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Iron sulfides in sediments of glacial lakes

of the upper Kolyma region
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ABSTRACT. Iron sulfides are common in the sediments of glacier lakes of the Magadan region -Gryazevoe
(61°08°21” N, 152°19’57” E), Nalimnoe (61°07’41” N, 152°20’8” E), Sosednee (62°03’29” N, 149°3122”
E), Sapog (63°29’9” N, 147°50’41” E), Vodorazdel’'noe (63°44’8” N, 148°13’4” E), Ui (63°49’°31” N,
147°53’21” E) and others. Most of the lakes were formed at the end of the Late Pleistocene or at the
beginning of the Early Holocene. Sulfides occur in the spheroid forms with a framboidal structure, dusty
clusters, and individual crystals. Sometimes sulfides fill up the diatom valves. The size of framboids does
not exceed 100 um. Sulfides have pyrite, greigite and pyrrhotite compositions. They are distributed
unevenly in sections. Greigite and pyrrhotite are distinguished by their magnetic characteristics.
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1. Introduction

Iron sulfides are widespread minerals in lake
sediments. They are indicators of anoxic environments.
In lakes, they are formed in sediment at the stage of
diagenesis, and also occur in the water column above
the sediment-water boundary (Wilkin and Barnes,
1997; Suits and Wilkin, 1998). Pyrite (FeS,) and greig-
ite (Fe384) are most common in sediments. Pyrite is a
non-magnetic mineral, however, during heating it turns
into magnetite, complicating the identification of the
characteristic directions of magnetization. Greigite is a
highly magnetic mineral (Roberts et al., 2011). Formed
at the stage of diagenesis, it distorts the rock magnetic
data of detrital magnetic minerals, which used for
reconstructions of lake sedimentation. Monoclinic pyr-
rhotite is rarely found in sedimentary deposits (Roberts,
2015).

2. Materials and methods

Iron sulfides were found in the sediments
of glacier lakes of the Magadan region -Gryazevoe
(61°08’21” N, 152°19’57” E), Nalimnoe (61°07’41” N,
152°20’8” E), Sosednee (62°03’29” N, 149°3122” E),
Sapog (63°29°9” N, 147°50’41” E), Vodorazdel’'noe
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(63°44’8” N, 148°13’4” E), Ui (63°49’31” N, 147°53’21”
E) The lakes are of glacial origin, most of the lakes
were formed at the end of the Late Pleistocene or at
the beginning of the Early Holocene. Several cores have
been taken in each lake. The sediments mainly consist
of silt. Organic silt dominates in the upper part of the
sections, thin-layered, varved or obscurely layered silt
lie in the lower part. The thickness of the studied cores
is 780 cm (Gryazevoe), 235 cm (Nalimnoe), 424 cm
(Sosednee), 100 cm (Sapog), 196 cm (Vodorazdel’noe),
199 cm (U).

Sulfide minerals were studied by thermo-
magnetic, optical and mineralogical methods.
Thermomagnetic analysis (TMA) was performed using
MFK1-FA Kappabridge equipped with a CS-3 high tem-
perature furnace (AGICO Ltd.) and a Curie express
balance (Burov et al., 1986). Hysteresis parameters
were measured by an automatic coercive spectrometer
(Burov et al. 1986). The elemental composition of sul-
fides was carried out on an EVO-50 scanning electron
microscope with Bruker AXS XFlash energy dispersion
spectrometers and the Quantax Esprite 1.9 X-ray micro-
analysis system, as well as on a Camebax microana-
lyzer with an X-Max energy dispersion detector, Oxford
(INCA, Aztec).
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Fig. Photomicrographs of magnetic fractions (BSE images): sulﬁdes of pyrlte (A), grelglte (B), pyrrhotite (C) composition.

D - sulfides with Fe/S > 2. TM -titanomagnetite.

3. Results and discussion

Iron sulfides in the sediments of the studied lakes
are in various forms — framboids, small dusty clusters,
individual crystals (Fig.). Framboids look like opaque
spherules of various sizes in transmitted light. They are
often destroyed to a dark dusty mass (individual crys-
tals) during the preparation of slides. Sometimes sul-
fides fill up the diatom valves. Some are in the form of
chains; it is assumed that they are magnetic.

The numbers are indicated EDS analyses,
brackets are Fe/S rations.

The distribution of sulfides along the cores is
not uniform. In general, sulfides are confined to the
lower parts of the sections, although they are found
in small quantities in all sections of the studied cores.
Sulfides are found mainly in the Holocene sediments
of Gryazevoe and Nalimnoe lakes. Both of these lakes
belong to the Talaya group of lakes.

The composition of sulfide minerals is not homo-
geneous. According to energy dispersion X-ray spec-
troscopy, in most cases they have a pyrite composition,

in
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often of a framboidal structure. The ratio Fe (wt. %)/S
(wt.%) is about 0.9. The size of the spheres varies from
a few to 50 pm. They are numerous in the sediments of
lakes Gryazevoe, Nalimnoe, Sosednee, Vodorazdel’noe,
Sapog.

Some sulfides have a greigite composition (Fe/S
~1.2). They are found in the form of framboids and
granular clusters. Pyrrhotite sulfides (Fe/S ~1.5) are
less common. Sulfides in which the weight content
of iron significantly exceeds the sulfur content (Fe/S
>2) have been noted in the sediments of many cores.
According to the hysteresis data, magnetic sulfides are
single-domain. The TMA curves of the magnetic extract
show a decrease in magnetic susceptibility of about
400 °C, corresponding to greigite. Curie point (320°C)
of pyrrhotite is visible on TMA curves after process-
ing magnetic extract of 10% HCI. It is assumed that
iron sulfides are formed mainly at the stage of diagen-
esis. Sulfides occur in the form of thin layers, possi-
bly deposited directly from the water column in the
Sosednee lake. The V/Cr ratio for the lower part of core
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is >2, indicating oxygen-free conditions in the basin.
The water of the studied lakes is ultra—fresh, bicarbon-
ate — dissolved solids is 20.4-49.3 mg/1. The content of
the SO, anion is insignificant: 0.35 (Gryazevoe); 0.62
(Vodorazdel’'noe); 1.04 (Ui); 0.61 (Sosednee); 0.87
mg/1 (Nalimnoe). It is assumed that hydrogen sulfide,
necessary for the formation of sulfides, was released
during the decomposition of organic matter (Roberts,
2015).

4. Conclusions

Iron sulfides from lake sediments have pyrite,
greigite and pyrrhotite compositions. They affect the
magnetic characteristics of sediments, making it diffi-
cult to interpret the rock magnetic data for paleocli-
matic reconstructions.
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AHHOTAILIHUS. VccnenoBaHsl cyibGUIb Kejle3a U3 0CaKOB JIEAHUKOBBIX 03ep MaragaHckoln 06acTu
- I'psizeBoe (61°08°21” c.m1., 152°19’57” B.7A.), Hamumuoe (61°07°41” c.m., 152°20’8” B.x4.), CocenHee
(62°0329” c.m1., 149°31’22” B.1.), Camnor (63°29°9” c.m1., 147°50°41” B.A4.), BogopasaensHoe (63°44'8”
c.am., 148°13’4” B.1.), Yu (63°49’31” c.m., 147°53’21” B.A.). BoIbImMHCTBO 03ep 00pa30BaHO B KOHIIE
[O3[JHero IvlelicTolleHa MM B Hayajle paHHero roJioneHa. Cysabduasl HaXOAUTCA B BUJe OTAEIbHBIX
cheporios, nmennx GpamobouaaIbHyI0 CTPYKTYPY, NbUIEBATHIX CKOIUIEHN!, OTAEeJIbHBIX KPHCTAJLJIOB.
WHorpa BBHIIOJIHAIOT CTBOPKU OuaTomeil. Pasmep dpamboupoB He mpesbimaer 100 mMxM. Cysibdubl
HMMEIOT IMPUTOBBIM, I'PEUTUTOBEINI U NUPPOTUHOBEIN cocTaB. OHU paclpoCTpaHeHH HepaBHOMEPHO B
paspesax. ['peliruT 1 NUPPOTHH BBHIAEIIAIOTCA 10 MAarHUTHBIM XapaKTepHUCTUKAM.
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1. Beeaenue

Cynbduasl xejae3a MKUPOKO pacnpoCTpaHEeHHEbIe
MHWHEpAJIBl B O3€pHBIX OCaAKaxX. YacTO OHM ABJIAETCA
WHAWKATOPaMU aHOKCHUIHBIX OOCTAaHOBOK. B o03epax
OHU 00pa3ylTcd B OcCajike Ha CTaguM AUareHesa, a
TaKXe OTMEYAIOTCSA B BOJHOW TOJIIIE BHIIIE T'PAHULIBI
ocagok-sBoma (Wilkin and Barnes, 1997; Suits and
Wilkin, 1998). Hau6oJiee 4acTo B 0caKax BCTPEYAIOTCA
MUPUT (FeSz) U rpeuruT (Fe3S 4). [MupuT HeMarHUTHBIN
MUHEpaJI, OAHAKO B MpOIlECCE HAarpeBa MEpPeXOJUT B
MarHeTUT, OCJIOXKHSAA MPOBEJeHHE TepMOpa3MarHu-
YMBaHUA O0OpPa3LoB Ui BBIAEJIEHUA XapaKTepUCTHYe-
CKMX HalpaBJeHWA HaMarHMYeHHOCTH IMpU TMajieoMar-
HUTHBIX UCCJIEAOBAaHUAX. ['PEUTrUT CUIIbHOMArHUTHBIN
muHepas (Roberts et al., 2011). O6pa3yschk Ha cTaguu
JuareHe3a, OH HCKaXXaeT TMEeTPOMarHUTHBIE XapakTe-
PUCTUKU AETPUTOBBIX MAarHUTHBIX MHHEDAJIOB, YacCTO
WICIIOJIb3YEMBIX AJIA PEKOHCTPYKIMI 03€pHOTO OCAIKO-
HaKoIJleHUs1. MOHOK/JIMHHBIN MUPPOTUH PEIKO BCTpe-
YyaeTcs B 0CaJOYHBIX OTJioxkeHusax (Roberts, 2015).

2. 06BLeKTbl U MeToAbl HCCAEAOBaHUM

Cynpbumsel keje3a OOHapyXeHBH B OcajkKax
JIeTHUKOBBIX 03ep MaramaHckol obyactu — I'pszeBoe
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(61°08'21” c.m., 152°19'57” B.4.), Hamumuoe
(61°07’41” c.m1., 152°20’8” B.1.), Cocemuee (62°03'29”
c.mi., 149°31°22” B.11.), Camor (63°29°9” c.u1., 147°50741”
B.1.), BomopasnenbHoe (63°44’8” c.u1., 148°13’4” B.11.),
Yu (63°49’31” c.m., 147°53’21” B.n.). O3epa uMerT
JIeMHUKOBOE IMPOMCXOXAeHue, OOJIbIINMHCTBO W3 HUX
o6pa3oBaHO B KOHIlEe IO3JHEro IJIelicTolleHa WU B
Hayajle paHHero rojoleHa. B kaxgom o3sepe Mpoby-
peHO HeCKOJIbKO CKBaxuH. Ocaaku MpeAcTaBjIeHb
IperMyllecTBeHHO ajieBpuTaMu. B BepxHell yacTu pas-
pe30B JOMHUHHPYIOT OpraHOTeHHbIE HECJIOMCThIE aJjieB-
PUTEL, B HIDKHEN 3aJ1eraloT TOHKOCJIOUCTHIE, JIEHTOYHbIE
WJIM HesCHO CJIOMCTHIE ajleBpUTHL. MOIIHOCTh HU3yYeH-
HBIX KOJIOHOK cocTasJsisieT 780 cm (I'psAseBoe), 235 cm
(HamuMboe), 424 cMm (Cocenuee), 100 cm Camor), 196
cM (BomopasgesbHoe), 199 cm (Yn).

CynbpbugHble MUHepaJsibl MCCJIeJOBaJINCh TEPMO-
MarHUTHBIMY, ONTHUYECKUMU U MUHepaJorm4ecKUMU
MeTofamMu. TepmomarHuTHbIN aHanu3 (TMA) mpose-
JieH Ha MHOorogyHKInoHaIbHOM Kannamerpe MFK1-FA
¢ tepMmornpucTtaBkoii CS-3 (AGICO) u Ha MarHUTHBIX
Becax (BypoB u mp., 1986), rucrepesnucHbsle XxapakTe-
PUCTUKU U3MEPEHbl Ha aBTOMaTU4ecKOM KO3pLUTHMe-
Tpe J-meter (KI'Y) (Bypos u ap., 1986). Uccienosanus
3JIeMeHTHOTI'O COCTaBa TsAXeJION U MarHUTHOHN Gpakuuii
MpOBeJIeHbl Ha CKAaHUPYIOMIEM 3JIEKTPOHHOM MUKPO-
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ckonie EVO-50 ¢ sHepro-gucnepCcuoHHBIMU CIIEKTpoMe-
Tpamu AXS XFlash ¢upmsr Bruker u cuctemoi peHTre-
HOBCKOro MukpoaHanusa Quantax Esprite 1.9, a Taxxe
Ha MuKpoaHasusaTope Camebax ¢ 3HeproaucliepcruoH-
HBIM JleTekTopoM X-Max, Oxford (INCA, Aztec).

3. Pe3ynbTaTthl U AMCKYCCHA

Cynbduasl kxejie3a B ocajkax HCCJIeJOBAHHBIX
03ep HaxoAATCA B pasjnyHbIX popMax — ppambonpax,
MeJIKUX IbLIeBaThIX CKOIUJIEHWH, OTAEJIbHBIX KpHUCTaJl-
noB (Puc.). ®pambousl B MPOXOLsIEeM CBeTe BBITJIA-
JAT KaK Hellpo3payuHble cepyJibl pa3jInyHoro pasmMepa.
OHU yacTo paspylleHbl A0 TeMHOH IMblIeBaTOM MacChl
(oTHesnbHBIX KPUCTAJIOB) B IIpoliecce NMPUrOTOBJIEHUS
ciaifoB. MHorma cysibduHble o0pa3soBaHUA 3amloJl-
HAIOT CTBOpKM AuatoMeli. HekoTopble HaxoAATcA B
BUJe Ilenovek, peAnojaraeTcs, YTo OHU MarHuTHEIE.

Pacnipenenenue cyabGuaoB 0 pa3pe3aM CKBa-
JKUH He paBHOMepHoe. B mesnom, Habsromaerca npuy-

A

BopopaspensHoe -2, 123 cm
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POYEHHOCTh CyJIbGUI0B K HIXXHUM 4acTAM pa3pesoB,
XOTS OHM B He3HauuTeJIbHBIX KOJINYecTBaxX BCTpedva-
I0TCA [0 BepTUKaJIU BCeX pa3pe30oB HM3yUeHHBIX CKBa-
*k1H. B ocagkax o3ep I'psaseBoe, HannmHoe cynbduasl
HaliJieHbl, B OCHOBHOM, B I'0JIOL[EHOBO! YaCcTH pa3pe30B.
O06a sTux 03epa npuHajiexar TajabCKoil rpymne o3ep.

CoctaB cysibduUAHBIX OOpa3oBaHWII He OJHO-
poauelil. [Io JaHHBIM 3Hepro-AUCIEePCHOHHOMN peHTre-
HOBcKoU crekTpockonuu (DJC) oHU B GOJIBIINMHCTBE
cjlydyaeB MMeIOT NMPUTOBBIN COCTaB, 4acTo (ppambou-
nanpHoro crpoeHusa. OtHomeHue Fe (mac. %)/S (mac.
%) cocraiiseT okosio 0.9. Pasmep cdepyn usmeHs-
eTcs OT HeCKOoJIbKUX 0 50 MKM. OHU MHOT'OYHCJIEHHBI
B ocagxkax o3ep I'paseBoe, Hamumnoe, Cocepsnee,
BogopaszaensHoe, Camnor.

YacTb cysibGUAHBIX 00pa30BaHUL UMeeT rpeiru-
ToBhIl1 cocTaB (Fe/S ~1.2). OHU OOHapyXeHHl B BHJE
(ppamMO0OUAOB 1 3epHUCTHIX CKOIUJIEHUH. Pexe BcTpeda-
0TcsA cyapduas nuppoTuHoBoro cocrasa (Fe/S ~1.5).
B ocagkax MHOIMX CKBaXMH OTMeYeHBl Cyjab(UuAHBIE
oOpa3oBaHNsA, B KOTOPBIX BECOBOe COJiepXXaHue xeje3a

CocegHee-3, 336 cm

".%(.0-9) 0.

[psiszesoe-10n, 0-35 cm

RS A, N

Puc. MukpodoTtorpadpuy MarHuTHEIX ppakuuii (n306paxxeHnsa B 00paTHO-pACCESHHBIX 3JIEKTPOHAX): CyJIbGUABI MUPUTOBOTO
(A), rpeiirutoBoro (B), nupporuHoBoro (B) cocraBa; I' — cynsduns ¢ Fe/S > 2. TM - TutaHomarHeTut, nudpamMu noxkasaHsl
HoMepa D/IC crekTpoB, B ckobkax — (oTHomeHus Fe/S).
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3HAYMTEeJIbHO IpeBHINIaeT coAepxaHue cephl (Fe/S
>2). Cy[d 1o rucTepe3nCHbIM XapaKTepucTUKaM Mar-
HUTHBIE Cyabduasl oaHomoMeHHble. Ha kpuBbix TMA
MarHuTHBIX Qpakiuil GUKcHUpyeTcsa crajJ MarHUTHOH
BOCIIpUMMYUBOCTU O0K0JI0 400°C, COOTBETCTBYIOLIUI
rpeviruty. [TupportuH c Toukoi Kiopu 320°C oTueTIBO
BBIpa’XeH Ha KPHUBBHIX TepMoKalllaMeTpuu Iocje obpa-
6otku 1po6 10% HCL. Tlpeanosaraercs, 4To CyJIbQUIBI
Jkejle3a oOpa3oBaHBl IIPeMMYyIleCTBEHHO Ha CTaguu
auareHesa. B o3epe CocenHe cynbduaHble oOpa3oBa-
HUA OTMeYeHBHl B BHJE TOHKUX CJIOMKOB, BO3MOXHO,
OCaX[JeHHBIX HeINOCpPeJCTBEHHO N3 BOJHOM TOIIW.
OtHoweHue V/Cr AjiA HUKHeH 4acTH paspe3a COCTaB-
JseT >2, ykasbBagd Ha OecKHCJIOpOAHBIE YCJIOBUS B
HacceliHe. Boga mcciefoBaHHBIX 03ep yJbTpalnpecHasd,
rufjpokapboHaTHasa — obmas MUHepaJIu3alusa coCTas-
Jisiet 20.4-49.3 mr/n. Conepxanue annona SO, He3Ha-
yurespHoe: 0.35 (I'psaseBoe); 0.62 (BogopasaesbHoe);
1.04 (Yn); 0.61 (Cocemnee); 0.87 mr/n (Hamumzoe).
[Ipeanosiaraercsa, 4YTO CEpOBOAOPOJ, HEOOXOAWMBIN
U1 oO6pa3oBaHuA cyabGUAOB, 0CBOOOXAAJICA NIPU pas-
noxenuu opranuku (Roberts, 2015).

4. 3aknoueHume.

CynbduaHsle 0Opa3oBaHUA U3 O3€PHBIX 0CAKOB
UMeIOT MUPUTOBBIN, TPEUTMTOBBINI M NUPPOTHUHOBBIN
coctaB. OHU BJIMAIOT HA MarHUTHBIE XapaKTePUCTUKU
OCaKOB 3aTpyAHAs MHTeplpeTanuio nerpodusmnde-
CKUX AaHHBIX, HUCIOJIb3yeMBIX AJIA IajleOKJIMMaThye-
CKUX PEKOHCTPYKLHH.
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