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Abstract. Susceptibility measurements performed on initial siderite, rhodochrosite, and/or vivianite were present. The
short ¢~ 16 m) cores PG1351 taken from Lake El'gygytgyn latter three minerals are found only in anoxic environments,
exhibited a large range in values. This observation led to theand further support the notion of magnetite dissolution.
suggestion of widespread magnetite dissolution within the
sediments due to anoxic conditions within the lake. Rock
magnetic properties and their comparison with magnetic sus-
ceptibility, total organic carbon (TOC), and bul3Coq 1 Introduction
proxies in core LZ1029-7, taken from the same site as the
previously drilled PG1351, provide an insight into the char- Magnetic susceptibility is a widely used property that, in
acter of the magnetic minerals present within the lake and caiits most basic of magnetic inferences, gives some indication
further the understanding of processes that may be presemf the amount of ferromagnetic magnetic minerals, mainly
in the newer long core sediments. Susceptibility measurethe mineral magnetite. Magnetic susceptibility is a common
ments f) of discrete samples corroborate the two order of measurement employed in paleoclimate reconstruction of
magnitude difference seen in previous continuous susceptiterrestrial, marine, and lacustrine environments (Anderson et
bility measurements«(, correlating high values with inter- al., 2002; Chlachula et al., 1998; Demory et al., 2005; Evans
glacial periods and low values with glacial intervals. Hys- and Rutter, 1998; Evans and Heller, 2001, 2003, and the ref-
teresis parameters indicate that the majority of the magnetierences therein; Geiss and Banerjee, 1997; Langereis et al.,
material to be magnetite of PSD size. TOC values increasd997; Maher and Thompson, 1992; Maher, 2011; Nawrocki
while 813Cmg values decrease in one section of LZ1029-7, et al., 1996). Often, high values correlate to warm and/or
which is defined as the Last Glacial Maximum (LGM), and wet periods whereas low values denote cold and/or dry pe-
help confine the age of the core to approximately 62 ka. In-riods (Vlag, 1999; Evans, 2003). However, in some cases,
creases in TOC during the most recent glacial interval sughigh susceptibilities signify cold, glacial periods while low
gest increased preservation of organic carbon during thisvalues indicate interglacials (i.e. Alaska; B¢gl996; Evans
period. High TOC and low magnetic susceptibility during and Rutter, 1998; Evans and Heller, 2003). There is even
the LGM support the theory of perennial ice cover dur- evidence that within the same region, some lake sediments
ing glacial periods, which would lead to lake stratification exhibit opposite magnetic susceptibilities for the same time
and therefore anoxic bottom water conditions. Low tem-frame (Tudryn et al., 2010). This correlation between climate
perature magnetic measurements confirmed the presence afd relative values of magnetic susceptibility can be made
magnetite, but also indicated titanomagnetite and possiblydue to the nature of magnetic susceptibility: essentially, it
is a measure of the amount of magnetic minerals within a
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468 K. J. Murdock et al.: Rock magnetic properties, magnetic susceptibility, and organic geochemistry

sample, which can be related to erosional output from terres2 Background
trial sources. There are, however, caveats to what the source
of the magnetic particles may have been, such as if it was &ake EI'gygytgyn was formed as the result of a meteorite im-
terrestrial source, secondary formation of minerals, or possipact (Belyi and Raikevich, 1994; Belyi et al., 1994). The lake
bly biogenic in origin. This leads to the necessity of identi- itself is approximately 12 km in diameter and 175 m deep. It
fying the types, sizes, and distribution of magnetic mineralsis located in central Chukotka, northeastern Siberia, Far East
present within a location. Several other rock magnetic meaRussian Arctic (Fig. 1a). Because of the location of Lake
surements can be made in order to clarify the identity and ori-EI'gygytgyn within this unglaciated region, it is theorized to
gin of magnetic particles, and therefore provide a more com-be an ideal candidate for paleoclimate reconstruction due to
prehensive understanding of lake conditions and from thathe lack of ice sheet cover since its formation, thus providing
climate conditions. a continuous terrestrial sedimentary record (Brigham-Grette
Lake El'gygytgyn, located in the Far East Russian Arc- et al., 2007). In 1998 the first international scientific expedi-
tic, has provided and continues to provide a wealth of infor-tion to the lake occurred as a result of collaboration between
mation for paleoclimate reconstruction over the past 3.6 MaRussian, German, and US scientists (Melles et al., 2007).
(Melles et al., 2012). Magnetic susceptibility was one of the Two cores, PG1351 (12.7 m) and PG1352 (4.1 m) were re-
first properties to be measured on the initial short cores froncovered. A second expedition, in 2003, retrieved a multi-
1998, later short cores from 2002, and the new long coresude of samples including two cores, LZ1024 (16.37 m) and
(315m lake sediment) drilled in 2009. Susceptibility mea- LZ1029-7 (2.85m) — the latter being the core under study
surements showed an extreme range of values — in somiere — as well as other sediment, rock, and water samples
cases two orders of magnitude (Nowacyzk et al., 2002);(Fig. 1b). In early 2009, an international team of scientists,
high and low values correspond to interglacial and glacialdrillers, and ice engineers returned to Lake EI'gygytgyn for
periods, respectively. Such high susceptibilities in the sedi-an ICDP supported drilling project. Successful drilling op-
ment — on the order of 1@ Sl — can be attributed to the erations recovered a composite core consisting of 315m of
large amount of magnetite-bearing volcanic rocks surround{ake sediment as well as 200 m of bedrock breccia from
ing Lake El'gygytgyn. Low values, however, are more diffi- the meteor impact that created the lake (Melles et al., 2011,
cult to explain. Nowacyzk et al. (2002, 2007) suggest the low2012).
susceptibility values indicate the dissolution of magnetite
during glacial periods owing to a stratification of the lake 2.1 General geology
with severely anoxic bottom water. This is a valid and prob-
able theory for the range in susceptibility and has been sugtake El'gygytgyn is located in a meteorite crater formed 3.58
gested for other lake systems (Snowball, 1993). Nowaczyk e{+0.04) Ma (Layer, 2000), and has a diameter of 18 km. Var-
al. (2007) also suggest that dissolution occurs through mosibus igneous rocks, both extrusive and intrusive, surround the
of the short cores, even during some interglacial periods, andbke and provide the bulk of sediment input. Rock types,
that susceptibility is not a reliable indicator of terrestrial in- including rhyolite, andesite, granite, gabbro, basalt (flows
put. and dikes), dacite, tuff, and combinations of those types,
Although the dissolution of magnetite would cause suchcan be found in the area, most of which date to the Creta-
fluctuations as seen in the susceptibility measurements ofeous period. The stratigraphy was described in detail by Be-
Lake El'gygytgyn, there are some questions left with this the-lyi and Raikevich (1994). Geochemical analyses of the sedi-
ory: if such a large amount of magnetite is being dissolvedments provide evidence of significant amounts of aluminum,
prolifically throughout the cores, where is the free iron in potassium, sodium, calcium, iron, magnesium, and titanium
the lake? Also, the relationship with other climate proxies is (Minyuk et al., 2007).
not well defined, such as total organic carbon (TOC), which There are roughly 57 ephemeral streams draining into
should have a near perfect anti-correlation with magneticthe lake basin from the surrounding catchment (Nolan and
susceptibility. The 2009 drilling of Lake El'gygytgyn long Brigham-Grette, 2007). These streams provide the main
cores presented a need for a more in depth study of magnetwource of the water into Lake EI'gygytgyn. There is one out-
properties of the short core LZ1029-7 drilled in 2003 in or- let, Enmyvaam River, located to the southeast. Due to the cli-
der to better understand the processes affecting the lake andate of the area, deep permafrost surrounding the lake pre-
also refine a series of measurements that will later be pervents significant flow of groundwater. Therefore, the major-
formed on the new cores. The magnetic data from LZ1029-7ty of water going into and coming out of Lake EI'gygytgyn
was interpreted and compared to such proxies as TOC anflows through the ephemeral streams and single out flowing
bulk 813corg to gain a better understanding of lake condi- river (Schwamborn et al., 2006; Federov et al., 2009, 2012;
tions. This investigation was meant to serve as an initial studywilkie et al., 2013).
of magnetic parameters in LZ1029-7 to provide the basis for Presently, lake freeze-up occurs in mid-October and re-
further in-depth examinations in the longer cores. mains ice covered through early to mid-summer (Nolan et
al., 2002; Melles et al., 2007). Climate conditions during
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\ (TOC, TiOy, biogenic silica) in an effort to explain the large
~~~~ range seen in susceptibility. The working theory developed
= Potssy  \ by Nowaczyk et al. (2002) for the particularly low sus-

ceptibilities is that during glacial times with perennial ice
cover, Lake El'gygytgyn would have stratified, causing se-
vere anoxia in the bottom waters. With so little oxygen, mag-
netite could then be dissolved, and thus the magnetic suscep-
tibility values would become extremely low. T3Qs typi-
| i . cally used as a proxy for terrigenous input and should pos-
] - itively correlate to the magnetic susceptibility. However, in
Lake EI'gygytgyn it is not correlated and this has been inter-

Fig. 1. (a) Location of Lake EI’ tgyn in Far East Russian Arc- . . . . .
ticg 670(3& N 1725 E (Nowac%ﬁye%yal 2002)b) Location of preted as supporting evidence of magnetite dissolution dur-
| ’ -’ y ing glacial periods due to severe anoxia.

collected cores in Lake EI'gygytgyn. Cores PG1351 and PG1352
were drilled in 1998, cores LZ1024 and LZ1029 were collected in
2003, and long cores were drilled in 2009 (not shown).

Lz1024 PG1352

2.3 Microscopy

previous glacial periods have been theorized to producdn 2005, Richard Reynolds of the US Geological Survey
perennial ice cover with virtually no significant time of ice- in Denver, Colorado, prepared several samples of magnetic
free water at the lake (Nowaczyk et al., 2002; Melles et al.,Separates from LZ1029-7 for reflected microscopy work
2007). This ice-covered state would considerably limit the (R. Reynolds, personal communication, 2005). Preliminary
influx of terrestrial sediment and aeolian particles into theobservations of several of the samples indicated the abun-
lake, even during summer months, though continuous depodance of very small angular magnetite particles in areas of
sition throughout the record precludes complete isolation. high or relatively high magnetic susceptibility. There were
also volcanic fragments — consistent with the parent rocks
2.2 Previous magnetic analyses surrounding Lake El'gygytgyn — that contained tiny mag-
netite grains. A small amount of titanomagnetite and mag-
Previous magnetic investigations on short cores were pernetite grains larger in size to the very small magnetite grains
formed by Nowaczyk et al. (2002, 2007), with paleomagneticwere observed. Three photomicrographs of samples taken
data from the forthcoming ICDP 5011 core (Nowaczyk et al., from LZ1029-7 are shown in Fig. 2. Figure 2a shows a vol-
2013). Magnetic susceptibility, natural remanent magnetiza-canic rock fragment approximately g in length contain-
tion (NRM), characteristic remanent magnetization (ChRM), ing small magnetite (bright spots). Figure 2b is of particular
and hysteresis properties were measured on PG1351. One nbte as it shows a partially dissolved titanomagnetite grain
the intriguing early observations on core PG1351 is the sevwith titanium oxide. The last photomicrograph (Fig. 2c) is
eral order of magnitude range of the magnetic susceptibilityan example of the very small angular magnetite grains (
High susceptibilities can be explained with the erosional in-14 um) found in various sections of high susceptibility.
put of volcanic rocks surrounding the lake, with magnetite
being the major magnetic contributor. Low susceptibilities,
however, could not be explained by the dilution effect of
large amounts of organic material and/or biogenic silica in
comparison to magnetic materials (Nowaczyk et al., 2002). The short core LZ1029-7 that is used in this study was drilled
Nowaczyk et al. (2007) provided a more accurate timein 2003 at the same site as PG1351, drilled five years earlier,
scale for core PG1351 using magnetic susceptibility, TOC,so as to repeat the upper 80 cm of core which had been sub-
TiO2, and biogenic silica. The earlier paper (Nowaczyk et sampled in the field instead of keeping it in the core liner.
al., 2002) based the age model on mostly infrared-stimulatedNine separate sections were drilled from the LZ1029 site us-
luminescence (IRSL) and pollen, and only partially on mag-ing either a gravity corer or a piston corer. Five sections were
netic susceptibility and its correlation to the GRIP ice record.sent to the University of Massachusetts Amherst for study bi-
It was clear from the first age model that more work was ology of the fluff layer, organic and inorganic geochemistry,
needed to better constrain the older parts of the core. Onland pore water chemistry. The other four cores were sent to
magnetic susceptibility was useful for the age model andLeipzig University for physical properties, paleolimnology,
not paleomagnetic directions, since the first core only rep-and surface sediment composition. LZ1029-7 was one of the
resented approximately 250 ka. The opportunity to reexamuntouched percussion piston cores (2.91 m in length) sent to
ine the magnetic susceptibility to better pinpoint ages in thethe University of Massachusetts Amherst for organic and in-
core allowed for its reassessment in relation to other prox-organic geochemistry, and later provided subsamples for the
ies. Magnetic susceptibility was compared to several proxiesnagnetic data in this study.

2.4 Lake sediment core LZ1029-7
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2.5 Chronology

Chronology for this core (Fig. 3) was established by cor-
relation to sister cores LZ1029-5/8/9 and to core PG1351
based on sedimentology and stratigraphic markers (e.g. tur
bidites). Although laminations observed in other short sis-
ter cores (e.g. Melles et al., 2007; O. Juchus, V. Wen-
nrich, and M. Melles, personal communication, 2009) were
only weakly visible and/or absent in core LZ1029-7, simi-
lar trends in TOC % and buIP<3C0rg are present and were
used to provide additional tie points and further constrain the
age-depth model. Ages were calculated by linear interpola-
tion between correlation tie points. The chronology for core
PG1351 was derived by tuning the magnetic susceptibility
record to Northern Hemisphere insolation, supported by the
biogenic silica, TOC and Ti@records as well as OSL dates
yielding a basal age of 275 ka (Nowaczyk et al., 2002, 2007;
Forman et al., 2007; Frank et al., 2012). Development of an
age model for LZ1029-7 sediments allows for direct compar-
ison of multiple proxies both regionally and throughout the

El'gygytgyn basin.

3 Methods
3.1 Rock magnetic measurements

Samples were taken from freeze-dried, crushed sediment
from core LZ1029-7 housed at the University of Mas-
sachusetts Amherst. Each vial represents a 2cm section of
the core. Sample depths can be found in Table 1. Six samples
were taken from the earlier PG1351 core at greater depths
than LZ1029-7 to extend the longer record as well as compar-
ison to trends within LZ1029-7. Automated logging of mag-
netic susceptibility was measured at the University of Mas-
sachusetts Amherst on the whole core. A selection of 33 sam-
ples from LZ1029-7 was taken to the Institute of Rock Mag-
netism (IRM) at the University of Minnesota in Minneapolis
for detailed magnetic measurements. Magnetic susceptibil-
ity and hysteresis properties were measured on all samples
brought to the IRM, and nine samples were tested using the
Magnetic Properties Measurement System (MPMS) for var-
ious low temperature magnetic properties.

3.1.1 Magnetic susceptibility

Magnetic susceptibility was measured over the entire split
Fig. 2. Photomicrographs of LZ1029-7 of magnetic separa@s.  core of LZ1029-7 at the University of Massachusetts
Volcanic rock fragment measuring approximately 80 um in longest Amherst using an automated logging system equipped with a
dimension(b) Partially dissolved titanomagnetite with precipitated Barrington Magnetic Susceptibility 2E/1 spot reading sensor
titanium dioxide (bright white versus dull white) about 74 pm along at 1-mm increments. This measurement provided a contin-
Ion_gest_dimension(c) Sr.na”' a_ngular magnetite gr_ains. Bright uous magnetic susceptibility measurement by volure (
white triangular magnetite grain measures approximately 14 HM\iagnetic susceptibility measurements on the 31 discrete
along long dimension. g p y, - ’
samples were made with a Geofyzika KLY-2 KappaBridge
AC Susceptibility Bridge at the Institute of Rock Magnetism
(IRM) at the University of Minnesota. Initial, or low field,
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o Table 1. Samples taken from LZ1029-7 and PG1351 for discrete
i P on e m em o o o susceptibility and other rock magnetic property measurements.
© & Sample # Depth (cm)  Approx. Age (yr)  Susceptibilify)(x 10>
LZ1029-7-5 9 2459 0.1357
& LZ1029-7-12 23 4360 0.1418
LZ71029-7-14 27 4889 0.1509
: - LZ1029-7-24 47 8299 0.1529
¥ LZ1029-7-25 49 8682 0.179
H % LZ1029-7-26 51 9064 0.1621
& LZ1029-7-27 53 9617 0.1313
- LZ1029-7-28 55 10341 0.08729
LZ1029-7-32 63 11739 0.05546
ey LZ1029-7-43 85 14997 0.09155
= [ LZ1029-7-49 97 16 769 0.06683
5 LZ1029-7-56 111 18834 0.05695
N ¢ LZ1029-7-60 119 19821 0.0261
° ™ o o ® W @ L71029-7-64 127 20692 0.02787
Suscepiviity (x10%) LZ1029-7-65 129 20910 0.02821
L71029-7-68 135 21564 0.02001
Fig. 3. Depth-age model developed for 3-m core LZ1029-7 based 1Lz1029-7-69 137 21782 0.0252
on linear interpolation of ages between tie points between cores LZ1029-7-70 139 22252 0.02063
LZ1029-5/8/9 and PG1351a) High resolution scanned image of Siggg;% ijé gg ggg 8'832‘7‘2
core LZ1029-7 prior to samplingb) Depth-age model for core LZ1029-7-81 161 28044 0.03825
LZ1029-7. Correlation between cores was based on sedimentology Lz1029-7-91 181 33836 0.09028
and stratigraphic markers (e.g. turbidites, ash layer) and fluctuations LZ1029-7-94 187 35573 0.07539
in the TOC and bulk3Cqg data. Tie points are marked by black ~ -41029-7-96 191 36732 0.05825
. ) o L71029-7-98 195 37890 0.07096
circles.(c) Magnetic susceptibility) of LZ1029-7. L71029-7-103 205 20786 0.05852
LZ1029-7-108 215 43722 0.09202
LZ1029-7-109 217 44318 0.08688
LZ1029-7-111 221 45509 0.08644
susceptibility is herein referred to asor xi, and is mass LZ1029-7-114 227 47295 0.1134
. o . . I L71029-7-115 229 48742 0.1097
normalized. Additionally, high field susceptibilityys) — L71029-7-119 237 57939 0.2489
also mass normalized — was measured at a field ten times Lz1029-7-122 243 63338 0.1013
: il LZ1351-391 392 95790 0.01724
that of the low field susceptibilityx). g 178 111349 0.03068
LZ1351-481 482 111651 0.08879
; LZ1351-585 586 137004
3.1.2 Hysteresis LZ1351-609 610 149993 0.01292
LZ1351-1118 1119 279770

Hysteresis loops were measured from the twenty-five
LZ1029-7 and six PG1351 samples using a Princeton Mea-
surements Vibrating Sample Magnetometer at the Institute o
Rock Magnetism at the University of Minnesota. Peak mag-

netizing fields of 1T were used, with continuous measure-pe|iminary analysis of this core was undertaken to guide

ments of magnetization and coercivity. further sampling for organic geochemical analyses. Repre-
sentative samples were also collected to identify target com-

3.1.3 Low temperature magnetic properties pounds for use in compound specific isotopic analysis of
Lake EI'gygytgyn sediments (bott3C andsD). These sam-

Low temperature remanence measurements were made @iles were also used to streamline the analytical method to

nine samples, five from LZ1029-7 and four from PG1351, be used on smaller samples collected from a longer sedi-

using a Quantum Designs MPMS2 Cryogenic Susceptometement core, LZ1024. Sediment samples from core LZ1029-7

at the Institute of Rock Magnetism. All samples underwentwere freeze-dried, crushed and stored in combusted glass-

room temperature saturating isothermal remanent magnetiware (2cm sampling resolution; 139 samples total). Each

zation (RT-SIRM) of 2.5 T. The remanence was measured asample was sub-sampled for both total organic carbon con-

temperature was reduced in 5K increments to 10K and thenent (%TOC) and bulk*3Cyrq analysis.

back to room temperature. In addition to RT-SIRM, two other

measurements were made on three of the samples. Samplg@2.1 TOC analysis

were also cooled in either a 2.5 T field (FC) or no field (ZFC).

Remanence was then measured in increments of 5K upoAfter freeze-drying and homogenization in an agate mortar,

warming to room temperature after a 2.5 T field was appliedsediment samples were packed in tin capsules and acidified

at 10 K. (1 N HoS0;, evaporated to dryness at 55 for 12 h) prior to

5.2 Organic geochemistry
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analysis to remove carbonates. Total organic carbon concen 0
trations were determined using a Costech ECS140 Elementa
Analyzer (Costech, Valencia, CA). Total organic carbon con-
tent was calculated from the integrated response of the sam
ple compared to a calibration curve derived from standard 50 -
samples of known C and N content (acetanilide: 71.09 % C,
10.38 % N). The precision, calculated by replicate analysis of
the internal standard was 0.4 % for TOC.

100

3.2.2 Bulk§3Cog analysis

Samples for buIleSlg’COrg analysis were also acidified (1N
H2SG;s, evaporated to dryness at 85 for 12 h) prior to anal-
ysis to remove carbonates. BLHP<3C0rg values were deter-
mined by continuous flow isotope ratio mass spectrometry
using a Costech elemental combustion system (ECS140 EA
interfaced to a Thermo Delta V isotope-ratio mass spectrom-
eter (EA-irms). Analyses were run in triplicate and are re- 200
ported relative to the Vienna PDB (VPDB) standard in per
mil (%o) notation. More detailed description 6t3C meth-
ods and results can be found in Holland et al. (2013).

= 1351 susc
e 1029 susc

150

Depth (cm)

250 —

4 Results

T T
10 100 1000

-

The automated magnetic susceptibility logging of core 01

LZ1029-7 provided an initial look at the range of the suscep-

tibility to compare to the earlier core PG1351 (Fig. 4). The

range in volume susceptibility{ is 2.0 x 1C.r6 0 L11x gy 4. Comparison of susceptibility «§ between PG1351

103 SI. Magnetic susceptibility shows a wide variability in (Nowaczyk, et al., 2002, 2007) and LZ1029.

range, at least 2 orders of magnitude, as was shown in the

previously measured cores, proving reliability between cores

and providing further evidence that PG1351 and LZ1029-7

can plausibly be compared. (Fig. 6). Corresponding coercivity of remanence to coercive
Thirty-three discrete samples from various points in theforce measurements (Hcr/Hc) in LZ1029-7 vary from 2.46 to

core LZ1029-7 were measured for magnetic susceptibility3.31. These data reveal that the samples fall entirely within

(x) at the IRM (Table 1, Fig. 5). Overall the susceptibility the pseudo-single domain (PSD) field, indicating magnetite

shows a similar trend as compared to the down core loggingrains 0.1-20 pm in size. Samples studied here from PG1351

of susceptibility which is to be expected due to the large dif-also plot within the PSD field, but show a wider range of

ference in measurement intervals. Continuous susceptibilitywalues. The PSD grain size is consistent with detrital in-

was measured at every 1 mm, whereas the discrete samplgsit of magnetite grains from the crater surrounding Lake

were taken from mixed 2cm intervals. Also, the continu- EI'gygytgyn.

ous susceptibility was volume normalized) (whereas the Low temperature magnetic properties data indicate the

discrete samples were mass normalizg(l. (The range in  presence of magnetite, as seen from the strong Verwey tran-

susceptibility ) for the discrete samples is2B x 10~/ to sition present at 120K (Fig. 8). There is some indication of

2.49x 10 °mikg L. titanomagnetite in several samples where the Verwey transi-
Hysteresis properties are shown in a Day plot (Day ettion occurs over the range between 110K and 120 K. This is

al., 1977) (Fig. 6) using the parameters modified in Dun-consistent with the minerals found in the surrounding litholo-

lop (2002a, b). The shapes of most of the hysteresis loopgies at the lake that would be the main sources of magnetic

indicate the major magnetic mineral is most likely magnetite minerals.

or another soft magnetic mineral (Fig. 7). For samples from Anomalous changes in the magnetic properties are ob-

LZ1029-7, magnetic remanence (Mr) versus saturation magserved at temperatures between 10 K and 40 K during MPMS

netization (Ms) range from 0.10 to 0.19. PG1351 samplesuns. Small changes are observed in several samples at 12K

have a similar range (Nowaczyk et al., 2002), with the ex- (Fig. 8f), indicative of vivianite (Frederichs et al., 2003). Vi-

ception of a few samples in the multi-domain (MD) range vianite can be visibly observed within the cores taken from

-5
Susceptibility (k) x10
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x 06

Fig. 6. Day plot of LZ1029 (dark green circles) and PG1351 (light

i Bulk §"°C(%o) s
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[}
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20 < green circles) all plotting within the PSD range.

5 Discussion

e 1 Cores PG1351 and LZ1024 provide information over sev-
eral glacial/interglacial cycles. Although LZ1029-7 is sig-
nificantly shorter, this core provides an opportunity for in-

30 111171 — T vestigation of the most recent glacial/interglacial cycle at

02 0 & R0 0f 0P A0 AP o0 high resolution. The highest values of TOC, lowest values of
k (x10™) TOC (%) bulk 813Corg, and magnetic susceptibility highlight the Last
—e— Individual Samples (X,) —0ei) Glacial Maximum (LGM), occurring about 20 ka, at about
Continuous Samples () —— Buk 5°C (%) 1.45m sediment depth. Both the Holocene (most recent in-

terglacial) and Marine Isotope Stage 3 (MIS3) are well rep-
Fig. 5. Comparison of magnetic susceptibility;{ and«, red and  resented above and below the LGM in the core, respectively,
green curves, respectively), bulk®Corg (pink), TOC (purple). marking transitions into and out of the glacial period from
interglacials.
Differences can be seen betweerand y susceptibility

Lake El'gygytgyn (Minyuk et al., 2007), and for that rea- measurements (Fig. 5), nevertheless major trends are still
son it is plausible to find small amounts of vivianite in var- present. This is to be expected since the measurement inter-
ious areas of the core. Changes in the magnetic propertiegals are so drastically different, and because most of the dis-
at slightly higher temperatures-(25K) as seen in Fig. 8b, crete samples taken were preferentially taken from areas of
¢, and e point to the presence of pyrrhotite, siderite and/ofower susceptibility to better understand lake processes dur-
rhodochrosite — Re_,)S, FeCQ and MnCQ, respectively.  ing glacial periods (Table 1). The consistency in the ranges
These minerals are paramagnetic at room temperature but bef magnetic susceptibility between PG1351 and LZ1029-7
come magnetic at low temperatures. provides the important insight that the wide range of suscep-

Total organic carbon (TOC) concentrations are very low, tibilities is consistent between the two cores, and possibly
ranging from 0.2% to 1.9% (Fig. 5). The range of TOC pervasive throughout the lake, at least in the upper part of
values is slightly smaller in core LZ1029-7 than observedthe sediment record. The areas of high susceptibility can be
in core PG1351 (ranges from 0.1% to 2.5%; Melles et al.,interpreted as a result of the high magnetic mineral content
2007); however, the trends are very similar. Repeated moveef the surrounding rocks being transported into the lake dur-
ment of the redox boundary within the sediments and ex-ing warmer interglacials, consistent with previous investiga-
tending into the water column has been linked with decom-tions of grain size and sediment transport (Asikainen et al.,
position of organic matter (Lehmann et al., 2002; Melles et2006). Areas of low susceptibility indicate a lessening effect
al., 2007). Fluctuations in TOC are anti-correlated with tran-in the erosion of the sediment into the lake and correlate to
sitions in bulk813COrgl (Fig. 3). The lower correlation be- the glacial periods of the region. Yet, the orders of magnitude
tween TOC and bull<813Corg in the bottom~ 50cm of core  difference in susceptibility between glacial and interglacial
LZ1029-7 may be due to coring disturbance weakly visible periods does not seem to be resolved solely by fluctuations
in the bottommost section of this core. in sediment transport.
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Fig. 7. Selected examples of hysteresis loops from high susceptibility aaehsd, h), transitional ¢, d, f) and low susceptibility areag)(
in LZ1029. Loops have been corrected for paramagnetic contribution.

Perennial ice cover and lake stratification that would havelower preservation of LZ1029-7 as laminations noted within
resulted in bottom water anoxia, reducing degradation andhis interval in sister cores 1029-5/8/9/ and PG1351 were ab-
increasing preservation of organic material, also show thesent. Large excursions in bu’rl?Corg during glacial intervals
highest values of TOC during glacial periods (Melles et al., along with higher TOC values suggest migration of the re-
2007). During these cold, dry climate modes (Melles et al.,dox boundary into the water column and enhanced preserva-
2007), persistent ice cover excluded wind generated mixingion of organic matter coupled with possibly greater bacterial
as well as seasonal density-driven overturning by warmingmethanogenesis. Bacterial methane oxidation would produce
surface waters. Although extremely limited terrestrial input isotopically light carbon within the lake, eventually resulting
at these times would be expected, aquatic productivity likelyin overall reduction of bqu“COrg values. Investigation of
remained relatively high, which may also contribute to higher compound-specifié13C signatures will help to better iden-
TOC values. Investigation of the molecular composition of tify and deconvolute the source(s) of théCorg depletion
this TOC confirms a higher ratio of aquatic to terrestrial input (Holland et al., 2013; Wilkie et al., 2013).
during glacial periods (Wilkie, 2012; Holland et al., 2013).  Total organic carbon (TOC) measurements were per-
TOC values are low during warmer, interglacial periods pos-formed in LZ1029-7, although total carbon (TC) was not
sibly due to greater organic matter degradation within a fully measured. At the time, it was believed that carbonate was not
mixed, oxic water column, likely extending to the sediment present in Lake EI'gygytgyn sediments and therefore the ma-
water interface. Reactive organic matter degrades at simijor contribution to carbon within the lake was due to aquatic
lar rates under oxic and anoxic conditions (Kristensen andlora and fauna and the influx of terrestrial organic matter.
Holmer, 2001); however, the proportion of organic matter re-During glacial periods, it is theorized the lack of oxygen in
sistant to degradation is much lower under anoxic conditionghe bottom waters of the lake supply an environment where
(Borrel etal., 2011). Notably, only minor fluctuations in TOC the organic material would be preserved rather than oxidized
values are observed from 60 ka to 75 ka, in contrast with a as it would be during interglacials. Magnetic susceptibility is
distinctly higher trend in core PG1351. This may be due towidely used as an indicator of terrestrial input into the lake,
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Fig. 8. A selection of MPMS graphs from LZ1029 and PG1351. Left-hand columns show original graphs from MPMS measurements. Right-
hand columns show the derivatives of the left graphs to better indicate changes in slope between 10 and 35K, indicating the presence of
room-temperature paramagnetic minerals vivianite and siderite (or rhodochrosite), which become magnetic at about 12 and 32 K, respectively.
Samples from LZ1029 were from depths(a) 5cm, (b) 49 cm,(c) 56 cm, andd) 71 cm. Samples from PG1351 were from depthgedf

585 cm andf) 609 cm.

and therefore in this area should be higher during warm andissociated with glacial periods would dissolve magnetite
wet climates (i.e. interglacials), and lower during periods of and therefore an oxidizing environment in which to create
ice cover and cold, dry climates (i.e. glacial) and thereforehematite would be lacking. There may be mixing of magnetic
be anticorrelated with TOC. When the continuous magneticminerals that influence the Verwey transition to a slightly
susceptibility is compared to the TOC (Fig. 5), there is agreedower temperature (such as magnetite and titanomagnetite)
ment in many parts of the core. Most notably, what is con-(Fig. 8a, d, €). Hematite does not appear to be a major influ-
sidered to be the Last Glacial Maximum in the TOC record ence if it is even present at all.
(high peak at about 1.5m in Fig. 5) does correlate well with  As observed in several samples there is anomalous behav-
the low susceptibility at about the same depth. Discrepanciesor between 20K and 30K (Fig. 8b, ¢ and e). Pyrrhotite,
between TOC and MS may be explained by the presence afhodochrosite, and siderite all havé®&l temperatures within
large amounts of inorganic carbon, but given that TC was nothis range: both siderite and rhodochrosite are paramagnetic
measured, it cannot be proven explicitly. It would be assumedabove their Neel temperatures, where siderite becomes anti-
that such a large amount of inorganic carbon would be in theferromagnetic and rhodochrosite becomes canted antiferro-
form of carbonate, yet this was not found in the early geo-magnetic (Frederichs et al., 2003). At this temperature the
chemical analyses of the lake sediments (Melles et al., 2007structure of pyrrhotite changes from monoclinic to triclinic
Minyuk et al., 2007). (Wolfers et al., 2011). It is unlikely that pyrrhotite should be
MPMS data consistently shows the presence of magnetitéound in Lake El'gygytgyn in measurable amounts since it is
with a strong Verwey transition at about 120K (Fig. 8), a sulfur-limited system. Lake chemistry measurements sug-
and there is no indication of the presence of hematite withgest a deficiency in sulfur (Melles et al., 2007), and there-
a Morin transition at 260 K. Hematite would not be ex- fore it is unlikely pyrrhotite would be present. Siderite and
pected, given the theory that severely anoxic bottom watershodochrosite are better candidates for minerals present in
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the lake sediments and coincide with the observéditem-  perennial ice cover over Lake El'gygytgyn. However, the
peratures and may explain the apparent “missing source” opresence of these terrestrial sources have led to the the-
inorganic carbon. In addition, iron and manganese have beeary that during full glacial summer months, moat formation
measured in lake water geochemistry (Melles et al., 2007)around the perimeter of perennial ice cover could provide a
yet iron is most certainly more abundant than manganesemechanism to allow terrestrial signals into the lake (Wilkie
However, using just low-temperature magnetic properties, itet al., 2013). If this theory is valid, then there should be
is not possible in this study to determine if th&®l tem- some small but significant input of sediment into the lake
perature observed is related to the presence of siderite dhat would provide magnetic particles and therefore a more
rhodochrosite, or both. The presence of one or both of thessignificant magnetic susceptibility measurement than is seen
minerals, which were originally not thought to be present in during glacial periods. Because a more significant suscepti-
the lake since they are carbonates, can provide useful inbility measurement is not found during glacial periods and
formation as to climatic change and lake biogeochemicalthe presence of minerals that form in anoxic environments
cycling, since both require anoxic waters for their genesis.(siderite, rhodochrosite, vivianite) can be found throughout
Their presence also indicates that carbonate is present ithe core, magnetite dissolution due to lake stratification is a
Lake EI'gygytgyn and therefore TIC is a necessary measurehighly probable theory to explain some of the magnetic mea-
ment to make in order to attain a clear picture of the carbonsurements.
within the lake. Susceptibility may provide an effective proxy for some cli-
Some samples also exhibited a change in slope at apmatic models, but based on the work in this study and of that
proximately 15K (Fig. 8d and f), which most likely indi- done previously there may be other influences that need to
cates the presences of vivianite. Vivianite has been observelde addressed in order to create a reasonable climate proxy.
in significant proportions (Minyuk et al., 2007) and there- The most glaring issue with susceptibility is the large range
fore its presence in low temperature magnetic measurementaeasured between glacial and interglacials. Dissolution is a
is more than feasible. However, unlike the widespread vi-very plausible theory as to why there is such a wide range;
vianite Minyuk et al. (2012) observes, low temperature mea-however, the iron freed from dissolution of magnetite must
surements indicating vivianite are not consistent through allbe utilized somewhere else in the lake, be it as free iron in
samples measured (Fig. 8a). This may be due to the greatéhe sediment, the formation of secondary minerals, or the uti-
proportions of other magnetic minerals present in the samiization of iron by aquatic life. There is not enough evidence
ples tested, including magnetite, titanomagnetite, and possithat the amount of siderite or vivianite observed in LZ1029-7
bly even siderite or rhodochrosite. could utilize the amount of free iron from magnetite dissolu-
The presence of the low-temperature magnetic mineralgion.
siderite, rhodochrosite and vivianite are indicative of anoxic
bottom waters (Frederichs et al., 2003), and therefore sup-
port the hypothesis that magnetite was dissolved in Lakes Conclusions
El'gygytgyn during glacial intervals. Rhodochrosite forms
in anoxic waters that may or may not contain significant As an initial investigation of rock magnetism, this study justi-
sulfur. Siderite, alternatively, cannot form in a sulfidic en- fies the further investigation of magnetic properties and how,
vironment, yet still forms in an anoxic environment. Since as climate proxies, they relate to environmental and climatic
Lake El'gygytgyn is a fresh water lake, and water chemistry changes. Susceptibility and TOC measurements on LZ1029-
does not indicate a substantial amount of sulfur (Melles et7 further validate the initial observations on PG13510f the
al., 2007), it would be possible for siderite to form, as well large oscillations between glacial and interglacial periods.
as rhodochrosite. Vivianite forms in severely anoxic waters,For glacial periods, perennial ice cover with or without moat
which may provide evidence for differing depositional envi- formation during glacial summer months would prohibit
ronments within the lake. complete mixing within the lake and hence it would become
However, it is still not clear what quantity of magnetite stratified, creating an anoxic bottom water layer. This, there-
is dissolved, if all of it forms siderite or vivianite or other fore, would provide the correct environment for magnetite to
minerals as of yet unidentified, at what point these mineralsdissolve, and thus continues to prove to be a valid theory and
are precipitated, and why the magnetic susceptibility is sev-s further corroborated by the magnetic minerals found at low
eral orders of magnitude different between glacial and intertemperatures.
glacials. It should be noted, however, that pollen (Lozhkin Irregularities in MPMS measurements at about 10K and
et al., 2006) and biomarker investigations (Wilkie et al., 32 K indicate the occurrence of minor low-temperature mag-
2013) have documented continued input of pollen and ternetic minerals such as vivianite and siderite (respectively) —
restrial leaf wax lipids during glacial intervals and through- the former having been observed in the core by visual in-
out glacial/interglacial cycles. Nowaczyk et al. (2002) and spection and other methods — and possibly rhodochrosite.
Melles et al. (2007) have postulated that glacial intervalsThese minerals can help to identify the bottom water set-
would provide cold enough temperatures year round forting (suboxic to severely anoxic) at various times in the past
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which then can be utilized to reconstruct climate over time in the EI'gygytgyn Lake Hollow, NEISRI FEB Russian Acad.
that would produce such environments. The presence of these Sci., Magadan, 1994 (in_Russian)._ _
minerals further supports the theory of magnetite dissolutionBorrel, G., &zquel, D., Biderre-Petit, C., Morel-Desrosiers, N.,

in Lake El'gygytgyn; however, its pervasiveness over time Morel, J., Peyret, P., Fonty, G., and Lehours, A.: Production and
— and extensiveness throughout the lake — is still not well consumption of methane in freshwater lake ecosystems, Res. Mi-

determined. Additional detailed comparison between carbon, €000l 162, 832-844oi:10.1016/j.resmic.2011.06.0011.
. . . . .rkrlgham-Grette, J., Melles, M., Minyuk, P., and Scientific Party:
measurements (both organic and inorganic) and susceptibil-

. il d1to b h h to fully add d Overview and significance of a 250 ka paleoclimate record from
ity will need to be more thorough to fully address and un- El'gygytgyn Crater Lake, NE Russia, J. Paleolimnol., 37, 1-16,

derstand lake biOQEOChemical CyCling at Lake El’gygytgyn, doi:10.1007/s10933-006-9017-8007.

as will the comparison between magnetic susceptibility andchlachula, J., Evans, M. E., and Rutter, N. W.: A magnetic
TiO,. More work is required to fully understand the mag- investigation of a Late Quaternary loess/palaeosol record in
netic, geochemical, and biogenic consequences of the disso- Siberia, Geophys. J. Int., 132, 128-13#i:10.1046/j.1365-
lution of magnetite, and through that understanding, hope- 246x.1998.00399,X.998

fully better clarify the connection between terrestrial input, Day, R., Fuller, M., and Schmidt, V.: Hysteresis Properties

organic matter preservation, and magnetic properties within Of Titanomagnetites - Grain-Size and Compositional Depen-
Lake El'gygytgyn. dence, Phys. Earth Planet. Int., 13, 260-26:;10.1016/0031-
9201(77)90108-X1977.
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