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I 

Abstract  

 

The Pistarda formation in the Megara Basin has not been studied in detail before. The aim of this 

thesis is to provide sedimentological and geochemical data, in order to increase our 

understanding of the depositional processes and environments of the Pistarda formation. Ten 

localities were found and nine of them were logged. The focus was on the vertical and lateral 

facies variations and trying to explain how it initiated and how it terminated.  

 

The Pistarda formation is a half-graben with a dip towards the northeast. The localities were 

found higher up the dip-slope. Seven facies were identified, of which many showed evidence of 

in situ materials, indicating a shallow lacustrine environment. Some of the localities showed 

evidence of two units, a lower and an upper unit. When a clear difference was found between the 

units, the lower usually consisted of reworked material, while the upper had more in situ facies.  

 

The same interpretation is made when linking this to the geochemistry. Analysis of ŭ
18
O, ŭ

13
C 

and 
87

Sr/
86

Sr ratio confirms that the formation has two units, where the lower shows evidence of 

being deposited by a larger and deeper lake. The opposite is found for the upper unit, showing 

evidence of being deposited by a smaller and shallower lake.  

 

The structural data from the area links the development of the two units to a fault which created 

the accumulation space needed for the two units to form in quite a small area in the Megara basin. 

The development of the Pistarda formation is interpreted to be linked with shifts in the climate 

during the deposition, which could support the development of a lake.  
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1. Introduction  

1.1 Aim   

The aim of this project is to examine the sedimentology of the lacustrine Pistarda formation, 

Megara Basin, Greece. The project has a number of specific objectives: 

 

I. Field-based facies analysis of the Pistarda formation and the immediately adjacent 

stratigraphic units. 

 

II.  Geochemical (
87

Sr/
86

Sr, ŭ
18

O and ŭ
13

C) analysis of samples from the formation. 

 

III.  Synthesis of the above objectives with structural data from the Megara Basin and 

analogues from other lacustrine carbonates and rift basins to interpret the depositional 

environments and depositional processes operating during development of the Pistarda 

formation and to discuss the controlling factors (e.g. climate, tectonics) 

 

1.2 Study area 

The study area is located in the Megara Basin in central Greece at the margin of the Gulf of 

Corinth (figure 1.1). The basin is a tectonically active area and faults have created good, natural 

outcrops. The area is heavily forested by pine. Dirt roads give good access to the outcrops, 

although some of these are on steep cliffs that cannot easily be accessed.  The field work was 

divided into two parts, the first from 22
th
 April to 9

th
 May 2013 and the second from 2

nd
 October 

to 24
th
 October 2013.  
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1.3 Previous studies  

Bentham et al. (1991) did a large regional study over the sedimentary facies, based on fieldwork 

in the Megara Basin, and produced a geological map over the basin. The result from their work is 

the foundation for the studies described in this thesis. In Chapter 2 this will be discussed in more 

detail. The tectonics of the Gulf of Corinth and nearby regional plates; Anatolian Microplate, 
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Adriatic Microplate, African Plate and Eurasian Plate are well explored by several studies 

(McKenzie, 1970; Jackson and McKenzie, 1988; Bell et al., 2008; Leeder and Mack, 2009). For 

carbonate deposits in rift basins in a lake environment, Lake Tanganyika in Africa is a good 

analogue (Cohen and Thouin, 1987; Cohen et al., 1993). 

 

1.4 Outline  

Followed by the introduction, chapter 2 presents a geological background of the Megara basin, 

focusing on regional geology and tectonic setting and the stratigraphy of the Megara Basin. In 

chapter 3 a facies model for lacustrine carbonates and a geochemical background for carbonate 

rocks in lacustrine settings will be presented. Chapter 4 presents a description of the different 

methods, both for fieldwork and instruments used in this study. Chapter 5 starts with an overview 

over the field area and facies description, facies association, sedimentary structures below and 

above and then a sketch of the different dispositional units along with a correlation transect for 

the Pistarda formation. In Chapter 6 geochemical analysis from the samples will be presented. In 

Chapter 7 the results are discussed with respect to geochemistry and the depositional 

environments of the Pistarda formation in the Megara Basin. Finally, the conclusion is given in 

Chapter 8. 
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2. Geological framework  

2.1 Introduction  

The study area is located west of Athens, between Athens and the Corinth channel in the Attica 

region (figure 2.1).  The Megara basin is situated in the eastern part of the extension of the Gulf 

of Corinth, between the Gulf of Alkyonides and the Saronic Gulf. The basin is separated by the 

Gerania mountain range in the southwest and the Pateras mountain range in the northeast. The 

basin follows a WNW-ESE structure and it is a fault-bounded half-graben with Plio-Pleistocene 

sediments 1 km thick (Theodoropoulos, 1968; Bentham et al., 1991). 

 

 

Several studies in the area suggest that the rifting started with the formation of the Gulf of 

Corinth, which has undergone a vast extension since the Miocene, with a maximum of  50 mm 

per year in the last 5 Ma, and the rifting is still active (Jackson et al., 1982; Jackson and 

McKenzie, 1988). This makes it an important natural laboratory to study the effects of rapid 

extension upon sedimentary and geomorphological processes. 

The Megara basinôs boundary to the northwest is a major active normal fault, the South 

Alkyonides fault, and lies at the footwall of this structure. This normal fault is mostly offshore 
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and underwent motion during the 1981 earthquake sequence (Jackson et al., 1982). This younger 

fault that has led to the exposure and dissection of the thick Neogene sequence in the area 

(Theodoropoulos, 1968).  

 

2.2 Regional geology and tectonic setting  

The tectonic development in this area is based on the interaction of the Arabian, African, and 

Eurasian plates and in the collision zone between the plates (figure 2.2). The main collision is 

between the Arabian and African plates with Eurasia (McKenzie, 1970; Jackson and McKenzie, 

1984; Jackson and McKenzie, 1988). Tectonic models of global seafloor spreading, fault systems 

and earthquake slip vectors show that the Arabian plate is moving north-northwest relative to 

Eurasia at a rate of  18-25 mm/yr, averaged over about 3 Myr (DeMets et al., 1990; Jolivet et al., 

1994). Similar models also indicate that the African plate is moving in a northerly direction 

relative to Eurasia at a rate of approximately 10 mm/yr (at 30°N, 31°E). Africa and Arabia have a 

differential motion between them, calculated to be 10-15 mm/yr. They mainly have a left-lateral 

motion along the Dead Sea transform fault which resulted in a continental collision along the 

Bitlis-Zagros fold and thrust belt (McClusky et al., 2000). This forced the African plate to be 

subducted along the Hellenic arc at a higher rate than the relative northward motion of the 

African plate itself. This makes the arc move southward relative to the Eurasia plate (McClusky 

et al., 2000). When the Aegean plate and the African plate are pressed against each other this 

makes the crust thicker and produces a gravitational collapse of the lithosphere behind the 

Hellenic arc (Jolivet, 2001). This creates a thinning of the lithosphere in the Aegean back-arc 

region (Papazachos and Comninakis, 1971; Doutsos et al., 1988). Since the African plate and the 

Eurasian plate are moving in opposite directions this creates a divergent boundary, responsible 

for the formation of the Gulf of Corinth. The tension from the North Anatolian fault propagation 

westward also creates a rotation of crustal blocks in the Hellenic thrust belt (Dewey and Sengor, 

1979; Armijo et al., 1999). 
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The Megara basin is a landward extension of the Gulf of Corinth. The Corinth Rift in central 

Greece is one of the worldôs most active rifts and lies in a new plate boundary that is rapidly 

evolving (Ford et al., 2012). The rift stretches from the Ionian Sea in the west to Athens in the 

east, and follows an E-W to NW-SE direction. The rifting started onshore in Early Pliocene and 

subsequently moved north and offshore. As a result, the rift created the Gulf of Corinth with 

uplifting and incised basins. This provides a natural laboratory on ongoing events in early rifting 

and normal faulting. The gulf has a number of normal faults on both its edges. The extension is 

still active today and started in Pliocene (Doutsos and Kokkalas, 2001). With a 1.5 cm/y N-S 
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extension it is the most seismically active zone in Europe. This activity is monitored using 

instantaneous GPS data (Briole et al., 2000). The uplift has been measured to be 1 mm/y in the 

southern margin in the gulf (Rohais et al., 2007; and references therin). 

 

2.3 Chronology and Stratigraphy of the Megara Basin  

The extensional tectonics in the Aegean is believed to have started in the Serravalian/Tortonian 

boundary in late Miocene (ķengºr, 1984; Meulenkamp, 1985). A sequence of volcanic rocks 

from the Corinth basin lie over the basin fill and are dated to be approximately 3.6-4.0 Ma. For 

the Megara Basin there is no data, but an age around Plio-Pleistocene is proposed for the basin. 

Recently an ash layer was found in one of the upper formations in the basin. Based on the 

40
Ar/

39
Ar method the ash layer which is called the Pagae Ash Member is dated to 2.82±0.06 Ma. 

The layer occurs in the topmost part of the Louba Formation of the Alepochori Group (Leeder et 

al., 2008). 

 

Bentham et al. (1991) proposed a new lithostratigraphic scheme for the sedimentary fill of the 

Megara Basin. The Paliochori group contains two formations - the Mylou Vrachia (c. 200 meters) 

and Pigaddi Dourakis formations (c. 50 meters). The Mylou Vrachia fm. forms an outcrop with 

angular breccias and conglomerates overlain by sandstone of the Pigaddi Dourakis fm. The Ayio 

Ioannou group contains the Rema Mazi formation (75-300 meters) with marls, marly siltstones 

and marly sandstones which pass up transitionally from the Pigaddi formation below. Above the 

Rema Mai formation the Kremida formation (50 meters) starts with sandstones, pebbly 

sandstones and fine conglomerates with minor marls and silty marls. This formation is coarsing 

upwards and clinoforms are well preserved within the unit. The Tombse Koukies group consists 

of the Toumpaniari (30-150 meters), the Pistarda (2-5 meters) and the Harbour Ridges formations 

(75-150 meters). The Toumpaniari formation consist of pebbly sandstones and conglomerates 

with one marine horizon in the lower part. The Pistarda formation overlies the Toumpaniari 

formation and, according to Bentham et al. (1991), it consists of travertine limestone that can be 

found over a large area of the basin. They suggest the formation has been formed by an unknown 

combination of climatic, tectonic or groundwater effects.  The Harbour ridges formation is made 

up of pebbly sandstones, sandstones, calcareous sandstones, marls and lignites. An abundant 

marine fauna can be found in the marl sequence. The Alepochori group consists of the Louba 
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formation (90 ï 320 meters) which is a series of red/brown pebbly sandstones and subordinate 

sandy mudrocks. Inside the Louba formation the Ayia Sofia formation (0-40 meters) is a special 

sequence with white breccias. Figure 2.3 shows a stratigraphic column over the sediments in 

Megara basin. 
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2.4 Basin structure  

The Pistarda formation is restricted by the main faults to the southwest where the Gerania 

Mountains begin and to the northeast where the Pateras Mountains lie. Overall, the basin has a 

NNE or NE dip between 5-60°, commonly around 15-20° (Bentham et al., 1991). This causes 

progressively younger strata to be exposed in the northeast (figure 2.4). In the west, faults with 

higher dips give the basin a homoclinal form. The basin has many faults cutting through the strata 

with low throws of only a few decimeters to several meters, and it is suggested to be created by 

small adjustments in the Megara Basin when it was active (Bentham et al., 1991). In the 

intrabasinal structure, two primary trends of faults are seen (figure 2.5). 
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The first is NW-SE (yellow) striking faults that go parallel to the basin margin faults. Some of 

them must have controlled the thickness of the sediments during deposition and facies boundaries 

when the basin developed in Neogene. The second group of faults (green) includes the Ayia Sofia 

and the active Psatha-Skinos fault which has a NE-SW to ENE-WSW trend. Ayia Sofa and 

Psatha-Skinos have a major influence on the later stages of the basin and its abandonment/uplift 

phase. An important fault of the Pistarda formation is the Toumpaniari fault which has an ENE-

WSW trend and a normal throw to the NNW. It has a length of 5 km and is thought to have been 

active during the deposition of the Kremida and Toumpaniari formations and to have restrained 

the thickness of the Pistarda and Harbour Ridges formations (Bentham et al., 1991). Figure 2.6 

illustrates a cross section of the basin, showing the uplift and back throws of the basin and the 

active Alkyonides fault.  
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3 Lacustrine carbonates  

3.1 Introduction - Facies models  

Many studies have been performed on lacustrine carbonates, for example Verrecchia (2007) and 

Gierlowski-Kordesch (2010). For facies models of lacustrine carbonates the literature becomes 

scarce, the most recent facies models are dated 20 years back (Tucker and Wright, 1990; Platt 

and Wright, 1991). They present a simple classification model of lacustrine carbonates. The 

model categorizes lakes in two main facies groups: lake margin (littoral) and lake basin (pelagic). 

Lakes can be further categorized based on the geometry that controls the development of the lake 

basin and the lake margin facies. These two types of lakes are either high-gradient bench type 

margins or lakes with low-gradient, ramp type margins. The first shows extensive development of 

lake basin facies while ramp types are more dominated by marginal lacustrine facies. The two 

types can be further dived into low- and high energy systems which create their own unique 

environments. High energy systems create cross bedding and coated grains, and low energy 

systems have a higher degree of bioturbated micrites. If the lakes are very shallow, they may not 

have a definable deep water basinal facies. See figure 3.1 for an illustration of the different logs 

that symbolize the different environments and showing a upwards sequence from lake basin to 

lake margin. The different types will be presented in the following subchapters. 
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3.1.1 Lake Margin - littoral  

The production of carbonates mostly occurs in waters shallower than 10 m, where the bio-

induced carbonate precipitation is at the highest (Thompson et al., 1997). In shallow water, 

inorganic carbonate precipitation can also be caused by warming, wave agitation or mixing of 

Ca-rich river inflow with a lake that is already rich in carbonate. In shallow lakes mudstone facies 

dominates and is commonly colonized by rooted aquatic plants. Reeds and charophyte algae 

prefer low-energy substrate and charophyte can grow up to 15 -20 m above lake level (Cohen and 

Thouin, 1987). High biologic production by photosynthesis increases CO2 uptake and may lead to 

carbonate encrusting reeds and charophyte stems.  

 

3.1.2 Lake Basin - pelagic  

A lake basin can have a high carbonate precipitation rate bioinduced by phytoplankton and 

resedimentation from the lake margin zone, but will normally lack evidence of in situ vegetation. 

The content of siliciclastic is commonly higher during stable conditions and leads to development 

of anoxic water. Organic-rich facies may be deposited in the deeper parts. Since the deepest parts 

have no bioturbation, basinal laminates can be developed with alternating organic-rich and 

carbonate-rich laminae. The lake floor gradient and local wave energy have a strong influence on 

which type of carbonate sediment that forms in a nearshore setting (Platt and Wright, 1991). 

 

3.1.3 Bench margins with a steep gradient ɀ low energy  

Bench margins with a steep gradient and low energy are characterized by high productivity of 

shallow water benthic plants in the littoral zone (figure 3.2). This creates a buildup in the shore 

zone which progradates into the lake. Accumulations occur from shallow playas and carbonate 

producing marsh and swamp (palustrine) environments. This creates similar deposits throughout 

the lake with only subtle facies. Stromatolites and soils indicate exposure, and in palustrine 

settings, charophyte, ostracode and gastropods can occur all over the lake deposit with no 

evidence of a deepwater basin (Platt, 1989).  The ramp feature gives rise to gravity flow down the 

gradient and thin turbidity flow.     
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3.1.4 Bench margins with steep gradient  ɀ high energy (wave dominated)  

High energy bench margins with a steep gradient creates structureless lime mudstones that are 

bioturbated in protected low energy margins, while packstones and grainstones are found in 

higher energy bench settings (figure 3.3). From the high energy, carbonate ramps are formed 

where the rolling movement of grains creates extensive ooids, and is then redeposited on a large 

scale into the lake in foresets. Avalanching, slumps and normally graded laminae (turbidities) are 

typical near the base. 

 

3.1.5 Ramp margin s with low gradient ɀ low energy  

Low gradient ramps settings in lakes are commonly shallow and lack the accumulation of facies 

in the stratigraphy (see figure 3.4). Ramp margin with low gradients are vulnerable to lake level 

shifts and a small water level reduction will expose a large area. The shallow water limestone is 
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rich in charophytes, including the calcified stems of algae. In the shallow water there is a low 

content of detrital components probability caused by baffling and trapping of clastic material in 

the lake marginal and marsh zones. In a regressive sequence it is common to have evidence of 

subaerial exposure during low lake stands. A typical regressive sequence starts with the 

resedimentation of pellets and intraclastic grainstones and packstones. This surface is then 

covered by micrite, from an open lake setting including gastropods, molluscs and charophyte 

stems, and gyrogonites. At the top layer, one can find pedogenic fabrics in limestones. In the 

sediments some sequences are incomplete and superposed because root tubules cut through 

several sequences.  

 

.

3.1.6 Ramp margins with low -gradient ɀ wave influenced   

This model is based on a low gradient ramp with a strong wave influence (figure 3.5). In this 

environment winnowed grainstone dominates and nearshore bars can develop. The waves control 

the deposits and can create a lagoon, where organic matter can be deposited in an anoxic 

environment. In the deeper parts, stromatolites and thinly bedded laminates can be deposited, 
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probably under the thermocline (Donovan, 1975). Great Salt Lake of Utah is a modern example 

of such an environment where oolitic deposits are found along the shoreline. In the deeper part 

offshore bars and extensive bioherms is formed. (Eardley, 1938; Sandberg, 1975; Dean and 

Fouch, 1983). Shallow water carbonates from the Green River Formation is another example of a 

ramp margin which is wave influenced and therefore has built up barred shorelines and protected 

lagoons (Williamson and Picard, 1974).  

 

 

 

3.2 Geochemistry of lacustrine carbonates  

The ocean has a stable chemical composition. Lakes, however, react faster to changes in the 

drainage area and are therefore highly variable in chemical composition and salinity. Lakes are 

the product of their surroundings with respect to chemical composition, biology activity and 

water level stability. Lakes are divided into two categories based on hydrology, closed or open. 

Closed lakes are lakes with annual inflow and direct precipitation lower than evaporation and 

annual outflow, often with no outlet. This is related to low precipitation and a dry climate, a 

typical example is the Dead Sea. In this type of lake it is common to create minerals like halite 

(NaCl), gypsum (CaSO4-2H2O) and different salts. Open lakes have annual inflow and direct 

precipitation equal to or greater than annual outflow and evaporation, often with an outlet. These 

types of lakes may have a large variation in their chemical content and pH, which is a result of 

erosion of the bedrock composition in the drainage area.  

 

The pH in rain water is slightly acidic because it reacts with the carbon dioxide (CO2) in the air, 

forming carbonic acid which lowers the pH to approximately 5.7 depending on temperature and 
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the amount of CO2 in the air. Carbonic acid is a polyprotic acid, and develops in two stages, as 

bicarbonate and then as carbonate (figure 3.6). In a solution this is called dissolved inorganic 

carbon (DIC) (Cohen, 2003). This acidification of rainwater is a major factor in dissolving 

carbonate rocks. Normally, the pH in lakes is controlled by biological processes rather than the 

equilibrium with CO2 in the atmosphere. The reaction is: 

 

CO2 + H2O ҭ  H2CO3         Eq 2.1 

H2CO3 ҭ  H
+
 + HCO3

-         
Eq 2.2 

HCO3
- ҭ  H

+
 + CO3

2-          
Eq 2.3 

 

 

 

Before the water is stored in the lake it runs through the bedrock of the drainage area, eroding and 

dissolving the rock in its path. This will add ions to the water and give it a chemical composition 

which is carried out to the lake. Groundwater takes a very long time compared to surface water, 

and therefore has a very large potential to dissolve a large amount of rock before it enters a lake. 

A typical feature in carbonate rocks is the formation of karst. It is a process created when acidic 

water dissolves the rock, which may create spectacular features, like caves.  
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The process of dissolving rocks can also go the opposite way and precipitate calcite (Eq. 2.4). 

Groundwater is usually saturated with respect to calcite, with elevated partial pressures of CO2 

(PCO2
). When the groundwater enters the surface it will be exposed to the atmosphere, which can 

have a lower PCO2
 than the groundwater. This will cause CO2 to degas from the groundwater 

(Jacobson and Langmuir, 1970; Langmuir, 1971). Because of the lower CO2 content in the water 

the capability to hold Ca-ions decreases and it becomes supersaturated. CO2 can be removed by 

inorganic (degassing) and organic (photosynthesis) processes (Eq. 2.5), thus inducing carbonate 

precipitation. For the inorganic degassing process: 

 

Ca
2+

 + 2(HCO3
-
)
 ҭ  CaCO3(s)Ź + CO2(g)ŷ+ H2O      Eq 2.4 

 

Two factors control the reaction: heating and turbulence. Elevated temperatures affect the 

solubility of CO2, increasing its fugacity which in turn decreases the level of CO2 in the solution 

(Stumm and Morgan, 1981, pp.204-207; cited in Heimann and Sass, (1989)). This is most 

important in lagoons and shallow waters with high evaporation and with a low degree of 

exchange with other water bodies. To create turbulence in the water, rapids and falls have an 

enormous effect on the turbulence. This will enhance the CO2 degassing  (Lorah and Herman, 

1988). Supersaturation of calcite is not enough to force precipitation. Studies by Lorah and 

Herman (1988) showed that the water was supersaturated up to 9 times, along the Falling Spring 

Creek, which runs for 1120 meters before the crest of the falls.  This forced the water to become 

turbulent and gave a massive drop in Ca
2+ 

and HCO3
- 
which indicates that calcite precipitation 

begins in the vicinity of the waterfalls. This is possible because of the outgassing of CO2 that 

allows the kinetic inhibition on calcite crystallization to be overcome. It is also proven by 

(Nielsen, 1964; Berner, 1980) that in order to precipitate crystals directly from a solution, an 

increase in free energy is needed.  Therefore, a certain critical degree of supersaturation has to be 

achieved in order to pass this nucleation barrier (Heimann and Sass, 1989). 

 

An important CO2 remover is simply photosynthesis (Eq. 2.5). Both micro- and macrophytes use 

CO2 in the process of photosynthesis, by producing carbohydrates (Heimann and Sass, 1989 and 

refrence therin). This is a very effective mechanism to increase precipitation of carbonate. This 

can occur all over the lake, but also in small micro zones around the plants, especially if they 
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grow densely packed in an environment where Charophyta thrives (Królikowska, 1997).  Growth 

season and seasonal variations make it possible to deposit varve or seasonal precipitation rates.  

The chemical reaction can be simplified as this (note that some plants use CO2 rather than HCO3
-

): 

 

Ca
2+

 + 2HCO3
- 
Ą CaCO3(s)Ź + CH2O + O2(g)ŷ      Eq. 2.5 

 

3.2.1 Isotopes  

When measuring two isotopes from the same element it is difficult to measure an absolute 

amount of the less common isotope (such as 
18

O and 
13

C). Therefore it is best to use an amount 

that is quantitative, and is compared with a known external standard. This ŭ-value is defined as: 

 

ɿ ὼρπππ         Eq.2.6 

 

Were Rsample is the sample value and Rstd is the standard value from the reference sample. The ŭ-

value is an expression of the heavy and light isotope relative to a common standard (Rstd) 

presented in per mille (ă). A negative ŭ value indicates enrichment in the light isotopes, relative 

to the standard, and the opposite for a positive ŭ value. The standard for carbonates is VPDB 

(Vienna Pee Dee Belemnite) and for water it is common to use SMOW (standard mean ocean 

water). 
 

 

3.2.2 Strontium isotopes ( 87Sr/ 86Sr) 

The ratio between the two isotopes 
87

Sr and 
86

Sr is an important number that is used in dating and 

strontium isotope stratigraphy (SIS). The only source of 
87

Sr is from radioactive decay of 

rubidium-87 which has a long half-life, 4.92*10
10

 yr, and will therefore have only a small effect 

(Elderfield, 1986). The effect only happens where rubidium can occur, which it canôt in carbonate 

minerals. This is because rubidium has a different size and charge and it does not fit in the 

carbonate lattice. Strontium on the other hand has the same positive charge (
2+

) and similar size 

as Ca, and therefore it can substitute for all carbonate minerals. Both 
87

Sr and 
86

Sr are stable 

isotopes, so they do not change over time and are preserved in the carbonate mineral. Therefore, 
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carbonate minerals incorporate the strontium ratio at the time of creation and keeps the ratio 

stable. Because of this, the ratio can be correlated to a specific time of deposition, see McArthur 

et al. (2001) for a list of ratios correlated to geological time. This is also possible because sea 

water has a relatively short mixing time compared to the residence time for the isotope, which 

makes for a homogenous ratio both between the stable isotope and their pervasiveness in the 

ocean.  

 

All of this makes strontium a good tool to use in dating fossils and carbonate rocks, because the 

87
Sr/

86
Sr ratio in carbonates is the same as the ambient seawater. When working with freshwater 

carbonates there are some differences. Lake water only gets an input of strontium by erosion of 

the bedrock composition in the drainage area. Therefore the ratio can vary from very low to very 

high values. If the drainage pattern changes during deposition of sediments in the lake, this will 

also change the ratio according to the new bed rock composition. Rhodes et al. (2002) used this 

for the Eocene Green River Formation, Wyoming, to determine if  the lake had two sources of 

drainage. The drainage that normally was filling the lake had a specific strontium ratio, which is 

the product of the bedrock composition. Sometimes a nearby river which usually had a different 

path and did not enter the lake, would shift direction during a flooding event and go into the lake. 

The new direction of the river was over a different type of bedrock, volcanics, which had a lower 

strontium ratio. In this case it was possible to use strontium isotope stratigraphy to determine that 

the flooding happened four times in the Arco Washakie Basin, in the Eocene Green River 

(Rhodes et al., 2002). 

 

3.2.3 Stable isotopes in lacustrine lakes ȟ ɿ18/ ÁÎÄ ɿ13C  

Oxygen isotopes occur in three different stabile isotopes, 
16

O, 
17

O and 
18

O. The rate at which they 

occur is 99,763 %, 0,0375 % and 0,1995 % respectively (Garlick, 1969).  
17

O occurs in such 

small values that it is not being used in oxygen isotope studies. Therefore, the ratio between 
18

O 

and 
16
O is used. ŭ

18
O is a product of different hydrological processes and is an important number 

that relates to evaporation in lakes. It can also tell if the lakes were open or closed. This is 

because when water evaporates the lighter 
16

O is removed first, leaving the heavier 
18

O in the 

lake (Boggs, 1995). This process is called isotopic fractionation and leads to the water vapor 
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being depleted of 
18

O (Merlivat and Jouzel, 1979). In closed lakes the ŭ
18

O value will therefore 

be positive because of high evaporation and the opposite for open lakes.  

 

Carbon occurs in two stabile isotopes, 
12

C and 
13

C, at a rate of 98,89 % and 1,11 % respectively 

(O'Leary, 1988). Carbon can exist either in oxidized form, as an element (graphite or diamond) or 

in reduced form (methane or organic matter). The heavy isotope 
13

C is often more abundant in 

oxidized form, as CO2, HCO3
2-
 and as carbonate minerals. The lighter isotope 

12
C contributes to a 

higher amount of organic material, because it is easier to use the lighter carbon 
12

C (Craig, 1954). 

This is related to a slight difference in the chemical and physical properties of 
12

C and 
13

C. High 

biological activity makes the lake richer in 
13

C. On the other hand, high precipitation of carbonate 

minerals can reduce the DIC (dissolved inorganic carbon) amount of 
13

C in the lake. The lakes 

have two categories that will influence the DIC value in the lake:  

 

1. Photosynthesis preferentially extracts 
12

C from CO2, leading to DIC subsequently 

enriched in 
13

C (Arthur et al., 1983). (i.e. primary production will result in lower ŭ
13

C in 

the organic matter of phytoplankton. The use of CO2 will increase the possibility of 

precipitation of inorganic carbon which then must be the ñleft overò heavier DIC (i.e. 

enriched in 
13

C)). 

2. Larger plants in lake margins, for example reeds, use photosynthesis to lower the ŭ
13

C of 

phytoplankton. This gives a higher value ŭ
13

C of inorganic carbon that precipitates as a 

result of increased primary production. 

 

3.2.4 Element Analysis  

The purpose of element analysis is to measure the amount of trace elements in order to check 

what type of calcite carbonate is dominating, low magnesium calcite (LMC), high magnesium 

calcite (HMC) or aragonite. This is also linked to what kind of carbonate that is stable under 

precipitation. To determine diagenetic indicators, it is also useful to use strontium and 

manganese, which have divergent partition coefficients (i.e. they donôt want to be mixed) (Brand 

and Veizer, 1980). Both of them can exist within the carbonate lattice, and because of the large 

composition difference in marine and meteoric water they can be used as diagentic indicators 

(Kinsman, 1969).  
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4. Methods  

4.1 Introduction  

To understand the Pistarda formation, a variety of different methods were used to gain as much 

information as possible. In this chapter the different methods in geochemistry and microscopy 

will be presented. 

  

4.2 Field work  

Together with my fellow student Kristoffer Nilsen and in cooperation with my supervisors, Rob 

Gawthorpe and Gunnar Sælen, the fieldwork was completed over the course of two separate trips 

of approximately 3 weeks each. The first trip was from 22
th
 April to 9

th
 may 2013 and the second 

trip was from 2
rd

 to 24
th
 October 2013. The equipment used in the field was standard field 

equipment and a laser rangefinder (TruPulse 360 series), GPS and a digital camera. The purpose 

of the fieldwork was to map the Pistarda formation over the Megara basin and create 

lithostratigraphic logs. A geological map over the Megara basin made by Bentham et al. (1991), 

was used to find areas of possible exposure of the Pistarda formation. Samples were brought back 

for analyses for geochemical purposes and to make thin sections. Carbonates in the field were 

classified after the Dunham (1962) classification scheme, modified by (Embry and Klovan, 

1971). 

 

4.3 Laboratory work  

The first laboratory work was performed on the samples brought back from the first trip, with 

samples from localities 1, 4 and 5.2. Samples from localities 1 and 5.2 were selected as a starting 

point in getting a good distribution of geological data from the basin. From each rock, three holes 

were carefully selected and drilled out using a dentist drill. After the second trip, samples from 

the new localities were chosen. The powder from the samples was used for analysis of strontium, 

stabile isotopes and trace elements. Thin sections were made by Irina Dumitru at the University 

of Bergen.  
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4.3.1 Stabile isotope analysis  

62 analyses were carried out on the stabile isotopes ŭ
13
C and ŭ

18
O. Rune Søraas did the analysis 

using the Finnegan Mat 251 mass spectrometer at the GMS-Laboratory at the Bjerknes Centre for 

Climate Research and Department of Earth Science at the University of Bergen. The analysis was 

carried out using approximately 50 ɛg of powder from the samples and using conventional 

methods. Results are reported as per mille (ă) deviation from the Vienna Pee-Dee Belemnite 

(VPDB) standard. The procedure is in accordance with Shackleton and Opdyke (1973). The 

calibration is done after the reference material NBS-19 and NBS-18. An overview of the results 

is displayed in appendix (Table 8.1). 

 

4.3.2 Strontium isotope analysis  

Strontium analysis was conducted on 36 samples. 50-100 ɛg of sample material was analyzed 

with a mass spectrometer at the laboratory of the Department of Earth Science at the University 

of Bergen, by laboratory technician Yuval Ronen. The strontium ratio (
87

Sr/
8
Sr) was measured by 

a Finnegan MAT 262 Mass spectrometer. After the powder was drilled out from the sample it 

was collected in acid washed (nitric acid (HNO3)) Eppendorf tubes. The chemical processes were 

performed in an ultra-clean room with HEPA filter and overpressure. The powder was rinsed 

with deionized water before it was dissolved with 0.75 ml 3.0 M HNO3 in prewashed centrifuge 

tubes. The extract was then used to separate the strontium isotopes from the other elements using 

the specific extraction chromatographic method described by Pin et al. (1994). Then the extract 

was placed in a double filament and analyzed in static mode. The standard deviation (ů) is a 

measurement of analytic precision and the probability of the 
87

Sr/
86

Sr relationship is plotted as 1ů 

and 2ů, 68% and 95% respectively. All of the results were normalized to SRM 987=0.710240 

(former NBS 987). An overview of the results is displayed in the appendix (Table 8.1). 

 

4.3.3 Trace element analysis  

A total of 6 samples were used for trace element analysis and all of them are from locality 5.2. 

The trace element analysis was performed by Siv Dundas at the ICP-laboratory of the Bergen 

Geoanalytical Facility at the University of Bergen. The samples were weighted to approximately 

15 ɛg and stored in acid washed Eppendorf tubes. 100 ɛl of concentrated HNO3 was added to 
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dissolve the carbonate, and then 900 ɛl of H2O was added. The samples were mixed by a 

whirlimixer. When needed, the samples was diluted using 2% w/v of HNO3. Similar methods are 

shown in Jenner et al. (1990) and Eggins et al. (1997). Magnesium (
24

Mg), manganese (
55

Mn), 

iron (
57

Fe), strontium (
88

Sr) and indium (
115

In) was analyzed with a High Resolution Inductively 

Coupled Plasma Mass Spectrometry (HR-ICPMS) using a Thermo Finnigan Element 2. All 

samples were analyzed in medium resolution. Because of the high amount of calcium (Ca) an 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES), Iris Intrepid, Thermo 

Elemental was used instead. The spectral lines that were used were 317.8 nm for Ca and 361.3 

nm for scandium (Sc). A solution of 2 ɛg/ln was added to all samples when using ICP-MS. When 

operating the ICP-AES, the samples were added 1 mg/l Sc. Quantization was done using external 

standard curves.  

 

Ca concentration is given in percent (%), whereas Mg-, Mn-, Fe- and Sr concentration is given in 

milligrams per kilo (mg/kg). Trace element data is presented in table 8.1 in the appendix. The 

internal uncertainty (RSD = ñRelative standard deviationò) in the instrumental measurements are 

calculated from repeated measurements by instrumental analysis of the various isotopes. %RSD 

is indicated by SD /mean *100. The internal uncertainty is presented in table 8.4 in the appendix. 

 

4.4.1 Scanning Electron Microscopy (SEM)  

A SEM was used to photograph four samples of the matrix, two samples from the inner and outer 

edge of the calcification from a plant stem, two gastropods, two samples from a laminated layer, 

and two thin sections (figure 4.1). The samples were covered in gold (Au)/Palladium (Pd) using a 

Polaron SC502 Sputter Coater and the thin sections were covered in carbon using an Agar Turbo 

Carbon Coater. The purpose of covering the samples with these elements is to establish good 

conductivity on the surface of the sample. After the preparation they were studied by a ZEISS 

Supra 55VP scanning electron microscope, with a magnification up to 1.5 million times. An 

energy-dispersive x-ray spectroscopy (EDS) was also connected to the microscope to do an 

element analysis based on the elementôs unique set of peaks on the X-ray spectrum. 
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4.4.2 Optical microscope  

A Nikon Alphaphat 2 YS2 microscope was used to view the thin sections under ordinary light. 

The microscope had three levels of magnification, 4X, 10X and 40X. This was used to check 

mineralogy, texture and diagenetic features. 

 

4.4.3 Cathodoluminescence microscope  (CL) 

Some of the thin sections were also checked using cathodoluminescence microscopy, in order to 

see if diagentic processes had affected the studied samples (e.g. Tucker and Wright (1990). A 

Technosyn LTD8200 instrument with a SPOT3 digital camera and included software was used. 

Operating conditions were approximately 15 kV accelerating voltage, with a 150 ɛA gun current. 

The concept of cathodoluminescence is to send electrons against the thin section and to see what 

kind of light that is emitted from the sample. Luminescence in calcite is mainly controlled by the 

concentration of Mn
2+

 and Fe
2+ 

in the calcite lattice (Meyers, 1974) where Mn
2+ 

behaves as an 

activator and Fe
2+ 

as an inhibitor, see also (Pierson, 1981; Fairchild, 1983). The color and the 

intensity of the luminescence is more related to the ratio between Fe and Mn than the 

concentration of these two elements (Tucker and Wright, 1990). Diagenetic calcite can contain 

large amounts of these elements (McArthur, 1994; Veizer et al., 1999). Reducing environments 

are the only places Mn
2+

 and Fe
2+ 

can exist, because in oxidizing environments the ions will not 

be found as dissolved compounds and canôt go into the calcite lattice. In the upper sedimentary 

layer it is most common to have an oxidizing environment and it continues down to where the 

dissolved O2 is gone. This environment is characterized by no luminescence (James and 

Choquette, 1984).  
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4.4.4 Fluorescence microscope  

Fluorescence is a type of luminescence which is transmitted by materials that emit light when 

exposed to visible or ultraviolet light. The sample was examined using incident-light fluorescence 

with a blue-light excitation filter (400 - 440 nanometers). Modern types of ooids and molluscs are 

naturally brightly fluorescent, due to the abundant presence of organic matter (Ferguson and Ibe, 

1982). Therefore, if there is a signal it indicates that remnants of organic matter are still present in 

and between the calcite crystals. When carbonate minerals are exposed to freshwater diagenesis, 

organic matter is destroyed by oxidation when the recrystallizing of stable low-magnesium 

calcite occurs. This will destroy the natural fluorescence, so fluorescence microscopy can be used 

to check if diagenesis has occurred or not (Dravis and Yurewicz, 1985). 
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5. Fieldwork ɀ The Pistarda  formation  

5.1 Introduction  

The localities visited during the fieldwork are spread out over a large geographic area and the 

outcrop quality and thickness varies very much. Figure 5.1 displays one of the best outcrops, 

located in the middle of the Megara Basin. This locality is used as the main locality regarding 

establishing facies and geochemistry analysis. The facies is divided on the basis of composition, 

biological content, sedimentary structures, texture and color. The main characteristics that divide 

them are fossils, plant stems, microbial encrustations and gastropods which are major biogenic 

components. Further analysis with thin sections and SEM gives a more complete picture of their 

fossil context and types of minerals.  

 

5.2 Localities  

The localities have been divided into 10 main localities, further subdivided when they were 

opposite each other in a gorge. The localities are successively numbered from 1 to 10, starting in 

the northwest with locality 1, following along a southeasterly line (table 4.1). The distance 

between localities 1 and 10 is more than 12 km. The topography of the area is mostly the results 

of the latest uplift in the Megara Basin, which created two drainage systems. The drainage system 

in the northwest contains localities 1-7. The drainage system in the southeast contains localities 

8-10. 

 

The quality of the different localities varies greatly with respect to exposure and accessibility . 

Some of the localities are very thin, around 1 meter, and do not give a complete section through 

the formation. Because of this, locality 5.2 was selected as the main locality, as it gives a good 

and a complete section through the Pistarda formation.  
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Locality  Coordinate 

1 East N38° 04.852' E023° 11.680' 

2 N38° 04.049' E023° 11.292' 

3 N38° 03.947' E023° 11.343' 

4.1 N38° 03.398' E023° 11.958' 

4.2 N38° 03.391' E023° 12.026' 

5.1 N38° 03.194' E023° 12.701' 

5.2 N38° 03.123' E023° 12.834' 

6 N38° 02.904' E023° 12.999' 

7 N38° 02.646' E023° 12.774' 

8 N38° 01.376' E023° 13.491' 

9 N38° 01.675' E023° 15.929' 

10 N38° 00.517' E023° 17.459' 

 

At some of the localities it was possible to see that the Pistarda formation consists of two units, 

the lower unit and the upper unit (figure 5.1(Locality 5.2)). In between these two units there is a 

middle unit which was not possible to work on, as it was inaccessible. The middle unit is covered 

with debris and landslide material from the upper unit and the formation above. The thickness is 

11,3 meters for the upper unit, 7,0 meters for the middle unit and 6,8 meters for the lower unit .  

 

The two units, upper and lower, are only found in localities 4, 5 and 6, with 6 being too steep to 

work on. In other localities no clear difference is found to distinguish between the two units. 
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5.3 Facies 

The facies are based on their components and they are classified after the (Dunham, 1962)  

classification scheme, modified by Embry and Klovan (1971) (figure 5.2). The carbonate 

classification scheme was used to visually describe the outcrop and it gives a good idea of how 

the outcrop appears with the respective bioclasts instead of using grain size. The thin section is 

used as a supplement to the facies and will be included in the descriptions of the facies if they are 

available. The thin sections gave some information of what fossils (e.g. reeds, gastropods and 

ostracode) that are found in the formation, but they consist almost entirely of micrite. The best 

classification to use on the thin section was also Embry and Klovan (1971), because by using for 
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example (Folk, 1959; Folk, 1962) all of the thin sections would be classified as biomicrite since 

some fragments of bioclasts are found to some degree in all of the thin sections.  

 

 

 

An overview of the different facies is presented in table 5.2 

Facies Description  Thickness Boundary Depositional 

process 

Interpretation  

1 
Dark grey to black in 

color 

A few cm up 

to 10 cm 

Above Sharp 

Below: Sharp 

Organic 

material/paleosol 

formed  on land   

Paleosol and 

organic material 

2 

Vertical orientated 

plant stems or sub-

vertical orientated 

Typically 

from 30 cm 

up to 2 meter, 

but can be 

thicker 

Above: Gradational/ 

sharp 

Below: Gradational 

/Sharp 

Buried reeds in 

situ 
Reeds - In situ 

3 
Water escape 

structures  

Around one 

meter, also 

thinner. 

Above: 

Sharp/Erosive 

Below: Sharp 

Mass transport 

sedimentation 

Slump and load 

structures 

4 

Chaotic reeds with 

fining upwards 

structures 

Around one 

meter 

Above: 

Sharp/Erosive 

Below: Sharp 

Mass transport 

sedimentation   

Turbidity -

Reworked reeds 
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5 

Thinly bedded layers 

in a larger strata with 

gastropods 

Around 50 

cm 

Above: 

Gradational/Sharp 

Below: Gradational/ 

sharp 

Deposition of 

whole  gastropods 

under low energy 

orbital velocity 

Reworked 

gastropods 

6 

Thinly bedded layer 

with broken 

gastropods 

Thin layer 

around 1-10 

cm 

Above: Gradational 

Below: Erosive 

Redeposition of  

more broken 

gastropods during 

high energy 

orbital velocity 

Reworked 

gastropods, 

coquina 

7 

Micrite mud with no 

structures with or 

without gastropods. 

Can also be laminated 

Up to a few 

meters 

Above: Sharp 

Below: Sharp 

Microbial induced 

precipitation or 

from increased 

photosynthesis 

during 

phytoplankton 

blooms 

Hemipelagic/Pela

gic micritic 

 

5.3.1 Gastropods 

There are two types of gastropods found in the Pistarda formation. The first manifests with a 

smooth surface and a brownish color. The second is the one that is most abundant in the 

formation, found all over the basin and in all facies. It has grooves and a white color (figure 5.3).  

 

The white gastropods are interpreted to be Melanopsis gorceixi, similar to what Willmann (1985) 

found in the island of Kos, Greece (figure 5.4(B)). It was first described by Tournouër in 1875. 

Willmann (1985) found many different species of Melanopsis gorceixi in the sequence he 

studied. Based on the number of ribs around the gastropods it was possible to distinguish between 

the different Melanopsis gorceixi. The Melanopsis gorceixi has changed a lot over time due to 

adaptation to the environment. The number of ribs per whorl can indicate which type it is. Two 

types of Melanopsis gorceixi are found: The first has 10 ribs per whorl and is therefore a 

Melanopsis gorceixi aegaea; the second has 15 and is therefore a Melanopsis gorceixi proteus 

(figure 5.4(A)).  
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The round and smooth gastropods in figure 5.3 are interpreted to be viviparus viviparus, in the 

family Viviparidae. This is classified based on what Bentham et al. (1991) found in another 

formation in the Megara Basin. It is a river snail which thrives in running water in the middle or 

the lower part of the river, and it is therefore interpreted to be transported into the Pistarda 

formation by rivers. They are only found in locality 1, 2 and 3. Therefore, these localities are 

thought to have had an influx of river water where viviparus viviparus has been transported into 

the lake. 

 

The Melanopsis gorceixi is found everywhere in the lake and in large amounts. Gastropods are 

considered a good indicator of the paleoenvironment, because the diversity of species and they 

strives to specialize and adapt to different environments. What kind of environment the 

Melanopsis gorceixi thrives and reproduces in is unknown, but it is known to be a freshwater 

snail. It was found in calcareous marls with freshwater fauna deposited in Plio-Pleistocene, which 

are environments similar to the Pistarda formation. From the SEM figure it was possible to 
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identify that the gastropods are composed of aragonite. This is interpreted to be a genetic feature 

rather than having a geochemical cause.  

 

 

 

5.3.2 Facies 1: Organic  Matter  

Observations:  

A thin layer of grey or dark grey material is found at some localities in the Pistarda formation 

basin, namely in localities 1, 3, 4.1, 5.2 and 10. The layer has sharp boundaries below and above. 

The layer is relatively thin, around a few cm up to 10 cm, but never larger. The layer is 

homogeneous with no roots or other fragments. In locality 5.2, a thin horizon is found in the 

upper unit with yellowish color, with a thicker unit of micrite below containing gastropods and 

roots.  

 

Interpretation: 

Based on the color and appearance this is interpreted to be organic material. Organic material has 

three principal sources: terrestrial vegetation, marginal macrophytes swamps and phytoplankton 

(Reading, 2009). To create an organic layer in a lake, the lake needs to have anoxic conditions at 

the bottom or the organic material will be decomposed. Since the layer exists only locally and 

with a sharp base, it is not thought to be formed by phytoplankton, which requires the lake to be 

anoxic. The other cause could be an influx into the lake from terrestrial vegetation. During 

flooding, eroded sediments from nearby swamps enters the lake and settles new layers and the 

M. g  

proteus 

M. g 

aegaea 

A B 
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organic material is not decomposed before it is covered by new sediments. In this case it is 

interpreted to have been formed by terrestrial vegetation, which also created the paleosol. The 

paleosol units have a leaching zone beneath them where roots are found in the upper parts. 

  

 

 

 

5.3.3 Facies 2: Reeds ɀ In situ  

Observations: 

This facies is found all over the basin and the following observation is done on outcrops at 

locality 5.2 (figure 5.5(A)). This facies often has a sharp base with a more gradational transition 

zone at the top and is not always laterally extensive. It occurs in most of the upper part of the 

Pistarda formation. The facies is around 70 centimeters thick, but can be much smaller, around 

30-40 centimeters. The consolidation varies greatly and can be rather poor. The color is grayish 

to yellow. The main characteristic of this facies is large plant stems, averaging around 5-7 cm in 

length. The majority of the plant stems are oriented perpendicular to the layer orientation. Most 

of them lie to one side, imbricated, or are vertical. The matrix between the plant stems ranges in 

A B 
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grain size between mud and very fine sand and comprises of micritic mud. Evidence of 

gastropods is only found in a few places. Figure 5.6(B) is a thin section of this facies where the 

crusts from the reeds are visible, marked with black arrows.  

 

 

A 
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Interpretation: 

The plant stems are interpreteted to be a type of reed (e.g Phragmites australis). Based on their 

arrangement within beds they are thought to be in situ.The patterns are created when dead reeds 

fall over to one side or stand subvertical if they have been densily packed and acts as a 

bafflestone, trapping sediments between the reeds. Based on this, the facies is interepreated as 

being in the shallow parts of a lake. Reeds can manage to grow in shallow water as well as on 

land close to the lake/shoreline. The same type of facies is also found in the Antalya Tufa (Glover 

and Robertson, 2003). 

 

The reeds are completely coated with CaCO3. This calcification is due to water supersaturated 

with calcium ions, Ca
2+

. During photosynthesis the plants use CO2 which accelerates the reaction, 

and calcium carbonate is preciptated out of the water. Not only does the water need to be 

supersaturated, but the minerals need something to precipate onto. The reeds provide a nucelation 

B 
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surface. This only happens to the part of the reed that is submerged in water. That is why some of 

the outcrops have different lenghts of reed stems. It could also be that some deposits consits of a 

different type of reeds or they are not fully grown. The thickness of the calcium crust gives an 

indication of how long the reed was exposed to the water. The thin section figure 5.6(B) has a 

high content of crusts (>10 %) and is therefore classified as a wackstone.  

 

Gastropods are only found in a few places in this facies, indicating that the gastropods do not 

thrive and reproduce in the same area as this type of reed does. Figure 5.7 is taken of reeds that 

grow in a submerged area by a small river in Psatha, not far from the Megara Basin. The area is 

relativly flat, and is perhaps only a few meters above sea level. Note the trees growing behind the 

reeds, indicating a lower watertable.  

 

 

W E 
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5.3.4 Facies 3: Reworked Reeds by mass transport with soft sediment deformation  

Observations: 

At locality 5.2 in the lower unit there is different type of layer. This layer contains micritic mud 

with a core of reeds with chaotic texture (figure 5.8). The micritic mud seems to be a local 

feature. It has a sharp boundary both below and above the micritic mud. The layer is protruding 

out of the rest of the outcrop and is not laterally extensive. This means that it is thicker towards 

the outside of the outcrop, and its thickness decreases inward until the layer terminates. Where it 

terminates it has something that looks like a turning point where the layer is turning around, as 

seen in figure 5.8. Outside the view of figure 5.8 the layer continues around a corner, as seen in 

figure 5.9. The top is the reed layer with an undulating surface. The bottom is micritic mud.  

 

 

 

Reworked reeds 

Micritic mud 

 

Micritic mud 
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Interpretation: 

The reed layer with the micritic layers are interpreted to be caused by mass transport (slumping). 

Slumps are deposited by down-slope movements of under-consolidated sediments, activated by  

gravitational forces working on a coherent mass (Mills, 1983). The movement is characterized by 

sliding along a concave-upward or planar surface. Typical slumps occur when a detached 

landmass moves along a planar surface. The turning point is formed by a rotational point due to a 

concave-upward slip surface with rotation about an axis parallel to the slope. The layer has no 

internal deformation and the reed stems are deposited in a chaotic pattern. The processes that can 

trigger slumping are overburdening by under-consolidated sediments in an oversteepened slope. 

Oversteepening can be due to a top depositional or tectonic response. Often a trigger is necessary 

to start the process of liquefaction. A typical trigger can be earthquake shocks, wetting, storms 

and other similar processes (Morgenstern, 1967 in (Mills, 1983)). The inclinations do not need to 

be high to be identified by slope deposits, as they have been recorded down to 1° (Shepard, 

1955). Boggs (1995 p. 32) defined slumps as òShear failure among discrete shear planes with 

little internal deformation or rotation.ò  

 

Figure 5.9 is interpreted to be the base of the slumps which shows signs of soft sedimentation 

deformation of the undulating surface. This is where the reed layer has sunk into the micritic 

layer due to the lower density of the latter. Different mechanisms can create soft-sediment 
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structures, such as (1) liquefaction or fluidization; (2) reverse density gradation; (3) slope failure 

or slumping and (4) shear stress (Blatt et al., 1980). This is thought to be a result of the slumping 

which also created the soft deformation.  

 

5.3.5 Facies 4: Reworked Reeds Turbidity  

Observations: 

This facies is found in locality 4.1 in the upper unit (figure 5.10). It is around 1 meter thick and 

consists of reed stems and gastropods, observed in thin section (figure 5.11). The base is erosive 

and the top is sharp. Inside the layer it is possible to distinguish two packages that occur twice. 

The first starts at the base and is around 15 cm thick and contains chaotic reeds. It gradually 

grades into a more laminated texture containing fewer reeds. It appears to have a fining upward 

trend for these two packages, TA and TB. Above this the same happens again and the next 

package is almost the same size as the first. The layer has an indication of redeposition because 

of the chaotic pattern. 
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Interpretation: 

The sediments are interpreted to be deposited by mass-transportation (turbidities), which is 

indicated by the erosive base. The massive and graded layer correlates with layer A; whereas the 

planar laminated layer can be correlated with layer B in relation to the well-established Bouma 

sequence (Bouma et al., 1962). The source of these sediments is from slumping in the marginal 

zone and then develops into turbidity current. As mentioned, a shock is often needed to start the 

events that trigger the overburdening of sediments. See Lowe (1982) and Kneller and Buckee 

(2000) for reviews of turbidity currents. The thin section is interpreted to be a wackestone with 

crusts from reeds and reeds stems visible in a micritic mud (figure 5.11).  

 

 

5.3.6 Facies 5: Wave reworked gastropods  

Observations:  

These observations are made only in locality 10 (figure 5.12). The layer is composed of micritic 

mud and whole gastropods (figure 5.13). The boundary is sharp both above and below. The layer 

is laterally extensive, where the gastropods follow a planer line. Apparently, gastropods are 

deposited together as separate layers, with thin layer of mud lens.  

Reed stem 

Crust from reeds 
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Interpretation: 

This is interpreted to be reworked gastropods because they are densely packed, showing evidence 

of reworking. This is interpreted to be wave action with low to medium energy above the wave 

base. The mud lens is interpreted to be formed during calmer water by hemipelagic/pelagic mud 

settling out from the water column.  

Densely packed 

Mud lens 



Chapter 5  Fieldwork ï The Pistarda formation 

43 

 

 

5.3.7 Facies 6: Storm r eworked gastropods - Coquina 

Observations:  

This facies is found in localities 9 and 5.2. The facies is composed of a thin blanket of gastropods 

that can have more broken material than facies 5 (figure 5.14). The layer is no more than a few 

centimeters thick, but is laterally persistent. Such layers can often be found as layers within 

massive micritic layers. The coquina in location 5.2 has a clear erosive boundary, which is not as 

clear in locality 9. 

Gastropods fragments 
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Interpretation:  

This bed is interpreted as coquina, a thin shell bed layer defined as ñclastic or detrital limestone 

that contains a high proportion of coarse shell debris cemented by calcium carbonateò (Allaby 

and Allaby, 2008). This is interpreted to be a medium to high energy environment, above the 

storm wave base. The wave erodes the lake bottom and settles the gastropods together in a thin 

layer on the scour surface. Similar beds are found in Lake Tanganyika (Cohen and Thouin, 

1987). This kind of bed was found at depths of between 15 to 70 m, extending up to 40 km long 

and 4 km wide. The layers occur on flat or gently dipping platforms. Cohen and Thouin (1987) 

suggest that the layer is formed by a combination of mud-winnowing due to changes in lake 

level, or current activity with subsequent biological reworking. Coquina is often found in 

shallow-marine water throughout the Phanerozoic and is interpreted to be a product from episodic 

storms. Storms rework sediments that are rich in fossils. This normally happens below 

fairweather wave base (Eyles and Lagoe, 1989 and referenc therin). A fall in sea/lake level can 

also give rise to in situ bottom-dwelling communities (Müller and Milliman, 1973; Kidwell, 

1986). The degradation of organic matter in their shells can produce gas in their coil, which also 

has another effect. De Deckker (1988) found that when they float they can accumulate in huge 

numbers upon the lake shores and form beds that are similar to coquina. Since they are found in 














































































































































