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Abstrakt

Zkiemenéla dieva, ktera se fadi mezi permineralizované rostliny v trojrozmérné podobg, jsou
odjakziva pfedmétem studia paleobotanikd. V jinych védnich disciplinach je jejich vyznam
obvykle podcenovan, jejich mineralogie a geochemie je malo znama a tudiz neni vztahovana
ani k dalS§im znamym faktim z jinych obord. Kamenny vzhled a vlastnosti zkfemenélého
dfeva jsou cenény hlavné na mineralogickych burzach. Pokud chceme vice pochopit
tafonomii téchto dfev a mechanismus jejich vzniku a zachovani a poznat paleoprostiedi, ze
kterého tyto fosilie pochazeji, je nutny celostni pfistup.

Tato disertaCni prace si klade za cil odhalit moznosti instrumentalnich analyz
permineralizovanych dfev a navrhnout nevSedni postupy zkoumani vzorkd dfev.
Petrograficky a geochemicky byly analyzovany a porovnavany vzorky pennsylvanského az
pozdné triasového stafi z nékolika lokalit z Ceské republiky, N&mecka, Brazilie, Omanu,
Mongolska, USA — Arizony, Francie a Antarktidy.

Vybrané vzorky, jez byly povétSinou taxonomicky uréeny, byly zkoumany kvalitativné
a kvantitativné s pomoci detailniho zobrazovani a analytickych metod. Byly provadény jejich
objemové (XRD) a bodové analyzy. Vzhledem k tomu, Ze jsou studované vzorky vysokého
stafi, krystalinita SiO, v nich obsaZeného je taktéZz vysoka (podle vysledkd z rentgenové
difrakce byl a-kfemen pFevaZzujici sloZzkou). Celkem neobvykly metastabilni polymorf SiO, —
moganit — byl detekovan v koncentracich do 20% a jeho vyskyt pravdépodobné souvisi
s vulkanismem ¢&i evaporitickym prostfedim.

Jako nejefektivnéjsi technika studia se osvédcila horka katodoluminescence (CL), jez
rychle zobrazila heterogenity uvnitf vzorkl, zvyraznila razné faze silicifikace, druhotné
pretisky, pFfitomnost neobvyklych mineralnich pfimési, ¢astecné kalcifikace Ci fosfatizace a
alochtonni sedimentarni zrna. CL spektroskopie byla pouzita k identifikaci rGznych CL emisi
a presnéjSimu popisu luminiscence. Katodoluminiscence se stala odrazovym mustkem pro
dal$i instrumentalni bodova méfeni (SEM/EMPA, LA-ICP-MS, Ramanova spektroskopie),
ktera probihala jiz detailngji a pod vétSim zvétSenim. Diky kombinaci riznych analytickych
technik se v jednom vzorku podafilo identifikovat wakefieldit, vzacny vanadicnan, ktery byl
timto ve fosilnim dfevé nalezen poprvé. Vzorek pochézi z vychodnich Cech, z oblasti
s doloZenym vulkanismem a vyskytem mensSich rudnich lozisek. Okolni kiemenna hmota se
zachovanou strukturou dfeva ve vzorku vykazovala vyraznou geochemickou heterogenitu
a dosvédcila migraci iontd vzacnych zemin a vanadu béhem diageneze.

Zde pfedlozeny analyticky pfistup k fosilnim dfevdm nam umoznuje rozliSit aluvialni
a vulkanicky zplUsob prokfemenéni (silicifikace). Mohl by byt pouzit jako vychozi bod
pro dalSi vyzkum v celosvétovém méfitku, jehoz vysledkem by mohla byt rozsahla databaze
materidlovych signatur takto permineralizovanych materiald. Sou€asné by mohla vzniknout
databaze CL odstinl kfemenné hmoty ve fosilnich dfevech, jez by pomohla k hlubSimu
porozuméni procesu silicifikace dfeva probihajicimu v riznych (paleo-)environmentalnich
prostfedich a po rizné dlouhou dobu.



1. UvoDp

Rostlinné fosilie pfitahuji pozornost paleobotanikli a Siroké vefejnosti po staleti, fakticky
od doby, kdy je Clovék poprvé objevil. Patfi do skupiny tzv. pravych fosilii, zejména ve formé
slisovanych zbytkl, €i nepravych fosilii (otisky, vypIné&, odlitky), pfi¢emz reprezentuji rizné
rostlinné organy (Jones & Rowe 1999, Dernbach et al. 2002, Taylor et al. 2009).
Prokfemenélé (silicifikované) “dfevo” je odliSna, mnohem hmotné&jsi a robustngjsi forma tzv.
pravé fosilie zachovana ve trojrozmérné podobé (‘permineralizovana’ fosilie). Obvykle jde
o stonky, kofeny &i vétve stromovitych rostlin (Easto jejich fragmentu), které jsou ¢lovékem
cenény pfinejmensim stejné jako jiné druhy fosilii. Pfidanou hodnotou prokiemenélin je jejich
krésa, zejména na vyleSténém fezu. Mezinarodni trh s fosilnimi dfevy doklada tuto
skuteCnost a divame-li se na tuto problematiku z jiné perspektivy, je to pfedevsim velky
byznys. Tato prace se zabyva prokfemenélymi “dfevy”, ktera jsou velmi stara, pochazeji az
z pozdniho paleozoika, z doby, kdy prvni vegetace kolonizovala panevni niziny, aluvialni
ploSiny €i prvni pahorkatiny (Falcon-Lang et al. 2009). Tyto dnes jiz vyhynulé rostliny byly
zachovany prokfemenénim ve dvou hlavnich prostfedich; jakozto celé ekosystémy pohibené
in situ b&hem katastrofickych udalosti (tzv. T° spoledenstva), anebo jako jednotlivé kusy
transportované vodou (feky, povodné), zbavené klry, rozpadlé na ¢asti a rozeseté daleko od
mista jejich pavodniho ruUstu, ulozené v fiCnich naplavech, pfipadné vlivem dalSich
tafonomickych mechanism( v mladSich sedimentech (Philippe et al. 2000).

Navzdory sou€asnému vyzkumu existuje kolem procesu prokiemenéni (silicifikace)
dfeva stale mnoho nezodpovézenych otazek. Interakce mezi rostlinnym télem a mineralni
fazi, vlivy zvodnélého prostfedi, vulkanismu, mikrobl atd. nejsou zcela rozSifrovany.
Kdybychom dokazali Fici s jistotou vice, mohli bychom prokiemenéla difeva pouzit jako
indikatory paleoprostfedi v celosvétovém méfitku. Absolutni vétSina védeckych studii
zabyvajicich se vyzkumem téchto rostlinnych zbytk( vypadajicich jako kdmen se orientovala
UzZeji na systematickou paleobotaniku (morfologii, anatomii, taxonomii, ¢i xylotomii). Skvélé
shrnuti podali Taylor et al. (2009). Tyto prokiemenélé fosilie byly vyhradné pouzity
v paleobotanickych rekonstrukcich, protoze zachovavaji slozitou rostlinnou anatomii ve 3D
podobé; to je jeden z mala existujicich pfimych dikazl pravéké vegetace a jeji fyzické formy
blizici se té realné. Nastésti se v poslednich dekadach objevuji ve vétSi mife také studie,
které pracuji s témito nalezy z hlediska paleontologie sensu lato, tzn. z pohledu paleo-
ekologie, paleooklimatologie, sedimentologie €i tafonomie (viz napf. Francis 1984, Rex 1986,
Rex & Scott 1987, Fielding & Alexander 2001, Cuneo et al. 2003, Parrish & Falcon-Lang
2007, Taylor & Ryberg 2007, Wagner & Mayoral 2007, Colombi & Parrish 2008, Pfefferkorn
et al. 2008, Falcon-Lang et al. 2009, Falcon-Lang et al. 2011, RoRler et al. 2012, Capretz
& Rohn 2013, Luthardt et al. 2016), ve kterych autofi berou v potaz také prostorové
a paleoenvironmentalni aspekty fosilnich nalezist.

Permineralizace je velmi jedinecny proces. Co zpuUsobilo, Ze rostlinné télo neshnilo &i
se nerozlozilo a nerecyklovalo, ale naopak zUstalo zachovano v plvodnim tvaru véetné
vnitfnich a vnéjSich struktur po statisice, miliony let? Permineralizovana dfeva vétSinou vice
pfipominaji kus kamene (kfemen, kalcit, fosfat, pyrit apod.) nez kus néjaké pradavné rostliny,
obzvlasté pokud doSlo k silné rekrystalizaci. Méli bychom vénovat vice pozornosti pravé
mineralnim fazim zodpovédnym za zachovani pradavnych rostlin. Co se tyCe pfimo
zkfemenélin, je to faze oxidu kiemicitého (SiO,), ktera umoznila zachovani rostlinnych pletiv,
zejména diky své tvrdosti a odolnosti vici zvétravani. Kiemen a vétSina polymorfi SiO, jsou



v béZnych paleoenvironmentalnich podminkach termodynamicky stabilni. PFestoze
rekrystalizace vzorku muize byt vysokd a jemné anatomické detaily nemusi byt
pozorovatelné, existujici mineralogické faze nesou informaci, ktera maze byt interpretovana
v SirSim kontextu. Kazda mineralni faze je vysledek teplotné-tlakové-prostorové-casovych
podminek. Kazda ma také specifické chemické a izotopové slozeni, jez odrazi zdrojova
fluida specifickych koncentraci (mizZe obsahovat inkluze apod.). | diky tomuto muze byt
zajimavym predmétem studia.

Pfekvapivé malo védeckych publikaci se zabyva studiem mineralogickych fazi
v permineralizacich modernimi instrumentalnimi technikami (napf., Sigleo 1979; Scurfield
1979; Scurfield & Segnit 1984; Dietrich et al. 2000a,b, 2001; Goétze et al. 2001; Scott
& Collinson 2003; Witke et al. 2004; Polgari et al. 2005; Hatipoglu & Tirk 2009; Sweeney et
al. 2009; Labe et al. 2012) v porovnani s tisici publikacemi zaméfenymi na (systematickou)
paleobotaniku. Nékolik malo studii se zabyva analyzou zbylého uhliku v jinak pfevazné
anorganickém prokfemenélém materialu (napf. Sigleo 1978; Dietrich et al. 2000b, 2001,
2013; Nestler et al. 2003; Sweeney et al. 2009). V byvalém Ceskoslovensku Sko&ek (1969,
1970, 1974) predstavil svou prukopnickou praci environmentalniho/mineralogického
charakteru. Na druhou stranu existuji moderni studie, az pfili§ jednostranné zaméfené na
uzce tematickou instrumentalni analyzu fosilniho dfeva, které pfi interpretaci vysledkd témér
nezohledhuji také biologické (anatomické) stranky studovaného fosilniho materialu (napf.
Kuczumow et al. 2000, Nowak et al. 2005, Yoon & Kim 2008).

2. CiLE PRACE

Hlavnim cilem této doktorské prace je prekonavat bariéry mezi disciplinami, a to zejména
smérem k mineralnimu aspektu rostlinnych fosilii, tzn. zplsobu zachovani. V této praci byly
studovany 3D pravé fosilie (tzn. nikoliv vylitky apod.) permineralizované pfevazné SiO,, jezZ je
doprovazen ¢asto jinymi mineralnimi fazemi, jako napf. oxidy Zeleza, karbonaty, sulfidy,
fluoridy, fosfaty a dokonce i vanadaty. Vzorky byly €asti stonk( (stélé), ¢asti druhotného
dfeva stromovitych rostlin jako byly prvni gymnospermy — kordaity a konifery. Tyto se fadi
mezi nej¢astéji dochovana fosilni dfeva “prvohornich gigantl”, dale to byly Casti stélé
stromovitych presliCek, kapradin, medul6z aj. Vzorky byly pfevazné pennsylvanského az
spodné permského stafi, ale do studijni sady bylo zahrnuto i nékolik rané druhohornich
vzorkd.

Hlavni cile prace byly definovany nasledovné:

(i) pfispét k porozuméni petrografickych, mineralogickych, geochemickych, a katodolu-
miniscenénich signatur ve studovanych rostlinnych fosiliich (idealné taxonomicky
uréenych morfotaxonech) za pouziti nékolika nezavislych zobrazovacich
a analytickych technik, jako napf. CL, SEM, EMP, XRD, LA-ICP-MS, a Ramanovy
spektroskopie;

(i) objasnit vzajemny vztah mezi puvodni rostlinnou anatomii a petrograficky-
mineralogickymi charakteristikami anorganické hmoty, tj. porozumét méddu
permineralizace;

(iii) otestovat horkou katodoluminiscenci a jeji limity pfi studiu prokiemenélych dfev;



(iv) uskuteCnit takova pozorovani (viz body i-iii) na vzorcich z nékolika Ceskych
a svétovych lokalit a interpretovat vysledky ve vztahu k dostupnym paleobotanickym,
geologickym, sedimentologickym, a paleoenvironmentalnim datlim, s cilem vytvofit
‘testovaci sadu’ pro dalSi srovnani do budoucna;

(V) zmapovat metastabilni faze SiO, ve zkfemenélém dfevu, jako je napf. opal di
moganit, a zkusit zjistit, zda jejich pfitomnost souvisi se stafim vzorku €i s prubéhem
silicifikace;

(vi) prozkoumat velmi nezvyklé geochemické vlastnosti vzorku E6362, které byly patrné
od prvnich méfeni v ramci magisterské prace (Matysova 2006) a rozSifrovat velmi
vyrazny vzor katodoluminiscenéniho obrazu a pravdépodobnou migraci prvkd ve
hmoté SiO,, zodpovédnou za “vybéleni” Casti dieva.

Tyto postupy a ziskané vysledky by mély poskytnout dalSi voditka (proxy) k charakteristice
paleoprostiedi, ve kterém byly ptuvodni rostliny pravdépodobné fosilizovany.

3. MATERIAL A METODY

Vhodny zpusob vzorkovani a pfiprava vzroku (Jones & Rowe 1999, Dernbach et al. 2002,
Taylor et al. 2009) je stejné tak dulezitym krokem jako nasledné analyzy. Obvykle
potfebujeme rozhodnout hned na zaCatku — co chceme vzorkovat a pro€ a kam bychom radi
smérfovali dalSi vyzkumnou ¢&innost (inspiraci k pokladani vyzkumnych otazek nalezneme
v praci Bennington et al. 2009). Samoziejmé je rozdil, zda mame k dispozici vzorek z muzea,
ze kterého mame dovoleno si vzit co nejmensi kousek k analyze (pokud vubec né&jaky),
anebo zda mame moznost si nasbirat material v terénu sami a nejsme ni¢im omezovani. Je
potfeba vzdy vSe dopfedu zvazit a dale vybrat adekvatni techniky k analyze. Pfi analyzovani
vzorku je zadouci zkombinovat vice rlznych metod, a nasledné porovnat Ci nejlépe
odsouhlasit vysledky, nez pouZzit pouze jednu metodu.

NAZEV INSTRUMENTALNi METODY PRIPRAVA VZORKU Tvp | PUBLKA
Opticka mikroskopie (PPL, XPL) vybrusy nd, i 1-5
Mikroskopie v odraZzeném svétle nabrusy, vylesténé plochy nd, i 2,4
Horké katodoluminiscenéni mikroskopie (CL) vybrusy, pokovené nd, i 1-5
Katodoluminiscencni spektroskopie vybrusy, pokovené p, nd, gl 2,4,5
Skenovaci elektronova mikroskopie (BSE, SE) | vybrusy, pokovené nd, i 1-5
Energiové disperzni spektroskopie (EDS) vybrusy, pokovené p, nd, sgn 1-4
Elektronovéa mikroanalyza (WDS) vybrusy, pokovené p, nd, gn 1,4,5
Viysoce rozliSovaci CL detektor vybrusy, pokovené i 4,5
Rentgenova difrakéni analyza (XRD) prasek, planar. fragmenty | b, d/nd, gn 1,2,4,5
Ramanova spektroskopie vybrusy, nepokovené p, nd/ud, ql 1,4,5
Laserova ablace ICP-MS silngjSi vybrusy (100 pm) p, ud 5

Tabulka 1. Zobrazovaci a analytické techniky pouzité pfi studiu fosilnich dfev v této praci. Vysvétlivky:
nd — nedestruktivni, ud — mikrodestruktivni, d — destruktivni, i — zobrazovaci, gl — kvalitativni analyza,
gn — kvantitativni analyza, sqn — semikvantitativni analyza, b — celkova a p — bodova analyza.




Shrnuti metod pouzitych v ramci této prace je v tab. 1. VétSina vzorkd pochazi z muzei a ze
soukromych sbirek. Pfiprava vzorkd k naslednému analytickému studiu byla témito
vlastnickymi pravy omezena, kazdy dil¢i krok uprav vzorku byl fotodokumentovan. VétSinou
byly zhotoveny vybrusy v pficném, nékdy i v podélném radialnim a tangencialni fezu. Vzdy
se zaCina optickou mikroskopii, a nasledné dalSimi zobrazovacimi technikami, zejména
horkou katodoluminiscenci (CL) a SEM. Pozdéji byla zajimava mista podrobena bodové
analyze, pfipadné mapovani. OM byla pouzita pro taxonomické (PPL) i petrografické
(PPL/XPL) ucely. Silngjsi vybrusy byly pfipraveny pro laserovou ablaci ICP-MS [5]. Celkové
analyzy byly provadény na vybrusech/nabrusech apod. Pro rentgenovou difrakci (XRD) byly
pouzity odfezky vzorkl zbylé po pfipravé vybrusd a nabrusu. Praskové vzorky byly
analyzovany vyjimecné. Nékolik nabrust a vylesténych ploch bylo pouzito pro studium
v odraZzeném svétle. Podrobnosti k metodam jsou v kazdé publikaci [1-5].

4. VYSLEDKY A DISKUZE

Tato prace zacala studiem izolovanych kust permineralizovanych “dfev’ pozdné
pennsylvanského stafi, coz jsou relativné bézné rostlinné fosilie nachazené ve variském
orogenetickém pasmu Evropy. Existence téchto nalezl odrazi sedimentologické a ekolo-
gické zmény, které se pravdépodobné odehraly na rozhrani karbonu a permu a jsou
zaznamenany v sedimentech kontinentalnich panvi ¢eského masivu (Skocek 1970, 1974;
Oplustil & Cleal 2007; Oplustil et al. 2013). Oplustil et al. (2013) ve své praci pojednava
o ploSné expanzi tzv. Cervenych vrstev, které jsou uhli prosté (tzv. red beds), smérem
k susSimu permu. Zkfemenéld dfeva ulozena v Cervenych vrstvach Fi¢nich sedimentd
linského souvrstvi ve stfedoCeskych a zapadoCeskych panvich (Bures 2011; HoleCek 2011;
Mencl et al. 2013a,b; Mencl 2014, Sakala 2015, Lojka et al. 2016) jsou taktéz povazovana
za indikatory takovéto zmény. Jedna se vlastné o paleoproxy sezénné suché klimatické faze.

Studované fosilie reprezentuji zbytky (fragmenty) stonk( pradavnych stromovitych
rostlin, vétSinou prokfemenélé (Casto doprovazené oxidy Zeleza), které se bézné nachazely
na polich, kolem fi¢ek a potlcku &i byly skryty v lesich v Fiénich uloZeninach (alochtonni
depozice). Stale jesté je mozné pfi pochlzkach v terénu nalézt vychozy fi¢nich siliciklastik
z pozdniho paleozoika (nejCastgji arkdzy), ve kterych nalezneme pfimo ulozené fosilni
kmeny. Mé prvni vzorky pochazely z vychodnich Cech. Jako jednu z nejznaméjsich lokalit
Ize uvést ,KryStofovy kameny“ ve vnitrosudetské panvi (Matysova 2004, 2006; Mencl 2007).
| pfesto, Ze fosilie odsud Casto vice pfipominaji kiemen nez dfevo, pfitahovaly pozoronost
védcu i vefejnosti odpradavna (napf. prace H.R. Goepperta z 19. stol.). VétSina z nich do-
dnes postrada paleobotanické (taxonomické, xylotomické) ur€eni. Duvod byl a je jednodu-
chy; tyto fosilie jsou velmi Spatné, jinymi slovy nedostateCné zachovany, aby mohly byt
taxonomicky ur€eny, anebo nebyly odborné studovany vibec. BohuzZel dny “bohatych sklizni”
takovychto prokfemenélych drfev velkych rozmérd, napf z oblasti Jestfebich hor, jsou
nenavratné pry¢ (Mencl 2007, 2014). Pavodné bohata nalezisté byla doslova zdevastovana
prekupniky Ci sbérateli a hodnotné nalezy odvezeny do ciziny, kde byly draze prodany.
Navzdy jsme tak ztratili mnoho cenného materialu k védeckému studiu, nejen dfev
samotnych, ale i celé lokality v $irSi souvislosti (v sedimentologickém a paleoenvironmen-
talnim kontextu). Nastésti alespori néjaky zlomek téchto fosilii Ize stale nalézt v krajiné Ci



v mistnich pamatnikach, a potom jsou zde vzorky ulozené v muzeich, napf. v Nové Pace Ci
v Narodnim muzeu v Praze, a samoziejmé v soukromych sbirkach.

Dovolte mi vratit se na zacCatek; bylo zde velké mnozstvi izolovanych kusu
zkfemenélych drev, které nechtél nikdo studovat, protoZe se véfilo, Zze maji téméF nulovou
paleobotanickou hodnotu vzhledem ke Spatnému zachovani pletiv a svou paleoekologickou
izolaci. Inspirovana pionyrskym vyzkumem némeckych kolegu (reference v Matysové 2006,
[1]), zacala jsem zkuSebné zpracovavat 19 muzejnich exponatl; vysledky ze sedmnacti
z nich byly publikovany v ¢lanku [1], tab. 2, str. 220. Vzorky byly zapujéeny z Narodniho
muzea v Praze, vSechny plvodn& pochéazeji z vychodnich Cech, konkrétn& z pozdné
pennsylvanskych ulozenin v podkrkonoSské a Ceské Casti vnitrosudetské panve (Matysova
2006; [1], obr. 1, str. 218; [1] obr. 1, str. 219).

Shrnuti prace publikované v prvnim &lanku; viz pfiloha Matysova et al. 2008 — [1]

Tato prace vyzdvihuje pouziti instrumentalnich technik pfi studiu fosilnich dfev. Pozornost je
vénovana souvislostem mezi plvodni anatomii rostlinnych pletiv a zpusobem jejich
zachovani v jejich mineralni podobé. Pfi popisu SiO, hmoty byla pouzita petrograficka
nomenklatura a morfologicka klasifikace Florkeho et al. (1991). Z rentgenové difrakce je
patrné Ze index krystalinity a-kfemene je vysoky, coz potvrzuje nazor Moxona (2002), ze
“Cim starsi vzorek, tim vy$Si je jeho krystalinita”. Studijni sada zahrnovala rizné morfotaxony
(tzn. odlisné systematické skupiny rostlin), jmenovité stromovité pfeslicky, kapradiny,
kapradosemenné a primitivni jehli€cnany ([1] tab. 2, str. 220). Zpusob zachovani rdznych
rostlinnych pletiv (parenchym, sklerenchym, aerenchym, tracheidy) byl ve studovanych
vzorcich proménlivy ([1] obr. 2, str. 221).

Poprvé byla na ¢eském materialu pouzita technika horké katodoluminiscence (CL),
ktera ma ocividné velky potencial pfi studiu permineralizaci vysokého stafi pochazejicich
z fi€nich &i jezernich/fiCnich prostfedi. Horka CL se ukazala jako bezkonkure¢ni a vysoce
efektivni metoda pfi studiu zdanlivé uniformni SiO, hmoty; ze ziskanych vysledkd usuzujeme
na nizkoteplotni silicifikaci ([1] obr. 4, str. 224). Pokud je CL pfedfazena dalSim metodam
(SEM/EDX, EPMA apod.), umi rychle odhalit heterogenity v SiO, hmoté nezobrazitelné
jinymi technikami. V nékterych pfipadech dokonce zvyraznila anatomii plvodniho rostlinného
materidlu diky kontrastu CL emisi. Podobné zobrazila tzv. “mineraini kapsy”, odhalila
Castecné kalcifikace apod. ([1] obr. 5, str. 226). Je to technika velmi vhodna ke studiu slozité
tafonomie a diageneze fosilnich dfev, umi odliSit rizné faze prokfemenéni, ukazuje na
transport — napf. umoznuje srovnani mineralnich zrn zachycenych v kapsach na rozdil od zrn
z okolniho fosiliferniho sedimentu a odhaluje jejich odliSny plvod.

Hlavni vystupy této prace jsou spojeny s technikou katodoluminiscence:

1. Prevazujici stabilni Cervena CL (primarni silicifikace) a kratcezijici modra CL objevujici se
v poSkozenych Castech diev, prasklinach apod., jakozto dikaz druhotné faze silicifikace
([1] obr. 4, str. 224).

2. Nové CL schéma platné pro naprostou vétsinu studovanych vzorkd z vychodnich Cech.
Kazdému petrografickému typu SiO, odpovida vlastni CL odstin; napf. mikrokfemen —
Cervena CL, megakifemen — nahnédle ¢ervena CL, chalcedon — narGzovéla-fialova anebo

modravé fialova CL apod. ([1] tab. 3, str. 225).



3. Tafonomické znaky, jako napf. pocateéni kalcifikace pfed silicifikaci, ,mineralni kapsy“
apod. ([1] obr. 5, str. 226).

Pozdéji nasledoval podobny rozbor doprovazeny revizi jak taxonomie, tak geologického

kontextu fosilnich gymnospermnich dfev pochazejicich z vnitrosudetské panve (Mencl et al.

2009 - [2]) a kalamitll z podkrkono$ské panve (Sakala et al. 2009 — [3]).

Shrnuti prace publikované ve druhém c¢lanku; viz pfiloha Mencl et al. 2009 — [2]

Béhem této prace jsme provedli revizi nalezist a taxonomie tzv. ,araukaritd“ z oblasti Jestre-
bich hor z Ceské Casti vnitrosudetské panve ([2] obr. 1, str. 270). VétSina silicifikovaného
materialu pochazela ze zaltmanskych arkéz odolovského souvrstvi (stafi barruel) ([2] obr. 2,
str. 271). Prvni védecké zaznamy pochazeji z rukou R. Goepperta z druhé poloviny 19. stol.
Lokalita byla vydrancovana podobné jako v oblasti Kyffhduseru v Némecku (Dernbach et al.
2002). Bylo zpracovano 14 dfev z aluvialnich sedimentd (pouhé ulomky druhotného dfeva
bez vétvi a klry), vétSina z nich byla nové posbirana v terénu v alochtonnich pozicich ([2]
tab. 1, str. 272; obr. 3, str. 273), nékteré byly nalezeny az ve kvartérnich ulozeninach. Krasné
exemplafe se daji nalézt zakomponované do mistnich pomnika a pamatnik(. XRD potvrdila
vysokou krystalinitu SiO, (a-kfemen) ([2] tab. 1, str. 272). V terénu byly méfeny sméry
ulozeni kmenu a sméry nejdelSich os kmenU ([2] obr. 4, str. 274) za uCelem zrekonstruovat
smér paleoproudl a transport kmenl béhem ukladani. Pfevazovaly SZ a ZSZ orientace
uloZeni araukaritl ve vychozech. Kmeny byly kratSi nez osy bedforem (do 10 metrd) a byly
ulozeny témeér kolmo ke smér paleoproudu ([2] obr. 4, str. 274). Podle velmi hrubého Stérku
ve fosilifernich vrstvach usuzujeme na transport béhem extrémnich povodni.

Taxonomicka revize byla obtizna kvuli velmi Spatnému zachovani druhotného dfeva
(jedina Cast rostliny, ktera se dochovala) a pfiklonili jsme se nechat nomenklaturu otevienou,
totiz pfipsat dfevo k rodu Dadoxylon sp. (zména od r. 2014 viz RoBler et al. 2014). Na tra-
cheidach a paprscich jsme nalezli araukaroidni typ teCkovani ([2] obr. 5 a 6, str. 275; obr. 7,
str. 276; obr. 8, str. 277), ktery ukazuje (spolu s dutinou typu Artisia) na pfibuznost s kordaity.
Paleobotanicka pozorovani byla doprovazena detaini petrografickou a mineralogickou
analyzou podobné jako v publikaci [1]. V porovnani se sadou vzorkd studovanych v [1], zde
bylo vy88i procento domén megakiemene ([2] obr. 9 a 10, str. 278; obr. 11, str. 279).

Katodoluminiscenéni zobrazeni (7 vzorkl) bylo poprvé spojeno se spektralnim
méfenim, pro tyto ucely byly vybrany dva vzorky; oba poskytly velmi dobfe interpretovatelna
data ([2] obr. 9 a 10, str. 278; obr. 13, str. 283). Ve vétSiné vzorkl pfevazovala Cervena CL
(primarni silicifikace) a a kratcezijici modra CL (druhotny pfetisk). CL zobrazila alochtonni
sedimentarni zrna (draselné Zivce apod.) a sekundarni jilové mineraly uvnitf dfeva. Ve tfech
vzorcich dfev jsme neCekané zaznamenali i pfechodnou zlutou CL a-kfemene ([2] obr. 9 a
10, str. 278; tab. 2, str. 280). Do té doby byla tato emise znama pouze z permského
materialu z Chemnitz z Némecka, ktery prokfiemenél za vy$Sich teplot. Tato emise by i zde
mohla byt dikazem hydrotermalnich procest béhem hlubSiho zanofeni fosilie
v sedimentarni panvi, pficemz zde, narozdil od Chemnitz, pochazela tato Zlutd CL z mega-
kfemene v druhotné zahojené praskliné uvnitf vzorku dreva.

Pfedpokladame, zZe vzorky prvnich gymnospermnich rostlin nachazené alochtonné
v fi€nich naplavech jsou fragmentované Casti kmend kordaitl, které kdysi rostly kolem
finich tokl, mohly byt strzeny po proudu béhem vydatnych lijakd a zaplav, transportovany
vodou, zbaveny kury, a uloZzeny do arkézovychsedimentd pod hladinou vody.



Shrnuti prace publikované ve tretim ¢lanku; viz priloha Sakala et al. 2009 — [3]

Vtéto praci jsme se zaméfili na kalamity pochazejici z oblasti kolem Nové Paky
(podkrkono$ska panev, CR). Toto hojné nalezisté, a zejména znama lokalita Balka je
spojovana s vulkanickym plouznickym obzorem (semilské souvrstvi, stafi stefan C). Kalamity
predstavuji pouze Cast rozmanité flory typické pro tuto lokalitu, kde se predpokladalo
hygrofilni spole€enstvo rostouci v jezernim/fi€nim prostiedi. Lokalita je také znama vyskytem
zkfemenélé raSeliny (Mencl et al. 2013, Oplustil et al. 2013). Paleobotanicka revize
vybranych vzorku kalamitt vedly k identifikaci Arthropitys Goeppert (detaily v [3]). Petrogra-
fické analyzy potvrdily pFfevazujici mikrokrystalicky kfemen (polyblastické textury), které
zachovaly jemné anatomické detaily druhotného dfeva. Makrokrystalicky kifemen nebo
sféruliticky chalcedon se také vyskytuji hojné a objevuji se pfednostné jen v nékterych
typech pletiv ([3] obr. 1 a 2, str. 112). V centralnich dutinach, kde se nezachovala zadna
rostlinna pletiva, jsou Casto nalézéna zrna detritu, stejné tak jsou nalézéna okolo stonka.
Vzorky z lokality Balka vykazuji specifické geochemické signatury, coZ bylo patrné z CL
meéfeni, a jsou odliSné od vzorku z jinych lokalit (srovnani viz [4]), pfi€emz nejvice pfipominaji
signatury materialu pochazejiciho z vulkanickych podminek. Publikované barevné CL
schema [1] stejné jako vicestupnova silicifikace (Cervenava CL — primarni faze, a kratcezijici
modra CL — sekundarni faze) plati i zde. Navic, CL v nékterych pfipadech zvyraznila i
puvodni anatomii tracheid (jejich vicevrstevné stény), coz bylo dale potvrzeno i HR-CL [4].
Celkové konstatujeme, Ze lokalita Balka, bez ohledu na pfevaZzujici klimatické podminky ([2]
Fig. 2, p. 271), predstavuje mistné zachované hygrofilni spoleCenstvo rostouci
pravdépodobné v mélkém jezernim ¢€i mokfadnim prostfedi, coz je mj. pravé dokazano
zbytky prvohornich pfesli¢ek a polohami silicifikované raseliny.

Shrnuti prace publikované ve &tvrtém &lanku; viz pfiloha Matysova et al. 2010 — [4]

StéZi mdzeme navrhovat novy pfistup analyzy fosilii pokud nemame zméfena data
z dostatec¢né Sirokého souboru vzorku, ktera by slouzila k vzajemnému porovnani. Ukazalo
se jako nezbytné sehnat permineralizované fosilie z podobnych &i zcela odliSnych lokalit, kde
panovaly jiné podminky a jiny prabéh tafonomie. Vysledky jsou sumarizovany v publikaci [4].
Sada prokiemenélych dfev z podkrkono$ské a vnitrosudetské panve (CR) [1-3] byla
doplnéna o vzorky ze zapadoceskych panvi (CR), Tocantins (Brazilie), Chemnitz (Némecko),
oblast Huqgf (Oman), JZ a JV mongolska riftova zéna (Mongolsko), Petrified Forest National
Park (Arizona, USA), centralni masif (Francie) a centralni &ast transantarktického pohofi
(Antarktida) ([4] tab. 1, p. 129; obr. 1, p. 130).

Hlavni pozornost byla vénovana mineralogickému sloZeni pfevazné prokiemenélych
vzorku (podobné jako u predchozich praci [1-3]), pozorovani bylo provadéno opét s pouzitim
kombinace rGznych zobrazovacich a analytickych technik (OM, XRD, SEM/EDS nebo WDX,
Raman a horka CL). V nékolika vzorcich jsme detekovali metastabilni SiO, faze, jako je
moganit a opal-CT. Kfemen byl nékdy doprovazen chalcedonem (sferulitického €i zebroidni-
ho typu), goetitem, fluoritem apod. Nékteré z téchto mineralnich fazi byly identifikovany také
Ramanovou spektroskopii ([4] obr. 2, str. 131; obr. 3, str. 132; tab. 2, str. 136).

Spektralni slozky CL, zejména ty SiO, faze, a jejich pfesné pfipsani bylo pro hlubSi
porozuméni silicifikace velmi dllezité ([4] obr. 4, str. 133; obr. 5, str. 135; tab. 2, p. 136). Pre-
vazovaly modravé a Cervenaveé odstiny CL, ale spektrum ziskanych emisi bylo mnohem SirSi



a bylo detailnéji popsano v [4] (tab. 3, str. 138). CL odhalila zvlastnosti, jako napf primarné
fluoritizované pletivo ¢&i velmi dobfe Citelnou anatomii ve vzorku psaronie, ktera byla
neviditelna OM (s pomoci PPL/XPL) ([4] obr. 7, str. 138). Horka CL mikroskopie spojena se
spektroskopii je zde naprosto klicovou technikou, ktera odhaluje paleoenvironmentalni proxy
([4] tab. 4 & obr. 8, str. 139).

Uspé&sné jsme rozlisili nasledujici diagnostické znaky ([4] tab. 4, str. 139):

1. Silicifikace v fiénim sedimentu (obr. 1). V téchto fosiliich nebyly zjistény metastabilni
formy SiO, ale jen dobfe krystalicky kfemen se slabou CL s pfevladajicim naCervenalym
odstinem a jen vyjimeCné modrou nebo modrofialovou CL sekundarni kifemenné
(diagenetické) hmoty. Typické je Spatné nebo stiedni zachovani anatomie. VétSina fosilii
jsou fragmenty pyknoxylického dfeva. Fosilie jsou nalézany v allochtonni pozici, nejcastéji
v arkézach nebo arkézovych pis€itych sedimentech, v nichz jsou zivce a nestabilni
alumosilikaty povazovany za zdroj kfemene. Dfevo bylo pfed uloZenim fragmentovano a
pak vystaveno pusobeni zavodnéného sedimentu. Studované vzorky pochazely z panvi
Ceské republiky, Sultanatu Oman a statu Tocantins v Brazilii.

2. Silicifikace ovlivnéna vulkanismem (obr. 2), se tfremi podtypy:

a. s pfimym vilivem vulkanismu: vzorky nalezené in situ v (para-) autochtonni pozici, s vy$Si
druhovou diverzitou a Iépe zachovanou anatomii, CL charakteristiky ukazuji na
hydrotermalni puvod mineralni hmoty ([4] tab. 2, str. 136; tab. 4, str. 139). Vedle
a-kfemene jsou bézné i vyskyty dalSich minerdld a metastabilnich polymorfa SiOs,
které odrazeji vicestupnovy proces silicifikace. Primarni hmoty obvykle emituji Zluté
odstiny CL pfipisované hydrotermalnimu kfemeni, druhotné pretisky jsou odliSitelné
podle kratce Zijici modré CL. Fluoritizace je Casta. Typova lokalita je v Chemnitz
v Némecku.

b. fiéni facie asociované s vulkanoklastickymi sloZzkami: mineralogické a CL vzory jsou
podobné vulkanickému podtypu (a), anatomie je Iépe zachovana nez u vzorkl
z fluvialniho prostfedi bez vulkanickych slozek. Toto plati pro studované vzorky
z Arizony, Mongolska a Antarktidy.

c. jezerni facie s vlivem vulkanismu: fosilie z jezerniho prostfedi pfedstavuji hygrofilni fléru
o vyS8i diverzité. Druhotné pretisky (SiO, emitujici kratcezijici modrou CL) jsou Casté.
Typova lokalita je Balka, podkrkono$ska panev (CR), kde jsou nalézany také
zkfemenélé raseliny.

Prokiemenéla dreva by méla byt povazovana za hodnotné paleoenvironmentalni
a stratigrafické indikatory. CL charakteristiky ukazuji na specifické podminky pfi vzniku
fosilnich dfev. V Ceskych permokarbonskych kontinentalnich panvich jsou fosilni dfeva €asto
nachazena jen v ur€itych vrstvach, kde jejich permineralizace pravdépodobné probihala pod
vlivem sezénné sussiho klimatu (stfidaji se s uhlonosnymi vrstvami, které jsou interpretovany
jako ulozeniny obdobi stabilniho vih&iho klimatu). Tyto interpretace zcela souhlasi s interpre-
tacemi Oplustila & Cleala (2007). Skocek (1970, 1974) a déale Opluétil et al. (2013) uvazu;ji
prokiemenéla dfeva, €asto nachazena mezi Sedymi a Cervenymi pennsylvanskymi jednot-
kami v kontinentalnich Ceskych panvich, jako markery relativné rychle nastupujici aridity.
Posledni publikace se zabyva pouze vzorkem E6362 a je pokraCovanim dlouholeté
analytickeé prace, jejiz prvotni vysledky byly publikovany v [1] a [4].



Shrnuti prace publikované v patém c&lanku; viz pfiloha Matysova et al. 2016 — [5]

Tato prace pojednava o analyze pomérné zvlastniho prokiemenélého vzorku uréeného jako
dfevo typu Agathoxylon z raného permu z podkrkonosské panve (CR) ([5] obr. 1, str. 2).
Tento vzorek byl nalezen v r. 1910 nedaleko obce Studenec ve vychodnich Cechach ([5] obr.
S1). Rentgenova difrakce potvrdila v celém vzorku dobfe krystalicky kifemen (a-SiO,).
V porovnani s jinymi vzorky vSak tento vykazoval velmi zvlastni katodoluminiscenéni obraz
([5] obr. 5, str. 10). Zatimco vétSi €ast vzorku byla tvofena hnédavé Cervenou mineralni
hmotou v druhotném dfevé, které emitovalo Eervenou CL (maximum pfi 643 nm), mensi ¢ast
dfeva byla v hmoté bélavé barvy, “vybélené dfevo” pfi pozorovani v normalnim svétle,
a emitovala kratce Zijici modrou luminiscenci. CL maximum pfi 390 nm ukazuje na
hydrotermalni puvod této kfemenné faze, ktera ma zcela jiny obsah CL aktivatori/defektl
v krystalové mfiZzce. LA-ICP-MS odhalila rozdily v chemickém sloZeni a-SiO, fazi ve v8ech
Castech vzorku ([5] tab. 1, str. 6-7). Kiemenna faze je nabohacena prvky vzacnych zemin, Y
a As. Vybélené dfevo je relativné ochuzeno o U a V, a nabohaceno Al, Li, Rb, Cu, a Sr ([5]
obr. 9, str. 15). Pfedpokladame, Ze napf. pfimési sodiku (66 ppm Na) v nahnédlé mineralni
hmoté detekované s pomoci LA-ICP-MS mohou doprovazet tzv. NBOHC centra, tj. Si-O-Si
vazby pferusené -OH nebo -ONa skupinami (aktivatory ¢ervené CL). Na druhé strané
kationtové kompenzovana AI** centra [AIO/M'°, jsou povaZovana za aktivatory kratce Zijici
modré CL (druhotny pretisk), coZ bylo potvrzeno vy$§imi koncentracemi AI** a Li* ([5] obr. 9,
str. 15, tab. 1, p. 6). Nabohaceni obéma témito prvky je typickym disledkem hydrotermalnich
procesU, podobné také nabohaceni Rb, Cu a Sr.

SEM dokazala odliSit prvotni a druhotné mineralni faze a najit v kifemenné matrici
konglomerat bohaty vanadem ([5] obr. 3-4, str. 8-9). EMP/WDS analyzy ([5] tab. 3, p. 12-13)
identifikovaly konglomerat jakozto pevny roztok wakefielditu—(Ce) a wakefielditu—(Y)
[(Ce,Y,Nd)VO,], doprovazeny xenotimem-(Y) bohatym na arsen; navic tyto mineraly
uzaviraly jednotlivé prokiemenélé tracheidy dfeva. Pfitomnost wakefielditu byla potvrzena
i rentgenovou mikrodifrakci ([5] obr. S4) a Ramanovou analyzou ([5] obr. 6, str. 10; tab. 2,
str. 11). Takto vzacné mineralni nahromadéni bylo v prokfemenélém dfevé nalezeno
a popsano poprvé. Chemicka variabilita mezi velkymi kationty Y, Ce a Nd a menSimi
tetraedralné koordinovanymi ionty P, As a V wakefielditu a xenotimu je pojednana v [5] (obr.
7, str. 14). Wakefieldit-(Y), wakefieldit-(Ce) a As-obsahujici xenotim-(Y) s lehce proménnou
distribuci prvkld vzacnych zemin ([5] obr. 10, str. 16) v prokfemenélém dfevé oCividné vznikly
pozdéji béhem diageneze, protoze jejich srazeni vexogennim prostiedi je velmi
nepravdépodobné. Mechanismus vysrazeni vanadu a jeho vztah k mistnimu vulkanismu je
diskutovan v [5]. Co se tyCe uranu, byla jim nabohacena pouze &ast dieva s nahnédlou
mineralni hmotou (kfemen), a to do 19 ppm. Uvazujeme, zZe redoxné citlivé prvky U a V, byly
ve fosilii na zaatku procesu zachycovany organickou hmotou. Samotny pribéh silicifikace
byl slozity, jeho zjednodu$ené schéma je znazornéno v [5] (obr. 11, str. 17).

Poznamka k taxonomické nomenklature:

V roce 2014 RoBler et al. (2014) doporu€uje namisto rodu Dadoxylon Endl. (uzity i v naSich
publikacich [1] - [4]) pouzivat rod Agathoxylon Hartig.
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5. ZAVERY

(i)

(i)

Kombinace zobrazovacich (PPL/XPL, CL, SEM/BSE/SE) a analytickych technik
(XRD, Raman, EMP/WDS, LA-ICP-MS) je velmi uzite€ny a efektivni nastroj pfi studiu
prokfemenélych (silicifikovanych - permineralizovanych) dfev, jez poskytuje podklad
pro hodnoceni zplUsobu zachovani v riznych sedimentarnich prostfedich. Stale zde
vSak zlOstava mnoho nezodpovézenych otazek ohledné procesu piechodu
rozpusténych forem SiO, ke konecné tuhé kfemenné matrici a zaroven kolem
specifické role rostlinného pletiva béhem této pfremény;

Podle rozmanitého anatomického uspofadani rostlinnych pletiv ve stoncich
nejCastéjSich paleozoickych stromovitych rostlin byly vzorky roztfidény podle typu
stonku. Ukazalo se, Ze rostlinna pletiva se liSi odolnosti oproti destrukci a podle toho
byla permineralizovana, samozfejmé v pfimé zavislosti na mistnich podminkach
(paleoprosttedi). Prostorové uspofadani riznych morfologickych typt SiO, (mikro- a
makrokrystalicky kfemen, mikrokrystalicky a sféruliticky chalcedon ¢i achatovité
struktury) je odvislé od plavodni rostlinné anatomie €asto az na buné&cnou urover.
Nicméné, objevuji se rozdily ve fosilizaci jak uvnitf jednoho vzorku tak mezi vzorky
navzdjem. Obecné Ize konstatovat, Ze polyblastické textury mikrokrystalického
kfemene (mnoho krystalu v jedné burice) zachovavaiji originalni strukturu rostlinného
pletiva nejlépe. Pavodni organickd hmota se ale ve vzorcich téméF nezachovala,
doslo tedy k jejimu Uplnému nahrazeni, ¢asto doprovazenému silnou rekrystalizaci,
a z toho dlivodu bylo u nékterych vzorkd z Fi¢nich naplav téZké rozpoznat, o jaké
rostlinné pletivo se plivodné jednalo;

Horka katodoluminiscence (CL) je jednoznacné nejefektivnéjSi a nejrychlejsi
zobrazovaci metoda. Zejména pokud je spojena s CL spektroskopii umoziuje
spolehlivé pfifazeni spekter Zlutych, oranZzovo-Cervenych a modrych emisi, pfipadné
Zlutych &i kratce-zijicich modrych CL emisi hydrotermalniho kifemene. NejlepSi je
zarfadit CL pred ostatni analytické metody. Umi totiz zobrazit rizné heterogenity, jako
napf. vyvojové odliSné SiO, faze (coz neni rozpoznatelné ani v PPL, ani v SEM),
zbytky karbonatu, allochtonni detriticka zrna apod., stejné tak “vidi” niterné rozdily
v charakteru jednotlivych vrstev tracheidalni buriky. CL zde poskytla pfimy dikaz
existence téchto rlznych trachedlnich vrstev u dfeva pozdné prvohornich
stromovitych preslicek. Byly definovany dva zakladni pfistupy pfi interpretaci CL
odstinG; 1. Kazdy morfologicky typ SiO, a jeho vyvojové stadium mohou mit svuUj
specificky odstin CL; 2. Prokfemenéni (silicifikace) je zpravidla vicestuprfiovy proces;

Analyticky byla vyhodnocena Siroka ‘testovaci sada’ silicifikovanych dfev o stafi
pozdni pensylvan aZ ranné mezozoikum pochazejicich z lokalit v CR, Tocantins
(Brazilie), Chemnitz (Nemécko), oblasti Hugf (Oman), JZ/JV mongolské riftové zony
(Mongolsko), Petrified Forest National Park (Arizona, USA), autunska panev (Francie)
a centralni casti transantarktického pohofi (Antarktida). Na zakladé detailni
instrumentalni analyzy, ve smyslu bodu (i-iii) byla navrzeno nasledujici rozdéleni
podminek silicifikace dfev:

1. Silicifikace v fiénich sedimentech: CR, Oman a Tocantins (Brazilie).
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(v)

2. Silicifikace s vlivem vulkanismu:
a. s pfimym vlivem vulkanismu: Chemnitz (Némecko);
b. s vulkanoklastickymi slozkami ve fluvidlnich sedimentech: Arizona,
Mongolsko, a Antarktida;
c. s vulkanickou aktivitou v jezernim prostfedi: lokalita Balka, PodkrkonoSska
panev (CR).
Dosli jsme k zaveéru, zZe zplsob prokiemenéni dfeva muze slouzit jako paleoenviron-
mentalni a stratigraficky indikator — stonky uloZzené v pozdné paleozoickych fluvidlnich
arkézach Ceskych panvi odpovidaji (sezénné) suchému klimatu, a CL charakteristiky
ukazuji na zvlastni podminky vzniku fosilnich dfev. V budoucnosti by mohly byt
srovavany s dalSimi vzorky;

Metastabilni faze SiO,, hlavné moganit, byly zjistény pomoci XRD a Ramanovy
spektroskopie. Obsah moganitu ve dfevech se pohyboval do 5% ve vzorcich z panve
Autun (Francie), Arizona (USA), a lokality v Chemnitz (Némecko), avSak v rozmezi
5-20% ve dfevé z lokality Saiwan v Omanu a ve difevé z Mongolska. V saiwanském
vzorku byl jakozto primarni mineral, ktery permineralizoval struktury dfeva, pozorovan
goethit, zatimco SiO, (moganit a kfemen) vyplfiovaly okolni anorganické prostory bez
jakékoliv znamky puvodni rostlinné anatomie. Moganit je povazovan za indikator vlivu
vulkanoklastik bé&hem silicifikace, Ccili jeho pfitomnost je spiSe dana mdédem
prokifemenéni nez nizkym stafim vzorku;

Vzorek fosilniho dfeva €. E6362 pochazel z aluvidlnich sedimentl z tektonicky
a vulkanicky aktivni oblasti podkrkono$ské panve (CR) na rozhrani karbonu a permu.
Prokfemenéni a diageneze byly vicestupniové, ukazujici na hydrotermalni vlivy
béhem pozdnéjsi diageneze. Rozdilné katodoluminiscencni odstiny kfemene ukazuji
na rGznorodé aktivatory CL v krystalové mrfizce kfemene. Mineraly wakefieldit
a xenotim, které byly ve vzorku zjistény, dosud v pfimé souvislosti s prokfemenélym
dfevem nebyly popsany. Vznik wakefielditu ukazuje na zménu redoxnich podminek
a migraci ionta V, U, As, a prvk( vzacnych zemin po ulozeni dfeva v sedimentu
a v nasledné nékolikastupriové diagenezi.
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Abstract

Silicified woods belonging to the three-dimensional permineralised plants are thoroughly
studied by palaeobotanists. Their importance is usually underestimated in other scientific
disciplines, their mineralogy/geochemistry is poorly known in close relation to other known
scientific data. Stone-like appearance and nature of silicified wood is valued mainly
in mineralogical markets. Only a complex analytical view can reveal more about their
taphonomic past, palaeoenvironments and mechanisms of their formation and preservation.

This PhD thesis aims to uncover the potential of instrumental analyses
of permineralised woods and design remarkable procedures of observing the wood samples.
| have performed petrographical and geochemical analyses and comparison of samples
of the Pennsylvanian (Carboniferous) to the Late Triassic age from several localities in the
Czech Republic, Germany, Brazil, Sultanate of Oman, Mongolia, USA — Arizona, France,
and Antarctica.

The selected samples, in most cases taxonomically determined, were observed
in qualitative and quantitative way by instrumental imaging and analytical tools. Bulk (XRD)
and detailed point analyses were performed. As the samples are very old, the crystallinity
of SiO, was high (a-quartz was their main constituent according to XRD). A rather rare
metastable SiO, polymorph, moganite, was detected at concentration up to 20%; its
presence seems to have a connection with volcanic settings or evaporitic environment.

Hot cathodoluminescence (CL) visualised most effectively the heterogeneities within
the samples, distinguished different phases of silicification, secondary overprints, uncommon
mineral admixtures, partial calcification or phosphatisation, and allochthonous rock/mineral
grains. CL spectroscopy enabled identification of distinct CL emissions and gave precision to
spectra assignment. CL has become a springboard for other instrumental point analyses
(SEM/EMPA, Raman spectroscopy, LA-ICP-MS), which then led to more detailed analyses
under higher magnifications. Finally, such a combination of distinct analytical techniques led
to an identification of wakefieldite, a rare vanadate mineral, described in fossil wood for the
first time. It was detected in a sample from the Eastern Bohemia, from a field site affected by
volcanism and abundantly occurring local ore deposits. Neighbouring silicified matter with the
wood structure was geochemically heterogeneous and witnessed REE’s and V migration
during multistep diagenetic evolution.

The unconventional approach to fossil-wood analysis allows us to distinguish alluvial
and volcanic modes of silicification. It might be used as a starting point for further research
worldwide that could produce a comprehensive database of materials signatures of such
permineralisations. Simultaneously, the database of CL shades of mineral mass might be
created to better understand the process of fossil wood silicification under distinct past
environments and varying duration.

13



1. INTRODUCTION

Palaeobotanists as well as broad public have been attracted to fossil plants for centuries
since the fossils were discovered on the Earth’s surface. Fossil plants belong to a group
of body fossils, mainly in a form of adpressions, impressions, and compressions (mould or
cast fossils), and they can represent various plant organs (Jones & Rowe 1999, Dernbach et
al. 2002, Taylor et al. 2009). Silicified ‘wood’ is a different, much heavier and more robust 3D
form of the so called ‘permineralised’ or ‘replacement’ fossil. This fossil form usually
embodies stems, roots, or branches of arborescent plants (often only their fragments), which
have been valued by human, with at least the same interest than other kinds of fossils. Their
added value is beauty, especially when cut and polished. The international fossil wood
market documents this phenomenon, and looking at it from a different perspective it is
a huge business. These plant fossils are really old, even of the Late Palaeozoic age, where
the first vegetation colonised basinal lowlands, alluvial plains, and highland areas (Falcon-
Lang et al. 2009). These now extinct plants might have became silicified in two most
common environments; as a part of the whole ecosystem buried in situ during catastrophic
events (so called T° assemblages), oras individuals transported by rivers, decorticated,
fragmented, perhaps scattered far away from the source locality and deposited in fluvial
sediments or much younger deposits (Philippe et al. 2000).

There is a large gap in scientific knowledge on these permineralised fossils. Despite
the current research, there is no complete understanding of the whole silicification process.
The interaction between a plant body and mineral phases, or influence of aquatic
environment, volcanics, microbes efc. is not completely deciphered. If we knew more about
it, silicified woods could be used as palaeoenvironmental indicators on a world scale. An
absolute majority of scientific studies done on the “stone-like plant remains” have dealt
mostly one-sidedly with systematic palaeobotany (taxonomy, anatomy, xylotomy; great
summary in Taylor et al. 2009, and references therein). These fossils used to be solely
utilised for palaeobotanic reconstructions since they preserved the diverse plant anatomy in
a 3D form; the unique direct evidence of prehistoric vegetation existence and its physical
form likely close to the real. Fortunately, in recent decades there have been a growing
number of studies dealing more broadly with other branches of palaeontology sensu lato,
such as palaeoecology, palaeoclimatology, sedimentology, or taphonomy (e.g., Francis
1984, Rex 1986, Rex & Scott 1987, Fielding & Alexander 2001, Cuneo et al. 2003, Parrish &
Falcon-Lang 2007, Taylor & Ryberg 2007, Wagner & Mayoral 2007, Colombi & Parrish 2008,
Pfefferkorn et al. 2008, Falcon-Lang et al. 2009, Falcon-Lang et al. 2011, RoRBler et al. 2012,
Capretz & Rohn 2013, Luthardt et al. 2016), in which authors have worked with fossil wood in
a broader sense and considered also spatial and palaeoenvironmental aspects of fossil sites.

Permineralisation is a very unique process. What did enable a plant body not to be
rotten away or decomposed (recycled), but to retain roughly its original shape and
internal/external features for ages? Permineralised woods often look more like a piece of
stone (quartz, calcite, phosphate, pyrite, etc.) than a piece of plant. Scientists should pay
more attention to the mineral phase or phases responsible for preserving the plant than they
did earlier. Concerning silicified fossils, it is just the silica phase (SiO,), which allowed
preservation of very old parts of prehistoric plants, particularly owing to its hardness and
resistivity to weathering. Quartz and other silica polymorphs are thermodynamically stable
under ambient environmental conditions. Even though recrystallisation in a sample might be
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high and fine anatomical details might not be observed clearly, the existing mineralogical
phases carry information that can be interpreted in a broader context. Every mineral phase is
a result of temperature-pressure-space-time conditions. Each phase has a specific chemical
and isotopic composition, resulting from fluids of local specific concentrations, can contain
fluid inclusions etc.; thus can be a valuable topic to study.

There is surprisingly a small number of scientific papers dealing with modern
instrumental analysis of mineralogical phases in plant permineralisations (e.g., Sigleo 1979;
Scurfield 1979; Scurfield & Segnit 1984; Dietrich et al. 2000a,b, 2001; Goétze et al. 2001;
Scott & Collinson 2003; Witke et al. 2004; Polgari etal. 2005; Hatipoglu & Tuirk 2009;
Sweeney et al. 2009; Labe et al. 2012) in comparison to thousands of papers published
on (systematic) palaeobotany, or palynology. There are also only few studies analysing
carbon content (rest) in otherwise predominantly inorganic plant silicifications (e.g., Sigleo
1978; Dietrich et al. 2000b, 2001, 2013; Nestler et al. 2003; Sweeney et al. 2009). In former
Czechoslovakia, Skocek (1969, 1970, 1974) did a pioneer work in this environmental/minera-
logical sense. On the other hand, some modern research reports on instrumental analysis
of fossil wood are too technical and do not connect the results with anatomic aspects of the
fossils plants, or lack a broader context of palaeobotanical and geological background of the
fossils studied (e.g., Kuczumow et al. 2000, Nowak et al. 2005, Yoon & Kim 2008).

2. AIMS OF THE STUDY

The aim of this PhD thesis was to overcome barrriers among disciplines to address the
mineral phases in plant fossils. | studied 3D plant fossils (not casts) permineralized
predominantly by SiO,, accompanied by other mineralogical phases (iron oxides, carbonates,
sulphides, fluorides, phosphates, and vanadates). The samples were fragments of stems
(steles) or parts of secondary xylem of arborescent plants, such as gymnosperms — cordait-
aleans or primitive conifers. These are the most commonly preserved trunks of ‘Palaeozoic
giants’, sphenopsids, tree ferns, seed ferns efc. Their age was the Pennsylvanian to the
Early Permian but some Early Mesozoic samples were also included.

The main aims could be defined as follows:

(i) to contribute to the understanding of petrographical, mineralogical, chemical, and CL
signatures inthe studied plant fossils (ideally well-classified morphotaxa)
using several independent imaging and analytical techniques, such as CL, SEM,
EMP, XRD, LA-ICP-MS, and Raman spectroscopy;

(i) to clarify the relationship between the original plant anatomy and petrography-
mineralogical characteristics of the inorganic matter, i.e., to understand the mode
of permineralisation;

(iii) to test CL technique limitations for silicified wood analysis;

(iv) to perform such observations (i) on specimens from several Czech and other
(selected) world localities and interpret the results in accordancce with available
palaeobotanical, geological, sedimentological, and paleoenvironmental data, in order
to produce a ‘test set’ for future evaluation;
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(V) to examine metastable SiO, phases such as opal and moganite in silicified woods, to
test whether their presence is related to the specimens age or to the mode
of silicification;

to investigate a very peculiar geochemical pattern of the sample E6362 noticed during
master studies of Matysova (2006) and to decipher its colourful CL pattern and the
probable migration of elements responsible for that pattern with leached wood parts.
Such procedure should provide some clues to palaeoenvironment under which the fossils
were formed.

(vi)

3. MATERIALS AND METHODS

Appropriate sampling and sample preparation (Jones & Rowe 1999, Dernbach et al. 2002,
Taylor et al. 2009) is as important as the subsequent analysis. We always need to decide
what we want to do with the sample and where we would like to focus our further research
(inspiration on research questions can be found in Bennington et al. 2009). Of course, it
makes a big difference whether we have a unique museum specimen with a limitation to take
the smallest volume of material sufficient for analysis (if any), or we have a possibility to do
sampling during a fieldwork on our own and there is plenty of material to be hammered and
consumed. Both options need a careful consideration and choice of subsequent adequate
techniques. To determine basic properties of a sample we can use one particular method but
usually it is better to combine several methods, even if only to check the results.

INSTRUMENTAL METHOD SAMPLE PREPARATION FEATURES | PAPERS
Optical microscopy (PPL, XPL) Thin sections nd, i 1-5
Reflected light microscopy Polished sections nd, i 2,4
Hot cathodoluminescence microscopy Thin sections, carbon coated nd, i 1-5
Hot cathodoluminescence spectroscopy | Thin sections, carbon coated p, nd, ql 2,4,5
Scanning electron microscopy (BSE, SE) | Thin sections, carbon coated nd, i 1-5
Energy dispersive spectroscopy (EDS) Thin sections, carbon coated | p, nd, sqn 1-4
Electron microprobe analyses (WDS) Thin sections, carbon coated p, nd, gn 1,4,5
High resolution CL detector Thin sections, carbon coated i 4,5
X-ray diffraction analysis Powder, planar fragments b,d/nd,gqn | 1,2,4,5
Raman spectroscopy Thin sections, uncoated p, nd/ud, gl 1,4,5
Laser Ablation ICP-MS Thicker thin sections (100 ym) p, ud 5

Table 3. Imaging and analytical techniques applied on permineralised material in this thesis. Used
abbreviations: nd — nondestructive, yd — microdestructive, d — destructive, i — imaging, gl — qualitative
analysis, gn — quantitative analysis, sqn — semiquantitative analysis, b — bulk and p — point analysis.

Summary of methods used in this thesis is in Tab. 3. Most samples studied in this thesis
came from museum and private collections. Sampling was thus limited and every step
of sample processing was photo-documented. Majority of the specimens have been
prepared as polished thin sections made from transverse, and where possible also
longitudinal radial and tangential cuts. Analyses have always started by optical microscopy
and imaging techniques (CL, SEM); point analyses were subsequently performed in areas
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of interest. Optical microscopy was used for both taxonomic (PPL) and petrographic
(PPL/XPL) examination. Slightly thicker sections were prepared for LA-ICP-MS [5]. Bulk
analyses were processed simultaneously. For XRD measurements mostly planar fragments
obtained during the production of thin sections were used. Powdered samples were analysed
only exceptionally. Several thick polished sections for reflected light microscopy proved to be
useful. Particular instruments and techniques used, with precise determination of experi-
mental settings, are described in detail in each publication [1-5].

4. RESULTS

My work originally commenced on isolated permineralised pieces of ‘wood’ from the Late
Pennsylvanian, relatively common plant fossils in European Variscan orogenic belts. Their
presence reflects sedimentological and ecological changes that took place around the
Carboniferous-Permian transition as recorded in the continental basins of the Czech part
of the Bohemian Massif (Skocek 1970, 1974; Oplustil & Cleal 2007; Oplustil et al. 2013).
A detailed overview by Oplustil et al. (2013) describes red beds (coal-barren) expansion
towards the drier Permian. Silicified woods deposited in fluvial red beds of the Liné
Formation, Central and Western Bohemian basins etc. (Bure$ 2011; HoleCek 2011; Mencl et
al. 2013a,b; Mencl 2014, Sakala 2015, Lojka et al. 2016) are listed as one of the climatically
sensitive indicators. They are assumed as palaeoproxy of seasonal dry climatic phases.

The studied fossils represent remains (fragments) of stems of arborescent plants,
mostly silicified, which can be commonly found on the surface of crop fields or along small
local rivers or streams, or are more hidden in woods as secondary (allochthonous) alluvium
deposits. However, they can still be sometimes seen entombed in fluvial siliciclastic
sediments as a part of mostly Late Pennsylvanian outcrops. My very first samples came from
Eastern Bohemia. One of the well-known localities there is for instance ,KryStofovy kameny*
(“Christopher’s Stones”) in the Intra-Sudetic Basin, CR (Matysova 2004, 2006; Mencl 2007).
Even though these remarkable fossils often resemble rather a piece of quartz than a plant
remnant, they have attracted attention of palaeobotanists since the earlier days of palaeo-
botany (H.R. Goeppert in the 19" century). However, lots of them still lack detailed palaeo-
botanical (taxonomic, xylotomic) description. The reason is simple; they are poorly or ‘not
well-enough’ preserved or they have not been studied at all. Unfortunately, the days of spec-
tacular finds of large silicified tree deposits reportedly easy to reach in the territory of the
today’s Czech Republic, namely in Jestfebi hory (the Hawk Mountains; Mencl 2007, 2014),
have passed. Long time ago they were looted by enthusiastic traffickers or collectors and
reportedly in large scale transported abroad for sale. Therefore, huge amounts of fossils
potentially available for research have been lost. It was not only the plant fossils what was
absolutely lost. With those huge or even smaller silicified trunks we also wasted any
possibility to study complete deposit sites in a broader sedimentological and palaeoenviron-
mental context. Fortunately, beside the scant rest of the samples in the countryside or fossils
inbuilt within local monuments, we still have some potential study material housed in local
museums, e.g. in Nova Paka, or in the National Museum in Prague, and, appreciable amount
of material is scattered in private collections.

Let's go back to the beginning; there are plenty of isolated pieces of such silicified ‘woods’,
which nobody wanted to study any more as they were thought to have nearly none
palaeobotanical value for their poor preservation and palaeoecologic isolation. Inspired
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by pioneer geochemical research in Germany (Matysova 2006, [1], and references therein),
| began to work with 19 museum specimens; the results on 17 of them were published in [1],
Table 2, p. 220. They were obtained from collections of National Museum in Prague, all
originally found in Eastern Bohemia. Specifically, they came from the Late Pennsylvanian
sedimentary deposits of the KrkonoSe-Piedmont and Intra Sudetic basins (Matysova 2006;
[1] Fig. 1, p. 218; [1] Fig. 1, p. 219).

Summary of work published in the 1% paper; see appendix Matysova et al. 2008 — [1]

This first paper highlights the usefulness of instrumental approach to plant fossils. It addres-
ses the relationship between the original anatomy or internal structure of plant tissues and
their specific mode of preservation in the stone-like form. In the description of plant tissue
preservation by SiO, mass, fundamental petrographic nomenclature and morphological
classification of Florke et al. (1991) were used. According to XRD results the crystallinity
index of a-quartz in the samples is high, which confirms the time/age formula: ‘the older the
sample, the higher the crystallinity’ (Moxon 2002). The studied sample set included stem
pieces of different morphotaxa (distinct systematic groups, Tab. 1), namely calamites, tree
ferns, seed ferns, and cordaitaleans or primitive conifers ([1] Tab. 2, p. 220). The way
of preservation of different plant cells (parenchyma, sclerenchyma, aerenchyma, tracheids)
varies in the studied samples ([1] Fig. 2, p. 221).

The paper focuses on detailed microscopic observation and points out the sense
of petrographic and mineralogical analyses of SiO, matter in silicified wood ([1] Fig. 3, p.
222). It introduces — for the first time on Czech silicified wood specimens — hot
cathodoluminescence (CL), and evaluates its high potential in research of permineralised
fossil plant remains from alluvial or lacustrine/alluvial environments (in contrast to wood
specimens from volcanics in Germany). Hot CL proves to be an excellent analytical and
imaging tool for study of relatively uniform SiO, matter; for that reason we propose rather low
temperatures during fossil wood formation ([1] Fig. 4, p. 224). If used prior to other
microanalyses (SEM/EDX, EPMA, efc.), CL quickly depicts heterogeneities in SiO, matter
not visible by other techniques. Thanks to strongly contrasting CL emissions, it can visualise
tiny anatomical details not noticeable by ordinary microscopy, distinguishes a specific
character of mineral/rock grains trapped in “mineral pockets”, reveals an incipient stage
of calcification etc. ([1] Fig. 5, p. 226). It might be the main clue for further study of wood
taphonomy and diagenesis; by visualising several stages of silicification, providing an
evidence for a long transport — different grains are trapped in pockets versus grains as a part
of the sediment around the fossil in a field, and so on.

Main outputs of this work were closely connected with new CL results:

1. Finding of stable red CL (the primary step of silicification) and short-lived blue CL related
to distorted wood parts, fractures efc. as a proof of secondary silicification ([1] Fig. 4, p.
224).

2. Establishment of a new CL scheme valid for majority of samples studied in our sample
set (Eastern Bohemia). Every petrographic type of SiO, mineral present in thin sections
gave own peculiar CL shade; e.g. microquartz — red CL, megaquartz — brownish red CL,
chalcedony — pinkish-violet or bluish violet CL etc. ([1] Tab. 3, p. 225).
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3. Taphonomic evidences such as traces of initial calcification before silicification, ‘mineral
pockets’ etc. revealed ([1] Fig. 5, p. 226).

Lately, we conducted similar geochemical analyses supplemented with more detailed
revision of taxonomical and geological context on gymnosperm woods from the Intra-Sudetic
Basin (Mencl et al. 2009 — [2]) and calamites from the KrkonoSe Piedmont Basin (Sakala et
al. 2009 — [3)).

Summary of work published in the 2™ paper; see appendix Mencl et al. 2009 — [2]

During this work we have done a closer historical insight of fossil wood findings, called
‘araukarity’, in the area of the ‘Jestfebi hory’ (the Hawk Mts) in the Czech part of the Intra-
Sudetic Basin (ISB) ([2] Fig. 1, p. 270). Most of the silicified wood material comes from the
Zaltman Member (mostly represented by arkoses) of the Odolov Formation, the Barruelian in
age ([2] Fig. 2, p. 271). The first scientific descriptions by H. R. Goeppert come from the
second half of the 19" century. The locality has been plundered since its discovery and its
fate strongly resembles the fate of similar fossil wood deposit in the Kyffhduser in Germany
(Dernbach et al. 2002). In this study, we processed 14 pieces of driftwood (mere secondary
xylems without branches or leaves), most of them were newly collected ([2] Table 1, p. 272;
Fig. 3, p. 273) in the field, embedded in allochthonous positions, redeposited or scattered in
the countryside (in the Quaternary deposits). Beside that, lots of logs are inbuilt in local
monuments. According to XRD, crystallinity of SiO, (a-quartz) in wood samples is very high
and corresponds to their high age ([2] Table 1, p. 272). In the field, palaeoflow’s directions
and directions of the longest axes of the stems were measured ([2] Fig. 4, p. 274) in order to
reconstruct the direction of palaeostreams and the transport of the logs during deposition.
We found that NW or WNW directions prevailed in fossil log orientation. Logs were shorter
than axes of the bedforms (up to 10 meters) and laid almost perpendicularly to the
palaeostream ([2] Fig. 4, p. 274). According to very coarse residual gravel in fluvial
fossiliferous strata we suppose their transport during extreme floods.

Taxonomic revision proved to be quite difficult due to poor preservation of secondary
xylem (the only preserved part of former plants) and led us to conclusion that the wood
should be left in open nomenclature and ascribed as Dadoxylon sp. (see change in Rofler
et al. 2014). We found araucarioid type of tracheids and rays ([2] Figs. 5&6, p. 275; Fig. 7, p.
276; Fig. 8, p. 277), that supports (with one Artisia-like pith) affinity to cordaites.
Palaeobotanic observations were followed by detailed petrographical and mineralogical
analyses similar as in the first paper [1]. Compared with the previous sample set in [1],
a higher percentage of megaquartz domains not respecting the former wood anatomy was
found ([2] Figs. 9&10, p. 278; Fig. 11, p. 279), probably due to more advanced crystal
ripening.

Cathodoluminescence imaging (7 samples) was for the first time supplemented by
spectral measurements (two most distinct sampels were selected), and both gave
interpretable results ([2] Figs. 9&10, p. 278; Fig. 13, p. 283). In most samples, a reddish CL
(primary silicification) and a short-lived blue CL (secondary overprint) prevailed. CL again
revealed allochthonous sedimentary grains (K-feldspars etfc.) or secondary minerals (clay
minerals) within the wood. Unexpectedly, emission of a transient yellow CL of a-quartz
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in three wood samples was detected ([2] Figs. 9&10, p. 278; Tab. 2, p. 280). Prior to our
study, such a short-lived yellow CL had only been known from the Permian plant samples
from Chemnitz, silicified under higher temperature. Here we explain this emission also as an
evidence of hydrothermal processes due to deep burial in sedimentary basins, buried wood
was mechanically scarred and fractures consequently healed by a second generation
of quartz under increased temperatures.

Based on our results, we suppose that the studied gymnosperm logs found in fluvial
sandstones might have been fragments of cordaitalean trees once growing in the so called
streamside niches, pulled downstream by heavy rains and floods, transported, decorticated,
disintegrated, embedded in arkosic alluvium, and subjected to interaction with waterlogged
sediment.

Summary of work published in the 3 paper; see appendix Sakala et al. 2009 — [3]

In this work we focused on several silicified stems of calamites coming from the Nova Paka
area, the KrkonoSe-Piedmont Basin (KPB). This fossil site and strata (in particular ‘Balka’) is
supposed to be related to the volcanic Plouznice Horizon (the Semily Formation, the
Stephanian C in age). It was also confirmed by the geochemical analyses (mentioned
further). Calamites represent only one part of a more diversified assemblage typical of this
site, and are considered as hygrophilous elements preserved in lacustrine/fluvial
environment. This site is also known for abundant finds of silicified peat (Mencl et al. 2013,
Oplustil et al. 2013). Palaeobotanic revision of the selected calamite specimens led only to
identification of Arthropitys Goeppert (details in [3]). Petrographic analysis revealed
prevailing microcrystalline quartz (polyblastic textures) preserving minute anatomical details
of secondary xylem of the calamite wood cylinder. Macrocrystalline quartz or spherulitic
chalcedony are both present, often tissue-specific ([3] Fig. 1&2, p. 112). Sedimentary grains
were abundant in central piths, where plant tissue was not preserved, or surrounded the
fossil stems. CL analysis showed that the Balka samples have their specific ‘geochemical
signature’ and are different from other samples (it is compared further in [4]). They most
resemble the geochemical pattern of plant fossils known from volcanic settings. Both the
published CL colour scheme [1] and the two-step silicification course (reddish CL as a proof
of primary, and short-lived blue CL as a proof of secondary SiO, mass) are valid here.
Moreover, CL in some cases highlighted really the great details of tracheids’ walls, which
was subsequently improved by further measurements on HR-CL [4]. In general, it seems that
at Balka locality, irrespective of a generally dry climatic conditions ([2] Fig. 2, p. 271), a local
assemblage was present with a predominance of hygrophilic components, for instance
in shallow lacustrine or swamp environment. It is herein evidenced by remains of the
Permian horsetails or findings of silicified peat.

Summary of work published in the 4" paper; see appendix Matysova et al. 2010 — [4]
Generaly speaking, we can scarcely develop any novel approach to plant fossil processing

without a sufficiently broad sample collection for comparative research. We found necessary
to gather adequate analytical data from permineralised fossils from both similar and
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contrasting localities, geological settings and specific taphonomy. The results were
summarized in [4]. The set of silicified ‘wood’ from KrkonoSe-Piedmont Basin and Intra
Sudetic Basin in CR mentioned above in the first papers [1-3] was supplemented by a high
number of samples from the West Bohemian Basins (WBB, CR), Tocantins (the Parnaiba
Basin, Brazil), Chemnitz (the Erzgebirge Basin, Germany), the Huqf Area (the Sultanate of
Oman), SW and SE Mongolia rift zone (Mongolia), Petrified Forest National Park (Arizona,
USA), the Massif Central (the Autun Basin, France) and the Central Transantarctic
Mountains (Antarctica) ([4] Tab. 1, p. 129; Fig. 1, p. 130).

The main attention was paid to the mineral composition of studied, mostly silicified,
samples. Again, a combination of various imaging and analytical techniques (light micro-
scopy, XRD, SEM/EDS or WDX, Raman and hot CL) was used. Observations were done in
several distinct orders: first to describe microstructural features, petrographical textures,
crystallite size efc., then to distinguish primary and secondary phases, postdiagenetic over-
prints, allochthonous admixtures, and afterwards to analyse the qualitatively determined
phases in a (semi-)quantitative way (bulk and point analyses). Bulk analyses by XRD
identified quartz (a-SiO;) as the major permineralising agent with its mean coherence length
(MCL) significantly varying. Reasons for that were searched under light microscopy during
petrographic analysis; it confirmed a relation to particular tissue/cell anatomy in each sample
individually. In some samples, also metastable SiO, phases, such as moganite and opal-CT
were present. Quartz was sometimes accompanied by chalcedony (of a spherulitic or zebroic
type), goethite, fluorite and other mineral phases. Some of these phases were also identified
by the Raman spectroscopy ([4] Fig. 2, p. 131; Fig. 3, p. 132; Tab. 2, p. 136).

CL spectral components, especially those of SiO, phase, and their assignment
showed as a crucial analytical tool leading to deeper understanding to the silicification
process ([4] Fig. 4, p. 133; Fig. 5, p. 135; Tab. 2, p. 136). Bluish and reddish CL shades
of primary and secondary silica masses prevailed, respectively, but the spectrum of the
gained CL signals was broader as described in more details ([4] Tab. 3, p. 138). Peculiarities,
such as primarily fluoritised tissue or readable anatomy in a Psaronius sample otherwise
unreadable (by PPL/XPL) was revealed only owing to the hot CL ([4] Fig. 7, p. 138) and
attributed to the extensive observations of plant anatomy preservation, pigmentation etc. ([4]
Fig. 6, p. 137). Therefore, both hot CL and CL spectroscopy (in combination with other
methods) should be considered fundamental techniques for study of silica phases and
materials features of silica mass to reveal palaeoenvironmental proxies with respect to
anatomical features (taxonomy) as well as sedimentary background of each fossiliferous
locality ([4] Tab. 4 & Fig. 8, p. 139). We distinguished different CL signals for samples from
volcanic and/or alluvial settings, or settings with a certain influence of volcanism ([4] Tab. 4,
p. 139). It is not easy to interpret CL shades and CL spectra according to standard
mineralogical conventions as we balance between inorganic matter (mineral) and organic
matrix (plant); both interrelated. In this point our new knowledge (newly gained CL data) begs
fundamental questions about CL principles in silicified wood, i.e., the presence of defects in
the crystal lattice (related to the plant anatomy), the presence of CL activators/quenchers in
close relation to a real arrangement of SiO, mass in fossil wood on a micro-level, sometimes
highlighting a subcellular level (e.g., different CL shades in various parts of the tracheid wall
in Arthropitys sp. ([4] Fig. 5.A, p. 135). Some of the main outputs were also closely
connected with CL results (summary in [4] Tab. 4, p. 139):
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We positively distinguished diagnostic signs of:

1. Silicification in fluvial sediments (Fig. 1): in those fossils no metastable silica phases
were detected beside dominant a-quartz, well crystalline, with rather weak CL and
prevailing reddish (primary) CL and only occasional blue, blue-violet or yellow CL shades
of secondary (later diagenetic) silica mass. Poor or moderate preservation of anatomy
prevail, most fossils were dense pycnoxylic wood. Fossils were embedded in allochth-
onous positions, typically in arkosic psamitic sediments, of which feldspars and unstable
Al-silicates were proposed as the source of Si for silicification. The studied specimens
of this group come from the Czech Republic, Sultanate of Oman, and Tocantins (Brazil).

2. Silicification influenced by volcanics (Fig. 2), with three subtypes:

a. with a direct influence of volcanism: samples found in situ in (para-) autochthonous
position, with higher species diversity and better preserved anatomy, CL
characteristics point to hydrothermal origin of the mineral mass ([4] Tab. 2, p. 136;
Tab. 4, p. 139). Beside a-quartz, further minerals and metastable SiO, polymorphs are
common, documenting a multistage process of silicification, primary mass commonly
emits a yellow CL attributed to hydrothermal quartz, secondary overprints are marked
by a short-lived blue CL. Fluoritisation is frequent. Type locality is Chemnitz, Germany.

b. fluvial facies associated with volcaniclastic components: mineralogical and CL patterns are
similar to volcanic subtype (a), anatomy is better preserved than from fluvial settings
without volcanic components. The studied specimens of that group were from Arizona,
Mongolia, and Antarctica.

c. lacustrine facies associated with volcanic activity: the fossils from lacustrine settings
represent a hygrophilous flora of a higher diversity. Secondary overprints (silica with
short-lived blue CL) are common. Type locality is Balka, the Krkonose Piedmont Basin
(CR), also bearing silicified peat.

Silicified plant stems may therefore serve as palaeoenvironmental and potentially
stratigraphic indicators and CL characteristics points to specific conditions of the fossil
wood formation. In the continental basins of the Czech Republic the fossil wood is often
found in certain strata that bear indications of seasonal climates during fossil
permineralisation (they alternate with coal-bearing strata representing interpreted as formed
under more stable humid climate).

Our interpretation on palaeoenvironment based on silicified stems preserved in the
late Palaeozoic fluvial deposits of the Bohemian basins are in accordance with conclusions
of Oplustil & Cleal (2007). They characterised environment in individual strata in Bohemian
basins where silicified stems were found; they occurred during periods of (seasonally) dry
climate. Skocek (1970, 1974) and then Oplustil et al. (2013) believed that silicified stems,
frequently found between grey and red units in the continental Bohemian basins of the
Pennsylvanian age are markers of relatively rapidly increasing aridity.
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Figure 1. Artistic reconstruction of wood deposition and silicification in river sediments
in allochthonous positions. Some individual gymnosperm-like trees are fluvially transported
by downpours or massive floods. The trees are decorticated and disintegrated during the transport
(painted by ©Jifi Svoboda).

Figure 2. Artistic reconstruction of plant burial by volcanic fall-out, under which various plants
as a whole ecosystem is preserved in situ during catastrophic event accompanied by fires, lahars,
tectonic movements, and hydrothermal phenomena (painted by ©Jifi Svoboda).
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Summary of work published in the 51 paper; see appendix Matysova et al. 2016 — [5]

We obtained unexpected results from study of a single specimen of a silicified Agathoxylon-
type wood of the Lower Permian age from the KrkonoSe-Piedmont Basin (CR) ([5] Fig. 1, p.
2). It was found in 1910 in the vicinity of Studenec Village in the Eastern Bohemia ([5] Fig.
S1). X-ray diffraction identified well-crystalline quartz (a-SiO,) in the specimen bulk. In con-
trast to other samples it had strikingly different cathodoluminescence (CL) pattern of the sili-
ca phase ([5] Fig. 5, p. 10). Whereas the large proportion of the sample consists of brownish
silicified secondary xylem with intense dark reddish CL emission (maximum at 643 nm), the
minor portion of the xylem is whitish, “bleached” in appearance in normal light, with short-
lived (transient) bright blue CL emission under electron beam. The CL maximum at 390 nm
points to a hydrothermal origin and very different content of CL activators/defects in a-SiO,
crystal lattice. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)
revealed striking differences in the chemical composition of a-SiO, phases of both brownish
and whitish parts of the sample ([5] Tab. 1, p. 6-7). The silica phase is enriched in REE, Y
and As. Whitish zones (“bleached” wood) are depleted in U and V, and enriched in Al, Li, Rb,
Cu, and Sr ([5] Fig. 9, p. 15). We suppose that for instance sodium impurities (66 ppm Na) in
brownish wood detected by LA-ICP-MS might be precursors for the so called NBOHC
(activator for reddish CL). On the other hand, cation-compensated AI** centres [AIO,/M']°,
considered as activators for short-lived blue CL (secondary overprint), are confirmed by
substantially higher concentrations of AI** and Li* ([5] Fig. 9, p. 15, Table 1, p. 6). Both are
very typical hydrothermal elements, as are Rb, Cu, and Sr.

The SEM observations enabled to distinguish primary and secondary mineral phases
and identified a vanadate rich conglomerate embedded in the silica mass ([5] Figs. 3-4, p. 8-
9). An EMP/WDS analysis ([5] Tab. 3, p. 12-13) identified the conglomerate as a solid solu-
tion of wakefieldite—(Ce) and wakefieldite—(Y) [(Ce,Y,Nd)VO,], accompanied by the As-rich
xenotime-(Y); both minerals locally enclose individual silicified tracheids. X-ray microdif-
fraction also confirmed the presence of wakefieldite ([5] Fig. S4) as well as the Raman analy-
sis ([5] Fig. 6, p. 10; Tab. 2, p. 11). Such rare mineral agglomerate has been identified for the
first time in a silicified plant. Chemical variability among large Y-Ce-Nd ions and tetrahedrally
coordinated P-As-V ions in wakefieldite and xenotime were presented in [5] (Fig. 7, p. 14).
Wakefieldite-(Y), wakefieldite-(Ce) and As-bearing xenotime-(Y) with slightly variable
distribution of REEs ([5] Fig. 10, p. 16) were obviously formed in the silicified wood lately
during diagenesis as their precipitation in exogenic environment can hardly be expected. The
mechanism of the vanadate formation and its relationship with local volcanism is discussed
in [5]. Concerning the uranium, only brownish wood parts (quartz) are enriched in U, up to 19
ppm. We hypothesise that redox sensitive elements, in particular U and V, were initially
acumulated by the organic remnants in fossil wood. The course of complex fossilization
of the studied sample is schematized in [5] (Fig. 11, p. 17).

Note on taxonomic nomenclature:
Genus Dadoxylon Endl. mentioned in our work [1] - [4], was redefined in 2014. This should be
further on referred to as Agathoxylon Hartig (R6Bler et al. 2014).
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5. CONCLUSIONS

(i)

(i)

The combination of imaging (PPL/XPL, CL, SEM/BSE/SE) and analytical techniques
(XRD, Raman, EMP/WDS, LA-ICP-MS efc.) is a very useful and effective in the study
of silicified (permineralised) plant remains, providing a good estimate on the
fossilisation mode occurring in various depositional environments; still there are open
questions related to the process of conversion of soluble silica species to solid silica
mass and a specific role of plant tissue in this conversion.

According to specific anatomical arrangement of the plant tissues in stems of the
most common Palaeozoic (now extinct) arborescent plants, the samples (mostly parts
of stems/trunks) were classified to distinct ‘stem types’. Individual plant tissues
showed to have specific resistance to destruction and were permineralised
accordingly, dependent on local palaeoenvironment conditions. The arrangement of
various crystal forms (micro- and macrocrystalline quartz, microcrystalline and
spherulitic chalcedony and agate-like structures) appeared to be associated with the
original plant tissue anatomy down to cell level. However, wide intra- and inter-
specimen variations in the way of duplicating the original plant anatomy by silica
or other mineral phases have been found. Generaly, polyblastic textures
of microcrystalline quartz (many crystals in one cell) preserved the original structure
of plant tissues the best. Due to strong recrystallisation, almost no organic remains,
some samples from alluvia were barely recognizable as wood remains.

Hot cathodolominescence (CL) proved to be an efficient and fast imaging method,
particularly if CL microscopy is supplemented by CL spectroscopy to avoid possible
uncertainties in the assignment of yellow, orange-reddish, and bluish luminescence
shades to hydrothermal quartz with yellow or bright blue CL shades. CL is the best
method used prior to further analyses. CL can highlight various heterogeneities, such
as variable genesis of SiO, phases (cannot be visualized by PPL or SEM), relicts
of carbonates, unexpected presence of allochtonous detrital grains efc., as well as the
minute differences in the character of individual layers of tracheid cell walls. CL
provided direct evidence for the existence and variability of these layers in the Late
Palaeozoic plants. Two basic approaches to the interpretation of CL colours were
established; 1. The individual shade of CL corresponds to the morphological and
genetic types of silica; 2. Silicification was proven to be a multi-phase process.

A large ‘test set’ of the Late Pennsylvanian-Early Mesozoic silicified woods from the
Czech Republic, Tocantins (Brazil), Chemnitz (Germany), the Hugf Area (Oman),
SW/SE Mongolia rift zone (Mongolia), Petrified Forest National Park (Arizona, USA),
the Autun Basin (France) and the Central Transantarctic Mountains (Antarctica) was
analysed and evaluated. On the basis of detailed instrumental analysis, in the sense
(i), we distinguished diagnostic signs of:
1. Silicification in fluvial sediments: the Czech Republic, Oman, and Tocantins
(Brazil).
2. Silicification under influence of volcanics:
a. with a direct influence of volcanism: Chemnitz (Germany);
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(v)

b. fluvial facies associated with volcaniclastic components: Arizona, Mongolia,
and Antarctica;
C. lacustrine facies associated with volcanic activity: Balka, the KrkonoSe
Piedmont Basin (CR).
We came to conclusion that silicified woods can serve as palaeoenvironmental and
potentially stratigraphic indicators — stems deposited in the late Palaeozoic fluvial
arkosic sediments of the Bohemian basins correspond to periods of (seasonally) dry
climate, and CL characteristics points to specific conditions of the fossil wood
formation. Other samples can be compared with these results in future.

Metastable SiO, phases, such as moganite, were detected by XRD and Raman
spectroscopy. Moganite content was up to 5% in the specimens from Autun (France),
Arizona (USA), and Chemnitz (Germany), but as much as 5 — 20% was detected
in the wood from the Saiwan locality in Oman, and from Mongolia wood. In the
Saiwan specimen, goethite was observed as the primary mineral that preserved parts
of original wood structures, while silica (moganite and quartz) was the filling agent
present around, and lacked any plant anatomical features. Moganite appears to be an
indicator of volcaniclastic influence during silicification, i.e. its presence seems to be
related to the mode of silicification rahter than to the age of the specimens;

The piece of silicified wood E6362 came from alluvial deposits of a tectonically and
volcanically active area in the KrkonoSe Piedmont Basin (CR) at the
Carboniferous/Permian boundary. The silicification and diagenesis was multi-step,
pointing to a hydrothermal overprint during the later diagenesis. The variegated CL
shades of quartz are attributable to miscellaneous CL activators in the crystal lattice.
The unique presence of the wakefieldite and xenotime directly associated with
silicified wood has not been reported before. After partial dissolution, wakefieldite was
established as another phase and supports changing of redox conditions and
intensive migration and redistribution/reprecipitation of V, U, As, REEs in the aquatic
fossiliferous environment during successive steps of diagenesis of the fossil.
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