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1 Uvod

Kontaminace zivotniho prostiedi toxickymi prvky je globdlnim problémem,
ktery se projevuje i ve zdanlivé nedotknutych oblastech Zemé!. Tézba a zpracovani
nerostnych surovin, primyslovéa vyroba, spalovani fosilnich paliv a vyroba elektrické
energie jsou dnes hlavni antropogenni zdroje kontaminantl, které vstupuji do
ekosystému. Formy kovii se schopnosti bioakumulace a jejich osud v Zivotnim prostiedi
jsou pfedmétem zajmu Sirokého okruhu védnich oborl, které se zabyvaji interakci
toxickych latek s zivymi organismy, a to Casto s odliSnym thlem pohledu. Cilem téchto
studii tak mize byt sledovani zdrojii znecisténi, transport (lokalni ¢i dalkovy), depozice,
pfemény jednotlivych forem kovi, schopnost vstupovat do potravniho fetézce, toxicita
pro zivé organismy i kontaminace potravin. Zde je vhodné definovat rozdil mezi formou
kovu a konkrétni specii. Pod pojmem specie kovu chapejme definovanou chemickou
slouceninu, oxidac¢ni stav nebo izotop prvku, kdezto formu prvku Ize chépat jako okruh
specii s podobnymi chemickymi ¢i fyzikalnimi vlastnostmi. Toxicita specii/forem kovl
zavisi nejen na jejich biologickém plisobeni, ale 1 na jejich rozpustnosti za danych
podminek, mobilité v prostiedi ¢i pritomnosti latek, které maji schopnost retence pro
tyto formy. Pti sledovani osudu zkoumaného prvku v Zivotnim prostiedi se tak musime
zaméfit na matecné horniny v dané lokalit¢, anorganické i organické komponenty pud ¢i
sedimentll, mikroorganismy, rostlinné i zZivocisné druhy.

Mezi nejCastéji sledované kovy patii zejména specie olova, kadmia, rtuti
a arsenu, které predstavuji zdravotni riziko pro lidskou populaci. Z hlediska toxicity
a bioakumula¢ni schopnosti? je rtut’ a jeji specie nejvice rizikovym polutantem z této
skupiny latek. Rtut je globalni polutant’, ktery ma pomémé slozity kolob&h
v ekosystému®. Kviili vysoké tenzi atomarnich par je jeji koncentrace v atmosféte
vysoka — pfiblizné 1,5—-1,7ngm™ na Severni polokouli a 1—-1,3ngm= na Jizni
polokouli®®. Souc¢asna emise rtuti do atmosféry (cca 7200 t za rok) je tvoiena ze 70 %
z ptirodnich zdroji (v€etné re-emise jiz deponované rtuti); antropogenni emise rtuti
pochézi nejvice ze spalovani uhli’®. Hlavni specii rtuti v atmosféie je Hg® (90 — 99 %)?;
Cast rtuti je vazana na pevné cCastice jako tzv. Casticova rtut’ (,,particulate mercury*)
a &ast se vzdy vyskytuje ve vysoce reaktivni oxidované formé. Casticova a dvojmocna

rtut’ velmi rychle podléhaji suché i mokré depozici na povrch?.



Emise rtuti do atmosféry, jeji depozice na povrch a nésledné re-emise, zpiisobuji
zkoncentrovani tohoto polutantu v nejchladnéjSich oblastech Zemé. Polarni oblasti tak

“l_Koncentrace rtuti v Arktidé prudce rostou poslednich

funguji jako tzv. ,,studend past
150 let a dnes dosahuji kritickych hodnot. Vysoka bioakumulace rtuti v potravnim
fetézci se svymi toxickymi Ucinky projevuje nejen u zivocichi, ale i u lidské populace
zavislé na konzumaci ryb a motskych savcii®!!. Antarkticky cirkumpolarni ocednsky
proud i proudéni vzduchu nad kontinentem (centralni tlakova vyse obklopena Cetnymi
tlakovymi nizemi) castecné izoluji Antarktidu pied kontaminaci polutanty z nizSich
zemeépisnych Sifek. Ackoli je koncentrace rtuti v atmosféie Jizni hemisféry o 30 % nizsi,
l1ze ptredpokladat, ze rozvoj pramyslové vyroby i nartst populace na Jizni polokouli
budou mit negativni vliv na rostouci kontaminaci oblasti Jizniho oceanu i Antarktidy!2,

Vyvoj emise rtuti antropogenniho ptivodu i emise rtuti z pfirodnich zdroja®® je
otaznikem nejbliz§i budoucnosti. Klimatické zmény s sebou mohou piinést tani
permafrostu, ktery predstavuje mnohem vétsi depozit rtuti, nez je celkové mnozstvi rtuti

14 Vliv antropogenni &innosti na vyvoj

Vv ostatnich ptidach, ocednech i atmosféfe
koncentrace rtuti v atmosféfe tak muze byt mnohem vyss$i, nez pfislusi spalovani

fosilnich paliv a primyslové vyrobé.



2 Cile habilita¢ni prace

Ustiednim tématem této habilitaéni prace je studium speciaéniho vyvoje rtuti
Vv ekosystému, ktera pochézi z pfirodnich i antropogennich zdroji. Mezi hlavni cile
prace patfi:
e Vyvoj analytickych metod pro stanoveni Stopovych a ultrastopovych obsahi
rtuti ve vzorcich zivotniho prostiedi se zamétenim na:
I) vyvoj sekvencni extrakce pro ultrastopové obsahy rtuti
II) rozvoj instrumentace, metodiky a vyhodnoceni dat pro termickou desorpéni
analyzu rtuti
III) vyvoj metody pro stanoveni ultrastopovych obsahti methylrtuti v rostlinné
matrici
e Definovani vstupu rtuti do pevninského ekosystému vlivem sopecné Cinnosti
a zvétravani vyvielych hornin — stanoveni pfirozeného pozadi.
e Studium vlivu dalkového transportu a depozice specii rtuti na kontaminaci
Antarktidy.
e Posouzeni environmentdlnich rizik kontaminovanych pid a sedimentt
nakladdnim s nebezpe¢nymi odpady, primyslovou a zemé&délskou cinnosti

¢lovéka.

PtiloZené plvodni védecké prace (Ptiloha I — XI) tvofi uceleny koncept studia
kolobéhu rtuti v pfirodé. V rdmci této habilitaéni prace byly vyvinuty potiebné
analytické postupy, které jsou zaloZzeny na kapalnych extrakcich s komplementarnim
stanovenim vybranych specii rtuti termickou cestou. Vyvinuta metodika byla
aplikovana na jednotlivé pfipadové studie, které zahrnovaly studium speciace rtuti
V horninach, sope¢ném popelu, regolitu, pudach, sedimentech, pouli¢énim prachu, uhli,
pudni mikrobioté, liSejnicich a v koloniich fas a sinic.

V néasledujicich kapitolach bude nejprve popsdn vyvinuty analyticky aparat,
a nasledn¢ budou rozebrany piirodni i antropogenni zdroje rtuti s ohledem na mobilitu
jednotlivych forem, bioakumulaci a transformaci specii. (Cislovani pfilozenych

publikaci autora je podle pofadi vyskytu v textu.)



3 Stanoveni celkového obsahu rtuti

U stanoveni celkového obsahu rtuti ve vzorcich hornin, piid a sedimenti,
nardzime na obecny problém kvantitativniho stanoveni kovli v anorganickych matricich,
totiz velmi obtizny rozklad silikatové matrice vzorku. Z analytického hlediska je tak pro
stanoveni rtuti mnohem vyhodnéj$i pouziti jednoucelovych analyzatora rtuti
s termooxidaénim rozkladem vzorku, napt. AMA-254 (Altec, CR) nebo spektrometr
obdobné konstrukce DMA-80 (Milestone, Italie), které mohou pracovat piimo
spevnym vzorkem i kapalnymi roztoky. Pro stanoveni celkového obsahu rtuti
v pevnych vzorcich, extraktech i mineralizatech byl v ramci pfilozenych publikaci
autora pouzit predevsim atomovy absorpéni spektrometr AMA-254 (Altec, CR).

Princip stanoveni rtuti pomoci analyzatoru AMA-254 spociva v termickém
uvolnéni rtuti ze vzorku v proudu kysliku se zachytem atomti Hg na amalgamatoru, po
kterém nasleduje pulzni ohfev s vypuzenim atomt Hg do optické Casti spektrometru.
Zdrojem zafeni je nizkotlaka rtutova vybojka o vlnové délce 253,65 nm. Vzorek na
davkovaci lodi¢ce (Ni) se zahfeje ve spalovaci trubici na 750 °C. Kyslik odnasi
produkty oxida¢niho rozkladu spolu s analytem do katalytické ¢asti spalovaci pece. Zde,
pii 550 °C, dochazi k dokonceni oxidace a zachytu interferentd (napt. halogeny, sira).
Amalgamace Hg probiha na pozlacené kiemeliné v kifemenné trubicce s odporovym
ohfevem. Po ohfevu amalgamatoru prochdzi atomy Hg pfes dvé vyhfivané kyvety
(120 °C) v optické ose spektrometru; v celém systému tak nedochazi ke kondenzaci
vodnich par. Kyvety maji rozdilnou délku, tj. rozdilnou citlivost. Mezi kyvetami je
zpozd'ovaci nadobka zafazena mimo optickou osu spektrometru. Atomy prochéazi
nejprve delsi kyvetou, poté krat$i. Riizna citlivost kyvet tak umoZituje méfeni ve dvou
kalibra¢nich rozsazich. Stanoveni rtuti pomoci tohoto spektrometru navic umoziuje
mnohonédsobnou amalgamaci analytu S opakovanym davkovanim vzorku. Absolutni
limit detekce rtuti je velmi nizky — 0,01 ng Hg. Spektrometr ma relativné velky linearni
rozsah (az do cca 200 ng Hg v absolutnim mnozstvi).

Parametry metody pro stanoveni rtuti pomoci analyzatoru AMA-254 zavisi na
charakteru vzorku a jeho hmotnosti/objemu, napt. publikace I nebo prace Coufalik
a kol.'®. Pro analyzu pevnych vzorki je vhodné pouzit navazku v rozmezi 10 — 250 mg.
V piipadé vysokého obsahu rtuti v materidlu je navazka vzorku omezena méficim

rozsahem analyzatoru. Pro stanoveni rtuti v kontaminovanych vzorcich lze vyuzit fedéni
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pevného vzorku kiemennym piskem (publikace I1). V pfipad¢ nizké homogenity vzorku
nebo nizkého obsahu analytu je vhodné pouzit vyssich navazek vzorku s odpovidajicim
prodlouzenim doby dekompozice (pro tplné uvolnéni atomu z matrice). Stanoveni
celkové rtuti ve vzorku pfimo zpevného materidlu mé& niz$i piresnost
u kontaminovanych materiald primyslovou &innosti (napf. Hg) nebo napf. u pud
s roztrouSenymi krystaly cinabaritu (HgS). Tyto vzorky lze homogenizovat mletim.

Pro stanoveni rtuti v roztocich je nutné dokonale vysusit nadavkovany objem
V lodi¢ce v rdmci pracovniho programu analyzatoru — nebezpeci ztraty Casti analytu
béhem pulzniho ohfevu pii dekompozici. Do lodi¢ky se bézné¢ davkuje 100 pl vzorku
(s dobou suseni min 60 s); pro roztoky s nizkym obsahem analytu lze doporucit
maximalné 400 pul vzorku. Vysoce korozivni roztoky (napt. konc. HNO3) je vhodné
pied stanovenim rtuti nafedit deionizovanou vodou piimo v davkovaci lodicce. Do
analyzatoru déle nelze davkovat latky s vysokym obsahem siry — zaneseni transportni
cesty 1 optické casti spektrometru.

Stanoveni celkové rtuti pomoci roztokové analyzy je vhodné v ptipadé extrémné
nizké homogenity pevného vzorku nebo u materidldi, které lze snadno pievést do
roztoku. U vétSiny organickych matric 1ze pro stanoveni rtuti pouzit uzavieny rozklad
za zvyseného tlaku, napt. v mikrovinnych mineralizatorech. Mineralizace se provadi
nejcastéji pomoci konc. HNO3 nebo smé€s HNO3z a H202. Stanoveni celkové rtuti ve
vzorku s vyuzitim mineralizace bylo pouzito pro analyzu segmentd stélky lisejnikt
Usnea antarctica (publikace I11). V tomto ptipadé byl stanoven primérny obsah rtuti ve

vybrané ¢asti stélky.

4 Extrakce rtuti a jejich forem

4.1 Sekvenéni extrakce

Ptevedeni analytu z pevného vzorku do roztoku pomoci
extrakéniho/rozkladného ¢inidla predstavuje zékladni ptistup v chemické analyze latek.
Zde je nutné rozlisit, zda je cilem analyzy kvantitativni stanoveni celkového obsahu
analytu ve vzorku nebo stanoveni vybranych specii/forem. Nemobilni specie kovl
vetsinou nepredstavuji ekologické riziko, ovSem za predpokladu dostatecné stability za
danych podminek. Naopak, vysoce mobilni specie mohou chemickymi i fyzikdlnimi

procesy prechazet na méné rizikové formy. Pro objektivni vyhodnoceni ekologickych
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rizik je proto nutné zjistit speciaci sledovan¢ho kovu v materidlu, idedlné spolu
s chemicko-fyzikalni charakteristikou matrice daného vzorku.

Pro ucely speciacni analyzy kovi v sedimentech byl jiz na konci sedmdesatych
let navrZzen postup sekvenéni extrakce podle Tessiera a kol.®, ktery je zakladem mnoha
dosud publikovanych extrakénich schémat pro kovy v environmentélnich matricich. Co
jsou hlavni principy a soucasn¢ uskali této metody? Principem sekvencni extrakce je
postupnd extrakce jednotlivych specii/forem analytu extrakénimi Cinidly s rostouci
extrak¢ni ucinnosti. Jako extrakéni Cinidla se pouzivaji deionizovand voda, ziedéné
roztoky anorganickych soli, zfedéné i koncentrované roztoky kyselin i hydroxidu,
smésné roztoky soli s definovanym pH, i organicka ¢inidla. Podle chemické povahy
extrak¢éniho ¢inidla dochézi béhem extrakce k vyvazani urcité chemické nebo fyzikalni
formy analytu z matrice vzorku. Velmi obsahly vycet extrakénich ¢inidel i schémat
sekvenéni extrakce pro speciacni analyzu rtuti v padach a sedimentech Ize nalézt napf.
v piehledové praci Issaro a kol.!’. Podminka rostouci extrakéni Géinnosti cinidla
vzhledem k charakteru specie i jeji vazby v matrici vzorku je zaroven nejkriti¢téj$im
parametrem ovliviiujicim vysledek analyzy. Extrakce probiha v naslednych krocich, tj.
po extrakci jedné formy z navazky vzorku dochazi k opétovné extrakci téhoz vzorku
dal$imi ¢inidly. V idealnim ptipad¢€ by v jednotlivych krocich extrakce nemélo dochazet
K uvoliiovani jiné, nez cilové formy, respektive extrakéni ¢inidla i podminky extrakce
by mély tomuto nezadoucimu jevu zamezit.

Laboratorni provedeni tohoto postupu spociva v extrakci pevného vzorku
v extrakénich zkumavkéach ¢i vialkdch dostateCnym piebytkem extrakéniho Cinidla.
Extrakce dané formy by méla byt kvantitativni. PfiliSné natedéni analytu do velkého
objemu roztoku ovSem znemoziuje stanoveni stopovych koncentraci. (Autorem
doporuceny pomér fazi je 100 mg pevné matrice na 10 ml extrakéniho €inidla.) Vzorek
je vhodné pred extrakci mlit na analytickou jemnost, pokud neni cilem analyzy urceni
mobilnich forem za pfirozenych podminek. (Zrnitost materidlu ovliviiuje vytézek
extrakce.) Extrakce probihé fadu hodin tfepdnim na tfepacce nebo pomoci ultrazvuku za
laboratorni nebo zvySené teploty. Extrakt je poté oddélen centrifugaci nebo filtraci;
extrak¢ni zbytek promyt deionizovanou vodou, a nasledné¢ zalit novym ¢inidlem — dalsi
extrakéni krok. Extrakce tak trvd 1 nékolik dni v kontinualnim rezimu s pevnymi
casovymi intervaly. Je zfejmé, Ze tento postup analyzy je nejen pracny, ale do znacné
miry zavisly na zkuSenosti operatora. Extrakci je nutné provadét v nékolika

opakovanich. Stanovena koncentrace analytu v jednotlivych frakcich byva primérem
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z paralelnich analyz. Do vysledné chyby stanoveni obsahu jednotlivych forem analytu
tak vstupuje homogenita vzorku (paralelni navazky vzorku) a nepatrné rozdily
v extrak¢éni Uc¢innosti ¢inidla v kazdém opakovani extrakce. Vytézek sekvencni
extrakce, tj. suma obsaht analytu ve vSech frakcich, by se mél co nejvice blizit 100 %
celkového obsahu analytu ve vzorku, ktery je stanoven po jeho uplném rozkladu nebo
pfimo z pevného materidlu. Za spravné provedeni extrakce beze ztrat i kontaminaci lze

realn¢ povazovat extrakci s vytézkem mezi 90 — 110 %.

4.2 Vyvinuty postup sekven¢ni extrakce

Speciacni/frakcionacni analyza rtuti vyzaduje pro kazdou komplexni matrici
specificky pracovni postup, ktery minimalizuje ztraty jednotlivych forem rtuti,
a zarovenl odd€luje jednotlivé frakce s minimalni chybou. Pro potieby stanoveni
ultrastopovych obsahti rtuti v pidach a sedimentech byla vyvinuta metoda sekvenéni
extrakce s vyuzitim ptivodniho pracovniho postupu autoral®.

Navrzend sekvencni extrakce rozdéluje formy rtuti ve vzorku na rtut’ rozpustnou
v deionizované vodé (F1), rtut’ uvolnitelnou v kyselém prosttedi (F2, 0,5 mol It HCI),
rtut’ vazanou na organickou hmotu (F3, 0,2 mol I KOH), elementarni rtut a amalgamy
(F4, 50 % HNOs3), HgS (F5, nasyceny roztok NazS) a rezidualni podil (F6, pevny
zbytek) — napt. publikace IV. Toto obecné schéma lze dale upravovat podle materialu
a cili analyzy. Frakce F1 a F2 lze povaZovat za mobilni rtut’, frakce F3 a F4 zahrnuje
semimobilni specie, zbylé frakce 1ze povaZovat za nemobilni formy rtuti. Zejména
u semimobilnich specii rtuti zavisi intenzita vazby rtuti na matrici vzorku na chemicko-
fyzikalnich podminkach.

Ke stanoveni rtuti v extraktech F1-F4 i pevném zbytku lze pouzit analyzator rtuti
AMA-254. Extrakce HgS (F5) ze vzorku pomoci nasycené¢ho roztoku NaoS je
kvantitativni, nicméné¢ neumoZiluje piimé stanoveni rtuti v extraktu. Pfi pouZiti
analyzatoru rtuti narazime na problém kondenzace siry v celém systému vedouci atomy
rtuti véetné optickych kyvet. K zaneseni davkovacich 1 optickych prvki dochazi velmi
rychle, coz znemoziuje jakoukoli dal§i analyzu. (Extrémni mnoZstvi siry zabraiuje
uvolnéni rtuti z roztoku i pii stanoveni pomoci atomové absorpéni spektrometrie
s generovanim studenych par, CV-AAS?.) Jednou z moznosti stanoveni obsahu HgS je
jeho vypocet zrozdilu mezi sumou ostatnich frakci a celkovym obsahem rtuti, coz

ovSem zabrafuje urceni vytézku extrakce.
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V publikaci V' byla extrakce pomoci nasyceného roztoku NazS vynechana
a nahrazena stanovenim obsahu rtuti v pevném zbytku po extrakénim kroku F4.
Stanoveny rezidualni podil tak odpovidda nemobilnim speciim rtuti, tj. HgS, HgCl,
artuti vazané v silikatové matrici vzorku. Stanoveni obsahu rtuti v pevném zbytku po
kroku F4 navic umoziuje vypocitat vytézek extrakce. Druhou moznosti jak urcit
vytézek extrakce a zaroven nepiimo stanovit obsah HgS ve vzorku je pouziti paralelni
extrakce (publikace I). V jedné vétvi extrakce stanovime rezidualni podil rtuti ve
vzorku piimo po extrakci pomoci HNO3z (F4); v druhé vétvi provedeme extrakci pomoci
NazS, extrakt opét nemétime a stanovime rezidudlni podil (F6). Obsah HgS (F5) lze
dopoditat z rozdilu mezi obsahy rtuti v rezidualnim podilu obou vétvi. (V kazdé vétvi je
nutné provést minimalné dvé paralelni extrakce, tj. pro kazdy vzorek analyzujeme
alespoil 4 alikvoty vzorku.) Tento postup analyzy byl také pouzit u kontaminovanych
pud po t€zbé polymetalickych rud a pro vzorky pud kontaminovanych motenim obili
pomoci fenylrtuti (publikace 1V).

V publikaci VI je popsan modifikovany postup extrakce pro stanoveni
ultrastopovych obsahii forem rtuti v pevné matrici. Rtut’ je zde frakcionovéna na
mobilni podil uvolnitelny pomoci 0,5 mol I'* HCI, dale na rtut’ vizanou na organickou
hmotu (extrakce pomoci 0,2 mol I KOH), Hg® a amalgamy (extrakce 50 % HNO3)
a rezidualni podil. Pro spravné a pfesné stanoveni obsahii forem rtuti ve vzorku okolo
1 pugkg? je zanalytického hlediska vyhodngjsi stanovit obsah v pevném materidlu,
nikoli v extraktu, jak je bézné provadéno béhem sekvencni extrakce. V tomto piipadé
bylo provedeno stanoveni celkové rtuti ve vzorku po kazdém kroku extrakce
(samostatna navazka pro kazdy krok extrakce). Kazdé extrakce byla provedena ve tiech
opakovanich; pro provedeni frakcionacni analyzy tak bylo pouzito celkem 9 alikvotl
vzorku.

Hlavnim rizikem sekvenéni extrakce je potencidlni pfesah extrakéni Gi€innosti
¢inidla na jinou, nez cilenou formu. Tento problém se tyka pfedev§im semimobilnich
forem rtuti, které jsou vdzany na matrici vzorku (vazba na minerdlni ¢astice nebo
organické latky), a nemobilnich forem rtuti. Vyvinuty postup extrakce pracujici s 50 %
HNO3z (F4) oddéluje semimobilni rtut od nemobilnich forem, pficemz ptedchozi
extrakce v deionizované vod¢ a hydroxidu snizuji riziko potencialniho rozpousténi HgS
v HNOs®. Velky rozdil v extrakéni ucinnosti 0,5 mol I1 HCI a 50 % HNOs zabraiiuje
predCasnému vyvazani semimobilnich forem rtuti ze vzorku. Pro spravné provedeni

extrakce je nezbytné provést oplach pevného vzorku deionizovanou vodou po kazdém
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kroku extrakce. Odebrani uvolnénych forem rtuti od centrifugovaného zbytku je timto
kvantitativni a zaroven nedochazi k nezddoucim chemickym reakcim cCinidel.

Extrakce mobilnich forem rtuti pomoci 0,5 mol I HCl oviem miize uvolnit
organokovové slouceniny rtuti ze vzorku. (Extrakce organokovovych specii rtuti
pomoci 0,5 mol I'1 HCI neni kvantitativni). V pdach je obsah methylrtuti (MeHg")
obecné velmi nizky'’. Vyskyt organokovovych specii, zejména methylrtuti, ethylrtuti
a fenylrtuti, 1ze ocekavat u sedimentti (biomethylace) a kontaminovanych pud (napf.
pouzitim fenylrtuti v zemédélstvi). Pro stanoveni organickych forem rtuti je vhodné
provést samostatnou extrakci vzorku, jejiz postup je vhodny pro danou matrici (viz

nasledujici kapitola).

4.3 Selektivni extrakce forem rtuti

Pro posouzeni miry kontaminace pid, sedimentli, hluSiny nebo Cistirenskym
kald, a s tim spojenych rizik, je rozhodujici mobilni podil rtuti v materialu. Mobilitu
forem rtuti v ekosystému lze posuzovat jednak z hlediska rozpustnosti/uvolnéni rtuti za
okolnich podminek nebo z hlediska bioakumulacni schopnosti v Zivych organizmech. Je
ziejmé, Ze urceni mobility na zdkladé samotné rozpustnosti dané formy napf.
Vv deionizované vodé¢ je piedev§im chemickym modelem. Nicméné, pfitomnost ve vodé
rozpustnych forem v pidnim roztoku je jiz dostatenym indikatorem potencidlniho
pfijmu rtuti rostlinami. Selektivni extrakce mobilnich forem rtuti se asto zamétuji na
organokovové slouceniny, ve vod¢ rozpustny podil, ¢i podil uvolnitelny ve
ziedénych roztocich soli ¢i kyselin (napt. CaClz, NH4NOs, EDTA, CH3:COOH).

Methylrtut (MeHg") patfi k nejéastéji sledovanym speciim rtuti kvali své

toxicité a vysoké bioakumulaéni schopnosti v potravnim fetézci®®?!

. O stanoveni
MeHg" v pidach, sedimentech, rybach a mofskych plodech bylo publikovano hojné
mnozstvi védecké literatury'’ 2224 Obecné se MeHg" extrahuje ze vzorku pomoci
kyselé nebo alkalické extrakce v kombinaci s extrakei organickym rozpoustédlem ¢i

23,25, nékteré analytické postupy pracuji s destilaci.

dal$imi vysolovacimi ¢inidly

Stanoveni mobilnich forem rtuti v materidlu chemickou cestou urcuje
potencidlné biodostupny podil, ktery by mohl byt pfijat okolnimi organismy. Srovnani
extrak¢ni ucinnosti nékolika ¢inidel pro extrakci mobilnich forem rtuti v padach bylo
provedeno v publikaci V. V publikaci IV byla pro ur¢eni biodostupného podilu rtuti

v kontaminovanych pudach pouzita extrakce pomoci zfedéné CH3COOH jako
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simulantu pfirozenych podminek v pldnim roztoku. U vzorkd pouli¢niho prachu
(publikace VII) byl proveden jednoduchy test biodostupnosti rtuti pro ¢lovéka. V praci
byla provedena extrakce vzorkti pouliéniho prachu v deionizované vodé a extrakce
SBET?, ktera je charakterizovana jako extrakce podilu rtuti uvolnitelného ptisobenim
zalude¢ni kyseliny. (Extrakce je provadéna pifi 37 °C zifedénym roztokem glycinu
okyselenym pomoci HCl na pH = 1,5.)

V publikaci V byla provedena sekven¢ni extrakce vyvinuta autorem, ktera navic
zahrnovala extrakci organokovovych forem rtuti do chloroformu (frakce F0O). Extrakci
lze provést samostatné nebo na ni navazat sekvencni extrakci. Extrahovana frakce
ovSem obsahuje vSechny organokovové specie, coz neumoziuje rozliSeni vysoce
toxické methylrtuti od fenylrtuti ve vzorku bez pouZiti separacni techniky. (U nékterych
vzorkil navic miize dojit ke $patnému smadeni ¢astic v samotném chloroformu®®.) Pro
speciaéni analyzu organokovovych sloucenin rtuti je vyhodné pouziti separacni
techniky — plynové (GC) nebo vysoce ucinné kapalinové chromatografie (HPLC)
s dostate¢né citlivou detekci, napt. pomoci atomové fluorescencni spektrometrie (AFS)
nebo hmotnostni spektrometrie s indukéné vazanym plazmatem (ICP-MS)?°.

Methylrtut v sedimentech i zivociSnych tkdnich lze stanovit 1 bez
chromatografické separace s vyuzitim instrumentace atomové absorpéni spektrometrie®*
(AAS), ovSem za dasledného preciSténi od anorganické rtuti v extraktu. Extrakcni
ucinnost pouzitého Cinidla musi byt dostatecnd pro kvantitativni extrakci. Velmi casto
pouzivanym postupem extrakce MeHg" ze vzorku je extrakce pomoci 6 mol It HCI
nasledovana extrakci do toluenu a zpétnou extrakci MeHg" do vodné faze s L-cysteinem
(publikace VIII). Cilem této metody je kvantitativni extrakce MeHg" z materialu
nasledovand preciSténim extraktu od anorganické rtuti i slozek matrice, coZ umoziuje
stanoveni ultrastopovych koncentraci MeHg". Je zfejmé, Ze kli¢ovym momentem tohoto
postupu je kvantitativni vytézek extrakce a zpétné extrakce do vodné faze. Jednou
Z moznosti ovéfeni vytézku extrakce je pouziti vnitiniho standardu — v publikaci VIII je
to metoda izotopového zted’ovani pro vysoce uc¢innou kapalinovou chromatografii ve
spojeni s hmotnostni spektrometrii s indukéné vazanym plazmatem (HPLC-ICP-MS).
V pfipadé¢ pouziti analyzatoru rtuti nebo instrumentace atomové absorpéni
spektrometrie s elektrotermickou atomizaci (ET-AAS) by mél byt vytézek extrakce
MeHg" ovéfen nezavislou analyzou (pfi vyvoji metody), napf. pomoci plynové

chromatografie ve spojeni s atomovou fluorescenéni spektrometrii (GC-AFS). Tento
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postup extrakce pro stanoveni MeHg" pomoci instrumentace AAS byl ovéfen na
vzorcich kontaminovanych ptid — nepublikované vysledky.

U stanoveni MeHg" v biologickych vzorcich narazime b&hem extrakce na
vyrazné matricové efekty, zejména vznik koloidnich roztokii a srazenin slozek matrice.
Extrakty vzorkl ziskané kyselou ¢i alkalickou hydrolyzou je poté nutné dostateéné
ziedit. Pro stanoveni MeHg" Vv liSejnicich (publikace IX) i pidach (publikace 1V) byla
rovnéz pouzita extrakce pomoci 6 mol I HCI. Extrakt byl po nafedéni octanovym
pufrem podroben derivatizaci a extrakci do hexanu. Stanoveni organokovovych specii
rtuti bylo provedeno pomoci GC-AFS. Relativné malo praci se vénuje stanoveni MeHg"
Vv rostlinné matrici. Zakladni pfistup zlstava stejny — tj. kvantitativni extrakce do
vhodného C¢inidla nasledovand prekoncentraci a stanovenim pomoci tandemovych
technik, které zahrnuji separaci pomoci GC nebo HPLC a detekci, nejcastéji pomoci
AFS pro atomdrni pary rtuti. Extrakéni postupy pouZité pro stanoveni MeHg"
v mikroorganismech nebo liSejnicich (publikace IV a IX) pracuji se ziedénim vzorku
pufrem a s vétsim objemem vysledné organické faze. Obsah MeHg" ve vzorku tak musi
byt dostatecny pro toto zfedéni. Pro nizké koncentrace analytu je ovSem nutné pouzit co
nejvyssi objem extraktu vzorku a provést prekoncentraci do malého objemu organické
faze, coz témét znemoziuje analyzu kviili matricovym efektim — vznik srazeniny nebo
zékalu b&hem extrakce MeHg" do organické faze. Z tohoto diivodu byl vyvinut postup
extrakce MeHg" (publikace X) pracujici s enzymatickou hydrolyzou rostlinné matrice.
Postup byl vyvijen na certifikovaném referencnim materidlu (CRM) liSejniku
a aplikovan na vzorky cyanobakteridlnich povlaki (kolonie sinic a fas). Vysledny
postup stanoveni zahrnuje hydrolyzu matrice pomoci celulazy, extrakci MeHg" pomoci

6 mol I* HCI, derivatizaci, extrakci do hexanu a stanoveni pomoci GC-AFS.

5 Termicka desorp¢ni analyza

Vysokd tenze par elementarni rtuti i nizkd termickd stabilita jejich sloucenin
umoznuje stanoveni nékterych specii/forem rtuti termickou cestou, na zaklad¢ rozdilné
teploty rozkladu latek. (Tenze atomarnich par Hg pii 20 °C ¢ini 0,16 Pa, coz odpovida
14 mg m v nasycené plynné fazi.) Za teplot nad 600 °C dochazi k uvolnéni rtuti ze
vsech slou¢enin?’. Metoda tzv. termické desorpéni analyzy rtuti je vhodna zejména pro
stanoveni Hg?, matricové vazané rtuti a HgS?. Podrobny popis této metody lze nalézt

napf. v diivéjsi publikaci autora®®. Obecné se jedna o termické uvolnéni forem rtuti
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nebo termicky rozklad konkrétnich specii za kontinualniho ohfevu nebo za ohfevu na
diskrétni teploty. Vlastni obsah specie/formy se poté stanovi neptimo, tj. z rozdilu mezi
celkovym obsahem rtuti pfed a po termické upravé vzorku, nebo pfimo z atomarnich
par rtuti pomoci spektrometrickych metod. Nej€asteji pouzivanou detekcni analytickou
metodou je AAS, ICP-MS nebo opticka emisni spektrometrie s indukéné vazanym
plazmatem (ICP-OES).

Nep#imé stanoveni tékavych specii rtuti (nejéastéji Hg®) se provadi v susarné
nebo peci sfizenym ohievem. Vzorek ureny k analyze je rovnomérné rozloZzen na
podloznim skle a podroben termické Gpravé po urcitou dobu. Rozdil v obsahu rtuti pied
a po desorpci pak odpovida sledované formé. Pro stanoveni Hg® se pouziva ohfev na
105 °C po dobu 48 hod, ktery byl aplikovan na vzorky ptid®’. Tato jednoducha metoda
byla pouzita pro stanoveni elementarni rtuti v sedimentech (publikace VI) i lisejnicich
(publikace IX).

Nabizi se otdzka, zda je tento piistup dostatecné korektni. V ptipadé vyskytu
organokovovych specii rtuti ve vzorku by doslo k zdméné za elementarni formu. U pad
¢1 sedimentl s vysokymi obsahy rtuti nebo u vzorkli se znamou historii (napf.
kontaminace pud motenim obili pomoci fenylrtuti) je nutné provést selektivni extrakci
organickych forem — viz kapitola 4.3. V publikaci VI bylo provedeno ovéfeni metody
stanoveni Hg® termickou cestou pomoci referenéni analyzy s vyuzitim vyvinutého
postupu sekvenéni extrakce. Stanoveny obsah Hg® vykazoval dostateénou shodu
vysledki, resp. obsah Hg® stanoveny pomoci sekvenéni extrakce byl u nékterych vzorki
nepatrné vyssi. (Frakce F4, tj. podil extrahovatelny pomoci 50 % HNOs3, je definovana
jako Hg® a rtuf véazana vamalgiamech ¢&i komplexnich slouéeninach.) Termicky
stanoveny obsah Hg? tak nepiesahl celkovy obsah specii stanovenych ve frakci F4.

V publikaci VI byla dale provedena termicka desorpce rtuti po teplotnich
krocich 50 °C v rozmezi teplot 50 — 250 °C. Vzorky byly zahtivany v susarné po dobu
2 hod, po nichz nasledovalo stanoveni celkové rtuti v alikvotnim podilu vzorku.
K maximalnimu uvolnéni rtuti doSlo v rozmezi 150 — 200 °C, tj. doSlo uvolnéni
dvojmocné formy, ktera neni vdzana na organickou hmotu. Tento pfistup je vhodny
predevsim pro studium termické stability forem rtuti ve vzorku, je pomérmné zdlouhavy
a pfindsi podstatné méné informaci o speciatnim vyvoji rtuti v materidlu ve srovnani
se sekven¢ni extraket.

Praktického vyuziti pro speciacni analyzu rtuti ovSem doznala termicka

desorpéni analyza pracujici s vyhodnocenim kiivky termického uvolnéni rtuti. Vzorek
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je pii analyze podroben ohfevu s rychlym naristem teploty, od laboratornich podminek
po teplotu cca 500 °C, pii niz dochazi k uvolnéni rtuti z vétSiny specii. Pfi ohfevu
vzorku je zaznamenavan analyticky signal pro desorbovanou rtut vhodnou detekéni
technikou, napt. pomoci AAS. Na rozdil od jednoduché termické desorpce se zde
pracuje Vv inertni atmosféfe (nejcastéji N2 nebo Ar); jedna se tedy o pyrolyzu vzorku.
Pyrolyzni jednotka (Casto prototyp) se vzdy skladd z vsadkové patrony, do které se
navazuje vzorek, picky nebo reaktoru pro ohfev vzorku a systému pro vedeni par
analytu do analytické cely. Klicovym parametrem reprodukovatelnosti méteni je vzdy
termickd stabilita celé aparatury za kontinualniho naristu teploty. Konstrukéné byva
tato problematika feSena topnymi bloky zkovu v kombinaci s vyhiivanou cestou
z kiemennych trubic pro zamezeni kondenzace vSech produkti pyrolyzy. Systém pro
termickou desorp¢ni analyzu ve spojeni s AAS lze pochopitelné vyuzit 1 pro stanoveni
celkového obsahu rtuti v materidlu (publikace II). Aparatura tak muaze nahradit
komer¢ni analyzatory rtuti s vyjimkou vzorkt s ultrastopovymi obsahy rtuti, které lze
stanovit pouze pomoci prekoncentrace atomu na amalgamatoru.

Termické chovéni rtuti v materidlu zavisi nejen na chemické povaze slou€eniny,
ale 1 na intenzit¢ vazby dané specie v matrici vzorku. Teplotni intervaly pro desorpci
jednotlivych specii se tak mohou liSit v zavislosti na komplexnim slozeni matrice
a ptivodu vzorku. Uméle pfipravované materidly (kalibra¢ni standardy aj.) mohou mit
niz8§i termickou stabilitu neZz pfirodni vzorky. Charakteristické teplotni intervaly
desorpce Cistych specii rtuti zavisi také na struktufe a zrnitosti pouzitych chemikalii.
V piipadé laboratorné piipravovanych forem rtuti, napt. Hg?* vdzané na huminové
kyseliny, zavisi vysledny interval desorpce i na metodé€ piipravy. Teplotni intervaly se
rozsifuji s narGstem obsahu specie ve vzorku, pficemz mize dojit k prekryvu
jednotlivych pikil a pfipadné i ke zméné tvaru charakteristické desorpcni kiivky daného
analytu. Z tohoto dtivodu je vyhodné pracovat v oblasti nizkych absorbanci do A =0,1.
(K ptipadnému fedéni vysoce kontaminovanych vzorki 1ze doporudit kiemenny pisek.)
Vysledné limity detekce (LOD) a stanovitelnosti (LOQ) specii/forem rtuti zavisi na
prib&hu charakteristické desorpcni kiivky. Specie s Sirokym intervalem desorpce maji
vyrazn¢ zhorSeny limit stanovitelnosti napt. ve srovnani s uzkym pikem HgS.

V publikaci II je prezentovano vyvinuté zafizeni pro termickou desorpéni
analyzu rtuti ve spojeni s AAS spolu s metodikou vyhodnoceni termické desorpcni
kiivky. Zatizeni pro termickou desorpci se sklada z kontrolni jednotky fidici teplotni

program a vlastniho pyrolyzéru s kfemennou kyvetou ve vyhfivaném bloku (obr. 1,

18



publikace II). Pro kontinualni detekci atomt rtuti byl pouzit atomovy absorpéni
spektrometr Perkin Elmer 3030 (USA) s ptevodnikem digitalizujici analyticky signal.
Pyrolyzér se vyznacuje vysokou termickou stabilitou diky vysokému pratoku Ar, ktery
slouzi pro ohfev vzorku i vyhtivani cesty pro transport par analytu. K dalSim vyhodam
tohoto technického usporadani patii velmi rychld odezva vykonu topného télesa pro
ohfev Ar vuci aktudlni teploté ve vzorku. Pribéh termické desorpce je tudiz vysoce
reprodukovatelny. Tento systém umoziiuje davkovani relativné velké hmotnosti
pevného vzorku, ktery lze podrobit analyze. Zde se dostavame k problému analyzy
vzorkli s vysokym obsahem organické hmoty, kterd podléha termickému rozkladu.
Tento pyrolyzér byl uspé$né€ pouzit i pro analyzu vzorkl raseliny, aniz by doslo ke
kondenzaci produktii pyrolyzy v systému?®.

Vyvinuté zatfizeni bylo pouzito pro speciacni analyzu rtuti ve vzorcich pud, které
byly kontaminovany téZzbou rumélky (publikace Il). Citlivost metody lze ovlivnit
pratokem nosného plynu ptes analytickou celu. (S klesajicim pritokem Ar roste doba
setrvani volnych atomi v kyveté.) U ¢istého HgS nedochdzi s poklesem pritoku plynu
Kk rozsitovani piku (pfi stejné vySce piku). SniZeni priutoku plynu tak umoziuje
stanoveni stopovych koncentraci HgS v materidlu. U vzorkil ptiid a sedimenti ovSem
dochazi k rozsifovani piku matricové vazané rtuti a ztrat€¢ rozliSeni. Z termické
desorp¢ni kiivky vzorkd pad (obr. 2, publikace II) 1ze pii optimalizovaném priitoku
plynu (500 ml min) vyhodnotit pik matricové vazané rtuti a charakteristicky pik pro
¢ervenou formu cinabaritu. Podle navrzeného vyhodnoceni signalu byl stanoven obsah
HgS ve vzorku ve shodé¢ s vysledky sekvenéni extrakce. Metoda termické desorpéni
analyzy v tomto pfipadé¢ umoznila velmi rychlé stanoveni mobilnich a semimobilnich
forem rtuti (pik matricové vazané rtuti) a nemobilniho cinabaritu. V kapitole 4.2. byla
popsédna problematika stanoveni HgS pomoci sekvenéni extrakce. V lokalitach
zatizenych tézbou cinabaritu je obsah HgS v plidach (a sedimentech) velmi vysoky
ajeho stanoveni vici nesulfidickym formam rtuti je rozhodujici pro vyhodnoceni
environmentalniho rizika. Z tohoto hlediska je stanoveni HgS pomoci termické

desorp¢ni analyzy velmi elegantnim a rychlym feSenim.

6 Biogeochemicky cyklus rtuti

Hovotime-li o zdrojich rtuti v Zivotnim prostfedi, mame dnes na mysli vétSinou

sekundérni zdroje rtuti. Jedna se o rtut’ uvolilovanou do atmosféry z antropogennich
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zdrojii 1 zdroji pfirodnich. Skute¢né priméarnimi zdroji rtuti na povrchu Zemé je
vulkanick4 a geotermalni ¢innost>!33!, ktera uvoliiuje rtut do atmosféry ze zemského
plast¢ a zejména ze zemské kiry. Ostatni pfirodni zdroje rtuti (vypafovani z puidy,
oceanti a moii, uvolnéni z biomasy...) pifedstavuji pfedevSim deponovanou rtut
podléhajici re-emisi.

Pfilozené prace autora se zabyvaji problematikou speciacnich zmén rtuti
pochézejici z ptirodnich 1 antropogennich zdroji. Cilem téchto studii bylo popsani
speciacniho vyvoje rtuti v materialu s ohledem na ptivod rtuti ve vzorku — piirozené
zvétravani hornin, antropogenni kontaminace z té¢zby nerostnych surovin, zemédélstvi
a dopravy, bioakumulace z okolniho prostiedi. V ramci téchto praci jsou studovany
hlavni otdzky biogeochemického cyklu rtuti v zivotnim prostifedi, tj. definovéani
pfirozeného pozadi rtuti, vliv dalkového transportu a depozice z atmosféry na
kontaminaci ekosystému a biomethylace rtuti v ekosystému. Tyto pfirozené procesy lze
nejlépe studovat v prosttedi s minimdlni antropogenni cinnosti. Hlavni podil
studovanych vzorka tak tvofi horniny, sedimenty, regolit, fasy, sinice a liSejniky
z ostrova Jamese Rosse (Antarktida), vzorky hornin z Gronska a vzorky hornin a uhli

z Faerskych ostrovii.

6.1 Rtut’ v polarnim ekosystému

Ostrov Jamese Rosse se nachazi v severovychodni ¢asti Antarktického
poloostrova (64° 10'S, 57° 45'W). Stru¢na charakteristika severni odlednéné casti
ostrova je uvedena Vv prilozenych publikacich (publikace III, VI, VIII, IX, X) vcetné
popisu vzorkovanych lokalit. Na obr. 1 jsou vyznacena odbérova mista studovanych
vzorkll hornin, regolitu, sedimentd, liSejnikdl a cyanobakterialnich povlakd. Podrobny
popis lokalit pro odbér vzorkli cyanobakteridlnich povlakii (publikace X) vcetné
kompletniho druhového zastoupeni je uveden v publikaci Skacelova a kol.*2. Shrnuti
dosavadnich poznatkli o ostrové Jamese Rosse ziskanych mnohaletym vyzkumem lze
nalézt v monografii Prosek a kol.®® (geologicky vyvoj, glaciologie, klimatologie,

biodiverzita aj.).
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Pro studium chemismu rtuti v ekosystému polarnich oblasti je zakladnim
krokem definovani vstupu rtuti z podlozi. Nizky stupeil chemického zvétravani
vyvielych hornin v polarnich oblastech umoznuje studium sloZeni primitivniho
zemského plasté¢ i kiry. Obsah rtuti v alkalickych bazaltech ostrova Jamese Rosse
(publikace VI) byl o dva tfady nizsi, nez dfive predpokladané obsahy rtuti zjisténé
Vv bazaltickych hornindch variabilniho geochemického slozeni. Toto zjisténi bylo dale
potvrzeno analyzou bazalti z Gronska. Stanovené obsahy rtuti ve studovanych vzorcich
indikuji velmi nizky obsah tohoto prvku v zemském plasti. Hodnoty obsahii rtuti
v bazaltech s korovymi xenolity, které jsou dokladem kontaminace bazaltové taveniny
korovym materidlem, byly o néco vyssi (do 8 pug kg™?), tj. pfiblizné srovnatelné s obsahy
rtuti v regolitu (do 11,3 pg kg?). Kviili velmi nizké retenéni kapacité regolitu pro rtut
deponovanou z atmosféry (nizky obsah organické hmoty i mineralnich castic) lze
stanovené obsahy rtuti v regolitu povazovat za piirozené pozadi v této casti Antarktidy,
které je dano predevsim zvétravanim mate¢nych hornin.

Extrémné nizky obsah rtuti v alkalickych bazaltech z Antarktidy i tholeiitickych
bazaltech z Gronska podnitil navazujici studii (publikace I) zabyvajici se vstupem rtuti
do ekosystému vulkanickou ¢innosti, tj. primarnim pfirodnim zdrojem rtuti. K analyze
byly vybrany vzorky pyroklastického materidlu z SirSiho okoli Bruntidlu a vzorky
sopecnych popelt z Islandu, Japonska a Aljasky, tedy ze ¢tyf geotektonicky odliSnych
lokalit. Analyza vzorkli potvrdila pfedchozi odhad extrémné nizkych obsahl rtuti
u vulkaniti derivovanych parcialnim tavenim plaStovych hornin. Na zéklad€ studia
vyvielych hornin a sope¢nych popelti z Antarktidy, Gronska, Islandu, Japonska, Aljasky

a Ceské republiky byl po srovnéani s dostupnou literaturou®2-%

vytvofen model vstupu
rtuti vulkanického pivodu do jejiho kolobéhu. Tavenina z primitivniho plasté je
obohacovéna o rtut’ pifi prichodu zemskou kiirou. Primérny obsah rtuti v celé zemské
kiife je odhadovan na pfiblizné 30 pg kg 3. Obsah rtuti v taveniné je zavisly jak na
délce setrvani v zemské klfe (kontaminace taveniny), tak na chemismu vulkanické
horniny a jeji geotektonické pozici. Obsah Hg v primitivnim plasti je odhadovan na
0,5 pg kgt *°. K této hodnoté by se tedy mély blizit nejnizsi obsahy rtuti v geochemicky
primitivnich bazickych lavach. Sope¢ny material ovSem odrdzi sloZeni magmatu pouze
¢astecné. V piipade vylevu lavy na povrch dochazi k odplynéni vyvrzeného materialu.
Béhem rozpinani plynné faze je rtut adsorbovana na kondenzujici Castice pouze
v minimalni mite®’. Hlavni specii rtuti uvoltujici se do atmosféry piedstavuje Hg’.

V piipadé¢ minimalni re-kondenzace na vyvrzeny material tak mutize dojit k poklesu

22



obsahu rtuti i pod tuto hodnotu, coz bylo zaznamenano u vzorkli sope¢ného popela
z Islandu.

Na ostrové Jamese Rosse byly zaznamenany relativné vysoké obsahy rtuti
a methylrtuti v liSejnicich a koloniich mikroorganismi V povrchovych vodach. Na
zaklad¢ analyzy regolitu z ostrova Jamese Rosse (publikace V1) nelze rozhodnout, zda
vysoké obsahy rtuti a methylrtuti stanovené v liSejnicich druhu Usnea antarctica
(publikace IX) i cyanobakterialnich povlacich (publikace X) jsou vysledkem
kontaminace z atmosféry nebo bioakumulace rtuti z lokalnich zdroji. Odlednéna uzemi
Antarktidy jsou chudd na organickou hmotu, kterda vaze rtut z okolniho prostiedi.
Z hlediska vysoké bioakumula¢ni schopnosti rtuti® miize rozklad Zivo¢ichi stojicich na
vrcholu potravniho fetézce znamenat vyznamny zdroj rtuti i methylrtuti v pevninském
ekosystému Antarktidy, jakoZz i organického uhliku. V publikaci VIII byl sledovan vliv
rozkladajicich se tél tuleiii na ostrové Jamese Rosse na obsahy Hg a MeHg" v okolnim
regolitu. Regolit v bezprostfednim okoli uhynulych tulent mél né€kolikanasobné vyssi
obsah rtuti nez ptirozené pozadi v dané lokalité (publikace VI). V téchto vzorcich byla
rovnéz stanovena MeHg", ktera korelovala s celkovym obsahem rtuti. Reten¢ni kapacita
regolitu pro Hg a MeHg" z uhynulych tuleit byla v tomto pfipadé zvySena diky
vysokému obsahu organického uhliku. Rozkladajici se t¢la tulenti tak predstavuji
lokalni zdroj rtuti 1 organického uhliku pro jeji retenci. Mobilita specii rtuti do Sir§iho
okoli tulen€¢ byla ovSem velmi nizka.

Potencialnim lokalnim zdrojem polutantt by mohla byt stanice Johanna Gregora
Mendela. Pro posouzeni vlivu provozu stanice na své bezprostiedni okoli byly
sledovany vybrané kovy regolitu v blizkosti budov stanice i jejiho technického zazemi
(nepublikované vysledky). Stanoveny obsah rtuti v mélkych profilech se pohyboval
Vv rozmezi 5,7 — 12,6 pg kgl; obsah rtuti v hloubkovém profilu (do 50 cm) se pohyboval
v rozmezi 5,8 — 9,2 ng kgl. Stanovené obsahy Hg, As, Cd, Pb, Co, Cr, Cu, Ni, Sn, Zn
v regolitu korespondovaly s obsahy kovii v mate¢nych horninach.

Hlavnim zdrojem rtuti v této lokalité¢ je pravdépodobné depozice z atmosféry
(publikace IX). Lisejniky maji obecné vysokou schopnost zachytu polutantli z okolniho
prostiedi. Jedna se nejen o pfijem plynnych polutantii, ale i zachyt pevnych Céstic
ulpélych na povrchu lisejniku i pifjem latek ze srazek i tavné vody®. (Mechanismus
pfijmu latek z ovzdu$i zahrnuje vymrazeni vzdu$né vlhkosti na povrchu stélky, tani
namrazy na slunci, piijem vody stélkou lisejniku a jeji vysuseni ptisobenim slune¢niho

zateni.) Koncentrace rtuti stanovené ve vzorcich lisejnikti druhu Usnea antarctica
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z ostrova Jamese Rosse (publikace IX) byly o dva az tii fady vyssi nez koncentrace rtuti
v okolnim regolitu. Relativné vysoky procentudlni podil MeHg" ve vzorcich je
vysledkem vysoké bioakumula¢ni schopnosti liSejniku pro tutu specii a probihajicich
methylaénich procesii v polarnim ekosystému®. Bioakumulace specii rtuti v liSejnicich
druhu Usnea antarctica je také ovlivnéna strukturou stélky (publikace IlI).
V publikaci III byl sledovan obsah Hg, Cd a Pb v segmentech stélky lisejnikii Usnea
antarctica. Nejvyssi koncentrace rtuti byly zaznamenany v koncovych ¢astech stélky,
vystaveny mokré i suché depozici latek z atmosféry a maji relativné velky povrch vici
své malé hmotnosti. Koncové ¢asti stélky tak pfijimaji vEétsi mnozstvi rozpusténych
iontl ve vodé diky zachytu srazek. Obsah rtuti v liSejnicich byl o dva fady vyssi nez
obsah rtuti v regolitu (publikace VI), av§ak nizs§i nez stanovené obsahy v jiné lokalité
ostrova Jamese Rosse (publikace IX). Vysledné obsahy rtuti ve stélce jsou zavislé i na
klimatickych podminkach lokality, zejména proudéni vétru. Pouziti liSejnikdt pro
biomonitoring atmosférické depozice rtuti tak miize byt ovlivnéno podminkami
konkrétniho stanovisté.

Kontaminace polarnich oblasti rtuti je zplisobena predevsim dalkovym
transportem z nizsich zemépisnych sirek!3%4!, B&hem kratkého polarniho 1éta dochazi
K odtavani snéznikéi kumulujici polutanty z atmosféry b&hem polarni zimy a jara®.
Mobilni formy rtuti transportované tavnou vodou jsou poté zachycovany pevnymi
asticemi a predev§im koloniemi mikroorganismd povrchovych vod®. Pro posouzeni
akumulace rtuti v jezerech ostrova Jamese Rosse byly studovany mélké profily
sedimenti (do 14 cm hloubky). Obsahy celkové rtuti v jezernich sedimentech se
pohybovaly do 14 ug kg (nepublikované vysledky) a vyrazné se neliSily od okolniho
regolitu.

Zdrojem methylrtuti v pevninském ekosystému muze byt probihajici methylace
anorganickych forem rtuti*?. Problematika methylace rtuti v pevninském ekosystému
byla feSena v publikaci X. Relativné¢ vysoké koncentrace MeHg" V antarktickych
liSejnicich (publikace IX) i cyanobakteridlnich povlacich (publikace X) by mohly byt
zpusobeny methylaéni schopnosti nékterych druht mikroorganismi, nikoli vstupem
z okolniho prostfedi. Publikace X se zaméfuje na kolonie mikroorganisml tvofici
cyanobakterialni povlaky. Cilem tohoto vyzkumu bylo rozieSeni otazky, zda je MeHg"
ve vodnim prostfedi pouze bioakumulovana nebo se tvoii methylaci anorganické rtuti.

Pomér MeHg" viici celkovému obsahu rtuti ve vzorcich byl extrémné vysoky (az 75 %),
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coz indikuje aktivni proces methylace v povrchovych vodach ostrova i zamokieném
regolitu v mistech pokrytych cyanobakteridlnimi povlaky. (Ovlivnéni studovanych
lokalit motskym sprejem nebylo prokazano®®.) Nékteré druhy mikroorganismi ve
studovanych vzorcich® se b&zné vyskytuji jako fotobiont ve stélce druhu Usnea
antarctica*. Je oviem otdzkou, jestli MeHg" ve lisejnicich (publikace IX) pochéazi
pouze z atmosféry nebo je methylovana napf. ptisobenim sinic druhu Nostoc commune.
43

Vysledky analyzy vzorka povlaka (publikace X) a jejich druhové urceni™ nasveédcuji

probihajici methylaci.

6.2 Antropogenni kontaminace

Koncentrace rtuti v zivotnim prostiedi v oblastech zatizenych ¢innosti ¢lovéka
jsou nesrovnatelné s pfirozenym pozadim. Od doby primyslové revoluce koncentrace
rtuti v prostiedi neustale roste® a Ize jen stézi popsat mozny vyvoj bez antropogenniho
vlivu. Urceni hodnoty piirozeného pozadi rtuti v osidlenych oblastech je dosti
problematické. O kontaminaci se tak hovofi, vezmeme-li v ivahu bézné (tj. Casto
primérné) hodnoty obsahii tohoto prvku v environmentdlnich vzorcich v dané
geografické oblasti ¢i statu.

V ramci charakteristiky antropogennich zdroju rtuti byl stanoven obsah Hg ve
vzorcich uhli z Faerskych ostrovi (publikace XI). Obsahy rtuti v bazaltech z Faerskych
ostrovii (nepublikované vysledky) korespondovaly s obsahy rtuti v lavach ostrova
Jamese Rosse (publikace VI). Vyzkum tak potvrdil pfedchozi zjisténi o extrémné
nizkych obsazich rtuti v plaStovém zdroji. Chemické slozeni uhli se znac¢né liS§i mezi

jednotlivymi oblastmi svéta’*

. Obsahy rtuti ve studovanych vzorcich uhli byly
relativné nizké vzhledem k b&Znym obsahim v uhli z rliznych ¢asti Zemé’. Viechny
vzorky uhli mély déale nizky obsah siry. Rtut' obsaZena ve vzorcich tak byla
pravdépodobné vazana na huminové latky a sulfidy®®. Jednim z cilé této studie bylo
studium vlivu bazaltického vylevu, ptekryvajici souvrstvi s uhelnymi slojemi, na
chemické slozeni uhli. Z obsahti rtuti ve vzorcich uhli byla vypocitana hodnota velikosti
indexu CAlng* (Coal Affinity Index), ktery nepfimo ukazuje na efektivitu uhli
kumulovat Hg. U ¢asti vzorkli byly zaznamenany velmi nizké hodnoty CAlng, coz je

dano do souvislosti se sekundarnim ochuzeni uhli o Hg v disledku jeho alterace

pusobenim hydrotermélnich roztoki, které doprovézely sopecné vylevy. Na zakladé
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analyzy vzorkl lze fici, Ze spalovani uhli z Faerskych ostrovii mé relativné nizky dopad
na kontaminaci okolniho prostiedi rtuti.

Vyvoj speciace rtuti byl sledovdan na vzorcich pid a sediment
kontaminovanych pramyslovou ¢innosti, tézbou rud 1 pii praci v zemédélstvi.
V predchézejici kapitole byl diskutovéan vliv kolonii mikroorganismt na methylaci rtuti
ve vodnim prostiedi. V publikaci IV byl proveden experiment studujici vliv padnich
mikroorganismil na speciaci rtuti s diirazem na mobilni a vysoce toxické organokovové
specie. V praci byla prokdzana bioakumula¢ni schopnost nékterych druha
mikroorganismi pro methyl a fenylrtut v kontaminovanych ptdéach (kontaminace
motenim obili) i jejich schopnost ovliviiovat speciaci (vznik tékavych forem rtuti).
Hlavni podil v kontaminovanych piidach po tézbé& polymetalickych rud tvotila Hg®, rtut
vazana na huminové latky a HgS. Na rozdil od organokovovych specii rtutiF se vsak
jejich obsah v ptidach po dobu trvani experimentu nezménil (90 dni).

Kontaminované vzorky pud zaredlu spalovny odpadi (publikace V) mély
extrémné vysoky obsah Hg® ukazujici na jednoznaénou kontaminaci kovovou rtuti. Cast
elementdrni rtuti byla pfeménéna na sulfidickou rtut’ a cast oxidované rtuti byla
navazana na huminové latky v ptidach. Podil mobilnich forem rtuti byl relativné nizky.

V piipad¢ zdrojové specie HgS pochazejici z tézby a zpracovéani cinabaritu
(publikace II) tvotil HgS ve vzorcich pid a sedimentii majoritni podil; ¢ast celkového
obsahu tvofila rtut’ vdzana na matrici vzorku (vysledky termické desorp¢ni analyzy).
Béhem zpracovéani rudy dochdzi k ¢aste¢nému uvolnéni Hg® do okoli, kterd nasledné
kondenzuje na pevné Castice. Matricové vdzanou rtut’ poté tvofi elementarni
i dvojmocna rtut. (Elementarni rtut’ muze za zvySenych teplot penetrovat do Castic
hornin a vazat se na vnitini vazebnd mista, ¢imz dojde ke zvySeni jeji termické
stability.) Pomoci sekvenéni extrakce byl u téchto vzorkli stanoven obsah
semimobilnich 1 mobilnich forem rtuti (nepublikované vysledky).

V publikaci VII byla provedena studie kontaminace poulicniho prachu rtuti
vV Brné béhem jednoho roku. Pouli¢ni prach je velmi specificky material. Jedna se vzdy
o smésny vzorek obsahujici plidni Castice, ¢astice vzniklé otérem stavebnich materiali
vyskytujicich se na okolnich budovach, castice vzniklé kondenzaci ze spalovacich
procestu (napt. z dopravy) aj. Slozeni pouli¢niho prachu dale zavisi na ro¢ni dobg,
aktualnich meteorologickych podminkach, mife re-emise rtuti, antropogenni ¢innosti
a charakteru urbanistické zastavby. Ke kumulaci rtuti v pouliénim prachu dochazi

zejména v mistech s nizkou re-suspenzaci materialu. Z tohoto divodu je kvalita ovzdusi
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Vv zastavéném Uzemi velmi proménliva. Z vysledkli vyplyva, ze vysledny obsah rtuti
Vv méstském ovzdu$i zavisi na intenzit€¢ dopravy v konkrétni lokalité pouze Céstecné.
Hlavnim faktorem ovliviiujicim obsah rtuti v pouli¢nim prachu je pravdépodobné mira
re-suspenzace materialu, ktera zavisi na intenzité proudéni vzduchu v urbanistické
dopravou, maximalni hodnoty poté ve stiedu mésta v tzv. pouli¢nim kationu*’, kde

dochazi ke kumulaci polutanti spolu s Casticemi aerosolu.

7 Perspektiva vyvoje kontaminace Zivotniho prostiedi rtuti

V ramci provedeného vyzkumu, ktery je pfedmétem této habilitani prace, byly
zkoumény environmentalni vzorky z riznych casti Zemé. Nelze fici, ze dnes existuje
misto, které¢ by nebylo ovlivnéno lidskou ¢innosti. Oblasti s rozvinutou priimyslovou
vyrobou se stavaji zdrojem rtuti pro rozsahla uzemi kvuli dalkovému transportu rtuti
vV atmosféte i moifskym proudim. Cyklus depozice a re-emise Cini z rtuti globalni
polutant, jehoz koncentrace neustale rostou.

Publikace, jez jsou piilohou této habilita¢ni prace, obsahuji potfebny analyticky
aparat pro studium speciace rtuti v ekosystému a zaroven poskytuji Siroky obraz
speciacnich zmén rtuti za riiznych podminek. Z metodickych praci autora lze zdiraznit
predev§im publikaci VI, Il a X. Publikace VI popisuje vyvinuty postup sekvenéni
extrakce pro ultra-stopové obsahy rtuti, ktery umoziuje stanovit jednotlivé formy v fadu
desetin pg kg™, Originalni postup extrakce methylrtuti z rostlinné matrice zahrnujici
enzymatickou hydrolyzu popsany v publikaci X ptedstavuje univerzalni metodu pro
vyvazani tohoto analytu z komplexni matrice. Hlavnim pfinosem publikace II je vyvoj
zafizeni 1 metodiky vyhodnoceni dat pro termickou desorpéni analyzu rtuti, kterd
umoziuje velmi rychla méfeni a mize v fad¢€ piipadl sekvencni extrakci nahradit.

Studium vzorkd z ostrova Jamese Rosse (Antarktida) umoznilo posoudit vliv
dalkového transportu rtuti na jeji koncentrace v tamnim ekosystému a zaroven definovat
jeji prirozené pozadi. Na zéklad¢ analyzy vyvfelych hornin a sopecnych popelt
z Antarktidy, Gronska, Islandu, Japonska, Aljasky a Ceské republiky (publikace 1) byl
navrzen model toku rtuti do zivotniho prostiedi vulkanickou c¢innosti. Obsah rtuti
Vv geochemicky primitivnim svrchnim zemském plasti byl odhadnut < 0,5 pug kg™.
V publikaci III a IX byly popsany vysoké koncentrace rtuti i methylrtuti v antarktickych

liSejnicich ukazujici na znacnou bioakumulaci atmosféricky deponované rtuti
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Vv pevninském prostiedi odlednénych oblasti Antarktidy. Jako lokalni zdroj kontaminace
byl dale potvrzen biotransport prostiednictvim uhynulych tuleni (publikace VIII).
Autorem provedeny vyzkum tak potvrdil pronikani rtuti z nizSich zemépisnych $ifek do
prostoru Antarktického poloostrova.

Omezeni pouzivani kovové rtuti v bézném zivoté (napf. teploméry, manometry,
baterie a el. pristroje), legislativa omezujici nakladani se slou¢eninami rtuti, i postupné
upousténi od amalgamové vyroby hydroxidu sodného (¢i modernizace stavajicich
vyrobnich zafizeni) je jist€¢ dobrym krokem ke snizeni znecCisténi zivotniho prostiedi.
Progndza budouciho vyvoje antropogenni emise rtuti je spiSe pozitivni®. Motorem
tohoto vyvoje by mohlo byt masivni omezeni spalovani fosilnich paliv (uhli), a to
zejména pro vyrobu elektrické energie.

Diulezitym faktorem ovliviiujicim emisi rtuti do atmosféry 1 jeji depozici je
teplota na Zemi®*®, V soucasné dobé& se hovoii o problematice globalniho oteplovani
predevsim v souvislosti s rostouci koncentraci sklenikovych plynt v atmosfére.
Hovoiime-li o tom, co pfinese tani permafrostu, mame na zieteli potencidlni emisi
oxidu uhli¢itého a methanu do atmosféry®”. Véené zmrzlad piida je ovsem také
depozitem rtuti, coz muze zasadné ovlivnit celkové mnozstvi cirkulujici rtuti

v ekosystému,
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Abstract

Volcanic activity is one of the primary sources of mercury in the earth’s ecosystem. In this work, volcanic rocks from four
geotectonically distinct localities (the Czech Republic — intraplate, rift-related alkaline basaltic rocks; Iceland — hotspot/
rift-related tholeiitic basaltic rocks; Japan — island arc calc-alkaline andesites; and Alaska — continental arc calc-alkaline
dacites) were studied. Ultra-trace Hg contents in all samples ranged from 0.3 up to 6 pug/kg. The highest Hg content was
determined for volcanic ash from Mount Redoubt (Alaska, USA). In the case of basaltic volcanic rocks, the obtained results
are about two orders of magnitude smaller than values formerly assumed for primary mercury contents in basaltic lavas. They
are close to predicted Hg contents in the mantle source, i.e. below 0.5 pg/kg. Hg degassing is probably a key process for the
resulting Hg contents in material ejected during volcanic eruption, which is previously enriched by Hg in the shallow-crust.

Keywords Mercury content - Basalt - Andesite - Dacite

Mercury is one of the most important global pollutants cir-
culating in the earth’s ecosystem (Selin 2009). Mercury bio-
geochemical cycle includes mobility of mercury species as
well as speciation changes of which methylation processes
(biotic and abiotic) stand in focus (Hintelmann 2010). Tox-
icity of mercury compounds increases with their bioaccu-
mulative potential. Inorganic Hg compounds are less toxic
than organometallic compounds which have high bioaccu-
mulation ability in the food chain. The most toxic forms of
mercury for humans are the vapours of Hg” and methylated
Hg species. Inhaled Hg® is transported into the brain (and
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kidneys). This form can pass through the blood-brain and
placental barriers. Methylmercury (MeHg) is highly neu-
rotoxic, damages the central nervous system, and is highly
dangerous for its development (WHO 2007). MeHg is
forming mainly in marine and freshwater sediments from
deposited inorganic Hg forms. In the aquatic environment,
MeHg accumulates in the food chain from microorganisms,
via invertebrates, to fish (and marine mammals, and birds)
(Boening 2000). Fish and seafood are the main source of
MeHg exposure because almost all MeHg from the food is
absorbed in the gastrointestinal tract (WHO 2007).
Mercury emissions into the atmosphere from natural
sources include both primary sources and the re-emission
of previously deposited Hg (Schroeder and Munthe 1998).
The amount of Hg from natural sources is probably close to
anthropogenic levels (Bagnato et al. 2011). On the basis of
estimates, current volcanic activity and geothermal activity
produce approximately 2% of the annual Hg emission into
the atmosphere (Pirrone et al. 2010). However, the amount
of Hg released by the degassing of active volcanoes can
be much higher (Bagnato et al. 2011, 2014; Martin et al.
2013). Estimates of emissions vary due to the evaluation
of point measurements of several volcanoes which differ
in their character of volcanic activity and composition of
magma (Bagnato et al. 2007; Mather et al. 2003). In addi-
tion, estimates of Hg emission from volcanoes (Bagnato
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et al. 2014) are based on measurements of active volcanoes
in non-eruptive periods.

Primary emissions of Hg occur mainly in mercuryferous
belt, which has the highest Hg bedrock enrichment and the
highest rate of Hg degassing. These zones occur in areas
with increased seismic activity along subduction zones
(Rytuba 2003; Schliiter 2000; Selin 2009). However, major
amounts of volcanic emissions come into the atmosphere
during eruptive periods of active volcanoes (Mather et al.
2003). Generally, aerosol in the eruption column can be
composed of pyroclastics, volcanic gas condensates released
from the magma, and other transformed particles. The Hg
content in volcanic emissions is greatly enriched compared
to Hg content in the magma (Mather et al. 2003); however,
Hg concentrations in the eruption column are dependent on
air dilution (Bagnato et al. 2014). The main Hg species in
the eruption column is Hg’, but gaseous Hg"’ and particu-
late Hg are released as well (Bagnato et al. 2007). Hg spe-
ciation in the eruption column varies among volcanoes. The
eruption column of Mount Erebus (Antarctica) contains only
20%—40% Hg®. Particulate Hg can comprise about 2% of Hg
in the dilute eruption column of Mount St. Helens (USA)
(Pyle and Mather 2003). The proportion of particulate Hg
released during degassing of Etna was estimated at about 1%
(Bagnato et al. 2007).

The formation of particulate material ejected during vol-
canic eruption involves the fragmentation of magma and the
erosion of rocks from vent walls. The solubility of volatile
components in the melt is controlled by temperature, pres-
sure, and melt composition. The formation of bubbles of
CO, and water vapor leads to the transition of trace elements
from magma to the gaseous phase (Mather et al. 2003).
Another source of trace elements in the eruption column
can be the dissolution of andesite caused by the mixing of
volcanic gases with boiling meteoric water saturated by ani-
ons from the gas phase (Symonds et al. 1992). Thus, the
composition of magma can be greatly influenced by the time
spent in the shallow-crust before eruption (Schmincke 2004).
Most trace elements condense during the cooling of volcanic
gases, most often in the form of chlorides. Mercury is an
exception in this respect. When the gas phase temperature
decreases to 100°C the amount of Hg halides is negligible in
relation to the Hg® concentration (Symonds and Reed 1993).

The question is whether the Hg content in volcanic rocks
reflects their chemical composition, and whether it can char-
acterize the Hg content in the earth’s crust. It appears that
Hg correlation with any chemical differentiation index or
degree of secondary alteration is not necessary (Canil et al.
2015). Pilot studies in the 1970s showed that both alkaline
and tholeiitic basaltic rocks had noticeably higher Hg con-
tents (hundreds of pg/kg) compared to other geochemical
types of volcanic rocks (Fleischer 1970; Dissanayake and
Vincent 1975). However, recent measurements have shown
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substantially lower Hg contents (see Zintwana et al. 2012).
In fact, published Hg contents in volcanic rocks were often
affected by contamination during the analytical procedure or
by the heterogeneity of low Hg levels in samples (Canil et al.
2015; Coufalik et al. 2015; Zintwana et al. 2012). The aim
of this work is to propose a model of Hg flux from volcanic
activity into the mercury cycle based on the evaluation of Hg
contents in volcanic rocks from different geotectonic areas.

Materials and Methods

The volcanic rocks studied in this work came from four
geotectonically distinct localities (see Fig. 1). The locality
in the Bruntal Volcanic Field (BVF, Czech Republic) was
selected for the collection of lapilli (12 samples, marked
as BVF) and lava (three samples, marked as BVF lava).
The volcanism of the Uhlifsky vrch Volcano (49.972 N,
17.440 E) and the VenuSina sopka Volcano (49.951 N,
17.477 E) falls into the Plio-Pleistocene basanitic series
of the NE part of the Czech Republic (Cajz et al. 2012;
Ulrych et al. 2013). These monogenetic Strombolian vol-
canoes with preserved volcanic cones are products of the
Calabrian phase (1.8-1.1 Ma) of Cenozoic volcanism. The
respective volcanic rocks represent intraplate, rift-related
alkaline basaltic magmas with a composition between oli-
vine nephelinite and nepheline basanite (Cajz et al. 2012).
Six samples of volcanic ash and dust were also studied.
The samples were obtained from dust collection of the
Institute of Geology of the Czech Academy of Sciences.
Four samples originated from hotspot/rift-related tholei-
itic basaltic rocks from Iceland (Eyjafjallajokull, Melifell-
sandur plain), one sample represented island arc andesite
of calc-alkaline composition from Japan (Sakurajima),
and one sample was from continental arc calc-alkaline
dacite from Alaska (Mount Redoubt). Three samples of

Y sampling sites
mercuryferous belt

Fig.1 Sampling areas of studied volcanic rocks: 1 — the Uhlifsky
vrch and VenuSina sopka volcanoes (the Czech Republic), 2 — Eyjat-
jallajokull and the Melifellsandur plain (Iceland), 3 — Sakurajima
(Japan), 4 — Mount Redoubt (Alaska, USA). The mercuryferous belt
is highlighted according to Schliiter (2000)
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volcanic ash from Eyjafjallajokull (63.515 N, 18.485 W;
63.682 N, 19.636 W; 63.562 N, 19.619 W) originated
from the eruption in 2010. These ashes had an overall
macroelement geochemistry varying between basalts and
andesites. Chemistry and mineralogy results related to the
basaltic sample from the Melifellssandur plain (63.816 N,
19.124 W) were presented by Dagsson-Waldhauserova
et al. (2014). The chemical composition of the ash sam-
ple from the Sakurajima volcano (31.555 N, 130.679 E)
corresponded to andesite. The collected ash from Mount
Redoubt (59.842 N, 151.811 W) originated from the erup-
tion in 2009. The chemical composition of major and trace
elements is similar to rocks of dacitic composition, which
were thrown or extruded at this event; see Coombs et al.
(2013).

In addition, certified reference material (CRM) Trace
Metals — Taiwan Clay 1 (RTC, USA) with an Hg con-
tent of 0.865 +0.0331 mg/kg and quality control material
(QCM) Metranal 1 (Analytica, Czech Republic) with an
Hg content of 1.55+0.14 mg/kg were used to verify the
determination of Hg in solid samples.

Samples from the BVF were dried to the constant
weight at 30°C. Samples of lapilli were crushed in a mor-
tar, samples of lava in a mechanical press with PTFE lin-
ing. Thereafter, the samples were homogenized in Pul-
verisette 7 mill (Fritsch, Germany). Samples of volcanic
ashes were homogenized in an agate mortar immediately
before the analysis.

The determination of Hg in all samples was performed
by means of an AMA-254 mercury analyzer (Altec,
Czech Republic). This single-purpose atomic absorption
spectrometer enables the direct measurement of solid
and liquid samples using an thermo-oxidative digestion.

The source of radiation was mercury hollow lamp at
253.65 nm. The analytical program of the measurement
follows: 20 s drying, 150 s decomposition, 45 s delay. Six
analyses of each sample were performed.

Mercury determination by the AMA-254 analyzer was
verified by means of CRMs. The Hg content of CRM Trace
Metals — Taiwan Clay I was determined to 0.89 +0.032 mg/
kg; the Hg content of QCM Metranal 1 was 1.57 +0.04 mg/
kg. The limit of quantification of total Hg in solid samples
was 0.3 pg/kg. The limit of quantification was defined as ten
times the standard deviation of the blank.

Results and Discussion

Extremely low Hg contents were determined in the major-
ity of the studied volcanic rocks. The results for basic rocks
from the Czech Republic, Iceland, and Japan, and more
acidic dacite from Alaska are presented in Fig. 2. The low-
est Hg levels (0.3 ng/kg) were observed for ash samples
from the Eyjafjallajokull (Iceland) and lapilli from the BVF
(0.5 pg/kg) in the Czech Republic. Such low concentrations
are approaching the estimation of Hg content in the primi-
tive upper mantle (0.4—0.6 pug/kg) published by Canil et al.
(2015). Sakurajima (Japan) and Mount Redoubt (Alaska,
USA) are located in the circum-pacific mercury mineral
belt (Gray et al. 1998; Rytuba 2003). However, the sample
of volcanic ash from Sakurajima had a very low Hg con-
tent. Extremely low Hg levels in the studied ash samples are
likely the result of Hg release from magmatic rocks during
volcanic eruption accompanied by a minimal re-condensa-
tion on cooling ejected material.
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Fig.2 Hg contents in volcanic rocks from different geotectonic settings. Data for Antarctica and Greenland were taken from Coufalik et al.
(2015)
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Hg° 1.6 ng/m® on Northern hemisphere
(Sprovieri et al., 2016)

volcanic ash
0.3-6 pg/kg (this study)

Iava, 1.4 pg/kg (this study)
lapilli, 1.2 pg/kg (this study)

Fig.3 Model of Hg flux associated with volcanic activity

The idea that Hg concentrations in volcanic rocks of up
to 10 pg/kg are the result of degassing processes during rock
formation has already been proposed by Gotoh et al. (1978).
It can be assumed that the extent of Hg release caused by
degassing processes is also dependent on the content of Hg
in the ejected magma. Estimates of Hg contents in volcanic
magmas are relatively high for some volcanoes. Hg content
in the magma of Etna is estimated to tens of pug/kg according
to the contents of other elements (Ferrara and Maserti 1990;
Pyle and Mather 2003). In contrast, significantly lower Hg
contents were observed for basaltic lavas with minimal con-
tamination by crustal material. The mantle peridotites stud-
ied by Canil et al. (2015) exhibited Hg contents of between
0.2 and 5 pg/kg. Peridotites with higher Hg contents are
often affected by secondary processes or contamination.
Very low concentrations of Hg were also determined for
back-arc alkaline lavas from James Ross Island, Antarctica,
as well as for flood tholeiitic basalts from Greenland (Fig. 2;
Coufalik et al. 2015).

The model of Hg flux into the mercury cycle was
designed according to our measurements and data from
the literature (Canil et al. 2015; Rudnick and Gao 2014;
Sprovieri et al. 2016), (Fig. 3). The process of Hg release
from primitive mantle and the earth’s crust into the atmos-
phere can be described as follows. The melt of primitive
mantle is enriched in Hg in the course of its passage
through the earth’s crust due to the melting of crustal
minerals. The Hg content in primitive mantle is estimated
to be 0.5 pg/kg (Canil et al. 2015); the Hg content in bulk
continental crust is estimated to be 30 ug/kg (Rudnick and
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Gao 2014). Ejected material reflects the composition of
magma only partially due to the considerable expansion of
gases in the eruption column. The expansion of the gase-
ous phase to atmospheric pressure causes the nucleation of
particles (especially SiO,), which adsorb trace elements,
but the adsorption is minimal for Hg (Henley and Berger
2013).

It is generally assumed that basaltic rocks with minimal
contamination reflect the composition of primitive man-
tle magma. On the basis of the low Hg contents found in
basic volcanic rocks, relatively low average Hg contents
in the earth’s crust are also assumed, which are explained
by the heterogeneous distribution of Hg (Canil et al.
2015). Hg contents in volcanic rocks from mercuryfer-
ous belts should be higher, which was not confirmed in
this study. The contents may be somewhat higher in the
case of magma existing for long periods in shallow-crust.
However, the Hg content in volcanic rocks reflects, in par-
ticular, the degree of degassing during volcanic eruption.
Hg contents up to 10 pg/kg can be assumed even for more
acidic volcanic rocks due to minimal Hg re-condensation
in the eruption column, regardless of whether or not they
occur in the mercuryferous belt in subduction zones.

Extremely low Hg contents in the studied volcanic
rocks indicate a high level of Hg release into the atmos-
phere during an eruption, accompanied by minimal re-
condensation on the ejected material. Thus, Hg contents
are not dependent on the geotectonic position of volcanoes
(mercuryferous versus non-mercuryferous zones). In the
case of basic volcanic rocks, the Hg content may be as low
as the assumed content in the mantle source, but only in
the case of quantitative degassing.

This principle suggests a different view on natural
sources of the mercury. Very low determined contents
of Hg in volcanic rocks of basaltic to dacitic composi-
tion from various geotectonic positions (up to 6 ng/kg)
indicate an effective Hg transport from the bedrock to
the atmosphere, thus, the amount of Hg released into the
environment by weathering processes is probably not so
significant. Concentrations of mercury in terrestrial eco-
system may be more dependent on Hg deposition from the
atmosphere than on the composition of the bedrock. This
way, the re-emission of deposited mercury as well as Hg
speciation changes forming highly toxic species are much
faster than in the case of the weathering processes.
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1. Introduction

Mercury production from red HgS represents a major anthropogenic
impact on the natural Hg cycle in the environment. Elemental Hg
released during ore processing and Hg forms contained in tailings
constitute a considerable environmental burden. Areas of Hg mineral
deposits [1] are also significant sources of environmental contamina-
tion. Mercury speciation in tailings depends on the initial speciation of
Hg in the ore, the method of ore processing, and the physico-chemical
parameters of the material. The main Hg forms in these localities are
red HgsS, black HgS, and metallic Hg [2]. The release of colloidal HgS
and ongoing speciation changes allow the subsequent transport of the
mercury.

Red HgS is the most important Hg mineral, which is often found in
the form of veins or scatters in rocks in areas with hot springs. Mercury
can be transported in hydrothermal fluids as the elemental form in
aqueous solution or as gaseous Hg [3]. The geochemical mechanism of
Hg mineral precipitation is the hydrothermal reworking of marine
black shales, which leads to three types of Hg deposits [4]. The hot-
spring type of Hg deposit is the most common and often geologically
young [1]. Hydrothermal HgS crystallizes between 195 °C and 160 °C,
a typical temperature range for the formation of Hg ore is from 200 °C
to 100 °C[5]. Red HgS inverts to black HgS at 345 + 2 °C (in a pure HgS
system), but impurities (e.g., Fe and Zn) and also non-stoichiometry
decrease the inversion temperature [4]. In addition, small particles of

* Corresponding author. Tel.: +420 549495027; fax: 4420 549492494.
E-mail address: komarek@chemi.muni.cz (J. Komarek).
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secondary Hg minerals are formed during ore processing. Black HgS
is a relevant secondary mineral, which is formed in the course of
the calcination process from the ore of silica-carbonate type of Hg
deposit [1].

Accurate determination of HgS and nonsulfidic Hg forms in tailings
enables the environmental risks of contaminated materials to be evalu-
ated. Sequential extraction [6] is the most frequently used method for
the determination of various Hg forms. An alternative method for the
study of Hg speciation in solid samples is thermal desorption [7]. This
method is based on the thermal release of individual Hg forms accord-
ing to their thermal stability. The thermal behavior of Hg forms depends
also on the intensity of their binding to the matrix. Instrumentation for
this method, the preparation of calibration materials, the characteristic
intervals for desorption temperatures, and the evaluation of mercury
release curves have been described in the literature [8]. The method is
particularly suitable for the identification of metallic Hg, matrix-bound
Hg, and HgS [7]. Matrix-bound Hg is composed of bivalent and elemen-
tal Hg, mobile and semi-mobile Hg forms [7,8,9]. Matrix-bound Hg is
formed by Hg readsorption during cooling of tailings. Metallic Hg can
penetrate into the rocks at elevated temperature and adsorb within
inner-sphere sorption sites [8].

The direct determination of HgS in solid samples stands in focus in
this work. The thermal behavior of HgS was described in many papers
[7,9,10]. Generally, the thermal desorption coupled with atomic absorp-
tion spectrometry (TD-AAS) is often realized by in-house fabricated
devices coupled with common atomic absorption spectrometers [7] or
by commercial pyrolyzer coupled with single-purpose mercury analyzer
[11]. This paper describes in details a prototype of the desorption unit
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used in previous works [9,12]. The previous publications are primarily
concerned with the thermal stability of mercury compounds without
any detailed description of the equipment.

The aim of this research was to develop an analytical procedure for
the direct determination of red HgS in tailings, soils, and sediments.
Specifically, the focus was on (i) developing a procedure to determine
HgS by means of thermal desorption, (ii) the processing of mercury
release curves, and (iii) the application of the suggested procedure on
environmental samples.

2. Materials and methods
2.1. Locations and samples

Two deposits of red HgS in the Czech Republic were studied in this
research. The first historical mine was Jedova hora (Poison Mountain)
near NefeZin (N49°47'34”, E13°53’15"). The locality of Jedova hora
forms part of the unmetamorphosed Ordovician sedimentary and
volcanosedimentary sequences of the Barrandian Basin [5]. Mercury
was mined here as a byproduct of iron ore mining from the 18th century
until 1870 [2,13]. Hydrothermal vein mineralization was formed in
this deposit. The presence of black HgS was not proven. The ore was
processed directly in the mine grounds by melting in cylindrical retorts
with the subsequent condensation of mercury into water [13].

The second locality was a negligible deposit near BezdruZice (N49°53’
47", E12°59’15"). The mineralization associated with metamorphosed
shales of the Neoproterozoic, Cambrian-Ordovician and Silurian ages [5]
also occurs as red HgS. The primary association of mercury with gold is
uncertain due to its scattered occurrence in old heaps and in a nearby
stream. The ore was mined in shallow pits and floated in situ in the
17th and 18th centuries [14].

Seven samples of soil (JH1-JH7) were collected in the vicinity of the
former mining pit at Jedova hora. Each sample was collected as a soil
profile (0-25 cm) after the removal of fresh organic material from the
surface. Red HgS from Jedova hora obtained directly from the rock
was also studied in this work. Two sediments from the stream (TS68
and TS83) and two soil samples (TP80 and TVP402) were taken in the
vicinity of BezdruZice.

2.2. Reference materials and reagents

The following standard and certified reference materials were used:
Hg(NO3), in 2 mol L~ ! HNO; for AAS (1000 mg L~ ! + 4 mg L~ ! Hg?™,
Fluka, Germany); CRM 020 Trace Metals—Sandy Loam 2 (RTC, USA)
with a total mercury content of 1.12 & 0.03 mg kg~ !; and CRM CC
580 Estuarine Sediment (No. 0160, IRMM, Belgium) with a total mercury
content of 132 + 3 mg kg™,

HCI (A.CS. reagent, Hg < 0.0000005%, Sigma-Aldrich, Germany),
KOH (p.a., 286%, Hg < 0.00001%, Fluka, Germany), HNOs (p.a., 65%,
Hg < 0.0000005%, Sigma-Aldrich, Germany), Na,S-nH,0 (32-38%,
Sigma-Aldrich, Germany), and K,Cr,0- (A.C.S. reagent, Hg < 0.000001%,
Merck, Germany) were used in the preparation of extraction or
calibration solutions. The synthetic red form of HgS was obtained
from Sigma-Aldrich (p.a., 99%). Black HgS was prepared by precipitation
as follows: a solution of 0.1 mol L™ ! HgCl, (A.C.S. reagent, 99.5%,
Sigma-Aldrich, Germany) was added to an unsaturated Na,S solution
at laboratory temperature; precipitated HgS was repeatedly decanted
and dried afterwards to a constant weight at laboratory temperature.

2.3. Preparation of samples and calibration materials

The samples from Jedova hora and Bezdruzice were dried to a
constant weight at laboratory temperature. Each sample was sieved
and the proportion with particle sizes of below 2 mm was used for
analysis. This proportion was pulverized in the mill (Pulverisette 7,

Fritsch, Germany) to a particle size of below 63 um. The processed
samples were stored in polyethylene vials at 4 °C.

Sample dilution with sea sand (Penta, Czech Republic) was per-
formed in an agate mortar for the samples with high mercury content
(JH1 and JH5). The sand was previously heated at 1000 °C for 2 h. The
dilution of CRM CC 580 by sand was performed at a ratio of 100 mg of
certified material to 900 mg of sand. The sample of red HgS from Jedova
hora was also ground in a mortar with sand. Calibration samples con-
taining black or red HgS in sand were prepared with Hg concentrations
ranging from6ngg 'upto12pugg L

Calibration solutions for the AMA-254 analyzer were prepared from
CRM Hg(NOs3), for AAS at concentrations of 1 ug L™, 10 pg L™,
100 pg L=, and 1000 pg L~ . Solutions were stabilized using HNO;
and chl'207.

24. Instrumentation

The determination of total mercury content in all samples (including
solid calibration materials and solutions) was performed using an AMA-
254 analyzer (Altec, Czech Republic). This single-purpose, single-beam
atomic absorption spectrometer enables the direct dosing of liquid
and solid samples. The source of radiation is an Hg lamp with a wave-
length of 253.65 nm. Two operating ranges of the analyzer are provided
by means of two cuvettes with different lengths in the optical path.

Thermal desorption was performed using a Perkin Elmer 3030
atomic absorption spectrometer (USA) with deuterium background
correction. An electrodeless discharge lamp (Perkin Elmer, USA) operat-
ing at a wavelength of 253.7 nm was used as the source (power 5 W).
The spectral bandwidth was 0.7 nm. A quartz tube (of length 18.5 cm)
in the optical path of the spectrometer was heated to 800 °C in an
AEHT-01 heating block (RMI, Czech Republic). The output signal of the
spectrometer was digitized using a converter to enable the processing
of the analog signal. In-house fabricated TK15e unit is designed to
allow controlled heating of a gas from laboratory temperature up to
480 °C. The instrument includes a control unit enabling the digital
setting of parameters for gas heating and a heater. The scheme of the
heater of TK15e unit and the quartz tube in the optical path is presented
in Fig. 1. The heating of the gas is regulated by a temperature sensor
fixed in the end part of the heater, into which a sample is inserted.
The gas supplied to the heater is used both for sample heating (most
of the flow) and as an analyte carrier. The separation of these two
flows is enabled by a system of two concentric glass tubes—the inner
tube contains a fritted capsule with the sample; gas flowing between
the inner and outer tubes is used for heating. The flow of carrier gas is
regulated by a commercial flowmeter placed on the output from quartz
tube. The three main advantages of high flow of warming gas are (a)
thermal stability of the system including regular heating of the sample
particles, (b) minimum delay in the power control of the heating unit
in relation to actual temperature of the sensor, and (c) prevention of
the condensation of pyrolysis products (from materials with a high
content of organic carbon).

2.5. Analytical procedure

The AMA-254 analyzer was calibrated in the range 0.05-200 ng Hg
by means of calibration solutions. Calibration by liquid standards is
more convenient than using solid standards [15]. The determination of
total Hg content in solid samples was performed under the following
conditions: 20 s drying time, 150 s decomposition, and 45 s delay. Six
replicated analyses were performed for each sample.

Thermal desorption was carried out according to the following
procedure. The inlet flow of argon was 10 Lmin ™ !; the flux of the carrier
gas was 500 mL min~ ! or 100 mL min !, and the remainder of the flow
was used as a warming gas in the heater. The heating rate was
30 °C min~'; mercury release curves were observed in the temperature
range 50-450 °C. Thus, the duration of each analysis was approximately
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Fig. 1. The scheme of the heater with quartz tube in the heating block.

14 min (depending on the heating time required to reach a temperature
of 50 °C). Cooling the system before the next analysis took approximate-
ly 10 min. Weights of samples from 10 mg up to 500 mg were used for
the analyses. Sample was dosed into fritted glass capsule together with
layers of quartz wool. This ensures the uniform heating of sample parti-
cles and minimal resistance to carrier gas flow. Calibration of the appa-
ratus was performed in the range 3-26 ng Hg for a carrier gas flow of
100 mL min~! and in the range 21-525 ng Hg for a flow of
500 mL min~'. Red HgS was chosen for the calibration of the system.
Three replicated analyses were carried out for both artificially prepared
materials and environmental samples.

The analog output signal of the spectrometer in continuous mode
(1 s interval) was digitized. The processing of curves and their integra-
tion were accomplished by means of Origin 6.1 (OriginLab, USA).
Sulfidic and nonsulfidic Hg contents in environmental samples were
quantified by the ratio of peak areas to the total area of the mercury re-
lease curve, which corresponded to the total Hg content. The integration
of peaks was performed according to the peak-to-valley ratio (termed
as whole-peak area integration in this work) and by the generally
used method (termed as half-peak area integration), in which the first
half of the first peak is doubled and deducted from the total area.
Then, the content of HgS is calculated from the difference in areas [16,
17,18].

The determination of HgS by thermal desorption was compared
with its determination using sequential extraction. Samples from
Jedova hora and BezdruZice were subjected to sequential extraction
using a published procedure [19]. The extraction was performed in
four replicates for each sample. The mercury in fractions of the sequen-
tial extraction was determined by the AMA-254 analyzer. Total mercury
contents in samples were fractionated into Hg releasable in water (F1),
Hg releasable in acid conditions (F2), Hg bound to humic matter (F3),
Hg(0) and amalgams (F4), HgS (F5), and residual Hg in the solid residue
after extraction (Residual II). HgS content (F5) in a saturated solution of
Na,S cannot be accurately determined using an AMA-254 analyzer, and
it is necessary to calculate it. Mercury contents in solid residues after
step F4 (Residual I) were determined for two replicates of each sample;
the other two replicates were subjected to the entire extraction process.

The difference between Residual I and Residual II determines the
content of HgS.

3. Results

The black and red forms of HgS were subjected to thermal desorp-
tion to determine the characteristic parameters of the mercury release
curves. Desorption intervals were defined on the basis of the mercury
release curves, which each exhibited a peak height at an absorbance of
A = 0.012. Mercury release curves for black and red HgS at a gas flow
of 500 mL min~—" are presented in Fig. 2a. Black HgS evinced a desorp-
tion interval between 210 and 330 °C, with a maximum at 273 °C; red
HgS evinced an interval between 265 and 410 °C, with a maximum at
353 °C. The limit of quantification (LOQ) of HgS forms was determined
experimentally on the basis of peak area at a peak height of A =
0.004. This LOQ corresponded to tenfold standard deviation of the
blank measurement as well. The LOQ for black HgS was 33 pg kg™ ';
the LOQ for red HgS was 42 pg kg ™'

Certified reference materials with certified mercury species are not
available with an exception of the methylmercury, which is not deter-
mined by this method because of insufficient LOQ for the most of envi-
ronmental samples. Thus, internal reference materials were prepared
using pure mercury species. The thermal behavior of red HgS was
described in previous work [9]. The verification of the system calibration
was performed by means of red and black HgS.

The thermal behavior of HgS forms was also observed for a carrier
gas flow of 100 mL min~! (Fig. 2b). The desorption interval for black
HgS at the lower gas flow was shifted by approximately 20 °C, as was
the temperature of maximum Hg release (252 °C). The LOQs of black
and red HgS at the lower gas flow were 4 ug kg~ ! and 5 ug kg~ !, respec-
tively. These LOQs are relatively low, however, the limits relating to the
determination of pure HgS in an inert matrix.

The carrier gas flow of 500 mL min~ ' was used for the analysis of
environmental samples. (LOQs are given below for this flow.) Mercury
release curves for red HgS and soil from Jedova hora are shown in
Fig. 2c. Desorption curves for environmental samples in Fig. 2c and
Fig. 2d correspond to an absolute amount of 100 ng of Hg. The LOQ of
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Fig. 2. Mercury release curves for synthetic HgS at a gas flow of 500 mL min~' (a), synthetic HgS at a gas flow of 100 mL min—"' (b), samples from Jedova hora (c), samples from BezdruZice (d).

natural red HgS was 39 g kg ™!, which was approximately equal to that
of synthetic HgS. The LOQ of red HgS in soil was 35 pg kg~ 1. Two peaks
were evident on the desorption curves for soil samples from Jedova
hora. The first peak (200-290 °C) can be defined as representing
matrix-bound Hg. The second peak in the temperature interval of
290-430 °C (maximum at 375 °C) represents red HgS. Matrix-bound
Hg (210-320 °C) and HgS (320-430 °C) were also observed in samples
from BezdruZice (Fig. 2d).

Quantification of the contents of matrix-bound Hg and HgS in sam-
ples was carried out by the integration of peak areas. (The integration
of each peak was performed using the measurement with the least ab-
sorbance of A = 0.004.) The contents of sulfidic and nonsulfidic Hg and
the contents of total Hg in samples from both locations are presented in
Table 1. Peak integration is given according to the peak-to-valley ratio
(whole-peak area integration) and after calculation comprising area
doubling of the first half of the first peak (half-peak area integration).

Total Hg contents in soil and sediment samples were also deter-
mined by an AMA-254 analyzer (Table 1). The LOQ of Hg determined
by the AMA-254 analyzer in solid samples was 0.3 pg kg~'. The

determination of Hg in solid samples was verified using CRM 020 and
CRM CC 580, with the achievement of contents 1.14 + 0.03 and
131 4+ 6 mg kg™, respectively. (CC 580 was diluted ten times.)

4. Discussion

A broad range of desorption intervals for Hg release from HgS has
been published [8]. Differences in published values can be ascribed to
differing measurement parameters and HgS origin. The broadening of
peaks and other changes in their shape occur with increasing Hg
concentration in the sample, which causes the resolution between Hg
forms to deteriorate and complicates the specification of the desorption
interval [9]. Therefore, it is advantageous to record characteristic mercury
release curves at low absorbances (i.e., up to A = 0.1). A peak height of
A = 0.012 can be recommended for the comparison of various Hg
forms. Broadening of the peak occurs at high absorbance values, the
overlap of peaks increases, and the correct resolution of individual species
is worsened [9]. The LOQs of each Hg form are also influenced by peak

Table 1
The contents of total Hg, HgS and matrix-bound Hg (mg kg~ ')°.
AMA-254 TD-AAS
Sample
Hgmta] Hgsextraction Hgsb Hgsc Hgmatnxb Hgman‘ixc Hgmta]
JH1 65+ 3 60 + 5 61+4 65+ 4 76 +03 40402 69 + 4
JH2 26+£02 25403 21402 20+£02 0.2 & 0.01 0.3 & 0.02 23402
JH3 48403 38+06 27403 30404 1.7 £ 0.1 14+ 0.1 44404
JH4 454 0.7 21405 28406 3.0+ 06 22403 20+03 5.0+0.7
JH5 28 43 254+ 4 28+ 4 2944 35402 1.9+ 0.1 31+4
JH6 44403 33404 32403 33403 0.8 & 0.05 0.7 &+ 0.04 40403
JH7 13+1 13+3 11+1 11+1 0.5 + 0.03 0.3 + 0.02 11+1
TS68 2.8 +0.2¢ 1.3 +0.1¢ 0.9 + 0.1 0.8 + 0.1 1.6 £0.1 1.7 £ 0.1 2.5+ 0.1
TS83 24+ 019 1.1 +0.19 1.1+02 09+02 1.8+ 0.1 20401 29403
TP8O 1.2 +0.1¢ 0.26 + 0.03¢ 0.1 + 0.02 0.1 + 0.02 14+02 14+0.2 1.5+0.2
TVP402 8.4 +0.8¢ 6+ 1¢ 62+ 09 6.6 + 0.9 1.8 £0.1 14 +0.1 8.0+ 0.9

?X+SD;N=6 (AMA-254' Hgtotal)v N=2 (Hgsextraction)v N=3 (TD'AAS)
b Whole-peak area integration.
¢ Half-peak area integration.

4" Reference [20].
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broadening. Thus, black HgS, with a narrower peak, may be determined at
a lower concentration than red HgS.

Qualitative and quantitative parameters of the thermal desorp-
tion of both HgS forms were also observed for a carrier gas flow of
100 mL min~ . The flow rate has minor effects on the desorption
temperature of HgS [21]. Generally, lower gas flow through the
quartz tube increased the concentration of atoms in the optical path.
The peaks evinced the same shape but were less regular (Fig. 2b). The
thermal stability of HgS is also dependent on the size of scattered parti-
cles in the sample [7]. In addition, slight differences in crystallinity and
grain size can cause the formation of narrow peaks in the mercury
release curve of red HgS [17]. The thermal shift of the peak for black
HgS could be the result of the preparation of the calibration sample.
Particles of black HgS were downsized during sample preparation by
grinding with sand. This thermal shift did not appear for commercial
red HgS because the particles had approximately the same size during
preparation (red HgS was obtained in the form of a very fine powder).
Natural red HgS from Jedova hora ground with sea sand evinced the
same desorption interval as commercial HgS. It seems that a low gas
flow could be suitable for the determination of trace HgS contents in
environmental samples. However, peak broadening occurred in the
course of soil and sediment analyses (for matrix-bound Hg), and, there-
fore, the resolution of nonsulfidic and sulfidic Hg was poor. This effect
can be attributed to the complex matrix of environmental samples,
which increases the thermal stability.

Two peaks were observed on the desorption curves for samples from
both locations. The occurrence of black HgS was not confirmed in these
locations. Thus, interference between black HgS and matrix-bound Hg
can be excluded. The desorption interval of matrix-bound Hg (the first
peak) can be shifted depending on the matrix composition. This mercury
form is usually characterized by a regular peak. However, the peak
symmetry may be misshapen, oftentimes due to the desorption of
specific Hg forms contained in the sample, e.g., Hg bound to humic
substances with a maximum release at 305 °C [9]. The resulting
asymmetry can be expected especially for forest soils; for example,
it is noticeable in the mercury release curve for sample TVP402
(Fig. 2d). The subsequent overestimation of sulfidic Hg is likely
using the HgS calculation based on the first half of the first peak.
The method of whole-peak area integration provided more accurate
results with less variance in this case than the half-peak area integration
with respect to the results of sequential extraction. Generally, sequential
extraction based on the extraction power of reagents is burdened with
overlaps between the fractions. The used procedure is based on the
solubility of HgS in a saturated solution of Na,S. Other Hg forms (non-
sulfide fractions) are released in nitric acid in a previous step [6].
Moreover, previous extraction in water and sodium hydroxide reduces
the risk of potential HgS dissolution in nitric acid [22]. Under these condi-
tions, the results of HgS determination by sequential extraction should be
burdened only by uncertainty resulting from sample homogeneity.

Thermal desorption enables the amount of matrix-bound Hg forms
to be determined, and, thus, the potential amount of Hg releasable
from the material into the environment to be estimated.

5. Conclusion

The described procedure enables the direct and rapid determination
of red HgS and matrix-bound Hg in environmental samples. The amount
of matrix-bound Hg determined can characterize the amounts of mobile
and semi-mobile Hg forms in contaminated material. On the basis of
comparison of the results of thermal desorption and sequential extrac-
tion, the evaluation of mercury release curves using integration according

to the peak-to-valley ratio can be recommended. The method can be used
to monitor the environmental burden in mining areas or in areas of ore
processing.
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Abstract Lichens are efficient and cost-effective
biomonitors of the environment. Their geographic dis-
tribution together with their slow growth rate enable
investigation of the deposition patterns of various ele-
ments and substances. In this research, levels of cadmi-
um, lead, and mercury in Usnea antarctica lichens in the
area of James Ross Island, Antarctica, were investigat-
ed. The lichens were microwave-digested, and the
metals were determined by means of atomic absorption
spectrometry with graphite furnace and a direct mercury
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analyzer. Median total contents of Cd, Hg, and Pb were
0.04, 0.47, and 1.6 mg/kg in whole lichens, respectively.
The bottom-up distributions of these metals in the fruti-
cose lichen thalli were investigated, and it was revealed
that the accumulation patterns for mercury and lead
were opposite to that for cadmium. The probable reason
for this phenomenon may lie in the inner structure of
thalli. The total contents of metals were comparable with
those published for other unpolluted areas of maritime
Antarctica. However, this finding was not expected for
mercury, since the sampling locality was close to an area
with some of the highest mercury contents published for
Antarctic lichens. In short, lichens proved their usability
as biological monitors, even in harsh conditions. How-
ever, the findings emphasize the need to take into ac-
count the distributions of elements both in the environ-
ment and in the lichen itself.

Keywords Lichen - Biomonitoring - Antarctica - Heavy
metals

Introduction

As a very remote and inhospitable continent, Antarctica
is often considered the last great wilderness. Circumpo-
lar oceanic and atmospheric currents protect it from the
entry of lower latitude air and water masses. These
natural barriers taken together with the scarce human
presence make the Antarctic the least polluted region in
the world. However, it has not escaped the impact of
man completely (Bargagli 2008).

@ Springer


http://orcid.org/0000-0003-0035-6851
http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-017-6397-1&domain=pdf

13 Page 2 of 9

Environ Monit Assess (2018) 190:13

Human presence in the Antarctic was first established
in the eighteenth century with the arrival of the first
explorers and hunters. During the twentieth century,
many polar stations were built and scientific activities
were further accelerated under the auspices of the Inter-
national Geophysical Year 1957/58. Currently, more
than 60 scientific stations are in operation below a
latitude of 60° S (Culicov et al. 2017). In the last few
decades, many historic sites in Antarctica have become
destinations for mass tourism (Tin et al. 2009). Increased
levels of Cd, Hg, and Pb have already been evaluated as
the consequence of human activity on the South Shet-
land Islands (Lu et al. 2012). Besides these local sources
of pollution, volatile contaminants such as POPs and
mercury are transported to Antarctica via long-range
transport from other continents, especially in the South-
ern Hemisphere (Bargagli 2008; Tin et al. 2009;
Szopinska et al. 2016).

The direct monitoring of airborne contaminants in the
Antarctic is limited due to the harsh conditions, and,
thus, the analysis of naturally occurring cryptogams
(such as lichens, mosses, or algae) offers a useful com-
plementary approach to direct measurement (Bargagli
2016a). Lichens, in particular, are considered as reliable
biomonitors of the deposition patterns of heavy metals.
In polar regions, mosses are covered with snow for
longer periods than lichens, which limits their direct
exchange with the atmosphere. Another advantage of
using lichens over mosses is that lichens usually entrap
lower amounts of soil and dust particles (Bargagli
2016b).

A number of studies have investigated the content of
heavy metals in Antarctic lichens including Usnea ant-
arctica, but only a few have focused on the distribution
of elements in the lichen thalli. Studies such as that
conducted by Lim et al. (2009) showed that the distri-
bution of individual elements varies significantly. Li-
chen morphology, thallus structure, and upper cortex
surface characteristics play an important role in trapping
both gaseous pollutants and particulate matter. Thanks
to comparative studies, it is believed that lichens with
foliose thallus morphology contain greater amounts of
metals than fruticose lichens (Garty 2001). In lichens
with fruticose thallus morphology, the concentration of
heavy metals is reportedly 3—10 times lower and inde-
pendent of substrate composition (Chiarenzelli et al.
1997, 2001). The accumulation of heavy metals in fru-
ticose lichens depends mainly on the age of the partic-
ular thallus part and the structure of the top branched

@ Springer

part. It might therefore be assumed that higher amounts
of heavy metals are found in older thalli parts than in
younger ones. On this basis, older basal thallus parts of
fruticose lichens should have higher contents of heavy
metals than younger upper thinly branched parts.

The samples investigated in this work were collected
on James Ross Island, Antarctica (JRI, Fig. 1). Fruticose
lichens of the Usnea genus are widespread and some of
the most common lichens in maritime Antarctica
(Bohuslavova et al. 2012). In the area of James Ross
Island, Usnea antarctica species are among the most
common lichens (Laska et al. 2011). Details on the
occurrence of mercury and some other heavy metals
were already investigated in local lichens (Zvéfina
et al. 2014), in regolith and basaltic rocks (Coufalik
et al. 2015; Zvéfina et al. 2012), and in the soils sur-
rounding seal carcasses (Zvéfina et al. 2017). This work
follows research into the ability of Usnea antarctica
lichens to accumulate heavy metals. The main aim here
was to investigate the contents and distributions of Cd,
Hg, and Pb in lichens. Because the different parts of
Usnea antarctica thalli vary significantly in both their
outer structures (branching patterns) and inner structures
(the relative proportions of the upper cortex, the
photobiont layer, and the medulla), an uneven distribu-
tion of heavy metals was expected. Thus, a segmenta-
tion experiment was performed.

Materials and methods
Samples and sampling arca

Samples were collected during the Czech expedition to
the J.G. Mendel Czech Antarctic Station on James Ross
Island, Antarctica (JRI). Occupying an area of approx.
2500 kmz, JRI is a relatively large island, with more
than 80% of its surface permanently covered with ice.
The northern part of the island is one of the largest ice-
free areas along the tip of the Antarctic Peninsula (Laska
et al. 2011). The proximity of both the Antarctic Penin-
sula and the Weddell Sea results in specific climatic
conditions that can be characterized as a combination
of oceanic and continental types of climate (Laska et al.
2011). During the period 2011-2013, the mean annual
air temperature at sea level on JRI was —8.0 °C
(Hrbacek et al. 2016). Thawing seasons with prevailing
positive near-surface ground temperatures usually take
between ca. 100 and 150 days (Hrbacek et al. 2017).
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For the sampling of lichens, the locality of Solorina
Valley was chosen. The valley is located on the north-
cast side of the island, approx. 10 km from Mendel
Station. With a length of 3 km, Solorina is one of the
longest valleys in the area of interest and is representa-
tive of the typical geomorphological landscape of this
region. The valley is approx. 4 km from Brandy Bay
(BB), an area for which some information on heavy
metals in lichens was already reported (Zvéfina et al.
2014). The natural barrier of the Lachman Crags sepa-
rates these two valleys. Solorina Valley differs substan-
tially from the formerly investigated area: it is NE-
oriented, which results in different conditions with re-
spect to prevailing winds, the transport of sea spray,
humidity, and temperature. Some of the lowest temper-
atures on JRI were measured here (e.g., —39 °C during
the austral winter of 2009 (Laska, unpublished data)).
Although Solorina Valley is located far from any
sources of local pollution, scientific field work is occa-
sionally conducted in the valley.

The regolith from Solorina Valley was analyzed by
Coufalik et al. (2015), who revealed that mercury levels
in it were substantially lower than those observed in BB.
However, the level of Hg in regolith is not a reliable
indicator of the atmospheric deposition of this element,
since Hg originates mainly from weathered bedrock.
Thus, different trends in deposition patterns for Hg were
expected in the selected area. Lichens, which dominate
the local vegetation cover, were utilized to examine this
assumption.

The lichens were collected along a 3 km-long stream
flowing through the valley from White Lake down to the
sea at Herbert Sound (Fig. 1). Along the stream, six
sampling sites were selected, spaced 450 to 600 m apart.
These sites had to be undisturbed with adequate vege-
tation cover and remote from birds’ nesting areas. At
each sampling site, 10 to 20 clusters of Usnea antarctica
lichens were taken from basaltic rocks spread over an
area of 10 x 10 m. Sample A was taken at the highest
point of the sampling gradient, near the shore of White

@ Springer
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Lake; samples B-E were collected along the stream,
approx. 50 m from the riverbed; and sample F was
collected from rocks at the seashore.

Analytical procedures

Collected lichen samples were thoroughly washed with
deionized water to remove any dust or soil particles and
clean thalli were then left to dry at 30 °C for 48 h.
Subsequently, they were sealed in double polyethylene
bags and stored frozen until analysis. The handling of
samples was carried out in a clean laboratory equipped
with HEPA filters.

The inner structures of different parts of thalli were
examined by means of scanning electron microscopy.
Small segments of selected well-developed linear thal-
lus parts were carefully cut off and visualized using a
Mira3 microscope (Tescan, Czech Republic). The im-
ages were acquired at an accelerating voltage of 10 keV
and a working distance of 7.8 mm. The samples were
processed at a chamber pressure of 20 Pa to prevent

sample charging. Sample signals were detected by a
low-energy BSE detector.

In order to investigate the vertical distribution of
metals, ten lichen thalli were chosen for the segmenta-
tion experiment. According to the observed structure,
these thalli were cut into three parts (basal, middle, and
upper segments) and each one was processed individu-
ally (Fig. 2). To determine the total contents of elements,
a few whole thalli from each sampling site were homog-
enized in a ball mill.

Both homogenized and partitioned thalli were
brought into solution in Teflon vessels by means of
microwave-assisted extraction (Milestone 1200 MLS,
Italy). Two hundred fifty milligrams of each sample
was digested with a mixture of 4 ml HNO; and 1 ml
H,0, according to the following program (power in W/
time in min): 250/1, 0/2, 250/5, 400/5, and 600/5. The
obtained solution was diluted to 25 ml, filtered, and
stored in presealed polyethylene bottles until analysis.

The Cd and Pb contents were determined by the GF-
AAS technique (graphite furnace atomic absorption
spectrometry) using a Unicam Solaar 939 spectrometer

Fig. 2 Thalli of Usnea antarctica with indicated parts of the segmentation and corresponding cross-sectional visualizations showing (1)

upper cortex, (2) photobiont layer, (3) medulla, and (4) central strand
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(Cambridge, UK), equipped with deuterium back-
ground correction and an automatic sampler. A volume
of 10 ul of sample solution was injected into a graphite
cuvette of ELC type (extended lifetime cuvette) and
mixed with 5 pl of a modifier containing 7.5 pg Pd
and 5 ug Mg(NOs),. The primary resonance lines of Cd
(228.8 nm) and Pb (217.0 nm) were used for the deter-
mination. The solutions were dried at 120 °C. The
pyrolysis and atomization temperatures were 800 and
1500 °C for Cd and 950 and 1850 °C for Pb, respec-
tively. Quantification of the metals in samples was car-
ried out by means of external calibration against aque-
ous standards.

The Hg content was determined by means of an
AMA 254 single-purpose analyzer (Altec,
Czech Republic). Such determination is based on the
dry ashing of a sample in an oxygen flow, followed by
the preconcentration of Hg vapor on a gold amalgam-
ator. Then, the Hg is released by heat pulse and detected
using AAS. The Hg content in whole homogenized
thalli was determined directly in solid state. For seg-
mented thalli, 200 pl of mineralization solution was
injected.

Assurance of analytical quality

To ensure the analytical quality of the determinations,
procedural blanks, certified reference material (CRM),
and sample spikes were analyzed alongside the samples
(Table 1). Accuracy was checked by the analysis of
CRM BCR-482 Lichen (IRMM, Belgium), with recov-
eries of the three investigated elements ranging from 91
and 96%. The recoveries of the real sample spiked with
a known amount of analytes varied between 95 and
102%.

Table 1 Laboratory performance parameters (all values as mg/kg)

Results and discussion
Thalli structure

The different inner structures of the different lichen parts
are evident from the visualizations of cross-sections of
the bottom, middle, and upper parts (Fig. 2). The pro-
portions of the main components (i.e., upper cortex,
photobiont layer, medulla, and central strand—if pres-
ent) vary significantly along the thalli.

In general, the intrathalline distribution of heavy
metals depends mainly on the length of exposure (the
age of the individual parts of the thallus), the rate of
growth processes, and the morphological properties of
the anatomical structures. However, the ratio between
the biomass and the photobiont/mycobiont in particular
thalli parts may also play a role. These characteristics are
derived from the analysis of cross-sections of the thalli
of Usnea species across different parts of the thallus
from base to apex (see e.g., Bartdk 2014). Typically,
the basal, middle, and top parts of the Usnea thallus
exhibit different proportions between the areas of the
upper cortex layer, the photobiont layer, the medulla,
and the central strand (Gielwanowska and Olech 2012).

Seymour et al. (2007) reported interspecific differ-
ences in the layers forming anatomical structures in the
cross-sections of different lichen species of the genus
Usnea from maritime Antarctica. Similarly, species-
specific differences in the areas of particular layers in
cross-sections are documented for Scandinavian species
of the Usnea genus (Ericsson 2016). These anatomical
characteristics may, because of the different densities of
particular layers, play a role in the allocation of heavy
metals. Guerra et al. (2011) showed the distribution of
Pb to be well-distinguished in U. aurantiacoatra cross-
sections. In this case, Pb was bioaccumulated mainly in

Analyte Limit of detection* CRM BCR-482 Spiked sample

Certified value Found** Added Found**
Cd 0.005 0.56 £0.02 0.51 +0.04 0.05 0.048 +0.004
Hg 0.0003 0.48 £0.02 0.45+0.03 0.5 0.51 £0.02
Pb 0.05 409+14 39.1+1.1 1 0.97 +0.03

*Limits of detection are calculated as three times the standard deviation of the procedural blanks (n = 6)

**Mean of three determinations =+ standard deviation
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the medulla region indicating that the central part of the
thallus did not accumulate heavy metals.

In U. antarctica, surface structures of the upper cor-
tex may also play a role in the allocation of elements,
since the bottom, intermediate, and top thalli parts differ
in the number of papillae and soralia (Seymour et al.
2007). Since papillae are numerous small, short cortex
outgrowths they may enhance the uptake of deposited
elements (see Fig. 2, basal and middle thallus parts).
Moreover, it is well established that their growth and
development are largely influenced by environmental
parameters (Clerk 1998). Therefore, they differ in num-
ber in particular thalli parts, as well as between site-
related morphotypes of U. antarctica.

Distribution of heavy metals in lichen

The segmentation of thalli into three parts was chosen
on the basis of examining the inner structures of the
different thallus parts by means of scanning electron
microscopy. In the individual segments, a trend of in-
creasing Hg and Pb contents from bottom to top was
found (ANOVA, p<0.01). In contrast, Cd exhibited a
trend of slightly decreasing content from bottom to top
(Fig. 3). Such results are in accordance with the data
presented by Lim et al. (2009) for different species of the
Antarctic lichen U. aurantiacoatra. They found rela-
tively high concentrations of Cr, Al, and V in basal
segments of the lichen thallus (i.e., in comparison to
the top segments). The majority of heavy metals, how-
ever, had much higher concentrations in the top parts.

This was particularly valid for Pb, whose contents were
almost six-fold higher in upper thalli parts than in basal
ones.

The higher contents of Hg and Pb in top thalli parts
could be a consequence of the greater surface area of the
tiny thalli parts in top parts compared to basal parts.
Therefore, both wet and dry deposition could be en-
hanced in the upper parts. Such an explanation could
be supported by the ecological and ecophysiological
adaptations of lichens with fruticose thallus morphology
in relation to water uptake. The upper branched parts of
U. antarctica are efficient in capturing water from pre-
cipitation (both water drops and snow), and thus they
preferentially absorb any dissolved ions which are
present.

Another mechanism responsible for the higher accu-
mulation of heavy metals in top thalli parts may be the
thawing of yearly snow accumulated during the austral
winter. During this process, a snow layer of between 20
and 50-cm in thickness melts in the close neighborhood
of the tiny upper thalli parts. The black color of these
parts may play a role in this phenomenon, since they
become slightly warmer than the surrounding microen-
vironment. Thus, the upper thallus parts are capable of
preferentially absorbing meltwater (and the heavy metal
ions contained therein) from snow depositions covering
the thalli. In this way, heavy metals could become more
concentrated at the periphery of the branching structure
(the top of the thallus) than at the bottom. Such a
mechanism, however, would need to be investigated in
follow-up field and laboratory-based studies.
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Fig. 3 Contents of Cd, Hg, and Pb in various segments of lichen thalli
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Fig.4 Contents of Cd, Hg, and Pb determined in Usnea antarctica
lichens. Note the logarithmic scale

Total contents of Cd, Hg, and Pb

The median contents of Cd, Hg, and Pb in the lichen
samples were 0.04, 0.47, and 1.6 mg/kg, respectively, as
shown in Fig. 4. For comparison, Table 2 summarizes
already published contents of the investigated elements
in Usnea antarctica from maritime Antarctica. In gen-
eral, the contents of the investigated elements were
similar to those reported for Antarctic lichens from other
locations.

Hg contents were significantly lower than those re-
ported for the lichens collected in Brandy Bay—an area
only about 4 km from Solorina Valley (Zvéfina et al.
2014). The mean contents of Hg in lichens from these

Table 2 Reported Cd, Hg, and Pb contents in Usnea antarctica

two locations differed by more than three times (¢ test,
p<0.001), whereas the contents of Cd and Pb did not
differ significantly (p >0.2). The morphology of both
valleys as well as their orientation differ substantially
and thus different prevailing winds and conditions can
be expected.

Although Hg contents in lichens are generally two
orders of magnitude higher than those in substrate, the
relatively low Hg levels in lichens from Solorina Valley
compared to those from Brandy Bay also correspond
with the respective Hg levels in regolith (Coufalik et al.
2015).

An important factor influencing the deposition of
atmospheric Hg in polar regions is the AMDE phenom-
enon (Atmospheric Mercury Depletion Event), i.e., the
rapid oxidation and deposition of Hg promoted by hal-
ogens and ozone that takes place during and after the
polar sunrise (Schroeder et al. 1998; Ebinghaus et al.
2002; Bargagli 2016b). Its consequences were clearly
demonstrated in a study from Terra Nova Bay (Bargagli
et al. 2005), where lichens in areas facing coastal polyn-
ya were affected by enhanced Hg deposition due to the
AMDE. Similarly, in Brandy Bay, aerosols from the
open waters of Prince Gustav Channel may promote
AMDE and enhance the local deposition of Hg
(Bargagli 2016b). Solorina Valley, in contrast, faces
Herbert Sound and is sheltered from prevailing NW
winds by the Lachman Crags messa, which, eventually,
may reduce the extent of AMDE. It is noteworthy how
different morphologies of microrelief and how the
slightly different climatic conditions in both areas lead
to considerably different accumulations of Hg.

Location, author Cd (mg/kg) Hg (mg/kg) Pb (mg/kg)
King George Island (Olech 1991) - - 2
Northern Victoria Land, - 0.112-0.927 -
Graham Land, 0.050-0.080

Deception Island, 0.190-0.253

King George Island 0.026-0.061

(Bargagli et al. 1993)

King George Island (Poblet et al. 1997) 0-0.3 - 0-2.85
King George Island (Osyczka et al. 2007) <18 - <0.9
James Ross Island, Brandy Bay (Zvéfina et al. 2014) 0.03-0.05 0.72-2.73 0.9-3
King George Island (Cipro et al. 2017) - 0.152+£0.032 -

James Ross Island, Solorina Valley (this study, whole lichens) 0.03-0.10 0.33-0.72 0.99-2.51
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Conclusion

Measurements of different parts of U. antarctica thalli
revealed different accumulation patterns for the investi-
gated elements. While most Pb and Hg was present in
the top part, the trend of increasing Cd concentration
along an individual thallus was in the opposite direction.

The total contents of Cd, Hg, and Pb in lichens from
Solorina Valley, JRI, were consistent with other data
published for unpolluted locations in maritime Antarc-
tica. Surprisingly, Hg contents were more than three
times lower than the contents published for nearby
Brandy Bay. This finding points to a significant varia-
tion in Hg deposition patterns, which makes interpreta-
tion of the Hg contamination of geographically close
areas rather difficult.

Although lichens are well-established biomonitors of
airborne metals, their efficiency is highly dependent on
climatic and microclimatic conditions. They can un-
doubtedly serve as a tool for mapping distribution pat-
terns; however, when interpreting results, their sensitiv-
ity to local conditions must be kept in mind.
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ABSTRACT

The precise characterization of the behavior of individual microorganisms in the presence of increased
mercury contents in soil is necessary for better elucidation of the fate of mercury in the soil environment.
In our investigation, resistant bacterial strains isolated from two mercury contaminated soils, represented
by Paenibacillus alginolyticus, Burkholderia glathei, Burkholderia sp., and Pseudomonas sp., were used. Two
differently contaminated soils (0.5 and 7 mg kg™' total mercury) were chosen. Preliminary soil analysis
showed the presence of methylmercury and phenylmercury with the higher soil mercury level. Modified
rhizobox experiments were performed to assess the ability of mercury accumulating strains to deplete the
mobile and mobilizable mercury portions in the soil by modification; microbial agar cultures were used
rather than the plant root zone. A sequential extraction procedure was performed to release the following
mercury fractions: water soluble, extracted in acidic conditions, bound to humic substances, elemental,
and bound to complexes, HgS and residual. Inductively coupled plasma mass spectrometry (ICP-MS) and a
single-purpose atomic absorption spectrometer (AMA-254) were applied for mercury determination in the
samples and extracts. Gas chromatography coupled to atomic fluorescence spectrometry (GC-AFS) was
used for the determination of organomercury compounds. The analysis of the microbial community at the
end of the experiment showed a 42% abundance of Paenibacillus sp. followed by Acetivibrio sp.,
Brevibacillus sp., Cohnella sp., Lysinibacillus sp., and Clostridium sp. not exceeding 2% abundance. The
results suggest importance of Paenibacillus sp. in Hg transformation processes. This genus should be
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tested for potential bioremediation use in further research.

Introduction

Biological methods of soil remediation represent cost-effective
and environmentally friendly methods to decrease the level of
risk elements in soils. In the case of Hg, phytoremediation stud-
ies are still being conducted within the laboratory setting. Until
now, no typical mercury hyperaccumulating plant has been
described.!") Plant species characterized by and increased ability
to accumulate mercury, such as Rumex scutatus ssp. Induratus,
Marrubium vulgare, and several crops such as Hordeum spp.,
Lens culinaris, Cicer arietinum, Lupinus polyphyllus, and Triti-
cum aestivum have been mentioned.”>"* However, the phytoex-
traction efficacy of these species is relatively low, requiring a
long period of time to achieve a substantial decrease in the mer-
cury content of the soil.

Investigations describing the role of soil microbial commu-
nities in mercury accumulation and/or transformation are rela-
tively rare, and the precise characterization of the behavior of
individual microorganisms in the presence of increased mer-
cury contents in soil is still unclear in many aspects. Increasing

levels of Hg generally depress microbial activity. However, the
effects of Hg on soil microbial activity depend on the soil type
and composition, particularly the organic matter content. Some
bacteria are able to resist heavy metal contamination through
chemical transformation by reduction, oxidation, methylation,
and demethylation.””! The genetic system that evolved as the
“mer operon” is in fact the only well-known bacterial metal
resistance system, allowing for the transformation of its toxic
target into volatile nontoxic forms. Both organic (CH;HgX)
and inorganic (HgX) forms of mercurial compounds pass via
MerC and MerT inner membrane proteins into cytosol where
the action of the enzyme MerA results in volatilization and cel-
lular release of only Hg” or both Hg® and CH,, respectively.!®!
These mechanisms enable the microorganisms to survive even
in an extremely Hg contaminated environment”! and have
been observed in plasmids, chromosomes, transposons, and
integrons of both Gram-negative and Gram-positive bacteria.'

The bioavailability of nutrients as well as potential risk ele-
ments and other pollutants is predominantly driven by soil
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conditions in the rhizosphere. Root exudates play an important
role in this process, as they consist of a mixture of organic
acids, chelates, vitamins, amino acids, purines, nucleosides, and
inorganic ions."”! For a detailed investigation into the processes
in the rhizosphere, soil rhizobox experiments''”! can be done to
assess changes in soil properties up to several millimeters from
plant root surfaces. Instead of the depletion of nutrients and/or
changing the mobility of risk elements and other pollutants in
rhizosphere soil, these experiments are applied for the investi-
gation of changing microbial activity in the rhizosphere soil as
affected by the risk element level,"' ") the interrelationship
between soil nutrients and/or organic matter transformations,
and the soil microflora.!"*™'*! Frequently, rhizobox experiments
are provided as experiments describing the potential effects of
various phytoremediation measures."”"'*) The efficacy of the
biodegradation of organic pollutants via both plants and soil
microflora in rhizosphere soil can be investigated using the rhi-
zobox approach. 2972

In our study, the potential effect of resistant bacteria in mer-
cury contaminated soil on the mobility, volatilization, and spe-
ciation of mercury was evaluated in a rhizobox experiment.
The resistant bacterial strains isolated from mercury contami-
nated soils and identified preliminarily as the most resistant
bacteria in contaminated soil (more details metioned below)
were used for bioaugmentation of the soil in our experiment.
The main objectives of the study were i) to assess rhizobox
application for microbiological experiments using agar instead
of plant roots for the culture of soil bacterial strains and ii) to
evaluate the ability of Hg-resistant microorganisms to accumu-
late and transform Hg with regard to their potential bioremedi-
ation use.

Material and methods
Experimental design

The mining and smelting district of Pfibram, Czech Republic is
known for its Pb-Ag-Zn polymetallic mineral deposits which
were mined and processed from the Middle Ages until the
1970s. Emissions from primary and secondary lead smelters
are responsible for high concentrations of metallic contami-
nants (Pb, Cd, and Zn) in soils.** Increased Hg contents, espe-
cially in forest soils, have been observed in this area as well.
Organic phenyl-mercury chloride, called Agronal, has also
been used for protecting seeds from fungal diseases. The
employment of this process was prohibited in the 1990s, and a
newly developed seed dipping process has replaced it. However,
the warehouse where dipping was performed is in the vicinity
of Pfibram, and represents an additional source of soil Hg con-
tamination in this area.

Preliminary analysis of these soils has shown low contents of
mobile Hg forms (water-soluble and plant-available fractions),
but the location can be considered as hazardous to the environ-
ment due to the high content of total Hg (varying between 0.85
and 9.8 mg//kg) and potential occurrence of organometallic
compounds.”®* The maximum permissible limits of elements
in the soils of the Czech Republic is publically availablev;*”!
according to this notice, the total Hg concentration is set as
0.8 mg kg~', confirming the high contamination level in our
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sampling area. Therefore, this area was chosen for sampling of
representative soil samples for the model rhizobox experiment.
At the time of this study soil pH was 7.0, the oxidizable carbon
content (C,,) was 3.24% and the cation exchange capacity
(CEC) was 175 mMl/kg. Concerning the contents of available
nutrients, the contents of elements extractable with the Mehlich
IIT extraction procedure'*! were: 0.04 + 0.00% of P, 0.62 +
0.07% of K, 0.31 £ 0.00% of Mg, 0.26 £+ 0.03% of Ca, and
0.07 £ 0.01% of S.

The microbial community isolated from these soil samples
was cultivated in liquid agar culture amended with a solution
of HgCl, to reach the final Hg concentration in the medium
0.1 mol L™". The bacteria being able to survive and grow in this
medium were identified as the genera Rhodanobacter, Frateu-
ria, Luteibacter, Mycobacterium, Bacillus, Bradyrhizobium, Bei-
jerinckia,  Staphylococcus,  Sphingomonas,  Paenibacillus,
Burkholderia, and Pseudomonas. The methods applied for the
analysis of the soil microbial community are described next.

Two sets of modified rhizobox experiments with two soils
colected at the area of interest with different levels of soil Hg
(0.5 and 7 mg kg~ total mercury as determined before start of
the experiment and labeled as Experiment 1 - lower level, and
Experiment 2 - higher level of Hg, respectively), each with five
rhizobox units, were provided to assess the ability of mercury
accumulating strains to deplete the mobile and mobilizable
mercury portions from soil. The soils were collected at the area
of interest according to previous experiments,** air-dried,
sieved through 2 mm diameter mesh and thoroughly
homogenized.

Before start of the experiment, soil moisture was set up at 60%
of the maximum water holding capacity (MWHC) using deion-
ized water and kept at this level for whole experiment. No sterili-
zation of the soil was provided to keep the natural microbial
community in the soil and to estimate the potential ability of the
organisms to penetrate the nylon membrane and the agar layer.
Special designed rhizoboxes ') allowing sampling of the soil rhi-
zosphere vertical profile in a thickness of 1 mm per layer, were
modified to apply microbial instead of plant root zone cultures
as follows: the root zone of the rhizobox was filled up with the
agar inoculated by the four organisms, Paenibacillus alginolyti-
cus, Burkholderia glathei, Burkholderia sp., and Pseudomonas sp.
in the comparable amount of the organisms.

These organisms were chosen from the organisms isolated
from the contaminated soil (see above) because of their best
growth characteristics among the genera able to grow for a
long-time in the medium containing 0.1 mol L™"' Hg. The agar
layer was in contact with the “rhizosphere soil compart-
ment”!"" vig the nylon membrane. The “rhizosphere soil com-
partment” of the rhizobox with the agar layer was kept in the
dark to avoid potential photochemical reactions. The “soil-
plant compartment” was filled with the contaminated soil, as
well to simulate the real conditions. The duration of the experi-
ment was 90 days. The experiment was carried out in the green-
house under controlled conditions at 20°C. At the end of the
experiment, the soil was cut without freezing into root-parallel
sections according to the distance from plant roots using a spe-
cially designed slicing device,'*” freeze-dried and homogenized.
The agar layer with the microbial colonies was separated from
the membrane and freeze-dried as well.
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Analytical methods

For the determination of the bioavailable element portions in
soils, 0.5 g of each sample was added to 10 mL of 0.11 mol L™
solution of CH;COOH and shaken overnight.?®! Each extrac-
tion was carried out in three replicates. For the centrifugation
of extracts, a Hettich Universal 30 RF (Germany) instrument
was used. The reaction mixture was centrifuged at 3000 rpm
for 10 min at the end of each extraction procedure, and the
supernatants were kept at 6°C prior to measurements.

The sequential extraction procedure releasing the particular
fractions of Hg bound to individual soil components was per-
formed as follows: 0.1 g of each sample was leached into 10 mL
of extractant and the residue obtained after the extractions was
used in the next step. The soil/liquid ratio was the same for all
extraction reagents. The extraction procedure was performed
on the bulk samples according to the following scheme: F1 with
redistilled water-Hg leachable in water, F2 with 0.5 mol L™"
HCI-Hg leachable under acidic conditions, F3 with 0.2 mol
L' KOH-Hg bound to humic substances, F4 with 50%
HNO;-elemental Hg and complexes, F5 with a saturated solu-
tion of Na,S-mercury sulfide, and F6-solid residue. Experi-
ments were carried out at laboratory temperature on shakers
GFL 3006 (Burgwedel, Germany) at 300 rpm and the extraction
time was 18 h in all fractionation steps. Subsequently, extracts
were separated from the solid phase by centrifugation for
10 min at 4000 rpm.*”!

Inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 7700x, Agilent Technologies Inc., Wilmington, DE,
USA) with an ASX-500 auto-sampler, a three-channel peristal-
tic pump, and MicroMist nebulizer and an AMA-254 single-
purpose atomic absorption spectrometer (LECO model, Altec,
Czech Republic) were applied for mercury determination in the
individual samples and extracts. Agar from the microbial cul-
ture was dissolved in 6 M HCI and Hg was determined using
the AMA-254.

For speciation analysis of organomercury compounds, 0.5 g of
the sample was placed in a glass vial and extracted with 10 mL of
6 mol/L HCI using a GFL 3006 reciprocating shaker for 12 h.
Then, 5 mL of liquid extract, after centrifugation on an EBA 20
Hettich centrifuge at 3500 rpm, was placed in a 40 mL glass vial
and 17 mL of 4 mol/L sodium acetate was added to reach pH 5.
The vial was closed immediately after the addition of 1 mL of
hexane and 1 mL of 2% sodium tetraethylborate (NaBEt,) and
shaken on IKA Vortex Genius 3 shaker for 5 min. After phase
separation, 2 L of the extract were injected into the column of
the chromatograph. Gas chromatography coupled to atomic
fluorescence spectrometry (GC-AFS; Agilent Technologies
6890 N Network GC System with a PSA 10.750 fluorescence
detector) was used for the determination of organomercury com-
pounds, ie, methylmercury (MeHg) and phenylmercury
(PhHg). The GC separations were performed on a 30 m X
0.32 mm I.D. HP-5 capillary column. Optimized GC parameters
were: splitless injection mode; injection port temperature, 220°C;
argon flow, 2 mL/min; oven temperature programme, from 50°C
to 130°C at ramp rate 15°C/min; from 130°C to 230°C at ramp
rate 30°C/min; oven final temperature, 230°C; final time, 1 min.

Gaseous elemental mercury Hg’ was measured at 253.7 nm
by a portable single-purpose Lumex RA-915+ mercury

analyzer (Lumex Ltd., St. Petersburg, Russia). The analyzer is
based on Zeeman atomic absorption spectrometry with high-
frequency modulation of light polarization. The radiation EDL
source (mercury electrodeless discharge lamp at A = 253.7 nm)
absorbs only gaseous Hg’. The measurements were repeated
twice during the incubation, one and two months after the
beginning of the experiment.

For microbial community analysis, DNA was extracted
using the modified method of Miller® and purified as
described previously.*" The V4 region of bacterial 16S rRNA
was amplified as a service by the Argonne National Laboratory
with the barcoded primers 515F and 806R.*?) Amplicons were
sequenced on an Illumina MiSeq. The amplicon sequencing
data were processed with SEED 1.2.1.%%) Briefly, pair end reads
were merged, chimeric sequences were deleted, and the remain-
ing sequences were clustered using UPARSE™* positioned at a
97% similarity level. Consensus sequences were constructed,
and the closest hits at the genus or species level were identified
using BLASTn search against the GenBank database. Full tax-
onomy was assigned to the identified hits using the SEED 1.2.1
permanent magnetic field.

Results and discussion

The high total Hg contents found in our anthropogenically
contaminated soils did not differ from their contents in other
industrial areas. For instance, Bloom et al.** determined soil
Hg contents in various industrial locations reaching up to
73 mg kg~ '. Similarly, Milldn et al.®®’ determined the soil Hg
contents up to 1710 mg kg~ in the vicinity of a cinnabarite
mine. Total contents of Hg in the individual rhizobox sections
(Fig. 1) did not show any unambiguous changes with distance
from the agar layer for both soil contamination levels. For ace-
tic acid extractable Hg, the first experiment with lower total Hg
content led to a similar conclusion, most probably due to the
low extractable Hg contents falling close to the detection limits
of the analytical method. However, at the higher Hg level in
experiment 2, the results suggested a slight decrease in mobile
Hg in the soil segments closest to the agar layer.

Similarly, Li et al.”” investigated dynamic changes in the
rhizosphere properties and antioxidant enzyme responses of
wheat plants (Triticum aestivum L.) grown in three levels of
Hg-contaminated soils and found that the soluble Hg in the
rhizosphere soil solutions of the wheat plants decreased over
time, especially in the highly Hg polluted soil compared to the
slightly Hg polluted soil. They explained these changes by the
decreasing pH in rhizosphere soil due to plant root activity. In
our case, the effect of the exudates of the microbial community
can be speculated on in this context.

The results of detailed Hg fractionation in the individual soil
segments are summarized in Tables 1 and 2. As for total Hg,
the results suggest ambiguous behavior of the Hg fractions as
affected by the distance from the microbial culture, most prob-
ably due to the low mobile mercury pool in the soil regardless
of the anthropogenic source of contamination. Water soluble
Hg, mimicking the bioavailable Hg pool in soil, was low in
accordance with other investigations where the most mobile
Hg portions in industrially contaminated soils represented up
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Figure 1. The total and mobile contents of Hg in soil according to distance from
agar layer; A - experiment 1, B - experiment 2; data are presented as mean + stan-
dard deviation, n = 5.
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to 5% of the total Hg.*® The distribution of Hg in the soil seg-
ments differed with the different soil contamination levels.
With a lower Hg content in experiment 1, Table 1) the predom-
inant Hg fraction was F3, i.e., the fraction representing the low
mobile Hg pool bound to humic substances. In the more con-
taminated soil, the Hg was distributed predominantly among
three fractions in the order F4 > F3 > F5. Thus, the most abun-
dant Hg fraction was the semi-mobile elemental pool, as usu-
ally observed in highly contaminated industrial soils.** The
high Hg pool was bound to sulfides, according to Liu et al.,'”!
presenting a sulfidic Hg pool of around 10%.

The speciation of mercury in soils affected by industrial
activity connected with a chlor-alkali plant in the Thur River
basin (Alsace, France) was investigated by Remy et al."**! Con-
centrations of MeHg reached up to 0.027 mg kg~' and total Hg
up to 29 mg kg™, confirming the low proportion of organo-
mercury compounds in soils. In our case, detectable concentra-
tions of organomercury compounds were observed only in
experiment 2 with a higher soil Hg content (Fig. 2). The results
show low levels of MeHg with no apparent trend according to
the distance from the agar layer, whereas the PhHg levels
tended to decrease with the distance from the agar layer. It has
already been shown that the organic forms of mercury are
more mobile than inorganic forms, and thus more toxic and
more readily bio-accumulated."!! Thus, we can speculate on
the role of microbial exudates resulting in the mobilization of
organic Hg species. The presence of PhHg is not surprising in
the vicinity of a seed-dipping warehouse where phenylmercury
chloride was applied, as documented by Hintelmann et al.**!

The volatile pool of Hg was also detected in experiment 2
with the higher Hg level. The concentrations of volatile Hg"
determined above the upper part of the rhizoboxes varied
between 13 and 20 ng m ™ in the first measurement and from
16 to 19 ng m " in the second one, whereas the Hg® concentra-
tions in the ambient air varied from 5 to 12 ng m ™. Although
abiotic reduction in soils occurs with the help of reductants
(electron donors) such as Fe** and humic and fulvic com-

Table 1. Mercury contents in individual fractions after sequential extraction — experiment 1; F1 — Hg leachable in water, F2 — Hg leachable under acidic conditions,
F3 - Hg bound to humic substances, F4 — elemental Hg and complexes, F5 - mercury sulfide, and F6 —residual H.

Distance from surface (mm) F1 mg/kg F2 mg/kg F3 mg/kg F4 mg/kg F5 mg/kg F6 mg/kg Recovery %
1 <0.003 0.035 + 0.007 0.29 £+ 0.02 0.105 + 0.021 0.070 =+ 0.042 0.015 + 0.007 955+ 35
2 <0.003 0.040 £ 0.014 0.30 £ 0.03 0.100 £ 0.014 0.065 + 0.021 0.015 +£ 0.007 96.5 £ 2.1
3 <0.003 0.040 + 0.014 0.31 &+ 0.06 0.085 + 0.021 0.080 + 0.028 0.015 + 0.007 915+ 2.1
4 <0.003 0.040 + 0.014 0.30 & 0.06 0.090 + 0.014 0.060 + 0.028 0.015 + 0.007 96.5 + 3.5
5 <0.003 0.045 £ 0.007 0.28 £ 0.06 0.105 £ 0.007 0.050 + 0.014 0.010 £ 0.000 920 £7.1
6 <0.003 0.050 + 0.014 0.27 + 0.03 0.135 + 0.049 0.120 £ 0.085 0.010 & 0.000 920+ 14

Table 2. Mercury contents in individual fractions after sequential extraction — experiment 2; F1 — Hg leachable in water, F2 — Hg leachable under acidic conditions,

F3 - Hg bound to humic substances, F4 — elemental Hg and complexes, F5 - mercury sulfide, and F6 -residual Hg.

Distance from surface (mm) F1 mg/kg F2 mg/kg F3 mg/kg F4 mg/kg F5 mg/kg F6 mg/kg Recovery %
1 0.036 & 0.006 0.062 £ 0.043 2.95 + 0.68 3.28 +1.01 1.00 £ 0.52 0.034 & 0.004 93.8 4.1

2 0.038 + 0.006 0.047 &+ 0.036 2.30 + 0.50 3.38 +0.97 1.16 £ 0.70 0.035 + 0.006 90.7 + 2.6
3 0.042 + 0.008 0.032 + 0.022 230 £ 049 335+0.85 112+ 0.65 0.049 + 0.009 926 +£7.0
4 0.040 = 0.014 0.042 + 0.034 215+ 042 3.29 + 0.94 1.05+£0.77 0.050 & 0.015 90.3 + 6.8

5 0.041 & 0.009 0.034 + 0.025 215+£035 3.48 £ 0.86 1.03+0.78 0.056 + 0.018 904 £ 14
6 0.039 £ 0.011 0.033 + 0.028 215+ 0.51 348 £0.85 0.97 £0.72 0.055 + 0.010 95.5 £ 104
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Figure 2. The contents of organomercury compounds (MeHg and PhHg) in soil
according to distance from agar layer — experiment 2; data are presented as
mean = standard deviation, n = 5.

pounds,**! the potential role of various soil microbial strains
has been widely investigated. Under model laboratory condi-
tions, organisms such as Pseudomonas putida, Acidithiobacillus
ferrooxidans, or Lysinibacillus fusiformis are able to volatilize
from 50% to almost 100% of Hg.!**~*¢/

For the estimation of Hg accumulation in the microbial bio-
mass, the exposed agar layer was analyzed at the end of the
experiment. The total Hg contents varied in the range from
0.11 to 0.36 mg kg ' at the end of the first experiment and
from 2.09 to 15.7 mg kg™ after the second experiment (the
pure agar contained 0.0034 mg kg~ ' of Hg). In the second
experiment, detectable values of organomercurials were found,
ranging from 2.2 to 12.1 ug/kg of MeHg, and from the levels
below the detection limit to 8.4 ug kg~ of PhHg. Therefore,
the microorganisms showed a high ability to accumulate Hg,
especially in highly contaminated soil. Karunasagar et al.'*’]
investigated the Hg and MeHg biosorption ability of Aspergillus
niger where the accumulated Hg contents reached up to 3.2 mg
g ' of the sorbent without any toxicity symptoms for the
microorganisms. Similarly, the high Hg accumulation capacity
of Pseudomonas sp. and Bacillus sp. was observed by Grassi and
Netti*®! in extremely Hg contaminated coastal water.

To describe more precisely the soil microbial community at
the agar layer in the end of the second experiment, the diversity
of the individual strains was analyzed. The organisms repre-
senting 27 phyla were identified; those with more than 1%
abundance are summarized in Fig. 3. Sorkhoh et al.”**! identi-
fied Gammaproteobacteria, Actinobacteria, and Firmicutes as
the dominant mercury-resistant phyla. In our case, Firmicutes
was the predominant phylum at the end of the experiment, and
the detailed analysis of these organisms showed 42% abun-
dance of Paenibacillus sp. followed by Acetivibrio sp., Breviba-
cillus sp., Cohnella sp., Lysinibacillus sp., and Clostridium sp.
where their abundances varied between 0.5 and 1.8%. Other
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Figure 3. Relative abundance of individual phyla (for phyla representing > 1%
abundance within the community) of microorganisms in the agar layer identified
in the end of rhizobox experiment; data are presented as mean =+ standard devia-
tion,n = 5.

genera of Firmicutes did not exceed 0.6% of the total amount of
the organisms.

Within the Paenibacillus genus, Paenibacillus agaridevorans
was the most abundant species, with abundance ranging from 7
to 32% of sequences.””! The characteristics of the microbial
community before start of the experiment and after 90 days of
cultivation are substantially different. Among the four microor-
ganisms inoculated to the agar layer Paenibacillus sp. abun-
dance exceeded the remaining organisms where the abundance
of Pseudomonas sp. (Gammaproteobacteria) reached 3.5%, and
Burkholderia sp. (Betaproteobacteria) only 0.1%. Comparing
the agar-dwelling microbial community with the community
identified in the soil before start of the experiment, from the
organisms able to grow in the 0.1 mol L™" solution of Hg, only
Luteibacter (Gammaproteobacteria), Mycobacterium (Actino-
bacteria), Bacillus (Firmicutes), Staphylococcus (Firmicutes),
Bradyrhizobium (Alphaproteobacteria), and Sphingomonas
(Alphaproteobacteria) in abundance between 0.01 and 0.6%
were identified. Therefore, only Paenibacillus sp. proved to be
the predominant organism growing for a long time in the spe-
cific conditions of the rhizobox experiments. The evaluation of
the microbial strains behavior without presence of dominating
Paenibacillus sp. should be provided in further research to
assess which organisms are able to replace it.

Conclusions

Paenibacillus sp. are Gram-positive, aerobic or facultatively
anaerobic, spore-forming bacteria and are known as promising
organisms for the bioremediation of soil contaminated by poly-
aromatic hydrocarbons (particularly naphtalene) in soil.>"
However, their potential ability to accumulate and transform
Hg in soil has never been tested. Microorganisms suitable for
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bioremediation should be characterized by developed resistance
mechanisms against the target pollutant, thereby avoiding
potential cell damage.'”? Simultaneously, the bacteria should
be able to absorb the pollutant and transform it into volatile
compounds. For mercury, this represents the reduction of
Hg’* to Hg® followed by passive volatilization without a loss of
energy.l*?!

In such cases, the microbial biomass works as a catalyst
without mercury accumulation in the biomass. In this context,
Deinococcus geothermalis, Cupriavidus metallidurans, Entero-
bacter cloacae, Alkaligenes faecalis, and Pseudomonas putida
has been suggested as promising organisms after model labora-
tory experiments.”***) Our results suggest that Paenibacillus
sp. should be tested for potential bioremediation use as well.
However, their ability to accumulate, transform and potentially
volatilize mercury needs to be investigated in further research.
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ABSTRACT

The potential bioavailability of Hg from soil might be estimated by a variety of chemical extraction procedures,
differing in the extraction agent, its concentration, the sample weight, and the time of extraction. In this study, a
comparative analysis of several extraction methods, commonly used for obtaining the mobile and potentially mo-
bilizable phase of the mercury was carried out. Concentrated HNO,, 0.01 mol/L Na,S,0,, 0.05 mol/L EDTA and
0.11 mol/L CH,COOH were used as the single extraction agents. Moreover, the sequential extraction was per-
formed. This procedure involved the following fractions: water soluble Hg, Hg extracted in acidic conditions, Hg
bound to humic substances, elemental Hg and mercury bound to complexes, and residual Hg. The results showed
that even strong acid HNO, is unable to release the mercury tightly bound to the soil matrix. This particular meth-
od with microwave digestion is commonly used for the estimation of anthropogenic pollution. Conversely, the low-
est mercury yield was obtained using the acetic acid as the single extraction agent. In this case, the concentrations
were below 0.15% of the total Hg content, which is a proportion generally defined as bioavailable to plants.

Keywords: bioavailability; extraction methods; inductively coupled plasma mass spectroscopy; advanced mercury

analyzer AMA-254

Mercury can be released from soil by different
extraction procedures. These procedures enable
the determination of particular species present,
the varying amounts of Hg bound to soil, and also
the bioavailability and toxicity. The least tightly
bound water-soluble fraction is obtained by the
simple extraction using deionised water (Rodrigues
etal. 2010). It estimates Hg portion present in soil
pore water. This fraction of mercury is usually
not in the form of the water-soluble ionic species
but as species bound to dissolved organic matter;
nevertheless, not directly on carbon (Biester and
Scholz 1996). The application of diluted CH,COOH
as an extraction agent belongs to the methods

simulating approximately composition of the soil
solution similarly as other mild extraction pro-
cedures such as CaCl, solution (Novozamsky et
al. 1993). The extraction solutions based on the
chelating agents such as EDTA or DTPA represent
another more efficient possibility. These agents
are able to displace metals from insoluble organic
or organometallic complexes in addition to those
adsorbed on inorganic soil components (Rao et
al. 2008). The other species are mercury fractions
bound on iron sulphides, manganese hydroxides
and carbonates, and Hg bound to the minerals. This
strongly bound mercury species can be obtained
by acids, e.g. HCI (Lechler et al. 1997).
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In soil, mercury can be bound very tightly to
sulphur forming the insoluble HgS (Boszke et al.
2008). This phase of mercury can be obtained
either by aqua regia extraction in a microwave
oven (Ferndndes-Martinez and Rucandio 2003), or
using the saturated Na,S solution from the residue
remaining after the extraction procedures (Revis
et al. 1989). The effect of the concentration of
Na,S,0, on the extraction efficiency was in detail
studied by Issaro et al. (2010).

The proportion of Hg, which is not firmly bound
to the silicate matrix of soil, is often obtained by
using HNO, as an extraction agent (Reis et al.
2010). The mercury concentration in these extracts
enables an estimation of the amount of Hg from
anthropogenic sources. In some cases, concentrated
nitric acid combined with HCI (Tersic¢ et al. 2011)
or H,50O, (Mailman and Bodaly 2005) is employed
for total mercury content determination. It might
also be used in sequential extraction procedures to
obtain elemental Hg (Bloom et al. 2003). Sequential
extractions are suitable methods for the mercury
speciation analysis of solid samples. However, there
is no universal sequential extraction concerning
the individual Hg fraction determination. Several
approaches were demonstrated by many authors
(Renneberg and Dudas 2001, Sanchez et al. 2005,
Han et al. 2006, Liu et al. 2006).

In this work, four various extraction agents as
well as sequential extraction were applied for the
assessment of Hg mobility and fractionation in
one anthropogenically contaminated soil.

MATERIAL AND METHODS

Samples. Ten soil samples were collected from
the former waste incineration plant in the suburb
of Hradec Krélové, Czech Republic. The selection
of sampling sites was based on the experiment of
Kacélkovd et al. (2009). Samples were collected in
the vicinity of points 3 and 5. The plot 3 represented
the average values of contamination (our samples
1-5), while extreme Hg content was measured in
the plot 5 closer to the plant (our samples 6-10).
Samples were taken from the top layer (0-30 cm),
air-dried, sieved < 2 mm and kept at 4°C for several
weeks. Following characteristics of soil were meas-
ured: pH¢ , (Novozamsky et al. 1993), organic
matter content (Sims and Haby 1971) and cation ex-
change capacity (ISO 1994). Total content of S was
determined by X-ray fluorescence spectrometry
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(Spectro 1Q, Kleve, Germany), mercury analyser
AMA-254 (LECO model, Altec, Czech Republic,
Plzen) was used for total Hg determination. All
experiments were carried out in three repetitions.

Extractable fractions of mercury. Four extrac-
tion agents HNOB, Na25203, EDTA, and CH3COOH
were used to determine the mobile and mobilizable
phases of Hg. For determination of potentially mo-
bilizable mercury portions, 0.25 g of each sample
was decomposed in 5 mL of concentrated HNO,.
The reaction mixture was digested at 280°C dur-
ing 75 min by using microwave heating in MLS
ultraCLAVE IV system (Milestone, Leutkirch im
Allgdu, Germany) and then milli-q water was
added to a final volume of 50 mL. The mild ex-
traction procedures were performed as follows:
(i) Na,S,0, extraction proceeded overnight in
10 mL of 0.01 mol/L solution, which was added
to 1 g of the sample; (ii) 0.05 mol/L EDTA was
adjusted with NaOH to pH 7. Subsequently, 1 g
of soil was added to 10 mL of extraction solution
and shaken for 1 h; (iii) 0.5 g of sample was added
to 10 mL of 0.11 mol/L solution of CH,COOH and
shaken overnight. Subsequently, all the samples
were centrifuged for 10 min at 3000 rpm.

Hg content in all extracts was measured by
inductively coupled plasma mass spectrometry
(Agilent 7700x, Agilent Technologies Inc., Santa
Clara, USA). The isotope Hg(202) was measured
and Pt(195) was used as an internal standard
in concentration 10 ug/L. As reference mate-
rial, San Joaquin Soil (SRM 2709) was utilized
(theoretical Hg content is 1.4 + 0.08 mg/kg;
obtained recovery was 98%).

Sequential extraction. The sequential extraction
procedure was designed by modifying the existing
extraction schemes (Bloom et al. 2003, Boszke et al.
2008). 0.1 g of each sample was leached into 10 mL
of chloroform, shaken for 3 h and centrifuged.
This step was considered as FO and residue ob-
tained after the extractions was used in the next
procedure. The soil/liquid ratio was the same for
all extraction reagents. The extraction procedure
was performed on the bulk samples according to
the following scheme: F1 with redistilled water
— Hg leachable in water, F2 with 0.5 mol/L HCl
— Hg leachable under acidic conditions, F3 with
0.2 mol/L KOH - Hg bound to humic substances,
F4 with 50% HNO, - elemental Hg and complexes,
and F5 is solid residue. Experiments were carried
out at laboratory temperature on shakers GFL 3006
(Burgwedel, Germany) at 300 rpm and the extraction
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time was 18 h in all fractionation steps. Subsequently,
extracts were separated from a solid phase by cen-
trifugation for 10 min at 4000 rpm. The extraction
agents from each single step were used as blank
samples and the mercury content in all extracts
was determined by using the AMA-254 analyser.

RESULTS AND DISCUSSION

Soil characteristic. The PHccl, of our samples
equalled 7.18 + 0.28 and the cation exchange capac-
ity was 131.7 + 3.8 mmol  /kg. An oxidizable carbon
and sulphur content ranged between 1.2-3.4% and
0.28-0.56%, respectively. The organic matter com-
position and/or content as well as mercury affinity
to the individual fractions were described in the
other works (Kacalkova et al. 2009, Sipkové et al.
2014). The measurements of the total Hg content
indicated that in the vicinity of the former waste
incineration plant there are places with relatively
low Hg concentration; however, the sample with the
amount of mercury reached even almost 29 mg/kg
(Table 1). Kacalkova et al. (2009) reported the
same variability of the mercury content present in
the same area showing the concentrations ranging
from 0.15 to 12 mg/kg. Moreover, the highest or-
ganic matter content was observed in the samples
representing the highest Hg values.

Single extractions. The extraction yields by
individual extraction agents are shown in Table 1
and summarized in Figure 1 as relative Hg por-
tions extractable from the total content. HNO,
released around 50% of total Hg content in 8 of
10 samples. In the case of the most contaminated
sample the concentration was approximately 70%
and even 96%. Using Na,S,0, as an extraction

agent the mercury yield was also highest in the last
two samples. The average yield of these particular
samples attains approximately 20% of the total. In
other samples, the content of mercury ranged from
1.2% to 3.4%. Thus, it might be inferred that in
places with higher anthropogenic contamination,
the presence of mercury species bound to sulphur
is higher than in less contaminated samples. In
the case of the most contaminated site the rate of
extractable Hg using Na,S,0, corresponds with
the results reported by Issaro et al. (2010). They
showed that the extraction yield of Na,S,0, usually
reaches 50 + 5% of Hg obtained by HNO, extrac-
tion from soils with high Hg levels from agricul-
tural processes near Paris, France. Moreover, they
showed that the rate of extractable Hg by Na,S,0,
is decreasing with decreasing total Hg content.
On the other hand, Subirés-Munoz et al. (2011)
obtained by this type of extraction approximately
20% of the total Hg content. Their soils originated
from the mining district of Almadén, Spain with
high background Hg levels and influence of an-
thropogenic activities.

Further, using chelating agent EDTA, the values
of extractable Hg ranged between 0.5% and 2% of
the total Hg content, in all the experimental sam-
ples. These results correspond to those reported by
Subirés-Munoz et al. (2011) who obtained less than
2% of the total Hg. This small variability suggests
that the amount of mercury, which might serve as
a source for plant uptake, is similar both in more
and less contaminated places. Coinciding results
were also obtained by extraction with a solution of
CH,COOH, which simulates natural conditions of
soil solution. The yields of CH,COOH were below
0.15% and confirmed no significant differences.
The low availability therefore seems to indicate

Table 1. Total and extractable contents of mercury after single extractions (pg/kg)

Sample Total HNO, Na,S,0, EDTA CH,COOH
1 1070 578 14.3 6.92 0.49
2 236 132 7.04 1.99 0.34
3 415 201 7.82 5.21 0.37
4 419 234 8.03 8.80 0.48
5 550 273 10.4 6.27 0.45
6 2050 1132 52.1 9.37 0.73
7 396 223 13.5 2.95 0.44
8 580 300 6.95 2.94 0.78
9 28 800 20 108 5877 481 11.3
10 10 500 10 040 2094 64.7 8.64
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Figure 1. Extraction yield after single extraction using individual chemical agents

that mercury is strongly bound to sulphide phases
and/or to insoluble clay minerals and organic mat-
ter in the samples (Rodrigues et al. 2010).

Sequential extraction. Mercury contents ex-
tracted in each step (F1-F5) are reported in Table 2.
The sum of the amount removed by each extrac-
tion was in good agreement with the total amounts
obtained by AMA-254. Values of recoveries ranged
from 93% to 107%.

First fraction representing the total content
of organomercury compounds (FO) was below
the quantification limit (2 pg/kg) in all samples.
Mobile fractions F1 and F2 were also very low for
the majority of samples. Hg leachable in water
was detectable only in the samples No. 9 and 10,
containing the highest level of the total mercury
content. Rodrigues et al. (2010) found similar
value in samples from vicinity of chlor-alkali plant.
The mercury leachable under acid conditions was
measured in the aforementioned most contami-
nated samples and its content was less than 8%.
Such high mercury content discovered in soil from
the cinnabar refinery and mine by Miller et al.
(1995). Low amount of this Hg species was found
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also in sample 6, which is the third site with high
mercury concentration.

In the case of F3, Hg species values obtained
were substantially higher. The semi-mobile mer-
cury contents ranged from 18% to 30%. These Hg
species bound to organic matter were regarded
as stronger complexes and thus have limited mo-
bility (Liu et al. 2006). Almost identical scale of
the mercury fractions observed in the study of
mercury mobility and bioavailability Boszke et
al. (2008). The organic carbon content was also
similar in this particular soil. Tersi¢ et al. (2011)
described mercury distribution in very contami-
nated soil from mining district of Idrija, Slovenia
and in their study, Hg bound to organic or min-
eral soil matter reached from 35% to 40% of the
total mercury content. These higher values can
be connected with acidic pH because mercury is
particularly bound to organic matter under the
low pH (Schwesig et al. 1999). On the contrary,
in our samples 9 and 10 the percentage ratios of
this species were approximately 9% and differences
among the amounts of mobile and semi-mobile
fractions were relatively low.
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Table 2. Mercury contents in individual fractions after sequential extraction (pg/kg)

Sample F1 F2 F3 F4 F5
1 ; * 270 610 150
2 * * 70 130 20
3 * * 120 250 50
4 * 120 240 50
5 * 160 320 30
6 * 30 360 1400 220
7 * * 80 280 30
8 * * 130 350 70
9 400 2300 2500 16 200 5300
10 160 620 960 4900 3200

*data below the quantification limit (2 pg/kg). F1 — redistilled water; F2 — 0.5 mol/L HCl; F3 — 0.2 mol/L KOH;

F4 - 50% HN03; F5 — residue

The highest Hg content was found in the case
of non-mobile fraction, i.e. elemental mercury
and Hg bound to complexes (F4). Although the
sequential extraction by Lechler et al. (1997) was
carried out with distinct extraction agent, results
of Hg speciation showed the highest proportion
of elemental mercury in the soil samples from
former amalgamation milling of Ag-Au ores in
Nevada, USA. Reis et al. (2010) divided the mercury
species in a different way and their semi-mobile
fraction included also elemental mercury. Thus,
their values obtained from samples from the in-
dustrial complex and sulphide mine in Portugal,
were similar to the results obtained in this study
and the proportion ranged between 63% and 97%.

The content of mercury in solid residues after
the extraction was in the majority of samples be-
low 12%. However, in more contaminated samples
these values were higher. Obviously, the substantial
proportions of residues content are species bound
to silica or Hg sulphides. Liu et al. (2006) found
around 10% of Hg species bound to sulphur, which
corresponds to our hypothesis.

In order to describe the mobility and bioavail-
ability of mercury, several extraction agents and
the sequential extraction described above were ap-
plied on soil collected near Hradec Kralové, Czech
Republic. In the area, several samples with high Hg
concentration were found and the highest amount
reached almost 29 mg/kg. Nevertheless, the total Hg
content mostly achieved less than 2 mg/kg.

Based on the results of analyses, only a low
amount of a mobile fraction, having the highest
toxicity, was determined. In the majority of sam-
ples, which originated from the surroundings of

the former waste incineration plant, less that 2%
of the total Hg content was found. The lowest
mercury yield was obtained using the acetic acid
as a single extraction agent, which is a proportion
generally defined as biologically available to plants
(Quevauviller et al. 1993). In all experiments, the
concentrations were below 0.15%.

Conversely, elemental Hg and mercury complexes
were present in the highest amount and the propor-
tion of this fraction ranged between approximately
50% and 70%. In the case of Hg bound to humic
acids representing the semi-mobile species was
determined as the second highest. Contrarily,
higher Hg amounts were measured in the residu-
als of the two most contaminated samples. The
results of this study concern on specific site and
therefore the outcomes should not be taken as
general characteristics of all anthropogenically
contaminated soils.
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Abstract: Polar regions represent a unique environment for the study of mercury cycling in the global
ecosystem. Our research was focused on the assessment of the origin and mobility of mercury in the
geochemical cycle in Maritime Antarctic (James Ross Island) by means of atomic absorption
spectrometry. Mercury content in a set of extrusive (subaerial, subaqueous) and intrusive (dyke)
alkaline basalts ranged between 1.6 ug kg™ (for samples without xenoliths) and 8 pg kg™ (for samples
containing crustal xenoliths). The mercury content in alkaline basalts indicates a very low concentration
of mercury in peridotitic mantle sources. Samples of regolith from James Ross Island were subjected to
a comprehensive analytical procedure proposed for ultra-trace mercury concentrations involving
fractionation and thermal analysis. Total mercury contents in regolith (2.7-11.3 pg kg™") did not deviate
from the natural background in this part of Antarctica. Additionally, the obtained results are about two
orders of magnitude smaller than values formerly assumed for primary mercury contents in basaltic
lavas. Our results from Antarctica were compared with mercury contents in basaltic rocks from
Greenland and the findings were confirmed. It seems that the input of mercury of geological origin into

the polar ecosystem is apparently lower than expected.
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Introduction

Contamination of the Antarctic ecosystem by pollutants
from lower latitudes is one of the main research topics
concerning Antarctica (Bargagli 2008). Although
Antarctica is isolated by the circulation of air masses
and ocean currents, the concentration of metals and
persistent compounds in environmental samples indicate
long-range transport of pollutants from continents of the
Southern Hemisphere (Bargagli 2008). These pollutants
include mercury, which concentrates in polar regions after
deposition and re-emission cycles (Bargagli er al. 2007,
Brooks et al. 2008a). Antarctica is contaminated less than
the Arctic by mercury from anthropogenic activities
(Pfaffhuber et al. 2012). The main sources of mercury
in Antarctica are marine aerosols, volcanic activity
and atmospheric deposition (Bargagli er al. 1998).
Contaminants are also introduced into the terrestrial
ecosystem by seabirds nesting on the shore (Nie ez al. 2012).

Polar coastal ecosystems seem to be cold traps for
global atmospheric mercury burden (Bargagli 2005).
Atmospheric mercury consists mainly of the elemental
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form (Bargagli et al. 2005). The Northern Hemisphere
has a higher mercury content (¢. 30%) in the atmosphere
than the Southern Hemisphere (Bargagli 2005). Gaseous
elemental mercury can have a residence time in the
atmosphere of ¢. 1 year (Martinez-Cortizas et al. 1999).
However, in polar regions, the lifetime of Hg® in
the atmosphere is shorter than at lower latitudes
(Bargagli et al. 2005). Mercury cycling in the Antarctic
environment is well described in many works (e.g.
Bargagli 2005, Brooks et al. 2008a, Pfafthuber et al
2012). Reactive halogens in aerosols promote the
oxidation and deposition of mercury in coastal areas
(Bargagli et al. 2007). The oxidation of Hg” by bromine
after the polar sunrise increases the amount of reactive
gaseous mercury (Bargagli ez al. 2005). These speciation
changes increase the amount of mercury deposited in
snowfall (Brooks ez al. 2008b). A significant proportion of
the deposited mercury is returned to the atmosphere by
photochemical reduction (Bargagli et al. 2007). A portion
of divalent mercury deposited on snow enters into the
terrestrial ecosystem in meltwater (largely in bioavailable
form), which leads to increased concentrations of total
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mercury in runoff (Bargagli et al. 2005). Nevertheless,
unlike the Arctic, an increase in mercury bioaccumulation
was not confirmed in Antarctica according to the analysis
of sediment cores (Bargagli et al. 2007). The mercury
content in organisms in areas close to the Antarctic
Peninsula is relatively low (De Moreno et al. 1997).
However, terrestrial environment is more susceptible to
the contamination. Bioaccumulation in lichens and
mosses has been observed (Bargagli et al. 1993, Bargagli
et al. 1998, Bargagli et al. 2005).

Very few studies have been dedicated to the description
of total mercury content in igneous rocks. Based on the
review by Fleischer (1970), mercury content in most
igneous rocks are usually below 100 pg kg™', except for
alkaline basalts and kimberlites which contain several
hundred pg kg on average. Mercury is emitted into the
air during volcanic eruption (e.g. Martin et al 2012).
Due to the effective ionic radii of Hg>*, mercury might be
expected to accompany Ba, Sr and Ca in rock-forming
minerals, which probably accounts for the high
concentrations reported for alkaline basalt rocks (Fleischer
1970). Moreover, elevated mercury content was observed in
tholeiitic igneous rocks. Dissanayake & Vincent (1975)
published total mercury content in whole-rocks and
minerals from the layered Skaergaard Intrusion in East
Greenland, which is a part of the North Atlantic large
igneous province together with coeval flood basalts. The
average value was 257 ug kg™ determined by radiochemical
neutron-activation analysis. Furthermore, the authors
confirmed the hypothesis that mercury is enriched in
plagioclase-rich igneous rocks.

To assess the origin, mobility and fate of mercury in
the Antarctic ecosystem, information obtained by
fractionation analysis can be used. The concentrations
of mercury in weathered material in deglaciated parts of
Antarctica may represent a background dependent on
local geological conditions or may be affected by another
source, such as the atmospheric deposition of mercury
from distant areas. The aim of this research was to
evaluate the geological influence of alkaline basaltic
bedrock on the mercury content in weathered material
and to consider the extent of mercury contamination in
the maritime ecosystem of the Antarctic Peninsula region.
Devising an appropriate analytical procedure for the
determination of low concentrations of mercury forms in
samples was an important task of this research.

Materials and methods
Location of the study

James Ross Island (64°10'S, 57°45'W) is located on the
north-eastern, leeward side of the Antarctic Peninsula
(Fig. 1). Its northern part, the Ulu Peninsula (CGS 2009),
is one of the largest deglaciated areas in the Antarctic
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Peninsula region. The retreat of glaciers in this area
occurred in the late Glacial at 12.9 1.2 ka (Nyvlt et al
2014). The Ulu Peninsula is predominantly formed by
Cretaceous marine sediments of the James Ross Basin
(e.g. Vodrazka & Crame 2011) that were overlain by
back-arc alkaline volcanites of the James Ross Island
Volcanic Group (Kosler er al. 2009) together with a late
Miocene sedimentary sequence of terrestrial glacigenic,
glaciomarine and marine sediments of the Mendel
Formation (Nyvlt er al 2011). The *°Ar/*’Ar age of
volcanites in the Ulu Peninsula, which are created from
hyaloclastic breccias, pillow-lavas and subaerial lava
flows accompanied by basaltic dykes and subvolcanic
plugs, is estimated to be in the range of 6-4 Ma (Smellie
et al. 2008 and references therein).

Regarding the type of weathering processes in
Antarctica, where simple mechanical disintegration
predominates, the differences between parent rock and
weathered material are minor (Campbell & Claridge 1987).
However, compared to Continental Antarctica, the surface
of James Ross Island is influenced to a significantly greater
extent by liquid water, which promotes weathering and
enables the mobility of dissolved minerals and nutrients. In
addition, the surface at wet sites is often covered with a layer
of microorganisms or moss. In these places, organic matter
occurs in the upper layer of the regolith.

Collection of samples

The collection of volcanic rocks and weathered materials
was performed during the Czech polar expedition at
the Johann Gregor Mendel station in the summers of
2011-12 and 2012-13. In total, 11 rock samples and
33 regolith samples were collected. Considering the
objectives of the research, two types of regolith were
distinguished. Weathered material from dry surfaces
(plateaus, hillsides and stony hillocks) was termed as
type 1, whereas samples from streams (deposits in
watercourses) were termed as type 2. It can be assumed
that both types differ in the degree of particle leaching
which may evince the mercury content. The regolith was
collected using a stainless scoop; samples of type 1 were
removed from a depth of 2-10cm and type 2 from the
edge of streams. The top layer of type 1 was not taken due
to the potential presence of microbiota or guano. The
samples were subsequently dried in the laboratory at
the station for 48 hours (at ¢. 15°C) and sieved to a size
fraction below 2mm. Only this fraction was used in
further investigations. The samples were stored at 4°C in
polyethylene containers. The collected material was
transported to the laboratory in the Czech Republic in a
cooling box.

The following transects through the selected localities
(Fig. 1) were suggested: Crame Col saddle, Berry Hill-
Mendel Formation, Panorama Pass saddle, Brandy Bay
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Table I. Samples from the comparative locality in Greenland.

Sample GPS co-ordinates Petrographical type

DIKO1 69°15'13.536"N, 53°29'22.956"W Olivine-phyric basalt dyke

DIKO05B 69°15'56.808"N, 53°32'51.792"W Amygdaloidal feldspar-phyric dolerite

DIKO05C 69°15'56.808"N, 53°32'51.792"W Olivine-phyric basalt lava

DIKO06 69°15'15.480"N, 53°30'48.636"W Amygdaloidal olivine basalt clast from hyaloclastite breccia
DIKO07 69°15'10.836"N, 53°29'45.276"W Feldspar-phyric basalt lava

DIKO08 69°15'39.060"N, 53°27'35.604"W Olivine-phyric basalt lava

DIK09 69°15'44.532"N, 53°31'58.044"W Olivine and feldspar-phyric lava

and Solorina Valley. Additionally, samples from Algal
Stream were also taken. The Berry Hill-Mendel
Formation transect included the sampling of erratic
granite and microgranite pebbles from the Mendel
Formation, as well as hyaloclastite breccias and massive
basalts above the Mendel Formation. Due to the
assessment of mercury content in alkaline volcanites of
the Ulu Peninsula, various petrographical samples out of
the transects were also collected. Subvolcanic plugs and
dykes formed by Na-rich basalt-hawaiite were sampled
along the northern slope of Bibby Hill. Basalt pillow lava
was collected on Cape Lachman, while subaerial dolerite
lava was sampled on exposed upper parts of the Lachman
Crags and Davies Dome.

With respect to the low levels of mercury detected in
basaltic lavas from the James Ross Island Volcanic
Group, an additional polar field campaign focused on
the sampling of Palaeocene flood basalts was performed.
Exposed basalts in the vicinity of the Arctic Station
(University of Copenhagen) in Qeqertarsuag, Disko
Island, West Greenland (e.g. Larsen & Pedersen 2009)
were chosen as a comparative locality. Sampling sites and
the petrographical features of the collected material are
defined in Table 1.

Analytical procedures

Thin sections of representative rock were prepared for
detailed petrographical investigation (structural/textural
characteristics, identification of the constituent mineral
phases). Photographs were acquired using an Olympus
BX 51 polarizing microscope equipped with a Canon
EOS 1100D digital camera.

Prior to analysis, the rock samples were ground to a size
fraction below 2 mm. Afterwards, all samples of rock and
regolith were milled to a size fraction below 63 pm using
short durations of milling to prevent sample heating.
The total mercury content in all samples was determined
using an AMA-254 Analyzer (Altec, Czech Republic).
This atomic absorption spectrometer incorporating
thermo-oxidative decomposition of the sample allows
the measurement of liquid and solid samples and the pre-
concentration of mercury atoms on a gold amalgamator.
Three parallel analyses were performed for each sample.
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The determination of total mercury in solid samples was
verified by means of the certified reference material CRM
020 Trace Metals — Sandy Loam 2 (RTC, USA). The limit
of quantification for all measurements was 0.3 ug kg™

The samples from the transect in Brandy Bay were
subjected to fractionation analysis. The following
procedure of sequential extraction was designed for
the determination of low concentrations of mercury
forms. Total mercury was fractionated into mobile
mercury (extracted in 0.5moll" HCI), mercury bound
to organic matter (extracted in 0.2moll’ KOH),
elemental mercury (extracted in 50% HNOj;) and
residual mercury (the content in solid residue after
extraction in HNO;). The extraction was carried out
using a return shaker at laboratory temperature, with a
solid/liquid ratio of 100mg of sample to 10ml of
extractant; the time of extraction was 18 hours for each
step. Extracts were separated by centrifugation; solid
residues were dried at 30°C. The determination of
individual mercury forms from the solid residues
was performed after each extraction step (for the entire
weight of each sample). The concentrations of the
mercury forms were calculated from the differences in
mercury contents between the steps. Therefore, a new
portion of the sample was required for each step of the
extraction. Three parallel extractions were performed;
thus, one sample was extracted in nine repetitions. The
measurement of solid samples allows the determination
of lower mercury concentrations than the measurement of
liquid extracts.

The content of Hg® in samples from Brandy Bay was
also determined using thermal desorption. The Hg® was
calculated from the difference in mercury contents before
and after heating at 105°C for 48 hours (Coufalik et al.
2014). In addition, the thermal stability of mercury in
samples from Brandy Bay was also studied. Samples were
heated in an oven from 50-250°C, with the temperature
increasing in steps of 50°C over 2 hours. The determination
of mercury content in the samples was performed at each
temperature step.

In addition, the organic carbon content in samples
from Brandy Bay was determined after the previous
removal of carbonates by HCl. Measurements were
performed on a Vario TOC Cube Analyzer (Germany).
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Fig. 2. Photomicrographs of the analysed rocks. a. Glomeroporphyritic olivine containing euhedral Cr-spinel (B2r, hawaiite, Bibby Hill;
crossed polars). b. Plagioclase laths enclosed in anhedral clinopyroxene (BH-MF5r, platy basalt flow above the Mendel Formation;
crossed polars). ¢. Reaction rim around quartz xenolith (B2r; parallel polars). d. Amphibole from mafic enclave in granite (BH-MF6r_b,
pebble from the Mendel Formation; parallel polars). e. Plagioclase with compositionally different zones highlighted by selective
sericitization (BH-MF6r_d, granite pebble from the Mendel Formation; crossed polars). f. Quartz, feldspar and biotite in a felsic
fine-grained matrix (BH-MF6r_c, pebble of porphyric microgranite newly identified from the Mendel Formation; crossed polars).

Results
Petrography of the parent rocks

The bedrock of most of the transects is represented by
alkaline olivine basalts and dolerites of the James Ross
Island Volcanic Group. The sampled sites covered

JOURMNALS
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products with textural features of both subaerial and
subaqueous volcanic activity. Among the primary
minerals, volcanites contain phenocrysts of euhedral
olivine, occurring as individual crystals and as
glomeroporphyritic aggregates (Fig. 2a). Olivine crystals
contain inclusions of spinel group minerals. Olivine is
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Table 1. Total mercury content in rock samples in pg kg™

PAVEL COUFALIK et al.

Table III. Total mercury content in regolith in pg kgl

James Ross Island Greenland

Sample Sample

BH-MF2r 1.9 DIKO1 32
BH-MF5r 8.0 DIKO05B 1.3
BH-MF6r a 4.0 DIKO05C 1.7
BH-MF6r b 1.8 DIKO06 3.8
BH-MF6r ¢ 2.9 DIKO07 1.5
BH-MF6r d 0.7 DIK08 1.1
Bir 1.6 DIK09 2.0
B2r 2.6

Lr 8.0

LCr 34

DDr 2.8

also present in the matrix, where it is accompanied by
laths of plagioclase with ophitic to trachytic arrangements.
Plagioclase crystals can be enclosed in subhedral to anhedral
clinopyroxene (Fig. 2b). Additionally, a variable amount
of glass can also be found in quickly chilled samples. The
majority of accessory minerals are formed by magnetite
and ilmenite. Secondary minerals include alteration
products of olivine, zeolite group minerals in amygdules,
and the palagonitic alteration of glass in hyaloclastic
breccias. A characteristic textural feature of the studied
basalts is the presence of xenoliths from underlying
Cretaceous sediments of the James Ross Basin (Fig. 2¢).

The broad petrographical variability of the bedrock of
James Ross Island is represented by the erratic fraction of
Mendel Formation sediments (Berry Hill-Mendel
Formation transect). Among the prevalent basaltic
lavas and tephra of local origin, there are also present
gravel-to-boulder clasts of magmatic (granitoids, diorites
and gabbros) and metamorphic (cherts, phyllites, biotite

Table IV. Content of mercury forms in samples from Brandy Bay in ug kg™

Sample Type 1 Type 2 Sample Type 1 Type 2
CCl 4.5 BB1 7.6 7.2
cC2 9.8 BB2 8.3 5.3
CC3 8.2 BB3 9.4 9.1
CC4 4.7 BB4 7.9 6.3
CCs5 5.0 BBS 7.3 7.2
CCo 49 BB6 8.3 5.5
CC7 5.4 BB7 10.3 43
AS1 7.8 BB8 11.0 5.2
AS2 7.6 SVl 3.8 6.3
AS3 5.5 Sv2 3.0 4.6
BH-MF1 5.5 SV3 5.6 5.2
BH-MF2 11.3 Sv4 4.1

BH-MF3 5.6 SVs 42
BH-MF4 5.6 Sve 3.6 4.5
BH-MF5 6.7 Sv7 2.7 3.8
BH-MF6 5.6

PP1 8.0

PP2 5.1

PP3 7.2

PP4 5.4

PP5 8.4

PP6 3.1

PP7 4.3

gneisses, orthogneisses and amphibolites) rocks with a
presumed origin from the Antarctic Peninsula Batholith
and the surrounding crystalline basement. Various types of
medium-grain granites (both porphyric and epigranular) are
the most abundant. Granites exhibit textures of interaction
with basic melt demonstrated by the presence of abundant
mafic microgranular enclaves of dioritic composition rich in
green amphibole and biotite (Fig. 2d). Even granites without
visible mafic microgranular enclaves show evidence of
magma mixing, as they contain feldspar crystals with

Sample Organic carbon Sequential extraction Thermal desorption
(%) Mobile Hg Organic bound Hg Hg’ Residual Hg Hg°
BBl ypei 0.45 1.7 2.8 2.7 0.4 2.7
BBliype2 0.41 1.9 1.7 33 0.3 1.8
BB2ype1 0.31 2.4 33 2.2 0.4 2.4
BB2iype2 0.28 1.8 1.3 1.9 0.3 0.9
BB3ypei 0.31 5.1 1.8 2.0 0.5 1.7
BB3ype> 0.21 44 0.7 2.8 1.2 2.5
BB4ypei 0.45 22 3.1 2.1 0.5 1.8
BB4ype> 1.24 1.4 3.0 1.5 0.4 1.2
BBS5iypei 0.24 3.6 1.5 1.6 0.6 1.1
BB5ype2 0.49 22 3.0 1.6 0.4 1.5
BB6ypei 0.32 49 0.7 22 0.5 1.4
BB6yype> 0.30 3.1 0.4 1.6 0.4 1.2
BB ypei 0.38 6.3 0.6 3.0 0.4 1.9
BB7iype2 0.23 2.1 - 1.9 0.3 1.6
BBS8ypei 0.60 44 43 1.6 0.7 1.7
BB8iype> 0.22 1.4 2.1 1.2 0.5 1.1

— = below the limit of quantification.
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Fig. 3. Release of mercury from samples from Brandy Bay. a. Type 1. b. Type 2.

rounded zones resembling those grown under magma-
mixing conditions. Growing zones are highlighted by
selective alteration (Fig. 2e). Dyke equivalents of granites—
porphyric microgranites, which are characterized by
phenocryst of quartz, alkaline feldspars and biotite (Fig. 2f),
were newly recognized within the Mendel Formation.

Total mercury contents

The studied samples of regolith and bedrock from
James Ross Island cover various petrographical types.
Therefore, the relatively low range of total mercury
content (0.7-11.3 pg kg™') was unexpected (Table II and
Table I1I). The relative standard deviation (RSD) of the
determination was within 3% for all samples.

The determined concentrations of total mercury in rock
samples from James Ross Island and Greenland are
presented in Table II. While the results obtained for
granites and microgranites of the Mendel Formation
(0.7-4.0 ug kg') were in the expected range, the very
low mercury content found in the alkaline volcanites
(1.6-8.0ug kg') were quite unexpected. The results
obtained for mineralogically and texturally similar
basaltic lavas from Greenland were also in the low range
(1.1-3.8 ug kg™). Since volcanites in polar regions are not
strongly affected by chemical weathering, these results can
be considered as reliable and significant.

Fractionation analysis and thermal desorption

Fractionation analysis was performed on samples with
the highest mercury content, i.e. those from the transect in
Brandy Bay. Results of the determination of individual
mercury forms together with organic carbon content
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are presented in Table IV. Elemental mercury was
determined using both sequential extraction and thermal
desorption. The RSD of the determination was up to 8%
for all mercury forms. The decrease in mercury content in
samples from Brandy Bay with increasing temperature
(in steps) for both regolith types is presented in Fig. 3.

Discussion
Total mercury content

The results of older studies (cf. Fleischer 1970, Dissanayake
& Vincent 1975) were not confirmed. Similarly, Zintwana
et al (2012) found significantly lower mercury
concentrations for the Skaergaard Intrusion than in
previous measurements, and the authors found no
evidence of mercury enrichment in plagioclase-rich
igneous rocks, as was reported previously. Zintwana
et al. (2012) attributed this difference to the inaccurate
analytical methodology of early measurements.

Rudnick & Gao (2003) published the following
mercury contents in the Earth’s crust: 50 ugkg™ for the
upper continental crust, 8pgkg' for the middle
continental crust and 6 ug kg™' for the lower continental
crust. The mercury content in the primitive mantle is
estimated to be 6pgkg’! (Palme & O’Neill 2003).
Nevertheless, it seems that these estimates are being
reduced with increasing data. The relatively high range
of mercury content determined for basalts from James
Ross Island in comparison with Greenland samples is
probably the result of contamination of basaltic melt by
crustal material. Numerous findings of xenoliths from
the underlying Cretaceous sedimentary rocks represent
evidence of this contamination. The influence of
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sediments on the composition of lavas on James Ross
Island is also recorded in the Li isotope system (Kosler
et al. 2009). The homogeneous distribution of mercury in
the primitive mantle cannot be expected. Thus, mercury
content in the primitive mantle could even be lower.

Concentrations of total mercury in regolith samples
from all transects are presented in Table I11. The transects
were designed to run through the geological layers along
with the change in altitude. A trend of mercury
accumulation with a drop in altitude or a significantly
higher concentration in some localities was not observed.
The determined concentrations were relatively low in
relation to published data. The lowest mercury content
(0.5 ug kg™") was determined in sediments from Deception
Island, outside fumaroles (De Ferro et al. 2014). Higher
mercury concentrations were found in other parts of
Antarctica, mostly up to 100 ug kg (Bargagli ez al. 1993,
1998, 2005, Nie et al. 2012), compared to those found for
James Ross Island (this study).

The total mercury content in samples may be
considerably affected by speciation. Mobile mercury
forms are subjected to the influence of external
conditions, i.e. leaching from particles of weathered
material; thus, the mercury content in geological layers
increases at lower elevations. The secondary enrichment
of material by mobile forms is noticeable in the case of
samples from Solorina Valley (type 2). However, this
form of enrichment caused by mercury transport via
surface water cannot be compared to the effect of
bio-vectors such as penguins or seals (Nie et al. 2012).

The calculated baseline concentration of mercury
(without an anthropogenic contribution) on King
George Island (South Shetland Islands) is 13 ugkg”
(Lu et al. 2012). Mercury content in rock and regolith
samples did not differ significantly. The determined
concentrations in James Ross Island could be considered
as a background in this part of Antarctica. Nevertheless,
the possible contamination of the area by long-range
transport is not excluded. Mercury deposition from the
atmosphere may not be evident in these inorganic
samples.

Fractionation analysis and thermal desorption

Determination of the mobility (i.e. bioavailability) and
thermal stability (i.e. inclination towards re-emission) of
mercury in material is essential for the assessment of
mercury fate in the Antarctic environment. A proportion
of mercury releasable in water exhibits a considerable
variability depending on the location. It may be caused by
the adsorption of ions onto particles after the evaporation
of meltwater (Bargagli et al. 2007). In this case, the first
extraction step also consisted of mercury bound to
alkaline components of the material. The content of
mobile mercury varied between 23-61% of the total
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content in samples. Mercury in surface soil is mostly
bound to organic matter or clay (Bargagli ez al. 2005).
In general, the content of organic material in Antarctic
soils and sediments is very low (Campbell & Claridge
1987), as can be seen here (Table IV). A soil poor in
carbon may have an excess of metal with respect to the
number of bonding groups in organic material, which
increases the soluble fraction (Bargagli et al 2007).
Mercury bound to organic matter formed up to 53% of
total mercury content. This is probably the result of
strong interactions between mercury and organic matter,
even if the mercury content did not correlate with the
content of organic carbon (Bargagli et al. 1998). A direct
correlation of mercury levels with carbon was confirmed for
samples with higher carbon content (Bargagli ef al. 1993)
or in the case of ornithogenic sediments (Nie er al. 2012).
Elemental mercury constituted 15-47% of the mercury in
samples. Residual mercury formed 4-14%,; this fraction
consists of insoluble and immobile mercury forms, such as
mercury sulfide.

The results of Hg'” determination obtained by thermal
desorption and sequential extraction evinced a sufficient
degree of conformity in relation to low concentrations.
The values determined thermally were equal to or lower
than the concentrations determined by the extraction.
A difference of at least 1 ug kg™ was observed for the BB1
and BB2 samples (type 2) and for the BB7 sample (type 1).
Thus, the extraction of amalgams or complex compounds
together with elemental mercury could be expected for
these samples in this extraction step.

Mercury, which condenses in areas with a cold climate,
tends to have low thermal stability (Martinez-Cortizas
et al. 1999). Mercury re-emission from the surface
depends on the intensity of metal interaction with the
matrix, the surface of the particles and the thermal
stability of the mercury species contained. Thermal
stability may also be enhanced by adsorption to internal
surfaces of the particles (Coufalik et al. 2014).

Significant mercury release was not observed up to
50°C, which may be the result of the relatively high
temperature of the deglaciated surface of James Ross
Island during sunny days in the summer period. The
proportion of mercury with low thermal stability (up to
100°C) was lower than that of thermally determined
Hg®. Thus, a portion of elemental mercury is not free
and is adsorbed in pores of the particles. The highest
mercury release was observed between 150 and 200°C; the
mercury released here was the divalent form, which is not
bound to organic matter. The remaining content after the
heating of samples to 250°C can be defined as thermally
stable mercury. This proportion was always higher for
type 2 than for type 1 and formed up to 43% of the total
content. The content of residual mercury (Table IV) was
very low. For this reason, thermally stable mercury was
not comprised only of mercury sulfide but also contained
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other divalent mercury forms, such as the mercury bound
to organic matter (Coufalik ez al. 2014).

Based on the results obtained, the following mercury
cycle in the Antarctic Peninsula region could be expected.
Low mercury concentrations which are released from the
bedrock by weathering processes represent the background.
The input of additional mercury from the atmosphere
is probable, which may increase the amount of mobile
divalent mercury in the ecosystem. A proportion of
deposited mercury is subjected to re-emission. Transport
and adsorption occur at temperatures above 0°C.
Generally, the content of organic matter and mineral
particles in regolith is very low. Thus, insignificant
capture by particles of material poor in carbon occurs
and a substantial portion of the mercury migrates. For
this reason, there is no obvious contamination in
inorganic components of the environment. Mercury can
accumulate by adsorption to the finest particles (e.g. in
lakes) or flow out into the sea. The degree of
contamination of the environment in this area cannot be
determined on the basis of the analysis of inorganic
samples. The solution may consist of the analysis of living
organisms. To assess Hg” input from the atmosphere, the
analysis of lichens can be suggested; the analysis of
cyanobacterial coatings could be proposed to evaluate the
extent of mercury accumulation in the aquatic environment.

Conclusion

Mercury content in basaltic lavas is significantly lower
than previously considered, which indicates a very low
mercury concentration in the peridotitic mantle source.
Background concentrations of mercury in regolith in
Antarctica are dependent mainly on the concentrations in
parent rocks, especially because of the low retention capacity
of weathered material with a low content of organic matter
and particles with a large surface. It seems that mercury
deposition from the atmosphere occurs in the region of the
Antarctic Peninsula. However, its extent cannot be evaluated
on the basis of the analysis of inorganic samples.
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Abstract Environmental contamination by mercury car-
ries serious risks to the biosphere. Urban agglomerations
burdened with traffic are characterized by substantial dust
levels, including high concentrations of pollutants bound to
particulate matter. In this research, the content of particu-
late mercury in street dust was investigated in relation to
the season and traffic intensity. In total, 80 street dust
samples were collected in the centre of Brno (Czech
Republic) in which total and bioaccessible mercury con-
tents were determined. Total mercury content in the sam-
ples ranged from 0.03 to 2.67 mg/kg. The content of
bioaccessible mercury was below the limit of quantification
in all samples. Thus, street dust did not increase the daily
mercury intake by the population in studied area. A clear
trend of mercury accumulation in street dust depending on
traffic intensity in the investigated streets was not observed
over the whole year.

Keywords Particulate mercury - Accumulation -
Street dust - Re-suspension

Air pollution with heavy metals represents a serious health
hazard (WHO 2007). Mercury is a highly dangerous con-
taminant which is transported over long distances from its
source. Anthropogenic sources include industrial production
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as well as fuels burning in vehicles (Stamenkovic et al.
2007), which contribute to the contamination of the urban
environment especially in larger agglomerations. In urban
areas, mercury concentrations exhibit a higher variability
than in rural areas. This trend is partly influenced by mete-
orological conditions. The condensation of mercury forms
on particles in the atmosphere occurs more in winter months,
which increases the content of particulate mercury (HgP) in
the dust (Liu et al. 2007).

The harmful effects of dust particles are proportional to
their aerodynamic diameter; particles below 10 um in size
(PM;) and especially below 2.5 pm (PM, 5) pose serious
health risks (Amato et al. 2010; Charlesworth et al. 2011).
In the urban environment, re-suspended street dust is
often a source of these particles (Charlesworth et al. 2011;
Zibret et al. 2013). Contamination by dust particles can be
studied after the sampling of aerosols (Liu et al. 2007) or
after the direct sampling of street dust (Amato et al. 2011;
Hu et al. 2011). Street profile is significant for the
accumulation of pollutants in street dust due to the
character of the air flow in the built-up area, which can be
described by a mathematical model (Kauhaniemi et al.
2011). Street canyons formed by close buildings with a
specific air flow (Pospisil and Jicha 2010) affect the re-
suspension of deposited particulate material. The imme-
diate meteorological conditions, particularly wind speed,
humidity and precipitation, are also important in the re-
suspension process. The re-suspension of particles larger
then 2.5 um is the most important source of urban air
contamination during dry periods (PospiSil and Jicha
2010). Dust particle re-emission also varies according to
the region (Amato et al. 2011).

This research was aimed at an assessment of the sea-
sonal contamination of street dust by mercury in an urban
environment burden with heavy traffic.
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Materials and Methods

The city of Brno (49°12'N, 16°36'E) was selected for the
study of the seasonal variability of street dust contamina-
tion by mercury. Brno is the second largest city in the
Czech Republic with approximately 400,000 inhabitants.
Pollutant limits for human health are exceeded in this
location over long periods; traffic was identified as the
main source of pollutants in Brno (CHMI 2012; Skeftil and
Elfenbein 2010). The long-term measurement of PM, and
PM, 5 concentrations is performed by the Czech Hydro-
meteorological Institute (CHMI) through a network of
measuring stations.

The highest average annual concentrations of PM;,
were recorded at the following stations: Brno — Svato-
plukova (39 pg/m® in 2011, 34.6 pg/m?® in 2012) with
daily peaks up to 70 pg/m>, Brno — Centre on Kotlarska
Street (37.5 pg/m? in 2012), and Brno — Uvoz (30.7 pg/m®
in 2011, 30.3 pg/m3 in 2012). The PM,s annual limit
(defined as the average annual concentration of PM, s of
25 pg/m®) was exceeded at the following stations: Brno —
Svatoplukova and Brno — Zvonarka (in 2011). The number
of days in 2011 with concentrations of PM; above the daily
limit (i.e. 50 pg/m®) was highest at the following stations:
Brmo — Svatoplukova (85 day), Brno — Centre (77 day) and
Brno — Uvoz (45 day) (CHMI 2012; CHMI 2013). Con-
centrations of particulate matter (CHMI 2012; CHMI 2013)
in three sampling sites before the dates of sampling are
presented in Table 1.

Streets forming a transit route through the city are sig-
nificantly burdened with heavy traffic. Zvonarka Street and
Opusteéna Street are known as sites with the heaviest traffic
in the city centre, with approximately 37,800 vehicles per
day, of which 12 % are heavy goods vehicles (RMD 2010).
These are followed by Kotlarska Street with 32,500 vehi-
cles per day, of which 3 % are heavy goods vehicles
(Adamec et al. 2010), and Pori¢i Street with 29,500 vehi-
cles per day, of which 12 % are heavy goods vehicles
(RMD 2010).

Table 1 Average concentrations of PM before dates of sampling
(ng/m’)

PM in time interval before dates of sampling

4th-10th ~ 20th-25th  27th Oct—  23rd Jan—

May Aug 10th Nov  2nd Feb
Zvonaika PM10  22.7 - 53.5 56.9
Zvonaika PM2.5 16.4 - 52.3 54.9
Uvoz PMI10 23.6 26.2 60.6 56.4
Centre PM10 27.8 36.1 80.5 76.8

— Data not available

@ Springer

Ten sampling sites were selected for the collection of
street dust samples. Two samples were collected from each
site (road), 100-200 m apart (Fig. 1). The aim was to cover
the streets with the heaviest traffic (i.e. Zvonarka, Opus-
téna, Porici, Ijvoz, Kotlarska, Provaznikova, Lidicka,
étefénikova), reference sites with low traffic intensity (i.e.
Tuckova, Hrncitskda, Heinrichova, Muchova, Luzova), and
the historical centre (i.e. Veseld). Sample collection was
carried out directly from the road surface by sweeping an
area of 1 m? using polyethylene (PE) implements. Sample
collection was conducted during dry weather without any
rainfall (the time interval is specified in Table 1) and
without prior road cleaning. Collections were carried out
on the 10th May, 25th August, and 10th November, 2011,
and on the 2nd February, 2012. First, the samples were
dried at room temperature in a clean laboratory and then
sieved through a nylon sieve (Linker Industrie-Technik,
Germany). The size fraction below 63 pm was used for
further analysis. Samples were stored in PE containers in a
refrigerator at a constant temperature of 4°C.

Samples of street dust were analyzed immediately after
treatment. Total mercury contents in dust samples were
determined using an AMA-254 atomic absorption spec-
trometer (Altec, Czech Republic). This single-purpose
spectrometer is designed for the direct measurement of
liquid and solid samples and is equipped with an amalga-
mator for the preconcentration of mercury atoms. Cali-
bration was performed using the certified reference
material CRM for AAS — Hg(NO3), in 2 mol/L. HNO;
(1,000 mg/L + 4 mg/L. Hg*", Fluka, Germany). Six par-
allel analyses were carried out for each sample (the weight
of 100 mg per one analysis). The determination of total
mercury content in solid material was verified by the
CRM 020 Trace Metals — Sandy Loam 2 (RTC, USA) with
a total mercury content of 1.12 £ 0.03 mg/kg.

In addition, the content of inaccessible mercury forms in
dust samples was also measured. Two extraction proce-
dures were used: SBET (Hu et al. 2011; Oomen et al.
2002), defined as the extraction simulating a release under
gastric fluid conditions, and an extraction into deionized
water (Coufalik et al. 2012). Mercury content in the
extracts was also determined by the AMA-254 analyzer.

Results and Discussion

The total mercury content was determined in all collected
samples of street dust. The limit of quantification for total
mercury content in solid samples was 0.3 pg/kg. The
results are presented in Fig. 2, including standard devia-
tions of the measurements. The character of street dust
contamination, including the influence of local conditions,
can be evaluated from the obtained set of data covering
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Fig. 1 Sampling sites in the city of Brno

twenty sampling sites over four seasons. Parallel collection
at the investigated sampling sites is indicated by the pre-
sentation of results in the same chart (Fig. 2a—j). However,
the conformity of mercury concentrations in the monitored
sections of road cannot be expected due to the relatively
large distances between sampling sites.

It is obvious that the degree of environmental contam-
ination relating to mercury at the investigated sites corre-
sponds to polluted urban areas (Hu et al. 2011).
Nevertheless, total mercury concentrations fluctuated by up
to 0.4 mg/kg, even in streets with heavy traffic. The only
exception was Vesela Street in the historical centre
(Fig. 2h). In general, the mercury content in exhaust gas
from burning petroleum-based fuels is relatively low,
nevertheless, exact data on the concentration and fate of the
mercury in common fuels is lacking (Wilhelm and Bloom
2000). The impact of traffic was also observable in this
case. The lowest total mercury concentrations were deter-
mined in residential neighbourhoods with low traffic
intensity (Fig. 2i and j). The total mercury contents in
Uvoz and Kotlafskd Street (Fig. 2¢ and d) were several
times higher. However, this trend is not entirely transpar-
ent. 37,800 vehicles per day passed through sampling sites
represented in Fig. 2a, 29,500 through the PorfiCi 2 site
(Fig. 2b), and 19,300 vehicles through the Porfi¢i 1 site

(RMD 2010). Thus, the ratio of total mercury concentra-
tions between samples corresponded approximately to the
traffic intensity.

The re-suspension, i.e. re-emission, of formerly depos-
ited particles in relation to street profile can be an impor-
tant factor in explaining differences in mercury
concentration at individual sampling sites. Most of Pori¢i
Street is not lined by buildings, which allows the free
runoff of particles by airflow induced by the movement of
vehicles (Jicha et al. 2000). Kotlarska Street is considered
to be a street canyon (PospiSil and Jicha 2010); nonethe-
less, samples from this street exhibited increased concen-
trations only in spring 2011 (Fig. 2d). Uvoz Street, with a
similar character of buildings, had also increased mercury
contents (Fig. 2c). It is a question whether the extremely
high autumn concentration in Vesela Street in the historical
centre was associated with a deposition of particulate
material or was only random contamination of the roadway
of an anthropogenic character, e.g. from a broken ther-
mometer (Fig. 2h). Enhanced total mercury concentrations
in dust samples were observed in May 2011 in streets that
are part of the transit route around the city centre (Fig. 2a,
¢, d and e). This phenomenon could be the result of
increased re-emissions due to road cleaning in the spring
period (Salonen et al. 2004).
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Fig. 2 Mercury contents in
street dust

The degree of contamination at the studied sites differed
between seasons partially due to the number of days with
high levels of dustiness before the date of sampling
(Table 1). High concentrations of dust particles in air were
registered mainly in November 2011 and in January and

@ Springer
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February 2012 (CHMI 2012; CHMI 2013). November
2011 was also characterized by very low rainfall. Data
related to the dustiness in Brno are available only for few
sampling sites with heavy traffic. The highest dustiness was
observed in autumn and winter, which probably originated
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from enhanced emissions due to biomass and coal com-
bustion. Increased amount of particulate matter could
increase mercury concentrations in deposition areas — i.e.
areas with low air flow or low traffic intensity. It can be
assumed, that the time interval without any precipitation
also affects the amount of particulate matter. An adsorption
of gaseous mercury on present aerosol was confirmed for
PM >2.5 pym (Keeler et al. 1995). According to the data
from Zvonarka Street (Table 1), the particulate matter
consists mainly of size fraction PM 2.5 during the sampling
period in autumn and winter. It may be the reason, that the
dustiness did not directly impact the mercury concentra-
tions in street dust in Zvonarka Street and Uvoz Street.
Another important accumulation factor for mercury is air
temperature. The periods prior to the sampling in autumn
2011 and especially in winter 2012 were characterized by a
high number of days with minimum temperatures below
0°C (CHMI 2014). These circumstances are also evident in
the results, especially in the case of streets with low traffic
intensity (Fig. 2g, i and j), which can better demonstrate
the influence of accumulation conditions. Concentrations
of gaseous mercury in the atmosphere are influenced by the
temperature, but also the concentrations of particulate
mercury tend to be higher in winter. Besides, this mercury
form deposits near the source of pollution (Schroeder and
Munthe 1998). Thus, it is apparent that the contamination
of street dust by mercury varied during the year depending
on casual re-suspension, weather conditions and, in gen-
eral, was not directly linked to the traffic intensity in a
particular street.

Bioaccessible mercury can constitute a significant part
of the total content in highly polluted urban areas (Hu et al.
2011). The concentration of bioaccessible mercury in the
dust samples was also studied in this research because of
the possible health risk to the population. However, the
content of bioaccessible mercury in all collected samples in
Brno was below the limit of quantification for both
extractions —1.5 pg/kg for SBET extraction and 2 pg/kg
for extraction in water. It appears that street dust did not
directly increase the daily intake of mercury by the popu-
lation at the studied localities.

Conclusion

Mercury contamination of street dust in Brno, Central
Europe, reached concentrations comparable with large
Chinese agglomerations, although it was not extreme. On
the basis of the analysis of samples from selected urban
sites, traffic as well as dustiness, rainfall and temperature
were proven to have simultaneous influence on the accu-
mulation of mercury in the dust. The resulting total
mercury concentrations were probably related to the

re-suspension of deposited material. Bioaccessible mercury
was below the limit of quantification over the whole year at
all studied sites. Thus, particulate mercury in Brno did not
represent a direct health risk.
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Abstract More than 400 seal mummies and skeletons are
now mapped in the northern part of James Ross Island,
Antarctica. Decomposing carcasses represent a rare source
of both organic matter and associated elements for the soil.
Owing to their high trophic position, seals are known to carry
a significant mercury body burden. This work focuses on the
extent of the mercury input from seal carcasses and shows that
such carcasses represent locally significant sources of mercury
and methylmercury for the environment. Mercury contents in
soil samples from the surrounding areas were determined
using a single-purpose AAS mercury analyzer. For the deter-
mination of methylmercury, an ultra-sensitive isotopic dilu-
tion HPLC-ICP-MS technique was used. In the soils lying
directly under seal carcasses, mercury contents were higher,
with levels reaching almost 40 pg/kg dry weight of which
methylmercury formed up to 2.8 % of the total. The spatial
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distribution implies rather slow vertical transport to the lower
soil layers instead of a horizontal spread. For comparison, the
background level of mercury in soils of the investigated area
was found to be 8 pg/kg dry weight, with methylmercury
accounting for less than 0.1 %. Apart from the direct mercury
input, an enhanced level of nutrients in the vicinity of car-
casses enables the growth of lichens and mosses with accu-
mulative ability with respect to metals. The enhanced capacity
of soil to retain mercury is also anticipated due to the high
content of total organic carbon (from 1.6 to 7.5 %). According
to the results, seal remains represent a clear source of mercury
in the observed area.

Keywords Mercury - Methylmercury - Seal - Soil - Antarctica

Introduction

Antarctica is a continent partially isolated from the input of
lower latitude contaminants by natural barriers, such as cir-
cumpolar atmospheric and oceanic currents (Barker and
Thomas 2004). Thanks to this, the anthropogenic impact is
limited mainly to the vicinity of scientific stations (Santos
et al. 2005; Bargagli 2008). Specific conditions of polar re-
gions provide a unique opportunity to study mercury (Hg)
cycling in the ecosystem (Bargagli 2005, 2008). This work
follows recent studies on Hg occurrence and cycling in
the ecosystems and geosystems of James Ross Island
(JRI; Fig. 1), Antarctica. Previously conducted research
revealed some particularities of Hg distribution and spe-
ciation in soils, sediments, and lichens in the JRI area
(Zvétina et al. 2014; Coufalik et al. 2015). In this study,
the focus was placed on decaying carcasses of seals,
scattered numerously across the ice-free areas of JRI, as
potential sources of Hg for Antarctic soils.
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Fig. 1 Map showing the
locations of sample collection.
Twenty-meter contours are
shown. Modified map of James
Ross Island—northern part
(Czech Geological Survey 2009)
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Unlike other metals, Hg is biomagnified in the marine food
chain (Gray 2002). It is well documented that high-trophic
level organisms have considerably higher Hg contents in com-
parison with those at the bottom of the food chain (Bargagli
etal. 1998; Nie et al. 2012). Compared to the rather low levels
of Hg found in primary producers in Antarctica, levels found
in predators seem to be similar to those reported for animals of
the northern hemisphere (Bargagli et al. 1998). Top predators
such as birds or seals are the main accumulators and carriers of
trace metals in the ice-free areas of Antarctica (Yin et al. 2007,
Nie et al. 2012). The biological transport of pollutants by
biovectors such as gregarious animals is often ignored. In
many cases, however, it can become a predominant pathway
for contaminants (Blais et al. 2007). Due to the excessively
high number of dead seals scattered across the northern part of
JRI, the environmental consequences are worth exploring.
The advantage of the studied area lies in the fact that Hg levels
in soils are low and relatively homogeneous (Coufalik et al.
2015). Due to a very low natural background level of Hg, the
area offers unique opportunity for research into the spread of
Hg from point sources and its fate in the environment.

Mummified seals have been studied in many Antarctic and
sub-Antarctic regions (Péwé et al. 1959; Gordon and
Harkness 1992; Nelson et al. 2008). Today, more than 400
seal mummies and skeletons are mapped in the northern part
of JRI (Nelson et al. 2008; Nyvlt et al. 2016). Decomposing
carcasses represent a rare source of both organic matter and
associated elements for the soil. Since pinnipeds remain at the
top of the Antarctic food web, it is known that they contain a
significant concentration of Hg. Levels of Hg have already

been determined in seal fur, blood, kidney, liver, and other
tissues (Yamamoto et al. 1987; Szefer et al. 1993; de
Moreno et al. 1997; Bargagli et al. 1998; Wagemann et al.
2000), ranging from tenths to more than hundredths of milli-
grams per kilogram. It was reported that seal hair contains the
greatest Hg concentration, followed by liver, kidney, and mus-
cle (Szefer et al. 1993; Brookens et al. 2008).

Being generally the most abundant seal species, the
crabeater seal (Lobodon carcinophagus) is also the predomi-
nant species within the seal remains found in the investigated
area. A typical adult weighs approximately 200 kg (Laws et al.
2003). In most biomagnification studies, whole organisms at
the bottom of the food chain are analyzed in contrast to spe-
cific tissues of larger animals at the top of the food chain (Gray
2002). Thus, estimation of the total amount of mercury accu-
mulated in the seal body is problematic. A total body burden
of about 7 mg Hg was estimated in Pacific harbor seal pups
younger than 2 months (Brookens et al. 2008). However, the
Hg concentration in the seal body increases with age (Ikemoto
et al. 2004; Brookens et al. 2007).

Since Hg is highly toxic, pinnipeds have developed various
protective mechanisms (Bargagli et al. 1998). The Hg is cu-
mulated in the liver due to the fact that this organ is responsi-
ble for its detoxification (Wagemann et al. 2000). Apart from
the formation of insoluble mercury selenide (HgSe) in the
liver, the main processes of seal detoxication are based on
metallothionein metabolism and the production of new pelage
via Hg excretion in hair (Bargagli et al. 1998; Wagemann et al.
2000; Yinetal. 2007; Habran et al. 2011; Jakimska et al. 2011;
Cossaboon et al. 2015). Molted pelage was recently identified
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as a significant source of Hg for the coastal environment and
as a source of top-down contamination of the marine food
chain (Cossaboon et al. 2015).

When a seal dies, decomposition begins and the carcass
gradually releases both nutrients and contaminants into the
environment. In low temperature regions such as Antarctica,
the decay process advances very slowly. The decay
(taphonomic) state, geographic distribution, and several other
parameters describing seal carcasses in the northern part of
JRI were already documented (Nelson et al. 2008; Nyvlt
etal. 2016). According to the preservation state, seal carcasses
are classified into five categories from T1, characterized as a
well-preserved complete seal corpse, to TS5, characterized as a
group of disarticulated bones (Nyvlt et al. 2016).

In this study, samples of soil surrounding seal carcasses
were collected and analyzed for their contents of Hg, methyl-
mercury (MeHg), and total organic carbon (TOC). The main
aim was to assess the extent of Hg input from these seal car-
cass sources. As the levels of Hg in surface soils of Antarctica
are generally low (Matsumoto et al. 1983; Bargagli et al.
2007; Coufalik et al. 2015), it is assumed that the input of
Hg can be significant on a local scale.

Sampling area

Samples for this study were collected during the Czech
Antarctic expedition to the Johann Gregor Mendel (JGM) re-
search station in the austral summer of 2015. The station is
located in the northern part of James Ross Island (Fig. 1). JRI
is the largest single outcrop of the James Ross Island Volcanic
Group (JRIVG)—a c. 6000 km? large basaltic volcanic field
situated in the northern Antarctic Peninsula (Kosler et al. 2009;
Smellie 2013). The island itself has an area of ca. 2500 km?, of
which about 20 % is permanently deglaciated (Rabassa et al.
1982). The coastal areas became ice-free by approx. 12.9 ka
(Nyvlt et al. 2014). The landscape of the northern part of JRI is
characterized by Cretaceous marine sediments of the James
Ross Basin that were overlain by alkaline volcanic rocks of
JRIVG (Crame et al. 1991; Nyvlt et al. 2011; Davies et al.
2013; Nehyba and Nyvlt 2015). Erratic boulders are scattered
over sedimentary and volcanic bedrock, and only small glaciers
remain in the present landscape (Engel et al. 2012; Davies et al.
2013). The samples were collected in the flat and low-lying
Abernethy Flats, which are readily accessible for seals from
the shallow sea bay (Nyvlt et al. 2016). The landscape of the

valley is relatively flat, characterized by a gradual increase in
altitude from the broad Brandy Bay towards the south. The
samples for this work were collected in the vicinity of
Monolith Lake, which lies at 67 m a.s.l.

In total, more than 400 individual seal carcasses are docu-
mented in the northern part of JRI (Nyvlt et al. 2016). Most of
them are located in the ice-free part of Abernethy Flats, with
the crabeater seal (L. carcinophagus) being by far the most
abundant species (Nelson et al. 2008; Nyvlt et al. 2016). Most
carcasses are located at elevations below 100 m a.s.l. over a
10-km? area of Abernethy Flats (Nyvlt et al. 2016). For this
work, six carcasses of crabeater seal were selected in the vi-
cinity of Monolith Lake at the southern part of Abernethy
Flats (Fig. 1). Crabeater seals were identified by their charac-
teristic jagged teeth (Nelson et al. 2008).

According to their taphonomic state, the seal carcasses
were classified into the five categories mentioned above
(Nyvlt et al. 2016). Carcasses in states T1 and TS were not
selected. As T1 is defined as a well-preserved seal corpse, no
leaching of body fluids or tissues into the environment can be
expected. At the other extremes, as T5, the most advanced
decay state, is characterized by individual bones, little infor-
mation can be gleaned about the former position or age of
such mummies (up to one century old; (Nyvlt et al. 2016)).
According to the purposes of the present study, seals in decay
states T2 (samples A, B), T3 (samples C, D), and T4 (samples
E, F) were selected (Fig. 2).

Soil samples were systematically collected directly under
the seal carcass and at distances 0.5 and 1 m in four directions
from the carcass (Fig. 2). In addition, samples of uncontami-
nated soil from the nearby surroundings of each seal were
taken. Samples of both the upper (0-5 cm) and lower soil
layers (5—10 cm) were carefully collected using a stainless
steel shovel. In total, 120 soil samples were collected in the
vicinities of six seal carcasses. At the laboratory of the JGM
Antarctic station, the samples were dried at approximately
15 °C for 48 h to constant weight. The dry material was sieved
through nylon sieve and the fraction under 2 mm was used.
The samples were then stored in double polyethylene bags and
kept at —18 °C until analysis.

Analytical procedures

Total mercury contents (Hgr) in soil samples were determined
using a single-purpose analyzer AMA-254 (Altec,

Fig. 2 Seal carcasses A, D, and F in decay states T2, T3, and T4, respectively
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Czech Republic). An amount of 150 mg of each sample was
introduced into the analyzer directly in the solid state.
Determination was based on dry decomposition followed by
amalgamation preconcentration and AAS detection. The ac-
curacy of the method was verified by means of the reference
material CRM 020 Trace Metals - Sandy Loam 2 (RTC, USA)
with a total mercury content of 1.12 + 0.03 mg/kg. The excel-
lent analytical recovery of 99.4 + 1 % was obtained. The limit
of quantification was 0.3 pg Hg/kg.

MeHg contents in samples were determined after acid di-
gestion and liquid-liquid extraction and back-extraction to the
aqueous phase. First, 500 mg of soil sample was extracted
with 7 mL of 6 mol/L HCI (Sigma-Aldrich, Germany) on an
end-over-end shaker. After centrifugation, an aliquot of 2 mL
was spiked with a solution of '**Hg-enriched methylmercury
(EMMS-1, National Research Council, Canada) and extracted
twice with 3 mL of toluene (Sigma-Aldrich, Germany). The
combined organic extract was subjected to back-extraction
with 0.5 mL of an aqueous solution of 1 % L-cysteine
(Sigma-Aldrich, Germany). Final analysis was performed by
means of HPLC-ICP-MS. A reversed-phase chromatographic
column (Synergi Hydro—RP, 150 mm x 4.6 mm, 4 um) com-
bined with an Agilent 7700x quadrupole ICP-MS spectrome-
ter was used for analysis. The accuracy of the procedure was
checked using certified reference material ERM-CC580 estu-
arine sediment (IRMM, Belgium) with a certified MeHg con-
tent of 75 = 4 pg/kg. Measured concentrations of MeHg were
within the certified range. Method precision (relative standard
deviation, RSD) estimated from three replicate analyses of soil
samples ranged from 4.2 to 9.4 %. Mean recovery of MeHg
from '**MeHg-spiked real samples was 89 + 4 %.

The contents of organic carbon were determined using a
Vario TOC cube analyzer (Elementar, Germany). An amount
of 50 mg of sample was weighed into a Ag foil. The sample
was then treated by the addition of sufficient amount of 1 M
HCI and dried at 75 °C. Determination of the organic carbon
content has been performed by catalytic high-temperature ox-
idation of the samples with non-dispersive infrared detection.

All the procedures were conducted in a clean laboratory
equipped with HEPA filters. The glassware used was thor-
oughly decontaminated with HNO; (1:3) and also by heating
to 250 °C for 2 h.

Results and discussion
Total mercury contents

Generally, the total mercury content (Hgr) in uncontaminated
Antarctic soils usually ranges from tenths to almost hun-
dredths of micrograms per kilogram (Bargagli et al. 1993,
1998, 2005; Lu et al. 2012; Nie et al. 2012; Coufalik et al.
2015). Background mercury levels in the northern part of JRI

were already described in the previous studies (Zvéfina et al.
2014; Coufalik et al. 2015). In the samples collected in
Abernethy Flats, Hgr ranged from 7.3 to 11.0 ug/kg
(Coufalik et al. 2015). Comparable background level of Hgr
(9 £ 1 ng/kg) was reported by Yin et al. (2007) for weathering
soils of Nelson Island in South Shetlands (Fig. 1). For the
Fildes Peninsula of King George Island, Lu et al. (2012) cal-
culated the baseline of Hg in soil as 13 pg/kg. Highly variable
contents of Hgt from 0.5 pg/kg (in stream sediments) and
10 mg/kg (in the center of fumarole) were reported for
Deception Island by de Ferro et al. (2014). Nevertheless, the
Hgr levels in the surface regolith across the northern part of
JRI are considered to be rather uniform and homogeneous
(Coufalik et al. 2015). Similarly to the abovementioned stud-
ies, an Hg content of 8.0 + 1.2 pug/kg dry weight (dry wt.) was
determined as the background level in the area of interest of
this work.

Samples collected at distances of 0.5 and 1 m from the
carcasses in different radial directions did not contain elevated
mercury levels, with Hgr ranging from 6.3 to 8.6 ug/kg dry
wt. No relative elevation was observed even in samples col-
lected in a downhill direction from the carcasses. However,
elevated Hg levels were found in samples collected under the
seal carcasses. As noted in Fig. 3, Hg levels in soils lying
directly under the carcasses were up to five times higher than
the background level. Relatively higher Hgr contents were
observed in the upper soil layers under the carcasses in decay
states T2 and T3. Higher contents in lower layers were ob-
served under carcasses in decay state T4. Overall, the highest
Hg content, 39.6 ug Hg/kg dry wt., was found in a lower soil
layer under seal F (decay state T4). This observation indicates
the vertical transport of Hg to lower soil layers over time. As
the samples did not contain visible organic material from seals
or seal hair, the Hg presumably originates from released body
fluids gradually transported by melting water. During the sum-
mer season, temperatures above the freezing point enable the
transport of Hg. The ground temperature at a depth of 5 cm
was measured by Hrbacek et al. (2015) who concluded that in
the investigated area, the freezing season lasts for most of the
year. During January to March, the active layer reaches a
maximum of more than 50 cm (Hrbacek et al. 2015).
Generally, Antarctic soils are poor in carbon and mineral par-
ticles, which results in a low retention capacity for Hg
(Coufalik et al. 2015). However, our results indicate that the
vertical transport of Hg proceeds slowly, as the progression
between taphonomic states is a matter of several decades
(Nyvlt et al. 2016).

It should be emphasized that elevated mercury levels were
found only in samples from locations in close proximity to
seal carcasses. This observation indicates that the horizontal
transport of deposited Hg is strictly limited. Thus, seal car-
casses present a source of mercury only for the immediate
surroundings. Similar observation has been previously
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Fig. 3 Total mercury and
methylmercury contents (in red)
in soils lying under seal carcasses.
Error bars (1 SD) indicate that
each sample was analyzed at least
three times. The background
mercury level “BG” was
estimated as the mean level from a
total of 12 soil samples collected
in the vicinity of seals
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published in the study describing nutrient release from the
decaying bison carcasses in the primeval forest in Poland
(Melis et al. 2007).

seal A

Methylmercury content

Information on the occurrence of methylmercury in the
Antarctic soils is very limited. As a consequence of ultra-
trace Hg levels, speciation analysis presents a challenge for
analytical chemistry (Caroli et al. 2001). De Ferro reported
levels of MeHg of between 0.06 and 0.1 pg/kg in sediments
from the vicinity of fumaroles at Deception Island (Mao de
Ferro et al. 2014). Usually, MeHg forms a 0.1-1.5 % propor-
tion of Hgt in natural sediments (Leermakers et al. 2005; Lin
etal. 2012).

MeHg contents in uncontaminated background soils were
under the limit of detection (LOD = 8 ng/kg dry wt.). MeHg
was not detected even in the surrounding soils sampled at
distances of 0.5 and 1 m from the carcasses. This means that
the proportion of MeHg is less than 0.1 % with respect to Hgt
in the background soils.

However, MeHg was detected in most of the samples col-
lected directly under seal carcasses (Fig. 3). Higher propor-
tions of MeHg were found in lower soil layers compared to
topsoil. The highest content of MeHg (1.1 ug/kg dry wt.),
representing 2.8 % of Hgr, was found in the lower soil sample
from seal F, which also exhibited the highest total content of
Hg. Overall, MeHg contents correlated closely with total Hg
contents (R, = 0.85, p < 0.05).

During their lives, seals take up Hg mainly in the form of
MeHg from muscle tissue of fish. However, it is known that
they retain only a small proportion of Hg in methylated form
(Boening 2000; Wagemann et al. 2000). This is because of a
natural protective mechanism in seals involving the demeth-
ylation of MeHg with selenium. The Hg is then stored in the
less toxic form of mercury-selenide complexes (Wagemann
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et al. 2000). It has been shown that about one half of the Hg
deposited in the livers of seals is inactivated into the form of
non-toxic biomineral HgSe; inorganic Hg constitutes a small-
er fraction, and the most toxic form, MeHg, represents only
about 2—15 % of the total Hg content (Wagemann et al. 2000;
Yin et al. 2007; Brookens et al. 2008). In contrast to liver, the
proportion of MeHg is significantly higher in seal muscle
(Smith and Armstrong 1978; Wagemann et al. 2000).

Recently, seals were identified as a significant source of
MeHg for the environment due to the seasonal molting of their
pelage (Cossaboon et al. 2015). Hg is present in seal hair in
concentrations of up to several hundred milligrams per kilo-
gram, and it is believed that the main constituent is MeHg,
similarly as in human hair (dos Santos et al. 2006; Magos and
Clarkson 2008; Cossaboon et al. 2015). The bioavailability of
MeHg bound in hair as well as its mobility is not known
(Cossaboon et al. 2015). Since no seal hair was visible in the
collected samples, the MeHg measured in samples probably
originated from released body fluids. However, it cannot be
excluded that the microscopic remains of seal hair can con-
tribute to the content of Hgt and MeHg. Therefore, seal
mummies represent a source of methylmercury for Antarctic
soils, at least on the local scale.

Organic carbon content

Due to the harsh polar conditions, Antarctic soils are usually
poorly developed and tend to contain low levels of organic
matter, even in the areas covered by vegetation (Claridge et al.
1995). In the samples of uncontaminated surrounding soils,
the level of TOC was homogeneous with a median of 0.3 %.
In soils under seal carcasses, the TOC content ranged from 1.6
to 7.5 %, with a median of 3.2 %. Such contents of TOC in
Antarctic soils are rare and higher than those commonly re-
ported, e.g., for vegetation-covered soils (Bargagli et al. 1993;
Zvétina et al. 2012) and ornithogenic soils from penguin
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colonies (Nie et al. 2012; Ma et al. 2013; Poggere et al. 2016).
As the close surroundings of seal carcasses are often colonized
by lichens and mosses, it should be emphasized that collected
samples did not contain any vegetation that would otherwise
affect and distort the results.

Organic matter increases the ability of soil to retain Hg;
thus, a positive relationship between Hg and TOC has been
observed repeatedly in Antarctic soils (Matsumoto et al. 1983;
Bargagli et al. 2005; Mao de Ferro et al. 2014). However, in
this study, the correlation between Hgt and TOC was not
significant (R = 0.35, p = 0.24). Nevertheless, it is very likely
that both Hg and organic carbon had the same source in this
case. In the samples classified according to state of decay of
respective seal carcass, the correlations are much stronger;
however, the number of samples is small. Figure 4 illustrates
the relationship between TOC and Hg contents in the catego-
rized samples. As already mentioned, Hg is distributed irreg-
ularly in seal tissues and body fluids, which is the probable
reason for the weak Hgr-TOC correlation.

It is assumed that organic matter not only acts as a carrier of
Hg but also has the ability to absorb Hg(II) from the environ-
ment (Bargagli et al. 1993; Nie et al. 2012). In general,
Antarctic soils are not able to retain Hg deposited from the
atmosphere. A large proportion of Hg is taken away by
thawing water (Coufalik et al. 2015). Thus, a significantly
increased level of TOC in close proximity of a seal carcass
can enable the accumulation of Hg. It is also well documented
how the input of nutrients enables the growth of lichen and
mosses in the vicinity of carcasses and directly on the car-
casses themselves (Nyvlt et al. 2016). Those organisms are
well known for their ability to capture and accumulate Hg
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Fig.4 Relationship between content of mercury and total organic carbon
in soils directly underlying seals in different states of decay

from the atmosphere (Zvéfina et al. 2014). In relation to that,
further elevation of Hg concentrations might be expected at
such locations.

Conclusion

Although most studies of Hg contamination in Antarctica con-
cern the natural long-range transport of Hg to the Antarctic
environment, biovectors including fallen animals seem to be
an important pathway for Hg transport from marine to terres-
trial Antarctic ecosystems.

This study has shown that Hg is gradually releasing from
seal remains, scattered around the northern part of James Ross
Island (and also in other parts of Antarctica). Although the Hg
contamination is limited to the immediate subsoil of seal car-
casses, it may present a significant source of Hg for the ecosys-
tem due to the high number of individual seal carcasses. In soil
samples collected under seal carcasses, Hg contents reached up
to five times the background level. Methylmercury constituted
up to 3 % of total Hg, while in background levels, it accounted
for less than 0.1 %. It should be noted that no elevated Hg levels
were observed at distances of 0.5 and 1 m from seal carcasses.
However, the slow vertical transport of released Hg to lower
soil layers is apparent. Moreover, we have observed an increase
in concentrations of both Hg and MeHg with the state of decay
of the carcasses.

Concerning Hg contamination, it should be taken into ac-
count that seal carcasses increase the Hg load also indirectly
by means of the input of nutrients and organic matter into the
environment. Organic matter in soil increases the capacity of
soil to retain Hg, while the nutrients enable the growth of
lichen and mosses, which are efficient bioaccumulators of
Hg and other pollutants. The observed levels of TOC were
among the highest reported for Antarctic soils. The correlation
between TOC and Hg in samples was weak, which might be
explained by the irregular distribution of the mercury within
the seal body.

It seems that the nutrient-enriched oases which form
around seal carcasses are also hot spots for the input of Hg
and its further accumulation. Future research should explore
this topic further in order to identify more associations and
consequences with respect to both contaminants and nutrients
releasing from seal carcasses.
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Abstract The study was designed to investigate the
content and distribution of selected heavy metals (As,
Cd, Co, Cr, Cu, Hg, Mn, Ni, Fe, Pb and Zn) in samples
of fruticose macrolichen Usnea antarctica from James
Ross Island. A special emphasis was devoted to mercury
and its species (elemental mercury and methylmercury).
It was found that mercury contents were relatively high
(up to 2.73 mgkg ' dry weight) compared to other parts
of the Antarctic Peninsula region, while the concentra-
tions of most other elements were within reported
ranges. Mercury contents in lichens originating from
the interior were higher than those from the coast, which
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is probably the result of local microclimate conditions.
Similar trends were observed for Hg® and MeHg",
whose contents were up to 0.14 and 0.098 mg kg’
dry weight, respectively. While mercury did not show
a significant correlation with any other element, the
mutual correlation of some litophile elements probably
refers to the influence on thalli of resuspended weath-
ered material. The influence of habitat and environmen-
tal conditions could play an essential role in the bioac-
cumulation of contaminants rather than just the simple
presence of sources. Thus, the study of the thalli of this
species can bring a new perspective on the interpretation
of contaminant accumulation in lichens of the polar
region.

Keywords Antarctica - Heavy metal - Mercury - Lichen

Introduction

Due to its remote location, Antarctica presents a unique
opportunity to study the long distance transport and
allocation of chemicals generated naturally or produced
by humans on other continents. Although it is protected
from the entry of lower latitude air masses by natural
atmospheric circulation, Antarctica represents a potential
sink for the deposition of long-range transported pollut-
ants including mercury (Bargagli 2008). The atmospheric
transport of pollutants is considered to be a significant
pathway of Antarctic environment contamination
(Montone et al. 2003; Bargagli 2008; Cipro et al. 2011).
Therefore, studies on the amounts of particular chemicals
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in different compartments of Antarctic ecosystems are of
great importance.

Mercury is an atmospheric pollutant of global con-
cern. Its biogeochemical cycle includes various physi-
cal, chemical and photochemical interactions, both wet
and dry deposition, and reemission from environmental
surfaces (Schroeder and Munthe 1998; Wingberg et al.
2001). In the atmosphere, mercury occurs mainly as Hg"
(elemental mercury vapour), along with reactive gas-
eous mercury (RGM)—Hg?" divalent mercury com-
pounds) and mercury associated with particulate matter.
The presence of methylated mercury species has also
been reported (Slemr et al. 1981, 1985; Fitzgerald et al.
1991; Lin and Pehkonen 1999). Hg’ is stable and its
residence time of 6-24 months allows its transport over
large distances on a global scale (Schroeder and Munthe
1998; William et al. 1998; Wiéngberg et al. 2001). The
rate of deposition is largely affected by Hg® to Hg*"
conversion, since RGM includes highly surface-reactive
species and is rapidly deposited through both wet and
dry deposition (Lindberg and Stratton 1998). It is known
that, in polar regions, intensive Hg deposition occurs
during and after the polar sunrise during mercury deple-
tion events (MDEs). Elemental mercury undergoes pho-
tochemical oxidation to RGM by reactive halogens, and
thereafter is rapidly deposited on the Earth’s surface.
MBDE is considered to be a critical factor for mercury
input in coastal polar ecosystems.

Concerns have been raised about the possible envi-
ronmental effects of changes in the regional climate on
the role of Antarctica as a “cold trap”. The warming of
both land and ocean causes increased outgassing and
also changes in sea-ice cover and in precipitation pat-
terns (Lindberg et al. 2002; Bargagli 2005; Bargagli
et al. 2005). The west side of the Antarctic Peninsula
has experienced the largest increase in annual surface air
warming over the last few decades. An annual temper-
ature growth of +0.56 °C per decade was reported at the
Faraday/Vernadsky station between 1951 and 2001
(Turner et al. 2005), while warming in the northwest
Antarctic Peninsula was considerably greater than the
mean Antarctic trend (Vaughan et al. 2001). The mean
annual air temperatures also rose substantially along the
eastern coast of the Antarctic Peninsula, accelerating
glacier retreat and an increase in permafrost temperature
(Strelin et al. 2006; Cook and Vaughan 2010). The
recent breakup of the Prince Gustav shelf in 1995
(Rott et al. 1996) is one of the consequences of this
temperature increase. It can also be assumed that open
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water connected with sea aerosol input may additionally
increase the deposition of Hg and other metals into the
surveyed area.

As the retreating ice is uncovering bedrock in coastal
areas, new terrestrial ecosystems are being established.
Lichens are among the first colonisers of exposed rock
and snow-free ground (Bargagli et al. 1999). Along with
mosses, they are able to tolerate extreme temperatures
together with long periods of desiccation and are the
main components of Antarctic terrestrial flora (Bargagli
et al. 1998; Wojtun et al. 2013).

Lichens are known for their ability to capture and
accumulate gaseous atmospheric pollutants and are
commonly used as biomonitors of airborne metals in-
cluding Hg (Bargagli and Barghigiani 1991; Loppi and
Bonini 2000; Conti and Cecchetti 2001; Pisani et al.
2011; Mlakar et al. 2011; Lodenius 2013; Mao de Ferro
et al. 2014). Five processes by which both nutrients and
contaminants are deposited onto lichens are described.
These are wet deposition (including snowfall), occult
precipitation (fog, dew and mist), sedimentation (parti-
cles >1-4 mm), impaction (particles <I-4 mm carried
by wind) and direct uptake (particularly when wetted)
(Knops et al. 1991). Unlike higher plants, lichens have
neither roots nor stomata, and a weak or absent cuticle
enables easy exchange between the environment and
their cell walls. Owing to their high cation exchange
capacity, lichens have the ability to accumulate available
ions of all gaseous, dissolved and particulate elements in
air, snow and melting water (Bargagli et al. 1998). In
addition, due to the lichens having a complicated surface
structure, contaminants are absorbed over the whole
thallus surface (Lupsina et al. 1992; Lodenius 2013).
Different lichen morphotypes vary in their active surface
for ion uptake. From this perspective, the fruticose type
of thallus represents an ideal material with a large sur-
face area. The fruticose macrolichen Usnea antarctica
has already been utilised for monitoring the levels of
heavy metals (Bargagli et al. 1993; Poblet et al. 1997,
Osyczka et al. 2007; Cansaran-Duman 2011; Wojtun
et al. 2013).

There is a continuous need to monitor pollutants in
the polar environment. In contrast to numerous studies
on the Arctic, information on the levels of heavy metals
in Antarctic lichens is still scarce. Moreover, most of the
studies concerning this topic are focused on the South
Shetland Islands and no similar report has been pub-
lished on mercury levels in the Antarctic Peninsula and
on James Ross Island in particular. The small amount of
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available data from the Antarctic hinders the assessment
of mercury (and other heavy metal) concentrations and
the complex comparison of such concentrations and
their trends between different geographical locations.
James Ross Island represents an ideal area for the inves-
tigation of heavy metal concentrations and their geo-
graphical distribution, as it is one of the largest deglaci-
ated areas along the eastern coast of the Antarctic Pen-
insula with only small glaciers remaining in the present
landscape (Engel et al. 2012).

The objectives of this research were to determine the
contents of Hg (including MeHg " and Hg0 species) and
some other heavy metals (As, Cd, Co, Cr, Cu, Mn, Ni,
Fe, Pb and Zn) and to investigate their distribution in
lichen samples originating from the northern part of
James Ross Island. The geographical distribution of
sampling points affected by local factors and climatic
conditions (distance from the seashore, snow accumu-
lation and fog occurrence) was expected to be the most
influential factor.

Materials and methods
Sample origin and treatment

James Ross Island (JRI, 64° 10’ S, 57° 45" W) is situated
on the east side of the Antarctic Peninsula tip (Fig. 1).
About 20 % of its total area of 2500 km? is recently
deglaciated (Rabassa et al. 1982). The Ulu Peninsula,
the northern part of JRI, represents the largest deglaci-
ated area, with several lava-fed deltas, abundant out-
crops of glacial sedimentary rock and exposures of
Cretaceous marine sediments (Crame et al. 1991;
Kristjansson et al. 2005; Nyvlt et al. 2014). The area
of the Abernethy Flats was selected for sampling con-
sidering the articulation of the recently deglaciated ter-
rain, which is characterised by a gradual increase in
altitude from 0 to 134 m at San Jose Pass. The morphol-
ogy of the valley is relatively flat and formed mostly by
less resistant Cretaceous marine deposits. Local and
small elevations in the central part of the valley are
mostly formed by exhumed volcanic dykes. Monolith
Stream, one of the largest watercourses in the area, is
dewatering the vicinity of Monolith Lake towards the
broad and shallow Brandy Bay. The river is located in
the western and southern part of the asymmetric depres-
sion Abernethy Flats.

Climatic conditions of the Ulu Peninsula are
characterised by a short summer (December—February)
with positive air temperatures up to 10 °C and an annual
mean air temperature of around —7 °C (Laska et al.
2011a). Total precipitation is estimated at between 300
and 500 mm water equivalent per year, with snowfall
occurring even in the summer period (Bromwich et al.
2004; Dethloff et al. 2010). The snow-free period can
vary from 1 to 3 months with large year-to-year varia-
tions. The daily mean incoming solar radiation is around
250 W m 2 in summer, which significantly reduces
snow cover (Laska et al. 2011b). In order to describe
local wind conditions, 30-min surface wind observa-
tions from the nearby meteorological station at Johnson
Mesa were used. The flat surface of Johnson Mesa at an
elevation of 320 m a.s.l. was found as a representative
site for evaluation of the prevailing wind direction. In
the study, the relative frequency of wind direction mea-
sured at 6 m above ground was estimated for the period
2008-2010.

Samples were collected from the gravel plain
Abernethy Flats and also in the area of the continuous
and stable slope of Keller Stream and Monolith Lake
during the 2012 Czech Antarctic expedition. Fruticose
macrolichens U. antarctica were sampled along a 6-km
transect beginning inland and running down across the
Abernethy Flats to the seashore (Fig. 1). In the labora-
tory, the lichens were washed in deionised water in order
to remove dust and any unwanted particles and dried for
48 h at 30 °C. Then, the thalli were homogenised in a
ball mill and stored at —20 °C until analysis.

Analytical procedures

Total mercury concentrations in the samples were deter-
mined by means of an AMA-254 analyser (Altec, Czech
Republic). Determination is based on dry decomposi-
tion followed by preconcetration by amalgamation and
AAS detection (Szakova et al. 2004).

Elemental mercury was determined by means of
thermal desorption. Aliquots of samples were heated at
105 °C for 48 h and the mercury concentrations
subsequently measured. The contents of elemental
mercury were calculated as the differences between
total concentrations and those measured in treated
aliquots. The pyrolytical determination of Hg" was
first suggested by Biester and Scholz (1997) and applied
as a single-step analysis by Novoa-Muiioz et al. (2008).
This method was also conducted for Hg” determination
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in samples with a high content of organic carbon
(Coufalik et al. 2013a).

For methylmercury determination, 300-mg samples
were extracted with 10 mL of 6 mol L™ HCI (Sigma-
Aldrich, Germany). The extraction was conducted for
2 h in an ultrasound bath and then for another 18 h on an
end-over-end shaker (150 RPM). The obtained extracts
were filtered through glass microfibre filters (Whatman)
and the pH of the solution was adjusted to 5 with acetate
buffer. The contained polar methylmercury was then
converted to nonpolar volatile ethylated methylmercury
using NaBEt, (Sigma-Aldrich, Germany), and the
resulting solution was extracted with hexane (Sigma-
Aldrich, Germany). Finally, an aliquot of 2 ul was
injected into an Agilent 6890N gas chromatograph with
a PSA 10.750 atomic fluorescence detector (Cai et al.
2000; Leermakers et al. 2005; Kuballa et al. 2008;
Nevado et al. 2011; Cervenka et al. 2011).

For the determination of selected metal contents (As,
Cd, Co, Cr, Cu, Mn, Ni, Fe, Pb and Zn), the
homogenised lichen thalli were digested in an HNO;/
H,0, (both Sigma-Aldrich, Germany) mixture in a mi-
crowave digester (Berghof MSW3+ speedwave) ac-
cording to EPA 3052 method. The contents of elements
in digestions were subsequently measured using an
Agilent 7500 CE quadrupole ICP-MS spectrometer
(Agilent, Japan) according to the EPA 6020A method.

@ Springer

The spectrometer was equipped with an octopole reac-
tion cell to avoid isobaric interferences, a Babington
nebuliser and a double-pass Scott chamber. The condi-
tions were optimised to obtain maximum sensitivity and
minimum CeO'/Ce” and Ce™"/Ce" ratios.

All analyses were performed in an ultra-clean labo-
ratory equipped with HEPA filters. The used chemicals
were ACS reagent grade, especially pure for mercury.
Prior to use, all glassware was cleaned by two-stage
decontamination in an HNO; bath and heated to
250 °C for 2 h.

The accuracy of the methods was verified by means
of the following reference materials: IRMM BCR-482
Lichen (for elements As, Cd, Cr, Cu, Hg, Ni, Pb, Zn)
and IAEA-336 Lichen (for elements As, Co, Cu, Hg, Fe,
Mn, Zn). Recoveries of all elements were consistently
within the ranges of certified values. Typical relative
standard deviations for triplicate analysis of reference
materials and lichen samples were within the order of
units of percents. Contents of particular elements in
samples were at least one order of magnitude higher
than the method detection limits.

Statistical analysis

To summarise the collected data, general descriptive
statistics including Spearman rank order correlation
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and Bartels’ rank test (investigation of trend occurrence)
(Bartels 1982) were performed using R version 3.0.2 (R
Development Core Team 2013). Nonparametric tests
were used due to the non-normality of the data.

Results and discussion
Surface wind conditions

Figure 2 shows the relative frequency of the wind di-
rection at the Johnson Mesa in the period 2008-2010.
The prevailing wind directions were observed in the
south-western sector. Southerly and westerly winds
were the most common, with a frequency of occurrence
of 18.8 and 14.4 % of all cases, respectively. On aver-
age, the summertime and wintertime wind directions
were slightly different, but were observed within the
same sector. Northerly, northwesterly and southeasterly
winds had the lowest frequency of occurrence. From the
observed wind pattern, it is evident that the orography of
the Antarctic Peninsula affects the airflow along the
eastern side of the Peninsula and the northern coast of
James Ross Island.

Total mercury contents

Figure 3 shows the total Hg contents in lichen samples.
Hg concentrations ranged from 0.72 to 2.73 mg kg ' dry
weight (d.w.) with a median value of 1.59 mgkg ' d.w.
Bartels’ test for randomness was used to examine the
probability of trend occurrence (Bartels 1982). A p

N

S

Fig. 2 Relative wind frequency at the Johnson Mesa in the period
2008-2010

value of 0.82 indicates a gradual mercury content in-
crease in the direction from the coast to the interior.

Marine aerosol has been suggested as the main con-
tributor of mercury contamination in lichens together
with volcanic emissions (Mao de Ferro et al. 2014). The
lowest mercury content determined in coastal sample I,
together with the above mentioned trend, indicates that
sea spray does not represent a significant Hg source in
this case. This fact can be partly attributed to the pre-
vailing winds blowing towards the sea (Fig. 2). More-
over, lichens growing in localities further inland may be
more affected by moisture at higher elevations. An
increase in relative air humidity of 5 % from seashore
to higher-clevated plateaus was observed in a previous
study (Laska et al. 2011a). Increased mercury input into
lichens caused by the effect of fog was already observed
(Evans and Hutchinson 1996).

Abernethy Flats is a valley with suitable conditions
for snow accumulation and subsequent melting. At the
beginning of the sampling transect (in the vicinity of
sampling points A and partially in the vicinity of B),
there is the probability of increased accumulation of
wind-blown snow from the glaciers south of the sam-
pling area (e.g. Whisky Glacier). Dissolved Hg** com-
pounds are known to be readily absorbed by lichens
when snow melts (Skov et al. 2004; Bargagli et al.
2005).

In fact, the concentrations of mercury in lichens are
two to three orders of magnitude higher than those
determined in soils from the same sampling localities
(0.0073—0.011 mg kg ') (Coufalik et al. 2013b). The
enrichment factor between lichens and the underlying
soil would reach a value of several hundred. This ratio
excludes crustal aerosols as a strongly influential factor
(Carignan et al. 2009). Therefore, atmospheric deposi-
tion could be considered the main source of mercury in
lichens.

In comparison with mercury contents reported in
lichens from the Antarctic Peninsula region, the values
obtained in this work are substantially higher. Table 1
summarises published Hg levels for lichen samples
originating from the South Shetland Islands, the closest
area for which similar information has been published.
The likely explanation is the fact that the environments
of JRI and the South Shetlands are influenced by the
circulation of different air masses. The climate of the
South Shetlands is mainly affected by relatively warm
(oceanic) air masses associated with synoptic-scale sys-
tems moving across the Bellingshausen Sea (Martin and
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Peel 1978). JRI, however, is moderated by cold air
masses of continental origin coming from the south
and southwest, along the eastern coast of the Antarctic
Peninsula. The advection of oceanic air masses towards
James Ross Island is reduced by the pronounced oro-
graphic effect of the Peninsula (King 2003). Therefore,
the frequency of the occurrence of continental and oce-
anic air masses determines the climate of the study site.
These factors are assumed to play a crucial role in the
distribution of long-range transported pollutants such as
mercury.

Elemental mercury

An amount of up to 0.14 mg Hg kg ' d.w. was released
by thermal desorption experiments, which presents less
than 5 % of the total mercury in the samples (Fig. 4).
The amounts of the desorbed portions correlate closely
with total mercury contents (Spearman’s correlation
coefficient r;=0.93, p<0.001). Similarly to the total
Hg concentration, the desorbed fraction also increased

ST
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lichen sample

along the sampling transect from the coast to the interior
(p value of Bartels’ test is 0.78).

Recently, laboratory experiments have shown the
ability of some plants to take up Hg" directly from the
atmosphere and bond it strongly with almost no losses
from evaporation or leaching (Lodenius et al. 2003). It
has been demonstrated that, on the lichen surface, ele-
mental mercury is converted into a strongly held form or
diffuses into the lichen cells and is released less readily;
possibly, it is converted into an inorganic form—Hg>"
(Krishna et al. 2003, 2004). The high concentration of
mercury in some plants could be created by an irrevers-
ible accumulation process determined by oxidation of
the adsorbed Hg” followed by complexation of Hg*" by
-SH groups of amino acids (Bacci et al. 1994). Some
authors suggest that Hg is captured by lichens mainly
after its atmospheric oxidation to the more soluble Hg*"
(Krishna et al. 2003). The above-described processes are
probably the reason for the small proportion of total
mercury that was desorbed at 105 °C, although Hg",
the main mercury form in the atmosphere, is readily
released under these conditions.

Table 1 Reported mercury levels
in lichens of Usnea species origi-

nating from the South Shetland
Islands

Study, location Lichen specie Hg [mg kg '] MeHg [mg kg ']
(Mao de Ferro et al. 2014)

Deception Island Usnea sphacelata 0.14-0.24 0.021-0.026
(Bargagli et al. 1993)

King George Island Usnea antarctica 0.026-0.061 -

Deception Island Usnea antarctica 0.190-0.253 -
(Wojtuni et al. 2013)

King George Island Several lichen species 0.18 -

including Usnea antarctica

(dos Santos et al. 2006)

King George Island Usnea spp. 0.0363 -

« »

means that methylmercury

was not determined in this study
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Fig. 4 Elemental mercury and 0.16
methylmercury contents in 0.14 0 Hg°
samples of Usnea antarctica (n= 0.12 1 B MeHg"*
3, £SD) from inland site (4) 104
towards the seashore (/) o 0.10
=< 0.084
£
g, 0.06 -
0.04 -
0.02
0.00 +
A B C D E F G H |

Locally, Hg vapours can be evaporated from the top
soil layer. According to literature, the Hg evaporation
rate from bare uncontaminated soils increases linearly
from 10 °C (the lowest measured temperature) to 15—
20 °C and then exponentially to 35 °C, while the volatile
species (such as Hg” and (CHs),Hg) are supposed to
dominate Hg evaporation from soil (Schliiter 2000).
However, previously reported results suggest that Hg
content in Abernethy Flats soils is stable at temperatures
up to 50 °C (Coufalik et al. 2013b). Moreover, a recent
study showed that the mean monthly surface tempera-
ture on the Ulu Peninsula ranges from —11 to 6 °C
(Laska et al. 2011a), which implies a low rate of Hg
evaporation. Furthermore, a surface temperature higher
than 10 °C is exceeded only for several days in the
summer (December—February).

Methylmercury

The methylmercury concentration in samples ranged
from 0.037 to 0.098 mg kg ' d.w. with a median of
0.068 mg kg ' d.w., which represents a portion of 1.4 to
8.1 % of total Hg. A trend of increasing MeHg " content
from the cost to the interior was observed (Bartels’ test p
value is 0.82).

So far, little data has been published on the occur-
rence of methylmercury in lichens. It was reported for
lichen (Usnea sphacelata from Deception Island) to
have a higher capacity for Hg and MeHg bioaccumula-
tion than that observed for moss (Polytrichum strictum
Brid. and Sanionia georgico-uncinata), while published
MeHg" levels (Tab. 1) were slightly lower than those
observed in this work (Mao de Ferro et al. 2014).
Similar concentrations of MeHg " were also determined
in Hypogymnia physodes lichens from Slovenia: 5—
106 ug kg ' (0.06-3.70 % of total Hg). In addition, a
good statistical correlation with total Hg was found

lichen sample

(Lupsina et al. 1992). In contrast, our data shows no
correlation between total Hg and MeHg" (r,=—0.05, p=
0.9). Moreover, MeHg" contents were in anti-
correlation with contents of most of the measured ele-
ments (Fig. 5).

Several processes of MeHg " production in the polar
environment have been suggested, but the pathways and
methylation/demethylation processes which occur are
still not fully understood (Steffen et al. 2008). Snowmelt
water has been identified as a significant source of
MeHg" in the High Arctic, and elevated levels of bio-
available Hg were found in snow after the MDE (Loseto
et al. 2004; Steffen et al. 2008).
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Fig. 5 Matrix of Spearman rank correlations between measured
elements. The 7, coefficients are denoted both by different shapes
of ellipse and different colours (Murdoch and Chow 1996). Thin
and deeply coloured ellipses refer to the strongest correlations, the
inclination of an ellipse indicates the sign of the correlation. (7hin
blue ellipses refer to the strongest positive correlations, thin red to
the negative.)
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Table 2 Contents of heavy metals in samples and reported contents for Usnea antarctica [mg kg ™' d.w.]

Element As Cd Co Cr Cu Mn Ni Fe Pb Zn
Range 09-23 0.03-0.05 03-16 1946 1867 1047 1-5.1 1800-6400 0.9-3 1227
Median 1.5 0.04 0.8 2.7 3.9 26 2.5 3900 2.0 20
Bartels’ negative rank®  0.97 0.47 0.77 0.85 0.98 0.80 0.39 0.82 0.59 0.55
(Olech 1991)° - - - 5.6 2.9 - 2 170 2 7
(Poblet et al. 1997) - 0-0.03 - - - 16-56 22-9.5 283-1115 029 -
(Osyczka et al. 2007)°  — <1.8 - <1.7 6+1 25+5 - - <0.9 26+5

? p value of Bartels’ negative rank test indicates the probability of a decreasing trend of element content from seashore to the interior

b reference samples of Usnea antarctica originating from areas remote to polar stations on the South Shetland Islands

«

means that the element was not determined in this work

Ocean evasion of volatile Hg compounds (includ-
ing dimethylmercury) was postulated as a source of
these compounds in glacial meltwater streams
(Vandal et al. 1998). The MeHg levels reported for
Antarctic waters were some of the highest observed
in the open ocean (Cossa et al. 2011). Unique con-
ditions enable the oxidation of atmospheric Hg by
halogens followed by its deposition into the sea.
Subsequently, it is scavenged by organic particles
and together with organic matter it presents a sub-
strate for methylating bacteria in the hypoxic zone.
The upwelling water is low in oxygen and rich in
MeHg (Cossa et al. 2011). The sampling area is
adjacent to Brandy Bay; therefore, the sea may
represent a potential source of MeHg for lichens.
However, no elevated MeHg levels were found in
samples originating from the Brandy Bay seashore
(Fig. 4).

In situ methylation in sediment, followed by diffu-
sion into overlaying water, is another suggested cause of
the presence of MeHg in the polar environment (Vandal
et al. 1998). In the investigated area, conditions for
methylation are expected in Monolith Lake and its close
vicinity. The bottom of the lake is covered by a thick
cyanobacterial mat accumulated on sediment, which
allows particularly suitable conditions for microbial
methylation. However, no elevated MeHg" level was
observed in sample D. The highest level of MeHg"
(0.098 mg kg d.w.) was detected in sample A, origi-
nating from the headwater area of Keller Stream with
thicker snow accumulation. Lichens in this locality are
frequently wetted by meltwater from both the glacial
Keller Stream and also snow, which is brought by wind
from the south-western sector, where the higher-located
glaciers occur.

@ Springer

The methylation abilities of lichens themselves are
not well explored. The methylation of arsenic com-
pounds was confirmed for Hypogymnia lichen as a
part of the detoxification process (Mrak et al. 2008).
It was suggested that lichens do not act as simple
passive biomonitors, but are actively involved in the
uptake, accumulation and/or biotransformation of ar-
senic, and possibly other elements as well (Machado
et al. 2006). Nevertheless, little is known about the
transformation of mercury in lichens. Further re-
search has to be undertaken to investigate the appli-
cability of lichens as bioindicators of organometallic
compounds.

Selected heavy metals

The concentrations of selected heavy metals (As,
Cd, Co, Cr, Cu, Mn, Ni, Fe, Pb and Zn) are present-
ed in Table 2. Generally, the contents of most metals
were similar to those already reported for
U. antarctica in other studies (Table 2). The only
exception is Fe, which content is slightly higher than
published values; however, it is still of the same
order of magnitude. The significant correlation of
lithophile elements (Co, Cr, Fe, Mn and Ni) indicate
that lichen thalli may be affected by absorbed soil
particles. Elevated Fe levels are likely caused by
dust particles deposited onto lichen by impaction.
A significant relationship has been reported to exist
between the concentration of lithophile elements
(including Fe and particularly Cu) in Antarctic soils
and lichens (Bargagli et al. 1999). Therefore, bed-
rock composition is supposed to be an influencing
factor, since most other metal levels are within the
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ranges reported for U. antarctica from reference
areas.

As follows from the Bartels’ test p values (Table 2),
the contents of As and Cu decrease with distance from
the ocean. This indicates sea spray as a potential source
of these metals. In contrast, no significant trend was
observed for Cd, Ni, Pb or Zn.

There was no significant correlation found between
the content of Hg and that of any other metal
(Spearman’s correlation coefficient r;<0.4, p>0.3,
Fig. 5). The same lack of correlation between Hg and
some other heavy metals (Pb, Cd) has been reported
(Carignan et al. 2009), suggesting decoupling between
these elements during emission and/or transport.

Conclusion

Local climate and microclimate conditions are key
determinants with respect to total mercury content
and its variability in the Antarctic Peninsula region.
While the levels of most monitored metals were
within already published ranges, total Hg levels de-
termined in the samples of U. antarctica originating
from the area of Brandy Bay were some of the
highest reported in Antarctica. According to the re-
sults of this research, elemental mercury and methyl-
mercury accounted for up to 5.0 and 8.1 % of total
mercury, respectively. It remains unclear whether
these species were accumulated from the environ-
ment or whether they are products of lichen metabo-
lism. The effects of atmospheric deposition and sea
spray are most likely overlapped by the different
abilities of individual thalli to effectively capture
pollutants from their immediate surroundings. Nev-
ertheless, lichen species selected for this purpose
appeared to be suitable for the monitoring of heavy
metals and their deposition patterns in the polar en-
vironment. Mercury speciation and the clarification
of undergoing biotransformation in lichens should be
important tasks for future studies.
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Since methylmercury is a highly toxic compound, there is undoubtedly a need for the monitoring of methylmer-
cury in the ecosystem. However, its isolation from the organic matrix using an appropriate analytical procedure
and sensitive detection technique are necessary due to trace levels of methylmercury in biomonitors. This study
focuses on the determination of methylmercury in plant matrices by means of GC-AFS. The developed extraction
procedure is based on the enzymatic hydrolysis of the matrix by cellulase, followed by the extraction of methyl-
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Cyanobacterium cision, accuracy, and repeatability with respect to the determination of methylmercury in cryptogams. High con-
Alga tents of methylmercury (up to 60.9 + 4.4 pg kg~!) were determined in cyanobacterial mats from James Ross
Lichen Island (Antarctic Peninsula). Thus, freshwater lakes and wetlands in Antarctica can be sources of methylmercury
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1. Introduction

Mercury is a global pollutant whose concentration in ecosystems is
growing. The contamination of polar regions caused by long-range
transport of Hg and its deposition in cold regions of the Earth poses a
significant environmental risk due to the high bioaccumulation of Hg
and its forms. The biogeochemical cycle of Hg is already very well ex-
plored [1-8] as well as the atmospheric chemistry in Antarctica regard-
ing Atmospheric Mercury Depletion Events (AMDEs) [1,2]. Generally,
Hg concentrations in biomonitors are commonly measured to assess
Hg deposition from the atmosphere. Antarctic regolith has been found
to be unusable as an indicator because of its low Hg retention [4]. The
deposition of bioavailable Hg is increased in deglaciated Antarctic re-
gions; therefore, Hg contents in Antarctic cryptogams are the same or
higher than in the Northern Hemisphere [2,9]. Lakes and wetlands
with colonies of microorganisms (cyanobacterial mat) represent an im-
portant part of the biomass occurring on land. In addition to lichens and
mosses, cyanobacterial mats are major accumulators of Hg from melt
water during the summer season [1,3]. Cyanobacterial mats have a com-
plex internal structure and are often formed by a large number of

* Corresponding author at: Institute of Analytical Chemistry of the Czech Academy of
Sciences, v.v.i., Vevefi 97, 602 00 Brno, Czech Republic.
E-mail address: coufalik@iach.cz. (P. Coufalik).
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species of cyanobacteria, algae, and diatoms [3], which results in a var-
iable ability to accumulate metals.

The biotic and abiotic formation of methylmercury (MeHg) are key
processes with respect to Hg speciation changes in the aquatic environ-
ment [8]. Methylmercury is formed primarily in anoxic aquatic environ-
ments, especially in sediments [5,7]. Biogeochemical changes in the
ecosystem are particularly noticeable in lakes without any outflow be-
cause they accumulate dissolved compounds and solid particles [1].
The rate of methylation depends on the bioavailability of Hg?" and
the activity of methylating microorganisms [5]. The intake of metals
by organisms in water involves two steps: the reaction of metal ions
with reactive sites on the biological membrane and transport into the
organism. However, there is competition with dissolved ligands (e.g.
sulphides) in the water column and colloids [10].

A large number of analytical procedures for the determination of
MeHg in sediments have been published; for these, see the review pub-
lished by Jagtap and Maher [11]. Substantially fewer studies are con-
cerned with the determination of MeHg in cyanobacterial mats [3] or
in lichens [9]. The quantitative extraction of MeHg from the matrix is
necessary for its determination in environmental samples. During the
extraction step, Hg speciation must not be changed. Acid and alkaline
extraction, and also distillation were used to extract MeHg from the
sample matrix [6,12-14]. HCI [9], HBr [15], HNO5 [16,17], and H,SO4
[18] were used for the acid extraction of MeHg in plant material.
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Methanolic solutions of KOH are most commonly used for alkaline ex-
traction [12,19,20].

A number of analytical methods for the determination of MeHg have
been used [14], of which gas chromatography (GC) [21] or high perfor-
mance liquid chromatography (HPLC) [13] are the most commonly
used separation techniques. Atomic fluorescence spectrometry (AFS)
[3,9,21], cold vapor atomic fluorescence spectrometry (CV-AFS)
[12,13,17,19,20,22,23], microwave-induced plasma atomic emission
spectrometry (MIP-AES) [21], inductively coupled plasma mass spec-
trometry (ICP-MS) [16,24], atomic absorption spectrometry (AAS) [18],
and electron capture detection (ECD) [15] are used as the detection tech-
niques. The derivatization of Hg species is necessary for the most fre-
quent determination of MeHg by a tandem technique involving GC.
The ethylation or phenylation of MeHg with sodium tetraethylborate
or sodium tetraphenylborate is carried out at a pH of 4.5-5 adjusted
with acetate buffer, acids, or bases [3,16,19,21,25]. Derivatization is
followed by extraction into the organic phase (e.g. hexane, toluene),
thereby also concentrating the analyte prior to GC separation
[14,15,21]. Besides analytical procedures using extract purification [20],
pre-concentration by solid phase extraction [13] and a non-chromato-
graphic separation technique (liquid/liquid extraction) [14,18] were de-
veloped for the determination of MeHg in environmental samples.

The main objective of this research was to develop a new analytical
method for the determination of trace levels of MeHg in plant material
using gas chromatography coupled to atomic fluorescence spectrome-
try (GC-AFS). The second aim was to study MeHg bioaccumulation in
the Antarctic cyanobacterial mat.

2. Material and methods
2.1. Reagents and standards

All chemicals were obtained from Sigma-Aldrich. Cellulase from As-
pergillus niger was used for the enzymatic hydrolysis of samples. The fol-
lowing chemicals were used for MeHg extraction, the treatment of
extracts, and derivatization: HCI (237%, Hg < 0.0000005%), NaOH
(298%, Hg < 0.000005%), CH3COOH (299.8%), CH;COONa (ACS reagent),
(CH3CH,)4BNa (97%). Hexane (299%) was used for the pre-concentra-
tion of the analyte.

CH5HgCl and Mercury Standard for AAS (1000 & 4 mg L~ ' Hg in
2 mol L~ HNOs) were used for the preparation of calibration solutions.
The standard of MeHg (1 g L~!) was prepared by the dissolution of
CH5HgCl in methanol (99.9%). Calibration solutions of MeHg were pre-
pared by dilution of the standard in deionized water. An aqueous solu-
tion containing Hg® was prepared by saturating deionized water with
metallic mercury.

Certified reference material (CRM) of BCR-482 Lichen (IRMM, Bel-
gium) with a total Hg content of 0.48 + 0.02 mg kg™ was used during
the development of the analytical method.

2.2. Samples of cyanobacterial mat

Samples of the Antarctic cyanobacterial mat from James Ross Island
(Antarctic Peninsula) were studied in this work. The characteristics of
the studied area are described in the literature [4,9,26]. Samples were
collected in the deglaciated area of the Ulu Peninsula from Johnson
Mesa Lake, Monolith Lake, the Interlagos ponds, and seepage near J.G.
Mendel Czech Antarctic Station. Detailed description of the localities,
and of the sampling and sample characteristics (including species of mi-
croorganisms) are reported in Coufalik et al. [26]. Lyophilized and ho-
mogenized samples were used for the analysis.

2.3. Extraction procedure

The following aspects of the extraction procedure were considered:
the quantitative extraction of MeHg; the avoidance of losses,

contamination, and speciation changes; and the pre-concentration of
trace contents. Accordingly, a suitable extraction method should include
the use of sufficient sample weights, the use of the maximum volume of
sample extract, and an advantageous ratio between aqueous and or-
ganic phases.

The developed extraction procedure is presented in Fig. 1. One hun-
dred milligram of homogenized sample or CRM was weighed into a
centrifuge tube and suspended in an acetate buffer (pH = 5) prepared
from acetic acid and sodium acetate. An ultrasonic bath was used to
thoroughly wet the sample particles. One milligram of cellulase
(freshly dissolved in deionized water) was added to the sample and
the sample was incubated in a water bath placed in an oven at 40 °C
for 24 h. Subsequently, acid extraction with hydrochloric acid was per-
formed in an ultrasonic bath for 4 h. The temperature of the ultrasonic
bath was maintained at about 40 °C. After sample centrifugation, 3 mL
of the extract was used for analysis. Follow-up treatment of the aque-
ous extract was carried out in a Kimble Mini Reaction Vial with a
Screw Cap Mininert Valve (10 mL, Chromatography Research Supplies,
USA). (This vial is suitable for the work with volatile analytes.) The ex-
tract was diluted with deionized water and a portion of the hydrochlo-
ric acid in the extract was neutralized by the addition of sodium
hydroxide solution. Solid sodium acetate was added to the solution
and the vial was sealed. The solution had a pH = 5. The pH of the solu-
tions was monitored using a S220 SevenCompact pH Meter (Mettler
Toledo). Hexane and derivatizing agent were added via the septum.
(An aqueous solution of sodium tetraethylborate was prepared under
an argon atmosphere every day and stored in a CERTAN capillary bot-
tle.) MeHg was extracted into the organic phase. The determination
of MeHg in the prepared extracts was performed on the same day.
The removal of 4 L of extract for analysis was performed using a Ham-
ilton syringe with the vial turned upside down. Thus, the hexane phase
created a thicker layer for convenient offtake in the conical part of the
vial. In addition, the risk of analyte losses through the headspace was
minimized.

For maximum pre-concentration of the analyte in the organic phase,
the following conditions were changed during optimization of the pro-
cedure: the amount of sample (10-100 mg), the pH of the buffer during
enzymatic hydrolysis (pH = 4 or pH = 5), the amount of enzyme (1-
4 mg), the amount of hexane (0.2-1 mL), and the amount of
derivatizing agent (0.1-0.5 mL) and its concentration (1-2%, w/v). Fil-
tration using Whatman quartz filters (Grade GF/B) was performed in
the case of insufficient separation of the solid sample during
centrifugation.

2.4. Determination of mercury

An Agilent Technologies 6890 N Network gas chromatograph (USA)
with a PSA 10.750 atomic fluorescence spectrometer (UK) was used for
the determination of MeHg in extracts. In this commercial system, the de-
tector was coupled to gas chromatograph via a pyrolysis oven held at 800
°C. The source of radiation in the atomic fluorescence detector was a mer-
cury lamp with a wavelength of 253.7 nm. The HP-5 capillary column had
an inner diameter of 0.25 mm and a length of 30 m. For MeHg determina-
tion, 4 pL of sample was injected in Splitless mode at an injector
temperature of 220 °C. The column was heated according to the follow-
ing temperature program: from 50 °C to 130 °C at 13 °C min™!, from
130 °C to 230 °C at 100 °C min~ ! Argon at a flow rate of
0.9 mL min~! was used as the carrier gas. Data were evaluated in the
Agilent ChemStation.

The total Hg content in samples was determined by an AMA-254
mercury analyzer (Altec, Czech Republic). This atomic absorption spec-
trometer allows the dosing of solid and liquid samples. The Hg content
in solid samples was determined for weights of about 100 mg. The
total Hg content in liquid solutions was determined from volumes of
100 pL.
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100 mg of sample (CRM or biota)
+ 0.5 mL acetate buffer; 0.4 mL H,O (pH=5)

ultrasonication, 40 min

L g

water bath in oven at 40 °C

+ 1 mg cellulase dissolved in 0.1 mL H,O,

incubation, 24 h

A4

+ 9 mL 6 mol L' HCI

ultrasonication, 4 h
centrifugation, 5 min

L 4

3 mL of extract

+2.214 g CH,COONa (pH=5)

+4 mLH,O ; 1.67 mL 6 mol L-' NaOH

4

+ 0.3 mL hexane ; 0.1 mL 1 % (CH3;CH,),BNa

extraction, 5 min

L g

GC-AFS (4 uL of hexane extract)

Fig. 1. The scheme of the extraction procedure.

2.5. QA/QC control

Emphasis was placed on the efficiency of MeHg extraction and the
monitoring of potential contamination or losses during the individual
extraction steps. The stabilities of the calibration solutions and
derivatizing agent were also monitored.

Laboratory glass was cleaned in diluted HNO5 for 24 h, rinsed
with deionized water, and heated in the oven to 250 °C for 2 h.
The work was carried out in a clean laboratory equipped with
HEPA filters. Blank measurements were performed among the mea-
surements of samples and calibration solutions; the preparation of
blanks included all extraction steps as samples and standards. The
limit of detection (LOD) and the limit of quantification (LOQ) of
the method were determined as three times, and ten times the
standard deviation (SD) of the experimental blanks, respectively.
Potential Hg losses or contamination of the blank from the glass-
ware were continuously monitored using rinses with a clean solu-
tion of HCl in which the total Hg content was determined. Control
rinses were performed randomly.

The linearity of calibration curve was observed across the range of
0.1-10 ng MeHg (in absolute amounts); the first calibration point was
measured near the LOD of the method. Fresh calibration solution
(0.1 mg L) was prepared daily by dilution of the standard. The reten-
tion times of Hg®, MeHg, and Hg?> " were determined using deionized
water with Hg® and standards of MeHg and Hg?™". For the assessment
of possible matrix interference, calibration using standard solutions
was compared with that using a standard addition method. As no signif-
icant difference in the slopes of the two calibration methods was ob-
served, the quantification of MeHg in real samples was performed
against the calibration curve.

The method was developed using a CRM BCR-482. The extraction
yield was assessed according to MeHg spikes to 100 mg of BCR-482
and the selected sample of cyanobacterial mat (Interlagos ponds). The
contents of MeHg in samples of cyanobacterial mat were determined
from three analyses.

3. Results and discussion
3.1. Determination of MeHg by GC-AFS

The determination of MeHg using the developed procedure demon-
strated sufficient accuracy, trueness, repeatability, and linearity, as well
as a sufficient LOQ with respect to the determination of trace concentra-
tions of MeHg in the organic matrix of cryptogams. Fig. 2a presents the
chromatograms of Hg species corresponding to Hg® (tg = 2.00 min),
MeHgEt (tg = 3.45 min, i.e. ethylated MeHg), and HgEt, (tg =
4.37 min, i.e. ethylated Hg?"). The peaks of Hg® and Hg? " in Fig. 2a cor-
respond to the additions of Hg® in deionized water and the standard of
Hg?*. The peaks of MeHg correspond to the calibration points for 0.3, 3,
5, and 10 ng MeHg (in absolute amounts). Linear regression equation,
LOD and LOQ of MeHg are given in Table 1. The range of the calibration
curve (0.1-10 ng MeHg) corresponded to 3-333 ng g~ ! MeHg in the
solid sample. No MeHg was detected during blank measurements;
thus, any contamination by MeHg or Hg methylation during the extrac-
tion procedure were avoided.

The extraction recovery of MeHg and the accuracy of determination
in the presence of the organic matrix were determined by spikes (10 ng
MeHg) to three parallel weights of 100 mg BCR-482 and 100 mg of
cyanobacterial mat (Interlagos ponds); the recoveries were 99.5-103%
and 99.0-101.8%, respectively. Thus, there were no losses or speciation
changes of MeHg during the extraction. The repeatability was also de-
termined by spikes to BCR-482; the relative standard deviation (RSD)
of the determination was 3% for six parallel analyses.

The MeHg content in the CRM BCR-482 was determined according
to the calibration curve in unspiked and spiked (10 ng MeHg) samples
(Fig. 2b). The content of MeHg in unspiked CRM BCR-482 was 30.9 +
0.9 ug kg™ '. The MeHg content in BCR-482 after spike subtraction was
within the quoted uncertainty. The MeHg content in mat from the
Interlagos ponds was 17.0 + 1.4 ug kg~! (Table 2). The MeHg content
in the spiked sample also corresponded to the content determined
after the subtraction of the spike.
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Fig. 2. GC chromatograms: a - calibration solutions of Hg® (tz = 2.00), MeHg (tz = 3.45), and Hg?" (tz = 4.37); b - spiked and unspiked CRM BCR-482.

The optimization of extraction parameters was performed regard to
the extraction recovery of MeHg in spiked samples. One milligram of
cellulase was sufficient for the enzymatic hydrolysis of 100 mg of sam-
ple. Enzymolysis at pH = 4 and pH = 5 did not differ; an acetate buffer
with a pH of 5 was selected. Derivatization of spiked samples was per-
formed quantitatively with 100 pL of 1% sodium tetraethylborate, higher
amounts of derivatizing agent were unnecessary. Two hundred microli-
ter of hexane can be used for the maximum concentration of the ana-
lyte; however, the use of 300 L of the organic phase allows easier
sampling. Larger volume of organic phase deteriorates LOD.

The acid extraction of samples in 6 mol L™! HCl followed by
ethylation and extraction in hexane was used to determine MeHg levels
in microorganisms and in lichens [9,25]. However, this procedure only
works well with higher dilutions of the sample in acetate buffer and a
larger volume of the final organic phase. The MeHg content in the sam-
ple must be sufficient for such dilution. Otherwise, a higher volume of
the extract should be used and the analyte should be concentrated

Table 1
Linear regression equations, LOD and LOQ of methylmercury and total mercury.
Mercury species Linear regression R? LOD LOQ
equation (ngkg™") (ngkg™")
MeHg y? = 4106x 0.998 4 12.6
Total Hg y® = 0.0995x 0.999 0.1 0.3

@ y - peak area, x - Hg (ng); GC-AFS.
by - peak height, x - Hg (ng); mercury analyzer.

into a small volume of the organic phase. However, this approach in-
creases matrix effects. Because of the low Hg contents in Antarctic
cyanobacterial mat, extraction with the highest pre-concentration fac-
tor was necessary. Thus, three milliliter of HCl extract was used for
MeHg determination when using a small volume of the organic phase.
(3 mL of extract had to be diluted with 4 mL of water because of the
high content of inorganic salts in the treated sample for MeHg
derivatisation.)

In the first experiments, a very low recovery (about 5%) was found
for spiked BCR-482, but the recovery increased (22%) in the case of
lower sample weights (10 mg). A dense foam formed during the extrac-
tion of MeHg from the aqueous phase into hexane and the hexane was
turbid. A distinct precipitate formed in 1 mL of hexane in the case of a
higher dilution of aqueous extract. Precipitate formation was also ob-
served for samples of cyanobacterial mat. The emerging precipitate
from the organic matrix made the analysis of environmental samples
impossible.

90-95% of the thallus of lichens is comprised of hyphae. The
photobionts in lichens are often composed of cyanobacteria (e.g., Nos-
toc, Calothrix) [27], whose presence was confirmed in mat samples
[26]. Lichens have high contents of polysaccharides, chitin, lichenin,
isolichenin, hemicellulose and other substances [27]. In general, carbo-
hydrates protect the organisms from environmental stress and increase
their tolerance to temperature changes [28]. Lichenin (“moss starch”)
undergoes enzymolysis with cellulase [29]. Therefore, a modified form
of enzymatic hydrolysis [30] was employed prior to the extraction of
MeHg to prevent the formation of precipitate in the hexane phase.
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Table 2
Contents® of total mercury and methylmercury in samples of cyanobacterial mat.
Sample Total Hg (ug kg™!) MeHg™ (ug kg™1) MeHg™ (%)
Johnson Mesa L. - site A 88.5 + 0.1 - -
Johnson Mesa L. - site B 309 + 5.6 137+ 0.7 44+ 0.2
Monolith L. inlet - site A 37.2+£1.0 150+ 03 40.2 + 0.7
Monolith L. inlet - site B 26.0 + 1.0 11.6 + 34 45 + 13
Interlagos ponds 464 + 1.0 170+ 14 36.7 £ 3.1
Seepage - site A 80.9 + 04 60.9 4+ 44 753+ 54
Seepage - site B 256 + 1.1 - -
Seepage - site C 272 +12 98 +1.8 36.1 £ 6.8
- the content under LOD.
@ X+ SD;N=3.

Precipitation or turbidity in extracts did not occur thanks to the activity
of cellulase from Aspergillus niger. The proposed procedure of the enzy-
matic hydrolysis of the organic matrix appears to be universally applica-
ble to samples with similar chemical compositions to lichens (algae,
cyanobacteria and bryophytes), these also having a high carbohydrate
content [28].

3.2. Bioaccumulation of MeHg in cyanobacterial mat

After verification of the analytical method, total Hg and MeHg were
determined in samples of Antarctic cyanobacterial mat. The results are
summarized in Table 2. The determination of total Hg by the AMA-254
analyzer was verified using CRM; the content in BCR-482 was 0.484 +
0.004 mg kg~!, which corresponded to the certified value. (LOD and
LOQ of total Hg are in Table 1.) Total Hg contents in mat samples ranged
from 25.6 pg kg~ ! to 308.7 pg kg~ !; the RSD of the determination
reached a maximum value of 4.5%.

The MeHg contents in mats ranged from 9.8 to 60.9 ug kg™ ';
two samples had contents below the LOD. The RSD of the
determination reached a maximum of 8.2% at values above the
LOQ (12.6 pg kg~'). MeHg formed a significant proportion of
total Hg in most samples.

The contents of total Hg in regolith and sediments on James Ross Is-
land range between 2.7 and 11.3 pg kg ™!, which can be considered as a
background value in this part of Antarctica [4]. Sea spray was confirmed
to have a small influence in the case of cyanobacterial mats in the stud-
ied localities [26]. Sea spray is not a significant source of Hg in this area
according to the analysis of Usnea antarctica lichens. A large proportion
of Hg in the local ecosystem likely originates from atmospheric deposi-
tion [9].

Generally, total Hg contents in Antarctic cyanobacterial mat can be
up to hundreds of ug kg ~'. Usnea lichens accumulate higher Hg concen-
trations than the mat in the same area [2]. Concentrations of total Hg in
mat samples (Table 2) were comparable to other areas in Antarctica [2]
and significantly lower than concentrations in Usnea antarctica lichens
in the studied area [9]. Hg concentrations in cyanobacterial mat may
not be associated with their biological activity but with the growth
rate of microbial colonies [3]. The bioaccumulation of Hg in mat can be
increased by organic sulfur and sulphides [1]. Nevertheless, the deter-
mined Hg contents in samples did not demonstrate any correlation
with sulfur [26] in this case.

The determined MeHg concentrations in cyanobacterial mat were
comparable to MeHg concentrations in Usnea antarctica lichens [9].
Thus, the ratio of MeHg to total Hg in mats was very high, even in com-
parison with cyanobacterial mats in other Antarctic regions [3]. In-
creased methylation of Hg often occurs at elevated temperatures and
with the prolongation of thermally favourable conditions [5]. It is prob-
able that the biological activity of microorganisms methylating inor-
ganic Hg is high because of the temperatures of the surface water in
the studied area during the summer season [26].

4. Conclusion

The developed analytical procedure enables the determination of
trace levels of MeHg in plant material by means of GC-AFS. The activity
of cellulase enzyme caused the hydrolysis of the organic matrix, which
avoided precipitate formation in the organic phase during the extrac-
tion of MeHg. The procedure was developed on lichen, algae and
cyanobacteria, and, thus, can be used for organic matrices with a similar
chemical composition. The method offers sufficient precision, accuracy,
and repeatability with respect to measurements of environmental sam-
ples. MeHg concentrations in Antarctic cyanobacterial mat were deter-
mined. Cyanobacterial mats on James Ross Island exhibited very high
contents of MeHg, which indicated ongoing methylation processes.
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The first combined petrographic and geochemical investigation of coal from the Faroe Islands was performed as a
case study to understand thermal effects from basaltic lava flows on immature coal. The samples were divided
into two distinct groups: “normal” coal (xylite and detroxylite) and “altered organic matter” (charcoal and organ-
ic particles dispersed in samples rich in altered clastic mineral components or enriched via hydrothermal fluids).
The “normal” coal consists primarily of huminite-group material dominated by ulminite. The proportions of ma-
terial from inertinite and liptinite groups vary from sample to sample. The studied macerals are anisotropic with
no observed reaction rims or vacuoles. According to the mean ulminite reflectance in combination with ultimate
and proximate analyses, the coal reached the lignite and subbituminous stages. The maceral compositions to-
gether with coal palynology indicate a predominance of gelified wood-derived tissues and demonstrate that
the coal evolved in wet forest swamps under limno-telmatic to telmatic conditions.

Alteration effects on immature coals from overlying basalt flows were relatively limited. Due to relatively rapid
heat loss from the basaltic lava, as verified by the presence of volcanic glass (tachylyte), its imposed thermal ef-
fects resulted only in development of a thin “anthracite-like” crust on samples with no elevated coal rank. Asso-
ciated hydrothermal fluids induced coal hydrofracturing with subsequent mineral precipitation and
decomposition of the ambient feldspar-rich volcaniclastic sediments. Altered organic matter is enriched in
SiO,, Al,03 and FeOyy, as well as in trace elements such as Ni and Cr. In contrast, these samples are depleted in
Hg (<10 ppb).
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1. Introduction

The Faroe Islands (1400 km?; 4° S of the Arctic Circle) belong geolog-
ically to the North Atlantic Igneous Province (Saunders et al., 1997).
Massive basalt lava flows of Palaeocene age (Storey et al., 2007) are in-
terbedded with sedimentary layers containing thin coal lenses and
seams. Continental interlava volcaniclastic sediments on the Faroe
Islands provide only limited palaeontological evidence (plant remains,
rare trace fossils) and their depositional environment has been highly
debated (Pokorny et al.,, 2015 and references therein).

Coal has been a key fuel for the Faroe Islands, particularly in the past,
due to their isolated geographical position and the limited import of fos-
sil fuels. Because of its importance the coal was locally named “black
gold” and has been mined in many adits since the 18th century to

* Corresponding author at: Institute of Geology, The Czech Academy of Sciences, v.v.i.,
Rozvojova 269, CZ-165 02 Prague 6, Czech Republic.
E-mail address: 1 krmicek@gmail.com (L. Krmicek).
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0166-5162/© 2016 Elsevier B.V. All rights reserved.

ensure energy self-sufficiency. Coal productivity in 1930 was approxi-
mately 5000 tons/year. Since the beginning of the 21st century, produc-
tion has decreased to 100 tons/year (@ster-Mortensen, 2002). For this
reason, only one coal mine has been in operation since 2008.

The coal deposits are mentioned peripherally in several publications
within basic geological descriptions of the Faroe Islands (e.g., Ellis et al,,
2002; Laier et al., 1997; Lund, 1989; Parra et al., 1987; Passey, 2014;
Rasmussen and Noe-Nygaard, 1969, 1970; Stokes, 1874). Nevertheless,
they have not yet been systematically studied in terms of quality.

The chemical composition of coal varies considerably on the global
scale (Mukherjee et al., 2008). The differences involve major element
compositions (e.g., the commonly observed sulphur content) and
trace element contents. The increasing environmental burden associat-
ed with the burning of fossil fuels places demands on the regulation of
pollutants emitted into the atmosphere. Coal combustion leads to the
vaporization of metals, which subsequently condense as an aerosol of
submicron-sized particles. The emission of metals into the atmosphere
depends on the vapour pressure of each element (Finkelman et al.,
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1990). Trace elements in coals are subdivided into five categories ac-
cording to the degree of possible health risk (Zhang et al., 2004). The
most hazardous metals are: As, Cd, Cr and especially Hg (Swaine and
Goodarzi, 1995). The negative influence of non-metals such as fluorine
emitted during indoor combustion of a F-rich coal containing a binder
clay has also been observed (Dai et al., 2007).

Mercury begins to be released from coal at temperatures below
200 °C; above 600 °C it occurs in the form of Hg® (Mukherjee et al.,
2008). For this reason, mercury released into the atmosphere during
coal combustion (Yudovich and Ketris, 2005a, 2005b) is a significant pol-
lutant, despite its generally low concentrations in coal (Ketris and
Yudovich, 2009; Xu et al., 2013). However, extremely-high Hg concentra-
tions (up to 12.1 ppm) were reported from some Chinese coals and coal
ashes (Dai et al,, 2006, 2012a, 2014). Long-range mercury transport, en-
abled by cycles of deposition and reemission, considerably increases mer-
cury concentrations in subpolar and polar regions (Poissant et al., 2008).
This effect is also apparent from the increased levels of mercury in Faro-
ese peat. Maximum concentrations of 498 ppb total Hg were determined
in peat from 1954, at the peak of coal production (Shotyk et al., 2005).

The composition of coal can be affected by volcanic activity. Several
authors have studied various properties of thermally altered coal from
all over the world (Bussio and Roberts, 2016; Dai and Ren, 2007; Golab
and Carr, 2004; Merritt, 1985; Rahman and Rimmer, 2014; Singh et al.,
2007, 2008; Wang et al., 2014; Ward et al., 1989; Yao and Liu, 2012).
Ward et al. (1989) categorized the layers around an igneous body into
four zones: i) zone of porous cinder close to the contact; ii) zone of visibly
banded cinder with remnants of the original lithotype stratification; iii)
zone of heat-affected coal without porosity and other microscopic and
macroscopic signs of coking; iv) zone of unaffected coal. Kwiecifiska
and Petersen (2004) defined cinder from the contact zone as natural
char and coke. Physical and chemical effects of intrusions on peat and
coal depend on exposure to heat, time of igneous emplacement, temper-
ature, thickness and form of the igneous body, pressure, hydrology, as
well as the composition and initial coal rank of the affected formation, li-
thology of the surrounding rocks and other local factors (Bostick and
Pawlewicz, 1984; Crelling and Dutcher, 1968; Suchy et al., 2002). In
heat-affected coal, microconstituents formed by the alteration of vitrinite
and liptinite macerals, having different textural and optical properties
than the original macerals, are commonly recognized (Taylor et al.,
1998). Typical optical changes in coal caused by intrusion/effusion in-
volve microbrecciation, increases in vitrinite reflectance, development
of devolatilization pores and fissures, coke textures and the presence of
pyrolytic carbon. Pores of natural coke are empty or filled with mineral
or carbonaceous matter formed from volatile material (Amijaya and
Littke, 2006; Goodarzi and Cameron, 1990; Khorasani et al., 1990; Kisch
and Taylor, 1966; Mastalerz et al., 2009; Suchy et al., 2002). The product
formed from vitrinite and liptinite of the bituminous coal at temperatures
above 500 °C is an anisotropic coke with a mosaic structure and higher
reflectance than the original vitrinite (Kwiecifiska and Petersen, 2004).

The goal of this pilot study is threefold: i) to describe the petrogra-
phy and geochemistry as well as the coal rank of Palaeogene coal from
the Faroe Islands; ii) to assess its depositional environment; iii) to char-
acterize the effect of basaltic effusions overlying coal-bearing strata on
the coal composition.

2. Geological setting

The Faroe Islands were formed during extensive volcanic activity
within the North Atlantic Igneous Province in response to the opening
of the Atlantic Ocean (Jolley and Bell, 2002). This part of the North At-
lantic Igneous Province is named the Faroe Islands Basalt Group and ex-
tends to the east and southeast from the current Faroe Islands to the
Faroe-Shetland Basin. Volcanic rocks of the Faroe Islands Basalt Group
are petrographically classified as aphyric basalts with a fine-grained
groundmass, plagioclase-phyric basalts and olivine-phyric basalts
(Noe-Nygaard and Rasmussen, 1968).

Rasmussen and Noe-Nygaard (1969, 1970) described three tholeiitic
basalt series (~6.6 km thick): lower, middle and upper basaltic lava for-
mations that are thought to overlie older continental crust (Bohnhoff
and Makris, 2004, Bott et al., 1974; Casten, 1973; Richardson et al., 1998).

The oldest basalt flow yielded an “°Ar/*°Ar plateau age of 63.1 +
1.8 Ma (Waagstein et al., 2002). After termination of the initial volcanic
phase, sediment deposition began. Subsequent volcanic activity pro-
duced the middle basaltic lavas and when this ceased, a coal-bearing
sedimentary sequence was formed during the period between 58 and
56 Ma (Jolley and Bell, 2002; Storey et al., 2007). Finally, the coal-
bearing sedimentary sequence was covered by the upper basalt flows.

According to Passey and Jolley (2009), tholeiitic lavas of the Faroe
Islands can be further subdivided into seven lithostratigraphic forma-
tions (Figs. 1, 2). The basal Lopra Formation (1.1 km thick) is known
only from the onshore Lopra-1/1A borehole and consists of basalts,
volcaniclastic sandstones and hyaloclastites. The subsequent 3.25-km-
thick Beinisverd Formation is made up of basaltic lavas, volcaniclastics
and sandy claystone to mudstone sediments that may contain thin
coal lenses. The Beinisverd Formation is overlain by up to 15 m thick
coal-bearing Prestfjall Formation, deposited between eruptions, which
consists predominantly of tuffitic claystones and volcaniclastic con-
glomerates. The Prestfjall formation is overlain by the syn-eruption
Hvannhagi Formation of pyroclastic sediments, up to 50 m thick. This
formation is covered by basaltic lava flows with a total thickness of
1.4 km named the Malinstindur Formation and the 30-m-thick sedi-
mentary Sneis Formation dominated by sandstones and conglomerates.
The volcanic activity terminated with basaltic lava flows forming the
900-m-thick Enni Formation that is interbedded with volcaniclastic se-
quences. The landscape of the Faroe Islands was subsequently reshaped
by Pleistocene glacial activity.

3. Samples and methods

To examine the petrological and geochemical composition of Faro-
ese coal, a total of 22 bench samples with well-known positions within
the coal-bearing sequence were taken from the Prestfjall Formation on
Suduroy Island and one from the Beinisverd Formation on Mykines Is-
land (Fig. 1, Table 1). Sampling was performed both in coal mines and
coal-bearing sedimentary profiles (Fig. 3A-F), following ISO 5069-
1:1983 standard procedure. The sampled localities were described in
detail by Kubouskova et al. (2015). Coal samples were air-dried and
stored in polyethylene bags for transport.

Additionally, on Suduroy Island it was possible to collect basalt sam-
ples (Malinstindur Formation; 5 samples) directly overlying the
Prestfjall Formation that contains the studied coal occurrences
(Fig. 3D, E) and two samples of tuffitic coal-bearing claystone changed
to porcelanite along the contact of these formations. Thin sections
made from these samples were investigated using an Olympus BX50
petrographic microscope.

3.1. Petrographic analyses

The coal samples were the subject of petrographic investigation,
i.e., maceral analysis of huminite, liptinite, inertinite groups and mineral
group divided into clay minerals, sulphides, carbonates and other par-
ticularly accessorial minerals and altered minerals, and measurement
of the reflectance of ulminite and altered organic matter (ISO 7404-3:
2009, Taylor et al., 1998).

For petrographic analyses, polished sections were prepared and
studied both in reflected and ultraviolet light using an Olympus BX51
microscope with Zeiss Photomultiplier MK3 system and fluorescence
mode using immersion lens with 40 x magnification. The Pelcon point
counter was used for the maceral analysis. Coal rank was determined
by reflectance measurements on ulminite B from particulate polished
sections by SpectraVision software calibrated with yttrium aluminium
garnet (R = 0.894%), sapphire (R = 0.596%), spinel (R = 0.422%) and
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Fig. 1. A - Geological map of the Faroe Islands modified after Passey and Jolley (2009) with overview of studied areas; B - Main coalfield on Suduroy Island associated with the Prestfjall

Formation. Numbers of sampled localities correspond with samples ID in tables.

gadolinium-gallium-garnet (R = 1.717%) standards. Abbreviations of
minerals on photomicrographs were used according to Whitney and
Evans (2010).

3.2. Chemical analyses

Samples were examined for moisture, ash, elemental composition
and calorific values following standard procedures (CSN 44 1377; CSN
IS0 1171; CSN ISO 29541). Calorific values were determined by adiabat-
ic bomb calorimetry (Parr 6300 adiabatic bomb calorimeter; Parr Instru-
ment Company, Moline, IL, USA). The ultimate analysis (C, H, N, S and
0) was performed using a Thermo Finnigan FA 1112 Series CHNS/O
analyzer.

The contents of major oxides and trace elements in the coal were
measured by X-ray fluorescence (XRF) spectrometry (Delta Premium).
The following certified reference standards were used for calibration
of XRF spectrometer for organomineral matrix: GBW07603 (GSV-2)
and NIST 2702. Trace amounts of mercury were determined by atomic
absorption spectrometry (AAS) using an AMA-254 Advanced Mercury
Analyzer (Altec, Czech Republic). The absolute detection limits of this fa-
cility are 10 pg Hg. The limit of quantification for Hg measurements was
0.3 ppb (this limit was defined as 10 x standard deviation of the blank).

From the mercury data, the “Hg coal affinity index” (CAlyg), which
shows how efficiently the coal acted as a crustal geochemical barrier
for the mercury, was calculated according to Yudovich and Ketris
(2005a) as the ratio of measured Hg contents in the coal and the average
Hg content in the Upper Continental Crust (UCC) given by Rudnick and
Gao (2014):

Hg in the coal[ppb]
50 ppb(UCC)

CAlyg =

4. Results

The samples investigated in this study represent two distinct groups
(Table 1): i) “normal” coal (xylite and detroxylite) and ii) altered

organic matter (charcoal and organic particles dispersed in mineral-
rich samples).

Accordingly, geochemical and organic petrographic signatures were
used to compare two different types of the samples. This approach has
been applied by evaluating ultimate and proximate analyses, maceral
descriptions and inorganic geochemical compositions.

4.1. Field and macroscopic characteristics

The thicknesses of the coal seams range from a few centimetres to
1.5 m, the thicker of which have been exploited in coal mines (Fig. 3A,
B). The studied coal varies from xylitic, containing relict wooden frag-
ments (SK14B), to a compact, “anthracite-like” character with a notice-
able resinous lustre and conchoidal fracture (e.g., SKO1, SK22).
However, the “anthracite-like” character of the coal appears only at
the surface of several samples (Fig. 3C). The coal is covered by limonite
in places and cubic crystals of pyrite were occasionally observed.

4.2. Ultimate and proximate parameters

The ultimate and proximate analyses illustrate the variability of the
sample groups (Table 2, Fig. 4A-C). Overall ranges (in wt.%) were 5.63
to 71.5 for total carbon (C%), 1.43 to 5.13 for total hydrogen (H?), 0.03
to 0.99 for total sulphur (5%), 0.05 to 0.83 for total nitrogen (N¢) and
7.46 to 25.89 for total oxygen (0%).

Samples classified as “altered organic matter” (except of charcoal)
have elevated ash yields (A%) between 74.05 and 86.2 wt.%, very low
calorific value (Q%) 0.75-3.2 MJ/kg along with very high content of vol-
atile compounds (V¥3f) 43.51-96.17 wt.%. In contrast, charcoal and sam-
ples classified as “normal” coal have medium to high V9
(30.11-45.31 wt.%), and relatively high Q¢ (23.80-29.06 M]/kg) accom-
panied by low to medium A? (2.26-18.71 wt.%).

The carbon content (C%) was chosen as the primary parameter for
coals due to its slight separation potential. Subsequently, correlation
with hydrogen and oxygen content was carried out (Fig. 4A, B). All 18
samples classified as a “normal” coal are thermally immature and be-
long to low-rank, respectively lignite to subbituminous stage (ECE-UN,
1998).
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Fig. 2. Litostratigraphic subdivision of the Faroe Islands Basalt Group. Volcaniclastic
sediment layers are highlighted on the right side of the scheme together with positions
of studied coal-bearing sequences (Pokorny et al., 2015, modified). Position of sampled
coal-bearing strata on Mykines Island was correlated with a study of Passey and
Varming (2010). Negative stratigraphic profile is inferred from Lopra-1/1A borehole.

4.3. Coal petrography

Precise characterization of coal and coaly material has been success-
fully achieved by the investigating of individual macerals (e.g., Taylor
et al., 1998). Maceral descriptions focused partly on specific alteration
features, and gelification related to changes in maceral composition
was evaluated (Fig. 5, Table 3). Maceral analysis allowed discrimination
of various sample types. In particular, xylite, detroxylite, charcoal and
organic particles dispersed in mineral matter could be distinguished.

4.3.1. Maceral composition

All “normal” coal samples are classified as a gelified xylite-rich coal.
The fossil wood remnants in these coals contain mainly huminite
macerals (55.7-97 vol.%) of predominantly ulminite B (38.9-93 vol.%)

Table 1
List of coal samples and their geographic locations.

Sample Sample Longitude Latitude
ID type Locality Island (N) (w)

SKO1A xylite New Prestfjall mine Suduroy 61°34/9.7"  6°56'4.6"
SKO1B detroxylite  New Prestfjall mine Suduroy 61°34'9.7" 6°56'4.6"
SKO1C  detroxylite New Prestfjall mine Suduroy 61°34'9.7" 6°56'4.6"
SK04 detroxylite Kolaminur Suduroy  61°34'12"  6°56/10.3”
SKO06 xylite Kolaminur Suduroy 61°34'18.6” 6°56'15.3"
SKO7 detroxylite Kolaminur Suduroy 61°34/21.3” 6°56'14.5"
SK08 detroxylite Kolaminur Suduroy 61°34'25.4” 6°56/13.5"
SK09 detroxylite Rékhagi Suduroy 61°34'31.9” 6°55'0.9”
SK10 mineral-rich Rokhagi Suduroy 61°34/39.2” 6°55'9.4"
SK12 detroxylite Rokhagi Suduroy 61°34'41.7" 6°55'13.1”
SK13 detroxylite Rékhagi Suduroy 61°34'44.4" 6°55'17.8"
SK14A xylite Rékhagi Suduroy 61°34'46.4” 6°55'19.8"
SK14B charcoal Rokhagi Suduroy 61°34’46.4” 6°55'19.8"
SK16 xylite Rangibotnur Suduroy 61°33'11.4” 6°53/44.2"
SK17 xylite Rangibotnur Suduroy 61°33/9.4" 6°53'43.1"
SK18 detroxylite Rangibotnur Suduroy 61°33'2.7" 6°53'30.6”
SK19 xylite Gudmund's mine ~ Suduroy 61°33'16.7” 6°53'48.6"
SK22 xylite Gudmund's mine  Suduroy 61°33’17.1” 6°54'10.6"
SK23 mineral-rich Kolavegurin Suduroy 61°34'31.4” 6°56'15.3"
SK24 mineral-rich Kolavegurin Suduroy 61°34'33.9” 6°56'16.2"
SK28 detroxylite Kolavegurin Suduroy  61°34'42"  6°56/22.9”
SK35 mineral-rich Sudur i Haga Suduroy 61°35'08” 6°58'14.2"

SK40 xylite Mykineshélmur ~ Mykines 62°06'01.1” 7°39'41.4"

with poorly discernible tissue structures, and less densinite
(1.7-11.7 vol.%). Light grey ulminite B dominates in all samples and
forms a homogenous groundmass in most coals, whereas contents of
darker grey ulminite A with reflectance values between 0.25 and
0.33% do not exceed 2 vol.% in samples SKO1B, SK06, SK13, SK28 and
SK40. Most corpohuminite (1.8-9.9 vol.%) occurs in-situ in wood and
bark tissues as phlobaphinite (Fig. 6A, B, C), smaller amounts may also
occur dispersed in densinite or in clay minerals. Corpohuminite is
formed in well-preserved oval to elongated (compressed) cell struc-
tures that can be gas-charged or filled by mineralization products, as
very well developed in sample SK40. Textinite is irregularly distributed
and its content is relatively low (up to 6.4 vol.% in sample SK12).
Gelinite was not found.

Liptinite contents vary between 1.5 vol.% and 25.5 vol.%. This
maceral group is dominated by resinite (1.1-11.2 vol.%), and less
cutinite (0.3-8 vol.%), liptodetrinite (0.8-4.4 vol.%), sporinite
(0.7-5.3 vol.%) and suberinite (0.4-3.6 vol.%). Resinite mostly occurs
in-situ in wood cell tissues and leaf fragments (Fig. 6B, C, D). Small iso-
lated resinite bodies commonly forms greyish rounded or elongated
grains which are often slightly altered and show weak yellow to
brown fluorescence and often contain fine pores as result of degassing.
Resinite is mostly dispersed in densinite and clay minerals. Cutinite is
predominantly derived from coniferous leaves that are variable de-
formed and humified. Fragments of separate tenuicutinite were identi-
fied only in a few samples SKO1C, SK06, SK08, SK13 and SK28 (Fig. 6D).
Liptodetrinite occurs as long bands, individually as small nests or dis-
persed in densinite and clay minerals. Sporinite appears most frequent-
ly as dark brown oval structures within liptodetrinite. Suberinite was
often found in bark tissues and less in rootlet cortex together with
phlobaphinite (Fig. 6C).

Inertinite contents vary between 0.9 vol.% and 23 vol.% and is repre-
sented predominantly by fusinite, macrinite, semifusinite and
inertodetrinite. Secretinite and funginite are rare. Whereas macrinite
occurs mainly as irregularly shaped particles of >10 um size (Fig. 6E),
inertodetrinite appears as discrete <10 um sized fragments. In
mineral-rich samples (SK10, SK23, SK24) it can occur dispersed
throughout the mineral mass.

Mineral matter contents range between 1.5 vol.% and 30.2 vol.% in
xylite-rich coal. Compositions of mineral matter are very variable, par-
ticularly in samples SKO1B and SK04. Mineral admixture consists
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Fig. 3. Photographs from the field investigation of the coal occurrences. A - Sampling of SK40 sample from thin coal layers (red lines) within the sedimentary profile at Mykineshélmur
coastline affected by crossed faults; inset in the upper left corner shows a detail view on a coal lens; B - 1-m-thick coal seam exposed at the production heading in New Prestfjall mine
(Suduroy); C - Coal sample (SK08) with “anthracite-like” thin crust partially covered by limonite (Suduroy); D - Coalfield of R6khagi mine overlain by basalts of Malinstindur Formation
(Suduroy); E - Partially buried adit portal of Rokhagi mine (Suduroy). F - Reddish coal-bearing sedimentary sequence exposed at Hvalba cliffs, Sudur i Haga (Suduroy).

primarily of fine-grained clay minerals, especially smectites and kaolin-
ites (Parra et al., 1987), which are dispersed in fine-grained densinite, or
form isolated layers (Fig. 6E, F). Pyrite appears either as fracture fillings
of epigenetic origin (Fig. 7A), or as syngenetic framboidal globules and
aggregates (Fig. 7B) in amounts not exceeding 3 vol.%, particularly in
samples SK12 and SK13. Quartz and carbonates occur irregularly and
their contents do not exceed 3 vol.% in “normal” coal. Carbonates are
predominantly siderite and calcite with well-shaped crystals showing
noticeable cleavage. The coal can be slightly oxidized, which becomes
evident at the margins of huminite grains as 10-20 pm thick oxidized
rims of darker grey colour, or as a thin limonite crust. The mineral com-
position of xylite-rich coal is quite unusual. Various minerals which
could not be identified using microscopic techniques were included
into the group “other” (Table 3).

All samples of “altered organic matter” (SK10, SK14B, SK23, SK24
and SK35) are altered with respect of their mineral and organic content

(Fig. 8A-D). Organic material consists mainly of altered particles of
huminite and inertinite (average reflectance 0.56-1.35%) and char
particles with the highest average reflectance of 1.93% (Fig. 8C, D).
Rarely present are unaltered particles of ulminite with average re-
flectance of 0.39-0.42% (Fig. 8B) and inertinite. The most common
minerals observed in samples grouped into “altered organic matter”
are clay minerals, indicating a transition from pure coal to coaly
claystone. The interesting charcoal sample SK14B (Fig. 8A) consists of
altered textinite and ulminite with corpohuminite lacking resinite, re-
spectively fusinite and semifusinite within a fine-grained clayey matrix.
Altered wood material in this sample has reflectance values of up to
0.87% (Table 4).

4.3.2. Coal rank
The random reflectance values (R;) of ulminite B in “normal” coal
range from 0.34% to 0.53% with standard deviation in the range
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Table 2
Ultimate and proximate analyses of Faroese samples.
Sample ID W [wt.%] A9 [wt.%] Q¥ [MJ/kg] HY [wt.%] NY [wt.%] 4 [wt.%] s9 [wt.%] 04 [wt.%] Vvaaf [wt.%]
SKO1A 8.52 4,53 28.96 4,53 0.75 69.62 0.38 20.19 35.74
SKO1B 8.44 18.71 23.80 4.36 0.48 56.15 042 19.88 4531
SKO1C 6.90 12.50 26.03 4.78 0.62 62.89 0.46 18.78 43.42
SK04 9.69 347 29.01 4.78 0.66 71.24 0.29 19.56 36.43
SK06 9.73 2.64 29.06 4.61 0.72 71.22 0.28 20.53 37.85
SK07 10.15 3.90 28.36 5.02 0.56 67.30 0.42 22.80 38.20
SK08 9.22 14.60 24.52 4.24 0.61 61.21 0.22 19.11 42.97
SK09 9.91 2.39 28.87 4.21 0.58 66.89 0.11 25.89 35.79
SK10 297 86.20 0.75 143 0.10 2.38 0.03 9.91 96.17
SK12 10.2 2.26 28.97 4.63 0.60 71.49 0.23 20.79 36.23
SK13 8.85 8.41 27.14 4.67 0.61 66.98 0.99 18.34 37.79
SK14A 10.12 5.35 27.84 5.10 0.52 66.56 0.57 21.90 36.37
SK14B 4.62 12.30 26.63 3.67 0.25 69.08 0.03 14.65 30.11
SK16 9.71 2.46 28.95 4.77 033 71.50 0.17 20.77 37.38
SK17 9.08 543 27.40 5.13 0.44 65.60 0.61 22.79 38.39
SK18 9.09 3.53 28.32 4.71 0.44 70.49 0.25 20.58 37.51
SK19 9.57 797 25.80 4.80 0.62 62.27 0.53 23.81 39.51
SK22 1043 4,99 27.82 4,53 0.83 68.47 043 20.75 35.91
SK23 3.76 74.05 3.25 1.45 0.12 16.85 0.07 7.46 43,51
SK24 3.70 85.26 0.78 1.44 0.09 5.63 0.03 7.55 88.40
SK28 9.83 5.06 27.20 4.82 0.50 65.81 0.46 2335 37.95
SK35 8.72 82.67 244 1.89 0.05 7.06 0.16 8.17 43.68
SK40 1049 11.94 23.82 4.90 0.64 57.07 0.24 25.21 44.02
W - moisture
A - ash yield
Qs - gross calorific value
V - volatile matter
2 - Analytical sample
4 Dry basis
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Fig. 4. Correlations between selected chemical, technological and petrographic parameters for “normal” coal, further subdivided into the Prestfjall and Beinisverd Formations, and for “altered
organic matter”, further subdivided into charcoal and mineral-rich samples. A - Relationship between carbon and hydrogen content. For recognising of compositional variations in “normal”
coal from both Prestfjall and Beinisverd Formations, mineral-rich samples were not plotted; B - Relationship between carbon and oxygen content. For recognising of compositional variations
in “normal” coal from both Prestfjall and Beinisverd Formations, mineral-rich samples were not plotted; C - Modified Mott chart illustrating the relationship between fuel ratio expressed as
C4/v4af and calorific value; D - Relationship between volatile matter (V') and mean ulminite reflectance (R;) for the studied samples from the Faroe Islands.
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Fig. 5. Histogram based on the maceral analysis showing a ratio of macerals from the
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in this diagram.

0.04-0.09, suggesting that the coal rank of samples from the Faroe
Islands is between lignite and subbituminous coal according to the
ECE-UN (1998) standard. Ulminite reflectance for the group of “altered
organic matter” samples varies between 0.39 and 0.83%R;. These sam-
ples have low concentrations of unaltered organic matter, especially
measurable ulminite particles. Thus, the ulminite reflectance measure-
ments allow only tentative rank evaluations of these samples. For this
reason, reflectance measurements were performed on altered and
charred particles with average values ranging from 0.56% to 1.93%, sug-
gesting that the reflectance increases along with thermal alteration of
organic matter (Table 4).

4.4, Petrographic features of basaltic lava in contact with underlying tuffitic
coal-bearing claystone

The volcanic rocks are very fine-grained, massive, dark-grey
basalts. The absence of features such as pillow lavas or hyaloclastic
breccias suggests subaerial volcanic activity (Smellie et al., 2008
and references therein). The basalts are composed of thin plagioclase
laths (<100 um) frequently associated with clinopyroxene and/or al-
tered olivine in the form of larger glomerophyres (Fig. 9A). Plagioclase
zones with higher anorthite mole fractions are selectively affected by al-
teration (Fig. 9A). Additionally, some samples are characterised by the
occurrence of interstitial glass, tachylyte, suggesting relatively rapid
cooling of the lava flow. Tachylyte shows various stages of alteration
ranging from nearly opaque to orange-brown in colour (Fig. 9B). In
tuffitic coal-bearing claystone from the contact of the Prestfjall and
Malinstindur Formation, fragments of older basaltic volcanites altered
to clay minerals were observed (Fig. 9C). Along the contact, this
claystone was thermally metamorphosed to porcelanite and penetrated
by a system of hydrothermal veinlets, which led to alteration of plagio-
clase laths (Fig. 9D).

4.5. Geochemical composition

4.5.1. Major oxides

Major element oxides compositions in all samples are represented
mainly by SiO,, Al,03, and Fe,0%". SiO, contents range between 0.9
and 8.6 wt.% for the majority of “normal” coal samples (Table 5). In “al-
tered organic matter”, the amount of SiO, reaches as high as 37.1 wt.%.
“Normal” coal samples are characterized by variable amounts of Al,O3
that range from 0.8 to 8.4 wt.%, whereas “altered organic matter” sam-
ples show significantly elevated contents of up to 25.1 wt.%. The concen-
tration of Fe,0%" does not exceed 5.1 wt.% in any sample, with the
exception of sample SK35 (16.1 wt.%.). CaO contents are generally
below 3.5 wt.%. MnO contents (up to 2.9 wt.%) are elevated only in “al-
tered organic matter”. Additionally, the sample from the Beinisverd For-
mation has a measurable concentration of P,O5 (0.4 wt.%), while the
levels of K;0 and MgO are below their detection limits in the majority
of samples.

4.5.2. Trace elements

In comparison with the worldwide average composition of low-rank
coal (Ketris and Yudovich, 2009), samples from the Faroe Islands are rel-
atively depleted in Sr (19 ppm on average), Zr (13 ppm on average) and
As (2 ppm on average) and enriched in V (286 ppm on average), W
(92 ppm on average), Cu (99 ppm on average) and Se (6 ppm on aver-
age). The coal sample from the older Beinisverd Formation differs in its
higher Rb, Sr, W and Ni contents (Fig. 10; Table 6). The “altered organic
matter” samples show similar enrichment trends for Rb, Sr, Zr, V, Cu and
especially for Cr (up to 126 ppm) and Ni (up to 291 ppm).

4.5.3. Mercury contents

The precise determination of mercury contents revealed that the
majority of coal samples typically have concentrations between 22
and 210 ppb (Table 7). This places the mercury concentrations are
both below and well above the worldwide average Hg content of
100 ppb Hg (Ketris and Yudovich, 2009). In contrast, “altered organic
matter” has very low mercury values (<10 ppb). The sample from the
older Beinisverd Formation also yields a low Hg value of 14 ppb.

5. Discussion
5.1. Degree of coalification

The samples from the Faroe Islands classified in this work as “nor-
mal” coal have very low mean ulminite reflectance corresponding to
the lignite and subbituminous stages. The samples classified as “altered
organic matter” were affected by alteration related to the adjacent vol-
canic activity. Although these samples macroscopically resemble a
detroxylitic coal, they actually correspond, in terms of their carbon con-
tent, to coaly claystones rich in altered clastic mineral component. These
samples contain rare unaltered particles of ulminite with an average re-
flectance of 0.39-0.42%, suggesting their original low rank. The altered
huminite, inertinite and char particles have reflectance values up to
1.93%, corresponding to slight thermal alteration (Table 4).

Mineralization of the coal appears to affect its quality, as shown by
the correlation between increasing mineralization (ash yield) and de-
creasing carbon content and gross calorific value, as noted by Liu et al.
(2005). This results from the release and migration of organic matter
and subsequent precipitation of epigenetic minerals produced by hy-
drothermal fluids (Chen et al., 2014).

Samples SK40, SK01B, SK01C, SK08 and SK13 plot outside the trend
followed by other studied “normal” coals in the O/C diagram (Fig. 4B).
Specifically, the samples have lower oxygen percentages than might
be expected for their carbon contents (e.g., Gurba and Ward, 2000).
These samples also all have relatively higher mineral contents com-
pared to other coals, but not so extremely high such as in the samples
grouped into “altered organic matter”.
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Table 3
Result of maceral analysis and calculated facies indices.
Macerals [vol.%] SKO1A SKO01B SK01C SK04 SK06 SK07 SK08 SK09 SK10 SK12 SK13 SK14A
Ulminite 78.7 64.2 38.9 76.3 82.6 66.4 34.7 47 2.7 68.1 523 85.1
Textinite 0.3 0.8 0 0.9 14 1.9 0 13 0 6.4 0 0
Densinite 3.1 6.8 114 0 22 0 3.2 4 3.2 0 6.3 0
Corpohuminite 1.8 0.9 6.3 2.7 5.1 9.9 3.2 34 0.3 5.6 3.1 3.8
Attrinite 0 0 29 0 0 0 0 0 0 0 0 0
Huminite 83.9 72.7 59.5 79.9 91.3 78.2 41.1 55.7 6.2 80.1 61.7 88.9
Sporinite 0.7 1.8 0.7 3 0 3 2.2 33 0 2.1 1.6 0.9
Suberinite 0 12 29 0.4 0 0.6 1 0 0 0 14 0
Resinite 1.1 45 8.7 15 4.3 9.1 2 2.7 0 9.3 2.3 3.8
Liptodetrinite 2.8 43 3.8 22 0 4 4 34 0 14 4.2 1.8
Cutinite 0.3 0 8 0.5 0 0.4 0 0 0 0 0.7 0
Liptinite 49 11.8 24.1 7.6 43 17.1 9.2 9.4 0 12.8 10.2 6.5
Fusinite 0.8 1.8 1.3 0.7 0 0 7.5 0.7 0.8 0 1.5 0
Semifusinite 1.7 2.3 0.8 14 0 0 43 0.8 2.1 0.7 2.9 0
Secretinite 0 0.5 0 0 0 0 0 0 0 0 0 0
Macrinite 0 1 1.1 0.8 0 1 4.7 0.8 2.1 0 4.2 0.8
Inertodetrinite 0 1.7 2.7 13 0 1 6.5 2.4 3.1 0 2.5 1
Funginite 0 0 0 0 0 0 0 0 0 0 0.6 0
Inertinite 2.5 7.3 5.9 42 0 2 23 4.7 8.1 0.7 11.7 1.8
Clay minerals 7.1 5.9 3.1 35 0.8 1.1 19.1 20.1 49.2 1.8 7 1.9
Pyrite 0.3 0.4 22 0 0.5 0 0 0.7 0 14 5.9 0
Carbonates 0.2 0.9 0.6 0.5 0 0.2 2.1 14 114 0.7 0.6 0
Limonite 0 0 0 0.5 15 0 0 1 0 2.5 0 0
Quartz 0 0 0.5 0.6 0 0 1.1 2.7 4.8 0 0.5 0
Others 1.1 1 3.6 32 1.6 0.8 33 43 132 0 24 0.9
Minerals 8.7 8.2 10 83 4.4 2.1 25.6 30.2 78.6 6.4 16.4 2.8
Alteration [vol.%] 0 0 0.5 0 0 0.6 1.2 0 7.1 0 0 0
Char [vol.%] 0 0 0 0 0 0 0 0 0 0 0 0
MACERALS [vol.%] SK14B SK16 SK17 SK18 SK19 SK22 SK23 SK24 SK28 SK35 SK40
Ulminite 0 80.3 834 51.7 93 86 0 0 78.4 1 70.9
Textinite 0 2.3 0 1.7 0 43 0 0 0 0 5
Densinite 0 0 0 3.6 1.7 0 0 0 2 0 0
Corpohuminite 0 7.6 2.7 44 2.3 2.1 0 0 29 0 6.7
Attrinite 0 0 0 0 0 0 0 0 0 0 0
HUMINITE 0 90.2 86.1 61.4 97 92.4 0 0 833 1 82.6
Sporinite 0 0 0.8 5.3 0 0 0 0 0 0.5 0
Suberinite 0 0.7 1.1 3.6 0 0 0 0 0.5 0 0
Resinite 0 6.1 7.3 5.3 1.5 5.4 0 0 11.2 0 9
Liptodetrinite 0 0 0.8 4.3 0 0 0 0 1 0 0
Cutinite 0 0.7 0.4 0.8 0 0 0 0 0 0 0
LIPTINITE 0 7.5 104 193 1.5 5.4 0 0 12.7 0.5 9
Fusinite 0 0 0 0.9 0 0 1 2.3 0 0 0
Semifusinite 0 0 0 1.8 0 0 23 1 0 0 0
Secretinite 0 0 0.9 0 0 0 0 0 0 0 0
Macrinite 0 0 0 5.3 0 0 1.8 2.7 0 0 0
Inertodetrinite 0 0 0 43 0 0 32 2.6 0 0 0
Funginite 0 0 0 0 0 0 0 0 0 0 0
INERTINITE 0 0 0.9 123 0 0 83 89 0 0 0
Clay minerals 2.4 0.7 0 5.5 0 12 62.9 54.4 2 62.5 2.8
Pyrite 0 0.8 0.8 0 0 0 0.6 0 1.1 0.5 0
Carbonates 0 0 0 0 1 0 1.5 0 0.5 17.8 1
Limonite 0 0.8 0 0 0 0 0 0 0 0 0
Quartz 0 0 0 0 0 0 32 44 0 0 0
Others 3.1 0 1.8 1.5 0.5 1 10.2 7 0.4 14.7 4.6
MINERALS 5.5 23 2.6 7 1.5 2.2 78.4 65.8 4 95.5 8.4
ALTERATION [vol.%] 0 0 0 0 0 0 10.1 25.3 0 3 0
CHAR [vol.%] 94.5 0 0 0 0 0 3.2 0 0 0 0

The correlation between mean ulminite reflectance and volatile with elevated volatile matter content. The observed degree of scatter
matter (Fig. 4D) displays a considerable amount of scatter within the is attributed to the presence of variable amounts of mineral material,
studied series, especially in samples SKO1B, SKO1C, SKO8 and SK40 rather than the coal rank. Within the studied sample set, the inorganic
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Fig. 6. Photomicrographs of macerals and mineral admixture in the “normal” coal samples. A - Ulminite (Ul) with weakly distinct corpohuminite (Ch) in sample SK14A; B - Ulminite with
light bodies of corpohuminite and darker resinite (Re) in sample SK07; C - Ulminite with remnants of bark tissue forming darker suberinite (Su) filled with light corpohuminite in sample
SK18; D - Humified fragments of leaves, lined by thin dark cutinite (Cu), with tiny resinite, fine-grained clay minerals (Cm) and yellowish-white pyrite (Py) filling a crack in ulminite in
sample SKO1C; E - Ulminite interrupted by irregular detritic position of densinite with fusinite (Fu), semifusinite (Sf), macrinite (Ma) and inertodetrinite (Id) fragments and with dispersed
clay minerals that form a separate position in the lower part in sample SK08; F - Grey ulminite bands with whitish lines of quartz (Qz) separated by a thicker layer of mineral mixture

dominated by clay minerals in sample SKO1B.

fraction comprises variable proportions of clay minerals and carbonates.
Thus, the measured volatile matter content reflects the presence of
prevailing minerals rather than the coalification rank (Schobert, 2013).

5.2. Effect of post-depositional volcanic activity

Several authors have observed significant changes in coal composi-
tions, especially an increase in thermal maturity, due to igneous intru-
sions or dykes penetrating coal seams (e.g., Cooper et al., 2007; Dai and
Ren, 2007; Rahman and Rimmer, 2014). However, there has been no im-
mediate contact of magma with the coal seams on the Faroe Islands. The
basaltic lava flows of the Malinstindur Formation covering the coal-
bearing Prestfjall Formation were deposited approximately 3-14 m dis-
tant from the studied coal seams (Rasmussen and Noe-Nygaard, 1969,
1970), with the upper sequence of volcaniclastic claystone termed the

“roof clay”, acting as an insulating layer that impedes contact metamor-
phism and coking of the coal (cf. Chen et al,, 2014).

Based on the results of our combined petrological and geochemical
approach, we propose two general possibilities for how the coal may
have been affected by volcanic effusions: (i) by thermal alteration of
limited extent leading to formation of a macroscopically visible, thin
“anthracite-like” crust and (ii) by hydrothermal fluids that accompa-
nied volcanic activity.

On the Faroe Islands it is possible to observe coals with an “anthra-
cite-like” degree of coalification (bright, hard and lustrous). Neverthe-
less, both the petrographic and geochemical analyses argue against
the presence of this higher quality coal lithotype. The observed macro-
scopic appearance of the coal is caused by the presence of a very thin
“anthracite-like” surface (Fig. 3C), which may reflect slight thermal al-
teration, but without an increase in the mean ulminite reflectance.
Aghaei et al. (2015) observed an exponential increase of the reflectance
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Fig. 7. Photomicrographs of pyrite occurrences in the coal. A - Epigenetic pyrite filling
fractures in ulminite in sample SK19. B - Syngenetic pyrite forming a framboid cluster in
sample SK09.

directly at the contact of the dyke to the coal seam. At a distance >2 m
from the dyke contact, only the low initial reflectance values were
recorded. The size of the contact aureole is approximately one to
two times the thickness of the magmatic body (e.g., Bostick and
Pawlewicz, 1984; Crelling and Dutcher, 1968; Galushkin, 1997). Consid-
ering the planar character and low viscosity of the basaltic lava, this
explains why the rank of the Faroese coal is not elevated.

In contrast, the quality of the coal may have been negatively affected
by accompanying hydrothermal mineralization along fractures or faults
(Figs. 3A, 9D). According to Gamson et al. (1996), mineralization fills
microfractures in compact bright coal of low porosity and permeability,
whereas in dull coal of higher porosity and permeability, such as in the
“altered organic matter”, mineralization can disperse throughout the
organic matrix or infill the cell lumens of corpohuminite. Additionally,
“altered organic matter” contains inorganic component dominated by
clay minerals (Table 3). These minerals are very likely a product of hy-
drothermal decomposition of plagioclase, which is visible both in ba-
salts and in surrounding feldspar-rich tuffitic claystones (Fig. 94, C, D).

The effect of the basaltic lava flows covering the coal-bearing
volcanosedimentary sequences is also recorded in the chemical compo-
sition of the “altered organic matter” (cf. Finkelman et al., 1998). Apart
from the organic components, the samples consist mainly of clay min-
erals and carbonates, especially siderite. Dai et al. (2012b) reported pos-
sible formation of illite from kaolinite exposed to heat from an igneous
body. Dai and Ren (2007) assigned groups of elements with an enrich-
ment trend to thermally altered coal. In accordance with their study,
the studied samples of “altered organic matter” are enriched especially

in Cuand Ni, Sr, Zn, Mn (specifically MnO) and less in As, indicating that
basaltic lava was the source of these elements. Additionally, the enrich-
ment in V and depletion in U in the “altered organic matter” is not
consistent with their observations. The affinity with basaltic lava is
clearly visible from the enrichment in Ni and Cr. These transition
metals are primary characteristics for mantle-derived (basaltic) rocks
(e.g., McDonough and Sun, 1995). Our unpublished analyses from over-
lying basalts (Malinstindur Formation) yield Ni and Cr concentrations of
78 ppmand 191 ppm, respectively. These values are relatively low com-
pared to concentrations in primitive plateau basalts of the North Atlan-
tic Igneous Province (cf. Hughes et al,, 2015 and references therein) and
point to a decomposition of primary mineral phases, i.e., olivine and Cr-
rich spinel (Fig. 9A). Transition metals could be released from primary
mineral phases and accumulated at nearby geochemical barriers, such
as coal seams.

5.3. Quality of the exploited coal

A clear correlation between the fuel ratio and the gross calorific
value (Fig. 4C) shows that the better combustion suitability and gener-
ally greater ease of ignition is attributed to the coal having fewer miner-
al components. Five samples, namely SKO1B, SK01C, SK08, SK19 and
SK40 with higher proportions of mineral matter plot in a lower position
than samples with lower mineral contents. The “altered organic matter”
is entirely unsuitable for combustion because of its very low fuel ratio
and gross calorific value, except for the charcoal, which has by contrast
the highest fuel ratio, along with an intermediate gross calorific value
that is still lower than most of the studied coals.

Despite the macroscopic “anthracite-like” character of the coal from
the active New Prestfjall mine (samples SKO1A-C), the coal contains ap-
proximately 10 vol.% of minerals with relatively low carbon content and
gross calorific value compared to samples from the abandoned coal
mines in the Prestfjall Formation (Table 2). In other words, the coal
from the New Prestfjall mine is less suitable for combustion compared
to coals mined in the past. @ster-Mortensen (2002) described the coal
exploited in the Rékhagi mine (closed in 2013) as coal of high quality,
which is in line with our present study.

Coal from the Beinisvgrd Formation (Mykines Island) had been ex-
tracted locally in small amounts for household use only (Rasmussen
and Noe-Nygaard, 1970). This coal is of relatively low rank and quality,
although it is older than the higher quality coal from the Prestfjall For-
mation. The low rank of the coal is indicative of very fast coalification
due to the short duration of sedimentation and subsequent burial by ba-
salts (cf. Dvorak et al., 1997). Lower coal rank was produced by miner-
alizing fluids that migrated along a fault and filled corpohuminite cells
in the coal (Fig. 3A).

54. Coal geochemistry

The low sulphur contents (<1%) of the Faroese coal are primarily of
organic origin, i.e., they derive from coal-forming plants (Chou, 2012)
and to a lesser extent, correlate with small amounts of pyrite occurring
both in epigenetic and syngenetic form as fracture fillings and
framboids, respectively (Fig. 7A, B). The organic sulphur is mainly asso-
ciated with vitrinite (or ulminite in low-rank coal), suggesting a positive
correlation with the gelification degree (Dai et al., 2002).

Major oxides are dominated by SiO,, Al,03 and Fe,03, corresponding
to a mineral assemblage of clay minerals, quartz, pyrite, siderite and li-
monite. Limonite occurs exclusively on the surface of some samples in
very small amounts. In case of its presence, it never replaces pyrite
completely. Along with the microscopic appearance of pyrite (see
Fig. 7A, B), this is indicative of freshness of studied samples (Littke
et al,, 1991). Compared to coal from the Prestfjall Formation, the “nor-
mal” coal sample from the Beinisverd Formation is relatively enriched
in trace elements, namely Rb, Sr, W and Ni. Whereas the coal seams in
the Prestfjall Formation are up to 1.5 m thick, the lenses sampled in
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Fig. 8. Photomicrographs of “altered organic matter” samples. A — Degassed fragment of wooden tissue in sample SK14B; B - Altered fragments of coal particles in mineral matter in sample
SK10. Reflectance of lighter, more altered particle with contraction fractures is 0.75%, whereas the reflectance of darker, less altered particle is 0.42%; C - Massive char particle with
contraction fractures and reflectance of 1.85% that is lined by thin limonite layer (Lm), surrounded by mineral matter in sample SK23; D - Char particle with reflectance of 1.98%
measured on the massive centre that is interrupted by distinct contraction fractures and rimmed by mosaic texture in sample SK23.

the Beinisverd Formation are only a few centimetres thick. Some previ-
ous studies discuss the relationship between enrichment of certain trace
elements and thickness of the coal seams (e.g., Chen et al., 2015;
Eskenazy and Valceva, 2003; Li et al., 2012; Querol et al., 1992; Van
Krevelen, 1963). Van Krevelen (1963) noted that thin coal layers are
usually enriched in some trace elements compared to thick ones. Ac-
cording to Querol et al. (1992), this behaviour is related to post-
depositional epigenetic percolation of diagenetic fluids through a

Table 4
Reflectance of ulminite B, altered particles and char.

Sample ID Coal type R; [%] o Raie [%] Renar [%]
SKO1A xylite 0.46 0.05 - -
SKO1B detroxylite 0.41 0.05 = B
SK01C detroxylite 0.42 0.05 0.56 -
SK04 detroxylite 0.40 0.05 - -
SKO06 xylite 045 0.04 - -
SK07 detroxylite 0.46 0.06 0.58 -
SKO08 detroxylite 0.53 0.06 0.67 -
SK09 detroxylite 0.45 0.08 - -
SK10 mineral-rich 0.42 0.10 0.93 -
SK12 detroxylite 0.47 0.06 - -
SK13 detroxylite 0.44 0.08 - -
SK14A xylite 0.42 0.07 - -
SK14B charcoal - - - 0.87
SK16 xylite 0.48 0.05 - -
SK17 xylite 0.41 0.07 - -
SK18 detroxylite 0.43 0.09 - -
SK19 xylite 0.40 0.04 - -
SK22 xylite 0.39 0.05 - -
SK23 mineral-rich - - 0.56 1.93
SK24 mineral-rich - - 0.83 -
SK28 detroxylite 0.45 0.08 - -
SK35 mineral-rich 0.39 0.05 1.35 -
SK40 xylite 0.34 0.04 - -

fracture network, which was previously better developed in thinner
seams than in thicker ones. Thus, the low thicknesses could explain
why coal from the Beinisverd Formation is more enriched in the trace
elements listed above than coal from the Prestfjall Formation.

5.5. Mercury speciation, behaviour and environmental impact

Trace Hg analysis revealed that mercury contents in the Faroese coal
are generally low. Similar or slightly higher concentrations were also re-
ported from Palaeozoic bituminous coals from the Czech Republic
(Coufalik et al., 2011). This observation supports the idea that no corre-
lation exists between mercury content and coal rank (Kilgroe et al.,
2002).

Additionally, all studied samples are classified as low-sulphur coals
(Chou, 2012). As described by Yudovich and Ketris (2005a), low-
sulphur coals that are generally poor in Hg are dominated by only two
Hg forms: Hgorg (mercury bound to humic substances) and Hgsyiphide
(commonly pyritic mercury, Hgpy,). In addition to Hg and S, our samples
were characterized by low As contents. The data indicate relatively low
amounts of Hg,, in the coal (Kolker et al., 2006).

The CAlyg (Hg coal affinity index) is between 0.3 and 4.2 for “nor-
mal” coal samples. In comparison, “altered organic matter” samples
show only limited CAlyg values of ~0.1. Values of CAly, >1 indicate
that the studied coal does not act as a geochemical barrier for the
mercury, suggesting that alteration processes resulted in removal
of the mercury from the affected coal seam to the surrounding
sediments.

The finding that “altered organic matter” contains less mercury
than “normal” coal could be related to volcanic activity. The solubil-
ity of Hg species increases with higher temperatures produced by
adjacent volcanic effusions. The mercury becomes mobile and can
be more easily leached from organic matter by hydrothermal fluids
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Fig. 9. Photomicrographs of the petrographic thin sections from the basalt samples (Malinstindur Formation) and underlying tuffitic coal-bearing claystone (Prestfjall Formation). A -
Glomeroporphyritic texture with plagioclase (Pl), clinopyroxene (Cpx) and olivine (Ol) with altered rims; inset in the lower left corner shows selective sericitisation of plagioclase
zones in detail (basalt sampled in the vicinity of SK11; crossed polars); B - Altered basaltic glass filling the interstices between the plagioclase laths (basalt sampled in the vicinity of
SKO1; parallel polars); C - Fragment of older basaltic volcanite showing glomeroporphyric plagioclase intergrowths altered to clay minerals (tuffitic coal-bearing claystone sampled in
the vicinity of SKO1; parallel polars); D - System of hydrothermal veinlets connected with subaerial volcanic activity recorded in Malinstindur Formation; the thin section contains pla-
gioclase pseudomorphosis filled by products of its alteration (tuffitic coal-bearing claystone sampled in the vicinity of SKO1; parallel polars).

(Fein and Williams-Jones, 1997; Moiseyev, 1971; Peabody and
Einaudi, 1992). Finkelman et al. (1998) found that mercury content
is higher in close proximity to an intrusive body due to secondary

Table 5
Contents of major oxides in the samples from the Faroe Islands (wt.%; on a whole-coal
basis).

SampleID Si0, TiO, ALO3 Fe,09* MnO Ca0 K,0 P,05

SKO1A 1.54 BDL 1.1 0.75 0.002 139 0.06 BDL
SKO1B 1.59 BDL 1.16 0.36 0.002 041 0.07 BDL
SK01C 3.95 0.29 3.11 5.05 0009 111 0.04 0.03
SK04 7.57 0.38 7.10 0.82 0.001 169 BDL BDL
SK06 8.59 0.88 7.22 0.85 0013 124 BDL 0.04
SK07 2.36 BDL 1.74 0.38 BDL 351 004 BDL
SKO08 5.86 1.03 5.59 3.27 0011 144 BDL 0.18
SK09 2.15 BDL 1.70 0.47 0.013 090 0.06 BDL
SK10 2625 413 1991 3.60 2877 0.03 BDL 0.06
SK12 1.92 BDL 1.71 0.66 0.003 3.09 0.04 0.04
SK13 6.98 0.61 6.39 212 0004 149 BDL 0.05
SK14A 1.93 BDL 1.70 1.27 BDL 511 BDL 0.03
SK14B 438 BDL 2.12 0.31 BDL 051 006 0.04
SK16 2.87 BDL 241 0.40 BDL 209 003 0.1
SK17 2.46 BDL 2.66 0.44 BDL 1.05 0.06 0.04
SK18 8.47 0.39 8.44 1.23 0.01 1.58 BDL  0.02
SK19 0.92 BDL 0.85 0.44 BDL 086 0.04 0.01
SK22 3.40 0.01 3.83 0.86 0.002 291 0.01 0.02
SK23 3713 215 2514 443 0472 006 BDL 022
SK24 1.06 BDL 1.26 0.75 BDL 143  0.11 0.03
SK28 2.72 0.05 3.15 0.76 0.017 222 0.09 0.10
SK35 3014 2.09 1250 16.13 0096 134 0.16 0.07
SK40 7.82 0.03 2.31 1.26 0.017 297 015 040

BDL - below detection limit

enrichment following volatilization of Hg during heat exposure and
its subsequent redeposition from fluids derived from the cooling
magma. No traces of mercury were recorded at a distance >50 cm
from the intrusion.

In low-rank coal, such as that in the Faroese samples, the extent of
mercury removal is much lower compared to bituminous coal (Kilgroe
etal,, 2002). Combined with the low levels of Hg in the coal, its combus-
tion has only a limted impact on the environment.

5.6. Depositional environment of Faroese coal

5.6.1. Maceral composition

In accordance with the studies of Diessel (1992) and Teichmiiller
(1989), the occurrence of ulminite, corpohuminite, fusinite and
semifusinite with associated resinite or suberinite point to a forest hab-
itat, whereas the presence of densinite, liptodetrinite and inertodetrinite
denote inputs of herbaceous vegetation. The strong gelification of
huminite macerals reflects mostly wet conditions in a peat-forming
swamp. Significant variability of the liptodetrinite and sporinite assem-
blages suggests unstable conditions due to a fluctuating water table
(Kolcon and Sachsenhofer, 1999). The absence of alginite in coal is in-
compatible with marine inputs to the depositional environment of the
Faroese coal. The coal plots at Apex A in the maceral-based ternary dia-
gram of Mukhopadhyay (1989), later modified for low-rank coal by
Singh et al. (2010) and is indicative of swamp vegetation with preserved
cell structures that have been coalified in variably anoxic and oxic con-
ditions (Fig. 11).

In the fusitic charcoal-rich sample SK14B, charred matter of
textinite, specifically fusinite and semifusinite, predominates. It is as-
sumed that this type of coal was derived from wood affected by local
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rank coal composition (Ketris and Yudovich, 2009). Circles express individual analyses or analyses that do not fit the range for a given sample type.

wildfires, weathering or microbial activity (Cohen and Spackman, 1977;
Cope and Chaloner, 1985; ICCP, 2001; Scott, 2002) or it may be formed
from wood remnants affected by heat from the lava flow. The latter
would explain the variable development of this sample compared to
the other studied coals.

Table 6
Concentrations of trace elements in the samples from the Faroe Islands (ppm; on a whole-
coal basis).

Sample ID \% Cr Ni Cu Zn As Se Rb
SKO1A BDL BDL BDL BDL 16 BDL BDL BDL
SKO1B BDL BDL  BDL BDL BDL BDL BDL  BDL
SK01C 285 BDL  BDL 78 58 1.7 6.4 BDL
SK04 413 BDL  BDL BDL 33 3.2 BDL  BDL
SKO06 254 BDL BDL 118 31 BDL BDL BDL
SK07 BDL BDL  BDL BDL BDL 1.8 BDL  BDL
SK08 242 BDL  BDL 179 64 1.2 43 BDL
SK09 BDL BDL BDL BDL BDL BDL BDL BDL
SK10 768 126 159 1736 101 6.8 6.8 1.8
SK12 BDL BDL  BDL 33 27 14 BDL  BDL
SK13 97 BDL BDL 34 15 BDL 7.0 BDL
SK14A BDL BDL BDL 119 8.6 BDL BDL BDL
SK14B BDL BDL  BDL BDL 9.1 BDL 2.8 BDL
SK16 BDL BDL  BDL BDL 2.7 BDL BDL  BDL
SK17 BDL BDL BDL BDL BDL BDL BDL BDL
SK18 252.51 BDL BDL 11865 31.02 BDL 516 BDL
SK19 BDL BDL  BDL BDL BDL BDL BDL  BDL
SK22 393.36 BDL BDL BDL 39.7 BDL BDL BDL
SK23 987 893 291 1229 663 6.8 147 19
SK24 BDL BDL  BDL BDL BDL BDL BDL  BDL
SK28 352 BDL 140 105 97 BDL BDL  BDL
SK35 517 45 80 1304 128 10 53 12
SK40 BDL BDL 74 108 BDL BDL 9.7 18
Sample ID Sr Zr Mo w Th U
SKO1A 9.2 4.6 BDL 6.6 35 BDL
SKO01B 6.3 39 BDL BDL 5.9 2.5
SK01C 20 39 2.1 BDL 4.0 BDL
SK04 7.1 9.1 BDL 19 BDL BDL
SK06 7.2 15 BDL BDL BDL BDL
SK07 11 6.6 6.5 10 10.7 2.8
SK08 57 51 BDL BDL BDL BDL
SK09 37 34 BDL BDL 6.9 4.7
SK10 223 309 6.5 BDL 12 BDL
SK12 7.9 8.4 5.0 13 15 53
SK13 5.6 33 BDL BDL BDL BDL
SK14A 15 13 BDL BDL 2.0 BDL
SK14B 43 9.5 5.5 20 17 8.5
SK16 9.5 1.8 BDL BDL 32 BDL
SK17 8.12 BDL BDL BDL 1.65 BDL
SK18 15.56 36.75 BDL BDL BDL BDL
SK19 35 3.8 BDL BDL 6.1 2.2
SK22 5.1 32 BDL 31.73 BDL BDL
SK23 93 339 5.2 BDL 11 BDL
SK24 20 4.1 BDL BDL 4.0 2.7
SK28 8.2 3.05 BDL 27 BDL BDL
SK35 104 165 8.8 BDL 6.4 BDL
SK40 120 44 BDL 606 438 BDL

Apart from the “altered organic matter”, small amounts of detrital
minerals dispersed throughout the organic matter of the “normal” coal
were observed. These may result from intermittent flooding or a fluctu-
ating lake level, as proposed for the studied area by Passey (2014).

5.6.2. Relationship between sulphur contents and the depositional
environment

Coal from the Faroe Islands contains 0.03-0.99% sulphur and is
therefore classified as a low-sulphur coal (Chou, 2012). Sulphur abun-
dances <1% generally suggest low-pH conditions in the swamp
(Bechtel et al., 2003). Occurrences of framboidal pyrite may be related
to freshwater inputs resulting in more reducing conditions that are con-
ductive to reducing bacteria (Strobl et al., 2014). Some authors suggest
that higher proportions of the sulphur may be related to marine inputs,
whereas low-sulphur coals are commonly deposited in continental en-
vironments (e.g., Chou, 2012; Dai and Ren, 2007; Marki¢ and
Sachsenhofer, 1997). However, a non-marine high-sulphur Miocene
lignite with a sulphur content of up to 12.2% was reported in
Turkey by Giirdal (2011) and Giirdal and Bozcu (2011), who sug-
gested that high sulphur abundance in the lignite can be attributed
to regional volcanic activity. Additionally, Dai et al. (2012a) observed
an assemblage of syngenetic pyrite in non-marine medium-sulphur
coal that was probably derived from sulphate-rich epithermal solu-
tions. Considering the low sulphur contents in studied samples
from the Faroe Islands, it is possible to exclude the influence of
seawater during peat accumulation.

5.6.3. Comparison with results from palynological studies

Palynological studies of the Faroese coal and adjacent sediments
were performed by Ellis et al. (2002) and Lund (1989) for both Suduroy
and Mykines Island. The palynoflora is dominated by Inaperturopollenites
hiatus, Caryapollenites circulus, C. veripites, C. triangulus, Laevigatosporites
haardtii, Monocolpopollenites tranquilus, Momipites, Pityosporites spp. and
sporadically occurring Phaseoidites stanleyii, Striatricolporites sp. and
Montanapollis spp. This tree association is typical for deposition in a
warm humid climate within extensive peat swamps on overbank
floodplains or small lakes margins (Wing and Hickey, 1984). No

Table 7

Mercury abundances in representative samples from studied localities.
Sample Hg RSD
ID Formation Locality Sample type [ppb] [%] CAlyg
SKO1B Prestfjall ~ New Prestfjall mine  detroxylite 56 1.06 1.12
SK04 Prestfjall Kolaminur detroxylite 22 239 044
SK12 Prestfjall Rékhagi detroxylite 127 299 254
SK16 Prestfjall Rangibotnur xylite 35 205 07
SK22 Prestfjall Gudmund's mine xylite 210 193 42
SK24 Prestfjall Kolavegurin mineral-rich 9 0.52 0.18
SK40 Beinisverd Mykines xylite 14 197 028

RSD - relative standard deviation
CAlyg - Hg coal affinity index
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Fig. 11. ABC ternary diagram of the Faroese coal samples modified after Mukhopadhyay
(1989). A -
ulminite + textinite + corpohuminite + sporinite + cutinite + resinite + suberinite; B -
densinite + attrinite + liptodetrinite; C - inertinite. The “altered organic matter” samples
were not included in this diagram due to their irrelevance in assessment of depositional
environment.

marine flora were observed within the Faroese coal. Additionally,
Lund (1989) discovered the presence of fresh water algae,
Sigmopollis, in coal from the R6khagi mine, suggesting a lake envi-
ronment. The algae were accompanied by Polypodiaceoisporites
marxheimensi, indicating that the lake was surrounded by forest
swamps. These palynological studies fully support the depositional
environment (wet forest swamps in proximity to a lake) suggested
in our study for the Faroese coal.

6. Conclusions

Based on a combined petrographic and geochemical approach, our
study obtanis the following results:

(1) The rank of Palaeogene coal from the Faroe Islands is lignite to sub-
bituminous. The coal is generally characterized by low sulphur
contents, medium ash yields and high volatile matter contents.

(2) The maceral composition of the coal is dominated by ulminite with
an average mean reflectance of 0.34-0.53%. The proportions of
liptinite and inertinite vary in coal samples.

(3) The coal was derived from wood in a wet forest swamp environ-
ment in proximity to a lake with possibly fluctuating water levels.
Basalt lava flows of the Malinstindur Formation overlying the coal-
bearing Prestfjall Formation affected the coal to a limited degree.
Thermal effects include only a thin “anthracite-like” crust, with
no signs of elevated coal rank. Fluids accompanying the volcanic
activity induced decomposition of primary mineral phases in ba-
salts as well as in the surrounding volcaniclastic sediments and
enriched the affected coal in mineral components. The low original
rank of the coal explains the absence of typical high mean reflec-
tance and natural coke textures throughout the coal sequence.

(5) Coal from the older Beinisvgrd Formation can be distinguished
from that of the Prestfjall Formation based on petrographic and
geochemical criteria. The coal from the Prestfjall Formation is of
higher quality and has therefore been mined in many locations
on Suduroy Island. However, only one coal mine is presently in op-
eration and the quality of the mined coal is lower than it was in the
past.

(6) Combustion of Faroese coal has a relatively low impact on the local
environment due to low Hg, As and S contents.

(4
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