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Abstract

The Pistarda formation in the Megddasin 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 depositionalocessesand environment®f the Pistarda formatioriren
localities were fand and nine of them were logged. The focus was on the vertical and lateral
facies variations and trying to explain how itieted and how it terminated.

The Pistarda formation is a hafaben with a dip towards the northeast. The localities were
found higher up the dislope. Seven facies werentified 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 difeevess found between the

units, the lower usually consisted of reworked material, while the upper hadmsiixefacies.

The same interpretation is made whe¥O,I®Cinki ng
and®’srf°sr ratio confirms that thiermation 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 litke 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 formatisnnterpreted tde linked with shifts in the climate

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

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:

|.  Field-based facies analysis of the Pistarda formaétind the immediatgl adjacent

stratigraphic units.
. Geochemical¥((Srf°sr, i*%0 andi™*C) analysiof samples from the formation.

lll.  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 depositionalbcesses operating during development ofltistarda

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 11). 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 accessdikldTwerk was

divided into two parts, the first from 22pril to 9" May 2013 and the second frorff Dctober

to 24" October 2013.
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Figure 1.1 — (A) Location of the study area within the Mediterranean Sea. Map (B) shows with a red marker where the
localities are found in the basin. The maps are modified from Google Earth.

1.3 Previous studies

Bentham et al. (1994id 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 wglplored by several studies
(McKenzie, 1970Jackson and McKenzie, 198Bell et al., 2008Leeder and Mack, 2009For
carbonate deposits in rift basins in a lake environment, Lake Tanganyika in Africa is a good
analogugCohen and Thouin, 198Cohen et al., 1993

1.4 Outline

Followed by the introduction, chapter 2 presents a geological background of the Megara basin,
focusing on regional geologynd tectonic setting and the stratigraphy of the Megara Basin. In
chapter 3 dacies model for lacustrine carbonates and a geochemical background for carbonate
rocks in lacustrine settings will be present€thapter4 presents a description of the different
methodsboth for fieldwork and instruments used in this stu@lyapter 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 afotsy 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 fortiwa 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 Athens between Athens and the Corinth channel in the Attica
region(figure 2.1) The Megara basin istgated in the eastern part of the extension of the Gulf
of Corinth, betweenhe Gulf d Alkyonides and the Saronic Gulf. The basin is separateithdoy
Geraniamountain rangen the southwestand the Pateras mountain range in the north&ast.
basin follons a WNWESE structure and is a faultbounded halgraben with PliePleistocene
sedimentd kmthick (Theodoropoulos, 1968entham et al., 1991
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Figure 2.1 - The map shows the tectonic development in the Gulf of Corinth where the Megara Basin is a landward
extension of the gulf, marked in yellow. Modified from Bell et al. (2009)

Severalstudies in the area suggest thia¢ rifting started withthe formation of the Gulf of
Corinth, which hasindergonea vastextension sincéhe Miocene, with a maximum o050 mm

per yearin the last 5 Ma, and the rifting is still actiydackson et al., 1982ackson and
McKenzie, 1988 This makes it an important natural laboratory to study the effects of rapid
extension upon sedimentary and geomorphological processes.

The Megara basid fooundary to the northwestis a major active normal faultthe South

Alkyonides fault, and liesit the footwall of this structure. This normal fault is mostly offshore
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andunderwent motion during the 1981 earthquake sequ@ac&son et al., 1982This 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 Bla@McKenzie, 1970 Jackson and McKenzie,

1984 Jackson andficKenzie, 1988 Tectonic models of global seafloor spreading, fault systems
and earthquake slip vectors show that the Arabian plate is movingnusthiwest relative to
Eurasia at a rate of 13 mml/yr, averaged over about 3 MireMets et al., 199QJolivet 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/ynifat 30°N, 31°E). Africa and Arabia have a
differential motion between them, calculated to bel®mm/yr. They mainly have a |dtteral

motion along the Dead Sea transform fault which resulted in a continental collision along the
Bitlis-Zagros fold ad thrust belt{McClusky et al., 2000 This forced the African plate to be
subducted alonghe 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 Eurasi@Md&risky

et al., 200D. 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 littodpdtend the
Hellenic arc(Jolivet, 200). This creates a thinning of the lithosphere in the Aegean-drack
region(Papazachos and Comninakis, 19Dbutsos et al., 1988Since the African plate and the
Eurasian plate are moving in opposite di@t this creates a divergent boundary, responsible
for the ormation of the Gulf of Corinth. The tension from the North Anatolian fault propagation
westward als@reatesa rotation of crustal blocks ithhe Hellenic thrust belfDewey and Sengor,

1979 Armijo et al., 1999.
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Figure 2.2 - (a) basic map illustrating the land masses and their relative movement. The larger map shows the main
structural features, summerizing the geodynamical framework. NAF = North Anatonian fault, EAF = East Anatolian
Fault, DSF = Dead Sea Fault, HT = Hellenic Trench, P = Pelopponnese, C = Crete, KF = Kefallonia Fault. Motion
vector from Kahle et al. (1998). Modified from Doutsos and Kokkalas (2001).

The Megara basin is a landwaegtenson of the Gulf of Corinth.The Corinth Rift in central

Greece is one of the wadnmra ndw gate inausdary tiatigpidly e
evolving (Ford et al., 201R The rift stretches from the lonian Sieathe westto Athensin the
east, and follows aB-W to NW-SE direction The rifting started onshore in Early Pliocearad
subsequentlynoved northand offshore. As a resulthe rift created the Gulf of Corinth with
uplifting and incised &sins. This praidesa natural laboratgron ongoing evergin early rifting
and normal faulting. The gulias anumberof normal faults on both its edgekhe extension is

still active talay and started in PliocerfPoutsos and Kokkalas, 2001With a 1.5 cm/y NS

r

f

1
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extension it is the most sanically active zone in Europe. This activity is monitoneging
instantaneous GPS ddfriole et al., 200D The uplift has beemeasured to be 1 mm/y in the
southern margim 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 hastedsiathe Serravalan/Tortonian
boundary in late Miocenék e n gl984 ,Meulenkamp, 1985 A sequence of voleac rocks

from the Corinth basin lie over the basin fill and deted to be approximately634.0 Ma. For

the MegaraBasinthere is no data, but an ag®and PliePleistocene is proposed for the basin.
Recently an ash layer was found in one of the upper formations in the basin. Based on the
“°Ar/**Ar method the ash layer which is calléwk Pagae Ash Member is dated to 2.82+0.06 Ma.
The layer occurs in thispmostpart of theLouba Formation of the Alepochori Gro(ipeeder et

al., 2008.

Bentham et al. (1991proposed a newthostratigraphic scheme for the sedimentary fill of the
Megara BasinThe Paliochori group contains two formatieriee Mylou Vrachia (c200 neter3

and PigaddDourakis formation (c. 50 meterg. The Mylou Vrachiafm. forms an outcrop with
angular breccias and conglomeratesrlainby sandstone of the Pigaddi Dourakis fm. The Ayio
loannou group contains the Rema Mazi formation3@6 neterg with marls, marly distones
and marly sandstones which pass up transitionally tf@®igaddi formation below. Abovéne
Rema Mai formation the Kremida formation (50eterg starts with sandstones, pebbly
sandstones and fine conglomerates with minor marls and silty mhigsfoFmation is coarsing
upwards and clinoformare well preservedithin the unit. The Tombse Koukies group consists
of the Toumpaniari (3A50meter$, the Pistarda (25 meterd and the HarbouRridges formations
(75150 neterg. The Toumpaniari formatio consistof pebbly sandstones and conglomerates
with one marine horizon in the lower part. The Pistarda formation overlies the Toumpaniari
formation andaccording tdentham et al. (1991it consists of travertine limestone that can be
foundover a large area of thmsin.They suggest thiormation has been formed by an unknown
combination of climatic, tectonic or groundwater effectie Harbour ridges formation is made
up of pebbly sandstones, sandstones, calcarsandstones, marls and lignitésn abundant
marine fauna can be found the marl sequence. Thdepochori groupconsists of thd.ouba
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formation (901 320 meters) which is a series of red/brown pebbly sandstones and subordinate
sandy mudrocks. Inside the Louba formation Alyga Sofia formation(0-40 meters) is a special

sequence with white breccias. Figure 2.3 shows a stratigraphic cobwenthe sediments in
Megara basin

GEMERAL KEY TO GRAPHIC LOGS
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Figure 2.3 - Lithostratigraphy of the Megara basin. Modified from Bentham et al. (1991).



X
— _ .m“_.u_u _U.u.._ ST LLALOLE S0E 5351
(@] e

0008€

S008€

(GG 1) 219 e uag oy pagipopy
S0 AU PUE AU o] d e A peeeL st ue e | epast | S | cuseg wddapy ap e depy — g amSrg

02082 STo€2 01o€2

INOJUOY ------
wy 1ZBy BwWey
31v0s$ Fiihsios ) E
———rrrrrrerm ajouap saul| uaxoig wy epwesy FEE
rCV_ N b O apIs Mmosylumop —.-.Wﬁ'k

SO1EIIPUI WIBRWSESO0JD ‘Jney ~W— dNOYO NONNVOI OIAY

wy pejuedwno) E
wy epieisid m

lllll wy sabpiy Jnoqiey
||||| (snoedejei)) euoisews . D

P110§ ‘Aiepunoq |e2180j00D — —

PLIOCENE

14110 ‘hsepunoq |e2160j08H -

dNOHO S3IINNON SIENO0L

w
||||| 1eys g eyung
e e el / ik
T Bt INIW3SYE o~

3 s oS | wj eyos BIAY
z Mh Wy BIYORIA NOIAW E m dNOYO IHOHD0d3I TV
Ow
m g _ wy spjeanoq 1ppebid D SpuBS ‘SB|206.q ‘S8|8ABID E
&= : 4N0HD 1HOHDOITYd IN3D018131d

31v1 / 3N32070H

1D37YD TVIIND)|
‘NISYE VIVDIW

=30

SL1W Svd3Llvd

02082 STo€2 0T0€2

0008€

S008E



Chapter 2 Geological framework

2.4 Basin structure

The Pistardaformation isrestricted by the main faults to the southwestere theGerania
Mountains begirandto thenortheastvherethe Pateras Mountains lie. Overall, the basin s
NNE or NE dip between-60°, commoty around 1520° (Bentham et al., 1991 This causes
progressivelyounger stratdao be exposeth the northeasffigure 24). In the westfaults with
higher dps give the basin a homoclinal form. The bdssmany faults cutting through the strata
with low throwsof only a few decimeterto severalmeters andit is suggestedo be created by
small adjustmemstin the Megara Esin when it was activ€Bentham et al., 1991 In the

intrabasinal structuréwo primary trendf faultsare seeiffigure 2.5).

A

—_ N —
I ALKYONIDES GULF

-~

Figure 2.5 — The map shows the distribution of faults in the northeastern part of the Megara Basin. The yellow faults are
the first trend following NW-SE and the green faults are the second trend that follows a NE-SW to ENE-WSW
direction. Modified after (Bentham et al., 1991).
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The first is NWSE (yellow) striking faults that go parallel to the basin margin faultisme of

them must have controlled the thickness of the sediments during deposition anddaodsries

when the basin develedin NeogeneThe seond group of faults (green) includes the Ayia Sofia

and the active Psati&kinos fault which has a NEW to ENEWSW trend. Ayia Sofa and
PsathaSkinos have a major influence on the later stages of the basin and its abandonment/uplift
phase. An importantatilt 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 haveneestrai

the thickness of the Pistarda and Harbour Ridges formati@erstham et al., 1991Figure 26
illustrates a cross section of the basin, showing the uplift and back throws of the basin and the

active Alkyonides fault.

NW ACTIVE ALKYONIDES BASIN UPLIFTING INACTIVE MEGARA BASIN saronic GuLr  OFE
HANGINGWALL RAMP FOOTWALL EROSION BACK-TILTED & ERODED PEDIPLAIN
SUBSIDING COASTLINE  UPLIFTING COASTUNE ~ Pagae ash (2.8 Ma) SUBSIDING COASTLINE
elevation +360 M —e Megara calcrete (0.77 Ma)
4 0000
Upper Pleistocene k backtilt .
sediment infill . = =c i5°

(A] [B]

i‘/\/\/\/\/s&u aval

——— e ¢. 1 km thick Pliocene infill
\ .......... \ to Megara basin
md : 'n.... \
hangingwall ramp = 3.9° 225/ Active South Inactive
Alkyonides Pateras
faults: fault

max. throw
=2 Kkm

Figure 2.6 - This figure illustrates a cross section of the stratigraphy of the basin NW-SE and the active Alkyonides fault
and the inactive Pateras fault. This is only for illustration purposes. Modified from Leeder et al. (2008)
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Chapter 3 Lacustrine carbonates

3 Lacustrine carbonates

3.1 Introduction - Facies models

Many studies have beenrfmmed on lacustrine carbonates, for examy@erecchia (200yand
GierlowskiKordesch (201D For facies models of lastrine carbonates the literature becomes
scarce the most recenfacies modelsare dated 20 yearback (Tucker and Wright, 199CPlatt

and Wright, 1991 They present a simple classification model of lacustrine carbonates. The
modelcategorize lakesin two main facies groups: lake margin (littoral) and lake bassagiq.

Lakes can be further categorized based on the geometrytitedls the development of the lake
basin and the lake margin facies. These two types of lakes are eitharédggnt bench type
margins or lakes with lowgradient, ramp type margins. The first shows extensive development of
lake basin facies while rantgpes are more dominated by marginal lacustrine facies. The two
types can be further dived into levand high energy systems which create their own unique
environments. High energy systems create cross bedding and coated grains, and low energy
systems hava 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 environmertsd showing a upwards seqee from lake basin to

lake margin The different types will be presented in the following subchapters.
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Figure 3.1 - Facies models of lacustrine carbonates showing typical shallowing upwards, progradational sequence, (i) low-
energy bench margin; (ii) high-energy bench margin; (iii) low-energy ramp margin; (iv) high-energy ramp margin. T
stands for thermocline; WB stands for wave base. Figure from Platt and Wright (1991)
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Chapter 3 Lacustrine carbonates

3.1.1 Lake Margin - littoral

The production of carbonates mostigcurs in watersshallower thanl0 m where the bio
induced carbonate precipitation is at thghest (Thompson et al., 1997In shallow water,
inorganic carbonate precipitation can atsocaused by warmingvave agitation or mixing of
Carich river inflow with alakethatis already rich in carbonate. $hallow lake mudstondacies
dominatesand is commonly colonized by rootedgaatic plams. Reeds and charophyte algae
preferlow-energy subsaite and charophyte can growtepl5-20 mabove lake levelCohen and
Thouin, 1987. High biologic productiorby photosynthesis increas€0, uptake andmaylead to

carbonate encrusting reeds and charophyte stems.

3.1.2 Lake Basin - pelagic

A lake basin can have a high carbonptecipitation rate bimduced by phytoplankton and
resedimentatiofrom the lake margin zonéutwill normally lack evidence ofin situ vegetation

The contet of siliciclastic is commonly higheturing stable conditions and leads to development
of anoxic water. @anicrich facies may be depositedthe deeper partSince theleepest past

have no bioturbatignbasind laminates carbe deweloped with alternating organitcch and
carbonateich laminae.The lake floor gradient and local wave energy have a strong influence on

which type of carbonate sediment that forms in a nearshore g&ttatgand Wright, 1991

3.1.3 Bench margins with a steep gradient zlow energy

Bench margins with a steep gradiemd 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
produgng 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 éhdefadsit with no
evidence of a deepwater bagitiatt, 1989. The ramp featre gives rise to gravity flow down the

gradient and thin turbidity flow.
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Figure 3.2 - Low energy, bench-type lake margin: modern example from Lake Littlefield, Michigan, USA. Figure from
Plact and Wright (1991 and reference therin).

3.1.4 Bench margins with steep gradient z 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 settingsg(ire 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.
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Figure 3.3 - High energy, bench-type margin; This example is from an idealized sequence from the Pliocene Shoofly
Oolite, Glenns Ferry Formation, Snake River Plain, USA. Figure from Platt and Wright (1991 and reference therin).

3.1.5 Ramp margin s with low gradient z low energy
Low gradient rampsettings in lakes are commonly shallow and ek accumulatiorf facies
in the stratigraphysee figure3.4). Ramp margin with low gradients are vulnerable to lake level

shiftsand a smallwaterlevel reduction will expose a large area. The shallow water limestone is
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Chapter 3 Lacustrine carbonates

rich in charophytesincluding the calcified stemsf algae.In the shallow water there is a low
contentof detrital componentgprobability caused by baffling and trapping of clastic maten

the lake marginal and marsh zonksa regressive sequence it is common to have evidence of
subaerial exposur@uring low lake stands. A typical regressive sequence starts with the
resedimentation of pellets and intraclastic grainstones and pae&stdhis 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 incompletesapdrposed because root tubules cut through
several sequences.
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Figure 3.4 — The different facies in ramp margins with low gradient and low energy. Figure from Platc and Wright
(1991).

3.1.6 Ramp margins with low -gradient z wave influenced

This model is basd on a low gradient ramp with a strong wave influence (figure :153his
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 beddedal@s can be deposited,
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Lacustrine carbonates

probably under the thermoclif®onovan, 197p Great Salt Lake of Utah is a modern example

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

offshore bars and extensive bioherms is form&drdley, 1938 Sandberg, 1975Dean and

Fouch, 198R 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 shorelin@stacted

lagoong(Williamson and Picard, 1974
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Figure 3.5 - The different facies in ramp margins with high energy. Figure from Platt and Wright (1991).

3.2 Geochemistry of lacustrine carbonates

The ocean has aadfle 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 surroundingsith respect tochemical composition, biology acttyi and

water levelstablity. Lakes are divided into two categories based on hydrology, closegen.
Closed lake are lakes with annual inflow and direct precipitation lower than evaporation and
annual outflow, often witmo outlet. This is relatetb low precipitation and a dry climata
typical example is the Dead Sda.this type of lake it is common to create minerals like halite
(NaCl), gypsum (CaS£2H,0) and different saltsOpenlakes have annual inflow and direct
precipitation equal to or gresx than annual outflow and evaporation, often with an outlet. These
types of lakes may hawe largevariationin their chemicalkontent and pHwhich is aresult of

erosionof the bedrock composition in the drainagea.

The pH in rain water is slightlacidc because it reacts with the carbon dioxide 00 the air

forming carbonic acid which lowers the pH approximatelys.7 depending on temperature and
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Chapter 3 Lacustrine carbonates

the amount of CQin the air. Carbonic acid is a polyprotic acid, aleVelops in twestagesas
bicarbonate and theas carbonate(figure 3.6) In a solution this isalled dissolved inorganic
carbon (DIC)(Cohen, 2008 This acidificationof rainwater is a major factan dissolving
carbonate rocks. Normally, the ghi lakes iscontrolled by biologial processes rather thaine

equilibrium with CQ in the atmospheré&he reaction is:

CO+HOT HCO; Eg2.1
H,COsT H'+ HCOy Eq2.2
HCO;T H'+COZ Eq2.3

100

Fraction (%) of CO»
I (53] o
(=] [=] (=]

]
o

13

Figure 3.6 — The CO; and its derivatives, HCOj5 and CO;3* and the relative proporties in relation to pH. Modified from
(Wetzel, 1983).

Before the water is stored in the lake it runs through the bedrock of the drainageateg.and
dissolving the rock in its path. This will adehsto the waterlandgive it achemical cenposition
which is carried out to the lak&roundwatetakes a very long time compared to surface water,
and therefordnas a veryargepotential to dissolve lrgeamount of rock before it enters a lake
A typical feature in carbonate rocks is the fotima of karst. It is a process created when acidic

water dissolves the rock, which may create spectacular features, like caves.
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Chapter 3 Lacustrine carbonates

The process of dissolving rocks can also go the opposite way and predpltate(Eq. 2.4).
Groundwaterns usually saturad with respect to calcitevith elevated partial pressure$ CO,
(Pco,)- Whenthe groundwater enters the surface it willebg@osed to the atmosphgerehich can

have a lowerPco, than the groundwater. This will cau§¥0, to degas from the groundwater

(Jacobson and Langmuir, 194Gangmuir, 197). Because of the lowé&eO, content in the water
the capability to hold Geons decreases and it becomes supersatli@®@ can be removeby
inorganic (degassing) and organic (photosynthgsisg¢esses (Eq. 2.5), thugludng carbonate

precipitation. Fotheinorganic degassing process:

Ca* +2(HCOy)T CaCQ(s)Z+ COxg)y+ H20 Eq 2.4

Two factors control the reaction: heating and turbulence. Elevated temperaffext the
solubility of CQ, increasing its fugacitywhichin turn decreass the level of C@in the solution
(Stumm and Morgan, 1981, pp.2@87; cited in Heimann and Sas4d989). This is most
important in lagoos and shallow watear with high evaporation andith a low degreeof
exchange with other water bodies. To create turbulence in the water, rapids ahdviebs
enormouseffect on the turbulencerhis will enhace the C@degassing(Lorah and Herman,
1988. Supersaturation of calcite is not enough to force precipitatbtudies byLorah and
Herman (198Bshowed thathe water was supersaturdigp to 9 timesalong te Falling Spring
Creek which runs for 1120 meters before the crest of the fallhis orced the water to become
turbulentand gavea massive drop in Gaand HCQ which indicateshat calcite precipitation
begins in the vicinity of the waterfalls. Ehis postble because of the outgassing @D, that
allows the kinetic inhibition on calcite crystallization to be overcothas also proven by
(Nielsen, 1964 Berner, 198D thatin order to precipitate crystals directly from a solution, an
increase in free energy is needdderefore a certain critical degree of supersaturatias to be
achievel in order to pass this nucleation bar(ideimann and Sass, 1989

An important CQremover is simply photosynthegisq. 2.5) Both micre and macrophytes use
CO,in the process gbhotosynthesisby producing carbohydrat€bleimann and Sass, 1989 and
refrence therip This is a very effective mechanism to increase precipitation rbboate. This

can occur all over the lake, but also in small micro zones around the, gsp¢gially if they
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grow densely packed in an environment where Charophyta ti{vékkowska, 1997. Growth
season and seasonal variatiomske it possible to deposit varve seasonal precipitation rates.
The chemical reaction can kenplified as thignote that some plants use g@ther tharHCO;

):

Cd* + 2HCQO; A CaCQ(s)Z+ CHO + Ox(q)y Eq. 2.5

3.2.1 Isotopes
When measurindgwo isotopesfrom the same elemerit is difficult to measure a absolute
amountof the less common isotogfsuch as®0 and**C). Therefore i is best tausean amount

that isquantitative andis comparedavith a known external standarfl.h i -&lueis defined as:

1 —— TN Eq.2.6

Were Ramplels the sample value and;Rs the standardalue fromthereference sample. The

value is an exprssion of theheavy and light isotope relative to a common standacgg) (R
presented in permille a Anegat i ve Usenachmeein thefightiisotapeserelative

to the standardand the opposite fora positivei v al ue. The stesasnMPBB d f or
(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 isotogéSr and®®Sr is an important number that is used in dating and
strontium Botope stratigraphy (SIS)the only source of®’Sr is from radioactive decay of
rubidium-87 which has aong halflife, 4.9210" yr, and will therefore have only a small effect
(Elderfield, 1989. The effect only happens where rubi di
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 gasitéve charge?() and similar size

as Ca and therefore it casubstitue for all carbonate mineral8oth 8’Sr and®®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 inqoorate 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 depositidcAeRur

et al. (200} for a list of ratios correlated to geological time. This is also possible because sea
water has a relatively short mig time compared to the residence time for the isotope, which
makes for a homogenous ratio both between the stable isotope angetivesivenesn the

ocean.

All of this makes strontium a good tool to use in dating fessidd carbonate rosk becauséhe
87Srf%sr ratio in carbonates is the same as the ambient seaWdten working with freshwater
carbonates there are some differences. Lake water only gets an input of strontium by erosion of
the bedrock compositioim the drainage ared herefore theatio can varyirom very low to very

high values. If the drainage pattern changes during depositisedimentsn the lake this will

also change the ratio according to the new bed rock compodtimues et al. (20Q2ised this

for the Eocene Green River Formation, Wyomingd&ermineif the lake had two sourced
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 lakeould 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 stratigratgriaide 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 h 184 A T13C

Oxygen isotopes occur in three different stabile isota}3€s’0 and*®0. Therate at which they
occur is99,763 %, 0,035 % and 0,1995 % respective{@arlick, 1969. ‘O occurs in such
small valus thatit is not beingused in oxygen isotope studiesi€fefore the ratio betwee’O
and®0 i s ‘fosiseadprodudt of different hydrological procesand isan important number

that relates to evaporation in lakes. It can also tell if the Ialese open or closedThis is
because when water evaporates the lig@ris removed first, ledang the heavief®O in the

lake (Boggs, 199% This process is called isotopic fractionation and leads to the water vapor
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being depleted of?0 (Merlivat and Jouzel, 1979In closed lakes th&*?0 value will therefore

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

Carbon occurs in two stabile isot@p&C and™*C, at a rateof 98,89 % and 1,11 ¥espectively
(O'Leary, 1988 Carbon can exist either in oxidized form, as an element (graphitemond) or
in reduced form (methane or organic matter). The hesstppe’C is often more abundant in
oxidized form as CQ, HCO;* and as carbonate mineral$e lighter isotopé?C contributes to a
higher amount of organic material, because éaisier to use the lighter carb€ (Craig, 1953.
This is related to a slight difference in the chemical and physical properti&s afid*C. High
biological activity makes the lakécher in**C. On the othehand, highprecipitation of carbonate
minerals can reduce the DIC (dissolved inorganic carbon) amodf€dh the lake. The lakes

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

1. Photosynthesispreferentially extracts *°C from CQ, leading to DIC subsequently
enriched in*®C (Arthuretal., 1988 (i . e. primary protfQicti on \

the organic matter of phytoplankton. The use of,@@l increase the possibility of

precipitation of i norganic carbon which t}
enriched in*C)).
2. Largerpants in | ake margins, for exampdoge reed.

phytopl ankton. T h i 1% ofgniorgamis carhon that gracipitatesvaa & u e U

result of increased primary production.

3.2.4 Element Analysis

The purpose of elememinalysis 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, whi ch have divergent parti(Bandn coe
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, 196%
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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 supesyiRob
Gawthorpe and Gunnar Seeleme fieldwork was compted over the course of two separate trips
of approximately 3 weeks each. &First trip was from 22 April to 9" may 2013 and the second
trip was from & to 24" October 2013. The equipmensed in the field was standafield
equipment ana laser rangefinder (TruPulse 360 series), GPSaaligital camera. The purpose
of the fieldwork was to map the Pistarda formation over the Megamsinband create
lithostratigraphidogs. A geological map over the Megara basin mad@8égtham et al. (1991
was usedo find areas of possible exposure of the Pistarda formaBamples were brought back
for analysedor geochenical purposes antb makethin sectios. Carbonates in the field were
classified after the Dunham (1969 classification scheme, modifieby (Embry and Klovan,
1971).

4.3 Laboratory work

The first laboratory work waperformedon the samples brought back from the first,tigth
sampes from localies 1, 4 and5.2 Samples frontocalities1 and5.2 were selected as a stag
point in getting a good distribution of geological dfxtan the basin. From each rock, three holes
were carelllly selected and drilled out usiragydentist drill After the second tripsamples from
the new localities were chosen. The powder from the samples was usedliis ofstrontium,
stabile isotopgandtrace elementslhin sections were made Iigna Dumitru at the University
of Bergen.
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4.3.1 Stabile isotope analysis

62 analyses were carried out tre stabile isotopel’*C  a N°@. Rune Seraas did the analysis
using the Finnegan Mat 251 mass spectrometideabMSLaboratory at the Bjégnes Centre for
Climate Research and Department of Earth Science at the UtyivdrBergen. The analysis was
carried outusing appo X i mat e |lof povedér framgthe sampleand using conventional
methods. Rsults are reported as per lmi(a ) deviation from the Vienna Pdgee Belemnite
(VPDB) standard. The procedure is in accordance Bhlackleton and Opdyke (1973The
calibration is done after the reference material NBSand NBS18. An overview of the resust

is displayed inappendix (Table 8.1)

4.3.2 Strontium isotope analysis

Strontium analysis wasondud¢ed on 36 sample®0-100 ¢ gof sample materialvas analyzed
with a mass spectrometat thelaboratoryof the Department of Earth Science at the University
of Bergen, by laboratory technician Yuval Ronen. $tientium ratio {"SrfSr) was neasured by

a Finnegan MAT 262 Mass spectromet&fter the powder was drilledut from the sample it
wascollected in acid washeggitric acid (HNO3)) Eppendorf tubes. The chemical processes were
performedin an ultraclean room with HEPA filter and overpressure. The powder was rinsed
with deionized water before it was dissolvedhn@75 ml 3.0 MHNO; in prewashedentrifuge
tubes The extract was then used to separatettbatiumisotopesrom the other elements using
the specific extraction chromatographic method describe®ihyet al. (1994 Then he extract
was placed ira dbuble filamentand analyzed in static mod&he standard deviationi() ai s
measurement afnalytic precisiorand he probability othe®’Sr/®Sr relationship is plotteds 1]

and 71, 68% and 95%espectively All of the resuls werenormalized to SRM 987=0.710240
(former NBS 987)An overview of the results is displayedthe appendix (Table 8.1)

4.3.3 Trace element analysis

A total of 6 samplesvere used for trace element analysis and all of them are from locality 5.2.
The trace element analysis was performed by Siv Duati#ise ICP-laboratoryof the Bergen
Geoanalyital Facility at the University of Berge The samples wemgeighted to approximately

15 ¢ gand stored iracid washed Eppendorf tubes. 190of concentrated HN®was added to
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dissolve the carbonatendt h e n  ®OH}O wa$ added The samples were med by a
whirlimixer. When neededhe samples was diluted usi@go w/vof HNOs. Similar mehods are
shown inJenner et al. (199Gnd Eggins et al. (1997 Magnesium {Mg), manganese {Mn),

iron C’Fe), strontium ¥Sr) and indium'°In) was analyzed with Bligh Resolution Inductively
Coupled Pasma Mass Spectrometry (HRPMS) using a Thermo Finnigan Element Al
samples were analyzed in medium resolutidecause of the high amount adlcdum (Ca) an
Inductively Coupled Plasma Atomic Emissiomp&troscopy (ICFAES), Iris Intrepid, Thermo
Elemental was usethstead The pectral lines that were used were 317.8 nmCarand361.3

nm for scandium (ScCcA s ol uti on of 2 eg/ Il n was -MSdWherd t o
operating the ICFAES, the samples were added 1 mg/I@gantization waslone using external

standard curves.

Ca concentration is given in percent (%), wiaaiMg-, Mn-, Fe and Sr concentration is givem
milligrams per kilo (mg/kg). Tace element data is presentedahle 8.1 inthe appendix The
internal uncertainty RSB A Rel ati ve standard devi atiareno)
calculated fronrepeated measuremenig instrumental analysis of the various isotopes. %RSD

is indicated by SD /mean *100. The internal uncertainprésented in table 8in theappendix

4.4.1 Scanning Electron Microscopy (SEM)

A SEM was usetb photograptiour 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,
andtwo thin setions (figure 4.1). The samples were coveregald (Au)/Palladium (Pd) using a
Polaron SC502 Sputter Coater and the thin sectionsaeered incarbon using an Agar Turbo
Carbon Coater. The purposé covering the samples with these elements is tdksitagood
conductivity on the surface of the sample. After the preparation theysueteedby a ZEISS

Supra 55VP scanning electron maiscope,with a magnification up to 1.5 million times. An
energydispersive xay spectroscopy (EDS) was also connedtedhe microscope to do an

element analysis based on the eledamique set of peaks dhe X-ray spectrum.
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Figure 4.1 - ZEISS Supra 55VP scanning electron microscopy. Photo by Irene Heggstad.

4.4.2 Optical microscope
A Nikon Alphaphat 2 YS2 micr@a®pe 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 thirsectionswverealso checked using cathodoluminescence microsaopyrderto

see if diagentic processes hafflected the studied samples.d. Tucker and Wright (1990 A
Technosyn LTD8200 instrument with a SPOT3 digitainera and included software was used.
Operating conditions were approximately 15 ld¢elerating voltage, with&10 € A gun curr
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 controlted by
concentration of Mfi and Fé"in the catite lattice(Meyers, 1978 where Mrf* behaves as an
activator and F& as an inhibitor, see alg@ierson, 1981Fairchild, 1983. The color and the
intensity of the luminescences more relatd to the ratio between Fe and Mn rihthe
concentration of thesevo elementgTucker and Wright, 1990 Diageretic calcite can contain

large anount of these element8vicArthur, 1994 Veizer et al., 1999 Reducing environments

are the only places Mhand Fé" can exist, because in oxidizing environments the ions will not

be found as dissol ved caaloip laticen lth the uppedsedimentadyt g o
layer it is most common to have an oxidizing environment and it continues down to where the
dissolved Q is gone. This environment is characterized by no luminescémmes and
Choquette, 1984
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4.4.4 Fluorescence microscope

Fluorescenceas a type of luminescence which timnsmitted by materialthat emit light when
exposedo visible or ultraviolet light. The sample was examined usinglentlight fluorescene

with ablue-light excitation filter (400 440 nanometersModern types of ooids and molluscare
naturally brightly fluorescent, due the abundant preseaof organic matte(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 crystalghencarbonate minerals are exposed to freshwater diagenesis,
organic matter is destroyed by oxidation whibe recrystallizing of stable lownagnesium
calciteoccurs This will destroy the natural fluoresaa so fluorecence microscopsan be used

to check if diageesis has occurreat not(Dravis and Yurewicz, 1985
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5. Fieldwork z 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. Figuledisplays one of the best outcrops,
located in the middle of the Megara Basin. This locality is useth@ 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 stemmicrobial 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 int® nain bcalities, further subdivided whethey were
opposite each other in a gorge. The localities are successively numbered from 1 to 10, starting in
the northwest withlocality 1, following along a southeasterly line (table 4.The distance
between loalities 1 and 10 is more thd2 km.The topography of the area is mosthg results

of thelatest uplift in the Megaradsin which createdwo drainage systesnThe drainagsystem

in the northwest contains localities71The drainage system in theusbeastcontains localities

8-10.

The quality of the different localities variggeatly with respect to exposure and acdetisy .
Some of the localities are very thin, around 1 meter, and do not give a complete section through
the formation. Because diis, 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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Table 5.1 - Table of localities and their coordinates

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° 03.391E023° 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°A 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(Localit2)}. In between these two unitsete is a
middle unit which wasiot possible to work gnas it wasnaccessibleThe middle uniis covered

with debris and landslidmaterial from the upper unit and the formatayove. The thickness is

11,3 meters fortte 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 foundiistinguishbetween the two units.
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Figure 5.1 — Locality 5.2. The work was done on the right side of the picture. The three units, upper (11,3 meters),

middle (7,0 meters) and lower (6,8 meters) units marked by line and name. Scale in the lower left hand corner. See figure
2.4 for a map of the localities in the Megara Basin.

5.3 Facies

The facies are based on their components and they are classified aftButieam, 196
classification scheme, modified bgmbry and Klovan (1971 (figure 5.2). The carbonate
classification scheme was used tsually describe the outcrop and it gives a good idea of how
the outcrop appears with the respective bioclasts instead of using graimh&zhin section is
used as a supplement to the facies and will be included in the descriptions of the facyearé the
available. The thin sectiorgave some information of what fossie.d. reeds, gastropodsnd
ostracode) that are found in the formation, but they consist almost entirely of niibetdaest
classification to use on the thin section was &story and Klovan (1971 because by using for
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example(Folk, 1959 Folk, 1963 all of the thin sections would be skified ashiomicrite since

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

Original components not organically
bound together during deposition

Boundstones:
original components organically
bound during deposition

/

".

| £

Contains lime mud T ’ > 10 % grains > 2 mm
acks mu A . Organisms
Mud-supported Grain- and is Organisms| Organisms buﬁd -
supported | grain- Matrix- gungr:nci actas encrust rigid 3D
<10% >10%  |with muddy| supported | Supported cgm inarit baffles jandbind | mework
grains grains  |matrix P
Mudstone |Wackestone| Packstone | Grainstone | Floatstone | Rudstone Bafflestone| Bindstone [Framestone

Figure 5.2 - Classification system of carbonate rocks established by (Dunham, 1962) and later modified by (Embry and
Klovan, 1971). This figure is from (Embry and Klovan, 1971).

An overview of the different facies is presented in table 5.2

Table 5.2 — Facies and their respective properties.

Facies De<ription Thickness Boundary Depositional Interpretation
process
. Organic
Dark grey to black in A few cmup AboveSharp g . Paleosol and
1 material/paleosol . .
color to 10 cm Below: Sharp organic material
formed on land
Typicall .
. . ypiealy Above Gradational/
Vertical orientated from 30 cm . .
sharp Buried reedsn .
2 plant stems or sub up to 2 meter, . : Reeds In situ
. : Below: Gradational situ
vertical orientated but can be
. /Sharp
thicker
Around one  Above
Water escape . Mass transport ~ Slump and load
3 meter, also  Sharp/Erosive : ;
structures . sedimentation structures
thinner. Below: Shap
Chaotic reeds with Above -
- Around one . Mass transport  Turbidity -
4 fining upwards Sharp/Erosive . )
meter sedimentation Reworked reeds
structures Below: Sharp
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Thinlv bedded lavers Above Deposition of
. y y Around 50 Gradational/Sharp  whole gastropods Reworked
S in a larger strataith _ )
cm Below: Gradational/ under low energy gastropods
gastropods : .
sharp orbital velocity
Redeposition of
Thlnly bedded layer Thin layer Above Gradationk more broken | Reworked
6  with broken around 110 ) . gastropods during gastropods,
Below: Erosive . .
gastropods cm high energy coquina

orbital velocity
Microbial induced
precipitation or

Micrite mud with no )
from increased

structures with or Uptoafew Above Sharp : Hemipelagic/Pela
[ photosynthesis N
without gastropods. meters Below: Sharp e gic micritic
Can also be laminatec STl
blooms

5.3.1 Gastropods
There are twoypes of gastropods found in the Pistarda formatidme first manifests with a
smooth surface and a browh 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 whitéfigoiia5.3).

The whitegastropods armterpreted tdoe Melanopsis gorceixisimilar to whatWillmann (1985

found in the island of Kos, Greece (figus&(B)). It was first described by Tournouér 1875
Willmann (1989 found many different species dflelanopsis gorceixin the sequence he
studied. Based on the number of ribs around the gastropods it was possible to distinguish between
the different Melanopsis gorceixiThe Melanopsis gorceixhas changed a laiver time due to
adaptation to the environmefthe number of ribgper whorl can indicate which type it iwo

types of Melanopsis gorceixiare found:The first has D ribs per whorland is thereforea
Melanopsis gorceixaegaea the second has 15 and is thereforgledanopsis gorceixproteus

(figure 5.4(A)).
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Figure 5.3 - Locality 1 East. The width of the hammer is around 3 cm. The red box to the left of the hammer is a
Melanopsis gorceixi Tournouér, 1875, and the box to the right is interpreted as species Viviparus viviparus under the
family Viviparidae, a type of river snail.

The round and smoothastropods in figure 5.8reinterpreted to be&iviparus viviparusin the
family Viviparidae This is classified based on whaentham et al. (1991found in another
formation in the Megara Basin. It is a river snallich thrivesin running water in the middler
the lower part of the river, and it is therefore interpreted tdrémesported intahe Pistarda
formation by rivers. They arenly found in localityl, 2 and 3. Thereforghese localities are
thoughtto havehadan influx of riverwaterwhereviviparus viviparushas been transported into
the lake

The Melanopsis gorceixis found everywhere in the lake andlamge amourg Gastropods are
considered a good indicator of the paleoenvironmieetausehe diversity of specieandthey

strives to specializ and adapt todifferent environmerd. What kind of environment the
Melanopsis gorceixthrives and reprodusan is unknown,but it is known to be a freshwater
snail It was found in calcareous marls with freshwater fauna deposited #HPRIgtocene, which

are environments similar to the Pistarda formatiomntthe SEM figure it wagpossible to
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identify that he gastropodsirecomposd of aragonite. Thiss interpretedo be a genetic feature

rather tharhaving ageochemicatause

@

g f‘ M.g. cegoea

M, g pro'ﬂu

B

Figure 5.4 — (A) The two different kinds of Melanopsis gorceixi. Note that M. g proteus has more ribs per whorl than
M. g aegaea. (B) A sketch of the same gastropods, published in (Willmann, 1985).

5.3.2 Facies 1. Organic Matter
Observations:

A thin layer of grey or dark grey rtexial is foundat some localitiesn the Pistarda formation
basin namely inlocalities 1, 3, 4.1, 5.2 and 10. The layer haargiboundaries below and above.
The layer is relatively thin, around a few cm up to 10 cm, but never larger. The layer is
homog@eouswith no roots or other fragmenti locality 5.2, a thin horizon is found in the
upper unit with yellowish color, with a thicker unit of micrite beloantaininggastropods and

roots.

Interpretation:

Based on the color and appearance this ispregézd to be organic material. Organic material has
three principal sourceserrestrial vegetation, marginal macrophytes swamps and phytoplankton
(Reading, 200P To create an organic layer in a lake, the lake needs to have anoxic conditions at
the bottom or the organic material will be decomplosgince the layer exists only locaiynd

with a sharp bse, 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 sywanenters the lake and settles rlayersand the
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organic material is not decomposbdfore 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 whmeare found in the upper parts.

Figure 5.5 — (A) Locality 3. The arrow indicates the dark grey layer that is interpreted to be an organic layer. Lens cover

as scale. (B) Locality 5.2 upper. The arrow indicates the roots that are found in the leaching zone to the paleosol. Reeds in
situ are found directly above the paleosol. The folding ruler is 20 centimeters.

5.3.3 Facies 2: Reedsz In situ
Observations:

This faces is found all over the basin and the followibigservation is dee on outcrps at
locality 5.2 (figure 5.5A)). 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 cengmsethick, 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 aréum i

length. The majoty of the plant stemare oriented perpendicular to the layer orientatdost

of them lie to one side, imbricated, or are vertical. The matrix betweenahiegbems ranges in
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grain size between mud and very fine sand antchprises of micritic mudEvidence 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.
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Figure 5.6 — (A) Locality 7. Interpretation of these plant stems are reeds in situ. The length of the folding ruler is 20 cm.
(B) Thin section from the same facies, and shows reeds crustation marked with black arrows. Thin section is interpreted
to be wackestone due to the higher concentration of crust fragments that exceed 10%. The scale bar is 200 pm.

Interpretation:

The plant stems are infeeteted to bea type of reed (e.g°Phragmites australis Based on their
arrangement within bedbkey are thought to hie situThe pattera arecreatel whendead reeds

fall over to oneside or stand subvertical if they have been densily packed and acts as a
bafflestone, trapping sediments between the reeds. Based pthé¢hfacies is interepreated as
beingin the shallow parts of a lak®Reeds can manage to grow in shallow water akagebn

land dose to the lake/shoreline. Teame type of facies is also found in the Antalya TGiaver

and Robertson, 2003

The reeds are completely coated with CaCthis calcification is due to water supersaturated
with calcium ions, C&. During photosynthesis the plants use,@@ich accelerates the reaction,
and calcium carbonate is preciptated out of the water. Not avég the water need to be

supersaturated, but the minerals need something to precipate onto. The reeds provide a nucelation
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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 lenghif reed stems. It could also be that some deposits €ohsit
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 wates.thin ®ction figure 5.6(B) haa

high content of crust§>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 ke f t&eeds 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.

Figure 5.7 — Living reeds in situ. Notice that the reeds are quite high. In the nearby area reeds dominate completely. The
area is flat and submerged, with a river that comes down from the mountain in the background. The river settles before it
meets the ocean, which is 50 meters to the left of this picture. Also note the vegetation growing in the background.
Nissan Micra for scale.
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5.3.4 Facies 3: Reworked Reeds by mass transport with soft sediment deformation
Observations:

At locality 5.2in the lower wit there isdifferent type of layerThis layer contains micritic mud

with a core of reeds witlchaotic texturg(figure 5.8). The micritic mud seems to be a local
feature.lt has a barpboundaryboth below and abovilie micritic mud The layeris protrudng

out of the rest of theutcropand is not laterally extensiv&his means that it is thicker towards

the outside of the outcrop, and its thickness decreases inward until theetayieates Where it
terminatedt has something that looks like a turgipoint 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.

Figure 5.8 — Locality 5.2 lower unit. Kristoffer is pointing out where the turning point is. Pen as scale.
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Figure 5.9 — Locality 5.2 lower unit. This is around the corner from the slump above and the reeds in the top of this

figure are from the slump. The dashed line is indicating where the reeds begin and the micritic mud ends. A soft
sediment deformation is visible below the dashed line, where the heavier reeds layer is sinking into the micritic layer with
lower density. The folding ruler is 60 cm.

Interpretaton:

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

Slumps aredeposited bydownslope movements of undeonsolidated sedimentactivated by
gravitational forces working on a coherent m@dsls, 1983). The movement is characterized by
sliding along a concavepward or planar surface. Typical slumps occur when a detached
landmass moves along a planar surface. The turning point is formed layi@natpoint due to a
concaveupward 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 bgderconsolidated 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
andother similar processéMorgenstern, 1967 in (Mills, 198B)The inclinations do not need to

be high to be identified by slope deposits, as they have been recorded dow(Steeddard,

1955. Boggs (1995 p. 32d ef i ne d Shear fapuse armosng discrete shear planes with

little internal def ormation or rotation. o
Figure 5.9 is interpreted to be the base of the slumps which shows signs of soft sedimentation

deformation of the undulating surface. This ibere the reed layer has sunk into the micritic
layer due to the lower density of the latter. Different mechanisms can creatediofent
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structures, such as (1) liquefaction or fluidization; (2) reverse density gradation; (3) slope failure
or slumping ad (4) shear streg8latt 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 Ufigure 5.10) It is around 1 meter thick and
consists of reed stems and gastropotiserved in thin section (figure 5.1The base is erosive

and the top is sharp. Inside the layer it is possible to distinguish two packages that occur twice.
The first startsat the base and is around 15 cm thick and contains chaotic reeds. It gradually
grades into a more laminated texture containing fewer réedspears to have a fining upward
trend for these twgackages, A and Tz. Above this the same happens again dral riext
package is almost the same sizetlaes first. The layer has an indication of redeposibecause

of the chaotic pattern.

Figure 5.10 — Locality 4.1. The dotted lines mark the top and base of the turbidity current where Tx and Ty are visible.
The dashed lines indicate the base and the top of the layer. Hammer for scale.
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Interpretation:

The setments are interpreted to be deposited by rta@sssportation t(rbidities, which is
indicated by the erosive base. The massive and graded layer conglatiayer A; whereas the
planar laminated layer can be correlated with layer B in relation to theestalblished Bouma
sequencéBouma et al., 1962 The source of these sedimentsfiem slumping in the marginal
zone and then develops into turbidity current. As meetilp a shock is often needed to start the
events that trigger the overburdening of sediments.L8e& (1982 and Kneller and Buckee

(2000 for reviews of turbidity currentsThe thin section is interpreted to be a wackestone with

crusts from reeds drreeds stems visibla a micrtic mud(figure 5.11).

o

RS o il s

Figure 5.11 — Thin section from the same place as figure 4.10. A much higher porosity around the grains is interpreted

as being from reworked material. Plant stems and crustification is seen, black arrows. The scale bar is 200 pum.

5.3.6 Facies 5: Wave reworked gastropods
Observations:

These observations are made only in localityfidure 5.12) The layer is composed of micritic
mud and whole gastropods (figure 5.1B)e boundary is sharp boabove and below. The layer
is laterally extensive, where the gastropods follow a planer Apparently, gastropods are

deposited togethers separate layemsith thin layer of mudens.
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Figure 5.12 — Locality 10. Gastropods reworked by energy from waves. Hammer for scale.

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 interpreted to be formed during calmer water by hemipelagic/pelagic mud

setting out from the water column.
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Figure 5.13 — Micritic mud with fragments of gastropods. Because it has less than 10% grains it is interpreted to be a
mudstone. The scale is 200 pm.

5.3.7 Facies 6. Storm r eworked gastropods - Coquina
Observatios:

This facies is found in localities 9 and 5.2. The facies is composed of blamket of gastropods
that can have morerokenmaterial tha facies 5(figure 5.14) The layer is no mre than a few
centimetersthick, but is laterally persistent. Such layers can often be found as layers within
massivemicritic layers The coquinan location5.2 has a clear erosiundary, whichs notas

clear in loality 9.
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Figure 5.14 — Locality 9. Thinly bedded shell deposits that are interpreted as coquina, formed by storms. Hammer for
scale.

Interpretation:

This bed is interpreted as coquina, a thin sh
that contains a high proportianf coar se shel | debri s (Allabment ed
and Allaby, 2008 This is interpeted to be a medium to high energyvironmentabove the

storm wave basél'he wave erodes the lake bottorrand settles the gastropods together in a thin

layer on the scour surface. Similar beds are found in Lake TangafGten 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 platfo@otienand Thouin (198

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

level, or current activity with subsequent biological reworking. Coquina is often found in
shallowmarine water throughout the Phanerozoic andtespreted to be a product from episodic
storms. Storms rework sediments that are rich in fossils. This normally happens below
fairweather wave badg&yles and Lagoe, 1989 and referenc thHernfall in sea/lake level can

also give rise to in situ bottowiwelling communities (Muller and Milliman, 1973 Kidwell,

1986. The degradation of organic matter in their shells can produce gas in their coil, which also
has another effecDe Deckker (198Bfound that when they float they can accumulate in huge

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