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ABSTRACT. The study focuses on the hyperspectral imaging of sediment cores — a novel analytical
method providing high-resolution biogenic markers — with sediment core of Lake Khorlakel (Western

Caucasus) as a case study.
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1. Introduction

During the last decades high-resolution methods
of sedimentary analyses have provided a huge leap in
understanding natural processes and allowed state-of-
the art paleoclimatic reconstructions. Hyperspectral
imaging is a novel method for the analysis of sediment
cores with a number of crucial advantages — it offers
high-resolution data; it is non-destructive while being
time and cost-efficient. Here we present our first experi-
ence of hyperspectral imaging of a sediment core of Lake
Khorlakel located in the Western Caucasus and uncover
the method’s potential for paleoreconstructions.

2. Materials and methods

Within the facilities of the Laboratory of envi-
ronmental paleoarchives of the Institute of Geography
RAS a dedicated setup for hyperspectral imaging of
sediment cores was recently built. It is comprised of a
hyperspectral camera, a compatible Specim LabScanner
with halogen lamp lighting and custom-made dol-
lies for scanning long sediment cores. The camera
Specim FX10 works in a line-scan mode in the visible
and near-infrared (VNIR) area (400-1000 nm region)
with 448 spectral bands. The spatial resolution of the
acquired images is 229 pm with a mean spectral reso-
lution of 5.5 nm. The core was scanned in 8 sections of
approximately 40cm, resulting in an overlap of approx-
imately 10cm per section.

A specialized software package was developed
for processing, calibration, stitching and analysis of the
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hyperspectral data. The scans were corrected for dark
counts (closed shutter),white reference (Teflon calibra-
tion sample), keystone and smile effects. Regions of
interest were selected from the center of each sediment
section and were subsequently stitched by minimizing
the SSE (sum of square erorr) of the overlap between
sections. Cracks in the core, due to the drying process
were identified in the image and subsequently ignored
during calculations. The resultant preprocessed data
is a hyperspectral data cube with first two dimensions
corresponding to the length and width of an image in
pixels and a third spectral dimension.

Lake Khorlakel (43°29’36”N; 42°13’05”E, 2063
m a.s.l.) is situated 20 km west-north-west of the Elbrus
Massif and approx. 60 km north of the Main Caucasus
Ridge. The mean depth is 3.8 m with a maximum depth
of 8 m in the central part of the lake. The sediment core
HOR1 of Lake Khorlakel (Western Caucasus) was used
as a pilot object for our hyperspectral imaging project
due to its contrasting sedimentary facies with alternat-
ing thin-layered clayey sections and gyttja sections.

The core has been subject to a number of sed-
imentary analyses including conventional laboratory
analyses carried out within the facilities of the IG RAS
as well as high-resolution micro-XRF analysis with the
use of GEOTEK MSCL-XYZ Workstation at the Institute
of Oceanology RAS. The age-depth model for the core
HOR1 is robust - it is based on 11 AMS 14C dates and
spans ca. 6700-1500 cal BP. The lake’s catchment area
and abrupt sedimentation changes have been subject to
detailed geomorphic study (Shvarev et al., 2023).
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3. Results and discussion

Within the VNIR area a number of spectral
indicators reflecting certain variability of sedimen-
tary properties were reported. Here we focus on the
most used and credible of them — an absorption fea-
ture around 670 nm. Chlorophyll a and its degrada-
tion products are known to absorb in similar regions
of the electromagnetic spectrum between 650-700 nm.
A spectral fingerprint of chlorophyll a and its deriv-
atives can thus be estimated by means of calculating
the depth of an absorption feature around 670 nm -
Relative absorption band depth - RABD670 or, alterna-
tively, as an area of an absorption feature or RABA670
(Rein and Sirocko, 2002). A number of studies report
extremely high correlations between those parameters
and chlorophyll a concentrations directly measured
with high-performance liquid chromatography (HPLC)
(Wolfe et al.,, 2006). The general approach is that
organic-rich sediments will have higher values of these
parameters as opposed to those primarily affected by
terrigenous mineroclastics.

In this study, we investigate the potential of the
chlorophyll a related spectral indices of the sediment
core of Lake Khorlakel to reflect the downcore varia-
tions of organic content and productivity. In order to
trace that, we have performed a correlation and mul-
tivariate analysis of the dataset consisting of RABD670
and RABA670 values, micro-XRF-derived elemental
concentrations, results of laboratory analyses (LOI550,
magnetic susceptibility, grain size).

The results indicate a consistent relation between
our spectral indices and the other known biogenic prox-
ies. Specifically, we have established that RABD670 or
RABA670 are correlated with the content of bromine
that we previously used a high-resolution marker for
heat availability in the Caucasus (Alexandrin et al.,
2023) as well as with XRF incoherent/coherent scatter-
ing ratio and loss-on-ignition (Spearman’s correlation
coefficients in the 0.48-0.77 range). High negative cor-
relation coefficients (Spearman’s -0.62-0.86) are regis-
tered for RABD670 or RABA670 and the concentrations
of lithogenic elements and magnetic susceptibility.

4. Conclusions

We argue that RABD670 or RABA670 parameter
can be used as a high-resolution proxy for autochtho-
nous productivity. In the case of Lake Khorlakel, the
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temporal resolution of our spectral chronology is less
than 1 year. Such a high temporal resolution allows for
detailed reconstructions of certain short-term climatic
events, uncovering internal periodicity, along with gen-
eral reconstructions of long-term variability.
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1. BBeaenue

braromapa BbICOKOpa3pelIamiuM aHajJn3am
KepHOB JJOHHBIX OCAJIKOB 3a MocJje/JHee BpeMA JOCTUT-
HYT 3HAQUUTEJIbHBIN MPOrpecc B NOHUMaHUU IPUPOIHBIX
npoueccoB. Ha ux ocHOBe OBLJIO CO3[1aHO MHOXECTBO
JeTaJIbHbIX [TaJIeOPeKOHCTPYKIU. ['unepcnekTpasbHas
CcbeMKa — MeTO[ aHa/jM3a KepHOB AOHHBIX OCAaJKOB,
KOTOPHIN CTajJl NPUMEHAThCA OTHOCUTEJBHO HeJaBHO.
MeTton uMmeeT psAn NPUHLUIHUAJBHBEIX ITPEUMYIIECTB
— OH ofecneunBaeT [OaHHBIE BBICOKOTO pa3pelleHu,
ABJIAETCA HeOeCTPYKTHUBHBIM, He TpeOyeT 3HauM-
TeJIbHBIX BJIOXEHWU BpeMeHU U cpeAcTB. Hacrosinas
paboTa paccMaTpHBaeT NepPBHIU ONBIT TUIEPCIEeKTPaIb-
HOTO CKAHMpPOBaHMA KepHa [OHHEIX OCAaJKOB O3epa
Xopuakesb (3anaansiii KaBkas) B Jlabopatopuu naje-
0apxXUBOB MPUPOAHOU cpedbl MHcTUTyTa reorpadpuu
PAH u packpbiBaeT BO3MOXHOCTH MeTOJa AJiA CcOo3fa-
HUA Ha ero OCHOBe JeTaIbHBIX NaJe0pPeKOHCTPYKIIHUIA.

2. MaTepunanbl 1 MeTOAbI

B JlabGopaTopuu naseoapxXxuBOB NPUPOAHOMN
cpensl UI' PAH Obl1a co3faHa yCTaHOBKA JJIA TUIEp-
CIIeKTaJIbHOM ChEMKH O3€pHBIX KepHOB. OHa COCTOMUT
U3 TUNepCrneKTpaJbHON KaMepsl, COBMECTUMOrO € Hell
ckaHepa Specim LabScanner c¢ rajioreHOBBIM OcCBellle-
HHeM U 000py[oBaHUA AJA NMPOKaTKWA JJIMHHBIX Kep-
HoB. Hcnosw3dyemas kamepa Specim FX10 paGotaet
B pexuMe JIMHEWHOIrO CKaHMPOBAaHWA B BUAMMOHN U
omkHern uH@pakpacHoit (VNIR) wacTAx 3JieKTpo-
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MarHuTHOro crekrpa (guanazon 400-1000 M) c 448
CHeKTpasJbHBIMKM KaHajlaMu. IIpocTpaHCTBeHHOe pas-
pelleHue MOJIyYeHHBIX JaHHBIX COCTaBJAeT 229 MKM,
cpellHee CIeKTpaJjibHOe paspemieHue — 5,5 HM. KepH
CKaHMpPOBAJICA B BHUJE€ BOCBMU ydacTKoOB II0 40 cMm ¢
IepeKpuTHeM 0K0JIo 10 cMm.

Juisa o6paboTku, kKaauOpOBKHY, CIIMBAaHUA U aHa-
Jiuza TUIepCcleKTPabHBIX MaHHBIX clielydaiicTaMu
WUT' PAH 6511 pa3paboTaH clieiajIyi3upOBaHHEBIN MIPO-
rpaMMHBIN IPOAYKT. M300paxeHrss KOppeKTHPOBaJIKCh
[I0 YepHOMY (3aKpBITHIl O0BeKTUB) U Oesiomy (Kayiu-
O6poBoYHBIN 00paselr] OT NPOM3BOAUTEJISA) CTaHAAapTaM.
W3 xepHa BBIOMpaINCh IleHTpajlbHble YYaCTKU, KOTOPhIe
Jlajiee CHIMBAJIMCh C IIOMOMIbI0 MeTO[a HauMeHBIINX
KBaJpaToB [JIA 3Ha4YeHUIl OTpaxkaTeJIbHOU CIIOCOOHO-
CTHU Ha IlepeKphIBAIOIUXCA yUyacTKax. TpenyHel, BO3HU-
KaBlllie B pe3yJibTaTe YChIXaHUs KepHa, yAaJlich U He
HCIIOJIb30BaJIMCh B AajibHeiilleM aHaiuze. UTorosble
JlaHHble IPeCTaBJIAIT cOO0l rUnepKy0d — TpeXMepHBIN
MacCuB JaHHBIX C ABYM:A U3MepeHUsAMU B BUJe AJIMHEI
1 IMIUPUHB N300pakeHNs B MUKCEJIAX U TPeThUM CIIeK-
TPaJIbHBIM H3MepeHHeM (MaKcuMajlbHOe YHCJIO KaHa-
JI0B — 448).

Ozepo Xopmakenb (43°29°36»N; 42°13’05»E,
2063 M H.y.M) pacmojioxkeHo B 20 KM K 3amaj-ceBe-
po-3anazy oT MaccuBa JJybOpyca U IPpUMEPHO B 60 KM
ot I'maBHoro Kaskasckoro xpebra. CpeaHsasa riyOuHa
o3epa 3,8 M, MakcUMaJsIbHasA — 8 B I[EHTPAJIbHOM YaCTU.
Kepn HORI1 ncnosib30BaH HaMM B KaueCTBe MUJIOTHOTO
obbekTa [JiA TUIepCleKTPaJibHOIO0 CKaHWPOBaHUA
Osaromaps CBOEMy JIMTOCTpaTurpapruueckoMy pasHo-
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00pasuio — KepH CJI0XKeH YepedyIolMUCA y4acTKaMu
TOHKOCJIOUCTHIX IJIMH U campolesig C pasJudHbBIMU
CIeKTpaJbHBIMM CcBoMicTBaMHu. KpoMme Toro, AjsA KkepHa
HOR1 65171 caesniad pAn 1abopaTOpHBIX aHAJIN30B — KaK
Ha auckpetHbix obpasuax (UI' PAH), Tak u BeicOKOpas-
peniaonyii CKaHU Py MUKpo-PDA aHanu3 ¢ noMo-
upio paboueii craniuu GEOTEK MSCL-XYZ (MacTUTYT
okeaHoJioruu PAH). Bo3pacTtHasa mozens kepHa HOR1
HaJle)kKHO 3aKpellyIeHa C IOMOIIbI0 OAMHHAAIATH paau-
oyrsiepoaHsx (AMS) AaTUPOBOK U OXBaThIBaeT NepUOL
6700-1500 xaneHpapHbIX JieT Hasaf. OcobGeHHoCTU
CTOKa HaAHOCOB Ha Bojocbope o3epa XopJjakesb ObUIN
Takxe JeTanbHO u3ydensl ([lIBapes u ap., 2023).

3. Pe3ynabTaTtbl M 06Ccy)xpeHue

B xopae npeapAymux uccaeOBaHUM B IIpefesax
Bugumon — omkHelt UK uacteli criektpa 6bL1 06Ha-
pPyXeH psAd CHeKTpaJbHBIX MHJEKCOB, KOCBEHHO OTpa-
JKaIIUX BapualuM TeX WJIM WHBIX CBONCTB B OCajKe
Y, COOTBETCTBEHHO, YCJIOBUI M NPOIECCOB OCaJKOHa-
KkomuleHusa. B HacrosAmell paboTe paccMmaTprBaeTcA
caMBbIll JOCTOBEpPHBII M3 HUX — yBeJINUYeHHOe IIOIJIo-
meHve (WM IOHWXeHHe 3HadyeHusA OTpaxaTesIbHOMH
CrIocOOHOCTH) B YaCTU 3JIeKTPOMarHUTHOTO CIEKTpa,
COOTBETCTBYIOIell [JIHe BOJIH B pabioHe 670 HM.
H3BecTHO, 4TO XJIOpOOWJI @, HEOOXOAUMBIN OOJIb-
HIMHCTBY (OTOCHMHTE3UPYIOUUX OpPraHW3MOB, U IpO-
JAYKTHl €ro pacnaja NorjolalT cBeT B KPacHOH 4acTu
CIeKTpa, a 3eJIeHBlli CBeT B OCHOBHOM OTPaXalorT.
CreKTpaJIbHBINI MHAWKATOp COoAepkaHuA XJIopoduuia
a B ocajike MOXeT OBbITh IOCYUTAH IIyTeM MoJicyeTa IJIy-
OMHB MUHUMYyMa B paiioHe 670 HM Ha CIeKTpaJbHON
kpuBol (Relative absorption band depth — RABD670)
WiIn Iuiomanu (Gurypel, obpasyeMoil 3TUM MUHHMY-
MoM (Relative absorption band area — RABA670) (Rein
and Sirocko, 2002). Pax wucciiefoBaHUN HPUBOAUT
KpaliHe BBICOKME KO3(POULIMEHTH KOPPeAUNd MeXAy
3THMMM NIapaMeTpaMH{ 1 KOHIIeHTpalyAMU XJIopoduuia
a, U3MepeHHON HaNpAMYI0 ¢ IIOMOIIbI0 BEICOKOI(Pdek-
TUBHON XUAKOCTHON xpomatorpadpuu (Wolfe et al.,
2006). O6uMiT NOgXO0Z COCTOUT B TOM, YTO OCAJKU C
OoJIBIIMM coAepkaHNeM OpraHu4eckoro BelllecTBa
OyayT uMmeTb OoJiee BBICOKME 3Ha4yeHHs apamMeTpoB
RABD670 uniu RABA670 1o cpaBHEHHIO C OcajKaMu
MIpeUMyIIeCTBEHHO JINTOreHHOI'O IPOUCX0XIeHUA.

B Hacrosmel paboTe MBI paccMaTpyUBaeM MIOTeH-
[Maja CHOeKTpaJbHBIX IIPOM3BOJHBIX xJopodwuiia a
oTpaxaTb Bapualuyd CcoJepXaHHUsA OPraHu4ecKoro
BellleCTBAa W aBTOXTOHHON NPOAYKTHUBHOCTU B KepHe
o3epa Xopsakesb. [l 3TOT0 MBI IIPOBEJIM KOppeJsis-
LIMOHHBIN 1 MHOTO(aKTOPHBIN aHain3bel Habopa aH-
HBIX, BKJIIOUAIOIIero 3HaueHusa napamerpoB RABD670
n RABA670, KOHLIEHTpallK 3JI€MeHTOB, MOJIyuYeHHbIe
¢ nomolnplo MUKpo-PDA anHanusa, pe3ysibTaThl Jabo-
PaTOpHBIX aHaIW30B (MOTepyd IpU MPOKAIMBAHUY,
MarHuTHas BOCIPUMMYMBOCTD, I'PaHyJIOMeTpUYeCKui
COCTaB) — OT[EJIbHO JJI JaHHBIX BBICOKOT'O U HU3KOTO
paspelleHuA.

PesysbpTaThl TOBOPAT 00 YCTOMYMBOM CBA3U
HAalllUX CIEeKTPaJIbHBIX UHAEKCOB U APYIMX W3BECTHBIX
OuOreHHBIX MHAWKATOpoB. B yacTHOCTHM, HaMu OBLIO
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yCTaHOBJIEHO, 4TO napameTpsl RABD670 i RABA670
CTaTUCTUYECKH 3HAUYMMO CBA3aHBI C KOHIleHTpauuen
OpoMa B ocajKke — APYTMM OMOTe€HHBIM MHAUKATOPOM,
KOTOpHIYI paHee OBLI MCIOJIb30BaH HaMM [Ji PEKOH-
CTPYKIMHU TelyiooOecliedeHHOCTH Ha KaBkase ¢ BBICO-
kuM paspemenveM (Alexandrin et al.,, 2023). Takxe
CTaTUCTUYECKH 3HAuMWMble IIOJIOXKUTEJIbHEIE CBA3U
OTMeueHHbl [Ji COOTHOLIEHWS HeKOrepeHTHOr'o/Kore-
PEHTHOr0 paccesHMsA PEeHTTeHOBCKHUX JIydel (Takxke
HCIIOJIb3yeTCs B KadecTBe KOCBEHHOTO WHAWKaTopa
KoJIM4ecTBa OPraHN4ecKkoro BellecTBa) U MacCOBHIMU
[OTepsAMHU NpU NpoKaIMBaHUU (K03(POULMEHTHl paHro-
Boil koppeJsisiuu Crnvipmena 0.48-0.77). Kpome Toro,
OTMeualoTCsA BBICOKHE OTpHUIlaTesIbHble 3Ha4eHUsA 5TUX
K03 PprnreHToB a4 cBA3U napaMmeTpoB RABD670 niun
RABA670 u KOHIIEHTpaI1il JUTOTeHHBIX 3JIEMEHTOB U
MarHuTHou Bocnpuumurboctu (-0.62—-0.86)

4. BoiBOADI

[IpopgenanHasa paboTa IO3BOJISET HCIOJIB30-
BaTh napametrpel RABD670 nnu RABA670 B KauecTBe
MHAVKATOpOB Bapualldil OpraHWYecKoro BelllecTBa B
ocajxe M aBTOXTOHHOH IPOAYKTHUBHOCTU. B ciyuae
KepHa o3epa XopJiakesb BpeMeHHOe paspelleHue IJid
KPHUBBIX 3THX IIapaMeTpOB COCTaBJIgeT MeHee OJHOIO
roaa. HacTosibpko BrICOKOe paspeleHre MOXeT pPeKOH-
CTPYKIMIO OTAEJIbHBIX KPaTKOBPEMEHHBIX COOBITUI,
pacmundpoBke MepuoauYecKUx COOBITUM U (GOPCUHTIOB,
HapsAgy ¢ OoOIMMMHU PeKOHCTPYKLUUAMU [OJIrONepUO-
HOM M3MEeHYMBOCTHU.
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