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i.   Resumo 

 
[Diatomáceas como proxies de mudanças ambientais: uma investigação 
paleolimnológica de uma lagoa sobre canga (Lagoa dos Coutos, Serra do Gandarela, 
MG)] 
 
Os sedimentos lacustres fornecem registros de condições físicas, químicas e biológicas 
passadas dos lagos e seus ambientes circundantes. Muitos estudos paleolimnológicos 
utilizam diatomáceas como objetos de investigação devido à sua sensibilidade a 
condições limnológicas e por possuírem uma parede celular de sílica que permanecem 
bem preservadas ao longo do tempo. No entanto, o conhecimento autoecológico das 
espécies é requisito fundamental para o sucesso completo das investigações. Embora 
estudos sobre diatomáceas no Brasil remontem ao século XIX, os mais recentes estão 
concentrado nos estados da região Sul e de São Paulo. A geoquímica de sedimentos de 
lagos, assim como as diatomáceas, também podem fornecer informações sobre 
mudanças passadas, no entanto, é importante ressaltar que estes podem sofrer mudanças 
pós-deposicionais. Uma maneira de entender melhor a geoquímica de sedimentos é usar 
procedimentos de extração padrão (PEPs). Para estudar as diatomáceas, as alterações 
limnológicas passadas e a geoquímica de um lago temporário raso (Lagoa dos Coutos) 
foram coletados dois testemunhos de 10 cm de comprimento das zonas central e 
litorânea, os quais foram divididos em intervalos de 1 cm. A partir daí, os sedimentos 
foram processados e analisados a cada centímetro para identificação das diatomáceas, 
mudanças na assemblia de espécies de diatomáceas, pH, nitrogênio, matéria orgânica e 
idade de radiocarbono. Também realizou-se um BCR® PEP harmonizado de 3 passos e 
uma digestão total no seu resíduo, tendo sido analisadas as concentrações de numerosos 
elementos utilizando-se um ICP-OES. Foram identificadas 22 espécies de diatomáceas, 
4 como novos registros para Minas Gerais, 1 como um novo registro para o Brasil, 5 
como cf. e, para 3 espécies não foram encontrados correspondentes semelhantes na 
literatura. A análise das diatomáceas nos sedimentos desta lagoa só foi possível para o 
testemunho do litoral, embora tenham sido observadas mudanças, a falta de 
conhecimento autoecológico impossibilitou interpretações significativas. Com base no 
limitado conhecimento autoecológico das diatomáceas encontradas, sugere-se que o 
lago permaneceu oligotrófico e ácido desde pelo menos 7550 anos cal AP. O padrão de 
fracionamento geoquímico entre os pontos mostrou que uma maior parte da 
concentração elementar total foi encontrada na fração residual do testemunho central em 
relação ao testemunho do litoral. Com algumas exceções, o core central também 
apresentou concentrações mais altas de quase todos os elementos analisados em 
comparação com o core do litoral. A dissolução de sílica no ponto central foi observada 
em diatomáceas e em análises mineralógicas. 
 
Palavras-chave: diatomáceas, paleolimnolgia, lago temporário, extração sequencial 
BCR, Quadrilátero Ferrífero  
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ii. Abstract 
 
Lacustrine sediments provide records of past physical, chemical and biological 
conditions of lakes and their surrounding environments. Many paleolimnological 
studies use diatoms due to their sensitivity to limnological conditions and well 
preserved silica cell walls. However, complete autoecological knowledge of individual 
species is needed to be completely successful. Though studies on diatoms in Brazil go 
back to the 19th century, most recent studies have been focused on the Southern states 
and São Paulo. Geochemistry of lake sediments, like diatoms, can provide insights into 
past changes but can suffer post-depositional changes. A way to better understand 
sediment geochemistry is to use standard extraction procedures (SEPs). In order to 
study diatoms, past limnological changes and the geochemistry of a shallow temporary 
lake (Coutos Lake) we collected two 10 cm long cores from the central and littoral 
zones, which were divided into 1 cm intervals. Thereafter we processed the sediment 
and analyzed each cm for new diatom species, changes in diatom community 
assemblage, pH, nitrogen, organic matter and radiocarbon ages. We also preformed a 
harmonized 3-step BCR® SEP and a total digestion on its residue which was analyzed 
for numerous elements’ concentrations using an ICP-OES. We taxonomically described 
22 species, 4 as new records for Minas Gerais, 1 as a new record for Brazil, 5 as cf. and 
for 3, no similar species were encountered in the literature. Downcore diatom analysis 
in lake sediments was only possible for the littoral core and although changes were 
observed, lack of autoecological understanding prohibited meaningful interpretation. 
Based on limited autoecological knowledge of diatoms found, the lake has remained 
oligotrophic and acidic since at least ca. 7550 cal years BP.  The geochemical 
fractionation pattern between the points showed that a larger part of total elemental 
concentration was found in the residual fraction of the central core compared to the 
littoral core. With a few exceptions, the center core also had higher concentrations of 
almost all elements compared to the littoral core. Silica dissolution in the central point 
was observed in both diatom and mineralogical analysis.  
 
Key words: Diatoms, Paleolimnolgy, Temporary Lake, BCR Sequential Extraction, Iron 
Quadrangle  
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1. Introduction 
 

Lacustrine sediments provide records of past physical, chemical and biological 

conditions of lakes and their surrounding environments. To address questions regarding 

the variability of biodiversity on long time scales, paleolimnolgical studies are a 

necessary first step. Paleolimnology is an interdisciplinary field that uses these lake 

sediments and the records they hold for a variety of goals. One common objective is to 

understand previous conditions in order to predict future changes or set restoration 

targets. Geochemical analysis of sediments is often employed for this purpose. 

However, due to a variety of physical and chemical reasons, certain elements can be 

mobilized and thus not represent their depositional environment. Biological records, 

which are less likely to be affected by remobilization due to their size, are therefore 

often used in conjunction with geochemical analysis or on their own. One of the most 

utilized biological proxies in paleolimnological studies are diatoms. Diatoms have 

relatively fast lifecycles and are sensitive to limnological conditions such as 

temperature, conductivity, pH, salinity as well as metal and nutrient concentrations. Due 

to their hydrated silica cell wall, diatoms are often well preserved in sediments and thus 

provide a reliable record for paleolimnological research.  

 

The geochemistry of temporary lake sediments is influenced by a number of important 

and interrelated factors. Regional geology and climate are arguably the most important 

and can drive all other processes. Chief amongst these processes are reduction potential, 

pH, temperature and grain size. Sequential extraction procedures give insights into the 

behavior of elements in sediments and soils, which can be useful in understanding 

potential risks from remobilization. The combination of geochemical and biological 

proxies can offer unique insights and provide deeper understanding of biodiversity 

dynamics and environmental changes in shallow lakes. 

 

In order to enter into more detail of each aspect, this dissertation has been divided into 

two chapters. Chapter 1 analyzes diatoms in Coutos Lake sediments from both a 

taxonomic and paleolimnological prospective. Chapter 2 analyzes Coutos Lake 

sediments based on mineralogical and geochemical results.  
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2. Study Area 

Lagoa dos Coutos (Coutos Lake) 

Lagoa dos Coutos (19°59'6.54"S; 43°33'4.75"W) is a temporary shallow lake (as 

described by Williams, 2006), located in a geologically iron-rich area surrounded by 

canga vegetation in Serra do Gandarela (Barão dos Cocais municipality), approximately 

100 km from the capital of Minas Gerais, Belo Horizonte (Figures A and B). Coutos 

Lake sits at 1072m above sea level, under highland subtropical climate with dry winters 

and rainy summers (Peel et al. 2007; Dias 2014). Although this lake is not fed by any 

streams or rivers, it is located in the Doce River basin. It has an average depth of 0.65 

cm, reaching 1.5m during the rainy period, until completely drying in August. Water 

temperatures can range from 29 to 18 oC, presenting higher variation during the summer 

(25.6±1.4 o C). According to Dias (2014) Coutos Lake is oligotrophic, with neutral to 

acidic waters (pH ranging from 4.77 and 7.46), and low conductivity (from 70 to 120 

µS.cm-1). Since it is a shallow lake, it has dense banks of macrophytes when full. The 

littoral area is dominated by the submergent Mayaca fluviatilis and emergent 

Polygonum mesneirianum while the center is dominated by Nymphoides indica and  

Helanthium tenellum with Utricularia sp. and Egeria najas throughout the lake (Dias 

2014; Moreira et al. 2015). In recent years the lake has begun receiving anthropogenic 

impacts including dust from the construction and use of roads associated with industrial 

mining activities, as well as nutrient enrichment and macrophyte reduction due to tilapia 

aquaculture (when filled) and motor-recreational and equine pastoral activities (when 

empty).  
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Figure A: Location of Lagoa dos Coutos (Coutos Lake) within Serra do Gandarela, 
Quadrilátero Ferrífero (Iron Quadrangle) including a picture from the lake in the dry 
season.  
 

 

Figure B: Sample locations within Coutos Lake. P1 (19°59’02.9” S, 43°33’02.9” W) is 
located in the deepest part of the lake which has the longest hydroperiod. P6 
(19°59’06.6” S, 43°33’08.2” W) is located towards the edge of the lake and has a 
shorter hydroperiod.  

 P1 

 

P6 

P1 
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3. Hypotheses and Premise 

 

Background 1: According to Kociolek and Witkowski (2005) and Kociolek and 

Stoermer (2009), mentioning the 125 new species found by Lange-Bertalot and 

Metzeltin (1996), new diatom taxa discoveries are most likely to come not only from 

unexplored areas, but also from oligotrophic habitats. Research conducted by Dr. 

Burliga and colleagues, who investigated diatoms in seasonal lakes located on iron 

outcrops in Carajás National Forest, encountered 8 species (3 Kobayasiella, 4 Eunotia 

and 1 Frustulia) unknown to science (Burliga and Kociolek 2010; Burliga and Kociolek 

2012; Graeff et al. 2012). Research on factors governing benthic diatom endemism 

found that altitude and isolation are positively correlated and disproportionately 

important (Kilroy et al. 2007). Recent studies on isolated high altitude lakes in South 

America support this theory (Seeligmann and Maidana 2013; Blanco et al. 2013a). 

Furthermore, of the few studies that have been conducted on diatoms in temporary 

ponds and lakes, many have found unique, undescribed taxa (Gaiser and Johansen 2000; 

Neiva 2005; Blanco et al. 2013b; Riato et al. 2014; Bichoff 2016). In summary: Coutos 

Lake is an oligotrophic, isolated, high altitude, shallow temporary lake in an extremely 

metal-rich geological setting (restrictive conditions for many species) and in a 

geographically unexplored area. 

Hypothesis 1: Based on aforementioned characteristics, we hypothesize Coutos Lake is 

a favorable environment for highly specialized species, and due to the lack of studies in 

the region, these species are possibly new to science. 

Prediction 1: We expect that Coutos Lake harbors or harbored a diatom species hitherto 

unknown to science. Specifically, considering the genera Pinnularia, Kobayasiella, 

Eunotia and Frustulia are species-rich and often found in acidic and oligotrophic waters 

(Van Dam et al. 1994; Lange-Bertalot 1999; Krammer 2000; Metzeltin and Lange-

Bertalot 2007; Lange-Bertalot et al. 2011), any new species encountered likely belong 

to one of these genera. 

 

Background 2: Diatoms are known to be sensitive indicators of environmental changes 

and thus useful paleolimnological proxies (Battarbee et al. 2001). Successful 

paleolimnological studies have used diatoms in sediments to evaluate, among other 

things, past pH (Charles et al. 1987; Yoshikawa et al. 2000), nutrients (Zocatelli et al. 



12 

 

2012; Fontana et al. 2014), metal concentration (Ruggiu et al. 1998; Cattaneo et al. 

2004; Moser et al. 2010) and the climatic changes in general (Smol and Cumming 2000; 

Pearce et al. 2013; Fukumoto et al. 2014). However, few have been conducted in 

temporary lakes (Gaiser et al. 1998; Gaiser et al. 2001; Anderson and Gaiser 2013). 

Based on palynological studies in Minas Gerias (De Oliveira 1992; Behling 1995; 

Parizzi et al. 1998; Raczka et al. 2012) and the region (Salgado-Labouriau 1997; 

Behling 1998; Salgado-Labouriau et al. 1998; Marchant and Hooghiemstra 2004; Buso 

Jr. et al. 2016) changes in precipitation and temperature have occurred in the past ca. 

7,550 years. These climatic changes often result in limnological changes by altering, 

variables such as: temperature, pH, geochemistry, nutrients and, in temporary lakes, 

hydroperiods (Gaiser et al. 2001; Wetzel 2001). Lake water depth can also be altered by 

climatic change (Viau and Gajewski 2001). Some studies have created their own 

diatom-based transfer functions to analyze water-level changes at specific lakes (Gomes 

et al. 2014), however the ratio of planktonic to benthic diatoms is commonly used tool 

to qualitatively evaluate these changes (Wolin and Stone 2010). In summary: (1) there 

have been climatic changes in Minas Gerais in the last 7,550 years; (2) these climatic 

changes can result in limnological changes; (3) diatoms are sensitive to these 

limnological changes. 

Hypothesis 2: Environmental changes that have occurred over the last 7,550 years 

caused changes in the diatom assemblage in Coutos Lake. 

Prediction 2: Specifically, we expect that the ratio of planktonic to benthic diatoms will 

be higher during time periods which regional palynological literature (e.g. Salgado-

Labouriau 1997)  has indicated increased periods of rainfall. 

 

Background 3: Two factors that affect geochemical partitioning in soils and sediments 

most are hydroperiod and distance from sediment source. Upon inundation, sediments 

in temporary lakes in tropical environments frequently become anoxic and reducing 

(Podrabsky et al. 1997). Prolonged exposure to these conditions has shown to greatly 

affect pH, organic matter content and liable fraction speciation (Salomons and Baccini 

1986; Rieuwerts et al. 1998). Many studies have found that with longer times in 

waterlogged conditions, metals change to more stable fractions (Zheng and Zhang 2011; 

Zheng et al. 2013). While other studies have concluded that it depends on the element in 

question, with some elements remaining in liable fractions (Perkins et al. 2000; Dollar 

et al. 2001; Weber et al. 2009). The organic matter content and pH are important factors 
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in elemental fractionation as well (Iu et al. 1981; Grybos et al. 2009). 

Hypothesis 3: Sediments from the central and littoral areas of Coutos Lake will have 

different geochemical fractionations due to differences in hydroperiods.  

Prediction 3: Specifically, we expect that sediments in the central core will have larger 

proportions of some elements (e.g. Cu, Mn, etc.) in the more resistant fractions (i.e. F3 

– Organic Matter and Sulphides) compared to the littoral core. 

 

4. Objective 

The main objective of this research is to study the biological and geochemical aspects of 

the shallow, temporary Coutos Lake as they relate to modern and subfossil diatom 

assemblages. To do so, we intend to: 

- Examine current and past diatom species and community assemblage in Coutos 

Lake sediments 

- Examine geochemical changes that have occurred in Coutos Lake 

- Collect new diatom species from Coutos Lake to be described at a later date.  

- Contribute to the understanding of recent environmental changes as recorded in 

the biotic and abiotic components of Coutos Lake.   

 
 

5. Methodology (Figure C) 
 
5a. Collecting Cores 

Two points were selected to sample within Coutos Lake based on a pilot sampling of 8 

sites, due to the deep (15 cm+) extent of their humic layers (and thus ability to be 

carbon dated). When the lake was dry, two cores were taken at each point: 1 point in the 

center of the lake (P1C4) and 1 point towards the lake edge (P6C4). At each point, 2 

PVC pipes of 15 cm in diameter and ~25 cm length were driven at least 15 cm into the 

sediment with a rubber mallet. These cores were then retrieved (by digging them out), 

sealed with Parafilm® and plastic wrap, kept in a cooler at 8°C and later transferred to a 

freezer at -4°C until processing.    

 

5b. Processing cores 

After thawing, cores were opened on opposing sides using a Dremel 3000 rotary saw. 

Thereafter, the cores were separated into two halves and superficially scraped with a 
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plastic knife to prevent cross layer contamination. The core was then cut in 1-cm 

sections for the first 10 cm (P1C4-1 through P1C4-10 and P6C4-1 through P6C4-10). 

Each 1-cm sample was then placed in a petri dish and weighed on a Shimadzu AY220 

analytical balance. Subsequently each sample was put in an oven <40 °C (to avoid loss 

of volatile elements) until a constant weight was achieved (~48 hours). 

 

The 1-cm sediment samples were then homogenized and quartered. For some anlyses, 

quartered samples were ground with mortar and pestle until they reached the appropriate 

texture and consistency for the procedures that follow. 

 

5c. Analysis: 

Sediments were processed for diatom analysis and enumerated following Battarbee et 

al. (2001), images of specimens were taken with light microscope and scanning electron 

microscope.  Species were identified using standard and regional literature. Nitrogen 

(N), pH and Organic Matter (OM) were analyzed at the Federal University of Viçosa’s 

Laboratory of Soil, Plant Tissue and Fertilizer Analysis. 14C dating was performed by 

Beta Analytic (Miami, USA) at 5 and 10 cm of each core. A three step sequential 

extraction and total digestion were completed at UFOP, in the Lab of Environmental 

Geochemistry. Statistical analysis and graphic generation was accomplished using C2, 

Program R, Microsoft Excel and PAST. 
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Figure C: Methodology flow chart. General overview of methodology used 
in this dissertation including processes and data used for both Chapter 1: 
Diatoms in sediments of a shallow, temporary lake and Chapter 2: 
Geochemical distribution of metals in sediments of a shallow, temporary 
lake.  
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6. Chapter 1: Diatoms in sediments of a shallow, 
temporary lake: taxonomic descriptions and a 
paleolimnological investigation (Coutos Lake, 
Minas Gerais, Southeastern Brazil) 

 
6a. Abstract 

 
Lacustrine sediments provide records of past conditions of lakes and their surrounding 
environments. Many paleolimnological studies use diatoms due to their sensitivity to 
limnological conditions and well preserved silica cell walls. Though studies on diatoms 
in Brazil go back to the 19th century, most recent studies have been focused on the 
Southern states and São Paulo. In this chapter, we aimed to taxonomically describe and 
investigate diatom assemblage changes found in sediments of a temporary lake, to better 
understand the relatively understudied Bacillariophyta of Minas Gerais. To accomplish 
this we took 10 cm cores from the center and edge of Coutos Lake, and split them into 
1-cm sections which were then analyzed for diatoms, nitrogen, pH, organic matter and 
radiocarbon dated at 5 and 10 cm. We taxonomically described 22 species, 4 as new 
records for Minas Gerais, 1 as a new record for Brazil, 5 as cf. and for 3, no similar 
species were encountered in the literature. Downcore diatom analysis in lake sediments 
was only possible for the littoral core and though changes were observed, lack of 
autoecological understanding prohibited meaningful interpretation. Based on limited 
autoecological knowledge of diatoms found, the lake has remained oligotrophic and 
acidic since at least ca. 7550 cal years BP. 
 

6b. Introduction 
 
The Division Bacillariophyta, more commonly known as diatoms, are microalgae 
distinguished from other eukaryotes by their inorganic cell wall, or frustule, composed 
of silica. Diatoms can be found in almost every aquatic habitat including lakes, rivers, 
oceans and even in such inhospitable places as tree bark and hot springs (Smol and 
Stoermer 2010; Kociolek 2011). Some diatom species are particularly well adapted to 
temporary aquatic environments and the tactics employed to survive desiccation 
include: moving down into soil/sediment, storing oil in the cytoplasm, creating dry-
resistant internal valves and the formation of resting spores (Patrick and Reimer 1966; 
Gaiser et al. 1998). Furthermore, upon the return of aquatic conditions, many diatoms 
prove to be fast colonizers and occupy substrates within a day to several weeks 
(Hoagland et al. 1986).  
 
Diatoms have and continue to be utilized as bioindicators of water quality of lakes and 
rivers, due to their wide geographic distribution, rapid life cycle, limited mobility, and 
sensitivity to water chemistry (Patrick and Reimer 1966; Cairns et al. 1973; McCormick 
and Cairns Jr 1994; Potapova and Charles 2007; Fetscher et al. 2014). Combine that 
with the fact their silica frustules are often well preserved in lacustrine sediments and 
the utility of diatoms as paleoindicators becomes clear (Battarbee et al. 2001; Smol and 
Stoermer 2010). 
 
Successful paleolimnological studies have used diatoms in sediments to evaluate a 
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number of different environmental changes. Among other things, past pH (Charles et al. 
1987; Yoshikawa et al. 2000), nutrients (Zocatelli et al. 2012; Fontana et al. 2014), 
metal concentration (Ruggiu et al. 1998; Cattaneo et al. 2004; Moser et al. 2010) and 
climatic changes in general (Smol and Cumming 2000; Pearce et al. 2013; Fukumoto et 
al. 2014) have been investigated with diatoms preserved in sediments. 
 
Estimations of the number of species of diatoms vary from 10,000 to 2,000,000 as the 
debate for “what a diatom species is” continues (Smol and Stoermer 2010). New 
species and combinations continue to be “discovered” and described as was the case of 
the recent publication by Metzeltin and Lange-Bertalot (2007) which found and 
designated 190 new taxa of diatoms in tropical South America alone. Those are in 
addition to the 202 new South American taxa previously described in Metzeltin and 
Lange-Bertalot (1998).  
 
Studies focusing on Brazilian freshwater diatoms, while dating back to the beginning of 
the 19th century (da Silva et al. 2012) are still relatively rare, with the exception of the 
southern states. Two states that have contributed significantly to freshwater diatom 
research are Paraná and Rio Grande do Sul. Paraná, like Rio Grande do Sul, focus on 
diatoms in lotic systems, however many studies there emphasize the characterization 
and taxonomic description of diatom species within river basins (Contin 1990; Brassac 
and Ludwig 2003; Brassac and Ludwig 2005; Tremarin et al. 2008; Tremarin et al. 
2010; Menezes 2012). Whereas in Rio Grande do Sul, most published research tends to 
focus on epilithic diatoms as bioindicators of water quality in rivers (Lobo et al. 1996; 
Lobo et al. 2004; Lobo et al. 2010a; Lobo et al. 2010b; Salomoni et al. 2011; Böhm et 
al. 2013). 
 
Another state that has greatly contributed to the understanding of Brazilian diatom 
biodiversity in Brazil is São Paulo, which seems to have progressed from taxonomic 
revisions of diatom biodiversity such as the “Criptógamos do Parque Estadual das 
Fontes do Ipiranga, São Paulo, SP” series (ex. Rocha and Bicudo 2008), to linking 
reservoir water quality and diatoms (Fontana and Bicudo 2009; Wengrat 2011; Fontana 
and Bicudo 2012; Silva 2012; Almeida and De Campos Bicudo 2014) to conducting 
successful paleolimnolical studies on reservoir cores (Costa-Böddeker et al. 2012; 
Fontana et al. 2014; Faustino et al. 2016).  
 
However, studies elsewhere have been increasing recently (Delgado and Souza 2007; 
Reis 2007; Malone 2010; Da Silva et al. 2011; Severiano et al. 2012; Gomes et al. 2014; 
Viana et al. 2014) especially in the Amazon (Ferrari et al. 2007; Wetzel et al. 2010a; 
Burliga and Kociolek 2010; Wetzel et al. 2010b; Burliga and Kociolek 2012; Pereira et 
al. 2012; Wetzel et al. 2012; Pereira et al. 2013). This uptick is described best by 
Menezes et al. (2015) who noted a 52% increase in the number of reported 
epicontinental species of Bacillariophyceae in Brazil from 424 in 2010 to 645 in 2015. 
 
Two recent investigations of diatoms in rivers in Minas Gerais illustrate the lack of 
research in the state. Soares et al. (2007) found 15 diatom species, of which 11 were 
new records in the state while Canani et al. (2011) identified 15 species, 14 of which 
were new records for Minas Gerais and 4 new records for Brazil. There certainly are 
numerous diatoms in the large and varied Minas Gerais, as suggested by the 42 
Bacillariophyceae encountered in the middle Doce River region by Barros et al. (2013). 
However, if the numerous “sp.” in Barros et al. 2013 are any indication, there is still a 
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lot of taxonomical work to do in the state. 
 
In this chapter, we aimed to study the diatom community composition found in 
sediments of a temporary lake on an ironstone outcrop at Serra do Gandarela (MG), to 
investigate the relatively understudied Bacillariophyta of Minas Gerais, Southeastern 
Brazil. Additionally, we compared our findings with other Brazilian studies (using 
species list catalogs, when available) to describe the distributional patterns for the 
encountered diatom species. Finally, we used carbon dating, nitrogen, organic matter 
and diatom community assemblages in a short core to examine limnological changes 
during the Holocene in Coutos Lake.  
 

6c. Study Area 
 
Coutos Lake (19°59’6.54" S; 43°33’4.75" W, 1072 m a.s.l.) is a 10.5 ha, temporary lake 
located in Gandarela Mountain Range of Minas Gerais State, southeastern Brazil 
(Figure 1.1). In 2014 Gandarela National Park was created. Unfortunately this lake and 
others in the region were not included within the park limits - despite being in the 
original Chico Mendes Institute for Biodiversity Conservation (ICMBio) proposal. 
 
The climate, according to Köppen Classification system, is Subtropical Highland (cwb) 
with dry winters and rainy summers (Peel et al. 2007). The lake is, in part, surrounded 
by an iron-rich “canga” soil, formed by weathered Banded Iron Formations (BIFs) and 
inhabited by vegetation with high rates of endemism and diversity (Jacobi et al. 2007).  
There are no rivers that enter or leave the lake; seasonal rains cause the water table to 
rise and fill the relatively flat lake bed annually, reaching a maximum depth of 1.5 
meters, before drying out completely in August. When full, the lake is oligotrophic and 
fluctuates throughout the season from acidic to circumneutral to acidic once again (Dias 
2014). The littoral area is dominated by the submergent Mayaca fluviatilis and emergent 
Polygonum mesneirianum while the center is dominated by Nymphoides indica and  

Helanthium tenellum with Utricularia sp. and Egeria najas throughout the lake (Dias 
2014; Moreira et al. 2015). 
 
In recent years, the lake has begun receiving anthropogenic impacts including dust from 
the construction and use of dirt roads associated with industrial mining activities within 
the small drainage basin. Additionally, there are possible impacts of nutrient enrichment 
and macrophyte reduction from tilapia aquaculture (when filled) and equine pastoral 
(when empty) activities. 
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Figure 1.1: Topographic map of Coutos Lake. Map shows the core locations and 
proximity to an unpaved road in its watershed. Also included is the lake’s location in 
relation to Gongo Soco Mine, the proposed Gandarela National Park of 2010 (dotted 
line) and the official Gandarela National Park of 2014 (green area).  
 

6d. Methodology 
 
In order to collect sediment samples, two 15-cm diameter PVC pipes were driven 10-cm 
into the lake bottom with a rubber mallet when the lake was empty: one near the center 
of the lake and the other near the lake edge. The cores were then opened with a rotary 
saw, with sediments divided into 1 cm sections and subsequently dried at <40°C. 
Thereafter, 0.5 g subsamples were taken and treated following Battarbee et al. (2001) 
with 35% hydrogen peroxide and 10% hydrochloric acid to remove organic matter and 
carbonates, respectively.  Small aliquots were dried on cover slips and permanent slides 
were made using Naphrax® (refractive index = 1.74). Due to extremely poor diatom 
preservation in the center core (P1), however, it was only possible to evaluate diatoms 
from the core collected at the edge (P6) of Coutos Lake. 
 
For each cm of this core, at least 400 diatoms were enumerated using an Olympus 
CX31 Light Microscope (LM) equipped with an Olympus SC30 camera. Measurements 
of diatoms were made using software ZEN (blue edition, version 2012, Zeiss, Jena, 
Germany). Additionally, small aliquots of selected samples were dried on carbons stubs, 
sputter coated with graphite and imaged with a JSM-6510 Series Scanning Electron 
Microscope (SEM, 5-300,000x, WD: 8mm, 15kV). Diatoms were identified using 
standard texts on South American diatoms (Metzeltin et al. 2005; Metzeltin and Lange-
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Bertalot 2007b), specific genera (Krammer and Lange-Bertalot 1991; Krammer 2000; 
Lange-Bertalot et al. 2011a) and compared with local literature (Costa and Torgan 1991; 
Delgado and Souza 2007; Reis 2007; Rocha and Bicudo 2008; Tremarin et al. 2008; 
Bicca and Torgan 2009; Burliga and Kociolek 2010; Bicca et al. 2011; Canani et al. 
2011; Burliga and Kociolek 2012; Pereira et al. 2012; Pereira et al. 2013; De Garcia 
Souza et al. 2015). Catalogs (Tremarin et al. 2009; Da Silva et al. 2011) of state and 
regional species lists were used when available. A cluster analysis to define zones was 
performed on species data using PAST (Hammer et al. 2009). Hill’s N2, which 
estimates the effective number of species in each sample (Hill 1973) was calculated and 
depth graphs were generated using C2 (Juggins 2007).  
 
In addition to diatoms, Organic Matter (OM) and Nitrogen (N) values for each 1-cm 
sample were determined via gravimetric and Kjeldahl methods, respectively, at Federal 
University of Viçosa’s Laboratory of Soil, Plant Tissue and Fertilizer Analysis. OM was 
then converted to Total Organic Carbon using the “Van Bemmelen factor” of 1.724 
(Waxman and Stevens 1930). Finally, samples at 5 and 10-cm of each core, were sent to 
Beta Analytic (Florida, USA) for carbon dating. CALIB (Stuiver and Reimer 1993) was 
used along with the most recent southern hemispheric calibration set (Hogg et al. 2013) 
to calibrate and interpolate 14C dates. 
 

6e. Results 
 
Taxonomic Results of Bacillariophyta from Sediments of Coutos Lake 

Division Bacillariophyta 
 Class Bacillariophyceae  

Subclass Eunotiophycidae  
Order Eunotiales 

 Family Eunotiaceae  
Genus Eunotia  

 

Eunotia acutinasuta D.Metzeltin & Lange-Bertalot 1998 
Apical Axis: 9.1-30.1 µm 
Transapical Axis: 2.5-3.2 µm 
Striae/10 µm: 21-23 
Figures: LM: 1.3-1.9, SEM: 1.77-1.78 
 
Description: Dorsal margin is weakly convex, becoming more convex in smaller 
individuals. Ventral margin is straight to weakly concave in larger specimens. 
Helictoglossae are set in (usually symmetrical about transapical axis), giving “nose-
like” appearance. Apices are rounded, acutely in larger specimen. In SEM distal raphe 
ends lie on valve mantle. After distal raphe ending, areolae appear to become 
disorganized.  
 
Comments: E. acutinasuta was originally described from Venezuela with a maximum 
length of 18 µm in Metzeltin and Lange-Bertalot (1998) and was later amended to 40 
µm in Metzeltin and Lange-Bertalot (2007) examining samples from Guyana.  
The individuals from Coutos Lake are slightly wider than the original description (2.7 
µm) – which was not amended by Metzeltin and Lange-Bertalot (2007), but still fit into 
the species description, and are especially similar in growth forms to those illustrated in 
Metzeltin and Lange-Bertalot (2007) Plate 100, Figs 11-38. 
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Veselá and Johansen (2014) noted that no SEM images for E. acutinasuta are available; 
therefore this represents the first SEM image of E. acutinasuta showing that the 
terminal raphe fissures do indeed extend onto the valve face. However, the large 
difference in L/W range between E. acutinasuta (measured here as 6.8-8) and E. 

novaeangliae (7-24; Veselá and Johansen 2014) help to distinguish the two species.   
While Reis (2014) noted a E. cf. acutinasuta in samples from the Central-West of 
Brazil, examination of the image indicated that it is probably not related to the species 
as it lacks the pronounced inset helictoglossae.   
 
In any case, it’s possible that the species has a more widespread distribution in tropical 
South America than previously thought and perhaps has been misidentified as E. incisa 
in the past.  
 
Locations in Brazil: First record for Brazil. 
 

Eunotia cf. caenosa Kociolek & Burliga 2012 
Apical Axis: 28.5- ca. 86 µm 
Transapical Axis: 4.1-5.9 µm 
Striae/10 µm: 16-22 in center, 22-26 at ends 
Figures: LM: 1.33-1.40, SEM: 1.82-1.83 
 
Description:  Ventral margin is straight to slightly concave, dorsal margin is convex. 
The apices are subcapitate, bluntly rounded, obtusely protracted nose-like and often 
ventrally flexed. Striae are parallel, becoming denser and slightly radiate towards the 
ends. In SEM valves are thickened at ends with a single rimoportula located on the 
dorsal margin of valve.  
 
Comments: While the individuals in Coutos Lake share similar apices (nose-like) they 
differ from E. pseudosudetica of Metzeltin et al. (2005) by being thinner (not 6.3-7.3 
µm) and having significantly more striae (not 9-12/10 µm). E. caenosa was described 
from an iron out crop pond, similar to Coutos Lake, in the Brazilian Amazon (Burliga 
and Kociolek 2012). It is possible, given the wide range in central striae density and 
length, that the individuals at Coutos Lake were erroneously combined with another 
similar species also found by Burliga and Kociolek (2012) – E. telmaiana, however  it is 
unlikely due to the difference in transapical axis length (not 2.8-4.0 µm). The same is 
true for E. inciopsis (not 3.5-4 µm). In any case, the individuals from Coutos Lake differ 
from E. caenosa by having a much larger length range (not 15.1-47.5 µm). 
 
The longest half found in sediment was 43 µm, however there were longer, apice-less 
and unidentifiable, Eunotia frustules that likely belonged to this species. Therefore, 
there may be individuals with longer apical axes than 86 µm. 
 

Eunotia camelus Ehrenberg 1843 
 Apical Axis: 22.4 -32.0 µm 
Transapical Axis: Center 4.5- 7.1 µm, Undulation: 5.9-8.4 µm 
Striae/10 µm: 9-13 
Figures: LM: 1.10-1.12 
 
Description: Dorsal margin is convex with 2 undulations in smaller individuals and 4 in 
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larger ones. Ventral margin is distinctly to moderately concave. Valves are symmetrical 
about transapical axis, resembling the letter “M”. Apices protracted and often dorsally 
flexed. Distal raphe end curves onto valve face a short distance. Striae parallel in center 
becoming slightly radiate towards apices. Areolae (30-35/10 µm) are visible in LM.  
 
Comments: E. camelus is a cosmopolitan, but rarely dominant taxon. Found world-wide 
and in various locations of Brazil (Eskinazi-Leça et al. 2015; Guiry and Guiry 2016). 
Cooper et al. 1999 found E. camelus to be indicative of high phosphorus content in 
Florida wetland soils.  
 
Locations in Brazil: Northeast (Patrick 1940), Central-West (Da Silva et al. 2011), 
South (Tremarin et al. 2009), Southeast (Bere 2011), Minas Gerais (Costa and Torgan 
1991; Mendes 2003).  
 

Eunotia cf. carolina R.M. Patrick 1958 
Apical Axis: 22.5-37.3 µm 
Transapical Axis: 5.2-7.0 µm 
Striae/10 µm: 15-17 at center, 18-24 at ends 
Figures: LM: 1.13-1.18, SEM: 1.81 
 
Description: Ventral margins are flat, dorsal margins are moderately arched, flat to 
weakly concave in middle. Apices are variable in width, but distinctly rostrate and set 
off from dorsal “shoulders”. Striae are parallel in center to weakly radiate at ends with 
occasional short striae interspersed along dorsal margin. In SEM, areolae (40/10 µm) 
are fine and evenly spaced. 
 
Comments: This species most strongly resembles E. sudetica described in Bahls (2013) 
from an isolated lake in the Sierra Nevada Mountains. However, according to Lange-
Bertalot et al. 2011 E. sudetica is not a cosmopolitan taxon and that most records 
identifying this species are doubtfully legitimate. Furthermore, most descriptions of E. 

sudetica have described it as having obtusely rounded poles and 8-13 striae. The 
specimens from Coutos Lake share many features with E. carolina, including protracted 
apices, and parallel striae at center (14s/10 µm) becoming slightly radiate about 
terminals (18-20s/10 µm). However, unlike E. carolina, the dorsal margin is not 
“strongly concave at center of valve” (Patrick 1958) but rather straight to slightly 
concave. 
 

Eunotia itapuana L.C. Torgan 1997 
Apical Axis: 16.7-32.3 µm 
Transapical Axis: 2.1-3.5 µm 
Striae/10 µm: 21-24 
Figures: LM: 1.19-1.22, SEM: 1.80 
 
Description: Ventral margin is straight to slightly concave, ventral margin is slightly 
convex in larger individuals, becoming more strongly convex in smaller individuals. 
Apices are obtusely protracted and rounded. Striae are parallel and become slightly 
more concentrated at valve ends. Helictoglossae are located on the valve ends, close to 
the valve ends. In SEM, areolae (45-50/10 µm) are fine and evenly spaced. The raphe 
travels down ventral margin before ending on valve face at endings.   
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Comments: Canani and Torgan (2013) described a similar species from Minas Gerais, 
E. ibitipocaensis, however this species is often heteropolar and has subapical costae. E. 

itapuana was originally named E. densistriata in Torgan and Becker (1997) and later 
changed to E. itapuana in Torgan and Becker (1998). This species was found in a 
subaerial habitat, the authors therefore presume it to be able to withstand great changes 
in humidity, light and temperature. Later, Bicca et al. (2011) found E.  itapuana to be 
frequent in multiple habitats in the Rio Grande do Sul coast. Recently, Kim (2015) 
observed the species for the first time outside of Rio Grande do Sul, in Paraná. 
 
Locations in Brazil: South (Torgan and Becker 1997), First record for Minas Gerais. 
 

Eunotia kruegeri Lange-Bertalot 2004 
Apical Axis: 10-17.3 µm 
Transapical Axis: 2.8-3.6 µm 
Striae/10 µm: 22-24 
Figures: LM: 1.23-1.26, SEM: 1.79 
 
Description: Ventral margin is slightly concave, dorsal margin is slightly convex. Apices 
are bluntly rounded and occasionally ventrally flexed. Striae are parallel to slightly 
radiate in center, sometimes not visible in LM. Under SEM, 45-50 areolae in 10 µm. 
Depressions at transapical valve ends where proximal raphe ends. 
 
Comments: While the individuals found in Coutos Lake fell outside of original 
description for length (12-15.5 µm) and striae density (29-39) they are in agreement 
with all other aspects. Individuals with similar disagreements from the original 
description were also found by Reis (2007). 
 
Locations in Brazil: South (Heinrich et al. 2014), Central-West: (Da Silva et al. 2011), 
First record for Minas Gerais.  
 

Eunotia cf. pienitzii Lange-Bertalot 2011 
Apical Axis: 76.3-81.3 µm 
Transapical Axis:  5.3-6.0 µm 
Striae/10 µm: 17-19 in center, 20-24 at ends 
Figures: LM: 1.27-1.28 
 
Description:  Ventral margin is straight to slightly concave in larger individuals. Dorsal 
margin is evenly convex until obtusely round ends, with apices slightly protracted in 
some individuals – regardless of size. In LM, helictoglossae are visible at apical 
thickenings with raphe extending 10-20% of valve length. Striae are parallel in middle 
becoming very slightly radiate at ends.  
 
Comments: This species confirms most with E. pienitzii because of its narrow length 
range, striae density/pattern and short terminal raphe fissure. However, its transapical 
axis is larger than reported for this species in literature (4-5.5 µm). E. macroglossa has a 
lower striae density (11-14 in center, 16-18 at ends) and a much larger length range (21-
93 µm; Furey 2011). E. lewisii has much more prominent helictoglossae that continue to 
dorsal margin.  
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Eunotia pirla Carter & Flower 1988 
Apical Axis: 18.3-28.5 µm 
Transapical Axis:  4.9-8.4 µm 
Striae/10 µm: 15-20  
Figures: LM: 1.29-1.30 
 
Description:  Dorsal margin convex, ventral margin is triundulate. Ends attenuate, 
rounded in smaller specimens and slightly nose-like protracted in larger ones. Striae are 
mostly straight in middle, becoming denser and radiate after ventral margin thickening.  
 
Comments: E. pirla share many similarities with the species of E. veneris. However E. 

pirla generally had more arched dorsal margins, presented ventral margin inflations, less 
protracted ends and a lower striae density compared to E. veneris. E. pirla is 
differentiated from E. meridiana by its higher striae (not 12-14) and areolae (not 20-24) 
density. 
 

E. pirla is a cosmopolitan species, first reported from an acidic pool in the UK where it 
was said to be epiphytic (Carter and Flower 1988). It was found to be a significant 
indicator species, sensitive to human disturbance in Florida wetlands (Lane and Brown 
2007). In Brazil E. pirla has been found in a circum-neutral to basic, eutrophic reservoir 
(Silva et al. 2010) as well as isolated acidic ponds (Bicca and Torgan 2009).  
 
Locations in Brazil: South: (Tremarin et al. 2009), Minas Gerais as E. cf. pirla (Costa 
and Torgan 1991). 
 

Eunotia subarcuatoides Alles, Nörpel & Lange-Bertalot 1991 
Apical Axis: 10.0 – 11.4 µm 
Transapical Axis: 2.7-4.1 µm 
Striae/10 µm: 20-21 
Figures: LM: 1.31-1.32, SEM: 184 
 
Description: Dorsal margin is strongly convex, ventral margin is straight to concave. 
Ends are broadly rounded. Striae, though difficult to make out in LM, are parallel and 
evenly spaced, becoming slightly radiate at ends. Distal raphe end curves onto valve 
face a short distance. In SEM, 40 areolae in 10 µm and occasional extra areolae are 
present on the ventral margin. 
 
Comments: E. subarcuatoides was designated as oligotraphentic, acidobiontic and 
indicative of high oxygen, low nitrogen freshwater (or wet/moist) environments (Van 
Dam et al. 1994). However, it was found growing on macrophytes in a circum-neutral to 
basic, eutrophic reservoir (Silva et al. 2010) suggesting it could be indifferent to trophic 
status. 
 
Locations in Brazil: South (Bicca and Torgan 2009), Central-West (Da Silva et al. 
2011). First record for Minas Gerais. 
 

Eunotia veneris (Kützing) De Toni 1892 
Apical Axis: 24.7-43.9 µm 
Transapical Axis:  5.3-6.0 µm 
Striae/10 µm: 17-19 in center, 20-22 at ends 
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Figures: LM: 1.45-1.50, SEM: 1.85 
 
Description: Central ventral margin is usually straight, turning concave at proximal 
raphe ends; dorsal margins more convex than ventral margins. Ends are protracted and 
obtusely rounded, becoming more protracted in larger individuals. Striae are parallel, 
becoming radial and denser at ends. Very occasional short stria interspersed along dorsal 
margin. In SEM, areolae (38-40/10 µm) are fine and evenly spaced.  
 
Comments: This species is most similar to E. pirla, but E. veneris lacks ventral inflation 
and has a higher stria density (Carter and Flower 1988).  It is also differentiated from E. 

pseudosudetica by having more convex ventral margin and larger transapical axis. 
E. veneris  was designated as oligo-mesotraphentic, acidobiontic and indicative of high 
oxygen, low nitrogen freshwater (or wet/moist) environments (Van Dam et al. 1994). It 
was also found to be a strong indicator of mesotrophy in Rio Pequeno, São Paulo 
(Wengrat 2011). 
 
Locations in Brazil: South (Tremarin et al. 2009), Southeast (Fontana and Bicudo 2012), 
Central-West (Da Silva et al. 2011), Northeast (Viana 2007), North (Ferrari et al. 2007). 
First record for Minas Gerais.  
 

Eunotia zygodon Ehrenberg 1843 
Apical Axis: 55.5-86.0 µm 
Transapical Axis: Center 9.1-10.7 µm, Undulation: 11.6-13.3 µm 
Striae/10 µm: 13-16 in center, 17-22 at end 
Figures: LM: 1.41-1.42 
 
Description:  Dorsal margin is convex with two broadly rounded undulations, ventral 
margin is concave. Apices are protracted and broadly truncate. Striae are parallel in 
center, becoming denser and radial at the apices. Occasional short striae interspersed 
along dorsal margin at undulations and along ventral margin at valve ends. Areolae (24-
28/10 µm) are visible in LM.  
 
Comments: E. zygodon is cosmopolitan species with worldwide distribution and various 
reports of it throughout Brazil. In addition to being cosmopolitan, it is also variable in 
format as was illustrated by Ferrari et al. (2007).  It is similar in appearance to E. 

yanomami, which was designated a new species based on samples from the Amazon 
(Metzeltin and Lange-Bertalot 1998). However, E. yanomami is larger, having 
minimum transapical axis of 10 µm (Ferrari et al. 2007). 
 
Locations in Brazil: South (Tremarin et al. 2009), Southeast (Fontana and Bicudo 2012), 
Central-West (Da Silva et al. 2011), Northeast (Viana 2007), North (Ferrari et al. 2007), 
Minas Gerais (Barros et al. 2013). 
 

Eunotia sp.  
Apical Axis: 53.5-74.1 µm 
Transapical Axis:  6.1-7.1 µm 
Striae/10 µm: 13-17 in center, 21-26 at ends. 
Figures: LM: 1.43-1.44, SEM: 1.86 
 
Description: Dorsal margin slightly convex to straight at center (never 
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concave/biundulate), ventral margin flat. Ends are distinctly protracted, rostrate to 
slightly subcapitate and rarely ventrally flexed.   Striae are parallel in middle becoming 
denser and slightly radiate at ends with occasional short striae interspersed along dorsal 
margin.  In SEM areolae are fine, evenly spaced with 40 in 10 µm.  
 
Comments: Valve outline is most similar to E. donatoi, however E. donatoi is wider 
(7.3-8 µm), has lower striae density (9-13 in center, 16-19/10µm at ends) and has much 
a lower areola density (26-28) which are visible in LM. Santos et al. (2011) noted a E. 
cf. donatoi with a lower striae density than E. sp.  (9-11) and generally thinner (5.0-6.4 
µm). The real E. donatoi was recently reported for the first time in Brazil (De Garcia 
Souza et al. 2015). E. sp.  shares considerable similarity to E. veneris however, E. 

veneris has not been reported beyond “ca. 50 µm” (Lange-Bertalot et al. 2011). 
 
Division Bacillariophyta 

 Class Bacillariophyceae  
Subclass Bacillariophycidae 

Order Naviculales 
 Family Amphipleuraceae 

Genus Frustulia 
 

Frustulia crassinervia (Brébisson ex W.Smith) Lange-Bertalot & Krammer 1996 
Apical Axis: 33.1-42.5 µm 
Transapical Axis:  8.9-10.3 µm 
Striae/10 µm: Apical and Transapical 35 in center, 40 at ends; (not visible in LM) 
Figures: LM: 1.51-1.53, SEM: 1.87-1.88 
 
Description: Valves are broadly rhomboid to broadly lanceolate with undulate margins. 
Apices are protracted and rostrate in larger individuals to subrostrate in smaller ones. 
Longitudinal ribs are straight to slightly constricted. In SEM, areolae are fine and 
circular with 35/10 µm in center and 40/10 µm at ends. Striae are mostly straight to 
somewhat wavy. Distally, longitudinal ribs join to form a porte-crayon, which is 
encircled by one stria.  
 
Comments: F. crassinervia is a global species, which has been found (either as 
“Frustulia rhomboides var. crassinervia (Brébisson ex W.Smith) Ross”, “Frustulia 

rhomboides f. undulata Hustedt” or “Frustulia crassinervia (Brébisson ex W.Smith) 
Lange-Bertalot & Krammer”) on every continent except Antartica (Guiry and Guiry 
2016).  
 
Regarding its autecology, F. crassinervia was designated as oligotraphentic, 
acidobiontic and indicative of high oxygen, low nitrogen freshwater (or wet/moist) 
environments (Van Dam et al. 1994). Gaiser and Johansen (2000) noted it as widespread 
and abundant in Carolina Bays, most frequently as phytoplankton but also epiphytic and 
benthic (therefore it can be considered tycoplanktonic), with a mean weighted water 
depth of 35 cm. In Brazil Wengrat (2011) found F. crassinervia in superficial sediments 
to be a strong bioindicator of mesotrophic conditions in Rio Pequeno, São Paulo.  
 
It must be noted that, while there was a drastic increase in F. crassinervia and F. 

saxonica in the top two centimeters of Coutos Lake, this is probably at least partly due 
to fact that these two species are lightly silicified. Small longitudinal ribs and porte-
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crayons – which are the most silicified part of both F. crassinervia and F. saxonica – 
were found in large numbers in deeper sediments. However, due to the lack of features 
allowing it to be identified to the species-level, they were not quantified.   
 
Locations in Brazil: South (Tremarin et al. 2009), Southeast (Fontana and Bicudo 2012), 
Central-West (Da Silva et al. 2011), Northeast (Viana 2007), Minas Gerais (Costa and 
Torgan 1991; Canani et al. 2011; Barros et al. 2013).  
 
Frustulia cf. magna Metzeltin & Lange-Bertalot 1998 
Apical Axis: 120.6-167.1 µm [central nodule: 5.3-6.7 µm] 
Transapical Axis:  24.8-34.0 µm [central nodule: 3.7-4.7] 
Striae/10 µm: Apical 20-24 in center, 22-25 at ends; Transapical 22-24/10 µm. 
Figures: LM: 1.57-1.58, SEM: 1.89-1.90 
 
Description: Valves are large and rhomboid to rhombic-lanceolate. Striae are mostly 
parallel, becoming slightly wavy and radiate around central nodule and slightly denser 
at valve ends. Areolae (22-24/10 µm) are visible in LM and circumradiate the apices. 
Longitudinal ribs gradually thin and converge shortly after central nodule and run 
parallel and thicken shortly before porte-crayon. Central nodule is variable in shape 
resembling X, K and H. In SEM, internal view show central and polar raphe endings are 
“T” shaped; rows of areolae run adjacent to either side of raphe and terminate before 
central raphe end. Areolae become thinner towards apical axis, with occasional periods 
in middle of central nodule.    
 
Comments: This species is most similar to the neotropical F. magna in overall shape, 
length (130-160 µm) and central nodule forms (see: Metzeltin and Lange-Bertalot 1998 
Fig 110: 1-4) however F. magna generally has a larger transapical axis (31-33 µm). 
Some individuals closely resemble F. sanctaerosae, however this species has a much 
larger length range (116-200 µm) and fewer areolae (12-15) per 10 µm (Lange-Bertalot 
and Sterrenburg 2004; Metzeltin and Lange-Bertalot 2007). Finally, F. altimontana 
differs by being less rhombic, having a smaller apical axis (22-27 µm) and less areolae 
(15-19) per 10 µm. 
 

Frustulia saxonica Rabenhorst 1853 
 
Apical Axis: 41.7-69.0 µm 
Transapical Axis:  10.1-13.7 µm 
Striae/10 µm: Apical and Transapical 32-35 in center and ends (not visible in LM) 
Figures: LM: 1.54-1.56, SEM: 1.92 
 
Description: Valves are rhomboid, however smaller individuals are more rounded with 
rounded and slightly constricted ends. Longitudinal ribs are mostly straight but 
occasionally curved. Central nodule is variable but generally constricted on one or both 
sides. In SEM, areolae (32-35) are fine and circular, striae are parallel and circumradiate 
the small porte-crayon.  
 
Comments: F. crassinervia is distinguished from F. saxonica by the former’s more 
narrowly rounded and often protracted apices. Like F. crassinervia, F. saxonica 
(formally Frustulia rhomboides var. saxonica (Rabenhorst) De Toni 1891) has a global 
distribution on every continent except Antartica (Guiry and Guiry 2016).  
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Regarding its autoecology, F. saxonica, was designated as oligotraphentic, acidobiontic 
and indicative of high oxygen, low nitrogen freshwater (or wet/moist) environments 
(Van Dam et al. 1994). Gaiser and Johansen (2000) noted it as widespread and abundant 
in various habitat types (including aerophilic substrates and plankton – meaning it can 
be considered tycoplanktonic) with a mean weighted water depth of 40 cm. 
Additionally, it was common in all habitat types in isolated Florida wetlands, where it 
was considered a species sensitive to human disturbances (Lane and Brown 2007).  
 
Locations in Brazil: South (Tremarin et al. 2009), Southeast (Fontana and Bicudo 2012), 
Central-West (Da Silva et al. 2011), Northeast (Viana 2007), Minas Gerais (Costa and 
Torgan 1991; Canani et al. 2011; Barros et al. 2013). 
 
Division Bacillariophyta 

 Class Bacillariophyceae  
Subclass Bacillariophycidae 

Order Naviculales 
 Family Pinnulariaceae 

Genus Pinnularia 
 

Pinnularia microstauron var. rostrata Krammer 2000 
Apical Axis: 30.5-40.8 µm 
Transapical Axis:  5.6-6.5 µm 
Striae/10 µm: 13-15  
Figures: LM: 1.59-1.63, SEM: 1.93 
 
Description: Valves are linear. Apices are slightly protracted and subrostrate in smaller 
specimens and rostrate to subcapitate in larger ones. Central area is rhombus. Axial area 
abruptly narrows after transverse fascia. Striae, occasionally continue through central 
area, are strongly radiate in center and strongly convergent at valve ends. Proximal 
raphe ends are deflected to same side, expanded and pore-like. Distal raphe endings are 
hooked. In SEM, alveoli are perforated by 70-80 areolae/10 µm in 4-5 rows per 
alveolus.   
 
Comments: Individuals in Coutos Lake were slightly less wide (not 6-7 µm) and had a 
higher striae density (not 10-11 striae/10 µm) than the original description of this 
nominate variety (Krammer 2000). While the dimensions fall within the range of P. 

subcapita, they are differentiated by the fact that P. subcapita has parallel, or slightly 
convergent, striae at valve ends (not strongly convergent). 
 
P. microstauron var. rostrata was recently reported in Goais by da Silva et al. (2016), 
who also noted a higher striation (10-13 striae/10 µm).  da Silva et al. (2016) claimed 
that it was the first report of the species in Brazil however a search of relevant literature 
found it had already been reported, albeit with smaller breadth (5.0-5.6 µm) and higher 
stria density (14-16/10 µm), from a eutrophic reservoir by Silva et al. (2010). 
Furthermore, it was reported with dimensions in line with Krammer (2000) in a circum-
neutral and frequently flooded seasonal lake in the Patanal (Santos et al. 2012). In 
Minas Gerais, Canani et al. (2011) identified a morphologically similar specimen 
(labeled as P. cf. microstauron var. rostrata),  however due to its much larger breadth 
(9.8 µm), it likely belongs to another variety of P. miscrostauron.  
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Locations in Brazil: South (Silva et al. 2010), Central-West (Santos et al. 2012). First 
record for Minas Gerais. 
 
Pinnularia gibba Ehrenberg var. subundulata (Mayer ex Hustedt) Frenguelli 1933 
Apical Axis: 52.7- 60.4 µm 
Transapical Axis:  6.5-7.2 µm 
Striae/10 µm: 11-13  
Figures: LM: 1.64-1.66, SEM: 1.91 
 
Description: Valves are linear, occasionally tumid in central area, ends are subcapitate. 
The central area is rhombic. Central area is rhombus. Axial area gradually narrows after 
transverse fascia. Striae occasionally continue through central area, are strongly radiate 
in center and strongly convergent at valve ends. Raphe is filiform, proximal raphe ends 
are rounded and deflected in opposite direction of hook-shaped distral raphe ends.  
 
Comments: This species if very similar to Pinnularia subgibba var. capitata but 
differentiated by its smaller transapical axis (not >10 µm). P. gibba var. subundulata, 
also known as Pinnularia abaujensis var. subundulata, has a worldwide distribution 
(Guiry and Guiry 2016). It was found in lakes and swamps inhabiting metaphyton, 
periphyton and plankton samples in Parque Estadual das Fontes do Ipiranga, São Paulo 
(Rocha and Bicudo 2008). 
 
Locations in Brazil: North (Uherkovich and Rai 1979 in Pereira et al. 2012), Southeast 
(Rocha and Bicudo 2008), Minas Gerais (Costa and Torgan 1991).  
 

Pinnularia viridis (Nitzsch) Ehrenberg 1843 
Apical Axis: 147.0-172.2 µm 
Transapical Axis:  21.9-26.7 µm 
Striae/10 µm: 8-10 
Figure: LM: 1.70 
 
Description: Valves are linear, occasionally tumid in central area, with broadly rounded 
ends. The raphe is lateral and nearly straight, slightly curved in the middle where 
proximal raphe ends are close and rounded. Striae are parallel to slightly radiate in 
middle, staying parallel until becoming longer and convergent at valve ends. Central 
area is circular to elliptical and rarely symmetrical about apical axis.   
 
Comments: P. viridis most closely resembles P. viridiformis, but is differentiated by its 
larger apical axis (not 67-145 µm) and transapical axis (not 14-21 µm).  
P. viridis is a global species, which has been recorded on every continent except 
Antartica (Guiry and Guiry 2016). Due to its large size, abundant distribution and easily 
recognizable characteristics it has been used as a model diatom in numerous studies 
(Harper 1976; Crawford et al. 2001; Chiovitti et al. 2003; Higgins et al. 2003).  
 
Regarding its autoecology, P. viridis appears to be much more tolerant of a wide range 
of environmental conditions  than other diatoms identified in Coutos Lake (Lowe 1974; 
Cox 1993).  P. viridis is areophilic and indifferent to trophic, pH as well as oxygen 
conditions (Van Dam et al. 1994; Bigunas 2005). It has been found to be more abundant 
in the area between center and shore of a temporary montane lake in Argentina (Díaz 
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Villanueva 2006) as well as warm, alkaline waters in a temporary floodplain of the 
Pantanal (Santos et al. 2012). 
 
Locations in Brazil: Northeast (Viana 2007), Southeast (Rocha and Bicudo 2008), 
Minas Gerais (Costa and Torgan 1991; Soares et al. 2007; Canani et al. 2011; Barros et 
al. 2013) 
 
Pinnularia sp.   
Apical Axis: 47.7-72.6 µm 
Transapical Axis:  7.5-9.4 µm 
Striae/10 µm: 10-11 
Figures: LM: 1.67-1.69, SEM: 1.94 
 
Description: Valves are linear-lanceolate with slightly subcapitate ends. The central area 
is rhombus. Axial area has two or zero indentations and abruptly narrows after 
transverse fascia. Striae, occasionally continue through central area, are parallel to 
weakly radiate in center and parallel to convergent at valve ends. Raphe is filiform, 
proximal raphe ends are rounded and deflected in opposite direction of hook-shaped 
distral raphe ends 
 
Comments: Valves most closesly resemble species from the Pinnularia subgibba 
complex (Krammer 2000) but are differentiated by having only 2 or no indentations in 
central area (not 4), smaller minimum transapical length (not 52 µm) and larger L/W 
ratios (5.4-8.2, not 7-8).  
 

Division Bacillariophyta 
 Class Bacillariophyceae  

Subclass Bacillariophycidae 
Order Naviculales 

 Family Naviculales incertae sedis 
Genus Kobayasiella 

 

 

 

Kobayasiella cf. pseudosubtilissima (Manguin) Lange-Bertalot & E.Reichard 1999 
Apical Axis:  24.7-36.5 µm 
Transapical Axis:  5.1-5.5 µm 
Striae/10 µm: ? 
Length/Width: 4.6-6.9 
Figures: LM: 1.71-1.73 
 
Description: Valves are linear-lanceolate and occasionally constricted at central area. 
Apices are attenuate to cuneate. The raphe is filiform and straight. Distal raphe ends are 
strongly bent in same direction. Central area is round to elliptical, axial area narrows 
towards apices.    
 
Comments: This particular species was not encountered on slides prepared for SEM 
analysis and therefore a more detailed description of the characteristics is not possible. 
Costa and Torgan (1991) had identified this species as Navicula subtilissima (25-36.0 
µm long, 3.7 to 6.5 µm wide), which, based on the image (Fig. 83 in Costa and Torgan 
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1991) and description, is very likely the same species encountered in Coutos Lake.  
 
Vanhoutte et al. (2004) pointed out, that the image in Costa and Torgan (1991) lacks all 
features of this species, and the authors thereafter suggest it belongs to K. 

pseudosubtilissima. However, most illustrations of K. pseudosubtilissima, including the 
SEM in Metzeltin and Lange-Bertalot (2007) (Plate 141, Fig. 1a) show it with more 
rounded outline and significantly more protracted ends. Therefore, it is possible that this 
is a new species or perhaps a new variety, but more detailed SEM images are needed.  
 

Kobayasiella sp.  
Apical Axis:  20.0-23.8 µm 
Transapical Axis:  3.4-3.5 µm 
Striae/10 µm: 45 
Length/Width: 5.7-7 
Figures: LM: 1.74, SEM: 1.98 
 
Description: Valves are linear-lanceolate with subcapitate ends. Striae are too fine to be 
seen in LM. In SEM raphe is straight and filiform. There appears to be a “kink” on 
raphe branch about halfway between central area and raphe end. Striae are radiate 
around central area and mostly parallel exactly at transapical axis, where a single stria 
extends to central area, and forms stigma-like depression. Shortly after raphe branch 
“kink”, striae become strongly convergent and sigmoid. Externally, distal raphe ends are 
bent at an obtuse angle, joining final striae.  
 
Comments: K. sp. falls within the size range of numerous described species however 
they are generally set apart by having different apice shapes, length to width ratios 
and/or striae density. For example, K. parasubtilissima has similar dimensions (22-34 
µm long; 3.5-4.5 µm wide, Kobayasi and Nagumo 1988) but has capitate ends. K sp. 
The shape of K. sp. most closely resembles K. carajasiana (L/W of 5.87-7.6 and 
subcapitate ends), a species described from an iron out crop pond, similar to Coutos 
Lake, in the Brazilian Amazon (Burliga and Kociolek 2010), however K sp. is smaller 
(not 30.7 to 37 µm long) and has a higher striae density (not 36-40 µm). 
 
 
Division Bacillariophyta 

 Class Bacillariophyceae  
Subclass Bacillariophycidae 

Order Naviculales 
 Family Brachysiraceae 

Genus Brachysira  
 

 

Brachysira subrostrata Lange-Bertalot 1994 
Apical Axis:  38.9-56.8 µm 
Transapical Axis:  9.6-11.2 µm 
Striae/10 µm: 20-23 
Length/Width: 3.8-5.1 
Figures: LM: 1.75-1.76, SEM: 1.95-1.97 
 
Description: Valves are lanceolate with narrowly rounded, subrostrate apices. Striae are 
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slightly radiate throughout the valve. Central area is asymmetrically rounded. Areolae 
are elongated, rounded rectangles with 3-4 on each side of central area and a single row 
of more rounded areolae on each side of axial area at apices. The mantle possesses a 
single row of elongated areolae. The raphe is filiform and straight. In SEM, raphe 
curves slightly, in same direction, at proximal and distal ends. Internal distal raphe 
fissures terminate at small helictoglossae.  
 
Comments: According to Canani et al. (2011), B. subrostrata can be differentiated from 
the morphologically similar B. serians var. rostrata because the former has less rostrate 
ends and lanceolate to rhombic-lanceolate valves.  
 
Metzeltin and Lange-Bertalot (2007) indicated that there may be as many as three 
species incorporated into B. subrostrata citing that the type population (which was 
epiphytic on Sphagnum in São Paulo) had limited valve dimensions. Considering that 
there were 36 individuals found and none were longer than 56.8 µm, while the newly 
amended apical dimensions are 35-130 µm (Metzeltin and Lange-Bertalot 2007), it adds 
more credit to the theory of their being 3 separate species as opposed to 2 with broad 
definitions.  
 
Locations in Brazil: South (Tremarin et al. 2009), Southeast (Metzeltin and Lange-
Bertalot 2007), Central-West (Da Silva et al. 2011), Minas Gerais (as Anomoeoneis 

serians (Brésbisson ex Kützing) Cleve in Costa and Torgan 1991) 
 
 
 
Results of Carbon Dating  
 
The ages of sediments, based on carbon dating can be seen in Table 1.1. The 5 cm depth 
of the central core (P1; 3330 ± 30) had older measured 14

C Age than the same depth in 
the littoral core (P6; 2270 ± 30). At 10 cm P6 (6730 ± 30) was found to be older than P1 
(4710 ± 30). Calibration of sediment depths with CALIB software indicated dates for 
P1-5, P1-10 and P6-10 were older than conventional radiocarbon ages reported.   
 
 
 
Table 1.1: Results of Coutos Lake sediment carbon dating and calibration  
 

Point - Depth 

(cm) 

Laboratory 

Number δ13
C (permil) 

Measured
 14

C 

Age (BP) 

Conventional 

Radiocarbon 

Age (BP) 

 

Calibrated 

Age (cal BP) 

P1 - 5 Beta - 412947 -25.5 3330 ± 30 3320 ± 30 3500 

P1 - 10 Beta - 412948 -25.1 4710 ± 30 4710 ± 30 5450 

P6 - 5 Beta - 412949 -26.1 2270 ± 30 2250 ± 30 2250 

P6 - 10 Beta - 412950 -26.1 6730 ± 30 6710 ± 30 7550 
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Results of Benthic Diatom Population in Coutos Lake Sediments 
 
Cluster analysis indicates 5 zones within the 10-cm of sediment from Coutos Lake 
(Figure 1.2).  
 
Zone 1: 10-cm (7,600-7,450 interpolated cal years BP) 
This zone was defined by a rather large contribution of E. cf. caenosa, reaching 32.7% 
of the total population as well as the largest portion of E. acutinasuta (8.6%) of the 
entire core.  It also had some of the lowest levels of F. crassinervia (5.3%) and F. 

saxonica (2.5%) and 2nd highest of F. cf. magna (19.1%). What also stands out about 
this zone is the low Hill’s N2 value (5.83), the lowest of the core. This zone also has 
some of the highest values of organic matter (63.26 dag/kg) and nitrogen (0.165 
dag/kg).  
 
Zone 2: 9 to 7-cm (6,550-4,300 interpolated cal years BP) 
Compared to the last zone, E. veneris increased slightly from 9.1% to 12.4% of the 
population, before decreasing back to 9.8% at 7-cm.  E. cf. caenosa was still the 
dominant species, but made up a smaller portion of the population in this zone (22.7-
20.6%). F. magna reached its highest values at 9-cm (20.4%) before falling to 13.7% at 
7-cm. P. viridis also peaked in this zone is, reaching 3.8% at 7-cm. F. crassinervia 
increased from 4.6% to 9.7% of the population while F. saxonica went from 2.9% to 
7.1% in Zone 2.  
 
Another defining characteristic of the diatom flora in this zone were the various 
fragments of Brachysira bresbonii, Luticola mutica, L. saxophila, and Navicula sp. 
These species were not included in the taxonomic discussion earlier as no complete (or 
near-complete) specimens were found to give accurate dimensions. Given the presence 
of these new species, Hill’s N2 increased up core in this zone from 7.75 at 9-cm to 
10.36 at 7-cm.  
 
Organic matter was much lower than the previous zone, but extremely stable (16.79 
dag/kg) whereas nitrogen gradually decreased from 0.134 dag/kg at 9-cm to its lowest 
value in the core, 0.109 dag/kg at 7-cm.  
 
Zone 3: 6 to 3-cm (3,400-1,100 interpolated cal years BP) 
E. cf. caenosa continued its steady declining trend from 17.4% of population at 6-cm to 
15.3% at 3-cm. F. magna also decreased from 14.5% to 9.5%.   Meanwhile, E. veneris 
and E. sp. both increased, reaching 18.2% and 12.2% respectively.  F. crassinervia and 
F. saxonica continue to play an important role hovering around 10% and 5% of the 
population, respectively. Hill’s N2 stayed relatively high in this zone, but dipped at 4-
cm to 8.812.  
 
Organic matter was around 16.5 dag/kg, except for at 4-cm, where it reached 20.9 
dag/kg. Nitrogen peaked considerably at 6-cm, reaching 0.162 dag/kg, thereafter it 
varied between 0.112 and 0.120 dag/kg.  
 
Zone 4: 2-cm (550-800 interpolated cal years BP) 
This zone was dominated by Eunotia veneris, E. sp. and E. cf. caenosa reaching 18.6%, 
17.2% and 11.9%, respectively. Pinnularia microstauron var. rostrata reached its 
highest value of the core, at 4.4%. Frustulia cf. magna had its lowest value at 7.7%. 
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While F. crassinervia and F. saxonica dipped to 9.4% and 4.1%, respectively. E. cf. 
pienitzii reached its highest value of 3.1% while E. camelus appears for the first time, 
only reaching 0.5% of population. Organic matter and nitrogen increase slightly to 
16.63 dag/kg and 1.34 dag/kg respectively.  
 
Zone 5: 1-cm (300 interpolated cal years BP - Present) 
The defining feature of the diatoms in this zone is the dramatic increase in both F. 

crassinervia and F. saxonica, which reached 16.0% and 13.1% of population 
respectively. Eunotia veneris, E. sp. and E. cf. caenosa continue to make up large 
portions of the diatom populations at 15.6%, 12.9% and 12.9% respectively. Hill’s N2 
meanwhile dropped in this zone 8.774. Organic matter and nitrogen reach their highest 
values at 63.94 dag/kg and 0.171 dag/kg, respectively.  
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Figure 1.2: Diagram showing depth profiles (including calibrated ages) of Organic Matter (OM), Nitrogen (N), Total Organic Carbon/Nitrogen 
(TOC/N), diatoms species % (grouped by genus) and Hill’s N2. Species that were <1% of population at all depths are represented by symbol: x.  



36 

 

6f. Discussion 
 
Chronology:  
According to the 14C dates, the sedimentation rate at Coutos Lake is, and has been, 
extremely slow – on the order of 500-900 years/cm. This is dramatically slower than the 
peatlands in the region (0.65-3 years/cm; Horák et al. 2011) and about on par with 
nearby organic soil (Behling and Lichte 1997). While it is not advisable to directly date 
lake sediment due to lake water 14C not being equilibrated with the atmospheric 14C 
(Olsson 1974; Geyh et al. 1998), this was the only option as no macrofossils were 
found. In any case, considering the two dates were carbon dated 4,460 apart but 
separated by just 5-cm (2250 ± 30 14C years at 5-cm and 6710 ± 30 14C years at 10-cm), 
whatever error from directly dating sediment was likely minimal compared to the 
remarkably slow sedimentation rate.   
 
Diatoms Species Assemblage: 
What stands out about the diatom flora in the sediments of Coutos Lake most is perhaps 
the limited number of genera (8) and the dominance by 3 particular genera. Eunotia, 
Frustulia and Pinnularia make up at least 96%, with Kobayasiella reaching a maximum 
of 3%, while Brachysira, Luticola, Anchnanthes and Opephora combined often make 
up 1%, reaching a maximum of 2%. That being said, Eunotia, Frustulia and Pinnularia 
often dominate acidic, temporary and metal-rich lentic waters (Hanna 1933; Kai et al. 
1999; Denicola 2000; Gaiser and Johansen 2000; Neiva 2005; Burliga and Kociolek 
2012). 
 
However, the apparent large representation, in terms of number of species and 
population (%) of Eunotia (especially compared to Pinnularia) is rather odd compared 
to other studies (Czarnecki and Cawley 1997; Kai et al. 1999; Gaiser and Johansen 
2000; Díaz Villanueva 2006) but has been reported previously (Neiva 2005). 
Considering Pinnularia are generally more silicified than Eunotia, differential 
preservation of the two genera likely wasn’t an important factor. Likewise, self-burial 
into lake sediments, which could better preserve frustules in temporary environments 
upon desiccation, has been reported for Pinnularia (Harper 1976). 
 
On the other hand, the large increase in both lightly silicified Frustulias (F. saxonica 
and F. crassinervia) in the top 1-cm could be a result of differential preservation, 
considering many small, longitudinal ribs (likely belonging to either F. saxonica or F. 
crassinervia) were found at all depths.  
 
Paleolimnological Interpretations: 
 
Unfortunately an acceptable pH, nutrient and/or hydroperiod training/calibration set (ex. 
Gaiser et al. 1998; Cooper et al. 1999; Lane and Brown 2007; Viana et al. 2014) was not 
available to quantitatively evaluate the sedimentary diatoms in Coutos Lake due to poor 
species overlap. Furthermore, due to drought conditions during the study period 
(November 2014- May 2016), it was not possible to construct a calibration set of Coutos 
Lake diatom flora. Therefore the relative abundance profiles of individual species, and 
the available autecological data about these species, combined with OM and N data, is 
the only option to interpret past limnological changes. 
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In general, we did not detect any major shifts in the diatom assemblage. Autoecological 
data of diatoms found throughout the core, if available, indicated that Coutos Lake has 
remained acidic, oligiotrophic, with low conductivity and alkalinity throughout the last 
ca. 7,550 cal years BP – however there may be a small indication of a shift to 
mesotrophy in the upper (2 cm) sediments. 
 
At 10-cm, there is a very large population of E. cf. caenosa along with high values of N 
and OM. The ladder being indicative of a prolonged inundation, as the OM would not 
have been in direct contact with air, and thus oxidized, as much as other depths. Indeed 
palynological studies in the region indicate a general trend of increasing rain in Central 
and Southeastern Brazil between 7800 cal yr BP and 6800 cal yr BP (Salgado-
Labouriau 1997). This pattern was also observed at the nearby (~50km) Olhos Lake at 
around 7600 cal years BP with a  transition from a dry savannah to a marsh (Salgado-
Labouriau 1997). Given the large value of TOC/N at this depth, however, there doesn’t 
appear to be a large increase in algal production compared to organic matter deposition. 
This could indicate that large amounts of leaf litter and soil from the surrounding area 
was washed in to provide this increased OM, which caused the water to become turbid, 
decreasing algal activity. Another possibility is that there was a decrease in dry season 
duration which maintained the environment saturated with water, decreasing OM 
oxidation, but not providing enough water to promote algal growth and thus increase N.   
 
Another increase in OM and N (but with a lower TOC/TN value) can be seen at 6-cm, 
again, during this time period (3,350-3,200 cal years BP) both Olhos and Santa Lakes 
showed increases in moisture (Salgado-Labouriau 1997; Parizzi et al. 1998). At this 
depth however, E. cf. caenosa did not increase, indicating that other factors, besides 
higher water level, likely affect this species.  
 
Also notable in the sediments of Coutos Lake is the sudden increase of both Frustulia 

crassinervia and F. saxonica. If one disregards the differential preservation hypothesis 
put forth earlier, another interpretation could be an increase in water depth as they have 
been shown to dominate phytoplankton samples in deeper Carolina Bays (Gaiser and 
Johansen 2000). However, the large amount of OM and nitrogen at 10-cm and 6-cm, 
which indicated deeper lake conditions and match in timing with known climatic 
changes from nearby studies (Salgado-Labouriau 1997; Parizzi et al. 1998) which were 
not accompanied by large populations of F. crassinervia or F. saxonica. On the other 
hand, Wengrat (2011) found F. crassinervia as an indicator of mesotrophy in a branch of 
a São Paulo reservoir, whereas Cooper et al. (1999) found E. camelus in phosphorus 
enriched lakes of the Florida Everglades. Observing in Figure 2, that E. camelus begins 
to appear at 2-cm and F. crassinervia increases substantially at 1-cm this could suggest 
that Coutos Lake is becoming mesotrophic. Indeed, results from Brito (2016), who 
analyzed Total Phosphorus (TP) in Coutos Lake water (admittedly during an atypical, 
drought year) found it to be on the cusp between oligotrophic and mesotrophic 
conditions (TP=0.11 µg/L). However, there is hardly sufficient evidence to back up a 
claim of changing trophic status considering: 1.) there was a very limited number of E. 

camelus (<1%) in the top 2 cm and 2.) F. crassinervia is found as an indicator of 
oligiotrophic conditions in most other studies (Van Dam et al. 1994; Neiva 2005; 
Kulichová and Fialová 2016).  
 
Finally, worth mentioning is the lack of centric, strictly planktonic diatoms throughout 
the entire core. This could be interpreted as indicating that the lake never became deep 
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enough to eliminate macrophytes and promote planktonic diatoms. Admittedly, it is 
possible that in the center of Coutos Lake there were such taxa. However, the 
preliminary core taken from that location could not be analyzed, as diatoms were not 
preserved sufficiently below 2-cm. In any case, no centric taxa were found at any depth.  
While centric planktonic species such as those from the genus Aulacoseira are common 
throughout Brazil (Tremarin 2012), the absence or near absence from temporary lakes 
has been previously reported (Douglas and Smol 1993; Gaiser and Johansen 2000; Díaz 
Villanueva 2006). Douglas and Smol 1993, working in Arctic lakes, suggested that this 
may due to the greater nutrient availability at the substratum-water interface, thus 
providing a competitive advantage to non-planktonic genera.  
 
 

6g. Conclusion 
 
There weren’t any major changes in the diatom assemblage of Coutos Lake, indicating 
that the lake has remained acidic to circumneutral with low levels of nutrients (and thus 
algal productivity) and high levels of oxygen. We know that relatively major climatic 
changes have occurred in the region based on other nearby paleolimnological studies 
(Salgado-Labouriau 1997; Parizzi et al. 1998). Additionally, tilapia aquaculture has also 
been shown to increase nutrient (N and P) availability (Figueredo and Giani 2005). 
Whereas metal enrichment has been shown to cause elevated diatom deformation and 
increase benthic:planktonic ratios (Ruggiu et al. 1998; Cattaneo et al. 2004; Falasco et 
al. 2009).  
 
In Coutos Lake sediments, diatoms did not appear to drastically respond to these natural 
(climatic) nor anthropogenic (increased nutrients and metals) forcings. This may be due 
to the difficulty of surviving in a temporary aquatic environment, especially in one 
already facing elevated metal content. In other words, the diatom species were already 
selected and thus these forcings of nutrients and metals can be considered minor. 
Nonetheless, such a slow sedimentation rate, smoothing any annual/decadal (and likely 
centennial) changes, surely plays a major role as well. In any case, an investigation of 
contemporary diatoms in Coutos Lake is necessary to fully support the assertation that 
recent changes haven’t affected diatom assemblage.  
 
Of the 21 diatom species described here, 5 did not fit into the definitions of known 
species - differing mostly by length, width and/or striae density. Therefore it appears 
necessary for a specialist to review the specimens of Coutos Lake to confirm the species 
identified, and if needed, suggest amendments to species definitions or define them as 
new to science. Additionally, 2 of the 21 taxa could not be identified to the species level. 
While Eunotia sp. is likely an extremely large version of E. veneris (especially 
considering their near identical downcore behavior), Kobayasiella sp. does not appear 
similar to any previously described species and thus merits further investigation.  
 
In addition to species described above, Coutos Lake sediments had a large amount of 
Eunotia fragments belonging to various unidentifiable species. They were not described 
here because basic information (either of length, width or striae density) could not be 
accurately measured. However, when you take into account the recent literature 
indicating an underestimation of the number of species belonging to the Eunotia genus 
in Brazil (Wetzel et al. 2010a; Burliga and Kociolek 2012), it is likely that numerous 
undescribed and perhaps endemic species inhabit this unique habitat. Mineral 
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exploitation continues to threaten this and other similar ecosystems either directly by pit 
mining iron deposits where lakes form, or indirectly, by road construction and metal-
rich dust deposition. While steps have been taken to protect these understudied 
environments, the recent creation of Gandarela National Park unfortunately did not 
include Coutos Lake or its neighboring lakes. It is therefore of great importance to carry 
out widespread surveys of the biodiversity in these threatened lakes, which have already 
yielded significant finds (Moreira et al. 2015), before they disappear.  
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Light Microscope 
Figs 1.3-1.9: Eunotia acutinasuta  
Figs 1.10-1.12: Eunotia camelus 
Figs 1.13-1.18: Eunotia cf. carolina 
Figs 1.19-1.22: Eunotia itapuana 
Figs 1.23-1.26: Eunotia kruegeri 
Figs 1.27-1.28: Eunotia cf. pienitzii  
Figs 1.29-1.30: Eunotia pirla  

Figs 1.31-1.32: Eunotia subarcuatoides 

Figs 1.33-1.40: Eunotia cf. caenosa 

Figs 1.41-1.42: Eunotia zygodon 
Figs 1.43-1.44: Eunotia sp. 
Figs 1.45-1.50: Eunotia veneris 
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Figs 1.51-1.53: Frustulia crassinervia 

Figs 1.54-1.56: Frustulia saxonica 

Figs 1.57-1.58: Frustulia cf. magna 
Figs 1.59-1.63: Pinnularia microstauron var. rostrata 

Figs 1.64-1.66: Pinnularia gibba var. subundulata 
Figs 1.67-1.69: Pinnularia sp. 
Fig 1.70: Pinnularia viridis 
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Figs 1.71-1.73: Kobayasiella cf. pseudosubtilissima 
Fig 1.74: Kobayasiella sp. 
Figs 1.75-1.76: Brachysira subrostrata 
Scanning Electron Microscope 
Figs 1.77-1.78: Eunotia acutinasuta  
Fig 1.79: Eunotia kruegeri  
Fig 1.80: Eunotia itapuana 
Figs 1.81: Eunotia cf. carolina 
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Figs 1.82-1.83: Eunotia cf. caenosa 

Fig 1.84: Eunotia subarcuatoides 

Fig 1.85: Eunotia veneris 

Fig 1.86: Eunotia sp. 
Figs 1.87-1.88: Frustulia crassinervia 

Fig 1.89: Frustulia cf. magna 
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Fig 1.90: Frustulia cf. magna 
Fig 1.91: Pinnularia gibba var. subundulata  
Fig 1.92: Frustulia saxonica 
Fig 1.93: Pinnularia microstauron var. rostrata 

Fig 1.94: Pinnularia sp. 
Figs 1.95-1.97: Brachysira subrostrata 

Fig 1.98: Kobayasiella sp. 
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7. Chapter 2: Analysis of elemental distribution in 
sediments of a shallow, temporary lake using optimized 
BCR sequential extraction procedure  

 
7a. Abstract  

 
The geochemical composition of temporary lake sediments depends on a number of 
inter-related factors including regional geology and climate. Processes such as 
waterlogging-induced anoxia can cause post-depositional changes in both concentration 
and fractionation of numerous elements. Fractionation is best investigated by standard 
extraction procedures (SEPs) and the optimized 3-step BCR® procedure is widely used, 
facilitating comparison between studies. Here we investigated the downcore 
geochemical fractionation of temporary lake sediments of two short (10 cm) cores 
collected from the central and littoral area of a temporary lake in the Iron Quadrangle 
region of Southeastern Brazil. To accomplish this we analyzed an assortment of 
elements from the 3 fractions of the BCR® SEP and the residual fraction as well as 
organic matter, nitrogen, pH and mineralogy of each 1 cm section. Results indicated that 
seasonal anoxia is having a strong influence on most known redox sensitive elements – 
especially Fe and Mn, P and Ca. With a few small exceptions, the profiles between the 
two cores were quite similar, though the central core tended to have higher 
concentrations in most elements. Likewise, the central core generally had larger percent 
residual fractions compared to the littoral core. This may suggest that, over longer time 
scales, waterlogging can convert elements to the residual fraction. 
 

7b. Introduction 
 
Factors affecting lake sediment geochemistry 
The geochemistry of temporary lake sediments, like all sediments and soils, depends on 
a combination of regional factors as well as depositional and post-depositional 
processes. One of the most important regional factors is the regional geology, both 
superficially within the drainage basin and, in the case of groundwater fed systems, in 
the subsurface. Furthermore, geologic conditions of areas outside the watershed can 
affect sediment geochemistry via aeolian processes. These factors are all affected 
themselves by regional climate including quantity, distribution and geochemistry of rain 
which can effect erosion and, especially upon desiccation, evaporative mineral 
precipitation (i.e. calcite). A combination of the aforementioned factors then influence 
post-depositional processes, which are affected by numerous factors including organic 
matter content, reduction potential, pH and grain-size distribution. 
 
Organic matter, with its own geochemistry dependent on its source (i.e. bioaccumulating 
macrophytes, algae, terrestrial leaves), has a strong binding capacity for cations but is in 
a near constant state of degradation. In soils and sediments rich in organic matter, 
saturation above field capacity limits oxygen diffusion below the surface (Gambrell 
1994); this is a common process in the warm waters of tropical temporary lakes 
(Podrabsky et al. 1997) and tropical oligotrophic lakes in general (Marotta et al. 2012). 
In reducing anoxic sediment depths, lacking more favorable terminal electron acceptors 
like O2 or NO3

-, microbes reduce manganese- and later, iron-oxides in the organic 
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matter mineralization process. This process consumes H+ and thus increases pH (Knauss 
and Wolery 1988). It also liberates Mn(IV) and Fe(III), including their associated 
elements (Nealson and Saffarini 1994). These liberated Fe(II) and Mn(II) cations then 
rise to areas of lower concentration, where they encounter oxygen and again form 
oxides, either by biotic or abiotic processes (Martin 2005; Dittrich et al. 2015; Khan et 
al. 2016). Occasionally,  Mn oxides will be stratigraphically above (from mm to cm of 
distance) Fe oxides such that O2 oxidizes Mn (II) while Mn(IV) oxidizes Fe(II) (Torres 
et al. 2014). Some elements such as Cd, Cu and Pb can, at least to some degree, co-
precipitate with Fe and Mn (Salomons and Baccini 1986). Many, however, are absorbed 
and incorporated into these freshly precipitated oxides, which have been shown to be 
efficient scavengers of metalloids, alkaline earth elements and heavy metals (Donahoe 
and Liu 1998; Woszczyk and Spychalski 2013). 
 
These processes become more complex in temporarily saturated sediments such as 
wetlands and seasonal lakes as they are stopped or even reversed during dry conditions 
(Gambrell 1994). They are also dependent on factors such as grain-size distribution as 
well as particle surface area and properties such that clay and quartz grains are 
preferentially coated by hydrous Fe and Mn oxides (Mehra and Jackson 1958). 
 
Community Bureau of Reference (BCR) Sequential Extraction Procedure 
For over three decades sequential extraction procedures (SEPs) have proved to be a 
valuable tool to investigate environmental behavior of various, potentially toxic 
elements (Sutherland 2010). As opposed to providing total elemental concentrations, 
SEPs allow the researcher to assess potential risks of remobilization and bioavailability 
and Tessier et al. (1979) provided one of the first studies to utilize such SEPs for lake 
sediment analysis. While various SEPs began to emerge, a major issue, arising from the 
various reagents and procedures employed, was the lack of comparability between 
studies (Kersten and Förstner 1989). A breakthrough was made in 1993 when the 
Community Bureau of Reference (BCR, now the European Standard, Measurements 
and Testing program) proposed the BCR® SEP, a standardized 3-step SEP (Ure et al. 
1993). In addition to this standardized procedure the BCR produced the first certified 
reference material (CRM 601) to validate SEPs. However, due to inconsistencies 
regarding trace element extractions, the BCR updated and optimized the 3-step SEP and 
released a new CRM, called BCR®-701 in 2001 (Pueyo et al. 2001) which remains one 
of the most used SEPs to date (Sutherland 2010). 
 
BCR®-701 has certified extractable, operationally defined concentration values of Cd, 
Cr, Cu, Ni, Pb and Zn for each of the following 3 steps:  

 Step 1 (F1) uses acetic acid (0.11M HOAc) to target the acid 
extractable/exchangeable fraction i.e. elements loosely adsorbed onto 
sediment particles/bound to carbonates. This is the most liable fraction and 
therefore the easiest to pass into the water column upon, for example, a 
decrease in pH. 

 Step 2 (F2) uses hydroxylammonium chloride (0.5M NH2OH·HCl) to target 
the easily reducible fraction i.e. elements bound to Fe/Mn oxides. This 
fraction is likely to be passed into the water column when sediments become 
anoxic.  

 Step 3 (F3) uses hydrogen peroxide (8.8M H2O2) and ammonium acetate 
(NH4OAc) to target the oxidizable fraction i.e. elements bound to organic 
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matter and sulphides. This fraction is likely to be liberated into the water 
column upon contact with oxygen-rich water. 

 
The BCR SEP (utilizing the BCR®-701) has been utilized to investigate various 
environmental media including soils (Golia et al. 2007), atmospheric particulate matter 
(Jimoh et al. 2005) and sludge (for a more thorough list see Sutherland 2010); however 
freshwater and estuarine studies are far more common. In Brazil most BCR SEPs have 
examined sediment of Northeastern estuaries (Passos et al. 2010; Canuto et al. 2013; 
Silva et al. 2015) with a few analyzing potentially polluted freshwater sites in the South 
and Southeast (Da Silva et al. 2002; Schneider et al. 2014) including the Iron 
Quadrangle (Trópia 2005; Varejão et al. 2011). 
 
While using SEPs has proven useful for surface sediments around the world (Hlavay 
and Polyak 1998; Singh et al. 2005; Cuong and Obbard 2006; Guang-Wei et al. 2006; 
Pertsemli and Voutsa 2007; Nemati et al. 2011), far less have been conducted as part of 
a study examining lake sediment cores. Of those that have been completed, many have 
focused on acidification (Charles et al. 1987; White and Gubala 1990; Yoshikawa et al. 
2000).  
 
 
One study however, is of particular interest to the present study; Dollar et al. (2001) 
examined Cd, Cr, Cu, Fe, Mn, Pb, and Zn concentrations in a 4 step + residual SEP, 
analyzing 2 cores of <1 m, sampled every 2 cm. The cores were located 50-m apart, 
with one in the center in an area inundated by water for a much longer time than the 
other, which was located towards the edge. 
 
In this study a harmonized BCR sequential extraction combined with total digestion 
were used on sediments from two short cores of a temporary lake to examine elemental 
distribution and fractionation as a function of depth and location (center vs. littoral). 
While Dollar et al. (2001) employed a Tessier-type SEP, this study will, to the best of 
our knowledge, provide the first results of a three-step harmonized BCR procedure to 
examine lake sediment cores from a temporary lake.  
 

7c. Study Area 
The study was conducted in Coutos Lake (19°59’6.54" S; 43°33’4.75" W, 1072 m 
a.s.l.), a small (10.5 ha), temporary lake located in the Gandarela Syncline of Minas 
Gerais State, southeastern Brazil (Figure 2.1). The climate, according to Köppen 
Classification system, is Subtropical Highland (cwb) with dry winters and rainy 
summers (Peel et al. 2007). 
 
There are no rivers that enter or leave the lake; seasonal rains bring in superficial run off 
and cause the water table to rise and fill the relatively flat lake bed in mid-December, 
reaching a maximum depth of 1.5 meters, before drying out completely in August. 
When full, the lake is oligotrophic and fluctuates throughout the season from acidic to 
circumneutral to acidic once again (Dias 2014).  
 
In the lake’s small watershed are the geologic units of the Supracrustal continental 
formations as well as the Minas and Rio das Velhas Supergroups. The supracrustal 
formations are Cenozoic eluvial-colluvial deposits of lateritically weathered Banded 
Iron Formations (BIFs) known as canga. The Minas Supergroup is composed partly by 
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the Piracicaba Group and the Itabira Group. The Piracicaba Group includes the 
Cercadinho Formation, with quartzite, dolomitic phyllite, ferruginous phyllite and 
conglomerates (Simmons 1968). While the Itabira group, deposited between 2.6 and 2.4 
Ga (Babinski et al. 1995), is itself made up of the Gandarela and Cauê Formations. The 
Gandarela Formation includes Mn-rich limestones, dolomites, dolomitic iron, dolomitic 
phyllite, and phyllite (Simmons 1968; Dorr 1969; Filho et al. 2011). The Cauê 
Formation (also called the Cauê Itabirite) is almost entirely made up of low-grade 
metamorphosed iron-formation oxide facies itabirite with alternating quartz- and 
hematite-rich laminae (Simmons 1968). Accordingly, it is the source of the majority of 
economic iron deposits in the Quadrilátero Ferrífero (Simmons 1968). The Nova Lima 
Group is composed of weathered metamorphosed mafic rocks that are interlayered with 
volcanoclastic sediments and include phyllite, schists, thin interbeds of BIFs and 
siliceous dolomite (Simmons 1968; Klein and Ladeira 2000).  
 
According to 14C dating and interpolation, Coutos Lake has a very slow sedimentation 
rate of 500-900 years/cm (Leibowitz 2016, Chapter 1). In recent years, the lake has 
begun receiving anthropogenic impacts including dust from the construction and use of 
dirt roads (over the Gandarela and Cauê formations) within the small drainage basin. 
Additionally, there are possible impacts of nutrient enrichment and macrophyte 
reduction from tilapia aquaculture (when filled) and equine pastoral (when empty) 
activities. 
 

 
Figure 2.1: Map of Coutos Lake showing locations of sampling sites P1 and P6, 
geological formations and the location of unpaved road utilized by mining trucks.  
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7d. Methodology 
 
Core collection and division 
In order to collect sediment samples, two 15-cm diameter PVC pipes were driven 10-cm 
into the lake bottom with a rubber mallet when the lake was empty: one near the center 
of the lake (P1C4 or P1) and the other near the lake edge (P6C4 or P6). The cores were 
then opened with a rotary saw, with sediments in each core divided into 1 cm sections, 
dried at <40°C and homogenized. 
 
Organic Matter, Nitrogen and pH 
Approximately 25 grams of dried sediment from each 1-cm segment was sent to the 
Federal University of Viçosa’s Laboratory of Soil, Plant Tissue and Fertilizer Analysis 
to determine Organic Matter, Nitrogen and pH via gravimetric, Kjeldahl and 
potentiometric methods, respectively.   
 
Mineralogy 
X-ray diffraction (XRD) was completed with a PANalytical Empyrean diffractometer 
equipped with a Cu tube in the Geology Department of the Federal University of Ouro 
Preto. The continuous scanning was done at 25 °C operated from 4° to 70° (2θ).  
Sequential Extraction  
In the Environmental Geochemistry Lab of UFOP, Coutos Lake sediments and three 
lake sediment standard reference material (BCR® 701) replicates were dried for two 
hours at 100°C and left in a vacuum desiccator until cooled. Thereafter 0.500 g (exact 
values noted to 0.0001g) of dried sediment were put in 50 mL centrifuging tubes 
(Figure 2.2). The samples then underwent a 3-step sequential extraction and their 
residues were subjected to a total digestion.  

-[Step 1-  carbonate-bound and exchangeable elements] 20 mL of Solution A 
(0.11 M acetic acid) was added to each tube and they were placed in an end-over-end 
shaker for ~16 hours at 30 rpm. Thereafter the tubes were centrifuged at 3000 rpm for 
20 minutes and the supernatant stored in virgin polyethylene containers in the 
refrigerator.   The samples were then washed with 20 mL of ultrapure Milli-Q® water, 
put on the end-over-end shaker for 15 minutes and centrifuged for 20 minutes at 3000 
rpm. After the supernatant was decanted and discarded.  

-[Step 2 - Fe/Mn Oxide-bound elements] 20 mL of Solution B (0.5 M 
hydroxylamine hydrochloride) was added to each tube and they were placed in an end-
over-end shaker for 16 hours at 30 rpm. Thereafter the tubes were centrifuged at 3000 
rpm for 20 minutes and the supernatant stored in virgin polyethylene containers in the 
refrigerator.   The samples were then washed with 20 mL of ultrapure Milli-Q® water, 
put on the end-over-end shaker for 15 minutes and centrifuged for 20 minutes at 3000 
rpm. After the supernatant was decanted and discarded. 

-[Step 3 - organic matter and sulphide-bound elements] 5mL of Solution C ( 8.8 
M hydrogen peroxide) was added dropwise and the tube was then loosely covered for 1 
hour, it was then placed in a hot bath (85°C) for 1 hour. The cap was then removed and 
the volume was reduced to 1.5 mL. Another 5mL aliquot of Solution C was added and 
the covered tubes were again placed in a hot bath (85°C) for 1 hour. After approaching 
near dryness 25 mL of Solution D (1 M ammonium acetate) was added to each tube and 
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they were placed in the end-over-end shaker for 16 hours. Thereafter the tubes were 
centrifuged at 3000 rpm for 20 minutes and the supernatant stored in virgin 
polyethylene containers in the refrigerator.   The samples were then washed with 20 mL 
of ultrapure Milli-Q® water, put on the end-over-end shaker for 15 minutes and 
centrifuged for 20 minutes at 3000 rpm. The tubes were decanted and the supernatant 
discarded. 
 
 
Residual Geochemical Extraction 

-[Residual - bound to mineral structures] The test tubes containing the residue 
from the sequential extraction where dried at 50°C and then the residue was scraped out 
into petri dishes. These petri dishes were then put in the oven for two hours at 100°C 
and left in a vacuum desiccator until cooled. Once cooled 0.16-0.2g (exact values noted 
to 0.0001g) were again put into uncapped Savillex® containers and 1.8 mL of nitric 
acid followed by 0.6 mL of hydrochloric acid were added. The containers were then put 
on a hot plate at 100°C until they dried. After that 4.0 mL of 40% p/p hydrofluoric acid 
was added and the containers were capped and put on a hot plate for 48 hours. After 
removing and cooling the containers, 1.0 mL of perchloric acid was added and the 
uncapped containers were again placed on the hot plate at 100°C until they dried. 
Following that, 2.0 mL of nitric acid was added to each container and they were again 
placed on the hot plate at 100°C until they dried. 4 mL of nitric acid and 2 drops of 
hydrochloric acid were then added and they were again dried on the hot plate at 100°C. 
Finally, 4 mL of nitric acid and 4 mL of ultrapure Milli-Q® water was added and the 
capped containers were left on the hot plate at 100°C for 24 hours. The solution was 
then transferred to virgin polyethylene containers. 

 

 
Figure 2.2: Flow chart showing steps, targets, reagents, devices and temperatures 
employed to analyze geochemical composition of Coutos Lake sediments. Samples after 
each step and the residual extraction were analyzed using inductively coupled plasma 
optical emission spectrometry (ICP-OES). 
 
Mass spectrometer analysis 
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All samples were taken out of the refrigerator and brought to room temperature. There 
after the Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES; Model 
Agilent 725) was properly calibrated utilizing 38 standard solutions. For the sequential 
digestion a total of 71 samples were read, 3 for each of the 20 sediment samples, 3 for 
each of the 3 reference materials and 3 blanks. For the total digestion 24 samples were 
read, 20 sediment samples, 3 reference samples and 1 blank. Elements read were as 
follows: Al, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sr, Ti, V, 
Y and Zn (Table 2.1). The data was then processed to remove samples with results 
under the quantification limit and exceeding 10% deviation of the 5 ICP-OES readings. 

 
Table 2.1: Quantification limits (QL) and wavelengths that were                    
used for each element analyzed in the sequential extraction. 
Sequential Extraction 
Step 1 2 3 
Element Wavelength QL QL QL 

 
(nm) mg kg−1 mg kg−1 mg kg−1 

Al 396.152 1.76 1.47 1.84 
Ba 455.403 0.0342 0.0285 0.0357 
Be 313.042 0.0209 0.0174 0.0217 
Ca 422.673 2.09 1.74 2.18 
Cd 226.502 0.312 0.260 0.325 
Co 228.615 1.11 0.928 1.16 
Cr 267.716 0.405 0.338 0.422 
Cu 324.754 0.430 0.358 0.448 
Fe 259.94 1.47 1.23 1.53 
K 766.491 19.3 16.1 20.07 
Mg 279.553 6.80 5.67 7.08 
Mn 257.61 0.183 0.153 0.191 
Mo 202.032 1.60 1.33 1.66 
Na 588.592 2.45 2.04 2.55 
Ni 231.604 2.48 2.07 2.58 
P 213.618 11.11 9.26 11.6 
Pb 220.353 6.26 5.22 6.5 
S 181.972 17.96 14.97 18.7 
Sr 407.771 0.0104 0.0087 0.0109 
Ti 368.52 0.528 0.440 0.550 
V 292.401 0.606 0.505 0.632 
Y 360.074 0.172 0.143 0.179 
Zn 213.857 0.304 0.254 0.317 

 
 
Statistical Analysis 
PCAs were preformed on transformed (log + 1) data in PAST, removing any elements 
with values <LQ from analysis. Element vs. Depth plots were made using C2 (Juggins 
2007), and organized from highest to lowest maximum value. As the data showed a 
skewed distribution with many low values and some <LQ, a quasi-Poisson distribution 
in a General Liner Model was utilized in order to determine if elemental concentrations 
were significantly different between sediment cores in Program R. Pearson Correlation 
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analysis was conducted in Excel. 

 
 

7e. Results 
Organic Matter, Nitrogen and pH 

The results of sediment Organic Matter, Nitrogen and pH are shown in Figure 2.3.The 
pH of both points varied slightly. P6 generally decreased with depth, starting around 4.9 
in the surface sediments and slowly declining until reaching 4.3 at 10 cm. P1 followed 
the same pattern with slightly lower pH values (4.8-4.4) except for a small drop in pH at 
2 cm to 4.29.  The pH values were not statistically different between P1 and P6. 
 
Organic matter (OM) was twice as large at P1 (53.25-58.04 dag/kg) compared to the P6 
with the exception of 1 and 10 cm. OM of P6 between  2 cm to 9 cm ranged from 
16.47-20.87 dag/kg. However, larger values of OM in P6 sediments were found at both 
1 cm (63.95 dag/kg) and 10 cm (63.26 dag/kg). Organic Matter was statistically 
different between P1 and P6 (P < 0.01). 
 
Nitrogen (N) values were higher in P1 at all depths except for 8 cm. Values of N at P1 
ranged between 0.118 and 0.221 dag/kg and P6 0.112 and 0.171 dag/kg. Both cores 
show a steady increase in Nitrogen beginning at 3 cm.  N values were statistically 
different between P1 and P6 (P < 0.05). 

 
Figure 2.3: Coutos Lake sediment pH (H2O), Organic Matter (OM, dag kg-1) and 
Nitrogen (N, dag kg-1) of both P1 – (-o-) and P6 – (-x-). Significant differences of 
P<0.05 denoted by *, P<0.01 denoted by **, and P<0.001 denoted by ***. 
 
Minerology  
Regarding the mineralogy (Fig 2.4a - 2.4b), both P1 and P6 had appreciable quantities 
of the aluminum silicate Kaolinite, the aluminum hydroxide Gibbsite and the carbonic 
Graphite (likely from high OM content). P1 also had Antigorite ((Mg,Fe)3Si2O5(OH)4) 
exclusively in the first cm, Muscovite (KAl3Si3O10(OH,F)2) exclusively in the second 
cm,  Magnetite (Fe3O4) at 6 and 8 cm, as well as Zeolite (Na2Al2Si3O•2H2O). Quartz 
(SiO4) on the other hand was found in large quantities at all depths except 10 cm of P6, 
but not at any depth in P1.  
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Figures 2.4a, b: Results of X-ray diffraction, showing elemental concentrations of P1 
(Fig 2.4a) and P6 (Fig 2.4b).  
 
Step 1: Carbonate-bound and exchangeable elements 
As was the case in every fraction, certain elements were enriched at 1-cm at both points 
(Figure 2.5) The elements showing strong increases in superficial sediments were Mn, 
Ca, K, Mg and S, Zn and Be (at P1) showed more gradual increases in elements towards 
the surface. While Fe (unlike in other fractions) showed a strong decrease at 1-cm. 
These element’s behaviors are reflected in the PCAs performed on the results (Figures 
2.6a, b). The grouping of enriched elements is most clearly seen in Figure 2.6a, where 
Mn, Ca, K, Mg and S are closely grouped in the direction of P1C4-1. In both cores, 
however, there is a clear separation of the 1-cm from the others. Likewise, the top 3 cm 
were separated from the others by the Component 2 axis.  Most elements show 
significantly higher concentrations at P1 (P<0.05: V, Zn; P<0.001: Ba, Sr, Be, Cr), 
however some were significantly higher at P6 (P<0.001: Fe, Na, S). Elements Mn, Al, 
Ca, K, Mg and Ni were not significantly different between the two lakes sediment 
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profiles. 
 
The elements making up the largest part of Coutos Lake sediments at 1-cm of P1 (Al > 
Mn > Ca > K > S > Mg ≈ Fe > Ba > Zn ≈ Na > Sr > Cr ≈ Be) differ from mean 
concentrations of elements between 2-10 cm (Al > Fe ≈ Mn ≈ Ca > K > S ≈ Ba > Mg > 
Na > Zn ≈ Sr > V ≈ Cr > Ni ≈ Be) with Fe making up a larger part of the sediments in 
lower depths and Mn having the second highest concentration at 1-cm. In both cases Al 
has the highest concentration. The same trend of dominant elements can be observed at 
1-cm of P6 (1-cm: Al > Mn > K ≈ Ca ≈ Fe > Na > S > Mg > Zn > Ba > Ni ≈ Sr > Cr ≈ 
Be) and mean concentrations of 2-10 cm (Al> Fe > Na > Ca > K ≈ S ≈ Mn > Mg ≈ Ba > 
Zn ≈ Sr > V ≈ Ni ≈ Cr). The largest difference in the ranking of the elements in the two 
points is Na, which was markedly larger in P6 than in P1. 
 

 

 
Figure 2.5: Step 1 – Carbonate-bound and exchangeable elements - Depth profiles of 
elements (mg kg1- dry weight) with at least 2 samples above Quantification Limit (QL). 
Elements are organized in decreasing order from highest to lowest maximum values. 
QLs are represented by dashed line; elements with any values <QL are placed last. 
Significant differences of P<0.05 denoted by *, P<0.01 denoted by **, and P<0.001 
denoted by ***. P1 – (-o-) and P6 – (-x-). 
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Figures 2.6a, b: Step 1 PCAs of log+1 transformed geochemical data from P1 (2.6a) 
and P6 (2.6b). In P1, Component 1 and 2 explains 83.4% and 9.1% of the variation, 
respectively. In P6, Component 1 and 2 explains 81.9% and 16.0% of the variation, 
respectively. 
 
Step 2 - Fe/Mn Oxide-bound elements 
In step 2 the largest superficial enrichments are seen in Mn and Fe (Fig. 2.7). Also 
enriched in the upper sediment are Zn, S as well as both Cu and Pb at P1. Cd and Be 
appear to be increasing in concentration towards the sediment surface, albeit in a less 
pronounced manner. Meanwhile, as is also reflected in the PCAs (Figures 2.8a, b), Sr, 
V and Y steadily decline in concentration towards the surface. Furthermore, in function 
of high Mn values, 1 and 2 cm of both cores are clearly separated from the other depths. 
Another notable feature is the slight peak in concentration of Ca, Zn, Ni and Fe at 5 cm 
of P1, also seen in the biplot as P1C4-5 is differentiated from the other points. Like Step 
1, P1 had significantly larger values of more elements (P<0.05: Cu, Na, Zn; P<0.01: Sr; 
P<0.001 V, Ba, Cr, Y, Be) compared to the number of elements P6 has values 
statistically superior to P1 (P<0.05: S, Cd; P<0.01: Fe, Al, P; P<0.001: Ni). However, 

2.6a 

2.6b
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P6 had significantly higher values of the most concentrated elements Fe, Al and S. 
Elements Mn, Ca, K and Pb were not statistically different.  
 
In this step, the elements making up the largest part of Coutos Lake sediments at 1-cm 
of P1 (1-cm: Fe > Al > Mn > S > Ca > Na ≈ K > P ≈ V ≈ Ba > Zn ≈ Pb ≈ > Ni ≈ Cr > 
Cu ≈ Y > Se > Cd > Be) differ from mean concentrations of elements between 2-10 cm 
(Fe > Al > Ca > S > V ≈ Ba ≈ K > Mn > Zn > Na > Na ≈ Pb > Ni ≈ Cr> Y > Sr > Cu ≈ 
Cd ≈ Be) most by the lower contribution of Mn in deeper sediments. P6 showed a 
similar trend to P6 in overall concentration of elements at 1-cm (Fe > Al > Mn > S > Ca 
>  K ≈ P > Zn ≈  V ≈  Pb > Ba > Ni >  Cr > Y ≈ Cu > Cd ≈ Sr > Be) compared to mean 
concentrations of elements between 2-10 cm (Fe > Al > Ca > S > P > V ≈ K > Mn > Ba 
> Zn ≈  Pb > Ni > Cr ≈  Na ≈ Y > Sr > Cu ≈ Cd > Be). The major difference between 
the two points is the presence of Na in P1 and P in P6. 
 

 

 
Figure 2.7: Step 2 - Fe/Mn Oxide-bound elements - Depth profiles of elements (mg kg1- 
dry weight) with at least 2 samples >QL. Organized in decreasing order from highest to 
lowest maximum values. QLs are represented by dashed line; elements with any values 
<QL are placed last. Significant differences of P<0.05 denoted by *, P<0.01 denoted by 
**, and P<0.001 denoted by ***. P1 – (-o-) and P6 – (-x-). 
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Figures 2.8a, b: Step 2 PCAs of log+1 transformed geochemical data from P1 (2.8a) 
and P6 (2.8b). In P1, Component 1 and 2 explains 89.9% and 5.3% of the variation, 
respectively. In P6, Component 1 and 2 explains 82.2% and 10.2% of the variation, 
respectively. 
 
Step 3 - Organic matter and sulphide-bound elements 
As with all the other steps, a few elements appear to be elevated towards or at the 
surface (Figure 2.9). In this step Fe, Mn and Mg show increases in the upper sediments 
at both points, whereas S, Be and P increase at P1 and Ca and Cd increase at P6. 
Meanwhile, Ti appeared for the first time, decreasing in concentration towards the 
surface of both points. Another notable feature is the slight peak in concentrations at 4 
cm at P6 of Ni, Zn, K, Ca, S, Cu, Cd, Na, Sr and Fe. This is also highlighted in the PCA 
biplot (Figures 2.10a, b) as P6C4-4 is clearly separated from the other points whereas 
in P1 there is a gradient from P1C4-10 to P1C4-4. In both cores 1, 2 and 3 cm are 
clearly separated from the others. Similar to the previous step, P1 had significantly 
larger values of more elements (P<0.05: Ti; P<0.01: Mo, Ni; P<0.001 Co, Cr, Sr, V, Y, 
Al, Ba) compared to the number of elements P6 has values statistically superior to P1 

2.8a 
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(P<0.001: Fe, P, S, Cu, Cd). However, P6 had significantly higher values of the most 
concentrated elements Fe, S and P. Elements Zn, Be, Mn, Ca, K, Mg and Na were not 
statistically different.  
 
In this step, the elements making up the largest part of Coutos Lake sediments at 1-cm 
of P1 (Fe > Al > S > P > Cr > Ca ≈ Mn > Ti > K > V ≈ Cu > Mg > Ba ≈ Ni > Zn > Mo > 
Co > Sr > Sr ≈ Y > Cd > Be) is slightly different from mean values of sediments 
between 2-10cm (Al > Fe > Ti > S > Cr > P ≈ Ca > K > V > Cu > Ba ≈ Ni ≈ Mn > Zn ≈ 
Mg > Mo ≈ Na ≈ Co > Sr > Y > Be) as Ti makes up a larger portion in deeper 
sediments, as opposed to P, which is more important at 1-cm. A large difference between 
the two cores in this regard is the larger role played of S compared to Al at both 1-cm 
(Fe >  S > Al > P > Ca > Mn > Cr > K > Mg > Cu > V > Zn > Ni > Ba > Ba > Na > Sr ≈ 
Cd ≈ Y > Be) as well as below (Fe >  S > Al > P > Ti ≈ Ca > Cr > K > Cu > V > Mg ≈ 
Ni ≈ Mn > Ba ≈ Zn > Mo > Na > Sr ≈ Y > Cd > Be).  
 
 
 

 

 
 
Figure 2.9: Step 3 - Organic matter and sulphide-bound elements - Depth profiles of 
elements (mg kg1- dry weight) with at least 2 samples >QL. QLs are represented by 
dashed line; elements with any values <QL are placed last. Significant differences of 
P<0.05 denoted by *, P<0.01 denoted by **, and P<0.001 denoted by ***. P1 – (-o-) 
and P6 – (-x-). 
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Figures 2.10a, b: Step 3 PCAs of log+1 transformed geochemical data from P1 (2.10a) 
and P6 (2.10b). In P1, Component 1 and 2 explains 86.6% and 6.7% of the variation, 
respectively. In P6, Component 1 and 2 explains 92.5% and 4.7% of the variation, 
respectively. 
 
Residual - Mineral structure-bound elements 
In the residual fraction F, Ca, P and Mn are enriched in both sediment cores while S 
shows superficial enrichment at P6 (Figure 2.11). On the other hand, Ni at both cores 
and Cu and Ba at P1 decrease at the surface. A slight dip in values of numerous 
elements can be seen at 8-cm of P1. While some (Al, Fe, Cr, V, Zr, Cu, Y and Co) stay 
at these lower levels until 3-cm, others (K, Ti, Mg, Na, Ba, Ni and Sr) appear to 
immediately rebound. There is no clear trend in the PCAs (Figure 2.12a, b) except that 
1 cm is clearly separated from the other points and Ca at 6 cm is an important factor.  
 
Compared to the previous steps, P1 has even more elements with significantly larger 
values than P6 (P<0.05 Fe, K; P<0.001 Al, Mg, Ti, Na, Ba, Cr, Co, Sc, Zn, Zr, Ni, V, 
Cu, Sr). The only element in P6 sediments with values significantly larger than P1 is S 
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(p<0.001). There was no statistical difference detected in Y, Mn, Ca and P between the 
two cores. 
The elements making up the largest part of Coutos Lake sediments at 1-cm of P1 (Al > 
Fe > K > Ti > Mg > Na > Ca > P > S > Cr ≈ Ba > Zn > Mn > Zr > Ni > V > Cu > Y > Sr 
≈ Sc > Co) are similar to the element concentrations in lower depths (Al > Fe > K > Ti > 
Mg > Na > Ba > Ca ≈ S > P ≈ Cr > Zn > Zr > Ni ≈ Mn > V > Cu > Sr ≈ Y > Co ≈ Sc). 
The same is true for 1-cm at P6 (Al > Fe > K > Ti > Mg > Ca > Na > P > S > Mn > Cr ≈ 
Ba > Zr > V > Ni > Zn > Cu > Y > Sc ≈ Sr ≈ Co) and lower sediments (Al > Fe > K > Ti 
> Mg > Na > S > Ca > P > Cr ≈ Ba > Mn > Zr > Ni > V > Zn > Cu > Y > Sc ≈ Co ≈ Sr). 
Indeed both points and both depths share the same 5 largest elements: Al, Fe, K, Ti and 
Mg. 

 

 
Figure 2.11: Residual – mineral bound elements - Depth profiles of elements (mg kg1- 
dry weight) with at least 2 samples >QL. QLs are represented by dashed line; elements 
with any values <QL are placed last. Significant differences of P<0.05 denoted by *, 
P<0.01 denoted by **, and P<0.001 denoted by ***. P1 – (-o-) and P6 – (-x-). 
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Figures 2.12a, b: Residual fraction PCAs of log+1 transformed geochemical data from 
P1 (2.11a) and P6 (2.11b). In P1, Component 1, 2 and 3 explains 64.3%, 20.4% and 
9.7% of the variation, respectively. In P6, Component 1, 2 and 3 explains 77.4%, 11.0%  
and 4.4% of the variation, respectively. 
 
Sum – Fraction 1-3 + Residual 
This section presents the sum of F1-F3 and the residual fractions from P1 and P6. Clear 
increases in concentrations of Mn and Ca can be seen at 1 cm of both points (Figure 
2.13). This trend of enrichment at 1 cm continues at P1 for elements Fe, S, Mg, P, Zn 
and Be accompanied by decreases of Cr, Ba and Ni. Whereas P6 has elements Fe, P, Mg 
and Be gradually increase beginning at 4-cm depth.  The PCA for P1 (Figure 2.14a) 
shows elements that increase at the surface are separated by component 1 where as the 
elements that have minor peaks at 4-cm (Zn, S) are separated by component 2. The PCA 
for P6 (Figure 2.14b) similar to P1, shows a clear separation of the first and second cm 
from the rest.  The vast majority of elements of the ΣF1-F3 + residual are significantly 
larger in P1 than in P6. P6 only had significantly higher concentrations of P (P<0.01) 
and S (P<0.001), while Fe, Ca, Mn and Na were not found to be significantly different 
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between the two points.  
 
The elements making up the largest part of Coutos Lake sediments at 1-cm of P1 (Al > 
Fe > K > S > Ti > Mg ≈ Ca ≈ Mn > Na ≈ P > Cr > Ba > Zn > V > Zr ≈ Ni > Cu > Sr > Y 
> Co > Sc) are similar to the mean element concentrations in lower depths (Al > Fe > K 
> Ti > S > Mg > Na > Ca > Ba ≈ Cr > O > Mn > Zn > V > Ni > Zr > Cu > Sr > Y > Co 
> Sc) and, due to the large contribution in many elements from the total digestion, very 
similar to the residual fraction. The major difference between the two points is that at 1 
cm, the highest elemental concentration is Fe (Fe > Al  > S > K> Ti > Ca > Mg > P > 
Mn > Na > Cr > Ba > V > Zn ≈ Zr > Ni ≈ Co > Y > Sr > Sc > Co) though this is not the 
case for the lower sediments (Al > Fe  > S > K> Ti > Mg ≈ Na > Ca ≈ P > Mn ≈ Cr > Ba 
> V ≈ Zr > Ni > Cu > Zr > Ni > Cu > Zn > Y > Sr > Sc). 
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Figure 2.13: Sum – F1-F3 + Residual - Depth profiles of elements (mg kg1- dry weight) 
with at least 2 samples >QL. Organized in decreasing order from highest to lowest 
maximum values. QLs are represented by dashed line; elements with any values <QL 
are placed last. Significant differences of P<0.05 denoted by *, P<0.01 denoted by **, 
and P<0.001 denoted by ***. P1 – (-o-) and P6 – (-x-). 
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Figures 2.14a, b: Sum of Steps 1-3 and Residual fraction PCAs of log+1 transformed 
geochemical data from P1 (2.13a) and P6 (2.13b). In P1, Component 1, 2 and 3 explains 
77.8%, 14.5% and 3.6% of the variation, respectively. In P6, Component 1, 2 and 3 
explains 80.2%, 9.9% and 4.4% of the variation, respectively. 
 

7f. Discussion 
 
Organic Matter, Nitrogen and pH 
As expected, the center of the lake had generally higher values of organic matter as 
decomposition proceeds at much lower rates when oxygen is not available resulting in 
fewer and generally slower degradative enzymatic pathways (Davidson et al. 2006). 
Likewise, increased durations with water means extended periods of macrophyte growth 
and thus OM generation (Florencio et al. 2009). This pattern of areas with longer 
hydroperiods (and thus prolonged macrophyte growth and anoxic conditions) having 
larger organic matter values is well documented (Cheesman et al. 2010; Sahuquillo et al. 
2012). The huge spikes at 1 and 10 cm in P6, however, don’t seem to have very clear 
explanations. There are a range of possibilities for 10 cm depth but without further 
evidence, nothing can be proven. In any case the increase at 1 cm likely isn’t a result of 
current aquaculture and equine pastoral activities as the same increase was not seen at 1 
cm of P1. 
 
The center of the lake (P1) showed higher N values, which could be a result of more 
algae production. Algae, compared to aquatic and terrestrial plants, have higher 
Nitrogen to Carbon ratios (Brenner et al. 2006). The odd behavior in the top 3 cm is 
unexplainable based on the data. However, considering the similarities between the two 
cores, it could be a result of the aquacultural activities which have been shown to 
change nitrogen dynamics (Da Silva et al. 2014).  
 
The pH of the sediment was acidic, which is common for low mineral, humic acid 
producing peat due to sulfide oxidation (van Breemen et al. 1984; Mitsch and Gosselink 
2007). The slightly lower pH values at P1 are likely related to the larger organic matter 
content considering organic acids are produced during organic matter decomposition. 
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Fraction 1 (F1): Carbonate-bound and exchangeable elements 
This step represents the elements which are most bioavailable, liable and likely to enter 
into the water column upon, for example, decreases in pH (Golia et al. 2007; Sarkar et 
al. 2014).  
 
A large part of the Mn resides in F1, a common phenomenon (Wepener and Vermeulen 
2005; Woszczyk and Spychalski 2013; Sarkar et al. 2014). Interestingly Mn F1 and Fe F1 
have nearly opposite trends in their profiles. That is, a large increases between 3 and 1 
cm of MnF1, and a large decrease in FeF1 between 2 and 1 cm. 
 
While recent road construction over the Gandarela Formation (a Mn-rich ferruginous 
dolomite; Filho et al. 2011) in the lake’s small water shed could explain the increase of 
Mn (as well as Ca F1 and MgF1), it can’t explain the decrease in Fe. Indeed many 
processes that control Mn, such as the ability to substitute for Ca and Mg in carbonate 
minerals due to similar ionic radii, also hold true for Fe.  However, considering the 
pattern of superficial enrichment, the similar behavior of Mg and the lack of calcite 
observed during x-ray diffraction, it is likely (at least in part) another redox mediated 
process and the Mn is loosely adsorbed onto sediment particles rather than enriched 
calcites. In any case, the similarity of Ba, Ca and Mn suggest they are from the same 
source or a result of similar processes. 
 
Like FeF1, BaF1 also decreases substantially between 2 and 1 cm. However, unlike FeF1, 
BaF1 only decreases at P1 and not at P6. Lee et al. 2011, found Ba2+ to increase its 
sorption to muscovite (only present at P1) in the presence of fluvic acids, but at 
relatively small concentrations, it could be easily displaced by background cations such 
as Ca2+ or Na+. However, Lee et al. 2011 also observed sorption of Ba2+ to be similar to 
Sr2+, which did not show a superficial trend at either point in Coutos Lake.  
 
 
 
Fraction 2 (F2) - Fe/Mn Oxide-bound elements 
This step consists of metals bound to manganese and iron oxides; these elements can be 
released if the sediment conditions change from the oxic to anoxic (Sarkar et al. 2014). 
As expected given the reagents used and the geological setting of Coutos Lake, Mn and 
Fe make up a large portion (only superficially for Mn) of both cores. Some elements, 
namely Pb and Cu have different behavior in this fraction between the two sites. Pb and 
Cu both increase in the first 3 cm of P1, but not at P6. The fact that they don’t appear to 
increase at the surface of P6 is unexpected as Mn oxides (and to a lesser extent, Fe 
oxides) have been shown to be important players in both Pb (Dong et al. 2000) and Cu 
(Graf et al. 2007) adsorption and retention. Furthermore, MnF2 of the two points was not 
notably different. The results regarding Pb are contrary to Dollar et al. (2001), which 
found similar behavior of Pboxide and Mnoxide in a core from the littoral zone of a wetland 
but not in a core from the center. In any case, based on the similarity of the profiles of 
CuF2 and PbF2 in both cores, the processes controlling these elements in this fraction are 
likely similar.  
 
While the conservative behavior of V and Y is to be expected, Sr has been shown to be 
heavily influenced by diagentic processes (Torres et al. 2014) especially with Fe and (to 
a lesser extent) Mn oxides (Muller et al. 2002). Indeed, according to Donahoe and Liu 
(1998) Fe and Mn oxides preferentially adsorb alkaline earth metals such as Sr, however 
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this only seemed to be the case at P6 for Ca and, albeit less pronounced, for Be and Ba.  
The slight increase in values of Zn, Ni, Cu, Ca and Fe at 5-cm in P1 is a curious 
phenomenon and without further data, only speculation can be made. A possibility, 
considering they are all macro or micronutrients, is that these elements are accumulating 
on the ends of macrophyte roots, in the form of plaques (Tripathi et al. 2014). Indeed all 
these elements have been observed in appreciable quantities in root plaque (Jiang et al. 
2009; Khan et al. 2016). However, in areas with sufficient Mn, it has also been observed 
in large quantities in aquatic macrophyte root plaques (St-Cyr and Campbell 1996) and 
often in conjunction with P (Jiang et al. 2009).   
 
Fraction 3 (F3) - Organic matter and sulphide-bound elements 
This step targets elements bound to organic matter and sulphides. Compared to oxic 
conditions where humic materials can become less structurally complex, metals are 
more tightly bound to organic material under anoxic conditions (Gambrell 1994). 
Likewise, under these conditions, sulfate ions are reduced to sulfide ions which 
immobilize pore water heavy metals by forming  sulfide salts (Van Den Berg et al. 
1998). 
 
Therefore, considering the reagents used, it is no surprise that, after aluminum, both 
sulfur and iron dominate this fraction. Although Fe and S are often associated in this 
fraction because they form insoluble sulfides in the presence of H2S in lake sediments 
(Tessier et al. 1979; Woszczyk and Spychalski 2013), interestingly, FeF3 was not 
significantly correlated in either P1 (r=0.43) or P6 (r=0.35).  Fe has been shown to form 
complexes with organic ligands as well (Rue and Bruland 1995), and though the 
correlation between FeF3 and OM was negative and non significant at P1 (r=-.38), at P6 
it was positive and significant (r=.63, P<0.05).  
 
In addition to S, F3 was the most important of the liable fractions for Cu, making up 
44.9-55.6% of total Cu at P1 and 64.1-70.8% at P6. That is not surprising considering 
copper’s ability to form complexes with humic substances, its affinity for organic matter 
and the stability of such Cu-organic compounds (Morillo et al. 2004; Silva et al. 2015). 
However, the strong correlation between CuF3 and SF3 at both P1 (r= .83, P<.01) and P6 
(r= .96, P<.001) and the well documented behavior of Cu as a chalcophile, forming 
stable compounds with S under reducing conditions (Karlsson et al. 2006), indicates 
that S plays significant role in Coutos Lake sediments. This dominance of CuF3 has been 
observed in other temporary water bodies as well (Perkins et al. 2000; Dollar et al. 
2001; Boateng 2015). 
 
ZnF3 and CaF3 have the largest difference in down core elemental profiles between the 
two cores. At P6 ZnF3 and CaF3 are correlated (r=.82, p<0.01) and have spikes in their 
concentrations at 4 cm and 1 cm whereas no such downcore or superficial increases nor 
correlations were observed in P1 (r=.60). Zinc and calcium have been shown to 
accumulate in macrophytes in Coutos Lake (Andrade 2016) and indeed there is a slight 
increase in OM (possibly originating from buried macrophytes) at 4 cm of P6 (from 
around 16.8 dag/kg at other depths to 20.9 dag/kg) and 1 cm (63.94 dag/kg). 
Furthermore, CaF3 was significantly correlated with OM at P6 (r=.62, p<0.05), but not 
ZnF3 (r=.37). However, values of both ZnF3 and CaF3 in P6 at 10 cm do not show 
elevated values, despite a high quantity of OM (63.3 dag/kg). Furthermore, though P1 
had much higher values of OM, CaF3 was not significantly different. This indicates other 
factors may be causing these peaks. On the other hand, sulfides also influence Zn and 
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Ca distribution and this appears to be the case in P6, at least for the subsurface peak. 
Considering the minor peaks at 4-cm in sulfur and  other elements known to form sulfur 
precipitates (Cd and Cu; Perkins et al. 2000), sulfide precipitation seems to be a factor, 
though there isn’t a drastic superficial increase in SF3 at P6. Furthermore, though P6 SF3 

correlated significantly with ZnF3  (r=.72, P<0.05), it didn’t with CaF3 (r=.42).  
 
In this fraction, both molybdenum and titanium appear for the first time. Although Mo 
has been reported associated with oceanic iron and manganese oxides (Berrang and 
Grill 1974) it is more often associate with organic material, either by being incorporated 
into plants because it is a biocatalyst for nitrogen fixation (Hernandez et al. 2009),or 
sorbed onto organic matter in places with high OM and slow sedimentation (Pedersen et 
al. 1989). Mo has also been observed to be enriched in anoxic sediments; however this 
is mainly a result of coprecipitation with FeS (Bertine 1972). It is doubtful that this is 
the case in Coutos Lake as only SF3 significantly correlated with MoF3 in P1 (r=.62, 
p<0.05) and FeF3 was strongly negatively correlated with MoF3 at P6 (r=.91, p<0.001). 
Titanium on the other hand was found in quantifiable concentrations in Coutos Lake 
macrophytes (Andrade 2016), similar to other studies of macrophytes (Ostroumov et al. 
2015). Ti4+ was found to form chelation complexes with organic acids at very low pH in 
peats (Eskenazy 1972). Additionally, Mwaanga et al. (2014) showed that Ti, in the form 
of TiO2 nanoparticles, preferentially sorbed to large OM at low pH. Interestingly, TiF3 

was negatively correlated with OM at P6 (-.61, P<0.05).  
 
Due to the reagents used in this SEP, it is not possible to accurately decipher the role 
that S vs. OM play in this fraction, although correlations can help give some clues. Most 
elements are influenced by both and separating the roles each one plays, even with 
equal amounts of OM, is not a straightforward process (Dollar et al. 2001). Oddly 
enough, however, there wasn’t a noticeable rise in element concentrations at P6C4-10 to 
accompany the large increase in OM. Complicating matters further is the large increase 
at 1 cm in Fe, Mn and Mg at both points, S, Be and P at P1 and Zn, Ca and Cd at P6. All 
these elements are typically affected by redox reactions and the formation of Fe/Mn 
oxides, which should have been released in the previous step. Due to Coutos Lake’s 
large amounts of Fe and Mn, however, it is possible that some Fe/Mn oxides remained 
from the previous step and were liberated here.   
 
Residual Fraction (RES) - Mineral structure-bound elements and 
minerology 
This step targeted the elements that are tightly bound to silicates and in the mineral 
lattice structures and thus unlikely to become mobile in the environment.  
 
What stands out about the mineralogical differences between the two cores is the 
presence of quartz in P6 but not at P1. Indeed a study of silica showed P6 to have much 
higher values than P1 (Leibowitz, unpublished data). Attempts to study diatoms in P1 
sediments were unsuccessful due to near complete dissolution below 2 cm (Leibowitz 
2016, Chapter 1). Peinerud (2000) noted the possibility that sediment focusing of 
detrital particles during transportation and sedimentation may lead to sediments in lake 
centers being depleted of heavy minerals and quartz while being enriched in clay 
minerals and micas. However, this was in a relatively deep, river fed lake while Coutos 
Lake is shallow doesn’t have any rivers feeding it. Considering quartz dissolution 
increases with increasing pH (Knauss and Wolery 1988), another possibility is that 
seasonal increases in pH caused by  the reduction of Fe and Mn oxides combined with 
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the oxidation of organic material and consumption of H+ increases pH enough to 
dissolve quartz. However, other studies have actually found elevated porewater Mn, Fe 
and Al to decrease silica dissolution (Nelson et al. 1995). Presumably, these porewater 
metals will be higher at P1 considering the higher down core concentrations. Finally, 
another possibility is that P1, which has generally much larger values of OM will 
generate larger amounts of organic compounds, which have been shown to increase 
quartz solubility, even at near neutral pH (Bennett and Siegel 1987). Supporting this 
argument is that at 10 cm of P6, which had the highest subsurface OM content in both 
cores, was the only depth without quartz. However, plenty of intact diatoms were found 
at this depth (Leibowitz 2016, Chapter 1). 
 
Many of the same elements which are known to experience redox-related post-
depositional alterations, which increased superficially in previous steps, also show 
superficial increases in this step including Ca, P, Fe and Mn. While CaRES appears to 
increase in both cores between 2 and 1 cm, PRES, FeRES and MnRES have different 
profiles between the two points. In P1 profiles, of PRES, FeRES and MnRES are similar to 
CaRES, with increases between 2 and 1 cm. At P6 however,   PRES, FeRES and MnRES 

begin increasing slowly between 4 and 3 cm and reach values higher than or equal to 
P1.   
 
As opposed to the large values seen at 10 and 9 cm of P1 of almost all elements, which 
could suggest a slightly different sediment source, the superficial values of PRES, FeRES, 

and MnRES seem to point to a diagentic process. Though the exact process that is 
occurring can’t be confirmed, pH certainly is a factor as significant correlations in P6 
elements with pH were found for PRES (r=.83, p<0.001), FeRES, (r=.87, p<0.001) and 
MnRES (r=.94, p<0.001). 
 
Another general observation is that P1 has many elements with substantially larger 
concentrations than P6. The effect of waterlogging on elemental speciation in the other 
fractions will be addressed in greater detail in the next section. However, the residual 
fraction does not appear to be affected by water logging, an analog for hydroperiod. 
Sequential extractions for trace metal-spiked Chinese soils  did not find significant 
differences of residual fractions after for 35 days  (Zheng et al. 2013), 65 days (Lu et al. 
2005) and 150 days (Zheng and Zhang 2011).  
 
Sum – Fraction 1-3 + Residual and speciation 
The combination of all fractions and the residual concentrations make it clear that the 
center, P1, has higher concentrations of almost every element except for S and P. These 
results are similar to Dollar et al. (2001) and are likely a combination of factors 
including smaller grain size and evaporative concentration of elements as the lake’s last 
remnants are at this location every year. 
 
Fe and Mn appear to form different patterns with a more gradual increase in Fe and Mn 
at P6 compared to P1 which tend to have drastic increases only between 2 and 1 cm 
depth. This is likely a result of deeper oxygen penetration at P6 all year round, whereas 
at P1 strong anoxia only permits oxygen penetration until 1 cm and causes stronger 
gradients. Or perhaps, a result of longer exposure to oxidizing conditions at P6 
compared to P1. On a higher resolution scale (mm for example), local concentrations of 
Mn and Fe are probably much higher at P1 than the 1 cm aggregate we analyzed, 
although Fe oxides have been observed at the cm scale before (Dittrich et al. 2015).  
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Interestingly, these processes were not reversed when the lake dried and the samples 
were taken. In any case, most elements in both cores show very similar behavior of 
elements.  
 
Two factors that can greatly affect the speciation of metals in sediments are pH and 
waterlogging duration, themselves inherently interdependent. Sims (1986) analyzed 
soils that varied widely in cation exchange capacity and organic matter and noted that 
below pH 5.2 the dominant fraction of Mn and Zn was the exchangeable fraction, while 
above pH 5.2 organic and oxide bound fractions were largest. This seems to be the case 
in Coutos Lake for Mn F1, as P1 had a slightly lower pH and a larger % MnF1 (>60%) 
compared to P6 (54-31%). However, significant correlations were neither found at P1 
(r=0.59) or P6 (r=0.49). ZnF1 on the other hand had significant correlations with pH at 
both P1 (r=0.60, p<0.05) and P6 (r=0.85, p<0.001) but there was a higher % ZnF1 at P6 
(~20%) than P1 (~10%). Indeed, based on the numerous significant correlations 
between elements of all fractions, pH seems to play a more significant role (or at least is 
affected by the same processes) in P6, as opposed to P1 where only a few weakly 
significant correlations were observed.   
 
 
Waterlogging on the other hand can have various, sometimes contradictory affects. Iu et 
al. (1981) waterlogged peats for 112 days with additions of dried grasses (OM) and 
lime. They found waterlogging caused a redistribution of Mn and Fe from organic- and 
oxide-bound fractions into inorganic, exchangeable and soluble fractions and that both 
liming and OM increased this redistribution process. While this may explain the 
decrease in FeF1 in both cores, it still leaves unresolved questions about the 
contradictory profiles of MnF1 and FeF1.  
 
Other research about the effects of waterlogging on geochemical fractionation of trace 
metals spiked soils with acid extractable elements and recorded transformations from 
the acid extractable to the oxidizable and oxide-bound fractions. These studies were 
conducted for 35 days  (Zheng et al. 2013), 65 days (Lu et al. 2005) and 150 days 
(Zheng and Zhang 2011) and showed that water logging accelerates a naturally 
occurring process of incorporating elements into more resistant fractions. In Coutos 
Lake sediment almost all elements, with the exception of Mn, Ca, Cr, V, Y and S, have 
larger portions in the more liable fractions (F1-F3) compared to residual (RES) at P6 vs. 
P1. Or in other words, the %ElementRES is larger at P1 than P6. While the 
aforementioned studies noted explicitly that no changes in the residual fraction were 
observed, it is possible that on an annual time scale with very slow sedimentation rate, 
these transformations can be possible.   

 
7g. Conclusion 

 
Sequential extraction’s operationally defined steps may not be completely accurate for 
other non-certified elements (Ryan et al. 2008); however they do give an idea of the 
ease of liberation these elements have from sediments. Indeed SEPs can provide 
important information about geochemical distributions and metal cycling in dynamic 
environments, such as temporary lakes, where pH, Eh and temperature vary drastically 
throughout the year. The large combination of factors, on both regional and micro 
scales, that can affect each element in each fraction has resulted in most studies 



75 

 

focusing on a small number of trace elements. While this has provided a strong 
foundation to work on, future studies should try to expand further which elements they 
analyze in order to form a more complete picture of lake and wetland sediment 
geochemical processes. 
 
In this study we found that much larger concentrations of elements were found in the 
center of the lake, with a longer hydroperiod, compared to the littoral area. While these 
sediments are known to be of different ages (Leibowitz, Chapter 1), the similarity in 
profiles suggest that post depositional processes play a major role. Furtheremore, 
despite the recent construction of a road and aquacultural/ equine pastoral activities, no 
definite indication of anthropogenic influence can be deciphered from Coutos Lake 
sediments.  
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8. Hypotheses Revisited: 

Hypothesis 1: Based on aforementioned characteristics, we hypothesize Coutos Lake is 
a favorable environment for highly specialized species, and due to the lack of studies in 
the region, these species are possibly new to science. 
Prediction 1: We expect that Coutos Lake harbors or harbored a diatom species hitherto 
unknown to science. Specifically, considering the genera Pinnularia, Kobayasiella, 

Eunotia and Frustulia are species-rich and often found in acidic and oligotrophic waters 
(Van Dam et al. 1994; Lange-Bertalot 1999; Krammer 2000; Metzeltin and Lange-
Bertalot 2007; Lange-Bertalot et al. 2011), any new species encountered likely belong 
to one of these genera. 
Result 1: Due to unusually dry weather these last two years it was not possible to collect 
contemporary diatoms and confirm what species it currently harbors. However, based 
on the numerous diatoms in Coutos Lake sediments that could only be identified to cf. 
(5 species) or genus-level (3 species), it is very likely one or more of these individuals 
are new to science. Further investigation with more resources and a trained taxonomic 
professional is needed to investigate these specimens. Descriptions and observations of 
the unidentified taxa are already prepared in Chapter 1. In any case, as was predicted, 
the unidentified taxa belonged to the species rich Pinnularia, Kobayasiella, Eunotia and 

Frustulia genera. 

 
Hypothesis 2: Environmental changes that have occurred over the last 7,550 years 
caused changes in the diatom assemblage in Coutos Lake. 
Prediction 2: Specifically, we expect that the ratio of planktonic to benthic diatoms will 
be higher during time periods which regional palynological literature (e.g. Salgado-
Labouriau 1997)  has indicated increased periods of rainfall. 
Result: Indeed the diatom assemblage in Coutos Lake has changed over the last ca. 
7,550 years. However, the changes observed were not drastic and we were unable to 
link them to other climatic changes in the region. One issue affecting this study was 
diatom dissolution in the center of Coutos Lake, which is the preferred location to 
examine cores for diatom analysis due to more consistent sedimentation and limited 
perturbation. Diatom dissolution also probably resulted in the large superficial increase 
in Frustulia crassinervia and F. saxonica, which may have been present but not 
preserved in lower sediments due to their light silicification. Another issue affecting our 
interpretation of environmental changes is the lack of autoecological knowledge of the 
diatoms encountered. Many weren’t able to be definitively identified and thus provided 
no useful paleolimnological information. The positively identified diatoms were either 
recorded in previous studies as environmentally insensitive or indicators of low pH, 
conductivity and oligotrophic conditions. Finally, the lack of any strictly planktonic 
diatoms prevented any qualitative inferences about water-level changes (using benthic 
to planktonic ratios) during the last ca. 7,550 years.  

 
Hypothesis 3: Sediments from the central and littoral areas of Coutos Lake will have 
different geochemical fractionations due to differences in hydroperiods.  
Prediction 3: Specifically, we expect that sediments in the central core will have larger 
proportions of some elements (e.g. Cu, Mn, etc.) in the more resistant fractions (i.e. F3 
– Organic Matter and Sulphides) compared to the littoral core. 
Result: The 3-step SEP and total digestion showed that most elements do indeed have 
different fractionations. However, the largest fraction in every element was always the 
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same at the two points, except for a few exceptions with Zn, Mn and Ca. 
There were quite a lot of differences amongst the liable fractions, but for brevity I will 
address the liable (F1-F3) vs. residual fractions. For the many elements (Cu, Fe, Zn, Zn, 
Al, Ni, Sr, K and P) P1 had a larger %Residual compared to %Liable. On the other hand 
the residual fractions of Mn, Ca, Ba and Y in P6 were larger than P1. Finally, Cr, V and 
S did not have significant differences in the %Residual vs. %Liable. Most studies that 
examine waterlogging’s effect on fractionation are generally short (maximum 150 
days). Coutos Lake, with its very slow sedimentation rate represents a long-term 
exposure to waterlogging. It is therefore highly likely that, contrary to previous 
research, liable fractions can be converted into residual fractions via waterlogging over 
very long time scales. Without controlling for factors like grain size though, it is not 
possible to affirm this.  
 
 

 
9. Final Considerations 
 
The diatoms found in Coutos Lake sediment appear to be unique, with numerous 
unidentified species and an unusually high number of Eunotia. On the other hand the 
number of Genera was quite low compared to other studies, but not unprecedented. 
With the current diatom knowledge in Minas Gerais, both taxonomically and as they 
relate to abiotic factors, successful studies using diatoms as paleolimnological tools is 
not very practical. Further taxonomic and bioindication studies must to be conducted 
before diatom-based paleolimnological studies are likely to succeed, as they have in São 
Paulo State. Additionally, sites with higher likelihood of diatom preservation should be 
chosen to conduct these pioneer studies. They should be carried out in lakes that are 
relatively deep and thus more buffered from seasonal temperature changes, with acidic 
water year round and high sedimentation rates. 
  
Unfortunately it was not feasible to make a direct comparison between sediment 
diatoms and geochemical results. Considering the extremely slow sedimentation rate, 
differences in ages between the two cores (both discovered by the 14C dating) and yet 
the uncanny similarities between many elements vs. depth in both cores, numerous 
complicated diagentic processes are likely occurring. Therefore, using this type of lake 
as an “archive” of past geochemistry is a risky procedure with low probabilities of 
success. Normally this would suggest diatoms as an ideal paleolimnolical tool as they 
are not subject to post-depositional movement. However, we suppose that strong redox 
reactions can cause large increases in pH and thus accelerate diatom dissolution in the 
lake center. This is the most reliable place to take a core for a paleolimnological 
investigation and in Coutos Lake’s center, diatoms were not preserved. Despite that, 
results from the littoral core of Coutos Lake indicate a stable environment. With the 
knowledge of some of the diatoms found, it appears to have remained oligiotrophic and 
acidic during the last ca. 7,550 cal years.  
  
Coutos Lake is truly a unique and understudied area, both biologically and geologically, 
with much yet to be discovered. Regrettably, as this area was not included in the 
Gandarela National Park, its days are likely numbered. Enough new discoveries in this 
area may justify its preservation or, at least, preserve it in the annals of science.  
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