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Abstrakt

Predkladana habilitacni prace predstavuje metody studia organické hmoty sedimentarnich
hornin. V prvni ¢ésti je uvedena zékladni terminologii oboru geochemie a hlavni metodické
principy. Druha ¢ast na ptikladu tii regiondlnich studii dokumentuje vyuziti metod pii studiu
geologického vyvoje Ceského masivu.

Prvni ptikladova studie autorky shrnuje vysledky hodnoceni tepelné piremény svrchné
karbonskych sedimenti vychodniho okraje Ceského masivu. Na zékladé analyzy hloubkové
zéavislosti odraznosti vitrinitu bylo prokdzano, ze dosazeny stupenl tepelné piemény odrazi
geologickou pozici béhem poslednich fazi variského orogenu a je dan mocnosti chybéjicich
paleozoickych jednotek nikoliv odlisnym geotermalnim gradientem. V ceské casti
hornoslezské panve se predpokladd mocnost erodovanych jednotek v dobé maximalniho
pohibeni v zavéru variského orogenu — 3 000 m v ptedhlubni a 1 800 m na platformé.

Jako druha ptikladova studie je uveden vyzkum paleoteplotnich podminek vyvoje kulmskych
sedimentd jihovychodniho okraje Ceského masivu, kterému se autorka dlouhodobé
systematicky vénovala. Soucasnd distribuce odraznosti vitrinitu dokladad pokles tepelné
pfemény kulmskych sedimentli moravsko-slezské oblasti ve sméru Z-V. Tepelna zralost
neklesd kontinualné, ale v oblasti Drahanské vrchoviny vykazuje skokovity pokles.
Prostorové sblizeni oblasti s vysokym a nizkym stupném teplotni premény je vysvétleno
kontaktem zony s tektonicky fizenym pohibenim s oblasti s ptivodni sedimentarnim sledem.
Tteti studie hodnoti sedimentarni prostfedi mikulovskych slinovcid na zdkladé vyzkumu
geochemickych fosilii a maceralového sloZeni organické hmoty. Vysledky dokladaji neménné
sloZzeni pfitomné organické hmoty s dominantnim podilem fas a kladou ptedpokladany
pocatek ropného okna do hloubky 3 491 m.

Posledni kapitola je v€novana novému védnimu sméru, ktery vyuziva znalosti klasickych
geologickych metod, pro hodnoceni kontaminace Zivotniho prostfedi na piikladu Brnénské
piehrady. Zde tento pfistup prokadzal dominantni transportni mechanismy radionuklidd,
persistentnich organickych polutanti typu DDT a HCB, polychlorovanych bifenyla

a polyaromatickych uhlovodik.



Abstract

The present habilitation thesis introduces methods used to study the sedimentary organic
matter. The first part provides the basic terminology for the organic geochemistry along with
the main methodological principles. The second part documents applicability of these
methods in three regional evolution studies from the Bohemian Massif.

The first case study of the author summarises the results of the thermal evaluation of Upper
Carboniferous sediments. The organic matter thermal maturity reflects the geological setting
during the end of the Westphalian and is related to different thickness of the Palacozoic units
rather than to different thermal regime. The expected thickness of the molasses association
varies between 1,800 and 3,400 m towards the west and east.

The second case study presents the research of the burial and thermal history of Lower
Carboniferous siliciclastic rocks in the Rhenohercynian zone of the Variscan orogeny in
Moravia, which is what the author has been dedicated to in the long-term on a systematic
basis. The current distribution of vitrinite reflectance shows a decline of thermal conversion
of Culm sediments of the Moravian-Silesian Zone in the W to E direction. Thermal maturity
is not decreasing continuously; rather, it exhibits a stepwise/incremental decline in the region
of the Drahanska vrchovina upland. The spatial approximation of the areas featuring the high
and low thermal conversion degree can be explained through a contact of the zone with
tectonically controlled burial with an area of original sedimentary sequence.

The third study is assessing the sedimentary environment of Mikulov marls on the basis of the
microscopic study and geochemical fossils. The results show the homogenous composition of
the present organic matter with a dominant proportion of algae and determine the expected
onset of the crude oil window to occur at a depth of 3,491 metres.

The last section covers a new branch of science which makes use of knowledge of
conventional geological methods of studies when assessing environmental contamination;
here, the dam of Brnénska ptehrada is discussed and the approach showed using this instance
that uranium-enriched minerals form the dominant source of radionuclides in sediments. DDT
and HCB were also demonstrated to be bound to the clay fraction with which the compounds
enter the River Svratka through runoff to continue into the reservoir, where they are
deposited. Conversely, polychlorinated biphenyls and polyaromatic hydrocarbons are not
bound to the grain class and enter the dam through either runoff from the immediate vicinity

or atmospheric deposition, where applicable.



1. Uvod

Ptedlozena habilitacni prace se zabyva organickou hmotou a jejim vyzkumem v naftové
geologii a environmentalnich védach. Organickd hmota pfedstavuje spojnici mezi minulosti
a soucasnosti. Biologicky materidl muize byt inkorporovan do sedimentarnich hornin
a zachovan po miliony let. Na zemsky povrch se pak dostava jednak plisobenim ptirozenych
geologickych procest, ale také lidskymi aktivitami, napi. tézbou, a opétovné tak vstupuje do
biologickych systémii. Tento cyklus zahrnuje Siroké spektrum biochemickych
a geochemickych transformaci, které jsou uzce spjaty s puivodem a vyvojem zivota a roli
uhliku v ném. Prvni ¢ast predlozené prace predstavuje pristupy hodnoceni a studia organické
hmoty v geologii. Zde jsou také uvedeny tfi ptikladové studie, které komplexné¢ hodnoti
paleozoické a jurské sedimenty.

Druha cast je vénovana vyuziti geologickych poznatkl pfi studiu znecisténi zivotniho
prostfedi. Na ptikladu hodnoceni kontaminace sedimenti Brnénské piehrady je prezentovana
pfinosnost znalosti o sedimentarnim prostiedi, jeho dynamice a dominujicim mechanismu

transportu.



2. Organicka hmota v naftové geologii

Organickd hmota je diilezitou slozkou fady hornin a patii také k podstatné slozce pidy.
V $irSim slova smyslu reprezentuje organickd hmota uhlik a jeho cyklus, ktery tvofi jeden ze
zékladnich cykli zivotniho prostfedi. Oxid uhlicity patii mezi hlavni formy vyskytu uhliku a
je fotosyntézou transformovan do biologického materidlu, ten po odumieni vstupuje do
sedimentarnich hornin, kde mtze byt v rizné podobé zachovan po miliony let. Pisobenim
rostouci teploty a v menSi mife 1 litostatického tlaku na organickou hmotu, dochazi
k strukturnim a chemickym zménam pii soucasném zachovani nékterych biologickych
sekvenci. Vyzkum téchto specifickych organickych sloucenin (tzv. biologickych markerit)
poskytuje informace o ptivodnim sedimentarnim prostfedi, jeho facialnim ¢lenéni, dosazeném
stupni tepelné pfemény, a nasledné také umoznuje korelaci uhlovodikovych akumulaci se
zdrojovymi horninami (Killops & Killops 2005, Peters et al. 2005, Taylor et al. 1998, Tissot
& Welte 1984).

Organickou hmotou bohaté sedimenty nebyly béhem geologického vyvoje ukladany
kontinudlné¢ a se stejnou intenzitou. Jejich vyskyt je vdzadn na specifické podminky
sedimentarnich prostfedi, jako je dostatecné vysoka biologickd produkce (vyssi rostliny,
fytoplankton), nizkoenergetické sedimentarni prostfedi a pomala sedimentace anorganickych
slozek doprovazena nizkou rychlosti rozkladnych procest (Killops & Killops 2005, Pedersen
& Calvert 1990, Tissot & Welte 1984,). Podle Peters et al. (2005) je minimalni obsah
organického uhliku (TOC) v potencidlnich zdrojovych hornindch dan hodnotou vyssi nez
0,5 hm. %. Horniny s obsahem TOC pod 0,5 hm. % jsou oznacovany jako chudé, interval od
0,5-2 hm. % je vyhovujici, 2 hm. % a vice je velmi dobré. Hodnoty TOC vys§i nez 5 hm. %
jsou pfifazovany roponosnym biidlicim (oil shale).

V organické geochemii se terminem diageneze oznacuji procesy probihajici po uloZeni
a béhem prvnich stadii pohibeni za podminek nizkych teplot a tlakii, na rozdil od klasického
geologického pojeti, kde termin diageneze probiha za vysSich teplot a tlakli. Behem diageneze
roste hloubka pohibeni a sediment prochazi stddiem kompakce, dominujicim mechanismem je
biologicky rozklad, minimalné se projevuji chemické zmény a katalytické plisobeni mineralni
matrix. Dochdzi k postupnému snizovani obsahu vody a narastu teploty. Rostouci teplota
omezuje biologickou aktivitu a postupné dochazi k rozpadu chemickych vazeb. Tento proces
je dominujici ve fazi katageneze. Hranice mezi diagenezi a katagenezi neni ostra a jasn¢ dana.
Casto je korelovana s pocatkem tvorby uhlovodikii a obvykle koresponduje s teplotou okolo

60 °C (Taylor et al. 1998, Tissot & Welte 1984).
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2.1 Klasifikace organické hmoty

Pro urCeni zda dana hornina piedstavuje potencidlni zdroj uhlovodikt, at’ plynnych ¢i
kapalnych, je dilezité¢ stanovit typ vychozi organické hmoty tzn. slozeni vstupujiciho
biologického materidlu. Na zdklad¢é rozpustnosti (resp. nerozpustnosti pii nizkych teplotach,
do 80 °C) v organickych a alkalickych rozpoustédlech, je organicka hmota sedimentti délena

na bitumen a kerogen.

Kerogen sedimentarnich hornin je v ramci tzv. van Krevelenova diagramu (obr. 1)
klasifikovan podle zastoupeni hlavnich prvka organické hmoty (vodik, uhlik a kyslik) na ¢tyti
zékladni typy I[-1V.

Kerogen I — dominantni slozkou jsou lipidy, obvykle vznikd v jezernim, popiipadé
motském sedimentarnim prostiedi s nizkym obsahem kysliku a vysokym obsahem fas (napf.
r. Tasmanites). Kerogen je mén¢ hojny, ale tvofi fadu vyznamnych svétovych zdroji ropy
aroponosnych bfidlic, protoZze je nabohacen vodikem a dosahuje atomarniho poméru

H/C>1,5.

Kerogen II — atomarni pomér H/C je niz8i nez 1,5. Je vice hojny neZ kerogen I.
Plivodni organickd hmota pochazi ze smési moiského fytoplanktonu a zooplanktonu s ptimeési

bakteridlnich zbytkl. BéZné vznika fyzikalnim misenim kerogenu I a III.

Kerogen II/III — ptechodovy typ, ktery byva vyclenovan, tehdy kdyz pomér H/C je
vyS$$i nez 1. Jedna se o smés terigennich a motskych ulozenin v paralické sekvenci s vySSim

potencialem pro tvorbu uhlovodikll ve srovnani s klasickym kerogenem III.

Kerogen III — je specificky vysokym pomérem O/C a nizkym pomérem (niz$im nez 1)
H/C. Plivodni organickd hmota pochazi z terestrickych rostlin. Ma omezenou schopnost tvofit

kapalné uhlovodiky, je vychozim materidlem pro uhli, popiipadé plyn.
Kerogen IV — je velmi ochuzen o vodik, protoZe pochéazi z oxidované a prepracované

organické hmoty. Nema témet zddny uhlovodikovy potencidl, jedna se o tzv. mrtvy kerogen

s nulovou perspektivou pro tvorbu uhlovodika.
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Obr. 1 Klasifikace kerogenu v pojeti van Krevelenova diagramu, O = kyslik, C = uhlik,
H = vodik (Tissot & Welte 1984).

Béhem tepelné premény organické hmoty dochdzi ke zménam jejich chemickych
a fyzikalnich vlastnosti. Tento proces lze charakterizovat jako nabohacovani uhlikem
a ochuzovéani vodikem. Po pohibeni do vétSich hloubek a teplot nedochdzi ke kompletni
pieméné kerogenu na ropu a plyn. Obvykle jsou uvadény hodnoty kolem 50 % piemén
z celkové hmoty materidlu pro kerogen I-III (Littke & Leythaeuser 1993, Rullkotter et al.
1988).
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2.2 Organicka hmota jako indikator tepelné zralosti sedimentarnich

panvi

Pro hodnoceni hornin a jejich schopnosti vytvaret uhlovodiky je kli¢ova znalost nejen
obsahu a ptivodu organické hmoty, ale také stupen jejich soucasné tepelné zralosti a pritbéh
teplotni historie. Oznaceni ,,zralost organické hmoty” je vtomto pojeti chapano jako
dosazené stadium tepelné pfemény plivodni organické hmoty sedimentu. Je dano spoleCnym
pusobenim teploty a ¢asu expozice (Carr 1999, Huang 1996, Burnham & Sweeney 1989).
V pfevazné vétsiné sedimentarnich panvi je souCasnd teplota nizsi, nez byla v geologické
minulosti.

Nejlepsi zptusob rekonstrukce teplotni historie v kontextu panevniho vyvoje je
numerické pocitacové modelovani, které umoznuje ptimou vizualizaci geologického vyvoje a
zaroven nabizi moznost srovnat méfené hodnoty s modelovymi (Allen & Allen 2005, Littke et
al. 2008, Ptiloha 1, Ptiloha 2). Mira spolehlivosti vysledného modelu je déna kvalitou
vstupnich dat a kalibra¢nich parametr. Informaci o maximalni dosazené teploté je mozno
ziskat pomoci metod, které hodnoti zmény v organické hmot¢, jilovych mineralech (Ptiloha 3,
Velde 1995), fluidnich inkluzich (Samson et al. 2003), a dobu rozpadu radioaktivnich

mineralli — metoda fission track (Wagner & Haute 1992).
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Obr. 2 Modifikovany van Krevelentv diagram (Killops & Killops 2005).
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Hodnoceni organické hmoty z pohledu identifikace ptvodniho biologického materidlu je
klicové pro predikci tvorby ropy a plynu. Jako zékladni hodnotici parametr se pouziva obsah
organické hmoty (TOC) v kombinaci s pyrolyzou RockEval (Behar et al. 2001, Tissot &
Welte 1984). Pii analyze se pfitomna organickd hmota rozkladd v inertni atmosféfe za
soucasného plynulého zvysovani teploty. Vysledkem stanoveni je teplota maxima pyrolytické
odezvy (Tmax) @ obsah volnych (S1) a vazanych (S2) uhlovodikli. Odvozenym parametrem je
vodikovy index (HI) vypocitany podle vztahu HI=100*S2/TOC, ktery vypovida o relativnim
obsahu vodiku v kerogenu a umoznujem tak zakladni klasifikaci kerogenu a stanoveni
uhlovodikového potencialu horniny. Vzijemny pomér HI : OI (obr. 2) byva pouzivan jako
alternativa van Krevelenova diagramu. Srovnani indexd pyrolyzy RocEval s dal§imi

teplotnimi parametry bylo publikovano souhrnné v Peters et al. (2005) a Taylor et al. (1998).

() Viftinite + Tem, Liptinite
Rifted Confinental Margins
Other Passive Cont, Margins

Back-Arc Basins

T
o = T T
Marine Lipfinite Inertinite: + Recycled Vitrinite
(b) Yitrinite + Tem. Lipfinite

5 Progrod.
sey Submaring Fans
- cantl
o

S ench-Slope
a— Trans. Z.
|
\

Marine Liptinite Inerinite: + Recycled Vitinite

Obr. 3 Charakteristické maceralové sloZeni organické hmoty uloZzené v oceanskych panvich
apodél pasivnich kontinentdlnich okraji (a), v centralnim oceanu, guyotach,
podmotiském kuzelu a hlubokomoiskych ptikopti (b) podle Littke & Sachsenhofer
(1994).

14



Klasifikace organickych castic sedimentarnich hornin vychazi z nazvoslovi uhelné
petrografie, kde jsou mikroskopické slozky uhli oznacovany terminem macerdl. RozliSujeme
tii zékladni skupiny macerali: sk. Liptinitu, Vitrinitu a Inertinitu (Taylor et al. 1998). Jejich
vzajemné zastoupeni je vyuzivano pii rekonstrukci podminek sedimentarniho prostredi (obr.
3). Vitrinit pochdzi z vyssich rostlin které jsou hlavni slozkou uhli, ale vyskytuje se také hojné
v sedimentarnich horninach. Chemické vlastnosti, barva, tvrdost, fluorescence a mnozstvi
odrazeného svétla jsou funkci teploty a ¢asu. Mnozstvi odrazeného svétla je vyjadfovano jako

odraznost (% R) a tento parametr je nejCastéji vyuzivany paleoteplotni indikétor (obr. 4).

Depth (km)

Obr. 4 Generalizovany vztah mezi odraznosti vitrinitu (% R;), maximalni hloubkou pohibeni

a paloegeotermickym gradientem (Suggate 1998).

V odborné literatuie se mizeme setkat s vyjadienim ,,sttedni odraznost (“random” R;)
méfend v nepolarizovaném svétle, ,,maximalni® (Ry,x) a ,,minimalni (Ry,) odraznost mefena
v polarizovaném svétle. PouZivani téchto parametri souvisi se zménami organické hmoty
v pribéhu tepelné premeny, kdy piiblizné pii hodnotach vysSich nez 1,6 % R; dochazi ke
vzniku optické anizotropie (obr. 5). Zmény organické hmoty s rostouci teplotou jsou nevratné
a v nezralém stadiu nabyvaji hodnot v intervalu 0,2—0,5 % R; coz odpovida raseling, lignitu a
hnédému uhli. Ve stadiu ropného okna stiedni svételnd odraznost nabyva hodnot 0,5-1,3 %
R;, a ve stadiu plynového okna 1,3-2 % R;. Hodnoty stfedni odraznosti nad 2 % R odpovidaji

suchému plynovému oknu az antracitu (Taylor et al. 1998). V soufasné¢ dob¢ je vypocet

15



teploty z odraznosti vitrinitu zaloZen na algoritmu publikovaném Sweeney & Burnham

(1990).

Obr. 5 Nartst anisotropie (dvojodrazu) vitrinitu, vyjadieného jako maximalni
(Rmax) @ minimalni (Ry,n) odraznost ve vrtu Munsterland 1

(Teichmuller & Teichmuller 1979).

Dal§imi alternativnimi mikroskopickymi parametry tepelné zralosti jsou barva
konodontii, spor, odraznost pevného bitumenu piipadné graptoliti. Metody jsou vyuzivany
pro stanoveni tepelné zralosti hornin starSich neZ devonskych, hornin s dominujicim motskym

planktonem, pfipadné fasovym kerogenem (Goodarzi et al. 1992).
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2.3 Vyuziti organické hmoty k urceni typu sedimentarniho prostiedi

Geochemické fosilie (biomarkery) jsou slouCeniny, které pochdzi z biochemickych,
zejména lipidnich, slozek dfive zijich organisml. Vyskytuji se v sedimentech, horninach, rop¢
a vykazuji zadné nebo malé zmény ve své struktuie ve srovnéani s ptivodni biologickou
molekulou. Urcujici pro vyslednou skladbu piitomnych biomarkerti je povaha vstupujici
organické hmoty a depozi¢ni prostfedi. Z téchto divoda je na zakladé znalosti biomarkert
mozno zpétn¢ interpretovat podminky béhem sedimentace a vlastnosti jednotky jako je napf.
litologie, charakter organické hmoty, mnozstvi kysliku, staii jednotky (obr. 6). Z pohledu
chemického uspotadani rozdélujeme biomarkery na alkany a acyklické isoprenoidy, sterany a
diasterany, terpany, aromatické steroidy, hopanoidy a porfyriny. Za urcitych okolnosti mohou
velké populace organismli produkovat typické diagnostické biomarkery, které umoznuji

korelace zdrojovych hornin a ropy (Killops & Killops 2005, Peters et al. 2005, Horsfield
1997).
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Obr. 6 Nejcastéji vyuzivané geochemické fosilie pro stanoveni véku hornin a rop.
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2.4 Vyuziti organické hmoty k vyhledani uhlovodikovych akumulaci

Jako podpirny nastroj vyhledavani uhlovodikovych akumulaci jsou vyuzivany metody
povrchové geochemické prospekce (Ptiloha 4, Abrams et al. 2004, Abrams et al. 2001).
Princip geochemické prospekce vychédzi z konceptu, ktery predpoklada vystup ropy nebo
plynu k povrchu a vznik tzv. ,,petroleum seep* (Conan et al. 1996, Kross & Leytheuser 1996,
Leythaeuser et al. 1983). Petroleum seeps se hojné vyskytuji podél zlomovych linii,
nasunovych ploch a casto doprovazeji baheni vulkdny a solné pné. Analytické metody
zahrnuji odbér vzorkl v ptipovrchové zoné v systematickém odbérovém schématu. Nasledné
laboratorni analyzy vychazi z predpokladu, Ze pfitomnost vySSich uhlovodikli vyvolava
zmény v zastoupeni dalSich slozek pudy. Podle analytické metody a analytu rozliSujeme

nasledujici stanoveni:
1) volnych uhlovodiki v pérech pidy nebo ve vodé metodou headspace
2) uhlovodikti sorbovanych na ptidni ¢astice pomoci sorbénich materialt
3) fluorescence vzorku metodou total scaning fluorescence (TSF)
4) ptitomnych bakteridlnich spolecenstvi
5) stopovych a radioaktivni prvki
6) karbonatl vytvorenych bakterialni oxidaci methanu

Geochemickd data poskytuji dva druhy informaci: absolutni obsah (intenzitu)
a vzajemné zastoupeni analyzovanych slozek. Intenzita signalu je kontrolovana permeabilitou
(propustnosti) migracni cesty, nasycenim porl, loZiskovym a atmosférickym tlakem. Sila
signalu tedy nemusi byt v pfimé korelaci s velikosti loziska a naslednym ekonomickym
uspéchem v hodnocené oblasti. Vzajemné zastoupeni slozek je vyrazné ovlivnéno piitomnosti
recentni organické hmoty a odliSeni téchto je klicové pro zhodnoceni pravdépodobnosti
vyskytu zdroje uhlovodiki. Interpretace dat povrchové prospekce ale neni mozZna bez
navaznosti na geofyzikalni méfeni, geologicky vyvoj a tektonickou situaci oblasti.
NejcastéjSim problémem je neporozuméni procesim které zplisobuji méfené uhlovodikové
anomalie a snaha lokalizovat pfesné misto vyskytu loziska pouze na zdkladé téchto metod

(Tedesco 2012, Price 1996, Schumacher 1996).
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3. Pripadové studie vyuziti vlastnosti organické hmoty

3.1 Moravskoslezské paleozoikum

Geologickd stavba evropskych wvariscid je vysledkem slozitého tektonicko-
sedimentarniho vyvoje béhem paleozoika (Kalvoda et al. 2008, McCann et al. 2008). Pro
centralni Evropu bylo Kossmatem navrzeno jiz v roce 1927 rozdé€leni na Ctyfi geotektonické
zony - moldanubikum, saxothuringikum, rhenohercynikum a subvariscikum. Toto rozdéleni
vychazi z pribeéhu metamorfni zonality, magmatickych pési a sedimentarnich facii. Navrzené
¢lenéni je dodrZzovano s malymi obménami dodnes (Littke et al. 2012, Dallmeyer et al. 1992).

Moravskoslezské paleozoikum je interpretovano jako akre¢ni klin variského orogenu
(Babek et al. 2006, Priloha 1, Grygar & Vavro 1995, Kumpera & Martinec 1995)
a popisovano jako imbrikacni sled k sz. upadajicich tektonickych Supin. Komplikovana
geologicka stavba oblasti je dana Sikmou kolizi mezi lugodanubickou skupinou terdnd na
jedné stran€ a subdukujicim brunovistulickym terdnem na strané druhé (Kalvoda et al. 2008,
Fritz & Neubauer 1995). Ohnuti orogenu na souc¢asny smér SV-JZ z orientace Z-V je Siroce
diskutovano v odborné literatuie (Kalvoda et al. 2008, Edel et al. 2003, Tait et al. 1996,
Finger & Steyer 1995). Hlavni etapa vrasnéni a seSupinaténi se predpokldda ve svrchnim
karbonu na hranici vestfal/stefan. B&hem poslednich fazi kolize doSlo k ptechodu
z kompresniho do transpresniho tektonického stylu, v disledku kterého vznikl mocny
imbrika¢ni sled na zépad¢ brunovistulického teranu (Schulmann et al. 2000, Stipskd &
Schulmann 1995). Ve stejném obdobi se piedpokladd i dosazeni maximélnich mocnosti
v oblastech variské ptedhlubné (Ptiloha 2).

PodloZzi moravsko-slezského paleozoika je tvofeno katazonalné metamorfovanymi
horninami brunovistulika (Belka et al. 2002, Dudek 1980). Vychodni okraj brunovistulika je
piekryt mezozoickymi a terciérnimi sedimenty VnéjSich Zapadnich Karpat (Picha et al. 2006),
na severu dosahuje brunovistulikum ke zlomové zén¢ Hamburg — Krakov, zédpadni hranice je
tvofena lugodanubikem (Chlupad¢ & Vrana 1994) a na jihu se pfimykd ke krystalickym
hornindm Alp (Finger et al. 1993, Neubauer & Frisch 1993).

19



Nejstarsi sedimenty oblasti jsou spodné kambrického (vrty Ménin 1, Némcicky 3 a 6;
Jachowicz & Prichystal 1997) a silurského staii (Stinava; Kettner & Remes 1935).
Sedimentace vétsiho rozsahu je reprezentovana devonskymi bazalnimi klastiky stafi spodni az
sttedni devon (Nehyba et al. 2001). Naslednd devonska sedimentace probihala ve tiech
zékladnich vyvojich a to — Moravského krasu, drahanském a pfechodném (Zukalova &
Chlupac¢ 1982, Zukalova 1976). Mélkovodni sedimenty vyvoje Moravského krasu jsou
reprezentovany macosskym souvrstvim, stafi eifel-frasn, které je d€leno na tfi stratigrafické
Cleny: josefovské, lazanecké a vilémovické vapence.

Vyvoj prechodny (ludmirovsky) vystupuje v Uzkém pruhu pii vychodnim okraji
brnénského masivu (némdéicko-vratikovsky pruh) a v konicko-mlade¢ském pruhu a zacina
sledem bazélnich klastik které prechéazi do stinavsko-chabicovského souvrstvi a nasledné do
ponikevského souvrstvi.

Vyvoj pdanevni (drahansky) zacina sedimentaci bazalniho klastického souvrstvi,
pokracuje sedimentaci pfevazné prachovitého stinavsko-chabicovského souvrstvi s polohami
bazickych vulkanitd. Nadlozni jesenecké vapence (eifel-tournai) obsahuji také polohy
vulkaniti a ve svrchni ¢asti se laterdln€ zastupuji s ponikevskym souvrstvim (famen — tournai)
tvofenym pievazné biidlicemi s radiolarity (Pfichystal 1993, Chlupac 1959).

V oblasti Drahanské vrchoviny jsou ve svrchnim visé vyclenovany siliciklastické
sedimenty kulmu, ke kterym nalezi protivanovské souvrstvi, jenZ se na vychodé¢ tektonicky
styka s rozstanskym souvrstvim tvofenym na severu prevazné biidlicemi a na jihu bfidlicemi
a drobami. Nejmladsi jednotkou kulmu je myslejovické souvrstvi, tvofené bitidlicemi,
drobami a na jihu racickymi a lule¢skymi slepenci.

V oblasti Nizkého Jeseniku jsou vyclenovany andélskohorské souvrstvi, s pravidelnym
stfidanim drob a prachovcil s polohami slepencti, které pfechazi do hornobeneSovského
souvrstvi, které je povazovdno za ekvivalent protivanovského souvrstvi. Nasledujici
moravické souvrstvi reprezentuje turbidity a byva korelovdno s myslejovickym souvrstvim.
Sedimentace je zakonena hradecko-kyjovickym souvrstvim, ve kterém pievazuji droby,

jenz ptechdzi do prachovito-jilovitych rytmiti (Dvotak 1994).
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Kulmska sedimentace plynule ptechazi do paralick¢é uhlonosné molasy, kterd
predstavuje sedimentarni vyplih hornoslezské pénve (HP). HP predstavuje jednu
z nejvyznamnéjSich panvi evropskych variscid. Doposud zndmy rozsah byl zdokumentovan
na vice nez 7 000 km?, z &ehoZ cca 1 550 km? leZi na uzemi CR (Dopita et al. 1997). Paivodni
rozsah panve byl podstatné vétsi (obr. 7), zejména s ohledem na ptfedpokladanou vazbu na
svrchnokarbonské sedimenty jizni Moravy (Opletal & Filak 2013). NedoteSenou otazkou je
také pokracovani vyplné HP jiznim a jihovychodnim smérem pod vnékarpatské piikrovy.
Rozsiteni svrchnokarbonskych uhlonosnych sedimentli je zde zndmo pouze na zakladé
vysledkti nékolika hlubokych vrti (Jablunkal, Tyra, Jablunkovl). Zapadni vymezeni
uhlonosné vyplné je erozni a probiha v linii Poruba — Novy Ji¢in — Valasské Mezifici (Ptacek

et al. 2012).
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Obr. 7 Rozsiteni svrchnokarbonskych sedimentt podél jv. okraje Ceského masivu (Opletal &

Fildk 2013).
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Sedimentarni vyplin HP je tradicné délena na paralické ostravské a limnické karvinské
souvrstvi. V ostravském souvrstvi jsou vymezeny petikovické, hrusovské, jaklovecké
a porubské vrstvy. Karvinské souvrstvi je ¢lenéno na sedlové, susské a doubravské vrstvy.

Pro ostravské souvrstvi jsou vyznacné opakujici se eustatické moiské transgrese
aregrese (Skocek 1989). V maximech transgresi zpravidla vznikaly vyznamné korelacni
faunistické horizonty. K nejvyznaméjSim transgresim dosSlo na uzemi HP v obdobi koncici
sedimentace hruSovskych vrstev (sk.f.h. Enny) a ve svrchni ¢asti jakloveckych vrstev (sk.f.h.
Barbory). Ostravské souvrstvi je litologicky velmi riznorodé a obsahuje facialné pestry sled
piskovcu, prachovcd, jilovet, vulkanoklastik a uhelnych sloji. Nejcastéjsi jsou jemnozrnné az
sttednozrnné piskovce (40-60 % mocnosti). Ostravské souvrstvi obsahuje vice nez
170 uhelnych sloji s primérnou mocnosti 0,73 m (Dopita & Kumpera 1993).

Po sedimentaci paralického ostravského souvrstvi nasleduje kratky hiat a ndsledné
ukladani Cisté kontinentdlniho karvinského souvrstvi, které zac¢ind uklddanim hrubozrnnych
sedlovych vrstev a pokracuje suSskymi a doubravskymi vrstvami. NejmladSim dolozenym
¢lenem karvinského souvrstvi na tzemi CR jsou vy$si doubravské vrstvy. Spodni &ast
karvinského souvrstvi je tvofena prevazné hrubozrnnymi sedimenty zastoupenymi slepenci
apiskovei, ve svrchni casti prevazuji prachovité sedimenty. Podobné jako v ostravském
souvrstvi se zde vyskytuji polohy vulkanogennich horizonti (Martinec et al. 1989). Dopita et al.
(1985) uvadi v karvinském souvrsti 87 uhelnych sloji o primémé mocnosti 1,76 m.

Uhlonosnost karvinského souvrstvi je Ctyfikrat vEétSi nez ostravského souvrstvi (Dopita et al.
1997).
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3.1.1 Tepelna pFeména svrchné karbonskych sedimentii vychodniho okraje CM

Stupent prouhelnéni v oblasti HP byl studovén jiz na pocatku minulého stoleti (Stahl
1933, Patteisky 1928). Tyto pionyrské prace pfinesly zékladni ptedstavu o rozlozeni tepelné
pfemény v panvi. Prvni ucelené zhodnoceni stupné prouhelnéni uhli v ostravsko-karvinské
oblasti zachycujici horizontalni a vertikdlni zmény (Dopita & Zeman 1960, Petranek &
Dopita 1955), prokazalo postupny pokles stupné piemény od Z k V, s vyjimkou oblasti kolem
orlovské struktury. Pro potfeby praxe byl dalsi vyzkum vice soustiedén na maceralové slozeni
uhli a jeho chovani v technologickych procesech (Holubai 1975, Malan et al. 1966). Weiss
(1976, 1975) sledoval zavislost stupné prouhelnéni vyjadieny obsahem prchavé hotlaviny
(Vdaf) na hloubce v profilech nékolika set vrti a konstatoval pozoruhodnou podobnost
jednotlivych gradienti v riznych c&astech cCeské casti HP. Pozorované odchylky od
vSeobecného trendu déaval do souvislosti s tektonickymi jevy (sklon vrstev, poklesy,
presmyky), oxidaci uhli (pestré vrstvy), kontaktni pfeménou na styku s magmatickymi télesy
a odliSnym prostiedim vzniku uhelné hmoty (skok na hranici ostravského a karvinského
souvrstvi). Upozornil na skutecnost, ze rozptyl hodnot dosud nejcastéji pouzivané¢ho
parametru V' limituje moZnost postizeni drobnych rozdilii mezi jednotlivymi vrty. Odli§né
sedimentarni prostfedi karvinského souvrstvi se projevuje jednak vySSim obsahem inertinitu
a liptinitu  (Chudy 1992, Dopita 1988), ale také zvySenymi hodnotami kyslikového indexu

a niz8im vodikovym indexem (Pfiloha 2).

Béhem poslednich tficeti let bylo vytvofeno nékolik map prouhelnéni ceské casti
hornoslezské panve, které se navzajem lisi svym pojetim (Pesek et al. 1998, Adamusova et al.
1992, Chudy 1992, Jurina & Weiss 1982, Dopita & Zeman 1960). Z publikovanych vysledki
vyplyva nartst tepelné premény ve sméru V-Z.

Mapa tepelné premény Peska et al. (1998) je ve srovnani s mapou vytvofenou
Adamusovou et al. (1992) méné Clenita a uvadi vySsi hodnoty maximalni odraznosti R,.x na
povrch ostravského souvrstvi. Zdanlivy rozpor je vyvolan odlisSnym zplisobem prezentace dat,
kdy Pesek et al. (1998) pouziva primérnou hodnotu Rp,x pro celé souvrstvi zatimco
Adamusova vykresluje interpolované hodnoty na povrch. Zhodnoceni tepelné zralosti na
zaklad¢ odraznosti vitrinitu a teploty maximalni pyrolytické odezvy (Pfiloha 2) dokladé nartst
teplotni zralosti od vychodu (variské platforma) k zapadu (variskd predhlubén). Na zaklade
analyzy hloubkové zavislosti bylo prokazano, ze stupen tepelné piemény odrazi geologickou

pozici béhem poslednich fazi variského orogenu a je dan mocnosti chybégjicich paleozoickych
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jednotek, nikoliv odliSnym geotermalnim gradientem. V Ceské casti HP se ptredpoklada
mocnost erodovanych jednotek v dobé maximalniho pohibeni v zavéru variského orogenu —
3 000 m v ptedhlubni a 1 800 m na platformé (Ptiloha 2). Tyto vysledky velmi dobfe koreluji
se zavery studia, publikovanymi z polské ¢asti HP (Narkiewicz 2007).

Z oblasti jihovychodnich svahii Ceského masivu byla publikovédna data odraznosti
vitrinitu a prchavé hoflaviny svrchniho karbonu zachyceného ve vrtech Némcicky 1, 2, 5 a 6
(Dvoték et al. 1997). Stfedni svételnd odraznost nabyva v uvedenych vrtech hodnot 0,57-0,90
% R; a koreluje s obsahem prchavé hoflaviny vt (37,1-41,5). Oba parametry dokumentu;ji
nizké prouhelnéni organické hmoty.

Stedni svételnd odraznost vitrinitu v uhelnych polohach svrchniho karbonu v novéjsich
vrtech Archlebov 1, Sitbofice 1 a Borkovany 101 (obr. 8) dosahuje hodnot 0,64-0,90 % R,

coz odpovida nizkému stupni prouhelnéni ¢erného uhli tzv. plynovému uhli.
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Obr. 8 Zména odraznosti vitrinitu (% R;) svrchné karbonskych sedimentii hornoslezské panve

a jihovychodnich svahi Ceského masivu.

Pokud vzijemné srovndme hodnoty stfedni svételné odraznosti spodnonamurskych

sedimentd HP (0,75-2,34 % R;) s daty z jizniho okraje klasické ¢asti HP (vrt Jablinka 1, 0,78—

24



2,04 % R,) a z vrtl na jizni Moravé (do 0,85 % R,), zjistime, Ze mén& pfeménéné horniny jsou
ulozeny ve vétSich hloubkdch (obr. 8). Méfend odraznost vitrinitu dokladd stav v dobé
nejvyssiho pohibeni tj. v paleozoiku. V oblasti jizni Moravy tedy musely byt horniny
svrchniho karbonu pii stejném teplotnim gradientu uloZzeny v mnohem nizsich hloubkach ve

srovnani s HP (Ptiloha 2).
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3.1.2 Tepelna pFeména sedimenti kulmu jv. okraje CM

Vyzkumem tepelné premény organické hmoty v sedimentech variského flyse (kulmu)
na jihovychodnim okraji Ceského masivu, v oblasti Drahanské vrchoviny a Nizkého Jeseniku
se zabyvali Francti (2000), Priloha 1, Pfiloha 3, Ptiloha 5, Ptiloha 6, Ptiloh7, Dvorak et al.
(1997), Krejci et al. (1994), Dvorak (1989), Miiller (1987), Dvorak & Wolf (1979), Skocek
(1976), Dvorak & Skocek (1975).

Skutecnost, ze z ptuvodniho rozsdhlého sedimenta¢niho prostoru moravskoslezského
kulmu zlstaly zachovany jen izolované relikty (Babek et al. 2008, Kalvoda et al. 2008)
komplikuje rekonstrukci ptivodniho teplotniho gradientu v obdobi maximalniho pohibeni.
V prvni ucelené interpretaci tepelné zralosti (Dvoidk & Wolf 1979) jsou spole¢né hodnocena
data odraznosti vitrinitu a krystalinity illitu z devonskych vépenci, sedimentd kulmu
a svrchniho karbonu. Toto zjednoduSeni nezohlediiuje vyrazné tektonické sblizeni

devonskych a karbonskych sedimentti a roli nasunové tektoniky.
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Obr. 9 Zména odraznosti vitrinitu (% R;) spodné karbonskych sedimentli hornoslezské panve

a jihovychodnich svahti Ceského masivu.
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V kulmskych sedimentech zachycenych ve vrtech Damboftice 1, TéSany 1, Némcicky 1
a Uhtice 10 pod ptikrovy vnéjSich Zapadnich Karpat, dosahuji hodnoty stfedni odraznosti
vitrinitu 0,65-1,65 % R, (Miiller 1987). Srovnatelné hodnoty stfedni odraznosti vitrinitu byly
také zjistény v myslejovickém souvrstvi zachyceném mélkymi vrty v oblasti Mokra-Hordkov
(1,23-2,05 % R;) a Skalka BJ (1,77-2,09 % R;). V stejném intervalu hodnot stiedni svételné
odraznosti (1,37-2,10 % R;) se pohybuji vzorky z povrchovych vychozii myslejovického
souvrstvi — lokality Olsany, Vyskov a Lule¢ (Pfiloha 1). Tepelnd zralost kulmskych
sedimenti (hradecko-kyjovické s.) zastizenych ve vrtech v HP dosahuje hodnot stfedni
odraznosti vitrinitu 0,91-2,55 %R, (obr. 9).

Vrt PotStat 1 zachytil 2 866 m mocny sled sedimentii moravického souvrstvi v oblasti
s variskou piikrovou stavbou (Cizek & Tomek 1991). Tepelnd pfeména je vysoka, a proto
byla stanovena maximalni (Rpnax) @ minimalni (Ry,;,) odraznost (Miiller 1987). Tyto hodnoty
byly pfepocitany na stfedni odraznost (R;) podle vztahu R; = (2*Rp.x + Rimin)/3 (Taylor et al.
1998). Tento piepocet umoznil vzajemné srovnavat oblasti s nizkou a vysokou tepelnou
pfeménou. Stfedni svételnd odraznost vitrinitu ve vrtu PotStat 1 nabyva hodnot od 4,49—
6,18% R;. Zména R, shloubkou ve vrtu PotStait 1, doklada tektonické opakovani
sedimentarnich sledii a prokazuje, Ze k dosazeni tepelné zralosti doSlo pfed dosunutim
kulmskych jednotek (obr. 10).

Tomuto scéndii také odpovida tepelnd preména organické hmoty meéfend na
povrchovych vzorcich z blizkého okoli (4,56-5,66 % R;, Francl & Otava 1998) a v ptilehlych
vrtech oderskych vrchl (3,32-5,22 % R;). Stejny stupenn tepelné pifemény je doloZen ve
vzorcich z protivanovského a rozstanského souvrstvi severni ¢asti Drahanské vrchoviny
(lokality Horni Stépénov, Koftenec, Okrouhld, Dzbel, Bukova, Nova Ves u Litovle, Okluky,
Stinava, Repessky zleb, Strazisko, Vicov, Sloup, Studnice), kde stiedni svételnd odraznost
dosahuje hodnot 3,08-4,96 %R; (Ptiloha 7, Ptiloha 3).

Prezentovana data dokladaji pokles tepelné pfemény kulmskych sedimentii moravsko-
slezské oblasti ve sméru Z-V. Tepelna zralost neklesa kontinudlng, ale v oblasti Drahanskeé
vrchoviny vykazuje skokovity pokles z hodnot stfedni odraznosti 3,17-5,23 % R; na hodnoty
0,62-2,10 % R, (Ptiloha 1). Prostorové sblizeni oblasti s vysokym a nizkym stupném teplotni
pfemény je mozné vysvétlit kontaktem zony s tektonicky fizenym pohibenim a oblasti

s pavodnim sedimentarnim sledem (Ptiloha 1, Kalvoda et al. 2008).
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masivu.
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3.2 Organicko-geochemicka charakteristika mikulovskych slinovcii

Mikulovské slinovce patii ke sledu autochtonnich mezozoickych sedimenti v oblasti
jizni Moravy a prilehlé c¢asti Rakouska (Picha et al. 2006). Jsou povazovany za hlavni
zdrojovou horninu ropy a plynu ve videnské panvi a pftilehlé oblasti (Picha et al. 2006,
Blizkovsky et al. 1994, Elias & Wessely 1990, Ladwein 1988). Mocnost mikulovskych
slinoveil roste od zapadu (200400 m), kde mikulovské slinovce piechazi do jurského
platformniho vyvoje smérem na vychod s vrtné¢ dolozenymi mocnostmi az 1 500 m. Tmavé
slinovce piedstavuji panevni facii (Adamek 2005) svrchné jurského staii a byly ukladany na
kontinentdlnim svahu jako monotonni sekvence organickou hmotou bohatych slinovci
s proménlivym obsahem karbonat (Elia§ & Wessely 1990). Obc¢asna laminace je projevem
odlisné zrnitostni skladby uzce spjaté s proménlivym obsahem kifemene, mikritu a jilové
frakce (Stranik et al. 1993, Elias 1974).

Pritomné organickd hmota je homogenni a tvofi ji pfevazné planktonické a bentické
fasy s minoritnim podilem terestrického materidlu (neptesahujicim 11 hm. %). Podle vysledk

maceralové analyzy pfedstavuje organickd hmota klasicky kerogen II (obr. 11).
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Obr. 11 Petrografické slozeni organického hmoty mikulovskych slinovct v diagramu podle

Littke & Sachsenhofer (1994).
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Obr. 12 Zména v zastoupeni hopani (parametry Ts/(Ts+Tm) a S/(S+R)H31) a stfedni

svételné odraznosti vitrinitu (% R;) s hloubkou v mikulovskych slinovcich.

Dominantni podil fas limituje vyuziti parametri pyrolyzy RockEval a vybranych
biomarkert, které jsou zaloZeny na pfitomnosti terestrické organické hmoty. Neménné slozeni
pfitomné organické hmoty v hodnoceném sedimentdrnim sledu umoZznilo vyuZziti hopani
(parametry Ts/(TstTm) a S/(StR)H31). Na =zakladé¢ téchto indexti byl stanoven
ptedpokladany pocatek ropného okna na hloubku 3 491 m (obr. 12). Odraznost vitrinitu pro
mikulovské slinovce zde dosahuje vysSich hodnot (0,7 % R;) néZ odpovida ropnému oknu,
coz je zpusobeno pfitomnosti malého mnoZstvi méfitelné organické hmoty a jeji ¢asteCnou
oxidaci. Velky rozptyl hodnot maximalni pyrolytické odezvy (Tyax) v intervalu 0 — 3 500 m
souvisi s pfitomnosti nepfeménéné organické hmoty (Pfiloha 8) a jilovych mineralti skupiny

smektitu a illitu (Dembecki 1992, Peters 1986, Davis et al. 1982).
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4. Organicka hmota v environmentalnich védach

Vzijemné propojeni geologickych aspektl dynamiky transportu a ukladani sedimentii
s detailni geochemii jak ptivodni organické hmoty, tak vybranych organickych kontaminanta,
umoziuje vyhodnotit a posoudit ekologickou zatéz prostiedi a vymezit stupel vyznamnosti
jednotlivych slozek systému. Uvedeny piistup vyuziva molekularni a isomerickou distribuci
ekologicky indikativnich latek ve wvztahu ke geologickym a geomorfologickym
charakteristikdm hodnocené oblasti. Tento pfistup je dilezity nejen v oblastech se starou
zatézi a probihajici t€zbou nerostll, ale také v fi€nim systému, do kterého uvedené latky
mohou vstupovat jednak pfimym splachem, ale také v disledku atmosférické depozice

(Murphy & Morrison 2002, Speight 1991).

Z organickou hmotou bohatych sedimentarnich latek jsou nejcastéjSim zdrojem
kontaminace uvadény uhli a ropa. Ziskavani obou surovin ovliviiuje Zivotni prostiedi
zpusobem technického feSeni tézby, transportem a ndvaznym zplisobem zpracovani. Uhli
a ropa maji dané primarni geochemické rysy, které odrazi sedimentacni prostredi a podminky
behem diageneze (Peters et al. 2005, Murphy & Morrison 2002, Taylor et al. 1998, Tissot &
Welte 1984). Jednotlivé typy uhli a ropy se 1i8i z pohledu chemického slozeni, tepelné zralosti
a mnozstvi a slozeni anorganickych pfimési (Stout & Emsbo-Mattingly 2008). Ob¢ suroviny
jsou piirozenym zdrojem polyaromatickych uhlovodikli (PAU) a vykazuji specifickou
distribuci tzv. ,fingerprint“ — pyrogenni a petrogenni (Pies et al. 2008, Douglas et al. 2007,
Yunker et al. 2002, Wang et al. 1999, Douglas et al. 1996). Obé skupiny PAU byly velmi
intenzivné studovany z pohledu jejich primarni distribuce, mechanismu transportu, degradace
a uchovani v riznych slozkach zivotniho prostfedi (Kim et al. 2009, Gogou et al. 2000). Podle
poslednich vyzkumi je moZzné prokézat souvislost mezi potencidlnim zdrojem a vyskytem
kontaminace pomoci distribuce PAU pouze na zékladé piikladové studie oblasti, kdy jsou
jasné definovany vstupy a potencialni zaté€ze. Problematice rozliSeni primarniho zdroje PAU
kontaminace v fi¢nim systému se dlouhodobé vénoval (Yunker & Macdonald 2003, Yunker
et al. 1999). Ve svych pracech detailné popsal zakonitosti distribuce méné stabilnich a vice
stabilnich PAU a dolozil, ze v kombinaci s biomarkery je mozné rozlisit latky pochéazejici ze
spalovani, ropné kontaminace, pfipadn€ pfirozeného biologického pozadi. Toto bylo
potvrzeno fadou regionalnich studii (napi. Piiloha 9, Farias et al. 2008, Yunker & Macdonald

2003, Faure et al. 2000, Wang et al. 1999).
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Od 60. let minulého stoleti, kdy se ochrana Zivotniho prostfedi dostala do popiedi
z4jmu Sir$i vefejnosti, jsou znalosti o tzv. historické¢ kontaminaci stale velmi limitované.
Analyticka data jsou dostupnad ve velmi omezeném mnozstvi v tzv. pfirodnich archivech,
které jsou klicové pro vyzkum historie znecisténi dané oblasti. Jako pfirodni archivy jsou
vyuzivany akvatické sedimenty (Heim & Schwarzbauer 2013, 2012). Geochronologicky
vyzkum antropogennich polutantl je vyuzivan jako nastroj rekonstrukce variability
zastoupeni a zmén kontaminantd v Case a umoZznuje vyhodnotit stupent zneciSténi
akvatickych systémi. Pro sestrojeni hodnovérného obrazu je potiebné mit k dispozici
neporuseny sedimentarni zaznam v rozmezi od 10 do 100 let (Schwarzbauer & Heim 2013,
Warren et al. 2003, Alderton 1985) a zarovén s rychlosti sedimentace cca. 2 cm za rok
(Ciszewski 2003). Vétsina studii v ficnich systémech je zaméfena na estudrie ptipadné
biehové mokiady (Xu et al. 2015, Woodruf et al. 2013, Gosar & Zibret 2011, Gotz et al.
2007) a na kovy vzhledem k jejich vyssi stabilit¢ a mensi pohyblivosti v prostfedi (napf.
Niencheski et al. 2014, Zhao et al. 2014, Bing et al. 2013, Gan et al. 2013) a existuje jen

omezené mnozstvi zabyvajici se persistetnimi organickymi polatnty (Kwan et al. 2014).
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4.1 Zmény v zastoupeni organickych kontaminantii v sedimentech

Brnénské prehrady

Brnénska prehrada byla vybudovéana na tfece Svratce v letech 1936-1939. Hodnoceny
vrtny profil zachytil neporuseny sedimentarni sled od vzniku ptehrady a umoznil detailni
zhodnoceni vyvoje sedimentace a zmén v obsahu kontaminantd. Studium makroskopickych
texturnich znakt sedimentli, obsahu organického uhliku (TOC) a magnetické susceptibility
(MSS) umoznilo vy¢lenit jednotliva stadia vyvoje depozi¢niho prostiedi Brnénské prehrady za
celou dobu jeji existence (Ptiloha 10).

Obsah organického uhliku vykazuje cyklické zmény, kde jsou vyssi obsahy TOC
spojovany s klidngjsi sedimentaci ze suspense a naopak dynamictéjsi sedimentace (povodné,
jarni tani) vykazuje nizS§i hodnoty TOC. Magnetickd susceptibilita odrazi rozdilny pftinos
feromagnetickych mineralti fekou Svratkou a je dobife srovnatelnd se zménami v zrnitosti.
Velmi nizké hodnoty MSS ve spodni ¢asti odpovidaji postupnému plnéni prehrady v letech
1939-1941. Rychlost sedimentace byla stanovena na zakladé mocnosti sedimentl a datovani
dilgich &asti profilu pomoci *’Cs, pro obdobi 1986-2007 na 3,0 cm za rok, v obdobi 1963—
1986 na 3,4 cm za rok a v obdobi 1954-1963 na 1,9 cm za rok. Na zakladé zrnitosti, MSS
a TOC byly identifikovany hlavni povodiové udalosti.

Zacatek intenzivni t€Zby uranu v hornim rozvodi teky Svratky byl jasn€ prokazan
v podobg zvyseného obsahu U, **°Ra a *'°Pb v hloubce 150 cm. Jsou dolozeny obzvlaste
vysoké obsahy **U v sedimentech z roku 1967. Rozdily v koncentracich ***U, **°Ra a *'°Pb
odrazi vyssi rychlost sedimentace po dokonceni piehrady v porovnani s jezernim prostfedim.
Vysledky prokazaly, Ze transport mineralii obohacenych uranem z rozvodi do nadrze je hlavni
zdroj radionuklidli v sedimentech, méné vyznamnym mechanismem je transport adsorbovanych

radionuklidii na plavening (Ptiloha 10).

33



20
40

60

80
100

~ 120

§

2140

g

2 160

=)

T 180
200
220
240

povoderi 1960

1940
[ !
1 povoden ! y: =

i pfechodné | prostredi

Fiéni

260 prostiedi
280
300 T 1 T 1 1T T 7T T T T T T 1T 1 T T 1 T 171 T T T T 1 T T T T 1T T 1T IrrrrrrrrrrrT
0 2 4 6 100 200 300 0 20 40 60 80 O 2 4 0 20 40 60 O 8000 16000
PCBs HCB DDTs PAU
TOC (% 93]
(%) MSS (107" m=.kg™") (ng/kg d.w.) (ugikg d.w.) {ngikg d.w.) (ngikg d.w.)

Obr. 12 Zména obsahu organického uhliku (TOC), polychlorovanych bifenylt (PCB),
hexachlorbenzenu (HCB), DDT a polycyklickych uhlovodikti (PAU) v profilu vrtu BP4

v brnénské prehradé.

Analyza persistentnich organickych polutantti (POP) v sedimentarnim profilu Brnénské
piehrady ((Pfiloha 11) zdokumentovala vyvoj zneCiSténi v Case a prokdzala odliSny
mechanismus transportu hodnocenych POP v fi¢nim systému. Uvedeny zavér vychazi ze
zhodnoceni zmén zastoupeni POP s hloubkou. Zatimco u DDT a HCB dochazi k poklesu
koncentrace v povodnovych piskovych vrstvach, koncentrace PCB a PAU se v zavislosti na
litologii neméni. Pozorovany jev souvisi s odlisnym zptisobem transportu DDT a HCB, které
jsou vazany na jilovou frakci, se kterou se splachem dostavaji do feky Svratky a dale do
piehrady, kde se ukladaji. V dob&é povodni, kdy byl zvySeny pritok a v piehradé
sedimentovala pouze pis€itd frakce, se tyto kontaminanty usadily dale po toku. Naopak PCB
a PAU nejsou vazény na zrnitostni frakci a vstupuji do prehradni nadrze spiSe splachem

z bezprosttedniho okoli pfehrady ptipadné atmosférickou depozici.
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Abstract. Organic and clay indicators were measured
to characterise the burial and thermal history of Devo-
nian through Upper Carboniferous siliciclastic and carbonate
rocks in the Rheno-Hercynian zone of the Variscan orogeny
in Moravia (eastern Czech Republic). The very low-grade
metamorphism is documented by the illite crystallinity (IC)
and vitrinite reflectance (R;) in the inner part of the thrust and
fold belt in the NNW. Application of forward thermal mod-
elling suggests maximum palaeo-temperature of 240-360°C
and burial depth of 4-9km. In the Variscan foreland in the
SSE the IC and R, values are typical of diagenetic condi-
tions with maximum palaeo-temperature of 80-130°C. The
distribution of both clay and organic maturity parameters is
interpreted as a result of pre- and syn-tectonic thermal expo-
sure of the rocks due to burial by a wedge-shaped body of
thrust sheets thinning towards the Variscan foreland where
only sedimentary burial was effective. The amount of uplift
and denudation increases from the foreland to the Rheno-
Hercynian thin-skinned thrust and fold belt.

Key words. Vitrinite reflectance; illite crystallinity: mod-
elling; thermal history; Variscan thrusting; erosion

1 Introduction

Significant advances have been made in understanding the
causes and processes of diagenesis and metamorphism re-
lated to thermal history of sedimentary basing and thrust and
fold belts (Tissot and Welte, 1984; Robert, 1988; Merriman
and Frey, 1999). Tt is generally accepted that the burial depth,
geothermal gradient and geological time play important roles
in these processes and that lack of one may partly be com-
pensated by surplus of the other factor. Mathematical meth-
ods have been proposed to calculate the probable maximum
palaeo-temperature and palaco-geothermal gradients in sedi-
mentary basins from the coal rank and slope of the diagenetic

Correspondence to: E. Francu (francu@cgu.cz)

or very low-grade metamorphic trend with depth in continu-
ous profiles (Waples, 1980, Buntebarth, 1982, Barker, 1996).

The reconstruction of the burial history and palaeo-
geothermal conditions is much more complex when thrusting
is involved and the (mmeta-)sedimentary rocks are imbricated
and stacked. Fast underthrusting of cold crustal surface be-
low overriding nappe sheet causes lowering of geothermal
gradient in frontal orogenic belts. In result, tectonic burial
is often asociated with lower or equal but not higher thermal
stress than a pure sedimentary burial of the same thickness
(Angevine and Turcotte, 1983; Wygrala et al., 1990; Cermak
and Bodri, 1996).

The thermal history of the Palaeozoic in the SE Bohemian
Massif has been a matter of discussion by different authors
(e.g. Skotek, 1976, Dvoiak, 1989). The results of our studies
differ from the earlier ones in the following aspects:

— regional distribution of palaeo-geothermal gradient or
heat flow

— amount of eroded sedimentary strata

— extent of tectonic displacement of the units (au-
tochthonous vs. allochthonous position).

Several computer programmes were developed to formu-
late mathematically the geological concept of basin evolu-
tion and to simulate subsidence, geothermics and diagene-
sis (Tissot and Welte, 1984; Welte and Yalgin, 1988; TIssler
and Beaumont, 1989; Ungerer et al., 1990; Poelchau et al.,
1997, Yalgin et al., 1997). In this paper the forward mod-
elling approach is applied to simulate the geological history
as a series of stratigraphic and tectonic events under evolv-
ing thermal conditions and to describe quantitatively depo-
sition, non-deposition, and erosion in time. The changes of
thickness of the preserved and missing strata (corrected for
compaction) are represented by burial history curves. De-
position and erosion of the non-preserved units are inferred
from unconformities, paleogeography, tectonics, and coalifi-
cation discontinuities. The thickness of the eroded units and
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palaeo-heat flow data are iteratively estimated in the process
of calibration (e.g. Poelchau et al., 1997) where the organic
maturity is calculated using a kinetic approach (EASY% R,
of Sweeney and Burnham, 1990). The model is considered
close to reality when the calculated vitrinite reflectance trend
fits the measured data points.

2  Geological setting

The Palaeozoic in the eastem part of the Bohemian Massif
(Fig. 1) is regarded as a part of the Rheno-Hercynian Zone
of the Variscan orogenic belt (Franke, 1989). The Palaeozoic
sequences in south-eastern Moravia are known from the out-
crops in the Drahany Upland north of Brmo and from deep
boreholes below the Carpathian Foredeep and the overthrust
of the West Carpathian Flysch Belt (Fig. 2). The crystalline
basement is built by the Cadomian Brunovistulian terrane
derived from the northern part of Gondwana (Finger and
Steyrer, 1995) and includes the granitoids and metabasalts of
the Brno Massif which are exposed at the surface in the SW.
The lithostratigraphy (Fig. 3) of the studied basins starts with
isolated occurrences of the Early Cambrian in the SE (Vavr-
dova, 1997; Jachowicz and Prichystal, 1997) and Silurian
near Stinava in the NE The main sedimentary sequences
congist of a series of pre-flysch formations, Variscan flysch
(“Culm™) and marginal foreland sediments (“molasse”). The
transgressive basal clastics of the Lower and Middle Devo-

nian occur in the entire area. During the Middle Devonian to
Lower Carboniferous carbonates and siliciclastics were de-
posited in a passive margin setting with a hiatus from the
Toumaisian to middle Visean within the Lisen Fm. in the
SE. The carbonates crop out in a narrow belt of the Moravian
Karst north of Brmo (Fig. 2) while most of the surface ge-
ology of the Drahany Upland exposes the Variscan synoro-
genic flysch of Early Carboniferous (Visean) age. Further
to the SSE the Upper Carboniferous coal-bearing molasse
sediments occur below the autochthonous Mesozoic, Ter-
tiary and the nappes of the Outer Carpathians. More details
about sedimentology, paleontology and tectonics are given
e.g. by Hladil et al. (1992), Kalvoda (1994), Dvoiak (1995),
Kumpera and Martinec (1995), Hartley and Otava (2001).

3 Earlier studies of thermal and erosion history

The published data on thermal maturity of organic matter
(coalification rank) and clays in the studied area include:

1. volatile matter (V92)) published mostly in technical re-
ports and summarised by Dvorak and Skotek (1975,
1976);

2. vitrinite reflectance (Rypax %) (see Dvoiak and Wolf,
1979; Dvoiak, 1989, Dvorak et al., 1997).
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locations of the modelled borehole profiles. Modified after Dvorak (1995).

3. illite crystallinity (Hbyey) (see Dvorak, 1989) in the NE
continuation of the Moravo-Silesian Palaeozoic outside
the area shown in Fig. 2.

A general increase of thenmal maturity firom SE to NW
has been observed in the regional distribution of Ry, and
Hbye1 (Dvoiak and Wolf, 1979, Dvoidk, 1989, Krejci et al.,
1994, 1996). Dvoiak (1989) admitted that a simple extrap-
olation of the coalification trend to the original surface R,
values would suggest erosion of 1000m in the foreland and
“many” kilometres in the thrust-and-fold belt but rejected

such a hypothesis as paleo-geographically unsustainable. He
assumed that “‘presence of redeposited metamorphosed De-
vonian rocks as pebbles in the Upper Visean flysch gave ev-
idence against existence of thick Palaeozoic units”. Dvoiak
(1995) hypothetised that the Variscan orogeny was associated
with high temperature — low pressure conditions and possi-
ble geothermal gradients of 70-90°C/km in the foreland and
over 200°C/km in the “intramontane region™ (West of Dra-
hany Upland) associated with extensive hy drothermal activ-
ity. Dvorak (1995) did not present any mathematical models
to justify his palaeo-geothermal assessments.
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Up to now, numerical models of thermal history have been
applied in two adjacent areas. In the Late Palacozoic Up-
per Silesian Basin, situated about 100km NE of the stud-
ied area, the palaeo-geothermal gradient was calculated us-
ing the method of Buntebarth (1978, 1982) to be as high
as 95°C/km and additional burial and erosion of 2-3 km
(Safanda et al., 1991). In the Nemcicky basin SE of the Dra-
hany Upland forward models have recently been established
by Francu et al. (1996) and Krejci et al. (1996) and suggest
only mildly elevated palaeo-heat flow values. No basin mod-
elling was applied in the Drahany Upland up to now:

4 Analytical methods
41 Sampling
Samples of dark shales, slates or shaly interlayers in carbon-

ates were collected from fresh outcrops and borehole cores.
Key localities are shown in Fig. 4 and often include several

measured data populations. The total number of sampling
sites is higher than shown.

4.2 Vitrinite reflectance

The measurement of reflectance was carried out m oil on
polished surfaces using a Leitz Wetzlar MPV2 microscope-
photometer, with a 50x objective and Leitz standards of
1.26 and 5.42% reflectance, in non-polarised (R,) and plane-
polarised light (Ryax and Ryyi). In order to obtain a single
parameter for the entire range of thermal maturity, the Ry ax
and Ry, values of particles with higher bireflectance were
recalculated to random reflectance using the equation R, =
(2#RinaxtRmin)/ 3 (Teichmiller et al., 1998). The applicabil-
ity of this equation was verified by a series of measurements
under both conditions.
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4.3 Clay minerals

Clay-size material was separated from the rocks atter remov-
ing the cements — carbonates, organic matter and iron oxides
(Jackson, 1975). Two clay fractions < 2 um and < 0.2 pin,
were collected by centrifugation for determination of an il-
lite crystallinity and expandability of illite-smectite respec-
tively. Oriented slides were analysed both air-dry and after
vapour glycolation (10h. at 60°C, then 2h. at 20°C) by X-
ray diffraction: Philips diffractometer PW 1830 (generator)
and PW 3020 (goniometer) with 0.02° step from 2 to 30° 2@.
Tllite crystallinity ndex (IC) was measured as peak width in
A °20 at half maximum (PWHM) of the 001 basal reflec-
tion of illite (Kiibler, 1967) using background stripping and
peak-fitting. The IC values were calibrated using interna-
tional standards (Warr and Rice, 1994). Chlorite 002 was
evaluated following Arkai et al. (1995) when illite was ab-
sent. Illite-smectite expandability was evaluated using NEW-
MOD program by Reynolds (1985) and diagrams by Srodon
and Eberl (1984).

4.4  Thermal modelling

Burial and thermal history was simulated using the Petro-
mod 1-D (IES) modelling software based on principles sum-
marised by Welte and Yal¢in (1988) and further explained
in details by Poelchau et al. (1997) and Yalcin et al. (1997).
Present steady-state or corrected subsurface temperature and
heat flow data of Cermak (1977a) and Hurtig et al. (1991)
were used as an input. The lower boundary conditions in the
thermal model are given by evolving heat flow at the base of
the sedimentary basin fill. The upper boundary conditions
are controlled by palaeo-climate and temperature at the sed-
iment/water interface. The forward modelling method takes
into consideration a continuous compaction and change of
the thermal field through geological time. The increase of
vitrinite reflectance is calculated as a function of temperature
and time using equations of chemical kinetics (Sweeney and
Burnham, 1990). The model is run many times with various
values of palaeo-heat-flow and palaeo-depth of burial and is
considered possible when the calculated trend of vitrinite re-
flectance with depth fits the measured data.
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Fig. 6. Basic mechanisms controlling basin subsidence and inver-
sions in the geological history of the SE Bohemian Massif: Ages
after Gradstein and Ogg (1996).
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Fig. 7. Three forward models of thermal history of the deepest sample in the KDH-1 borehole profile: the calculated vitrinite reflectance
using chemical kinetics (method of Sweeney and Burnham, 1990 and PetroMod 1-D program) is compared with the measured value.

Modelling was applied to quantify the thermal exposure
and possible burial depth in these partial areas. It is based on
the concept of the principal evolution phases with changing
tectonic settings and related basin types as proposed in Fig. 6.
The absolute ages are after Gradstein and Ogg (1996). The
scenarios of the relative heat flow (q) changes in the model
are tentatively chosen to follow the general trend in crustal
extension (increase in q) and/or compression (decrease in
q). Four model localities (Figs. 2 and 4) were selected to
characterise the spatial relationships between the maximum
burial depth within the Variscan orogeny, thermal exposure
and later uplift.

5.1 The Northem sector

The N part of the Drahany Upland consists of the earliest
Variscan flysch and the pre-flysch formations, i.e. Devonian
to Lower Carboniferous slates and carbonates (Fig. 3). The
vitrinite reflectance (Figs. 4. 5) in 75 samples from outcrops
and shallow boreholes (50-250m) suggest together with the
illite crystallinity a thermal maturity equivalent to very low-
grade metamorphism (Fig. 5). The differences in R; among
the samples are lower than the standard deviations of the
data populations. No convincing steep maturation trend with
present depth is observed either in KDH-1 or in the other 23
wells in this partial area. In the map of thermal maturity of
the Visean flysch and pre-Visean units (marked separately in
Fig. 4) the R; data do not show any systematic regional trend
within this sector. This is interpreted as a result of similar
palaeo-thermal exposure of the rocks in the entire northern
sector.

Thermal history is evaluated with alternative scenarios us-
ing a kinetic algorythm deviced for calculation of vitrinite

maturation as a function of temperature and time (Sweeney
and Bumham, 1990). The empirical polylines in Fig. 7 with
different heating and cooling stages show the absolute tem-
perature affecting the rocks at the base of the Protivanov
Fm. (earliest Variscan flysch) in the KDH-1 borehole profile.
Heating of rocks up to 205°C (Fig. 7a) vields maturity of
only 2.2%R,, i.e. by 1.5% lower than the measured vitrinite
reflectance (Fig. 7 right). Both temperature-time curves (b)
and (¢) in Fig. 7 with maximun palaeo-temperature of 252
and 246°C respetively yield thermal maturity similar to the
measured R, data. The (¢) scenario makes the same ma-
turity as (b) with a cca. double exposure time within the
top 10°C mterval (236-246°C) and by 6°C lower maximum
paleo-temperature (246°C). The slower cooling phase in (c)
shows no visible effect on vitrinite reflectance.

The three curves in Fig. 7 represent partial outputs of
1-dimensional models of palaeo-heat flow and amount of
burial and uplift (Fig. 8a, b, ¢). Each model yields a calcu-
lated maturity trend with depth, which is compared with the
measured vitrinite reflectance. The first scenario (Fig. 8a)
is conceived to get as close as possible to a shallow burial
associated with extraordinary high palaeo-gradient as pro-
posed by Dvoiak (1989) or Dvorak et al. (1997). An em-
pirical palaeo-heat flow of 140 mW*m™2 yields in carbona-
ceous siliciclastic lithologies a temperature distribution with
palaeo-gradient of 123°C/km and 97°C/km at depth intervals
of 0-1 and 1-2km respectively. Such values are worldwide
possible in ocean ridges, active rift and volcanic areas (Allen
and Allen, 1990). The modelling results show that a burial
to depth of 1.5 kin and temperature of 205°C (Fig. 7a) is too
shallow to produce the observed metamorphism even under
such high geothermal conditions.
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Table 1. Sensitivity analysis of different Carboniferous burial and
thermal scenarios for the Nem-2 well

Model(Nem-2) eroded heat flow  geothenmal gradient

Fig. 9 units (km)  (mW/m?) (*C/km)
between 2-4km

A (hot) 1.1 95 58

B (cold) 2.0 45 27

C (optimum) 1.6 63 37

Additional burial is simulated using the same heat flow
(140 mW#*m~2) in the model shown in Fig. 8b. The result-
ing trend of calculated R, with depth fits quite closely the
measured borehole data. The nterpretation is that depth of
1.9 km may be considered as the lowermost limit of the burial
while the justification of such a heat flow remains open to
discussion.

An alternative model (Fig. 8c) implies a palaeo-heat flow
of 70mW*m ™ > which is slightly above the worldwide aver-
age (Allen and Allen, 1990). From the calibration it follows
that burial to more than 4.5-5 km (decompacted) is necessary

to match the real data. The scenario (c) may be considered
rather as a mean than an upper limit and a model with burial
to 9km with 40mW*m™ 2 produces only a slightly different
result from that in Fig. 8c.

5.2 Central and SE part of the Drahany Upland

The surface geology of the central and SE parts of the Dra-
hany Upland does not differ significantly i lithology and
lithostratigraphy from the northern sector while the thermal
maturity is distinctly lower and correspond to the late dia-
genetic alteration (wet and dry gas zones of Tissot and Welte,
1984).

Two borehole profiles are modelled in the area. The bore-
hole Skalka BJ-10 situated S of Prostejov encountered the
flysch unit (Myslejovice Fm.). The model of burial history in
general is similar to that of the KDH-1 profile. The calibra-
tion by vitrinite reflectance of 1.77 a 2.09% R, at depths of
51 and 110 mrespectively suggests that erosional thickness is
4.8km associated with palaeo-heat flow of 62mW m—2 (3.5—
5.7km 65 and 50 mW m~2 respectively). The second mod-
elled borehole, Slavkov-2 is situated next to the overthrust
front of the West Carpathian Flysch Belt. It encounters the
Devonian to Tournaisian basal clastics and carbonates (49—
1320m) and the Lower Miocene of the Carpathian Foredeep
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Fig. 9. Burial and thermal history of the Nem-2 borehole profile. Calibration data are depicted in the Upper Carboniferous part of the profile.
Sensitivity analysis is shown by three curves of the modelled vitrinite reflectance with depth (see Table 1).

(0-49m). The R, data of 1.1 and 1.7% at depth of 136 and
1253 m respectively calibrate a model with 3.0km erosion
and 63 mWm~2.

5.3 The Palaeozoic below the Carpathians

This part of the Palaeozoic was encountered in numerous
deep boreholes below the nappes of the Outer Carpathians.
Devonian and Carboniferous sediments in the S and SE in
this area have diagenetic illite/smectite with 23—35% S and
R; =0.6-1.1%. Organic matter maturity is equivalent to the
oil window (Francu et al., 1996).

The borehole Nemcicky-2 with almost 5.5 km total depth
is newly modelled and considered representative for this
area. The sedimentary record comprises Cambrian silici-
clastics (Jachowicz and Prichystal, 1997), Devonian to Car-
boniferous carbonates (Macocha and Li%en Fms.), relatively
thin flysch (50m of Myslejovice Fm.) and over 1000m of
Variscan molasse. Unconformities indicate erosional events
within the Lower Carboniferous carbonates (Liten Fm.) and
between the Palaeozoic and the overlying autochthonous
Jurassic marls.

The erosion of the uppermost Carboniferous units was fol-
lowed by deposition and erosion of Mesozoic and Tertiary
sediments and emplacement of West Carpathian thrust sheets
(Krejei et al., 1996). From the low coalification gradients

within Jurassic, Paleogene and Neogene units in this area
(Francu et al., 1996) it may be concluded that the heat flow
during the Jurassic, and Tertiary did not exceed the maximum
ones during the Late Carboniferous (Fig. 9). Calibration of
the model by vitrinite reflectance of 0.60-0.94% at depth
range of 3204-4664 (Fig. 9) suggests erossion of 1600 m and
63 mW m~2 during the Late Carboniferous. The sensitivity
analysis was applied to evaluate the effect of different heat
flow at the basin fill / basement boundary and the thickness
of the eroded Palaeozoic units. The upper and lower limits
(Table 1) were tested under a chosen condition that the ther-
mal maturity atthe top of the preserved Carboniferous fits the
calibration data. The A and B models only fit about half of
the calibration data and deviate from the data trend at greater
depth. These alternatives are exagerated and probable val-
ues of deviations from the optimum input parameters may by
half narrower.

6 Interpretation and discussion

The measured vitrinite reflectance in shallow boreholes in
northern and central sectors of the studied area do not al-
low to make strict conclusions on the palaeogradient. It is,
however, possible to assess the firm and weak ponts in the
alternative concepts of geological and geothermal evolution.
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According to the first scenario, the Rheno-Hercynian Palaeo- Rheno-Hercynian zone increases from the frontal part (S-SE)
zoic units in SE Czech Republic formed at shallow to the internal zone (N-NW), one can imply that the palaeo-
burial and under increasing palaeo-geothenmal gradient from gradients would rather decrease than increase in this direc-

90°C.km ™! in the foreland to 200°C km ! in the hinterland tion.

(e.g. Dvorak, 1989, Dvoidk et al., 1997). The other concept
emphasises considerable vertical movements during the last

phases of the Variscan orogeny.
Mere recalculation of the vitrinite reflectance to maxi-

In the proposed models the assumed deep burial was
caused by additional deposition of a thicker flysch sedimen-
tary pile, possibly followed by emplacement of the frontal
part of the Variscan orogenic wedge from the NW during

mum palaeo-tempearture (e.g. Fig 7) gives values ranging the Viséan and Late Carboniferous. The accretion mecha-
from 220 to 290°C in the northern sector and from 120 to nism with compression and shortening would first increase
180°C in the central area with a gap of 40°C at the Blansko-  the burial and later cause detachment. imbrication, and ex-
Prostejov line. Numeric simulation of continuously changing humation of the earlier buried strata within the advancing
regional palaeo-heat flow does not produce such a more or orogenic complex (Fig. 10). It is possible to attribute the
less monotonous diagenetic-to-metamorphic pattern within sudden jump in thermal maturity at the Blansko-Prostejov

the partial areas and such a contrast at their boundary.
The experience from other regions and calculations

line to post-diagenetic/metamorphic movements with a more
profound uplift and erosion of the northern sector in respect

show that stacking of thrust sheets in frontal accretion to the central Drahany Upland (Fig. 10). The inverted dia-

wedges brings a relative decrease of the geothermal gradi-
ent (Angevine and Turcotte, 1983; Wygrala et al., 1990). As

genetic or metamorphic zonation formed in this way with
higher-grade in the rear and top and lower-grade rocks below

the extent of deformation and thrusting within this part of and towards the foreland has been observed in several other
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orogenic systems (Houseknecht and Matthews, 1985; Fritz
et al., 1996; Warr and Greiling, 1996; Merriman and Frey,
1999).

Thin-skinned overthrusting associated with Rheno-
Hercynian orogenic wedge propagation in the Moravian-
Silesian zone about 50-100 km NW of the Drahany Upland
was characterised by Chab et al (1984), Cizek and Tomek
(1991), Kumpera and Martinec (1995), and Hladil et al.
(1999). The new data and modelling suggest that this type
of tectonics could play an important role also in the Drahany
area.

The amplitude of uplift and thickness of the eroded Upper
Palaeozoic units decrease from 4.5-9km in the north to about
4.6 (3.5-5.7)km in the central part, and 1.6 (1.1-2.0) km in
the frontal Rheno-Hercynian zone and associated foredeep in
the SE. The magnitude of erosion implies that the Palaeozoic
units extended further to the south and east and also covered
the crystalline of the Brno Massif (Fig. 2) which was later
uplifted and exposed at the surface.

The calculation of the palaeo-geothermal gradient in Late
Carboniferous Upper Silesian Basin (200 km NE of the Dra-
hany Upland) published by Safanda et al. (1991) using
the Buntebarth method resulted in a very high gradient of
95°C/km and partly open question of the amount of erosion.
Our results of the finite-element forward modelling offer a
geological history with palaco-geothermal gradients of 31—
39°C /km (0~ km) and heat flow densities of 50-65 mW/m?
during maximum burial. Using the relationships given by
Cermék (1977b) these values would comespond to Palaeo-
zoic crustal thickness of 30 km in the Variscan foredeep basin
and 40 km in the thin-skinned orogenic wedge.

6.1 Comparison with analogous basins and thrust belts

A similar geological setting has been studied in the Ruhr
area where Devonian to Upper Carboniferous formations
are partly covered by the low-thermally mature Cretaceous.
Littke et al (1994), Biiker et al. (1995) and Littke et al.
(2000) used vitrinite reflectance, 1-D and 2-D modelling pro-
grammes and documented an increase of the palaeo-heat flow
from the orogenically thickened crust in the south towards
the Rheno-Hercynian foreland with relatively thinner crust.
Based on vitrinite coalification trends and modelling they
calculated eroded thicknesses of the Westphalian to Stepha-
nian from 6km in the south (Rheno-Hercynian) to 2.5 km in
the more external foreland basin (Ruhr Basin) in the north.
Due to erosion the present coalification rank at the surface is
higher in the hinterland than in the foreland even though the
palaeo-geothermal gradient decreases in the opposite direc-
tion.

A 10km deep burial of Upper Carboniferous strata and
later uplift associated with the Ouachita orogenesis (300 Ma)
in Oklahoma were calculated by Houseknecht and Matthews
(1985) using vitrinite reflectance as thermal maturity param-
eter. A close relationship of the foreland propagating thrust
wedge and the decreasing metamorphic grade and diagene-
sis from the rear to the frontal part and autochthonous inder-

thrust substratum was documented in the external Variscides
in Southwest England (Warr et al. 1991). The above men-
tioned case histories and the area studied in this paper are
consistent in several aspects and document a more general
validity of the observed diagenetic patterns and the respec-
tive thermal models related to the Variscan orogeny.

7 Conclusions

1. Newly measured vitrinite reflectance document more
densely the diagenetic to very low-grade metamorphic
pattern in the SE end of the Rheno-Hercynian zone. The
juxtaposed high and intermediate values of vitrinite re-
flectance along the boundary between Blansko (Sloup)
and Prostejov in the central part of the Drahany Upland
suggest a significant postdiagenetic tectonic activity and
uplift. More detailed structural investigation of this line
is needed.

2. A general stepwise decrease in metamorphic grade and
diagenesis of the siliciclastic rocks in the Palaeozoic of
the SE Bohemian Massif towards the frontal zone of the
Variscan fold and thrust belt gives evidence of a close
relationship of the themmal alteration and the Rheno-
Hercynian thin-skinned thrust wedge propagation. The
present geographic orientation of the described trends
and orogenic front may be different from that during
the Carboniferous.

3. The present distribution of the vitrinite reflectance and
illite crystallinity can be explained by a model of a
deeper, mainly tectonically driven burial with lower heat
flow in the rear Rheno-Hercynian zone and relatively
shallower sedimentary burial with equal or slightly
higher heat flow in the foreland basin. During the oro-
genic wedge propagation, the subsidence and burial mi-
grated with time towards the foreland and was probably
associated with uplift of the thrust sheets in the rear.

4. The regional metamorphic and diagenetic pattern and
basin modelling suggests that the diagenetic and very
low-grade metamorphic grade could not be attained
merely by high gradients without significant burial and
erosion. The calculated values of the eroded thickness
range from 4-9km in the fold-and-thrust belt in the
present north to 1.6km in the marginal foreland basin
in the south-east.

5. The presented data show similar features regarding the
metamorphic and diagenetic patterns in respect to ge-
ometry of orogenic belts and their forelands observed
in the Ruhr Basin, Rhenish Massif, external Variscides
in Southwest England, and Ouachita Mountains. The
modelling shows that the magnitude of probable ero-
sion is similar in the mentioned segments of the Oua-
chita and Rheno-Hercynian zones.
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The deep boreholes in the Upper Silesian Coal Basin provide a valuable material to evaluate thermal maturity of
the present Carboniferous units. 17 boreholes were used for evaluating expected paleothicknesses of the missing
units and the maximum ternperatures reached via 1D modelling. The models consider the geological evolution
concepts accepted for the region. The reliability of the final thermal models was calibrated with vitrinite reflec-
tance data. Vitrinite reflectance varies between 046 and 2.32% R, indicating thermally early mature to over ma-
ture organic matter for the Ostrava Fm. and Karvina Fm. The coal rank increases from the east to the west. Based
on the data from RockEval pyrolysis all samples from the Ostrava and Karvind Fms. belong to type lIl kerogen. The
RE results show that the source potential of the Carboniferous sediments was not spent in full as part of the
Variscan tectogen. Burial and thermal history on the Czech side of the Upper Silesian Coal Basin was reconstruct-
ed. The set of several 1D simulations proved that the thickness of the missing Palacozoic molasses association is
2500 to 3400 m in the foreland and 1800 to 2000 m for the platform. The maximum burial is expected at the end
of the Westphalian. The consequent sedimentation of the Carpathian Foredeep and nappe thrusting did not
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RE pyrolysis

Upper Silesian Coal Basin
1D basin modelling

change the Palaeozoic thermal maturity pattern within the tested area of the USCB.

@ 2015 Elsevier BV. All rights reserved.

1. Introduction and geological setting

The Upper Silesian Coal Basin (USCB) is one of the largest bitumi-
nous coal basins in Europe with a total area of 7000 km? located in
Poland (78%) and the Czech Republic (22%). The first findings of bitumi-
nous coal are reported in 1763-1770 and coal mining has developed
here since the 1830s with geological exploration and investigation of
the rechnological properties of the coal. The USCB (Fig. 1) is spatially re-
lated to the Rhenohercynian and Subvariscan Zones of the Variscan
orogeny (Aust et al., 1997; Kotas, 1995; Grygar and Vavro, 1995). In
this respect, the USCB occupies a similar structural position to those of
other European coal basins aligned in the belt stretching from the Brit-
ish Isles across Germany and Poland to the eastern part of Europe. The
sedimentary history (Fig. 2) in the study area began with a deposition
of Cambrian siliciclastics (Bula et al., 1997) on the Cadomian metamor-
phic and igneous rocks of the Brunovistulicum crystalline. The crystal-
line complex (Brunovistulicum) forming part of the Northern
European shield — Baltica - lies at depths of 1-12 km below the surface
and forms the basement underlying the coal-bearing sequences.

The Devonian (Givetian) transgression of basal clastics reached a
broad regional extent. During the Frasnian to lower Visean, shelf

* Corresponding author.
E-mail address: gerslova.eva@gmail.com (E. GerSlova).

http://dx.doi.org/10.1016/j.coal 2015.12.007
0166-5162/© 2015 Elsevier BV. All rights reserved.

carbonates and later shales were deposited in a passive margin setting,
During the latest Visean and Namurian A, the Avalon plate approached
Europe and created a frontal accretion wedge with slope turbidites of
the Hradec-Kyjovice Fm. with sandstones, greywacke, siltstones and
shales. This synorogenic foreland basin is also known as the “Culm” fa-
cies or “Variscan Flysch” in other parts of Europe. During the final phases
of the continent-continent collision in the Namurian A, the marginal
foreland (Subvariscan) basin formed with paralic coal-bearing Ostrava
Fm. (Dopita et al,, 1997; Grygar and Vavro, 1995). This formation with
a maximum thickness of 3200 m represents a wide spectrum of sedi-
mentary environments from the purely continental settings to zones
of transition into marine settings. During the Namurian B-Namurian C
and lowermost Westphalian, folding and thrusting in the hinterland
supplied material to the foreland basin and the Karvina Fm. was depos-
ited in a lacustrine environment. The sedimentation of Karvina Fm.
(maximum thickness of 1000 m approximately) began after a short hi-
atus between the Namurian A and Namurian B. The preserved surface of
the Palaeozoic formed an erosional truncation and there are post-
Westphalian strata of an unknown thickness missing in the present
USCB. The Cracow sandstone and relicts of Kwaczala arkose provide ev-
idence that the deposition continued up to the Stephanian, at least, in
the northern Polish part of the USCB (Kotas, 1995). Most of the USCB
area (Fig. 1) in Poland and the Czech Republic is covered by the Lower
and Middle Miocene (Karpatian and Badenian) claystones and
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Fig. 1. Sub-crop of the pre-Tertiary map of the Czech part with the Palaeozoic units in the USCB and the Variscan and Carpathian overthrust fronts (modified from Aust et al,, 1997 ). The

study area is marked by a bold frame.

sandstones of the Carpathian Foredeep basin and the overthrust of the
Western Carpathian Flysch Belt (Picha et al., 2006).

The technological coal parameters in the SW part of the USCB have
been studied since the beginning of the last century (e.g. Patteisky,
1928; Stahl, 1933; Dopita and Zeman, 1960; Dopita et al,, 1997; Sivek
et al,, 2003; Martinec et al., 2005). The newly published papers deal
with the coal properties in respect to coal bed methane, CBM
(Kandarachevova et al., 2009; Hemza et al., 2009). Weiss (1980) exam-
ined the coalification trend in the USCB based on a decrease to the vol-
atile matter (V") with a depth of several hundred well profiles. The
regional coalification pattern in the USCB has been presented on several
maps (Dopita and Zeman, 1960; Chudy, 1992; PeSek et al,, 1998 in the
Czech Republic and Kotas et al, 1983; Jurczak-Drabek, 1996 in
Poland). The atlas compiled by Sivek et al. {2003 ) refers to the previous
maps and includes coalification maps of the average value of measured
vitrinite reflectance calculated from V9 for each formation and mem-
ber in the SW USCB. As a conclusion the coal rank is decreasing from
W to E with elevated values along the Orlova Thrust. The main aim of
the present paper was to demonstrate regional trends in thermal matu-
rity and estimate the amount of the expected eroded layers from
Palaeozoic units.

1.1. Tectonic setting

The structure of the USCB is the result of the Variscan orogeny. The
geological structures defined in the region in terms of asymmetry

involve the western region of the Variscan foredeep with a predomi-
nance of fold and thrust tectonics - determined by a considerably great-
er mobilisation of the brunovistulic fundamental — and the eastern unit
of the “Upper Silesian Block” (Kotas, 1985) with a predominance of an
extensional tectonic fault to the east. Both of these units are separated
by the structure of Orlova Thrust. The basin asymmetry is most probably
caused by the varying substrate stability and the migration of the
Variscan orogeny processes from W to E in time. The current structure
was determined by local changes in the strain field during the main
phase of the Variscan orogeny and was completed by Alpine orogeny.
It is not yet well defined what deformation of the USCB strata was
caused by the Alpine orogeny. Very little information is available as
regards the period between the most recent Carboniferous deposits
and the earliest Miocene sediments in this area (Kumpera and
Martinec, 1995; Ptacek et al., 2012).

2. Samples and methods

17 boreholes assessed in terms of changes in thermal maturity with
depth on the Czech side of USCB. Since earlier research focused exclu-
sively on the quality of the present coal seams, it provides a comprehen-
sive database of parameters on coal seam maceral composition and
vitrinite reflectance values (a total of 1301 archival data). The recon-
struction of the temperature gradient in the past necessitates uninter-
rupted recording of thermal conversion within the depth interval of
maximum breadth. For this reason, thermal maturity was determined
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Fig. 2. Lithostratigraphy of the USCB according to Dopita et al. (1997).

by RockEval pyrolysis in 24 deep boreholes covering the entire area of
interest (Fig. 3). One-dimensional (1D) models of the burial history
and thermal maturity were constructed using PetroMod software
2014.2 (Schlumberger). The conceptual model for the area was recon-
structed by means of the published concepts of structural evolution of
the area presented in Chapter 1. Input parameters for modelling include
lithology of strata, thickness, age, and heat flow (Table 1). Maturity
modelling was calibrated by the measured vitrinite reflectance values
(VR,). The thickness of Carboniferous sediments eroded and thermal
evolution during Variscan orogeny were subject of the sensitivity
analyses.

Polished surfaces were prepared from 41 samples taken from deep
boreholes and random reflectance measurements were carried out in
oil under non-polarised light (R,) using the Leitz Wetzlar MPV2
microscope-photometer with a 50 objective. The Leitz standards of
1.26 and 5.42% reflectance were used following the established proce-
dure described by Taylor et al. (1998).

Geochemical analysis in terms of TOC measurements and Rock Eval
pyrolysis covered 188 Carboniferous coals, dark black shales and slates

(Table 2). The samples were dried, pulverised, homogenised and sieved
through a 1 mm mesh. All samples were subjected to elemental analysis
of total organic carbon (TOC) using the Eltra Metalyt CS 100,/10005 ap-
paratus and the RockEval 5 pyrolysis (Espitalie, 1986; Lafargue et al.,
1998; Behar et al.,, 2001). The measured parameters comprise free and
bound hydrocarbons (51 and 52), and a peak temperature of pyrolysis
(Tmax)-

3. Results and discussion
3.1. Organic matter characterisation

The bulk geochemical characterisation of the OM in the Ostrava and
Karvina Fm. (Table 2, Fig. 4) identified a dominant kerogen type. Both of
the formations revealed a maximum range in terms of total organic con-
tent within the studied series. The total organic carbon (TOC) of the
Karvina Fm. varies between 0.82% and 86.4%. These coal seams and
coaly siltstones are thermally mature with T, 0f 431-471 °C. They
are characterised by a decreasing evolution path of the hydrogen
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Fig. 3. Sub-crop map of the studied SW part of the USCB with boreholes with vitrinite reflectance and pyrolysis RockEval data.

index from 206to5mg-g  "TOC. The unusually high values of the Tmax
(524-544 °C) represent oxidised samples with elevated vitrinite re-
flectance (1.96-2.13% R, ). The TOC of the Ostrava Fm. vary between
0.21% and 89.1%. These samples are thermally mature with Ty, of
423-525 °C. They are characterised by the evolution path of the hy-
drogen index (Fig. 4) that decreases from 237 to 1 mg-g~ 'TOC. The
very low HI values are attributed to the high thermal maturity of

the coals. The HI-Tmax diagram shows that all samples from the
Ostrava and Karvina Fms. are type 11l kerogen.

3.2. Thermal maturity

The vitrinite reflectance (VR,) increases with depth ( Fig. 5a, b} from
0.46 to 2.32% R, and the overall coalification trend does not show

Table 1

1D model input table of the basic geological data for the NP824 borehole.
Name Top Base Thickness Eroded thickness Deposited from  Depositedto  Eroded from  Erodedto  Lithology
Thrust belt -394 G603 997 1650 3.00 Sandstone + shale + conglomerate
Carpathian Foredeep G03 613 10 17.50 16.50 Sandstone + shale
Karvina Fm. 613 638 25 1800 323.20 311.00 311.00 100.00 Shale + siltsone + coal (pure)
Prokop coal 638 640 2 323.60 323.50 Coal (pure)
Poruba Mb, 640 731 91 324,00 323.60 Shale + siltsone + coal (pure)
Jaklovec Mb. 731 824 93 324.50 324.00 Shale + siltsone + coal (pure)
Hrusov Mb. 824 868 M 325.00 324.50 Shale + siltsone + coal (pure)
Petrkovice Mb. 868 1144 276 325.50 325.00 Shale + siltsone + coal (pure)
Hradec-Kyjovice Fm. 1144 1390 246 346.70 328.00 Sandstone + shale + conglomerate
Carbonates 1390 1427 37 360.00 346.70 Limestone -+ shale + sandstone
Carbonates 1427 1573 146 374.00 360.00 Limestone + shale + sandstone
Basal clastics 1573 1597 24 397.00 385.00 Sandstone + conglomerate
Crystalline basement 1597 1606 9 600.00 550.00

Granite (500 Ma old)
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Table 2

Bulk geochemical data of Rock-Eval and TOC analysis with calculated parameters.
Borehole Depth (m) Formation TOC (wt.%) 5, (mg/g) S, (mgsg) T E2C) HI
NP 203 310.0 Ostrava Fm. 207 0.02 0.06 462 3
NP 203 349.3 Ostrava Fm. 120 0.02 0.08 470 7
NP 203 389.3 Ostrava Fm., 1.73 0.02 012 471 7
NP 203 489.0 Ostrava Fm. 1.86 0.02 01 470 5
NP 203 4938.0 Ostrava Fm. 1.63 0.03 012 472 7
NP 203 532.0 Ostrava Fm. 144 0.04 0.06 465 4
NP 203 565.0 Ostrava Fm., 0.94 0.02 0.04 465 4
NP 203 613.4 Ostrava Fm. 15.57 013 1.04 473 7
NP 203 637.3 Ostrava Fm. 149 0.02 0.04 459 3
NP 203 680.0 Ostrava Fm. 1.50 0.02 0.04 464 3
NP 707 862.0 Ostrava Fm. 1.89 0.03 0.08 468 4
NP 707 863.7 Ostrava Fm. 254 0.04 016 472 6
NP 707 1003.0 Ostrava Fm. 1.62 0.02 0.06 461 4
NP 707 11102 Ostrava Fm. 5.72 0.08 0.16 467 %
NP 707 11720 Ostrava Fm. 225 0.06 0.1 463 4
NP 707 12050 Ostrava Fm, 1.90 0.05 0.08 459 4
NP 707 1268.8 Ostrava Fm, 1.14 0m 0.04 463 4
NP 825 1207.8 Karvina Fm. 1791 022 27.88 451 156
NP 825 12225 Karvina Fm. 1294 0.14 147 450 114
NP 825 1265.0 QOstrava Fm. 3.61 0.07 3.02 462 84
NP 825 12734 Ostrava Fm. 215 0.06 124 460 58
NP 825 1282.7 Ostrava Frm. 1.16 0.03 048 464 41
NP 825 1350.0 Ostrava Fm. 2.81 0.21 236 460 84
NP 825 1363.0 Ostrava Fm. 1.75 0.09 0.84 464 48
NP 910 881.2 Karvina Frm. 3.42 0.08 288 450 84
NP 910 8723 Karvina Frm. 6.73 0.11 578 449 86
NP 910 1038.8 Karvina Fm. 1.54 0.04 o7 464 45
NP 910 11152 Karvina Frm. 1.38 0.03 0.54 464 39
NP 910 1201.2 Ostrava Fm. 3.42 0.13 31 466 a1
NP 910 12527 Ostrava Fm. 3.99 0.07 218 466 55
NP 910 13323 Ostrava Fm. 7.32 021 5.66 469 77
NP 910 1378.0 Ostrava Fm. 3.99 036 29 469 73
NP 910 14449 Ostrava Fm. 0.77 0.04 0.24 463 31
NP 910 1517.0 Ostrava Fm. 2510 097 17.92 468 71
NP 910 1542.7 Ostrava Fm. 1.14 0.05 038 469 33
NP 910 15910 Ostrava Fm. 277 013 0.62 467 22
NP 910 16193 Ostrava Fm. 1.75 0.07 0.58 4an 33
NP 910 1659.6 Ostrava Fm. 198 0.05 0.62 4an 31
NP 910 17920 Ostrava Fm. 1.46 0.05 032 4an 22
NP 910 1856.5 Ostrava Fm. L7# 003 01 470 G
NP 910 1889.6 Ostrava Frm. 225 0.07 0.56 471 25
5v-1 878.5 Ostrava Fm. 211 01 328 437 155
Sv-1 903 Ostrava Fm. 1.79 0.07 228 438 127
5V-1 940 Ostrava Fm. 246 005 0.68 447 28
SV-1 1005.5 Ostrava Frm. 049 0.02 0.02 457 4
5v-1 1025.7 Ostrava Fm. 1.66 0.08 214 442 129
Sv-1 10746 Ostrava Fm. 1.86 0.08 1:12 449 60
5v-1 1105.5 Ostrava Fm. 1.62 0.06 1.08 449 67
Sv-1 1127.7 Ostrava Fm. 123 0.04 0.66 450 54
5v-1 1148 Ostrava Fm. 1.26 0.02 0.26 451 21
Sv-1 1180.5 Ostrava Fm. 047 0.02 0.02 464
5v-1 1200.2 Ostrava Fm. 4.65 023 542 453 117
SV-1 12782 Ostrava Fm. 0.38 0.02 0.2 423 53
SV-1 1341.1 Ostrava Fm. 2.03 0.08 0.72 455 35
SV-1 1355.1 Ostrava Fm, 0.79 0.02 048 448 61
SV-1 13793 Ostrava Fm, 0.90 0.05 03 457 33
SV-1 1405.8 Ostrava Fm. 2.26 012 1.26 451 56
SV-1 14255 Ostrava Fm. 1.14 0.05 0.44 456 38
5V-1 1448.9 Ostrava Fm. 1.42 0.05 0.56 457 39
5v-1 1470.7 Ostrava Fm. 1.46 0.05 0.38 458 26
NP 522 1006.1 Ostrava Frm. 222 007 1.06 452 48
NP 522 1025.2 Ostrava Fm. 1.34 0.1 0.66 452 49
NP 522 1045.7 Ostrava Fm. 225 01 1.26 452 56
NP 522 1102.1 Ostrava Fm. 1.38 0.04 0.46 456 33
NP 522 11256 Ostrava Fm. 3.97 015 4.76 449 120
NP 522 1150.6 Ostrava Fm. 1.38 011 0.68 454 49
NP 522 1175.7 Ostrava Fm. 040 0.02 012 458 30
NP 522 1259 Ostrava Fm. 1.86 013 2,00 458 108
NP 522 129549 Ostrava Fm. 1.73 024 0.98 460 57
NP 522 1331 Ostrava Fm. 143 0.14 0.88 462 62
NP 522 1352 Ostrava Fm. 1.39 013 0.70 461 50
NP 522 1375 Ostrava Fm. 1.61 014 078 464 48
NP 522 1395 Ostrava Fm. 2.28 012 0.98 465 43
NP 522 1439 Ostrava Fm. 118 0.05 0.48 462 41
NP 522 1458 Ostrava Fm. 2395 253 21.40 463 89
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Table 2 (continued)

Borehole Depth (m) Formation TOC (wt.%) S: (mg/g) Sz (mg/g) Taex £76) HI
NP 522 1522 Ostrava Fm. 145 0.06 0.40 464 28
NP 522 1551 Ostrava Fm. 434 0.36 2.66 469 61
NP 522 1575 Ostrava Fm. 1.63 0.07 0.36 465 22
NP 522 1603 Ostrava Fm. 155 013 0.28 467 18
NP 522 1623 Ostrava Fm. 0.94 011 0.28 467 30
NP 522 1655 Ostrava Fm. 1.78 0.02 0.38 465 21
NP 522 1680 Ostrava Fm. 1.34 0.03 0.32 466 24
NP 522 1701 Ostrava Fm. 0.98 0.04 0.24 469 24
NP 522 1726 Ostrava Fm. 239 0.04 0.52 471 22
NP 522 1774 Ostrava Fm. 193 0.03 0.50 472 26
NP 522 1804 Ostrava Fm. 120 003 0.18 467 15
NP 522 1825 Ostrava Fm. 3.94 011 0.70 470 18
NP 534 889.3 Ostrava Fm. 1.03 006 0.64 458 62
NP 534 995.4 Ostrava Fm. 153 007 0.2 458 13
NP 534 1151 Ostrava Fm. 317 018 1.02 464 32
NP 534 1515.7 Ostrava Fm. 1.46 0.04 032 471 22
NP 534 1643.4 Ostrava Fm. 144 0.04 0.24 472 17
NP 534 1821.2 Ostrava Fm. 1.24 0.03 0.1 475 8
NP 730 9136 Ostrava Fm. 1575 0.09 0.88 464 50
NP 730 923.1 Ostrava Fm. 1.82 013 1.04 465 57
NP 730 1044.5 Ostrava Fm. 4.72 0.26 2.26 467 48
NP 730 10615 Ostrava Fm. 1.58 0.07 0.58 469 37
NP 730 1096.6 Ostrava Fm. 236 0.1 0.64 467 27
NP 730 11318 Ostrava Fm. 235 0.08 0.42 467 18
NP 730 11684 Ostrava Fm. 2.55 0.07 0.44 469 17
NP 730 1179 Ostrava Fm. 122 0.05 0.98 472 80
NP 730 1268 Ostrava Fm. 245 0.03 0.24 470 10
NP 730 13138 Ostrava Fm. 1.75 0.04 03 472 17
NP 730 1343.7 Ostrava Fm. 149 0.04 0.24 472 16
NP 730 13915 Ostrava Fm. 1.55 0.56 0.36 473 23
NP 730 1418 Ostrava Fm. 2,08 0.05 0.36 472 17
NP 730 14475 Ostrava Fm. 1.48 0.02 012 473 8
NP 730 14824 Ostrava Fm. 295 0.06 0.36 473 12
NP 730 15104 Ostrava Fm. 1.18 0.02 0.06 473 5
NP 730 1547 Ostrava Fm. 1.94 0.02 0.02 495 1
NP 730 16283 Ostrava Fm. 129 0.06 0.16 472 12
NP 730 16475 Ostrava Fm. 243 0.04 0.2 474 8
NP 730 1676.5 Ostrava Fm. 1.53 0.m 0.04 465 3
NP 818 12903 Ostrava Fm. 128 0.14 0.07 458 5
NP 813 13387 Ostrava Fm. 1.76 017 1.56 457 89
NP 824 10354 Ostrava Fm. 0.66 0.01 0.30 455 45
NP 824 1053.15 Ostrava Fm. 5.01 0.48 8.26 445 165
NP 824 10894 Ostrava Fm. 1.87 012 112 449 G0
NP 824 1107.7 Ostrava Fm. 1.03 0.06 0.66 455 64
NP 824 11634 Ostrava Fm. 1.38 0.08 1.36 451 99
NP 824 11727 Ostrava Fm. 144 0.08 1.60 451 111
NP 824 1177 Ostrava Fm. 11 0.05 0.80 455 73
NP 824 12001 Ostrava Fm. 206 0.02 1.72 455 83
NP 824 12124 Ostrava Fm. 19 0.19 1.64 455 86
NP 824 12868 Ostrava Fm. 111 0.05 0.68 458 61
NP 824 13453 Ostrava Fm. 0.56 0.05 012 459 21
NP 824 1374 Ostrava Fm. 1.67 0.08 1.20 464 72
NP 824 13762 Ostrava Fm. 18 0.04 112 467 62
NP 824 1391 Ostrava Fm. 1.31 0.07 0.56 461 43
NP 824 1444 Ostrava Fm. 1.96 0.16 1.06 465 54
NP 824 14546 Ostrava Fm. 1,19 0.10 0.40 465 34
NP 824 1463.6 Ostrava Fm. 142 0.08 0.26 464 18
NP 824 1480.1 Ostrava Fm. 148 0.13 0.68 465 46
NP 824 15226 Ostrava Fm. 118 0.10 0.34 467 29
NP 862 7700 Ostrava Fm. 1.09 0.07 0.2 460 18
NP 862 7784 Ostrava Fm. 348 0.13 1.92 481 a5
NP 862 8027 Ostrava Fm. 3276 032 27.76 476 85
NP 862 8452 Ostrava Fm. 15.89 0.85 14.46 477 a1
NP 862 8758 Ostrava Fm. 0.09 1.62 480

NP 862 9054 Ostrava Fm. 1546 0.25 12.75 477 82
NP 862 943.0 Ostrava Fm. 1099 0.31 7.78 480 a
NP 862 9785 Ostrava Fm. 242 0.07 0.92 482 38
NP 862 1004.4 Ostrava Fm. 254 0.08 0.86 492 34
NP 862 10220 Ostrava Fm. 16 0.02 0.46 500 29
NP 862 1051.0 Ostrava Fm. 092 0.01 0.14 505 15
NP 862 11273 Ostrava Fm. 3.98 01 1.64 485 4
NP 862 11564 Ostrava Fm. 208 0.04 0.6 501 29
NP 862 11932 Ostrava Fm. 565 0.14 158 484 28
NP 862 12201 Ostrava Fm. 318 0.05 0.96 493 30
NP 862 12209 Ostrava Fm. 46 0.05 18 491 41

(continued on next page)
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Table 2 (continued )

Borehole Depth (m) Formation TOC (wt.%) S: (mg/g) Sz (mg/eg) Tonan £1EY HI

NP 862 12382 Ostrava Fm. 317 0.08 096 496 30
NP 862 1270.7 Ostrava Fm. 3.34 0.07 1.02 496 31
NP 862 1314.5 Ostrava Fm. 10.30 0.09 272 508 26
NP 862 1358.0 Ostrava Fm., 1.44 0.04 024 513 17
NP 862 1369.3 Ostrava Fm. 6.07 0.09 148 515 24
NP 862 1407.2 Ostrava Fm. 7.95 011 218 508 27
NP 862 1445.8 Ostrava Fm. 19.93 017 6.64 508 33
NP 862 1491.6 Ostrava Fm., 1.85 0.04 026 520 14
NP 862 1539.7 Ostrava Fm. 1.79 0.05 028 523 16
NP 862 1569.8 Ostrava Fm. 229 0.03 04 519 17
NP 862 1635.9 Ostrava Fm. 1.80 0.04 028 525 16
NP 862 1700.0 Ostrava Fm. 1.47 0.04 018 523 12
SV6 13335 Karvina Fm. 1.64 01 012 526 7
SV6 13363 Karvina Fm. 3.74 0.09 028 544 7
SVE6 13495 Karvina Fm. 1.32 0.08 0.1 541 8
SV 6 13599 Karvina Fm. 1.31 0.04 0.06 469 5
SV6 13622 Karvina Fm. 1.59: 0.05 012 457 8
SV 6 1373.1 Karvina Fm. 2.08 0.06 048 524 23
SV6 13800 Karvina Fm. 1.68 0.1 072 4an 43
SV 6 13802 Karvina Fm. 1.58 0.09 0.88 464 56
5V6 1417.2 Karvina Fm. 1.85 0.05 09 461 49
SV6 1443.5 Ostrava Fm. 3.11 0.09 1.7 466 55
SVE6 1443.6 Ostrava Frm. 2.58 0.09 126 466 49
SVG6 1443.7 Ostrava Fm. 233 008 L16 468 50
5VEe 1443.7 Ostrava Fm. 2.57 0.08 122 467 47
5VG6 1444.0 Ostrava Fm. 2,16 0.06 122 460 56
5VE 1445.8 Ostrava Frm. 3.03 0.04 176 468 58
SVE 14459 Ostrava Fm. 3.26 0.04 24 465 74
SVE 14473 Ostrava Fm. 1.44 0.05 0.74 468 51
SVE 1483.8 Ostrava Fm. 5.90 018 4.02 457 68
SVE 1493.7 Ostrava Fm. 1.48 0.05 0.74 460 50
SVE 1494.2 Ostrava Fm. 1.81 0.04 0.74 464 41
SVE 15102 Ostrava Fm. 1.96 0.08 1.08 464 55
SVEB 2005.0 Ostrava Fm. 2.60 0.07 0.88 494 34
SVB 2080.0 Ostrava Fm. 212 007 036 497 17
SVEB 21120 Ostrava Fm. 141 001 0.42 50 30
SV B 2116.0 Ostrava Fm. 1.05 0.04 0.18 504 17
SVEB 21300 Ostrava Fm. 123 0.03 0.26 504 21

TOC: total organic carbon, wt.% S1: volatile hydrocarbon { HC) content, mg HC/g rock. S2: remaining HC generative potential, mg HC/g rock, Tz temperature at maximumof S2 peak. HI:

hydrogen index = 52 = 100/TOC, mg HC/g TOC.
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Fig. 4. Kerogen types based on the Hl and Ty for Karvind and Ostrava Fms.

significant differences among the eastern and the western part. The cur-
rent depth position of the Palaeozoic sediments is determined by the
presence of the thick West Carpathian nappes that reach thickness of
over 2800 m to the south.

To assign a palaeo geothermal gradient in the boreholes, where the
vitrinite reflectance data were not available, the T, from RE pyrolysis
was used. To establish a relationship between R; and Tmax both param-
eters were measured on a set of 41 samples (Table 3). Correlation
among both of the parameters demonstrated a fairly good agreement.
The observed relationship of T,.—% R, (Fig. 6) is in agreement with
the date published from the Paris Basin (Espitalie et al., 1985) and the
Polish part of the USCB (Kotarba et al., 2002).

3.3. 1D burial history reconstruction

The age of each stratigraphic unit was adjusted in agreement with
the lithostratigraphic division of the Czech and Polish parts of the
USCB (Kotas, 1995; Dopita et al., 1997; Sivek et al, 2003 ) as well as
with radiometric dating according to Davydov et al. (2012) and fission
track dating according to Botor ( 2014). The thickness of the stratigraph-
ic units in the evaluated boreholes was taken from the borehole profiles.

The evolution of the Upper Silesian Basin from the Devonian to re-
cent (Fig. 7) was split into the five major tectonic phases:

1. Devonian to Early Carboniferous extension with carbonate platform
development on passive margin;

2. Late Carboniferous/Permian compression during the Variscan fore-
land basins development and the sedimentation of the flysch and
molasses facies with thermal subsidence;
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Fig. 5. Coalification trends for selected borehole profiles in the western (a) and the eastern
part (b) of the USCB.

3. Permian to Jurassic period with erosion of the Palaeozoic nappes;

4. Jurassic—Cretaceous extension and passive margin development; and

5. Compression regime starting during Palaeogene platform flexuring
followed by the sedimentation of the foredeep and overthrust of
Carpathian nappes during the Neogene.

The expected palaeo-heat flow evolution was examined to evaluate
their influence on the thermal maturity curve for the Ostrava and
Karvind Fms. within the Czech part of the USCB. The HF1 represents
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Table 3

Results of parallel measurement of vitrinite reflectance (R, ) and maximum pyrolyses tem-

perature (o).
Borehole Depth (m) Formation R: (%) Trnax (°C)
NP 824 10354 Ostrava Fm. 098 455
NP 824 1053.15 Ostrava Fm. 092 445
NP 824 10894 Ostrava Fm. 1.00 449
NP 824 1107.7 Ostrava Fm. 081 455
NP 824 11634 Ostrava Fm. 1.04 451
NP 824 1177 Ostrava Fm. 1.03 455
NP 824 12124 Ostrava Fm. 1.04 455
NP 824 12866 Ostrava Fm. 1.09 458
NP 824 1444 Ostrava Fm. 111 465
NP 824 15226 Ostrava Fm., 1.16 467
NP 710 690 Ostrava Fm. 1.62 498
NP 818 12903 Ostrava Fm. 1.04 458
NP 818 1338.7 Ostrava Fm. 085 457
NP 534 8893 Ostrava Fm. 094 458
NP 534 995.4 Ostrava Fm, 120 458
NP 534 1151 Ostrava Fm. 124 464
NP 534 1515.7 Ostrava Fm. 128 471
NP 534 1643.4 Ostrava Fm. 145 472
NP 522 10252 Ostrava Fm. 092 452
NP 522 11506 Ostrava Frm. 089 454
NP 522 1259 Ostrava Fm. 095 458
NP 522 1395 Ostrava Fm. 099 465
NP 522 1592 Ostrava Fm. 1.26 464
NP 522 1680 Ostrava Frm. 124 466
NP 522 1774 Ostrava Fm. 138 472
NP 522 1825 Ostrava Fm. 1.28 470
NP 825 1207.8 Karvina Fm. 1.05 451
NP 825 12225 Karvina Fm. 112 450
NP 825 1265 Ostrava Fm. 1.04 462
NP 825 12734 Ostrava Fm. 1.07 460
NP 825 12927 Ostrava Fm. 1.04 464
SV-6 13363 Karvina Fm. 1.51 544
SV-6 1373.1 Karvina Fm. 114 524
SV-6 13802 Karvina Fm. 112 464
SV-6 1417.2 Karvina Fm. 112 461
SV-6 14435 Ostrava Fm, 122 466
SV-6 1443.7 Ostrava Fm, 1.21 468
SV-6 1483.3 Ostrava Fm. 115 457
5V-6 15102 Ostrava Fm. 1.15 464
SV-6 2130 Ostrava Fm. 1.53 504
5V-1 14255 Ostrava Fm. 093 456

R: random vitrinite reflectance. Ty, temperature at maximum of S2 peak.
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Fig. 6. Comparison of % R, and Ty, on 41 samples from Ostrava and Karvind Fms, Pub-
lished relationship for USCB's Poland part (Kotarba et al., 2002) and the Paris basin
(Espitalie et al,, 1985).
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Fig.7. The USB evolution from the Devonian to Recent with major tectonic phases and tested palaeo-heat flow scenarios (HF1, HF2 and HF3). The red frame marks the period tested using
sensitivity analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

40+

a

-1000

thrust beit
o
E Carpathian ¢
foreds
2 antern g
e | B
1000 Petrkovice Mb. | &
Hradec-Kyjovice Fm.
carbonates
basal clastics
basement
e
2000 ] 0 50 100 150
\ Temperature [°C]
300 200 100 0
b Time [Ma]
temperature [C] vitrinite reflectance [%] st
0 20 40 80 80 0 050 o0 150
thrust balt
Carpathian
AN f‘%ﬁﬁ‘: &
N i | £
\ \ |Patrkovica Mb. g
\ Hradec-Kyjovica Fm.
L Ebasaidislms
==*== Heat Flow 1
=== Heat Flow 2
= Heat Flow 3

Fig. 8. Burial and thermal history of the NP 824 borehole profile ( platform) and the results of sensitivity analysis with changing HF scenarios at a constant eroded thickness of 1800 m. The
measured VR data used for calibration is indicated by crosses.

68



E. Gerslovd et al. / International Journal of Coal Geology 154155 (2016) 30-42

NP 733

vitrinite reflectance [%)]

0 050 100150200
0 Carpathian
Tocedenp
TTY =
E i\
% \\
& 1\
& 1500 I\ i
\|
A K [
\ ". Hradec-Kyjovice Fm.

NP 824

vitrinite reflectance (%]

Q 0.50 100 150
L - L L
0
thrst beit
E 500 Garpatnian
= S B
= E | Hanvna fm.
o LY | Froniba b
la 3 e Jaklovec Wb | E
3 beS —| Husov Wb | s
AN §
1000 A\ Petriouice Mb.
ey
Bk § .".
e d Hradec-
h’“‘_.,_ Kyjovien Fm
‘\ 4 carbonales
1500 Pg

Eroded thickness: 1 000 m s

1600 m

1800 m =
2000 m ==
2500 m s
3500 m ==

Fig. 9. Results of sensitivity analyses of the NP 733 borehole (foreland ) and NP 824 ( platform) with changing eroded thickness for HF1 scenario (NP 733) and changing eroded thickness
for HF2 scenario (NP 824), The measured VR data used for calibration is indicated by crosses.

constant heat flow of 65 mW-m? throughout the basin evolution,
representing an average global heat flow value. The enhanced heat
flows during the Variscan orogeny (Devonian-Late Carboniferous)
were tested. The expected heat flow scenarios are based on the pub-
lished geological evolution (Littke et al, 1994; Francu et al.,, 2002;
Littke et al,, 2012; Botor, 2014) and assume an increase of up to 75—
80 mW-m? during the Devonian (395-360 Ma) followed by cooling
down to 45 mW-m? in the Early Carboniferous. Another heat flow in-
crease is assumed to have occurred during the Jurassic-Cretaceous ex-
tension {160-130 Ma). The present-day heat flow (38 mW.m?) was
calculated from average temperature, bottom hole temperatures and

modelled sediment thermal conductivities. The (1.45) beta stretching
factor was used in all the palaeo-heat flows using an inverse subsidence
trend (Hantschel and Kauerauf, 2009). A good agreement between the

values of measured and modelled vitrinite reflectance (Sweeney and

Burnham, 1990) implies that resulting 1D thermal models represent
the most probable evolution in the geological past.

In total 17 1D burial and thermal models were created within the
USCB. The selected wells represent deep boreholes in the USCB; two
of them cover the complete sedimentary succession. The studied area
is split into a western and an eastern part; they are separated by the
Orlova Thrust, the boundary between the foreland and the platform of
the Variscan orogeny.

The static scenario HF3 proved to be too high since we were not able
to calibrate any of the evaluated wells (Fig. 8). The HF1 and HF2 scenar-
ios represent the upper and the lower boundary of possible heat flow
evolution during the Devonian and the Carboniferous according to the
measured vitrinite reflectance values, indicating a possible error of
+5 mW-m?2, The precise heat flow scenario during the Late Jurassic
could not be tested as the observed thermal maturity was achieved dur-
ing the Variscan orogeny. A best-fit case was achieved using HF1 for
foreland and HF2 for the platform (Figs. 8, 9). The optimum thickness
for the Carboniferous erosion ranges in the Palaeozoic foreland (NP

733, NP 861 and Jablunka 1 borehole) from 2500 to 3400 m (Fig. 9

Table 4); for the Palaeozoic platform (NP 824 and NP 891 borehole) it
is 1800 to 2000 m (Fig. 9, Table 4).

The sensitivity analysis evidenced a different palaeo gradient curve
in the period after the reaching of the maximum sediment thickness
for the western (foreland) and the eastern (platform) part of USCB
(Figs. 8 and 9). In the foreland the heat flow declined faster compared
with the area on the platform.

4. Discussion

The Upper Silesian Coal Basin shows the similar geological features
as sediments of the Rhenisch Massif (Rheno-hercynian fold belt) and
the Ruhr basin { Subvariscan foreland ). The main difference is the differ-
ent azimuth of the direction of the axis of the foredeep and the platform,
determined by the oblique collision during the Variscan orogeny in the
Moravo-Silesian Zone (Kalvodaet al., 2008). Difference is also in the tec-
tonic history. Compared to USCB Ruhr basin and Rhenisch Massif were

affected by tectonic movements occurred during in the Late Triassic
and Late Cretaceous.

Table 4

The resulting modelled thickness of the missing units for the Palacozoic molasses associ-
ation in the USCB in the Czech Republic.

Borehole Block Present Present Pz Eroded Pz
overburden (m) Molasses Molasses

association association
thickness (m) thickness {m)

NP 733 Foreland 393 752 3400

NP 861 Foreland 855 2324 3400

NP 879 Foreland 658 1097 2500

Jablunka Foreland 2895 1055 3100

NP 522 Platform 943 1530 1800

NP 824 Platform 1007 993 1800

sV Platform 837 1789 1800
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The coalification degree of sediments from Namur A to C in the USCB
reach 0.46 to 2.32% R, and as T, 0f 423-525 °C. The comparable ther-
mal maturity described on the Polish side is reaching R, = 0.65% to 2.2%
within the black coal to anthracite range; T;,.x = 425-540 °C (Kotarba
et al.,2002).

The burial history of the USCB indicates rapid sedimentation during
the deposition of the Ostrava Fm. and Karvind Fm. This is also

oreholes
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@ Heat Flow 2
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I ] 2500-2800
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demonstrated in the Polish part of the USCB where the tectonic subsi-
dence is assumed to have occurred during the Devonian to the Carbon-
iferous period [ Narkiewicz, 2007). The main tectonic feature, the Orlova
Thrust, marks the boundary between the foreland and the platform of
the Variscan orogeny in the USCB during the Carboniferous. Observed
in the USCB territory was regional growth of layer thickness from the
east to the west towards the Variscan orogeny zone (Kotas, 1995;

ered

Fig. 10. Map of the eroded Palacozoic molasses assodation units,
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Kumpera and Martinec, 1995; Narkiewicz, 2007). The estimated thick-
ness of the equivalent of Ostrava and Karvina Fms. in Poland is 3000
to 4000 m approximately based on the extrapolation of the present sed-
iment thicknesses from the east (Narkiewicz, 2007). For the central and
eastern parts, the erosion is estimated to be 1200 to 3000 m in Poland
(Belka, 1993), The model is assuming that the eroded Carboniferous
layers were removed during the Carboniferous (Table 1; Fig. 8). We as-
sumed the eroded thickness of the Palaeozoic units to range from 2500
to 3400 m in the western part and from 1800 to 2000 m in the east.
These values may be regarded as a maximum scenario for the USCB.

The map of the eroded Palaeozoic molasses association units
(Fig. 10) was created using spline interpolation method in ArcGIS,
using the result of the seventeen 1D models as input data. The total
thickness was calculated beginning at the top of the Petikovice Member.
The platform and the foreland parts were modelled using heat flow sce-
narios 1 and 2.

The observed westward increase in eroded thicknesses is caused by
an uplift of the studied area, which decreased eastwards at the end of
the Variscan folding. The much greater values of thickness in the fore-
land basin can be correlated with the presence of Variscan nappes and
one can assume a greater expansion of Palaeozoic sediments to the
west.

A gradual increase is described in the degree of thermal conversion
in the NW to SE direction in the Rhenish Massif (Teichmiiller et al.,
1979). This trend is also reflected in the subsidence history when one
assumes the thickness of the eroded units in the Westphalian/
Stephanian period to be 6000 m to SE and 2500 m to NW (Littke et al.,
1994; Biiker et al,, 1995, 1996; Karg, 1998; Littke et al, 2012). The sub-
sequent erosion of the thick overlying units is attributed to the shorten-
ing of the sedimentation area and folding of the orogenic belt (Oncken,
1991; Oncken et al.,, 1995). The different directional orientation of the
distribution of thermal maturity in USCB is determined by the arc end-
ing of the Variscan orogenic belt in the territory of the Czech Republic,
giving the evidence for the emergence of the present degree of coalifica-
tion during the Palaeozoic.

The best fit paleo-heat flow scenario for the time of maximum burial
in the late Carboniferous ranges from 75 to 80 mW- m™~ <, This HF evolu-
tion described does not match the results published by Safanda et al.
(1991) who expected a heat flow of 190 mW-m ™2 during Namurian
A and a heat flow of 115 to 130 mW-m ? for Namurian B and
Namurian C. Based on the sensitivity analysis with constant erosion,
slightly higher HF values are expected on the platform during the
cooling phase. The new results, however, are consistent with the heat
flow data published by Littke et al., 2000 although the USCB territory
is not expected to be significantly different from the Rhenish Massif
and the Ruhr Basin in terms of the thickness of the earth’s crust.

Tested was also the influence of the increased thermal flow during
the Jurassic to the Cretaceous period, one that is estimated by some au-
thors (Picha et al., 2006). The fact is impossible to either disprove or
confirm since the maximum temperature reached at the Jurassic to
the Cretaceous borderline is comparable, or even lower. This has also
been documented by the results of the study of apatite fission tracks
(Botor, 2014) on the Polish side of USCB.

5. Conclusion

New RockEval data supplemented by vitrinite reflectance data pro-
vide important information on thermal maturity of the USCB. The
stage of thermal transformation of organic matter seen on the Czech
side of USCB ranges from 0.46 to 2.32% R,; this matches the sub-
bituminous to semi anthracite coal rank. The coal rank increases from
the east (Variscan platform) towards the west (Variscan foreland).
The hydrogen index (Hl) = 1-164 and 52 = 0.02-27.8 mg/g. The re-
sults document that the source potential of the Carboniferous sediments
was not spent in full as part of the Variscan tectogen. In the south-
eastern portion, southern to Pfibor region, the paleo-thickness

approximates the current figures of depth. It can be deduced from the
former fact that the process of organic matter transformation is under-
way even in the current period in the segments placed deeper under the
nappes.

The analysed depth trends of the thermal maturity for 135 boreholes
varies slightly and reflect minor changes within the Upper Silesian basin
in the amount of the eroded strata. The organic matter thermal maturity
reflects the geological setting during the end of the Westphalian and is
related to different thickness of the Palaeozoic units rather than to dif-
ferent thermal regimes. The expected thickness of the molasses associ-
ation varies between 1800 and 3400 m towards the west and east.

The best fit heat flow scenario was used in 1D models starting from
75 to 80 mW-m 2 during the Palaeozoic followed by a continuous de-
crease in the heat flow until the recent period. There is no difference in
the palaeogeothermal regime in the USCB during the sedimentation pe-
riod. Based on the sensitivity analysis the following stage of uplift and
erosion is characterised with a different thermal regime depending on
the molasses association thickness — the platform (1800 to 2000 m)
and the foreland (2500 to 3400 m).

The consequent sedimentation of the Carpathian Foredeep and
nappe thrusting did not change the Palaeozoic thermal maturity pattern
within the tested area of the USCB.
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Abstruct: The thermal maturity of Palcozoie tocks in the SE part of the Bohemiun Mussif is characterized by clav
mingruls und organic matwer. The expandability of illite-smectite (8 in 1-5), illite erpstallinity index (1C) and reflee-
wnee of (R,] were measured and their regional distribution was evatuated. The wutua] correlation of 1C and R, from
tiagenesis w very low-grade metamorphism is comparad with the published data and used 1o distinguish data with
morc reliable palcogeathermal infarmation from those afected by cther Taclors. In the SE part the Paleszolc ukits
have 1lhte-smectites with an expardable somponent of 15-35 % 8. The refleciance values (R, of (.55-1.1 %) are in
good agreement with ths expandability and suggest the oil window range of catagencsis with paleatemperature clase
© 100 “C. In the NNW part of the area the clays contain no capandable Tavers m llite. The illite erystallinity (1C of
0.36-0.24 A°20) and vitrinite refiectance (R, from 3 17 to 523 %} mdicate very low-grade matamorphic coneditions
with probable maximum paleotemperatures of 240-300 °C. The syslematic change in hath elay and arpanic param-
eters shows the gradual decrease in thermal exposure towurds the front of the Variscan cropenic zone in the § and SE

and suppest extenstve erasion ‘n the NMW
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Introduction

The illite crystallinity index (IC), expandability of illite-since-
tite (8 in 1-8) and vitrinite reflectance (R, are widely used pa-
ramweiers of thermal alteration of sedimentary rocks. Smectite
tw illite evolution is a rypical diagenetic reactton with a grady-
al decieuse of expandable tayers (% S, increase of illite kayers
in I-S, and progressive ordening (“reichweita” RO and R > )
telawed by growth of illite crysials {Srodon & Eberl 1984)
The Al-Si substitution in the tetrabicdral sheet, the inerease of
the layer charge and irreversible potassium fixation in the in-
terlayer play the decisive role in illittation {(Moore & Rey-
nolds 1997). These processes occur in temperature tange from
50 to 300 °C covering diagencsis und verv low-grade meta-
worphism. The understanding of the structural changes during
smectite to illite conversion benetfited trom computer simula
tion of X-ray dilitaction profiles (Reynalds & Fower 19703,
The iilite crystallinity index characterizes the simctural
evalution of illite, mainly the increasing size of coherently
diffracting domains and decreasing lattice distortion, Tt is
hased on the shape of the fisst (001) peuk of illite (Weaver
1964}, Kiihler 1964 Weber 1972). The full widih at Lulf tnax-
mum (FWHM) expressed in A"2€ is used by most aathors
us “IC" — the illite eryarallinity index (Kiibler 1967; Arkai
& Lelkes-Felvarl 1993), A similar parameter is evaluated for
chlorite using 001 and 002 peals (Arksi et al. 1995). The
carrelation of the IC of illite and chlorite shows an carlicr

narrowing of the chlorite peaks than thal of ilfite during late
diagenesis and very low grade melwinorphism (Arkai 19913,

Organic matter in sedimentary rocks (kerogen) is a sensi-
tive indicator of thermal stress in the range of 50-300 *C
(Bostick 1579, Robert 1988). Coalification (thermal maturi-
ty} depends on the total thermal history of the host racks, that
is both temperature and cxposure time {Waples 19%3). Vitrin-
it retlectance (R, ) is the best established paramerer of argan-
ic matrer which can be measured in most black chales and
slates. Its application is limited by the ubscoce of terrestrial
plant dzhris in pre-Devonian or parely marine rocks.

Many authors applied analytical duts of clay mincrals and
urganic matter in regional studies and related them o pule-
otemperaturcs in sedimentary basing and orogenic belws
(Pearson & Small 1988; Robert 1988 lranct er al. 1990:
Pallastre 1990 and 1993; Underwond et al. 1993 Sroden
1595). Thermal alteration of toth rock components is irre-
versthle during uplift and wemperature drop. During weather
ing, however. the clay minerals undergo illite-to-smecrite
breakdown which erases the pulec-thermal signature.

Regional setting

The surface geology of the studied area zonsists of the Pa-
leozeic of the Diuhany and Zdbeh 1plands (Drahansks and
Zabferska vrchovina), Lower Miovene and Fliccene of the
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Carpathian Forgdeep, and the Tediary of the Carpatlizn Fly-
sch Belt, The omerop and suherop map of the Paleozoie with
sitplified names of regional wnits and overlain boundurics of
the swifuce unis i in Fig, 2, The sample location numbers Te-
fer o Table | where more detailed hthostratigraphy is given.

The Paleuzuie unitz of the eastern Bohemian Massif are re
parded as a parl of the Rhenohereynian and Subvansean
Zone (Iranke in Dallmoyer et 4], 1995) at the Vatiscan oro-
genic helr (Fig. 1). The Brona-Vistulian crystalline buscment
consulidated during die Cadomian aregeny is overlain b sone
places by Lower Cambrian siliciclastics (Vayrdovd 19973, one
occunence of Siluran shales and lmestones, and widespread
Middle Devonan “basal clustics” . The straligraphis profile
conhinues upwiards with Devonjun 10 1ower Carboniteraus
carbonates (Macocha, lesenee, und Liten Fms.) und pre-fly
sch silicielastics (Stinava-Chabidoy und Panikey Fins.). The
Varisean synorogenic flyseh (Culin} of T.ower Carboniferous
(Visean) age (Prouvanov, Rozstani, and Myslejavice Fs )
vovers mast of the outerop and suberop surface of the Paleo-
#oic in this region. The Upper Carbonilerons molasse sedi-
ments in the east (Ostrava and Karving (7) Fms.) are (he -
petmost umits of the Paleozoic and represent the Subvariscan
Zone (Dvorak 1995),

he: Mirov Umir (Orava & Suloveky 1997) is a separate
testonic block adjacent to the NW of the Drabany Lipland
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and ineludes mosily siliciclastics, probably of Devonian age
(Molelnice fn1),

Fig. 1. The Brhamicon Magsr (BM) and i position in (he
Vatiseun eeapenic zoues of contral and NW Exope (madiliod after
Chalsupsks 1989). The Erey arcis are Variscan massits. The posi-
tiow of (B studivd ateu is indicated by the rectanale.

Table 1 Geological and analyteal characreristics of the stwelivd samples,
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Samples

Surface and horehole core samples of Devonian and Catbon-
ferous sechmeniary rocks were eollecled to chaacterize the re-
gienal trend of thermal maturity hom N to § (Fig. 2 and Ta-
ble 13, Lithwlogically they are mostly siltstones, shales or slates
{occasionally quartzified), and shale: inferlayers m limestones,

Methods
Clery mrineral annlysis

The clay [raction was separated from the powdered rocks
after elimination of cements such as carbonates, organic mat-
ter and iron-manganese oxyhydroxides {Jacksen 1973).
Crain size fractions < 2 um and < 0.2 pm were obtained by

sedimentation and centrifugation. (riented slides were anal-
ysed by X-ray diffraction bath air dry and glyeolated (EG, 10
hurs. at 00 °C, then 2 hrs. at 20 °C). Philips dittractometer PW
1830 {genarator) and I'W 3020 (goniomeler) were used with
0.02° step from 2 to 30 A"26), Peak firtling was applied 1o
substracl the Tamp background and determine the individual
puak positions in the compoesite peaks und o evaluate the full
width at Lalf neximuwn (FWHM). The [ index (Srodon &
Eberl 1984) dafined as the ratio (001003 air-dry /(001003
EG} was measured and calenlated ta characterize trace
amounts of expandable layers in highly illitic marerials. Hx-
pandability of illite~smectite was evaluated from peak posi-
ttons using the plots of Srodon & Eberl (1954} and NewMed
simulations (Reynolds 1985} The illite crystallinity index
(IC) was measured as FWHM of the 001 basal rellection
(Kubler 1967} or the chlodte (002) crystallinity index {ChC)
when illile was absent (Weaver el al. 1984, Arkal 1991).

Organic matter

The measurements of reflectance were carried out in otl an
polished surfaces of rocks using Leitz Wetzlar MPV2 micro-
scope-photometer, ohjective 50x and Leitz standards of 126
and 5.42 %. The rellectance was measured in non-polarized
and plane-polarized light (R, Ry, und B0, In order to ob
taln a single parameter for the entive tange of thermal maturi-
tv. the R, and R, values of particles with higher biretlec-
tance were recaloulated to random rteflecrance nsing the
aquation Ry = (7R RG0S Cleichmiiller et al 1998). The
measured organiz particles (macerals) were petrographically
identified as vitrinwe, liptinite, inertinite or redeposited ma-
lerial following Teichmiiller et al. (1998) and only the data of
indigenvus vitrinile or virinile-like macerals were used in
further evaluation of the thermal history,

Results

The clay fraction of the studied scries of Tocks imcludes il-
lile, chiorite, kuclinite und inixed-layer minerals. lilite smec-
tite (1-S) has expandability of 0-35 % 5 and illite crystallini-
ty index (IC) ranges from 0.24 1o 228 A28, Vilrinile
rellectance (R) increuses ftoin 0055 10 5.23 % These values
(Table 1) cover thermal alteration fram burial diagenesis
very low-grade metamarphism. The data are divided inra
tour groups of samplas characterized by fypical features in
the XIZ[) patterns which represent subsequent phases of the
shale-to-slate evolution (Figs, 3-7 and [0}

The Tiest group of date comprises Paleczole sediments
with the lowest thermal alteration. [t is documented by the
XRD patterns (Fig. 3) of aa alr dry and glycalaled clay (frac-
tion < 2 jm} of an Upper Carboniterous shaly limestone with
a low amaunt of detrital silt and clay. The [C index of 1.68
A20 is too high 1o be used as & measute of illite crystal size,
The shupe und position of [-§ peaks change sigmilicantly al-
ter glycolation and ndicate a mixtere of detrital, that is in-
hetited illite and newly formed expandable T 8

The expandable component is batter characterizad by an
analysis at the very fine clay traction {= (1.2 um) of the same
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Fig. 4. The XRD patrern of the fine clay frachon (< Q2 anp of 4
shaly limestone, Dambofice-1 (3592 mj. Dedrital llile is eliminuted.

sample where the detrital illite is eliminared Glyeolation re-
sults in a split of broad 001 and 002 illitic peaks into pairs of
rectorite-type peaks with expandability of 24 % 5 und R or-
deting (Liig. 4). Such clay parameters and virinite reflec-
tance of 0.55 1.1 % are typical of the hurial diagenetic phase
of thermal alteration. Regionally these rocks oceur in the §
and SE where bareholes encouniered the Devonian and Car-
honiferous below the muppes of the Westemn Carpathians at
depths of 2.8-5.4 k.

The seeend and third groups of samples (ig. 5} represent
Jighly illitic material with illite peaks slightly changing their
shape after glyeolation. Chiorite is common and somctimes
ever more atmndant than 1llie (Fig. 6). In some samples a shift
of the chlorite peak after glycolation suggesis the presence of an
expandahle component in the chlorite, Littlz or no material of
the < (1.2 pm grain size can be separated from the samples in a
nen-destruetive way, most probably due to crvstal arowth. The
estimated ammount of smeetite layers in illite is < 4 % and the il-
lite crystalimity index Is 1.46-0.44 A®26Q. The chlorite crystal-
linity mdex (Ch) is 0.7-0.6 A°2Q. The clay paramerars and
vitrinite retlectance of 1.4-2.4 % found in different stratigraphic
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< AB(1

17 1.6 m, fraclion

units of the Dirahany Lipland and Miroy Unit corresporkd do ther-
mal alteration of the late diagenelic phasc.

The last group of samples is chameterized by almoest non
cxpanding illitc mingral (Fig. 7) with narrow and sharp peaks
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and IC values of 0.24-0.36 A°20. This type of minerals oo
curs in the Koniee area and 1s associated with high vitrinite re-
flectance (R = 4-6, R, = 3.17-523 %) and bireflectance
Ry - R = 2.16-3.82 %) cyuivalent to the mewanthracite
rank. Both parameicrs suggest that these tocks expericneed
very low-grude metamorphic conditions.

Correlation between illite crystallinity
and vitrinite retlectance

The illitization stage and coul rank are primarily controlled
by thermal history (Srodon & Eberl 1984; Robert 1988), Ex-
amination of their mutual correlation is an important step in
the data reliability assessment. The cross-plot of the illits
crystallinity index (IC) and mean random virinite retlec
tance (R} shown in Fig. § reviews the earlier published data
(Duba & Williams-Tones 1983; Underwood et al 1991,
1953 Tadorov et al. 1992; Henrichs 19933

Other authors characterize the illite crystalinity and coalifi-
cation rank by Hboand R To convart Hbg to 10 readers
nced to know the value of peak width at half maximum
(FWHM) of (he quarlz standard (Hb,, = [Hb {001 illite/Hb
(100) quartz)*100). Conversion of R, to R, requires K, ;,
values (see methods above), The published data where the
FWHM of quartz and R, are missing or the B, and [C values
are given only as ranges (Wolf 19749 Kish 1987; ‘leichmiiller
et al. 1979) arc, therefore, not included as referonces in Fip. 8

The disgram in Fig. 9 summarizes the diagenetic and
nietamerphic zones with their boundary values {Teichmiiller
et al. 1979, Roberl 1988; Kish 1983, 1991), The pencral
trend shows decrease of vitrinite reflectance (R} with n-
creasing IC index. The data below this trend (Toderov et al.
1992) represent measurements of authigenic virrinite and re-
depasited detrital 1llite. The dara which wounld plot above this
Lrened (Figs. 8 and 9, upper right commer) do not represent con-
sislent evidence of thermal history. Such @ combination of
the R, and IC values may occur when the following materials
are measured:
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Fig. 8. Review of the published data on dingenesizimetamorphiym

1 — Todorov et al. 1992; 2 — Underwood of a:. 1993, 3 — Un-
derwood el al, 1991; 4 — Henrichs 1993; 5 — Duba & Williams-
Janes 1943), Cur data plot within the dashed line envelope,
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Fig. 10, Cross piot of tvo palcothermal indicators in Paleozoic sam-
pees Trom e southesstern part of the Bohomian Masslt. Different
symbols represent the partial areas. The cpen symbols (fraction
< 0.2 wimy hoked with black symbols (< 2 unt} belokg to the sime
raw zamples. The arrow indicaes ths estimated equivalenr Hlite
crystallinity derived rom the chlorits cryatallinity index (ChCh

I. redeposited crganic matter trom more metamoarphased
rocks associared with anthigente illite-ameerite;

2. preserved organic matter and disapgregated illite in sec-
oudary fllite-smectile in weathered black slates:

3. graphitized organic matter {or meluantbmacile) associat-
ed with peorly aggraded illite n rocks from the contact meta-
marphic zones of ignecus hodies (Arl:ai, personal conmui
calion 1999).

All vur measured samples (g, 10) plot within the shaded
belt of “good” correlation in g, 9

Regional distribution ol the paleathermal signature

The distribitian of the diagenetic-lo-melamorphic alter-
ation based on the illite cryvstallinity index is shown in the
outcrop and suberap map ot the studied Paleozoie (Fig. 11).
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The Carboniferous strawa below the West Carpathian over-
thrust have diugenelic expandable illite-smectite and organic
maturity equivalent to the oil generalion zone of diagenesis
{c.f. Franch et al. 1989; Pollastro 1990, Pereszlényvi et al.
19493, 1997, Milicka et al. 1994, Masaryk et al. 1993), The
present results of clay analysis support the eatlier conclu-
sions based anly on vitrinite retlectance (Dvordk & Woll
1979 Dvatik 1989; Krejéi et al. 1994). The expandability
values correspond to the maximum hural temperatures of
80-130 °C observed in other basins {Francd et al. 1990)
which is also well constrained by the vitrinite reflectance of
R -0.55-1.1 %.

In the SE part of the Drahany Upland (e.g. Mokra quurry)
the clay and organic data (ChC of 004, R, of 1.38-1.57 %)
sugoesr a late diageneric phase (dry gas zones) with an esti
mated paleotemperatwe of 130-170 °C,

In the central Dirahany Upland the illitic matarial in the
< 2 pm fraction has an expandable component of < 4 % S. The
IC ranges trom (132 to (.55 A®26 and vitrinite reflectance (R,)
from 1.9 to 2.4 %. These dula are typical of lule dingencic
corditions with temperatures of 170-200 “C {Bostick 1979,
Underwood et al. 1991, 1997,

Even higher thennal maturity is observed in the Mirov
Unir (Mahelpice Fm.) NW of the Drahany Upland (Table |,
Fras. 10 and 11}

In the Keonice window the vitrinite refloctance is of the
melaanthracite rank and the illdte crysiallinity is in the very
lew-grade metamorphic range. From comparison with simi-
lax data (Milicka el al, 1991 Sucha ot al. 1994) or supparted
also by fluid nclusions (e.s. Robert 1988; Frey ot al. 1980,
Frey 1986) it may bz estimated that the evaluated Variscan
flysch and pre-tlysch sediments were buried at a temperature
of 240-300 °C,

Conclusions

[lite crystallinity and vitrinits reflectance in the Paleozote
sedimentary rocks of the 8E Bohemian Massif show a rather
broad but clear correlation helr, The data suggest a close link
belween the maximum palestemperatute and position within
the Variscau vrogen. High temperature exposure, deep birial
anud significant crosion probably occurrad in the inner pan af
the Vatiscan thrust and lold bell which is now situsted 1n the
NW part of the Drahany Upland.

Intermediate. paleo-thermal signature is observed i U
central and SE part of the Drahany Upland and in the Miroy
Unit {Zidbich Upland).

Low thennal mawrity gives evidence of shallower burial
in the fromtal Rlenohereynian and Subvariscan zones now
buried under the nappes of the Outer Carpathians.
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Gasoline range hydrocarbons (Cs-Cy2) are usually associated with petroleum generation, yet few surface
geochemical surveys have attempted to evaluate the gasoline range hydrocarbons in near-surface marine
sediments. This is due to the difficulty in capturing and analyzing this volatile range of hydrocarbons with
minimum loss and evaporative fractionation, In this study, a Headspace Solid Phase Microextraction
(HSPME) method was developed and evaluated for the purpose of capturing the gasoline range of hydro-
carbons within unconsolidated sediment using a solventless protocol.

The sediment SPME extraction method is based on the condition that phase/composition equilibrium is
reached between sediment/water mix, container headspace, and SPME fiber coated with sorbent. In the
experiments, the effectiveness of SPME to detect and measure low concentrations of migrated crude oil in
marine sediments was evaluated. The following optimum laboratory procedure for SPME gasoline mon-
itoring was established: collect the sample in sealed disrupter chamber (sealed sediment storage con-
tainer which breaks apart sediment and releases interstitial volatile hydrocarbons), use a water bath to
keep a stable laboratory temperature, use an NaCl saturated solution to help aromatic compounds move
out of the solution to vapor phase, and wait a sufficient time to reach equilibrium. The results show that
HSPME is very sensitive with sub ppm detection limits. SPME proved to be suitable to reveal the natural

Editorial handling by R. Fuge

background and micro-seepage level of gasoline hydrocarbons in marine sediments.

@ 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The gasoline range petroleum hydrocarbons comprise mole-
cules with 5-12 carbons (Cs-Cy3) arranged in linear, branched
and cyclic aliphatic structures along with monoaromatic hydrocar-
bons such as benzene, toluene and o-, m- and p-xylenes. This group
of hydrocarbons is normally derived from thermogenic processes
associated with a working petroleum system (mature source rock
generating sufficient volume of petroleum for entrapment), unlike
the hydrocarbon gases (C,-C4) which may be from thermogenic or
microbial processes (note C,-Cy4 microbial production is very lim-
ited, see Whiticar, 1999). The gasoline plus range hydrocarbons
are volatile and will migrate within key oil migration avenues in
petroleum bearing basins often reaching the sediment surface as
near-surface petroleum seepage (Leythaeuser et al, 1983; and
Kross and Leythaesser, 1996; Conant et al., 1996).

* Corresponding author. Present address; Apache Corporation, 2000 Post Oak
Blvd Suite 100, Houston, TX 77056-4400, USA, Tel.: +1 713 296 6742; fax: +1 713
296 6288.

E-mail address: michael.abrams@apachecorp.com (M.A. Abrams).

0883-2927/$ - see front matter @ 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apgeochem.2009.07.009

To date, few surface geochemical surveys have attempted to
evaluate the gasoline plus range hydrocarbons in near-surface
marine sediments. Most marine surface geochemical surveys eval-
uate the sediment interstitial light hydrocarbons C;-Cs using head-
space gas analysis and high molecular weight hydrocarbons (C;s,)
using solvent extraction, gas chromatography, and total scanning
fluorescence (TSF) (Abrams, 1996, 2005). Conventional headspace
light hydrocarbon analysis is not an effective method to evaluate
the Cy-C,» hydrocarbons due to higher boiling points and low va-
por pressures relative to the hydrocarbon gases (C,-Cs) (Abrams
and Dahdah, in press).

The purpose of this paper is to report on a relatively inexpensive
method toscreen near-surface marine sediments collected as part of
regional surface geochemical surveys for the purpose of detecting
migrated gasoline range hydrocarbons. Solid Phase Microextraction
(SPME) is a method currently used in environmental surveys which
has the potential to be used in surface geochemical surveys as a
quick, inexpensive gasoline plus range screening tool (Potter and
Pawliszyn, 1994; Steffan and Pawliszyn, 1996). SPME was initially
developed for the analysis of volatile aromatic hydrocarbons (BTEX)
using fused silica fiber coated with PDMS (polydimethylsiloxane,
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adsorbent polymer) immersed to aqueous phase (Zhang and Paw-
liszyn, 1993a,b).

The Energy & Geoscience Institute at the University of Utah or-
ganized a research project to evaluate SPME as well as other sur-
face geochemistry methods in a controlled laboratory experiment
as well as in the field over known areas of leakage. The industry
funded multi year Surface Geochemistry Calibration (SGC) study
provided a platform to test existing and newly developed surface
geochemistry methods (Abrams et al. 2004). The SGC study de-
signed a series of laboratory experiments to test the effectiveness
of SPME with varying concentration of gasoline range hydrocar-
bons mixed with cleansed shallow marine sediments. This paper
reviews the SGC experimental results to determine the effective-
ness of SPME as an inexpensive method to screen marine sedi-
ments for the presence of migrated gasoline range hydrocarbons.

2. Review of gasoline range sampling methods

Sampling the full gasoline plus range hydrocarbons in near-sur-
face sediments requires a method which can capture and analyze
the entire boiling point range with minimum fractionation. Stan-
dard solvent extraction methods will not work as the normal sol-
vents used are within the same boiling point range as the
hydrocarbons one is trying to capture.

The most common method used to examine the gasoline range
hydrocarbons (C;-Cg) in unconsolidated shallow marine sediments
is the canned headspace analysis (Abrams, 1996, 2005). The non-
mechanical headspace method utilizes a high speed shaking pro-
cess to remove the interstitial sediment gases within a metal press
lid container. The extracted interstitial sediment gases are sampled
through a silicone septum on the top of a modified paint can con-
tainer and then analyzed using conventional gas chromatography -
flame ionization detection (GC-FID). The sample is prepared in the
field by adding a designated aliquot of sediment, processed dis-
tilled or filtered water, and air or inert gas (He or N,).

Headspace gas chromatograms from an offshore Gulf of Mexico
survey, with large scale macroseepage (high concentrations with
total sediment interstitial hydrocarbon gases in excess of
200,000 ppm; Abrams, 2005) display hydrocarbons up to C,y that
include monoaromatic compounds such as benzene (Fig. 1). Note
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the systematic decrease in peak heights with increasing C number
after pentane (Cs). This is partially related to the distribution of
gasoline range hydrocarbons in the original crude oil but also re-
lated to limitations of the headspace sampling method for evaluat-
ing higher molecular weight hydrocarbons (above Cs,). The
headspace method would be less effective in areas of passive mi-
cro-seepage (low concentrations with total sediment interstitial
hydrocarbon gases greater than of 10,000 ppm but less than
50,000 ppm; Abrams, 2005).

The GORE-SORBER® module utilizes ePTFE (polytetrafluoroeth-
ylene) and sorbent filled collectors to collect and evaluate
near-surface gasoline plus range hydrocarbons. ePTFE is a chemi-
cally inert microporous hydrophobic structure that allows the
vapor transfer of hydrocarbons up Csp, but not water (Gore and
Associates, 1997). The land based method places the sorber in
the near-surface soil for an extended period of time (2-4 weeks)
to collect a passive sample. The passive sampling method had to
be modified to work in a marine survey because the GORE-SOR-
BER® could not be placed on the ocean bottom for several weeks.
The modified marine sampling GORE-SORBER® protocol places
the sorber in a special glass container with a designated volume
of sediment sub-sampled from a gravity core sample. The sorber
is examined for a full range of hydrocarbons from C3-Csq. via ther-
mal desorption coupled with mass spectroscopy. Note that the
hydrocarbons must be in a vapor phase to pass through the ePTFE
material and adsorb onto the sorbent material.

The University of Victoria and Geological Survey of Canada
(GSC) examined gasoline range hydrocarbons from crude oil sam-
ples (Harris et al, 1999) using Solid Phase Microextraction or
SPME. The method works very well capturing the complete gaso-
line range hydrocarbons in pure oils but had not been tested with
sediments containing low levels of migrated hydrocarbons (Harris
et al,, 1999).

The SGC study used a modified SPME method called Headspace
Solid Phase Microextraction or HSPME. The headspace SPME meth-
od relies on an “equilibrium” between liquid sample, headspace
and fiber in the vial providing a representation of the sediment
gasoline plus the range hydrocarbon relative concentrations. The
time needed to reach equilibrium will depend on the partition
coefficients of all compounds between the three phases, but
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Fig. 1. Conventional headspace gas chromatography C,-Cqg: analysis.
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Fig. 2. Batch procedure for the preparation of sediment mixtures.

especially between the liquid (solute) and headspace (vapor). Har-
ris et al. (1999) used a simplified concept of the Dias and Freeman
early work (1997); equilibrium is achieved when the amount of
analyte extracted remains constant regardless of increasing expo-
sure time between fiber and sample, The liquid-vapor equilibrium
is reached for gasoline range hydrocarbons within 10-15 min
according to Harris et al. (1999). Harris et al. (1999) found 5 min
was insufficient because the Cg, hydrocarbons have higher parti-
tion coefficients and need a longer time to equilibrate with the
SPME fiber. The most significant factor affecting the magnitude
of the partition coefficient is the affinity of an analyte for the fiber
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Fig. 4. Conventional SPME practice by transferring an aliquot of oil-spiked mud (oil
drop shown) to a 15 mL vial with a Teflon lined silicone rubber septum (adapted
from Harris et al., 1999).
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Fig. 3. Gas chromatogram of oil used in gasoline range HSPME experiments.
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coating. The choice of an appropriate stationary phase is extremely
important.

The SGC laboratory experiments further examined HSPME opti-
mal conditions for marine sediment sampling by testing different
fibers and varying the boundary conditions such as temperature,
solution salinity, matrix and exposure times to determine optimal
extraction conditions. The results of these experiments will be dis-
cussed in later sections.

3. Laboratory experiments
3.1. Sediment preparation

The petroleum charge experiments require uniform sediments
representing typical deep sea and slope marine sediments, The
sediment must have the same properties within the entire volume
(homogenous), no interstitial hydrocarbon gases or microbes as a
potential source of gas, and free of clumps. In addition, the sedi-
ment preparation process should not change the natural behavior
of the sediment such as clay sorption. Thus no acids were used

Table 1
SPME Stage | mixing parameters.
5 ppm mix 50 ppm mix 500 ppm mix
{wfwt) (wtjwt) (wt/wt)
Processed mud (g) 151.8 1515 151.8
Processed mud (gfcc) 1.44 1.44 1.44
Processed mud (cc) 1054 105.2 105.4
Crude oil (g) 0.0008 0.0076 0.0759
Crude oil {gfcc) 0771 0771 0771
Crude oil {cc) 0.0010 0.0098 0.0985
Deionized water {cc) 2109 2105 2108

FID1 A, (SGC-SPME\04001C-3.D)

to remove potential sorbed or bound hydrocarbons or in situ high
molecular weight hydrocarbons.

The deep sea marine sediment samples were kindly provided by
TDI-Brooks International, from two seabed geochemical surveys;
offshore deep water Angola and offshore deep water Gulf of Mex-
ico. The sediment core samples provided were extra core material,
unused in the original survey and located in areas with no anom-
alous sediment hydrocarbons or seismic indications of near-sur-
face leakage. The sediments provided were in 18-25cm (7-
10in.) segment, capped plastic core liners. All cores were kept fro-
zen until processed. To reach the above mentioned criteria, the fol-
lowing batch procedure for the preparation of sediment mixtures
was developed (Fig. 2); six segments of core for each batch were
thawed overnight in a 19 L container, 3 L NaCl solution (35 g/L in
deionized water) was added to the mud sample, the mud suspen-
sion was stirred and homogenized using a high speed industrial
drill and a thin set mixer blade, the coarse grains and clumps were
separated from the suspension using a sieve (opening 3.96 mm),
fine grained sand (30-100 mesh Ottawa sand) was added to every
other batch (1:7 or 14.3% sand by volume) and the mixture homog-
enized (sand added to provide similar sediment properties as near-
surface shelf break sediments), 0.3 mL of 5% wt/v solution sodium
azide (NaN3) bactericide was added per batch and the mixture stir-
red (The amount of NaN; required to eliminate in situ bacteria was
unknown. A few surface geochemical contractor laboratories cur-
rently using NaNs; were contacted. None could provide in-house
laboratory studies or published studies which examined the
amount required to prevent bacterial activity. A 0.1 mL NaN; solu-
tion per 1L of added water was used in this study based on the
protocols currently used by many of the surface geochemical con-
tractors), the suspension was allowed to settle in the container
overnight, water was removed from sediment suspension using
vented 1 L bucket centrifuge system (3000 rpm for 15 min), and fi-
nally the sediment batch was refrigerated in a 5 L plastic container.
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Fig. 6a. Comparison of conventional WO {whole oil) GC for test oil (top) and HSPME analysis of 500 ppm (wtfwt) oil in mud using 100 pm PDMS SPME fiber with a 10 min

extraction at 43.0 °C (bottom).
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3.2. Gasoline range plus experiment protocols

The HSPME gasoline range laboratory experiments were con-
ducted in three stages:

1. pure crude oil in the sampling 15 mL vial,

2. crude oil and water-mud slurry in the sampling 15 mL vial, and

4 500 ppm, 10 minute extraction, 43°C

500 Toluene
400 MCH

1004 nc7

3. composite standard mixture of gasoline range hydrocarbons in
a closed 480 mL disrupter container (see details below).

The disrupter container was designed for the SGC study as a
field collection and storage device to provide optimal sediment
preservation and removal of interstitial light hydrocarbons with
minimal fractionation and/or alteration (Abrams and Dahdah, in
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Fig. 6b. HSPME GC response for oil-mud mix at varying concentrations (500-5 ppm) with exposure time (10 min) and temperature constant (approximately 45 °C).
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Fig. 6c. HSPME GC response for oil-mud mix at varying temperatures (29 °C and 45 °C) for 500 ppm concentration level and 10 min extraction time. GC displays elevated
response of higher carbon numbers and decreased response of lower carbon numbers with higher temperatures.
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press). The sealed disrupter container with sampling septum con-
tains an internal fixed blade which does not rotate. The sediment
moves at an elevated rate of motion using a high speed unidirec-
tional paint shaker. The sediment sample passes through the dis-
rupter blades quickly breaking apart the sediment and releasing
the interstitial light hydrocarbons without the problems noted in

FID1 A, (SPME\STD-TRAD.D)
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the conventional blender and ball mill methods (Abrams and Dah-
dah, in press).

The purpose of these series of experiments was to evaluate the
effectiveness of HSPME to detect and measure low concentrations
of migrated crude oil in marine sediments. Key issues to be address
in these experiments included; lowest level of hydrocarbon
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seepage that could be detected with HSPME, optimal laboratory
conditions for maximum recovery (temperature, water-sediment
mix, water salinity, exposure time and fiber type), evaluation of
HSPME fiber compound selectivity, and sediment migrated oil
interaction (sorption).

The HSPME experiments were conducted using a Wyoming
crude oil provided by the Flying | oil refinery with an APl gravity
of 51°. The Wyoming oil has a full range of gasoline range plus
hydrocarbons with no volatile loss or bacterial alteration (Fig. 3).
It should be noted that a 51° light oil with a full range of gasoline
range plus hydrocarbons with no volatile loss or bacterial alter-
ation does not represent a "'typical” marine hydrocarbon seep but
provides a baseline to evaluate the HSPME effectiveness (Abrams,
2005).

4. Results
4.1. Pure crude oil only

The first set of experiments was designed to reproduce the Har-
ris et al. (1999) experiments and evaluate the effectiveness of
HSPME as a gasoline range plus detection tool as well as to exam-
ine different fiber and exposure time issues. A similar HSPME set
up used by Harris et al. (1999) was used, placing the oil droplet
in a vial with a Teflon lined silicone rubber septum. The vial was
placed on a heatingj/stir plate to facilitate temperature control. To
evaluate fibers, exposure time, temperature and concentration
with a pure crude oil, a 100 pm PDMS (polydimethylsiloxane)
SPME fiber was inserted into the vial headspace above a crude oil
droplet using Supelco's manual SPME apparatus shown in Fig. 4
at two temperatures (30 °C and 45 °C) and variable time intervals
(0.25-30 min).

M.A Abrams et al./Applied Geochemistry 24 (2009) 1951-1970

Comparison of conventional whole oil gas chromatography
(WOGC) (Fig. 5a top) to oil drop HSPME gas chromatography at
10 min exposure and 45.5 °C temperature using the 100 pm PDMS
fiber (Fig. 5a bottom) indicates no selectivity by compound class,
but the comparison does show inefficiency of the SPME 100 pm
PDMS fiber in the n-C;_ and n-Cyy, range.

Fig. 5b compares conventional whole oil gas chromatography to
oil drop HSPME gas chromatography for variable exposure times
(0.25 and 10 min) using the 100 pm PDMS SPME fiber. Note the
elevated response of higher C numbers and decreased response
of lower C numbers with longer extraction time, 0.25 min (middle)
to 10 min (bottom). The differences are related to the fiber re-
sponse and compound volatility.

4.2. Crude oil and mud slurry mix

In the second set of experiments, small amounts of oil were
mixed with processed marine sediments. The processed Angola
mud was spiked with a Wyoming pipeline crude oil (51° API) at
5, 50 and 500 ppm concentrations. Deionized (DI) water was added
at a 2:1 volume (Table 1). The mud, water and oil were mixed in a
disrupter container using an unidirectional paint can shaker. After
shaking for 5 min, 3.5 mL of the homogenized slurry was trans-
ferred to 15 mL vials with a small magnetic stir bar. The vials were
placed on a heating/stir plate to facilitate mixing for headspace
analysis.

Comparing conventional gas chromatography analysis of the
crude oil to oil drop in the headspace using HSPME (Fig. 5a) dis-
played no compound class selectivity. However, when extracting
headspace using HSPME above the oil-spiked mud slurry, the re-
sults indicated an enhancement of aromatic compounds over satu-
rate compounds (Fig. 6a bottom). This result may be an artifact of
the sediment oil mix preparation procedures. By opening the con-
tainer in which the mud sample was spiked and homogenized; the

Table 2

Standard mixture No. 1 used for calibration of the SPME method.
Compound name Compound class Carbon number Amount (g} wt.% of mix
Heptane Alkane 7 0.2085 8.48
Methylcyclohexane Napthene 7 0.2066 841
2 4-Dimethylhexane Alkane 8 0.2060 8.38
Toluene (methylbenzene) Aromatic 7i 0.2045 8.32
2-Methylheptane Alkane 8 0.2059 8.38
trans 1,2-dimethylcyclohexane Napthene 8 0.2013 8.19
Octane Alkane 8 02066 841
Ethylcyclohexane Napthene 8 0.2080 8.46
Ethylbenzene Aromatic 8 0.2009 8.17
2 3-Dimethylheptane Alkane ] 0.2045 8.32
o-xylene (1,2-dimethylbenzene) Aromatic 8 0.2041 8.30
Nonane Alkane 9 0.2009 8.17
Total amount (g) 24578 100.00

Table 3

Standard mixture No. 2 used for calibration of the SPME method.
Compound name Compound class Carbon number Amount {(g) wt% of mix
Hexane Alkane 6 02101 11.45
Heptane Alkane 7 0.2054 11.19
Octane Alkane 8 02078 11432
Nonane Alkane 9 0.2018 10.99
Decane Alkane 10 0.2029 11.05
Dodecane Alkane 12 02078 11.32
Tetradecane Alkane 14 02037 11.10
Pentadecane Alkane 15 0.0800 4.36
Hexadecane Alkane 16 0.1592 8.67
Heptadecane Alkane 17 0.1570 8.55
Total amount (g) 1.8357 100.00
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original vapor phase quickly escapes when the mud is transferred
to the vial preferentially retaining the aromatic compounds due to
their higher solubility in water. Thus the new headspace in the vial
is not representative of the original spiked sample.

The HSPME gas chromatogram response was evaluated for oil
and mud mixes at varying concentrations; 500-5 ppm (Fig. 6b).
The exposure time was kept constant at 10 min and temperature
kept constant at approximately 45 °C. Although the response was
significantly lower at the 5 ppm concentration, the key oil related
gasoline range compounds could be detected and identified. Based
on these results, it is believed that the HSPME method can be used
to detect very small concentrations of migrated gasoline range
hydrocarbons in sediments.

HSPME gas chromatogram response was evaluated for varying
extraction temperatures, 29 °C and 45 °C; while extraction time
was kept constant at 10 min for a 500 ppm concentration sample
(Fig. 6c). The higher temperatures will drive more analyte from
the liquid phase into headspace vapor, but the increased tempera-
ture also reduces the efficiency of SPME fiber absorption. Fig. 6¢
displays elevated response of higher C numbers and decreased re-
sponse of lower C numbers with higher temperatures.

a 7o

1959
4.3. Multi-component hydrocarbon mix

In the third and last set of HSPME experiments, a simpler sys-
tem (limited number of compounds) was tested under a more con-
trolled laboratory setting to avoid volatile loss problems
experienced in the second set of HSPME experiments. The pro-
cessed Angola mud was spiked with two multi-component hydro-
carbon mixes, one containing a 12 component composite with four
major compound groups: normal alkanes, cycloalkanes, iso-al-
kanes and aromatics (Fig. 7a and Table 2), and a second containing
seven component composite with one compound group: normal
alkanes (Fig. 7b and Table 3). The second mixture actually has 10
alkanes, but the weight percent of n-C;s, n-Cys, and n-C,7 are not
equal to the first seven in the mix and were ignored.

The composite standards and mud were mixed in a sealed dis-
rupter container to prevent volatile loss. The SPME fiber was ex-
posed to disrupter container headspace via a septum on the
upper disrupter cap.

The goal during this final stage of SPME experiments was to
evaluate the effect of temperature and water salinity on the
equilibrium between mud and headspace during hydrocarbon
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desorption from slurry to overlying vapor; and headspace and fiber
during sorption of hydrocarbons from ambient vapor to SPME fi-
ber. The HSPME experimental conditions examined in these last
set of experiments included sampling temperature (22-23°C,
ambient conditions and elevated temperatures of approximately
34 °C), equilibrium time (1-50 min), pore water salinity (deionized
water and saturated NaCl solution), and four different commer-
cially produced Supelco SPME fibers of fused silicon coated with
specific absorptive phase(s) of different thicknesses; 100 pm poly-
dimethylsiloxane-PDMS, 85 um carboxen/polydimethylsiloxane-
CAR/PDMS, 75pum carboxen/polydimethylsiloxane-CAR/PDMS,
and 50/30 um divinylbenzene/carboxen/polydimethylsiloxane-
DVB/CAR/PDMS.

The experiments started with the simple system of standard va-
por and fiber with sorbent and gradually increased in complexity.
In each experiment, only one parameter was changed to evaluate
its specific effect on measured data. The experiments were carried

M.A Abrams et al./Applied Geochemistry 24 (2009) 1951-1970

out with the following settings; standard in a closed disrupter con-
tainer (dry), standard and water solution in a closed disrupter con-
tainer, and standard and brine solution plus mud in a closed
disrupter container.

Based on the experience gained from each step, each experi-
ment was a stepwise progression to optimize the analytical
procedure.

4.3.1. Standard in a closed disrupter container

One microliter of pure Standard No. 1 was injected by syringe
into the closed disrupter container without any other components
via the disrupter lid septum. The effect of exposure time on ab-
sorbed quantity of the hydrocarbons mixed together in standards
was evaluated for all SPME fibers. The exposure time ranged from
155 to 50min and two different temperatures {approximately
23 °C and 34 °C) were used. Thus the peak areas in each analysis
reflected specific absorption efficiency along with the detector re-
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sponse factor of the injected, absorbed, and analyzed compounds
from the composite Standard No. 1.

The 75 and 85 pm CAR/PDMS fibers displayed very strong pref-
erential selectivity to aromatic hydrocarbons (Fig. 8a) resulting in
the aromatic compounds having concentrations significantly high-
er than the cylco- and iso-alkanes. The 100 PDMS and 50/30 DVB/
CAR/PDMS fibers provided needed sensitivity to small concentra-
tions with less compound group selectivity problems (Fig. 8b).
The 100 PDMS and 50/30 DVB/CAR/PDMS fibers also reached near
equilibrium within 5-10 min whereas the 75 and 85 pum CAR/
PDMS fibers required 25 or more minutes to reach equilibrium
and stabilize (Fig. 8a and b).

Based on the above results, the 100 PDMS and 50/30 DVB/CAR/
PDMS SPME fibers were chosen for the next series of calibration
evaluations. Standard No. 2 (7 component alkanes only) was exam-
ined using the 100 pm PDMS and 50/30 pm DVB/CAR/PDMS fibers

1961

at two temperatures, (approximately 23 °C and 34 °C) to examine
the SPME fiber temperature sensitivities. The higher temperatures
drive more analyte from the liquid into headspace vapor but the
increased temperature also reduces the efficiency of SPME fiber
absorption. Thus increased temperatures (above ambient) do not
provide a more “efficient” result (Figs. 9a and 9b). The SPME fibers
are highly sensitive to small variations in room temperature. From
repeated measurements the experiments indicated that reproduc-
ible hydrocarbon results require temperature differences less than
1 °C. Temperature variations greater than 1 °C may result in differ-
ences unrelated to hydrocarbons present in the sample.

In the next experiment, reproducibility of repeated headspace
sampling using the 100 pm PDMS fiber was evaluated. The results
showed that after eight repeated samplings of headspace vapor,
the GC response (peak area) starts to decrease (Fig. 10). Similar
observations were noted by Bernard (1978) with his headspace
gas experiments undertaken during his PhD studies. The lower
GC response signal is related to the decrease in total volatile hydro-
carbon available after repeated removal of equilibrated headspace
light hydrocarbons.

4.3.2. Standard and water solution in closed disrupter container

The 100 pm PDMS and 50/30 um DVB/CAR/PDMS fibers were
selected for the next set of experiments, testing the influence of
water salinity. The disrupter container was filled with 320 mL solu-
tion (deionized or NaCl saturated water), the lid closed, 1 pL of
standard added to the disrupter through the septum using a syr-
inge, and then shaken for 5 min. Exposure time was 1-20 min at
room temperature (approximately 23 °C). The preferred solubility
of aromatic hydrocarbons in water was suppressed by using brine
as the liquid phase in the experimental setting. It should be noted
that the time required for equilibrium was longer in NaCl saturated
solution relative to deionized water (Fig. 11).

Comparison of two different SPME fibers using the Standard No.
1 (12 components) with 2/3 volume NaCl saturated solution and
disrupter container, indicated that the total amount of absorbed
hydrocarbons on the 50/30 pm DVB/CAR/PDMS fiber was higher
than that on the 100 pm PDMS fiber (Fig. 12). Therefore the 50/
30 um DVB/CAR/PDMS fiber is more efficient than the 100 pm
PDMS fiber, When saturating the solution with salt, heat is no long-
er required to drive analytes into the headspace as a vapor. Theo-
retically the gasoline range plus hydrocarbons were less soluble in
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the saturated brine solution, but the mud may have had other
sorption properties unrelated to the water solubility. It should be
noted that once the saturated brine has been added to a marine
sediment naturally exposed to seepage, the bulk of the partitioning
will be within the water phase and the sorption capabilities of the
sediment is beyond the survey control.

4.3.3. Standard, brine solution, and mud in disrupter container

The 100 pm PDMS and 50/30 pm DVB/CAR/PDMS SPME fibers
were tested using Standard No. 1, brine solution, and mud slurry
mix in the closed 480 mL disrupter canister. The disrupter con-
tainer was filled with 160 mL of processed Angola mud, 160 mL
saturated NaCl solution, the lid sealed, and 1 pL of Standard No.
1 added to the disrupter through the septum using syringe injec-
tion. The mixture was shaken for 10 min using the paint shaker.
Key observations from the standard in brine solution versus the
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Fig. 13. Results from 1 pL Standard Number 1 in the Angola mud, NaCl saturated
solution mixture using 100 pm PDMS fiber indicating an increase time required to
reach equilibrium.

standard in mud/brine slurry in disrupter container (Fig. 13); dif-
ferent order and level of absorbed compounds when compared to
composite standard and liquid system, increased time required to
reach equilibrium, decreased amount of SPME extracted hydrocar-
bons relative to the composite standard and liquid system, and dif-
ferences in hydrocarbon retention by sediments with different
composition.

The addition of mud increased the experimental system com-
plexity and provided additional evidence that organic matter sorp-
tion by unconsolidated sediments is an important factor which
could modify the extracted gasoline range hydrocarbon composi-
tion. This is well recognized in the environmental literature, but
generally ignored in surface geochemical studies. These experi-
ments not only demonstrated that sediment adsorption is a factor,
but provided new data on changes in distribution of compounds in
the original migrated fluid. This will be an important factor when
using gasoline range interpretation concepts developed for reser-
voir fluids with marine sediment extracted gasoline range
hydrocarbons.

4.4. Evaluating optimal sampling protocols

Closed vessel experiments using the pure Flying | whole oil
mixed with the Angola mud were used to further evaluate opti-
mal extraction time and sediment-oil interactions. The 100 pm
PDMS and 50/30 DVB/CAR/PDMS fibers were both used with
1 pL drop of crude oil placed into the dry glass vial. The mini-
mum sufficient extraction time was 60 min for the 100 pm
PDMS and 40min for 50/30 DVB/CAR/PDMS fibers (Figs. 14a
and 14b). The 100 pm PDMS fiber had better sorption efficiency
for C;-C,4 hydrocarbons and the C;_ and C,4, the amount of ab-
sorbed hydrocarbons decreases. The 50/30 DVB/CAR/PDMS fiber
was more efficient in sorption of aromatic hydrocarbons (T - tol-
uene, p+mXy - para and meta xylene) and included a slightly
broader molecular range of hydrocarbons when compared with
the 100 pm PDMS.

Next, the disrupter container with internal blades to break apart
the sediment and provide a more uniform distribution of charge
hydrocarbon, was filled with 160 mL processed Angola mud,
160 mL saturated NaCl brine solution, and one tablespoon of ex-
cess NaCl. The lid was closed and 1 plL oil added to the disrupter
through the septum using a syringe. The disrupter container with
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the mud, oil and saline water was placed in the paint shaker for
10 min. The 100 PDMS fiber was used. The closed disrupter con-
tainer with the crude oil and mud/brine slurry was sampled multi-
ple times (10). The results varied during the first day of sampling
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and analysis. The oil/brine solution/mud mixture required two
days to reach equilibrium and provide constant relative amounts
of HSPME compounds (Fig. 15a). The HSPME showed similar re-
sults after 20 and 30 min of exposure to the vapor above the

Fig. 14a. Evaluation of optimal extraction time using oil drop in vial analyzed with 100 pm PDMS at ambient temp 22 °C. The 100 um PDMS fiber has better sorption
efficiency for C3-C,4 hydrocarbons while C; minus and Cy4 plus decreases.
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Fig. 14b. Evaluation of optimal extraction time using oil drop in vial analyzed with 50/30 pm DVB/CAR/PDMS at ambient temp 22 °C. 50/30 um DVB/CAR/PDMS fiber is more
efficient in sorption of aromatic hydrocarbons (T - toluene, p+ mXy - para and meta xylene) and includes a slightly broader molecular range.

95



1964 M.A Abrams et al./Applied Geochemistry 24 (2009) 1951-1970

mud and liquid in the chamber (Fig. 15b). Twenty minutes were
sufficient for constant results. The 100 pum PDMS preferentially ad-
sorbed methcyclohexane (MCH) with respect to n-alkanes and aro-
matic compounds. The 50/30 DVB/CAR/PDMS fiber provided a
lower amount of MCH and higher aromatic hydrocarbons
(Fig. 15c).

FID1 A, (SPMESPME-212.D)
MCH

4.5. Field trials of HSPME method

Approximately 70 piston cores with three sub-samples were
collected as part of a seabed geochemical exploration program. A
160 mL sub-sample was provided to conduct disrupter container
headspace gases (C,-Cs) and gasoline range plus (Cs-Cy2.) HSPME
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Fig. 15a. Crude oil and mud in disrupter 30 min extraction analyzed with 100 um PDMS at ambient temp 22 °C. The oil/brine solution/mud mixture required two days to

reach equilibrium and provide constant relative amounts of HSPME compounds.
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Fig. 15b. Oil drop and mud in disrupter analyzed 5th day after preparation with 100 pm PDMS at ambient temp 22 °C. The HSPME shows similar results after 20 and 30 min

of exposure to the vapor above the mud and liquid in the chamber.
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provides a lower amount of MCH and higher aromatic hydrocarbons.

analysis. The samples were kept frozen until analysis in the Univer-
sity of Utah Energy & Geoscience Institute Geochemistry Research
Laboratories. The frozen core samples were analyzed as follows;
thawed disrupters with sediment sample were placed in a 45 °C
water bath for 1 h (bath temperature drops initially), the thawed
sample disrupters were shaken for 10 min using a commercial uni-
directional paint mixer, a gastight syringe was used to sample the
disrupter headspace through the septum, and the sample manually
injected onto the split/splitless GC inlet for hydrocarbon gas (C,-
Cs) analysis. After headspace analysis was successfully completed,
an SPME fiber assembly was inserted into the disrupter container
headspace for 20 min extraction, then injected onto a split/splitless
GC inlet for 5 min desorption.

4.5.1. HSPME quantification procedure

The samples could not be spiked with a standard due to the very
small concentrations found in marine sediments and SPME fiber
response. In an attempt to relate SPME fiber response to the
amount of oil in mud, the average response at different times for
uncharged muds spiked with the oil standard was calculated. The
curves represented a 2 point calibration for GC response of 1 and
10 pL of oil added to mud with three time slices and sum. GC area
was translated into pL of oil in disrupter equivalence, 1 pL of oil in
160 mL of mud represented 6.25 ppm v/v (total oil components).
The HSPME data was reported as a sum of all resolvable areas with-
in the main boiling point range detected with the SPME fiber plus
the UCM (unresolved complex mixture).

4.5.2. HSPME results

Most of the 200 plus marine sediment samples analyzed con-
tained very low concentrations of interstitial gas (C,-Cs) and low
HSPME total area (unresolved area). The disrupter HSPME gas
chromatograms displayed two major signatures, background
(Fig. 16) and anomalous (Fig. 17).

The background HSPME gas chromatograms (GCs) contained
very low overall signal response (less than 10 total GC area).
The chromatograms were dominated by peaks from the SPME fi-
ber (Fig. 16) which were desorbed during the standard thermal
extraction GC analysis. This is relatively normal for SPME fibers
based on previous studies undertaken by the authors. The back-
ground SPME fiber contributed response will vary between anal-
yses and with fiber condition thus the calculation of a standard
background is not possible. Several factors contribute to the noisy
SPME fiber background; it was operated at it’s upper limit
desorption temperature; and it was exposed to harsh extraction
conditions (needle passes through mud slurry film before head-
space exposure and high salinity). These conditions accelerate
breakdown of the fiber phase causing shorter life and premature
mechanical failures.

The anomalous HSPME gas chromatograms had a high overall
signal response, which increased with depth, depleted in the light
end, and had an unconsolidated complex mixture (UCM) “'baseline
hump” (Fig. 17 shows a depth profile of three sections from within
a single core). Examination of the compound distributions indi-
cated that the anomalous HSPME gas chromatograms were very
different than for a “normal” oil signature. The GCs displayed se-
vere depletion of the normal alkanes, monomethyl alkanes and
the monoaromatics such as benzene (B), toluene (T) and the xy-
lenes. Also depleted, but not as severely, were the cycloalkanes
and single methyl cycloalkanes. However, compounds that are nor-
mally minor constituents of crude oil, such as the iso-alkanes and
cycloalkanes with more than one methyl group, were elevated.

To demonstrate the key differences, three whole oil gas chro-
matograms (WOGC) are compared in Figs. 18 and 19; standard
oil conventional split injection analysis (top chromatogram), dis-
rupter HSPME analysis of mud mixed with the standard oil (middle
chromatogram), and disrupter HSPME analysis of anomalous field
sample (bottom chromatogram). Fig. 19 is the Cs-Cy detail of
Fig. 18.
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The standard oil conventional WOGC shown in Figs. 18 and 19
(top chromatogram) contains normal distributions of the n-alkanes
(n-Cs to n-Cy2), the monomethyl alkanes [2- and 3-methylpentane
(2-MP and 3-MP); 2- and 3-methylhexane (2-MH and 3-MH); 2-,
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3-, and 4-methylheptane (2-MHep, 3-MHep, and 4-MHep)|; aro-
matics (benzene, toluene, and m + p- and o-xylenes); cycloalkanes
[such as cyclopentane (CP) and cyclohexane (CH)]; and the mono-
methylcycloalkanes methyl-cyclopentane (MCP) and methyl-
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Fig. 16. Disrupter HSPME gas chromatogram signatures for depth profile within background core. Note the very low signal response. Peaks identified by arrow are normal

fiber contributed signals.
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cyclohexane (MCH). The iso-alkanes and cycloalkanes with more
than one methyl group such as 23-dimethylbutane (2,3-DMB),
2,2 3-trimethylbutane (2,2,3-TMB), 2,3-dimethylpentane (23-
DMP), 1,1,3-trimethylcyclopentane {1,1,3-TMCP) are much lower
in abundance and are minor peaks; also typical of a normal distri-
bution for crude oil.

Depth 1.1 m

1967

The middle WOGC shown in Figs. 18 and 19 are from disrupter
HSPME extraction of a mud sample mixed with the standard oil.
The chromatograms contain similar characteristics as the standard
oil conventional gas chromatogram except a relative reduction of
the monoaromatics is seen due to water solubility. There is also
a distinctive loss of signal for hydrocarbons less than n-C; and
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Fig. 17. Disrupter HSPME gas chromatogram signatures for depth profile within anomalous core. Note the elevated signal response which is also increasing with depth. The
peak identified by the arrow is one of the larger fiber response peaks, note how small it is relative to the anomalous peaks.
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Fig. 18. Comparison of conventional whole oil gas chromatogram {WOGC) from standard oil {top) versus WOGC from disrupter HSPME of mud mixed with standard oil

(middle) versus WOGC from disrupter HSPME of anomalous sample {bottom).

beyond n-Cip which demonstrates the optimum boiling range of
the particular SPME fiber used for these experiments. The effective
range is Cs—C,,, with the ability to detect high concentrations up to
approximately Cyg.

In stark contrast, the bottom WOGC chromatograms shown in
Figs. 18 and 19 are from disrupter HSPME extraction for one of
the anomalous core samples. The WOGC has a very different com-
pound distribution relative to the two previous WOGC chromato-
grams. The anomalous sediment core sample contains very low
to absent n-alkanes (n-Cs, n-Cg, n-Cy, and n-Cg) and aromatics
(benzene, toluene, and xylenes). The single methyl alkanes (2-
MP, 3-MP, 2-MH, 3-MH, 2-MHep, 3-MHep and 4-MHep), the
cyclo-alkanes (CP and CH), and the single methyl cyclo-alkanes
(MCP and MCH) are depleted. However, the iso-alkanes and
cyclo-alkanes with more than one methyl group such as 2,3-
DMB, 2,2,3-TMB, 2,3-MP, and 1,1,3-TMCP are elevated and promi-
nent. Beyond n-Cg the complexity of the increasing number of
isomers and co-elutions makes it difficult to unravel, but the
observed trend extends throughout the Cs-C;. gasoline range.

This unique compound distribution is commonly found in bio-
degraded reservoir oils. George et al. (2002) examined the gasoline
range plus hydrocarbons with varying levels of biodegradation.

George et al. (2002) observed the more soluble components such
as benzene and toluene were removed by water washing; and
the main controls on susceptibility to biodegradation include C
skeleton, degree of alkylation, and position of alkylation. The bio-
degradation preference noted by George et al. (2002) includes; ring
preference where iso-alkanes are retained over alkycyclohexanes;
to some extent alkycyclopentanes and dimethylpentanes are more
resistant than most dimethylcyclopentanes; methylhexanes de-
pleted faster than methylpentanes and dimethylcyclopentanes;
and alkylcyclohexanes are more resistant than linear alkanes. In
addition, George et al. (2002) observed lower susceptibility to bio-
degradation with greater alkyl substitution for iso-alkanes, alkycy-
clohexanes, alkycyclopentanes and alkybenzenes; and position of
alkylation such that adjacent methyl groups reduce susceptibility
of an isomer to biodegradation.

These observations made by George et al. (2002) regarding bio-
degradation of reservoir oils appear to match the compound distri-
butions noted in the seabed geochemical survey samples. The good
news is that migrated petroleum can be identified in seabed geo-
chemical samples using the disrupter container HSPME method.
The bad news is the gasoline range plus compounds are readily
altered in near-surface marine sediments making conventional
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Fig. 19. Comparison of conventional whole oil gas chromatogram (WOGC) from standard oil (top) versus WOGC from disrupter HSPME of mud mixed with standard oil

(middle) versus WOGC from disrupter HSPME of anomalous sample (bottom).

organic matter typing and determination of organic maturity rela-
tively difficult. One will need to look at the higher molecular
weight compounds (Cyz+) using the more resistant biomarker
range compounds to undertake a more rigorous source organic fa-
cies and maturation interpretation,

5. Discussion

The laboratory experiments using oil only, oil with processed
marine sediment, and simple standards mixed with processed
marine sediments demonstrated that HSPME has a very high sen-
sitivity with detection of 1 pL, or less, of light crude oil in 160 mL of
wet sediment. This amounts to approximately 6 ppm of total crude
oil.

The laboratory protocols for optimal detection of gasoline range
hydrocarbons in marine sediments using HSPME include; the use
of a water bath to keep a stable laboratory temperature since the
HSPME method is highly sensitive to small temperature fluctua-
tions; use of a NaCl saturated solution to help aromatic compound

partition from solution to vapor phase; and allowing 20 min for the
SPME fiber to reach equilibrium with headspace vapors.

Supelco recommends the 100 pm PDMS fiber but the experi-
mental results indicated that the 50/30 pm DVB/CAR/PDMS is a
more efficient sorbent for aromatic and saturated hydrocarbons
from a broader molecular range (C;-C;s). It should be noted that
there is a higher aromatic selectivity. More testing of real systems
is necessary to better assess which fiber, 100 pm PDMS or 50/
30 um DVB/CAR/PDMS, is more efficient. The 100 PDMS was cho-
sen because it was not selective by compound class.

HSPME experiments suggest that hydrocarbons within the gas-
oline range interact with the sediment by sorption. Potential frac-
tionation by preferential sorption may occur and further study will
be required to better understand the effects of sorption on selected
gasoline range compounds.

The field testing of HSPME in a seabed geochemical survey con-
firmed that HSPME can be an effective tool to detect both micro
and macro seepage. Examination of HSPME extract gas chromato-
grams from the anomalous sediment samples displayed a very dif-
ferent compound distribution than normally found in conventional
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undegraded oils; very low normal alkanes, aromatics, cycloalkanes
and cycloalkanes with one methyl group but elevated iso-alkanes
and cycloalkanes with more than one methyl group. This com-
pound distribution is commonly found in biodegraded and water
washed reservoir oils indicating the gasoline range hydrocarbons
are subject to severe alteration effects in marine sediments even
below the zone of maximum disturbance (Abrams, 1996). The
addition of NaCl to the sample at high saturation levels appears
to prevent post sampling bacterial alteration but most of the bac-
terial alteration and water washing most likely has occurred
in situ prior to sampling (Abrams and Dahdah, in press) and ap-
pears to occur rapidly.

6. Conclusions

Headspace Solid Phase Microextraction, or HSPME, can be used
as an effective tool to identify hydrocarbon seepage in marine sed-
iments by examining the gasoline range hydrocarbons (Cs-Cy1.)
based on both laboratory experiments and field trials. The gasoline
range hydrocarbons are volatile and most likely the first to leak
from petroleum accumulations to the near-surface. This would
make the gasoline range hydrocarbons (Cs-C,») a very important
target in surface geochemical surveys. This study identified a cost
effective screening protocol using selected HSPME fibers, field col-
lection in a tight sealing container (disrupter) which can break
apart the sediment and release sediment volatile hydrocarbons,
and specific laboratory procedures to most effectively capture the
gasoline plus range hydrocarbons in near-surface unconsolidated
marine sediments. It appears that in many or most cases the gaso-
line range hydrocarbons will be highly altered and not resemble
the reservoired oil it came from. Nonetheless recognizing and
detecting the gasoline range hydrocarbons even if extremely al-
tered is an important advance in surface geochemistry surveys.
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Irregular aggregates of monazite-(Ce) to monazite-(Nd), up to 150 pm in diameter, have been found in
graywackes from the Protivanov Formation, Drahany Upland, Czech Republic. Monazite aggregates enclose a
variety of detrital and authigenic minerals. Textural evidences suggest that they are of authigenic origin and
grew during very low-grade metamorphism at a maximum temperature ~200-300 °C in relation to a deep
burial. Rarely, they enclose relics of detrital monazite with a chemical composition typical for high-grade
monazite. Intensive fluid-related REE-remobilization occurred in relation to this very low-grade metamor-
phism. Authigenic monazite appears to form only in Ca-poor rocks. In Ca-rich graywackes, which underwent
the same low-temperature metamorphic overprint, authigenic synchysite-(Ce) or parisite-(Ce) are common
instead, In the overlaying Rozstani and Myslejovice Formations (T ~150-200 “C), remahilization of REEs was
low and authigenic monazite did not form even in the Ca-poor graywackes. Authigenic monazite shows low
concentrations of Th, U, Ca, ¥+ HREE, and a low Eu anomaly. The central parts of the aggregates are enriched
in Nd + MREE, whereas the outer parts are enriched in Laand Ce. Zoning pattern suggests an evolution in fluid
chemistry during diagenesis/very low-grade metamorphism or it relates to different solubility of the
individual REE-phosphates. The major source of REEs in the pore fluids are probably detrital minerals mainly
monazite. Other minor sources of REEs probably include Fe-oxide/hydroxide and/or clay minerals, which

could have contributed to the Nd +MREE-rich cores in the authigenic monazite.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Monazite (monoclinic LREEPO,) is a common accessory mineral in
medium- to high-grade metamorphic rocks (e.g. Ferry, 2000; Foster and
Parrish, 2003; Foster et al, 2002; Kingsbury et al, 1993; Krenn et al.,
2008; Lanzirotti and Hanson, 1996; Smith and Barreiro, 1990; Spear and
Pyle, 2002), however, studies dealing with formation of monazite at
diagenetic to low-grade metamorphic conditions are sporadical.
Nodular low-grade monazite representing burial-related stage has
been reported from black shales (Donnot et al., 1973; Evans and
Zalasiewicz, 1996; Evans et al,, 2002; Lev et al., 1998; Milodowski and
Zalasiewicz, 1991). Low-grade metamorphic monazite-(Ce) has been
described in metapelites and sandstones equilibrated under greenschist
and blueschist conditions at T~300-400 °C, P~3-10 kbar (e.g. Burnotte
etal.,, 1989; Cabellaetal.,2001; Franz et al, 1996; Janots et al., 2006; Ohr

* Corresponding author at: Czech Geological Survey, Leitnerova 22, 658 69 Brno,
Czech Republic.
E-mail addresses: copjakova@sci.muni.cz (R. Copjakova), mnovak@sci,muni.cz
(M. Novak), eva.francu@geology.cz (E. Franoi),

0024-4937/% - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.Jithos.2011.08.001

et al, 1994; Rasmussen and Muhling, 2007, 2009; Rasmussen et al.,
2001, 2005, 2007; Wan et al.,, 2007; Wing et al,, 2003).

There is uncertainty regarding the metamorphic or diagenetic
temperatures at which low-T monazite grows in (meta)sediments.
Monazite formation in low-temperature metasediments is controlled by
several others factors such as the whole-rock composition, composition
of diagenetic/metamorphic fluids and/or tectonic processes (Gonzalez-
Alvarez et al., 2006; Rasmussen and Muhling, 2009; Wilby et al,, 2007).
In this paper we present evidences for the monazite formation in
graywackes during a deep burial. We describe in detail the occurrence,
textural characteristics, REE geochemistry and REE source of authigenic
monazite. The effects of graywacke whole-rock chemical composition
and burial temperature also are discussed.

2. Geological setting

The Drahany Upland is exposed on the easternmost part of the
Bohemian Massif (Fig. 1a). This is a foreland basin related to the Variscan
Orogen and belongs to the Moravian-Silesian Culm Basin. The Drahany
Upland represents deep-marine sediments, widespread graywackes, less
abundant shales and minor conglomerates, deposited as an axial turbidite
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Fig. 1. Geological setting; a) position of Drahany Upland along the eastern margin of the Bohemian Massif; b) schematic geological map and stratigraphic scheme of the Culm
sediments of the Drahany Upland (modified from Hartley and Otava, 2001) showing localities from the Protivanov Formation with common authigenic monazite (full circle) and
with common authigenic synchysite or parisite {open circle). Note that relicts of altered detrital monazites were found in each of them. Furthermore, there are displayed other
localities from the Rozstdni (diamond) and Myslejovice (square) Formation with unaltered detrital monazite.

system ( Hartley and Otava, 2001). Based on the lithostratigraphic studies,
Dvofak (1973 ) divided the sediments of the Drahany Upland from older to
younger into the Protivanov, Rozstani and Myslejovice Formations,
respectively (Fig. 1b). Synorogenic Carboniferous flysch sedimentation
records the uplift and unroofing history of the adjacent mountain fold—
thrust belt in this foreland basin (Schulmann and Gayer, 2000). Flysch
basin sedimentation commenced probably in the Mid-Early Visean,
~340 Ma (Hartley and Otava, 2001). The youngest member of the
Drahany Upland was deposited at ~325 Ma ago (Gradstein et al., 2005;
Kotkova et al, 2007). These sediments were later deformed by the
Mid-Late Carboniferous Variscan Orogeny (Kumperaand Martinec, 1995).

The graywackes are poorly sorted and mostly contain detrital quartz,
K-feldspar, plagioclase, muscovite, chlorite, chloritized biotite, and rock
fragments. Mainly silt-size basal graywacke matrix is composed of

sericite, chlorite, quartz, and plagioclase, recrystallized clay minerals
with minor Ti-oxide, Fe-oxide/hydroxide, and rare calcite. Heavy
minerals include dominant gamet, apatite and zircon. Monazite,
epidote, ilmenite, rutile, titanite, tourmaline, and chromite are present
in minor amounts (ﬁopjal(ova’l, 2007; Hartley and Otava, 2001).

3. Analytical methods
3.1. Sampling

Samples of fresh medium-grained graywackes and interbedded shales
were collected over the region of the Drahany Upland (Fig. 1b). About

7 kg of graywacke from each locality was crushed for heavy mineral
separation and whole-rock chemical analysis. Heavy minerals (63—
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250 pm)) were separated from the sieved samples using tetrabromethane
(295 g/cm?). REE-minerals from heavy mineral concentrates and thin
sections of host rocks were examined.

3.2. Electron microprabe and whole-rock chemical analyses

The compositions of monazite and associated rhabdophane were
investigated using a combination of quantitative electron microprobe
(EMP) analysesand X-ray element mapping. They were done using with
a CAMECA SX100 electron microprobe in the wavelength-dispersion
mode in the Joint Laboratory of Electron Microscopy and Microanalysis
of the Masaryk University and Czech Geological Survey (Brno, Czech
Republic). Operating conditions included an accelerating voltage of
15kV, a beam current of 160 nA for monazite and 20nA for
rhabdophane, and a beam diameter of 2 pm for monazite and 5 pm for
rhabdophane. Peak counting times vary from 20 to 240s in order to
optimize detection limits. Uranium was determined on the U Mj line
(counting time 60 s, detection limit 270 ppm), Th on the Th M line
(counting time 40 s, detection limit 250 ppm) and Pbon the Pb Mo line
(counting time 240 s, detection limit 130 ppm). Synthetic and natural
phases (U—metallicU, Pb— PbSe, Th — CaTh(PO4)2, P — LaP0O4, Y — YAG,
La — LaPOg, Ce — CePO4, Pr — PrP0O,4, Nd — NdPO4, Sm — SmPO,4, Eu —
EuPO,4, Gd — GdPO,4, Dy — DyPO,, Er — YErAG, Al — sanidine, 5i —
sanidine, Ca — CaTh(PQ,),, Fe — andradite, S — BaSO,, Sr — SrS0,4, F —
topaz) were used as standards. Data were reduced using the PAP matrix
correction routine (Pouchou and Pichoir, 1985). Overlapping of peaks and
background positions were carefully tested and chosen using detailed
WDS angle scans on natural and synthetic REE-phases. The background
model on PbMwx according to Jercinovic and Williams (2005) using
exponential interpolation was chosen. Concentrations of Pb were
additionally manually corrected for YLv., ThMg, and ThM(¢> overlap on
PbMex and concentrations of U were corrected for overlapping with ThM-y.
The concentration of F (Si and Eu) was calculated by empirical correction
for the interference of Ce (Nd and Dy respectively) on FKot (SiKo and Eulfy
respectively). The monazite age was calculated using the method of
Montel et al. (1996). Element maps were acquired at a resolution of
0.5-1 pm using a focused electron beam, an accelerating voltage of 15 kV,
probe current of 120 nA, and 400-600 ms/pixel dwell time.

Whole-rock chemical analyses of graywackes were performed on
approximately 5 kg of crushed and pulverized sample rock Whole-rock
chemical compositions measured at Acme Analytical Laboratories
(Vancouver, Canada). Major oxides were determined using ICP-ES.
Loss on ignition (LOI) was calculated by weight difference after ignition
at 1000 °C. Trace elements were analyzed using 1CP-MS.

3.3. Vitrinite reflectance

Samples of shales closely associated with the graywackes were
taken for the vitrinite reflectance measurements. Careful sample
selection was needed to omit the effect of tectonics or younger fluid
influx. The polished surfaces were prepared and reflectance mea-
surement was carried out at oil in non-polarized light (R,) using a
Leitz Werzlar MPV2 microscope-photometer with a 50x objective.
The Leitz standards of 1.26 and 5.42% reflectance were used following
an established procedure described by Taylor et al. (1998). The
thermal history of the samples was evaluated in agreement with the
thermal maturity data summarized in Kish (1987) and Merriman and
Frey (1999) and with the most probable scenario for the region
proposed by Francu et al. (2002).

4. Results
4.1. Occurrence of authigenic monazite and textural relations

Authigenic monazite is a common mineral in some graywackes from
the Protivanov Formation (see Fig. 1b), where it represents a major carrier

of REEs. It forms aggregates irregular in shape, up to 150 um large, in the
graywacke matrix. It is commonly in association with authigenic quartz,
chlorite, sericite, Ti-oxide and Fe-oxide/hydroxide. Authigenic monazite
encloses abundant inclusions of (i) authigenic (oval and/or anhedral
inclusions of quartz, Ti-oxide, Fe-oxide /hydroxide, chlorite, illite) and
(ii) detrital minerals (quartz and K-feldspar, up to ~20pm in size)
identical to those of the graywacke matrix (Fig. 2a-d).

Authigenic monazite frequently does not show any textural
relationship to other REE-bearing minerals, neither authigenic nor
detrital. In some cases, authigenic monazite may be overgrown by
rhabdophane (hexagonal LREEPO4H,0) (Fig. 2ef). Authigenic
xenotime-(Y) (YPO4) and florencite (LREEAls(PO4)2(0H)g) associ-
ated with authigenic monazite were sporadically observed (see
Fig. 2fg). Some authigenic monazite grains (<5% of authigenic
monazite) contain inherited, inclusions-free monazite core
(<30 pm) with different chemical composition (Fig. 2a,b), which is
interpreted to be detrital. They also occur in association with
authigenic thorite replacing detrital monazite (Fig. 2h). In places,
aggregates of authigenic minerals (fine-grained mixture of monazite 4
sericite 4-chlorite + quartz) define the shape of original REE-bearing
detrital grain, which was completely replaced (Fig. 2i). Textural
relationships suggest that authigenic monazite formed after sediment
deposition at the same time as other authigenic minerals in the
graywacke matrix.

Authigenic REE-minerals are common in all samples of graywackes
from the Protivanov Formation. Where authigenic monazite is absent,
Ca-bearing minerals synchysite-(Ce) (Ca(Ce,La)(COs)-F) and parisite-
(Ce) (Ca(Ce,La),(C0O4)5F;) were found. Note that the amounts of
authigenic REE-bearing minerals strongly decrease from the Protiva-
nov to the Myslejovice Formation although the whole-rock REE
content and mineral composition are rather uniform. It seems that the
REEs in the Myslejovice Formation are contained predominantly in
unaltered detrital minerals.

Detrital monazite is a common accessory mineral in the sediments.
Rounded or euhedral to subhedral grains of detrital monazite (5-
150 pm in diameter) are common mainly in the upper sedimentary
successions (Rozstani and Myslejovice Formations) and they do not
exhibit any evidence of post-depositional alteration. Toward the base
(Protivanov Formation), its abundance significantly decreases and
shows a variety of replacement reactions, replacement of detrital
monazite by apatite + rhabdophane + thorite, replacement of detrital
monazite by allanite + apatite + rhabdophane + thorite and detrital
monazite dissolution and reprecipitation of low-T monazite and
thorite (Copjakova and Skoda, 2006; Copjakova et al., 2008).

4.2. Chemical composition, compositional zoning and CHIME dating in
monazite

Authigenic monazite has a heterogeneous chemical composition
(monazite-(Ce) to monazite-(Nd)) with some specific characteristics
(Table 1). The larger monazite grains (>~20 um) often shows typical
core-rim chemical zoning, whereas, small grains of monazite do not
exhibit any systematic chemical zoning, but significant chemical
variation does exist among the individual grains. The contents of
major REEs (La-Gd; except Pr) are highly variable (Ce=0.281-
0.527 apfu, Nd =0.086-0.375 apfu, La=0.056-0.292 apfu), but rath-
er constant contents of Pr (0.036-0.067 apfu) are typical. Relatively
high concentration of Eu (up 1.35wt.% Eu.0s) is a characteristic
feature, whereas HREEs are very low and frequently below the
detection limit. The Y, Th, and U contents are commonly low, i.e.
(0.07-1.27 wWt.% Y,05; 0.05-4.28 wt.% ThO,; average 0.63 wt.% ThO,
and <0.18 wt.% UO;). Minor amounts of St ( <0.56 wt.% SrO) typically
enter authigenic monazite. The }_ Ca + Si significantly predominate
over »_Th+ U + Pb, whereas the ratio of Ca/(Th+ U+ Pb) is close to
1 (see Fig. 3a,b). In general, the chemical compositions of authigenic
monazite are close to the ABO, formula.
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Table 1
Representative microprobe analyses of monazite and rhabdophane.
Mnz Mnz Mnz Mnz Mnz Mnz Mnz Rhb Mnz Rhb
1 2 3 4 5 6 7 8 9 10
50z <0.01 <001 <0.01 <001 =0.01 =001 <0.01 035 <001 017
P05 30.53 30.48 30.51 30.54 30.15 2960 29.60 27.82 2925 2722
510, 012 0.02 0.66 048 0.11 092 3.11 1.10 049 2.38
UQ, 099 0.07 0.02 <0.02 0.05 002 0.04 0.16 0.03 0.07
ThO» 4.47 0.13 0.33 0.09 0.62 1.06 1.81 6.13 3.64 5.75
Laz0s 12.56 3.90 8.81 17.24 12.07 1647 1375 12.55 2005 15.96
Ces03 2734 19.64 29.72 3335 28.27 3262 3095 26.29 3528 2799
Pr;0; 3.15 4.35 431 349 3.75 3.29 3.38 2.84 250 242
Nd,05 12,02 26.86 17.41 11.56 16.50 1082 11.64 937 612 7.07
Smu0s 2.50 9.05 379 1.56 4.03 1.82 2.00 1.68 071 1.00
Eu,04 <0.09 1.35 0.56 =009 0.34 =009 =0.09 =012 <008 <012
Gdy04 1.87 320 1.77 052 227 099 1.14 1.04 016 0.66
Dy05 0.78 0.44 0.37 017 051 026 0.20 032 <006 016
Ers04 0.15 0.05 0.05 <0.04 0.07 =004 0.05 =0.04 <0.04 0.05
Y203 2.63 0.59 0.58 031 0.89 067 0.58 0.95 0.07 0.82
AlLOD; <0.02 =0.02 0.18 024 0.02 0.07 0.23 0.40 013 g P 1
FeO <0.03 =0.03 =0.03 0.07 0.50 035 142 128 0.44 1.12
PbO 0.14 =0.01 =0.01 =001 =0.01 0.0 0.03 0.08 0.05 0.15
Cao 1.08 0.13 0.20 0.06 0.16 026 0.30 3.44 075 238
Sr0 <0.03 0.05 012 0.04 0.16 013 013 1.39 057 1.13
BaO <0.03 <0.03 =0.03 =003 =0.03 =003 <0.03 0.38 <0.03 0.22
F <0.05 <0.05 <0.05 <005 <0.05 =005 <0.05 0.34 016 019
-0=F 0.00 0.00 0.00 0.00 0.00 000 0.00 —=0.14 —=0.07 —0.08
Total 100.35 100.30 99.39 99.73 10048 9945 10037 97.41 100.35 97.78
S5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0,005
Pt 1.000 1.010 1.000 0999 0.996 0977 0.939 0925 0967 0.896
git+ 0.005 0.001 0.026 0019 0.004 0038 0.101 0.043 0.019 0.093
Subtotal 1.005 1.011 1.026 1.018 1.000 1.015 1.040 0.978 0.986 0.994
U+ 0.009 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001
Th#*+ 0.039 0.001 0.003 0.001 0.006 0.009 0.015 0.055 0.033 0.051
L+ 0.179 0.056 0.126 0246 0.174 0237 0.196 0.182 0.291 0.229
et 0.387 0.281 0.421 0472 0.404 0466 0433 0.378 0.506 0.398
Pri+ 0.044 0.062 0.061 0.049 0.053 0.047 0.048 0.041 0.034 0.034
Nd** 0.166 0.375 0241 0.158 0.230 0.151 0.155 0.134 0.084 0.098
St 0.033 0.122 0.051 0021 0.054 0.025 0.026 0.023 0.010 0.013
Eu* 0.000 0.018 0.007 0.000 0.005 0.000 0.000 0.000 0.000 0.000
Gd** 0.024 0.042 0.023 0.007 0.029 0.013 0.014 0.014 0.002 0.008
Dy“' 0.010 0.006 0.005 0.002 0.006 0.003 0.002 0.004 0.000 0.002
Et 0.002 0.001 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.001
et 0.054 0.012 0.012 0.006 0.018 0014 0.012 0.020 0.001 0.017
AP 0.000 0.000 0.008 0011 0.001 0.003 0.010 0.018 0.006 0.053
Fe?* 0.000 0.000 0.000 0.002 0.016 0012 0.044 0.042 0.014 0,037
Pb?* 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.002
Ca** 0.045 0.006 0.008 0.003 0.006 0011 0.012 0.145 0.032 0.099
S+ 0.000 0.001 0.003 0.001 0.004 0.003 0.003 0.032 0.013 0.026
Ba** 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.006 0.000 0.003
Subtotal 0.993 0.984 0.970 0.980 1.007 0994 0971 1.130 1.027 1.093
2 cat. 1.998 1.995 1.994 1.996 2.007 2,008 2.010 2,065 2020 2063
(9 4.000 4.000 4.000 4.000 4.000 4.000 4.000 3.957 3.980 3.976
F~ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.043 0.020 0.024
¥ an. 4.000 4.000 4.000 4.000 4.000 4.000 4,000 4.000 4.000 4.000

Structural formulae of monazite and rhabdophane were calculated on the basis of 4 anions pfu. The analytical points are marked in Fig. 2; 1 — Detrital monazite relic enclosed in
authigenic monazite (Fig. 2a); 2-4 — Analyses of authigenic monazite from central part to the rim (Fig. 2a); 5,6 — Small irregular grains of authigenic monazite from the Fig. 2cd;
7,8 — Authigenic monazite and surrounding rhabdophane from the Fig. 2e; 9-10 — Authigenic monazite and surrounding rhabdophane from the Fig. 21,

The zoned texture in authigenic monazite is characterized by an
increase in La and Ce and decrease in REE smaller than Pr (most
significantly Nd, Sm and Gd) along with a deepening negative Eu
anomaly from the core to the outer rim. This zoning is well-documented
in the chondrite-normalized REE-patterns, which changes from a
concave pattern with a maximum in Sm and indistinct Eu anomaly in
the central part of the grain to a steep slope pattern with a decrease from
Lato Er and a pronounced negative Eu anomaly in the outer rim (Fig. 4).

High variability in the REE patterns correlates well with La/Gd
ratio=1.3 to 146.

Small detrital cores (<30 pm) from the central part of the authigenic
monazite yielded elevated Th (~2-8 wt.% ThO.), U (0.2-1.9 wt% UO,)
and Y (0.7-3.0 wt.% Y,03) concentrations, which are generally higher
than those in the adjacent authigenic monazite. The detrital cores are
also enriched in other HREEs and show Eu contents below the detection
limit. The X-ray maps (Fig. 5) illustrate a Th-U-Y-enriched inherited

Fig. 2. BSE images of authigenic monazite; a) large monazite grain with abundant inclusions of authigenic and detrital minerals. Detrital relic of monazite is seen in the center;
b) authigenic monazite rich in small inclusions replacing detrital monazite; c,d) small irregular authigenic monazite with abundantinclusions; e) authigenic monazite overgrown by
rhabdophane (darker in BSE image); f) authigenic monazite overgrown by rhabdophane (darker in BSE image) and florencite; g) authigenic monazite associated with authigenic
xenotime; h) relict of altered detrital monazite replaced by thorite, quartz and authigenic monazite; i) former detrital REE-bearing mineral {monazite?) totally replaced by
authigenic monazite, sericite, and quartz; j) detrital apatite showing signs of a marginal dissolution associated with authigenic monazite. Abbreviations: Mnz A — authigenic
monazite; Mnz D —detrital monazite; Rhb — rhabdophane; H — florencite; Qtz — quartz; Kfs — K-feldspar; Ser — sericite; Chl — chlorite; Rt — Ti-oxide ( probably rutile); Fe-ox — Fe-
oxides/hydroxides; Ap — fluorapatite; Xe — xenotime-(Y); Th — Thorite; Zr — zircon. Numbers correspond to analytical point locations used in Table 1.
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Fig. 3. Binary graphs showing some substitution trends in monazite and rhabdophane
discussed in the text; a) Ca +Si vs. total Th+ U +Pb in authigenic monazite; b) Ca vs.
total Th + U + Pb in authigenic monazite; ¢} Ca vs. total Th + U + Pb in rhabdophane
overgrowing authigenic monazite.

detrital core with a sharp contact between the core and adjacent
authigenic monazite, and a gradual evolution in chemical composition
of the authigenic monazite from the core to the rim.

The CHIME (chemical Th-U-total Pb isochron method) dating of
authigenic monazite yields a well-defined isochrone with a weighted
average age of 324428 Ma (Fig. 6a). Low contents of Th and U, and,

consequently, low concentrations of Pb, are responsible for the high
age uncertainty in spite of a large number of electron microprobe
analyses (n=48).

4.3. Chemical composition of rhabdophane

Rhabdophane is hardly distinguishable from authigenic monazite
using BSE images and EDS-spectra; nevertheless, some chemical
differences are specific. Rhabdophane-(Ce) has lower analytical totals
3 =94.85-97.78 wt.% and normalization on 4 anions indicate a weak
surplus of cations in the REE position (1.04-1.17 apfu). It typically has
elevated contents of Ca (1.48-4.45 wt.% Ca0) and Th ( 1.69-11.71 wt.%
ThO,) but low U (0.07-0.16 wt.% UO,). The Ca content significantly
predominates over »_Th+ U+ Pb (compare Fig. 3b and c). Rhabdo-
phane has slightly lower LREE and higher Y + HREE contents relative to
authigenic monazite and Eu contents below the detection limit. Elevated
contents of Fe (0.93-4.50 Fe.03), Al (0.39-1.14 wt.% Al203), Sr (0.55—
1.63wt% Sr0), Ba (<047 wt% Ba0), S (<1.01 wt.% SOs) and F
(<0.34 wt.% F) also are typical. Chemical differences between rhabdo-
phane and authigenic monazite are documented in the X-ray distribu-
tion maps (Fig. 7) and in Table 1. A weak patchy zoning is typical for
rhabdophane, where Th and Ca vary on a very small scale.

4.4. Vitrinite reflectance and palaeo-temperature

The thermal maturity (Ry~1.9-2.10%) is low in the samples from
the Myslejovice Formation, where no authigenic monazite and no
detrital monazite alterations were observed. A jump to higher thermal
maturity with R, from 4.05 to 4.49% was observed in the samples from
the Protivanov Formation. For localities with authigenic monazite, the
measured R, values are 4.05% to 4.44% respectively. This data set of
the vitrinite reflectance is in good agreement with those obtained by
Francu et al. (1999, 2002) from rocks in the vicinity of the sample
localities: R, = 1.2-2.2% in the Myslejovice Formation, and 3.3-4.5% in
the Protivanov Formation and with a general increase of thermal
maturity from SSE to NNW of the Drahany Upland (Dvordk, 1989;
Dvorak and Wolf, 1979).

The vitrinite reflectance suggests that the thermal maturity of the
Protivanov Formation sediments is equivalent to very low-grade
metamorphism {anchizone ) with a maximum palaeo-temperature 250—
300 °C. Moreover, the R, data do not show any systematic regional trend
within the Protivanov Formation, which is interpreted as having
experienced a similar palaeo-thermal exposure (Franch et al, 2002).
The reliability of the thermal maturity data based on the vitrinite
reflectance is supported by the illite crystallinity data (Franctet al, 1999),
which suggest palaeo-temperatures of 220-260 °C for the Protivanov
Formation. The thermal maturity equivalent to the late diagenetic zone
with a maximum palaeo-temperature of ~150-200°C is typical for
sediments from the south-eastern part of the Drahany Upland (Mysle-
jovice Formation ), where neither authigenic monazite, nor alteration of
detrital monazite was observed.

4.5. Whole-rock chemical composition of graywackes

Whole rock chemistry of graywackes from 14 localities {Protivanov
and Myslejovice Formations) show an uniform chemical composition
in both the major and trace elements except for the Ca content, which
varies from 0.36 to 2.45 wt.% CaO (Table 2; Fig. 8a). Low Ca contents
(0.36-0.54 wt.% Ca0) are typical for graywackes containing authigenic
monazite in the Protivanov Formation and for the graywackes from the
Myslejovice Formation (0.40-0.46 wt.% Ca0). Other graywacke sam-
ples from the Protivanov Formation, where authigenic monazite has
not been found, show higher Ca contents {1.12-2.45 wt.% Ca0). The
3 REE-Y concentrations in graywackes are uniform in all samples
(133-160 ppm) as well as the chondrite-normalized REE distribution
patterns, These show a steep LREE (La-Eu) distribution, and nearly flat
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Fig. 4. Chondrite normalized patterns (Taylor and McLennan, 1985) of REE in authigenic monazite and overgrowing rhabdophane. Area labeled by b.d.l. stands values below the EMP
detection limit; a) gray area — authigenic monazite; three representative REE-patterns for the analyses 2, 3 and 4 from Fig. 2a and Table 1 showing the zoning trend in monazite;
b) dashed area — rhabdophane; area for authigenic monazite (gray) and representative REE-pattern for monazite rim overgrown by rhabdophane are shown for comparison.

HREE pattern (Lay/Yby = 6.7-9.4 and Gdy/Yby = 1.6-1.8) with aslight McLennan et al., 1990; Nathan, 1976). The whole rock chemical
Eu (Eu/Eu® =0.63-0.78) and Ho negative anomaly (Fig. 8b). Similar composition of the graywackes reflect a provenance consisting of a
REE contents and REE patterns are common from recent and/or terrain built from recycled sedimentary rocks along with plutonic, and
Phanerozoic turbidites of passive continental margins (Bhatia, 1985; metamorphic rocks. Higher contents of Ca along with less pronounced

Fig. 5. Wavelength-dispersive X-ray maps of representative elements for zoned authigenic monazite enclosing a small relic of detrital monazite.
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Fig. 6. a) Th*-Pb plot for authigenic monazite (full diamonds) with the isochrone and equation of regression line; b) Th*-Pb plot for rhabdophane overgrowing authigenic monazite
(open triangles); isochrone, equation of regression line and points for authigenic monazite (small full diamonds) are shown for comparison. Th* equals to the theoretical Th content,
which would produce the measured Pb for the relevant calculated age.

Fig. 7. Wavelength-dispersive X-ray maps of representative elements for authigenic monazite overgrown by rhabdophane-{Ce).
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Table 2
Representative whaole-rock chemical composition of graywackes (major and trace
elements).

Wti 1 2 3 ppm 1 2 3

P205 019 013 0.15 Ba 607 610 767
5i0, 68.96 69.86 71.40 Be 20 20 20
TiO2 0.73 061 0.55 Co 9.0 9.1 87
AlLO5 13.84 1277 12.86 Cs 59 49 4.6
Fes03 5.24 4,69 4.30 Ga 152 140 154
Crz0z 0.01 0.01 0.009  Hf 6.6 5.0 4.4
MnO 0.06 0.08 0.06 Nb 10.7 93 9.6
Mg0 197 193 1.80 Rb 111 954 126
Ca0 0.36 1.65 0.40 Sn 40 20 3.0
Na;0 253 246 267 Sr 112 211 175
K0 281 2,60 3.21 Ta 09 09 0.8
LOI 3.10 3.00 24 Th 13.1 100 109
Total 99.83 99.85 99.83 u 48 2.5 3.0
TOC 0.09 0.21 0.09 v 88 77 68
ppm w 19 A 20
X 231 19.8 19.6 r 230 168 140
La 246 226 258 Mo 010 0.10 0.10
Ce 526 44,5 51.1 Cu 1.3 106 105
Pr 643 5.61 6.38 Pb 17.0 102 200
Nd 254 225 24.7 n 57.0 53.0 59.0
Sm 524 429 4.54 Ni 24.1 258 256
Eu 099 1.00 0.88 As 26.6 6.6 42
Gd 446 3.66 3.93 [} <0.1 <01 <01
Th 0.71 0.62 0.65 Sb 040 0.30 0.20
Dy 4.05 3.49 3.47 Bi 020 0.10 0.20
Ho 0.81 0.69 0.68 Ag <0.1 <01 <0.1
Er 223 1.92 1.97 Au <0.5 0.80 =05
Tm 037 0.32 031 Hg 0.06 0.01 0.03
Yb 224 1.95 1.82 ! 0.1 <01 =01
Lu 033 0.31 0.29 Se <0.5 <05 =05
REE+Y 154 133 146

1 — Graywacke with authigenic monazite, Protivanov Formation; 2 — Graywacke
without authigenic monazite, Protivanov Formation; 3 — Graywacke, Myslejovice
Formation,

Eu anomalies in some samples from the Protivanov Formation likely
correspond to higher amounts of the I-type arc volcanic component.

5. Discussion
5.1. Evidences for authigenic origin of monazite

There are several lines of textural and chemical evidence indicating
that inclusion-rich monazite grains from graywackes are authigenic.

o
[
=3
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Irregular shape of monazite and presence of small angular inclusions of
detrital minerals preclude its detrital origin. Highly irregular in shape,
inclusion-rich grains are typical for diagenetic and low-grade metamor-
phic monazite (Burnotte et al,, 1989; Evans et al,, 2002; Milodowski and
Zalasiewicz, 1991; Rasmussen and Muhling, 2007, 2009; Rasmussen et
al, 2007; Wing et al., 2003). No microtextures suggesting syntectonic
monazite formation linked to deformation of basin sediments similarly as
Wilby et al. (2007) were observed. Monazite petrography supports its
main growth together with metamorphic chlorite and abundant Ti-
oxides, which are likely related to chloritization of biotite. Petrographic
observations along with vitrinite reflectance and illite crystallinity data
suggest a monazite growth during very low-grade metamorphism in
relation to a deep burial, which was caused by the additional deposition
of a thicker flysch sedimentary pile. The CHIME monazite age (324 4
28 Ma) is coincident with the ending of sedimentation in the Drahany
basin (Gradstein et al, 2005; Kotkova et al., 2007). Chemical composition
(low Th, U, Y and HREE contents and elevated Eu concentrations) and
zoning in REEs observed in authigenic monazite from the Protivanov
Formation resemble other sub-amphibolite-facies monazites of different
origin — diagenetic, low-grade metamorphic or syntectonic (Burnotte
et al, 1989; Evans et al, 2002; Janots et al, 2008; Milodowski and
Zalasiewicz, 1991; Rasmussen and Muhling, 2007, 2009; Wing et al,
2003). Monazite represents a potentially important geochronometer to
determine the age of diagenesis, burial metamorphism, and/or later low-
grade metamorphic and/or tectonic events and hydrothermal processes
(Evans et al, 2002; Rasmussen et al., 2001, 2005, 2007; Wilby et al,
2007). Therefore, careful petrographic study of monazite is important to
reliably establish its origin before an interpretation of the radiometric age
is performed.

5.2. Monazite formation and source of REE

The sources of REEs and reactions which produced monazite under
conditions of diagenesis to very low-grade metamorphism are not
well understood. The presence of authigenic monazite suggests
mobilization of REEs from the host (meta)sedimentary rocks. Source
of REEs for low-T monazite is usually related to: (i) desorption of REEs
adsorbed on the surface of clay minerals during their diagenetic
transformations (Burnotte et al, 1989; Milodowski and Zalasiewicz,
1991; Rosenblum and Mosier, 1983); (ii) desorption of REEs during
early diagenetic reductions of Fe oxides/hydroxides (Lev et al., 1998;
Milodowski and Zalasiewicz, 1991); (iii) degradation of organic matter
(REE adsorbed on the surface coatings or incorporated into biogenic
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Fig. 8. Whole-rock composition of graywackes; a) Ca and Al contents of the samples referenced to Shaw's data for average pelite (Shaw, 1956). For symbols see Fig. 1. The
discrimination line illustrates the relationship between whole-rock composition and the stability of low-temperature monazite and metamorphic allanite from the biotite and garnet
zones of Buchan and Barrovian metapelites according to Wing etal. (2003); b) field of chondrite-normalized patterns of REE and Y {chondrite data for normalization from Taylor and

McLennan, 1985).
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material) in response to an early burial compaction (Evans and
Zalasiewicz, 1996; Lev et al, 1998); (iv) dissolution of detrital REE-
minerals including monazite as was described from greenschist-facies
metasediments in the Witwatersrand basin (Rasmussen and Muhling,
2009) and from the central Alps (Janots et al, 2008).

The presence of complexly zoned monazite grains with rare detrital
cores and authigenic overgrowths along with altered detrital monazite
relics in the same rock suggest that authigenic monazite in the
Protivanov Formation may be a product of fluid-assisted dissolution of
detrital monazite and precipitation of authigenic monazite during very
low-grade metamorphism. Both options of monazite formation, in situ
monazite dissolution-reprecipitation (Putnis, 2002, 2009) and precip-
itation from passing fluids without immediate spatial affinity to altered
detrital monazite are possible.

There are no direct textural evidences indicating participation of other
less stable REE-bearing detrital minerals (allanite, apatite, xenotime,
titanite) in the formation of authigenic monazite. However, allanite is
quite rare; one to two orders of magnitude less abundant than detrital
monazite, and its replacement by synchysite and rhabdophane was
observed across the whole region of the Drahany Upland. Detrital apatite
shows signs of a marginal dissolution on one of the localities with
authigenic monazite, and only exceptionally authigenic monazite formed
close to such altered apatite (Fig. 2j). Replacement of detrital titanite by
mixture of TiO, phase +chlorite was observed in the samples with
common authigenic monazite. In graywaclkes with higher activity of CO,
in fluids, alteration of titanite led to the formation of TiOz phase + calcite
+ quartz, and in some cases small amounts of synchysite was identified.
Detrital xenotime is rather exceptional. Theoretically, a portion of the
REEs, especially HREE and Y, may have originated from detrital garnet
(locally with up to 0.3 wt.% of Y203), which is partly corroded in the
Protivanov Formation (Copjakova et al., 2005).

Low contents of organic matter in graywackes (0.05-0.09 wt.%
organic C) and missing spatial correlation with monazite crystallization
preclude organic matter to be important REE and P source. Leaching of
adsorbed REEs from clay minerals, and/or Fe oxide/hydroxide surfaces
during early to late diagenesis, can be an additional minor source of REEs.
Evidence for this includes recrystallized cdlay minerals and authigenic
pyrite present in the samples.

There is no textural evidence to consider rhabdophane asa precursor
of authigenic monazite in the Drahany basin, as was suggested for
diagenetic monazite by Donnot et al. (1973) and Milodowski and
Zalasiewicz (1991). Rhabdophane overgrowing authigenic monazite
likely formed from REE-bearing pore fluids during decreasing temper-
ature compared with authigenic monazite. Rhabdophane is stable only
at low T<~200 °C (at Pyap 50-200 MPa; Akers et al., 1993).

5.3. Monazite chemistry

5.3.1. REE distribution in monazite

The reason for the zoning observed in low-T monazite is not fully
elucidated up to date. Rasmussen et al. (2007) attributed a Pr, Nd, Sm,
Eu-enriched monazite core and a La, Ce-enriched rim to different stages
of formation. Nevertheless, gradual evolution of the chemical compo-
sition in the authigenic monazite from the Drahany Upland and the
results of the CHIME monazite dating imply growth during a single
event rather than an episodic growth. Milodowsld and Zalasiewicz
(1991) suggest the REE migration asorganic and bicarbonate complexes
during diagenesis, and increasing stability of these complexes with
increasing REE atomic number is responsible for zoning in the monazite
nodules. Solution complexation reactions involving organic and/or the
most common inorganic (carbonate, phosphate, hydroxide) ligands,
leading to the general increase of solubility of REE from La to Luin waters
(Lee and Byrne, 1992, 1993; Sonke and Salters, 2006; Wood, 1990},
cannot fully explain observed zoning pattern (core-rim increase in La
and Ce together with decrease inNd + MREE and Y +HREE). In contrary,

Pourret et al. (2007) discussed the ability of organic acids to
preferentially complex MREE.

Burnotte et al (1989) suggest that this zoning pattern can be
explained by differences in the solubility of the individual REE
phosphates. REEPO, solubility in aqueous solutions is poorly under-
stood and some of them give conflicting results. Moreover the most
comprehensive studies were carried out on REE-phosphates with the
rhabdophane structure. The general trends can be summarized as
follows: minimal solubility is observed for LREE between Ce and Sm;
LaPO, solubility is substantially larger than neighboring LREE and for
HREE solubility increases with increasing atomic number (Carron et
al, 1958; Firsching and Brune, 1991; Jonasson et al., 1985; Liu and
Byrne, 1997; Wood and Williams-Jones, 1994).

Another possible reason responsible for monazite zoning is evolution
in pore fluid chemistry from early diagenesis to very low-grade
metamorphism during increasing burial. There are several lines of
evidence in the published literature, which may rather indicate this
process. A concave MREE-rich REE pattern was observed in early
diagenetic fluids (Haley et al, 2004; Takebe and Yamamoto, 2007).
Intensive LREE and MREE (mainly from Ce to Gd) liberation into the
sediment pore waters and REE redistribution over long distances
attributed to early diagenetic processes, was described from turbidite
sequences (Boclk et al, 1994; Milodowski and Zalasiewicz, 1991). Fe-
oxides/hydroxides precipitating in the water column provide an efficient
scavenger of REE (especially Ce and MREE) from seawater with an
inverted seawater REE pattern (Bau, 1999; De Carlo and McMurtry, 1992;
Elderfield et al., 1981; Haley et al, 2004; Koeppenkastrop and De Carlo,
1992; Pattan et al, 2001). During early diagenesis of clastic sediments
with typical shale-like REE patterns, abundant REEs with a “MREE bulge”
type pattern are released into water by reduction of Fe-oxides/hydroxides
(Haley et al, 2004; Johannesson and Zhou, 1999). In a similar way,
preferential dissolution of authigenic or biogenic MREE-rich phosphates
during early diagenesis may yield waters with MREE enrichment as well
(Hannigan and Sholkovitz, 2001; Takebe and Yamamoto, 2007). With
increasing depth of burial, when very low-grade conditions are achieved,
detrital REE-bearing minerals (mainly monazite) are intensively dis-
solved, and represent a major source of REE (mainly LREE) for low-T
monazite. Therefore volumetrically dominant Ce- and La-rich parts of
low-T monazite with deep Eu anomalies are probably derived from a
detrital source. It is likely that all processes operate together, though it is
difficult to determinate which of these processes is dominant.

5.3.2. Other compositional features of authigenic monazite

Authigenic monazite is characterized by low contents of Th and U.
The Ca/(Th + U + Pb) ratio close to 1 ( Fig. 3b) indicates that the cheralite
substitution ThCaREE_ ; predominates over the huttonite substitution
ThSIiREE_ P_,. The higher Si contents in authigenic monazite (Fig. 3a),
which is not compensated by Th + U contents, indicate the presence of
very fine inclusions of quartz or silicates below the resolution of EMP.
This is supported by elevated contents of Al or Fe in the relevant EMP
analyses (see Table 1) and WDS line scans, where Si contents mirror
those of major monazite forming elements (P, LREE).

We suggest chemically distinct inherited monazite cores to be relics
of a detrital monazite. Chemical composition of monazite cores is similar
to some detrital monazite grains found in graywackes (Copjakova and
Skoda, 2006). Differences in the chemical composition between
authigenic (low PT) and detrital monazite (high PT) reflect different
PT conditions and fluid chemistry. Hence, dissolution of detrital
monazite and precipitation of authigenic monazite was not a simple
isochemical process. Some elements were removed (Th, U, Y + HREE,
Pb) from and some were added (Sr, Eu) into the system via pore fluids
mainly owing to the dissolution of other detrital minerals. The source of
Sr and Ba entering authigenic REE-minerals (rhabdophane> monazite)
is probably altered detrital plagioclase (up to 0.5 wt% 5rO in plagioclase
from clasts of I-type granites; Copjakova, 2007). No Sr or Ba was
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detected in detrital monazite (Copjakova, 2007; Copjakovd and Skoda,
2006).

Rhabdophane overgrowing authigenic monazite also may incor-
porate some elements removed from detrital monazite such as Th, Y +
HREE, Pb. Relatively high Pb content in rhabdophane, in contrast with
the Th and U content and diagenetic age, implies its preferential
incorporation (Fig. 6b). Incorporation of Pb into rhabdophane hasalso
been observed in graywackes where rhabdophane is not associated
with authigenic monazite (Skoda and Copjakovd, 2006) or where
rhabdophane forms at the expense of allanite (Krenn and Finger,
2007).

5.4. Monazite formation as a function of temperature

The temperatures, at which the first monazite appears during a
prograde metamorphism (diagenesis) of siliciclastic sediments, are
still rather controversial. Based on synthesis of the published data,
low-T monazite in siliciclastic (meta)sediments can form during
burial diagenesis to low-grade metamorphism in the wide range of
T~100-400 °C. Starting from the lowest T, nodular monazite
crystallization during diagenesis of black shales was proposed by
Evans and Zalasiewicz (1996) and Milodowski and Zalasiewicz
(1991). Evans et al. (2002) specified monazite formation during
burial at the conditions coincident with the oil window (T~100-
150°C). Donnot et al. (1973) described low-T monazite formed
between 200 and 300 °C (anchizone) in Paleozoic schists. Similar
T~200-300 °C was suggested for monazite formation in phyllites
(Rosenblum and Mosier, 1983), but the process responsible for the
monazite formation is contact metamorphism rather than regional
metamorphism. Low-T monazite is more common in low-grade
epizonal metamorphic conditions at temperatures of ~300-400 °C in
diverse metapelite terrains (e.g, Burnotte et al., 1989; Franz et al,
1996; Janots et al., 2006; Ohr et al., 1994; Rasmussen etal., 2001, 2005,
2007; Wan et al,, 2007; Wing et al, 2003) and in metasandstones
(Rasmussen and Muhling, 2007, 2009). In contrast, in many
metamorphic terrains, the first monazite does not form until
amphibolite facie conditions were achieved and usually in close
relation to the prograde allanite breakdown (Ferry, 2000; Foster and
Parrish, 2003; Kingsbury et al., 1993; Smith and Barreiro, 1990). Low-
T monazite usually disappears during prograde metamorphism and is
replaced by metamorphic allanite at T~400-450°C coincident with
biotite or chloritoid isograd (Janots et al, 2006, 2008; Wing et al,,
2003).

Temperatures of ~200-300 °C were estimated for monazite
formation during diagenesis in graywackes of the Drahany Upland.
Monazite precipitation can relate to decreasing monazite solubility in
aqueous solutions with increasing temperature in the temperature
range 200-300 °C (Poitrasson et al., 2004; Wood and Williams-Jones,
1994). Although intensive remobilization of REEs occurred in all
samples from the Protivanov Formation, and the whole area under-
went equal palaeo-thermal evolution, authigenic monazite formed
only in some of them. Hence, the palaeo-temperature is likely not the
only factor controlling formation of authigenic monazite.

5.5. Monazite formation as a function of whole-rock chemistry

The presence of authigenic monazite does not show any apparent
relationship to the whole-rock | REE + Y and REE patterns (see Fig. 8b
and Table 2). Authigenic monazite appears only in Ca-poor rocks, which
underwent a temperature overprint corresponding to very low-grade
metamorphism in the presence of REE-remobilization. In Ca-rich
graywackes, which underwent the same low-temperature metamorphic
overprint and REE remobilization, authigenic synchysite-(Ce) or parisite-
(Ce) are common instead. Decreasing the thermal overprint of the
graywackes to T~ 150-200 °C also decreases remobilization of REEs. For
example authigenic monazite did not precipitate even in the Ca-poor

graywackes. These observations suggest that differences in the Ca
content inthe host rock, along with temperatures, probably exert a major
control on low-T monazite growth. The role of Ca and,/or Al whole-rock
contents on monazite stability has been revealed in amphibolite-facies
metapelites as well; in metapelites with low Ca and Al contents monazite
is formed, whereas higher Ca and Al contents stabilize allanite (Ferry,
2000; Foster and Parrish, 2003; Janots et al,, 2008; Krenn and Finger,
2007; Wing et al,, 2003). Nevertheless, the expected effect of the Al
content on the formation of low-grade monazite in the Protivanov
Formation cannot be confirmed, due to its limited variability.

Low-T monazite formation seems to be usually tied to low-Ca
siliciclastic sedimentary rocks, though whole-rock data from these
rocks containing diagenetic/low-grade metamorphic monazite are
quite rare. Low-T metamorphic monazite occurs exclusively in
sandstones with low Ca contents under slightly higher greenschist-
facies conditions (T~350°C) (Rasmussen and Muhling, 2009).
Common diagenetic monazite nodules occur in low-Ca turbidite
mudstones and anoxic hemipelagites (<0.2 wt% Ca0) from central
Wales (Milodowski and Zalasiewicz, 1991). Franz et al. (1996) and
Wan et al. (2007) reported metamorphic monazite from low-Ca
(<0.37 wt.% Ca0 and 0.15 wt.% Ca0 respectively) greenschist facies
rocks. Wing et al. (2003) described low-T metamorphic monazite
from chlorite zone metapelites independent of Ca content. In
metapelites with average or above-average Ca and/or Al contents,
low-T monazite is replaced by metamorphic allanite precisely at the
biotite isograd (see Fig. 8a). Rare, low-T monazite is able to survive in
rocks with below-average Ca and/or Al contents at higher metamor-
phic grades (Ky zone of the Barrovian terrain and And and Sil zones
of the Buchan terrain). Consequently, the Ca (and Al) contents in
the host rock probably control the upper stability limit for low-T
monazite.

Theresults from this study along with other published data discussed
above indicate that monazite formation in sub-amphibolite-facies
metasediments is stabilized by a low whole-rock Ca content and low
Ca contents probably extend the low-T monazite stability field into lower
and higher metamorphic grades. Nevertheless, temperature, fluid
activity and REE and P source are also crucial regarding the formation
and general stability of low-T monazite. Further comprehensive studies
focusing on low-T monazite, which include understanding its formation
in relation to the accompanying mineral assemblage, the whole rock
chemistry and temperature, are essential to maximize its petrographic
potential.

Acknowledgments

The authors express gratitude to the constructive reviews of D.
Harlov and F. Finger which significantly improved the original
manuscript. We are grateful to R. Skoda and J. Toman for technical
assistance. Financial supports from the grant GACR (grant no.
205/07/474) to RC, grant FRVS (grant no. 0528/02) to RC and the long
term Research Plan of the Ministry of Education of the Czech Republic
MSMO0021622412 (INCHEMBIOL) to MN are gratefully acknowledged.

References

Akers, W.T,, Grove, M., Harrison, T.M., Ryerson, FJ., 1993. The instability of rhadbophane
and its unimportance in monazite paragenesis. Chemical Geology 110, 169-176.

Bau, M., 1999. Scavenging of dissolved yttrium and rare earths by precipitating iron
oxyhydroxide; experimental evidence for Ce oxidation, Y-Ho fractionation and
lanthanide tetrad effect. Geochimica et Cosmochimica Acta 63, 67-77.

Bhatia, M.R,, 1985. Rare earth element geochemistry of Australian Paleozoic
graywackes and mudrocks: provenance and tectonic control. Sedimentary Geology
45, 97-113.

Bock, B, McLennan, S.M., Hanson, G.N., 1994, Rare earth element redistribution and its
effects on the neodymium isotope system in the austin Glen Member of the
Normanskill Formation, New York, USA. Geochimica et Cosmochimica Acta58 (23),
5245-5253.

Burnotte, E,, Pirard, E., Michel, G., 1989. Genesis of gray monazites: evidence from the
Paleozoic of Belgium. Economic Geology 84, 1417-1429,

114



384 R. Copjakovd et al. [ Lithos 127 (2011) 373-385

Cabella, R., Lucchetti, G., Marescotti, P., 2001. Authigenic monazite and xenotime from
pelitic metacherts in pumpellyite-actinolite-facies conditions, Sestri-Voltaggio
Zone, Central Liguria, Italy. The Canadian Mineralogist 39, 717-727.

Carron, MK, Naeser, CR, Rose |r,, HJ., Hildebrand, FA., 1958, Fractional precipitation
of rare earths with phosphoric acid. US. Geological Survey Bulletin 1036,
253-275.

Copjakova, R, 2007. The reflection of provenance changes in the psefitic and psammitic
fraction sedimentary fraction of the Myslejovice Formation (heavy mineral analysis).

_ Ms. PhD-- thesis, Masaryk University, Brno, Czech Republic, p. 137. (In Czech).

Copjakovd, R, Skoda, R, 2006. Detrital and authigenic REE-minerals in the Culm
sediments of Drahany Uplands, their significance for provenance study of clastic
matenal and diagenetic processes. Acta Musei Moraviae — Scientiae Geologicae 91,
105-127 (In Czech).

Copjakovd, R, Sulovsky, P., Paterson, BA., 2005, Major and trace elements in pyrope-
almandine garnets as sediment provenance indicators of the Lower Carboniferous
Culm sediments, Drahany Uplands, Bohemian Massif. Lithos 82, 51-70.

Copjakovd, R, Skoda, R, Novak, M, 2008. Altered Monazite from the Lower
Carboniferous Culm Sediments of the Drahany Uplands (Bohemian Massif) — A
Result of High-Temperature Diagenesis? — Proceedings from MIMET 2008
Workshop, pp. 26-31.

De Carlo, EH., McMurtry, G.M,, 1992, Rare-earth element geochemistry of ferroman-
ganese crusts from the Hawaiian Archipelago, central Pacific. Chemical Geology 95,
235-250.

Donnot, M., Guigues, |., Lulzac, Y., Magnien, A., Parfenoff, A., Picot, P., 1973. Un nouveau
type de gisement d'europium: la monazite grise 3 europium en nodules dans les
schistes paleozoiques de Bretagne. Mineralium Deposita 8, 7-18.

Dvorak, [, 1973, Synsedimentary tectonics of the Paleozoic of the Drahany Upland
(Sudeticum, Moravia, Czechoslovakia). Tectonophysics 17, 359-391.

Dvorak, ], 1989. Anchimetamorphism in the Variscan tectogene in Central Europe —its
relationship to tectogenesis. Vestnik Ustfedniho Ustavu Geologického B4 (1),
17-30.

Dvordk, ], Wolf, M, 1979, Thermal metamorphism in the Moravian Paleozoic {Sudeticum,
CSSR). Neues Jahrbuch fur Geologie und Palaontologie Monatshefte 10, 596-G07.
Elderfield, H., Hawkesworth, CJ., Greaves, M., Calvert, S.E, 1981, Rare earth element
geochemistry of oceanic ferromanganese nodules and associated sediments.

Geochimica et Cosmochimica Acta 45, 1231-1234,

Evans, |, Zalasiewicz, JA, 1996. U-Pb, Pb-Pb and Sm-Nd dating of authigenic
monazite: implications for the diagenetic evolution of the Welsh Basin. Earth and
Planetary Science Letters 144, 421-433.

Evans, J.A, Zalasiewicz, A, Fletcher, |, Rasmussen, B, Pearce, NJ.G., 2002. Dating
diagenetic monazite in mudrocks: constraining the oil window? Journal of the
Geological Society 159 (6), 619-622.

Ferry, J.M., 2000. Patterns of mineral occurrence in metamorphic rocks, American
Mineralogist 85 (11-12), 1573-1588.

Firsching, FH., Brune, S.N., 1991. Solubility products of the trivalent rare-earth
phosphates. Journal of Chemical & Engineering Data 36, 93-95.

Foster, G.L, Parrish, RR., 2003. Metamorphic monazite and the generation of P-T-t
paths. In: Vance, D., Muller, W., Villa, LM. (Eds.), Geochronology: Linking the
Isotopic Record with Petrology and Textures: Geological Society, London, Special
Publications, 220, pp. 25-47.

Foster, G., Gibson, D., Horstwood, M., Fraser, ], Tindle, A, 2002. Textural, chemical and
isotopic insights into the nature and behaviour of metamorphic monazite.
Chemical Geology 191, 181-205.

Franct, E., Francy, |., Kalvoda, ], 1999, lllite crystalinity and vitrinite reflectance in
Paleozoic siliciclastics in the Bohemian Massif as evidence of thermal history.
Geologica Carpathica 50 (5), 65-71.

Francy, E, Francy, J., Kalvoda, ., Poelchau, H.S., Otava, ]., 2002, Burial and uplift history
ofthe Palaeozoic Flysch in the Variscan foreland basin (SE Bohemian Massif, Czech
Republic): EGU Stephan Mueller Special Publication Series, 1, pp. 167-179.

Franz, G., Andrehs, G., Rhede, D., 1996. Crystal chemistry of monazite and xenotime
from Saxothuringian-Moldanubian metapelites, NE Bavaria, Germany. European
Journal of Mineralogy 8, 1097-1118.

Gonzilez-Alvarez, 1, Kusiak, M.A., Kerrich, R., 2006. A trace element and chemical
Th-U total Pb dating study in the lower Belt-Purcell Supergroup, Western North
America: provenance and diagenetic implications. Chemical Geology 230,
140-160.

Gradstein, F.M,, Ogg, J.G., Smith, A.G., 2005. A Geologic Time Scale 2004, p. 610.

Haley, B.A., Klinkhammer, G.P., McManus, J., 2004, Rare earth elements in pore waters
of marine sediments, Geochimica et Cosmochimica Acta 68, 1265-1279.

Hannigan, RE, Sholkovitz, ER., 2001, The development of middle rare earth elements
enrichments in freshwaters: weathering of phosphate minerals. Chemical Geology
175, 495-508.

Hartley, AJ., Otava, ], 2001. Sediment provenance and dispersal in a deep marine
foreland basin: the Lower Carboniferous Culm Basin, Czech Republic. Journal of the
Geological Society 158, 137-150.

Janots, E., Negro, F., Brunet, F, Goffe, B., Engi, M., Bouybaouéne, M.L., 2006, Evolution of
the REE mineralogy in HP-LT metapelites of the Sebtide complex, Rif, Morocco:
monazite stability and geochronology. Lithos 87, 214-234.

Janots, E., Engi, M., Berger, A., Allaz, ], Schwarz, J.O,, Spandler, C., 2008. Prograde
metamorphic sequence of REE minerals in pelitic rocks of the Central Alps:
implications for allanite-monazite-xenotime phase relations from 250 to 600 °C.
Journal of Metamorphic Geology 26, 509-526.

Jercinovic, M., Williams, M.L, 2005. Analytical perils (and progress) in electron
microprobe trace element analysis applied to geochronology: background
acquisition, interferences, and beam irradiation effects. American Mineralogist
90, 526-546.

Johannesson, K.H., Zhou, X., 1999. Origin of middle rare earth element enrichments in
acid waters of a Canadian High Arctic lake. Geochimica et Cosmachimica Acta B3,
153-165.

Jonasson, RG., Bancoft, G.M., Neshit, H.W., 1985. Solubilities of some hydrous REE
phosphates with implications for diagenesis and seawater concentrations.
Geochimica et Cosmachimica Acta 49, 2133-2139,

Kingsbury, ].A, Miller, CF., Wooden, |.L., Harrison, T.M., 1993. Monazite paragenesis and
U-Pb systematics in rocks of the eastern Mojave Desert, California, USA.:
implications for thermochronometry. Chemical Geology 110, 147-167.

Kish, HJ., 1987. Correlation between indicators of very low-grade metamorphism. In:
Frey, M. (Ed.}, Low Temperature Metamorphism. Blackie, Glasgow, pp. 227-299.

Koeppenkastrop, D., De Carlo, EH., 1992, Sorption of rare-earth elements from
seawater onto synthetic mineral particles: an experimental approach. Chemical
Geology 95 (3-4), 251-263.

Kotkovd, |, Gerdes, A., Parrish, R.R,, Novdk, M., 2007, Clasts of Variscan high-grade rocks
within Upper Visean conglomerates — a missing link in the late Variscan evolution
of Central Europe: constraints from U-Pb chronology. Journal of Metamorphic
Geology 25 (8), 781-801.

Krenn, E., Finger, F., 2007. Formation of monazite and rhabdophane at the expense of
allanite during Alpine low temperature retrogression of metapelitic basement rocks
from Crete, Greece: microprobe data and geochronological implications, Lithos 95,
130-147.

Krenn, E., Ustaszewski, K., Finger, F., 2008. Detrital and newly formed metamorphic
monazite in amphibolite-facies metapelites from the Motajica Massif, Bosnia.
Chemical Geology 254, 164-174.

Kumpera, 0., Martinec, P, 1995. The development of the Carboniferous accretionary
wedge in the Moravian-Silesian Paleozoic basin. Journal of the Czech Geological
Society 40 (1-2), 4764,

Lanzirotd, A., Hanson, G.N., 1996, Geochronology and geochemistry of multiple
generations of monazite from the Wepawaug Schist, Connecticut, USA: implica-
tions for monazite stability in metamorphic rocks. Contributions to Mineralogy and
Petrology 125, 332-340,

Lee, JH., Byme, RH, 1992. Examination of comparative rare earth element
complexation behavior using linear free-energy relationships. Geochimica et
Cosmochimica Acta 56, 1127-1137.

Lee, .H., Byrne, RH., 1993, Complexation of trivalent rare earth elements (Ce, Eu, Gd,
Tb, Yb) by carbonate ions. Geochimica et Cosmochimica Acta 57, 295-302.

Lev, 5.M., McLennan, S.M., Meyers, W., Hanson, G.N., 1998. A petrographic approach
for evaluating trace-element mobility in a black shale. Journal of Sedimentary
Research 68 (5), 970-980.

Liu, X., Byrmme, RH., 1997, Rare earth and yttrium phosphate solubilities in aqueous
solution. Geochimica et Cosmochimica Acta 61 (8), 1625-1633.

Mclennan, S.M,, Taylor, S.R., McCulloch, M.T,, Maynard, |.B., 1990. Geochemical and Nd-
Sr isotopic composition of deep sea turbidites. Part I: implications for crustal
evolution. Geochimica et Cosmochimica Acta 2015-2050.

Merriman, RJ., Frey, M., 1999, Patterns of very low-grade metamorphism in metapelitic
rocks. In: Frey, M, Robinson, D, (Eds.), Low-Grade Metamorphism. Blackwell
Science, Oxford, pp. 12-87.

Milodowski, A.E, Zalasiewicz, J.A,, 1991, Redistribution of rare earth elements during
diagenesis of turbidite/hemipelagite mudrock sequences of Llandovery age from
central Wales: Geological Society, London, Special Publications, 57, pp. 101-124.

Montel, .M., Foret, S., Veschambre, M, Nicollet, C, Provost, A, 1996. Electron
microprobe dating of monazite. Chemical Geology 131, 37-53.

Nathan, S., 1976. Geochemistry of the Greenland Group (Early Ordovician), New
Zealand, New Zealand Journal of Geology and Geophysics 19, 683-706.

Ohr, M,, Halliday, A.N., Peacor, D.R., 1994, Mobility and fractionation of rare earth
elements in argillaceous sediments: implications for dating diagenesis and low-
grade metamorphism. Geochimica et Cosmachimica Acta 58, 289-312.

Pattan, |.N., Rao, Ch.M., Migdisiov, AA., Colley, S., Higgs, NC, Demidenko, L, 2001.
Ferromanganese nodules and their associated sediments from the Central Indian
Ocean Basin: rare earth element geochemistry. Marine Georesources and
Geotechnology 19, 155-165.

Poitrasson, F., Oelkers, E., Schott, |, Montel, .M., 2004. Experimental determination of
synthetic NdPO, monazite solubility in water from 21 °C to 300 °C: implications for
rare earth element mobility in crustal fluids. Geochimica et Cosmochimica Acta 63,
2207-2221.

Pouchou, J.L, Pichoir, F., 1985. PAP procedure for improved quantitative microanalysis.
Microbeam Analysis 20, 104-105,

Pourret, 0., Davranche, M., Gruay, G., Dia, A,, 2007. Rare earth elements complexation
with humic acid. Chemical Geology 243 (1-2), 128-141,

Putnis, A., 2002. Mineral replacement reactions: from macroscopic observations to
microscopic mechanisms. Mineralogical Magazine 66, 689-708.

Putnis, A, 2009. Mineral replacement reactions. In: Oelkers, EH., Schott, |. (Eds.),
Thermodynamics and Kinetics of Water-Rodk Interactions. : Reviews in Mineralogy
and Geochemistry, 70. Mineralogical Society of America, Chantilly, Virginia, pp.87-124.

Rasmussen, B., Muhling, JR., 2007. Monazite begets monazite: evidence for the
dissolution of detrital monazite and reprecipitation of syntectonic monazite during
low-grade regional metamorphism. Contributions to Mineralogy and Petrology 154,
675-689.

Rasmussen, B, Muhling, R, 2009. Reactions destroying detrital monazite in
greenschist-facies sandstones from the Witwatersrand basin, South Africa. Chemical
Geology 264, 311-327.

Rasmussen, B., Fletcher, LR, McNaughton, N,J., 2001. Dating low-grade metamorphic
events by SHRIMP U-Pb analysis of monazite in shales. Geology 29 (10), 963-966.

Rasmussen, B., Fletcher, LR., Sheppard, S., 2005. Isotopic dating of the migration of a
low-grade metamorphic front during orogenesis, Geology 33 (10), 773-776.

115



R. Copjakovd et al. / Lithos 127 (2011) 373-385 385

Rasmussen, B., Fletcher, LR., Muhling, |.R.,, 2007. In situ U-Pb dating and element
mapping of three generations of monazite: unravelling cryptic tectonothermal
events in low-grade terranes. Geochimica et Cosmochimica Acta 71, 670-690.

Rosenblum, S, Mosier, EL., 1983, Mineralogy and occurrence of europium-rich dark
monazite. U.S. Geological Survey Professional Paper 1181 67 pp.

Schulmann, K., Gayer, R, 2000. A model for a continental accretionary wedge developed
by oblique collision: the NE Bohemian Massif. Journal of the Geological Society of
London 157, 401-406.

Shaw, D.M.,, 1956. Geochemistry of pelitic rocks. Part lll: major elements and general
geochemistry, Geological Society of American Bulletin 67, 919-934,

Skoda, R., Copjakova, R, 2006. Authigenic REE minerals from greywackes of the
Drahany Uplands, Czech Republic and their significance for diagenetic processes.
Mineralogia Polonica 28, 208-210.

Smith, H.A., Barreiro, B., 1990. Monazite U-Pb dating of staurolite grade metamorphism
in pelitic schists. Contributions to Mineralogy and Petrology 105, 602-615.

Sonke, |.E, Salters, V..M., 2006. Lanthanide-humic substances complexation. L.
Experimental evidence for a lanthanide contraction effect. Geochimica et
Cosmochimica Acta 70, 1495-1506.

Spear, F.S, Pyle, .M., 2002. Apatite, monazite, and xenotime in metamorphic rocks, In:
Kohn, MJ., Rakovan, ]., Hughes, |.M. (Eds.), Phosphates: Geochemical, Geobiological
and Materials Importance: Reviews in Mineralogy and Geochemistry, 48.
Mineralogical Society of America, USA, pp. 293-335.

Takebe, M., Yamamoto, K., 2007. Relative REE abundances of porewater in Pacific
pelagic sediments: estimation by equilibrium calculations based on REE compo-

sition of Mn-oxide and apatite components, Bulletin of the Nagoya University
Museum 23, 1-12.

Taylor, S.R., Mclennan, SM, 1985. The Continental Crust: Its Composition and
Evolution. Blackwell Scientific Publications, Oxford, p. 321.

Taylor, G.H., Teichmiiller, M., Davis, A., Diessel, CF.K, Littke, R., Robert, P., 1998. Organic
Petrology. Gebriider Borntraeger, Berlin, p. 704,

Wan, Y., Song, T, Liu, D, Yang, T, Yin, X., Chen, Z., Zhang, Q., 2007. Mesozoic monazite in
Neoproterozoic metasediments: evidence for low-grade metamorphism of Sinian
sediments during Triassic continental collision, Liaodong Peninsula, NE China.
Geochemical Journal 41, 47-55.

Wilby, P.R,, Page, A.A., Zalasiewicz, |.A., Milodowski, A.E., Williams, M., Evans, J.A., 2007.
Syntectonic monazite in low-grade mudrocks: a potential geochronometer for
cleavage formation? Journal of the Geological Society 164 (1), 53-56.

Wing, B.A., Ferry, ].M., Harrison, T.M.,, 2003. Prograde destruction and formation of
monazite and allanite during contact and regional metamorphism of pelites:
petrology and geochronology. Contributions to Mineralogy and Petrology 145,
228-250.

Wood, S.A., 1990. The aqueous geochemistry of the rare-earth elements and yttrium. 1.
Review of available low-temperature data for inorganic complexes and the
inorganic REE speciation of natural waters. Chemical Geology 82, 159-186.

Wood, 5.A., Williams-Jones, AE., 1994, The aqueous geochemistry of the rare-earth
elements and yttrium: 4. Monazite solubility and REE mobility in exhalative
massive sulfide-depositing environments. Chemical Geology 115, 47-60.

116



Priloha 6
Babek O., Francti E., Kalvoda J., Neubauer F. (2008) A digital image analysis approach

to measurement of the conodont colour alteration index (CAI): a case study from

the Moravo-Silesian Zone, Czech Republic. - N. Jb. Geol. Paldont., 249/2: 185-201;

117



N. Jb. Geol. Paldont. Abh.
2008, vol. 249/2, p.185-201, Stuttgart, August 2008, published online 2008

A digital image analysis approach to measurement of the
conodont colour alteration index (CAl): a case study from the
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BApek, O., Franc(, E., Karvobpa, J. & NEUBAUER, E (2008): A digital image analysis approach to
measurement of the conodont colour alteration index (CAI): a case study from the Moravo-Silesian
Zone, Czech Republic. — N. Jb. Geol. Paldont. Abh., 249: 185-201; Stuttgart.

Abstract: Presented is a simple non-destructive method for quantifying conodont colour based on
digital processing of conodont images taken by a digital camera attached to a binocular microscope
operating under incident light, using the RGB colour space. The digital colour data was calibrated to
a spectral reflectance of the standard colour background. The results from the Moravo-Silesian Zone
(MSZ) of the Bohemian Massif, Czech Republic, demonstrate an excellent relationship existing
between the digital intensities of the red (R), green (G) and blue (B) colours and CAI in the range
from CAI 3 to CAI 6. The R/B colour ratio proved the best proxy of CAIL The R/B ratio decreases
with increasing CAI from values >1.6 (CAI3) to ~ 1.0 (CAIS5) and then slightly increases to 1.15
(mean for CAI5.5) and 1.26 (mean for CAI6). It is closely related to CAI (R2 = 0.8974) within
CAI 3 to CAI 5 interval. The R/B ratio is similar in concept to the slope of the reflectance curve
obtained from the spectral reflectance of conodonts by previous authors, as well as to the shift from
yellow and brown colours towards greyscale conodont colours with increasing thermal maturation
according to the original definition of CAL Regional distribution of the CAI and R/B ratio from the
MSZ suggests that the digital conodont colour data is closely related to vitrinite reflectance and illite
crystallinity data.

Keywords: RGB colour space, conodonts, colour calibration, spectral reflectance, thermal
maturation, Devonian, Carboniferous, Variscides.

Introduction

Colour is an important property of geological
materials. Since it is related to mineral and chemical
composition and texture of minerals, organic matter,
rocks and soils, its measurement has broad appli-
cations in earth sciences. Numerous techniques for
measuring colour and numerous colour systems are
used, including the Munsell hue, value, and chroma

DOI: 10.1127/0077-7749/2008/0249-0185

(HVC) colour system, spectral reflectance curves,
CIE (Commission Internationale de I'Eclairage) L*
a*b* (lightness, redness/greenness, yellowness/ blue-
ness) colour space with rectangular coordinates, CIE
L*C*H* (lightness, chroma (saturation) and hue)
colour space with polar coordinates, Helmholtz chro-
maticity coordinates, and the RGB (digital intensities
of red, green and blue components) colour system
(LEvIN et al. 2005; Marnieu et al. 1998; TorrENT et
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al. 1983; Viscarra-RosseL et al. 2000). Each of the
colour systems and measuring techniques has its
benefits and drawbacks. The Munsell system is semi-
quantitative and subjective, and may be subject to
considerable error due to operator fatigue or illu-
mination conditions (MaTHIEU et al. 1998; VISCARRA=
RosseL et al. 2006). Measurement of spectral re-
flectance curves usually requires the use of expensive
spectrometers or chromameters, may be limited in the
field conditions or under microscope, and the results
are less convenient for statistical processing and
prediction in comparison with the coordinated colour
models (Dearon et al. 1996; Levin et al. 2005). Di-
gital colour image analysis, on the other hand, meets
with increasingly higher application in the earth
sciences. Among the coordinated colour spaces used
in image analysis, the RGB colour model is most
popular due to quick data acquisition, easy statistical
processing and high precision even when compared to
the use of spectrophotometers (LEvin et al. 2005). The
RGB colour model has been successfully applied
in many case studies in sedimentary petrology (GOTTE
& RiccHTER 2005 2006; OBARA 2005), coal petrology
(Simons et al. 1997; Van Geer et al. 2001), stratigra-
phy (Kasuivama et al. 2004), soil science (LEvIN et
al. 2005; van Huvyssteen et al. 2006), hydrology
(Goppun & Wurte 2006), and thermal maturation
studies (vAN DE Laar & Davip 1998).

Colour changes of microfossils such as conodonts,
chitinozoans, graptolites, acritarchs and plant spores
are often used as a semi quantitative measure of the
thermal maturity of sediments. Of these methods, the
conodont colour alteration index (CAIL EpsTrin et al.
1977; ReieBiaN et al. 1987), in particular, proved
useful as a rapid, inexpensive technique for assessing
thermal maturity. The CAI technique is especially
advantageous where quantitative methods of thermal
maturation, such as the coal rank, vitrinite reflectance,
illite and chlorite crystallinity, fluid inclusions homo-
genization temperature and apatite fission track
(FrancU et al. 1990; PoLLasTRO 1993; PEARSON &
SmarLL 1988; Rogert 1988; Sropon 1995; UNDER-
wooD et al. 1993) fail due to unfavourable lithology or
due to their effective temperature range.

The aim of this paper is to describe a new method
for quantifying conodont colour based on RGB colour
image analysis of whole conodont elements using a
digital camera attached to a binocular microscope and
routine image-analysis software. The data set selected
for this study includes conodont collections from the
Moravo-Silesian Zone, Czech Republic. The quanti-

tative representation of conodont colour will be
compared with the subjective CAI determination and
vitrinite reflectance data on a regional scale.

Conodont Colour Alteration Index (CAl)

Conodonts are the tiny (0.2 to 5 mm) remains of the
feeding apparatuses of an extinct group of primitive
chordates, which were common from the Cambrian to
the late Triassic (Briggs et al. 1983; LINDSTROM
1964; Sweer 1988). The conodonts are made up of
calcium phosphate (apatite, francolite) organised in
thin, concentric lamellae. When heated, the colour of
the conodont elements changes from white, pale
yellow to dense black (ELLison 1944; EpsTEIN et al.
1977). Epstein et al. (1977) combined field conodont
collections with artificially heated samples in order
to establish a semi-quantitative scale of five colour
intervals from 1 to 5, the conodont colour alteration
index (CAI), which they demonstrated as changing
with increasing temperature from 50°C to 300°C.
ReieBian et al. (1987) defined CAI 6, 7 and 8 (grey.
opaque white and crystal clear) expanding the
working range of the technique to more than 600°C.
The temperature-controlled colour change is related
to the transformation of organic matter between the
phosphate lamellae of conodonts (KONIGsHOF 2003).
During the artificial maturation of conodonts, the
progressive removal of carboxyl, alcohol, ether and
carbonyl functional groups, the elimination of C-O
bonds and nitrogen compounds and the development
of highly ordered graphitic-like carbon was observed
(MarsHaLL et al. 2001). Apart from temperature,
however, the CAI may by influenced by the passage
of hydrothermal fluids (Konigsnor 1992, 2003),
element size variation (Garcia-Loprez et al. 1997),
taxonomic variations at the generic level (MARSHALL
et al. 2001) and the lithology of the host rock (LEGALL
et al. 1981). The CAl has been successfully applied in
a number of thermal-maturation case studies world-
wide (Garcia-Lorez et al. 1997; GawLick et al.
1994; Hersen 1995; HeLsen & KONIGSHOF 1994;
KonigsHor 1991; 1992:; KovAcs et al. 2006; NicoLL
1981; NicoLL & Gorter 1984; NowrLaN & BARNES
1987; Subar & KovAcs 2006; WIEDERER et al. 2002).

The CAI is determined microscopically under in-
cident light from the thin edges or lighter parts of the
conodonts by comparing them with a set of laboratory
produced standards, field-assembled conodonts, and/
or the conodont colour or the Munsell soil colour chart
(EpsTEIN et al. 1977). Such determination is based on
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Fig. 1. Simplified geological map of Moravo-Silesian Zone, with location of CAI and thermal maturity samples.

the human eye’s perception of light reflected from the
conodont in the visible spectrum of electromagnetic
radiation, which is a subjective measure (DeaTON et
al. 1996). In an attempt to quantify the conodont
colour alteration, several authors used infrared
spectroscopy (NoTH & Ricuter 1992), fluorescence
spectrometry (MAsTaLERZ et al. 1992), gas chromato-
graphy-mass spectrometry (Bustin et al. 1992), elec-
tron spin resonance (Beika et al. 1987), organic

geochemistry (MarsHaLL et al. 1999), spectral re-
flectance (Deaton et al. 1996), and colour image
analysis (HELsEN et al. 1995). The latest two methods
are most closely related to the primary meaning of the
CAL as expressed by EpsTeIN et al. (1977), i.e. the
conodont colour perceived by the human eye. HELSEN
et al. (1995) measured the intensities of the red, green
and blue colour components of reflected light (RGB
mode) from selected small areas (10x20 pm) on
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polished conodonts. The method proved successful
in relating the RGB intensities to CAIl, but was de-
structive and time consuming (polishing) as well
as partly subjective (the selection of the area for
measurement). The spectral reflectance technique of
Dearon et al. (1996) proved highly accurate, non-
subjective and reproducible in quantifying conodont
colour, but required a large number of conodont
elements per sample (30 large elements), and the use
of expensive equipment.

Geological setting

The Moravo-Silesian Zone (MSZ) is located in the
eastern part of the Czech Republic and southern
Poland, at the eastern margin of the Bohemian Massif
(Fig. 1). It is considered the eastward extension of
the Rhenohercynian and Subvariscan zones of the
European Variscides (DvoRAk & PaprotH 1969;
Franke 1995). To the W, the MSZ is bordered by
Variscan crystalline nappes along the Moravo-Silesian
Fault Zone (ScHurLmann et al. 1991). To the E, it is
covered by Mesozoic and Tertiary sediments of the
Outer Western Carpathians. In the N, the MSZ extends
to the Hamburg — Cracow Fault Zone in southern
Poland (KaLvopa et al. 2003). The MSZ is composed
of sheared, unmetamorphosed to slightly meta-
morphosed sediments and volcanics of the Cambrian,
the Ordovician and the Early Devonian (Pragian) to
the Late Carboniferous (Namurian) age. These rocks
rest unconformably upon Upper Proterozoic crystal-
line rocks of the Brunovistulicum (Dupek 1980;
Kavrvopa et al. 2007).

The Palaeozoic rock successions of the MSZ are
comprised of Lower to Middle Devonian shallow-
marine siliciclastics (“basal clastics™), Middle- to
Upper Devonian to shallow-water platform carbonates
(Macocha Formation), Upper Devonian to Lower
Carboniferous deep-water carbonates and shales
(Lisen Formation) and, in places, Devonian to Tour-
naisian alkali- to subalkali basalts. These facies were
deposited during the extensional phase of the MSZ
(CHLUPAC 1988; HrapiL 1994; ZieGLEr 1988) and
were soon replaced by deep-water Variscan synoro-
genic siliciclastics (so-called “Culm™ facies) of the
Viséan to the Early Namurian age (HARTLEY & Orava
2001; Kumrera & Martinec 1995). The Culm
siliciclastics are in places overlain by Namurian to
Westphalian paralic and continental coal-bearing
cyclothems of the Upper Silesian Coal Basin repre-
senting the final depositional phase in the evolution of

the Moravo-Silesian Basin. Most of the conodont
samples discussed in this paper were obtained from
carbonates of the Macocha and Lisen formations.

Structure and thermal alteration of the MSZ

The MSZ is considered to represent a Palasozoic
accretionary wedge, which developed between the
overriding nappe stack of the Moldanubian and
Tepla-Barrandian units, and the subducted Brunovi-
stulian crystalline basement (CHabmma et al. 2006;
DavLimever et al. 1992; Fritz & NeEusauer 1995).
The structure of the MSZ is interpreted as an imbri-
cate stack of NW-dipping tectonic slices (BABEK et al.
2006; CHAB 1986; Cizek & TOMEK 1991). The inten-
sity of the deformation (ductile vs. brittle defor-
mation, magnetic fabric) decreases in the W-E to NW-
SE orogen-perpendicular direction (CHADIMA et al.
2006; RasLicH 1990). The main folding and thrusting
events took place in the Late Carboniferous, in all
probability close to the Waestphalian/Stephanian
boundary (“Asturian phase™).

The published thermal alteration data reveals a
general SE-to-NW regional trend of increasing
thermal maturation. In the Cracow-Silesia foreland of
the MSZ, southern Poland, the thermal overprint is
relatively low reaching the dry-gas/oil-window zone,
related mainly to intrusions of small intrusive bodies
(BELKA 1993). In the western hinterland of the MSZ
in Moravia, the thermal maturity is much higher
reaching up to the anchimetamorphic grade. The
published thermal-maturity data from the Moravian
part of the MSZ is based on random vitrinite re-
flectance (Rr)(DvoRkAk 1989; DvoRAk & WoLr 1979;
Franct et al. 1999 2002) and illite crystallinity (IC)
(DvoRAk 1989; FrancO et al. 1999), In the S to SE
part of the MSZ, values of IC range from 0.44 to 1.46
A 2°0 and R; from 1.1 to 2.2 %, corresponding to the
maximum burial temperatures ~100 to ~200°C. In
the central part of MSZ, values of 1C range from 0.44
10 0.55 A2°0 and R, from 1.7 to 2.5 %. In the W part,
values of IC range from 0.24 to 0.36 A 2°© and
R; from 3.17 to 5.23 %, which corresponds to the
maximum burial temperatures of ~330 °C (Franci et
al. 1999). Most of the published IC and R, data was
measured from the synorogenic “Culm” facies of the
Myslejovice and Rozstani formations. Only a limited
number of samples were measured from limestones
of the Macocha and LiSen formations. With the ex-
ception of scarce, unpublished comments by KRreici
(1991), no data on the conodont colour alteration has
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been published as yet from the Moravian part of the
MSZ. The distribution of the R, and illite crystallinity
was explained in the model of a deep, mainly tec-
tonically driven, burial with lower heat flow in the
western hinterland and a relatively shallower sedi-
mentary burial with equal or slightly higher heat flow
in the eastern foreland part of the basin (FrancU et al.

1999, 2002).

Material and methods

A total of 25 core samples and 48 outcrop samples of
carbonate rocks were taken for the CAl analysis. Most
of the samples (45) were obtained from the existing
conodont collections deposited at Masaryk University,
Brno, and the Czech Geological Survey, Brno, Czech
Republic. These samples, weighing 1 to 1.5 kg, were
digested in 12 to 15% vol. water solution of acetic
acid for 3 to 5 weeks (KresCi 1991). New outcrop
conodont samples (27) with 1.5 to 3 kg weight were
digested in 12% vol. water solution of acetic acid
for 4 to 5 weeks. Conodonts were picked from the
insoluble residues under a binocular microscope in
order to minimize artificial fragmentation of ele-
ments.

CAIl and quantitative conodont colour
measurements

Subjective determination of CAl was carried out using
the comparative charts of EpsTEIN et al. (1977). Other
CAI charts are available that are more recent
(KonigsHor 2003), but since there are distinct colour
shifts between different charts, we kept to the original
one by EpsteiN et al. (1977). The preparation of a
regional CAI standard by laboratory heating as re-
commended by EpsTEIN etal. (1977) was not possible
due to the absence of thermally unaltered conodonts in
the study area. The lightest, best-preserved conodont
elements (two to six per sample), with minimum
impurities and coatings, were mounted on a glazed
white porcelain slide with 20x40 mm dimensions.
The conodonts were observed under a Leica binocular
microscope with a Leica CLS 150X illuminator, 150
W/21 V halogen bulb, at 2850 K light colour temper-
ature. A circular illumination stage attached to the
microscope lens was used in order to provide omnidi-
rectional light incidence and avoid shaded areas on the
conodont surfaces. The samples were photographed
by a Leica DFC 48 digital camera with an automated
microscope tube positioning system with 12 um step

width, and IM 1000 image processing software in
order to provide deep focus throughout the element
surface. All samples were photographed with x65
to x80 magnification. The images (4915200 pixels
each) were then exported to a regular desktop PC and
processed in the RGB colour mode using Olympus
analySIS FIVE image-analysis software and a routine
bitmap editor (Corel PhotoPaint 12). The whole area
of each conodont element in a sample (approximately
from 0.3 to 1.3x 10% pixels) was analysed. We have
analysed 275 conodont elements from 73 samples of
Middle Devonian (Givetian) to Early Carboniferous
(Tournaisian) age. Conodonts of the genus Palmato-
lepis and Polygnathus were most frequent; Ancyro-
della, Bispathodus, Branmehla, Gnathodus, Icriodus,
Protognathodus, Pseudopolygnathus, Spathognatho-
dus, unidentifiable platform elements and ramiform
elements were less frequent. The analytical results
included the total area in pixels, a sample histogram,
the median and standard deviation value in the red,
green and blue colour channel of the image.

Colour calibration

Colour sensed by charge couple device (CCD) sensors
used in digital cameras can be affected by illumination
conditions, contrasts within the image scene, bright-
ness fall-off towards the margins of the image, and
adjacency effects that smooth the boundaries between
objects. Several of these effects may occur due to
variation in exposure, magnification, or light conta-
mination from external sources during photography.
In order to overcome these negative effects, the
images can be calibrated by the use of colour re-
ference chips photographed along with the objects
(“in-flight” calibration) (Dean et al. 2000; LEvin et
al. 2005; WeBsTER & MoLLoN 1997). Colour cali-
bration of the conodont sample images was performed
in two ways, internal calibration and external cali-
bration based on spectrophotometry of the reference
white standard (cf. LEvin et al. 2005). The “in-flight”
(relative) calibration was based on region of interest
(ROI), which was a rectangular area of about 2000 x
2000 to 2000 x 3500 pixels, located in the white
porcelain standard, in the upper right part of each
image. Mean red, green and blue intensities were
measured in the ROI of each image. Within the set of
73 samples measured, the obtained range of mean
RGB values in the ROI was 210 to 237 for R (mean
228), 213 to 238 for G (mean 228), and 214 to 242 for
B (mean 231). A strong linear correlation (Fig. 2)
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Fig. 2. Results of “in-flight” calibration of RGB data.
Correlation between R, G and B colours of region of interest
(ROI) located in white porcelain standard. Note shift of
RGB data point derived from spectroscopic measurement
of white standard (grey circle) from linear correlation
line.

exists between the mean R/G, R/B and G/B intensities
of the ROI (correlation coefficient R2 is 0.97 for R/G;
0.97 for R/B; and 0.94 for G/B). Due to the fact that
the RGB values of the white standard are extremely
well correlated, one can assume that no significant
shifts towards the red, green or blue colour occurred
due to negative CCD sensor effects during photo-
graphy. The obtained variation within the ROI only
reflects shifts towards the black (a proportional in-
crease of RGB intensities) or white (a proportional
decrease of RGB intensities) colours, which is related
to the brightness (illumination) of the scene. Mean
intensities of R (228), G (228) and B (231) were used
as the digital standard RGB wvalues of the white
standard (ROI). The external (absolute) colour cali-
bration was based on the spectrophotometry measure-
ment of the white standard. The colour of the white
standard was measured by a X-Rite SP62 spectro-
photometer (X-Rite Inc.) with an 8 mm aperture,
operating in CIEL*a*b* colour space, in the D65/
10° Hluminant/Observer mode. Mean L*, a* and b*
values from ten measurements of the white standard
were converted to RGB values using a free EasyRGB
Color Calculator by Logicol S.r.l, Italy, which is
available at http://www.easyrgb.com. The resultant
spectrophotometric standard RGB values of the white
standard are 222 for R, 225 for G, and 222 for B.
Compared to the spectrophotometric RGB values of
the white standard, the digital standard RGB values of
the ROI (R:228, G:228, B:231) are shifted from the
RGB space greyscale diagonal, most notably towards
the blue (positive B shift) and magenta (negative
G shift) component of reflected light (Fig. 2). These
shifts are interpreted so as to reflect the characteristic
features of the instrument (light source, optical path,
CCD sensor) and the local conditions of illumination.
The calibrated red intensities of each conodont ele-
ment were obtained from the raw digital data red
according to the formula Ry = Ry — (Rroys) —
Riws)), where Ry = the calibrated median red inten-
sity of the conodont element; R = the raw-data
median red intensity of the conodont element in
sample; Rgroy) = the median red intensity in the
sample ROI; Ryg) = the mean spectrophotometric
red intensity of the white standard (R:222, G:225,
B:222).

Vitrinite reflectance and the illite crystallinity
measurement

In order to cross-correlate the conodont colour data
directly to thermal maturation, 24 conodont samples
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were analysed for vitrinite reflectance (VR) and illite
crystallinity (IC). The number of samples was limited
due to the lack of comparative core material for
borrowed conodont collections and/or due to unfa-
vourable lithology. For VR analysis, polished rock
slabs mounted in epoxy resin were measured under
Leitz Wetzlar MPV2 microscope-photometer and
Leitz standards of 1.26 and 5.42% reflectance and
recalculated to random reflectance (TEICHMULLER et
al. 1998). Clay minerals for [C analysis were separated
from sediments and conodont insoluble residues by
centrifugation. Oriented clay fraction slides were
analyzed air-dry and after vapour ethylene-glycol
solvatation by Philips PW 1830 X-ray diffractometer
with attached Phillips PW 3020 goniometer. The IC
values were measured according to KUBLER (1967),
calibrated using the international standards (Warr &
Rice 1994) and converted to VR values.

Results and discussion
Thermal maturation and CAl

CAI was subjectively determined from 68 out of the
73 samples using the published comparative chart
of EpsTEIN et al. (1977). The results indicate that the
conodonts from the MSZ correspond to the CAl range

50 km

A
Picas  [llcai ARr>30% ARr=10-20
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Mcasss [Joaizas ARr=2035% g A-RBratie

Fig. 3. Regional distribution of CAI, R/B, and vitrinite
reflectance data. For area location see Fig. 1.

from 3 to 6, with most samples being matured to
CAI 5. We have not found any conodonts matured
to lower and higher CAI values (CAl 1-2, CAI 6.5-8)
in the study area. The regional distribution of the CAl
data closely follows the N-to-S trend of decreasing
thermal maturation as revealed from vitrinite re-
flectance (Rr) and illite crystallinity (IC) data. The
conodont samples from the S part of the MSZ
showing CAl values from 3 to 4 correspond to Rr
values from 1.41 to 2.1% (Fig. 3) and published
IC values from 044 to 1.46 A 2°0, which indicate
maximum burial temperatures from ~100 to ~200 °C
(Francy et al. 1999). The conodonts from the central
and northern part of the MSZ showing CAI 5 to CAL 6
values correspond to a very broad range of Rr values
(Rrfrom 2.5 t0 5.75 %, Fig. 3) and published IC values
(from 0.24 to 0.55 A 2°0, Franct et al. 1999), which
correspond to maximum burial temperatures up to
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Fig. 4. For 24 data points from MSZ (A) relationship bet-
ween vitrinite reflectance and CAI, and (B) vitrinite reflec-
tance and R/B ratio. Note the CAI 5.5-6 samples, which
correspond to relatively low Rr values in (A).
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Table 1. Statistics of RGB data from MSZ,

" Range [ Arithrnetic mean Median [ Mode | Standard deviatipn Skewness
e RD°_| cCD ™ RO C.D. 1 RD._| GD R.D, cb_ T RD CD.
CAL3, 8 measuremeants
‘R 94-135 a0-129 114 .44 109.33 114 110 - - 12.46 12.21 -0.02 0.0¢
G 758112 77108 93.33 50 67 FER a0 - < 10.67 1028 028 |_ 037
B £3-87 55-80 7287 66 44 59 83 - B 8.68 835_ [ 057 0,61
R/B 1.46-1.78 1.50-1.82 1.58 165 1.85 1.63 - - 0.0 012 | 083 1.01
CAI3.5, 22 measurements
F 79117 76-121 0532 92 B8 93 89.5 89 78 16.82 1249 036 | 052
G 63-106 E7-104 83.5% 33.50 82 83 21 a0 10.48 9.57 030 | 0.27__|
B | 5383 4579 67.14 6209 66 81 60 56 744 .04 0.15 023
- R/B - 118167 128171 1.42 1.50 ;. 1.48 1.47 - 1.47. 010 0.10 0.05 0.54
- CAl4, 16 measurgments R
R 57-114 51-110 80.94 | 7544 74 7Q 57 70 _ 1716 17.70 0.52 0.55
G 4988 45-9¢ 70.18 66,44 68.5 53 85 53 126 12.98 0.32 0.3
B 43-77 38-668 58.19 51.84 | &8 a1 56 49 8.28 8.47 0.07 -0.03
RiG 1.18-1.64 1.24.1.76 1.36 1.44 1.81 1440 - - Q.15 016 : Q.70 4.60
CAl5, 135 measurements
‘R 34109 28-99 57.55 51.16 56 50 48 44 12.08 | 12.83 0.81 0.70
el 37-114 30-108 61.568 58.33 62 56 48 55 14.42 :  13.70 0.73 0.77
B | 36-81. 25-82 56.77 46.70 56 47 51 47 10,82 1049 | 072 0.65
RB | 083.1.20 0.80-1.33 1.01 1.09 1.09 1.09 1.00 1.00 .07 Q.08 Q.24 0.11
CAI5.5 72 measurements .
R 43-124 41-113 T84T 69.13 72.5 87 58 58 15 64 15.3 0.81 0.70
G 43-134 42-124 80.33 FT.47 ik} 73.5 78 73 16 .53 15.83 073 0.77
B 42105 37-81 7047 60.19 69 58 | __72 54 12 66 11.85 0.72 0.65_ |
R/B ] _0.88-1.24 ©.93-1.34 1.07 115 108 114 1.00 1.14 0.07 0.08 0.33 0.09
| CAIB, 3 measurements o
R . 123-138 120-135 129 126 126 123 = = 6.46 6.43 146 | 146
G 115-126 113124 120 118 118 117, - - 4.55 4,55 078 | ove
B 101-113 . 85-107 106 33 100 105 89 - = 4.99 4.99 054 094
| R/B 1.20-1.22 1.24-1.26 1.21 1.26 122 1.28 - - 0.01 oo 158 | -1.70
CAl not determined, 18 measuremants X sy
R 47-133 45138 | 10044 9850 | 102 89.5 117 - 21.43 2438 | -DEw 031
G 48-119 48-127 8517 9550 | a7 g7 119 110 18.42 1068 ' 092 -0.57
B 47163 43-106 8317 ¥B.39 i 85 78 85 &7 14.84 g5 (e 077 -0.14
R/B 1.00-1.44 1.05-1.49 1.20 125 | 122 1.25 - = 0.11 010 -0.04 0.26
Total, 275 measurements .
R 34.138 28138 . 71.99 86.41 67 80 48 56| 2280 23.85 .76 0.86
‘G 37-130 30-127 7281 59.89 70 67 88 59 | 1927 19.53 049 058
B 36-113 26107 €412 55.07 62 855 oer 90 47 1 1452 15.16 0.71 b.80
R/B 0.83-1.78 090-1,92 1.11 118 1.05 113 1.00 1.00 0.18 0.18 1.42 1.8

* R.D.: Raw data
** C.D. Data calibrated to spectrophotometric white standard

~330°C (FrancO et al. 1999). Samples showing
CAL6 do not correspond to the higher thermal
maturation indicated by the Rr and IC data. The CAl,
Rr and IC data from the MSZ indicates similar burial
temperature intervals (cf. Jones 1992), but due to
the narrow spread, the CAI data seem to be much less
sensitive to burial temperature changes than the vitri-
nite reflectance data with a large spread. When cross-
correlated with vitrinite reflectance data (Fig. 4a), the
CAI data show only a poor correlation (R? = 0.336).
This is considered a result of a scarcity of the re-
flectance data available for low CAI values, and the
fact that other influences than thermal alteration
(dolomitization, activity of hydrothermal fluids, etc.)
may have affected the conodont colour.

RGB representation of the conodont colour

The obtained range of the raw-data median intensities
from 257 single conodonts of the MSZ ranging from
CAI 3 to CAI 6 were 34 to 138 for the red component,
37 to 130 for the green component and 36 to 113 for
the blue component. After absolute calibration, the
range was 28 to 138 for the R component, 30 to 127
for the G component and 26 to 107 for the B com-
ponent (Tab. 1). The highest intensities of the R, G
and B components are typical for brown conodonts
assigned to CAl 3 (R:109.33, G:90.67, B:66.44; see
Tab. 1). The intensities gradually decrease towards
higher CAl values. Brown to dark brown conodonts,
assigned to CAI 3.5, have mean RGB values of 92.68
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Fig. 5. Representative samples of CAI from MSZ and sample histograms of reflected light intensities (circled conodonts)
in red, green and blue colour channel generated by Corel PhotoPaint 12.0 bitmap editor.

for R, 83.50 for G, 62.09 for B, and conodonts of
CAl 4 have mean RGB values of 75.44 for R, 66.44
for G, and 51.94 for B. Black conodonts of CAI 5 have
the lowest mean intensities of 51.16 for R, 58.33 for
@G, and 46.70 for B. The intensities of the RGB com-
ponents then increase towards CAI 5.5 and CAl 6. The
mean RGB values in grey to black-grey conodonts of
CAIl 5.5 are 69.13 for R, 77.17 for G, and 60.19 for B.
The mean RGB values of grey conodonts of CAL 6 are
126 for R, 118 for G, and 110 for B.

Representative examples of conodonts correspond-
ing to CAI 3 to CAI 6 are shown in Fig. 5. The
samples corresponding to CAl 3 and CAI 6 show a
relatively wide spread of intensities in all the three
colour channels. The CAI 6 colour data are negatively
skewed and show a tendency to bimodal (or poly-
modal) distribution, which is considered to reflect

patchy whitening related to the release of organic sub-
stances from the conodont tissue at the passage from
CAI 5 to CAI 6 (cf. MarsHALL et al. 2001). Sample
histograms of conodont colour corresponding to CAl
4 and CALl 5 are typically narrow, unimodal and may
be positively skewed, which is considered to reflect
small lighter impurities on the generally dark cono-
dont surface. The sample of the CAl 3 typically show
much higher intensities in the red channel (median
114) than in the blue channel (median 68), but the
difference between the red and blue intensity gradu-
ally decreases with the passage through to CAl 4 and
CAl 5 to end up in the same, low median values
in both the colour channels (Fig. 5). The histogram
shapes are similar to those of HELSEN et al. (1995)
obtained from polished conodont surfaces.
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The patterns of RGB intensity decrease within the
CAI 3 to CAL 5 interval followed by a rapid increase
in the CAL 5 to CAl 6 interval (Fig. 6a) and are con-
sistent with the results of HeLsen et al. (1995)
obtained from image analysis of polished conodont
sections (their Fig. 5). When plotted against CAL the
calibrated RGB values show approximately cubic
polynomic distribution in a scatter plot, with corre-
lation coefficients for the R (R2 = 0.5908), G (R* =
0.4229) and B (R? = 0.4153) component. For a better
representation of the sample CAl, the single conodont
RGB data was aggregated to average sample RGB
(the mean value from RGB data from all conodonts in
a sample). The averaged RGB data also show cubic

polynomic distribution when plotted against CAl from
3 to 6, with even better correlation coefficients for the
R (R2=10.7415), G(R2=0.5601) and B (R2=0.5709)
component (Fig. 6b). The better correlation is ob-
viously achieved due to less scattered data, but this
approach is consistent with the original methodology
of the CAIl measurement, which is usually measured
from several conodonts per sample (cf. DEaToN et al.
1996; EpstTeIN et al. 1977). The RGB intensities seem
to provide a good proxy of CAL although there is a
risk of confusion between CAI 4 and CAl 5.5, which,
at a first glance, have similar RGB characteristics
(Fig. 6a, b). The conodonts matured to CAI 4, how-
ever, show a tendency toward brown coloration
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Fig. 7. Relationship between sample CAI and sample mean
red to blue (R/B) intensity ratio. Regression line and cor-
relation coefficient refer to CAl 3 to CAIL 5 data only.

whereas those of CAI 5.5 are grey under visual
inspection. In the RGB space, the brown colour in
CAI 4 is represented by a shift towards the red colour
component and higher values of R compared to G and
B, as opposed to rather equilibrated R, G and B values
in the greyscale corresponding to CAl 5.5. In the RGB
colour space, represented by orthogonal RGB Carte-
sian coordinates, the grey colours are present in the
main diagonal from black (R = G = B =0) to white
(R =G =B = 255) (Viscarra RosseL et al. 2000,
p-322).

R/B colour ratio

Besides the total RGB intensity, the internal relation-
ship between the red, green and blue channels should
also be considered. In most samples, the mean inten-
sity is highest in the red component, intermediate in
the green and lowest in the blue component. This

maximum variance can therefore be expressed as the
R/B intensity ratio. The R/B ratio varies from 0.83 to
1.92 for calibrated, single conodont data (Tab. 1) and
from 1.01 to 1.67 for calibrated, sample-averaged
data. The R/B ratio was found to quickly decrease
from CAI 3 (mean 1.65) through CAl 4 (mean 1.44) to
CAI 5 (mean 1.09) and then remain approximately the
same or slightly increase to CAl 5.5 (mean 1.15) and
CAl 6 (mean 1.26) (Tab. 1, Fig. 7). The CAL: R/B ratio
plots show a very good negative correlation (R2 =
0.8974) with CAI within CAI 3 to CAI 5 interval. R/G
and G/B ratios were also tested as possible proxies
of CAI but they show a lower correlation with CAI
(R?=10.6623 for R/G and 0.1050 for G/B, Tab. 2).
The R/B ratio of the whole conodont surface thus
qualifies as a very good proxy of CAI in the interval
from CAl 3 to CAl 5. The model of R/B ratio is very
much consistent with the published data on conodont
spectral reflectance (Deaton et al. 1996). This re-
flectance data obtained from the conodont surface
indicates that the slope of the total reflectance curve
within the 500 - 850 nm wavelength range is corre-
lated with CAL The monochromatic primary stimuli
of the red, green and blue colours in the RGB system
occur at 700, 546 and 436 nm, respectively, of the
visible light spectrum (Viscarra RosseL et al. 2006,
p- 322). The high slope values of the reflectance curve
therefore imply higher reflectance at the red end of the
spectrum, higher values of R in the RGB system and
lower reflectance in its violet end and lower B values.
Low reflectance curve slope values are typical for
conodonts of CAIL 5, 5.5 and 6, which show similar
values of reflectance in the red and violet end of the
spectrum (Deaton et al. 1996, p. 1000), consistent
with the R/B ratios approaching unity in the cono-
donts of CAL 5, 5.5 and 6 from the MSZ. The slope of
a hypothetic linear reflectance curve located between
the 700 and 436 nm wavelength stimuli for the R
and B colour, respectively, was calculated from the
calibrated RGB data from the MSZ. The slope values

Table 2. Linear correlation coefficients for data from CAI 3 to CAI 5 interval.

R 5 B RIB RIG : 6B
RD." | CD ™ R.C. .o RD c.D. RD. | CD. R.O. cD R.D. cD
CAl 06903 | 07022 | 03217 Q3786 | 01623 | (02968 | 09141 . 08974 | 07648 | 06623 | 05830 | 01050 i
Rr ‘ 00517 0.1489 | DOt44 | 0.0021 0.0597 0.0278 03527 | 03339 i 05523 | 05897 00226 | 01029
" R.D. Raw data

** .0 Data calibrated to spectrophotometric white standard
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Fig. 8. Relationship between sample CAl and slope of
hypothetical reflectance line calculated from RGB data
from MSZ, converted to monochromatic reflectance stimuli
at 700 (R), 546 (G) and 436 (B) nm wavelength. Regression
lines and correlation coefficients refer to CAI 3 to CAI 5
data only. Note generally lower slope between R and G
(higher wavelengths) than between R and B (lower wave-
lengths).

ranged from 0.0009 (CAI 5) to 0.1697 (CAI 3). The
results show a very good negative linear correlation
to exist between the slope and CAl within the interval
from CAI 3 to CAIL 5 (R? = 0.9154, 50 data points)
(Fig. 8). We also calculated the slope for the R and
G colour at the 700 and 546 nm wavelength, re-
spectively, yielding a range from -0.10006 (CAl 5.5)
to 0.1247 (CAI 3) and CAI to the slope correlation
coefficient R? = 0.7314 for the CAI 3 to CAl 5 inter-
val (Fig. 8). The absolute values of the slope calcu-
lated from RGB data differ from those obtained by
Dearon et al. (1996), which, in our opinion, is caused
by the different wavelength intervals used for the
calculation, and general inconsistency between the
RGB colour space model and the spectral reflectance
data.

In our view, the intensities of the R, G and B
colours in the RGB system and, in particular, the R/B
ratio provide a good proxy of CAL This relationship is
clearly visible in the R:B scatter plot (Fig. 9), where
samples of the same CAIl values plot within distinct
fields delimited by the absolute intensity of the R and
B colour and the slope of the R/B ratio line. With
increasing colour alteration, within the interval from
CALl 3 to 5, the CAl is defined primarily by the R/B

ratio, which decreases from ~1.6 to ~1.0. With further
progression from CAI 5 to CAI 5.5 and 6, the R/B
ratio remains approximately stable or slightly increa-
ses to ~1.2 to ~1.3. The absolute intensities of the R
and B colours, however, increase to even higher values
than those characteristic for CAI 3. Due to the thermal
maturation limits of the study area, we were unable to
investigate the RGB patterns for CAl 1-2 and CAl
6.5-8 values. From the published trends of the RGB
intensities and the slope of spectral reflectance curves
in the CAI 1-2 interval (DeaTtON et al. 1996; HELSEN
el at. 1995) it is envisaged that the total R, G and B
intensities and the R/B ratio will further increase
towards CAI 2 and CAI 1. For the CAI 6.5-8 interval
with further shifts towards light grey, white and crystal
clear colours (REJEBIAN et al. 1987), we can expect a
similar trend as for the CAI 5 to CAI 6 interval that is,
even increasing RGB intensities with the R/B ratio
approaching unity. Further study is needed to cover
the whole spectrum of CAI values.

The R/B ratio shows similar regional distribution
patterns as the CAI and the vitrinite reflectance
(Fig. 3). The R/B ratio data, however, from the MSZ
are only poorly correlated to vitrinite reflectance data
(R2 = 0.2555, Fig. 4b). The distribution of the data
points on the R/B: Rr scatter plot is similar to CAl: Rr
plot (Fig. 4a). The poor correlation may be caused by
the scarcity of the available vitrinite reflectance data
and the fact that influences other than thermal matura-
tion, including hydrothermal fluids, dolomitization,
contact metamorphism and lithology of the host rock,
may have affected the colour of the conodonts. The
degree of dolomitization of the MSZ is generally low,
with most dolomitization confined to conodont-barren
Middle to Upper Devonian platform carbonates.
Until now, no contact-metamorphosed sediments have
been reported from the MSZ. However, most of the
area was affected by Late Varsican thrust-and-fold
tectonics associated with hydrothermal activity, which
potentially led to significant conodont deformation
and discoloration (BABek & Novorny 1999: SLoBOD-
NIK et al. 2006). This is supported by the colour
alteration of most conodonts from the tectonically
affected areas, which corresponds to CAI 5.5-6 but
whose thermal alteration verified by VR values (Rr:
3.2 to 4.2%) corresponds only to CAl 5 (Fig. 4). It
should be stressed that, compared to the semi quanti-
tative CAI, the R/B ratio and the absolute RGB inten-
sities only provide better, quantitative representation
of conodont colour regardless on what factors it is
influenced by. Further studies comprising large num-
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bers of conodont colour and vitrinite reflectance data
are needed in order to make this relationship clearer.

The use of calibrated versus non-calibrated
RGB data

The difference between raw RGB data and those
calibrated using the spectrophotometry measurement
of the white standard is low. The basic statistical
characteristics of the whole RGB data set as well as
the data sets assigned to the individual CAI values,
such as range, mean, median, mode, standard de-
viation and skewness, are very similar for both the raw
and calibrated data (Tab. 1). For example, errors
between the raw and calibrated data calculated from
the arithmetic means of the CAI 3 to CAl 6 data sets
range within 2.4 to 12.5% for R, 0.1 to 6.2% for G,

T I
40 60 80 100 120 140 160

6.3 to 21.6% for B, and 4.0 to 7.3% for the R/B ratio.
The error values are well within acceptable limits,
especially for the R/B ratio. The calibrated R/B ratios,
when correlated to CAl in the CAI 3 to CAI 5 interval,
show approximately the same correlation coefficient
(R% = 0.8974) as do the R/B ratios derived from raw
data (R? = 0.9141), although the differences between
correlation coefficients for the individual colours are
relatively high (Tabs. 1, 2). Ratio indices are success-
fully used to emphasize the colour content of RGB
data, as they effectively compensate for the bright-
ness/illumination variation of the scene (Levin et al.
2005). Our results suggest that the use of the R/B ratio
as a proxy of CAl is therefore beneficial even though
data not standardized to spectroscopic calibration is
used.
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Conclusions

Quantification of conodont colour using a digital
camera and the RGB colour space was demonstrated
in order to provide a good representation of the
conodont colour alteration index (CAI). The technique
utilizes routine observation of conodonts in incident
light under binocular microscope, is non-destructive
and does not require high investment costs. The mean
intensities of the R, G and B colours from single
conodonts and from the sample average data decrease
within CAl 3 to CAl 5 interval, and then quickly
increase with the progression from CAIl 5 to CAL 5.5
and CAI 6.

The R-to-B colour ratio proved the best indicator of
CAL The mean R/B ratio was found to decrease from
CAI 3 (1.65) through CAI 4 (1.44) to CAI 5 (1.09) and
then remain approximately stable or slightly increase
to CAI 5.5 (mean 1.15) and CAI 6 (mean 1.26). The
available material did not allow us to investigate the
RGB intensities and the R/B ratio for CAl 1-2 and
CAI 6.5-8. The R/B colour ratio is closely related
to CAI (R2=0.8974) within the interval from CAI3 to
CAI 5. The slope of the hypothetical reflectance curve
calculated from the R and B intensity values also
shows a very good correlation with CAI 3 to CAI 5
(R2=0.9154). Both the R/B ratio and the reflectance
curve slope are similar in concept to the CAI quanti-
fication method of Deaton et al. (1996) utilising
spectral reflectance of conodonts. The concept of the
R/B ratio is also closely related to the original de-
finition of CAI (EpsteIN et al. 1977; REJEBIAN et al.
1987), because the shifts towards the red colour (high
R/B ratio) are manifested by brown and yellow
coloration in CAI < 5, whereas the balanced red, green
and blue colours (R/B ratio ~1.0) are manifested by
greyscale colours in the RGB colour space (CAI = 5).
Application of the RGB based image analysis method
may prove useful for thermal alteration studies based
on chitinozoans, graptolites, acritarchs and/or plant
spores.

The CAI data and R/B data show very similar
regional distribution patterns as the vitri-nite re-
flectance and illite crystallinity data in the Moravo-
Silesian Zone. The relationship between the CAlI and
the vitrinite reflectance data for cross-correlated
samples is, how-ever, weak (R2 =0.336 for CAL; Rz =
0.2555 for R/B ratio). This is presumably influenced
by the scarcity of data points and the additional
effects of hydrothermal fluids and tectonic defor-
mation on the conodont colour.

The use of the R/B ratio to describe conodont
colour is useful even though non-calibrated data is
used. This is caused by the fact that proportional
colour values effectively compensate for the bright-
ness / illumination variation of the photographed
scene (LEvin et al. 2005), emphasizing the colour
content of RGB data.
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VARIATION OF DEFORMATION MECHANISMS WITHIN THE
PROGRESSIVE-RETROGRESSIVE MYLONITIZATION CYCLE OF
LIMESTONES: BRUNOVISTULIAN SEDIMENTARY COVER (THE
VARISCAN OROGENY OF THE SOUTHEASTERN BOHEMIAN MASSIF)
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Abstract: This study deals with the calcite mylonites of the Brunovistulian sedimentary cover developed in the frontal
thrust area of the Moravian nappe units. The inhomogeneous structure of sedimentary protoliths allowed the analysis of
the: contrasting hehaviour of calcite in matrix and porphyroclasts and the interpretation of microfahric evolution during
deformation under low temperature conditions. Several stages of micrafabric evolution characterizing progressive as
well as retrogressive deformation are distinguished. Generally. the progressive phase of mylonitization is characterized
by grain growth in the matrix and the grain size reduction of the porphyroclasts leading to a stress-induced equilibration
of grain size, During the initial deformational stages the caleitic porphyroclasts deformed brittlely and the strain was
strongly localized into the ductile matrix. With continuing evolution the onset of the dynamic recrystallization of
porphyroclasts oceurred, which obviously preceded a significant grain growth in the matrix. With rising temperature
during deformation, grain growth predominated after grain size homogenization was lnished. The lack of cffeetive
dynamic recovery along the stages of the progressive low temperature phase of delormation is discussed. Core-and-
mantle structures which arc characteristic of the mital stages of progressive deformation carry microfabric features
which document the dominance of grain boundary bulging and/or nucleation recrystallization. Formation of subgrains
within the porphyroclasts is only a rarely observed feature which probably could not lead to significant grain size
reduction. The higher effectiveness of nucleation and recrystallization via migration of grain houndaries compared ta
subgrain rotation mechanism could be a consequence of high fluid content. Large-scale thrusting within the Brunovistulian
basement is shown h)' the juxtaposition of caleitic and qllar[‘r,iiit rnylnnifh‘; with deformational microstructures ueﬂecf_i.ug
pronounced contrasts of deformational styles. Fully plastic vs. fully brittle behaviour of quartz represents the most
pronounced indicator of different deformational conditions between the lower unit of the Svratka Dome and the other
domains of the Brunovistulian basement. In the lower tectonic unit of the Svratka Dome the microtructures of caleite
mylenites indicate stresses which were about four times lower than in the other two parts of the Brunovistulicum. Despite
the deformational contrasts, the values of illite erystallinity measured do not show any spatiel gradient which could be
linked with the distribution of the centrasting deformational microstructures, The paleothermometric data which are
available to date suggest maximum palcotemperaturcs of 250-300 “C for all three studicd demaing of the Brunovistulian
basement and it is suggested that the difference of Varisean peak temperatures between the three compared domains of
the hasement was not higher than several dozens of “C. The observed deformational contrasts can thus be explained by
an ahrupt change of deformation mechanisms in both calcite and quartz ar temperatures around 200 °C.

Key words: Eastern Variscan front, Brunovistulicum, inhomogeneous limestones, mylonitization, dynamic recrystal-
lization, microstructures.

Introduction

Microfabric studies of strained homogeneous calcite aggre-
gates have been described relatively frequently, both in nature
(e.g. Dietrich & Song 1984; Heitzmann 1987; Burkhard 1950;
Covey-Crump & Rutter 1989 Busch & Van der Pluijm 1995)
and experiments (e.g. Schmid et al. 1977, 1980, 1987; Rutter
1974; Rutter et al. 1994; Walker et al. 1990). However, re-
search into the mylonitization of inhomogencous carbonates,
which are the most abundant in nature, is rather sparse, There-
fore we attempted o give a detailed study of the development
of such inhomogeneous limestones iu low-temperature (LT)
deformational stages.

In the southeastern part of the Bohemian Massif, the tecton-
ic contact of the allochthonous domain of Variscan orogen (the
Moldanubian and Moravian nappe units) and the per-autochth-

onous pre-Variscan basement (the Brunovistulicum) is ex-
posed (Matte et al. 1990). The Devonian and Lower Carbonif-
erous carbonate-clastic sedimentary cover of the Brunovisruli-
cum is srrongly sheared in the thrust area under anchimerta-
morphic and very low-grade metamorphic conditions (Schul-
mann ¢t al. 1991). Calcitc mylonites from this highly de-
(ormed sedimentary sequence were studied along orogen-per-
pendicular profiles, which cross-cut the foot-wall of the
Moravian nappe units and proximal parts of their foreland.

As the microstructure of sedimentary protoliths was gener-
ally inhomogeneous, the mylonites served as a suitable object
for the comparison of the deformational behaviour of the ma-
trix vs. the porphyroclasts within the given spectra of LT de-
formational conditions. The analysis of deformational micro-
[abric allowed the inlerpretation of its evolulion during the
progressive transformation of limestones into mylonites and
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Fig. 1. Schematic map of the area studied and a conceptual profile throngh the main units of the collision zone.

during retrogressive degradation under decreasing tempera-
tures. On the basis of the observed deformational microstruc-
tures it was possible to make a comparison between three do-
mains of the Brunovistulicum in terms of dominant deforma-
tional regimes in calcite aggregates,

Geological settings

The Variscan assembly of the allochthonous units and the
Brunovistulian basement within the eastern Bohemian Massif
are related to the Devonian-Late Carboniferous dextral obligue
collision of the Armorican terranes (Moldanubian amd
Saxothuringian Terrane) with the Brunovistulian Terrane —
outer part of Laurussia (Matte et al. 1990; Kalvoda 1995,
2001). Three main units have been distinguished in the colli
sional zone: Moldanubicum (Suess 1912) with high grade
Variscan melamorphism (Suess 1912, 1926; Chib & Suk
1977), Moravian Zone (Suess 1912) with medium grade
Variscan metamorphism (Suess 1912, 1926; Stipski & Schul-
mann 1995) and Brunovistulicum (Dudek 1980), in which the
Variscan metamorphism is low-grade and occurs only in a
close contact with the overlying tectonic units (Schulmann et
al. 1991; Franci et al. 1999). According to some authors the

nappe units of the Moravian Zone were derived from the high-
est parts of the imbrivated Brunovistulian bascment (e.g, Frasl
1983; Fritz & Neubauer 1993; Stipski & Schulmann 1995), as
indicated mainly by similar radiometric ages of the Brunovis-
tulian granitoids and sheared orthogneiss bodies of the Mora-
vian nappes (van Bremen et al. 1982; Morauf & Jager 1982).

The structure of the southern part of the collisicnal zone is
well exposed in two incomplete tectonic windows: the Thaya
Dome in the south and the Svratka Dome in the north (Fig. 1),
A similar lithotectonic zonation has developed in both of
them, as described, for example, by Schulmann et al. (1991,
1994) and Fritz & Neubaucr (1993):

I (bottom). Granitoids, metagranitoids and migmatites of the
Brunovistulian Cadomian basement with their metasedimentary
host rocks and Paleczoic sedimentary cover (Dudek 1980; Fin-
geretal 1989, 1995, Bosak 1980, Batik & Skocek 1981),

2. Moravian nappe units composed mostly of metasedi-
ments, pre-Variscan BiteS orthogneiss and its metasedimentary
host rocks (e.g. Schulmann et al. 1991),

3. Mica-schist zone with metasediments, amphibolites and
orthogneiss bodies (Sucss 1908),

4 (top). Moldanubian nappes with high-grade granulites,
paragneisses, migmatites and relics of eclogites (Matéjovska
1975; Jencek & Dudek 1971; Vidna et al. 1995),
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Characteristic features of this sequence are inverted Bar-
rovian metamorphic zoning, metamorphic foliation parallel
with lithological boundaries and N to NE trending lineations
subparallel to the axes of tight folds (Schulmann et al. 1991).
In the upper units, E-W stretching lincations are common
(Frilz & Neubauer 1993).

In the foreland of the Moravian and Moldanubian nappe
units, the Brunovistulian basement is exposed in the Bro
batholith and has been verified through many boreholes be-
neath the Paleozoic cover on the eastern slopes of the Bohemi-
an Massif. In this eastern part of the collisional zone different
lithotectonic zonation is developed:

1 (bottom). Cadomian granitoids of the Brunovistulicum with
ils metamorphosed host-rocks and Devontan-Lower Carbonif-
erous pre-flysh sedimentary cover (e.g. Dudek 1980; Leich-
mann 1996; Hanzl & Melichar 1997; Finger et al. 2000;
Dvorak 1995),

2. several kan thick flysh sequence of Viséan age (Dvorak
1973; Rajlich 1990; Cizek & Tomek 1991).

The Viséan flysh sequence is strongly folded (e.g. Rajlich
1990) and Cizek & Tomek (1991) proved the existence of
large-scale east-vergent thrusts imbricating hoth the flysh se-
quence and the Brunovistulian basement with its tectonized
pre-[lysh sedimentary cover. In this part of the orogen, the duc-
tile deformation of the rocks is non-penetrative and thick zones
of mylonitization occur only in close proximity to the Moravi-
an nappes. Stretching lineation and associated kinematic indi-
cators show top-to-the-NNE shearing (e.g. Babek & Janoska
1997). In general, the degree of Variscan deformation and
metamorphism is very low and further decreases to the east
where Paleozoic sequences rest antachthonously on the Bruno-
vistulian basement.

Within the Brunovistulian basement, twa parts with different
development during the Variscan orogenesis can thus be distin-
guished. The first is in the westernmost part with the Moravian
nappes in the hanging wall and the second in the eastern part is
covered by Viséan flysch nappes. The boundary of these two
sections is covered by Westphalian-Autunian sediments of the
Boskovice Graben The exact meaning of the tectonic contact
of units beneath the sedimentary infill of the graben is still not
well understood.

For the tectonic evolution of the collisional zone the forward
thrust propagation model was suggested by Schulmann et al,
(1991), Fritz & Neubauer (1993) and Fritz et al. (1996). The
thrusting began under HT conditions and continued during
gradual cooling lo LT conditions. The deformalion regimes
were changing continuously from lop-to-the-N shear through
top-to-the-E shear to E-W coaxial extension. The simultaneous
activity of non-coaxial shearing in the lower units and the co-
axial extension in the upper units has been assumed. This mod-
el explains the complex structural evolution and systematic de-
crease of 1sotopic ages of metamorphism from the uppermost
tectonic to the lowest tectonic levels.

Analytical methods

The transformations of the primary structures of inhomoge-
neous carbonate sediments into a deformation fabric of carbon-
ate mylonites were analysed. Dozens of samples were collect-

ed in both parts of the basement — from the foot-wall of
Moravian nappe unit in the western part and from the foreland
of the Moravian nappes in the eastern part of the basement
(Figs. 1 and 6). The key steps in the analytical procedure,
which should have provided data for the interpretation of de-
formation mechanisms and conditions, were:

1) the description and quantification of the optical deforma-
tion microstructures and lattice preferred orientations (LPOs);

2) the correlation of the microfabric with the temperatures
of defarmation.

Microstructures

Thin and ultra-thin (< 10 um) sections were prepared from
oricnted samples cut parallel to XZ and ZY planes of finite
strain and were examined under optical and SEM micro-
scopes. Grain-shape analyses of the coarse-grained domains
were carried out using a polarizing microscope—digital cam-
era-computer arrangement. Images of the thin sections were
captured in two or three different polarizer/analyzer positions
in order to identify the maximum number of grain-boundaries
(Burkhard 1990). The two or three images obtained were pro-
jected on a horizontally oriented screen in a slideshow mode
and the grain boundary networks were then produced by man-
ually outlining the grains onto transparent foil. For the SEM
morphological analyses of the fine-grained aggregates, pol-
ished XZ and XY slabs of the sclected samples were etched in
a 1% hydrochloric acid solution for 10 seconds and coated
with gold-film. Secondary electron photomicrographs were
cbtained from 30-50° tilted samples after tilt-correction.

Quantitative processing of the grain boundary networks was
carried out using fmageTool 2.0 software. In this paper, only
the grain size parameter is used for the characterization of mi-
crostructures. The grain size (D) is defined as the diameter of
a circle with the same arca as the grain being measured, that is

D = sqrt (4 grain arca/m).

Such a definilion of grain size gives the most realistic val-
ues which are independent of grain shape. For stress calcula-
tions we used the Rutter paleopizometer (Rutter 1995) calcu-
lated for the gramn boundary migration (GBM) recrystal-
lization mechanism:

log 0 =222 +037lag d - 0.30 (log d)?,
where ¢ is the differential stress and 4 is the grain size, and
the median values of grain size were used as suggested by
Ranalli (1984).

The content of dolomile and other secondary phases was
examined with an electron microprobe in selected samples in
order to assess their potential influence on the deformational
processes.

The stretch (S =original length/finite length of the deformed
object) was measured at pressure fringes, deformed peloids
and ooids, bondinaged clasts and other strain-markers in order
to demonstrate the strain magnitude of the distinguished mi-
crostructural types.

Lattice Preferred Orientations (LPO)

If the evolution of the mylonites was to be reconstructed, it
was necessary to determine the mechanisms operative during
the deformation. Therefore the LPO were measured. Their in-
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tensity is related to the magnitude of the intracrystalline defor-
mational mechanisis and their ratio to the other mechanisms
of deformation (e.g. Casey & McGrew 1999). X-ray diffrac-
tion texture analysis was used for the comparisan of the fabric
geometries and intensities of the distinguished microstruetural
types. The measurements were carried out in the laboratory of
of Military Technical Insttute of Protection in Bmo, using a
Siemens D-500 texture goniometer. Textures were measuted
using reflection geometry on thin slabs of the rock which had
been cut parallel to the macroscopic foliation (XY plane). Fil-
tered Cuker,,, rays were used and maximumn tilt was §0°. The
data were further tilt-corrected, using a tilt scan on a powder
sumple and processed with popld software (Kallend et al.
1991).

Preliminary results have shown that the LPO patterns of all
samples are very similar and that it was not necessary to calcu-
late orientation distribution functions. The LPO intensities of
the samples measured were compared in the incomplete
(P=0-80°) pole tigures of (018) planes (e-poles).

Additionally, crystallographic orientations of the coarse
grains were measured in several thin sections using optical po-
larizing microscope with a U-stage. This “semi-domainal”
LPO analysis allowed the LPO of the porphyroclasts and that
of the whole samples to be measured separately.

Paleothermomelry

The illite crystallinity of ¢lay [ractions {rom shales associat-
ed with the mylonitized limestones was measured in order to
estimate the maximum reached palectemperatures. Clay-size
material was separated from 8 rock samples after removing the
cements such as carbonates, organic matter and iron oxides
(Jackson 1975). Clay fraction < 2 pm was collected by centrif-
ugation for determination of illite crystallinity. Oriented slides
were analysed both air-dry and after vapour glycolation using
X-ray diffractometer Philips PW 1830 (generator) and PW
3020 (goniometer) with 0.02% step from 2 to 50 “2Q. Illite
erystallinity index (IC) was measured as peak width in A 28 al
half maximum (PWHM) of the (001) basal reflection of illite
(Kiibler 1967) using background stripping and peak-fitting.
The resulls were calibrated to international standards (Warr &
Rice 1994).

Microstructures and their interpretations

The results of microfabric analyses allow several basic
groups of (proto-ymylonites with similar features (o be distin-
guished. In the following discussion, these groups of micro-
structures will be identified with the letters A E. The inter-
preted mechanisms of deformation are shown in a schematic
diagram in Fig. 3.

Microstructures A. Weakly deformed protoliths

Rocks of this type retain their original inhomogeneous
structure and the sedimentary attributes of their protoliths. The
mosl typical composition includes a micritic matrix (d~4 um)
and a wide-ranging assemblage of various parts of fossil or-
ganisms, which together with bondinaged veins and other con-

stituents composed of sparite, will be referred to as “porphyro-
clasts™.

Strain markers, for example, the calcite-filled pressure fringes
around quartz clasts and deformed peloids, indicate that matrix
suffered substantial strains with minimum streteh values up o
S$=4.5. In spite of this high degree of strain, the micrite in the
miatrix does not exhibit substantial microstructural changes.

The coarse-grained porphyroclasts are not substantially in-
ternally strained and figure as rigid bodies passively flowing
in a ductile environment. Locally, book-shelf fracturing, mi-
croboudinage, twinning and only slight undulose extinction
within the coarse grains can be observed in the samples with
higher finite strains or with the load-bearing framework of
coarse grains. The distribution of the c-axes measured in por-
phyroclasts is random to strong with a single maximum near
the pole to the foliation, depending on the strain magnitude
{not shown 1n the figure, in strongly deformed types the c-axes
distribution is very similar to that in Fig. 2d). Bulk (whole
sample) X-ray LPO is much weaker, increasing with the high-
er volume of the clasts (Fig. 2a).

Fabric development of this microstructure took place in a
semi-ductile regime. Strain partitioning due to grain size inho-
mageneity, with preferential localization into fine-grained ma-
trix, is characteristic. For the matrix, the interpreted dominant
mechanism of the deformation is grain boundary sliding
(GBS) with accommeodation by diffusion transfer at grain
boundaries. The main arguments for GBS are negligible mi-
crostructural changes in spite of high strains and the weak
LPO. The high water content in the limestones during defor-
mation is indicated by frequent pressure fringes and stylolites
in the micrite. It is very likely that the fluids have played an
important rale in the diffusive marter-interchange between the
grains and could thus have cansed a substantial weakening of
the matrix. During the deformation, the strength of coarse
praincd porphyroclasts was much higher than that of the fine-
grained matrix (compare Fig, 7a). Local high stress conditions
resulted in brittle fracturing, twinning and incipient intracrys-
talline slip within the porphyroclasts.

Microstructures B. Protomylonites

A mantled porphyroclasts/matrix structure is characteristic
for this group (Fig. 7h). Core-and-mantle stmcture grains are
free of clay minerals and in most cases can be casily distin-
guished from the matrix which appears darker under transmil-
ted light. The bulging of the grain boundaries and the forma-
lion of oval-shape recrystallized grains (Fig. 7c) takes place
preferentially at twin lamellae and boundaries of clasts.

This type of microstructure is interpreted as a result of grain
boundary bulging (GBB) or nucleation recrystallization
(Drury & Urai 1990; Mercier et al. 1977). High aspect ratios
of the porphyroclasts were generated mainly by the superposi-
tion of GBM on the twin lamellae (Fig. 7b). Within the matrix,
non-distinctive grain growth up to d< 10 pm also indicates the
incipient activity of grain boundary migration. The formation
of subgrains and rotation recrystallization are less pronounced
and do not lead to significant reduction in grain size. Despite
the occurrence of mantled porphyroclasts, which one 1s tempt-
ed to interprer as the produet of subgrain rotation, the lack of
recovery in the grains suggests the dominance of the GBB
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and/or nucleation mechanisms of recrystallization. The recrys-
tallized grains produced by grain size reduction of the porphy-
roclasts are usually larger in size than those resulting from the
grain growth of the matrix micrite (Table 1). This discrepancy
can be explained by the low rate of GBM in the matrix grains
as a result of their low level of internal strain and/or the inhibi-
tory effect of the secondary phase (Olgaard & Evans 1988).
The LPO of these types of protomylonites have features simi-
lar to that of the microstrucrures A: a strong single maximum
of the c-axes close to the pole of foliation in the porphyro-
clasts, which is weakened in the LPO of the whole sample
(Fig. 2b,c,d). The activity of GBS is likely to have persisted in
both the matrix and the domains of recrystallized grains as in-
dicated by the lack of microstructural change in spite of strong

deformation of the fine grained domains, Boudinaged bio-
clasts indicate minimum stretch values of §=6.1.

Microstructures C. Mylonites

These types of rocks are composed of a relatively coarse-
grained matrix (d=20-50 pm) with rclict porphyroclasts. Pres-
sure fringes indicute minimum streteh values of $=6.0. Grain
aspect ratios vary between 1.5 and 4. All the grains of the ma-
trix and the porphyroclasts are optically strain free, grain
boundaries are almost straight, slightly curved or bulbous.
Twin lamellae are rare, straight and were probably produced
during cooling due to high thermoelastic anisotropy of calcite
(Rosenholtz & Smith 1949). The LP(O is similar bath for ma-
trix and porphyroclasts, showing single maximum of e-pales
{and c-axes respectively) close to the pole of foliation (Fig.
2¢). Bevause the grains lack undulose extinetion and a sub-
grain microstructure and the grain boundaries are frequently
bulbous, we attribute the finite microstructure to GBM-domi-
nant recrystallization. Nevertheless, twinning and/or disloca-
tion glide are also likely to have played a substantial role dur-
ing earlier phases of the deformation as indicated by high
aspect ratios and straight boundaries of the grains and the en-
hanced intensity of LPO.

Locally, sharply terminated prolate lens-shaped domains are
developed in these types of mylonites, representing strained
stems of Amphipora sp. These domains are composed of rela-
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Table 1: Grain size values and calculated paleostresses of selected typical samples of the calcite mylonites studied. In some domains,
stresses were not calculated for the reasans expressed hy abbreviations: sp — high content of secondary phase (possible inhibition of
grain growth), nu — not well understood mechanisms of origin (inhomopenecus tectonofacies with ambivalent characteristics), s —
non-recrystallized primary sedimentary structures, erm — combination of recrystallization mechanisms.

tectonic domain microstructure  sample ne., locality  microstructural domain (and responsive deformation phase) d (um, median) ogq (MPa)
eastern B s88b, Cehin matrix 440 S5
eastern B s88b, Cebin recrystallized grain mantles (peak metamorphosis) 6.2 211
eastern B s90-1, Cebin malnx 5.0 §5
eastern B $90-1, Cebin recrystallized grain mantles (peak metamorphosis) 8.2 203
eustern B s3la, Luzany miatrix 5.41 58
eastern B sila. Lazany recrystallized grain mantles (peak metamorphosis) 6.7 209
eastern B 5188, Sebelov recrystallized grain mantles (peak metamorphosis) 8.0 204
western B s45-1, Kadav matrix 43 55
western B 543-1, Kadov recrystallized grain mantles (peak metamorphosis) 4% 207
western C s170, Kvétnice fine grained domains 12.3 nu
western c s170, Kvémice coarse grained domains 269 nu
western C s 239, Vohanéice fine grained domuns 196 nu
western Cc s 239, Vohangice coarse grained domains 27.3 nu
western n s166-1, Drand coprse gruned domains (peak inetmnorphosis) 100.5 57
western D 5171, Lazanky fine grained domains 30.6 sp
western D s171, Lazanky coarse gruined domuins (peak metunorphosis) 115.6 51
western D 5158, Lazanky coarse grained domains {peak metamorphosis) 89.4 03
western D s151, Diinova course gruined domuins (peak metumorphosis) 102.4 56
western D 5157, Vohancice coarse grained domains (peak metamorphosis) ELLS 52
weslem E 5157, Vohantice fine grained domains (incipient retrogression) 3849 crm
western E 5157, Vohanéice fine grained domains (advanced retragression) 24.4 crm

tively coarse grained calcite aggregates of equant, strain free
grains with slightly curved boundaries,

Microstructures D. Coarse grained marbles

In the most mamre mylonites mesoscopic indicators (sheath
folds, boudinaged clusters of dolomite) suggest stretch values
of §=10. In these types characteristic homogeneous domains
are developed with a uniform grain size which varies with the
volume of the dispersed phyllosilicates and dolomite (Table
1). Porphyroclasts composed of calcite are absent. In the do-
mains with a small amount of secondary phases, the grain size
usually reaches 100-120 um. All grains are strain free, having
slightly curved to lobate boundaries. Grain aspect ratios are
usually >2.5 and occasionally domains with equant coarse
grains with grain boundaries meeting in 100-140° triple junc-
tions can be ohserved (Fig. 7d). The c-axes distribution pattern
shows a strong single maximum close Lo the pole of foliation
(Fig. 2f). Rare twin lamellae are straight, and were probably
produced during cooling. The microstructural features of these
types suggest the dominance of GBM recrystallization mecha-
nism. However, strong LPO indicates substantial activity of
intracrystalline deformation during the evolution of these
types, whose microstructures conld have been overprinted in
the latest phases of the deformation.

Microstructures E. Retrogressively deformed marbles

In some areas, grain size reduction of the coarse grains oc-
curs within D types and narrow shear zones are developed af-
fecting coarse-grained aggregates of microstructure D (Table
1). The old grains are polygonized into subgrains and newly
formed grains nusually have a crystallographic orientation very
close to that of their host grains (Fig. 7e). As the grain hound-
arics of the recrystallized grains are interpenetraring and hul-
bous, we suggest that the grain size reduction is an effect of
the combination of both subgrain rotation and GBM mecha-

nisms. These structures are attributed to the onset of retrogres-
sive deformation during incipient cooling. Further low temper-
ature deformation of some domains generated strong twinning
and undulose extinction of the coarse grains.

Paleothermometry

1llite erystallinity was measured in clay fractions of eight
samples from both the Svratka and Thaya Domes and western
margin of the Brno batholith, Two samples were excluded
from further processing because of their high content of ex-
pandable smectite and chlorite.

The values of illite crystallinity index (IC) range from 0.20
v 0.35° A2© (Table 2) and indicale higher parl of very low-
grade metamorphic (VLGM) conditions with probable maxi-
mum paleotemperatures of 250320 °C (calibration after Frey
& Robinson 2000). The thermal altcration is more advanced
than in most Paleozoic rocks of the Drahany Upland which
show mainly lower VLGM conditions (Franch et al. 1999).
The results of IC thermometry are consistent with the data of
Bosdk (1984) who analysed the degree of kerogen graphitiza-
tion in dark carbonate rocks of the lower units of the Svratka
Dome and of the western margin of the Bmo batholith. He
concluded that in most samples from the Svratka Dome the
maximum temperature did not exceed 300 °C and that the
grade of thermal alteration of organic marter was considerably
lower in the carbonates of the Bmo batholith’s western mar-
gin. Similar conclusions were made recently by Ulrich (2000)
who analysed the carbon and oxygen isotopic composition of
six carbonate samples from two localities in the lowermost
unit of the Svratka Dome. Using the graphite-calcite thermom-
eter and calibration of Covey-Crump & Rutter (1989) he stated
that the maximum temperatures in the graphite-rich marbles
did not exceed 300 °C for a longer period of time. In the lime-
stones of the Bmo bathelith's western margin paleotempera-
tures of 250-300 °C are indicated by the degree of conodont
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Table 2: Illite crystallinity values of clay fractions from shales as-
sociated with the mylonitized limestones. BB — Brno batholith’s
western margin, TD — lower tectonic unit of the Thaya Dome, 8D
— lower tectonic unit of the Svratka Dome. (*) — associated tec-
tonofacies are marked with capital letters in parentheses.

tectonic domain®  lithalogy locality IC (A°26)
BB (A) clayey hmestone  Ujezd u B, (5168) 0.30
BB (A) shale Uje.zd. uB. (s168h) 028
BB (E) clavey limestone Sebetov (s111) 0.25
BB (A) shale Chudtice (s161) 0.20
TD (B) shale Skalice (s221) 0.35
SD (D) shale LaZinky (s237) 0.24

alteration. The black colour of the conodonts without the tones
of brown corresponds to conodont colour alteration index
{CAI) 5-3.5 (see Frey & Robinson 2000 for calibration),
Indircetly, and with limited reliability, the available paleo-
thermometric data which are summarized in Table 3 can be
supported by the features of deformation microstructures ob-
served in quartz. In metamorphosed basement crystalline
rocks and Devonian conglomerates and sandstones of the low-
er tectonic unit of the Svratka Dome, quartz aggregates carry
clusters of recrystallized quartz grains with a similar c-axis
orientation and intensely sumured grain boundaries. Well-de-
veloped low-angle boundaries and subgrains inside relic old
grains are commeonly found (Fig. 7g). This fabric is indicative
of deformation by dislocation creep with recovery, subgrain
rotation recrystallization and grain boundary migration being
operative. The features of the microstructure thus correspond
to the fully plastic deformation regime 3 of Hirth & Tullis
(1992). After Stickhert et al. (1999), the steady-state medium
stress dislocation creep of quartz in the tully plastic regime
can only be effective at temperatures above the closure tem-
perature for K-Ar and Rb-Sr systems of hiotite, that is above
ca, 310430 “C. In contrast, in the eastern tectonic domain,
quartz is brittlely deformed, lacking any traces of intracrystal-
line slip (Fig. 7h). We consider similar pressure of fluids dur-
ing the deformation of the quartz aggregates in both units. It
seems to be a reasonable assumption that in the eastern part of
the Brunovistulian basement (external part of the orogen) the
brittle quartz was not deformed at higher strain rates than the
plastic quartz in the lower tectonic units of the Svratka Dome
(more internal part of the orogen). Assuming this, the abserved
deformational microstructures of quartz indicate that in the
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eastern part of the Brunovistulian basement (Brmo batholith’s
western margin), the deformation was taking place under tem-
peratures which were probably lower than 310£30 °C,

The lack of significant IC differences between the compared
domains of the Brunovistulian basement (Table 3) suggests
that the metamorphic transformation of smecrite into illite
reached similar stages in the studied rocks of the Brno
batholith's western margin, the Thaya Dome and the Svratka
Dome and that the paleotemperature differences are below the
detection limit of the IC paleothermometer.

Considering potential errors of the paleothermometers and
the variation of the 1C values measured, it can be stated that
the maximum paleotemperatures under which the studied
rocks were deformed probably lie between 250 and 300 °C
(Table 3). As was discussed above, the deformational features
of both guarlz and calcite indicate that in the Brno batholith
and the lower unit of the Thaya Dome the maximum pale-
otemperatures were somewhat lower than in the lower unit of
the Svratka Dome. However, the paleothermomelric data con-
strain the maximum difference of Variscan peak temperatures
between the three compared domains of the basement to sever
al dozens of °C only (see Table 3).

The development of mylonitic stages

The sequence of microstructures A-E which has been dis-
tinguished above can be scen as a succession of frozen-in stag-
es within the process of the deformational and metamorphic
transformation of sediments. Several facls justily such an
opinicn: the analogous lithostratigraphic position of calcite
mylonites, their overlapping biostratigraphic ranges and the
mutual transitions of microstructural stages. A schematic dia-
gram of the model is presented in Fig. 4. It is necessary to
stress the fact that unquestionable primary sedimentary mark-
ers — fossil organisms — are common wirhin the microstric-
tures A, B and C. Microprobe analyses revealed a calcitic
composition of the [ossils. This is the main argument for inter-
preting the A-D sequence as a product of progressive my-
lonitization under increasing metamorphic conditions. During
the retrogressive deformation phases, the [ine-grained matrix
of Type C was probably reworked again, but a significant
change in the microstructure did not occur. The Type C micro-
structures never acquired the features of D types during its

Tahle 3: Tahle of paleathermametric data of the studied area which are collected from the available literature,

Brno hatholith’s western margin

Lower tect. unit of the Thaya Dome

Lower tect, unit of the Svratks Dome

graphite/ealeite thermometer (Ulnch 2001 with calibration after Covey-Crump & Rutter [589)

- - max. 300 °C
CAl Iﬁpaéek 2001, calibration after Frey & Robinson 1999)
>250°C - =
graphitizaion of kerogen (Bosdk 1954)

<300 °C <300 °C muax. 300 “°C
illite crystallinity (this work, calibration after Frey & Robinson 1999)

250-320 °C 250-320 °C 250-320 °C
dynamic rcerystallization of calcite (this work, after Burkhard 1990)

min. 250 °C min. 250 “C >250 °C

plastic defarmation of quartz (this work. after Stickhert et al, 1999)

>310+30 °C
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Fip. 4. Schematic diagram of micrefubric development in mylonitized sequence of limestones. Notice the different peak grades reached
in the lower tectonic unit of the Svratka Dome and the ather two damains of the Brunovistulian basement. Objects in diagrams: black —
quartz, gray — micrite and microsparite, white — course grained colcite, BB — Brmo hatholith’s western margin, TD — lower tectome
unit of the Thaya Dome, SD — lower tectonic unit of the Svratka Dome,

evolution. It was never fully homogenized and primary sedi-
mentary structures were not completely destroyed. Thus, enly
the phase during which the microstructures E were producedd is
interpreted as retrogressive. Generally, the progressive phase
of mylonitization is characterized by the grain growth of the
matrix and a grain size reduction of the clasts leading to a
stress-determined equilibrium of the grain size. With rising
temperature during deformation, the homogenization of grain
size was finished and pgrain growth predominated. In retrogres-
sive phase, grain size reduction occurred due to a decreasing
temperature and increasing siress.

Mechanisms of recrystallization

One of the most surprising fearures one can ohserve in the
mylonitized sequence of carbonates studied is the dominance
of GBM and the lack of effective dynamic recovery within the
microstructures of the progressive low temperature phase of
deformation.

Recovery represents the process of ordering the lattice de-
fects, originated during intracrystalline slip, into subgrain
boundaries which leads to a decrease in the internal strain ¢n-
ergy of the crystal. When dislocations are continuously added
to subgrain boundaries, the misorientation of the subgrains in-
creases and new grains are formed. This process of new grains

farmation is referred to as subgrain rotation recrystallization
(SGR) and produces diagnostic corc-and-mantle structures
with (sub-)grains inercasingly misoriented towards the exter-
nal parts of mantle (Guillopé & Poitier 1979; Lloyd & Free-
man 1994). If the temperature is high enough to enable order-
ing of the lattice defects, continuous recovery-accommodated
dislocation creep can operate, However, when the temperature
is too low, recovery cannot keep pace with the tangling of the
dislocations during intracrystalline slip, newly formed disloca-
tions cannot move and strain hardening of the lattice occurs
(e.g. White 1977).

In our study, small (d~8 pm) recrystallized grains of the
mantled porphyroclasts in high stress mylonites B do not show
any optical filiation lo (e host grains and their shape indicates
the aclivily of GBB and/or nucleation (Fig. 7b,c). Although ul-
tra-thin sections were used for the observation of microstric-
tures, the formation of small-sized suhgrains within the coarse
grains was found only sporadically.

We therefore explain the recrystallization of the ¢lasts in mi-
crostructures. B as rthe product of 1 GBB-dominanl process.
Our observations lead us Lo the conclusion that during the pro-
aressive, low temperature deformation of the limestones stud-
icd, SGR was not capable of reducing the coarse grains into a
steady-state size. Recovery and SGR produced only relatively
large (sub-)grains which must have been further reduced by
more effective GBB.
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apparent degres of deformation
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\\ —onset of re:ryﬂadﬁzshur
graui s:ze 'educﬂm of a‘m‘ts

grain 5iza reduction

for effecive recovery

temperature

Fig. 5. The suggested model of recrystallization mechanisms in a
complete deformation path of mylonitized limestones. Individual
microstriuctures are marked with capital letters A-L. See text for
explanations,

A suggested model of recrystallization development is
shown in the Fig. 5. According to Lloyd & Freeman (1994),
the velocity of grain boundary migration processes is deter-
mined by the relative crystallographic characteristics of adja-
cent grains, the driving forces, temperature and the structure of
the boundary. Driving forces include mainly lattice defects,
elastic energy and grain-boundary cnergy, and always lead to a
decrease in internal strain energy. In our casc, as the SGR did
not lead to sufficient grain size reduction, each increment of
continuing deformation raised the inlernal strain of the large
grains and could accelerate the grain boundary bulging. Hip-
pertl & Egydio-Silva (1996) presented arguments for the activ-
ity of solution-reprecipitation process during the deformarion
of quartz which can be concurrent with solid state recrystalli-
zation. Thus the high content of water in the system, which 1s
indicated by frequent markers of solution transfer, probably
also significantly increased the GBB or nucleation rale (com-
pare also with Tullis & Yund 1982). The facilitating of grain
boundary migration resulting from a high water content would
explain the contradiction of our model to observations of some
other authors who suggest that SGR is more effective than
GBB under lower temperatures (Schmid et al, 1987). The re-
crystallization mechanisms of calcite in LT conditions could
be analogous to those of quartz, in which grain boundary mi-
gration-dominant structures have even heen described for dry
samples (Hirth & Tullis 1992).

Deformational contrasts and the imbrication of the
Brunovistulicum

It has been demonstrated by many authors that inverse pro-
portionality between stress and recrystallized grain size exisls

(e.g. Twiss 1977; Kohlstedt & Weathers 1980). Thus, under a
constant strain rate, the increase in recrystallized grain size is
due to a decrease in material strength. Analogously, grain size
distribution within a mylonitized sequence can be viewed as
the result of metamorphic grade (i.e. temperature) variation.
We therefore attempted (o assess the differences between the
deformation grade of the two domains of the deformed Bruno-
vistulian basement. The most effective and reliable method of
relative paleostress estimation seems to be the comparative
measurement of grain size in the peak grade microstructures of
individual tectonic domains. Uniform recrystallized grain size
within broad domains justifies the presumption of steady state
creep (e.g. Twiss 1977; Michibayaschi 1993). Facies with
small-scale grain 172 variations were not taken into account in
the paleostress calculations. It was assumed that the coarsest
reerystallized grain size within the defined groups of micro-
structures represents the peak metamorphic conditions. In
many coarse grained domains of facies D, the lack of anneal-

- nurmber of locality
ﬂ{[ microsinuclures A
Tl - microszuctures 8
B - microstuctures

11 ki B - micostuclues Dand E

Fig. 6. Simplificd sketeh of the swudied arca showing the distribu
tion of distinguishcd microstructural types, Circles with numbers
indicate sampled localities which arc referred to in Lhe tables and
figures. 1 — Sebetov (s111), 2 — Ujezd u Boskovic (3168, s168b),
3 — Lazany (s5la), 4 — Cchin (s88b, s90-1), 5 — Chudéice
(s2056. s161), 6 — Kadov (s45-1), 7 — Skalice (s221), § —
Lazanky (171, 5158, 8237}, 9 — Vohantice (s157, s239), 10 —
Kvétnice (s170), 11 — Dfinové (5131} and Drané (s166-1).
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Fig. 7. Photomi aphs of characteristic deformational microstric-
tares in caleite mylonites and quartz. A — Strained g stone with pe-
Totds and synraxially overgrown crineids. The contrasting strengths of
pelonds and coa par and loculization of the strain into micrite are ap

parent. Plane polarized light. B — Protomylonite (type B) with core-
and-mantle structures. Note the localization of recrystallization into
twin boundaries of the clast. Crossed polarizers: € — Detail of mantled
parphyroclasts and oval-shaped reerystailized grains nucleating in and
bulging e the clast. 457 crossed polarizers, I) — Domain with sub-
equant grains in the tectonofacies ), represe o the peak-grade micro-
structure of the western part of the basement. Curved and bulhous grain
boundaries of indicate GBM process, Crossed polarizers, E — Recav-
ery and SGR reerystalhzation m retrogressive lectonolacies E. F —

Brttle fracturing of quantz in limestones of the eastern part of the hise-
hization of quartz hy SGR and
:ment. Crossed polarizers,

ment. Crossed polanzers, G — Recryst
GBM typical tor the western part of the
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ing is evidenced with the shape of the grain boundaries, internal
strain and polygonization of the grains. It can be stated that after
reaching peak temperatures and the localization of the retrogres-
sive deformalion into narrow zones, no substantial grain growth
took place in the domains which are now coarse grained. The
stress calculations thus should not be affected by static recrystal-
lization. In Table 1, the calculated paleostresses are given for
several typical samples, using the Rutter paleopiezometer (Rut-
ter 1995) for the GBM recrystallization mechanism.

If we compare the stress values of the facies B and 1D, which
represent the peak metamorphic conditions in the eastern and
western parts of the Brunovistulian basement respectively, we
can see a significant difference, Stresses four times lower in the
lower tectonic unit of the Svratka Dome than in the other two
parts of the Brunovistulicum are in accordance with the ob-
served deformation regimes of quartz. As the three compared
parts of the Brunovistulian basement are eroded to a similar
lithostratigraphic level, the tectonic juxtaposition of the con-
trasting facies must have occurred during late tectonic phases.
The main contrasts however, are not seen between the two parts
of the Brunovistulicum with different tectonostratigraphic zona-
lion, which were defined above, but they lie between the lower
tectonic unit of the Svratka Dome and (he other two domains of
the Brunovistulicum — the Brmo batholith’s western margin
and the lower tectonic unit of the Thaya Dome (Fig. 6).

Summary and concluding remarks

The analysis of the mylonites assembly developed within
the major thrust system of the Central European Variscan
orogeny revealed several characteristic features:

1) A lack of effective dynamic recovery within the progres-
sive low temperature phase of deformation. Microstructural
features of core-and-mantle structures developed in calcite
protomylonites provided evidence of GBB-dominance of the
recrystallization process. In this phase, the SGR mechanism
produced only relatively large grains, which must have been
further reduced by GBB andjor nucleation. Recovery was et-
fective only during grain size reduction in the retrogressive
phase. This can be explained with a higher rate of GBB under
lower temperatures, which could have been inereased as 4 te-
sult of a high {luid content.

2) The onset of grain size reduction of porphyroclasts prior
to distinet grain growth in matrix.

During the incipient mylonitization of inhomogeneous mi-
critic limestones, the porphyroclasts and matrix display con-
trasting rheological behaviour and strong strain localization
inta a superplastic matrix occurs, At a certain point of mylo-
nite development, which is probably temperature-determined,
GBB is facilitated and the steady-state dynamic recrystalliza-
tion of clasts sets in. The recrystallized grain size is very close
w0 the grain size in the matrix. Assuming that an inverse pro-
portionality between grain size and stress is valid, the exist
ence of approximate stress homogeneity must be considered in
naturally deformed calcite aggregates. A distinet to almost
complete dynamic recrystallization of the porphyroclasts and
minimum microstructural changes of the matrix indicates sig-
nificant strain rate differences between the porphyroclasts and
the matrix.

3) Variscan large-scale thrusting within the Brunovistulian
basement is indicated by the juxtaposition of facies with con-
trasting microstructures which refleet incompatible peak-grade
conditions. The main deformational contrasts can be observed
between the lower tectonic unit of the Svratka Dome and the
other two domains of the Brunovistulicum — the Brno
batholith's western margin and the lower tectonic unit of the
Thaya Dome.

It seems very likely that the recrystallized grain size within
the mylonitized sequence of limestones studied is due to dif-
ferential stress variations. Assuming this, it is quite surprising
that temperature differences probably not exceeding 50 °C re-
sulted in such dramatic changes of differential stresses and re-
sponsive microstructures (compare microstructures A and B
with D). Actually, we are not the first to have observed indica-
tions of such contrasting behaviour of calcite aggregates under
natural LT deformation conditions. Burkhard (1990) examined
the change of the microfabric of micritic limestones strained
under a natural temperature gradient. He found out that up to
250 °C, grain size distributions were indistinguishable from
the sedimentary protolith. Above 280 °C, an increase in grain
size in micritic limestones occurred along with an increase in
the preferred orientation of the lattice and grain-shape. Behr-
mann (1983) described distinet variations in the microfabric of
calcite mylonites strained at about 300 °C. Microstructural
features of the tectonofacial succession, which were described
above, provide evidence of the dominance of GBE process or
nucleation during the progressive part of LT mylonitization.
Burkhard (1990) also suggested a grain boundary migration
mechanism for prain growth in epizonally strained micrites,
Grain boundary migration has a first order dependence on tem-
perature (e.g. Guillopé & Poirier 1979) and it can be expected
that the variation of finile microstructures within the lime-
stones strained under LT conditions is due to a significant
change of GBB cffectiveness at temperatures around 300 °C.
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In this study a Rock-Eval pyrolysis, a petrographic compaosition of organic matter, vitrinite reflectance and gas
chromatography were undertaken on borehole cores from the Mikulov Marls in order to define the organic
matter type and determine the thermal maturity. The analyzed samples covered a depth interval of between
2300 m and 4500 m. The studied sediments were dark-colored, moderately laminated shales throughout
which appear uniform upon visual examination. The geochemical analyses revealed that the source rock
potential of the Mikulov Marls is from fair to good. According to the Rock-Eval pyrolysis, the organic matter in

Keywords: : - : Sy
Mikulov Marls the samples was classified as kerogen type [I-IIl. This classification is not supported by the results from the
Kerogen type other used methods. The evaluation of the organic macerals demonstrated the dominant role of liptinite with

prevailing liptodetrinite accompanied by a variable content of alginite, bituminite, and sporadic sporinite and
resinite. The alginite consists mainly of lamalginite, derived from colonial planktonic or benthonic algae. Based
on these results, the Mikulov Marls represent the kerogen type II. These results are also supported with a strong

Thermal maturity
Vitrinite reflectance
Rock-Eval pyrolysis

n-alkane odd-carbon-number predominance at n-Cy s, n-Cy7 and n-Cyg range on the gas chromatography.

@ 2015 Elsevier B.V. All rights reserved.

1. Introduction and regional setting

Organic matter in sedimentary rocks (kerogen) is used as an indica-
tor of thermal stress over a range of 50-300 °C (Ebukanson and
Kinghomn, 1985; Littke et al., 2008; Tissot and Welte, 1984). Maturation
degree depends on the overall thermal history of the evaluated rocks,
i.e. the temperatures and their duration. Rock-Eval pyrolysis and
vitrinite reflectance are commonly used screening methods for thermal
maturity evaluation in the rock sequences (Behar et al, 2001; Dahl et al.,
2004; Hakimi and Wan Hasiah, 2013; Lafargue et al,, 1998; Littke et al.,
2008; Teichmiiller et al., 1998). Both methods have limits, however,
which have been described by a number of authors all over the world
(Akinlua et al, 2005; Bordenave et al,, 1993; Katz, 1983 ). Vitrinite reflec-
tance (R;) is a thermal maturity parameter of organic matter which can
be measured in most dark colored shales and siltstones. Its application is
limited by the absence of terrestrial plant debris in the pre-Devonian or
marine rocks. In these samples, reflectance is measured on zooclasts or
bitumens, if present (Goodarzi and Higgins, 1987; Goodarzi and
Norford, 1985; Riediger et al., 2011). Different analytical methods such
as gas chromatography mass spectrometry are used in the sedimentary

* Corresponding author. Tel: + 420 774 796 218,
E-mail address: gerslova.eva@gmail.com (E. GerSlova).

htep://dx.doi.org/10.1016/j.coal 2015.03.002
0166-5162/© 2015 Elsevier BV. All rights reserved.

environments where the vitrinite particles are missing (Peters et al.,
2005).

The Upper Jurassic Mikulov Marls represent the autochthonous
cover of the Bohemian Massif. The unit lies either directly on the pre-
Mesozoic basement or on the Middle to Upper Jurassic sequences
(Gresten Formation, Nikolcice Beds and Vranovice Dolomite). The
lnown thickness reaches up to 1500 m (Pichaetal.,, 2006). The Mikulov
Marls itself represents a basinal facies { Adamels, 2005) of the Upper
Jurassic continental slope formed primarily by a monotonous sequence
of dark gray, organic rich marls where the carbonate content varies in
both the vertical and horizontal directions. According to the recent 3D
seismic interpretation of the studied area the NW part, the line along
the villages Dolni Vestonice, Tesany and Milesovice (SSW-NNE striking
zone) generally forms the boundary where the basinal facies of the
Mikulov Marls pass into the shallower platform facies represented by
organodetritic limestones and dolomites which can be studied in the
outcrops as far away as the near vicinity of Brno. During the Miocene,
the Mikulov Marls in the studied area, along with the rest of the
Pre-Tertiary and Paleogene rocks were overthrust by a system of
nappes — the Western Carpathian Flysch Belt. During the Lower
Miocene, the Carpathian Foredeep was simultaneously formed in the
area as the peripheral foreland basin of the Carpathian Thrusts
(Nehyba and Sikula, 2007). Jurassic marls have been identified as the
major source rock for oil and gas in the Vienna basin (Blizkovsky et al.,
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Table 1
Bulk geochemical data of Rock-Eval and TOC analysis with calculated parameters.

Signatura Depth (m) TOC (wt) S, (mgfe) S, (mg/g) T HI ol Pl

Bull 3252 2.05 021 514 431 251 0.04
Bull 3297 1.81 0.63 458 432 253 0.12
Bull 3411 3.08 0.14 318 433 103 0.04
Bull 3470 2.44 0.25 7.04 431 289 0.03
Bull 3500 1,15 0.04 206 432 118 0.02
Je2 2320 0.83 0.03 1.66 430 200 58 0.02
Kob1 3136 159 0.38 498 437 313 41 0.07
Kob1 3137 210 015 7.06 425 336 0.02
Kob1 3138 1.04 0,09 247 435 238 54 0.04
Kob1 3179 1.05 016 3.28 427 313 0.05
Kob1 3180 1.05 0.23 1.96 430 187 53 0.11
Kob1 3203 0.93 0.01 347 432 373 0.00
Kob1 3232 126 003 3.69 429 293 0.0
Kob1 3237 180 0.02 572 431 30 0.00
Kob1 3241 1.52 0.42 3.60 431 237 48 0.10
Kob1 3259 134 0.02 572 431 3M 0.00
Kob1 3290 0.86 0.0 450 426 469 0.00
Kob1 3299 089 0.01 292 427 295 0.00
Kob1 3324 224 0.27 762 424 340 0.03
Kob1 3350 1.65 0.02 810 429 551 0.00
Kob1 3390 1.14 0.01 457 427 401 0.00
Kob1 3407 1.58 0.01 8.14 423 515 0.00
Kob1 3411 0.96 0.23 817 434 851 90 0.03
Kob1 3415 1.77 0.19 5.52 431 312 40 0.03
Kob1 3730 139 018 317 431 229 40 0.05
Kob1 3780 133 0.16 333 437 250 55 0.05
Kob1 3986 154 0.26 5.64 435 366 32 0.04
Kob1 4018 143 0.20 451 438 315 43 0.04
Kob1 4020 132 0.21 310 436 236 41 0.06
Kob1 4055 205 0.39 7.21 434 352 32 0.05
Kob1 4131 128 0.20 401 437 313 30 0.05
Kob1 4183 129 0.28 287 436 223 49 0.09
Kob1 4277 0.79 0.14 208 438 263 44 0.06
Kob1 3294 124 0.02 613 429 465 0.00
Morkl 2997 123 0.07 430 433 350 33 0.02
Mu2 1494 1.80 0.30 472 425 262 26 0.06
Nem1 2756 1.10 0.18 451 427 410 162 0.04
Nem1 2757 3.40 0.88 1374 430 404 49 0.06
Nem1 2758 242 0.10 598 428 244 0.02
Neml 2761 257 0.16 10.04 427 391 43 0.02
Neml 2964 1.21 017 413 428 341 0.04
Neml 2966 0.96 0.02 1.56 418 163 0.01
Neml 2992 0.40 0.02 026 434 65 0.07
Neml 3180 1.21 0.02 4.9 433 405 0.00
Neml 3342 1.46 011 431 432 295 47 0.02
Nem1 3343 150 0.13 641 436 427 65 0.02
Nem1 3345 130 013 3.28 433 252 50 0.04
Nem1 3346 121 0,09 5.07 430 419 0.02
Nem1 3506 136 010 353 436 260 35 0.03
Nem1 3508 0.94 013 352 430 374 0.04
Nem1 3510 131 012 290 434 222 38 0.04
Nem1 3744 138 022 5.87 435 425 12 0.04
Nem1 3745 147 0.24 427 434 290 42 0.05
Nem1 3746 1.73 0.38 722 434 417 0.05
Nem1 3900 1.06 0.26 311 430 293 0.08
Nem1 4034 148 0.12 3.5 434 236 13 0.03
Nem1 4103 138 0.16 332 440 241 33 0.05
Nem1 4104 1.21 0.37 3.67 430 304 0.09
Neml 4105 123 0.21 253 437 206 36 0.08
Neml 4137 113 0.38 479 438 424 0.07
Nem4 2546 240 0.23 1279 424 533 28 0.02
NEm5 2445 139 015 536 428 387 37 0.03
Ném5 2446 126 0.10 5.82 430 462 32 0.02
Ném5 2448 145 0.09 3.68 431 254 0.02
Nik1 1500 1.90 018 697 427 368 50 0.03
Nik1 1700 0.86 0.03 202 427 236 56 0.01
Nik8 1891 0.80 0.05 1.55 432 194 71 0.03
Nik8 1995 1.70 0.04 532 433 313 0.01
Nik8 1999 1.20 003 268 432 224 50 0.01
NM1 3168 122 0.07 3.76 435 308 25 0.02
NM1 3491 139 0.09 3.78 434 272 22 0.02
NM2 2900 124 0.07 3.84 429 310 0.02
NM2 2904 1.07 0.05 262 431 245 41 0.02
Sed1 4303 2.00 0.38 628 439 333 28 0.06

(continued on next page)
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Table 1 (continued)

Signatura Depth (m) TOC (W) s (mg/fe) S5 (mg/g) Tonax (°C) HI al Pl

Sed1 4305 139 0.1 2.44 426 175 004
Sed1 4551 11 026 321 443 289 28 007
Sed1 4553 1.00 026 18 439 178 29 013
Uh17 2063 155 0.18 558 423 360 003
Uh17 2275 1.04 0.01 373 423 358 0.00
Uh17 2547 0.73 0.06 265 427 364 002
Uh17 2631 096 005 328 421 341 002
Uh17 2635 1.10 0.08 42 423 382 002
Uh18 2143 0.75 0.03 17 429 226 002
Uh18 2439 037 004 177 a1 479 002
Uh18 2605 160 007 76 427 475 28 001
Uh19 2439 113 0.06 421 428 373 32 001
Uh19 2443 0.64 0.05 2.26 428 353 002

TOC: Total organic Carbon, wt.

51: Volatile hydrocarbon (HC) content, mg HC/z rock.
52: Remaining HC generative potential, mg HC/g rock.
Tmax: Temperature at maximum of S2 peak.

HI: Hydrogen Index = S2 *100/TOC, mg HC/g TOC.
OF Oxygen Index = 53 * 100/TOC, mg CO,/g TOC.

1994; Elias and Wessely, 1990; Ladwein, 1988; Picha et al, 2006). Based
on the recent studies, they also contribute significantly to the hydrocar-
bon provinces adjacent to the Bohemian Massif lying in an N and NE
direction from the Vienna Basin (Nesvacilka Paleovalley, Zdanice eleva-
tion area, etc.). The origin of the organic matterin the Jurassic marls was
suggested as planktonic algae mixed with a minor portion of reworked
and partly oxidized terrestrial plant debris based on Rock-Eval pyrolysis,
organic petrography and chromatography (Francu et al., 1996).

This study was aimed at providing a more systematic evaluation of
the variation, and sensitivity, of thermal maturity parameters with
increasing depth for the Mikulov Marls. The relationship between
individual parameters was also evaluated.

2. Methods

The source rock analyses were conducted on the 22 samples taken
from eleven exploration wells. All the collected samples were analyzed
for total organic carbon (TOC) and Rock-Eval pyrolysis. There were
used archival results from Rock-Eval pyrolysis (65 in total) included
to the evaluated dataset (Table 1). Random vitrinite reflectance and

Table 2
Summary of n-alkane and isoprenoids ratios from Mikulov Marls.

vrt Depth (m) Pri/Phy PrifC17 Phy/C18 Pl

Kobl 3136 1.24 037 035 101
Kobl 3179 1.05 041 038 101
Kobl 3324 1.88 101 0.74 131
Kobl 3407 1.74 090 075 137
Kobl 3411 1.88 092 0.68 134
Kob1l 3435 127 091 0.90 127
Kob1 3645 1.50 043 0.35 101
Kob1 3874 1.68 041 030 1.09
Kob1 4018 192 043 029 1.08
Kob1l 4131 1.85 074 0.56 123
Kob1 4334 1.74 034 0.24 101
Nem1 2756 1.65 1.25 127 210
Neml 2997 154 122 125 163
Nem1 3179 153 115 113 155
Nem1 3506 2.00 0.86 059 132
Nem1 4103 244 0.58 029 107
Sed1 4305 1.86 057 034 1.05
Sed1 4551 231 042 022 1.04

Pr: pristane iC19.

Pr: pristane iC18.

Pr: pristane iC18.

C17: nC17 alkane.

C18: nC18 alkane.

CPI: carbon preference index = 2%(nC23 + nC25 + nQ@7 + n9)/(nC22 + 2*(nC24 +
nC26 + nC28) + n(30).

maceral description (Table 2) were performed on 19 samples. The
molecular analyses of the saturated hydrocarbons were performed on
18 {GC, Table 3) and 16 samples (GC/MS, Table 4) respectively.

The studied sediments were dark-colored, moderately laminated
shales which appeared remarkably uniform throughout upon visual ex-
amination. The total organic carbon was determined using Analytik Jena
multi N/C 21008 HT 1300 with a detection limit 0.05%. Carbonates were
removed from the sample using 9% water solution HCl. The pyrolysis
was conducted using a Rock-Eval 6 instrument. The free and bound
hydrocarbons (51 and 52) and the peak temperature of the pyrolysis
(Tmax) Were determined.

The polished surfaces were prepared from rock chips and the reflec-
tance measurement was carried out in oil in non-polarized light (R,)
using a Opton Zeiss microscope-photometer, with 50 = and 100 = objec-
tives and optical standards of 0.58%, 0.89%, 1.71%, 3.12% and 5.42% ref-
lectance. The maceral composition was determined using the same
equipment at the same conditions according to ICCP (1998, 2001). The
liptinite composition was determined using the microscope with a fluo-
rescence mode and a set of filters FLO5, Maceral identification followed
the recommendation described by Hutton (1987) and Tayloret al. (1998).

Table 3
Biomarker ratios calculated from m/z 191 mass fragmentograms from the Mikulov Marl.

Vit Depth({m) Ts/(Ts +Tm) S/(S+R) 31 S/S+R)C32 C31R/C30H

Kobl 3136 0.49 042 045 043
Kobl 3179 043 038 0.4 048
Kobl 3411 039 035 0.30 0.63
Kobl 3780 0.38 054 048 0.39
Kobl 3986 0.40 058 0.55 0.36
Kobl 4018 041 057 0.57 033
Kobl 4131 0.46 0.58 0.57 032
Kobl 4277 0.48 0.58 0.60 027
Morkl 2997 0.31 024 022 0.63
Neml 3342 041 043 043 032
Neml 3506 036 0.50 045 033
Neml 3744 037 0.56 0.52 0.34
Neml 4103 0.40 0.59 0.60 033
NM1 3168 039 038 0.42 040
NM1 3491 037 052 0.52 033
Sed1 4551 0.51 0.55 0.57 0.31

Ts: 18a(H }-trisnorhopane.

Tm: 17a{H)-trisnorhopane,
(€315:C31 225 17a(H) homohopane.
C31R: 22R 17a(H) homohopane.
325: 225 17a(H) bishomohopane.
C32R: 22R 17a(H) bishomohopane,
C30H: 17a(H}-hopane.
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Table 4

Random reflectance of vitrinite (%) and maceral composition (vol®) of organic matter in the Mikulov Marl.

Depth(m) Rr(¥) XV T &« Vd G XL Sp

TAl LAl Re Ld Bi 1 Fu Smf  Ma Se 1d

Nem5 2445 0.56 115 15 23 69 08 739 00
Nemd4 2546 0.66 125 00 00 54 71 508 00
Nem1 2756 0.55 43 00 11 32 00 698 00
Mork1 2957 0.68 143 1.8 00 54 71 500 00
Kob1 3136 0.65 89 00 25 51 13 747 13
NM1 3168 0.66 115 15 23 69 08 506 00
Kob1 3179 0.62 167 00 54 70 43 500 00
Nem1 3342 0.69 130 20 30 70 10 580 00
Kob1 3411 0.65 122 00 27 13 82 581 0.0
NM1 3491 0.72 91 08 25 51 07 620 00
Nem1 3506 0.69 63 00 14 21 28 677 08
Nem1 3744 0.70 137 00 16 49 72 705 14
Kob1 3780 0.66 10.1 oo 11 23 67 506 00
Kob1 3986 0.68 98 00 22 43 33 601 0.0
Kob1 4018 070 133 00 1.7 34 82 600 00
Nem1 4103 072 130 00 12 82 36 525 24
Kob1 4131 072 143 00 00 48 95 524 16
Kob1 4277 072 95 00 09 29 57 676 00
Sed1 4551 075 46 00 00 46 00 655 00

11 243 16 454 15 146 08 00 16 00 122
13 156 34 202 13 356 68 51 85 00 152
18 182 47 392 59 259 12 00 24 11 142
09 168 18 296 09 357 71 36 71 18 161
25 139 00 519 51 164 38 00 39 00 87
21 240 16 454 15 380 152 00 66 00 162
18 162 00 280 39 333 28 56 69 00 180
11 189 00 332 48 290 90 00 20 00 110
07 142 00 373 59 297 27 00 81 00 189
26 20 18 345 11 289 25 00 29 00 165
14 232 00 380 43 268 21 28 56 00 163
08 141 33 453 56 158 16 00 15 00 127
06 95 00 373 32 393 168 00 79 00 146
23 173 21 330 54 283 65 00 61 26 131
07 160 00 390 43 267 34 00 68 00 165
04 152 12 301 32 345 48 24 71 00 202
08 138 00 300 62 333 48 00 158 00 127
31 197 19 380 49 229 28 00 48 00 153
13 240 13 375 14 208 34 00 81 00 184

R, = Random reflectance of vitrinite, >V = Vitrinite content, T = telinite, Ct = Collotelinite, Vd = vitrodetrinite,

G = gelinite; > L = Liptinite content, Sp = Sporinite, TAl = Telalginite, LAl = Lamalginite,

Re = Resinite, Ld = Liptodetrinite, Bi = Bituminite; ) | = Inertinite content, Fu = Fusinite, Smf = Semifusinite, Ma = Macrinite, Se = Secretinite, Id = Inertodetrinite

Sample aliquots of 10 g were spiked with 25 pL of internal standard
solution with concentration of 5 ng/mL of o-terphenyl. The extraction
was performed with 250 mL DCM/MeOH (93:7) in a Soxhlet apparatus
for 12 h. The raw extracts were evaporated to dryness under a gentle
stream of N», and redissolved in 10 mL of n-hexane. Prior to GC and

Legend
|| walls psnetrating Mikulov Marl

GC/MS analyses, an aliquot of 2 mL of the raw extract was placed on a
2 g silicagel column to separate the aliphatic and aromatic hydrocarbon
fractions by liquid chromatography using n-hexane and DCM as eluents.
The obtained saturated fraction was subjected to gas chromatographic
analyses on an AT 5890 (Agilent Technologies, USA) equipped with a

Fig. 1. Subcrop map of the Western Carpathians and their foreland in the eastern part of the Czech Republic. The studied area is marked by a bold frame.
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Fig. 2. Selected parameters (T — maximum pyrolytic temperature, S2 - bound hydrocarbons, CPl - carbon preference index) as a function of depth in the evaluated borehole profiles.

flame ionization detector (FID) and a FSOT capillary column with a non-
polar HP5 phase (25 m, i.d. 0.25 mm and 0.5 um film thicknesses).

A Hewlett-Packard 6890N GC coupled to a HP 5973N MSD operat-
ing in the electron impact mode (EI +) was used. The measurements
were performed in a full scan mode scanning from m/z 50 to m/z 550,
The samples were injected splitless onto a HP-1MS capillary column
(60 m length x 0.25 mm i.d. x 0.25 um film thicknesses, Agilent Tech-
nologies, USA). The separation was carried out using heliumat a con-
stant flow of 1.2 mL/min with the following oven temperature
program: 50 °C (held for 1.2 min), then at 5 °C/min to a final temper-
ature of 300 °C (held for 3 min). The GC/MS interface temperature
was held at 280 °C and the ion source temperature at 280 °C. Identi-
fication of the compounds was based on a comparison of mass spec-
tral data with those of authentic reference material. The index
CPI was calculated as CPl = 2%(n-Cyy + n-Cys + n-Cuy + n-Cug)/
(n-Caz + 2%(n-Cay + n-Cag + n-Cag) + n-Csp).

3. Results

The Rocl-Eval pyrolysis provided parameters for evaluation of the
hydrocarbon potential, organic matter type and thermal maturity level
within the tested data set. The organic carbon content (TOC) in the sam-
ples varies from 0.4 to 3.4%. The bound hydrocarbons (52) range from
0.3 to 13.7 mgHC/g rock. Based on the relationship of TOC to 52 for
the majority of the samples, the source rock potential ranges from fair
to good (Table 1).

The maximum pyrolytic temperature (T,,.,) varies from 419 to
443 °C. According to Ty, values and production index (PI) samples
from the Mikulov Marls belong to immature to oil window range
(Table 1). Values of Ty, increase moderately with depth (Fig. 2).
Hydrogen index (HI) values range from 65 to 851 mg HC/g TOC and
reveal pronounced differences among the individual samples. The
oxygen index (Ol) varies from 12 to 162 mg CO./g TOC. By plotting
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Fig. 3. Kerogen types based on hydrogen index (HI), oxygen index (01) and thermal maturity (Tyw.) from the Rock-Eval pyrolysis for Mikulov Marl.
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Fig. 4. Biomarker parameters Ts/{Ts + Tm), /S + R)H31 and S/(S + R)H32 as a function of depth in the Mikulov Marls.

the Ty.x against HI and Ol versus HI (Fig. 3) as proposed by Peters et al.
(2005) and Dahl et al. (2004), the analyzed samples represent kerogen
type II-11L

3.1. Molecular composition

The chromatograms of the saturate fractions for the extracts from
the 18 rock samples reveal a strong odd-carbon-number predominance
at n-Cis, n-Cy7 and n-Cy9 range. The predominance of odd carbon-
numbered-low-molecular-weight n-alkanes in the carbon chain length
range is a distinctive characteristic of marine algae as well as
cyanobacteria inputs. The carbon preference index (CP1) was adjusted
to the specific n-alkane range of carbon numbers in the studied samples.
The CPI values are slowly decreasing with depth from 2.1 at the 2756 m
to 1.04 at the 4551 m with exception in depth interval in 3136 and
3179 m (Table 2, Fig. 2).

The proportion of the (31 homohopane (22S) to the C31
homohopane (22R) was used to estimate the thermal maturity. The
parameter S/(S + R)H31 (Table 3, Fig. 4) regularly increases with a
depth from 0.24 to 0.59. An identical depth trend was observed for
the homohopane index S/(S + R)H32. The ratio of T, = (27 18a,
21b-trisnorhopane and T, = C27 173, 21b-trisnorhopane was applied
asanother thermal maturity parameter (Fig. 4). This parameter is appli-
cable over the broad range of maturity (Peters et al,, 2005). The param-
eter Ts/(Ts + Tm) decreases to 0.37 at a depth of 3744 m and increases
up to 0.51 at a depth of 4551 m. The evaluated samples had a homoge-
neous lithology with a stable proportion of the clay fraction, thus the ob-
served fluctuation of Ts/(Ts + Tm) is related likely to the thermal
maturity changes.

3.2. Organic petrology

Microscopically, the composition of the Mikulov marls demonstrat-
ed the dominant role of the mineral matter {67.0-87.0%). The organic
matter consists of macerals from the liptinite group (6.5-22.0%) with
admixtures of inertinite (3.0-10.0%) as well as vitrinite (1.0-3.5%).
The samples are fairly homogeneous, both lithologically and with re-
spect to their maceral composition (Table 4). The precise classification
of the organic particles was limited to the extremely fine grained nature
of the majority of the studied samples. All the organic particles are rarely
dispersed in the mineral matrix (Fig. 5). The dominant macerals within
the liptinite group are liptodetrinite accompanied by a variable content
of alginite, bituminite, sporadic sporinite and resinite (Fig. 5A, B). The
liptodetrinite represents the fine grained dark gray fragments of

liptinite macerals with a size lower than 5 pm and yellow to orange fluo-
rescence color in reflected light. Liptodetrinite in fine-grained mineral
matrix occurs together with the fine-grained or amorphous bituminite
with dark orange to brown color fluorescence and brown color in
reflected light. The identification of bituminite and liptodetrinite was
very difficult due to the small size of these particles and their very
close association with the clay minerals.

The alginite consists mainly of lamalginite (Fig. 5C, D), derived from
small, unicellular or thin-walled colonial planktonic or benthonic algae,
with a distinctive lamellar form with little recognizable structure. The
translucency of the lamalginite is high, particularly in the fined grained
parts of the sediments and is not distinguishable from the mineral ma-
trix under normal reflected light. Its presence was identified under light
irradiation due to strong yellow fluorescence (Taylor et al., 1998).

The telalginite represents alginite derived from large colonial or
thick-walled unicellular algae with strong fluorescence and with a
distinctive external structure. Telalginite was derived in our sample
from Tasmanales algea (Fig. 5A, B) which was also sporadically found.
The inner space of the alginite is occasionally filled with iron sulfide
(pyrite).

The vitrinite macerals (Fig. 5E, F, and G) are present as collotelinite,
vitrodetrinite, gelinite and rare telinite. The identification of the vitrinite
macerals was extremely difficult due to their small size up to 30 pm and
low amount. The dominant maceral was vitrodetrinite which is formed
by fine fragments of vitrinite lower than 10 pm. The amorphous humic
particles higher than 10 um were classified as a gelinite and humic
particles with an identical botanical structure were classified as a
collotelinite. The random vitrinite reflectance was measured on the
small number of particles (n = 5-23) and ranges between 0.55% and
0.75%R,.

Inertinite macerals (Fig. 5H) are the second most abundant compo-
nent of organic matter in samples. Dominant was inertodetrinite, which
included inertinite macerals particles smaller than 10 pm. The particle
size of white macrinite, fusinite, semifusinite, secretinite with reflec-
tance values between 0.91% and 5.16% ranged from 10 mm to 150 pm
and the reflectance values from 0.90% to 2.5%. There was not observed
any micrinite in the examined samples.

4. Discussion
The optical analyses performed on borehole cores did not support
data from Rock-Eval pyrolysis. According to the data, organic matter

from the studied samples was classified as kerogen type I1-1Il. These as-
sumptions are broadly accepted throughout the literature (Francuetal,,
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Fig. 5. Telalginite derived from Tasmanites in a mineral groundmass with dispersed liptodetrinite, fragments of lamalginite and inertodetrinite (depth 4131 m) in fluorescence mode
A) and polarized light B); Lamalginite and nonfluorescing macrinite in a mineral groundmass with liptodetrinite and bituminite {depth 4277 m) in fluorescence mode C) and polarized
light D). Probable brown resinite and vitrinite fragments and pyrite in a mineral matrix with dispersed liptodetrinite and bituminite {depth 3342 m) in fluorescence mode E) and polarized
light F). Vitrinite-like structure (Rr = 0.62%) ina mineral matrix (depth 3780 m) G). Fusinite with pyrite framboids in amineral matrix (depth 4103 m) H). (For inter pretation of the ref-

erences to color in this figure legend, the reader is referred to the web version of this article.)

1996; Picha et al., 2006). A detailed examination of the polished surfaces
demonstrated the dominant role of the macerals from the liptinite
group with admixtures of inertinite (Fig. 6). The amount of the terrige-
nous maceral, such as vitrinite and terrigenous liptinite and sporinite,
was extremely low

The results from the gas chromatography reveal the dominance of
n-Cys, n-Cy5 and n-Cy4 n-alkanes. These n-alkanes are regarded as
being derived from marine algae. A minor proportion of the n-Csy.25
n-alkanes was observed corresponding to a low amount of the terrestri-
al material found in the polished surfaces.

The misleading interpretation of the HI and Ol indexes from the
Rock-Eval pyrolysis can be explained as follows. The organic matter

in the majority of the samples is on the narrow boundary of the
immature/mature range. The HI may thus be representative of the
original material and the initial quality of the deposited organic matter
(Espitalie et al., 1984). The reduction of the HI can also be due to
presence of active minerals such as smectite and illite (Davis and
Stanley, 1982; Dembecki, 1992; Peters, 1986). There is a high amount
of the clay minerals (up to 20%) in all the examined samples. Minerals
such as illite and kaolinite are predominating in the clay fraction.

The vitrinite reflectance increases steadily from 0.56% at a
depth of 2445 m to 0.75% at a depth of 4551 m (Fig. 6). At a corres-
ponding depth, the Ty, fluctuates between 429 and 433 °C. The param-
eter S/(S + R) H32, which is widely used for estimation of the thermal
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Fig. 6. Increase in the thermal maturity with adepth measured as random vitrinite reflec-
tance {a) and random inertinite reflectance (b) for the Mikulov Marls,

maturity (Farrimond et al., 1998) particularly within the early stages of
the maturation reaches 0.52 at a depth of 3491 m. The corresponding
vitrinite reflectance is 0.7 R, % in Mikulov Marls. According to Schoell
et al. (1983), the equilibrium for the 32 hopanes occurs at a vitrinite re-
flectance of cca 0.5% Observed shift can be related to the small number
of particles available for vitrinite reflectance measurement,

The data from petrographic maceral analyses were plotted to the
ternary plot (Fig. 7) based on Littke and Sachsenhofer (1994). The
Mikulov Marls are interpreted as the basinal facies of the Upper Jurassic

inertinite

Fig. 7. Petrographic compaosition oforganic matter in the Mikulov Marls source rock on the
ternary plot according to Littke and Sachsenhofer (1994).

continental slope (Picha et al, 2006). The maceral composition with
prevailing alginite, low vitrinite and inertinite suggest that the Mikulov
Marls were deposited in the marine environment with important role of
upwelling processes.

5. Conclusions

Organic petrographic investigation on the Jurassic Mikulov Marls
reveals that organic matter is homogeneous in composition. The domi-
nant maceral group in all examined samples are macerals from liptinite
group namely - liptodetrinite, alginite, bituminite. The alginite consists
mainly of lamalginite, derived from colonial planktonic or benthonic
algae. The amount of the terrigenous maceral such as vitrinite and
sparinite is extremely low (average 11%). Based on these observations
the organic matter in the Mikulov Marls belong to the kerogen type II.
The fact restricts the use of the CPI parameter for thermal maturity.
The CPI is an index used for evaluating the thermal maturity of source
rocks. In the case of the Mikulov Marls, however, CPl cannot be used be-
cause the proportion of organic matter from terrestrial plants is minor
and its initial value is very low (1 to 2). For these reasons, it is not pre-
dictive of the thermal maturity of the organic matter present and thus
even does not correlate with other parameters of thermal conversion.

The maceral consistency in all examined samples allowed an evalu-
ation of thermal maturity using Ts/(Ts -+ Tm) and hopane isomerization
ratios. The beginning of the oil window was positioned at 3491 m based
on hopane isomerization. At this depth the S/(S + R) (31 index reach
0.52 and Ts/(Ts + Tm) is equal to 0.37. The corresponding vitrinite
reflectance for the beginning of oil generation is 0.7 R, % and inertinite
reflectance 1.8%. The parameter Ty, varies at the depth 3491 m from
423 to 436 °C. The low correlation between parameters in the shallower
depth (0-3500 m) is explained as the effect of the immature organic
matter,
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Abstract Coaly malerial enters various environmental
compartments from different emission sources and on
diverse pathways. The complexity of both the emission
processes and the quality of contamination in the Ostrava
region avoids a simple source correlation for coal-derived
pollution. Hence, this study focused on the application of
different geochemical approaches for source apportionment
using bulk parameters, aliphatic biomarkers and source-
specific PAH ratios. Major aim was to prove the effec-
tiveness of the applied methods for characterizing the
impact of coal-derived contamination in complex emission
systems such as in the Ostrava region. Individual emission
sources were discriminated sufficiently by TOC vs. TEH
relationship and two-dimensional comrelations of PAH
ratios. Additionally, aliphatic biomarkers revealed indi-
vidual signatures for all classes of samples and pointed to a
widespread distribution of fossil material also in the
hydrosphere. On the contrary, indicative PAH ratios doc-
umented a dominance of pyrogenic over petrogenic-
derived organic matter in the lake sediments investigated.
These contradictory descriptions demonstrate clearly that
only a comprehensive application of different marker sys-
tems allows a detailed view on the quality and quantity of
coal-derived pollution. Lastly, it remains unclear whether
coaly material in aquatic sediments acts as sink or source
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for PAHs. A proposed indicative marker, the ratio of
phenanthrene over retene, failed.
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Introduction

The usage of coal as fossil fuel results in a huge impact on
the environment, where the emission of coal material and
associated pollutants is of elevated environmental rele-
vance. Coaly material enters environmental compartments
from different emission sources and on diverse pathways.
Atmospheric deposition, leaching from waste deposits and
direct emissions from mining areas are the main pathways
on which coaly material and associated pollutants enter the
aquatic environment. Interestingly, studies on coal particle
emission to the aquatic environment are less reported and
focused on heavily affected regions like harbors or coal
production sites. Further on, dominantly the association of
coaly material with corresponding pollutants, in particular
polycyclic aromatic hydrocarbons PAHs has been investi-
gated (e.g., Ghosh et al. 2000; Wang et al. 2001; Gu et al.
2003; Pies et al. 2008a).

Coaly malerial spread to the environment might be of
interest not only due to the primary emission of coal-spe-
cific pollutants (e.g., Achten and Hofmann 2009), but also
due to its role in sorption and transport of pollutants as a
secondary aspect of environmental relevance. Several
studies pointed to coal particles as major domain for
accumulation of lipophilic contaminants, in particular
PAHs (e.g., Yang et al. 2008). Since PAHs are both con-
stituents of coals and widespread distributed pollutants
from other source (e.g., in situ formation by pyrolytic
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processes), an unambiguous designation of coal-associated
PAHs as intrinsic pollutants or migrated contamination has
been reporied only very rarely (e.g., Achten et al. 2011).

From a chemical point of view, coal-derived emissions
are not homogeneous. It has been pointed out that some
intrinsic properties (e.g., maturity, maceral composition)
affect the chemical composition of the coal and its
releasable contamination (e.g., Stout and Emsbo-Mattingly
2008). Further on, secondary processes, that coal material
is subjected to after release from its natural seams (e.g.,
weathering, technical production and leaching), alter also
the coaly material. Hence, both the composition of emitted
pollutants and the adsorption properties of environmentally
relevant coaly material vary highly.

Noteworthy, in old mining areas coal particles have
different environmental fates resulting in different chemi-
cal compositions and contamination potentials. This
accounts also for the Upper Silesian Coal Basin as one of
the larger bituminous coal basins in Europe where the
mining history started in the second halfl of the nineteenth
century with extensive production increase in the
1950-1970s (Stary 2004). The average annual coal pro-
duction is currently around 12 million tons. The barren
rock from the mines amounts to 0.65 billion tons since
1963 (Martinec et al. 2006) and is partly left in the mines as
backfill, partly taken to the surface and dumped on the
spoil banks, as well as used for other purposes, e.g.,
landfills.

In the Ostrava region, as part of the Upper Silesian Coal
Basin area, the massive transfer of material from the mines
to the surface results in a modified landscape with subsided
depressions, accumulated spoil heaps, and associated flow
of mining water into the rivers and mine gas transfer to the
atmosphere. In particular, the spoil banks and settling lakes
become primary objects of remediation since they are
suspected to have an elevaled contamination potential for
the Ostrava region.

These spoil banks are highly individual in composition,
age, position in the landscape and industrial sources of
contaminants. The barren rocks in the spoil banks consist
of conglomerates, sandstones, graywakes, arcoses, sill-
stones and shale’s of mainly Carboniferous and party
Cretaceous-to-Miocene age excavated from the collieries.
Carboniferous barren rocks include coal particles ranging
from centimeter to micrometer size. The barren rocks are
deposited together with the process water in the settling
lakes as fine-grained flotation and coal slurry. The coal-to-
country rock ratio in the spoil banks is controlled by the
petrographic composition of the exploited layer, mining
technology. and the coal beneficiation treatments used.

Besides potential emissions from spoil banks and other
deposits also contamination by fly ashes are suspected as
the result of coal combustion processes. Coal has been used
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in electrical power plants in this area since 1850 and huge
amounts of fly ashes have been dumped for decades.

In order to characterize or distinguish emission sources
some organic geochemical approaches have been used.
With respect to fossil material the analysis of indicative
hydrocarbons are preferred. On the one hand, specific PAH
ratios have been intensively used to distinguish petrogenic
and pyrolytic emission sources in various environments
(e.g., Barra et al. 2008; Wang et al. 1999, 2012; Ding et al.
2007; Pies et al. 2008b; Zhang et al. 2008, Lehndorff and
Schwark 2009; Halek et al. 2010; Navarro-Ortega et al.
2011; Hu et al. 2011; Shukla et al. 2012; Tay and Biney
2013). Particularly, Yunker et al. (2002) investigated very
detailed the effectiveness and practicability of individual
PAH ratios as proxy for differentiating diverse pyrolytic
sources from petrogenic pollution in sediments and soils.
On the other hand, also aliphatic hydrocarbons, in partic-
ular n-alkanes, hopanes and steranes, have been used to
trace the impact of contaminations by petroleum or coaly
material (e.g., Aboul-Kassim and Simoneit 1995; Faure
et al. 2000; Yunker and Macdonald 2003; Faure et al. 2006;
Farias et al. 2008).

The complexity of both the emission processes and the
quality of contamination in the Ostrava region avoids a
simple source correlation. Hence, this study focused on the
application of different geochemical approaches for source
apportionment ranging from comparison of bulk parame-
ters to specific PAH ratios. Major aim is to prove the
effectiveness of the applied methods for characterizing the
impact of coal-derived contamination in complex emission
systems such as in the Ostrava region.

Methods
Sample material

In autumn 2006 a set of 63 sediment and coal samples from
the Ostrava area were collected. The environmental sam-
ples were taken from different compartments, which were
known or suspected to be influenced by or related to the
coal mining activities. After sampling the particulate
material was stored in hermetically closed glass jars, and
cooled at 4 °C. All equipment used for sampling was
intensively rinsed with solvents prior to usage.

The sampling was aimed to cover all kinds of the coal-
related spots. Accordingly, the sample set can be subdi-
vided into five groups having similar features:

e Coal seams (9 samples, CS51-9) The coal samples from
the two main formation in the Upper Silesian Basin
Ostrava and Karvina covering range of the vitrinite
reflectance from 1.1 to 1.8 % of Ro.
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o Coaly waste deposit (4 samples CWI1-4) Places not
public accessible, containing mixture of eye visible
coal particles from mining with other industrial waste
mainly originating from coking and plants.

e Spoil dumps (15 samples, SD1-15) Mostly remediated
and for recreation purpose used dry land areas on the
former dumps behind coal preparation plants. These
samples contain fine-to-coarse coaly particles unaf-
fected by high-temperature processes. However, a first
group of samples represented dry material (SD1-8),
whereas SD9-15 was characterized as wet material.

o Fly ash dumps (7 samples, FAI-7) Material from the
dumps behind the separators of the particulate matter in
the power plants and steel works. The matrix is built by
cinder and slag partly decomposed and converted to
clay material in the lake.

e Lake sediments (28 samples, LS1-28) Four core and two
surface sediment samples from recreation and fishing
lakes, brooks and a reservoir. These sediments may be
contaminated by the coal emission sources. In the
brooks and other open spots the place was cleaned from
vegetation and first 5 em of the sediment were removed
and the fresh samples were collected.

Chemical analysis of sediments
Bulk analysis

The natural wet samples were dried, pulverized, homoge-
nized and sieved through a I-mm mesh prior to all fol-
lowing analyses (bulk analyses, GC analyses, etc.). All
samples were subjected to elemental analysis of total
organic (TOC), total inorganic carbon (TIC) and total sul-
phur (TS) using an Eltra Metalyt CS 100/1000S apparatus.

Sample preparation

Sample aliquots of 5 g were mixed with anhydrous
Na,SO,, spiked with 25 pL. of internal standard solution
containing 5 ng/mL of o-terphenyl and 10 ng/pL of
androstane. Extraction was performed with DCM/MeOH
(93:7) by accelerated solvent extraction (Dionex ASE® 100
apparatus). The parameters of the ACE procedure were:
temperature 80 °C, static time 8 min, flush volume 60 %,
purge time 100 s and static cycle 1. The raw extracts were
evaporated to dryness under a gentle stream of N», and
redissolved in 10 mL of n-hexane.

GC analysis

For the determination of total extractable hydrocarbons
(TEH) aliquots of 0.5 mL of the raw extracts were dried

and fractionated by liquid chromatography using 2 g of
activated florisil and 2 g of Na,SO, as stationary phase and
hexane as eluent. Polar compounds were removed by this
procedure and the obtained fraction with aliphatic and
aromatic hydrocarbons were subjected to gas chromato-
graphic analyses on an AT 5890 (Agilent Technologies,
USA) equipped with flame ionization detector (FID) and a
FSOT capillary column with non-polar HP5 phase (25 m,
i.d. 025 mm and 0.5 pm stationary phase). The amount
hydrocarbons eluting in the retention time window between
n-Cyy to n-Cyy was calculated by peak integration and
external standard calibration.

GC/MS analysis

Prior to GC/MS analyses an aliquot of 2 mL of the raw
extract was placed on a 2 g silica gel column to separate
the aliphatic and aromatic hydrocarbon fractions by liquid
chromatography using n-hexane and DCM as eluents.
Powder copper was added overnight to the aliphatic frac-
tion in order to remove elemental sulfur.

A Hewlett-Packard 6890N GC with a HP 5973N MSD
operated in the electron impact mode (EIT) was used.
Measurements were performed in full scan mode scanning
from m/z 50 to m/z 550. Samples were injected splitless
onto a HP-1MS capillary column (60 m length x 0.25 mm
id. »x 0.25 pm  film thickness, Agilent Technologies,
USA). Separation was carried out using helium at a con-
stant flow of 1.2 ml/fmin with the following oven temper-
ature program: 50 °C (held for 1.2 min), then at 5 °C/min
to the final temperature of 300 °C (held for 3 min). The
GC/MS interface temperature was held at 280 °C and the
ion source temperature at 280 °C. Identification of the
compounds was based on comparison of mass spectral data
with those of authentic reference materials.

Quantitative data of PAHs were obtained by integration
of specific ion chromatograms using calibration by an
internal standard (o-terphenyl). Results were validated
using commercially available reference material Metr-
anal2. From this validation measurements standard devia-
tions for selected PAHs were determined between 10 and
20 %. Limit of quantitation was 0.05 mg/g. Determination
of hopanes was based on integration of a specific ion
chromatogram (m/z 191), calibrated by androstane as the
internal standard.

Results and discussion
The environment in the Ostrava region is significantly
affected over decades by coaly material as a result of

intensive mining activities. Not only active coal mining but
in particular the coal waste management has to be
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considered as main pollution source. Hence, the type of
coaly contamination differs according to technical treat-
ment or the depositional conditions of coaly waste as
described in the introduction. Geochemical alterations of
coal-derived organic matter in the different sample sets
investigated in this study influenced the chemical compo-
sition. Accordingly, geochemical signatures of different
types of coaly waste samples should be a useful tool to
differentiate environmentally relevant pollution sources.
This forensic approach has been applied by investigating
four different types of coaly waste, comprising coal seam
material, spoil banks, fly ash dumps and an old coaly waste
deposit. Further on, a potential impact on the environment
has been studied by analyses of lake sediments.

Discrimination of sample material by bulk parameters

The geochemical bulk parameters illustrated the variability
and specificity of the five selected sample groups (Table 1).
Overall ranges were 0.2-87.9 % for total organic carbon
(TOC) values, <0.1-7.2 % for total inorganic carbon (TIC)
values and <0.1-2.1 % for sulphur content. However, a
more detailed view on the different data sets derived from
the specific sample groups revealed a more systematic
change of bulk properties.

The samples of the coal seams exhibited elevated TOC
values around 63-88 %, very low carbonate content
(0.1-0.9 % TIC) and also low total extractable hydrocar-
bon yields (20-187 mg/kg TEH). The black sediments
from the coaly waste residues are rich in TOC (43-64 %),
probably due to high amount of carbonaceous malterial.
Also higher TEH (825-1,890 mg/kg) and sulfur values
(0.5-0.7 %) have been measured. Spoil dump samples,
containing abundant visible coal particles. had TOC values
higher than 11 %, variable inorganic carbon values from
almost zero to 7 % TIC, and TEH values of 40-2,428 mg/
kg.

Fly ash dump samples differ totally from the other
sample groups due to very low amount of sulfur and TEHs.
Interestingly, the TOC values detected were not around
zero as expecled for residues afler high-temperature com-
bustion, but ranged from 0.6 to 4.7 %. This fact indicates
that the combustion of coal was either not complete or that
in some cases the material was conlaminated by external
organic matter as a result of long-lasting dumping. The
lake sediments had low TOC values from 0.2 to 9.3 %, TIC
values from 0.1 to 1.6 %, TEH content from the limit of
quantification up to 1,890 mg/kg, and sulphur content
ranging from <0.1 to 2.1 %).

However, although bulk parameters are useful and fast
analytical tools to characterize organic matter samples
differentiation based on one parameter remain insufficient
with respect to more comprehensive environmental
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investigations. Solely the TOC parameter seemed to have a
remarkable potential for distinguishing the different sample
sets due to its broad range of detected values and its
slightly significant differences for individual sample sets.
However, a two-dimensional correlation of these bulk
parameters might act as a more appropriate discriminating
tool.

For these purposes TOC values have been chosen as
primary parameter due to its slight separation potential.
The correlation of TOC with TIC, TS and TEH has been
illustrated in Figs. 1, 2, 3. Correlation of TOC over TIC
(Fig. 1) revealed no individual grouping because TIC cover
a wide range in nearly all subsample sets, e.g., for spoil
dump samples from <(0.1 to 7.2 %. Only a slightly better
correlation was found for TS over TOC (Fig. 2). Generally
a positive and very similar correlation for the coaly
material (SD, CS, CW) was obvious for all samples with
exception of fly ash samples, which exhibited constantly
very low TS values. However, a distinct separation of the
individual sample sets was not achieved.

The highest potential to distinguish the five sample sets
was achieved by the correlation of the TOC and TEH as
illustrated in Fig. 3. The generally more wide spread dis-
tribution of the lake samples reflects the multiple emissions
affecting this aquatic system. All four sample sets, repre-
senting the potential emission sources for coal-related
pollutions in the Ostrava region, showed closer distribu-
tions with either higher TOC or TEH values, respectively.
Interestingly, the TEH values discriminate the dry and wet
spoil dumps from one another. Obviously, dryness results
in loss of extractable hydrocarbons maybe as a result of
evaporation or enhanced aerobic microbial transformation.

Generally, the correlation of the bulk parameters was
used to better classify the studied types of samples. There
is a clear correlation of fairly high sulfur and TEH values
with the TOC in the coaly materials (CS, SD, CW, FA
samples). On the contrary, the lake sediments showed a
significant offset towards lower TOC for similar TS, PAH,
and TEH values. Nevertheless, solely the TOC vs TEH
correlation was appropriate to distinguish between differ-
ent sample sets and, therefore, to discriminate the corre-
sponding potential emission sources of coaly material in
the Ostrava region.

Aliphatic biomarker compounds

For a more detailed assessment of fossil matter-derived
environmental contamination, the investigation of aliphatic
molecular marker substances has been successfully intro-
duced as a geochemical forensic tool (e.g.. Kaplan et al.
1997). Therefore, in this study organic geochemical anal-
yses focused partially on some source-specific aliphatic
biomarker compounds. n-Alkanes and selected isoprenoids
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Table 1 Bulk parameters measured in samples from Ostrava region

Table 1 continued

Sample TIC% TOC % TS % TEH Sample TIC% TOC% TS % TEH
m/m m/m m/m  mgkg nm/m m/m m/m  mg/kg
CSs1 0.3 81.7 0.5 <20 LS13 Core 2: 120140 cm L5 4.0 0.2 421
CSs2 0.4 87.9 0.5 <20 LS14 Core 2: 140-160 cm 0.8 3.8 0.3 266
C83 0.4 87.1 0.6 42 LS15 Core 2: 160-180 cm 0.7 3.1 0.2 243
Cs4 0.4 750 0.6 187 LS16 Core 2: 180-185cm 0.1 0.7 0.0 <20
CSs 0.9 722 1.2 33 LS17 Surface sediment 0.1 13 0.3 910
CS6 0.4 71.9 0.6 66 LS18 Surface sediment 0.1 8.0 0.2 660
C87 0.5 86.3 0.3 <20 LS19 Core 3: 04 cm 0.2 22 0.0 53
C58 0.1 86.4 LS20 Core 3: 4-9 cm 0.1 155 0.2 28
C59 0.1 634 1.4 <20 LS21 Core 3: 9-13 cm 0.1 0.7 0.1 <20
SD1 7.2 232 0.2 132 LS22 Core 3: 13-19 cm 0.1 04 0.0 <20
SD2 0.0 237 0.1 47 LS23 Core 3: 3040 cm 0.1 0.2 0.0 <20
SD3 3.5 15.1 0.1 40 LS24 Core 4: 10-15 cm 0.1 42 0.1 76
SD4 0.9 134 0.1 48 LS25 Core 4: 25-35 cm 0.1 29 0.3 111
SD5 0.0 174 0.1 63 LS26 Core 4: 45-56 cm 0.1 04 0.0 <20
SD6 2.5 15.8 0.2 72 LS27 Core 4: 56-66 cm 0.1 42 0.3 201
SD7 0.8 11.4 0.2 81 LS28 Core 4: 67-81 cm 0.1 8.4 0.3 181
SD8 52 173 02 T2 C5 coal seam samples, SD spoil dumps. FA fly ash samples, CW coaly
SD9 0.1 29.8 04 866 waste deposits, LS lake sediments, T/C total inorganic carbon, TOC
SDI10 Q.2 iy 0.3 664 total organic carbon, TS total sulphur, TEH total extractable
sD11 03 280 02 799 Mydrocurbons
SDi12 0.5 28.3 0.3 1,152
SDI13 1.4 213 0.3 677
SD14 0.1 502 05 1.435 showed characteristic fingerprints (Fig. 4) that allowed to
SD15 0.1 48.1 04 2428 discriminate the various types of samples. In particular,
FAl 312 33 0.0 <35 coal-related samples, lake sediments and fly ash samples
FA2 02 45 0.0 <20 were distinguished based on the signature of their aliphatic
FA3 0.2 46 00 <o [ractions.
FA4 0.1 0.6 0.0 <20 Coal-related samples (coal seam, spoil dump, coaly
FAS 0.3 13 0.0 =20 wasle deposit.) were enriched in n-alkanes in the n-Cy5 to n-
FAG 02 10 0.0 3] C range_wuh a balanced od_d!c.vcn ratm.: of the hcm_m—
FAT 043 47 0.0 <20 logue.s_ Wuh resPect to acyclic isoprenoids the relative
oWl o1 415 06 25 contribution of pristane and phytane were also more or less
cw2 01 434 05 1798 bal_znc_ec‘ij.. Ho_weverl, the ;?—alkznes prelxjiz:.l gver l{f;e .1sopg,—
iy B 450 o di noids indicating only a minor degree of biodegra ation. On
cwa o A7 - - the contrary, lake sediments differ significantly regarding
‘ ) ' ’ their aliphatic signature. Firstly, a high variation within this
LS1 Core 1: 0-30 cm 0.1 9.3 2.0 1.890
subsample set was observed. Further on, n-alkanes were of
LS52 Core 1: 30-40 cm 0.2 6.8 2.1 238 ) & . . .
minor importance, but isoprenoids dominated frequently
L33 Core 1: 40-50 cm 0.1 3.6 1.0 202 ; : : }
this fraction. Solely n-C,; appeared as dominant alkane in
LS4 Core 1: 50-60 cm 0.0 2.3 03 83 : by
numerous samples reflecting the contribution of fresh algae
LS5 Core 1: 60-70 cm 0.1 1.6 0.1 61 .
LS6 Core 2: 0-15 1.2 39 0.1 280 ol
ore £l em ' ’ ’ The pattemm of aliphatic hydrocarbons allowed to dis-
Ls7 Core 2:15-30 em 16 39 0.2 419 tinguish between samples with high contribution of coaly
Lok Core:2: Wdyem 14 0 03 331 material and environmental samples. However, this
Ls9 Core:2: 4560 cm L0 37 03 294 observation does not allow to estimate the contribution of
L5103  Core2: 60-75cm 12 3.9 03 361 coaly malterial to lake sediments, since transformation and
L3111 Core2: 73-00em 09 40 03 468 degradation processes might affect heavily the pattern of
LS12 Core 2: 90-120 cm 1.4 39 0.2 459

aliphatic hydrocarbons in the subaquatic samples.
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Fig. 2 Total organic carbon (TOC) correlated with total sulfur (TS)

Besides n-alkanes and some acyclic isoprenoids a sig-
nificant contribution of the so-called unresolved complex
mixture (UCM) appeared in the gas chromatograms. A
more bimodal shape of the UCM is obvious with slight
variation in samples from coal seams, spoil dump, and
coaly waste residues (Fig. 4). A first maximum in the range
of n-Cy to n-C,y is followed by a second maximum
coeluting with hopanes. Noteworthy, in lake sediment
samples solely the second UCM appears.
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Fig. 3 Total extractable hydrocarbons (TEH) correlated with total
organic carbon (TOC)

A second approach based on biomarker compounds
focuses on the determination of specific cyclic isoprenoids.
Hopane and sterane ratios reflect the thermal maturity of
fossil matter. In this study three hopane and one sterane
parameter have been calculated (see Table 2). These values
provide information on the relative quantity of biogenic but
less thermodynamically stable isomers as compared to
geogenic and more stable isomers. This is, for example,
reflected by the trisnorhopanes for which the transforma-
tion from Ty, to T, with increasing thermal maturity can be
observed leading to an equilibration of both isomers.
Hence, the T, to T, ratio (calculated as TJ/(T, + T,,) starts
at zero and is around 0.5 in the steady-state. Therefore, the
detected values around 0.4-0.5 in the coaly material (see
also average values in Table 2) reflect the thermal maturity
of Ostrava coal. The same range of values (see also average
values in Table 2) in the spoil dumps reflects also the
contribution of fossil matter, the mature coal material. On
the contrary, lake sediments with values between 0.2 and
0.4 (average value 0.31, see Table 2) represent the mixture
of recent and fossil matter, since we can assume that
thermodynamically driven diagenetic processes, which
may produce values of 0.2-0.4, will not occur in recent
sediments. Interestingly, a slightly different view is pro-
vided by the 22R/228 values of higher hopanes. Equilib-
rium value around 0.5 were determined in both coaly
samples and lake sediments. An explanation for these two
different observations might be related to the sensitivity
range of the parameters.

Generally, the aliphatic biomarker compounds were
useful to distinguish coal-related samples from lake
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i i coal seam spoil dump  lake sediment |
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Fig. 4 Selected gas chromatograms of the saturated fraction from samples of different type (asterisk internal standard; 16 = n-Cg)

sediments, but hopane and sterane analyses pointed to the  homologues are calculated as relative amount of parent
ubiquitous appearance of fossil matter, also in the aquatic ~ PAHs to the sum of parent compound and methylated
sediments. Noteworthy, in contrast to all other samples fly  derivatives. The relative proportion of phenanthrene and
ash samples are characterized by a very low contribution of  anthracene (PAHs with mass of 178 Da) ranged in coal
aliphatics to the organic matter. Just minor amounts in the  samples from 31 to 52 %, in spoil dumps from 34 to

range of n-Cs; to n-Cy; were detectable. 41 % and increased up to values between 49 and 78 %
in coaly waste residues and lake sediments (average
Polycyclic aromatic hydrocarbons values see Table 4). A similar trend from lower pro-

portion of parent PAHs in coal and spoil dump samples
A well-established tool for differentiating petrogenic and to prevailing parent compounds in lake sediments and
pyrogenic sources is the two-dimensional correlation of  coaly waste residues was measured for fluoranthene and
source-specific polycyclic aromatic hydrocarbons (PAHs)as  pyrene (PAHs with mass 202 Da) as well as dibenzo-
critically discussed by Yunker et al. (2002). This approach  thiophene (mass 184 Da), indicated also by the average
has been applied also to the Ostrava sample set based on  values (see Table 4). A higher amount of alkylated
quantitative analyses of all abundant 2-5-ring PAHs (phen-  homologues points to a higher contribution of petrogenic
anthrene, anthracene, fluroanthene, pyrene, benz(a)anthra-  PAHs, since pyrogenic PAHs are depleted in substituled
cene and chrysene) and their most prominent methylated  homologues. Hence, these values confirmed a high pro-
homologues. Some compounds of minor concentrations but ~ portion of coal material in the spoil dumps and less
with a high potential for source apportionment (1,7-dim-  coaly matter in the other sample sets. An exception has
ethylphenanthrene, 2,6-dimethylphenanthrene) have been  to be stated for fly ash samples in which only parent
also considered (Yunker et al. 2002). However, it hasto be ~ PAHs were detected mostly and, therefore, values of 1
noted, that PAH ratios have their limitations to act as source  have been determined as the result of the pyrolysis
indicators. Some restrictions are summarized by Katsoy-  processes.
iannis et al. (2007) as well as Tobiszewski and Namiesnik A more precise analyses of PAH sources were derived
(2012). Since most restrictions are related to mixing (e.g., in from two-dimensional correlations of indicative PAH
waste walers) or transport discrimination over long distances  ratios. The most valuable correlations are illustrated in
(e.g., during atmospheric transport), these limitations by  Figs. 5 and 6 and correspond to the critical appraisal by
applying the PAH ratio approach in the Ostrava region  Yunker et al. (2002). Based on the fluoranthene and pyrene
seemed to be of minor importance. proportion, cross-plots with corresponding anthracene and
The quantitative data as given in Table 3 points to a  phenanthrene as well as benz(a)antharacene and chrysene
dominance of phenanthrene in all samples. The highest  ratios as illustrated in Fig. 6 discriminated petrogenic from
values were determined in coals samples (up to 4,860 pg/g)  pyrogenic sources but considered also combustion pro-
followed by coaly waste residues with values between 150  cesses of fossil matier. The same approach was used for
and 400 pg/g. Lake sediments exhibited the lowest  correlations of parent PAH ratios with indicative dimethyl
amounts around a few pg/g. phenanthrene isomers (Fig. 5). Also in these cross-plots,
A first indicative set of parameters are given in  areas were indicative for petrogenic, pyrogenic and mixed
Table 4. The distribution of parent PAHs and methylated  sources.
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Table 2 Specific biomarker

S — Sample TdTs + T 12{231;."2212 + 228 l231231'2‘:’221{ + 228 ggﬁm + Bp
steranes
CS1 0.51 0.58 0.51
CS2 0.55 0.53 0.52
CS3 0.58 0.55 049
C54 0.54 0.51 nd
CS5 0.53 0.56 0.52
CS6 0.35 0.52 0.52 0.52
CS7 0.51 0.54 nd
CS8 0.53 0.52 049
CS59 0.50 0.50 0.50 nd
Average CS 0.53 (£0.02) 0.53 (£0.03) 0.51 (£0.01)
SD1 042 0.58 0.56 0.50
SDs 0.44 0.56 0.50 0.50
SD7 0.44 0.56 0.50 0.33
SD9 049 0.57 0.56 046
SD13 045 0.58 0.58 047
SD14 0.27 0.55 0.61 nd
Average SD 041 (+0.08) 0.57 (£0.01) 0.55 (£0.04) 045 (£0.07)
FAl nd nd nd nd
FA2 nd nd nd nd
FA3 nd nd nd nd
Average FA
CW1 0.34 0.57 0.60 nd
CwW2 0.36 0.56 0.62 nd
CW3 0.37 0.54 0.57 nd
CW4 0.77 048 0.62 nd
Average CW 0.46 (+£0.21) 0.54 (£0.04) 0.60 (£0.02) 0.45 (£0.08)
LS1 0.32 0.54 0.59 045
LS3 0.28 0.52 0.57 045
. . LS5 0.26 0.50 0.59 045
Average values are given with
standard deviations (in brackets) Ls9 0.31 nd nd nd
CS coal seam samples, SD spoil LS14 0.30 nd nd nd
dumps. FA fly ash samples. CW LS16 nd nd nd nd
Cﬂa]y waste depﬂsits. LS lake LS17 0.35 0.57 0.60 0.46
;fd““‘f;:rrimm‘ho . LS18 0.36 054 0.60 0.44
T:,, = l?u-trismrhoppmé; 22R L324 017 a1 062 )
or 228 H32 and H33 = 22(R)- Ls26 0.50 0.50 0.50 nd
or 22(8) Csz- and Ciz-hopanes: LS28 0.22 0.51 0.59 nd
oz or PP-ster = oo or ff- Bvernge 16 031 (+0.00) 052 (+0.02) 0,58 (40.04) 045 (+0.01)

steranes

Due to a restricted number of data points the phenan-
threne/anthracene correlations were of minor significance.
Well separated sample sets were achieved in all other
cross-plots. Coal samples and spoil dumps have been
characterized to be dominantly of fossil matter origin with
some outliners. On the contrary, lake sediments have been
attributed to combustion processes of natural material.
Interestingly, in many cases the fly ash samples plotted in
the region of combustion of fossil matter. The samples of
the coaly waste residues have been linked either with the

@ Springer

lake samples (Fig. 6) or were attributed to both natural
combustion and petroleum sources (Fig. 5). The later cor-
relation points to the restriction of this approach, since the
conclusion, e.g., drawn from the dimethylphenanthrene and
the fluoranthen/pyrene parameters are contradictory. Nev-
ertheless, all cross-plots clearly separated coal samples and
spoil dump samples from Lake sediments and coaly waste
residues. Whereas, fly ash samples represent a unique
sample set. These results indicated only minor coaly
emissions towards the aquatic environment in the Ostrava
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Table 3 PAH content and source-specific PAH ratios

Sample P An FI Py BaA  Ch Anf(An + P) FI/(F + Py) BaA/(BaA + Ch) 1,7-DMP/ P/Ret
[ng/el  [ngfel  [pglel  (pglgl  [pge]l  [ne/e) (2.6+ 1,7-DMP)
csl 2200 27 1020 756 5.7 407 0.001 0.57 0.01 0.23 99
Cs2 2750 3.1 62 128 27 548 0.001 0.33 0.05 022 122
CS3 3570 44 98 208 12 626 0.001 032 0.02 041 20
Cs4 3250 4.1 109 238 31 701 0.001 031 0.04 0.59 45
S5 4860 36 164 362 56 1000 0.001 0.31 0.05 037 36
Cs6 2230 7.1 84 182 o4 475 0.003 032 0.12 0.53 6
Cs7 654 11 41 78 63 181 0.017 0.34 0.26 0.57 16
S8 584 95 161 205 161 165 0,140 0.44 0.49 0.74 5
€S9 9.1 005 13 1.7 0.3 6.4 0.005 0.43 0.04 0.26 108
SD1 18 0.1 1.5 22 05 55 0.006 041 0.08 0.44 54
SDS 15 005 08 1.4 0.2 4.1 0.003 0.36 0.05 0.48 104
SD7 1 005 04 0.9 0.1 25 0.005 0.31 0.04 047 114
SD9 53 03 3.1 5.5 0.9 16 0.006 0.36 0.05 0.44 47
SD13 48 03 2.7 4.9 05 13 0.006 0.36 0.04 0.39 54
SD14 41 1.2 6.3 8.5 48 13 0.028 0.43 0.27 0.75 nd
FA1 208 20 174 129 74 88 0.088 0.57 0.46 0.64 nd
FA2 22 005 03 0.4 0.1 0.1 0.022 0.43 0.50 0.49 nd
FA3 6.0 0.1 0.7 0.6 02 0.5 0.016 0.54 0.29 0.67 nd
CW1 471 42 212 143 38 95 0.082 0.60 0.29 0.45 63
cw2 114 17 52 39 16 26 0.130 0.57 0.38 042 49
CW3 484 40 228 152 42 95 0.076 0.60 0.31 0.39 55
Cw4 142 18 33 25 6.2 26 0113 0.57 0.19 0.39 151
Ls1 20 03 2.9 1.9 0.7 12 0.130 0.60 0.37 0.57 51
LS3 12 02 2.2 1.2 0.4 0.8 0.143 0.65 0.33 0.62 39
LSS 06 0.1 0.9 0.5 nd nd 0.143 0.64 nd nd 180
LS9 22 03 2.8 2.0 0.7 1.1 0.120 0.58 0.39 0.54 30
LS14 33 0.6 49 33 1.1 1.7 0.154 0.60 0.39 0.56 44
LS16 0.1 005 01 0.1 005 0.1 0,333 0.50 0.33 1.00 36
LS17 4.1 04 5.7 4.5 20 3.1 0.089 0.56 0.39 0.73 24
LS18 30 34 60 43 17 21 0102 0.58 043 0.61 157
LS24 10 34 14 10 56 6.3 0.254 0.58 0.47 0.72 38
LS26 15 05 1.6 1.4 0.6 0.7 0.250 0.53 0.46 0.65 110
LS28 51 18 50 44 23 24 0.261 0.57 0.49 0.64 84

P phenanthrene, A anthracenem F{ fluroanthene, Py pyrene, BaA benz(a)anthracene, Ch chrysene, DMP dimethylphenanthrene, Rer retene

CS coal seam samples, SD spoil dumps, FA fly ash samples, CW coaly waste deposits. LS lake sediments

region. The dominant contribution of pyrogenic contami-
nation in the Lake sediments is obvious. However, it has to
be noted that these parameters characterize solely the PAH
contamination. Further on, it has to be noted, that not only
a widespread distribution, but also a long-lasting contam-
ination is evident as indicated by the core sample data.
All these aspects have to be considered for a compre-
hensive characterization of the state of pollution. In this
study, contradicting facts have been observed that PAH in
sediments are dominantly of pyrogenic origin, whereas
biomarkers like hopanes clearly demonstrated the contri-
bution of fossil matter. For an explanation of this

antagonism the chemical composition of the coaly waste
deposit sample might give an interesting clue. As illus-
trated in Figs. 5 and 6, these samples plot at the interface
between sediment samples and coaly samples. This posi-
tion is also evident following the likely environmental fate
for coal material from the seams, towards spoil banks,
followed by dispersion in waste deposits and lastly their
emission in aquatic systems. Based on this appraisal it can
be assumed, that the original coaly material acts as geo-
sorbents accumulating pyrogenic PAH and further lipo-
philic  contaminations over lime and along the
environmental pathways. Hence, exclusively focusing on

@ Springer

170



3220

Environ Earth Sci (2014) 71:3211-3222

Table 4 Relative amounts of PAHs and their methylated derivatives
(178 = sum of phenanthrene and anthracene; 198 = sum of meth-
ylphenathrenes and -anthracenes; 202 = sum of fluoranthene and
pyrene; 216 =sum of methylfluoranthrenes and -pyrenes;
DBT = dibenzozhiophene; MDBT = methyldibenzothiophenes)

Sample 178/178 + 192 2022202 + 216 DBT/DBT + MDBT
CS1 0.44 0.43 0.44

Cs2 0.48 045 0.48

CS3 0.31 0.39 043

Cs4 0.36 041 0.43

CS5 0.41 0.39 042

Cso6 0.52 048 0.46

cs7 033 0.37 0.38

Cs8 033 0.34 nd

CS9 0.32 0.39 0.32
Average CS  0.39 (£0.08) 0.41 (£0.04) 0.42 (£0.05)
SDI Q.37 0.28 0.35

SD5 0.38 0.26 0.32

SD7 0.41 0.25 0.33

SD9 0.37 0.24 0.31

SDI13 0.37 0.24 032

SDIi4 0.34 0.27 0.32
Average SD (.37 (£0.02) 0.26 (£0.02) 0.33 (£0.01)
FAl 1.00 1.00 1.00

FA2 0.68 0.65 L.00

FA3 1.00 1.00 100
Average FA (.89 (£0.18) 0.881 (£0.20) 100 (£=0.00)
CW1 0.61 0.73 0.48

w2 0.67 0.76 0.49

CW3 0.61 0.73 0.48

Ccw4 0.68 0.65 0.49
Average CW  0.64 (£0.04) 0.71 (£0.05) 0.49 (£0.01)
LSI 0.55 0.77 047

LS3 0.60 0.81 0.54

LS5 0.69 nd 0.78

LS9 0.53 0.76 nd

LS14 0.58 0.78 0.50

LSl6 0.65 nd <0.01

LS17 0.49 0.73 0.41

LSI8 0.76 0.87 0.64

L824 0.74 0.77 0.68

LS26 0.78 0.80 0.82

L828 0.75 0.78 nd

Average LS 0.64 (£0.10) 0.79 (£0.04) 0.61 (£0.15)

Average values are given with standard deviations (in brackets)

CS coal seam samples, SD spoil dumps, FA fly ash samples, CW coaly
waste deposits, LS lake sediments

the PAHs leads to the wrong assumption of solely pyro-
genic contamination but neglects the superimposition of
‘natural’ coaly PAH pattern by pyrogenic contributions
over time. Furthermore, this assumption provides the
potential role of coal particles as sink for PAHs in soils and
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Fig. 5 Indicative cross-plots of source-specific PAH ratios (accord-
ing Yunker et al. 2002)

sediments as suggested by several studies (e.g., Wang et al.
2001; Yang et al. 2008).

A potential tool to evaluate whether coaly particle in the
lake sediments of Ostrava region act as sink or source of
PAH might be the comparison of exclusively coaly PAH
with pyrogenic PAH. For this purposes we have discussed
to introduce the parameter phenanthrene/retene as indicator
for additionally absorbed PAH. The idea behind this ratio is
to compare retene (1-methyl-7-isopropylphenanthrene), as
diagenetic product of abietinic acid (a resin constituent in
conifers) and abundant in coals, with the structurally sim-
ilar phenanthrene which is a prominent pyrogenic PAH. An
increasing phenanthrene/retene would indicate an ongoing
accumulation of pyrogenic PAH in coaly material. These
ratios were calculated for those samples in which retene
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Fig. 6 Indicative cross-plots of source-specific PAH ratios (accord-
ing to Yunker et al. 2002)

was detected (see Table 3). Unfortunately, the values var-
ied between 5 and 122 in coal samples and spoil dump
samples. but also between 24 and 180 in lake sediment
samples. Hence, there was no trend and, therefore, no
postulated accumulation indicated by this value. However,
since this parameter has been introduced here for the first
time and, consequently, has not been tested before, the
question whether coals in the Ostrava environment act as
sink or source for PAH remains open.

Conclusions

This study points critically to the application of geo-
chemical indicators for tracing coal-derived contamination
as exemplified for the Ostrava region. The usefulness of
simple bulk parameters, specific organic geochemical
biomarkers as well as indicative PAHs and their relative
abundances has been proven for distinguishing several
potential emission sources of coal-derived contamination.
In Ostrava region material from coal seams, spoil dumps,
fly ash material as well as deposited coaly waste as
potential pollution sources were discriminated well by
TOC vs TEH relationship and two-dimensional

correlations of PAH ratios. Additionally, aliphatic bio-
markers revealed individual signatures for all classes of
samples and pointed to a widespread distribution of fossil
material also in the hydrosphere. On the contrary, indica-
tive PAH ratios documented a dominance of pyrogenic
over petrogenic-derived organic matter in the lake sedi-
ments investigated. These contradictory descriptions dem-
onstrate clearly that only a comprehensive application of
different marker systems allows a detailed view on the
quality and quantity of coal-derived pollution. Lastly, it
remains unclear whether coaly material in aquatic sedi-
ments acts as sink or source for PAHs. A proposed indic-
ative marker, the ratio of phenanthrene over retene, failed.
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Abstract Facies analysis, magnetic susceptibility,
and analysis of grain size, TOC content and isotopes
(1¥7Cs, 2'9pb, P°Ra, 2**Ra, and **U concentrations)
were used to determine the history of the modern
deposits of the Brno reservoir. The sedimentary
succession can be subdivided into two main units.
The lower unit is formed predominantly by medium-
to coarse-grained silty sands and is interpreted as a
fluvial succession deposited before the Svratka River
was dammed. The upper unit consists of brownish
planar laminated silts and rarely of clayey or sandy
silts and is interpreted as a product of the reservoir
deposition. The concentrations of ***U reflect the
history of uranium mining in the upper part of the
Svratka River catchment. As a consequence, >10pp
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radionuclide concentrations cannot be used for
eslablishing a sediment chronology. Concentrations
of "¥7Cs show two marked peaks, the upper of which
is attributed to the Chernobyl reactor accident in
1986, and the lower one is attributed to the maximum
rate ol atomic weapons testing in 1963. From these
peaks, mean depositional rates of 3.2 em year™" for
the time period of 19862007 and of 3.4 cm year™'
between 1963 and 1986 are calculated. Based on the
known age of the reservoir, which was constructed
in 1939, we can also calculate mean depositional
rate for the time period of 1939-1963, which is

3.1 cm year .

Keywords Reservoir deposits - Radiometric dating -
Depositional rate - Hydrological changes -
Human impact

Iniroduction

Artificial lakes and reservoirs are known lo act as
effective traps for fluvial material and may represent
a continuous record of deposition of modern sedi-
ments. Reservoir deposits can be used for the
evaluation of climatic conditions, contamination
history of the area and past environmental changes
caused by both natural and artificial events (Foster
and Walling 1994; Shotbolt et al. 2005; YelofT et al.
2005; Bennett and Rhoton 2007). The sediments
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deposited in reservoirs can, thus, represent a valuable
archive that can be used to reveal the erosion history
of watersheds.

The depositional rate of reservoir sediments is
influenced by various factors (Kashiwaya et al. 1997
Bell 1998; Brothers et al. 2008; Wren and Davidson
2008; Begy et al. 2009) and reflects processes laking
place both in the source and depositional area.
Modern deposits can be dated by several methods
(Walker 20006). Sediment geochronologies based on
the radionuclides '*’Cs and *'’Pb have been estab-
lished for marine, lacustrine and intertidal environ-
ments (Koide et al. 1971; Robbins and Edgington
1975; Smith and Walton 1980; Lynch et al. 1989;
Callaway et al. 19906; Hikanson 2007; Appleby 2008,
Sikorski and Bluszecz 2008; Begy et al. 2009) and
applied to study historical trends of contaminant
emissions at industrial sites, effects of single events,
e.g. a storm surge or flood, and local palaecoclimatic
conditions (Ritchie et al. 1973; French et al. 1994;
Callaway et al. 1996; Kirchner and Ehlers 1998;
Barra et al. 2001; Oldfield et al. 2003; Liider et al.
2006; Bennett and Rhoton 2007; Di Gregorio et al.
2007; Begy et al. 2009). The combined use of '“Pb
and "“Cs for estimating sediment ages has been
strongly recommended because information available
from these tracer nuclides complements each other
(Kirchner and Ehlers 1998), and validation of the
*1%ph-based geachronology by other time markers is
essential (Anderson et al. 1987; Reinikainen et al.
1997: Smith 2001).

The present study focuses on the following: (1)
depositional rate determination of the Brno reservoir
deposits during the last 70 years, (2) definition of a
geochronology of the reservoir deposits using '*'Cs,
219h and other ***U decay-chain radionuclides, and
(3) identification of the role of hydrological processes
in the sedimentary record of this particular reservoir.

Study area

The Brno reservoir was constructed on the Svratka
River during the period of 1936-1939 and was
completely filled for the first time by the summer
flood in 1940. The reservoir has the characteristic
geomelry of the relatively long and narrow basin due
to artificial flooding of the incised river valley. The
flooded valley is relatively broad close to the
reservoir dam, whereas distally it narrows rapidly
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with rather steep walls. The maximum depth of the
artificial lake is 19 m and its length is ~ 10 km. The
total volume of retained water can reach a maximum
of 18.4 million m*, but the constant reservoir storage
volume is calculated at 7.6 million m®, with a
maximum areal extent of approximately 2.59 km?
(unpublished Povodi Moravy data, Vicek 1984). The
reservoir was constructed for several purposes
including stabilisation of the Svratka River discharge,
reduction of the flood effect, electricity production, to
act as a water source, and for recreational and
commercial activities. The Svratka River is the only
important tributary into the reservoir. The other
tributaries are small and mostly ephemeral streams.
The dominant role of the Svratka River for the fluvial
and sediment flux of the dam is demonstrated by the
following data: the reservoir catchment area is
1,575 km?, and the Svratka River catchment area
above the studied reservoir is more than 1,490 km?.
The average annual flow rate below the dam is
8.03 m® s~ ', and the average discharge of the Svratka
River is approximately 8.00 m® s™".

Granodiorites and diorites of the Brno batholith
(Cadomian; Neoproterozoic in age) constitute the
major part of the reservoir bedrock. The areal extent
of younger deposits (Permian, Neogene and Quater-
nary in age) along the reservoir margins is limited
(Miiller and Novak 2000). Input of rock debris from
the steep walls is mainly the result of subaerial
gravitational flows. Moreover, several transverse
erosive short valleys are cut into the walls of the
reservoir. Wind-generated currents and breaking
waves are responsible for erosion of Quaternary
loess and colluvial deposits in the central part of the
reservoir, for cliff retreat and for redistribution of the
material into the basin.

Methods

Our sediment sampling strategy was directed by the
reservoir morphometry, distributions of deposits and
position of the accumulation zone (Shotbolt et al.
2005). The complex bathymetry of the reservoir has
caused complicated sediment distribution patterns.
Therefore, the coring site of the core BP-4 was
located in the upper part of the Bmo reservoir (Fig. 1)
where high trap efficiency potential is presumed. This
was also confirmed by field screening (Francu et al.
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Fig. 1 Sketch map of the .
studied area with the e
location of the coring hole N

2010), which showed that sampling in the central part
of the reservoir would be inappropriate due to the
erosional effect of the stream and regular reservoir
management. The sediment thickness in the central
part of the reservoir (close to the dam) is generally
<1 m (Francu et al. 2010). The distance of the coring
site from the ordinary inflow point, where the
reservoir water level affected the Svratka River
inflow (area of raised walter level) is approximately
2 km. Our drilling was oriented in the path of the
fluvial inflow away from the possible transverse input
of material from reservoir walls. The Svratka River
has an incised meandering fluvial pattern here
(49°15'30.26"N, 16°27'42.05”E and 220.5 + 0.5 m
a.s.l.), and the apical lefi-bank point bar position was
selected for drilling. The coring site was temporarily
accessible due to the exceptional reservoir level
decrease of more than 10 m in the winter to early
spring of 2008 due to a water release to revitalise the
reservoir because of a summer cyanobacterial bloom
made its recreational use impossible.

Sampling was performed in March 2008 using a
Makita vibration hammer and Eijkelkamp coring
tubes. The obtained core of 292.5 c¢cm in length was
placed into a plastic sleeve and divided immediately
into two equal paris. One part of the core was frozen
and stored, and the other part was photo documented,

1.6 km 2
[ S S S S —_r jj -?_/_/\
Z  Germany

»Z

Bmo

lithologically described and subdivided into 121
samples, each about 2.5 c¢m thick.

Facies analysis, magnetic susceptibility, analysis
of grain size, TOC content and both '*’Cs and *'°Pb
concentrations were used to establish a geological
framework of the core. Grain size was measured by
laser diffraction methods using a Cilas 1064 granu-
lometer for the 0.0004-0.5-mm fraction. Ultrasonic
dispersion and washing in sodium polyphosphate
were used prior to the grain size analyses to avoid
flocculation of analysed particles. The average grain
size is demonstrated by the graphic mean (Mz) and
the uniformity of the grain size distribution by the
standard deviation (ol) (Folk and Ward 1957).
Lithofacies analysis followed the rules of Walker
and James (1992), Tucker (1988) and Nemec (2005).
Environmental magnetic susceptibility (MS) was
measured as mass susceptibility (z) in 107 m?
kg™! using an MFK1-FA Kappabridge at a magnetic
field of 200 A m™"in the AGICO, Ltd. For further
summary of magnetic parameters and terminology,
see Evans and Heller (2003). All samples were
subjected to elemental analysis of total organic
(TOC) and inorganic carbon (TIC) using a Metalyt
CS 1000 S apparatus (ELTRA GmbH, Neuss,
Germany). The method of total carbon assessment
is based on the infrared detection of carbon dioxide
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released by combustion at 1,200°C. Inorganic carbon
content is measured as carbon dioxide exhibiting
phosphoric acid acidification. Subtracting the inor-
ganic carbon from the total carbon yielded TOC.
Historical changes of organic pollutant levels were
studied throughout the core by Franct et al. (2010).
The magnetic susceptibility values were not corrected
for the diluting effect of organic carbon as TOC
levels were low.

Maximum daily discharge measurements from the
period of 1939 to 2007 were evaluated (unpublished
Povodi Moravy data) for the gauging station
Veverska Bityska at 228.1 m a.s.l., which is located
approximately 2 km upstream from study site.
Continuous data from the 68-year period of the
dam’s history were analysed using the Pearson
method (Brazdil 1995).

For the gamma-spectromelric analyses, a high-
purity Germanium well detector with a relative
efficiency of 36.6% and a usable energy range
between 40 and 2 MeV was applied. Sediment
samples were dried, homogenised and loaded into
glass vials prior to measurement. Depending on the
mass of sediment available, measurement times
varied between 1 and 6 days to limit some statistical
counting uncertainties for all of the radionuclides in
our range of interest. In addition to the anthropogenic
s (with a gamma energy of 661.7 keV), activity
concentrations of natural “'’Pb (46.5 keV), ~"Ra
(via its decay product “®Ac at 911.2 keV) and U
(via its short-lived decay products ***Th at 63.3 keV
and Z*™Th at 1001.0 keV) were determined. For
*°Ra, its 186.2 keV decay energy was used after
subtraction of the contributions of ***U at this energy,
which were determined from the 143.8 keV energy of
this uranium isotope. This procedure was preferred to
the measurement of ***Ra via its short-lived progeny,
219Pb, because loss of some *Rn from the glass vials
could not be excluded. Count rates were corrected for
summation effects where necessary.

Radionuclide chronology

The radionuclide "*'Cs (30.1 year half-life) is artifi-
cially produced by a nuclear fission processes. The
nuclear weapons tests performed in the atmosphere
between 1945 and 1980 caused global dispersion and
deposition of this radionuclide. Due to the varying
annual number and yield of atmospheric tesls,
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deposition rates in the environment showed a pro-
nounced maximum in 1963 (UNSCEAR 2000).
Because ''Cs is strongly associated with minerals
(Alberts et al. 1989), the 1963 weapons testing peak
has been preserved in most sediments to the present.
In much of Europe and the Middle East, deposition of
'47Cs originating from the Chernobyl reactor accident
in 1986 provides a further time marker that may be
even more pronounced than the 1963 weapons peak.

The use of the natural isotope *'"Pb (22.3 year
half-life) is based on its removal from the atmosphere
by precipitation and integration into sediments where
it subsequently decays (o the stable isotope ***Pb. In
addition to this atmospherically derived 21 (often
called excess or unsupported *'"Pb), which is used for
dating. there is a background concentration of this
isotope (called supported *'°Ph) originating from the
*2°Ra present in the sediment minerals.

There are two standard approaches to estimate
sediment ages and sedimentation rates from the
activity concentrations of excess *'’Pb measured in
a sediment core, the constant mitial concentration
(CIC) and the constant rate of supply (CRS) model
(Appleby 2001). Both models are based on the
assumption of a constant annual flux in the density of
excess ~''Pb fixed to particles across the water—
sediment interface. The CIC model is applicable if
sedimentation rates and sediment densities are also
time invariant. For such a stationary sedimentation
regime, excess - Pb shows an exponential decline
within the sediment, which reflects its sedimentation
rate. The CRS model focuses on varying sedimenta-
tion rates. Sediment ages are derived from the
fraction of the depth-integrated excess >'Pb present
above the position considered. Thus, any deviations
from an exponential decrease with depth of excess
21%Ph are interpreted by the CRS model to reflect a
variation of the sedimentation rate.

Results
Facies analyses and depositional environment

The sedimentary succession can be subdivided into
two main units (Fig. 2). The lower unit lies below a
depth of 199.5 cm. Brown, greyish to greenish
medium- to coarse-grained silty sands predominate
within this unit. Sand is usually poorly sorted with
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Fig. 2 Lithological profile of the studied core, facies distribution, total organic carbon (TOC) content, magnetic susceptibility (MS)
values and the concentrations of '*'Cs throughout the studied profile

some admixture of granules and a reduced occurrence
of plant detritus. The bases of sandy beds are
irregular or gradational. Sandy sill laminae with
abundant plant detritus are sometimes intercalated in
sandy facies. This unit is interpreted as fluvial
succession deposited before filling of the dam from
the contact and saltation load (bedload). This fluvial
unit can be further subdivided into two subunits. The
lower subunit (218.5-292.5 cm) comprises thicker
(10-30 cm) beds of poorly sorted sand with reduced
content of plant detritus (facies S2). This subunit was
interpreted as a product of lateral accretion of fluvial
material on the point bar (associated with the
migration of the thalweg towards the right cut bank
of the Svratka River in this part of the valley). The
upper subunit was recognised at a depth of
199.5-218.5 cm and is formed by thin (<5 cm)
sandy beds (S1 facies) alternating with silt laminae
(M2 and M1 facies). Facies changes represent the
alternating periods of quiet deposition (facies M1, M2)

and more agitated deposition, with the migration of
flow ripples and small dunes (facies S1). The
formation of this subunit is interpreted as a response
of the start of reservoir filling and the possible impact
of the several floods during the initial reservoir water
infill period of 1939-1941. This interpretation is
supported by the upward coarsening trend of the
subunit and the absence of fluvial sediments higher
in succession. Three factors suggest that the initial
prograding deltaic deposition in the marginal zone of
the reservoir did not influence deposition at our study
site, and these factors include the distance between
our study site and the area of raised water level, the
abrupt change in the grain size at the start of the
deposition, and the lack of evidence for instability
and slumping.

The upper unit (above 199.5 ¢cm) consists of
brownish, grey to greenish planar laminated silts and
rarely of clayey or sandy silts. Graphic mean Mz (17
samples) varies between 0.025 and 0.012 mm (average
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0.018 mm). Silts are relatively poorly sorted: their ¢l
varies between 1.3 and 1.7 ¢ (average 1.5 ¢). Thin
sandy interlayers and sand admixture occur especially
in the lower part of the succession (depths of 101-116.5
and 169-180 c¢m). Planar lamination is connected with
alternation of slightly coarser and lighter laminae and
those which are relatively finer grained and darker
(higher content of organic matter). Two facies (M1 and
M2) were selected according to the content of plant
detritus and colour. The MI facies is notably darker
due to higher organic content (mainly plant detritus)
than the lighter coloured M2 facies. Alternation of
these facies can be followed within the succession. The
upper unit is interpreted as the post-dam phase with
sediments deposited mainly from graded and uni-
formly suspended loads. Alternation of the M1 and M2
facies and the presence of some intercalated sandy silt
layers indicate the impact of various natural and
anthropogenic processes alfecting reservoir deposi-
tion. Such processes include variations in seasonal
fluvial discharge (especially occasional floods), the
annual vegetation cycle, variations in agricultural and
industrial activities in the surrounding areas and
fluctuations in the reservoir water level. Relatively
monotonous facies arrangement and grain size within
the upper unit point to generally stable sedimentary
environment. Considerable consistency in particle size
distribution throughout the upper unit of the core
demonstrates that reservoir drawdown events have not
resulted in redistribution of coarse sediments. The
upper unit sediments were deposited in the reservoir
accumulation zone and do not represent any type of
marginal sediments affected dominantly by processes
other than those involved in reservoir deposition. Input
from rain splash and slope wash was nol recognised
because such processes preferentially remove fine
particles, though coarser sediments may also be
removed during high-intensity rainfall events or from
steeply sloping marginal deposits (Shotbolt et al.
2005).

Organic carbon content and magnetic
susceptibility

Changes in total organic carbon (TOC) content and
environmental magnetic susceptibility (MS) through-
out the profile reflect major changes in conditions
during sedimentation. The lower fluvial subunit (below
218.5 e¢m), which is interpreted as being deposited by

@ Springer

lateral fluvial accretion on the point bar, shows the
lowest TOC content (typically <I%) with a slight
increase towards the top (Fig. 2). In contrast, MS
values are high (usually >290.107" m” kg™") with a
maximum of 407.107" m® kg™ ' at the depth of
240 cm. Changes in MS reflect different inputs of
ferromagnetic minerals from the Svratka River calch-
ment, which correspond to changes in the grain size of
sediments. Low organic carbon content is typical for
fluvial deposition; its vertical increase may reflect
shallowing of water due to lateral accretion on the point
bar. The upper fluvial subunit (218.5-199.5 ¢m) shows
a slight increase of TOC at its base, followed by its
gradual decrease up to 210 em and finally a rapid
increase upto ~ 3.5% at its top. This fluvial subunit has
the lowest MS values of the entire profile, reaching
levels of ~150.107" m® keg~'. These variations indi-
cate discharge changes in the time of the initial water
filling of the reservoir.

Reservoir sediments (above 199.5 ecm)reflectcyclic
changes in both TOC and MS. These usually show
negative correlations because higher organic carbon
contentimplies a low energy sedimentary environment
allowing deposition of fine-grained organic material.
Conversely, larger and heavier ferromagnetic minerals
are eroded and transported primarily during higher
discharge events and deposited during more dynamic
conditions. Variations in TOC and MS content are
principally related to the discharge changes throughout
the reservoir history. Large flood events or reservoir
level drawdowns can be especially important.

MS can also be used for identification of the
reservoir accumulation zone (Shotbolt et al. 2005).
The zone is characterised by fine sediment deposited
under low-energy conditions with no reworking and
continuous stable sedimentation. The replicability of
magnetic characteristics of core profiles was often
used to identify this zone (Blais and Kalff 1995).
There is visual similarity of the MS profiles of the
studied core with published MS profiles from cores
drilled approximately 1 km down in the studied
(Sedldcek and Babek 2009), which further confirms
that coring site was located in the accumulation zone.

Hydrology
Depositional rates in artificial lakes are generally

proportional to rainfall intensities (Kashiwaya et al.
1997). The highest fluvial discharge of the Svratka
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River at the gauging station Veverska Bityska during
the studied 68-year period was 240 m* s~' (March
10, 1941). Variations in fluvial discharges can be
used to evaluate the significance of floods for the
reservoir infill. Analysed data from the 68-year
period of the dam history are presented in Table 1.
Significant differences between the maximum and
average fluvial discharge favour variations in volume
and grain size of transported material being succes-
sively deposited within the reservoir. This also affects
the other proxy data, such as TOC, MS and concen-
trations of radionuclides originating from atmo-
spheric deposition within the sedimentary sequence.
Furthermore, strong seasonal variabilities are
expected to result from the noticeable differences in
discharge between the late winter/spring and autumn
periods. These differences are typical for rivers with
their upper catchment reaches in a humid climate.
Here the maximum discharges mostly appear during

the longer periods following snow melting (mostly in
the period from February to April) and in some short
periods following summer thunderstorm events with
higher precipitation rates (from June to July). During
autumn (October to November), the reduced dis-
charge connected with lower precipitation prevails in
Central Europe.

Fluctuating water levels represent serious limita-
tion for continuous deposition in the reservoirs and
impact on the sedimentary record. Moreover, changes
in the location of the water’s edge effectively extend
and change the area of sediment exposed to redis-
tributing processes. The extent and frequency of
drawdown during the last 43 years (i.e. 1965-2008)
can be followed according to data from the Povodi
Moravy state enterprise. Annual water-level fluctua-
tions are approximately 3—4 m, and only 5 fluctua-
tions of approximately 5 m were recognised during
this period, with the minimum measured level at

Table 1 Maximum fluvial discharges (Qmax.) during the studied years and their return value (T)

Year Qmax. T Year Qmax. T Year Qmax. T
[m"fsj [m"f’sj [l]‘lijJ

1939 69.90 242 1962 116.00 507 1985 123.00 5.93
1940 126.00 649 1963 20.60 1.06 1986 108.00 4.16
1941 240.00 100.12 1964 23.40 1.11 1987 105.00 3T
1942 47.00 1.52 1965 55.40 1.75 1988 91.20 3.2
1943 27.40 1.14 1966 56.20 1.84 1989 58.90 2.06
1944 75.20 2.6 1967 50.30 1.59 1990 22.10 1.09
1945 134.00 7.98 1968 40.00 1.29 1991 18.10 1.01
1946 170.00 2597 1969 74.60 251 1992 63.00 10.37
1947 169.00 18.79 1970 55.00 1.71 1993 61.50 2.26
1948 100.00 3.52 1971 38.30 1.25 1994 53.80 1.66
1949 43.70 1.37 1972 37.00 1.22 1995 59.10 212
1950 44,60 14 1973 18.10 1.03 1996 55.60 1.79
1951 51.20 1.63 1974 42.10 1.34 1997 115.00 4.72
1952 49,00 1.55 1975 59.50 2.19 1998 78.40 2.81
1953 106.00 3.92 1976 85.50 1.26 1999 110.00 4.42
1954 42.00 1.32 1977 140.00 12.19 2000 91.20 3:38
1955 121.00 547 1978 30.10 1.16 2001 21.70 1.07
1956 128.00 7.16 1979 82.00 293 2002 56.90 1.89
1957 57.00 1.94 1980 46.20 1.49 2003 135.00 9.02
1958 24.40 1.125 1981 148.00 14.79 2004 58.00 2
1959 18.40 1.04 1982 76.20 23 2005 137.00 10.37
1960 39.00 1.27 1983 46.00 1.46 2006 192.00 40.98
1961 35.40 1.18 1984 45.30 1.43 2007 36.60 1.2
T—return value
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2223 m asl. Our coring site was located at
2205 £ 0.5m asl, ~25m below the constant
reservoir water level (i.e. 223.1 m as.l.). The reser-
voir water-level fluctuation data shows that this
coring site was first subaerially exposed during the
2007/8 winter and spring, when the waler was
released more than 5 m below the conslant reservoir
level.

Results of the grain size and MS study reveal that
water-level fluctuations did not resull in significant
disturbances of studied deposits. Although drawdowns
could sometimes have affected the coring site, no
significant role of marginal and shallow water pro-
cesses (wave action, rain splash and slope slaps) and
redistribution of coarse material into the basin was
recognised in the core. For much of the drawdown
periods, there could only have been low and predom-
inantly fine inputs of sediment to the submerged area
where the coring site was located. An important role in
such a limited redistribution of material from the
studied position might be played by the time of the
drawdown period (usually winter) and cohesiveness of
bottom sediment, which limited erosion.

Radiometric dating and depositional rates

Trace concentrations of '*’Cs have been detected
down to a sediment depth of 165 cm. The depth
distribution of this anthropogenic radionuclide shows
two marked peaks (Fig. 3). These can be unambig-
uously attributed to deposition of "7Cs from the
weapons testing fallout maximum in 1963 (at the
142.5-145.0-cm depth) and from the Chernobyl
reactor accident in 1986 (at the 65.0-67.5-cm depth),
respectively. From these peaks, mean depositional
rates of 3.2 cm year ' for the time period of
1986-2007 and of 3.4 cm year™' between 1963 and
1986 are calculated. These results indicate that the
sedimentation regime has been almost constant for
the last 45 years. From the change in the sediment
composition at 218.5 cm, which reflects the known
start of reservoir filling in 1939, we can calculate a
mean sedimentation rate of 3.1 cm year™' for the
time period of 1939-1963.

In general, the concentrations of ***U show higher
values in the upper half of the analysed core than
below, with a marked peak at the 130.0-132.5-cm
layer. Using the 1970 chronology, this layer corre-
sponds to the year 1967 (Fig. 3). Such a peak is also
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present for “*°Ra at the same position, but no
concenfration increase was measured for ***Ra
(Fig. 3). This suggests uranium-mining residues as a
likely source of increased radionuclide concentrations
at the 130-140-cm depth because such material is
commonly enriched in ***U and ***Ra, but not in
*2Ra, a member of the *’Th decay chain. This
interpretation is supported by the results of a
Spearman’s rank correlation test, which showed no
significant association of the concentration of “**Ra
and “U  within the analysed sediment core
(one-sided, r, = —0.077, p » 0.05).

Concentrations of unsupported >'°Pb are highly
scattered, showing almost no relationship with sedi-
ment depth (Fig. 3). Spearman rank correlation tests
result in highly significant associations of the ***U
concentrations within the analysed core with both total
and unsupported *'"Pb (one-sided, p < 0.001, with
r, = 0.854 for total and r, = 0.675 for unsupported
21%Ph). This finding indicates that the major source of
both *'Pb fractions is material enriched in uranium
and its decay products and not deposition from the
atmosphere. This conclusion is supported by the fact
that like U and **“Ra, both *'°Pb fractions show
marked peak concentrations in the 130.0-132.5-cm
layer.

The CRS model available for depth-to-age con-
version of unsupported *0py showing a non-expo-
nential decline with depth within a sediment core is
based on a time-invariant flux density of this tracer
radionuclide across the water-sediment interface.
This assumption, which has been validated for
*1%b deposited annually from the atmosphere (Ture-
khian et al. 1977; Rangarajan et al. 1986), becomes
highly questionable if the dominating source of
unsupported *'°Pb in the sediment is likely to be
uranium ore mining residues. Because the CRS
model erroneously converts variations in time of the
flux density of unsupported *'“Pb into the sediment
into variations in sedimentation rates, 210ph concen-
trations in the Brno reservoir sediment cannot be
applied for establishing a geochronology.

For the uranium decay chain members fgad U7
22%Ra and total 2'"Pb), but not for ***Ra, there is a
pronounced step increase in concentrations above the
~ 210-cm depth, followed by another less pronounced
increase above the ~ 150-cm depth (Fig. 3).

In the upper part of the Svratka River catchment,
underground uranium ore mining commenced in
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Fig. 3 Activity
concentrations of the
radionuclides of interest in
the sedimentary profile. For
219p_ the supported and
unsupported fractions are
displayed separately.
Uncertainties are usually
<20%
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1957 (ore deposit Roznd) and in 1959 (ore deposit depth corresponds to the years 1960 and 1961, which

OIs1), producing extensive amounts of pit tips and pit is in excellent agreement with the initiation of these
waters. Based on our '#’Cs-based geochronology, the industrial activities. The increase of these radionuc-
increase of **U, °Ra and *'°Pb at the ~150-cm lides at ~210 cm is likely to reflect changes of the
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watershed flow regime caused by the reservoir dam
construction.

According to the Czech Hydrometeorological
Institute, enhanced discharge in late winter 1966/67
caused a major redistribution of pit tips in the upper
reach of the Svratka River catchment. This event is
reflected in the marked peak of U and its decay
products in the 130.0-132.5-cm layer. Its "¥'Cs-
derived age shows exact correspondence.

Discussion

Detailed stratigraphic analysis has enabled us to track
the sedimentary history of the reservoir infill in detail
and to postulate the processes involved in this
deposition. Sedimentation rates in reservoirs vary
greatly. Phillips and Nelson (1981) described the
average sedimentation rate of the artificial Lake
Matahina at approximately 20 mm year'. Similarly
Mulholland and Elwood (1982) suggested an average
sedimentation rate for reservoirs of around
20 mm ycar*'. Van Metre et al. (2001) found
sedimentation rates in eight US reservoirs to vary
between 6 and 66 mm year™', and Shotbolt et al.
(2005) declared that the average sedimentation rate
for UK reservoirs lies between 3 and 54 mm year™'.
Our analysis shows that the sedimentation rate was
relatively high in the case studied here. A higher
sedimentation rate limits the lime that sediment
spends at the reactive sediment—waler interface.

Our study is based on a single core, so it cannot
represent the sedimentation rate for the entire reser-
voir basin, but our results proved that the recorded
sedimentary processes reflect deposition in an accu-
mulation zone (Shotbolt et al. 2005) and, thus,
sediments from the upper part of reservoirs with
high trap efficiency potential can also produce
valuable information. Mean depositional rates of
3.2 em year™ ' for the time period of 1986-2007 and
of 3.4 cm year™' between 1963 and 1986 were
calculated. The step increase of ***U, ***Ra and
219ph above the 210-cm depth likely reflects reservoir
completion and water filling (1940-1941). This could
result from adsorption of the radionuclides to sus-
pended organic material because TOC shows a
parallel increase (Fig. 2). However, the almost
unchanged concentrations of 228Ra (and thus 27’zTh)
in the sediment indicate that an increased transport of
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uranium-rich minerals by the watershed and into the
reservoir is likely to be of higher importance.

Although the sedimentation rates in the Brno
reservoirs were relatively stable during the last
68 years, some slightly enhanced and decreased rates
can be observed. Variations in depositional rate are
primarily affected by fluctuations in sediment supply.
According to Kashiwaya et al. (1997), the deposi-
tional rate in the reservoirs is roughly proportional to
the rainfall intensity. Precipitation is related to
surface erosion and sediment transport, although this
relationship is obliterated by other factors, such as
erodibility of the surface material, geology and
geomorphology of the catchment area, precipitation
season, etc. Depending on the energy of the flood-
walter, the reservoir sediments can be eroded as well
as deposited. Floods are often the most dominant
sediment contributor to the reservoirs (Zhang et al.
1998). A higher sedimentation rate can be connected
with a greater role of stratified flows during the
floods, whereas non-stratified flows dominate under
normal flow conditions (Shotbolt et al. 2005).
Therefore, the flood events are recorded not only
from the changes of sediment type, but also from
changes in depositional rate. Occurrence of thin
sandy interlayers and sand admixture within the
predominantly silty deposits of the reservoir in the
studied profile (depths of 101-116.5 and
169-180 ¢m) could point to higher fluvial discharge
during the flooding periods.

Maximum fluvial discharge can be used for
evaluation of the significance of flooding for reservoir
infill. Depositional rates of the studied reservoir
deposits can be compared with periods of higher
fluvial discharge of the Svratka River. The highest
occurrence of pronounced flood events (i.e. >5-years
water) was documented for the period from 1939 to
1963, and this period exhibits a slightly lower
depositional rate. The highest depositional rate was
observed for the time period 1963-1986, which is the
period with the lowest occurrence of pronounced
floods (Table 2). Gasiorowski and Hercman (2005)
showed that the proximity to the major river channel
and a position close to the mean water level are most
suitable for the direct recording of the flood events.
The inverse relationship of the depositional rate and
the occurrence of pronounced floods further confirms
that sediments in the studied core were not affected
by redepositional processes and reflect a uniform
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Table 2 Occurrence of pronounced flood events (i.e. >5-years water discharges) in the Svratka River gauging station Veverska
Bityska (immediately above the Brno reservoir) during the time period 1939-2006

Period =20 years water >10 years water >5 years water >3 years water Average Q(max) m/s
1939-1963 2 1 5 2 822
1963-1986 2 1 64.4
1986-2006 1 1 2 s 71.0

sedimentary accumulation zone of the reservoir.
Major floods may erode reservoir floors and generate
sedimentary unconformities in some reservoirs (Haag
etal. 2001). Such unconformities were not recognised
in the studied core, and the higher depositional rate
during the initial period of reservoir infill is suppos-
edly due, in general, to an increase of accommodation
space connected with the rise in the reservoir water
level. The formation of available accommodation
space was stable in later periods, and the depositional
rate declined compared to the initial period. It can be
speculated that the slightly lower mean depositional
rate during the period of 1939-1963 could reflect
some erosion events of reservoir deposits, possibly
during the high 1962 discharge connected with the
late-spring flood.

Identification of periods with high fluvial dis-
charges/floods within the sedimentary record is a
tentative problem. Such a speculative interpretation
of the studied deposits is presented in Fig. 4. The
sedimentary record was subdivided into the main
above-mentioned periods based on radiometric dat-
ing, and individual years were selected according to
the depositional rate calculated for each period. The
curve of the maximum fluvial discharge was drawn
for the 68-year period. Points with low levels of TOC
and high levels of MS were detected within the
sedimentary record and compared with higher fluvial
discharges/floods. This approach allows us to deduce
that approximately 15 foods can be recognised
within the sedimentary record. It was found that
3-5-years waler discharges are sufficient to affect the
TOC and MS record. Moreover, the timing of the
floods during the year plays an important role because
only winter and early spring flooding events were
identified in the sedimentary record. It should be
stressed that, during the first period of reservoir infill,
important floods (3-5-years water) occurred during
the winter (February to early March). Since the mid
1980s, spring to summer floods have become more
common.

Although the coring site was located in the upper
part of the reservoir, the sedimentary record repre-
sents the accumulating zone (almost uniform fine
grained deposits that are spatially consistent over a
reasonable area with no major reworking of material
and no admixture of coarse grains), which is repre-
sentative of most of the reservoir showing an
uninterrupted depositional record. Sediment input
during water drawdowns is generally coarser, but fine
sediments could be re-entrained at the margins during
prolonged drawdown periods (Shotbolt et al. 2005).
Such a situation could be identified by the increase in
sedimentation rate. Our observation of no significant
disturbances in the deposition rate confirm the
consistency of sedimentation in the studied case.
However, the occurrence of thin sandy interlayers
and sand admixture within silts at depths of
101-116.5 ¢m in the studied profile could point to
some role of fluctuation of the waler level. This
interval corresponds to the years 1969—-1973 based on
the "*7Cs geochronology. Two significant decreases
of the water level of approximately 5 m were
recorded during these years, and these years were
generally dry in the Svratka River catchment with
only low-level discharges (Fig. 4). The same is true
for the sandy interlayer at depths of 169-180 cm,
which must have been deposited during the drier
years between 1948 and 1952 without any high-level
discharge events. Despite fluctuations in water levels,
the studied core contains undisturbed and consistently
deposited sediments. The water-level fluctuations
were not a very efficient agent for initiation of the
redistribution of sediment. Although sedimentation
rates were not entirely consistent, these variations did
not significantly affect the usefulness of the sediment
records because the majority of sediment was depos-
ited under low energy conditions, and zones of
atypical sediment influx were very rare, very thin and
identifiable (Shotbolt et al. 2006).

Sediment is assumed to be deposited continuously
and consistently throughout the year. In reality, the
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Fig. 4 Lithological profile of the studied core, facies distri-
bution. total organic carbon (TOC) content. magnetic suscep-
tibility (MS) value. maximum annual discharges (Qmax.), with
indication of n-year water for the x-axis and the flood season
(Wi winter, Sp spring) and possible correlation of the flood

sedimentary record is an amalgamation of deposits
under different energy conditions and will contain
particles of different size that are deposited at
different rates during particular seasons of the year
(Shotbolt et al. 20006).

With regard to radiometric dating, the sediment
core that we analysed in this study has been found to
be exceptional for two reasons. First, excess 210py,
originates mainly from ) present in the watershed
area from natural and industrial sources. Applicabil-
ity of this radionuclide for dating recent sediments is,
therefore, limited. Second, in areas with compara-
tively high uwranium content in rocks and soils,
changes in both the watershed flow regime and indus-
trial mining activities influence the concentrations of
“¥U and its long-lived decay products. Elevated

@ Springer

150 200 250 300 350 400 50 100 150 200 250

record with TOC and MS. The average depositional rate for the
complete reservoir infill (1939-2007) and the mean deposi-
tional rate for the identified time periods (1939-1963,
1963-1986, and 1986-2007) are shown. Thick dashed lines
represent 3705 based time markers

concentrations of ***U, *°Ra and ?'""Pb originating
from uranium ore mining and milling were also
observed in fluvial sediments in south-eastern
Germany (Hoppe et al. 1996; Michel et al. 2005)
and could be related to documented events (failure of
the dam of a sedimentation pond, high water,
termination of industrial activities). This finding
confirms that such events may serve as time markers,
which should be used to validate a "*’Cs-based
geochronology.

Although uranium emissions into the watershed
decreased after the initiation of a uranium dressing
plant in Dolni RoZinka in 1968 (Kribek and Hdjek
2005) and after the conclusion of mining activities at
OI5 in 1989, ***U in the analysed sediment decreased
only gradually during the last 40 years. This reflects

186



1 Paleolimnol

both the elevated concentrations of this radionuclide
and its decay products in the watershed and the
impacts of the RoZnd mine, which is still in operation.

Conclusions

Modern deposits of the Brno reservoir were studied in
detail with the aim of reconstructing the sedimentary
history of the reservoir and identifying of processes
involved in deposition there.

The studied sedimentary succession can be subdi-
vided into two main units. The lower unit, interpreted
as a fluvial succession deposited before the Svratka
River was dammed, is formed predominantly by
medium- to coarse-grained silty sands that are usually
poorly sorted with some admixture of granules and
reduced occurrence of plant detritus. Sandy silt
laminae with abundant plant detritus are locally
intercalated in sands. This fluvial unit can be
subdivided into two subunits. The lower subunit is
interpreted as a product of lateral accretion of the
point bar. The upper subunit was deposited in
response to the beginning of reservoir filling and
the possible impact of the several flood events during
the years of 1939-1941. The upper unit of succession
consists of brownish, grey to greenish planar lami-
nated silts and rarely clayey or sandy silts. Thin sandy
interlayers and sand admixture occur especially in the
lower part of the upper unit. Planar lamination is
connected with alternation of slightly coarser and
lighter laminae and those that are relatively finer
grained and darker (with higher content of organic
matter). The upper unit is interpreted as reservoir
sediments. Reservoir sediments reflect cyclic changes
in both TOC and MS. which are usually negatively
correlated.

Mean depositional rates of 3.2 cm year™' for the
time period from 1986 to 2007 and 3.4 cm year™'
between 1963 and 1986 were calculated. Based on
the known age of the reservoir, which was con-
structed in 1939, the mean depositional rate was also
calculated for the time period from 1939 to 1963,
which is 3.1 cm year™'. These results indicate that
the sedimentation regime has been almost constant
for the 68 years of the Brno reservoir’s existence.

This study documents an environmental situation
that precludes using only >'“Pb for sediment dating.

Its main source here is *'"Pb present naturally in the
caichment and from uranium mining activities.
Because flux rates into the sediment are not time-
invariant and depend on surface water runoff, appli-
cation of the CRS model for depth-to-age conversion
of excess 2'“Ph is not possible.

Elevated concentrations of **U, *°Ra and 2'Pb
in the sediment core can be identified with particular
events that are likely to have mobilised these
radionuclides (completion of the reservoir, initiation
of mining, enhanced fluvial discharge). These time
markers can be used to validate the '*"Cs-derived
chronology and to extend the geochronology back to
the time of Bmo reservoir construction in 1939.
Therefore, when studies show uranium-rich minerals
in sediments, we recommend that investigators
determine whether specific human activities are
responsible for elevated radionuclide concentrations
because that information might prove helpful for
establishing sediment chronologies.
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Abstract Results of a comprehensive study are
presented on the spatial and depth-related distribution
of persistent organic pollutants (POPs) in sediments
of the Bmo reservoir, Czech Republic. Based on
sedimentological observations, three major historic
phases were identified related to the evolution of the
depositional environment, flow rate, and material
input. Data on organic carbon, polycyclic aromatic
hydrocarbons, polychlorinated biphenyls, and organ-
ochlorine pesticides showed specific distribution
patterns in a 3-m-deep core. The analysis of the depth
trends of the geochemical data combined with
sedimentology made it possible to distinguish be-
tween remote sources of the pollutants, early weath-
ering alterations of POPs, transport by river
associated with organic matter as sorbent on one
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hand, and local sources weakly related to lithology on
the other hand. The integrated sedimentological and
environmental geochemical archive provided an im-
proved dynamic view of the pollution in historical
terms.

Keywords PCBs - PAHs - Organochlorine pesticides -
Sediment profile

1 Introduction

Persistent organic pollutants (POPs), such as poly-
chlorinated biphenyls (PCBs) and organochlorine
pesticides (OCPs), are incessantly being found in
water, sediments, and biota throughout the world
despite the fact that their production and usage
have been restricted since the 1970s (Konat and
Kowalewska 2001; Sapozhnikova et al. 2004;
Covaci et al. 2006). POPs are known to have a
strong affinity to particles, and thus, river and lake
sediments represent an important sink for these
contaminants (Zennegg et al. 2007). Many authors
have successfully used undisturbed sediment cores
as pollution archives to restore the historical changes
in the levels and patterns of POPs in aquatic
environments (e.g., Hong et al. 2003; Frignani et
al. 2005; Heim et al. 2005; Evenset et al. 2007; Kim
et al. 2007).

The bulk analysis of POPs is often extended to
more precise information on the pollution sources
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and their fate in the environment using more detailed
analysis, e.g., by isomer- or congener-specific
analyses of PCBs, OCPs, or PAHs (e.g., Gotz et al.
2007; Zennegg et al. 2007). The multicomponent
analysis of different substance classes provides a
basis for a comprehensive assessment of relation-
ships among different types of contaminants and
their sources.

Owing to an intensive agricultural and industrial
production in past few decades, in particular, river
and reservoir sediments in the Czech Republic are
loaded with POPs and their levels are only slowly
decreasing (Holoubek et al. 2000, 2003, 2007). In
contrast to soil contamination monitored regularly in
the Czech Republic since the late 1970s (Svobodova
et al. 2003), there are very limited data available on
POPs in sediment cores, especially no data prior to
the 1970s (e.g., Babek et al. 2008). This makes it
difficult to assess the historical trends in the amounts
of POPs entering the aquatic environment and to
evaluate the effect of implementation of legal
measures toward the POPs reduction on their real
occurrence.

A great number of papers published during the past
decade present valuable data on the pollutant distribu-
tion in surface sediments and cores (e.g., Dsikowitzky
et al. 2002; Yunker et al. 2002; Navarro et al. 2006; Li
et al. 2009). In many papers, however, there is a
limited analysis of the sedimentological features of the
pollutant distribution, which may play a key role in
distinguishing among the different sources, transport
processes, and state of preservation of the contaminants
in the specific environment (Eyre and McConchie
1993; Pereira et al. 1999; Liider et al. 2006).

Brno reservoir is an important artificial lake within
the southern Moravian water management system. It
was built on the Svratka River in 1936-1939 and
filled in the early 1940s (Bayer et al. 1954). This type
of basin provides a unique opportunity to study an
undisturbed sedimentary sequence not only to illus-
trate the spatial distribution in the reservoir but also
describe depth trends in POPs. For this purpose, more
comprehensive analysis comprising congener- and
isomer-specific analyses as well as multicomponent
approaches have been applied together with sedimen-
tological characteristics of the sediment cores to
document a sedimentation period from the 1920s to
the construction of the Brno reservoir and its
evolution until present time.

@ Springer

2 Sampling and Methods
2.1 Sampling

A preliminary sampling campaign was performed to
explore an optimal location for drilling a deep core.
Therefore, 12 shallow cores were collected (Fig. 1)
using a hand-coring device. Each core was cut into
slices of about 5 cm; the total cored depth interval
ranged from less than 100 to 250 cm. Based on these
results, a 292.5-cm-deep core (BP4) was drilled in
March 2008 using Makita vibration hammer and
Eijkelkamp coring tubes (Fig. 1). The drilling site of
the BP4 core is located in the upper part of the Bmo
reservoir below the Vevefi Castle, where the Svratka
River has incised meandering fluvial pattermn. The core
was placed in a plastic sleeve and divided immedi-
ately into two equal parts. One part was frozen and
stored and the other one was photo documented,
lithologically described, and divided into 121 sub-
samples, each about 2.5 em thick.

2.2 Bulk Characterization

The samples were dried, pulverized, homogenized,
and sieved through a l-mm mesh. All samples were
subjected to elemental analysis of total organic (TOC)
and inorganic carbon using a Metalyt CS 1000 S
apparatus (ELTRA GmbH, Neuss, Germany). Envi-
ronmental magnetic susceptibility (MSS) was mea-
sured as mass susceptibility (y) in 10 m kg’
dividing the volume susceptibility by material density
using the MFKI1-FA Kappabridge at the magnetic
field of 200 A m " in the AGICO, Ltd. For further
summary of magnetic parameters and terminology,
see Evans and Heller (2003).

2.3 Extraction and Fractionation

n-Pentane, n-hexane, n-heptane, and dichlorome-
thane (DCM; all of residue analysis grade) as well
as silica gel were purchased from Merck (Darmstadt,
Germany); anhydrous sodium sulfate for analysis
(activated at 600°C for 6 h prior use) was obtained
from Penta (Chrudim, Czech Republic). Sample
aliquots of 5 g were mixed with a portion of
activated Na,SO4 and spiked with 25 uL of
surrogate recovery standard solution containing
2,4,5,6-tetrachloro-m-xylene, PCB 209, dl10-
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Fig. 1 Sampling locations and PCB and PAH concentrations for surface sediments in Bmo reservoir

anthracene and dl2-chrysene. Extraction was per-
formed with n-hexane/acetone (1:1) by accelerated
solvent extraction on a ASE 100 system (Dionex,
USA). The extractions were performed at 100°C and
2,000 psi with two static extraction cycles (4 min
each), then the extraction cell was flushed with
solvent (60%) and purged with nitrogen (2 min). The
raw extracts were reduced to 0.5 mL using a gentle
stream of nitrogen, and the volume was adjusted to
10 mL with n-hexane. For analysis of halogenated
compounds, an aliquot of 2 mL of the extract was
taken to a vial, 2 mL of n-heptane together with
50 pL of internal standard containing octachloro-
naphthalene (to control the cleanup step, 1 ng/uL in

n-heptane) was added, and after concentration to
0.5 mL and readjustment to 2 mL with n-heptane,
activated powder copper was added in order to
remove sulfur (overnight). The cleanup was carried
out on a glass column with 0.5 g of activated silica,
0.5 g of silica impregnated with AgNO;, 0.5 g of
silica impregnated with NaOH, another 0.5 g em of
silica, then 1.5 g of silica impregnated with 96%
H>S0,4, and finally 0.5 g of silica. The target
analytes were ecluted with 28 mL of pentane,
evaporated to 0.5 mL using nitrogen, transferred to
a gas chromatography GC wvial, and the volume was
adjusted to | mL with nr-heptane. For the PAH
analysis, an extract aliquot of 2 mL was placed on a
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silica gel column to separate the aliphatic and
aromatic hydrocarbon fractions by liquid chroma-
tography using n-hexane and DCM as eluents;
powder copper was added in order to remove
elemental sulfur (overnight).

2.4 Quantification of PCBs and OCPs

PCBs and OCPs were determined using a Hewlett-
Packard 6890 gas chromatograph, equipped with an
electron capture detector and a HP-5ms fused silica
capillary column (60 m>0.25 mm id.x0.25 pum,
J&W Scientific, USA). Hydrogen was used as the
carrier gas (constant flow 1.1 mL/min), and the GC
oven temperature was programmed as follows: initial
temperature 50°C held for 2 min—increase to 150°C at
a rate of 50°C/min—final increase to 300°C at 5°C/min
and held for Il min. The following halogenated
organic contaminants were analyzed: seven PCB
congeners (28, 52, 101, 118, 138, 153, and [80),
dichlorodiphenyltrichloroethane (DDT) and selected
metabolites (o,p- and pp’-DDT, o.,p'- and p.p'-
dichlorodiphenyldichloroethylene (DDE), and op'-
and p.p'-dichlorodiphenyldichloroethane (DDD)) as
well as hexachlorobenzene (HCB). All reference
standards were purchased from Dr. Ehrenstorfer
(Augsburg, Germany), and quantification was based
on an external eight-point calibration (0.5-500 ng/mL
of each component in n-heptane).

2.5 Quantification of PAHs

Determination of 16 EPA PAHs including naphthalene
(N), acenaphthylene (Ayl), acenaphthene (Aen), fluo-
rene (F), phenanthrene (P), anthracene (An), fluoran-
thene (F1), pyrene (Py), benzo[a]anthracene (BaA),
chrysene (Ch), benzo[h]fluoranthene (BAF), benzo[k]
fluoranthene (BAF), benzolalpyrene (BaP), indeno
[1.2.3-cd]pyrene (IP), dibenzo[a.h]anthracene (DahA),
and benzo[ghi]perylene (BghiP) was carried out using
a Hewlett-Packard 6890N gas chromatograph
connected to a HP 5973N MSD quadrupole mass
spectrometer (MS) operated in the electron impact
mode (EI', 70 ¢V) with a source temperature of 270°C
and single ion monitoring. The chemical identity of
PAHs was checked both by retention time match and
by using selected qualifier ions. The following ions
were used for qualification and quantification (in italic
form) of the target PAHs (m/z): N (127, 128, 129), Ayl
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(151, 152), Aen (152, 153, 154), F (165, 166, 167), P+
An (176, 178, 179), F1 + Py (200, 202, 203), BaA +
Ch (226, 228, 229), BbF + BKF + BaP (126, 252, 253),
IP + BghiP (274, 276), and DahA (276, 278).

A volume of | pL was injected splitless (splitless
time 60 s, injection temperature 100°C, then increase
to 300°C at 720°C/min) onto a HP-5ms capillary
column (30 m=0.25 mm i.d.x0.25 pum). Separation
was carried out using helium at a constant flow of
1.2 mL/min with the following oven temperature
program: 50°C (held for 1.2 min), then at 10°C/min to
170°C and at 6°C/min to the final temperature of
315°C (held for 3 min). The PAH quantification was
also based on an external four-point calibration with
authentic reference material.

2.6 Quality Control

The identification of all PCBs and OCPs was verified
by the analyses of selected samples using GC/MS
(method described above). Blank samples were
prepared by submitting pure solvent to the whole
analytical procedure with activated Na,SO, instead of
sample material (at least with each set of ten samples).
Analytical blanks had levels of high-chlorinated PCB
congeners (138, 153, 180) and HCB below method
detection limits; no other compounds were detected.
The analyte recoveries were determined by analyzing
certified reference material (Metranal™ 2—River
sediment, ANALYTIKA Ltd., Prague, Czech Repub-
lic) and for PCBs and OCPs, and PAHs were in the
range of 61-100.8% and 70.8-128.9%, respectively.
Those samples with recoveries below 50% were not
used for quantification. The detection limits, calculat-
ed from the calibration solution with the lowest
concentration within the linear range of the detector
used, were 0.7 ug kg~' for PCBs and OCPs and
1 ug kg for PAHs.

3 Results and Discussion
3.1 Spatial Distribution of POPs

For a preliminary insight into the pollution level of
Brno reservoir sediments, three horizontal profiles (A
to B), perpendicular to the Svratka River flow, at three
different locations (1 to 3) were sampled and analyzed
for sum of PAHs and PCBs (Fig. 1). The quantitative
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distribution of the selected contaminant groups in the
upper 5 cm below the surface along the three horizontal
profiles revealed low amounts indicating an only
negligible contamination of the Brno reservoir. Interest-
ingly, total PAH concentrations (between 448 to
15,170 pg kg™ dry weight (dw)) increased from right
to left bank in all three profiles (Fig. 1, top) and
suggested that local sources. such as numerous small
furnaces in recreational weekend houses cumulated on
the left bank, prevail over the PAH transported by the
Svratka River. On the contrary, the PCB concentrations
occurred close to or slightly above the value of
20 ug kg' dw. They show a rather flat distribution
along the three profiles (Fig. 1, bottom) with gentle
increase from the left to the right bank, ie., in the
opposite direction to the increasing trend of the PAHs.
The maximum amounts of all contaminants are
observed in the SW bay in the lower end of the
reservoir. The slightly elevated values coincide with the
location close to the marina and electric boat harbor.

3.2 Depth Trends

The BP4 core provides the most complete set of
sedimentological, geochemical, and physical data in
the studied area, which document the principal phases
of evolution by three depth intervals with character-
istic depth trends of the measured parameters. The
data include lithological profile and facies (Fig. 2),
TOC content, and MSS (Fig. 3). They reflect the
oscillation in the water level, seasonal and annual
variations.

3.2.1 Fluvial Succession

The lower part of the core (218.5-292.5 c¢m) is built
mainly by medium- to coarse-grained sands with
variable bed thickness up to 29 cm. Sands are usually
poorly sorted. The very low TOC content ranging
from 0.17% to 1.5% is associated with high magnetic
susceptibilities (MSS mostly >250.10"mkg™"),
which exhibit several local maxima (300, 257.5, and
240 cm) and gradual upward decrease (Figs. 2 and 3).
The increased MSS values are associated with higher
proportion of ferromagnetic minerals delivered from
amphibolites, scams, and schists of the Moravicum
unit (Svoboda 1963) by the main stream of the
Svratka River and their deposition in the sand- and
gravel-rich sediments. This lowermost part of the
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Fig. 2 Lithological profile, depositional environment, and
facies in the BP4 borehole. The graphic log on the right-hand
side presents macroscopically described sedimentological data.
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succession is interpreted as S2 facies formed in fluvial
environment by lateral accretion of the sandy material
in the meander point bar associated with the migration
of the flow line toward the right cut bank of the
Svratka River in this part of the valley.

3.2.2 Transitional Interval

The above-laying transitional interval (199.5-
218.5 c¢cm) is formed by thinner (<5 em) sandy beds
(SI facies) alternating with sandy-silty laminas of M2
and M1 facies (Fig. 2), the latter being highly enriched
in plant remains. It is characterized by sudden upward
increase both in TOC up to 3.55% and MSS down to
15510 "m’kg '. These sediments formed most prob-
ably by avulsion (redeposition) associated with possi-
ble meander chute channeling during a flood event and
reservoir filling in 1939 followed by partial water
outflow during the years 1939-1940, which is man-
ifested in the coarsening-upward trend at this part of
the sueccession (Fig. 3).

3.2.3 Artificial Lake Succession

The upper part of the core profile (0-199.5 cm)
consists of dark clayey silts, silty clays, and some
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sandy silt interlayers occurring in the lower part of the
succession. The muddy facies with rhythmical bed-
ding, bed thickness of 10-30 cm, and rich or slightly
enriched in plant detritus (M1 and M2 subfacies,
respectively, Figs. 2 and 3). The organic-rich layers
are notably darker and typically more clayey. The
predominantly muddy material of the upper part of
the profile was deposited in the artificial lake
environment. The lithological variations and presence
of several intercalated sandy silt layers, e.g., at depth
of 101-116.5 and 169-180 cm, are interpreted as
natural and/or anthropogenic forcing to the reservoir
deposition associated with flood events when coarser
material was deposited even in the lateral position off
the main water flow line through the reservoir. In
contrast to the transitional interval, there is a clear
negative correlation between TOC and MSS. High
TOC occur in medium-fine-grained silt and clay,
where the amount of magnetic minerals is decreased
while peak MSS values correlate with drops in the
TOC in the sandy-silty layers.

The average accumulation rate estimated from the
sediment thickness and total time since the first
reservoir filling was ~3 cm year ' with a gently
upward decreasing trend and probable fluctuations
manifested by uneven layer thickness. Assuming the
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mentioned rate, the two flooding events in the core
might be deposited in the late 1940s and late 1960s of
the past century. Precise sediment dating of this
profile would be dealt with elsewhere.

3.3 General Trends in POPs in the Core
3.3.1 PCBs

Concentrations of PCBs (sum of PCB congeners 28, 52,
101, 118, 138, 153, and 180) in the whole profile ranged
from <LOQ to 77.6 ug kg_' dw (Fig. 3). The
occurrence of PCBs in the sedimentary layers in a
depth below 220 em representing the pre-industrial
period of time before the filling of the reservoir (1930s
and older) may be explained by either molecular
diffusion or bioturbation, similar to, e.g., the case
described by Evenset et al. (2007). From 220 c¢m
upward, the amount of PCBs increased from 2.74 to
76.7 and 77.6 ug kg " dw, the maximum PCB levels
within the profile were at 77.5-70 cm, respectively.
Above this depth, the PCBs declined to the value of
39.4 pg kg ' dw in the top layer of the recent age. This
value fits very well with the data obtained from the
surface sediment samples (see Section 3.1). Notewor-
thy, a PCB peak was observed at a depth of 160 cm,
which coincided with an increase in the TOC.

The PCB production began in the early 1930s in
the western countries (Breivik et al. 2002). Since the
commercial production of PCBs in the former
Czechoslovakia started during the early 1960s
(Holoubek et al. 2003), PCBs found in core segments
representing the periods of time after the 1940s
(upward from ca. 200 c¢cm) probably originated from
imported foreign PCB products. The maximum PCBs
corresponded to the late 1970s-mid-1980s. Decreasing
trends in PCBs, observed in subrecent sedimentary
layers, reflect the implementation of the legal measures
toward the reduction of PCB use during past decades.

3.3.2 Organochlorine Pesticides

DDT contamination level started at a depth of approx-
imately 210-200 cm (Fig. 3) reached two maxima of
72.4 and 68.7 ug kg ' dw at depths of 128 and 70 cm,
respectively. In contrary to a more stable increase in
PCBs, two significant drops at depths of 108 and
93 cm were observed in sandy layers. This might be
explained as a result of flood events when sandy

material was selectively deposited whereas the fine-
grained fraction was washed further away with DDTs
(see Section 3.4.2 for detailed discussion).

The concentration of HCB showed increase within
the depth interval from 155 to 115 ecm. Toward the
surface layers, a relatively uniform HCB level at
around 3 ug kg™' dw was observed with less
significant decrease in recent samples.

3.3.3 PAHs

The evolution trend of the PAHs is similar to that of
the PCBs with more abrupt increase from the
background values (41-62 ug kg ' dw) to
236 ug kg ' dw at the fluvial-to-transitional environ-
mental boundary (218.5 cm; Fig. 3). The transitional
mterval is enriched in PAHs by one order of
magnitude (300-463 ug kg™' dw) while in the initial
fine-grained artificial lake sediments, the total amount
of PAHs reaches the highest value of the entire profile
(21.278 ug kg'' dw at 164 cm), which is by three
orders of magnitude higher than that in the fluvial S2
facies. The sandy silt layers of the transitional interval
and initial artificial lake succession are associated
with marked decrease in PAHs. This does not apply to
the shallower sandy silt layer at depth of 101-
116.5 c¢m, where the PAHs content does not seem to
be controlled by lithology.

3.3.4 Comparison with Similar Studies

Vertical changes in POPs from the Bmo reservoir
sediment core showed comparable trends with other
published studies. Yamashita et al. (2000) observed
increasing contamination trends for various organo-
chlorines in a sediment core from Tokyo Bay with a
beginning in the early 1900s and a maximum in the
carly 1980s. The maximum levels of PCBs and PAHs
were 150 and 2,000 ug kg ' dw, respectively. PCBs
(sum of six indicator congeners) in a sediment core
from Greifensee, Switzerland, had nearly the same
historical trends between the 1930s and 1980s with a
maximum of 130 ug kg ' dw in the 1960s (Zennegg
et al. 2007). Decreasing concentration trends for
PCBs from the 1970s were also observed in sediment
cores from the Venice Lagoon, Italy (Frignani et al.
2005). Similarly, slightly declining levels of organo-
chlorines were found in recent sedimentary layers
from the Teltow Canal, Germany, and in sedimentary
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archives from the Lippe and Rhine rivers (Heim et al.
2004, 2005, 2006). Even POPs in sediment cores
from remote arcas show similar time trend, as
demonstrated by Evenset et al. (2007) who found
maximum levels of PCBs and DDTs (71.8 and
4 pg kg' dw, respectively) as back as the mid-
1960s with an increase beginning in the 1930s.

3.4 Compound-Specific Distribution of POPs

3.4.1 PCBs

A detailed study of the congener pattermn, e.g., by
comparing PCB of different degree of chlorination,

might be a helpful tool to evaluate changes in PCB
application or changes in environmental conditions

(Li et al. 2009). Three predominant congeners in all
cores were PCB 138, 153, and 180. The ratio of PCB
congeners 28/153, which act as representatives of
trichlorinated and hexachlorinated congeners, ranged
dominantly from 0.05 to 0.39 with a mean of 0.27
representing a dominance of higher chlorinated con-
geners (Table 1). Also, the more comprehensive ratio
(28+52)/(138+153+180) supported this observation.
Higher chlorinated technical formulations are typical
constituents in hydraulic fluids or thermostable
lubricants, whereas lower chlorinated mixtures are
used in less viscous applications. The congener
patterns of the investigated PCBs were relatively
consistent and without general trend throughout the
whole length of the core (Fig. 4). A significant
increase of both PCB ratios (up to 1.6 or 0.95,

Table 1 Ratios of the PCB congeners, DDTx metabolites, and selected PAHs—An/(An + P), FI/(F1 + Py), BaA/(BaA + Ch) in the

BP4 core samples

Depth PCB28/ PCB (28 + 52)/PCB 24-/4, 2,4-/4, 2.4-/4, An/ FIi/ BaA/
(cm) PCBI153 (138 + 153 + 180) 4-DDE 4-DDD 4-DDT (An+ P) (F1 + Py) (BaA + Ch)
10 0.16 0.11 N/A 3.27 N/A 0.05 0.57 0.46
17.5 0.18 0.13 N/A 3.47 N/A 0.06 0.57 0.46
30 0.18 0.12 N/A 4.75 N/A 0.05 0.57 0.46
55 0.39 0.24 0.02 2.09 0.14 0.06 0.57 0.45
70 0.15 0.10 N/A 0.68 0.09 0.07 0.57 0.46
715 0.20 0.13 0.02 1.3 0.12 0.06 0.57 0.45
92.5 1.13 0.71 0.04 3.99 0.43 0.07 0.57 0.49
95 1.60 0.95 0.03 0.91 0.14 0.07 0.57 0.45
97.5 0.27 0.17 0.04 1.49 0.14 0.07 0:57 0.49
107.5 0.07 0.06 N/A 2.71 N/A 0.08 0.57 0.48
115 0.16 0.11 0.03 0.67 0.44 0.07 0.56 0.45
125 0.13 0.10 0.03 1.25 0.2 0.08 0.56 0.48
127.5 0.15 0.12 0.05 0.58 0.28 0.09 0.55 0.45
145 - - 0.06 0.89 0.39 0.08 0.57 0.45
155 - - 0.10 0.82 N/A 0.08 0.58 0.46
157.5 0.27 0.24 0.12 1.15 N/A 0.09 0.58 0.50
160 0.09 0.08 0.11 1.04 N/A 0.09 0.58 0.46
162.5 0.21 0.24 0.10 0.72 N/A 0.09 0.58 0.51
170 - - N/A 1.00 N/A 0.10 0.58 0.45
190 - - N/A N/A N/A 0.09 0.57 0.46
210 - - N/A N/A N/A 0.08 0.57 0.40
217.5 - - N/A N/A N/A 0.09 0.57 0.41
225 - - - - - 0.09 0.57 0.41
247.5 - - - - - 0.13 0.57 -
265 - - - - - - - -
290 - - - - - - - -
@ Springer
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Fig. 4 PCB congener pattemns and DDT homologous in the BP4 sediment core (Brno reservoir 2008)

respectively), at depth 95 cm, may suggest a
temporary input of fechnical PCB mixtures with
higher content of low chlorinated PCB congeners.
An accidental leakage from a former manufacture of
transformers and capacitors utilizing a low chlorinated
technical mixture of Delor 103 (similar to Aroclor
1242) and situated upstream from the reservoir has
been documented for this time period and might,
therefore, be the reason for the excursion of the
congeneric pattern. Hence, the PCB ratio excursion
illustrates the superimposition of diffuse and constant
contamination by a local emission event.

3.4.2 DDz

With respect to the sediment core investigated, an
unusual distribution of DDT metabolites was
detected. Relative abundances of DDT isomers
(Fig. 4) were found to be in order DDE » DDD >

DDT in almost all layers of the core. Particularly, the
concentration of pp"-DDE accounted for 49.9-81.7%
of total XDDT concentrations. This was a somewhat
unusual observation in dominantly strict anaerobic
reservoir sediments where, consequently, a predomi-
nance of the p,p'-DDD was expected. The observa-
tions may indicate an input of highly weathered DDT,
as already published by, e.g., Evenset at al. (2007). In
our case, the principal source of DDT was agricultural
activities upstream to the reservoir during past
decades and the following acrobic degradation of
DDT on soil that have been then transported to an
anacrobic sedimentary environment. The mean ratio
of pp-DDT/p,p'-DDE, used to estimate the “age” of
DDT inputs, was 0.13 in our core (Table 1). Accord-
ing to Strandberg et al. (1998), the ratio of 0.33 or less
in sediments is considered as an aged mixture and this
suggests that current input of DDT into the reservoir
are of little importance.
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3.4.3 PAHs

Source indicative PAHs were used for calculation of
the ratios FI/(Fl + Py), BaA/(BaA + Ch), 1,7-DMP/
(2,6 + 1,7-DMP) ratios introduced by Budzinski et al.
(1997) and (Yunker et al. 1999). These parameters are
used to distinguish the dominant emission source and
the associated emission pathways of PAH, in partic-
ular its petrogenic or pyrolytic origin. This approach
was also applied to the sediment samples of the Brno
reservoir. The most significant ratios FI/(Fl + Py) and
BaA/(BaA + Ch) were higher than 0.5 and indicated
combustion processes as main PAH source (Table 1;
Yunker et al. 2002). Accordingly, the PAHs seem to
derive dominantly from diffuse emissions of contam-
inated airborne particles or from soil erosion also
polluted by pyrogenic material.

4 Conclusions

Based on sedimentological and sereening analysis. the
investigated core profile can be divided into three
major sections with different depositional history and
pollutant distribution. The lowest interval (218.5-
292.5 cm) was deposited in a fluvial environment
with low organic carbon and POPs content. Depletion
in contamination might probably not reflect lower
emission rates but might be the result of rather higher
flow rates washing away the fine-grained and nor-
mally higher polluted particles. The lower sorption
capacity of the accumulated coarser sedimentary
material is suspected to be the reason for the low
pollution level in the lower core section.

The intermediate interval represented the initial
flooding process of the Brno reservoir (218.5-
199.5 c¢m). It was marked by a sudden increase in
TOC and with the amounts of analyzed POPs
associated with upward coarsening of sediments. This
was interpreted as a result of extensive sediment
redeposition during one flooding event.

The upper segment deposited in the reservoir
environment (199.5-0 cm) was rich in clays and silts,
and two sandy layers evidenced two major flood
events in the late 1940s and late 1960s. The clay-rich
interval was characterized by a pronounced increase
in all POPs in contrast to sandy interlayers with low
amounts of DDTs and HCB. Surprisingly, these were
associated neither with decrease in PCBs nor in
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PAHs. This discrepancy could be explained by a
different input of the mentioned pollutant groups into
the reservoir. DDTs and HCB were washed down
dominantly from upstream agricultural influenced
area and corresponding soils, adsorbed on clays and
organic matter, and transported into the reservoir by
the Svratka River. During the flood events with
elevated flow rates, the sandy material was deposited
selectively while the fine-grained fraction was washed
away and the associated DDT and HCB contaminants
were probably mobilized. Based on the fact that the
PCBs and PAHs did not show decrease in the sandy
intervals, it might be deduced that they were brought
into the reservoir dominantly by precipitation from
the air and short distance sheet runoff from the
surrounding slopes by means of transport which was
less sensitive to grain size fractionation and thinning
during floods.
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