
123

Rev. bras. paleontol. 17(2):123-140, Maio/Agosto 2014
© 2014 by the Sociedade Brasileira de Paleontologia
doi: 10.4072/rbp.2014.2.02

TAPHONOMIC SIGNATURES AND PALEOECOLOGY OF HOLOCENE 
DIATOM ASSEMBLAGES IN THE LLANO GRANDE BASIN, 

NORTHWESTERN ANDEAN CORDILLERA, COLOMBIA

OMAIRA ROSA SIERRA-ARANGO
Programa de Pós-Graduação em Geociências, Instituto de Geociências, UFRGS, Av. Bento Gonçalves, 9500, 91540-000, 

Porto Alegre, RS, Brasil. arangosierra@yahoo.com 

PAULO ALVES DE SOUZA
Laboratório de Palinologia Marleni Marques Toigo, Instituto de Geociências, UFRGS, Av. Bento Gonçalves, 9500, 91540-000, 

Porto Alegre, RS, Brasil. paulo.alves.souza@ufrgs.br 

CÉSAR AUGUSTO VELÁSQUEZ RUIZ
Grupo de Palinología y Paleoecología, Universidad Nacional de Colombia, Calle 59a, 63-20, Medellín, Colombia. 

cavelasq@unal.edu.co

ABSTRACT – This paper presents the results of a taphonomic study of Holocene diatoms in the Llano Grande Basin, Páramo 
de Frontino, which is located 3,460 m above sea level in the northwestern Andean Cordillera (6º29’N/76º6’W), Colombia. 
Samples measuring 1 cm3 from 57 levels distributed over a core depth of 8.5 m (LLG3) were randomly collected from sediment 
representing a paleolake that developed on the Llano Grande Basin. The density of diatoms and the number of fragmented and 
dissolved valves were estimated from 10 μL of each sample. A high variability in the density and preservation of the diatom 
assemblages was verifi ed along the core, which is related to temperature variation, macroinvertebrates grazing, volcanic ash 
infl ux, and water-level fl uctuations over the 11.000 C14 years BP. Fragmentation was higher than dissolution, which indicates 
the predominance of lotic environments and grazing. The substantial decrease in the diatoms on specifi c level is interpreted 
as a result of the limitation of silica, decreased water levels, intense herbivory, dry environment or dissolution. In these cases, 
it is impossible to recognize most of the periphytic diatoms due to the high degree of fragmentation of the frustules. The 
authors conclude that the high degree of variation of the taphonomic damage in the diatoms of Páramo de Frontino represents 
different environmental events along the Holocene. Therefore, in the early Holocene, input from ash and high temperatures 
favored reproduction, which resulted in the high density of diatoms. In the last 4,000 years, the water level in the lake has 
decreased, and probably the predation on diatoms has increased as evidenced by the increasing of fragmentation of the state 3. 
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RESUMO – Este trabalho apresenta os resultados do estudo tafonômico das diatomáceas holocênicas da Bacia Llano Grande, 
Páramo de Frontino, localizado a 3.460 m acima do nível do mar, noroeste da Cordilheira dos Andes (6°29’N/76°6’O), 
Colômbia. Foram coletadas aleatoriamente amostras de 1 cm3 de sedimentos, distribuídas em 57 níveis ao longo dos 8,5 
m do testemunho LLG3, as quais representam um paleolago que se desenvolveu na bacia. A densidade das diatomáceas 
e o número de valvas fragmentadas e dissolvidas foram estimados a partir de 10 uL de cada amostra. A alta variabilidade 
na densidade e preservação das assembleias de diatomáceas no testemunho está relacionada com variação de temperatura, 
consumo por macroinvertebrados, aporte de cinzas vulcânicas e fl utuações no nível de água ao longo dos 11.000 anos AP 
(C14). A fragmentação foi superior à dissolução, o que indica predominância de ambientes lóticos e consumo por herbívoros. O 
decréscimo substancial das diatomáceas em nível específi co é interpretado como resultado da limitação de sílica, diminuição 
dos níveis de água, intensa herbivoria, ambiente seco ou dissolução. Nestes casos, é impossível reconhecer a maioria das 
diatomáceas perifíticas devido ao grau de fragmentação das frústulas. Conclui-se que o elevado grau de variação do dano 
tafonômico nas diatomáceas do Páramo de Frontino representa diferentes eventos ambientais ao longo do Holoceno. Portanto, 
no início do Holoceno, a entrada de cinzas e as altas temperaturas favoreceram a reprodução, o que resultou no aumento da 
densidade de diatomáceas. Nos últimos 4.000 anos, o nível de água no lago diminuiu e, provavelmente, a pressão de predação 
sobre as diatomáceas intensifi cou-se, o que é evidenciado pelo maior grau de fragmentação.

Palavras-chave: tafonomia, paleoecologia de diatomáceas, turfa, Holoceno.
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INTRODUCTION

Diatoms are photosynthetic protists that construct their 
exoskeleton of silica oxide. This exoskeleton is known as a 
frustule (Round et al., 1990), which consists of two valves 
(hypovalve and epivalve) that are joined by bands that form 
a cincture. This biogenic structure is poorly soluble and thus 
is precipitated and incorporated into the sediment. From 
precipitation to fossilization, the frustules may undergo 
fragmentation and/or dissolution, pyritization, or lamination 
as a result of their interaction with dissolved substances, their 
chemical composition, the concentration of orthosilicate acid in 
the water, and the longitudinal and vertical transport within the 
ecosystem. After the death of a diatom, the alterations undergone 
by the frustules constitute the diatom’s taphonomic signatures, 
which are keys to providing paleoenvironmental information.

In the course of high-resolution paleoecological analyses 
of Holocene deposits of the Páramo de Frontino (Antioquia, 
Colombia), different degrees of frustule fragmentation and 
dissolution in the diatom assemblages, which were retrieved 
from different depths of the Llano Grande 3 Core (LLG3), 
were observed. As a result, a taphonomic assessment of 
diatoms was incorporated with the goal to estimate the 
degree of fragmentation and dissolution of the frustules in 
the Holocene section of the core. 

The Llano Grande Basin is strategically located northwest 
of the Colombian Andean Cordillera (Figure 1). This basin 
constitutes the depositional area of the Páramo de Frontino, 
which is a volcanic cone place approximately 4.000 m above 
sea level with glacial geomorphology and several sedimentary 
deposits (Parra, 2005; Velásquez, 2005).

This study constitutes the first evaluation of the 
fragmentation from an entire Holocene diatom assemblages, 
including centric and araphid pennate taxa which were not 
evaluated through earlier methods (Konfirst & Scherer, 
2012). Additionally, this study is also the fi rst to evaluate 
two taphonomic variables from diatom assemblages 
(fragmentation and dissolution). The established dissolution 
method was applied following Ryves et al. (2006), while the 
fragmentation determination was conducted based on Sierra-
Arango (2013).

THEORETICAL FRAMEWORK

The limited availability of silica (= silicon dioxide) in the 
water column, as well as the sediment, can be a limiting factor 
for the production of the exoskeletons of siliceous organisms, 
although silicon is the second most abundant element on earth 
(Capellen, 1996). Among siliceous organisms, diatoms are 
those most involved in the silicon cycle. In their reproductive 
states, diatoms incorporate orthosilicic acid to construct the 
frustule and to generate a new individual. In the remaining 
time (days), the diatoms fi x carbon at a rate of approximately 
110 PgC/yr and respond by fi xing 50% of the carbon in the 
ocean primary productivity (Raven & Waite, 2004).

Frustule fragmentation can occur in high-energy 
environments (Tréguer et al., 1995) by herbivore grazing and 

abrasion during transport in fl uvial and marine currents. After 
deposition, frustule fragmentation can occur by sediment 
compaction and due transport in ice (Sjunneskog & Scherer, 
2005; Konfi rst & Scherer, 2012), as well as due resuspension 
and redeposition ions by waves in lakes and oceans and due 
friction with rocks. Additionally, fragmentation is increased 
in less-silicifi ed diatoms.

Diatom dissolution depends on the type of sedimentary 
input in the basin, the sedimentation rate of particles in the 
water column, the trophic conditions of the ecosystem, and 
variables that infl uence the frustule construction [cofactors 
(Fe, Zn) e pH of vesicle]. All of these variables interact to 
generate the metabolism of the ecosystem. Through the 
different chemical reactions that result from these interactions, 
the ecosystem determines the community of living diatoms 
(Sierra-Arango, 2013). 

After the death of the organisms, the dissolution of 
siliceous skeletons and the simultaneous regeneration 
of orthosilicic acid occur when the biological protective 
membranes of the cell are destroyed and the silica surface of 
the frustules is exposed to the water (Broeker & Peng, 1982). 
At this point, the dissolution of the frustules and the detritus 
that is composed of biogenic silica (Bsi) begin and continue 
more intensely after the deposition of the frustules in the 
sediment (Rickert et al., 2002). This process is increased in 
ecosystems with low concentrations of dissolved silica and/
or under high temperatures, as well as in eutrophic and/or 
hypertrophic environments (Lent & Lyons, 2001). In the 
water column, the dissolution decreases when metal ions 
such as aluminum, beryllium, iron, gallium, gadolinium, 
and yttrium are incorporated in the frustule, decreasing 
the free sites of opal Q2 and Q3 (Dove et al., 2008; Pike 
et al., 2008). The dissolution increases from 50 to 100% 
in environments with high concentrations of calcium, 
potassium, magnesium, manganese, or carbon dioxide and 
their derived salts (Dove, 1999; Wallace, 2009). During rainy 
periods, 271 g Si/m2 can be dissolved per year in eutrophic 
ecosystems, and while in dry phases this amount can reach 
up to 727 g Si/m2 per year (Rickert et al., 2002). According 
to Anderson (1990), diatoms are dissolved in the sediment 
of shallow lakes and not in the water column. In lakes and 
oceans, invertebrate herbivores may increase the differential 
dissolution of frustules. Consequently, the diatom fossil 
record may testify distinct dissolution patterns between 
coastal and deeper zones.

The rate of accumulation of dissolved silica in the 
sediment is related to the variation of the sedimentation and 
the water column depth. This rate is directly proportional to 
the increase in depth (Conley et al., 1993). However, a low 
Bsi fl ow may be related to increased diatom preservation as 
a result of less frustule dissolution, explaining why many 
authors (e.g. Battarbee et al., 2001; Pelmenschikov et al., 
2001; Brümmer, 2003; Dove et al., 2008; Flower & Ryves, 
2009) state that the dissolution of fossil diatoms decreases 
as the diatoms are buried by the precipitation of new layers 
of sediment. According to Capellen (1996) and Rickert 
(2000), the dissolution in the sediment is greater in the 
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fi rst 2 cm, but it can occur up to 30 cm, depending on the 
sedimentary porosity.

The pyritization of remains and/or the entire frustule is 
part of the early diagenesis of the fossilization. Pyritization 
occurs in anoxic environments, where the organic matter is 
oxidized and later reacts with hydrogen sulfi de (H2S) to form 
a precipitate pyrite (FeS2), which replaces the organic matter 
in fossils. The pyrite is conserved and is stable in reducing 
environments (Ortiz-Zamora et al., 2002).

The diagenetic precipitation occurs in oxidizing 
environments (Duglas, 1988). In this case, ions and/or 
molecules that are dissolved and/or suspended in the water 
bind to the Q2 and Q3 sites of the frustule and grow until the 
original morphology is eliminated. In general, the study of 
taphonomic processes in recent communities enables fossil 
assemblies to be described and interpreted with confi dence 
(Parsons & Brett, 1991).

STUDY AREA

The Llano Grande Basin (6°29’N/78°06’W) is part of the 
Páramo de Frontino, occupying an area of 25 km2 located in 
the northwestern Andean Cordillera, Antioquia Department, 
Colombia, between the Atlantic and Pacifi c Oceans (Figure 1). 
The Páramo de Frontino constitutes the main elevation of the 
region (Parra, 1991). The Caribbean Sea provides a drying 
climate infl uence, which is attenuated by the Paramillo Hill 
in the north and by the humid currents of the Chocó area to 
the west. The air currents signifi cantly infl uence the weather 
of the Páramo de Frontino, so that the atmosphere is always 
moist (Velásquez, 2005).

The Páramo ecosystem develops from 3.450 m to a 
maximum height of 4.080 m. The vegetation is mainly 
composed of Espeletia sp. and grasslands, besides vegetation 
that is associated with waterlogged environments such as 
bogs, ponds, lakes and lagoons, and river shores (Velásquez 
et al., 2004; Parra, 2005). Most of the soils in the Páramo 
de Frontino area are andisols, which are created by volcanic 
materials, whereas in the great plain of Puente Largo, histosols 
predominate, which are formed by the accumulation of organic 
matter. Parra (2005) identifi ed two external contributions of 
volcanic ashes in this basin: one of them at the Late Glacial 
Period, and the other one in the middle Holocene.

The paleolakes of the Llano Grande Basin are glacial 
and surrounded by fibrous histosols and organic muds. 
The zone has a bimodal rain regimen with a daytime air 
temperature higher than that of water, whereas at night, the 
water temperature is 12°C and the air temperature ranges 
from 1.9°C to 12°C (Jaramillo & Parra, 1993; Abril, 2007).

MATERIAL AND METHODS

The LLG3 core is 11 m in length and was collected in 
2007 by the Palynology and Paleoecology Research Group 
of the Universidad Nacional de Colombia, Medellin, in 
partnership with the Université de Genève, Switzerland, 
with the help of the instrument Russian Peat Borer. The 

interval studied herein concerns the Holocene section of this 
core (0-8.5 m depth) based on radiocarbon dating and strata 
analyses (40 dating) made in the Carbon Dating Lab (C14 

lab), GADAM Centre of Silesian University of Technology 
and Beta Analytic. The core’s stratigraphic column shows 
an abundance of organic matter with approximately 95% 
water (Parra, 2005). The column’s color exhibits little or 
no variation between shades of brown. The early Holocene 
section is comprised of muds, whereas the mid to late 
Holocene muds present variation in the concentration of 
root and plant residues, which increases vertically.

From the study interval, 57 samples were randomly 
collected, each with 1 cm3 of sediment, to promote a 
paleoecological analysis based on diatoms. The samples 
were processed at the Laboratório de Palinologia Marleni 
Marques Toigo of the Instituto de Geociências, Universidade 
Federal do Rio Grande do Sul (LPMMT/IG/UFRGS), Brazil. 
The frustule cleaning was performed according to Simonsen 
(1974), with modifi cations introduced by Moreira Filho and 
Valente-Moreira (1981). Permanent slides were prepared from 
10 μL of each resultant residue using Naphrax®. Density, 
fragmentation, and dissolution of the frustules were evaluated 
simultaneously from each level using an Olympus CX31 
microscope at 1000x magnifi cation.

The density was estimated by counting the entire sample, 
tracing a zigzag on the slide, and avoiding an overlapping 
of the fi elds. Additionally, all of the central fragments of 
the valve and those parts that displayed the taxonomic 
characteristics (such as the apices) were considered, assuming 
that the sum of two apical fragments and one central fragment 
equals one valve. From the counted diatoms that were 
identifi ed at the species level, the authors separated those that 
exhibited different scales of dissolution following the method 
established by Ryves et al. (2006).

The fragmentation was also analyzed from each level, 
as well as the fragmentation index according to formula 1, 
which was established by Sierra-Arango (2013). The valves 
were separated according to the degree of fragmentation 
indicated in Table 1.

DFI = ∑dsf (sf)/N(sfmax)

Where dsf is the diatom valve density in state sf, N is the 
total density of the valves, and sfmax is the maximum state of 
fragmentation of the diatom valves. The valves are classifi ed 
in stages 1, 2 or 3.

RESULTS

On average, 270 diatom species were recognized in the 
LLG3 core, of which nine species belong to centric diatoms 
and the remaining diatoms are pennate. Among pennate 
genera, Eunotia exhibits the greatest diversity (106 species), 
followed by Pinnularia (21), Encyonopsis (17), Encyonema 
(16), Gomphonema (14), Navicula (13), Brachysira (12), 
Frustulia (10), Actinella (7), Cymbopleura (7), Fragilaria (6), 
Neidium, Caloneis (5), Diploneis (5), Achnanthes (4), Melosira 
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Figure 1. Location of the study area. A, geographic location of Frontino Páramo; B, overview of the Llano Grade Basin, Antioquia Department, 
Colombia; C, bathymetry of the paleolake and localization of core LLG3. Modificado de Muñoz (2012).
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B
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Table 1. The dissolution states of diatoms according to the method established by Ryves et al. (2006) and the fragmentation state of diatoms 
according to Sierra-Arango (2013).

Variable According to Ryves et al. (2006)
Dissolution states 1 2 3 4
Dissolution degrees 0 1 2 3

Diatom dissolution Valves without dissolution Valves less than 
one half dissolved Valves half dissolved Valves more than 

half dissolved
According to Sierra-Arango (2013)

Fragmentation states Pristine species 1 2 3

Diatom fragmentation proportion Unfragmented valves Valves less than 
half fragmented Valves half fragmented Valves more than 

half fragmented

(4), Nitzschia (4), Surirella (3), Melosira (3), Cyclotella (2), 
Cymbella (2), Diadesmis (2), Hantzschia (2), Stenopterobia 
(2), Stauroneis (2) and Staurosira (2). Achnanthidium, 
Adlafi a, Asterionella, Cavinula, Desmogonium, Kobayasia, 
Kobayasiela, Luticola, Meridion, Naviculadicta, Nupela, 
Planothidium, Psammothidium, Sellaphora, Semiorbis and 
Tabellaria were represented by only one species each.

In general, the trend curves of density, fragmentation, 
and dissolution of the diatoms showed similar patterns 
throughout the study section. The values for these variables 
in the intervals of 22-29 cm, 244-315 cm, and 468-536 cm 
(mid Holocene) are low and can be ignored. However, at 
other levels, such as 677 cm and 707 cm, the values are high 
(Figures 2A,B; 3B).

Fragmentation
In all of the samples, the diatom fragmentation was higher 

than any other taphonomic effect. The highest values were 
recorded at the 677 cm, 701 cm, and 707 cm levels, and the 
lowest ones at the 22-103 cm, 244-324 cm, and 468-635 
cm intervals, as well as at the 734 cm, 781 cm, and 820 cm 
levels. In ascending stratigraphic order, after these intervals, 
the fragmentation increased, showing result highly variable 
in the Holocene (Figure 2B). Throughout the core, state 2 
of fragmentation exhibited the greatest density, followed by 
state 3 (Figure 2B). The 578 cm level showed the highest 
fragmentation index (IDF) (0.50), followed by the 581 cm 
(0.38), 144 cm (0.37), and 163 cm (0.35) levels. The remaining 
levels presented IDF values below 0.35 (Figure 2C). The 
fragmentation showed statistically signifi cant differences 
between the early and the late Holocene, with P = 0.007 and 
∞ 0.05 (Figure 3A).

A higher degree of fragmentation was observed in 
the following species: Brachysira cf. linearilanceolata, 
Brachysira sp. 2, Brachysira sp. 4, Cymbella aspera, Eunotia 
arcus, E. bidentula, E. bilunalis, E. paulovalida, Frustulia 
crassinervia, F. rhomboides, F. turfosa, Navicula angusta, 
Pinnularia divergens, P. gibba, P. maior, P. microstarum, 
Tabellaria fl occulosa and Stauroneis anceps. The individuals 
of these species were fragmented throughout the core with 
many different degrees of fragmentation. Even at the 49 cm 
level, pristine valves not were found. Hantzschia elongata and 
H. amphioxys always occur fragmented and with few signs 
of dissolution (Figure 4).

Dissolution
Less than 1,000 valves were dissolved in the samples of 

the LLG3 core; however, an important variation was observed 
along the profi le, as was also observed in the fragmentation 
analysis. The highest dissolution value was recorded at the 701 
cm level, followed by the values at the 763 cm and 799 cm 
levels (Figure 2D). Dissolution state 1 exhibited the highest 
value at the 701 cm level, with 730 valves/μL dissolved, 
whereas state 2 exhibited the highest values in the 713 cm, 
662 cm, 581 cm, 387 cm, 372 cm, and 351 cm levels of the 
core. In the remaining levels studied, state 3 was predominant 
(Figure 2D). Additionally, the frustule dissolution displayed 
statistically signifi cant differences between the early, mid, 
and late Holocene, with P = 0.002 and ∞ 0.05 (Figure 3B).

Dissolution was displayed most predominantly in already 
fragmented species, such as Cymbella aspera, Encyonema 
mesicanum and Stauroneis anceps, and from species in 
which the striations are composed of small pores, such as 
Brachysira brebissonii, B. sp. 1., Caloneis clevei, Encyonema 
lunatum, Encyonopsis spiculiformis, Frustulia crassinervia, 
Gomphonema gracile, G. parvulum, G. parallelistriatum, 
Gomphonema sp. 3, Navicula angusta, N. globulifera, 
Pinnularia microstauron, P. divergens and Stenopterobia 
sp., among others. However, the species with the highest 
dissolution indices were Eunotia cf. longicollis, Navicula cf. 
laterostriata and Pinnularia cf. martinii. On the other hand, 
Brachysira cf. linearilanceolata was the species with the 
lowest dissolution index (Figures 6, 7).

Except for the depths of 707 cm and 713 cm, the pennate 
density was greater than the centric density in all studied 
samples (Figure 8). Throughout the core, the fragmentation 
and dissolution of the pennate diatom valves were greater 
than those of the centric diatom valves (Figure 8). The result 
of the dissolution was signifi cantly less than for the values 
recorded for fragmentation (Figure 2) for both centric and 
pennate diatoms (Figure 8). There was an inverse correlation 
between the fragmentation and dissolution indices, with R2 

= 0.138 (Figure 3C).

Other taphonomic evidence and malformation of the 
frustules

The lamination in the studied section of the LLG3 core 
was observed and not quantifi ed in the centric diatoms and 
some pinnate diatoms, such as in the genera Eunotia and 
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Figure 2. Variation in the fragmentation and dissolution recorded in the Holocene section of core LLG3, Frontino Páramo, Antioquia, Colombia. 
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Figure 3. Statistically significant differences in the taphonomic variables that were studied among the Holocene stages in the core LLG3, Frontino 
Páramo, Antioquia, Colombia. A, fragmentation (P = 0.007,∞ 0.05); B, dissolution (P = 0.002,∞ 0.05); C, a simple linear correlation between 
DFI and DDI (R2 = 0.138). Abbreviations: DFI, Diatom Fragmentation Index; DDI, Diatom Dissolution Index. 

A B
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Figure 4. The Diatom Fragmentation Index recorded in the Holocene section of core LLG3, Frontino Páramo, Antioquia, Colombia.
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Figure 5. The states of fragmentation of Cymbella aspera, Diploneis sp. and D. ovalis recorded in the core LLG3, Frontino Páramo, Antioquia, 
Colombia. Scale bars = 20 μm. 
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Figure 6. The dissolution states of Pinnularia divergens, P. microstarum and Navicula angusta recorded in the Holocene section of core LLG3, 
Frontino Páramo, Antioquia, Colombia. Scale bars = 20 μm. 
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Figure 7. The Diatom Dissolution Index recorded in the Holocene section of core LLG3, Frontino Páramo, Antioquia, Colombia.
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Figure 8. Variation in density, fragmentation and dissolution of centric and pennate diatoms recorded in the Holocene section of core LLG3, 
Frontino Páramo, Antioquia, Colombia. 
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Fragilaria and the species Brachysira brebissoni, Cavinula 
pseudoscutiformis and Diploneis elliptica. The number of 
laminated diatoms was high in the early Holocene, followed 
by the number of laminated diatoms that was observed in 
levels 420-378 cm of mid-Holocene; a few individual were 
observed laminated towards the late Holocene (Figures 9A-J). 

Pyritization was observed, but not quantifi ed in centric 
diatoms (Figure 9L); its pattern of comportment was the 
same as the observed pattern of lamination. Likewise, 
malformations were also observed in diatom species with 
small pores, such as Navicula angusta (Figure 9N).

DISCUSSION

Fragmentation
The highest degree of fragmentation recorded in the 662-

707 cm interval corresponds to the highest density of diatoms 
autochthonous and the not autochthonous (Figure 2). This 
may indicate that during the early Holocene, environmental 
conditions (e.g. high temperature and nutrients) and attrite 
(possibly as result of resuspension, transport or redeposition) 
allowed high productivity of diatoms and fragmentation of 
autochthonous diatoms, respectively. This interpretation 
is consistent with the paleoecological calibration of recent 
sediments in Lake Tanganyika that were made by Alin & 
Cohen (2004). Generally, aquatic environments are highly 
productive when the temperature is high (Margalef, 1983). 
Therefore, this period of high productivity could correspond 
to a warmer environment, corroborating several previous 
studies (e.g. Rosen et al., 2001; Dias de Melo & Marengo 
2008; Montoya et al., 2009). Most of the diatoms that are 
registered in the studied section have a periphytic life form and 
have been reported in rivers. Along the stratigraphic section, 
the pennate diatoms showed higher density and diversity than 
do the centric diatoms; however, in the 707 cm and 713 cm 
levels (early Holocene), the centric diatoms showed a higher 
density than the pennate diatoms. The results indicate that for 
early Holocene, the environment of the Llano Grande Basin 
was moist and not dry, as reported for other synchronous 
areas of the world, and that the Llano Grande paleolake was 
deep and with a wide limnetic zone. In dry environments, as 
reported for several areas of the world during these times, 
evaporation is favored, reducing the depth of the water bodies 
and consequently causing a decrease in the limnetic zone. In 
these conditions, the centric diatoms and the typical periphytic 
river species are less abundant.

The high density of diatoms during the early Holocene 
may refl ect that at the time the lake had a signifi cant amount of 
nutrients, which were possibly the result of the dissolution of 
volcanic ash, which was deposited at the end of the Tardiglacial 
and remained for more than 500 years. According to Parra et 
al. (2010), this ash is 1 m in thick, while during the mid and 
late Holocene the thickness is much less (0.01 m). After each 
deposition, the diatom density increased because the volcanic 
ashes furnished inosilicates (orthopyroxene, hornblende, 
and oxy-hornblende), tectosilicates (alkaline feldspar), and 
volcanic glass, in addition to goethite (FeO(OH)), among 

other less abundant minerals (Dana & Hurlbut, 1968). 
Alkaline feldspars are aluminosilicates, of which sanidine 
(K(Si3O8)) is the most common in volcanic rocks. The total 
or partial dissolution of volcanic ashes provided the necessary 
nutrients to increase the diatom density after each volcanic 
explosion (Figure 2). 

After these increments, a decline in the diatom density 
may correspond to an environment without external inputs 
or an environment limited by nutrients. The excess ash was 
precipitated and incorporated into the sediment, resulting in 
a water body limited in silica, thereby increasing the diatom 
dissolution and fragmentation (Figure 2).

Similarly, the malformed frustules were more susceptible 
to fragmentation when the precipitation of silica oxide was 
abnormal. One of these malformations is the decrease and 
poor distribution of striations in the frustule and in the centric 
pore, as observed in Navicula angusta (Figures 9M,N). In 
this case, the decrease in the number of striations and their 
poor distribution increased the space between each striation, 
resulting the lower resistance of frustules and the increased 
the likelihood of fragmentation during longitudinal transport 
in the rivers and waves of lentic ecosystems. 

Furthermore, low silicifi cation can generate cells that 
are more palatable to herbivores; this low silicifi cation is 
signifi cantly responsible for the high fragmentation of the 
valves (Gersonde & Wefer, 1987). In opposite conditions, 
the higher concentration of silica oxide confers a greater 
resistance to the valves. Therefore, the fragmentation of 
siliceous diatom frustules typically occurs because of the high 
friction of hydrodynamic transport in lotic ecosystems or by 
collision with rocks during turbulent vertical transport in lentic 
environments. In the case of the Páramo de Frontino, most 
of the large species with the highest concentrations of silica 
and large pores, such as Brachysira cf. linearilanceolata, 
Brachysira sp. 2, Brachysira sp. 4, Cymbella aspera, Eunotia 
arcus, E. bidentula, E. bilunalis, E. paulovalida, Frustulia 
crassinervia, F. rhomboides, F. turfosa, Pinnularia divergens, 
P. gibba, P. maior, P. microstarum, Stauroneis anceps and 
Tabellaria fl occulosa are periphytic in habit and have been 
recorded in lotic environments (Figures 4,6). For this reason, 
the fragmentation observed during the early Holocene is due 
the transport downstream toward the outfall of the stream 
that reaches the Llano Grande lake, as well as the oxidizing 
conditions of the lotic ecosystem and herbivory in the lotic 
and lentic environments. Additionally, the fragmentation of 
Navicula angusta may have resulted from the dissolution in 
the natural habitat and would explain the predominance of 
state 2 fragmentation in the early Holocene (Figures 6,7).

The dominance of fragmentation state 2 in the 851-635 
cm level (early Holocene), 468-363 cm level (mid-Holocene) 
and 175-150 cm level (late Holocene) may indicate the 
predominance of hydrodynamic events in the paleolake that 
caused the observed fragmentation (Figure 2). However, the 
prevalence of fragmentation state 3 in the 635-468 cm level 
(end of early Holocene and beginning of mid Holocene), 
363-181 cm level (mid Holocene), and 103-7 cm level (late 
Holocene) could indicate high herbivory and/or shallow 
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Figure 9. Other indications of taphonomic and teratogenic damages recorded in the Holocene section of core LLG3, Frontino Páramo, Antioquia, 
Colombia. A-E,G-J precipitation in frustules of diatoms (SEM): A, pristine valve of Aulacoseira distans; B, initial precipitation in Aulacoseira 
distan; C-E, G, total precipitation in centric diatoms; H, Brachysira brebissonii, almost complete precipitation; I, Brachysira brebissonii, pristine 
valve; J, pennate diatom, total precipitation. F, pristine valve of Melosira cf. sculpta (MO); K, level 820 cm, high state of fragmentation (SEM); 
L, diatom central pyritization (MO); M, Navicula angusta, normal valve in the state 1 of fragmentation; N, Navicula angusta, teratogenic valve 
in the state 1 of fragmentation. Abbreviations: SEM, scanning electron microscope; MO, optical microscope. Scale bars: A, B, D, E, J = 2 μm; 
C = 1 μm; K = 5 μm; F, H, I, L, M, N = 20 μm.
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water, as was noted by Velásquez (2005), in the Páramo de 
Frontino. The author reported increases in the pollen record 
that were related to plants of dry environments. Similarly, 
for the late Holocene and the present, Abril (2007) reported 
diatoms in the digestive tracts of aquatic insects, which can 
indicate an increase in temperature; as temperature increases, 
the diatomaceous consumers increase and diversify. Diatoms 
fragmentation states 1 and 2 indicate the physical impact 
and/or hydrodynamic variables of the aquatic environment. 
There are many variables in water ecosystems that cause this 
level of fragmentation, and there are no studies that establish 
differences in the patterns, traces, or marks that each variable 
would leave on a frustule fragment. However, most pennate 
species that have been reported in the early Holocene are 
found in lotic environments and are periphytic in habit. In 
addition, Parra (2005) reported that the sediment of the Llano 
Grande Basin area has 95% water. The latter two facts rule 
out the possibility of fragmentation by compaction or by the 
loss of water from the ecosystem. Therefore, it is concluded 
here that the fragmentation registered in states 1 and 2 of the 
early Holocene and at the beginning of the mid Holocene 
was caused by hydrodynamics effects, most likely from the 
infl uence of streams (Figure 2B).

Dissolution
The variation and recurrence of dissolution state 3 of 

diatom valves toward the late Holocene may indicate an 
attempt to balance the ecosystem to overcome the limitation 
of silica once external inputs were deposited. Under these 
conditions, silica is recovered by the dissolution of entire and 
fragmented frustules. Additionally, the increase may respond 
to the addition of orthosilicate in the water column after the 
resuspension from the superfi cial sediment by the wind or by 
bioturbation (Figure 7).

The low degree of diatom dissolution (Figure 7) is 
associated with malformed, less silicifi ed and fragmented 
diatoms (Figure 9), concerning few species. Dissolution in 
poorly formed diatoms occurs because the poor polymerization 
of frustule increases the Q2 and Q3 sites in the deformed 
exoskeletons of diatoms (Figures 9M,N). The same effect 
is produced in frustules with small pores (Figures 8,9) and 
in fragmented frustules (Figures 4-6). Dissolution occurs 
because the Q2 and Q3 sites are oxygen molecules that are 
not shared by the tetrahedron that composes the tectosilicate 
of the frustule (Dove et al., 2008). In contact with water, 
these oxygen molecules link with the positive charges and 
generate a chain reaction that over time increases the number 
of unshared oxygen molecules (Mason, 1971; Dove et al., 
2008), accelerating the diatom dissolution (Figure 6).

The positive charge of water depends on trophic 
conditions, the basin’s geology, rain, and/or the agents 
responsible by the dissolution of the rock. However, in 
oligotrophic, peat bog, or dystrophic environments, such 
as the paleolake in the Llano Grande Basin, the dissolution 
may occur because silica is limited in this ecosystem. This 
phenomenon may explain the increase in the dissolution of 
diatoms after each external input of volcanic ash, with the 

almost total dissolution of the community of frustules before 
sedimentation (Figure 7). Lithologically, the Llano Grande 
Basin shows a large and continuous proportion of particulate 
organic matter (Parra et al., 2010). Therefore, the paleolake of 
Llano Grande should possess a large quantity of free hydrogen 
that reacts with the unshared free oxygen links. The fi rst of 
these reactions serves to neutralize the acidity of the water; 
i.e., the water acts as a buffer that increases the pH. This 
increase in these environments depends of the water acidity 
level and the acid’s availability to form new chemical bonds. 
The other reaction is an ionic reaction that occurs with organic 
compounds to oxidize the organic matter in the paleolake, as 
noted by Turker (1991) and Demadis & Mavredki (2005) in 
water treatment tanks. The dissolution was further increased 
by the temperature increment during the Holocene.

In tropical lakes, precipitation increases the mixing 
area, which provides oxygen to the water (Margalef, 1983; 
Wetzel, 2001) and prolongs the fl otation of the frustules in 
the water column, causing the sedimentation rate to decrease 
(Margalef, 1983). Similarly, precipitation decreases the burial 
of the frustules in the sediment and increases the frustules’ 
exposure time in the water column, as well as their probability 
of dissolution before precipitation. These factors may cause 
the dissolution of Gomphonema gracile, G. parallelistriatum, 
G. angusticapitatum, Navicula angusta, Pinnularia microstauron 
and P. divergens, among others (Figure 7).

For the Llano Grande Basin, the prevailing conditions 
during the early Holocene were high temperatures, diminished 
rainfall, and the partial colonization of the paleolake by 
macrophytes, with a broad limnetic zone, stratifi cation, and 
demineralization by external sedimentation. As result, there 
was a high density of diatoms in the paleolake. Consequently, 
the productivity was high, although the diatoms that were in 
the mixing zone were exposed for a longer time to agents that 
were responsible for their dissolution, resulting in a larger loss 
of denser frustules. In addition, these conditions may lead 
in the complete dissolution of the less silicifi ed and smaller 
species, as observed by Parsons & Brett (1991) and Capellen 
(1996), which may explain the assembly characterized by 
large diatom species that require high silica concentrations 
(Figures 7; 8C).

The scarce record of pristine and identifi able diatoms at the 
end of the Holocene (Figure 2A) was infl uenced by the dry air 
and high temperatures, as reported by Velasquez (2005) for the 
Llano Grande Basin and Leira (1998) for the Spanish peat bog 
of Villaseca. These conditions decreased the volume of water 
in the ecosystem, which caused stress in the biotic community. 
Additionally, high temperatures accelerated the increase in 
the density of the aquatic environment herbivores, as noted 
by Abril (2007). The high temperature, dry environment, and 
demineralization resulted in the diatoms being more palatable 
to the primary consumers of the community, which caused a 
high degree of frustule fragmentation, making the taxonomic 
recognition diffi cult (Figures 2B,C; 5; 9K). These factors 
hastened the complete dissolution of the small-pore frustules 
(e.g. Encyonopsis cf. gomphonemiformis, Gomphonema 
gracile, Navicula angusta) which left unidentifi able valve 
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fragments with a higher concentration of silica and little trace 
in the fossil record (Figures 2D,E; 6). These events caused the 
prevalence of dissolution state 3 in the intervals 820-734 cm 
(early Holocene), 536-468 cm, 303-244 cm (mid-Holocene) 
and 103-100 cm (late Holocene) (Figures 7; 8C), as well as 
the signifi cant differences in fragmentation and dissolution 
found across the Holocene (Figure 3A,B). In the 200-100 
cm intervals, there was an increase in the density of diatoms, 
and although the pennate forms were denser, the number of 
centric forms also increased, which could correspond to a 
larger volume of water. Increased precipitation and possibly 
a moister environment could explain this larger volume of 
water. The taphonomic effects that were recorded in this 
time interval may correspond with a turbulence height and 
an oxic environment.

The fragmentation index is directly proportional to 
the valve density (Figures 2A,B; 8B), while dissolution is 
inversely proportional (Figures 2D; 8C). The authors interpret 
the inverse linear correlation between the fragmentation 
index and the dissolution (Figure 3C) as result of different 
and independent environmental events. Frustules with an 
intermediate stage between dissolution and fragmentation 
were not quantifi ed, but results show that dissolution occurs 
after fragmentation (Figures 2C; 7). In this context, after high 
diatom production, silica becomes scarce, and the ecosystem 
tends toward equilibrium. Cymbella aspera presents a high 
degree of dissolution and Pinnularia martini exhibits the 
highest dissolution index (Figures 6; 7; 8C), explaining the 
high dissolution that was inferred to the late Holocene.

Chemistry transformation of diatoms
The high temperatures reported globally for the early 

Holocene could generate thermal stratifi cation and reducing 
conditions in the deeper strata of the water column of the 
paleolake. Under these conditions, the iron content in the lake 
would precipitate (Wetzel, 2001) and pyritize the frustules 
of the diatoms. Pyritized frustules are only concerning to 
planktonic species and are recorded in most of the levels 
analyzed (Figure 9L). Pyritization is constant in most of the 
core but at a low magnitude, as there are few fully pyritized 
individuals who lost their identifying characteristics and 
whose determination at the species level is impossible. 
Because silica is replaced by iron, the frustule loses its 
diagnostic characteristics, as reported by Takahashi et al. 
(1999) for Upper Cretaceous diatoms from Japan. It is possible 
that the contribution of volcanic ash, which is high in iron-
containing compounds, is responsible for this phenomenon 
in the Páramo de Frontino.

Chemistry precipitation in the frustule was observed in 
the centric diatoms and in certain species of Brachysira, 
Diploneis, Eunotia and Fragilaria, although in few 
individuals, which indicates a rapid transformation of the 
compounds and a high number of Q2 and Q3 sites in the 
frustules. The frustules then form new, larger structures 
through oxide-reduction reactions. Later, these structures 
are deposited in the frustule and continue to grow around the 
center. Due to the extension of the lamination, the frustule 

loses its morphology and thus the taxonomic characteristics 
that distinguish each species. Finally, the diatoms cannot be 
differentiated from other solid silica compounds, as is the 
case for certain reported species of centric laminated diatoms 
(Figures 9A-J), which may correspond to some of the isolated 
plaques that were assigned to testate amoebae that have been 
described in this ecosystem by Parra (2005).

Periods of thermal stratifi cation are observed throughout 
the Holocene in the Llano Grande Basin paleolake. In these 
conditions, the lamination of the species occurred in the 
mixed zone where oxidation processes predominated, whereas 
pyritization occurred in the deep zone in the absence of 
oxygen in a reducing environment. Under these conditions, 
iron replaces the silica, which pyritizes the frustules. The 
low density of laminated and pyritized frustules and their 
frequency throughout the core may indicate that since the 
early Holocene, the paleolake in the Llano Grande Basin has 
a low concentration of minerals, as reported by Abril (2007) 
for the present environment.

CONCLUSIONS

The high degree of variation of the taphonomic damage 
in the diatoms from the paleolake in the Llano Grande Basin 
(Páramo de Frontino), Antioquia Department, Colombia may 
represent different environmental events along the Holocene. 
Therefore, in the early Holocene, the high temperature and 
external inputs of nutrients favored reproduction, which 
resulted in a high density of diatoms. 

During the last 4,000 years under dry environmental 
conditions (almost total colmatation) and widely varying 
temperatures without an external supply of nutrients, 
planktonic species decreased or dissolved, and many 
periphytic species cannot be recognized because of their high 
degree of fragmentation. 

The fragmentation of diatoms registered in the early 
Holocene is consequence of high friction during transport 
before fl owing in the lake and herbivory, because in this 
period, the lake has high water volume and diatom fragmented 
are different of the autochthonous diatom of the lake. In mid 
and late Holocene, owes of the high herbivory and/or shallow 
water. The paleolake, in these periods, presented increased of 
pollen of terrestrial plants (Velásquez, 2005; Jojoa, 2007) and 
of the macroinvertebrate diversity (Abril, 2007).

The high degree of the different states of diatom 
fragmentation indicates that early Holocene, the lake in the 
Páramo de Frontino received the infl ow of small streams that 
travel only a short distance before discharging their waters into 
the lake. Therefore, although the lake is located on magmatic 
rocks, the weathering is low. Thus, demineralization and the 
tendency toward oligotrophy or dystrophy are recorded.

The high demineralization and low weathering of the 
ecosystem increase the dissolution of the diatom frustules 
in the paleolake, which is initiated by fragmentation in the 
creeks during downstream transport and continues until the 
frustules are deposited in the lake to dissolve. Although the 
frustules traverse short distances, this phenomenon implies 
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that the tributaries are a source of silica from the basin in 
the ecosystem. The external inputs of ash are the controlling 
agents of the ecosystem’s productivity because, in this 
paleolake, the ashes were the food source for the siliceous 
biota.

During the Holocene, the paleolake of the Llano Grande 
Basin exhibited thermal stratification. Thus, the deep 
paleolake environment remained in a reduction state, whereas 
the top layer was in an oxidation state. Therefore, there are low 
levels of lamination and pyritization of the diatom frustules.

Finally, this paper highlights that studies of freshwater 
diatoms must include a taphonomic analysis to better 
understand the ecosystem before the frustules have been 
deposited in the sediment and after subsequent burial. In 
addition, the taphonomic studies of diatoms can clarify the 
system’s dynamics and metabolism. Moreover, taphonomic 
studies can indicate the physical and chemical conditions of 
the environments in which the diatoms lived or live, once the 
taphonomic features are initiated shortly after the death of 
the diatoms that are still in the water column. Thus, diatom 
taphonomy should be evaluated in any study that involves 
rebuilding the past ecologies and analyzing the current ones. 
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