamictites are reported to contain R. lepidophyta and correlate to the praesulcata 

Condont Zone (Brezinski et al. 2008; Ettensohn 2008). Woodrow & Richardson (2006) 

report that the diamictite sequences of the Spechty Kopf Formation represent a minor 

portion of the LE Zone.  In contrast, the exotic granitic boulders in the Ohio Shale 

Formation are apparently situated within country rock dated as LN age.  The latter LN age-

determinations of the Ohio Shale were cited as unpublished written communications 

(Brezinski et al. 2010 - p. 276; Ettensohn et al. 2009 - p. 31).  An LE to LN zonal range is 

not unreasonable, but insufficient biostratigraphic data are currently available, and it is not 

known whether the palynological analyses were based on spot samples or a more systematic 

study.  Furthermore, Rooney et al. (2015) noted that detailed biostratigraphic resolution of 

the Cleveland Member is difficult due to the uniform palynological assemblage which is 

dominated by amorphous organic matter.  

 

2.5. NEAR-FIELD MID TOURNAISIAN GLACIATION 

The mid Tournaisian glacial event has a lesser geographic extent compared to that of the 

latest Famennian, and is only known from Brazil (Figure 2.3) and possibly South Africa.  

Detailed evidence for the mid Tournaisian glaciation event is poorly-constrained, with 

limited published data (Caputo et al. 2008).   

2.5.1. Brazilian basins 

2.5.1.1. Amazon Basin 

In the Amazon Basin the Tournaisian section of the Oriximiná Formation is reported to 

contain diamictites restricted to the subsurface (Caputo et al. 2008).  They consist of 

claystones with mixed sand, gravel and pebble clasts.  However there is no reference of 

diamictite facies in published well sections that penetrate the Oriximiná Formation (e.g., 

Cunha et al. 2007, Melo & Playford 2012).  The stratigraphic distribution, depositional 

environment and age-determination of diamictites in the Oriximiná Formation are therefore 

unknown.   
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2.5.1.2. Solimões Basin 

In the subsurface of the Solimões Basin Tournaisian diamictites are reported in the upper 

part of the Jaraqui Member (Caputo et al. 2008).  However Filho et al. (2007) show the 

Jaraqui Member restricted to the Famennian only.  The diamictites are said to have been 

correlated to the BP-PC zones of Western Europe by Caputo et al. (2008), however two of 

the cited references for this age-determination are unpublished reports (Loboziak et al. 

1994a, 1994b).  The third cited reference, Loboziak et al. (1995b), does not mention 

Tournaisian diamictites, and provides no palynological descriptions or illustrations.  Caputo 

et al. (2008) do however provide a relatively detailed lithological description of the 

diamictites; however no original sources were cited.  As such, interpretations of the 

depositional environment and age of diamictites in the Solimões Basin cannot be validated.   

2.5.1.3. Parnaíba Basin 

The Parnaíba Basin provides the most detailed account of mid Tournaisian diamictites, 

which are constrained to the upper part of the Longá Formation (Playford et al. 2012).  The 

diamictites are 63 m thick in the UN-24 well in the northern part of the basin and are 

interbedded with thin shales and sandstones (Playford et al. 2012).  Diamictites are poorly-

sorted, mudstone-dominated, and with randomly orientated pebble clasts.  They are 

interpreted as ice rain-out deposits affected by gravitational reworking and ice-keel scouring 

(Lobato 2010, reported in Playford et al. 2012).  The diamictites contain a well-preserved 

palynological assemblage that was correlated to the PC Zone (Playford et al. 2012).  This 

was based on the occurrences of Colatisporites decorus, N. loganensis, S. balteatus, S. 

pretiosus and Raistrickia clavata amongst others.   

2.5.2. South Africa 

The LPIA in South Africa is represented by diamictites of the Dwyka Group, which 

unconformably overly Late Devonian-Mississippian pre-glacial sediments.  This basal 

contact contains evidence of glacially influenced soft-sediment deformation in the 

uppermost pre-glacial Waaipoort Formation, indicating the latter was still unconsolidated 

sediment by the time of the first glacial advance in South Africa (Streel & Theron 1999).  

The biostratigraphic dating of the Devonian and Mississippian sequences has historically 

been difficult due to contradictory ages suggested by miospore, floral and vertebrate 

remains, and the high degree of thermal maturity that degrades and darkens palynological 

material (Theron 1993).  It was Streel & Theron (1999) who described identifiable 

palynological material for the first time in the Waaipoort Formation: miospores including S. 

balteatus and S. pretiosus were interpreted to be no older than mid Tournaisian.  As these 
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sediments contain evidence of glacially influenced soft-sediment deformation, these 

palynological data suggest a mid Tournaisian phase of glaciation in South Africa 

immediately after the deposition of the uppermost Waaipoort Formation.   

The Miller Diamictite in the Kommadagga Subgroup is laterally discontinuous but sits 

stratigraphically above the Waaitpoort Formation and below the Dwyka Group (Evans 1999; 

Swart 1982; Theron 1993).  The units association with the underlying Waaipoort Formation 

could suggest a glacial origin of this unit.  The Miller diamictite is up to 6 m in thickness 

and consists of fine to medium grained muddy-sandy matrix with clasts up to 2 cm in 

diameter (Swart, 1982).  The depositional environment of the Miller Diamictite was 

described as “problematic” by Swartz (1982), who interpreted it as a debris flow deposit, 

within a prograding delta on the basis of there being no conclusive evidence of a glacial 

origin.  Further work is needed to better constrain the depositional environment and age of 

the Miller Diamictite.  Despite being succeeded by the overlying Dwyka Group, of definitive 

glacial origin, these units separated by a significant unconformity (Isbell et al. 2008; Swartz 

1982), and so any interpretations derived from the Dwyka Group should not be applied to 

the underlying sequence.   

 

2.6. NEAR FIELD VISÉAN GLACIATION 

The known evidence for Viséan glaciation comes from the Brazilian basins, Argentina and 

the Falkland Islands (Figure 2.3; Caputo et al. 2008; Limarino et al. 2014; Hyam et al. 

1997).   

2.6.1. Brazil 

The Faro Formation, in the Amazon Basin, consists of ~400 m of sandstones and shales 

interpreted as representing fluvial-deltaic to storm-influenced shelfal conditions (Cunha et 

al. 1994, 2007).  Diamictites are reported from the subsurface of “possible glacial 

derivation” by Caputo et al. (2008).  These are potentially correlative to similar deposits in 

the Jandiatuba Formation of the Solimões Basin.   

In the Parnaíba Basin, Caputo et al. (2008) describe sandstones and diamictites in the Poti 

Formation, which contains clasts of varying size dispersed in a muddy matrix.  These are 

reported to be exposed at outcrop.  The sedimentologic information reported in Caputo et al. 

(2008) comes from an unpublished PhD thesis (Andrade 1972).  Vaz et al. (2007) describe 

the Poti Formation in the subsurface as tidal to deltaic in nature, consisting of a lower unit of 

sandstones overlain by shales and coals, and do not mention diamictites.     
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The Faro and Poti formations have been constrained to the Mag Zone in the midde to late 

Viséan, defined by the range of the miospore Reticulatisporites magnidictyus (Melo & 

Loboziak 2000; Melo & Loboziak 2003; Melo & Playford 2012).  Streel et al. (2013) have 

provided a list of miospore species present in the Poti Formation with photomicrograph 

plates provided.  No diamictite facies are shown in published well or outcrop data that 

include either the Faro or Poti formations (Cunha et al. 2007; Melo & Loboziak 2000; Melo 

& Playford 2012; Vaz et al. 2007).  Detailed sedimentological and biostratigraphical data 

regarding Viséan diamictites in Brazilian basins is therefore extremely limited and difficult 

to validate.   

2.6.2. Stratigraphic evidence from Argentina and the Falkland Islands/Islas Malvinas 

The evidence for Viséan glaciation in the Río Blanco Basin of Argentina is very well 

constrained and based on integrated sedimentological, palynological and U-Pb ages 

(Gulbranson et al. 2010; Perez Loinaze et al. 2010), and represents the initiation of the 

Viséan - Serpukhovian Glacial Stage in the LPIA (Isbell et al. 2003; Limarino et al. 2014).  

Diamictites belong to the Cortaderas Formation and consist of dropstones in shale facies and 

massive to stratified diamictites interpreted as an ice-distal glaciomarine environment (Perez 

Loinaze et al. 2010).  There is a rich and well-preserved miospore assemblage that contains 

R. magnidictyus, Rugospora australiensis and Verrucosisporites quasigobbettii.  These are 

of biozonal significance and have first occurrences in the mid to late Viséan.  The spore 

assemblage was determined by Perez Loinaze et al. (2010) as belonging to the MQ 

(Reticulatisporites magnidictyus - Verrucosisporites quasigobbettii) biozone of western 

Argentina, correlated to the Mag Zone in the Amazon Basin (Melo & Loboziak 2003; Melo 

& Playford 2012; Perez Lionaze 2007).  It is interesting that evidence of glaciation in the 

Mag zone of the Viséan in South America contrasts with early Viséan warm-water faunal 

elements in northern Argentina, characterised by the goniatite Michiganites scalabrinii 

(House 1996).  

In the Falkland Islands there are sub-vertical diamictite dykes hosted within (?)Ordovician - 

Devonian strata (Hyam et al. 1997).  These were interpreted as the downward injection of 

diamicton into a sedimentary host rock during an episode of glaciation.  The diamictites 

were analysed palynological and found to contain R. magnidictyus and V. quasigobbettii 

(Hyam et al. 1997).  This indicates a late Viséan age with a palynoflora correlative to that of 

Argentina.   
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2.6.3. Bolivia − Mississippian glaciation(s)? 

Diamictite deposits are reported in the Tournaisian/Viséan Kasa Formation in the Bolivian 

Altiplano are interpreted as sediment gravity flows (Figure 2.4d; Díaz-Martínez 1991, 1996; 

Díaz-Martínez et al. 1993; Oviedo Gomez 1965).  These are thought to be the distal 

expression of proglacial outbursts that would have occurred in more proximal coastal or 

braided alluvial settings (Díaz-Martínez & Isaacson 1994; Díaz-Martínez 1993; Díaz-

Martínez et al. 1993; Isaacson et al. 2008).   These deposits are not known to contain 

independent ice-indicators, such as faceted clasts or striated pavements, nor are they 

constrained biostratigraphically.  Therefore to prove whether these deposits represent 

additional Mississippian glaciations in the Bolivian Altiplano requires additional study 

(Caputo et al. 2008).   

Diamictites of glaciomarine origin are reported in the Mississippian Kaka Formation of the 

Bolivian Subandean Belt (Caputo et al. 2008; Suárez-Soruco 2000).  These deposits are not 

associated with any published sedimentological or biostratigraphic data, but are said to be 

correlative to the Kasa Formation in the Bolivian Altiplano (Caputo et al. 2008).   

An early Viséan age has been assigned to diamictites of the Itacua Formation at Balapuca in 

southern Bolivia (di Pasquo 2007a, 2007b).  At Bermejo, some 500km north of Balapuca, 

the lowermost 18m of the Itacua Formation have been dated as latest Famennian (Wicander 

et al. 2011). The Sub Andean mid-Palaeozoic record contains several hiatuses and it is likely 

that older glacial episodes have been directly, and unconformably, overlain by younger ones 

in the preserved stratigraphic record (Streel et al. 2013).   

2.6.4. Stratigraphic evidence in east Asia 

The Chepor Member in the Kubang Pasu Formation of northwest Malaysia contains a 

diamictite facies (pebble clasts in muddy sandstones) interpreted as suspension fall-out 

deposits in a glaciomarine environment (Meor et al. 2014).   The Chepor Member is 

fossiliferous with diverse communities of brachiopods, trilobites, gastropods, tabulate corals 

and bivalves (Meor et al. 2014).  A Viséan to Late Viséan age was interpreted by Meor et al. 

(2014) primarily based on the bivalve Posidonia sp., the trilobite assemblage and the 

goniatite genus Praedaraelites.   
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2.7. NEAR FIELD GLACIATION OF UNCERTAIN AGE IN CENT RAL AFRICA 

The Mambéré Formation crops out in the southwest of the Central African Republic and is 

interpreted as lacustrine to glaciolacustrine (Censier et al. 1985). Based on palaeomagnetic 

arguments, an age within the Mid Devonian to Mississippian interval was estimated. This 

fits generally into the presence of Late Devonian to Mississippian glaciations, but provides 

no further detail and should be regarded as questionably dated.  There are additional reported 

occurrences of pre-Viséan diamictites in Niger (Lang et al. 1991; Isaacson et al. 2008).  

 

2.8. FAR-FIELD EVIDENCE 

2.8.1. Hangenberg Crisis and End-Devonian Mass Extinction 

The Hangenberg Crisis in the latest Devonian and earliest Tournaisian was a protracted 

biotic event associated with mass extinction, eustatic changes and positive carbon isotope 

excursions (Brand et al. 2004; Kaiser et al. 2007, 2008, 2011, 2015; Walliser 1984).  The 

associated mass extinction is considered a ‘top-6’ event in terms of ecological severity 

(McGhee et al. 2012, 2013).  Its effects were wide ranging, affecting marine benthic realm 

(ostracods, stromatoporoids, and trilobites), pelagic realm (conodonts, ammonoids and 

forams) to extinctions of terrestrial vertebrates and land plants (Becker 1992; Caplan & 

Bustin 1999; Clack 2007; Hallam & Wignall 1999; Kaiser et al. 2015; Sallan & Coates 

2010; Streel et al. 2000a).    

The Hangenberg Crisis sensu stricto is defined in reference sections exposed in the Rhenish 

Massif of Western Europe (Figure 2.6), which begin with the transgressive Hangenberg 

Black Shale (HBS) in the latest Famennian mid praesulcata Zone.  The HBS contains the 

main extinction pulse and is correlated with geographically widespread black shale 

deposition, marine anoxia, and positive isotope excursions in both organic and inorganic 

carbon (Figure 2.7; Kaiser et al. 2007).  Positive carbon isotope excursions associated with 

the Hangenberg Crisis are widely believed to have been caused by a global increase in the 

burial of organic carbon (Kaiser et al. 2008, 2015).   

The HBS is overlain by a regressive unit known as the Hangenberg Sandstone (HS) in the 

Rhenish Massif.  Elsewhere in the Rhenish Massif some 100 m of incision is represented by 

the Seiler Channel, which is infilled by the Seiler Conglomerate and Hangenberg Shale.  The 

incision is interpreted as being due to sea-level drawdown constrained to the LN Zone (Bless 

et al. 1992; Higgs & Streel 1993).  Regression across Western and Eastern Europe has been 

correlated with the HS using gamma ray, geochemical and sedimentological proxies 
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(Kumpan et al. 2013, 2014).   Incision is also observed near the D/C boundary throughout 

North America (figure 15 in Brezinski et al. 2010).  In northern Gondwana, there is a 

significant pulse of siliciclastic sediment and 100 m of relative sea-level fall immediately 

below the D/C boundary in the Moroccan Anti-Atlas, which was correlated with the HS in 

the Rhenish Massif (Kaiser et al. 2011).  In the Central Asian Orogenic Belt there is 

evidence for increased detrital supply just below the D/C boundary, which extends evidence 

for a eustatic drawdown into an open-ocean island arc environment (Carmichael et al. 2015).    

Regression on a global scale, which is represented by the HS in the Rhenish Massif, has 

been inferred to be synchronous with the main pulse of glaciation at high palaeolatitudes 

(Kaiser et al. 2011).   

 

Figure 2.6. Lithostratigraphy and biostratigraphy of the Hangenberg Crisis sensu stricto in the 

Rhenish Massif, Germany.  Redrawn from Kaiser et al. 2011.      
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Figure 2.7.  Positive carbon isotope excursions in the latest Famennian praesulcata conodont Zone 

and the mid Tournaisian isostichia conodont Zone from reference sections in the Rhenish Massif and 

Idaho Basin.  HBS = Hangenberg Black Shale sensu stricto. HS - Hangenberg Sandstone sensu 

stricto.      

 

Above the HS there is marine transgression containing a secondary extinction pulse at the 

D/C boundary, which affected the miospores, acritarchs/prasinophytes and clymeniid 

ammonoids (Kaiser et al. 2011; Kaiser et al. 2015).  There is also a secondary isotope 

excursion constrained to this level (Kaiser et al. 2015).  

Late Devonian biotic events, which include the Hangenberg Crisis, have been shown to 

group into long-period (2.4 Myr) eccentricity cycles (de Vleeschouwer et al. 2013).  Within 

this longer term cyclicity are shorter periodicities of 100 kyr duration.  The transgressive - 

regressive couplet of the Hangenberg Crisis may have occurred over one such short 100 kyr 

eccentricity cycle.  This would be consistent with the suggestion of Streel et al. (2013) of a 

single 100,000 year glacial cycle in Gondwana and potentially the single advance of 

glaciation both in Appalachia and the Bolivian Altiplano (Brezinski et al. 2008, 2010; Díaz-
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prograding highstand carbonates and an erosional sequence boundary in the Velbert area 

(figure 2 in Siegmund et al. 2002).  The stratigraphic extent of the Liegender Alaunschiefer 

ranges through the mid to late Tournaisian (Tn2-Tn3 zones), which overlaps with 

Tournaisian glaciation South America during the PC/PD zones (Siegmund et al. 2002; 

Playford et al. 2012).  Transgression and anoxic conditions during the Lower Alum Shale 

have been correlated to the Gondwanan record in the Anti-Atlas Mountains, Morocco, and 

dated to the base of the mid Tournaisian (Kaiser et al. 2011, 2013).  Weathered black shales, 

interpreted as representing anoxic conditions, are overlain by regressive sandstones at the El 

Atrous section, a lithological signature similar to that of the Hangenberg Crisis lower down 

in the same section (Kaiser et al. 2005, 2011, 2013, 2015).  The Lower Alum Shale could 

represent a mid Tournaisian ‘Hangenberg Crisis equivalent’, in which glaciation is 

associated with a transgressive - regressive couplet and marine anoxia in the far-field 

records.  Further study is needed to integrate these near-field and far-field records in the mid 

Tournaisian.  

In North America there is a ≤ 7 ‰ positive carbon isotope δ13Ccarbonate excursion within the 

mid Tournaisian Siphonodella isosticha conodont Zone of the Kinderhookian regional stage 

(Figure 2.7).  This is roughly coincident with both the Lower Alum Shale and mid 

Tournaisian glaciation in Gondwana (Saltzman 2002; Playford et al. 2012).  Positive carbon 

isotope excursions can be correlated to the Russian Platform (Mii et al. 1999) and South 

China (Yao et al. 2015; Qie et al. 2011, 2015).   The cause of these excursions is interpreted 

as the global-scale burial of organic carbon (Yao et al. 2015).  Despite the apparent global 

scale of the event, there is a wide variation in the magnitudes and absolute values of 

δ
13Ccarbonate excursions, which Yao et al. (2015) attributed to spatial differences in marine 

nutrient concentrations.   

Mid Tournaisian δ13Ccarbonate excursions in South China are accompanied by a positive shift 

in δ15N of 1.5 - 4.2 ‰, which was interpreted to reflect enhanced water-column 

denitrification (Yao et al. 2015).  Significantly this positive shift in δ15N did not return to 

pre-excursion values but rather remained relatively positive into the lower part of the G. 

typicus Conodont Zone.  This positive shift in the mid Tournaisian is inferred to be the 

initiation of elevated global δ15N values throughout the entire LPIA (Algeo et al. 2014; Yao 

et al. 2015), caused by changes in oceanic circulation and lower eustatic sea-level during 

icehouse climate modes, which favoured enhanced water-column denitrification in 

continental margin oxygen minimum zones.  These perturbations in carbon-nitrogen isotopes 

are synchronous with sustained decreases in oxygen isotopic data, suggesting long-term 

global cooling from the mid Tournaisian onwards (Buggisch et al. 2008; Yao et al. 2015).  
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Yao et al. (2015) have interpreted these isotopic trends as reflecting the mid Tournaisian 

onset of sustained continental glaciation during the LPIA.   

There is additional evidence of top Tournaisian regression and palaeovalley incision 

throughout North America at the Kinderhookian/Osagean regional stage boundary (Kammer 

& Matchen 2008).  This implies that regression and incision in North America may 

immediately post-date positive carbon isotope excursions reported from the mid to late 

Kinderhookian (Saltzman 2002).   

2.8.3. Viséan 

Smith & Read (2000) interpret a Viséan onset of the LPIA within the G. bilineatus 

Conodont Zone, based on a sequence stratigraphic interpretation of the Illinois Basin.  This 

is correlative to the Mag Zone in the Amazon Basin (Figure 2.2).  They describe five 

sequences that have extensive deep palaeovalley incision at their sequence boundaries.  This 

suggests that the Viséan glaciation event may have consisted of multiple glacial cycles of 

advance and retreat, resulting in multiple stacked sedimentary cycles in the Illinois Basin.   

 

2.9. DISCUSSION 

2.9.1. Uncertainties in the near-field record 

This review has highlighted a relative paucity of detailed analyses of LPIA glacial deposits 

in the public domain.  Brazil is particularly problematic, not least because many reported 

diamictite occurrences are from proprietary subsurface well-data (Caputo et al. 2008).  In 

Figure 2.8, only those reports of glaciation that are either stratigraphically and/or 

biostratigraphic constrained with original and fully published data are shown.  This 

demonstrates that only a minority of studies provide integrated sedimentological, 

biostratigraphical and/or chronostratigraphical data through the diamictite sequences (e.g. di 

Pasquo 2007a, 2007b; Díaz-Martínez et al. 1999; Hyam et al. 1997; Playford et al. 2012; 

Gulbranson et al. 2010; Perez-Loinaze et al. 2010; Wicander et al. 2011).  The LPIA can be 

shown to be strongly diachronous across certain regions and between individual basins 

(Limarino et al. 2014; Montañez and Poulson 2010).  This diachroneity combined with the 

limited published data means that it is difficult to confidently assess the precise timing of 

glacial events in the latest Devonian to early Mississippian interval.   

Where latest Famennian diamictites have been palynologically analysed they are typically 

associated with R. lepidophyta and U. saharicum.  As such, there is no direct near-field 
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evidence that support an extended duration of glaciation in the Middle Devonian (Elrick et 

al. 2009), at the Frasnian/Famennian boundary (Streel et al. 2000a), nor through the entire 

Famennian to earliest Tournaisian (Isaacson et al. 1999, 2008; Sandberg et al. 2002).   

 

Figure 2.8. Summary of published diamictite occurrences that are well-constrained and associated 

with detailed published sedimentological, stratigraphical and/or biostratigraphical data.   

Diamictites are typically associated with sheared or erosional basal contacts.  There is little 

biostratigraphic constraint on the timing of erosion and ice-retreat, which would give a 

maximum estimate of glacial duration.   

The validation of mid Tournaisian and Viséan glaciations in Brazil and Bolivia is difficult.  

Mid Tournaisian glaciation is supported by only one detailed published study (Playford et al. 

2012).  Viséan glaciation in Brazil is not as yet supported by any published measured 

sections or palynological descriptions.  The reported diamictites in the Mississippian Kasa 

Formation in Bolivia are interesting but need to be accurately dated.   Further work 

constraining Mississippian diamictite occurrences would test the assertion of Yao et al. 

(2015) of established, permanent continental glaciation from the mid Tournaisian onwards.   
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2.9.2. Far-field integration 

Palynological methods have shown great potential for the dating and global correlation of 

uppermost Devonian-lower Carboniferous sediments, with assemblages characterised by the 

miospore R. lepidophyta and the acritarch U. saharicum.  However the distribution, 

evolution and extinction of palynological groups over the latest Famennian glaciation 

require further study (di Pasquo 2007c; di Pasquo & Azcuy 1997; Le Hérissé et al. 2000; 

Mullins & Servais 2008).  It is not currently known if palynological extinctions are 

synchronous with the main glacial pulse or with the initial post-glacial transgression.  Due to 

problems with the D/C boundaries as defined in both Europe and the Amazon Basin (i.e. the 

problems with the GSSP in the former, and erosion in the latter) the timing of these 

extinctions could provide an additional D/C boundary proxy.  By defining the relationship 

between glaciation and palynological extinctions, it will then be possible to determine how 

these compare to wider palaeoclimatic and glacio-eustatic changes.   

An additional correlation tool would be to recognise the wider climatic, oceanographic, 

biotic and isotopic events to which the glaciations were likely related.  The latest Famennian 

and mid Tournaisian glacial events in particular are associated with positive carbon and 

nitrogen isotope excursions, indicating that glaciation is reflecting and/or driving wider 

changes in the global Earth system (Kaiser et al. 2007, 2008; Saltzman 2002).   

There are several potential triggering mechanisms for these events (see Kaiser et al. 2015); 

one being the long-term decline in atmospheric CO2, possibly related to the expansion of 

terrestrial vegetation (Algeo et al. 1995; Berner 2006).  These large-scale processes may 

have controlled the long-term greenhouse to icehouse transition, but do not adequately 

explain discrete glaciation events or positive carbon isotopes excursions, which occurred on 

much shorter timescales.  The trigger for global organic carbon burial at the Hangenberg 

Crisis is debatable, but appears to have been geographically wide-ranging, evidenced by 

anoxic conditions in both continental basins and open ocean environments (Carmichael et al. 

2015; Kaiser et al. 2007, 2011).  The known geographic extent of anoxia and isotopic 

excursions in the mid Tournaisian is increasing with evidence in both Euramerica and 

Gondwana (Kaiser 2005; Kaiser et al. 2011, 2013; Le Yao et al. 2015; Siegmund et al. 

2002). The coincidence of global environmental perturbations with evidence for glaciation at 

Hangenberg Crisis and mid Tournaisian Lower Alum Shale suggests similar global 

triggering mechanisms between these two events (see Kaiser et al. 2015).  

Any glacial-interglacial cycles within each glacial episode would be orbital controlled and 

their correlation could provide additional stratigraphic constraint, as based on the concepts 

of sequence stratigraphy and cyclostratigraphy.  It remains necessary to determine if latest 
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Famennian glaciation was associated with a single glacial event lasting 100,000 years, or 

multiple stacked glacial advances of estimated 1 - 3 million year duration (Streel et al. 2013; 

Wicander et al. 2011).  The mid Tournaisian event appears to be correlated with one 

regressive event whereas the Viséan sequences are associated with multiple stacked 

sequence boundaries, which suggests they may be a composite of many glacial-interglacial 

cycles.  Future research will need to be driven by high-resolution multi-proxy stratigraphic 

studies to answer these questions.  

 

2.10. CONCLUSIONS 

• This review highlights uncertainty in the known stratigraphic and geographic extent 

of glaciation in the latest Devonian and Mississippian due to a relative lack of 

detailed published glacial sections in which sedimentological and biostratigraphical 

data are integrated.  

• This paucity of data leads to uncertainty between direct near-field records and the 

wider far-field effect on glacioeustasy, mass extinction and carbon isotope 

stratigraphy. 

• The latest Famennian to Mississippian represents a long-term greenhouse to 

icehouse transition, likely controlled by the long-term drawdown of atmospheric 

CO2.   

• Superimposed on this transition are short and discrete glacial events which can be 

correlated to regressive intervals, mass extinctions, positive carbon isotope 

excursions and global marine anoxia.  These near-globally recognised events are the 

Hangenberg Crisis in the latest Devonian and Lower Alum Shale Event in the mid 

Tournaisian.  

• Palynological analyses can be employed constructively to date near-field deposits, 

and to correlate the far-field effects globally due to cosmopolitan plant miospores 

recognised in Gondwana and Euramerica.  The most widely recognised miospore 

during the latest Famennian glaciation event is R. lepidophyta, which in South 

America is typically associated with the marine acritarch U. saharicum.   

• Future work is needed to further constrain near-field glacial records.  This requires 

multi-proxy and high resolution stratigraphic studies in which sedimentology, 

palynology and geochemical techniques are synergistically combined. 



Chapter 3:   

Sedimentology and stratigraphy of the Villa Molino / 
Chaguaya study area 

 

3.1. INTRODUCTION AND AIMS 

In the Bolivian Altiplano the latest Famennian glaciation is represented by diamictite facies 

within the Cumaná Formation.  This unit has been described in detail from the Copacabana 

Peninsula and Isle del Sol and interpreted as ice-distal glaciomarine (Díaz-Martínez and 

Isaacson 1994; see also Chapter 2 and Appendix A, B).  In contrast the Cumaná Formation 

in the Cumaná Peninsula is relatively ice-proximal with lithic clasts up to 5 m in diameter 

(Díaz-Martínez & Isaacson 1994; see also Appendix A).  There are reports of additional 

diamictites in the overlying Early Carboniferous Kasa Formation on the Cumaná Peninsula 

(Oviedo Gomez 1965; see also Chapter 2).   These have been interpreted to be marine debris 

flows triggered by proglacial outbursts (Díaz-Martínez & Isaacson 1994; Díaz-Martínez 

1993; Díaz-Martínez et al. 1993; Isaacson et al. 2008).   

No published study has recognised the Cumaná Formation from the northern shore of Lake 

Titicaca.  Díaz-Martínez et al. (1999) for example show the Cumaná Formation as entirely 

absent at Villa Molino, with the Early Carboniferous Kasa Formation conformably overlying 

the Late Devonian Colpacucho Formation.  In 2009 however, diamictites were discovered 

during a geological field trip by J. Marshall and I. Troth at Villa Molino, which is near the 

community of Chaguaya (see Chapter 1).  Claystones immediately below the diamictites 

were found to contain R. lepidophyta allowing is to be correlated to the Cumaná Formation 

elsewhere in the Bolivian Altiplano.   

3.1.1. Aim and chapter synopsis 

The aim of this chapter is to describe and interpret the sedimentology and stratigraphy of the 

Villa Molino and Chaguaya study area.   An introduction to the overall stratigraphic context 

of the field area, tied to local lithostratigraphic nomenclature, is shown via two composite 

sections (Villa Molino and Chaguaya).   Along the Chaguaya Ridgeline are sandstones, 

diamictites, gravelstones and striated diamictites exposed within the Cumaná Formation and 

associated stratigraphy.  The sedimentology and gross depositional environment of the 

Cumaná Formation are interpreted, which includes a proposed model of ice-advance and 

retreat.  A secondary aim of this chapter is to discuss the question of possible Mississippian 
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glaciation as expressed in the Kasa Formation.  These data and interpretations are 

summarised into a stratigraphic and sequence-stratigraphic history of the field area.   

 

3.2. STUDY AREA, DATASET AND METHODS 

Location and topographic maps of the study area are shown in Figure 3.1.  The geological 

map was constructed using measured sections, Google Earth and reference to local 

geological maps (Figure 3.2).  The diamictites and sandstones at Villa Molino can be 

correlated for 9 km along a strike-parallel prominent ridgeline, termed the ‘Chaguaya 

Ridgeline. The stratigraphy of the Chaguaya Ridgeline lies very close to the exposed core of 

a syncline to the north, which can be observed on local geological maps and Google Earth 

(Appendix E).  

The key for all stratigraphic sections is shown in Figure 3.3.  There are two composite 

sections (Villa Molino and Chaguaya) that describe the entire observed stratigraphy in the 

field area (Figures 3.4 and 3.5).  There are an additional 15 shorter sections that have been 

measured along and/or above the topographic Chaguaya Ridgeline. The locations of all log 

tracks are shown in Figures 3.1 and 3.2.  All the sections are numbered Chaguaya Ridgeline 

- 1 (CR-1) to Chaguaya Ridgeline - 17 (CR-17) going from north to south.  The Villa 

Molino and Chaguaya sections are included in this numbering system, being CR-1 and CR-9 

respectively.  All sections are tied along the contact between the Cumaná and Kasa 

Formations, which defines the top of the Chaguaya Ridgeline. The lower 200 m of the Villa 

Molino log is also shown in detail through the uppermost Colpacucho and Cumaná 

Formations where the Chaguaya Ridgeline intersects a road.  

Several important points are reiterated here from Chapter 1.  Firstly, the logs were measured 

at outcrop using a Jacob’s Staff and Abney level.  This ensures that the measured 

thicknesses are as accurate as reasonably possible and take into account the dip of the beds.  

Secondly, the term ‘diamictite’ is used in a strictly non-interpretive way to classify a poorly-

sorted sedimentary rock with a varying mixture of grain and clast size from clay to boulder 

(Flint et al. 1960; Frakes et al. 1978). The classification system of Moncrieff (1989) has 

been used to discriminate a diamictite from other poorly sorted rocks, such as conglomeratic 

sandstones. The criteria for discriminating conglomerates and diamictites in the Moncrieff 

(1989) scheme are the relative proportions of mud and gravel in the matrix.  These 

proportions were qualitatively estimated in the field.  The term ‘till’ can only be used in an 

interpretive, genetic sense to classify a diamictite unit that was deposited sub-glacially 

(Eyles & Eyles 2010). 
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Figure 3.1. Study locality. 3.1a. Bolivia and central South America. The tectonic elements are from 

Barnes et al. 2012.  3.1b. Lake Titicaca region showing location of the study area and other areas of 

interest.  3.1c. Topographic and geological map of the Villa Molino/Chaguaya field area.  3.1d. The 

mid to late Palaeozoic lithostratigraphy of the Bolivian Altiplano region (modified from Grader et al. 

2007 and Díaz-Martínez et al. 1996).  

 

3.3. STRATIGRAPHIC OVERVIEW  

The Palaeozoic regional stratigraphy of the Bolivian Altiplano can be identified in the Villa 

Molino (Figure 3.4) and Chaguaya (Figure 3.5) composite sections (see also Figure 3.1).  

The Villa Molino and Chaguaya composite-sections detail a 1.1 km thick section, which 

includes the following stratigraphic units: the Colpacucho, Cumaná, Kasa, Yaurichambi 

Formations and the basal part of the Copacabana Formation.  The Siripaci Formation has not 

been recognised and may have been removed by a period of erosion; represented by an 

unconformity beneath the Yaurichambi Formation.  These lithostratigraphic units have clear 

recognisable impacts on the topography (Figure 3.6a, b, c).     
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Figure 3.2a. Satellite image of the field area taken from Google Earth.  The log tracks of each 

measured section are overlain. 3.2b. Geological map overlain over the satellite imagery.  Geological 

mapping based on field observations, Google Earth, section logs and local geological maps.   
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Figure 3.3. Key for the section logs and annotations. 

 

3.3.1. Colpacucho Formation 

The Colpacucho Formation is the lowest unit in the study area and is best represented in the 

Chaguaya section where it reaches 550 m in stratigraphic thickness (Figure 3.5).  Its basal 

contact is not observed and its top contact is incised by the overlying Cumaná Formation.  

The lithology is predominately composed of claystones and subordinate interbedded 

sandstones (Figure 3.7).  The claystones contain siderite concretions that often align along 

bedding surfaces as concretion bands.  There are two sand-rich intervals at 0 - 95 m and 240 

- 330 m respectively in the Chaguaya section (Figure 3.5).  These intervals are heterolithic 

with lenticular bedding and occasional current ripple marks (Figure 3.8).  In the second 

sand-rich interval there are sandstones with undulose top contacts overlain by claystones 

(Figure 3.9).  Bioturbation is relatively rare in the lower studied parts of the Colpacucho 

Formation.  If observed it is often associated with the interbedded thin sandstone beds 

(Figure 3.10).  

The uppermost Colpacucho Formation coarsens upwards into sandstones; a sequence best 

observed at Villa Molino (Figure 3.11).   These sandstones are massive, laminated and cross-

stratified with variable bioturbation.  Bioturbation consists of Chondrites sp. and rarer 

Skolithos sp.  At the very top of the Colpacucho Formation sandstones contain bi-directional 

cross-stratification.   
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Figure 3.4. Villa Molino composite section. See Figures 3.1 and 3.2 for location. 
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Figure 3.5. Chaguaya composite section. See Figures 3.1 and 3.2 for location. 
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Figure 3.6. (Previous page).  Field photographs that show the stratigraphic context of the field area.  

Overlain are annotations showing the local lithostratigraphy. 3.6a. View northeast towards the 

Chaguaya Ridgeline. Latitude/longitude = -15.845982° / -68.987862°.  3.6b. View northwards 

towards the section at Villa Molino. Note that the farming terraces appear like strata from a distance.  

The top of the Chaguaya Ridgeline is defined by the base of the Kasa Formation. Latitude/longitude = 

-15.784697° / -69.007002°. 3.6c. View southeast from the base of section CR-5.  The base of the Kasa 

Formation is a clearly definable surface that is correlated across the field area.  Latitude/longitude = -

15.800629° / -68.999103°.  

 

3.3.2 Cumaná Formation 

The Cumaná Formation is 58 m thick at Villa Molino and 140 m at Chaguaya.  The basal 

contact is variably incisive.  Its top contact is straight, conformable and is a laterally 

correlatable in the field area.  The Cumaná Formation is very prominently exposed along the 

Chaguaya Ridgeline.  

There is a small but correlatable conglomerate and gravelly sandstone bed at the base of the 

Cumaná Formation.  This is overlain by thickly-bedded, cross-stratified, and medium to 

coarse sandstones and matrix-supported gravelly sandstones.  A laterally discontinuous 

claystone unit occurs in the central part of the Cumaná Formation northeast of the Chaguaya 

section.  This is generally poorly exposed as the claystone facies is recessive.   

Diamictite and gravelly sandstones facies are concentrated at the top of the Cumaná 

Formation. The diamictites are stratified, sand-dominated and overlie striated pavements that 

are hosted upon the tops of the gravelly sandstone packages.   

3.3.3 Kasa Formation 

The Kasa Formation has a measured thickness of 239 m at Villa Molino; significantly less 

than the 600 - 1400 m thickness reported from elsewhere on the Altiplano (Díaz-Martínez 

1991; Díaz 1993).   The basal contact is a conformable and laterally correlatable flooding 

surface.  It forms a mappable feature that separates the underlying sandstones and 

diamictites of the Cumaná Formation from the claystones of the Kasa Formation (Figure 

3.6c).   

The Kasa Formation can be subdivided into two units.  The lower is present at Villa Molino 

and CR-5, but the upper unit is only logged at Villa Molino (Figure 3.4).  The lower unit is a 

149 m thick sequence of interbedded claystones, which contain siderite concretions and 

current cross-lamination.  The upper unit is sandstone-dominated.  The sandstones are cross-
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stratified, finely interbedded and with rare bioturbation on exposed bed-surfaces.  In addition 

there are several thin conglomeratic/diamictite units that may be correlatable to those 

reported elsewhere in the Bolivian Altiplano (Díaz-Martínez 1993; Díaz-Martínez et al. 

1993; Oviedo Gomez 1965).   

3.3.4. Yaurichambi Formation 

The Yaurichambi Formation is 110 m thick in the Villa Molino section.  It overlies the Kasa 

Formation via an erosive basal contact (Figure 3.4).  Its top contact is conformable with the 

overlying Copacabana Formation.  The Yaurichambi Formation has a poor and intermittent 

exposure.  Prominent intervals are mostly sandstones and conglomerates. Recessive intervals 

are inferred as claystone.   

The erosive basal contact consists of two stacked clast-supported pebble conglomerate beds.  

The clasts are moderate to well-rounded and composed of arenite and claystone lithics 

(Figure 3.12).  These are associated with a pink to red coloured bed at 445 m height (Figure 

3.4), which has a mottled and nodular texture (Figure 3.13).  There is a second channelised 

coarse sandstone and conglomerate bed at 480 m in the Villa Molino section (Figure 3.4).  

The stratigraphy between 500-535 m consists of interbedded claystones and sandstones with 

trough cross-lamination and climbing ripples (Figure 3.14).   

3.3.5. Copacabana Formation 

Only the basal part of the carbonate Copacabana Formation was logged at Villa Molino 

(Figure 3.4).  The lithology is composed of fine grained carbonates with calcite vugs and 

thin interbedded claystones (Figure 3.15).    
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Figure 3.7.  Claystones and interbedded sandstones of the Colpacucho Formation. View towards the 

north. Latitude/longitude = -15.815872° / -68.996994°.  

 

Figure 3.8. Current ripple marks in heterolithic facies at the observed base of the Colpacucho 

Formation. The photo is located at 0 m height in the Chaguaya section (Figure 3.5). View is towards 

the northeast. Latitude/longitude = -15.825617° / -68.992850°.   
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Figure 3.9.  Undulose top-contact of sandstone beds within the Colpacucho Formation.  The photo is 

located at 257 m height in the Chaguaya section (Figure 3.5).  View towards the northeast. 

Latitude/longitude = -15.815383° / -68.996417°.  

 

Figure 3.10. An example of relatively rare bioturbation in the lower parts of the Colpacucho 

Formation. The photo is located at 110 m height in the Chaguaya section (Figure 3.5).   

Latitude/longitude = -15.825250 / -68.991167°.  
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Figure 3.11. Expanded log of the lower 200 m of Villa Molino.   
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Figure 3.12. Basal erosive contact of the Yaurichambi Formation.  See lens cap for scale.  The photo 

is located at 437 m height in the Villa Molino section (Figure 3.4).   

Latitude/longitude = -15.777512° / -69.005693°. 

 

Figure 3.13. Possible palaeosol unit within the Yaurichambi Formation.  The photo is located at 445 

m height in the Villa Molino section (Figure 3.4).  Latitude/longitude = -15.777554° / -69.005640°. 
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Figure 3.14. Climbing ripples within the Yaurichambi Formation.  The photo is located at 530 m 

height in the Villa Molino section (Figure 3.4).  Latitude/longitude = -15.775441° / -69.005700°. 

 

Figure 3.15. Carbonate vugs within the Copacabana Formation.  The photo is located at 550 m height 

in the Villa Molino section (Figure 3.4).  Latitude/longitude = -15.774703° / -69.005593°. 
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3.4. FACIES ANALYSIS OF CHAGUAYA RIDGELINE STRATIGR APHY  

Detailed section logging and a facies analysis has been undertaken through the prominently 

exposed Chaguaya Ridgeline.  The most significant of these logs is Villa Molino, where the 

lowermost 200 m were measured in detail (Figure 3.11).  Additional ridgeline logs are 

shown in Figure 3.16.   Exposed along the Chaguaya Ridgeline are the uppermost 

Colpacucho, Cumaná and lowermost Kasa Formations.   

3.4.1. Facies association 1: Claystone-dominated  

3.4.1.1. Description 

Facies association 1 (FA1) consists of recessive, relatively monotonous and interbedded 

claystones and subordinate sandstones.  This is a common facies association observed in the 

Colpacucho, Cumaná and Kasa Formations. In particular its upper part is well preserved at 

Villa Molino (Figure 3.11). Claystones are fissile, occasionally cross-laminated and with 

siderite concretions (Figure 3.17).  Siderite concretions often align along a bedding plane to 

form concretion bands.  FA1 is thinly interbedded with lenticular siltstones and sandstones 

that contain current ripples and current-ripple lamination (Figure 3.18 and 3.19).  Larger 

sandstone interbeds can reach up to a meter thick, are cross-bedded, laminated and/or 

massive with occasional channels.  These larger sandstone interbeds become more common 

with stratigraphic height at Villa Molino, where the claystone dominated sequence is 

gradational upwards into the variably bioturbated sandstones Facies Association 2 (FA2) 

(Figure 3.11).   

3.4.1.2. Interpretation   

The current cross-lamination observed within the claystones indicated these were deposited 

from bed load rather than suspension settling.  Flume tank experiments have shown that mud 

floccules are stable under high current velocities and form low-angle foresets (Schieber et al. 

2007).  Therefore claystones do not necessarily indicate a low-energy environment, but 

rather mud and silt-rich density flows.  Based on their mechanical sorting, channel structures 

and lamination density flows deposited the sandstones interbeds.  The larger sandstones may 

represent individual storm events, deposited from a combined-flow immediately after 

erosion (Cheel 1991).   

 

Figure 3.16. Next page.  Chaguaya Ridgeline correlation panel.  See Figures 3.1 and 3.2 for location 

of measured sections.  The key for these logs is found in Figure 3.3.  This panel shows the location of 

the striated pavements and stratigraphic subdivision of the Cumaná Formation.   
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However storm events are probably unlikely considering no hummocky/swaley cross-

stratification was observed.  Siderite concretions grow during early diagenesis in localised 

Fe-reducing and sub-oxic conditions (Wilkinson et al. 2000).  An absence of body fossils, 

rare to absent bioturbation and siderite concretions may suggest stressed and/or low oxygen 

environment.  Overall the sediment transport paths are interpreted as gravity induced density 

flows.   

3.4.2.  Facies association 2: Variably bioturbated sandstones  

3.4.2.1. Description 

This facies association is sandstone-dominated and heterogeneous.  It is restricted to the 

Colpacucho Formation and is best represented at Villa Molino (Figure 3.11).  FA2 is 

gradational with claystones of FA1 stratigraphically below.  Facies are highly variable with 

bed thicknesses typically ˂ 1 m thick.  They are primarily composed of cross-stratified, 

laminated and massive sandstones, which are decimetre-bedded and have been affected by 

varying degrees of bioturbation (Figure 3.20).  Bed contacts are straight, undulose to 

channelised.  Bioturbation is commonly observed above a height of 72 m at Villa Molino 

and 22 m at CR-2 (Figures 3.11 and 3.16).  In contrast, laminated and massive facies with 

much more rarely observed bioturbation are more common in the lower half of FA2.  

Between 124 - 141 m at Villa Molino the cross-stratified sandstones contain rare claystone 

rip-up clasts, gravel laminae and bi-directional cross-stratification (Figures 3.21 and 3.11).   

Four types of bioturbation were observed.  These are not associated with any obvious 

spreite, back-fill structures or biomineralised fossils.  The first type is the most common and 

is confined along bedding surfaces.  It is dendritic with branches terminating in bullet-

shaped tapering resting traces (Figures 3.22 and 3.23).  The tapering burrows were typically 

short (< 5 cm), but can reach up to 30 cm in length.  The second type of bioturbation consists 

of rare vertical burrows, which in one bed at Villa Molino are associated with bidirectional 

cross-stratification (Figure 3.24).  A highly mottled and chaotic texture indicative of an 

intensely bioturbated interval represents the third type of bioturbation (Figure 3.25).  The 

fourth type consists of rare sub-vertical burrows (Figure 3.26).  

3.4.2.2. Interpretation 

Massive, cross-stratified and laminated sandstones were deposited from bed-load.  

Laminated sandstones represent high-velocity upper-flow regimes in which bed forms could 

not be deposited.  Massive sandstone facies are rarely bioturbated, which could suggest they 

were deposited en masse by liquefied density flow leaving no time for biological 
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colonisation.  Alternatively massive sandstones could represent high-density currents.  

Channel structures and evidence for erosion within the cross-stratified sandstones are 

interpreted as submarine erosive channels.  Currents were primarily unidirectional, with 

evidence for bimodality at the top of FA2 to account for the bi-directional cross-

stratification.   

The high degree of bioturbation in FA2 suggests environmental conditions were either more 

favourable for biological life, or allowed greater preservation potential.  An absence of body 

fossils, spreite and back-fill structures suggest that bioturbation was caused by soft-bodied 

organisms, such as annelid or nematode worms.   Most bioturbation was observed at Villa 

Molino.  There are two possible reasons for this.  Firstly Villa Molino was logged along a 

road-section, which had better exposed bed surfaces than elsewhere along the ridgeline.  

Secondly it could result from preservation bias as Villa Molino has been less affected by 

erosion at the base of the overlying Cumaná Formation.  It is probably a mix of better 

exposure and better preservation.  The latter especially considering that the bioturbation is 

observed in the uppermost parts of the Colpacucho Formation at Villa Molino, which are not 

preserved elsewhere (Figure 3.16).     

 

Figure 3.17. Typical exposure of Facies Association 1 (FA1).  The view is towards the southeast.  

The photo shows the lowermost 10 m in the CR-11 section log and is equivalent to the lowermost 

Kasa Formation (see Figure 3.56).  Latitude/longitude = -15.815167° / -68.989967°. 
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Figure 3.18a. Interbedded sandstones within FA1. 3.18b. Annotations overlain. The photo is located 

at 275 m height in the Villa Molino section (Figure 3.4).   

Latitude/longitude = -15.780582° / -69.006069°. 
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Figure 3.19a. Grab sample from the Lower Kasa Formation at Villa Molino, precise location 

unknown.  3.19b. Cross-lamination is shown overlain.   
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Figure 3.20. The uppermost Colpacucho Formation at Villa Molino.  The view is northeast and 

pointed up-dip. The photo location is at 70 m height in the Villa Molino section (Figure 3.4). 

Latitude/longitude of base Villa Molino log = -15.780538° / -69.008993°.  

 

Figure 3.21. Bi-direction cross-stratification in the uppermost Colpacucho Formation.  Photograph 

taken slightly off the log-track and from the 123 - 141 m interval at Villa Molino.   

Latitude/longitude of base Villa Molino log = -15.780538° / -69.008993°.  
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Figure 3.22a.  Chondrites sp. bioturbation in the uppermost Colpacucho Formation.  Photograph 

taken slightly off the log-track at equivalent height of the 123 - 141 m interval at Villa Molino (figure 

3.4). 3.22b. Annotated.  Latitude/longitude of base Villa Molino log = -15.780538° / -69.008993°.  
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Figure 3.23a. Chondrites sp. bioturbation in the uppermost Colpacucho Formation.  Photo located at 

70 m height in the Villa Molino section (Figure 3.4).  3.23b. Annotated.  

Latitude/longitude of base Villa Molino log = -15.780538° / -69.008993°.  

 

 



Chapter 3: Sedimentology and stratigraphy 83 

 

Figure 3.24a. Skolithos sp. bioturbation in the uppermost Colpacucho Formation associated with 

bidirectional cross-stratification. Photograph taken slightly off the log-track at equivalent height of the 

123 - 141 m interval at Villa Molino (Figure 3.4).  3.24b. Annotated.  Latitude/longitude of base Villa 

Molino log = -15.780538° / -69.008993°.  
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Figure 3.25.  Mottled, intense bioturbation in the uppermost Colpacucho Formation that has 

destroyed any primary sedimentological features.  Photo taken between 70 m and 123 m height in the 

Villa Molino section (Figure 3.4).  Latitude/longitude of base Villa Molino log = -15.780538° / -

69.008993°. 

 

Figure 3.26. Sub-vertical burrow in the uppermost Colpacucho Formation.  Photo taken between 70 

m and 123 m height in the Villa Molino section (Figure 3.4).  

Latitude/longitude of base Villa Molino log = -15.780538° / -69.008993°. 
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The first type of bioturbation is somewhat similar to Lorenzinia sp. in that the burrows can 

radiate outwards from a central fixed point. However the dendritic structure means it is more 

likely a type of Chondrites sp. (Figures 3.22 and 3.23). Confinement of Chondrites sp. to 

bedding contacts suggests colonisation during a depositional hiatus.  The vertical burrows 

are interpreted as Skolithos sp. (Figure 3.24).  Skolithos sp. is a common trace fossil of sandy 

substrate deposited within high-energy marine environments (MacEachern et al. 2010; 

Woolfe 1990). The chaotic texture of the third type of bioturbation cannot be attributed to a 

type of ichnofacies as the intense biological activity has destroyed any original depositional 

features.  The sub-vertical bioturbation is likely an annelid/nematode burrow.  

The variably bioturbated sandstones facies association represents relatively proximal 

shoreface sandstones.  There was a mix of both gravitational and tidally driven processes 

controlling sediment transport paths.  Tidal processes are interpreted to explain the bi-

directional cross-stratification.  There were no obvious subaerial exposure surfaces, such as 

desiccation cracks for example, so the sequence likely remained below the inter-tidal zone.  

A tidal influence may explain the gravel laminae, which could represent lag deposits from 

rip-currents.   

3.4.3. Facies association 3: Thickly-bedded sandstones and gravelly sandstones  

 3.4.3.1. Description  

This facies association is observed throughout the study area.  It is well-cemented and 

defines the bulk of the topographic ridgeline.  The basal contact of FA3 is associated with 

single to occasionally stacked coarse gravelstone breccia-conglomerates that overlies erosive 

surfaces.  Above, the majority of FA3 is composed of two primary facies that form thickly 

bedded stratigraphic packages.  The first is a poorly-sorted gravelly sandstone facies (Figure 

3.27).  It contains gravel and conglomeratic laminae, which occasionally overly erosive 

scours (Figure 3.28).  The second facies is a massive to cross-stratified and well-sorted 

sandstone.  It contains occasional slumping.  The sandstone facies of FA3 are 

stratigraphically related with striated pavements, and with diamictites of FA4.  This 

relationship is expressed as a coarsening upwards sequence of gravelly sandstones that have 

striated pavements hosted on their top-surface (Figures 3.29 and 3.30).   

3.4.3.2. Interpretation 

Thickly bedded massive, cross-stratified and gravelly sandstones are common within 

subaqueous proglacial fan systems, in which sedimentation is controlled by subglacial melt-

water jets (e.g. Hornung et al. 2007).  Slump structures are interpreted as a result of rapid 
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deposition resulting in excess pore pressure and slumping (Talling et al. 2012).  Grain size 

segregation into gravelly and conglomeratic laminae may have taken place during flow 

separation (Carling 1990).   

3.4.4. Facies association 4: Diamictites and stratified sandstones 

3.4.4.1. Description 

Diamictite units are up to 10 m thick and typically overlie striated pavements hosted upon 

the top surfaces of FA3 gravelly sandstones (Figures 3.29 and 3.30).  Diamictites are 

stratified, matrix-supported and sand-rich.  The diamictites are recessive and soil profiles 

tend to obscure their exposure.  The matrix is poorly-sorted ranging from clay to gravel and 

it weathers a distinctive deep purple in colour.  Mica flakes are common in the groundmass.  

Clasts are mostly composed of quartz gravel/pebbles and arenite lithics.  Quartz gravel clasts 

are typically randomly orientated in the matrix (Figure 3.31). Some clasts are observed to 

show soft-sediment deformation (Figure 3.32). Clast size and content is variable both within 

a unit and laterally along the ridgeline; diamictites are in compositional continuation with 

muddy sandstones facies when the clast content is rare to absent.  The largest clasts tend to 

be sandstone lithic blocks, which can reach up to < 1 m at the Chaguaya section; however 

tend to be much smaller (Figures 3.33 and 3.34).  At Villa Molino there is a 2 m thick 

stratigraphic interval associated with sheared surfaces, soft-sediment deformation and 

imbrication (Figures 3.35, 3.36 and 3.37).  The direction of this shearing is towards the 

southeast.   

Stratification is subtle, defined by colour banding, rare lamination and faint bedding (Figure 

3.38).  The lamination and bedding can be overturned or convoluted (Figures 3.39 and 3.40).   

Bed contacts are typically straight but can be sheared.  Stratification can be enhanced by the 

presence of thin interbedded sandstone stringers (< 2 cm thick) and sandstone channels 

interbedded within diamictite (Figures 3.41 and 3.42).  These interbedded sandstones 

contain convolute and crossed lamination.  Occasionally the interbedded sandstones will be 

overturned (Figure 3.43).   

Laminated and cross-stratified sandstone facies form meter scale units with straight basal 

and upper contacts.  These are associated with common asymmetric current ripple marks, 

cross-stratification and rare flame structures (Figure 3.44, 3.45 and 3.46).  These stratified 

sandstone facies become progressively more common with stratigraphic height through FA4 

(Figure 3.29).  Diamictite become subordinate and interbedded within these larger sandstone 

units (for example see CR-3 in Figure 3.16).  A qualitative investigation was done on the 
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field photographs, which showed that at least some of the current ripples have a palaeoflow 

towards the southeast (Figure 3.44).   

Near the top of the diamictite sequence at Villa Molino there is a large-scale overturned 

structure that is 22 m thick at its largest point (Figure 3.47).  It overlies a sheared contact 

above a diamictite unit (Figure 3.48) and contains sandstone and diamictite intraclasts.  The 

underlying diamictite unit underneath the overturned structure correlates to the third logged 

diamictite bed at Villa Molino on the north side of the road (Figure 3.4, 3.11).   

3.4.4.2. Interpretation 

The stratified diamictites are interpreted as subglacial tillites based on the presence of 

overturned and convoluted laminae, imbricated sandstone clasts, sheared contacts and 

sheared soft-sediment clast-deformation.  The quartz and sandstone lithic clasts within the 

diamictite may have been locally reworked from the underlying/interbedded FA3 and FA4 

sandstones in a frozen state.  Interestingly diamictites also contain randomly orientated 

quartz gravel/pebble clasts and have been observed to drape putative ripple marks (Figure 

3.31 and see Section 3.5.3).  These features may alternatively indicate passive sedimentation 

from ice-rafted debris.  Deposition by passive, sub-glacial, melt-out processes could explain 

this disparity.  In this scenario laminated sandstone stringers and channels interbedded 

within the diamictites are interpreted to have occurred via ice-bed separation that allowed 

subglacial melt-water channels to deposit sediment (Evans et al. 2006; Piotrowski et al. 

2001).  Melt-out processes were likely to become more dominant as time passed, which 

would explain why stratified and current-ripple marked sandstone facies are increasingly 

common with height in FA4.   

Evidence for post-deposition remobilisation is provided by the large overturned structure at 

Villa Molino. This is interpreted as a slump structure that slipped along a diamictite 

décollement, which then entrained as diamictite intraclasts.  The diamictite décollement can 

be can be correlated to the north side of the road where there are chaotic structures that act as 

further evidence of remobilisation.   
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Figure 3.27. Photograph of gravelly sandstones that form the bulk of Facies Association 3 in the 

Cumaná Formation. Photo located at 1 m height in the CR-14 section (Figure 3.16). 

Latitude/longitude = -15.820983° / -68.986100°.  
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Figure 3.28. Photograph of gravel laminae within the FA3 sandstones in the Cumaná Formation. 

Photo is located at 1 m height in the CR-14 section. Latitude/longitude = -15.820983° / -68.986100°.  
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Figure 3.29. An expanded log of CR-9 (Chaguaya) from the upper Cumaná Formation. It shows the 

typically observed stratigraphic relationship between FA3 and FA4.   

 

3.4.5. Facies association 5: Interbedded siltstones, sandstones and claystones.  

 3.4.5.1. Description 

This facies association is stratigraphically constrained within the Cumaná Formation.  It 

consists of cross-laminated sandstones, claystones, poorly-sorted purple coloured siltstones 

and muddy-sandstones.  The purple siltstones are very similar to diamictite facies, but lack 

to coarser sediment fraction and clasts.  Hummocky and swaley cross-lamination was 

observed at 70 m in section CR-8 (Figure 3.16 and 3.49).  It forms a fining upwards 

sequence into poorly-exposed claystones in log CR7 (Figure 3.16).  

 3.4.5.2. Interpretation 

Relative to the stratigraphy above and below, FA5 was deposited in a relatively lower-

energy depositional environment.  It was in part deposited above storm wave-base owing to 

the observed hummocky/swaley cross-stratification.  Lensoid diamictites are rare and 

interpreted as thin debris flows.   

 

Grounded-ice overriding proglacial fans forming striated pavement

Facies Association 3
- thickly bedded sandstones and gravelly sandstones

- coarsening upwards sequence into striated pavements.

- interpreted as the progradation of proglacial fan systems.

Facies Association 4
-diamictites and stratified sandstones.

- Diamictites are stratified and matrix supported.  Interbedded
sandstones occure discrete stringers within diamictites.

- meter-scale sandstone facies become more common with height

- interpreted as subglacial with deposition of sandstone via
sub-glacial melt-out processes. Melt-out processes become
more dominant with height.
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Figure 3.30.  An example photograph of the typical stratigraphic relationship between FA3 and FA4.  

Photo located at 27 m height in the CR-14 section (Figure 3.16).  

Latitude/longitude = -15.820983° / -68.986100°.  



92                                                           Chapter 3: Sedimentology and stratigraphy 

 

Figure 3.31. Randomly orientated quartz gravel within the diamictite matrix (FA4) from the upper 

Cumaná Formation. Photo taken from the diamictite unit at 1 - 13m height in CR-16 (Figure 3.16).   

Latitude/longitude = 15.834997° / 68.973748° 

 

Figure 3.32. Soft-sediment deformed clast within diamictite (FA4), upper Cumaná Formation. Photo 

lateral to the measured section at Villa Molino and is of equivalent height to the lowermost diamictite 

bed (Figure 3.11).  Latitude/longitude of base Villa Molino log = -15.780538° / -69.008993°. 
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Figure 3.33. Sandstone lithic clasts within the diamictite matrix (FA4) from the upper Cumaná 

Formation.  Photo taken from the diamictite unit at 1 - 13m height in CR-16 (Figure 3.16).   

Latitude/longitude = 15.834997° / 68.973748° 

 

Figure 3.34. Larger sandstone lithic clasts within the diamictites (FA4) from the upper Cumaná 

Formation.  Photo located at 678 m height at the Chaguaya composite section (Figure 3.5).   

Latitude/longitude = 15.812008° / -68.992499°.  
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Figure 3.35. Sheared contacts associated with diamictites from the upper Cumaná Formation at Villa 

Molino.  Photo is located at 173-175 m height in the Villa Molino section (Figure 3.11).  See pen and 

lens cap for scale.  Latitude/longitude of base Villa Molino log = -15.780538° / -69.008993°. 

 

Figure 3.36. Sheared contact and sheared soft-sediment clasts associated with diamictites at Villa 

Molino (see Figure 3.35 for location).  
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Figure 3.37a. Overturned laminae associated with diamictites at Villa Molino 3.37b. Annotated. (see 

Figure 3.35 for location). 
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Figure 3.38a.  Subtle stratification and possible slump within diamictites (FA4) in the upper Cumaná 

Formation.  Photo located at 179 m height in the Villa Molino section (Figure 3.11). 3.38b. 

Annotated.  Latitude/longitude of base Villa Molino log = -15.780538° / -69.008993°. 
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Figure 3.39.  Overturned lamination within diamictite (FA4) from the upper Cumaná Formation.  

Photo located at 5 m height in the CR-6 section (Figure 3.16).  

Latitude/longitude = 15.806494° / 68.995353° 

 

Figure 3.40. Convolute laminae and possible water-escape structures within diamictite (FA4) from 

the upper Cumaná Formation.  Photo located at 5 m height in the CR-6 section (Figure 3.16).  

Latitude/longitude = 15.806494° / 68.995353° 
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Figure 3.41. Sandstone stringers within diamictite facies (FA4) from the upper Cumaná Formation. 

Latitude/longitude = 15.818285° / 68.988364° 

 

Figure 3.42. Channelised sandstone bedded within diamictite (FA4) from the upper Cumaná 

Formation. Photo located at 9 m height in section CR-16 (Figure 3.16).  

Latitude/longitude = -15.834997° / -68.973748° 
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Figure 3.43.  Convolute sandstone (possible slumping) bedded within diamictite facies (FA4) from 

the upper Cumaná Formation.  Photo located at 4 m height in section CR-12 (Figure 3.16).  

Latitude/longitude = -15.815833° / -68.989500° 

 

Figure 3.44. Current ripple marks along the top surface of the Cumaná Formation. The palaeocurrent 

is towards the south east.  This photograph was taken broadly in the location of circa -15.816768° / -

68.988683°.  
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Figure 3.45.  Cross-stratification within sandstones (FA4) in the upper Cumaná Formation. Photo 

located at 184 m height in Villa Molino section (Figure 3.11).  

Latitude/longitude = -15.779483° / -69.007451° 

 

Figure 3.46. Flame structures in FA4 from the Cumaná Formation.  Photo located at 173 m height in 

Villa Molino section (Figure 3.11).  

Latitude/longitude = -15.779483° / -69.007451° 
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Figure 3.47.  Slump structure along the top surface of the Cumaná Formation at Villa Molino.  View 

is towards the south.  Latitude/longitude = -15.779323° / -69.007660°.  
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Figure 3.48a. Close-up photograph of an overturned slump structure at Villa Molino.  3.48b. 

Annotated.  View towards the north.  Latitude/longitude = -15.780736° / -69.007218°.  
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Figure 3.49.  Hummocky-swaley cross-lamination observed in FA5 in the Cumaná Formation.  Photo 

located at 69 m height in section CR-8.  Latitude/longitude = -15.808058° / -68.995854°.  

 

3.5. CHAGUAYA RIDGELINE STRIATIONS 

3.5.1. Description of commonly observed striated pavements 

Small exposed patches of striated pavements (˂ 10 m2) are a common feature in the 

Chaguaya Ridgeline (Figures 3.50, 3.51 and 3.52).  Their exposure tends to be limited to 

small areas; however they exist at certain stratigraphic levels that can be correlated between 

sections (Figure 3.16).  The striated pavements are exclusively found on the top surface of 

FA3 gravelly sandstones and are overlain by diamictite.  This typical stratigraphic 

relationship is observed throughout the Chaguaya Ridgeline, as exemplified at Chaguaya 

(Figure 3.29) and at CR-14 (Figure 3.30).  The sandstones beneath the striated pavement are 

also observed to coarsen upwards.   This typical stratigraphic relationship is only observed in 

the upper Cumaná Formation (Figure 3.16).   

The pavements are strongly-cemented, poorly-sorted and 5 - 20 cm thick.  They contain 

quartz gravel throughout their matrix, but gravel is especially concentrated on the exposed 

top surface.  Striations are linear and with grooving up to 1 cm deep.  In one locality highly-

weathered putative linguoid ripple-marks were observed (Figure 3.53).   
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Only a small number of direct trend and plunge measurements were taken of the striations, 

which are shown in Table 3.1.  The plunge of the striations is consistently to the southeast 

with a mean of 127° (N=3).  Qualitative estimations in the field combined with an 

examination of field photographs suggest that this trend is consistent across the Chaguaya 

Ridgeline.   

GPS waypoint Latitude  Longitude Trend/plunge Dip/strike  Note 

2011-350 -15.821133°  139°.44° -- Striated pavement 

2012-221 -15.821585° -68.007974 114°.43° -- Striated pavement 

2012-725 -15.806869° -68.995079° 128°.42° -- Striated pavement 

2012-715 -15.778820 -69.007974 009°41° -- 

Unique striations 

at Villa Molino 

2012-725 -15.806869° -68.995079° -- 161°/55°  

2011-324 -15.825617° -68.992850° -- 155°/42° Base Chaguaya 

 

Table 3.1. Compilation of direct field measurements and their location.  

3.5.2. Description of unique striations observed at Villa Molino 

A unique type of striated surface was observed at a single exposure of the top surface of the 

Cumaná Formation at Villa Molino (Figure 3.54).  This outcrop is unique in the field area 

for the following reasons 1) it is only observed at this one outcrop, 2) it is not associated 

with gravel clasts or a strongly-cemented pavement and 3) their stratigraphic position is 

below a claystone unit, not a diamictite.   The location of this outcrop at Villa Molino is 

shown in Figures 3.2 and 3.55. 

The striations are situated upon the ripple-marked fine to medium grained sandstones of FA4 

and are overlain by claystones of FA1.  Striations are linear and are only observed upon a 

single bedding surface. Interestingly a few meters laterally along the same bedding surface 

there are well-preserved lunate ripple marks (Figure 3.54).  A measurement of the striations 

on this beddings surface had a northward plunge (009°.41°).  The trend of the striations at 

Villa Molino is roughly 120° offset to the striations typically observed on the striated 

pavements.   

3.5.3. Interpretation of the commonly observed striated pavements  

Striated pavements are interpreted to have been made whilst the sediment was in a semi- or 

unconsolidated state.  They are evidence for direct ice-contact in the study area.  The single 

outcrop of possible lunate ripple crests upon the striated pavement could suggest soft-

sediment striated surfaces were reworked by current processes in a subaqueous setting 
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(Figure 3.53).  However the observation of weathered possible ripples only occurs in a 

single exposed outcrop.   

The formation of soft sediment striations can be the result of a number of scenarios 

(Woodworth and Dowdeswell 1994).  These include 1) traction underneath a grounded 

glacier (Woodworth-Lynas and Dowdeswell 1994), 2) shearing at or below the ice-sediment 

contact (e.g. Le Heron et al. 2005), 3) the grounding of floating ice onto the sea/lake bottom 

(e.g. Eyles et al. 1997), or 4) by the keels of icebergs scouring sediment on a shallow 

sea/lake bed (e.g. Vesely and Assine 2014).   

A limitation of an ice-traction hypothesis (scenario 1in the paragraph above) is that no 

deeply pervading deformational structures were observed in the gravelly sandstones beneath 

the striated pavements.  Both scenarios 2 and 3 are likely to be related with glacio-tectonised 

structures such as soft-sediment faulting, truncated folds and/or stacked striated surfaces 

(Eyles et al. 1997; Le Heron et al. 2005); however no such structures were observed in the 

study area.  This discounts scenarios 2 and 3 in explaining striated pavements.  Potentially 

these striations could have been made by the keels of floating ice (scenario 4), which 

typically do not form intense deformation (Vesely and Assine 2014; Woodworth-Lynas and 

Dowdeswell 1994).  Ice-keels however create distinct scour and berm structures on a metre 

to decimetre scale, which follow the overall shape of the keel (Vesely and Assine 2014).  In 

addition there may be isolated scours that are likely to have been created by single keel as 

opposed to ground ice.  However no such features typical of ice-keels were observed in the 

study area.  

A limitation of the dataset is that the exposed striated pavements have such small exposure 

surfaces.  These outcrops are therefore not large enough to test the hypotheses proposed 

above with a high degree of confidence.  Based on the following criteria that 1) striated 

pavements are observed over a 7 km strike-lateral ridgeline, 2) are seemingly correlatable 

between sections (Figure 3.16) and 3) the concentration of gravel on the top surface, an ice-

traction hypothesis (scenario 1) is inferred.  In this scenario the ice-sheet was large enough 

to create pavements over a wide extent, with high concentrations of gravel clasts deposited 

via lodgement processes.  Grounding would have been able to scour the sediment, but did 

not form large scale erosion or deep pervading deformational structures.  It is possible that 

the basal ice-sheet may have been lubricated (warm thermal regime) during the production 

of striated pavements, which inhibited such glacial deformation.    

An ice-traction is consistent with the stratigraphic context of the striated pavements.  They 

are typically overlain by diamictite facies associated with sheared contacts and deformation, 

which are interpreted as sub-glacial (see Section 3.4.4).  In addition the striated pavements 
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are hosted on the top surface of gravelly sandstones interpreted as proglacial.  If a subglacial 

ice-traction hypothesis is accepted then striated pavements represent the point at which ice-

sheets overrode the proglacial sandstones and gravels during ice-advance.  This is supported 

by the coarsening upwards trend commonly observed in the few meters below the striated 

pavements, which may represent advancing glacier ice (see Figure 3.29).   

3.5.4. Interpretation of unique striations observed at Villa Molino 

Similar to the striated pavements, the striations at the Villa Molino outcrop are interpreted as 

subglacial traction (i.e. scenario 1 as discussed in the Section 3.5.3).  It is highly unlikely 

that these striations were caused by shearing, grounding of floating ice-sheets or by ice-keel 

scouring because of the lack of deformational features, stacked striated surfaces or berms 

(e.g. Eyles et al. 1997; Le Heron et al. 2005; Vesely and Assine 2014; Woodworth-Lynas 

and Dowdeswell 1994).  It is interesting that these striations, if indeed caused by subglacial 

ice-traction, are associated with lunate ripple marks.  As far as the author is aware there are 

no modern or ancient analogues of an association between striations and ripple marks on the 

same bedding surface, which this study could be compared against.  This is a significant 

limitation to the interpretation of striations at the Villa Molino outcrop.  It is possible that 

sub-glacial melt-water channels reworking striations into ripples during the decay and retreat 

of the ice-sheet.   

 

Figure 3.50.  Striated pavement. Photo located at 48 m height in section CR-14. Latitude/longitude = 

-15.821133° / -68.985483°.  
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Figure 3.51.  Striated pavement. Photo located at 48 m height in section CR-14.  

Latitude/longitude = -15.821133° / -68.985483°.  

 

Figure 3.52. Striated pavement.  Latitude/longitude = -15.802644° / -68.997752°.  
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Figure 3.53a-b. Striated pavement with possible ripple marks.  Both photographs are from the same 

locality. Latitude/longitude = -15.820817° / -68.985960°. 
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Figure 3.54.  Unique striations at Villa Molino associated with lunate ripple marks. These are from an 

equivalent height to 200m on the Villa Molino measured section (Figures 3.4 and 3.11).  

Latitude/longitude = -15.778820° / -69.007974°. 
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3.6. GROSS DEPOSITIONAL ENVIRONMENTS  

3.6.1. Non glacial facies associations: FA1 and FA2 

 3.6.1.1. Gross depositional environment 

FA1 is observed commonly within the Colpacucho and Kasa Formations.  There is a single 

observed occurrence in the Cumaná Formation (CR-7 in Figure 3.16).  FA2 is restricted to 

the uppermost Colpacucho Formation (Figure 3.16).  These facies associations contain no 

direct evidence for glaciation, for e.g. diamictites, striations or exotic clasts and are 

interpreted to represent an open-marine shelfal environment.  This interpretation is 

consistent with marine acritarchs and prasinophytes observed in FA1/2 of the Colpacucho 

and Kasa Formations at Villa Molino (Díaz-Martínez et al. 1999; Vavrdová and Isaacson 

1999; see also Chapters 4 and 5).    

 3.6.1.2. Lateral extent of facies 

Certain trends within FA1 and FA2 can be correlated between sections.  For example the 

transition between FA1 and FA2 in Villa Molino (CR-1), CR-3 and Chaguaya (CR-9) occurs 

at the same stratigraphic level in the Colpacucho Formation (Figure 3.56a).  The distance 

between the Villa Molino and Chaguaya sections is 4 km.   This shows that the transition 

from an offshore (FA1) to shoreface (FA2) conditions is not localised to one section and can 

be correlated across the study area.   

The base at which FA2 sandstones in the Colpacucho Formation become commonly 

bioturbated can be correlated between Villa Molino and CR-2 (Figure 3.56a).  It then 

intersects the base-Cumaná Formation incision surface between CR-2 and CR-3 (Figure 

3.56a).  Furthermore bidirectional cross-stratification and gravel laminae only occur at the 

very top of FA2 at Villa Molino.  These evidences suggest that FA2 sandstones were 

progressively coarsening upwards into more energetic and relatively proximal shoreface 

environments in the study area.  

The transition into FA1 at the base of the Kasa Formation is straight and easily correlated 

across each measured section (Figure 3.16).  It represents the retrogradation of FA3 and 

FA4, which is immediately followed by deposition of lower energy, open-marine shelfal 

claystones.  Therefore the sharp base of the Kasa Formation is interpreted as a flooding 

surface that is observed at the same stratigraphic level across the entire study area.   
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Figure 3.55.  Lateral continuity of diamictite beds at Villa Molino.  View is towards the northwest.  

Latitude/longitude = -15.780736° / -69.007218° 

 

3.6.2. Glacial facies associations: FA3, FA4 and FA5 

 3.6.2.1. Gross depositional environment 

The gross depositional environment of FA3, FA4 and FA5 is interpreted as glaciomarine.  

This is based on the following criteria in the order of most importance: 1) striated 

pavements, 2) striations associated with rippled sandstones at Villa Molino, 3) diamictites 

with sandstone lithic clasts and quartz gravel, 4) sheared contacts and soft-sediment 

deformed clasts associated with overturned laminae at Villa Molino, and 5) the close 

association between striated pavements and diamictites, where the former are exclusively 

overlain by the latter.  A glaciomarine interpretation is supported by marine acritarch and 

prasinophyte microfossils found in palynological samples collected throughout stratigraphic 

sequence in the study area (Díaz-Martínez et al. 1999; Vavrdová and Isaacson 1999; see also 

Chapters 4 and 5).  This includes the claystone bed within the Cumaná Formation at 90 m 

height in CR-7 (Figure 3.16; see also Chapters 4 and 5).   

The interpretation of the Cumaná Formation being of glacial origin is supported by the 

regional context of the Bolivian Altiplano (see also Chapters 1 and 2).  The Cumaná 

Formation is known from the Copacabana Formation where is forms thick and laterally 
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extensive claystone unit that contains randomly-orientated and striated exotic-clasts (Díaz-

Martínez and Isaacson 1994).  These clasts are widely interpreted as ice-rafted dropstones in 

a marine offshore environment.  In the Cumaná Peninsula granitic exotic clasts within the 

Cumaná Formation can reach up to several meters in diameter (Díaz-Martínez and Isaacson 

1994).  

The diamictites are not associated with deep incision and their basal contacts are straight and 

conformable with underlying striated pavements.  They also contain evidence for melt-out 

features and ice-bed separation, which deposited stratified and rippled sandstones (Figure 

3.29).  These evidences may suggest the thermal regime of the ice-sheet was relatively 

warm, which allowed melt-out depositional processes to dominate.  A modern analogue may 

be that of a thinned “ice-plain” between the grounding line and coupling line (Brunt et al. 

2011; Corr et al. 2001).  Basinward of grounded ice were proglacial fan-systems that 

deposited FA3.  These proglacial sediments were over-ridden by an advancing glacier, 

which resulted in deposition of FA4 and the formation of glacial pavements (Figure 3.29).   

 3.6.2.2. Lateral extent of facies 

Individual diamictite and gravelly-sandstone beds can be traced laterally for at least 100 m at 

Villa Molino (Figure 3.55). The recessive nature of diamictites however makes it difficult to 

correlate them for longer distances when on top the Chaguaya Ridgeline.  The lowest 

diamictite beds in sections CR-6/7/8/9/12 sits above a striated surface that can be correlated 

for over 1km (Figure 3.16).  Although this diamictite may not be the same precise bed and 

variation exists in the number of diamictite beds observed in each section, for example 

sections CR-2 and CR-3 (Figure 3.16).   

Certain stratigraphic trends, however, can be correlated across the Chaguaya Ridgeline with 

much greater confidence.  The incision surface at the base of FA3 has been observed in 

seven sections and correlated for 3.8 km between Villa Molino (CR-1) and Chaguaya (CR-9; 

Figure 3.56a-b).  It could not be correlated further due to the stratigraphy of the Chaguaya 

Ridgeline becoming progressively less exposed to the south.  The sandstones and gravelly 

sandstones of FA3 are laterally correlatable for over 7 km along the Chaguaya Ridgeline and 

are observed in each measured section.  The incision at the base of the Cumaná Formation 

and the proglacial sands are therefore laterally extensive features across the study area.   
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Figure 3.56a. Strike-lateral correlation panel of all logs measured along the Chaguaya Ridgeline with 

depositional environments overlain.  Note the lateral continuity of the interpreted stratigraphy.  3.56b. 

The strike-lateral stratigraphic architecture of the Cumaná Formation at x3 vertical exaggeration. Note 

the basal incision surface is variable along strike that is forming a palaeobathymetry in which the 

Cumaná Formation has been deposited.  It appears to form a palaeovalley that has been incompletely 

mapped.   
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Similarly, the diamictites and sandstones of FA4 are laterally correlatable across the 

Chaguaya Ridgeline.  FA4 and striated pavements are exclusively observed in the upper part 

of the Cumaná Formation where it forms a discrete stratigraphic unit.  The transition into 

this unit is observed as a distinct coarsening upwards package within FA3 gravelly 

sandstones that are terminated by striated pavements (CR-3/7/8/9/10 in Figure 3.16).  

However progradational packages can be localised, as for example in sections CR14 and 

CR15, where two stacked coarsening upwards cycles occur that cannot be correlated to other 

sections (Figure 3.16).  These trends describe proglacial units, in the lower and middle parts 

of the Cumaná Formation, transitioning into diamictites with evidence of direct ice-contact 

in the upper Cumaná Formation.  This trend is correlatable throughout the entire study area.   

FA5 in contrast is restricted to four measured sections in the centre of the study area.  It can 

only be correlated for 1 km; however this may be in part due to its recessive exposure.  FA5 

probably represents a less-energetic, more basinward depositional environment that 

proglacial sands were prograding into.   

 3.6.2.3. Glacial cycles  

The lateral correlation facies across the study area is important as it can help deduce whether 

there are recognisable glacial cycles. In this study a glacial cycle is defined as a recognisable 

advance or retreat of ice across the study area.  Laterally-restricted coarsening or fining 

upwards packages would be considered as a localised variation in facies.   

The Cumaná Formation is interpreted to represent an advance of glaciation into a marine 

shelfal sedimentary system.  This is based on the observation that proglacial sands and clays 

(FA3/5) are consistently stratigraphically beneath diamictites (FA4) and striated pavements, 

which are observed to cluster in the upper Cumaná Formation.  Final glacier retreat is 

represented by the basal flooding surface of the Kasa Formation.  There is no evidence of 

continued glaciation above this surface, for e.g. dropstones in the FA1 marine claystones.   

FA5 in logs CR-7/8/9/10 may represent a secondary ice-retreat stage, in which proglacial 

sandstones retreated and were overlain by open marine claystones (Figures 3.16 and 3.56).  

This is supported by there being no dropstones in the claystones at 90 m height in CR-7 

(Figures 3.16 and 3.56), which may indicate that ice was very distal.  Alternatively the 

restricted outcrop of FA5 may simply represent lateral facies variation in the study area, 

which does not reflect the evolution of the wider ice-sheet.  It is interesting that CR-3 does 

not contain any evidence of retrogradation or ice-retreat that can be correlated to FA1 

claystones and FA5 sandstones in CR-7 (Figures 3.16 and 3.56).   
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In conclusion only a single preserved glacial cycle can be confidently identified across the 

study area.  However the fining upwards sequence of FA5 into FA1 in CR-7/8/9/10 may 

represent an additional glacial cycle (i.e. ice-retreat overlain by FA3 sandstones representing 

ice-advance), which has a limited preservation (Figures 3.16 and 3.56).  The identification of 

stacked glacial cycles may be difficult to recognise however, as the younger glacial cycles 

would remove evidence of earlier glaciation during erosive ice-advances.  Future work 

investigating the Cumaná Formation in more field sites could possibly identify additional 

glacial cycles.  It should be noted that the Cumaná Formation elsewhere in the Bolivian 

Altiplano has been interpreted to represent as a single ice-advance (Díaz-Martínez 1994).   

3.6.3. Depositional model  

A depositional model of the evolution and sedimentary environment of the Cumaná 

Formation and associated stratigraphy is shown in Figure 3.57.  There are five proposed 

stages.  The first stage is interpreted to be pre-glacial, siliciclastic, open-marine shelfal 

environment, which represents the deposition of FA1/2 within the Colpacucho Formation 

(Figure 3.57a).  There is no direct evidence for glaciation within this stage; however ice may 

exist in the hinterland.   

The second stage is the incision surface at the base of the Cumaná Formation (Figure 3.57b).  

The precise process of incision is not known, however a reduction in accommodation space 

has been inferred.   

Above the incision surface the preserved depositional environment is proglacial, which is 

represented by sandstones and gravelly sandstones of FA3 (Figure 3.57c).  These proglacial 

sandstones are interpreted as the proximal (and higher energy) equivalent to the more distal 

(and lower energy) sandstones and claystones of FA5.  The lensoid diamictites within FA5 

are interpreted as debris flows, which may suggest that FA5 is on the slope of a prograding 

proglacial sandstones fan systems of FA3.   

The fourth stage deposited the majority of FA4 in the upper part of the Cumaná Formation 

(Figure 3.57d).  These represent the time when proglacial fan systems were overridden by a 

grounded glaciomarine ice-sheet forming striated pavements and depositing diamictites.  

Subglacial melt-water channels beneath this ice-sheet are inferred to explain rippled cross-

stratified and channelised sandstone beds bedded within FA4.   
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Figure 5.57. Depositional model and evolution of a glaciomarine ice-sheet.  
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The fifth stage is final glacial retreat at the base of the Kasa Formation (Figure 3.57e).  This 

stage is reflected by the deposition of 150 m of FA1 claystones above the basal Kasa 

Formation flooding surface.  The removal of ice and subsequent loss of overpressure may 

have been the cause of dewatering structures and remobilisation features observed within 

FA4.  Overall this depositional model assumes a single gross-scale advance and retreat of 

glaciers into a shelfal marine environment.   

3.6.4. Alternate hypotheses 

The mix of both glacially interpreted features with evidence for sediment remobilisation 

complicates the interpretation of the stratigraphy.  This is because it is often very difficult to 

distinguish glacial diamictites and debrites from field observations alone (Eyles et al. 1985; 

Visser 2004).  Alternative hypotheses must therefore be discussed when interpreting the 

depositional processes that deposit diamictites.  

Diamictites could have been the product of granular instability, i.e. gravity-induced slumps 

and/or debris flows.  There is supported by flame structures (Figure 3.46) and overturned 

laminae (Figure 3.40), interpreted as dewatering, and the slump structure at Villa Molino 

(Figures 3.47 and 3.48).  This alternative hypothesis would suggest a mixture between 

cohesive laminar flow processes, which deposited the diamictites, and turbulent flows that 

would have deposited the sorted interbedded sandstones (Talling et al. 2012).  These gravity 

flows may have built up along slopes basinward of the ice-sheet or be the product of high 

sediment discharge creating overpressure during a period of rapid ice-retreat.  A limitation 

of an alternative debris flow hypothesis is that diamictite units are not constrained within 

channels and neither do they lie above erosive bases.  The diamictites can be tracked for 

some distance and are not localised and/or lobate (Figure 3.55).  For these reasons a 

subglacial hypothesis is considered more likely.  

The Cumaná Formation may be entirely non-glacial in origin, with all interpreted glacial 

features being caused by gravitational reworking, debris flows and turbidites.  Possible non-

glacial interpretations for striations are sole marks.  Sole marks however are typically 

observed in negative relief at the base of an overlying coarser sedimentary unit, where 

sediment has infilled a mould eroded into finer sediment below (for e.g. Bhattacharya et al. 

2004).  This is not the case for striated pavements in the study area where striations and 

grooves are observed on the top surface of coarser pavements, which are overlain by finer 

muddy sandstone diamictites. In addition no flute casts/moulds or prod marks were 

observed.  Neither are the striations likely tectonic in origin.  The striated pavements do not 

lie at a faulted interval, they are aligned parallel to the dip and strike of the beds, and there 
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was no observed offset or hydrothermal mineralisation along the pavement. Considering the 

sum of evidence and regional context a glacial interpretation is considered likely. 

 

3.7.  UPPER KASA FORMATION CONGLOMERATES - MISSISSI PPIAN 

GLACIATION? 

3.7.1.  Description  

The Kasa Formation can be split into two sub-units in the study area.  The lower is the 150 

m thick claystone unit overlying the Kasa Formation.  This section regards the upper unit, 

which is sandstone dominated and 100 m thick as measured at Villa Molino (Figure 3.4).   

There is a 24 m interval within the upper Kasa Formation that contains thinly interbedded, 

matrix-supported to clast-supported brown-coloured conglomerate (372-396 m; Figures 3.4).  

The sedimentary matrix is composed predominantly of sand grains and gravel.  These units 

contrast with the FA4 diamictites stratigraphically below in the Cumaná Formation by being 

more prominent, containing absent/rare clay in the matrix, and colour. The term 

conglomerate is considered more appropriate than diamictite due to the lack of clay in the 

matrix.  However the matrix composition was only qualitatively estimated in the field.   

The conglomerates are lensoid and with limited lateral extent (Figure 3.58).  There is a 

preferred orientation in the clasts along a sub-horizontal fabric.  They are associated with 

overturned laminae (Figure 3.59) and overlie sheared contacts.  Clasts are composed mostly 

of red, well-rounded siderite concretions and rarer quartz pebbles (Figure 3.60).  Rare 

claystone lithic clasts are observed within sandstones in the 22 m interval.    

3.7.2.  Interpretation 

Lensoid conglomerates associated with overturned laminae are interpreted as density flows.  

Siderite and claystones lithic clasts within the conglomerates and sandstones are interpreted 

as rip-up clasts.    

Conglomerates and diamictites in the Kasa Formation have been noted since Oviedo Gomez 

(1965).  These deposits are argued to have been triggered by proglacial outbursts and 

therefore as evidence for Early Carboniferous glaciation (see Chapter 2; Díaz 1993; Díaz-

Martínez and Isaacson 1994; Isaacson et al. 2008).  A glacial interpretation for 

conglomeratic units observed within the upper Kasa Formation at Villa Molino is considered 

unlikely.  This is based on the absence of supporting evidence for glaciation, such as 

striated/polished exotic clasts and/or striated pavements.  It is more likely that these 
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represent density flows in an inclined pro-delta or delta-front setting.  This is supported by 

the presence of siderite rip-up clasts that would have been locally derived from underlying 

claystone deposits.  The presence of Mississippian aged glacial rocks in the Kasa Formation 

cannot be corroborated by the evidence presented in this study.  The Kasa Formation does 

however have a reported thickness of up to1000 m in the Bolivian Altiplano (Díaz-Martínez 

1991), which contrasts with the 239 m measured at Villa Molino.  Villa Molino is therefore 

not an ideal section for corroborating claims of glacially-influenced sedimentation within the 

Kasa Formation.   

 

 

 

Figure 5.58. Debrite within the upper Kasa Formation. Photo located at 372 m height in the 

Villa Molino section (Figure 3.4). Latitude/longitude = -15.777402° / -69.006261°. 
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Figure 3.59.  Overturned laminae associated with debris flows in the upper Kasa Formation.  Photo 

located at 372 - 396 m in the Villa Molino section (Figure 3.4).   

Latitude/longitude = -15.777554° / -69.006142° 

 

Figure 3.60.  Clast composition within the upper Kasa Formation debrites. Photo located at 372 - 396 

m in the Villa Molino section (Figure 3.4).  Latitude/longitude = -15.777554° / -69.006142° 
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3.8. STRATIGRAPHIC HISTORY  

3.8.1. Colpacucho Formation 

 3.8.1.1. The first 0 - 500 m of the Chaguaya section: Open-marine shelf 

The claystone-dominated stratigraphy of much of the Colpacucho Formation is interpreted to 

represent deposition within an open-marine shelfal environment.  The two sand-rich 

intervals show that coarser sediment was being deposited into the basin.  The undulose top 

contacts and heterolithic bedding are interpreted to represent reworking above the storm-

wave base.  Heterolithic facies can also indicate tidal environments (Reineck and 

Wunderlich 1968).  However a shelfal environment that occasionally modified by storm 

activity is more consistent with regional interpretations of the Colpacucho Formation (Díaz-

Martínez 1991).   

 3.8.1.2. Uppermost Colpacucho Formation  

The uppermost Colpacucho Formation is best preserved in the 45 - 141 m interval in Villa 

Molino section (Figures 3.4 and 3.11).  It is also observed in sections CR-2/3/7/8/9/10 and 

consists entirely of FA2 deposits (Figures 3.16 and 3.56).  The base of the uppermost 

Colpacucho Formation in the study area has been picked at the point at which the 

stratigraphy becomes sandstone-dominated (Figure 3.16).    

The lower part of this section consists of massive, laminated and rare cross-stratified 

sandstones, which are only rarely bioturbated.  There a distinct change at 70 m height in 

Villa Molino where the stratigraphy becomes much more intensely bioturbated.  The base of 

this intensely bioturbated interval can be correlated to CR-2 (Figure 3.56a).   Above 123 m 

at Villa Molino there is a 17 m stratigraphic interval that contains siderite and claystone rip-

up clasts, bidirectional cross-stratification and gravel laminae (Figures 3.11 and 3.56a).  This 

interval is only observed at Villa Molino and may indicate a tidal influence at the very top of 

the Colpacucho Formation.  

The transition into the uppermost Colpacucho Formation reflects a general coarsening 

upwards trend from an offshore into a shoreface depositional environment.  The shoreface 

sequence progressively represents higher-energy, more proximal environments with height.  

This is represented by the transition into bidirectional cross-stratified sandstones and gravel 

laminae indicating tidal conditions.  This sequence is significant because it shows that the 

sedimentary sequence progressively shallowed in the immediate stratigraphic interval below 

the base-Cumaná Formation incision surface.   
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3.8.2. Base Cumaná Formation incision  

The base-Cumaná Formation incision surface can be correlated across the study area 

represents a period of significant erosion.  The magnitude of incision is variable across the 

study area and formed palaeotopography in which the Cumaná Formation was deposited.  

The morphology of the incision surface is shown in Figure 3.56b.  The complete lateral 

extent of the incision surface is not known due to poor exposure in the south-eastern part of 

the study area.  The cause of incision is unknown, but a down-cut related to a drop in 

accommodation space is inferred.  This is based on the observed decrease in accommodation 

space trends in the uppermost Colpacucho Formation that is stratigraphically beneath the 

incision surface.   

3.8.3. Cumaná Formation 

 3.8.3.1. Lower and middle interval 

The lower and middle interval of the Cumaná Formation represents the proglacial phase in 

the stratigraphic history.  This is largely because the stratigraphy is predominantly composed 

of proglacial sandstones (FA3).  These are strongly cemented and form the bulk of the 

topographic ridgeline. The base of this interval defined at the basal incision surface and its 

top at the first observance of a striated pavement and/or diamictite.   

Laterally restricted FA5 deposits occur in the centre of the strike parallel correlation panel 

(Figures 3.16 and 3.56).  FA5 is a fining upwards sequence of ripple-marked sandstones 

interbedded with claystones, muddy sandstones, siltstones and rare lensoid diamictites.  The 

stratigraphy above is recessive except for the single occurrence of claystone exposed in CR-

7 (Figure 3.16).  Claystone is inferred for the recessive, non-exposed stratigraphy.  FA5 and 

FA1 may either represent an ice-retreat phase or laterally variability in facies.   

FA5 is overlain by FA3 sandstones in section CR-7/8/9/10 (Figure 3.16).  These gravelly 

sandstones coarsen upwards into striated pavements, which represent the progradation of 

proglacial fan systems.  These progradation packages can be localised, as for example in 

sections CR-14 and CR-15, where two stacked coarsening upwards cycles occur that cannot 

be correlated to other sections (Figure 3.16).   

3.8.3.2. Upper interval 

There is a clustering of diamictite and associated facies towards the top of the Cumaná 

Formation, which defines the upper interval of the Cumaná Formation.  It defines the ice-

proximal phase in the stratigraphic history.  The base of this interval is defined at the first 
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observance of striated pavements and/or diamictites.  Its top is defined by the sharp flooding 

surface at the base of the overlying Kasa Formation.  The stratigraphic positioning of the 

ice-proximal phase above the proglacial phase is why the Cumaná Formation is interpreted 

to represent a single preserved advance of a glacier into a shelfal marine environment.  The 

upper interval of the Cumaná Formation represents the glacial maximum in the study area.   

3.8.4. Kasa Formation 

 3.8.4.1. Lower interval (200 - 348 m in Villa Molino section) 

The sharp transition at the base of the Kasa Formation is a mappable feature in the study 

area that reflected by a change in topography.  As such it represents a clear boundary 

between the Cumaná and Kasa Formations.   The lower Kasa Formation is composed 

entirely of 150 m of interbedded and concretionary claystones of FA1 (Figure 3.56).   The 

location of the D/C boundary is at 12 m above the basal flooding surface (see Chapters 4 and 

5).  This interval likely correlates to the claystone-dominated Lower Member of the Kasa 

Formation as defined by Díaz-Martínez (1991).   

The basal flooding surface marks the last occurrence of glacially derived lithofacies and 

terminal glacial retreat.  This phase in the stratigraphic history represents the retreat of ice-

sheets from the study area and a return to open-marine shelfal conditions.  The lower Kasa 

Formation is interpreted as a rise in accommodation space and retrogradation of siliciclastic 

systems.    

 3.8.4.2. Upper interval (348 - 438 m in Villa Molino section) 

The upper Kasa Formation represents a phase in the stratigraphy when normal-marine 

coarser siliciclastic material prograded into the study area.  This is consistent with the 

regional interpretation of the Kasa Formation of a progradation of deltaic systems (Díaz et 

al. 1993; Díaz-Martínez 1991; 1996; Díaz-Martínez et al. 1996).  Sedimentary 

remobilisation is evidenced by conglomeratic debrites observed in the Villa Molino section.  

At least at Villa Molino, these deposits are not considered to be glacigenic in origin.  This 

interval may correlate to the sandstone dominated Upper Member of the Kasa Formation as 

defined by Díaz-Martínez (1991).  However due to the reduced size of the Kasa Formation 

in the study area it cannot be said for certain.  

3.8.5. Mid-Carboniferous unconformity and the Yaurichambi Formation 

The Yaurichambi Formation was deposited above a mid-Carboniferous unconformity that 

can be correlated throughout Bolivia (Grader et al. 2007).  Erosion at the base of the 
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Yaurichambi Formation was likely to be sub-aerial based on its close association with a 

palaeosol unit in the Villa Molino log (Figure 3.13).  There is no evidence for the Siripaci 

Formation in the study area and so it is likely to have been removed by erosion at the base of 

the Yaurichambi Formation in the study area.  This is supported by the reduced thickness of 

the Kasa Formation relative to other sections on the Altiplano, indicating that the study area 

was relatively deeply incised by the mid-Carboniferous unconformity.   

The Yaurichambi Formation represents as a coastal plain and/or alluvial environment 

(Grader et al. 2007). Claystones are interpreted as inter-channel deposits.  These were 

incised by channels, in which sandstones were deposited.  Present within the sandstone 

channels are climbing and trough-cross laminations that are interpreted as sinuous current 

ripples (Figure 3.14).   Climbing ripples indicate that high-velocity unidirectional currents 

with high aggradation rates were present in these channels. 

3.8.6. Copacabana Formation  

The base of the first carbonate is interpreted as a flooding surface.  The transition into a 

carbonate dominated section represents retrogradation of the siliciclastic system.  Grader et 

al. (2008) describes the Copacabana Formation in more detail and provides a continuation of 

the Villa Molino section in their figure 9 (p. 155).   

 

3.9. ACCOMODATION SPACE AND SEQUENCE STRATIGRAPHY 

The bulk of the Colpacucho Formation was deposited when accommodation space was 

relatively high in the field area.  It likely represents a TST/HST within the interpreted 

sequence stratigraphic framework.  The progradation of heterolithic sandstones may 

represent minor parasequences.  The uppermost Colpacucho Formation marks a sustained 

decrease in accommodation space and progradation of shoreface deposits that is interpreted 

as the late HST.   

The incision surface at the base of the Cumaná Formation is interpreted as an erosive 

sequence boundary.  The Cumaná Formation being composed of coarse sedimentary 

material is interpreted as a LST. The LST is delimited by the flooding surface at the base of 

the Kasa Formation, which is interpreted as the IFS.   

The lower Kasa Formation represents retrogradation of coarser siliciclastic material and is 

therefore interpreted as a TST.  The upper Kasa Formation represents the progradation of 

siliciclastic systems into the study area, which is a possibly related to a regional deltaic 
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complex (Díaz-Martínez 1991).  It is therefore interpreted as the HST based on the 

progradational trend.  Due to the uniform nature of FA1 claystones within the lower Kasa 

Formation it was not possible to accurately pick a MFS.  Instead the boundary between the 

TST and HST is inferred based on palynological evidence (see chapters 4 and 5).  The 

TST/HST division of the Kasa Formation is correlated to regional lithostratigraphic trends, 

i.e. the Lower and Upper Members as defined by Díaz-Martínez (1991).  Therefore the 

accommodation changes of this sequence could be argued to be represented regionally.   

The incision at the base of the Yaurichambi Formation is a second SB in the study area that 

is likely tectonic in origin and can be correlated regionally (Grader et al. 2007).  The 

Yaurichambi represents a terrestrial LST, with the base of the Copacabana Formation 

representing the retrogradation of siliciclastic systems and therefore is interpreted as a TST.   

 

3.10.  A PALAEOVALLEY BENEATH THE CUMANÁ FORMATION?  

The Cumaná Formation is delimited by two correlatable bounding surfaces, the basal 

incision surface (SB) and the overlying flooding surface (IFS).  The SB is a stacked erosive 

surface that is overlain by conglomerates and gravelstones.  The IFS delimits the top of the 

topographic Chaguaya Ridgeline.  It is sharp, straight, and correlatable across the study area 

and is easily observed on satellite imagery (Figure 3.2).  The correlation of these surfaces is 

shown in Figure 3.56.  The correlation of the SB and IFS appears to form an incompletely 

mapped palaeovalley feature and/or palaeobathymetry in Figure 3.56a, b. 

The incisive SB can be correlated for 4 km between sections and records at least 110 m of 

incision.  The 110 m figure is reached by measuring the height difference between the 

incision surface at Villa Molino and CR-8 in Figure 3.56b.  The average inclination of the 

basal incision surface is 1.4° between CR1 and CR8.  The incision surface rises between 

sections CR-8/9/10 suggesting that this feature may be a palaeovalley.  Unfortunately the 

total lateral extent of this feature is not known due to a poor outcrop to the south east of the 

Chaguaya ridgeline.   Assuming the incision surface extends the entire 7 km strike lateral 

strike section than a width to depth ratio of 64 is estimated.  A comparison of these 

measurements compared to recent and ancient examples is shown in Table 3.2.   

The likely cause for incision at the base of the Cumaná Formation is attributed to a reduction 

in accommodation space, i.e. base level fall.  However the association of significant erosion 

directly beneath a glacigenic unit is significant and justifies further discussion.  Incision and 

the formation of palaeotopography are commonly associated with glaciation from both the 
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recent and ancient records.  The study represents the first description of palaeotopography 

underneath the Cumaná Formation.  In the marine realm the two primary types of glacial 

valleys are 1) tunnel valleys and 2) ice-stream cross-shelf troughs (Bache et al. 2012).  

Tunnel valleys are thought to represent erosional subglacial melt-water channels, but there 

exact formation is controversial (Huuse and Lykke-Andersen 2000; O’Cofaigh 1996).  Ice-

stream cross-shelf troughs are, as the name suggests, a grounded stream of ice that has 

created a broad incised trough on a continental shelf.  Both of these types would generally 

incise marine sediments and require the presence of grounded ice.    

 This study North Sea - 
offshore 
Denmark 

(Huuse and 
Lykke-

Andersen 
2000) 

 Central 
North Sea 
(Stewart 

et al. 2012; 
2013) 

Germany 
(Janszen 

et al. 
2013) 

West 
Greenland 

(Dowdeswell 
et al. 2014) 

Gargaf 
Arch, 

Libya (Le 
Heron et 
al. 2004) 

Southern 
Jordan 

(Douillet et 
al. 2012) 

Chaco 
Basin, 
Bolivia 

(Bache et 
al. 2012) 

Length Unknown ≤150 km 22 to >117 
km 

4-18 km 400 km 30 km 5-15 km >100 km 

Width >7 km 2-3 km 300 - 3000 
m 

<5 km 45 km 4 km 1-3 km Average 
7.4 km 

±4.2 km 
Depth >110 m 100-500 m Unknown 30-500 m 230 m 60 m 60-160 m 500-700 m 
Angle of 
margins 

1.4° 10-35° 5-40° Unknown Unknown 18-25° 20-50° Unknown 

Sedimentary 
fill 

Basal 
conglomerate 
followed by 
sandstones 

and 
claystones 

with 
diamictites at 

the top 

Quartz sands 
with pebbles 
overlain by 

clays and the 
unconsolidated 

quartz sand 

Coarse 
sands, 

gravels and 
diamictons 
overlain by  
sands and 

clays 

Clays,  
sands and 
gravels 

Present day 
ice-stream 

Sandstone 
dominated 

fill 
interpreted 

as 
turbidites 
and glaci-
turbidites. 

Valley 
floor 

contains 
striations 

Fluvioglacial 
to 

fluviodeltaic 

Unknown 

Type of 
process 

Eustatic 
drawdown 

and ?marine 
erosion 

Tunnel valley Tunnel 
valley 

Tunnel 
valley 

Cross-shelf 
trough 

Tunnel 
valley 

Tunnel 
valley 

Tunnel 
valley 

Age latest 
Devonian 

Quaternary Quaternary Quaternary Quaternary Late 
Ordovician 

Late 
Ordovician 

Late 
Palaeozoic 

 

Table 3.2.  Comparison between the architecture of the Chaguaya palaeovalley compared to modern 

and ancient examples of ice-cut valleys.   

 

The Chaguaya Ridgeline palaeovalley is relatively broader and with shallow inclined 

margins compared to published examples tunnel valleys (Table 3.2).  The sedimentary fill of 

tunnel valleys is variable.  Stewart et al. (2012) describes a seismic sequence of Quaternary 

tunnel valleys that grades upwards from subglacial/proglacial sands and diamictites into 

fine-grained marine/lacustrine clays and sands.  Another example by Clerc et al. (2013) 

highlights an ice-retreat trend from striated pavements and fully grounded ice-sheets into an 

overfilled proglacial environment.  The Gargaf Arch palaeovalley contains striations on its 

basal erosive surface (Le Heron et al. 2004).   The sedimentary fill above this striated 
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surface represents an additional example of an ice-retreat trend.   The Chaguaya Ridgeline in 

contrast records an overall ice-advance trend.  However both the architecture and 

sedimentary infill of tunnel valleys are highly variable and neither can be used to infer (or 

reject) a tunnel valley genesis (Stewart et al. 2012; Stewart et al. 2013; O’Cofaigh 1996).    

There was no evidence of ice-grounding, such as striations and tills associated with the base-

Cumaná Formation incision surface.  Rather striated pavements and diamictites are limited 

to the upper Cumaná Formation and are not associated with incision.   Therefore there is no 

conclusive evidence that incision at the base of the Cumaná Formation was caused by ice, 

for e.g. via a tunnel valley, glacial abrasion or as part of an ice-shelf trough.  Considering 

that the stratigraphy progressively shallowed immediately preceding the incision surface, the 

ultimate cause of erosion is likely subaerial or submarine erosion caused by a drop in 

accommodation space.   

 

3.11. DISCUSSION 

3.11.1. Limitations  

The main limitation of the dataset is that it represents a strike-parallel correlation panel.  It is 

therefore impossible to describe the 3-dimensional geometry of the glacigenic facies and 

incised palaeotopography.  This limitation also reduced confidence in interpretations of 

progradational and retrogradational stratal sequences, which are inferred based on 

hierarchical changes in sedimentary environments that can be correlated across the study 

area.  In addition due to the nature of the outcrop the strike of the beds is almost parallel to 

the topographic contours with the beds dipping directly into the hillside.  Therefore the 

glacigenic facies cannot be mapped in any additional detail in the study area, beyond that of 

a thin narrow band as exposed along the Chaguaya ridgeline (Figures 3.1, 3.2).  It is 

therefore difficult to get a good sense of the local palaeogeography of the Cumaná 

Formation and its basal incision from the Chaguaya study area.   

The total lateral extent of the Cumaná Formation is not known.  From initial mapping it 

appears the basal incisive surface of the Cumaná may form a palaeovalley.  Further 

geological mapping and section logging to the north of Villa Molino and also along the north 

eastern limb of the syncline, observed in Figures 3.1 and 3.2, would advance our 

understanding of this feature.  

Subglacial melt-out processes and ice-bed separation have been invoked to explain 

sandstones interbedded within diamictites and the current ripples associated with striations.  
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However the discrimination of tills into lodgement, deformation and melt-out classifications 

is based on field observations alone, which may be inadequate (van der Meer et al. 2003).   

This includes the present study which is also only based on field observations.  The addition 

of microfacies work combined with the field observations would test the hypotheses 

presented in this study in regards to the glacial depositional environments and the processes 

of deposition.   

3.11.2. Regional and global implications 

The Cumaná Formation is interpreted to be glaciomarine in this study location and in the 

Copacabana and Cumaná Peninsulas (Díaz-Martínez and Isaacson 1994).   The character of 

the Cumaná Formation however varies significantly between these three locations (Figure 

3.61).  In the Cumaná Peninsula the Cumaná Formation is associated with a coarser, higher-

energy stratigraphy and contains sandstone lithic clasts up to 5 m in diameter (Figure 3.61; 

Díaz-Martínez and Isaacson 1994; see also Appendix A).  In the Copacabana Peninsula it 

contains relatively small dropstones in shales in a lower-energy claystone (Appendix B).   

This highlights the regional complexity of the Cumaná Formation.   The Chaguaya/Villa 

Molino study area and the Cumaná Peninsula represent higher-energy and more ice-

proximal environments.  This is based on the striated pavements in the study area and the 

huge size of lithic clasts at Cumaná (Appendix A).  These localities may therefore represent 

the more marginal areas of the basin that ice was advancing into.  In contrast the Cumaná 

Formation on the Copacabana Peninsula and Isle del Sol is considerably more ice-distal and 

may represent a more basinal equivalent (Appendix B).  However it is extremely difficult to 

accurately understand the palaeogeography of the Cumaná Formation due to the tectonic 

overprinting of Andean Orogenesis (see Chapter 1).   

Presently there are three proposed highland areas that may have sourced glaciers into this 

Altiplano Basin.  These are the Puna Arch to the south, the Brazilian Shield to the northeast, 

or the Arequipa Massif to the west (Díaz-Martínez and Isaacson 1994).  Díaz-Martínez and 

Isaacson (1994) favoured a western or south western source area based on the supposed 

absence of diamictites on the northeast shore of Lake Titicaca, the reasoning of which is not 

supported by the findings of diamictites at Villa Molino.  Considering the wide extent of 

glaciation in South America and North America it is possible ice was sourced from each of 

the proposed highland areas.  This may explain why granitic and other exotic clasts are 

absent in the study area, despite being extensively represented in the Cumaná Formation in 

the Copacabana Peninsula (Díaz-Martínez and Isaacson 1994).     
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Figure 3.61.  Regional character of the Cumaná Formation in the Bolivian Altiplano around Lake 

Titicaca.  For more details on Hinchaka and the Cumaná Peninsula refer to Appendix A and B.     
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Glacial palaeovalleys are known from the Carboniferous of the Bolivian Sub-Andean and 

Chaco Basin (Bache et al. 2012) where they form petroleum systems (Eyles et al. 1995).  

The Cumaná Formation in the Cumaná Peninsula was also speculated to be confined within 

a palaeovalley on account of its limited exposure (Díaz-Martínez and Isaacson 1994).  This 

study is significant because it represents the first description of palaeotopography beneath 

the Cumaná Formation.  Incision and palaeotopographic development are now known to be 

associated with the latest Devonian glaciation event in the Bolivian Altiplano.   The 

palaeotopographic fill at Villa Molino and Chaguaya consists of glaciomarine facies 

deposited during an advance of glaciers into a shelfal marine environment.  This is 

consistent with previous descriptions of the Cumaná Formation, which was interpreted to 

record a single advance of a tidewater glacier into a marine shelfal setting (Díaz-Martínez 

and Isaacson 1994).   

The Cumaná Formation is a small part of a wider regional and global context of glaciation in 

the latest Devonian (see Chapter 2 and Figure 2.3).  The evidence suggests that the 

glaciation occurs in a restricted stratigraphic interval constrained by the range of the 

miospore Retispora lepidophyta (see Chapter 2).  Diamictites either represent a single short 

advance of ice, as observed in Appalachia and in the Copacabana Peninsula, or it persisted 

for up to 3 million years (Brezinski et al. 2010; Díaz-Martínez and Isaacson 1994; Wicander 

et al. 2011).   

 

3.12. CONCLUSIONS 

• The sedimentology and stratigraphy of the primary field area has been studied in 

detail.  This has resulted in a stratigraphic framework of depositional change, 

glaciation and sequence stratigraphy to have been interpreted.  This stratigraphic 

framework is consistent with the local lithostratigraphic nomenclature.  

• The Colpacucho Formation is an offshore open-marine claystones that records a 

transition from offshore to shoreface depositional environments in its uppermost 

part, which is interpreted as a late HST.   

• Incision and the development of palaeotopography is interpreted as a sequence 

boundary in the Latest Devonian.  The basal incision surface can be correlated for at 

least 4 km in length, is at least 110 m deep and is shallowly inclined (1.4°).  The 

exact process of incision remains unknown, but is likely to have been caused by a 

reduction in accommodation space i.e. a drop in relative sea-level.    
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• Palaeotopography was infilled by lowstand sediments of the glaciomarine Cumaná 

Formation.  The Cumaná Formation records an advance of a grounded submarine 

glacier into the study area.  Diamictites and striated pavements are interpreted to 

have been subglacial.   

• Final glacier retreat occurs at a sharp initial flooding surface at the base of the Kasa 

Formation.  The lower Kasa Formation consists of 150 m of interbedded offshore 

claystones within the transgressive systems tract in the earliest Carboniferous.   

• A regional mid Carboniferous unconformity separates the Late Devonian and Early 

Carboniferous stratigraphy from that of the Late Carboniferous/Permian Titicaca 

Group.   

• This study provides a detailed description of the latest Devonian glaciation and base 

Cumaná Formation incision in the Bolivian Altiplano.   
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Chapter 4 

Palynostratigraphy of the Chaguaya and Villa Molino 

field area 

 

4.1. INTRODUCTION AND RATIONALE 

The Late Devonian to Early Carboniferous was an important interval of change, which was 

marked by the radiation of terrestrial vegetation, mass extinctions and sea-level fluctuations 

set against the backdrop of a cooling global climate (Algeo et al. 1995; Caplan & Bustin 

1999; Caputo et al. 2008; House 2002; Isaacson et al. 2008; Kaiser et al. 2008; Montañez & 

Poulson 2013).  Multiple transgressive-regressive events occur throughout the Late 

Devonian and these can be linked with black shale formation, positive carbon isotope 

excursions and extinctions.  These events are the Kellwasser, Annulata, Dasberg and 

Hangenberg Crises (House 2002).  The Hangenberg Crisis in particular has been a recent 

focus of interest as it correlates with extensive glacial diamictite deposits observed 

throughout central South America and Appalachia (see Chapter 2; Díaz-Martínez & Isaacson 

1994; Brezinski et al., 2008, 2010; Caputo et al., 2008).   The End-Devonian Mass 

Extinction (EDME) during the Hangenberg Crisis is being recognised as a significant top-6 

level event (see Chapter 2; McGhee et al. 2012, 2013).   Regression during the Hangenberg 

Crisis is represented by the Hangenberg Sandstone Event in the Rhenish Massif (Chapter 2).  

This is related to the incision of the 100 m deep Seiler Channel in Germany and a relative 

sea-level fall of 100 m in Morocco (Bless et al. 1992; Kaiser et al. 2011).   

Despite the potential link between glaciation, eustatic changes and mass-extinction there are 

relatively few detailed sections through the latest Devonian glacial deposits.  The extinction 

of the miospores, including Retispora lepidophyta and of the marine phytoplankton 

(acritarchs/ prasinophytes) is known to occur near the Devonian/Carboniferous boundary 

(DCB), (see Chapter 2).  However the timing of marine phytoplankton extinctions and how 

it relates to glaciation remains poorly constrained (Le Hérissé et al. 2000).   

4.1.1. Aim and chapter synopsis 

Chapter 3 and these previous studies have described the Cumaná Formation and associated 

stratigraphy, which represent the latest Devonian glaciation in a high southern latitude 

section.  These have wide ranging implications in regards to mass extinction and global 



134  Chapter 4: Palynostratigraphy 

environmental change that are observed globally around the DCB (Chapter 2).  The aim of 

the current chapter is to present a detailed stratigraphic framework of the study area that is 

tied to palynological biostratigraphy. It will constrain the timing of latest Devonian 

glaciation and palynological extinctions over the DCB.  This can be used as a high-

palaeolatitude data-point against which the global record of glacioeustasy and palynological 

extinctions at the Hangenberg Crisis can be compared.   

 

4.2. METHODS  

Standard palynological techniques were employed and are detailed in Chapter 2.  The term 

‘phytoplankton’ refers collectively to acritarchs and chlorophyceae.  Miospore and 

phytoplankton relative abundances were calculated separately using only specimens 

identified to a generic or higher level.  Systematic descriptions and photomicrographs of the 

identified palynomorphs can be found in Chapter 5.   

In total 98 samples were investigated for this study, of which 23 were counted for statistical 

data.  Palynomorph preservation in Palaeozoic rocks of the Altiplano is poor (Díaz-Martínez 

et al. 1999).  Only the best preserved samples were counted for statistical data with all others 

used for presence/absence data only.  Even in the better preserved and counted samples only 

25% of specimens could on average be recognised to a generic or species level.  Relative 

abundances are therefore dependent on a small proportion of more easily identified 

specimens and hence a reduced sample size (see Chapter 1).   

Diversity indices were computed using PAST v.3.  This includes a taxonomic richness curve 

for the phytoplankton (acritarchs + prasinophytes + Quadrisporites sp.), which has been 

plotted against height and represents the sum of defined phytoplankton taxa that were 

observed in each sample.  No such diversity estimates were made for the miospore 

population due to poor preservation and a low number of identified taxa.  The taxonomic 

richness is compared against Simpson’s Index (Hammer & Harper 2006; Simpson 1949), 

which measures the evenness of a sample and is defined as: 

Simpsons Index = 1 − � = 	∑ ��	�

�

�  

Where D is dominance, ‘n’ is the number of specimens observed and ‘i’ refers to an 

individual taxa.   A value of 1 would represent maximum evenness in numbers between each 

defined taxa within a sample and 0 would be the least even i.e. the sample is totally 

comprised of a single taxon.   
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4.3. STRATIGRAPHY (AS SUMMARISED FROM CHAPTER 3) 

4.3.1. Composite stratigraphic sections 

There are three primary stratigraphic sections from the Chaguaya study area in the Bolivian 

Altiplano (Figure 4.1).  These are Chaguaya, Villa Molino and Chaguaya Ridgeline log-5 

(CR5).   Villa Molino and Chaguaya are composite sections of separate logs whose log-

tracks are shown in Figure 4.1c.  The sections are tied together via a correlatable flooding 

surface, which delimits the top of a laterally extensive sandstone ridgeline (see Chapter 3).   

In addition, three samples were collected from log CR7 have been shown at their equivalent 

stratigraphic level in Chaguaya.  Log CR5 is a single measured section which fills in a gap 

in exposure seen at Villa Molino.  Together these form a composite 1.1 km thick 

stratigraphic section of the Colpacucho, Cumaná, Kasa, Yaurichambi and basal Copacabana 

Formations.  The key for the log sections in shown in Figure 4.2.  The sections discussed in 

this chapter are Villa Molino, CR-5 (Figure 4.3) and Chaguaya (Figure 4.4) 

4.3.2.  Colpacucho Formation 

4.3.2.1.  Description 

The Colpacucho Formation is the lowest unit in the study area and is best represented in the 

Chaguaya section where it reaches 550 m in stratigraphic thickness (Figure 4.4).  Its basal 

contact is not exposed and its top contact is incised by the overlying Cumaná Formation.  

The lithology is predominately composed of claystones and subordinate interbedded 

sandstones.  The claystone facies contain siderite concretions and only rare observed 

bioturbation.  In the lower and middle parts of the Colpacucho Formation at Chaguaya there 

are two sand-rich intervals at 0 - 95 m and 240 - 330 m (Figure 4.4).  These intervals are 

heterolithic with lenticular and flaser bedding and occasional current ripples.  The second 

sand-rich interval contains hummocky/swaley cross-stratified units with undulose top-

contacts.    The top of the Colpacucho Formation coarsens upwards into sandstones; a 

sequence that is preserved at Villa Molino (Figure 4.3).   At Villa Molino these sandstones 

are massive, laminated and cross-stratified with variable bioturbation.  Bioturbation consists 

of Chondrites sp. with rare Skolithos sp.  At the very top of the Colpacucho Formation 

sandstones contain bi-directional cross-stratification.  
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Figure 4.1. Study locality. 4.1a. Bolivia and central South America. The tectonic elements are from 

Barnes et al. 2012. 4.1b. Lake Titicaca region showing location of the study area and other areas of 

interest.  4.1c. Topographic and geological map of the Villa Molino/Chaguaya field area.  4.1d. The 

mid to late Palaeozoic lithostratigraphy of the Bolivian Altiplano region (modified from Grader et al. 

2007 and Díaz-Martínez et al. 1996). 

4.3.2.2. Interpretation 

The claystone-rich intervals are interpreted as relatively distal conditions of an offshore-

marine environment.  Rare bioturbation and the lack of biomineralised macro-fossils in the 

thick claystone sequences suggest stressed conditions.  The sand-rich intervals are relatively 

proximal with undulose top contacts indicating that deposition was occasionally above storm 

wave base.  The uppermost Colpacucho Formation at Villa Molino records a shallowing 

upwards trend, which represents an offshore to shoreface transitional sequence (Chapter 3).  

The top part of this sequence preserves a tidal influence that deposited bi-directional cross-

stratification.   
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Figure 4.2.  Key for section logs and annotations.   

 

4.3.3.  Cumaná Formation 

4.3.3.1. Description 

The Cumaná Formation has a measured thickness is 58 m at Villa Molino, increasing to 140 

m at Chaguaya owing to the incisive nature of the basal contact.    The Cumaná Formation is 

prominently exposed and forms a laterally extensive sandstone ridge.  There is a small but 

correlatable conglomerate and gravelly sandstone bed at the base of the Cumaná Formation.  

This is overlain in the lower to middle formation by thickly-bedded, cross-stratified, medium 

to coarse grained sandstones and matrix-supported gravelly sandstones.  A laterally 

discontinuous claystone occurs in the central part of the Cumaná Formation east of the 

Chaguaya section.  This is generally poorly exposed as the claystone facies is recessive.  

However it was sampled at log CR7 and the samples tied to their correlative stratigraphic 

height in Chaguaya (Figure 4.4).   

Diamictite and gravelly sandstones facies are concentrated in the upper Cumaná Formation. 

The diamictites are stratified, sand-dominated and overlie striated pavements that are hosted 

upon the tops of the gravelly sandstone packages.  Soft-sediment sheared clasts were 

occasionally observed within the diamictite matrix.  Interbedded within the diamictite facies 

are thin sandstone beds, appearing as discrete stringers.  Meter-scale, channelised, laminated 

to cross-laminated sandstone beds are present in between and above diamictite beds.  
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Figure 4.3. Villa Molino composite section (left) and Chaguaya Ridgeline log 5 (CR-5; right).  These 

are tied along the basal Kasa flooding surface. See Figure 4.1 for their location.  The ranges of the 

palynological intervals are shown to the right of the sections.  
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Figure 4.4. Chaguaya composite section. The basal Kasa flooding surface is at the top of the section.  

See Figure 4.1 for its location.  The ranges of the palynological intervals are shown to the right of the 

section. 
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4.3.3.2. Interpretation 

The Cumaná Formation is interpreted as an ice-proximal glaciomarine environment.  The 

conglomeratic base of this sequence is interpreted to be the initial fill after a period of 

submarine erosion.  This created palaeotopography that was infilled by cross-stratified 

sandstones, gravelly sandstones and laterally restricted claystones.  Gravelly sandstone 

facies at Chaguaya coarsen upwards into striated pavements; a sequence interpreted as ice-

advance in a proglacial environment.   

The diamictites and striated pavements restricted to the upper Cumaná Formation represent 

subglacial conditions.  This is based on the co-occurrence of striated pavements and soft-

sediment sheared clasts.  These diamictites could be referred to as tillites, a genetic term 

restricted to sediments deposited directly beneath grounded ice-sheets (Eyles & Eyles 2010).  

Final retreat occurs at the flooding surface between the Cumaná and Kasa Formations.  A 

marine environment is shown by the presence of marine phytoplankton in the palynological 

material throughout the sequence.  Sandstones interbedded with the diamictites are the 

product of subglacial melt-out processes.   

4.3.4.  Kasa Formation 

 4.3.4.1. Description 

The Kasa Formation has a measured thickness of 239 m at Villa Molino; significantly less 

than the 600 - 1400 m thickness reported from elsewhere on the Altiplano (Díaz-Martínez 

1991, Díaz 1993).   The basal contact is a conformable and laterally correlatable flooding 

surface.  It forms a mappable feature that separates the underlying sandstones and 

diamictites of the Cumaná Formation from the claystones of the Kasa Formation.  The Kasa 

Formation can be subdivided into two units.  The lower is present at Villa Molino and CR5, 

but the upper unit is only present at Villa Molino (Figure 4.3).  The lower unit is a 149 m 

thick sequence of interbedded claystones, which contains siderite horizons and current cross-

lamination.   

The upper unit is sandstone-dominated.  Sandstones in the upper unit are cross-stratified, 

finely interbedded and with rare bioturbation on exposed bed-surfaces.  Also in the upper 

Kasa Formation are thinly interbedded matrix-supported and clast-supported conglomerate 

beds that overlie sheared contacts and which are associated with overturned laminae.  

Conglomerate beds are typically lensoid with limited lateral extent.  There is a preferred 

orientation in the clasts along a sub-horizontal fabric.  Clasts are well-rounded and primarily 

composed of locally reworked siderite nodules and rarer quartz-pebbles.   
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4.3.4.2. Interpretation 

The lower unit is interpreted as post-glacial offshore to lower shoreface depositional 

environment deposited immediately after glacier retreat.  The upper unit records the 

progradation of more proximal sandstone facies.  This coarsening and shallowing upwards 

trend through the Kasa Formation is a common pattern observed regionally on the Altiplano 

and has been interpreted as the progradation of deltaic systems into a shelfal setting (Díaz-

Martínez 1991, 1993; Diaz-Martinez & Isaacson 1994; Díaz-Martínez 1999; Isaacson et al. 

2008).   

Lensoid conglomerates, sheared contacts, overturned laminae and siderite rip-up clasts are 

interpreted as reworked density flows.  Conglomerates and diamictites in the Kasa 

Formation have been noted since Oviedo Gomez (1965).  These deposits were argued to 

have been triggered by proglacial outbursts and therefore as evidence for early 

Carboniferous glaciation (Chapter 2; Díaz 1993; Díaz-Martínez & Isaacson 1994; Isaacson 

et al. 2008).  However there is no evidence for dropstones or striated pavements associated 

these deposits at Villa Molino to support the continued existence of glaciation.  It is more 

likely that these represent density flows in an inclined pro-delta or delta-front setting.  This 

is supported by the presence of siderite rip-up clasts that would have been locally derived 

from underlying claystone deposits.   

4.3.5.  Yaurichambi Formation 

4.3.5.1. Description 

The Yaurichambi Formation (110 m) is only intermittently exposed in the Villa Molino 

section where it overlies the Kasa Formation via an erosive basal contact (Figure 4.3).  Its 

top contact is conformable with the overlying Copacabana Formation.  Recessive intervals 

are interpreted as claystone facies (Figure 4.3).   

The erosive basal contact consists of two stacked clast-supported pebble conglomerate beds.  

The clasts are moderate to well-rounded and composed of arenite and claystone lithics.  

These are associated with a palaeosol bed at 445 m height in Villa Molino, which has a 

mottled and nodular texture.  There is a second channelised coarse sandstone and 

conglomerate bed at 480 m in the Villa Molino section.  The stratigraphy between 500-535 

m at Villa Molino consists of interbedded claystones and sandstones with trough cross-

lamination and climbing ripples.   
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 4.3.5.2. Interpretation 

The Yaurichambi Formation is interpreted as a coastal plain and/or alluvial environment.   

Erosion at the base of the Yaurichambi Formation was likely to be sub-aerial based on its 

close association with a palaeosol unit.  Claystones are interpreted as inter-channel deposits 

that were incised by channels, which deposited the sandstones.  Incision is shown by basal 

clast-supported units that represent erosion.  Present within the sandstone channels are 

climbing and trough-cross laminations that are interpreted as sinuous current ripples.   

Climbing ripples represent high-velocity unidirectional currents with high aggradation rates 

within these channels.   

There is no evidence for the Siripaci Formation in the study area and so it is likely to have 

been removed by subaerial erosion at the base of the Yaurichambi Formation.  This is 

supported by the reduced thickness of the Kasa Formation relative to other sections on the 

Altiplano, indicating that the study area was deeply incised by the mid-Carboniferous 

unconformity.   

4.3.6.  Copacabana Formation.  

 4.3.6.1. Description 

Only the basal part of the carbonate Copacabana Formation was logged at Villa Molino 

(Figure 4.3).  At its base it is composed of fine grained carbonates with calcite vugs and thin 

interbedded claystones.  

 4. 3.6.2. Interpretation 

The base of the first carbonate is interpreted as a flooding surface.  The transition into a 

carbonate dominated section represents retrogradation of the siliciclastic system.  Grader et 

al. (2008) describes the Copacabana Formation in more detail and provides a continuation of 

the Villa Molino section in their figure 9 (p. 155).   

 

4.4. PALYNOSTRATIGRAPHY 

4.4.1. Presence and absence data and the assemblage-defining taxa 

Presence and absence data of all identified palynomorph taxa are shown in Tables 4.1, 4.2, 

4.3.  The majority of Chaguaya samples have few identifiable taxa, especially within the 

spore fraction.  This is due to poor preservation and a relative dominance by opaque 

phytoclasts in the lower parts of the Chaguaya section.  It is not until the first occurrence of 
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Retispora lepidophyta in sample Ch-110 that there is a gradual increase in palynomorph 

abundance and increasingly better preservation (Table 4.2).  It is here within the upper parts 

of the Colpacucho Formation that the majority of spore and phytoplankton first occurrences 

(FOs) occur.  Many of these species persist into the Cumaná and Kasa Formations.   

Despite issues with palynological preservation key taxa were recognised consistently and 

abundantly through the section.  These are the miospore R. lepidophyta and the acritarchs 

Umbellisphaeridium saharicum and Gorgonisphaeridium spp.  The relative abundance of 

these three taxa allows for a series of distinct palynological assemblages to be defined.    

 

 

Table 4.1. Palynological occurrences for samples Ch-1 to Ch-109 in the Chaguaya section.  See 

Figure 5.4 for their stratigraphic positioning.  The arrows at the right of the table indicate range 

extensions.  Gp = group. 
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Table 4.2. Palynological occurrences of miospore taxa for samples Ch-110 to VM-37.  See Figure 5.3 

for their stratigraphic positioning.  The red line is the interpreted Devonian/Carboniferous boundary.  
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Table 4.3. Table of palynological occurrences of acritarch, prasinophyta and chitinozoan taxa within 

samples Ch-110 to VM-37.  See Figures 5.3 and 5.4 for their stratigraphic positioning.  These samples 

are ordered based on stratigraphic height relative to the base Kasa Formation flooding surface. The 

red line is the interpreted Devonian/Carboniferous boundary.  Gp = group.  
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4.4.2. Degraded and phytoclast-rich interval 

This interval is defined from the base of the Chaguaya section until the first occurrence of R. 

lepidophyta at 378 m height in the Colpacucho Formation (Figure 4.4).   It is dominated by 

opaque angular phytoclasts and highly degraded palynomorphs. No counts could be made of 

this interval.  The degraded palynomorphs are translucent to opaque.  This could be the 

effects of poor preservation combined with increasing thermal maturity lower down in the 

section.  

Spores are present but too degraded for confident assignment.  These include Cymbosporites 

sp. and Spelaeotriletes sp.  Recognisable phytoplankton taxa are those with distinctive 

outlines and/or processes, such as the Veryhachium trispinosum group, Veryhachium lardii 

group, Maranhites mosesii, Gorgonisphaeridium spp., Quadrisporites sp. and U. saharicum 

(Table 4.1).  Very rare and degraded chitinozoans are represented by Angochitina sp. and 

Fungochitina sp.   

4.4.3. Assemblage 1: R. lepidophyta/U. saharicum 

The vertical extent of Assemblage 1 is defined by the range of R. lepidophyta.  Above the 

inception of R. lepidophyta in sample Ch-110 the assemblage becomes increasingly more 

palynomorph-rich and better preserved, such that quantitative counts could be attempted for 

(Table 4.2 and 4.3).  The assemblage is characterised by the high relative abundances of R. 

lepidophyta and U. saharicum; both comprising up to 1/3 of the miospore and phytoplankton 

counts respectively (Tables 4.4 and 4.5).  The upper limit is defined by the last counted 

occurrence of R. lepidophyta and the sudden decline of U. saharicum between samples CR5-

3 and CR5-13.  

The spore fraction is poorly preserved and difficult to fully speciate.  It is of low relative 

diversity and, with the exception of R. lepidophyta, it is dominated by simple-walled and 

non-apiculate taxa such as Punctatisporites sp., Calamospora sp. and Leiotriletes sp. (Figure 

4.5).  Overall these three genera comprise one half of the spore fraction in this assemblage 

(Table 4.4).  Rare diagnostic taxa identified include Indotriradites explanatus, Densosporites 

annulatus, Emphanisporites rotatus, Retusotriletes incohatus and Vallatisporites sp.    The 

inception of the miospore I. explanatus occurs in sample Ch-123 and defines the base of the 

LE spore zone in Western Europe (see Chapter 2).   

The acritarchs and prasinophytes are relatively diverse throughout Assemblage 1, which is 

seen in the taxonomic richness and Simpson’s diversity estimates (Figure 4.6).  This diverse 

assemblage is characterised by U. saharicum and to a lesser extent U. deflandrei.  The 



Chapter 4: Palynostratigraphy  147 

assemblage also includes Gorgonisphaeridium spp., M. mosesii, V. trispinosum group, V. 

lardii group, Pterospermella spp., D. radiata and E. irregulare (Table 4.5).  Rare taxa 

include Pyloferites pentagonale, Stellinium micropolygonale and Schizocystia sp. 1.   

 

Figure 4.5.  Relative abundance of miospore groups against stratigraphic height.  4.5a. 

Chronostratigraphy.  4.5b. Lithostratigraphy.  Fm = Formation.  Ya = Yaurichambi Formation.  4.5c. 

Sequence stratigraphic interpretation.  4.5d. Measured stratigraphic sections.  4.5e. Relative 

abundances. Apiculate = sum relative abundance of Apiculatisporites sp., Apiculiretusispora sp. and 

Anapiculatisporites sp.  4.5f. Quantitatively defined palynological assemblages. 
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Table 4.4. Spore populations by assemblage 

 

Table 4.5. Phytoplankton populations by assemblage.  Assemblage 3 is not shown as only four 

specimens of Quadrisporites sp. were present in the counts.   

 

 

 

 

Spore populations by assemblage 

Assemblage 1 % Assemblage 2 % Assemblage 3 % 
R. lepidophyta  32 Punctatisporites sp. 32 Punctatisporites sp. 33 
Punctatisporites sp. 23 Calamospora sp. 18 Leiotriletes sp.  17 
Calamospora sp. 19 Raistrickia sp. 18 Apiculatisporites sp. 11 
Leiotriletes sp. 7 Leiotriletes sp. 12 Retusotriletes sp. 10 
Indotriradites sp. 4 Convolutispora sp. 6 Calamospora sp. 8 

6 Cymbosporites sp.  3 Apiculiretusispora sp. 4 Anapiculatisporites sp. 
Retusotriletes incohatus 2 Anapiculatisporites sp. 3 Apiculiretusispora sp. 4 
Densosporites 
annulatus 1 Apiculatisporites sp. 3 Raistrickia sp. 3 
Emphanisporites 
rotatus 1 Retusotriletes sp. 2 Other (≤ 1 %) 8 
Apiculiretusispora sp. 1 Other (≤ 1 %) 3 
Auroraspora sp. 1 
Grandispora sp.  1 
Other (≤ 1 %) 5 

N=220 N=109 N=72 

Phytoplankton populations by assemblage 

Assemblage 1 % Assemblage 2 % 
Umbellisphaeridium saharicum 27 Gorgonisphaeridium spp.  73 
Gorgonisphaeridium spp.  14 Veryhachium trispinosum group 7 
Maranhites mosesii 10 Quadrisporites sp.  5 
Pterospermella  spp. 9 Micrhystridium breve group 4 
Umbellisphaeridium deflandrei 9 Micrhystridium pentagonale group 2 
Veryhachium  trispinosum group 8 Maranhites mosesii 2 
Duvernaysphaera radiata 5 Muraticavea sp. 2 
Exochoderma irregulare 3 Veryhachium lardii group 1 
Gorgonisphaeridium winslowiae 3 Leiosphere sp. 1 
Incertae sedis: 1  2 Pterospermella spp.  1 
Multiplicisphaeridium sp. 2 Stellinium micropolygonale  1 

Leiosphere sp. 2 Umbellisphaeridium saharicum 1 
Veryhachium  lardii group 2 Other (<1%) 1 
Pyloferites pentagonale 1 
Lophosphaeridium sp. 1 
Stellinium micropolygonale  1 
Quadrisporites sp. 1 
Other (<1%) 2 

N=640 N=241 
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4.4.4. Assemblage 2: Gorgonisphaeridium spp. dominated 

The base of Assemblage 2 is the last counted occurrence of R. lepidophyta.  Synchronous 

with the extinction of R. lepidophyta there is a collapse in phytoplankton abundances and 

diversity (Figure 4.6).  Gorgonisphaeridium spp. exhibits a sudden and significant increase 

in relative abundance through Assemblage 2.  An exception to this is sample CR5-19, which 

has a high relative abundance of V. trispinosum Group and M. breve group; 13 % and 33 % 

respectively compared to the 41 % relative abundance of Gorgonisphaeridium spp.  Overall 

Gorgonisphaeridium spp. dominates the counts throughout the lower Kasa Formation, 

comprising just over 70% of all identified phytoplankton specimens and defines Assemblage 

2 (Table 4.5).   

Simple non-apiculate miospores such as Punctatisporites sp., Calamospora sp. and 

Leiotriletes sp. remain abundant and comprise over 60% of the miospore counts in 

Assemblage 2 (Table 4.4; Figure 4.8).  There is a relative increase in thin-walled apiculate 

miospores such as Anapiculatisporites sp., Apiculatisporites sp. and Apiculiretusispora sp. 

and also sculptured forms such as Raistrickia sp. (Table 4.4; Figure 4.5).  This increase is 

small but clearly seen in the relative abundance data (Figure 4.5- ‘apiculate’).   The FO of 

Anapiculatisporites semicuspidatus is in sample VM-17 (Table 4.2).   

The characteristic acritarch and prasinophyte taxa common in Assemblage 1 are either 

extremely rare or absent in Assemblage 2 (Table 4.5).  Those species which disappear 

entirely include E. irregulare, Gorgonisphaeridium winslowiae, Incertae sedis 1, 

Schizocystia sp. 1, S. comptum and Stellinium sp. 1 (Table 4.3).   The following taxa persist 

into Assemblage 2, but in extremely reduced numbers: D. radiata, Horologinella 

quadrispina, Lophosphaeridium sp., M. mosesii, Micrhystridium sp., Pterospermella spp., 

Pyloferites pentagonale, Stellinium micropolygonale, U. deflandrei and U. saharicum (Table 

4.5 and Figure 4.6).   

Associated with Gorgonisphaeridium spp. are the long-lived Palaeozoic to Mesozoic genera 

Veryhachium spp., Micrhystridium spp. and Quadrisporites sp.  These are minor 

components of Assemblage 2, but are seemingly unaffected by loss in phytoplankton 

diversity between Assemblage 1 and 2 (Table 4.5 and Figure 4.6).   
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Figure 4.6.  Relative abundance of phytoplankton groups against stratigraphic height.  4.6a. 

Chronostratigraphy.  4.6b. Lithostratigraphy.  Fm = Formation.  Ya = Yaurichambi Formation.  4.6c. 

Sequence stratigraphic interpretation.  4.6d. Measured stratigraphic sections. 4.6e. Relative 

abundances.  4.6f.  Diversity estimates.  4.6g. Quantitatively defined palynological assemblages. 
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4.4.5. Assemblage 3: spore dominated 

This assemblage is coincident with the progradation of deltaic facies into the study area as 

represented by the upper part of the Kasa Formation.  Assemblage 3 is spore-dominated with 

extremely rare specimens of Quadrisporites sp. present in the counts.  However sporadic 

specimens of other marine phytoplankton species were observed in the presence/absence 

data (Table 4.3).   

The miospores are difficult to identify due to poor preservation through Assemblage 3.  

However Punctatisporites sp., Leiotriletes sp. and Calamospora sp. were common and 

comprise 49% of the miospore count (Table 4.4).  The other 48 % are mostly thin-walled 

apiculate genera such as Anapiculatisporites sp., Apiculatisporites sp., Apiculiretusispora 

spp. and Raistrickia sp.   

The following miospore species were observed in Assemblage 3, but are rare, sometimes 

only as single occurrences: Anapiculatisporites ampullaceus, cf. Claytonispora sp., 

Indotriradites dolianitii morphon, Indotriradites viriosus, Raistrickia sp. 1 and Waltzispora 

lanzonii.   

There was also badly preserved Neoraistrickia sp., Raistrickia sp. and Spelaeotriletes sp. 

specimens.  Some specimens of Neoraistrickia appear similar to N. loganensis.  Similarly, 

rare specimens of Raistrickia sp. appear to have raised pilate processes similar to R. clavata.   

The occasional specimens of Spelaeotriletes sp. may represent S. balteatus.  However the 

rarity and poor preservation of these specimens means they cannot be speciated with 

confidence.   

There are several miospore species that have their FOs within this assemblage, but which are 

known from the Latest Devonian, which include: Aratrisporites saharaensis, Convolutispora 

major, Verrucosisporites congestus and Verrucosisporites depressus (Playford & Melo 

2012).  

4.4.6. Pollen-dominated assemblage 

The single sample from the basal part of the Copacabana Formation was dominated by 

striate and non-striate pollen grains that include Vittatina sp., Potoniesporites sp. and 

Protohaploxypinus sp.   No acritarchs or prasinophytes were present.  
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4.5. AGE DETERMINATION  

4.5.1. Degraded and phytoclast rich assemblage; Frasnian-Famennian 

Determining the age of the degraded, phytoclast rich interval is difficult due to the low 

number of recognised taxa.  There is no observable stratigraphic gap in the sequence in 

Chaguaya so a Famennian age is probable for the lower sequences.   This is supported by the 

presence of M. mosesii, P. pentagonale and U. saharicum (Le Hérissé et al. 2000).  The rare 

and degraded chitinozoa were not clearly identifiable to species level and so could not 

provide extra biostratigraphic constraints, however they do cluster at the base of the 

Chaguaya section.   

4.5.2. Assemblage 1; latest Famennian and the Devonian / Carboniferous boundary 

(DCB) 

The range of R. lepidophyta defines the latest Famennian, which occurs through the upper 

Colpacucho, Cumaná and lowermost Kasa Formations.  This comprises the LL-LE-LN 

zones of Western Europe and the Rle and LVa zones of the Amazonas Basin (Streel et al. 

1987; Maziane et al. 1999; Melo & Loboziak 2003; Melo & Playford 2012).  Its range can 

be further subdivided into an LE equivalent that begins with the FO of I. explanatus in 

sample Ch-123 (Table 4.2).  The bases of the LN and/or LVa spore zones are not clear.  A 

single identifiable V. nitidus in sample CR7-3 however allows the acme of glaciation in the 

Cumaná Formation to be correlated with the LN zone of Western Europe (Figure 4.5).  

Specimens of Vallatisporites sp. could not be more confidently identified owing to their 

poor preservation and low abundance (see Chapter 5).   

The last counted occurrence of R. lepidophyta at 12 m in CR5 occurs in the lowermost Kasa 

Formation defines the de facto DCB.  It should be noted that R. lepidophyta was 

occasionally and rarely observed above the boundary, but was not amongst the quantitative 

counts (Table 4.2 and Figure 4.5).  Younger occurrences of R. lepidophyta were observed in 

the Mississippian of the Amazonas Basin and thought to be reworked (Melo & Playford 

2012).  There are two possibilities available; 1) all specimens above the DCB are reworked 

or 2) that the population suffered a collapse at the DCB with the remaining population 

suffering final extinction at some point in the earliest Carboniferous.  The extinction of R. 

lepidophyta is synchronous with the overturn in phytoplankton populations (Figure 4.6).    

4.5.3. Assemblage 2 and 3: Tournaisian 

Assemblages 2 and 3 in the Kasa Formation remain undifferentiated Tournaisian due to the 

rare and poorly-preserved occurrences of biozonally important taxa.  The FO of A. 
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semicuspidatus occurs in sample VM-17 and a single W. lanzonii o in sample VM-32.  

These miospore species are restricted to the Tournaisian AL-PD miospore zones in the 

Amazon Basin (see Playford & Melo 2012; Melo & Playford 2012).   

Several miospore specimens of rare, degraded and uncertain origin occur in Assemblage 3 of 

the upper Kasa Formation.  These include (?)N. loganensis, (?)S. balteatus and (?)R. clavata.   

Díaz-Martínez et al. (1999) also reported Dibolisporites distinctus and Raistrickia clavata in 

their sample 9b from the Kasa Formation at Villa Molino.  These species were not observed 

in this study, but if present they would suggest a mid to late Tournaisian age (PC/PD zones).  

If the uncertain specimens were accepted as N. loganensis, S. balteatus and R. clavata then 

this would also suggest a PC/PD age for the upper Kasa Formation.  This is interesting as the 

FO W. lanzonii, which occurs at a similar stratigraphic height in the upper Kasa Formation, 

should define the base of the older AL spore zone in the early Tournaisian.   

4.5.4. Yaurichambi Copacabana Formations; (?)Pennsylvanian to Cisuralian. 

Sample VM-53 taken in the basal Copacabana Formation is Early Permian (Cisuralian) in 

age based on the presence of Vittatina sp.  The constituent species of this genus are 

characteristic of the VcZ biozone in the Cisuralian (di Pasquo et al. 2014).  

 

4.6. SEQUENCE STRATIGRAPHIC INTERPRETATION 

The erosive basal contacts of the Cumaná and Yaurichambi Formations are interpreted as 

sequence boundaries (SB1 and SB2) that divide the stratigraphy into three sequences (Figure 

4.7).  The first sequence comprises the Late to latest Devonian Colpacucho Formation.  

There is no obvious incision or Maximum Flooding Surface (MFS) that can be defined 

within this sequence.  As such, the two sand-rich intervals observed in the Colpacucho 

Formation at Chaguaya are tentatively interpreted as progradational parasequences (Figure 

4.4).  The final parasequence in the Colpacucho Formation is constrained to the LE-(?)LN 

biozones.  It represents progradation and an offshore to shoreface transitional sequence 

within the late Highstand Systems Tract (HST) (Figure 4.3 and 4.4).  

SB1 at the base of the Cumaná Formation is incisive and forms a palaeo-relief.  The 

glaciomarine infill is interpreted as a glacioeustatic Lowstand Systems Tract (LST) 

constrained immediately below the DCB within the LN zone.  The LST is terminated by a 

laterally correlatable flooding surface at the base of the Kasa Formation which represents a 

post-glacial Transgressive Systems Tract (TST).  Post-glacial transgression begins in the 

latest Famennian and continues over the interpreted DCB.  The upper Kasa represents 
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progradation and is interpreted as a HST in the Tournaisian Stage.  There is no obvious MFS 

within the lithostratigraphy to delimit the boundary between the TST and HST.    However 

progradation is supported by the palynostratigraphy, which shows a terrestrially-derived 

spore-dominated assemblage in the upper Kasa Formation (Assemblage 3).  As the lowest 

collected sample (VM-28) in the upper Kasa Formation marks the observed lower limit of 

the spore-dominated assemblage the MFS has been constrained to the stratigraphic gap 

between 310 - 338 m in the Villa Molino section.   

SB2 at the base of the Yaurichambi Formation is not a eustatic signal, but instead represents 

a regional mid-Carboniferous unconformity (Grader et al. 2007; Grader et al. 2008).  The 

Yaurichambi Formation is a terrestrial LST deposit that continues until an early Permian 

flooding surface at the base of the Copacabana Formation.   

 

4.7. DISCUSSION 

4.7.1. Implications for palynological biostratigraphy 

The study has highlighted several limitations in palynological biostratigraphy for the 

Bolivian Altiplano, which is primarily a result of overall poor preservation and rarity of 

biozone-defining miospore species.  The rare nature of V. nitidus and W. lanzonii is an issue 

as their single occurrences do represent their true range, but may rather represent their acme 

when they are statistically more likely to be observed, i.e. a Signor-Lipps effect (Signor & 

Lipps 1982).  Similarly in the spore-dominated Assemblage 3 there are the first observed 

occurrences of rare miospores which are known to range from the latest Devonian to Early 

Carboniferous in Brazil (Melo & Playford 2012).  This is likely the result of a facies change 

into a relatively proximal depositional environment, which increased the relative proportion 

of the spore fraction and therefore the likelihood of observing rare taxa.  As this stratigraphic 

interval is associated with debris flows in the upper Kasa Formation there is also the 

possibility of palynological reworking down the palaeoslope.   

In the present study there is 160 m of section between the LO of R. lepidophyta and the 

single specimen of W. lanzonii (Figure 4.5).   In the Amazonas Basin the FO of W. lanzonii 

defines the base of the AL miospore zone and is coincident with the DCB (Melo & Playford 

2003).  However the DCB is now considered to be the result of erosional truncation in the 

reference wells for the Amazon Basin miospore scheme (Melo & Playford 2012).   This is 

based entirely on miospore evidence, such as the AL miospore zone containing a reworked 

Late Devonian flora, but also on a more precise correlation of the AL zone to the HD 
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miospore zone in Western Europe (Melo & Playford 2012).   This is supported by the results 

of this study, which shows that W. lanzonii has a first occurrence significantly above the 

DCB in the Bolivian Altiplano.   

The DCB is well defined by the coincident loss of R. lepidophyta and U. saharicum.  These 

extinctions are synchronous with the collapse of phytoplankton diversity and assemblage 

turnover.  Importantly, these changes are restricted to the initial part of the post-glacial 

transgression, which links palynological extinctions to a post-glacial warming climate.  

Therefore the DCB as defined by palynological extinctions can be linked to global 

palaeoclimatic and glacioeustatic changes.  

4.7.2. Wider global correlation 

The glaciomarine LST and evidence for grounded ice is unequivocally LN in age and is 

entirely constrained beneath the DCB.  This correlates with regression immediately below 

the DCB widely recognised in Europe (Bless et al. 1992; Kaiser et al. 2006; Kumpan et al. 

2013, 2014), Morocco (Kaiser et al. 2011), North America (Brezinski et al. 2010) and the 

Central Asian Orogenic Belt (Carmichael et al. 2015).  Regression at this time has been 

studied in detail in the Rhenish Massif, where it is referred to as the Hangenberg Sandstone 

event (Chapter 2; Kaiser et al. 2011, 2015; Becker et al. 2015).  That glaciation is associated 

with marine erosion and palaeovalley development globally means that this study represents 

the glacioeustatic control on this observed regression observed elsewhere.  The Hangenberg 

Sandstone Event is associated with around 100 m of incision, which formed the Seiler 

channel in the Rhenish Massif (Bless et al. 1992).  There is no lithological evidence for an 

anoxic black shale event below the Cumaná Formation.  As such the Hangenberg Black 

Shale Event sensu stricto cannot be correlated into the Bolivian Altiplano.   

This study suggests that latest Devonian glaciation was short and entirely constrained to 

within a single advance of glaciers.  This interpretation is consistent with the record of the 

Cumaná Formation from Isle del Sol and Copacabana Peninsula, which represents a single 

advance of glaciers into a marine setting (Díaz-Martínez et al. 1994).  Diamictite deposits in 

Appalachia are also constrained to a single glacial cycle (Brezinski et al. 2010).  The results 

of this study contrast however with those of coincident glacial strata in the Bermejo section, 

Subandean zone (Wicander et al. 2011).  Here, palynological data suggests an extended LL-

LE-LN zonal range of glaciation.  Glacial centres may have existed in limited geographic 

areas in the latest Famennian (such as in the Subandean zone) before reaching an acme in the 

LN zone immediately below the DCB.  
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Figure 4.7.  Stratigraphic, palynostratigraphic and sequence-stratigraphic summary of the Chaguaya 

Ridgeline study area compared to global events.  This is compared to the record from the Rhenish 

Massif (Kaiser et al. 2011).  

 

4.8. CONCLUSIONS 

• The DCB can be positively identified on the extinction of R. lepidophyta and U. 

saharicum.   

• High relative sea-level through the latest Famennian is punctuated by a 

glacioeustatic lowstand in the LN zone, represented by diamictites of the Cumaná 

Formation.   This represents a single advance of glaciation and represents the 

glacioeustatic control on the Hangenberg Sandstone event.   

• Glacier retreat and transgression begins in the uppermost LN zone and continued 

over the DCB.   

• The glacial record in this study contrasts with the Subandean Bermejo section, 

which suggests an expanded age of glaciation through the LL-LE-LN zonal range.   
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• Spore and phytoplankton assemblages show no significant change through the 

glaciation event.  Instead the extinction of R. lepidophyta and a collapse in 

phytoplankton diversity occur in the initial stages of post-glacial transgression  

• These palynological changes represent a proxy for the DCB that is tied to 

palaeoclimatic and glacioeustatic changes, which have been widely recognised 

globally.   
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Chapter 5  

Systematic palynology 

 

5.1.  INTRODUCTION 

The sedimentology, stratigraphy and palynostratigraphy of the study area have been 

described in detail in Chapters 3 and 4.  In addition, the stratigraphy here has been 

referred to in previously published literature (see Díaz-Martínez et al. 1999; Díaz-

Martínez and Isaacson 1994; Grader et al. 2007; 2008).  The aim Chapter 5 is to 

provide systematic descriptions and photomicrograph plates of the palynological 

taxa observed from this study.  These provide the background definitions that 

underpin and support the palynostratigraphic and biostratigraphic interpretations 

discussed in Chapter 4.   Only those taxa that were consistently observed and 

confidently identified are included.   

 

5.2.  LIST OF TAXA 

5.2.1. Division Chlorophyta  

Cymatiosphaera ambotrocha (Deunff-Riegel) Wicander and Loeblich 

1977  

Duvernaysphaera radiata Brito 1967 

Maranhites mosesii (Brito) González 2009 

Pterospermella spp.  

Quadrisporites sp. 

5.2.2. Group Acritarcha  

Chomotriletes vedugensis Naumova 1953 

Evittia sommeri Brito 1967 

Exochoderma irregulare Wicander 1974 

Gorgonisphaeridium spp. 

Gorgonisphaeridium winslowiae Staplin et al. 1965 
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Horologinella quadrispina Jardiné et al. 1972 

Incertae sedis: 1 (diaphanous tubes) 

Incertae sedis: 2 (ringed) 

Lophosphaeridium sp.  

Micrhystridium breve Group  

Micrhystridium pentagonale Group  

Multiplicisphaeridium sp. 

Petrovina connata 

Pyloferites pentagonalis de Quadros 1999 

Schizocystia sp. 1  

Stellinium comptum Wicander and Loeblich 1977  

Stellinium micropolygonale (Stockmans and Williére) Playford, 1977. 

Stellinium sp. 1 

Trilobus sp.  

Umbellisphaeridium deflandrei (Moreau-Benoit) Jardine et al. 1972 

Umbellisphaeridium saharicum Jardine et al. 1974 

Veryhachium lairdii Group  

Veryhachium trispinosum Group 

5.2.3 Group Chitinozoa 

Angochitina sp.  

Chitinozoan indet.  

5.2.4. Anteturma Sporinites  

Anapiculatisporites ampullaceus (Hacquebard, 1957) Playford 1964 

Anapiculatisporites semicuspidatus Playford and Melo 2012 

Ancyrospora sp. 

Apiculatisporites quadrosii Playford and Melo 2012 

Auroraspora sp.  

Calamospora sp.  

cf. Claytonispora sp. 

Convolutispora sp.  

Cymbosporites sp. 

Densosporites annulatus (Loose, 1932) Smith and Butterworth 1967 
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Emphanisporites rotatus (McGregor) McGregor 1973 

Endosporites angustus Hacquebard 1957 

Grandispora protea (Naumova) Moreau-Benoit 1980 

Hystricosporites sp. 

Indotriradites dolianitii morphon (Daemon) Loboziak et al. 1999 

Indotriradites explanatus (Luber, 1941) Playford 1991 

Indotriradites viriosus Melo and Playford 2012 

Knoxisporites literatus (Waltz) Playford 1962 

Knoxisporites triangularis Higgs et al. 1988 

Knoxisporites triradiatus Hoffmeister et al. 1955 

Leiotriletes sp. 

Leiotriletes struniensis Moreau-Benoit 1979 

Neoraistrickia sp. 

Punctatisporites sp.  

Raistrickia sp.  

Raistrickia sp. 1 

Raistrickia sp. 1 

Retispora lepidophyta (Kedo) Playford 1976 

Retusotriletes crassus Clayton 1980 

Retusotriletes incohatus Sullivan 1964 

Spelaeotriletes sp.  

Tumulispora rarituberculata (Kedo) Turnau 1978 

Vallatisporites banffensis Staplin and Jansonius 1964 

Vallatisporites sp. 

Verrucosisporites congestus Playford 1964 

Verrucosisporites depressus Winslow 1962 

Verrucosisporites nitidus (Naumova) Playford 1964 

Waltzispora lanzonii Daemon 1974 

Waltzispora sp. 1 
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5.3. SYSTEMATIC PALYNOLOGY 

Division CHLOROPHYTA Pascher 1914 

Class CHLOROPHYCEAE 

Family SCENEDESNACEAE 

 

Genus QUADRISPORITES Hennelly 1958, ex Potonié and Lele emend. Amenábar 

et al. 2006 

Type species: Quadrisporites horridus (Hennelly) Potonié and Lele 1961 

Diagnosis:  (From Amenábar et al. 2006). A colony of four vesicles arranged in 

a tetragonal tetrad with a variable contact zone between each vesicle.  Excystment is 

via a longitudinal slit across the distal surface.   

Remarks:  The genus was initially thought to be the product of vascular land 

plants by Hennelly (1958) and later to be Cryptospores by Strother (1991).  It has 

since been considered to be a Chlorophyte (Family: Scenedesnaceae) based on its 

similarity to the present day genus Tetrastrum Chodat 1895 (Batten 1996).    

The emendation of Amenábar et al. (2006) included laevigate forms, which 

made Tetraletes Cramer 1966 and Disectispora Tiwari and Navale 1989 junior 

synonyms.   

 

Quadrisporites sp.          Plate 1 fig. 1-5 

Description:  A colony of four spherical vesicles arranged in a tetragonal tetrad.  

Each vesicle is always consistent in size and surface texture/ornamentation within a 

single specimen.  A distal excystment structure is typically observed on each vesicle.  

The colony can have a quadrate outline or alternatively is elongated along one axis 

producing a more diamond shape.  Laevigate, granulate and baculate forms 

observed.  The central contact point can be gaping or closed.  Contact zone of 

variable thickness.   

Dimensions:  33 (52) 78 µm.  N=15 

Remarks:  A taxonomic investigation of Quadrisporites sp. was beyond the scope 

of this PhD project.  An open designation was preferred due to the morphological 

variation observed.  Some specimens appear very similar to the type species Q. 

horridus, a common form from the Permian (Lei et al. 2013).   
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Occurrence:  This genus is present throughout the stratigraphy but in typically 

low proportions.  Formations - Colpacucho, Cumaná, lower Kasa, upper Kasa.  

Global Occurrence:  Quadrisporites is typical of Permo-Triassic sequences (e.g. 

Smaniotto et al. 2006) but species have been recorded in the Silurian and Early 

Devonian (see remarks in Amenábar et al. 2006).  A similar specimen was named 

“Algal coenobium” by Díaz-Martínez et al. (1999) in a sample from Villa Molino 

(their Plate 1, fig. 8 and Plate 4, fig. 3).   

 

Family HYDRODICTYACEAE (Gray) Dumortier 1829 

 

Genus PETROVINA  

Type species:  Petrovina connata Oliveira and Burjack, 1996. 

 

Petrovina connata Oliveira and Burjack 1996         Plate 1. fig. 6 

1996 Petrovina connata n. sp. Oliveira and Burjack, p. 147, Pl. 1, figs. 1-6, Pl. 12, figs. 1-
2 

Holotype:  Slide DGUFG-55, England Finder coordinates N44/1, Departamento 

de Geografia do Instituto de Química e Geosciências da Universidade Federal de 

Gois, Brazil.  

Description:  A circular shaped colonial species with 7 rounded vesicles.  

Vesicles appear laevigate and single-walled and have crinkled tapering folds. 

Remarks:  The acme of this species in the Frasnian is a useful biostratigraphic 

marker in Bolivia and Brazil (Troth et al. 2011).   At Bermejo the range of P. 

connata was restricted to the Frasnian Iquiri Formation (Troth et al. 2006).  Its 

younger stratigraphic occurrence here in the Altiplano is interesting and may be due 

to reworking.   

 

Class PRASINOPHYCEAE Christensen 1962 

 

Genus CYMATIOSPHAERA O. Wetzel ex Deflandre 1954 

Type species:  Cymatiosphaera radiata (Wetzel) Deflandre 1954 

Diagnosis:  (From Playford 1977).  Vesicle is circular to ellipsoidal in outline and 

hollow. Surface has a uniform and distinct reticulation defined by diaphanous muri 
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that separate polygonal lacunae. The surface is usually smooth, but can have a fine 

ornamentation.  

Comparison:  Cymatiosphaeropsis Mädler 1963, was regarded by Playford (1977) 

to be a junior synonym of Cymatiosphaera that has a fine ornamentation of grana, 

punctae and tubercles.  Dictyotidium Eisenack emend. Staplin 1961, has lower muri 

than Cymatiosphaera.  Finally Muraticavea Wicander 1974, is distinguished by 

having lacunae separated by high ridges, which are formed by folding of the vesicle 

wall (Wicander 1974).  

 

Cymatiosphaera ambotrocha Wicander and Loeblich 1977         Plate 1 fig. 7 

 1974 Cymatiosphaera cf. canadensis Deunff-Riegel, p. 36, Pl. 1, fig. 11 
1977 Cymatiosphaera ambotrocha Wicander and Loeblich, p. 135-136, Pl. 1, figs. 3-6 

Diagnosis:  (From Wicander and Loeblich 1977).  This is a circular species of 

Cymatiosphaera where the diaphanous muri divide each hemisphere into five 

polygonal lacunae.  The muri radiate from central five-sided lacuna.  In transparent 

specimens ten lacunae radiating from the central field are visible (five from each 

hemisphere).  The surface texture is granulate.   

Description:   Subrounded circular vesicle with a degraded laevigate surface.  

Each hemisphere divided into ten 4-sided polygonal lacunae, which radiate outwards 

from a central lacuna (4 - 5 sided).  The central lacuna is 10 - 13 µm in diameter.  

Each field is separated by high diaphanous ridges, which meet at the equator and 

grade into an equatorial flange.  The diaphanous ridges are poorly preserved, but 

reach a maximum height of 10 µm.  

Dimensions:   Vesicle diameter = 35 (45) 50 µm.  N=4 

Remarks:  The specimens described in this study are laevigate, in contrast to the 

diagnosis provided by Wicander and Loeblich (1977), which described granulate 

forms.   

Occurrence:  Rare occurrences in the Colpacucho and Cumaná Formations of the 

Late Devonian.  

Global occurrence:  From the Late Devonian of North and South America 

(Wicander and Loeblich 1977; Wicander et al. 2011).   Wicander and Playford 

(2013) show its last occurrence in the latest Devonian.   
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Genus DUVERNAYSPHAERA Staplin emend. Deunff 1964 

Type species:  Duvernaysphaera tenuicingulata Staplin 1961 

Diagnosis:  (From Deunff 1964 and Brito 1967).  Vesicle hollow with a circular, 

sub-circular, square or stellate outline.  At the equator there is a thin, transparent and 

membranous flange, supported by thin radiating “rods” or “spokes”.   

 

Duvernaysphaera radiata Brito 1967                Plate 1 figs. 8-9 

1966 Duvernaysphaera radiata Brito, p. 79 (nomen nudem) 
1967 Duvernaysphaera radiata Brito, p. 477, Pl. 1, figs. 1-2 

Holotype:  Brito, 1967; Slide I-4-66 

Diagnosis:   (From Brito 1967).  Vesicle is laevigate and stellate with a 

diaphanous equatorial flange. The flange is supported by rods that radiate outwards 

from the vesicle.   

Description:  Vesicle is stellate in outline with up to 10 apical extensions.  

Around the equator is a diaphanous flange, circular in outline.  The vesicle extends 

outwards into radiating supporting rods that can reach the edge of the flange.  

Excystment structure is a straight, longitudinal slit across the vesicle.  

Dimensions:  Vesicle diameter = 40 (51) 65 µm.  N=18 

Occurrence:  Common species in the latest Devonian, but is rare to absent above 

the DCB.   Formations - Colpacucho, Cumaná, lower Kasa.   

Global occurrence:  From the Middle Devonian of the Maranhão Basin, Brazil 

(Brito 1967) and the uppermost Devonian of Bolivia (Wicander et al. 2011).   

 

Genus MARANHITES (Brito) emend. González 2009 

Type species: Maranhites mosesii (Sommer) Brito, 1967 emend. González 2009 

Diagnosis: (From González 2009).  The vesicle is double-walled with a discoidal, 

circular to sub-circular outline.  There is at least one equatorial embayment, typically 

with a “scalloped” margin, which is defined by equatorial pads, translucent bladders, 

embracing cells and lateral thickening.  

Remarks:   At a generic level Maranhites is quite distinct, but species level 

distinctions have been controversial.  The 13 species of Maranhites have recently 

been re-investigated by González (2009), who concluded that many of these species 

were in fact growth stages of the type species M. mosesii.  
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Maranhites mosesii (Sommer) Brito emend. González 2009         Plate 1 figs. 10-13 

 1956 Tasmanites mosesii Sommer, p. 458, Ok. 1, figs, 6-8.  Pl. 2, fig. 5.  
 1953 Tapajonites mosesii (Sommer) Sommer and Van Boekal, p. 62, Pl. 2, figs. 1-3 
 1967 Maranites mosesii (Sommer) Brito, p. 164-165, Pl. 2, figs. 3-6 
 1967 Maranhites brasiliensis (Brito) Daemon, Quadros, da Silva, p. 120-122, Pl. 4, figs. 
A-U 
 1969  Maranhites britoii Stockmans and Williére, p. 44-45, Pl. 2. Figs. 4, 7 
 1985 Maranhites perplexus Wicander and Playford, p. 110, Pl. 3, figs. 11A-B, 12 

1988 Maranhites britoii foliatus Le Hérissé and Deunff, p. 126-127, Pl. 15, figs. 7-10 
1989 Maranhites insulatus Burjack and Oliveira, p. 57-58, Pl. 2, figs. 11-12; Pl. 3, figs. 

1-2  
1989 Maranhites magnus Burjack and Oliveira, p. 55, Pl. 3, figs. 10-13 
1989 Maranhites primus Burjack and Oliveira, p. 56m Pl. 3, figs., 5-6 
1989 Maranhites toigoi Burjack and Oliveira, p. 56-57, Pl. 3, figs., 7-9 
1996 Pseudomaranhites densus Quadros, p. 282-284, figs., 1-4 

 
Diagnosis:  (From González 2009).  The species is highly morphological variable.  

The vesicle is discoidal and circular with a scalloped margin.   The scalloped margin 

has numerous embracing cells, which support large translucent bladders and lateral 

thickenings.   

Description:  Highly variable morphology.  The vesicle is circular and disk-like 

with variably sized opaque bladders.  Late growth-stage specimens have a serrated 

margin and early growth stages do not have well developed bladders.   

Dimensions:  Vesicle diameter = 40 (58) 78 µm.  N=4.  

Remarks: The vast majority of the identified specimens can be accommodated 

within the various growth stages of M. mosesii, as identified by González (2009).  

Occurrence:  A common taxa in the studied material, although it is less abundant 

above the DCB.  Formations - Colpacucho, Cumaná, lower Kasa, upper Kasa. 

Global occurrence: A common taxa from the Early Devonian to Early 

Carboniferous of Gondwana and Euramerica (González 2009).  

 

Genus PTEROSPERMELLA Eisenack 1972 

Type species:  Pterospermella aureolata (Cookson and Eisenack) Eisenack 1972 

 

Pterospermella spp.                 Plate 1 figs. 14-16 

Description:  Spherical discoidal pteromorphic acritarchs.   Vesicle surrounded by 

a large, diaphanous and laevigate equatorial flange.  Flange can be smooth or with 

radiating folds.  On some specimens the flange can be plicated by small radiating 

structures.  
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Dimensions: Vesicle diameter = 15 (27) 40 µm.  Total diameter (plus flange) = 33 

(57) 85 µm.  N=11 

Remarks:  This designation is kept within open nomenclature based on the low 

biostratigraphic potential of individual Pterospermella species.  The following were 

identified but not described further: 

• P.  capitana Wicander 1974. Plate 1, figure 15 

• P. latibalteus Wicander 1974, Plate 1, figure 16 

• A form with a plicated equatorial flange typical of P. pernambucensis 

(Brito) Eisenack et al.1973 and P. radiata Wicander 1974. Plate 1, 

figure 14 

Occurrence:  A common form-group in the studied material.  It is most abundant 

in the latest Devonian.  It is rare to absent above the DCB.   

Global occurrence:  A common genus from the Late Devonian of North America 

(Wicander 1974) and the latest Devonian of Bolivia (Wicander et al. 2011),  

 

Group ACRITARCHA Evitt 1963 

 

Genus CHOMOTRILETES (Naumova) Naumova 1953 

Type species:  Chomotriletes vedugensis Naumover 1953 

 

Chomotriletes vedugensis Naumova 1953           Plate 2 fig. 1 

 1953  Chomotriletes vedugensis Naumova, p. 58, Pl. 7, figs. 21-22 

Remarks and occurrence:  A single occurrence observed in sample CR5-01 in the 

lowermost Kasa Formation.  The specimen conforms to the descriptions provided by 

Playford and McGregor (1993).   

 

Genus EVITTIA Brito emend. Sarjeant and Vavrdová 1997 

Type species:  Evittia sommeri Brito 1967 

Diagnosis:  (From Sarjeant and Vavrdová 1997).  Hollow subpolygonal to 

polygonal vesicle.  The wall appears single layered and has a laevigate, granulate to 

echinate texture.  It has a low (4-12) number of broad-based processes that modify, 

but do not control, the vesicle outline.  Processes are always broad, short, and branch 

into blunted secondary processes.  Sometimes secondary branching is observed, but 
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they do not ramify.  The processes are hollow and communicate with the vesicle 

interior.  Excystment is via a cryptosuture on the apices or near the equator.   

 

Evittia sommeri Brito 1967        Plate 2, fig. 2 

1966  Evittia sommeri Brito, p. 78 nomen nudem. 
1967 Evittia sommeri Brito, p. 477, Pl. 1, figs. 9-12 
1973 Multiplicisphaeridium sommeri comb. nov. Cramer, p. 183-184, fig. 59c 

 
Holotype: Slide I-7-66, Well 2PM-1-MA, core 48 (1646-1648m), Parnaíba Basin, 

Brazil. D.G.M.; D.N.P.M., Rio de Janeiro. 

Description:   The specimen was a trigonal subpolygonal acritarch with four 

broad based processes.  These processes are short, hollow, communicate with the 

interior and are bifurcate.  It had an infragranulate surface texture.   

Dimensions:  Total diameter = 80 µm.  N=1.   

Remarks:  Only a single specimen was observed within sample CR7-03 in the 

Cumaná Formation.  The acme of this species in the Eifelian is a useful 

biostratigraphic marker (Troth et al. 2011).  Its range was stratigraphically restricted 

to the Middle Devonian Los Monos Formation in Bermejo (Troth 2006).  The much 

younger stratigraphic occurrence of E. sommeri in the Altiplano is interesting and 

may be due to reworking.   

 

Genus EXOCHODERMA Wicander 1974 

Type species:  Exochoderma irregulare Wicander 1974 

Diagnosis:  (From Wicander 1974.) The vesicle is triangular to quadrate and has a 

granulate to costate texture.  There are branching broad-based hollow processes that 

communicate with the vesicle interior.   

 

Exochoderma irregulare Wicander 1974            Plate 2 fig. 3 

 1974 Exochoderma irregulare, Wicander, p. 24-25, Pl. 11, figs. 6-9 

Description:  Polyhedral vesicle with triangular to quadrate outline.  Vesicle wall 

is laevigate to granulate and the processes are strongly granulated.  There are coarse, 

broad-based and hollow processes that arise as subcylindrical projections.  These 

processes are homomorphic on any given specimen.  Processes are 4 - 8 µm in basal 

width and up to 17 µm in height. The processes branch at their distal terminations.   

Dimensions:  Maximum vesicle length along its side = 30 (40) 50 µm.  N=8. 
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Occurrence:  A common taxon in the latest Devonian with a last occurrence at the 

DCB.   

Global occurrence:  Recorded from the Late Devonian of Ohio, USA (Wicander 

1974) and the Givetian to Famennian of the Bolivian Sub-Andean zone (Ottone and 

Rossello 1996).  This species was previously recognised from the Villa Molino and 

Isla del Sol sections by Díaz-Martínez et al. (1999) and Vavrdová and Isaacson 

(1999).   

 

Genus GORGONISPHAERIDIUM Staplin, Jansonius and Pocock 1965 

Type species: Gorgonisphaeridium spicatum (Staplin) Staplin, Jansonius and 

Pocock, 1965 

Diagnosis:  (From Sarjeant and Vavrdová 1997).  This is an acanthomorphic and 

spherical acritarch.  Vesicle wall is “firm” and ornamented by numerous solid 

spinose elements; variable, may be simple, straight or sinuous.  Distal terminations 

acuminate, bulbous or furcated.  

Remarks: The genus was difficult to speciate in this study.  Processes-lengths 

were often inconsistent with type descriptions, despite being identical in other 

aspects.   The overall poor-preservation of the material also precluded any detailed 

and consistent discrimination.  

 

Gorgonisphaeridium spp.           Plate 2 figs. 4-6 

Diagnosis and remarks:  This open designation accommodates spherical 

acritarchs with numerous, solid and homomorphic processes that are between 2 - 10 

µm in length.  Several broad morphotypes could be identified.  Considering the 

overall poor-preservation and general taxonomic uncertainty of these specimens, an 

open Gorgonisphaeridium spp. designation was used for utilitarian reasons.  The 

morphotypes are as follows: 

• A range of Gorgonisphaeridium species with short process lengths 

between 2 - 4 µm (such as G. evexispinosum Wicander 1974, G. 

plerispinosum Wicander 1974, G. condensum Playford and Dring 1981).  

These species are discriminated based on the number of processes, surface 

texture, or whether the processes terminate in a blunted tip or bulbous 

head (see Wicander 1974; Playford and Dring 1981). These features are 
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difficult to ascertain under transmitted-light microscopy on the poorly-

preserved specimens found in the studied material. 

• Gorgonisphaeridium sp. A:   Processes have maximum or average lengths 

of 4 - 10 µm, which taper to a fine point and bend, sometimes sharply, at 

their mid-point.  Similar to G. ohioense (Winslow) Wicander 1974, but the 

process lengths are too short for this species. 

• Gorgonisphaeridium sp. B:  Processes have maximum or average lengths 

of 4 - 10 µm, which terminate in distal furcated tips.  Similar to G. 

winslowiae Staplin et al. 1965, but can be differentiated by their 

consistently smaller process lengths.    

Dimensions: Vesicle diameter 22 (30) 38 µm.  Process lengths 2 (5.5) 7 µm.  

Relative spacing between the processes 1 - 5 µm.  N=9 

Occurrence:  A common and abundant form-taxa.  Formations - Colpacucho, 

Cumaná, lower Kasa, upper Kasa.   It reaches an acme immediately above the DCB, 

but becomes extremely rare in the upper Kasa Formation.   

 

Gorgonisphaeridium winslowiae Staplin et al. 1965           Plate 1 fig. 7 

 1965 Gorgonisphaeridium winslowiae Staplin et al., Pl. 5, figs. 8-11; Pl. 6, figs. 11-12. 
Fig. 5 

Diagnosis:  (From Playford and McGregor 1993).   This species has numerous 

solid and homomorphic processes that are > 10 µm in length.  The distal 

terminations are multifurcate, with up to third-order branching. 

Description:  A circular to subcircular vesicle with numerous densely-spaced, 

solid and homomorphic processes.  The processes are straight to sinuous and show 

multifurcate branching at their distal terminations.  Often there is some concentric 

folding of the vesicle wall.   

Dimensions:  Vesicle diameter = 30 (37) 45 µm.  Process length = 10 (12) 18 µm.  

N=6. 

Comparison:  Processes are ≥ 10 µm in total length, in contrast to 

Gorgonisphaeridium sp. B whose processes are consistently < 10 µm in length.  

Occurrence:  Uncommon in the Colpacucho, Cumaná and lower Kasa Formations 

in the latest Devonian.  Absent in the Early Carboniferous.  
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Global occurrence:  A common species from the Late Devonian and possibly the 

Lower Carboniferous of North America (Playford and McGregor 1993), Europe 

(Becker et al. 1973) and South America (Wicander et al. 2011).  

 

Genus HOROLOGINELLA 

Horologinella quadrispina Jardine et al. 1972           Plate 2 fig. 8 

Description: A laevigate quadrate acritarch whose apical corners extend 

outwards, resulting in a sweet-wrapper shape in which two parallel sides are strongly 

concave.  The tips of the apical extensions are acuminate.  The vesicle and apical 

corners are hollow and communicate freely with each other.   

Dimensions:  Maximum vesicle diameter = 38 (66) 95 µm.  N=6. 

Occurrence:  A relatively common species in the latest Devonian with a single 

occurrence in the Early Carboniferous.  Formations - Colpacucho, Cumaná and 

lower Kasa.   

Global occurrence:  This genus and species are typical of Late Devonian 

Gondwanan provinces (Vavrdová and Isaacson 1999).   

 

Genus LOPHOSPHAERIDIUM Timofeev ex Downie 1963 

Type species: Lophosphaeridium rarum Timofeev ex Downie 1963.  

Diagnosis: (From Downie 1963).  The primary characteristics of this genus are its 

spherical vesicle and the comprehensive ornamentation of short, stout solid 

tubercles.  

 

Lophosphaeridium sp.               Plate 2 fig. 9 

Remarks:  Rare, indistinct spherical acritarchs with numerous short and stout 

tubercles were occasionally observed in the studied material.  These were 

accommodated within Lophosphaeridium.  

Occurrence:  Rare occurrence in the latest Devonian Colpacucho Formation.  

 

Genus MICRHYSTRIDIUM Deflandrei 1937 emend. Sarjeant and Stancliffe 1994 

Type species: Micrhystridium inconspicuum (Deflandre 1935) Deflandre 1937b 

Diagnosis: (From Sarjeant and Stancliffe 1994).  Spherical, oval to sub-polygonal 

acritarchs with broad-based processes that do not significantly modify the shape of 

the vesicle.   
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Remarks:  The genus Micrhystridium has long been considered a waste-basket 

taxon with a long and complicated taxonomic history (see Sarjeant and Stancliffe 

1994).  The simple, utilitarian and informal classification scheme of Lei et al. (2013) 

has been applied in this study.  

 

Micrhystridium breve group                                            Plate 2 fig. 10 

Diagnosis:  This is an informal taxonomic group that includes any Micrhystridium 

specimens with sub-circular outlines.   

Description: Vesicle is laevigate and sub-circular.  There are roughly numerous 

broad-based processes that taper to a fine point. These are arranged primarily along 

the equator, but a minor number protrude from the proximal or distal pole. Processes 

are 3 - 4 µm in basal width and 8 - 10 µm in length.   

Dimensions:  Vesicle diameter = 20 (26) 30 µm.  N=7. 

Occurrence:  First occurrence immediately above the DCB.   Formations - lower 

Kasa.  

Global occurrence:  A cosmopolitan form-group with a known range throughout 

the Palaeozoic and Lower Mesozoic (Playford and Dring 1981; Lei et al. 2013).  

 

Micrhystridium pentagonale group           Plate 2 fig. 11 

Diagnosis:  This is an informal taxonomic group that includes any Micrhystridium 

specimens with pentagonal to hexagonal outlines.   

Description:  Laevigate acritarch with five or six sides giving the vesicle a 

pentagonal to hexagonal outline.   The vesicle is extended outwards at each apical 

corner into 5 or 6 broad-based and hollow processes.  These are homomorphic and 

terminate in an acuminate tip.  

Dimensions: Vesicle diameter = 28 (32) 35 µm.  N=5. 

Occurrence:  Rare sporadic occurrence in the latest Devonian Colpacucho and 

Cumaná Formations, reaching an acme above the DCB.  Formations - Colpacucho, 

Cumaná, lower Kasa, upper Kasa. 

Global occurrence:  This is a cosmopolitan group with a known range throughout 

the Palaeozoic (Stockmans and Williére 1963; Lei et al. 2013).  
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Genus MULTIPLICISPHAERIDIUM Staplin, 1961 emend. Sarjeant and 

Vavrdova 1997. 

Type species: Multiplicisphaeridium ramispinosum Staplin 1961 

Diagnosis: (From Sarjeant and Vavrdova 1997).  Single-walled and spherical to 

sub-spherical vesicle with 6 - 20 processes protruding at right-angles from the body. 

The processes are hollow, communicate with the vesicle interior, and are typically 

longer than one half of the vesicle diameter. The process terminations are typically 

bifurcate or multifurcate.  

 

Multiplicisphaeridium sp.              Plate 2 fig. 12 

Description:  Small spherical vesicles with 4-9 hollow processes that 

communicate with the interior.  These processes protrude at right-angles from the 

vesicle body.  Process length is typically slightly longer than the vesicle diameter.  

The distal terminations of the processes are variable between specimens.  On some 

specimens the final 5 - 10 % of the process lengths can bifurcate or trifurcate with 

single, first-order branching.  Other specimens have multi-furcate branching from the 

final half of the process length.   

Dimensions:  Vesicle diameter = 25 µm.  N=1 

Remarks:  Some of the multi-branching forms are likely assignable to the M. 

ramispinosum/M. ramusculosum form categories.  Otherwise the genus has been 

grouped into an open Multiplicisphaeridium spp. designation based on their 

relatively low abundance and poor preservation.   

Occurrence:  Rare.  Formations - Colpacucho, Cumaná, lower Kasa.   

Global occurrence:  M. ramusculosum is a wide-ranging species whose known 

occurrence has likely been biased by its history of taxonomic confusion (Sarjeant 

and Vavrodova 1997). Nevertheless is has been found throughout Late Devonian 

sediments from South America (Wicander et al. 2011), Australia (Playford and 

Dring 1981) and North America (Playford and McGregor 1993).  

 

Genus PYLOFERITES de Quadros 1999 

Type species:  Pyloferites pentagonalis de Quadros 1999 

Diagnosis:  (From de Quadros 1999).  Vesicle is approximately pentagonal, 

smooth, with a conspicuous pylome situated proximo-centrally. The processes are 
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radially orientated extensions of the body, which are hollow, in communication with 

interior and show ramification to the third-order.  

 

Pyloferites pentagonalis de Quadros 1999          Plate 2 fig. 13 

 1999 Pyloferites pentagonalis de Quadros, p. 19 - 20, Pl. 2, fig. 12 & 14.  

Holotype:  Plate 2, fig. 14 in de Quadros (1999). Lâmina 950360 (MCT-60) EF-O 

45.  

Diagnosis:  (From de Quadros 1999).  Vesicle outline is approximately 

pentagonal, but can also be quadrate and with concave sides as shown on some of the 

figured specimens.  The proximal face has a distinctive circular pylome.  Up to third 

or fourth order branching processes emanate from the apical corners, which 

emphasise the polygonal shape.  Minor accessory processes can also be present.   

Description:  The vesicle is mainly pentagonal in outline, but also triangular and 

quadrate, with concave sides.  Out of the apical corners are 3 - 5 hollow processes 

that branch from their mid-point. Excystment structure is a circular and central 

pylome with a diameter of 5 µm.  On very rare specimens no pylome was observed.  

Additional accessory processes are common.   

Dimensions:  Vesicle diameter = 18 (25) 30 µm.  N=6. 

Remarks: De Quadros (1999) makes no reference to specimens which are not 

pentagonal in outline, but does show a quadrate specimen in Plate 2, fig. 12.  Some 

of the specimens identified in this study are triangular and quadrate in outline.  These 

were assumed to be P. pentagonalis based on the ramifying processes and central 

pylome.  

Occurrence:  Relatively common in the latest Devonian and rare to absent above 

the DCB.  Formations - Colpacucho, Cumaná, lower Kasa, upper Kasa.   

Global occurrence:  Known at least from the Frasnian to latest Famennian in 

South America (de Quadros 1999; Wicander et al. 2011).  

 

Genus SCHIZOCYSTIA (Cookson and Eisenack, 1962) emend. Jardiné et al. 1972 

Type species:  Schizocystia rugosa Cookson and Eisenack 1962.  

Diagnosis:  Quadrate acritarchs with convex to strongly convex sides.  There is a 

median line that divides the vesicle into two equal halves.  

Remarks:  Jardiné et al. (1972) emended Schizocystia to include forms with 

appendages.  
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Schizocystia sp. 1.              Plate 2 fig. 14 

 ?1974 ?Schizocystia bicornuta Jardiné et al., p16, Pl. I, fig. 5 

Description: Vesicle is quadrate with concave sides of equal length.  There is a 

thin darkened contact zone along the mid-line that separates the vesicle into two 

equal halves.  The apical corners of the vesicle extend outwards, helping to define to 

concavity along the sides.  At the tips of the apical corners there are four dark bases.  

From these bases there can arise four diaphanous, tube-like processes that are around 

20 µm in length, however these may be not be present on some specimens.   

Dimensions:  Vesicle diameter = 25 (28) 40 µm.  N=7. 

Remarks:  The absence of processes on some specimens may be a preservational 

feature and so is not used for taxonomic discrimination.  Schizocystia sp. 1 bears 

some resemblance to ?Schizocystia bicornuta Jardine et al. 1974.  However the 

figured holotype in Jardine et al. (1974 - Plate I, fig. 5) only has two processes and 

does not have the same symmetric concave outline as Schizocystia sp. 1.   

Occurrence: A relatively common latest Devonian taxon.  Formations - 

Colpacucho, Cumaná.  

 

Genus STELLINIUM Jardiné, Combaz, Magloire, Peniguel, and Vachey 1972 

Type species:  Stellinium micropolygonalis (Stockmans and Williére) Playford 

1977; originally this was named as S. octoaster (Staplin) Jardiné et al. 1972.  

Diagnosis:  A polyhedral vesicle with 8-12 hollow expansions (processes) giving 

the outline a stellate appearance (Jardine et al. 1972). These extensions are aligned 

along two perpendicular planes and have a small radial ridge running from the base 

of the expansion up to the tip. 

 

Stellinium comptum Wicander and Loeblich 1977           Plate 2 fig. 15 

 1977 Stellinium comptum Wicander and Loeblich, p. 151, Pl. 9, figs. 1-6 

Remarks:  Only rarely observed in the studied material.  This species is distinctive 

due to its quadrate outline.  There are 4 processes emanating from the apical corners 

and up to 2 additional processes arising at right angles from the main vesicle wall.   

Occurrence:  Very rare occurrence.  Three identified specimens in the latest 

Devonian only.  Formations - Colpacucho, Cumaná, lower Kasa.   
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Stellinium micropolygonale (Stockmans and Williére) Playford 1977.               

Plate 2 fig. 16 

 1960 Micrhystridium micropolygonale Stockmans and Williére, p. 4, PL. 1, fig. 12 
 1961 Veryhachium octoaster Staplin, p. 413-414, Pl. 49, figs. 3-4 
 1962a Veryhachium micropolygonale (Stockmans and Williére) Stockmans and Williére, 

p. 52-53, Pl. 2, fig. 7 
 1962b Veryhachium vandenbergheni Stockmans and Williére, p. 86-87, Pl. 2, figs. 11, 13; 

Figs. 5a-b 
 1972 Stellinium octoaster (Staplin) Jardiné et al., p. 298-299, Pl. 2, figs. 1-2 
 1975 Polydrixium micropolygonale (Stockmans and Williére) Jux, p. 128, Pl. 6, figs. 3a-c 
 1977 Stellinium micropolygonale Playford, p. 36, Pl. 18, figs. 7-9 

Diagnosis: (From Playford 1977).  Polyhedral and stellate acritarchs with 

typically 8 broad-based, homomorphic hollow and conate processes aligned along 

two parallel planes.  Each process contains a narrow median ridge that transverses its 

entire length.  Vesicle is usually laevigate to infra-granulate.  

Description:  Polyhedral, stellate and laevigate vesicle with 7-8 broad based 

processes.  The processes emanate from the body along two parallel planes that are 

at right-angles to each other.  Processes are homomorphic, conate and contain a 

median ridge. The processes extend 15 - 20 µm and are 7 µm in basal width.  

Dimensions:  Vesicle diameter = 23 (26) 30 µm.  N=5. 

Occurrence:  Sporadic occurrences throughout the latest Devonian and Early 

Carboniferous.  Formations - Colpacucho, Cumaná, lower Kasa, upper Kasa.   

Global occurrence:  A common and wide-ranging Devonian acritarch species, 

which is known from North America (Playford, 1977; Playford and McGregor 

1993), South America (Wicander et al. 2011), Iran (Ghavidel-syooki 1994), Western 

Australia (Playford and Dring 1981) and Belgium (Stockmans and Williére 1960).  

 

Stellinium sp. 1             Plate 2 fig. 17 

Diagnosis:  Triangular Stellinium species with three-broad based apical 

extensions.   

Description:  Inflated triangular and laevigate vesicle.  Apical corners are 

extended into three broad-based processes.  No accessory processes observed.  Each 

apical extension has a median ridge that extends to the process termination.  The 

sides of the vesicle are straight to concave.   

Dimensions:  Vesicle diameter = 35 (52) 65 µm.  N=6. 

Occurrence:  Sporadic occurrence in the latest Devonian Colpacucho Formation 

only.  
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Genus TRILOBUS de Quadros 1999 

Type species:  Trilobus expansus de Quadros 1999 

  

Trilobus sp.                          Plate 3, fig. 1 

Description and remarks:  Only rare and nondescript specimens observed.  The 

vesicle is laevigate.  These specimens were grouped together based on their 

distinctive trilobate outline.  Two lobate apices are aligned along a single axis, with a 

third lobate apical corner aligned perpendicular.  

Occurrence:  Sporadic occurrence in the Late Devonian Colpacucho Formation.   

 

Genus UMBELLISPHAERIDIUM 

Type species:  Umbellisphaeridium saharicum Jardine et al. 1974 [OD] 

Diagnosis:  (From Jardine et al. 1974).  Spherical to sub-spherical acritarchs.  

Cylindrical processes protrude at right angles to the vesicle and end in a variably 

developed funnel shaped termination.  The processes can be longer or shorter than 

the vesicle diameter.  

 

Umbellisphaeridium deflandrei (Moreau-Benoit) Jardine et al. 1974                    

      Plate 3 fig. 2 

1967 Archaeohystricosphaeridium deflandrei Moreau-Benoit, p. 203, Pl. 1, figs. 22-23 
1974 Umbellisphaeridium deflandrei Jardine et al., p. 303, Pl. 3, figs. 2-3 

Diagnosis: (From Jardine et al. 1974).  Spherical acritarchs with up to 20 

cylindrical short and rigid processes that terminate in a small hollow and flared 

collar.  

Description:  Spherical acritarch with 10 - 20 processes protruding at right angles. 

Processes are usually the same length than the diameter of the vesicle. Processes 

terminate in a small hollow bell-shaped or flat head. They are hollow and 

communicate with the interior. 

Dimensions:  Vesicle diameter = 28 (32) 41 µm.  N=12. 

Occurrence:  A relatively common latest Devonian species.  There is a sudden 

decline in this taxon’s relative abundance in the lower Kasa, which in part defines 

the interpreted DCB.  There is a single occurrence in the Early Carboniferous 

(sample CR5-32), which could represent reworking or an extremely diminished 



178  Chapter 5:  Systematic palynology 

population above the DCB.  Formations - Colpacucho, Cumaná, lower Kasa, upper 

Kasa.  

Global occurrence:  Famennian of North Africa (Jardine et al. 1974) and South 

America (Wicander et al. 2011; Vavrdová and Isaacson 1999).  

 

Umbellisphaeridium saharicum Jardine et al. 1974     Plate 3 figs. 3-4 

 1974 Umbellisphaeridium saharicum p. 303, Pl. 2, figs. 11-12; Pl. 13, fig. 1 

Holotype:  Jardine et al. 1972, Pl. 2, fig. 12. Collection ELF R.E. 1696 

Diagnosis:  (From Jardine et al. 1974).  Spherical acritarch with 4 - 10 long, 

cylindrical processes.  These end in large funnel or umbrella-shaped, diaphanous 

terminations  

Description:  Spherical acritarch with a circular to sub-circular outline.  Processes 

are typically equal or greater than diameter of the vesicle, but can be shorter. 

Processes are thin, cylindrical, and hollow and communicate with the interior. 

Processes terminate in a very distinctive bell-shaped head that is comprised of a 

transparent, membranous material.  Excystment structure not observed.  

Dimensions:   Vesicle diameter = 18 (31) 38 µm.  N=15. 

Remarks:  Occurs abundantly with the miospore R. lepidophyta in the latest 

Devonian.  The decline in relative abundance of this species at the picked DCB is 

synchronous with the disappearance of R. lepidophyta.   

Occurrence: An abundant and common species in the latest Devonian.  There is a 

sudden decline in this taxa’s relative abundance in the lower Kasa, which in part 

defines the picked DCB.  Sporadic, rare occurrence in the Early Carboniferous either 

reworked or an extremely diminished population above the DCB.  Formations - 

Colpacucho, Cumaná, lower Kasa. 

Global occurrence:  A common Gondwanan species from South America to 

North Africa and also the southern margin of Euramerica (Vavrdová and Isaacson 

1999). Based on data published in Troth (2006) and Wicander et al. (2011) from the 

Bermejo Section, Bolivia, the first occurrence of U. saharicum is at some point 

within the Famennian stage.  This supports Jardine et al. (1974) that state a 

Famennian range.  Rare U. saharicum has been identified in Tournaisian strata of 

Brazil, where it is considered re-worked (Melo and Playford 2012).  
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Genus VERYHACHIUM Deunff 1954 emend. Sarjeant and Stancliffe 1994. 

Type species: Veryhachium trisulcum Deunff 1951 

Remarks:  The taxonomy of Veryhachium has a long history, with the number of 

identified species described as “excessive” by some authors (see discussions in 

Sarjeant and Stancliffe 1994; Servais et al. 2007).   There is some disagreement on 

whether the genus should be restricted to triangular and quadratic forms, therefore 

placing an upper limit of 4 processes (Sarjeant and Stancliffe 1994; Servais et al. 

2007). This has implications on many previously established Veryhachium species 

that were assigned to different genera by Sarjeant and Stancliffe (1994), based on the 

number of processes.  

Lei et al. (2013) defined the following classification for this genus: “Veryhachium 

trispinosum Group” for triangular forms, “Veryhachium lairdii Group” for quadratic 

forms and “Veryhachium cylindricum Group” for cylindrical forms.   This has been 

proposed as an interim and utilitarian classification until a consensus on 

Veryhachium taxonomy and biostratigraphy can be reached (Servais et al. 2007; Lei 

et al. 2013).  These recommendations have been accepted and used by the present 

study.  

 

Veryhachium lairdii group             Plate 3 fig. 5 

Diagnosis: This broad designation includes Veryhachium specimens with a 

quadrate outline and four major processes emanating from the apical corners.  

Additional accessary processes may be evident.  Surface is usually laevigate, but 

may be degraded. 

Dimensions:  Vesicle diameter = 20 (25) 30 µm.  N=6. 

Occurrence:  Commonly occurring form-group, but in generally low abundance.  

Formations - Colpacucho, Cumaná, lower Kasa.   

 

Veryhachium trispinosum group             Plate 3 fig. 6 

Diagnosis and description: This broad designation includes Veryhachium 

specimens with a simple triangular outline with three major processes emanating 

from the apical corners.  Additional accessary processes may be evident.  Surface is 

usually laevigate, but may be degraded.  

Dimensions:  Total diameter = 18 (28) 43 µm.  N=12. 
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Occurrence:  A commonly occurring form-group, which is seen in almost every 

sample from the Devonian and Carboniferous sequence.  Formations - Colpacucho, 

Cumaná, lower Kasa.   

 

INCERTAE SEDIS 

 

Incertae sedis: 1 (diaphanous tubes)            Plate 3 fig. 7 

Description:  Vesicle subcircular to polygonal (5 or 6-sided) in outline and 

laevigate.  There are 5 - 8 diaphanous processes emanating from darkened bases.  

These bases form the apical corners to the subpolygonal outline of the vesicle.  The 

processes are broad, cylindrical and laevigate to granulate in texture.  They typically 

branch at their distal terminations and less commonly bifurcate at their mid-point. 

The vesicle and processes are hollow and not in communication.  The processes can 

be orientated around the equator or randomly spaced on the vesicle.  Excystment is 

by a simple slit in the vesicle wall.  The length of processes is typically the same as 

the vesicle diameter, although are typically broken.   

Dimensions:   Vesicle diameter = 25 (36) 40 µm.  N=5. 

Occurrence and remarks:  A distinctive and common taxon associated with R. 

lepidophyta and does not occur above the DCB.  It may therefore have some 

biostratigraphic potential.  Formations - Colpacucho, Cumaná and lower Kasa. 

 

Incertae sedis: 2 (ringed)                 Plate 3 figs. 8-9 

Description:  Circular and discoidal pteromorphic acritarch. Vesicle is laevigate 

to scabrate.  The periphery contains a darkened ring-like structure around the whole 

equator, which is between 2.5 and 7 µm in width.  Positioned outwards from this ring 

is a diaphanous zona 2.5 - 10 µm in width.  On one specimen there are plications and 

conate structures radiating outwards from the thickened ring.   

Dimensions:  43 (57) 88 µm.  N=6. 

Occurrences and remarks:  No obvious germination scar could be seen on any 

specimens so it was tentatively assigned as an acritarch in open nomenclature.  The 

plicated form was only observed once in sample CR5-19.  It is interpreted to be a 

morphological variant.  
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A relatively common form in the Early Carboniferous.  It is first observed above 

the DCB and therefore may have some biostratigraphic potential.  Formation - lower 

Kasa.  

 

Group CHITINOZOA 

Order PROSOMATIFERA Eisenack 1972 

Family LAGENOCHITINIDAE (Eisenack) Paris 1981 

Subfamily ANGOCHITININAE Paris 1981 

 

Genus ANGOCHITINA Eisenack 1931 

Type species: Angochitina echinata Eisenack 1931 

Diagnosis: (From Paris et al. 1999). This genus is an Angochitininae with an 

ovoid vesicle. Troth (2006) and Paris (1981) have a slightly expanded definition that 

includes spheroid to ovoid vesicles with a sub-cylindrical neck. The vesicle has 

randomly distributed fine spines that are over 2 µm in length.  

 

Angochitina sp.          Plate 4 figs. 1-3 

Description and remarks:  Three main morphotypes were identified, although 

all were rare and extremely degraded.  The first morphotype has an ovoid chamber 

and a short cylindrical neck no more than 28 % of the total length.  The second 

morphotype has a more elongated ovoid body.  The third morphotype has a spherical 

to ovoid body and an expanded collar at the top of the neck.  All Angochitina sp. 

specimens were sculptured by small spinose elements 2 - 4 µm in height.  These are 

typically preserved on the shoulders of the vesicle body.   

Dimensions:  Total length = 100 (139) 163 µm.  N=6. 

Remarks:  Some of these forms are similar to A. pilosa Collinson and Scott 

1958, however this species is typically more conical in shape (Troth 2006).  There 

was a single specimen in Ch-13 similar to Angochitina sp. that had more of a conical 

appearance.  This was interpreted as Fungochtina sp. (Plate 1, figure 4).   

Occurrence:  Rare, sporadic occurrence near the base of the Chaguaya section. 

Late Devonian, Colpacucho Formation.   
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Anteturma SPORITES Potonié 1983 

Turma TRILETES (Reinsch) Dettmann 1963 

 

Genus ANAPICULATISPORITES Potonié and Kremp 1954 

Type species:  Anapiculatisporites isselburgensis Potonié and Kremp 1954 

Diagnosis:  (From Potonié and Kremp 1954).   Trilete and monolete miospores 

with a circular to rounded triangular amb.  The contact face is laevigate, with the 

distal surface ornamented by conae and spinae. Many species of Anapiculatisporites 

have elements that protrude on the proximo-equatorial faces (see Playford and Melo 

2012).  

Discussion:  This genus has been subject to extensive debate, first stemming from 

the potential overlap that it has with the genus Acanthotriletes (see Smith and 

Butterworth 1967; Playford 1971; McGregor and Camfield 1982).  The emendation 

of Smith and Butterworth (1967) tried to rectify this overlap, but has not been widely 

accepted by later authors.  Considering the type-species of Acanthotriletes has been 

subsequently reinterpreted as an acritarch, the emendation of Smith and Butterworth 

(1967) may be entirely defunct (McGregor and Camfield 1982).  For the sake of 

clarity and for consistency between studies the original diagnosis by Potonié and 

Kremp (1954) has been kept. 

 

Anapiculatisporites ampullaceus (Hacquebard) Playford 1964.          Plate 5 fig. 1 

 1957 Raistrickia ampullacea Hacquebard, p. 310, Pl. 1, figs. 21-22 
 1964 Anapiculatisporites ampullaceus (Hacquebard) Playford, p. 16, Pl. III, figs. 15-16 

Remarks and occurrence:  Only a single specimen of this species was identified in 

sample VM-33 of the upper Kasa Formation, Early Carboniferous.  It conforms to 

the descriptions provided by Playford (1964) and Playford and Melo (2012).   

 

Anapiculatisporites semicuspidatus Playford and Melo 2012         Plate 5 fig. 2 

 2012 Anapiculatisporites semicuspidatus Playford and Melo, p. 29, Pl. 6, figs. 8-10; Pl. 8, 

fig. 11 

Diagnosis:  (From Playford and Melo 2012).  Trilete and acamerate spore with a 

subtriangular to subcircular outline.  There is a comprehensive set of conate elements 

with acuminate tips, which are polygonal to subrounded polygonal in basal outline.  
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Description: Trilete and acamerate miospores with a sub-circular outline.  The 

trilete scar and contact faces are indistinct.  The exine hosts a comprehensive set of 

rounded to straight conae and mammillae on the proximal, equatorial and distal 

surfaces.  These taper immediately from the base and terminate in a spinule-like 

acuminate tip.  Conae are 3 - 4 µm in height and 2 - 4 µm in basal width.  The bases 

of the conae are polygonal to subrounded polygonal and very closely-spaced; 

forming a partial negative reticulum on certain specimens.   

Dimensions:  Total diameter = 28 (38) 53 µm.  N=7. 

Occurrence:  A rare occurrence throughout the Kasa Formation above the DCB.  

Global occurrence:  The current known occurrence is Tournaisian of the 

Amazonas Basin (Playford and Melo 2012) and this study.  

 

Genus ANCYROSPORA Richardson, 1960 

Type species: A. grandispinosa Richardon 1960 

 

Ancyrospora sp.             Plate 5 fig. 3 

Description:  Rare and typically degraded specimens with broad-based and 

tapering sculptural elements.  These are bifurcate or multifurcate at their distal 

termination.  The bases of the elements form an equatorial extension of the spore 

body.   

Dimensions:  Diameter = 117 µm.  N=1. 

Occurrence:  Rare occurrence in the latest Devonian Colpacucho and Cumaná 

Formations.  No observed occurrence above the interpreted DCB.  

 

Genus APICULATISPORITES Ibrahim 1933 emend. Smith and Butterworth 1967 

Type species: Apiculatisporites spinulistratus (Loose 1932) Ibrahim 1933 

Diagnosis:  (From Smith and Butterworth 1967).  Trilete miospores with a 

circular outline. The exine is covered with small coni < 1.5 µm in size.  

Comparison: McGregor and Camfield (1982) suggested that the sculptural 

elements must be 0.5 and 1.5 µm in size to be diagnostic of this genus. This 

distinguishes Apiculatisporites from Apiculatisporis Potonié and Kremp, 1954, 

which has conate elements > 1.5 µm in size.  
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Apiculatisporites quadrosii Playford and Melo 2012       Plate 5 fig. 4 

2012 Apiculatisporites quadrosii Playford and Melo, p. 30-31, Pl. 6, figs. 11-16, Pl. 7, 

figs. 14-15 

Description: Miospore trilete and acamerate with a subrounded to subrounded 

triangular outline and a depressed contact face.  Laesurae indistinct, straight and 

extend 2/3 of the spore radius.  Contact face is depressed.  Exine is sculptured 

distally and proximo-equatorially by conae and spinae up to 1.5 µm in height, but 

typically ˂  1 µm. These are closely-spaced 1 - 3 µm apart. Occasional basal-fusing 

of the conate elements is observed, creating sinuous, short rugulae up to 5 µm in 

length.  

Dimensions:  Diameter = 40 (47) 63 µm.  N=4. 

Remarks: The occasional basal-fusing of the short conae to form short rugulae is 

not noted in the original diagnosis, but was not considered grounds for taxonomic 

discrimination by the present author.   

Occurrence:  Rare occurrence in the earliest Carboniferous part of the Kasa 

Formation.   

Global occurrence:  Observed in the Tournaisian of Brazil (Playford and Melo 

2012).  

 

Genus APICULIRETUSISPORA Streel 1964 emend. Streel 1967 

Type species:  Apiculiretusispora brandtii Streel 1964 

 

Apiculiretusispora sp.                    Plate 5 fig. 5-6 

Description:  Apiculate, retusoid and acamerate miospores with a circular outline.  

Apiculation consists of fine < 1.5 µm grana and conae.  The laesurae are variable; 

simple, gaping, or accompanied by labra.  

Dimensions:  Diameter = 30 (46) 54 µm.  N=5. 

Remarks:  These are grouped into an open Apiculiretusispora sp. designation 

based on their finely apiculate and retusoid character.  Specimens were too rare to 

properly discriminate and could not be easily assigned to known species.   

Occurrence:  Rare occurrence in the upper Kasa Formation.   
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Genus AURORASPORA Hoffmeister et al. 1955 

Type species:  Auroraspora solisorta Hoffmeister et al. 1955 

Diagnosis:  (From Hoffmeister et al. 1955).  Trilete, radial and camerate 

miospores.  The exoexine is circular in outline and the intexine is sub-triangular to 

sub-circular.  The exoexine is very thin, laevigate and transparent; commonly folded 

and with radial crenulations due to its very small thickness.  In contrast the intexine 

is much thicker and appears as a darker inner body.  The intexine can be laevigate, 

scabrate, granulate and finely reticulate.  

  

Auroraspora sp.        Plate 5 figs. 7-8 

Description and Remarks:  Non-apiculate camerate circular miospores that are 

characterised by a darkened inner body and thin diaphanous exoexine.  Variable 

laesurae; simple, gaping or accompanied by labra. The overall preservation of 

specimens assigned to the genus Auroraspora is poor and much of the time this 

precluded any consistent and confident assignment to species level.   

Dimensions:  Diameter = 43 - 45 µm.  N=2. 

Occurrence:  Rare occurrence in the Colpacucho, Cumaná and Kasa Formations, 

latest Devonian to Early Carboniferous.  

Global occurrence:  Auroraspora is a geographically wide-ranging form-genus 

found mainly within Late Devonian to Mississippian sediments.  Species assigned to 

this genus have been found in South America (Wicander et al. 2011; Melo and 

Playford 2012), Africa (Atta-Peters and Anan-Yorke 2003) and Europe (Hoffmeister 

et al. 1955; Streel et al. 1987; Higgs et al. 1988).    

 

Genus CALAMOSPORA Schopf et al., 1944 

Type species: Calamospora hartungiana Schopf 1944.  

Diagnosis: (From Schopf et al. 1944 and Pendleton 2012). This genus 

incorporates trilete, acamerate and azonate miospores with a laevigate exine.  The 

primary characteristic of this genus is presence of numerous tapering folds on the 

exine. These folds may distort the origination spherical outline of the amb.  
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Calamospora sp.         Plate 5 fig. 9 

Description:  Morphologically simple, trilete miospores with a relatively thin 

exine.  The laesurae are short, simple and extend to around 1/3 to 2/3 of the spore 

radius.  Exine is moderately to strongly folded.  

Dimensions:  Diameter = 35 (49) 87 µm.  N=6. 

Remarks:  The vast majority of specimens are simple and indistinct and would fit 

within the C. perrugosa, C. microrugosa, C. pallida and C. parva size-range.  

Occurrence:  Common and abundant taxa which was observed in almost every 

sample.  Formations - Colpacucho, Cumaná, lower Kasa, upper Kasa and 

Copacabana.  

 

Genus CLAYTONISPORA Playford and Melo 2012 

Type species: Claytonispora distincta (Clayton 1971) Playford and Melo 2012 

Diagnosis: (From Playford and Melo 2012).  Circular to convexly triangular 

trilete and acamerate miospores.  The exine is ornamented by slender processes, 

which commonly expand distally to form a terminal bulge or expansion.  These 

processes are “commonly surmounted by a distal spina or conus, usually 

diminutive”.  

 

cf. Claytonispora sp.             Plate 5 figs. 10-12, 14 

Description:  Radial, trilete, acamerate miospores with a rounded triangular amb.   

There is some minor shoulder development on the apical corners.  Laesurae 

indistinct to distinct, extend to spore margin and are accompanied by broad elevated 

labra 6 - 8 µm in width.  Exine 1 - 2 µm in thickness and ornamented distally and 

equatorially by regular spaced heteromorphic spinose elements, which are 

subcircular in basal outline.   Elements are 1 - 3 µm in basal width and 2 - 5 µm in 

height.  Elements are biform, contain lateral thickness changes with height and 

expand at their distal termination into a bulbous head surmounted by an acuminate 

tip.  Rarer elements are bifurcate with two bulbous heads and acuminate tips 

surmounted upon a rounded expanded base.  

Dimensions:  Diameter = 55 - 69 µm.  N=2. 

Remarks:  Only two specimens were identified.  This taxon bears some 

resemblance to C. distincta (Clayton 1971) Playford and Melo 2012, but is 
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distinguished by its large labra, minor shoulder development and its varied sculptural 

elements.   

The simple non-furcated elements appear similar to Dibolisporites abstrusus 

(Plate 5, fig. 13; see also Playford and McGregor 1993 - Plate 11, fig. 8).  The rarer 

furcate elements are similar to Umbonatisporites variabilis (Plate 5, fig. 15; see also 

Playford and Melo 2012 - text figure 4a).   

Neoraistrickia loganensis (Winslow 1962) Coleman and Clayton 1987, can have 

“biform elements consisting of bacula 1.5 - 6 µm high and 2.5 - 4 µm wide 

surmounted by single conae or spinae 0.5 - 1 µm wide” (Coleman and Clayton 

1987).  This description would apply to the sculptural elements observed on cf. 

Claytonispora sp.  In addition cf. Claytonispora sp. looks very similar to a variant of 

N. loganensis figured in Plate 2, fig. 10 of Playford and Melo (2009).  cf. 

Claytonispora sp. would be distinguished from N. loganensis however by the 

prominent labra accompanying the laesurae.    

Occurrence:  Rare specimens found in one sample only (VM-34) within the upper 

part of the Kasa Formation, Early Carboniferous.   

 

Genus CONVOLUTISPORA Hoffmeister et al. 1955 

Type species: Convolutispora florida Hoffmeister et al.1955 

Diagnosis:  (From Hoffmeister et al. 1955). This genus incorporates trilete, 

circular to sub-circular miospores with closely-packed rugulae on the exine surface. 

The rugulae can be overlapping, anastomosing, vermiculate and occasionally 

reticulate.  

 

Convolutispora sp.                  Plate 5 figs. 16-17 

Description and remarks: Variable diameter and size/nature of rugulae.  

Specimens that were either degraded or too opaque for confident size measurements 

were kept within open nomenclature. 

Remarks:  With the exception of one specimen of C. major (Kedo 1963) Turnau 

1978, in sample VM-34 most specimens were kept within open nomenclature.   

Occurrence:  Relatively common from the latest Devonian to Earliest 

Carboniferous.  Formations - Colpacucho, Cumaná, Kasa.  

 

Genus CYMBOSPORITES Allen 1965 
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Type species: Cymbosporites magnificus (McGregor) McGregor and Camfield 

1982 

Diagnosis: (From Allen 1965). Trilete miospores with a circular to convexly 

triangular amb.  A patinate exine, being thicker equatorially and distally, is the main 

distinguishing feature of this genus. The patina is variably ornamented with 

verrucae, conae, spinae and rugulae. 

 

Cymbosporites sp.                   Plate 5 fig. 18-19 

Description:  Trilete, cingulate and retusoid miospores with subcircular to 

subtriangular outlines.  The laesurae are distinct, straight to sinuous and often 

accompanied by labra.  They terminate in an imperfect curvature.  Distal surface 

sculptured by grana, spinae and sinuous rugulae < 2 µm in width and <2 µm in 

height.  On other specimens there is a distinctive and varied set of mammillate, 

conate, spinose and pilate elements on the patina. These are small, not exceeding 5 

µm in basal width and 4 µm in height.   

Dimensions:  Total diameter = 38 (49.5) 63 µm.  N=12. 

Remarks:  An open designation was preferred owing to the poor preservation of 

most specimens.  Some specimens of Cymbosporites sp. appear similar to C. 

magnifica (McGregor) McGregor and Camfield 1982.  In contrast, a few specimens 

appear similar to C. loboziakii.   

Occurrence:  Occurrences throughout the sequence at Chaguaya.  Formations - 

Colpacucho, Cumaná, lower Kasa and upper Kasa.   

 

Genus DENSOSPORITES Berry 1937 emend. Butterworth et al. 1964 

Type species: Densosporites covensis, Berry 1937 

Diagnosis:  (from Butterworth et al. 1964).  Trilete and camerate miospores with 

circular to sub-triangular outlines.  The exoexine is raised above the proximal face 

and thickened into an equatorial cingulum.  Exoexine can be variably ornamented or 

laevigate. 

 

 

 

 

 



Chapter 5: Systematic palynology  189 

Densosporites annulatus (Loose, 1932) Smith and Butterworth 1967  Plate 5 fig. 20 

 1932 Sporonites anulatus Loose, p. 451, Pl. 18, Fig. 44 
 1967 Densosporites anulatus (Loose) Smith and Butterworth, p. 239, Pl. 19, Figs. 5-6 

Description:  Miospore trilete and cingulate with a circular to subcircular outline.  

Laesurae indistinct to distinct, straight, and extend to the cingulum. Equatorial 

cingulum forms 1/4 to 1/2 of the spore radius. Exine laevigate.  

Dimensions:  Total diameter = 38 (42) 45 µm.  N=5. 

Occurrence:  Frequent occurrence from latest Devonian to Early Carboniferous.  

Formations - Colpacucho, Cumaná, lower Kasa and upper Kasa.   

Global occurrence:  It is known from the Carboniferous of Britain from the 

Viséan onwards (Smith and Butterworth, 1967; Pendleton, 2012) and from the latest 

Devonian to Early Carboniferous in the Amazonas Basin (Melo and Playford 2012).    

 

Genus EMPHANISPORITES McGregor 1960 

Type species:  Emphanisporites rotatus (McGregor) McGregor 1973 

Diagnosis: (From Clayton et al. 1977).  This genus is characterised by radiating 

and/or concentric ribs on the proximal surface.  

 

Emphanisporites rotatus (McGregor) McGregor 1973        Plate 5 fig. 21 

 1961 Emphanisporites rotatus McGregor, p. 3, Pl. 1, figs. 1-4 
 1971 Emphanisporites robustus McGregor, p. 3, Pl. 1, fig. 13 
 1968 Emphanisporites radiatus Schultz, p. 30, Pl. 3, fig. 16 
 1973 Emphanisporites rotatus (McGregor) McGregor, p. 46-47, Pl. 6, figs. 9-13 

Diagnosis:   (From McGregor 1973).  Trilete, circular miospores with radial 

ridges emanating outwards from the central point on the proximal face.   

Description:  Acamerate trilete miospores with a subcircular to rounded triangular 

amb. Laesurae are distinct, straight and simple and extend 3/4 of the spore radius.  

Proximal face contains 10 - 24 radiating ribs that extend to the spore margin and are 

2 - 6 µm wide.  

Dimensions:  Diameter = 55 (66) 88 µm.  N=9. 

Occurrence:  Common occurrence from the latest Devonian to Early 

Carboniferous, but in low abundances.  Formations - Colpacucho, Cumaná and 

lower Kasa and upper Kasa.   
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Global occurrence:  A long-lived and wide-ranging species found from the 

Emsian (Al-Ghazi 2007) to the mid-Tournaisian (Wicander et al. 2011; Higgs et al. 

1988).  Considered reworked into the Mississippian by Playford and Melo (2012).   

 

Genus ENDOSPORITES Wilson and Coe 1940 

Type species:  Endosporites ornatus Wilson and Coe 1940.   

 

Endosporites angustus Hacquebard 1953           Plate 6 fig. 1 

 1957 Endosporites angustus Hacquebard, p. 316, Pl. 3, fig. 13 

Diagnosis: Distinguishable by the very thin, sheaf-like and strongly folded 

exoexine. Suture marks often obscured by the folding of the exoexinal wall. 

Description:  Miospore trilete and camerate with a subcircular outline.  Laesurae 

are distinct or obscured by folding.  If observed they are simple, straight and extend 

for 1/3 to 3/4 of the spore radius.  Intexine distinct, laevigate and encloses darker 

inner spore body over 4/5 of the total diameter.  It is not conformable with the amb.  

Exoexine is laevigate to infragranulate and diaphanous.  It is strongly affected by 

thin tapering folds, which modify the outline of the spore.   

Dimensions: Diameter = 55 (64) 75 µm.  N=4.  

Remarks:  E. angustus is nearly identical to Diaphanospora ?angusta Playford 

and McGregor, 1993, distinguished by former having a laevigate to infragranulate 

exoexine and the latter a scabrate one.  The surface texture of the specimens studied 

herein is infragranulate to laevigate so an assignment to E. angustus is appropriate.   

The specimens found in studied material are smaller than the type material from 

Nova Scotia, which were between 110 and 165 µm in diameter (Hacquebard 1957).   

Occurrence: Rare and sporadic occurrence in the latest Devonian Colpacucho 

Formation.  

 

Genus GRANDISPORA Hoffmeister et al. 1955 

Type species:  Grandispora spinosa Hoffmeister et al. 1955 

 

Grandispora protea          Plate 6, figs. 2-3 

Description:  Trilete, camerate miospore with a subrounded triangular outline. 

Laesurae are straight and accompanied by narrow labra.  Intexine is subrounded 

triangular, conformable with the outline and extends 1/2 to 2/3 of the total spore 
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radius.  The intexine and distal portion of the exoexine are ornamented by conae and 

spinae that can be basally coalescent; sculpture 1.5 - 2 µm in basal width and < 4 µm 

in height.   Ornamentation is typically concentrated to the central part of the 

exoexine.  

Dimensions:   Diameter = 103 (118) 138.  N=5.  

Remarks:  Appears similar to G. protea (Naumova) Moreau-Benoit in that the 

distal surface is ornamented by fine conae and spinae.  This is a common spore in the 

Middle Devonian of the Arabian Plate.  Its younger occurrence in the latest 

Devonian and Early Carboniferous may be due to reworking.   

Occurrence:  A rare occurrence in the upper Colpacucho, Cumaná and Kasa 

Formations.   

 

Genus HYSTRICOSPORITES McGregor 1960 

Type species: Hystricosporites delectabilis McGregor 1960 

 

Hystricosporites sp.              Plate 6 fig. 4 

Description and remarks:  Rare and typically degraded specimens with multiple 

spinose elements that terminate in a hook-like structure.  The elements are not broad-

based and do not modify the overall outline of the spore body.   

Dimensions:  Diameter = 63 (76) 90 µm.    An additional specimen in sample 

VM-09 has a diameter of 275 µm.  N=3 

Remarks:  There is a large size difference within the four specimens observed.   

Three specimens are miospores with an additional specimen being a megaspore.   

Occurrence:  Rare occurrence in the latest Devonian Colpacucho and Cumaná 

Formations.  No observed occurrence above the picked DCB.  

 

Genus INDOTRIRADITES (Tiwari) Foster 1979 

Type species:  Indotriradites korbaensis Tiwari 1964 

Diagnosis:  (From Foster 1979, via Loboziak et al. 1999).  Trilete, zonate and 

camerate miospores in which the intexine and exoexine separated by a distinct and 

broad cavum.  Distal exoexine ornamented by apiculate sculptural elements.   

Remarks:  Many specimens of Indotriradites were extremely poorly-preserved.  

This includes heavy folding and degradation of the exoexine wall, and the total 

absence of the spore body, leaving only a distinctive, plicated triangular zona.  The 
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diversity and range of Indotriradites species are therefore likely to be under 

represented in this study.   

 

Indotriradites dolianitii morphon (Daemon) Loboziak et al. 1999     Plate 6 fig. 5-7 

 1969 Radiizonates sp. no. 2922 of Lanzoni and Magloire, Pl. 2, figs. 14-15 
1974 Hymenozonotriletes dolianitii Daemon, p. 527, Pl. 8, figs. 7-8 

 1998 Radiizonates sp. cf. Hymenozonotriletes dolianitii Daemon in Loboziak et al. Pl. 1, 
fig. 2 

 1999 Radiizonates sp. cf. Hymenozonotriletes dolianitii Daemon in Melo et al., Pl. 3, 
figs. 1-2  

Diagnosis:  (From Loboziak et al. 1999).  This morphon consists of three, very-

closely related species (I. daemonii - I. dolianitii - I. zosteriformis), which are linked 

by a continuous morphological gradation.   

Description:  Miospores sub-rounded triangular, zonate and camerate with the 

laesurae typically indistinct.   The exoexine and intexine are separated by a distinct 

cavum, although this is hard to distinguish on poorly preserved examples.  Intexine 

comprises 1/2 to 2/3 of the total spore radius and is conformable to the amb.  

Exoexine has a darkened inner margin, which extends radially into a thin zona.  Zona 

is variably plicated with a serrated to undulant margin.  The distal and equatorial 

exoexine is variably sculptured by slender conae and spinae with acuminate 

terminations, 2 - 3 µm in basal width and 1 - 6 µm in height.  The basal outline of the 

sculpture is subrounded to polygonal and can be basally coalescent.  The sculpture is 

commonly concentrated in the central distal surface.  Some specimens have much 

reduced apiculation.   

Dimensions: Diameter = 38 (63) 78 µm.  N=9. 

Occurrence:  Upper Kasa Formation, Early Carboniferous (sample VM-31).   

Global occurrence: Generally known from the Late Tournaisian to Visean of 

Gondwana (Loboziak et al. 1999; Melo and Playford 2012). 

 

Indotriradites explanatus (Luber) Playford 1990     Plate 7 figs. 8-9 

 1941 Zonotriletes explanatus Luber in Luber and Waltz, p. 10, Pl. 1, fig. 4 
 1963 Hymenozonotriletes explanatus (Luber) Kedo, p. 67, Pl. 6, figs. 144-147 
 1974 Hymenozonotriletes tenuicostatus Kedo, p. 45-46, Pl. 11, figs. 8-10  

1988 Hymenozonotriletes explanatus Higgs, Clayton and Keegan, p. 79, Pl. 15, figs. 16-
18 

Description: Miospore trilete, cingulizonate and camerate with a sub-rounded 

triangular outline.  Laesurae are typically straight, distinct to indistinct and 
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accompanied by narrow labra 1 - 5 µm in width.  Outline can be smooth or strongly 

serrate depending on degree of sculpture.  Sculpture consists of predominantly conae 

and spinae, rare pilae, that are between 2 - 7 µm in height and 1 - 5 µm in basal 

width.  Intexine typically forms a darkened inner body.   

Dimensions:  Diameter = 58 (72) 100 µm.  N=16. 

Occurrence:  Relatively common but in low abundances.  Formations - 

Colpacucho, Cumaná, lower Kasa, upper Kasa.   

Global occurrence:  Long-lived and wide-ranging miospore. Its inception defines 

the base of the LE/Rle zones in the latest Devonian and ranges into the mid 

Tournaisian or early Visean (Higgs et al. 1988; Playford 1991; Melo and Playford 

2012).   

 

Indotriradites viriosus Melo and Playford 2012       Plate 6 fig. 10 

 2012 Indotriradites viriosus Melo and Playford, p. 111-112, Pl. 7, figs. 1a-b, 2-15 and 

text-fig. 3 

Description:  Triangular miospore with rounded apices and convex sides.  Spore 

camerate, zonate and with a distinct cavum.  Exoexine has a darkened inner margin 

that extends outwards into a thin zona that comprises approximately one half of the 

spore radius.  The zona has a smooth to serrate and undulant margin.  Distal 

exoexine sculptured by slender rounded conae and spinae with blunted, rounded or 

acuminate tips.  These range 2 - 6 µm in basal width and 3 - 9 µm in height.  

Sculptural elements are typically discrete and not basally coalescent.   

Dimensions:  Diameter = 66 (80) 98 µm.  N=4. 

Occurrence: Rare occurrence with only four specimens observed in sample VM-

34 of the upper Kasa Formation, Tournaisian.   

Global occurrence: A newly described species known from the early to mid 

Tournaisian AL, BL and PD zones of the Amazonas Basin (Melo and Playford 

2012).  
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Genus KNOXISPORITES Potonié and Kremp 1954 emend. Neves 1961 

Type species:  Knoxisporites hageni Potonié and Kremp 1954 

 

Knoxisporites literatus (Waltz 1938) Playford 1962 [Part II]    Plate 7 figs. 1-2 

 1938 Zonotriletes literatus Waltz in Luber & Waltz, p. 18, Pl. A, fig. 11 
 1962 Knoxisporites literatus Playford, p. 634, Pl. 90, figs. 7-8 

Description: Trilete, acamerate and cingulate miospores.  Outline is pentagonal 

with rounded apices and straight to slightly convex sides.  The exine is laevigate.  

Laesurae are distinct to obscured, extend to the cingulum and are gaping, simple or 

accompanied by labra < 7 µm.  Along the equatorial periphery is a thickened 

cingulum around 10 µm in width.  On the distal surface are large, broad muri that 

define a centralised pentagonal lacuna.  From the apices of this lacuna are variably 

preserved muri that radiate outwards to join the cingulum.   

Dimensions:  Diameter = 43 (67) 88 µm.  N=5. 

Remarks:  K. literatus is an important spore in Europe, which along with R. 

lepidophyta defines the base of the LL biozone (Streel et al. 1987).  Its presence in 

South America appears to be rare, which may limit its biostratigraphic value (this 

study; Melo and Playford 2012).  In addition, its first observed occurrence in this 

study is stratigraphically above the first observed occurrence of I. explanatus.  

Rare specimens of the morphological similar K. triangularis and K. triradiatus 

were observed and differentiated by the triangular character of the distal muri.   

A variant with an equatorial zona was commonly observed in low abundance and 

referred to as cf. Knoxisporites literatus in the range charts.  These were typically 

degraded.   

Occurrence:  A very rare spore with only 5 specimens identified.  Formations - 

Colpacucho, Cumaná, upper Kasa.   

Global occurrence:  Cosmopolitan spore known from Euramerican (Playford 

1962; Higgs et al. 1988) and Gondwana localities (Wicander et al. 2011; Melo and 

Playford 2012).  Its total range is latest Devonian (LL zone) to Mississippian (Melo 

and Playford 2012).   

 

Knoxisporites triangularis Higgs et al. 1988           Plate 7 fig. 3 

1971 Knoxisporites literatus (Waltz) Playford var. triangularis (Kedo) Clayton, p. 584, 
Pl. 2, fig. 5 

1988 Knoxisporites triangularis Higgs et al., p. 66, Pl. 8, figs. 3, 6.  
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Description and remarks:  An extremely rare species in the studied material that 

can be distinguished based on the triangular character of the distal muri.  

Occurrence: Single occurrence in sample VM-04 of the Colpacucho Formation, 

latest Devonian.   

Knoxisporites triradiatus Hoffmeister et al. 1955           Plate 

7 fig. 4 

 1955 Knoxisporites triradiatus Hoffmeister, Staplin and Malloy, p. 391, Pl. 37, fig. 11-12 

Description and remarks:  A rare species in the studied material that can be 

distinguished by having three distal muri that radiate outwards from the central pole 

and attach at the cingulum.   

Occurrence: Rare in the Colpacucho and Cumaná Formations of the latest 

Devonian.  

 

Genus LEIOTRILETES Naumova 1939, ex. Ishchenko 1952 emend. Potonié and 

Kremp 1954 

Type species:  Leiotriletes sphaerotriangulus (Loose 1932) Potonié and Kremp 

1955 

Diagnosis:  Morphologically simple miospores with a laevigate exine, simple 

wall-structure, and lack of sculptural elements.  It is characterised by rounded apices 

that impart a more triangular outline.  

 

Leiotriletes sp.                Plate 7 fig. 5 

Description: Simple sub-triangular miospores with rounded apices and convex to 

concave sides.  Trilete mark is typically conspicuous, extends up to 4/5 to of the 

spore radius, and may or may not be accompanied by raised lips that are 3 µm thick. 

The exine is laevigate and up to 2 µm thick. 

Dimensions: Diameter = 35 (41) 50 µm.  N=7.  

Remarks:  Morphological simple spores with triangular outlines were assigned to 

an open Leiotriletes spp. designation; however a single specimen of L. struniensis 

was recognised in sample Ch-123.  

Occurrence:  A common and abundant group observed throughout the whole 

sequence.  Formations - Colpacucho, Cumaná, lower Kasa, upper Kasa and 

Copacabana.  
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Genus NEORAISTRICKIA Potonié 1956 

Type species:  Neoraistrickia truncata (Cookson 1953) Potonie 1956. 

Diagnosis:  Acamerate miospores with a triangular outline and predominately 

baculate sculpture discretely dispersed on the exine.   

Remarks.  Specimens are mostly referred to under an open Neoraistrickia sp. 

designation.   

 

Neoraistrickia sp.                     Plate 7 figs. 6-11 

Description:  Miospore trilete and acamerate.  Outline is triangular with straight 

to slightly convex sides and rounded apices.  Laesurae are distinct, straight, extend to 

spore margin and are typically accompanied by large labra 2 - 10 µm in width.  

Exine is laevigate to scabrate and 2 µm in thickness.  The distal and equatorial exine 

is sculptured by widely- spaced baculate and conate elements with rare low pilae.  

Contact face not ornamented.  The sculptural elements are 2 - 3 µm in basal width 

and 2 - 5 µm in height.  The elements can be rarely biform.   

Dimensions: Diameter = 50-(63)-75 µm.  N=4. 

Remarks:  Labra and the widely-spaced apiculate elements that are not 

concentrated on the apical corners distinguish this form from aberrant specimens of 

W. lanzonii.  The predominantly baculate sculptural elements discriminate this form 

from Claytonispora sp. 1.   

The apiculation observed on the Neoraistrickia sp. specimen in Plate 7, figure 7 is 

similar similar to variants of N. loganensis (Winslow 1962) Coleman and Clayton 

1987, which can have varied baculate and biform elements.   

Occurrence:  Rare occurrence in upper Kasa Formation, Early Carboniferous.  

 

Genus PUNCTATISPORITES (Ibrahim 1933) Potonié and Kremp 1954 

Type species:  Punctatisporites punctatus Ibrahim 1933 

Diagnosis:  This genus comprises circular to sub-circular, simple-walled and 

trilete miospores. Exine is laevigate to granular; devoid of additional ornamentation 

(Hacquebard 1957).  

Comparison:  Punctatisporites can be distinguished from Retusotriletes by 

lacking a defined curvature and from Calamaspora by lacking distinctive sharp, 
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tapering folds on the exine (Hacquebard 1957; Schopf et al. 1944).  Leiotriletes is 

similar, but has prominent apices giving it a more pronounced triangular outline. 

 

Punctatisporites sp.        Plate 7, fig. 12 

Description:  Morphologically simple, trilete miospores with a circular to sub-

circular outline.  The exine is thin (typically less than 2 µm), laevigate to slightly 

infra-granulate and can have up to 2 arcuate compression folds.  Laesurae are 

distinct, straight, simple and extend for up to 2/3 of the spore radius.  

Dimensions:  Diameter = 25 (47) 113 µm.  N=18. 

Occurrence:  Commonly occurring specimens from this genus can be found 

throughout the measured stratigraphic columns.  Formations - Colpacucho, Cumaná, 

Colpacucho.   

 

Genus RAISTRICKIA Schopf et al. emend R. Potonié & Kremp 1954 

Type species:  Raistrickia grovensis Schopf 1944 

Diagnosis:  (From Pendleton 2012).  Trilete miospores with rounded outlines.  

The exine is densely covered in predominately baculate ornamentation of variable 

morphology.   

Remarks:  Raistrickia and Neoraistrickia are both characterised by the 

predominantly baculate sculpture on the exine. They can be distinguished by the 

shape of their amb; with Raistrickia being circular to subcircular, whilst 

Neoraistrickia is triangular to sub-triangular (Playford and Melo 2012).   

 

Raistrickia sp.        Plate 7 fig. 13 

Description:  Simple-walled with a subcircular amb and an exine 3 µm in 

thickness. Contact areas are usually laevigate and with straight, slightly obscured 

laesurae.  Distal, proximal and equatorial surfaces bear baculate and rounded conate 

sculpture, ≤ 6 µm in basal diameter, but typically 2 - 3 µm, and with a height of 2 - 4 

µm.  The bases of these elements can be discrete or basally coalescent.  Elements are 

evenly distributed across the surface at 1 - 5 µm spacing.   

Dimensions:  Diameter = 48 (50) 52 µm.  N=4 

Occurrence:  Rare occurrences from uppermost Colpacucho Formation upwards.  

However there is an acme in the Kasa Formation immediately above the DCB. 
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Raistrickia sp. 1       Plate 7, fig. 14 

Description:  Trilete acamerate miospore with a subcircular to circular outline.  

Laesurae are typically obscured by the apiculation; however when observed are 

straight, simple and extend approximately 4/5 of the spore radius.  Exine is 2 - 3 µm 

thick and sculptured comprehensively by discrete low and squat baculae with rarer 

verrucae, conae and pilae.    These elements are 2 - 10 µm in basal width, ≤ 5 µm in 

height and spaced 1 - 10 µm apart.  Rarely the elements will form a partial negative 

reticulum localised to one part of the spore body.  Base of elements are rounded 

subcircular to subpolygonal.   

Dimensions: Diameter = 48 (57) 70 µm.  N=15. 

Comparison:  This form is distinguished from R. baculosa based on its 

comprehensive ornamentation, which includes the contact face, and by its discrete 

elements that are not basally coalescent.  It is distinguished from Raistrickia sp. 2 

based on its predominantly squat and low baculate elements that are wider than they 

are high.   

Occurrence:  Relatively abundant presence in the upper Kasa Formation, Early 

Carboniferous.   

 

Raistrickia sp. 2             Plate 7 fig. 15 

Description:  Trilete miospore, acamerate, apiculate with a rounded subcircular 

outline.  Laesurae are distinct to obscured by apiculation, gaping and extend to spore 

margin.  Exine is 1.5 - 2 µm in thickness and sculptured comprehensively by tall 

baculae and pilae.  Sculptural elements are 1 - 5 µm in basal width and extend up to 

10 µm in height; however most are much below the maximum height.  They are 

discrete and have rounded subcircular to subpolygonal bases.  Typically each 

individual element will be taller than wide.  Rare sculptural elements (1 - 3 per 

specimen) will extend much higher than the rest of the elements.   

Dimensions:  Diameter = 46 (52) 65 µm.  N=3. 

Comparison:  The large, tall, club-like pilate sculptural elements are distinct from 

any other taxa in the studied material.  Raistrickia sp. 2 is distinguished from 

Raistrickia sp. 1 based on sculptural elements that are typically taller than they are 

wide.  The raised nature of the pilate processes appear similar to R. clavata.  

However this latter species tends to have more consistently raised pilae rather than 

just select few.   
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Occurrence:  Rare occurrence in the upper Kasa Formation, Early Carboniferous.   

 

Genus RETISPORA Staplin 1960 

Type species:  Retispora florida Staplin 1960 

Diagnosis: (From Higgs et al. 1988).  This genus incorporates camerate 

miospores with distal reticulum.  

 

Retispora lepidophyta (Kedo) Playford 1976             Plate 7 figs. 16-17 

1957 Hymenozonotriletes lepidophytus Kedo, p. 24, Pl. 2, figs. 19-21 
1962 Leiozonotriletes naumovae Balme and Hassell, p. 18, Pl. 4, figs. 10-12 
1962 Endosporites lacunosus Winslow, p. 44, Pl. 16, fig. 19 
1962 Hymenozonotriletes reticulatus Caro-Moniez, p. 144, Pl. 17, figs. 9-10 
1963 Hymenozonotriletes lepidophytus Kedo var. tener Kedo, p. 59, Pl. 5, fig. 110 
1966 Remysporites lepidophytus (Kedo) Luber in Pokrovskya et al., Pl. 40, fig. 14 
1974 Spelaeotriletes lepidophytus (Kedo) Streel in Becker et al. p. 26 
1976 Retispora lepidophyta (Kedo) Playford, p. 45, Pl. 10, figs. 1-15 

Description:  Trilete, camerate and circular to rounded sub-triangular miospores.  

Laesurae are straight to slightly sinuous, distinct to indistinct and extend 4/5 of the 

spore radius. They are accompanied by narrow labra up to 2 µm in width.  Intexine is 

laevigate and forms a central, darker inner body that comprises 1/2 to 2/3 of the 

spore radius and is conformable with the amb.  The exoexine is ≤ 2 µm thick and 

comprises around 1/3 of the spore radius.  On its distal surface there is a distinct 

reticulum. Lacunae are rounded or polygonal where preserved and 1 - 3 µm in width. 

The muri are typically less than 1 µm in height and width.  Compression folds are 

evident on some specimens.  

Dimensions:  Diameter = 43 (53) 73 µm.  N=26.  

Remarks:  Poor-preservation has degraded the reticulate texture on many 

specimens. 

Occurrence:  Abundant and common miospore species, which with U. saharicum 

defines the latest Devonian in the study area.  It suffers a sudden decline in 

abundance in the lowermost Kasa Formation, which is interpreted as the DCB.  R. 

lepidophyta occurs sporadically above the DCB; either reworked or representing the 

final remnant of a once abundant species.   

Global occurrence:  A latest Devonian miospore of great stratigraphic 

importance, virtually global in geographic extent.  This includes Europe (Higgs et al. 

1988; Streel et al. 1987), the Russian Platform (Byvsheva and Umnova 1992), South 

America (Wicander et al. 2011; Melo and Loboziak 2003), North America (Playford 
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and McGregor 1993; Wicander and Playford 2013), Middle East (Clayton et al. 

2000), Australia (Playford 1991), China (Hance et al. 1993) and Greenland 

(Marshall et al. 1999). Currently its range defines five biozones, the LL, LE and LN 

in Belgium (Streel et al. 1987) and the coincident Rle and LVa zones in Brazil (Melo 

and Loboziak 2003). Its last occurrence is 14 cm below the DCB GSSP at the 

paratype section at Hasselbachtal, which makes its extinction a global indicator of 

the DCB (Higgs et al. 1998; Kaiser 2009; Becker et al. 2012; Davydov et al. 2012).  

 

Genus Retusotriletes Naumova emend. Streel 1964 

Type species.  Retusotriletes simplex Naumover 1953 

Diagnosis.  Morphologically simple miospores with a defined curvature.  

 

Retusotriletes crassus Clayton 1980           Plate 7 fig. 18 

 1980 Retusotriletes crassus Clayton in Clayton et al. p. 97, Pl. 1, figs. 9, 13 

Description:  Miospore trilete, acamerate and retusoid with a subtriangular outline 

and rounded apices.  Laesurae are distinct, simple, and straight, extend almost to the 

spore margin and terminate in a weakly defined curvature.  The proximal central part 

of the contact face is darkened forming a polumbra.    

Dimensions:  Diameter = 48 (68) 84 µm.  N=5. 

Occurrence:   A common taxa found immediately below and above the DCB.  

Formations - lower Kasa, upper Kasa.  

Global occurrence:  This spore is known from latest Famennian to Visean 

globally (Playford et al. 2008).  

 

Retusotriletes incohatus Sullivan 1964          Plate 7 fig. 19 

 1964 Retusotriletes incohatus Sullivan, p. 1251-1252, Pl. 1, figs. 5-7 

Description:  Trilete, acamerate and retusoid miospore with a subcircular outline.  

Laesurae are distinct, straight, simple and sometimes with minor labra.  They extend 

for 2/3 to 3/4 of the spore radius and terminate in a curvaturae perfecta.  The 

curvature delimits a darkened equatorial margin.  Surface texture laevigate.  

Dimensions:  Diameter = 35 (51) 95 µm.  N=7.  

Remarks:  Very rare and poorly-preserved specimens of (?)R. famenensis could be 

discriminated from R. incohatus by their prominent labra.   
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Occurrence:  Relatively common occurrence.  Formations - Colpacucho, 

Cumaná, lower Kasa and upper Kasa.   

Global occurrence:  Reported from the mid-Famennian to Visean in both 

Gondwana and Euramerica (see Sullivan 1964; Higgs et al. 1988; Playford and Melo 

2012).  It’s co-occurrence with V. nitidus above the extinction of R. lepidophyta 

currently defines the base of the VI biozone in Western Europe (Streel et al. 1987).  

 

Genus SPELAEOTRILETES Neves and Owens 1966 

Type species: Spelaeotriletes triangulus Neves and Owens 1966 

Diagnosis:  (From Playford et al. 2001).  Trilete and camerate miospores with a 

subtriangular to oval amb, often with curvature. The contact face is laevigate, with 

the equatorial and distal exoexine ornamented with diverse elements, such as: coni, 

baculae, grana, spinae and verrucae. These can often be fused at their bases to form 

short ridges.  

 

Spelaeotriletes sp. Higgs 1975        Plate 8 fig. 1-5 

 1975 Spelaeotriletes crustatus Higgs et al. 1975, p. 399, Pl. 6, fig. 4 

Description: Trilete and camerate miospores with a subcircular amb.  Intexine 

composes 4/5 of the total spore radius.  Exoexine is 2 - 3 µm thick.  Laesurae are 

distinct, slightly wavy, extend 4/5 of the spore radius and are accompanied by 

narrow labra.  Laesurae terminate in an imperfect curvature. Intexine is laevigate. 

The exoexine is sculptured with minute (≤ 1 µm) ornamentation of grana and spinae. 

Concentric folding is present on most examples.  

Dimensions:  Diameter = 50 (71) 92 µm.  N=8. 

Remarks.  An open designation preferred due to the low preservation of most 

specimens.   

Occurrence:  Rare and degraded specimens latest Devonian - Early 

Carboniferous. Formations - Colpacucho and lower Kasa.   

 

 

 

 

 



202  Chapter 5:  Systematic palynology 

Genus TUMULISPORA Staplin and Jansonius 1964 

Type species: Tumulispora variverrucata (Playford) Staplin and Jansonius 1964 

 

Tumulispora rarituberculata (Luber) Playford 1991          Plate 8 fig. 6 

1941 Zonotriletes rarituberculatus Luber in Luber and Waltz, p. 10, 30, Pl. 1, fig. 5, Pl. 
5, fig. 76 
 1978 Tumulispora malevkensis (Kedo) Turnau, p. 9, Pl. 3, fig. 8.  
 1991 Tumulispora rarituberculata (Luber) Playford, Pl. 3, figs. 12-15 
 

Description:  Miospore trilete, acamerate and cingulate with a subcircular outline.  

The laesurae are distinct to indistinct, straight, simple and extend to the cingulate 

margin.  Cingulum is 10 µm in width, which comprises just under 1/2 of the total 

spore radius.  The distal exine is sculptured by 3 - 12 large verrucae, 2 - 10 µm in 

basal width, discrete or basally coalescent.  The central verruca on one specimen is 

much larger with smaller verrucae positioned around it.  The verrucae are on the 

most part unevenly spaced around the distal central part of the spore and cingulate 

margin.   

Dimensions:  Diameter = 45 (49) 49 µm.  N=4. 

Occurrence:  Rare occurrence with five specimens observed.  Formations - 

Colpacucho, Kasa.  

Global occurrence:  Cosmopolitan spore known from the latest Devonian and 

Early Carboniferous (Playford 1991).  It has been observed in the latest Devonian 

glacial Itacua Formation in Bolivia by Wicander et al. (2011 - as T. malevkensis) and 

in the latest Devonian to Tournaisian of the Amazonas Basin (Melo and Playford 

2012).   

 

Genus VALLATISPORITES Hacquebard 1957 

Type species: Vallatisporites vallatus Hacquebard 1957 

Diagnosis: This genus accommodates camerate cinguli-zonate miospores with a 

vacuolate zone within the cingulum. 

 

Vallatisporites banffensis Staplin and Jansonius 1964          Plate 8 fig. 7 

 1964 Vallatisporites banffensis Staplin and Jansonius, p. 112-113, Pl. 21, figs. 7-12 and 
text-fig. 2l 

Description:  Spore cingulate, zonate, camerate and with vacuolate margin.  

Outline triangular with rounded apices and convex sides.  Intexine indiscernible.  
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Exoexine has a wide vacuolate inner margin, up to 8 µm in length, but often 

degraded.   Beyond the inner vacuolate margin is a thin diaphanous zona up to 6 µm 

in width.  Exoexine is sculptured distally by small verrucae and rounded conae < 3 

µm in basal width and < 3 µm in height.  .   

Dimensions:  Diameter = 63 (71) 80 µm.  N=3. 

Remarks:  Only three rather degraded specimens identified.  Apiculation where 

observed consisted of rounded conae and verrucae.  This distinguishes it from V. 

drybookensis Playford and McGregor 1993, which has more acuminate conate and 

galeate elements.   

Occurrence:  Very rare and typically degraded specimens from the latest 

Devonian Colpacucho Formation in the Villa Molino section.   

Global occurrence:  Latest Famennian to Visean from both Euramerica and 

Gondwana (Melo and Playford 2012).   

 

Vallatisporites sp.                   Plate 8 figs. 8-10 

Description:  Degraded, trilete, camerate and cingulizonate miospores with a 

subtriangular outline.  Laesurae are straight and extend most of the spore radius.  

Vacuolate margin typically 1 - 5 µm in width.  Distal ornamentation where observed 

is variable, even on most given specimens, consisting of rounded conae, galeae, 

minute spinae and grana.  Sculptural elements are 1 - 5 µm in basal width and < 3 

µm in height.   

Dimensions:  Diameter = 30 (49) 65 µm.  N=7. 

Remarks:  Many of the specimens observed were highly degraded, which made 

the characteristics of the sculpture difficult to ascertain.  This makes confident 

assignment to species impossible.  Melo and Playford (2012, p. 116) noted that 

degraded specimens of V. vallatus and V. verrocosus Hacquebard 1957, are 

“hazardous” to identify with confidence and that well-preserved specimens are 

needed.  Considering the biozonal significance of V. vallatus an open designation has 

been used.   

Rare specimens contain rounded conae with grana and spinae, which would 

make them V. vallatus.  However many of the conae will have acuminate 

terminations surmounted by spinae; making the elements galeate and hence more 

similar to V. hystricosus.  However these elements are much smaller than is typical 
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of V. hystricosus (e.g. Stephenson &  Owens 2006) and the same specimens also host 

spinae and grana.   

Occurrence:  Relatively common occurrence but in low abundances.  

Formations - Colpacucho, Cumaná, lower Kasa, upper Kasa.   

 

Genus VERRUCOSISPORITES Ibrahim 1933 emend. Smith and Butterworth 

1967 

Type species:  Verrucosisporites verrucosus Ibrahim 1933 

Diagnosis:  This genus comprises relatively simple acavate, azonate and trilete 

miospores with distinctive and densely distributed verrucate elements.  These cover 

the distal, equatorial and proximal faces, and form a negative reticulum.  

Remarks:  The morphology and stratigraphic ranges of zonally important Late 

Devonian and Early Carboniferous species have been resolved by Turnau et al. 

(1994), and for clarity their recommendations are accepted in this study.   

 

Verrucosisporites congestus Playford 1964     Plate 8 fig. 11 

 1964 Verrucosisporites congestus Playford, p. 13, Pl. II, figs. 11-13 

Description:  Trilete, acamerate miospore with a subcircular outline.  Laesurae are 

distinct to indistinct, straight, simple and extend for over 2/3 of the spore radius.   

Exine is comprehensively sculptured by verrucae with subpolygonal basal outlines, 

which form a negative reticulum.  The verrucae are 4 - 14 µm in basal width and 1 - 

8 µm in height.  

Dimensions:  Diameter = 56 µm.  N=1.  

Occurrence:  Rare occurrence with only four specimens identified in the upper 

Kasa Formation, Early Carboniferous.   

Global occurrence:  Cosmopolitan species from the latest Devonian to Visean 

(Turnau et al. 1994; Playford and Melo 2012).   

 

Verrucosisporites depressus Winslow 1962        Plate 8 fig. 12 

 1962 Verrucosisporites depressus Winslow, p. 63, Pl. 19, fig. 7.  

Description and remarks:  Only a single identified specimen of this species.  It 

can be differentiated from the morphologically similar V. congestus and V. nitidus by 

having verrucate sculpture that do not exceed 3 µm in basal diameter.   
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Dimensions:  Diameter = 55 µm.  N=1. 

Occurrence:  Single occurrence in sample VM-37 of the upper Kasa Formation, 

Early Carboniferous.  

 

Verrucosisporites nitidus Playford 1964           Plate 8 fig. 13 

 1953 Lophotriletes grumosus Naumova, p. 57, Pl. 7, figs. 14-15 
 1964 Verrucosisporites nitidus Playford, p. 13-14, Pl. III, figs. 3-6 

Description:  Trilete, acamerate miospore with a subcircular to rounded 

subtriangular outline.  Laesurae are mostly indistinct, straight and simple and extend 

over 2/3 of the spore radius.  Exine is comprehensively sculptured by rounded 

verrucae with subpolygonal bases that form a negative reticulum.  The verrucae are 2 

- 8 µm in basal width and < 5 µm in height.   

Dimensions:  Diameter = 45 (60) 73 µm.  N=4. 

Remarks:  Many specimens were observed that appeared superficially similar to 

V. nitidus, but could not be confidently assigned due to degradation.  These are 

referred to as cf. V. nitidus in the range charts.  The true range and diversity of this 

species is therefore likely underrepresented in the current study.  

Occurrence:  Rare with only four identified specimens in samples CR7-03, VM-

33 and VM-34.  Formations - Cumaná and upper Kasa.  

Global occurrence:  An Upper Devonian to Lower Carboniferous miospore that is 

found virtually world-wide. It currently defines the base of the LN spore zone in 

Europe (Streel et al. 1987).  

 

Genus WALTZISPORA Staplin 1960 

Type species:  Waltzispora lobophora (Waltz in Luber and Waltz 1938) Staplin 

1960 

Diagnosis:  (From Playford and Melo 2010).   These are trilete and acamerate 

miospores with radial symmetry and a pronounced sub-triangular to trilobate amb.  

Each apical corner is variably developed into expanded or reflexive shape.   The 

exine is thin and laevigate to sculptured.  
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Waltzispora lanzonii Daemon 1974.               Plate 8 figs. 14-16 

 1974 Waltzispora lanzonii Daemon, p. 561, Pl. 7, figs. 2-3 

Description:  Trilete acamerate miospore with a strongly triangular outline.  Each 

apical corner is expanded into a distinct shoulder with pointed lateral margins.  Exine 

is laevigate apart from the shoulders, which bear small apiculations < 1 µm in basal 

width and height.   

Dimensions:  Diameter = 50 - 77 µm.  N=2. 

Remarks:  Only 2 typical specimens with distinctive shoulder development could 

be identified in the studied material (both within sample VM-32).  In addition, there 

were several specimens of the aberrant forms as described by Playford and Melo 

(2010).  This mostly includes forms with limited shoulder development and one 

quadrate specimen.   

There were rare forms observed which are almost entirely identical to W. lanzonii 

with the exception of specimens bearing no apiculation whatsoever.  These were 

assigned Waltzispora sp. 1 in the range charts (Plate 8, fig. 17).  

Occurrence:  Upper Kasa Formation in the Early Carboniferous.   

Global occurrence:  Restricted to the Tournaisian of north-west Gondwana, but 

may range into the late Visean (Playford and Melo 2010).   

 

Turma MONOLETES Ibrahim 1933 

 

Genus ARATRISPORITES (Leschik) Playford and Dettmann 1965 

Type species:  Aratrisporites parvispinosus Leschik 1955 

 

Aratrisporites saharaensis Loboziak et al, 1986         Plate 8 fig. 18 

 1986 Aratrisporites saharaensis Loboziak, Clayton and Owens, p. 498-499. Pl. 1, figs. 1-

20 

Description:  Oval monolete camerate spore with bilateral symmetry. Distal 

exoexine is ornamented with small spinae, conae and verrucae, 1 µm in basal width, 

1 µm in height and spaced 1 - 3 µm apart.  The monolete scar extends almost to 

spore margin and terminates in a faint curvature.   

Dimensions:  Diameter = 63 µm.  N=1.  

Occurrence:   Single occurrence in the upper Kasa Formation (sample VM-31).   
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Global occurrence: Widespread occurrence within latest Devonian (Strunian), 

Tournaisian and Visean of Western Gondwana and Euramerica (Playford and Melo 

2012).  

 

5.4. DISCUSSION 

The identification and description of the observed taxa was difficult because of poor 

preservation.  For practical reasons, therefore, open nomenclature was preferred for 

many of the palynological groups, such as, for e.g. Veryhachium spp. and 

Gorgonisphaeridium spp.  Such open designations that refer to large taxonomic 

groups, however, artificially reduces the number of taxa recognised and therefore our 

understanding of spore and phytoplankton diversity.  It also raises questions on the 

practical applicability of many taxonomic designations that rely on subtle 

discriminating features.  This is a particular problem for morphologically simple 

spore genera, such as Punctatisporites spp. and Leiotriletes spp.   

One particular taxonomic issue is in relation to the genus Gorgonisphaeridium 

Staplin, Jansonius and Pocock 1965.  Many of the studied specimens in this study 

fell into intermediary forms in regards to their process length, which were restricted 

to 4 - 10 µm in length.  A detailed taxonomic study of Gorgonisphaeridium genus 

was beyond the scope of this study.  In addition the overall poor preservation of the 

studied material would have precluded such an investigation.    However future work 

in other DCB sections may include detailed and quantitative study of Late Devonian 

Gorgonisphaeridium taxa to see if process-lengths are an ideal characteristic for 

species definitions or if there is indeed morphological intermediaries between the 

short forms (e.g. G. condensum; and in this study Gorgonisphaeridium sp. A, B) and 

long forms (e.g. G. ohioense and G. winslowiae).    

The ‘Incertae sedis 1 and 2’ taxa may have biostratigraphic potential owing to their 

restricted ranges in relation to the observed DCB.  Incertae sedis: 1 is very similar to 

‘Baltisphaeridium sp. A’, found in the Itacua Formation from Bermejo and may 

represent a new species (Wicander et al. 2011; Wicander pers. comms).  The latter 

Incertae sedis: 2 may represent a new form of Maranhites (Wicander pers. comms.).   
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The identified taxa in this study compare well with previous literature, such as that 

of Díaz-Martínez et al. (1999) and Vavrdová and Isaacson (1999).  In the three 

sections studied by Díaz-Martínez et al. (1999) the following spore species were 

common: R. lepidophyta, I. explanatus, Punctatisporites Raistrickia and 

Convolutispora.  These forms were commonly observed in the sections studied in 

this project.  Díaz-Martínez et al. (1999) stated that V. nitidus was absent.  A single 

occurrence however was found in this study in sample CR7-01.   

In addition Díaz-Martínez et al. (1999) recognised common phytoplankton species, 

which include U. saharicum, Quadrisporites sp. and E. irregulare.  These species 

are also extremely common in the studied material.  This phytoplankton assemblage 

was considered to represent a cold-water Umbellisphaeridium saharicim 

Bioprovince recognised throughout Gondwana and the southern margins of 

Euramerica (Vavrdová and Isaacson 1999).  

 

5.5. CONCLUSIONS 

• In total 69 taxonomic groups were consistently identified and described in the 

study area. Of those 5 are chlorophytes, 23 are acritarchs, 2 are chitinozoa 

and 39 are spores.  These groups include designations in uncertain and/or 

open nomenclature.   

• The overall poor preservation of the studied material has precluded a more 

detailed taxonomic study and made the recognition and description of 

palynological specimens difficult.   

• The taxonomic discriminations of certain forms, such as Gorgonisphaeridium 

spp. could not be replicated in this study and may not be practical.    

• There are potentially two new species recognised, which will need to be 

recognised and described in additional sections.   

• This chapter acts as a companion to Chapter 4, which details in full the 

background definitions that support the quantitative palynostratigraphic 

work.  
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PLATE 1 

 

1. Quadrisporites sp., Ch-135, Colpacucho Formation 

2. Quadrisporites sp., VM-1, Colpacucho Formation 

3. Quadrisporites sp., VM-33, upper Kasa Formation 

4. Quadrisporites sp., Ch-137, Colpacucho Formation 

5. Quadrisporites sp., CR5-01, lower Kasa Formation 

6. Petrovina connata, Ch-133, Colpacucho Formation 

7. Cymatiosphaera ambotrocha, Ch-100, Colpacucho Formation 

8. Duvernaysphaera radiata, CR5-01, lower Kasa Formation 

9. Duvernaysphaera radiata, 2011-87, lower Kasa Formation  

10. Maranhites mosesii, 2011-87, lower Kasa Formation 

11. Maranhites mosesii, 2011-87, lower Kasa Formation 

12. Maranhites mosesii, VM4, Colpacucho Formation 

13. Maranhites mosesii, CR5-01, lower Kasa Formation 

14. Pterospermella spp. (P. pernambucensis), CR5-01, lower Kasa Formation 

15. Pterospermella spp. (P. capitana), Ch-117, Colpacucho Formation 

16. Pterospermella spp. (P. latibalteus), Ch-133, Colpacucho Formation 
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PLATE 2 

 

1. Chomotriletes vedugensis, CR5-01, lower Kasa Formation 

2. Evittia sommeri, CR7-03, Cumaná Formation 

3. Exochoderma irregulare, VM-04, Colpacucho Formation 

4. Gorgonisphaeridium spp., VM-05, Colpacucho Formation 

5. Gorgonisphaeridium spp., VM-14, lower Kasa Formation 

6. Gorgonisphaeridium spp., VM-04, Colpacucho Formation 

7. Gorgonisphaeridium winslowiae, VM-04, Colpacucho Formation 

8. Horologinella quadrispina, Ch-132, Colpacucho Formation 

9. Lophosphaeridium sp., VM-06, Colpacucho Formation 

10. Micrhystridium breve group, CR5-19, lower Kasa Formation 

11. Micrhystridium pentagonale group, CR5-60, lower Kasa Formation 

12. Multiplicisphaeridium ramusculosum, CR5-03, lower Kasa Formation 

13. Pyloferites pentagonale, 2011-87, lower Kasa Formation 

14. Schizocystia sp. 1, VM-04, Colpacucho Formation 

15. Stellinium comptum, CR5-03, lower Kasa Formation 

16. Stellinium micropolygonale, CR5-03, lower Kasa Formation 

17. Stellinium sp. 1, VM-02, Colpacucho Formation 
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PLATE 3 

 

1. Trilobus sp., Ch-135, Colpacucho Formation 

2. Umbellisphaeridium deflandrei, VM-02, Colpacucho Formation 

3. Umbellisphaeridium saharicum, VM-04, Colpacucho Formation 

4. Umbellisphaeridium saharicum, VM-04, Colpacucho Formation 

5. Veryhachium lardii group, CR5-03, lower Kasa Formation 

6. Veryhachium trispinosum group, 2011-87, lower Kasa Formation 

7. Incertae sedis: 1 (diaphanous tubes), VM-03, Colpacucho Formation 

8. Incertae sedis: 2 (ringed), plicate form, VM-17, lower Kasa Formation 

9. Incertae sedis: 2 (ringed), non-plicate form, CR5-19, lower Kasa Formation 

10. Leiosphere sp., wrinkled form, Ch-137, Colpacucho Formation 

11. Leiosphere sp., smooth form, CR5-03, lower Kasa Formation 

12. Unknown apiculate acritarch, ?Umbellisphaeridium, VM-04, Colpacucho 

Formation 
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PLATE 4 

 

1. Angochitina sp., Ch-20, Colpacucho Formation 

2. Angochitina sp., Ch-30, Colpacucho Formation 

3. Angochitina sp., Ch-33, Colpacucho Formation 

4. Fungochitina sp., Ch-10, Colpacucho Formation 

5. Chitinozoan indeterminate, ?Togachitina, Ch-10, Colpacucho Formation 

6. Chitinozoan indeterminate, ?Saharochitina, Ch-5, Colpacucho Formation 

7. Chitinozoan indeterminate, ?Desmochitinid, Ch-20, Colpacucho Formation 

8. Chitinozoan indeterminate, CR7-02, Cumaná Formation 
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PLATE 5 

 

1. Anapiculatisporites ampullaceus, VM-33, upper Kasa Formation 

2. Anapiculatisporites semicuspidatus, VM-33, upper Kasa Formation 

3. Ancyrospora sp., VM-07, Colpacucho Formation 

4. Apiculatisporites quadrosii, VM-14, lower Kasa Formation 

5. Apuculiretusispora sp., VM-32, upper Kasa Formation 

6. Apuculiretusispora sp., VM-32, upper Kasa Formation 

7. Auroraspora sp., VM-09, Colpacucho Formation 

8. Auroraspora sp. 

9. Calamospora sp., Ch-125, Colpacucho Formation 

10. cf. Claytonispora sp., VM-34, upper Kasa Formation 

11. cf. Claytonispora sp., VM-34, upper Kasa Formation 

12. cf. Claytonispora sp., sculptural elements of specimen in figure 11.  Appears 

similar to Dibolisporites abstrusus. Black bar represents 5 µm.  

13. Dibolisporites abstrusus, sculptural detail, distal focus, Cabri Crown well, 

1016.8m, C-69804-3/S2, England Finder no. P48/1, GSC type number 

100856.  In Playford and MacGregor, 1993, Pl. 11, figure 8.  

14. cf. Claytonispora sp., sculptural elements of specimen in figure 11.  Appears 

similar to Umbonatisporites variabilis. Black bar represents 5 µm. 

15. Text-figure 4a in Playford and Melo, 2012.  Generalised sculpture 

morphology of Umbonatisporites variabilis.  

16. Convolutispora major, VM-34, upper Kasa Formation 

17. Convolutispora sp. VM-10, Colpacucho Formation 

18. Cymbosporites sp. (?C. loboziakii), CR5-13,  lower Kasa Formation 

19. Cymbosporites sp. (?C. magnificus), Ch-122, Colpacucho Formation 

20. Densosporites annulatus, Ch-132, Colpacucho Formation 

21. Emphanisporites rotatus, VM-23, lower Kasa Formation 
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PLATE 6 

 

1. Endosporites angustus, VM-04, Colpacucho Formation 

2. Grandispora protea, CR5-13, lower Kasa Formation 

3. Grandispora protea, VM-07, Colpacucho Formation 

4. Hystricosporites sp., VM-09, Colpacucho Formation 

5. Indotriradites dolianitii morphon, VM-31, upper Kasa Formation 

6. Indotriradites dolianitii morphon, VM-37, upper Kasa Formation 

7. Indotriradites dolianitii morphon, VM-37, upper Kasa Formation 

8. Indotriradites explanatus, VM-01, Colpacucho Formation 

9. Indotriradites explanatus, VM-23, lower Kasa Formation 

10. Indotriradites viriosus, VM-34, upper Kasa Formation 
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PLATE 7 

 

1. Knoxisporites literatus, CR5-60, lower Kasa Formation 

2. Knoxisporites literatus, VM-02, Colpacucho Formation 

3. Knoxisporites triangularis, VM-04, Colpacucho Formation 

4. Knoxisporites triradiatus, CR7-02, Cumaná Formation 

5. Leiotriletes struniensis, Ch-123, Colpacucho Formation 

6. Neoraistrickia sp., VM-37, upper Kasa Formation 

7. Neoraistrickia sp., VM-37, upper Kasa Formation 

8. Neoraistrickia sp., sculptural elements of specimen in figure 7.  

Black bar = 5 µm.  

9. Neoraistrickia sp., sculptural elements of specimen in figure 7.  

Black bar = 5 µm.  

10. Neoraistrickia sp., sculptural elements of specimen in figure 7.  

Black bar = 5 µm.  

11. Neoraistrickia sp., sculptural elements of specimen in figure 7.  

Black bar = 5 µm.  

12. Punctatisporites sp., CR5-44, lower Kasa Formation 

13. Raistrickia sp., VM-14, lower Kasa Formation 

14. Raistrickia sp. 1, VM-33, upper Kasa Formation 

15. Raistrickia sp. 2, VM-37, upper Kasa Formation 

16. Retispora lepidophyta, 2011-87, lower Kasa Formation 

17. Retispora lepidophyta, 2011-87, lower Kasa Formation 

18. Retusotriletes crassus, VM-17, lower Kasa Formation 

19. Retusotriletes incohatus, 2011-87, lower Kasa Formation 
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PLATE 8 

 

1. Spelaeotriletes sp., VM-04, Colpacucho Formation 

2. Spelaeotriletes sp., Ch-122, Colpacucho Formation 

3. Spelaeotriletes sp., VM-33, upper Kasa Formation 

4. Spelaeotriletes sp., (?S. balteatus), VM-31, upper Kasa Formation 

5. Spelaeotriletes sp., (?S. balteatus), VM-31, upper Kasa Formation 

6. Tumulispora rarituberculata, CR5-19, lower Kasa Formation 

7. Vallatisporites banffensis, VM-04, Colpacucho Formation 

8. Vallatisporites sp., VM-02, Colpacucho Formation 

9. Vallatisporites sp., CR7-01, Cumaná Formation 

10. Vallatisporites sp., VM-34, upper Kasa Formation 

11. Verrucosisporites congestus, VM-32, upper Kasa Formation 

12. Verrucosisporites depressus, VM-37, upper Kasa Formation 

13. Verrucosisporites nitidus, CR7-03, Cumaná Formation 

14. Waltzispora lanzonii, VM-32, upper Kasa Formation 

15. Waltzispora lanzonii, aberrant form, VM-33, upper Kasa Formation 

16. Waltzispora lanzonii, aberrant form, VM-32, upper Kasa Formation 

17. Waltzispora sp. 1, no apiculation, VM-32, upper Kasa Formation 

18. Aratrisporites saharaensis, VM-32, upper Kasa Formation 
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PLATE 9 

(All these forms from sample VM-53 in the basal Copacabana Formation.  

These are shown here for reference purposes and are not described in this 

study) 

 

1. Limitisporites rectus, VM-53, Copacabana Formation 

2. Protohaploxypinus limpidus, VM-53, Copacabana Formation 

3. Vittatina saccata, VM-53, Copacabana Formation 

4. Vittatina saccata, VM-53, Copacabana Formation 

5. Pakhapites ovatus, VM-53, Copacabana Formation 

6. Bisaccate striated pollen, VM-53, Copacabana Formation 

7. Cannanoropollis sp., VM-53, Copacabana Formation 

8. Crucisaccites sp., VM-53, Copacabana Formation 

9. Monosaccate and alete haploxynoid pollen, VM-53, Copacabana Formation 

10. Striatopodocarpites sp., VM-53, Copacabana Formation 

11. Potoniesporites sp., VM-53, Copacabana Formation 

12. Potoniesporites sp., VM-53, Copacabana Formation 

13. Potoniesporites sp., VM-53, Copacabana Formation 
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PLATE 10 

(Undescribed forms) 

 

1. Cristatisporites peruvianus, VM-31, upper Kasa Formation 

2. Densosporites infacetus, VM-37, upper Kasa Formation 

3. Dictyotriletes trivialis, CR7-01, Cumaná Formation 

4. ?Lophozonotriletes sp., VM-04, Colpacucho Formation 

5. Radiizonates arcuatus, VM-37, upper Kasa Formation 

6. Megaspore: Lagenicula, VM-33,  upper Kasa Formation 

7. Megaspore: opaque and apiculate, Ch-135, Colpacucho Formation 

8. Megaspore: camerate, VM-11, Colpacucho Formation 

9. Megaspore: laevigate, VM-07, Colpacucho Formation 
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Chapter 6 

Preliminary TOC and bulk δ13Corganic stratigraphy of the Villa 

Molino and Chaguaya field area 

 

6.1. INTRODUCTION  

The Devonian/Carboniferous Boundary (DCB) is associated with a top-six mass extinction 

event, eustatic changes and positive carbon isotope excursions (PCIEs) that have been 

recognised near-globally (see Chapter 2).  PCIEs are observed in both inorganic (δ
13Ccarbonate) 

and organic (δ13Corganic) carbon and are assumed to be global in extent (Kaiser et al. 2006).   

There are currently no published carbon isotope curves for South America over the DCB 

interval.  The sequence exposed at Villa Molino and Chaguaya in the Bolivian Altiplano is a 

unique record of the DCB that is directly tied to a biostratigraphically constrained history of 

glaciation in the high southern palaeolatitudes.  The mid Palaeozoic stratigraphy of the 

Bolivian Altiplano is siliciclastic and contains no reported macro-fossils or conodonts.  This 

precludes any investigation of inorganic carbon and oxygen isotope stratigraphy.  The thick 

claystone deposits do however allow for Total Organic Carbon and δ13Corganic data to be 

collected.   

The aim of this chapter is to discuss the results, interpretations and implications of a large 

TOC and bulk δ13Corg data set from the Villa Molino and Chaguaya study area.  Parallel with 

the geochemical analysis the samples were processed for palynology and counted for 

palynofacies data.  Palynofacies counts provide the relative abundance of different organic 

matter types in a sample.  It will provide some control, therefore, on the type of organic 

matter preserved within the sedimentary sequence.  The interpretations are discussed in two 

parts 1) the effects of organic matter delivery and preservation and 2) comparing the data set 

to global trends around the DCB.  It will test whether carbon isotope excursions recognised 

near-globally can be identified in the glaciated high-palaeolatitude record of the Bolivian 

Altiplano.   

6.1.1. Potential factors that control bulk δ13Corg values 

This study measured the bulk δ
13Corg of crushed whole-rock samples.  As this is only a 

preliminary geochemical study no attempt was made to provide maceral-specific data, i.e. 

isolating different organic matter types and measuring their value separately.  This is 
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important as different organic matter types will have varying isotopic values (Lewan 1986; 

Meyers 1994).   The bulk δ
13Corg value will therefore reflect the sum total of all organic 

matter within a sample, which includes plant spores, cysts of marine phytoplankton (for 

example acritarchs/prasinophytes), phytoclast (i.e. plant derived organic debris) and 

Amorphous Organic Matter (AOM).  AOM is widely thought to be the product of microbial 

activity in the water column or via organic decomposition in the sedimentary substrate 

(Pacton et al. 2011).  Plant spores and phytoclasts are derived via depositional processes and 

wind, which transport terrestrially-derived organic matter into the marine realm.  In contrast, 

phytoplankton and AOM are derived from the water-column and in this study are assumed 

to be of marine origin.  Case studies of core and outcrop sections of the UK Carboniferous 

have shown that stratigraphic trends in bulk δ
13Corg can be influenced by sedimentary 

processes, which favour the delivery of either marine or terrestrial organic matter (Davies et 

al. 2012; Könitzer et al. 2014).  These studies investigated claystones, which highlights that 

subtle facies changes in even ostensibly uniform lithologies can have significant effects on 

the geochemical results.   It is important therefore to understand what organic matter has 

been deposited and preserved within the sedimentary sequence that is being sampled for 

bulk δ13Corg.   

Terrestrially derived organic matter may have been variably affected by degradation and 

oxidation in its journey from sedimentary source to sink.  In addition there may be further 

diagenetic effects, including microbial decomposition and/or meteoric alteration that could 

alter the primary isotopic signal (Pacton et al. 2011; Peters-Kottig et al. 2006).  To test the 

effects of oxidation Peters-Kottig et al. (2006) treated Palaeozoic samples at 80°C in 

Schulze’s solution, an oxidative reagent, and tested their isotopic value against non-treated 

samples.  It showed no systematic differences in δ
13Corg values, to which the authors 

concluded that the effects of oxidation were minimal.  This is supported by Meyers (1994) 

who concluded that δ
13Corg values retained their source value through early diagenesis.  

However the effects of oxidative degradation would be difficult to quantify and cannot be 

fully discounted (Peters-Kottig et al. 2006).   

Variations in δ13Corg may be linked to variations in the carbon cycle.  During the 

precipitation of carbonate minerals in a marine environment there is little fractionation of the 

carbon isotopes (Saltzman & Thomas 2012).  Inorganic carbon isotopes (δ
13Ccarb) values 

from carbonates therefore are similar to that of Dissolved Inorganic Carbon (DIC) in the 

oceans (Maslin & Swann 2005).  The atmospheric carbon isotope value is strongly linked to 

that of DIC on time scales greater than that of ocean mixing (Saltzman & Thomas 2012).  

Carbon isotopes values from organic sources, such as land plants and marine phytoplankton, 

are significantly negatively fractionated from atmospheric CO2 via photosynthesis (Saltzman 
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& Thomas 2012).   However changes in oceanic DIC on geological time scales should 

theoretically impart an effect on δ
13Corg trends because of the strong dominant link that 

oceanic DIC has on the much smaller atmospheric carbon reservoir (Saltzman & Thomas 

2012).  As such, PCIEs in both organic and inorganic carbon at around the DCB are 

interpreted as the burial of isotopically light organic carbon into oceanic reservoirs during 

global anoxic events (Kaiser et al. 2006, 2008, 2011, 2015).     

 

6.2. MATERIALS AND METHODS 

Samples were collected from outcrop and their heights measured against the log sections.  

These sections are Chaguaya, Villa Molino and CR5.  The data from these sections were 

combined into a composite data set, in which all samples were replotted by height relative to 

the base Kasa Formation flooding surface.  The composite data set includes a running 3-

point mean-average to aid the recognition of any broad stratigraphic trends.   

The geochemical processing techniques are detailed in Chapter 1 and are only summarised 

here.  All collected claystone samples were crushed and powdered and placed into labelled 

sample bags.  Small amounts of the powdered samples were then placed into test tubes in a 

fume cupboard and acidified using concentrated 37% Hydrochloric Acid in order to remove 

trace carbonate minerals.  Trace carbonate minerals would have a distinctly different 

carbonate isotope value compared to organic carbon and so is therefore considered a 

contaminant in bulk δ13Corg studies (Könitzer et al. 2012).  The acidified samples were dried 

in an oven at a low temperature (50°C).  For TOC the acidified samples were placed into tin 

capsules and ran through an elemental analyser.  For bulk δ13Corg acidified samples were sent 

to an external company.  

Palynofacies were counted using a Pelcon point counter on palynological slides processed 

for biostratigraphic and taxonomic data (see Chapters 4 and 5).  Only Particulate Organic 

Matter (POM) was counted as AOM was extremely rare.  The standard palynological 

processing methods used in this study required that the organic residues are washed through 

a 15 µm nylon mesh sieve (see Chapter 1).  This is significant as it means much of the finer 

organic material is lost at this stage in the processing.   The palynofacies relative abundance 

are therefore constructed from counts of the coarser (> 15 µm) organic fraction, which is the 

result of standard palynological processing (see Chapter 1).  This contrasts with the 

geochemical lab methods which measure the bulk δ
13Corg value of the whole-rock sample.   
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To qualitatively investigate what was being lost through the mesh sieve a set of samples 

were placed in containers and acidified using Hydrofluoric Acid (HF) only.  The residues 

were then neutralised by filling the HF containers with deionised water.  The water was then 

drawn off with a syphon.  The containers are refilled with deionised water, left to settle and 

siphoned off again.  This cycle was repeated until all containers were neutral.  The sample 

was then concentrated and mounted onto a slide for investigation under a microscope.  The 

amount of organic material being lost in this process is minimal as the organic material was 

not washed through the nylon mesh sieve.   

 

6.3. RESULTS: TOC, δ13Corg AND PALYNOFACIES 

6.3.1. Chaguaya section 

The TOC values show distinct trends with three intervals recognised (Figure 6.1).  The first 

between 0 - 168 m has the lowest mean-average TOC of 0.9 %.  The second interval at 138 - 

334 m shows consistently greater values with a mean of 1.3 %.  The third interval at >334 m 

has slightly lower values, which average 1 %.   Only samples from the topmost Colpacucho 

Formation, above the inception of Indotriradites explanatus, were processed for bulk δ
13Corg. 

The bulk δ13Corg values are rather uniform with an average of −24.2 ‰.  The lowermost 

sample (Ch-128) is anomalously low with a bulk δ
13Corg value of -25.2 ‰.  Palynofacies 

counts show that POM is mostly comprised of terrestrially-derived phytoclast and spores, 

with minor proportions of marine acritarch and prasinophyte cysts.   

6.3.2. Villa Molino section 

The TOC values in the uppermost Colpacucho Formation are variable at 0.3 - 2.5 % (Figure 

6.2).  The Kasa Formation is similarly variable with a range of 0.5 - 2.2 % TOC.  Above the 

unconformity at the base of the Yaurichambi Formation TOC values have a low mean 

average of 0.1 %.  Sample VM-53 was collected from a thin siliciclastic claystone bed 

within the Copacabana Formation and is similarly low in TOC.   

In the upper Colpacucho Formation bulk δ
13Corg varies around 1 ‰ with a mean of −24.4 ‰.  

The palynofacies counts are dominated by terrestrial phytoclast and spores. Marine 

phytoplankton (acritarchs and prasinophytes) have an acme in samples VM-3 to VM-5 and 

decrease in relative abundance stratigraphically above.  The acme corresponds to a change in 

sedimentary facies from interbedded claystone into concretionary claystone. 
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Figure 6.1. Chaguaya composite section with palynofacies, TOC and bulk δ13Corg. See previous 

chapters for locality maps.  
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Figure 6.2. Villa Molino composite section with palynofacies, TOC and  bulk δ13Corg.  Rightward 

facing arrows are TOC maxima that accompany positive shifts in bulk δ13Corg. These occur at times of 

progradation in the late HSTs.  
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In the lower Kasa Formation the bulk δ
13Corg values are consistently lower and less variable 

than at the base of the section.  Samples VM-28 to VM-41 in the upper Kasa Formation 

exhibit a positive shift of bulk δ
13Corg values (mean = −23.9 ‰).  This is coincident with the 

loss of acritarchs/prasinophytes and a shift into a spore-dominated palynological assemblage 

(Chapter 4).   

6.3.3. CR5 section 

CR5 contains a continuous DCB section within the lower Kasa Formation (Figure 6.3; 

Chapter 4).  It is supplemented at the base by samples from the nearby CR4 section.  TOC 

values average 0.9 % and show distinct trends with height.  These trends mirror the δ
13Corg 

values and are discussed together.  They are subdivided into five intervals.  A cross-plot of 

TOC vs. bulk δ13Corg shows that there is no overall statistical relationship in section CR5 

(Figure 6.4).  However certain intervals, such as 1 and 2 combined and 4 and 5 combined, do 

have a broadly negative correlation that reflects the mirroring trends with height.    

 

Figure 6.3. CR5 section with palynofacies, TOC and bulk δ
13Corg.  Numbers 1-5 represent intervals 

discussed in the text.  From left to right the palynofacies shades refer to 1) opaque phytoclasts, 2) 

translucent phytoclast, 3) spore and 4) acritarch and prasinophyte cysts.   

The lowermost interval at 0 - 13 m height is representative of the very latest Famennian and 

palynological ‘Assemblage 1’ - as defined in Chapter 4.  TOC values are stable at less than 1 

%.  The bulk δ13Corg values are relatively stable and have a mean average of −26.4 ‰.  The 

second interval at 13 - 23 m height contains a 2 ‰ PCIE associated with a coincident TOC 
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negative spike (≤0.5 %).  The base of the PCIE is coincident with the DCB as defined by the 

loss of R. lepidophyta in Chapter 4.  At the peak of the excursion the bulk δ13Corg value is 

−24.8 ‰.  Above the PCIE at 23 - 47 m, bulk δ
13Corg values return to relatively negative 

values of −26 ‰.  These are coincident with a sudden increase in TOC.  In the upper part of 

interval 3, δ13Corg is increasingly erratic as the TOC values gradually increase.  Overall bulk 

δ
13Corg values in interval 3 have an average value of −25.6 ‰; a 1 ‰ positive shift in the 

average values comparative to interval 1.  Interval 4 is between 68 - 72 m height and lies 

above a 20 m gap in exposure.  There is additional positive shift in bulk δ13Corg of 1 ‰, 

which have mean values of −24.8 ‰.  It contains a smaller PCIE of 1 ‰.  The topmost fifth 

interval between 85 - 100 m is similar to interval 4; TOCs have a mean average of 0.9 % and 

bulk δ13Corg has a mean average of −24.8 ‰.   

The palynofacies counts show that POC is dominated by terrestrially derived phytoclasts and 

spores, with a minor proportion of marine acritarchs and prasinophytes.  Acritarchs and 

prasinophytes are slightly more common in the lower half of CR5.  The palynofacies 

through the PCIE interval is interesting for several reasons: 1) there is an increase in 

translucent phytoclast relative abundance in sample CR5-10, the peak of the PCIE, 2) the 

POM is considerable darker and more degraded compared to those samples stratigraphically 

above and below (Figure 6.5a, c, e), and 3) the palynology recovery is also notably sparse 

despite the average TOC of 0.52 %.   

 

Figure 6.4. Cross-plot of TOC versus bulk δ
13Corg in the CR5 section.  The numbered intervals are 

separated out in the cross-plot.  The R2 value for the entire CR5 section is 0.02.  However certain 

stratigraphic intervals if separated do show stronger correlations, such as intervals 1 & 2 (R2 = 0.33) 

and intervals 4 & 5 (R2 = 0.75).   
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Figure 6.5.  Photographs of the palynological material.  6.5a-b. Sample CR5-01 in the pre-excursion 

interval 1.  6.5c-d.  Sample CR5-9 at the peak of the 2 ‰ PCIE. Note the darkened and degraded 

nature of the particulate organic matter.  6.5e-f.  Sample CR5-13 in the post-excursion interval.  

Photos 6.5a, 6.5c and 6.5e are the sample resulting from standard palynological processing.  These are 

the samples that were used for palynofacies counts.  Photos 6.5b, 6.5d and 6.5f are the samples that 

were not washed through a 15 µm nylon mesh.   
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6.3.4. Composite data 

A composite data set for the Chaguaya Ridgeline study area could be constructed by re-

plotting the stratigraphic height of each sample relative to the base-Kasa Formation flooding 

surface (Figure 6.6).  A 3-point mean was run through this composited data-set to recognize 

any broad scale trends.  It shows relatively positive bulk δ13Corg values in the uppermost 

Colpacucho Formation.  The δ
13Corg values in the lowermost Kasa Formation are initially 

negative at around −26.5 ‰, indicating a negative shift of 2.5 ‰ through the glaciation 

event.  There is a positive trend of 3 ‰ from the very latest Famennian into the Tournaisian 

of the lower Kasa Formation. Superimposed on this trend is the 2 ‰ PCIE at the DCB in the 

CR5 section.   

The palynofacies counts of POM have also been integrated into the composite dataset 

(Figure 6.6).  High relative abundances of phytoclast are seen in the prograding Highstand 

Systems Tracts (HST) of the Colpacucho and upper Kasa Formation.  Conversely a low 

relative abundance of phytoclast is seen in the Transgressive Systems Tract (TST) of the 

lower Kasa Formation.  High relative abundances of phytoclasts in the HST of the 

Colpacucho Formation and upper Kasa Formation are accompanied by relatively positive 

bulk δ13Corg values. In contrast relatively negative bulk δ
13Corg values are observed in the TST 

of the lower Kasa Formation.   

A cross-plot of all TOC and bulk δ
13Corg values shows that there is no overall statistical 

correlation between the two data sets (Figure 6.7).  Separating the data-points by 

stratigraphic height however shows that certain stratigraphic intervals plot within discrete 

areas on the plot, primarily as a result of the stratigraphic trends in bulk δ
13Corg values.  The 

uppermost Colpacucho Formation and upper Kasa Formation samples plot in very similar 

space at the more positive end of the measured bulk δ13Corg values.  This is despite the 

difference in palynofacies between them; chiefly the near-total loss of acritarchs and 

prasinophytes in the latter.  The lower Kasa Formation values that are found in the TST in 

contrast plot to the more negative end of the measured bulk δ13Corg values.  The lower Kasa 

Formation in contrast has initially negative values before gradually returning to those typical 

of the uppermost Colpacucho Formation.  TOC maxima tend to plot out with relatively 

positive δ13Corg values, for example in sampled VM-10, VM-31 and VM-33 (XPLOT).   
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Figure 6.6.   Composite data set measured relative to the flooding surface at the base of the Kasa 

Formation.  GVS = Generalised vertical section.  HST = Highstand Systems Tract.  TST = 

Transgressive Systems Tract.  LST = Lowstand Systems Tract.  
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Figure 6.7.  Cross-plot of TOC versus bulk δ
13Corg of the entire composited data set and seperated out 

by lithostratigraphic unit.  Highlighted are those values measured within the Highstand Systems Tract 

(HST) and Transgressive Systems Tract (TST).   
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to those samples stratigraphically above and below (Figure 6.5a, c, e).  The palynological 

material retained after washing through the 15 µm mesh was notably sparse despite the c. 0.5 

% TOC value, which should be enough for palynological analysis.   It was suspected 
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therefore that the bulk of the organic material was not being captured during palynological 

processing of those samples through the 2 ‰ PCIE observed at the DCB.  For this reason 

several samples were reprocessed in the palynological preparation lab, but with the < 15 µm 

retained (see Section 6.2).  An investigation of these samples should test whether the organic 

material lost during palynological processing are significant in regards to the 2 ‰ PCIE 

observed at the DCB.    

The resulting residues of the unseived palynological material are dominated by AOM 

(Figures 6.5b, d, f).  This is in stark contrast to samples processed using standard methods, in 

which the AOM was extremely rare (Figures 6.5a, c, e).  During standard palynological 

processing the AOM would have been preferentially lost in almost its entirety through the 15 

µm nylon mesh.  It is rare to lose all AOM during palynological processing.  The implication 

for this study is that standard palynofacies counts are not representative of the organic matter 

preserved in whole rock.  

 

6.5. INTERPRETATIONS  

There are two end-member possibilities to explain the overall stratigraphic trends; 1) they 

reflect changes in the type of organic matter deposited and preserved in the sedimentary 

system, or 2) they are caused by fluxes in the net burial of organic carbon globally.  

6.5.1. Hypothesis 1: effects of organic matter delivery and preservation 

6.5.1.1. Stratigraphic trends in bulk δ13Corg controlled by sediment 

progradation/retrogradation. 

It has been recently shown that stratigraphic trends in bulk δ13Corg can be influenced by 

sedimentary processes that favour the delivery of either marine or terrestrial organic matter, 

even in an ostensibly uniform lithology such as claystone (Davies et al. 2012; Könitzer et al. 

2014). These studies may be supported by the observed positive shifts in bulk δ
13Corg that 

accompany TOC maxima in the HSTs of the uppermost Colpacucho and upper Kasa 

Formations (Figures 6.2 & 6.6).  This trend is highlighted in Figure 6.7, which shows 

measured bulk δ
13Corg values from the two HSTs plotting at the relatively positive end of the 

observed bulk δ13Corg spectrum; and conversely TST measured values plotting at the 

relatively negative end.   

The progradation of siliciclastic systems in the HST may have increased the proportion of 

terrestrial derived organic matter preserved, which had a corresponding effect on the bulk 
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δ
13Corg values.  Conversely the TST in the lower Kasa Formation being representative of 

retrogradation of siliciclastic systems would have the opposite trend.  This is supported by 

Davies et al. (2012) who show positive peaks in bulk δ
13Corg associated with coarser 

sedimentary facies, which they interpreted to be the result of an increase in terrestrial 

organic matter relative to marine.   

 6.5.1.2. DCB PCIEs controlled by selective preservation of organic matter (section 

CR5) 

The organic matter through section CR5 is composed of a mix of particulate and amorphous 

types.  The palynofacies counts show that POM is dominated by terrestrial phytoclasts and 

spore with rarer marine phytoplankton (average = 17 %).  In contrast, a qualitative 

investigation of the unseived palynological residues shows that there are also substantive 

quantities of AOM in the samples.  The formation of AOM is largely thought to be caused 

by microbial activity (Pacton et al. 2011), which in CR5 is likely to have been in the water-

column, i.e. of marine origin.  As AOM was preferentially lost through the sieve it is not 

possible for the palynofacies counts to quantify the marine vs. terrestrial ratio in this study.     

There are low TOC values and sparse POM observed in the palynological residues through 

the 2 ‰ PCIE at the DCB (Figure 6.3).  This is interpreted as a reduction in the supply of 

palynomorphs (i.e. spores and acritarchs) and phytoclast at near the DCB.  A potential 

mechanism to switch of terrestrial organic supply is ice-retreat that leads to a period of rapid 

transgression and retrogradation of siliciclastic systems.  R. lepidophyta becomes extinct at 

this point suggesting a crash in the terrestrial plant ecosystem. The remaining particular 

organic matter through the PCIE is residual and degraded; the remnants of organic material 

in the sedimentary system.  The loss of R. lepidophyta occurs globally and signals wider 

changes in spore populations.  There is the loss of many Devonian spore taxa at the DCB in 

Europe (Higgs & Streel 1993) and an impoverished miospore assemblage in the earliest 

Carboniferous in North America (Wicander & Playford 2013).   Environmental stress in the 

water column (marine anoxia?) at a time of plant extinctions may also have reduced the 

delivery of acritarchs and prasinophytes.  If the total abundance of palynomorphs and 

phytoclasts is reduced it increases the relative proportion of AOM in the sample, which in 

turn may have caused a corresponding shift in the bulk δ13Corg values i.e. a positive carbon 

isotope excursion.   

The above interpretation would suggest that the water-column derived AOM through the 

PCIE is of a lighter δ13Corg value than that of phytoclasts.  Carbon fractionation between 

microbes is highly variable; by as much as 15 ‰ in modern marine phytoplankton (Hinga et 

al. 1994).  That said modern marine phytoplankton includes groups such as coccolithophores 
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and dinoflagellates, which would not have been present in Palaeozoic sequences.  It would 

be difficult to infer what types of microbe were responsible for the AOM production based 

on this data set alone.   However a potential candidate could be Green Sulphur Bacteria, 

which in one modern species has an average δ
13Corg-cell of −20.2 ‰ (Zyakun et al. 2009).   

Large quantities of AOM were observed in each un-sieved sample.  There is no independent 

constraint however that could define the flux of AOM through the PCIE interval, which is a 

significant limitation for any interpretations in this study.  It cannot be said therefore 

whether the PCIE is associated with increased microbial activity, sea-water stratification 

and/or marine anoxia in the water column.  The DCB PCIE in this study is associated with a 

low TOC.  This is in contrast to the record of anoxia in carbonate environments at the DCB 

in Europe and East Asia, which are associated with a decrease in carbonate production and 

high TOC black shales (for example Carmichael et al. 2015; Komatsu et al. 2014; Kumpan 

et al. 2013; 2014).  In marginal siliciclastic environments like in this study however the TOC 

profile may not behave in the same way, especially considering it is predominately 

controlled by the supply of detrital plant matter.  As such TOC may not be the best proxy for 

anoxic conditions in the section.  For example at the Palaeocene/Eocene boundary in 

Svalbard a decrease in TOC was associated with increased marine palynomorphs abundance 

and low-oxygen bottom waters (Harding et al. 2011).  A low TOC value therefore may not 

disprove marine anoxia as a mechanism for phytoplankton extinctions in this study.  Rather 

the low TOC interval at the PCIE may just reflect a reduction in organic matter 

sedimentation during a time of environmental stress.  

Above the PCIE there is a sharp increase in TOC that is synchronous with a return to 

phytoclast and palynomorph-rich residues as indicated by the palynofacies counts (CR5).  

This is reflected in the bulk δ
13Corg stratigraphy, which returns to stable values of around −26 

‰ above the PCIE.  The identification of spores and acritarchs signifies a recolonization of 

plants in the hinterland and a return of the phytoplankton.  However both spore and 

phytoplankton populations are diminished, the former in the loss of R. lepidophyta and the 

latter shown by a sudden decline in diversity (Chapter 4).   

6.5.2. Hypothesis 2: global burial of organic carbon 

The stratigraphic trends in bulk δ
13Corg may be reflecting a primary isotopic signal from 

atmospheric CO2 and oceanic DIC, which would be driven by the burial of organic carbon 

globally.  If global organic carbon burial is the ultimate driver then these isotopic trends 

should be recognised in other isotopic studies of the DCB.  Hypothesis 2 is therefore 

testable, as it can be compared and contrasted with published carbon isotopic studies.   
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Relatively positive bulk δ13Corg values in the uppermost Colpacucho may correlate to the 

upper part of the Hangenberg Black Shale sensu stricto PCIE in both δ13Corg and δ13Ccarb, 

which is widely observed in Europe (Brand et al. 2004; Buggisch & Joachimski 2006; 

Kaiser et al. 2006, 2008; Kumpan et al. 2013, 2014) and North America (Cramer et al. 2008; 

Saltzman 2005).  The bulk δ
13Corg values in the uppermost Colpacucho Formation extent 

almost to the basal occurrence of Indotriradites explanatus (i.e. the base of the LE Zone).  

Hangenberg Black Shale positive excursions in Europe however are slightly above this 

stratigraphic level, in the overlying LN Zone (Higgs & Streel 1993).  It is possible that the 

data gap through the glaciation event has obscured or removed additional trends and PCIE’s 

in the study area, including any Hangenberg Black Shale equivalent.   

There is negative shift in bulk δ
13Corg in the earliest post-glacial transgression relative to the 

values measured in the uppermost Colpacucho Formation (Figure 6.6).  This trend may 

correlate to negative excursions in δ
13Ccarb over the Hangenberg Sandstone event sensu 

stricto in the Lesní Lom and Křtiny sections, Czech Republic (Kumpan et al. 2013).  There 

is a similar shift into initially low δ13Ccarb values at the DCB GSSP (Brand et al. 2004) and in 

the Pilot Shale, Great Basin USA (Saltzman 2005).  Although none of these are not 

consistent with Matyja et al. (2015) who show broadly elevated δ
13Ccarb through the entire 

regressive event before returning to stable values above.   

The PCIE at the DCB may correlate to excursions related to marine anoxic events, such as 

the Hangenberg Black Shale.  The PCIE observed in this study at the DCB occurs in the 

initial post-glacial transgression.  As such it would post-date the Hangenberg Black Shale 

sensu stricto, which occurs stratigraphically beneath the main pulse of regression and is 

interpreted to represent the acme of glaciation in Europe (Kaiser et al. 2006; 2008; 2011).    

Correlation of the long-term positive trend through the very latest Famennian and early 

Tournaisian is difficult, as most carbon isotope studies focus on the Hangenberg Crisis only 

(i.e. Azmy et al. 2009; Brand et al. 2004; Cole et al. 2015; Kaiser et al. 2006; 2008; 

Kumpan et al. 2013; Myrow et al. 2011; 2013).  There is a gradually positive trend in the 

early Tournaisian globally, which culminates in one of the largest PCIEs of the Phanerozoic 

in the mid-Tournaisian isostichia conodont zone (Buggisch et al. 2008; Saltzman 2002; 

2005; 2012).  However this trend is not necessarily represented in the earliest Tournaisian 

sulcata-duplicata-sandbergii conodont zones that this study is most likely correlates to (for 

example Figure 9 in Buggisch et al. 2008; also see Figure 2.7 in Chapter 2).  Additionally 

many global study sites are affected by erosion, palaeosols and/or sedimentary hiatus’ over 

the DCB, which may mean the earliest Tournaisian is poorly-represented in these studies 

(for example Cole et al. 2015; Myrow et al. 2011; 2013; Saltzman 2003).   As such the 
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δ
13Corg stratigraphy through the post-glacial Kasa Formation in this study cannot be 

confidently correlated outside of the study area.   

The majority of carbon isotope studies use calcium carbonate from bulk-rock or isolated 

fossil groups.  As a correlative tool δ
13Ccarb stratigraphy may not be ideal because, as pointed 

out by Carmichael et al. (2015), many study sites do not show excursions over the DCB (for 

example Azmy et al. 2009).  This could be due to erosion during glacioeustatic drawdown, 

removal of carbonate material via dissolution by cool upwelling waters (e.g. Kumpan et al. 

2013), or they may be reflecting the local water-mass signature as opposed to oceanic DIC.  

The latter is suggested by Brand et al. (2009) who showed that δ
13Ccarb values between 

oceanic and epeiric seawater are decoupled in the Palaeozoic.  For example those studies 

from Europe (e.g. Kaiser et al. 2006) from the Rhenohercynian Zone could be reflecting 

isotopic values of a marginal basin northwards of the wider Rheic Ocean (Shail and 

Leveridge 2009), i.e. therefore they may not be reflecting a primary oceanic DIC.  Similarly 

those studies from North America (e.g. Saltzman 2005) are from epeiric sea-ways.   The 

presented bulk δ
13Corg dataset may not therefore be directly comparable to δ13Ccarb studies of 

carbonate sequences, which may not reflect primary oceanic DIC.   

 

6.6. DISCUSSIONS AND CONCLUSIONS 

It is considered more likely that the long term trends in bulk δ13Corg in this study are 

reflecting changes in sedimentary environments and organic matter preservation, i.e. 

‘hypothesis 1’.  However future work, such as potentially a maceral-specific study, is needed 

to test this hypothesis.   

The preferential loss of AOM during palynological processing methods in this study means 

that palynofacies counts are not representative of the organic matter preserved in the 

sedimentary sequence.  It is therefore difficult to interpret the trends and excursions 

observed within the bulk δ
13Corg.  This has significant implications for future studies in which 

palynofacies are interpreted as part of an integrated geochemical data set.   

The initial aim of this study was to test whether global carbon isotope trends can be 

recognised in the Bolivian Altiplano field area.  Overall bulk δ13Corg data set in this study 

cannot be confidently correlated to other global study sites.   Bulk δ13Corg is not an ideal tool 

in which to identify global trends in carbon isotopes because of the variable factors that 

control its value.  At least in this study it was not possible to provide adequate constraint on 

these variables considering that palynofacies were not representative of the type of organic 
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matter preserved in the sedimentary sequence.  Despite its limitations, TOC and bulk δ
13Corg 

data sets are still useful as a preliminary stratigraphy investigation on big sections, such as 

the 1.1 km stratigraphic section in this study.  The recognition of interesting geochemical 

trends, such as a 2 ‰ PCIE synchronous with palynological extinctions would not have been 

discovered otherwise.  Stratigraphic studies that use TOC and bulk δ
13Corg can identify short 

stratigraphic intervals with interesting geochemical trends of interest, which can be targeted 

for further high-resolution and/or maceral-specific studies.  The recognition of a 2 ‰ PCIE 

synchronous with palynological extinctions it one good example.  The results show that 

rather than being useful for extra-Gondwanan correlation, bulk δ13Corg stratigraphy may have 

potential as a regional correlation tool within the Altiplano basin, in particular that of the 

DCB.   
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Discussion 

 

 

7.1. A NEW D/C BOUNDARY REFERENCE SECTION  

The aim of the PhD project was to describe and interpret a detailed D/C boundary (DCB) 

reference section from the high palaeolatitudes.  It had three specific objectives that have 

been achieved and discussed in Chapters 3, 4, 5 and 6.  In terms of this project’s 

applicability to the wider research community it provides, for the first time, a detailed South 

American focus to the debate on DCB event stratigraphy.  The Chaguaya Ridgeline study 

area also currently represents the most detailed stratigraphic description of latest Devonian 

glaciation in South America and it answers several of the uncertainties recognised in Chapter 

2.   

7.1.1. Palaeovalley development and Bolivian Mississippian diamictites 

Chapter 3 described the facies and depositional environment of the glacigenic stratigraphy.  

The Cumaná Formation was deposited by a grounded glaciomarine ice-sheet under a single 

preserved glacial cycle.  This interpretation is consistent with the results of Díaz-Martínez & 

Isaacson (1994), who identified a single advance of glaciers in the Copacabana Peninsula 

and Isle del Sol.  However, an additional cycle may exist within the Cumaná Formation at 

the Chaguaya Ridgeline.  Future work is needed to correlate potentially multiple glacial 

cycles within the Cumaná Formation.   

In addition by measuring multiple logs along strike a palaeo relief beneath the Cumaná 

Formation could be identified.  This represents the first description of potential palaeovalley 

development associated with latest Devonian glaciation in the Bolivian Altiplano.  Glacial 

diamictites are associated with basal incision in the Amazon, Parnaíba and Paraná Basins of 

Brazil (Chapter 2).  There is also passing reference to a palaeovalley in the Cumaná 

Peninsula on the Bolivian Altiplano (Díaz-Martínez & Isaacson 1994).  Incision and 

palaeovalley development may then be a common feature associated with latest Devonian 

glaciation.    

No Mississippian glacigenic strata were observed either in the Chaguaya Ridgeline or 

auxiliary field areas, despite extensive exploration in the field (Chapter 3; Appendix A, B).  
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There is no conclusive evidence either in this PhD or in the public domain for Mississippian 

glaciation on the Bolivian Altiplano.   

7.1.2. The timing of latest Devonian glaciation  

Chapter 4 constrained the timing of the latest Devonian glaciation event into the uppermost 

Famennian LN miospore zone, with deglaciation occurring immediately below the DCB.  

Typically latest Devonian diamictites have been assigned to an undifferentiated LE-LN 

zonal age due to the scarcity of biozonally important miospores such as V. nitidus (Caputo et 

al. 2008; Streel et al. 2013).  This study shows that systematic sampling of a large section 

can overcome such issues.  The finding of V. nitidus in a single sample from the Cumaná 

Formation is an example of this and it would have been missed if the study relied on 

sporadic spot samples alone.   

The advance of glaciers immediately below the DCB on two continents represents an intense 

aberration of the global climate.  The observation of a short glacial event suggests that latest 

Devonian glaciation may correspond to the cold-phase of a single orbital cycle.  Associated 

immediately before and after glaciation and regression are warmer global climates 

associated with extinctions, black shale deposition and marine anoxia (see Carmichael et al. 

2015; Kaiser et al. 2011).  These may correlate to the corresponding warm phase of these 

cycles.   

These observations can be compared to the model of ice-sheet development during the 

Dasberg and Hangenberg events in the Kowala section, Poland (De Vleeschouwer et al. 

2013).   In this section Late Devonian black shale events correspond to long-period (2.4 

Myr) eccentricity cycles, which bundle into 100 kyr groupings.  Their oxygen isotope data 

suggest five phases of alternating cooling and warming associated with these events and 

cycles in the Late Devonian (Figure 7.1 - numbered 1-5 in circles).  During a time of low 

eccentricity summer insolation in the southern Polar Regions would be low, allowing for a 

gradual growth of ice-sheets during phase 1.  This is followed by periods of high eccentricity 

in phase 2, in which summer insolation is high, leading to reduced ice-sheets and global 

warming.  This leads to increased organic carbon burial, i.e. Hangenberg and Dasberg Black 

Shale Events.  The results of enhanced burial is a short-term (200 kyr) cooling episode in 

phase 3, presumably in which continental glaciers could rapidly expand in widely dispersed 

ice-centres (this study and Brezinski et al. 2010).  Cooling was short-lived as the astronomic 

forcings favoured global climatic warming during phase 4.  Phase 5 has low eccentricity 

with steady ice-sheet growth that leads back to phase 1.   
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Figure 7.1. Results from a combined stratigraphic, cyclostratigraphic and chemostratigraphic study of 

the Kowala section, Poland, modified from de Vleeschouwer et al. (2013).  The part of this study 

discussed in the text is highlighted by the red box.  Numbers in circles refer to cyclical warming and 

cooling phases as indicated by oxygen isotopes.   

 

The results of this PhD support a short-lived cooling event during phase 3, in that there is a 

single recognisable advance of a grounded ice-sheet into the Chaguaya Ridgeline study area.  

However this PhD only supports the presence of ice during the latter Hangenberg Crisis, 

with no evidence for glaciation during the Dasberg or any other Late Devonian anoxic event.  

Furthermore there is no evidence presented in this PhD for a gradual growth of continental 

glaciers during phases 1 and 5.  Instead ice-sheets underwent rapid expansion into marine 

and lowland environments in both the high and low palaeolatitudes (this study and Brezinski 

et al. 2010).  The results of Wicander et al. (2011) however suggest that ice could have 

existed in localised areas (such as the Subandean Zone) through the range of R. lepidophyta 

in the latest Famennian.  It is possible that small ice-centres existed, either in isolation and/or 

in upland areas through this extended period of time.  Only during optimal climate 

conditions in the LN zone would they expand into lowlands and coastal areas leaving a 

sedimentary record that could be preserved.    



252  Chapter 7: Discussion 

7.1.3. Palynological extinctions 

Palynological extinctions were known to occur near the DCB but were poorly constrained 

(Le Hérissé et al. 2000).  Díaz-Martínez et al. (1999) was able to show that these extinctions 

occurred either within or above glacial diamictites on the Bolivian Altiplano (see Chapter 2).  

Chapter 4 constrained phytoplankton extinctions to the initial part of post-glacial 

transgression and showed they were synchronous with the loss of R. lepidophyta.   

Phytoplankton assemblage changes represent the opening stage of the Late Palaeozoic 

Phytoplankton Blackout (Riegel 2008).  Those acritarch genera that are least affected by the 

extinction event are morphologically simple, such as Gorgonisphaeridium, Veryhachium, 

and Micrhystridium and these genera survive into the Mesozoic and beyond.  The data 

suggest that those simple genera that survive into the Mesozoic were selected for during 

mass extinction at the DCB.   

7.1.4. Validation of the global carbon isotope curve into South America 

Chapter 6 attempted to validate the global carbon isotope curve in South America.  

Significantly the results of the composite δ
13Corg dataset could not be correlated globally.  

The lack of calcifying pelagic organisms and carbonate sequences in the Devonian and 

Carboniferous stratigraphy of South America means that δ13Ccarbonate isotope stratigraphy 

cannot be utilised and compared.  There is however as a 2 ‰ positive carbon isotope 

excursion at the D/C boundary.  This excursion is likely not caused by the global burial of 

organic carbon, but rather changes palynofacies associated with extinction and transgression.  

The conclusions of Chapter 6 also had implications for the use of palynofacies as a control 

on the type of organic matter preserved in a sample, as palynological processing methods 

may bias the data against that of marine-derived amorphous organic matter.   

 

7.2. IMPLICATIONS FOR DEVONIAN/CARBONIFEROUS BOUNDARY TASK 

GROUP 

The Sub-commission on Carboniferous stratigraphy set up a Devonian-Carboniferous 

boundary task group in 2008 

(http://www.stratigraphy.org/carboniferous/ann/end.asp?ID=162) as a response to the 

limitations of the current D/C boundary GSSP (see Chapter 1).  Their work currently 

focusses on conodont evolutionary lineages (Corradini and Kaiser 2009; Corradini et al. 

2011). However they are considering the practical use of the Hangenberg Crisis (Aretz 

2013).   The results of this PhD provide a South American perspective to this debate.  It is 
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recommended that the new GSSP should be picked within the post-glacial sequence, similar 

to its current location La Serre.  This is for the following reasons: 

1. The last occurrence of R. lepidophyta and U. saharicum is a proxy for the D/C 

boundary in South America that is tied to a glacioeustatic sea-level rise.  On the 

absence of conodonts and goniatites it represents probably the only proxy available 

in many areas of South America.  If the GSSP drifts significantly from its current 

position at La Serre then there may not be another available tie point for the D/C 

boundary in South America.   

2. Glaciation is associated with significant incision in Bolivia and regression can be 

correlated globally.  Hangenberg Black shale equivalents sit stratigraphically below 

this regression (see Chapter 2; Kaiser et al. 2006, 2008, 2011) and would have a 

limited preservational potential compared to the post-glacial sequence.   

 

7.3. FUTURE WORK 

The conclusions of this PhD project lead nicely into potential future research projects.  In 

addition field work undertaken in Bolivia resulted in vast amounts of samples and raw data 

being collected, of which not all could be analysed for the current PhD project.   

7.3.1. Petrographic and provenance analysis  

Several limitations were noted in regards to the interpretations of Chapter 3.  These were 

that the interpretation of glacigenic facies based on field data alone is difficult and the 

interpretations were not supported by thin-section analysis (van der Meer et al. 2013).  

Several petrographic samples were collected through the stratigraphy at the Chaguaya 

Ridgeline (Figure 7.2).  This included orientated diamictite samples from each diamictite 

bed at Villa Molino.  Petrographic studies of these samples would test the interpretations of 

Chapter 3.   

Potential further work would be to do a suite of geochemical studies and thin-section 

analysis with the aim of understanding sedimentary provenance and how this may have 

changed through the glaciation event.  Orientated petrographic samples also allow for 

microfacies work to be undertaken on the diamictites at Villa Molino.   
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Figure 7.2. Stratigraphic location of petrographic samples indicated by red arrows in the Villa Molino 

and Chaguaya composite sections.   
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7.3.2. Future biostratigraphic work 

The palynological preservation throughout the interpreted stratigraphy was poor (see 

Chapters 4 and 5).  The palynological counts have been affected and they have been shown 

to not be truly representative (Chapter 1).  The results of Chapter 4 also disagreed with Melo 

& Playford (2012) in that the first observed occurrence of W.lanzonii occurs significantly 

above the interpreted DCB and extinction of R. lepidophyta.  Future work on additional field 

sites in South America are urgently needed to increase the biostratigraphic resolution of 

these key biomarker species at around the DCB.   

7. 3.3. Future taxonomic work 

Chapter 3 showed the stratigraphic importance of several acritarch taxa.  The most 

significant of which is the genus Gorgonisphaeridium, which dominated the palynological 

assemblages in the earliest Carboniferous.  The specific taxonomy of this genus however 

was uncertain in the Chaguaya Ridgeline (Chapter 5).  The Late Devonian taxonomy of this 

genus may need to be revisited considering its implications for identifying the D/C boundary 

on the Bolivian Altiplano.   

In addition there were two unknown taxa referred to as Incertae sedis: 1 and 2, which may 

have biostratigraphic potential (Chapters 4 & 5).  These specimens could not be assigned to 

any known species.  A more intensive literature search is needed to identify these forms and 

to decide whether they represent new species.  Incertae sedis: 2 has a first occurrence in the 

earliest Carboniferous, which if this is a new species would be highly significant considering 

that acritarchs are notoriously rare in the Late Palaeozoic.   

7.3.4. A high-resolution, multi-proxy stratigraphic study of log CR5  

Chapter 5 discovered interesting palynological, palynofacies and geochemical changes 

occurring through the extinction event at the D/C boundary.  These findings would justify 

further study.   

A case could be made of revisiting the site of log CR5.  Davies et al. (2012) and Könitzer et 

al. (2014) showed that bulk δ13Corg values undergo systematic shifts coincident with changes 

in claystone facies, which they interpreted as differences in the delivery of marine derived 

versus terrestrial derived organic matter.  If claystone facies have a large control over the 

geochemical signal then a higher resolution section log should be attempted that describes 

claystone facies in greater detail.  In addition there should be greater sampling density in this 

new log through the extinction event.   
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A maceral specific isotope study in addition to high-resolution facies analysis through the 2 

‰ isotope excursion may shed further light on what is driving isotope shifts.  Changes in the 

isotope value of C3 land plants should reflect changes in the isotope value of atmospheric 

CO2 (Arens et al. 2000).  Therefore isolating phytoclast macerals and processing their δ13C 

values separately would identify new information on the global carbon cycles through the 

post-glacial transgression. This however requires extensive hours of manual picking.  

Amorphous Organic Matter in contrast could potentially be isolated in a centrifuge due its 

generally lower density.  As Amorphous Organic Matter is marine-derived is would 

recognise changes in the carbon isotope value of the local marine water-mass through the 

transgression.  Processing different maceral types separately would identify the relative 

proportion of end-member values controlling the bulk δ13Corg value.  

Sample horizons would be collected in duplicate for further combined palynological and 

geochemical study.  Lycopodium tablets could be applied during palynological processing as 

a standard control on palynomorph absolute abundance changes through the extinction 

event.  Elemental geochemistry would act as a test on whether marine anoxia was present in 

South America at the DCB.  Framboidal pyrite analysis can also elucidate on the intensity of 

anoxia if present.   

Such a multi-proxy study would be of high value for the scientific community for several 

reasons, 1) this is a unique record of the DCB directly tied to the post-glacial transgression 

and 2) would be the first detailed multi-proxy study for the DCB at the high palaeolatitudes.  

It will also shed light on the potential kill mechanism for palynological extinctions at this 

time and further investigate the environmental effects of post-glacial warming.   

7.3.5. The global search for new sections 

The latest Devonian glaciation is known to have a very wide geographic extent and has 

potential to be discovered in new areas.   

Latest Devonian glacigenic strata are noted to crop out in the Cusco area of south-eastern 

Peru, within the Eastern Cordillera and Subandean Zones (Carlotto 2004; Isaacson et al. 

2008).  These are referred to as the Ccatcca Formation and are said to be correlative to the 

Cumaná Formation on the Bolivian Altiplano (Isaacson et al. 2008).  It is currently only 

referred to in conference abstracts; however Isaacson et al. (2008) provide a map showing 

their rough location.  Deposits are said to be near the towns of Pisac and Ccatcca (also spelt 

Catca) to the north and east of Cusco (Figure 6.3).   
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Figure 7.3. Map of localities of latest Devonian glacigenic rocks in south eastern Peru.  Areas of 

interest are underlines in red.  Modified from Isaacson et al. (2008).  

 

Evidence for latest Devonian glaciation in Brazil is often restricted to the subsurface.  

Caputo et al. (2008) however refers to glacigenic rocks at outcrop in the Amazon, Parnaíba 

and Paraná Basins.  It is unknown how much would be easily accessible at outcrop 

considering the climate and dense jungle cover.  However palynological samples are known 

to have been collected from the Cabeças Formation in the Tocantins river valley, Parnaíba 

Basin (Figure 7.4; Loboziak et al. 2000).  Loboziak et al. (2000) provide a map of the area.  

The location of the Cabeças Formation spot sample is immediately to the south of the town 

of Araguaína along the road Br-153.  This could potentially be a field site for an additional 

study of the latest Devonian glaciation event in Brazil, but Google Earth satellite imagery 

shows very little rock exposed.   

The evidence for latest Devonian in central Africa is very poorly constrained.  Many of the 

potential field sites are in Niger, the Central African Republic, Egypt and Sudan (Isaacson et 

al. 2008).  Field work in these countries is extremely unlikely to occur in the near future 

owing to their current political situation.  
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Figure 7.4. Map of spot sample locations in Loboziak et al. (2000) from the Tocantins river valley, 

Parnaíba Basin, Brazil.  Underline in red is the CO-1 sample from the Cabeças Formation, which is 

known to contain latest Devonian glacigenic strata.   

 

The Whiteout Conglomerate outcrops in the Ellsworth Mountains in Western Antarctica 

(Matsch and Ojakangas 1992).  It is 1000 - 1300 m in stratigraphic thickness and sits 

conformably above a Cambrian to Devonian sequences of the Crashsite Group (Spörli 

1992).  This basal contact is shown to be gradational in Figure 5 of Matsch and Ojakangas 
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(1992).  Evidence for glaciation in the Whiteout Conglomerate is provided by massive-

bedded diamictites and striated boulder pavements (Matsch and Ojakangas 1992).  The age 

of the unit is referred to as Permo-Carboniferous but biostratigraphic constraints on the 

sequence are limited.  There is potential considering its conformable relationship to a 

continuous lower to mid Palaeozoic sequence beneath that latest Devonian (LN) and/or 

Mississippian diamictites may outcrop here.   
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Chapter 8 

Conclusions 

 

• The stratigraphic history of the principle field area at Villa Molino and Chaguaya is 

summarised here: 

o The Late Devonian Colpacucho Formation represents offshore to shoreface 

transitional sequence in the latest pre-glacial history, interpreted as a 

Highstand Systems Tract.   

o The Colpacucho Formation is overlain by a glacigenic Lowstand Systems 

Tract represented by the glacigenic Cumaná Formation.   This is dated to the 

LN zone based on the common occurrence of the miospores Retispora 

lepidophyta and a single occurrence of Verrucosisporites nitidus.  Glaciation 

is interpreted as an advance of a grounded ice-sheet into a marine setting.  

The Cumaná Formation is interpreted to represent the glacioeustatic control 

on eustatic sea-level falls observed in the lower palaeolatitudes.   

o Ice retreat occurs in the latest LN zone above a sharp initial flooding surface 

at the base of the Kasa Formation.  The lower Kasa Formation consists of 

150 m of interbedded offshore claystones within the Transgressive Systems 

Tract in the earliest Tournaisian. 

o Highstand progradation occurs in the upper Kasa Formation in the 

Tournaisian Stage.  

o The Kasa Formation is unconformably overlain by the Late Carboniferous 

Yaurichambi Formation.   

 

• Chapter 3 showed that glaciation is related to incision and palaeovalley 

development.  The palaeovalley is at least 7 km in width, 110 m deep and with 

shallowly inclined margins (1.4°).  The exact process of incision remains unknown, 

but is likely to have been caused by either subaerial or submarine erosion during a 

drop in accommodation space.  This represents the first description of a palaeovalley 

associated with latest Devonian glaciation. 

 

• The regional character of the Cumaná Formation is highly varied between the 

principle and auxiliary study areas.  At the Chaguaya Ridgeline and Cumaná 

Peninsula the Cumaná Formation is relatively proximal, with striated pavements at 
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the former and larger boulder clasts in the latter.  In contrast along the Cumaná 

Formation on the Copacabana Peninsula (including Hinchaka) consists of relatively 

distal and low-energy marine shales with exotic, ice-rafted dropstones.   

• Chapter 4 showed that spore and phytoplankton assemblages undergo no significant 

change through the glaciation event.  Instead the extinction of R. lepidophyta and a 

collapse in phytoplankton diversity occur in the initial stages of post-glacial 

transgression.  

 

• The D/C boundary can be positively identified on the extinction of R. lepidophyta 

and U. saharicum.  This represents a proxy for the D/C boundary in South America 

that is tied to the initial stages of post-glacial transgression.   

 
• A systematic taxonomy of the palynological material is shown in Chapter 5.  The 

preservation of much of the material was poor and this hindered confidence 

taxonomic assignment.  However many common Late Devonian and Early 

Carboniferous miospores, acritarchs and prasinophytes were identified.   

• In Chapter 6 a large geochemical data set is presented to see if global trends in 

carbon isotope stratigraphy can be positively identified in the Bolivian Altiplano.  

The bulk δ13Corganic results in this chapter are likely not reflecting global trends but 

rather local stratigraphic changes in organic matter delivery and preservation.   

• A 2 ‰ positive carbon isotope excursion has been identified in section CR5.  The 

base of this excursion is coincident with the last occurrence of the miospore 

Retispora lepidophyta and a collapse in marine phytoplankton diversity.  It is 

interpreted to represent the switching off of terrestrial organic matter supply during 

rapid marine transgression, environmental stress and palynological extinctions.   

• Finely disseminated marine amorphous organic matter was almost totally lost during 

palynological processing.  This has resulted in a bias towards predominately 

terrestrially particulate organic matter in the palynofacies counts of palynological 

residues.  The recognition that AOM can be lost preferentially in palynological 

processing methods has implications for future organic carbon isotope studies as 

palynological residues may not be representative of the organic matter preserved in 

whole rock.   

 



Appendix A 

Cumaná Peninsula  

 

A.1.  RATIONALE 

The Cumaná Peninsula is situated on the south eastern shore of Lake Titicaca and is the 

eponymous type area for the Cumaná Formation in the Bolivian Altiplano.  Díaz-Martínez & 

Isaacson (1994) noted that the Cumaná Formation in the Cumaná Peninsula may represent 

palaeovalley infill.  In order to understand the wider regional context and to find additional 

sections of the Cumaná Formation this area was visited in October 2012 for three days.  The 

exposure of the Cumaná Formation in this locality is highly restricted and diamictites 

weren’t discovered until the third day.  No more time could be spent on the Cumaná 

Peninsula due to tensions with the local village.   

Whilst searching for diamictite exposures on the Cumaná Peninsula brief field descriptions 

were made and georeferenced using GPS waypoints (Table A.1).  In the office this data was 

tabulated and imported into Google Earth.  Using this data, a geological map and generalised 

vertical section was constructed to summarise the observed stratigraphy of the Cumaná 

Formation and associated stratigraphy.  The purpose of this section is to briefly present and 

describe this work for the Cumaná Peninsula and briefly summarise its distinct features.  As 

such this Appendix Chapter only describes the results of a preliminary exploratory field 

excursion.   It includes a broad lithostratigraphic description and a geological map of the 

Cumaná Peninsula.   

 

A.2.  INTRODUCTION  

The Cumaná Peninsula is situated on the south eastern shore of Lake Titicaca and is the 

eponymous type area for the Cumaná Formation in the Bolivian Altiplano (Figure A.1).   

The stratigraphy in the Cumaná Peninsula crops out within a NW-SE orientated syncline that 

transects the peninsula.  Exposed on the peninsula are the Late Devonian to Permian 

Cabanillas, Ambo and Titicaca Groups.  The area contains the type section for the Cumaná 

Formation, exposed on the north-eastern limb of the syncline immediately to the north of the 

village of Cumaná (Figure A.2a).  A definition of the Cumaná Formation was originally 

proposed by Ascarrunz & Radelli (1964) and subsequently revised by Díaz (1991) and Díaz 

& Lema (1991).   It is described as a massive diamictite overlying mudstones of the 
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Colpacucho Formation.  Massive diamictites coarsen upwards into conglomerates and are 

interpreted as the advance of a tidal glacier into a marine setting (Díaz-Martínez & Isaacson, 

1994).  The Cumaná Formation crops out within a palaeovalley that reaches its thickest point 

at the type section and pinches out laterally against palaeo-relief (Díaz 1993; Díaz-Martínez 

& Isaacson 1994).  Díaz (1993) also reported a 26 m thick diamictite unit in the Kasa 

Formation from the Cumaná Peninsula, which was interpreted as a debris flow triggered by 

sudden proglacial outwash.   

 

Figure A.1.  Google Earth screenshots of the study areas in the Bolivian Altiplano, central South 

America. A.1a. South America with the location of Bolivia outlined. A.1b. Bolivia with location of 

Lake Titicaca field area outline. A.1c.  Lake Titicaca field area.  The outline of the Cumaná Peninsula 

field area is shown in Figure A.1c.    
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Figure A.2a. Geological map of Cumaná Peninsula. A.2b. Interpreted generalised vertical succession 

and its integration into regional lithostratigraphy.  This figure was constructed using field descriptions 

shown in Table 1.  Numbered dots are the locations of palynological spot samples.   
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A.3.  PALYNOLOGY 

Eight palynological spot samples were collected and are shown in Figure A.2a.  Each sample 

is dominated by opaque angular phytoclasts, with no biostratigraphically important 

palynomorphs recognised.    

A.4.  FIELD UNITS 

Seven broad lithological units were identified in the field (Figure A.2b).  The 

stratigraphically lowest unit 1, exposed on the south part of the Cumaná Peninsula, has an 

estimated thickness of > 200 m.  It is composed of thickly-bedded fine-grained brown 

sandstone with rare bioturbation (Figure A.2a).  Slickensides observed in one location 

suggest the unit has been faulted (Figures A.2a, A.3b).   It is capped by ridge-forming unit 2, 

which forms a distinct topographic feature that is easily correlated (Figure A.3c).  Unit 2 is 

relatively thin and distinct, composed of poorly-sorted bioturbated purple-coloured siltstones 

with mud-drapes over symmetric ripples, laterally discontinuous conglomeratic intervals and 

mud-clasts (Figures A.3d, e, f, g). This sequence is interpreted as a shallowing upwards from 

nearshore sandstones (unit 1) into shallow-marine siltstones above fair-weather wave base 

(unit 2).  Some tidal influence affected unit 2 due to mud-drapes which are evidence for 

slack water.    

Unit 3a is laterally variable.  On the south-western limb of the syncline it is composed of 

fine grained brown sandstones and is similar in appearance to unit 1.  On the north-eastern 

limb it is composed of very-fine grained white arenite sandstones, which are thinly and 

lenticular bedded (Figure A.3h).  Within this unit is hosted a massive diamictite unit (unit 

3b) that is composed of purple coloured massive diamictites with large, boulder-sized 

sandstone lithic clasts, ranging in diameter from 1 to 490 cm (Figure A.3i, j).  Unit 3b is 

laterally constrained immediately to the north of the village of Cumaná (Figure A.2a).  At 

the very top of unit 3b is a conglomerate that marks the boundary between diamictites below 

and fine-grained arenites of unit 3a above.  Unit 3a is interpreted as nearshore sandstones 

that host a glacially incised palaeovalley.  The palaeovalley infill is glacial in origin and 

considering the size of the lithic clasts is proximal to the ice-source.  There are no clear 

paleoenvironment indicators or palynological data, such as striations or deformational 

structures to confidently interpret the depositional environment.   

Figure A.3. Next page.  Field photographs 1. A.3a. Unit 1 bioturbation.  A.3b. Slickensides in unit 1, 
see figure 1 for location.  A.3c. Contact between units 1 & 2 on southern part of the peninsula, facing 
east. Rio Sehuenca at the base of the hill. A.3d. Unit 2 bioturbation on mud-drape over symmetric 
ripple.  A.3e. Unit 2 poorly sorted siltstone.  A.3f. Mud clasts in unit 2. A.3g. Bioturbation in mud-
drape of unit 2. A.3h. White arenite sandstone of unit 3a. A.2i. Large dropstone in massive diamictite 
of unit 3b.  A.3j. Conglomerate at top of unit 3b.  Lens cap 5 cm in diameter.  



Appendix A: Cumaná Formation  267 

 



268  Appendix A: Cumaná Peninsula 

Unit 4 is fine-grained beige to brown coloured sandstone (Figure A.4a).  Relatively coarser 

beds form ridges in the topography.  The unit is uniform, typically non-fossiliferous but did 

contain a single poorly-preserved brachiopod (Figure A.4b).   

Unit 5 is recessive and composed of interbedded claystones, siltstones and fine-sandstones.  

The interbedded sandstones are current cross-laminated (Figure A.4c).  There are visible 

flecks of pyrite in the ground mass.  Unit 5 is interpreted as marine and represents the most 

distal unit observed.  Pyrite flecks may represent anoxic conditions.   

Unit 6 is a fine to coarse sandstone with conglomeratic/brecciated beds.  It contains a basal 

clast-supported and imbricate conglomo-breccia with variably sized moderately-rounded 

clasts, typically 1 - 2 cm but can reach up to 18 cm in diameter.  Clasts are polymict and 

composed of vein-quartz, laminated claystone and sandstone lithics set within a coarse to 

very coarse sandstone matrix (Figure A.4d).  The unit contains steeply inclined cross-

bedding and cross-lamination (Figure A.3e, f).  Unit 6 is interpreted as fluvial to alluvial 

sediments with a subaerial erosional surface.   

Unit 7 is the stratigraphically highest lithology observed and is exposed within the centre of 

the Cumaná Peninsula syncline (Figure A.1a).  It is a fossiliferous carbonate, which contains 

a rich faunal assemblage that includes:  gastropods, orthoconic nautiloids, bryozoa and 

brachiopods (Figure A.4g, h, i, j).   

A.5.  DISCUSSION AND CONCLUSIONS 

Correlation of these field units into the regional lithostratigraphy is shown in Figure A.2.  

The entirety of unit 3 is inferred to be the Cumaná Formation based on the laterally 

constrained diamictite sub-unit 3b.  This constrains units 1 and 2 as a coarser, more energetic 

and more proximal equivalent of the Colpacucho Formation.  Units 4 and 5 above the 

diamictites are likely to be the Kasa Formation based on the sandstone / claystone 

stratigraphy.  The base of unit 6 is interpreted as both erosive and distinct and so is 

interpreted to be the time transgressive regional unconformity that started in mid-

Carboniferous (Grader et al. 2007).  Unit 6 is therefore the Yaurichambi Formation above 

this unconformity, which is overlain by fossiliferous carbonates of the Copacabana 

Formation (unit 7).  As there were no observed coals or paleosols the Siripaci Formation is 

assumed to have been removed by erosion at the base of the Yaurichambi Formation.   

Figure A.4.  Next page. Field photographs 2.  A.4a. Massive sandstone, unit 4. A.4b.  Brachiopod, 
unit 4.  A4.3c. Current ripple cross-lamination, unit 5.  A.4d. Conglomerate at base of unit 6.  A.4e. 
Cross-lamination in coarse sandstone, unit 6. A.4f. Steeply inclined cross-bedding, unit 6.  A.4g. Unit 
7, bryozoa.  A.4h. Unit 7, brachiopod, A.4i. Unit 7, orthoconic nautili A.4j. Unit 7, gastropod.  Lens 
cap 5 cm in diameter. 
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Overall, the described field units represent a more proximal and sand-rich stratigraphy in the 

Cumaná Peninsula.  The offshore marine shales typical of the Colpacucho Formation 

elsewhere are absent at Cumaná (Díaz-Martínez & Isaacson 1994).  The type section of the 

Cumaná Formation is highly distinct from the glaciomarine dropstone in shale facies 

observed on the Copacabana Peninsula (Díaz-Martínez & Isaacson 1994).  It is also distinct 

from the glaciomarine environment at the Chaguaya Ridgeline (Chapter 3).  However the 

fact that palaeorelief is recognised both at Chaguaya and the Cumaná Peninsula shows that 

this is a regional feature.   Palaeovalley infill at Chaguaya was glaciomarine whereas at 

Cumaná it was probably much more proximal.  The data presented in Appendix B provides 

some constraint on the geographic extent of the palaeovalley infill in the Cumaná Peninsula, 

which cannot be correlated onto the southern limb of the syncline (Figure A.2a).  An 

interesting feature is that a placoderm specimen has been found the Cumaná Formation in 

the Cumaná Peninsula (Díaz-Martínez et al. 1996).   

No ‘26 m’ thick diamictite unit could be found in the Kasa Formation (Figure A.2).  

Therefore an argument for continued glaciation into the Kasa Formation cannot be 

corroborated by this study.  That said the conglomo-breccia beds within unit 6 (Yaurichambi 

Formation) may represent these previously referred to diamictite deposits.  Future work is 

needed to fully describe and categorise the lithostratigraphy of the Cumaná Peninsula and to 

constrain potential diamictite deposits in the Kasa Formation.   

 

Table A.1.  Field descriptions ascribed to each Way Point (WP).  Refer to Appendix C for the GPS 

export that shows the locations of these locations.   

WP Notebook comments Bedding 
258 Cascachi (village)   

259 Start of first target. Fine grained brown sandstone, meter scale bedding and cross-bedded   

260 Relatively recessive fine brown sandstone with a red/purple tinge   

261 Slightly more prominent fine brown sandstone. Photos looking 110°   

262 Fine brown sandstone, thickly bedded. Base of prominence on SW ridge   
263 Photo of NE prominent ridge   

264 
Crumbly fine muddy white sandstone with irregular areas of red micaceous muddy sandstone. Estimated 4.5m 
of exposure until the top of the ridge   

266 Top of ridge. Fine grained quartz rich white sandstone. Odd contact   

267 
Poorly sorted dark red purple siltstone clasts in muddy micaceous fine sandstone. Above is a small bed of this 
that has possibly filled a void   

268 Wispy red layers    

269 
Top of the ridge line. Composition changes to a fine grained, quartz rich, slightly purple well cemented 
sandstone   

271 Red staining   

272 Break of slope, exposed massive fine grained, quartz rich brown sandstone. Observed slickensides   

273 Base of exposed ridge. Fine grained, well sorted, mature quartz arenite   
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274 Fine arenite and faint straight laminations 095/40 NE 

275 Cross bed   

276 Top ridge   

277 Top of exposure, recessive. Thinly bedded, recessive, fine to medium grained quartz-rich sandstone.   

278 Recessive fine brown sandstone, overlain by relatively prominent thinly bedded fine arenite   

279 Top exposure of thinly bedded fine arenite. Above which no exposure   

280 Crumbly recessive very fine to fine white sandstone with hard iron-rich beds   

281 50cm of exposure of laminated fine grained quartz-rich and micaceous fine sandstone.    

282 
Last exposure. Poorly exposed 3-4m of poorly sorted mature quartz arenite with granular lenses in a 
micaceous medium to coarse grained groundmass. Mature quartz granules.    

283 Wave ripples and bioturbated horizons   

284 Exposure disappears here underneath tilled farmland.    

285 Thinly bedded relatively prominent white sandstone could be bioturbated here   

286 Afternoon. Second target.    

287 Fine grained brown, quartz-rich sandstone   

288 Relatively prominent beige coloured sandstone   

289 Fine brown quartz-rich sandstone   

290 Fine brown quartz-rich sandstone. Thickly bedded   

291 Fine grained brown, quartz-rich sandstone. Thickly bedded and micaceous   

292 Thickly bedded brown beige fine quartz-rich sandstone. Bioturbated   

293 Fine grained brown beige quartz-rich arenite with siltstone lenses   

294 Boundary between dark purple micaceous sands/muds and the fine sandstone.   

295 

Dark purple siltstone, poorly sorted and silty to coarse sandstone. Fine to medium grained groundmass with 
subrounded coarse to very coarse sand grains dispersed within. Lateral changes to grey siltstone with possible 
shell bioclast. Contact, photo 825 looking 116°. Contact appears N-S, 005-185, above fine grained beige / 
brown sandstone.    

296 Convolute laminae, ?slumped bedding 078-36 NW 

297 Fractured and filled sandstone in  beige brown fine arenite   

298 
Poorly sorted, very fine to fine grained groundmass with coarse to medium sand dispersed within. Dark purple 
colour. Dark purple poorly sorted sand.   

299 Mud clasts in dark purple lithology, 60x80mm, 85x40mm, mainly ≤1cm   

300 Coarse to very coarse red sandstone in fine groundmass, poorly sorted   

302 
Dark purple very fine to fine micaceous sandstone. Visible bedding, decimetre and lateral changes in 
thickness 086/30 N 

303 
Dark purple sandstone unit not exposed becomes scree and recessive. Fractured and veined white fine-grained 
arenite poorly exposed in the recessive   

304 
Dark purple sandstone lithology. From here walked along strike line (along the ridging unit) to see thickness 
changes   

305 Bioturbated mud drape over poorly sorted medium groundmass with dispersed coarse to medium clasts.    

307 Mud cracks and odd, bioturbated structures that are concentric outwards   

308 Purple lithology becomes very recessive for 5-10m.    

309 Cave on ridge. Recessive fine brown sandstone, rusted. Panorama of the cave   

310 
Base of very prominent ridge and the cave. Burrow (876-7), cave (878/9). Return to dark purple poorly sorted 
lithology.    

311 Over top of ridge and on a sloping bedding plane exposure. Poorly sorted purple lithology   

312 Flat broad bedding plane.    

313 End of purple poorly sorted recessive exposure. Exposed in gulley   

314 
Base of next prominent ridge. Fine grained quartz-rich, beige brown sandstone. Overlies mud-cracked 
recessive white very fine to fine sandstone. Mottled weathering, possibly bioturbated and massive   

315 Mud drape and mud-crack   

316 Recessive poorly exposed from here. Fine grained thinly bedded white arenite   

317 
Base of prominent sandstone, fine-grained and quartz-rich, well cemented and thinly bedded white arenite. 
Lenticular beds   
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318 
Top exposure of the above lithology, and cross bedded. Above recessive siltstone to very fine, thin sandstone 
interbeds   

319 Cumana spot 1   

320 Thin 2m exposure of fine sandstone. Fine grained, white arenite then into recessive facies with mud cracks.    

321 Claystone and very fine sandstone interbeds. Cumana spot 2   

322 
Fine 2m bed of white arenite, highly weathered. Above which are recessive facies, fine-sandstone and 
siltstone interbeds. One observed mud drape on undulating surface   

323 50cm bed of fine grained, massive arenite, highly weathered fractures and veined.    

324 Poorly exposed, scratty fine arenite with dark brown veins   

325 
3-4m of slightly better exposed, thinly (decimetre) bedded, fine grained arenites with brown veins. Above 
which is unexposed grassy incline   

326 A wall, orientated 97   

327 Poorly exposed, thickly bedded (≤1m) fine grained brown sandstone. Similar to the morning lithologies   

328 A wall, orientated 60   

329 Base of sand ridging at the top. Fine grained beige brown thickly bedded (≤1m) quartz rich sandstone   

330 Top of ridging sandstone and circular cairns   

331 Poorly exposed quartz rich brown sandstone on descent   

332 base of next ridging sandstone, thickly bedded (≤1m) beige sandstone 108/52 NE 

333 Thick bed with undulose surface and another circular cairn   

334 Ridging sandstone top. Start of descent. Beige sandstone   

335 Sandstone, purple colour, fine to medium grained. Flat slope of exposed bedding plane   

336 Exposure disappears   

337 Scratty exposure of fine to medium brown quartz-rich sandstone and a brachiopod (in-situ)   
338 End of exposure, grassy. Path to the road   

339 Main footpath   

341 Interbedded fine sandstones and claystone. Fine grained sandstone show wave ripple laminations   

342 Interbedded fine sandstones and claystones, outcropping along the path. The fine sandstone is very micaceous 118/38 NE 

343 Interbedded fine grained sandstone and claystone, with sandstones showing wave ripples   

344 Interbedded fine grained sandstone and claystone   

345 Interbedded fine grained sandstone and claystone   

346 Interbedded fine grained sandstone and claystone   

347 
Contact between Interbedded fine grained sandstone and claystones above and fine grained decimetre bedded 
(5cm), brown micaceous sandstone below  118 strike 

348 
Base fine grained decimetre (5cm) brown micaceous sandstone. High angle cross laminations at the base and a 
claystone below.    

349 
Scratty poorly exposed fine grained brown micaceous sandstone. This could be loose, but enough around in 
the undergrowth to mark it down. Either vertically fractured or bedding is inconsistent. Possible bioturbation   

350 Dark purple poorly sorted micaceous fine to medium grained sandstone. Very poorly exposed.   

351 
Break of slope and start of recessive exposure. Crumbly recessive brown micaceous silt to very fine 
sandstone, with small scale blocky fissility/weathering.    

352 Fine grained brown micaceous sandstone, interbedded with very fine to silty micaceous sands.   

353 

Ridging prominent sandstone, basal undulose contact. The underlying siltstone is laminated (1mm) claystone. 
The prominent sandstone is fine grained quartz-rich brown sandstone, highly weathered, cm-scale bedding 
bundling into decimetre bedded units   

354 Prominence within prominence. Beige quartz-rich massive decimetre bedded (≤50cm) sandstone   

355 Cross lamination   

356 
Top of prominence of sandstone below. A contact. Also within the top 1m of the prominent sandstone there 
are odd structures. Above is thinly bedded crumbly, very fine relatively recessive sandstone.   

357 Cross bed   

358 
Contact. Above is  an interbedded crumbly very fine brown sandstone with ≤50cm, beds of prominent  fine 
grained quartz rich micaceous sandstone   

359 Interbedded fine sandstone with rippled lenticular beds, and  siltstone   

360 Interbedded fine sandstone with rippled lenticular beds, and siltstone   
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361 Poorly exposed and terraced   

362 Not exposed, grassy and slim, walled terraces   

363 
Small 1m thick exposure of interbedded brown siltstone and relatively more prominent beige quartz rich 
sandstone   

364 

2-3m or recessive, poorly exposed interbedded fine grained, relatively prominent, rippled brown siltstone with 
mica and flecks of pyrite in the groundmass (1.5mm diameter). Interbedded with silty claystone. Cumana 
spot 3   

365 Fine sandstone, siltstone and claystone interbeds   

366 Fine sandstone, siltstone and claystone interbeds. Coarser fraction are ripple trains   

367 50cm thick micaceous, pyritic, fine grained brown sandstone   

368 
Crumbly brown very fine sandstone with subordinate ≤4mm flecks of black fine material. Very micaceous. 
One bed shows a ripple. Cumana spot 4   

369 Crumbly brown very fine sandstone   

370 

Base of ridging sandstone. Contact. Underlying unit is recessive, fine grained brown sandstone. Above is a 1m 
thick, matrix supported conglomerate, with rounded and imbricated clast pebbles. Clasts are polymict - vein 
quartz, laminated claystone, and lithics. Size range 1-2cm on average, up to 18cm diameter, set within coarse 
to medium groundmass. Extremely poorly sorted, clasts well rounded no striations or other glacial features. 
Cumana spot 5   

371 
Conglomerates laterally consistent to here. Shows coarse to very coarse thin sandstone beds and laminations. 
Mostly poorly sorted coarse to very coarse, but always well rounded and mature. Thin cross beds   

372 Occasional pebble intra-clast   

373 Small channel    

374 
Base of prominent red coloured medium sandstone. Medium sorted micaceous and subrounded grains. From 
eye appears to have high porosity. Cross beds   

375 Cross beds, thin   

376 
Top of ridging sandstone. Coarse grained, poorly sorted, reddish sandstone with the occasional intraclasts of 
underneath finer red material. All intraclasts ≤1cm   

377 
Occasionally poorly to medium sorted muddy-sandstone of light purple reddish colours. Grains subrounded. 
Cumana spot 6 of purple muddy sandstone    

378 Less exposed here. Spots of fine grained grey white sandstone, micaceous.    

379 Top of topographic ridge line. Lack of exposure starts here, low inclined grassy ground with bits of exposure.    

380 2-3m of exposed medium sorted, fine to medium grained white sandstone. Grains subrounded   

381 Scratty, poorly exposed 3-4m, fine to medium grained, quartz-rich white sandstone   

382 
Base of poor exposure and minor break in slope. Relatively prominent ≤40cm bedded, fine grained beige 
micaceous sandstone. Rippled and laminated   

383 Thinly bedded   

384 Very fine grained, thinly bedded, micaceous brown sandstone with possible mud-drape and cracks   

386 Minor break in slope. Thinly bedded, laminated very fine, beige micaceous sandstone   

387 
Contact. Base of prominence, which is a medium to coarse grained, red-grey sandstone. Grains subrounded. 
Below is recessive white, very fine white sandstone below.    

388 End of exposure   

389 Minor exposure of fine to medium grained, poor to moderately sorted, pink beige sandstone   

390 Small areas of darker red material   

391 Base ridging sandstone, moderately sorted fine to medium grained, white mature arenite.   

392 High angle cross-beds. Weird spots of red material in fine to medium grained arenite   

393 Top of ridging sandstone, fine to medium grained, laminated, quartz arenite, with red spots   

394 
Start of very shallow topographic descent. Thinly bedded, coarse to very coarse arenite, within predominantly 
medium grained arenite   

395 Odd change. Recessive red-spotted arenite, but with recessive and  blocky prominent units   

396 Coarse to very coarse mature arenite, cross bedded   

397 Top exposure   

398 Fine grained mature arenite bed in grassy poor exposure   

399 
Base ridging unit. Grey-wacke and carbonates. Copacabana Fm. Fossil fragments on mm-scale. Orthoconic 
nautili and gastropods   

402 
Top of ridging carbonates. Has a brown top bed filled with fossils? Above that is thinly bedded carbonate with 
bryozoan mats. These alternate with bioclastic beds   
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403 Next ridging carbonate, massive bivalves   
404 Top exposure of this ridging carbonate   

405 Last ridge explored, walked laterally along strike   

406 Last ridge explored, walked laterally along strike   

407 Last ridge explored, walked laterally along strike. The top brown bed is very black on clean surface   

408 Last ridge explored, walked laterally along strike   

409 Last ridge explored, walked laterally along strike   

410 Last ridge explored, walked laterally along strike   

411 Last ridge explored, walked laterally along strike   

412 Last ridge explored, walked laterally along strike   

413 Last ridge explored, walked laterally along strike   

414 Last ridge explored, walked laterally along strike, exposure disappearing   

415 Last ridge explored, walked laterally along strike, exposure disappearing   

417 Grey-wacke, fossiliferous (brachiopods)   

418 Fossiliferous carbonate   

419 Very dark, fine grained carbonate   

420 Ridging carbonate   

421 Ridging carbonate and Cumana spot 7   

422 Cross bedded, lithic rich fine to medium grained sandstone   

423 Speckled (red spotted), medium to fine grained, subrounded, moderately to well sorted arenite.    

424 Speckled arenite, laterally becoming redder and veined   

425 Fine grained, moderately sorted, recessive brown/beige sandstone   

426 Recessive fine grained white sandstone   

427 
Top of prominent reddish unit. Very coarse to granular and sometimes with small angular pebbles, poorly 
sorted red colour but quartz-rich. Groundmass grains mature   

428 Medium grained, white and laminated sandstone   
429 Medium to coarse grained, white arenite with red stained streaks   

430 Top of main prominence, poorly sorted, cross bedded and red stained   

431 Recessive   

432 Fine to medium grained quartz-rich sandstone.    

433 Single pebble clast in coarse, quartz rich sandstone   

434 High angle cross-beds of medium to coarse sandstone   

435 Base of reddish arenite. No conglomerate, just high angle cross-bedding. The cross beds dip to the west   

436 
No conglomerate at the base of the sandstone here. Fine grained reddish hue, probably more lithic grains here 
and/or feldspar. Low angle cross beds   

437 
Conglomerate 40cm thick. Underlies high angle west dipping cross beds. These are lateral accretion surfaces. 
Overlie conglomerate  and 1m of fine reddish sandstone   

438 Fine grained brown sandstone, 50cm thick and prominent. Otherwise exposed in grass   

439 1m thick, prominent thinly bedded, micaceous brown sandstone   

440 Poorly exposed, crumbly micaceous very fine to fine brown sandstone   

441 Fine grained brown micaceous sandstone   

442 Interbedded prominent fine grained brown sandstone with crumbly brown very fine to siltstone interbeds   

443 Fine grained brown sandstone interbedded with crumbly brown finer sandstone. Iron concretions   
444 Top of better exposure of low angle cross bedded, thinly bedded, fine brown sandstone   

445 Base of better exposed cross bedded, fine grained brown sandstone. Break of slope.    

446 Red conglomerate, base of red ridge and cross bed   

447 High angle cross beds, dipping west   

448 Prominent unit. Steep cross laminated in red sandstone. Looks arkosic   
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449 Reddish laminated fine sandstones. Red stained   

450 Base of poorly exposed patchy fine grained brown sandstone   

451 Laminated very fine sandstone, which is rippled.    

452 Isolated exposure of interbedded   

453 Rippled interbedded sandstone and siltstones   

454 Base prominence of fine grained grey purple, lithic rich, thickly bedded arenite   

455 Low angle cross beds, west dipping in red stained, fine grained arenite   

456 Coarse grained arenite, laminated with redder material. Cross bed   

457 Top of prominent arenite   

458 Base of medium grained, red stained arenite. Mature and laminated. Thinly bedded   

459 Cross bedding, westward dipping   

460 Very steep angle cross bedding, westwards dipping   

461 Top red stained arenite   

462 Recessive, red spotted (speckled) white arenite   

463 Complete unknown. Quartz mineralisation in ?chert   

464 Base of carbonate   

465 Base of carbonate   

466 Base of carbonate   

468 Car park spot north of the pueblo of Cumana   

469 

Base prominent exposure. Fine grained brown, micaceous sandstone. Mature and well sorted. Decimeter 
bedded (up to 40cm thick). There are conglomerate horizons, subrounded, matrix supported, imbricated and 
lensoid. Small clasts weathered and dull white colour. Above the conglomerate is very fine grained sandstone 
that appears reddish. Appears very iron rich, and almost dark purple (siderite?) to black. Clean surfaces are 
dark purple, poorly to moderately sorted sandstone with a fine grained groundmass. Medium to coarse grains 
are dispersed within this finer groundmass. These grains are subrounded. Possible limestone clasts, mostly 
monomict, some sandstone clasts.    

470 
1069-75 of above described conglomerate. Also igneous clasts, rare. A mud drape, ripples and bioturbated. 
Faint ripples (1076-7). Dark purple fine to coarse sandstone with bioturbated and mud draped ripples 178/37 SW 

471 Base of prominence within prominence. Dark purple very fine lithology, which weathers red   

472 Subtle colour change   

473 Bioturbation, nerites and Skolithos (as observed and bedding plane)   

474 Mud drape and mud-crack   

475 Beautiful nerites, huge. Cross bedded (1093), dipping south (1094)   

476 Exposure disappears   

477 Top of exposure. Bioturbated top surface   

478 Scratty exposure of dark purple siltstone-fine sandstone   

479 Lithology contact. Above dark purple lithology is crumbly, very fine white sandstone. Rusted veins   

480 Top exposure of crumbly, very fine white sandstone   

481 Exposure of dark purple following the pathway   

482 Exposure of dark purple following the pathway   

483 Exposure of dark purple following the pathway   

484 Exposure of dark purple following the pathway   

485 Exposure of dark purple following the pathway   

486 No exposure along the pathway   

487 Dark purple lithology along the pathway   

488 Dark purple lithology along the pathway   

489 Dark purple lithology along the pathway   

490 Dark purple lithology along the pathway   
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491 Dark purple lithology along the pathway. Could the crumbly white sandstone be down cut?   

492 Dark purple lithology 174/38 W 

493 Low angle cross beds   

494 Dark purple lithology along the path   

495 Dark purple lithology. The topography and stratigraphy above is poorly exposed and covered by grasses   

496 Top exposure of dark purple lithology   

497 
Red conglomerate loose in the scree (1111), boundary between the dark purple lithology and the crumbly 
white lithology (1112), top surface of dark purple lithology and far view of syncline (1113)   

498 
Base of very fine white sandstone exposure.  Well sorted, but occasionally coarse rounded grains dispersed 
within. Micaceous and veined. Some of the larger prominent beds (3-5cm thick) are lenticular and laminated   

499 Exposure ends here. Grassy, walled and terraced   

501 White crumbly very fine sandstone sporadically exposed   

502 White crumbly very fine sandstone sporadically exposed   

503 White crumbly very fine sandstone interbedded with purple material. Laminated and ripple laminations   

504 White crumbly very fine sandstone with ripple laminations   

505 Exposure poor, of purple and white crumbly laminations   

506 
Base of poorly exposed fine grained brown arenite. Only prominent 30cm beds stick out and are exposed. 
Laminated. Possibly they are interbedded within the crumbly very fine facies but is not exposed   

507 
Scratty exposure along terraces. Relatively prominent fine grained brown arenites, interbedded with very fine 
crumbly white sandstone.    

508 Fine grained brown arenite thinly bedded, and micaceous.    

509 Fine grained micaceous arenite   

510 Very big dropstone in clast-rich sandy diamictite. 490x400cm diameter   

511 140x150cm. Fine grained arenite block   

513 170x70cm   

514 Bedded clast-rich sandy diamictite facies. Location may be off.    

515 Rafted sandstone block, 740x340cm   

516 White fine-grained micaceous sandstone   

517 
Different. Purple sandy, moderately sorted clast rich diamictite. Overlain by a well-rounded, clast supported 
conglomerate. This conglomerate in turn is down cut by a channel of fine grained, poorly sorted sandstone.    

518 Poorly sorted, clast poor sandy diamictite. Undulating surfaces   

519 Poor exposure   

520 Grassy, scree blocks. Clast poor sandy diamictite   

521 
Interbedded facies (1158). The fine sandstones are interbedded with siltstone and silty claystone. The fine 
sandstones are within lenticular beds, with wavy cross lamination (1160). Cumana spot 8   

522 Interbedded facies (1162), In situ, wavy fine sandstone interbeds in silty claystone (1166)   

523 Rippled sandstones (1174). Interbedded with fine grained sandstones   

524 Pure rippled sandstone and a channel. Thickly bedded, up to 50cm thickness. Well sorted and mature arenite   

525 Occasional channels, and chaotic slumped horizons   

526 Base of laminated, thickly bedded, prominent, fine grained arenite   

527 
Top of thickly bedded, prominent, fine grained and laminated arenite. The stratigraphy above is thinly bedded, 
laminated, fine white sandstone.  186/30 W 

528 
Base of very prominent, thickly bedded, white, fine-grained arenite. Up to 20cm decimetre bedded, but bundle 
into bigger packages   

529 Cross beds   

530 Top of ridging, fine-grained beige brown, white arenite   

531 5-10m of grassy non-exposure   

532 Reddish coloured micaceous, fine-grained sandstone. Possible quartz-rich and thinly bedded   

533 Conglomerate layer and bioturbated ripple   

534 
Top of hill. View of syncline (1210). The lithology is fine grained, micaceous, quartz rich, brown sandstone 
with small horizons of rounded mature coarse sandstone   

536 Ripple   
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537 Following the ridging sandstone along strike   

538 The facies above the ridging lithology is highly weathered and prominent   

539 
Contact observed in distance within ridging lithologies. Thinly bedded, highly weathered top unit overlaying 
thickly bedded base unit   

540 Contact walk   
541 Contact walk   

542 Contact walk   

543 Top ridge, beginning of descent down stratigraphy with more observations   

544 Thickly bedded pinkish, fine grained arenite   

545 Base of ridging exposure very poorly exposed   

546 Exposure is terrible here. Grassy, shrubby and terraced   

547 Exposure is terrible here. Grassy, shrubby and terraced   

548 Crumbly white sandstone. Top bed with undulating ?rippled top 147/34 W 

549 Crumbly, white and interbedded above   

550 Crumbly, very fine white arenite is exposed, but ends as walk along the path.    

551 Crumbly white very fine arenite, veined and occasionally interbedded with fine sandstones   

552 Crumbly white very fine arenite, veined and occasionally interbedded with fine sandstones   

553 

No exposure between this waypoint and WP 552. Here there is exposure of dark purple fine sandstone, 
micaceous and moderately sorted. Coarse grains dispersed within. No clay component in the groundmass. Up 
to 30cm thick thin bedded   

554 Consistent lithology to the base of exposure, which is here   

555 Dark purple facies exposed here, poorly sorted, with dispersed coarser grains often in wispy horizons   

556 Base of exposure of the lithology described at WP555   

557 Top exposure of fine grained, brown weathered white arenite   

558 Well sorted, mature   

559 Base of exposure of lithologies described in WP 557-9   

560 Base of exposure of lithologies described in WP 557-9   

561 Base of exposure of lithologies described in WP 557-9   

562 Base of exposure of lithologies described in WP 557-9   

563 Base of exposure of lithologies described in WP 557-9   

564 Bedded here   

565 Brown, fine grained arenite, which intersects the road   

566 Decimeter bedded, fine-grained brown sandstone   

567 Decimeter bedded, fine-grained brown sandstone   

568 Decimeter bedded, fine-grained brown sandstone   

569 Decimeter bedded, fine-grained brown sandstone, laminated and with slickensides   

570 Decimeter bedded, fine-grained brown sandstone, laminated    

571 Decimeter bedded, fine-grained brown sandstone, laminated    

572 Recessive brown sandstone   

573 Cross laminated    

576 
Very subtle gradational change into wispy laminated, moderately sorted, dark purple sandstone. No clay 
component in the groundmass. From eye looks to have high porosity. Cross cutting laminations and immature   

577 Angular granules and small pebble clasts (up to 7mm)   

578 Large prominence, dark purple poorly sorted facies   

579 Recessive, decimetre bedded (up to 25cm)   

580 Base of the prominence. Dark purple poorly sorted facies. Some cross beds    

581 Base of the prominence. Dark purple poorly sorted facies. Some cross beds    

582 Top of exposure of dark purple poorly sorted facies   
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583 Recessive, crumbly very-fine white, micaceous arenite   

584 Fine to medium grained dark purple sandstone with dispersed coarse grains (in wispy laminae)   

585 Dark purple poorly sorted facies, with ripples and bioturbation   

586 Dark purple poorly sorted facies, with ripples and bioturbation   

587 Dark purple poorly sorted facies, with ripples and bioturbation   

 

 



Appendix B 

Hinchaka  

B.1. RATIONALE  

The Copacabana Peninsula area was visited in October 2012, which includes a revisit to the 

Hinchaka section from Díaz-Martínez & Isaacson (1994).  The Hinchaka section records a 

relatively low-energy and ice-distal glaciomarine setting in which exotic dropstones are 

randomly orientated within marine shales and siltstones (Díaz-Martínez & Isaacson 1994).  

The Hinchaka section identified was logged over two days.  It provides an ice-distal context 

to the more proximal conditions observed at the Chaguaya Ridgeline and the Cumaná 

Peninsula.  What follows in this Appendix Chapter is a brief summary of the log at 

Hinchaka.  No further work was undertaken on the Hinchaka log for as the palynological 

material was too poor for a decent analysis.  

B.2.  STRATIGRAPHIC DESCRIPTION 

The Hinchaka section log was measured to the north of the town of Copacabana (Figure 

B.1). The Colpacucho Formation consists of 210 m claystones with siderites concretion 

horizons (Figure B.2).  It is overlain by dropstone in silty claystone facies, which represents 

the Cumaná Formation.  This is interpreted as ice-rafted debris into an offshore marine 

environment.  The Cumaná Formation contains a distinct 10 m thick unit with scours and 

overturned bedding features that are interpreted as remobilisation deposits.  The top contact 

of the Cumaná Formation is difficult to recognise.  The Kasa Formation above consists of 

interbedded sandstones and shales and contains two conglomeratic units.  These represent 

debris flows.   

A TOC profile is shown in Figure B.3.  There is a relatively high but variable TOC through 

the Colpacucho Formation of roughly 1 %.  There is a consistent drop in TOC through the 

Cumaná Formation that rises in the Kasa Formation.  There is a single anomalous high value 

of 3 % in the Kasa Formation.   

B.3. DISCUSSION AND CONCLUSIONS 

The Cumaná Formation is consistent with previous interpretations in that it consists of 

dropstone in shales facies (i.e. Díaz-Martínez & Isaacson, 1994).  However there are some 

differences.  Firstly the Hinchaka section log in Díaz-Martínez & Isaacson (1994) is twice 

the thickness as measured by the authors.  Secondly there is no conglomerate unit measured 

in the log at the base of their “lithofacies association 3”.  However a conglomeratic unit was 
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observed lateral to the measured section.  Also Díaz-Martínez et al. (1999) show over 100 m 

of claystone dominated stratigraphy above the diamictites of the Cumaná Formation.  This 

contradicts this author’s measured section in which a sandstone dominated stratigraphy was 

observed.   

 

 

Figure B.1.  Google Earth screenshots of the study areas in the Bolivian Altiplano, central South 

America. B.1a. South America with the location of Bolivia outlined. B.1b. Bolivia with location of 

Lake Titicaca field area outline. B.1c.  Lake Titicaca field area.  The outline of the Cumaná Peninsula 

field area is shown in Figure B.1c.    
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Figure B.2.  Hinchaka section log with sedimentary descriptions and interpretations.     
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Figure B.3.  Hinchaka section log with TOC profile.       
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Appendix C 

Composite sections 

 

The Villa Molino and Chaguaya sections were constructed from several individual measured 

sections that are shown in this Appendix Chapter.   

Villa Molino was constructed using 8 measured sections and is shown in Figures C.1 & C.2.  

Chaguaya was constructed using 3 measured sections and is shown in Figures C.3 & C.4.  

The log sections are taken from a series of different logs taken in 2011, hence the number 

system.   
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Figure C.1. Location of individual measured sections at Villa Molino.  See Figure 3.1 for 

the location of Villa Molino.   
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Figure C.2.  Villa Molino composite section.  All these were measured in October 2012.   
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Figure C.3. Location of individual measured sections at Chaguaya.  See Figure 3.1 for the 

location of Chaguaya.  Logs 1 and 2 were measured in November 2011.  The top of log 2 

was completed in October 2012.   
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Figure C.4.  Chaguaya section composite.  
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Appendix D 

Photograph locations for Chapter 3 

The GPS coordinates of the photograph figured in Chapter 3 are written in the figure 
captions.  In addition they are tabulated and mapped below in this Appendix.   

 

Table D.1.  GPS location, direction and stratigraphic context of all figured photographs in Chapter 3.  

Figure 
no. 

GPS 
Way 
Point 
no. 

Latitude Longitude Direc- 
tion 
facing 

Formation Section  Section 
height 

3.6a  -15.845982° -68.987862° NE Colpacucho/Cumana N/A N/A 

3.6b  -15.784697° -69.007002° N Colpacucho/Cumana/Kasa N/A N/A 

3.6c  -15.800629° -68.999103° SE Cumana/Kasa N/A N/A 

3.7 2012-
006 

-15.815872° -68.996994° N Colpacucho N/A N/A 

3.8 2011-
324 

-15.825617° -68.992850° NE Colpacucho Chaguaya 0m 

3.9 2011-
370 

-15.815383° -68.996417° NE Colpacucho Chaguaya 257m 

3.10 2011-
334 

-15.825250° -68.991167° NE Colpacucho Chaguaya 110m 

3.12 2012-
099 

-15.777512° -69.005693° NE Yaurichambi Villa  
Molino 

437m 

3.13 2012-
110 

-15.777554° -69.005640° NE Yaurichambi Villa  
Molino 

445m 

3.14 2012-
125 

-15.775441° -69.005700° NE Yaurichambi Villa  
Molino 

530m 

3.15 2012-
131 

-15.774703° -69.005593° NE Copacabana Villa  
Molino 

550m 

3.17 2011-
351 

-15.815167° -68.989967° SE Cumana CR-11 10m 

3.18 2012-
064 

-15.780582° -69.006069° NE Lower Kasa Villa  
Molino 

275m 

3.19 N/A N/A N/A N/A Lower Kasa N/A N/A 

3.20 2012-
21 

-15.780538° -69.008993° NE Colpacucho Villa  
Molino 

70m 

3.21 2012-
21 

-15.780538° -69.008993° NE Colpacucho Villa  
Molino 

123-
141m 

3.22 2012-
21 

-15.780538° -69.008993° NE Colpacucho Villa  
Molino 

70-
123m 

3.23 2012-
21 

-15.780538° -69.008993° NE Colpacucho Villa  
Molino 

70-
123m 

3.24 2012-
21 

-15.780538° -69.008993° NE Colpacucho Villa  
Molino 

123-
141m 

3.25 2012-
21 

-15.780538° -69.008993° NE Colpacucho Villa  
Molino 

70-
123m 

3.26 2012-
21 

-15.780538° -69.008993° NE Colpacucho Villa  
Molino 

70-
123m 

3.27 2011-
348 

-15.820983° -68.986100° NE Cumana CR-14 1m 

3.28 2011-
348 

-15.820983° -68.986100° NE Cumana CR-14 1m 

3.30 2011-
348 

-15.820983° -68.986100° N Cumana CR-14 27m 
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3.31 2012-
205 

-15.834997° -68.973748° NE Cumana CR-16 1-13m 

3.32 2012-
21 

-15.780538° -69.008993° NE Cumana Villa  
Molino 

180m 

3.33 2012-
205 

-15.834997° -68.973748° NE Cumana CR-16 1-13m 

3.34 2012-
248 

-15.812008° -68.992499° NE Cumana Chaguaya 678m 

3.35 2012-
21 

-15.780538° -69.008993° NE Cumana Villa  
Molino 

174m 

3.36 2012-
21 

-15.780538° -69.008993° NE Cumana Villa  
Molino 

174m 

3.37 2012-
21 

-15.780538° -69.008993° NE Cumana Villa  
Molino 

174m 

3.38 2012-
21 

-15.780538° -69.008993° NE Cumana Villa  
Molino 

179m 

3.39 2012-
727 

-15.806494° -68.995353° NE Cumana CR-6 5m 

3.40 2012-
727 

-15.806494° -68.995353° NE Cumana CR-6 5m 

3.41 2012-
230 

-15.818285° -68.988364° NE Cumana N/A N/A 

3.42 2012-
205 

-15.834997° -68.973748° NE Cumana CR-16 9m 

3.43 N/A -15.815833° -68.989500° NE Cumana CR-12 4m 

3.44 N/A c. -
15.816768° 

c. -
68.988683° 

SW Cumana N/A N/A 

3.45 2012-
031 

-15.779483° -69.007451° NE Cumana Villa  
Molino 

184m 

3.46 2012-
21 

-15.780538° -69.008993° NE Cumana Villa  
Molino 

173m 

3.47 2012-
038 

-15.779323° -69.007660° SE Cumana Villa  
Molino 

200m 

3.48 2012-
054 

-15.780736° -69.007218° SE Cumana Villa  
Molino 

200m 

3.49 2012-
246 

-15.808058° -68.995854° NE Cumana CR-8 69m 

3.50 2011-
350 

-15.821133° -68.985483° NW Cumana CR-14 48m 

3.51 2011-
350 

-15.821133° -68.985483° SW Cumana CR-14 48m 

3.52 2012-
729 

-15.802644° -68.997752° SW Cumana N/A N/A 

3.53 2012-
223 

-15.820817° -68.985960° SW Cumana N/A N/A 

3.54 2012-
715 

-15.778820° -69.007974° SW Cumana Villa  
Molino 

200m 

3.55 2012-
054 

-15.780736° -69.007218° NW Cumana Villa  
Molino 

100-
200m 

3.58 2012-
082 

-15.777402° -69.006261° NE Upper Kasa Villa  
Molino 

372m 

3.59 2012-
719 

-15.777554° -69.006142° NE Upper Kasa Villa  
Molino  
 

372-
396 m 

3.60 2012-
719 

-15.777554° -69.006142° NE Upper Kasa Villa  
Molino  

372-
396 m 
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Figure D.1.  Google Earth screen shot of photo locations - Villa Molino  

 

 

Figure D.2.  Google Earth screen shot of photo locations - Ridgeline logs 1  
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Figure D.3.  Google Earth screen shot of photo locations - Ridgeline logs 2 
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