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Abstract

To obtain high-resolution records of elemental paleoenvironmental change proxies in the bottom sediments
of Lake Hovsgol (Mongolia), a high-performance technique is proposed. It consists of extraction of sediment
samples with 1 % HNO; followed by multi-elemental ICP-MS measurements of extracts. In comparison
with the complete decomposition of bulk samples, this method provides a maximal number (44) of climate-
sensitive elemental signals (variation of contents of extractable elements along sediment core depth) and,
at the same time, their maximal response to the global paleoclimate change. The highest sensitivity (variability
>100 %) to climate change is characteristic for Cy,,,, P, Ca, V, Ni, Se, Br, Sr, Mo, Sb, I, W and U, and
the lowest one (25—30 %) — for As, Rb, and Phb. On the basis of memory effect studies, an algorithm of ICP-
MS measurement (VG PlasmaQuad II quadruple spectrometer) is proposed; this method does not require
intermediate rinsing of spectrometer measuring path between core samples analysed subsequently. It allows
increasing the output of serial analysis up to 200 samples per day.
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1. INTRODUCTION

Modern paleoenvironmental reconstructions
are based on high-resolution records of vari-
ous proxies of paleoclimate changes in ice cores
and in sedimentary cores from seas and lakes.
Bottom sediments of large, old continental
lakes, such as Lake Baikal (Russia) and Lake
Hovsgol (Mongolia), are of great interest for
paleoenvironmental reconstruction in the intra-
continental part of Asia. Numerous studies of
Lake Baikal bottom sediments carried out dur-
ing last two decades have shown that geochem-
ical indicators are very useful paleoenvironmen-
tal proxies [1—11]. The use of high-performance
methods and their optimisation are the main
factors for obtaining high-resolution paleoenvi-

ronmental records. Thus, many sediment cores
from Lake Baikal were analysed with high and
ultra-high resolution due to optimisation of
high-performance methods of analyses, such
as SR-XFA (scanning of raw cores) [12, 13]
and ICP-MS [7, 8]

Comprehensive and detailed studies of Lake
Hovsgol sediments aimed to obtaining paleore-
constructions have started rather recently [14—
17]. Certainly, they require high-performance
and valid techniques, in particular, for multi-
elemental analysis on the basis of modern in-
struments.

Obtaining high-resolution elemental proxies
caused by paleoclimate changes allows to de-
termine the transition boundaries when pale-
oenvironmental conditions change. This is one
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of the most important tasks for paleoenviron-
mental reconstructions. The necessity of such
identification is especially important while
studying long drilling cores where traditional
biogenic indicators (SiO, p;,, C,pg etc.) are con-
siderably distorted or completely disappear due
to diagenetic processes just at the boundary of
150 ky BP [16]. The method proposed in this
paper is just aimed to the solution of this im-
portant task.

In this paper, the sequential extraction pro-
cedure (based on nitric acid) for revealing cli-
mate-sensitive elements in Lake Hovsgol bottom
sediments is proposed and studied, and ICP-MS
measurement algorithm for multi-elemental ex-
press routine analysis of cores is optimised.

2. EXPERIMENTAL

2.1. Sampling, sample preparation, weak acid
extraction and sequential extraction procedure

The core X105-2, 110 cm long was taken in
the central part of Lake Hovsogol from the
depth of 241 m (50°56740” N, 100°21'25” E).
This core was dated by *C AMS method [15], it
covers the last 30 ky. The core was cut along
and sampled at 1 cm intervals. Sub-samples of
wet sediment (~3 g) were weighed, dried at
60 °C to constant mass [2] and ground in a mor-
tar. Dried samples were heated at 600 °C during
1 h (in order to remove the major part of or-
ganic matter), and mass losses were calculated.

To study losses on ignition, extraction ki-
netics, stability of solutions and some other
items, a “test” sample was prepared by mixing

TABLE 1

equal quantities of Holocene (10 samples) and
Pleistocene (10 samples) sediments (except di-
agenetic horizons) from the core X105-2. Dried
and ignited (mass loss 8.7 %) aliquots of the
sample were decomposed by microwave method
and analysed with ICP-MS according to [18].

Kinetics of extraction with 1 % HNO; was
done with dried and ignited sample “test”. The
sub-samples (160 mg) were placed in polypro-
pylene tubes and 45 ml of 1 9% HNO,; was
added. Extracts were taken after 5, 10, 20, 40
min, 1, 2, 4, 8 h, 1, 2, 3, 4, 5, 6, 7 days and
2, 3, 4 weeks. Extracts were stabilized with
0.01 % EDTA (SIGMA, 99.995 % purity) im-
mediately after centrifugation and separation
of supernatant from solid phase. All extracts
were analysed by ICP-MS simultaneously af-
ter finishing the kinetic experiment.

Investigation of solutions stability (during a
week) was done with ignited “test” sample after
20 h of extraction and separation of superna-
tant from solid phase. Stabilized (with 0.01 %
EDTA) and non-stabilized extracts were studied.

An influence of the percentage of weak
nitric acid on the magnitude of elements ex-
traction was studied with 1, 2 and 4 9% HNO,
and with ignited “test” sample after 20 h of
extraction.

The sequential extraction procedure was
performed with 50 mg of ignited sub-samples
under the conditions presented in Table 1.

All the reagents used were of analytical
grade, and distilled water was prepared with
redistiller GFL 2104 Cesellschaft fer Labortech-
nik MBH (Germany). Indium (10 ppb in measur-
able solutions) was used as an internal standard.

Sequential extraction procedure of Lake Hovsgol sediments (50 mg sub-samples)

Stage I* Stage II°

Stage III (thermal acid decomposition of residue)®

1 % HNO; (15 mL) 70 % HNO; (0.5 mL)

70 % HNO, (3 x 1 + 2 mL), 60 % HCIO, (I mL),

50 % HF (5 mL), 30 % H,0, (30 pL)

Room 80 °C
20 h 2 h

90 °C

During 24 h

#Tubes (polypropylene, V = 15 mL) were centrifuged (10 000 g), and solutions were measured from the same

tubes (upper part of extracts was taken).

PAfter measuring the first stage extracts, they were decanted, tubes were rinsed twice with 10 mL distilled water.
The hot acid extracts of stage II were diluted with 14 mL of distilled water (next steps — see comments for stage I).

‘Residues were transferred to glass carbon crucibles (V = 40 mL) and evaporated to dryness. After this, precipitates
were evaporated twice with adding 1 mL HNOs;, then 2 mL HNO; with 30 uL H,0, were added. Solutions were kept
to mature for 2 h (room temperature) and diluted with 40 mL of 1 % HNO,.
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Instrumental operating conditions and parameters data acquisition (VG PlasmaQuad II)

Condition/parameter Setting
RF power, W 1350
Reflected power, W <5
Cooling argon gas flow rate, min~* 13.5
Auxiliary argon gas flow rate, min~! 0.8
Nebulizer argon gas flow rate, min! 0.98
Spray chamber (Scott type) temperature, °C 17
Nebulizer type Babington
Sampler cone (nickel) internal diameter, mm 1
Skimmer cone (nickel) internal diameter, mm 0.7
Sample uptake rate, mL/min 1
Sample uptake time, s 40

Scan mode Scanning

Scanning mass range

Points per mass unit

Dwell time, ms

Detector dead time, ns

Time per sweep, s

Integrated measurement time, s
Repeats

Integration range, units of atomic mass

6-13, 23—39, 41-238

25

10.24

30
0.1
60
1

0.8

2.2. Multi-elemental ICP-MS measurements
of serial samples extracts

The samples of core X105-2 prepared ac-
cording to conditions described in Table 1 were
analysed with quadrupole ICP-MS spectrome-
ter VG PlasmaQuad II using semiquantitative
technique. Before each measurements set, the
instrument was tuned and calibrated by stan-
dard solution “tune” having widely different
masses (*Be, *?Co, '°In, *0Ce, 29Bi, *%U - 10
ppb). The calibration curve (taking into account
sensitivity factors of the elements) is approxi-
mated by a second-degree polynomial fit. In
this case, the systematic inaccuracy of -cali-
bration of elements which are not included in
the “tune” calibration standard is not worse
than =30 %, while relative changes of ele-
ments concentrations between samples in the
set measured are determined with a precision
not worse than 10 % RSD. Samples were mea-
sured by separate sets: 1 % HNO, extracts, 70
% HNO; extracts, and solutions of thermal
acid decomposition of the residue. In each set,
the samples were measured subsequently with

core depth increase in the following order: blank
sample — control sample — 10 samples — con-
trol sample — 10 samples — control sample,
etc. An averaged sample prepared by mixing
of 0.5 mL from each measured solution sample
in a set was used as a control sample tracing a
temporal instrument drift for all the range of
scanned masses. The rinsing of spectrometer
measuring path (3 % HNO;, 1 min) was done
before and after each control sample, but it
was not done between unknown samples mea-
surements. Other parameters with which the
measurements were performed are given in
Table 2.

Interference correction was done using PQ
SIMPLEX 2.0 software (improved from first
version [19]). The final choice of isotopes, which
were used for concentration calculation, was
done by combining of principles of “minimal
calculated concentration” and “most reliable iso-
topes” (essentially free from oxides and having
a relatively high abundance). The typical mas-
ses were: 'Li, Be, !B, >13C, **Na, *Mg,
28.29g; 31p 34g 430g. 495c, 47Ty, Sy, SCr,
55Mn, Fe, %Co, Ni, 3Cu, %Zn, "'Ga, ™Ge,
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5As, 7'Se, "Br, ®Rb, *Sr, %9V, Zr, 9Nb,
98\, 108104pg 10980 1110q, 120gn, 121G, 1277,
1330g, 1398, 1391,5, 40Ce, llpp l43NQ, 47Sm,
Bigy, 157Gd, 159Th, 63Dy, 19Ho, 10Er, 169Tm,
174y 1Ly, LT8Hf, 18Ty, 182y 187Re, 195pt,
202gg 208py, 209B; 22Ty 238Q,

It is possible to measure 60 elements (K and
Al were out of detection range in most of the
samples) reliably in solutions of 1 % HNO; (see
Fig. 6). Some of these elements cannot be de-
termined reliably in strong acid extracts (C, Re)
and in solutions of thermal acid decomposition
of residue (C, Na, Si, Re, Bi) but some other
elements can be determined additionally (Ag,
Pd, Pr, Au and Ag, Pt, respectively).

3. RESULTS AND DISCUSSION

3.1. Loss on ignition, kinetics of extraction
with 1 % HNO; and stability of solutions

The main reason for ignition was the inten-
tion to remove major part of organic matter in
order to obtain record of inorganic carbon. An-
other reason was a suspicion that organic mat-
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ter is able to “cement” mineral particles and to
decrease its accessibility for extragent effect. It
was found out that considerable losses (in com-
parison to dried sample) are characteristic for
Br (30 %), I (98 %) and Hg (70 %). Losses of
other elements are within the range of deter-
mination errors (typically less than =10 %), i.e.
cannot be determined reliably, so we may as-
sume that losses are negligible.

Kinetics of extraction with 1 % HNO; was
done with dried and ignited sample “test”. The
initial kinetic profiles were normalized — every
concentration in extracts was converted to the
dried sample (ignited series were corrected to
loss on ignition as well) and divided by its mean
values over the ignited profiles; normalized pro-
files for each serial sets with similar shapes were
combined in stacks (just averaged). Kinetic pro-
files of extracted elements from ignited “test”
sample are presented in Fig. 1. It is evident that
it is impossible to reach chemical equilibrium
in sediment—extragent system over any reason-
able time for most elements. It means that ex-
act extraction time must be kept for all inves-
tigated samples in order to obtain comparable

hours
eSS 234

days weeks
1 2357 234

46

3.0

1.5+
1.0

0.1 1 10 100
Extraction time, h

1000

Fig. 1. Kinetics of extraction of elements from ignited Lake Hovsgol bottom sediments (“test” sample, see text) with
1% HNO,: 1 — Li, Na, Rb, Tl; 2 — Be, Mn, Mg, Sc, K, V; 3 — Si, Fe; 4 — Cr, Zn, Ga, Co, Ni; 5 — Ti, Cs, Cu; 6 —
B, Pb, Th, Ba, Cd, Ta; 7 — Sr, LREE (La, Ce, Pr, Nd, Sm, Eu); 8§ — P, As, Re, Ca, Ge, Y, HREE (Gd, Th, Dy, Ho,
Er, Tm, Yb, Lu), U; 9 — Se, Br, Sn, Nb; 10 — S, Bi, Hf, Zr; 11 — Mo; 12 — I, 13 — Sb; 14 — W.
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data. We chose extraction time equal to 20 h
which was rather compromise. It is optimal for
preparing of several hundred samples (includ-
ing night time) on the one hand, and no sense
to wait longer in terms of “stability” (concen-
tration of Mo, I, Sb, W tend to decrease and
elements of the stacks 1—5 tend to increase),
on the other hand. We suppose that climate-
sensitive element signals obtained in the sedi-
ment core (see below) are due first of all to
mineral composition of the sediments which is
controlled mainly by paleoenvironmental con-
ditions. The processes of extraction have sec-
ondary influence and are able to amplify con-
trast factor for major part of element signals
(this is disable effect) as it will be shown below.

After separation of supernatants from sol-
id phases the solutions are stable at least dur-
ing a week except Zr, Sn and Hf, concentra-
tion of which decreases to 26, 48 and 42 %,
respectively. The losses of the elements are
absent if solutions are stabled with EDTA
(0.01 %). So, if it is impossible to measure sam-
ples immediately after extraction period, the
solutions must be separated and recommended
to be stabilized.

The shapes of kinetic profiles for major part
of elements extracted by 1 % HNO, from dried
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“test” sample are similar to ones obtained with
ignited sample but quantities of extracted ele-
ments varied greatly. As we assumed, the quan-
tities of elements extracted from dried sample
are less then ones extracted from ignited sam-
ple for major part of elements. At time extrac-
tion of 20 h, the maximal difference is charac-
teristic for Th (13 times) and Br (10 times). As
for the latter, it seems unusual because Br dur-
ing ignition considerably escapes (30 %). We as-
sume that a part of Br in sediments is subject-
ed to diagenetic transformations and included
in secondary minerals which are able to return
Br readily into extract if organic mater was
removed. Other elements extracted from ignit-
ed sediment exceed ones extracted from dry
sediment not so much (T1, V, Ni, Ge, Se, Mg,
Re, Fe, Si, B, Ga, Sn, S, Rb, Sc, Al, K, Li,
Mo, Na, Cr, W, Bi — from 1.2 to 3.2 times). On
the contrary, some elements are extracted bet-
ter from dried sediment: Pb, Ti, Ta, Cd, Zr,
I, Cu (from 1.2 to 3.8 times). The difference for
rest elements (Nb, Ba, Hf, Ca, Mn, Y, REE,
Sb, Cs, Sr, U, Co, P, As, Zn, Be) does not
exceed =10 %.

Kinetic profiles of elements obtained from
dried sample which have shapes character not
similar to ignited one are shown in Fig. 2.
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Fig. 2. Comparison of element extraction kinetics with 1 % HNO; from dried (grey symbols) and ignited (black symbols)

“test” sample.



100

The discrepancy in shapes characters is found
out only for Ge, Re, Nb, Bi, Mo, I and W. In
all cases kinetic profiles obtained with dried
sample have well-marked tendency to increase
since 1 day (Re, Nb, I) or 2 days (Ge, Bi, Mo,
W) in comparison to ones obtained with ignited
sample. Such discrepancies are probably due to
change of physical state of mineral phases
during ignition. It should be kept in mind if
weak acid extraction is done with dried or ig-
nited sediments.

3.2. Influence of percentage of weak nitric acid
on magnitude of elements extraction

We investigated elements extraction from
ignited “test” sample with 1, 2 and 4 % nitric
acid (under the same condition as for stage I
of sequential extraction procedure, see Table 1).
The choice of concentration range of nitric acid
was done for the next reasons: (i) 1-4 9% HNO,
is a typical range for measurable solutions in
ICP-MS, so use of more concentrated extragent
requires dilution of initial extracts, this will
decrease sample prepare rate; (ii) more con-
centrated nitric acid has no advantages in terms
of revealing and contrasting paleoenvironmental

2.5 1
20
15
101
05

HNO3, %
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changes elemental signals (as it follows from
the results obtained while running sequential
extraction procedure of the core studied; see
below). Data obtained are presented in arbi-
trary units in Fig. 3. It is seen that the increase
of extraction is practically linear and propor-
tional to nitric acid strength for the major part
of the elements. Increase of extraction in 4 %
HNO; media in comparison to one of 1 % HNO,
does not exceed 25 % for approximately half
of the elements (stacks 1—4). Extraction of Ca,
Se, U, Ge, Sr, Y, S, Br (stack 4) and Si, As,
REE (stack 3) practically does not depend on
HNO, strength, it means that mobile forms of
these elements are associated mainly with phas-
es which are able to be dissolved readily (sul-
phates and carbonates mainly) or to desorbthe
elements into weak acid media (some authigenic
facies and clay minerals, e.g. montmorillonite).
Extraction of rest elements depends on acid
strength stronger — concentrations of the ele-
ments in 4 9% HNO; exceed ones in 1 % HNO,
1.4-9.3 times except P (1.1) and Mn (1.3). The
latter together with Zn are characterized by
more expressed extraction in 1-2 % HNO; in-
terval, and than extraction is suppressed (P)
or slightly decreases (Mn, Zn). Nb, Ta and Zr,
Hf, on the contrary, have inverse extraction

C, a.u.

Fig. 3. Extraction (20 h) of the elements from ignited “test” sample (see text) with 1-4 9% HNO,: 1 — Li, Mg, B, I, Mg;

2 — Be, Sc, Cd, Ba, Pb; 3 — Si, As, REE; 4 — Ca, Se, U,
Ti; 9 — Cu, Rb, Tl; 10 — Nb, Ta; 11 — Zr, Hf; 12 — P; 13 — Mn; 14 — Zn.

Ni, Th; 7 — Sn, Cs, W, Bi; 8§ —

Ge, Sr, Y, S, Br; 5 — Fe, Sh, Ga, Mo; 6 — K, V, Co, Cr,
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profiles — extraction is more expressed in
2—4 9% HNO, interval, especially for Zr, Hf.

Increase of concentration of HNO; from 1
to 4 % formally corresponds to increasing of
extraction time with 1 % HNO; from 1 to 2—7
days (the time is not equal for different ele-
ments and groups, cf. Fig. 1). Evidently, the in-
creasing of extraction time is not identical to
increasing of acids strength (especially for Mo,
I, Sb, W, Si, As, P, HREE, Nb, Ta, Zr, Hf,
Bi, Th, cf. Fig. 1). So, it should be kept in mind
while choosing extragent percentage.

3.3. Sequential extraction procedure

In order to study elemental composition of
different fractions of multi-component systems
(soils, bottom sediments, etc.), different vari-
ants of the method of sequential extraction
with specific extragents are used [20—25]; first
it was proposed by Tessier et al. in 1979 [26].

While studying Baikal sediments, we have
shown that extraction with hot concentrated
HNO; allows to increase “contrast range” of
elemental signals (which are proxies of pale-
oenvironmental change) and to reveal ones
which were masked with bulk content of the
elements in the samples [7].

In this study, we also used nitric acid as an
extragent, however, in difference with [7], the
procedure of sequential extraction was used.
At the first stage of this procedure the ele-
ments were extracted from the sediments with
a weak nitric acid (1 % HNO;). A weak acid is
able to extract exchangeable and mobile ele-
ments from mineral phases characterized by
different resistance to it. We expected that it
could give a greater contrasting effect to pale-
oclimate proxies — variation range of extract-
ed elements along the core depth in response
to global paleoclimate changes. Of course, a lot
of different acids (e.g. hydrochloric acid, ace-
tic acid, etc.) are widely used in geochemistry
practice for mobile elements extraction from
sediments, but our choice is based on the fact
that nitric acid gives least interference at ICP-
MS analysis. For example, using of hydrochlo-
ric acid and other chlorinated compounds does
not allow to determine reliably such elements
as V, Cr, As, Se due to interferences with
molecular ions CIO", ArCl*. Another reason is

that nitric acid does not form insoluble salts,
which are able to precipitate from solutions.
On the base of data obtained during investi-
gations of “test” sample (see above) it was im-
possible to choose optimal weak acid extrac-
tion mode. In other words, it was impossible to
forecast how these or those extraction condi-
tions will effect onto elements signals obtained
from the core sediments. So, we decided to use
ignited samples and initial boundary conditions
— extraction with 1 % HNO; and compromise
extraction time (20 h, see Table 1).

At the second stage of sequential elements
extraction we used, like in [7], hot concentrat-
ed nitric acid which is able to dissolve some
autigenic minerals and to extract some quanti-
ty of elements additionally due to strong oxi-
dation state.

Finally, at the third stage of this procedure,
we dissolved the residues of the samples com-
pletely (thermal acid decomposition) in order to
reveal paleoclimate change signals, which are
due to variations of non-extractable elements.

Evidently, sum of all the stages of the se-
quential extraction procedure allows to determine
bulk elements distribution in the core studied.

The profiles of elements distribution by
depth of the core X105-2 obtained while real-
izing the sequential extraction procedure in
comparison with climate biogenic indicators
(Si0y pigs Corgy diatoms [15]) are presented in
Figs. 4 and 5. Data are presented in arbitrary
units — every concentration was divided by its
mean values over the profiles. The boundaries
of global aleoclimate changes shown in Figs. 4, 5
are obtained by radiocarbon dating of the core
[15]: Holocene/Pleistocene — 11.5 ky BP, a warm
period Belling-Allerad (BA, 15—13 ky BP) in
the end of Pleistocene is shown by a dashed
rectangle, a cold period Younger Dryas (YD,
13-11.5 ky BP) — by a grey rectangle.

As it follows from Fig. 4, most of elements
(44 of 60) extracted with 1 9% HNO,; give a
clearly expressed paleoenvironmental change
signals — elements contents change consider-
ably at the boundary Holocene/Pleistocene or
within transitional periods (BA—YD) in the end
of Pleistocene. To assess the degree of signals
variability in response to global paleoclimatic
conditions change, we used a parameter CF
(contrast factor) determined as percentage of



TSERENTSEGMID OYUNCHIMEG and E. P. CHEBYKIN

102

Arb. units

60 80 100 120

Depth, cm

Pleistocene

Holocene

0-

T
oINS IS DON QW
Nr—=H— O Nr—— OO
Saourt
o) Is
% “Mtolg  8/a3 ulw og PD qd
+H © o HOoOoANQH HOoANH © N o H
N r—=COO O o (e} (e} NNrAAOOONNHHOOO - o—-O O
1 1 1 1

Arb. units

1 1 1 1 L _ﬁ_ ] | ISP IS T N NP NP D S PO N N Im
—
E S

@ £3 9 =

3 59 SEf =

o< &) T 5 < o

3! =% 3

o|m Aa.8

wn

ot (=]

2| | 2

g

e - A M. ws. S -

eq -

3

oA LS

2>

(@]

o Lo
T T T T 1 T T T T T 1 T T T 1
OV O© H N ODOODOODOOoODO O N o

SOOFN o~
Aam}

Depth, cm

Fig. 4. Climate-sensitive and diagenetic element signals (arbitrary units, see text) are obtained by 1 % HNO;

extraction of sediments of the X105-2 core (Lake Hovsgol) in comparison to biogenic paleoenvironmental indicators

(Corgr Si0y 1y, diatoms).
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extraction (marked by circles except Mg and Mn) followed by thermal acid decomposition (marked by “x” on the
profiles and by * superscript of element symbols) of sediments of the X105-2 core (Lake Hovsgol) in comparison to

biogenic paleoenvironmental indicators (C,, SiO, 1, diatoms).
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change of average signals values in Holocene
and Pleistocene parts of the core (except di-
agenetic horizons) while crossing of the Ho-
locene/Pleistocene boundary (for As, Br the
Pleistocene part was averaged within BA and
YD periods only).

The most variability of the signals (CF >
100 %) is characteristic for C;,, P, Ca, V,
Ni, Se, Br, Sr, Mo, Sb, I, W and U, the least
one (CF = 25-30 %) — for As, Rb and Pb.

The contrast factors and the number of pa-
leoclimatic change elemental signals revealed
sequentially with 70 9% HNO,; and with ther-
mal acid decomposition of the residue are con-
siderably less (25 and 8, respectively, see Fig. 5).

Paleoenvironmental change-induced element
signals obtained with 1 % HNO, are divided
into three classes: (i) with high contents in Ho-
locene and low ones in Pleistocene core inter-
vals (Li, Be, Zn, Cd, Tl, Pb, Ni, Co, Se, Sh,
V, U, W, Sc, Y, lanthanides (Ln), Cr, Rb,
Ga, Ti, Th, Mo and P); (ii) with reversal dis-
tribution (C,,,q Ca, Sr, Mg, Mn, I), and (iii)
elements the contents of which are higher in
transitional climate periods (BA—YD) — As and
Br. Paleoenvironmental change proxies obtained
at subsequent stages of extraction procedure
are divided into three similar groups (see Fig. 5),
and profiles of some elements become inverse
to stage I (Ca, Rb, Y, lanthanides — in ex-
tracts of 70 % HNO,, I, Ni — in residues, see
Fig.5), and additional climate-sensitive elemen-
tal signals appear (Cu, Pd, Zr, Hf, Bi, Cs —
in extracts of 70 9% HNO,, Cu, Pt — in resi-
dues, see Fig. 5).

The direct extraction of sediments with
70 % nitric acid (estimated by the sum of stage
I and II) has no advantages in comparison with
1 % HNO; both by number of and by contrast
factors of proxies. In this case, seven climate-
sensitive signals disappear (Li, Ti, Cr, Co, Ga,
Rb, Mo), and seven other ones appear (Cu,
Zr, Pd, Cs, Hf, Bi, Ge).

In the bulk samples, only 22 elements re-
main climate-sensitive (P, Cu, Se, Sh, La, Ce,
Pr, Nd, Sm, Gd, Tb, W, Th, U — 1st class;
Cinorgy Mg, Ca, Mn Sr — 2nd class; As, Br, I —
3rd class). Their contrast factors are lower than
in nitric acid extracts ones.

Some elements (W, Mo, As, Br, I, Mn, P,
see Figs. 4 and 5) complicated by diagenetic pro-

cesses are revealed, as well as purely diage-
netic ones — Ba, Fe, accumulating in the up-
per part of the core.

Hence, if we have no aim to study the ele-
ments geochemistry in detail, sediments extrac-
tion with 1 % nitric acid, due to a simple sam-
ple preparation and its high throughput (it is
possible to prepare several hundreds samples si-
multaneously), is the most suitable for obtaining
of paleoenvironmental change proxies in lake
sediments, as revealed in Lake Hovsgol ones.

3.4. ICP-MS measurements for serial analysis.
Metrological characteristics

Besides a high-performance samples pre-
pare, the obtaining of high-resolution paleoen-
vironmental records requires optimisation of
measurement process itself, which is limiting
in most cases. In this work, we refused inter-
mediate rinsing of measurement path of ICP-
mass-spectrometer between sequentially anal-
ysed samples in the series. Below we present
some metrological characteristics justifying such
approach, as well as characterizing this tech-
nique as a whole.

3.4.1. Detection limits

Detection limits (DL, 30 test) of the ele-
ments in 1 % nitric acid extracts are presented
in Fig. 6. As it follows from data obtained, for
most elements detection limits are <0.1 ug/L,
it is considerably lower (10—4600 times) of their
minimal concentrations in the solutions mea-
sured. DL for Be, Sr, Cu, Mn, I, P, Hg, Zn
and Ni are within 0.1-1 pg/l, and for Se, Ti,
Cr, Li, B, Mg, Si, Br, S, Fe, Ca, Na, C they
are >1 pug/L (maximal DL values are obtained
for two latter ones: Na — 60 and C — 4000 ug/L).
Such high values are due to impurities in the
plasma argon gas (carbon, [27]) and in the blank
sample (Na, Ca and some others).

Minimal concentrations of Ta, Hf, Sn, Se,
and C in the solutions are comparable with
detection limits (they increase DL 1.2—2 times).
Rhenium at its minimal concentrations cannot
be determined reliably.

Thus, with the selected mode of samples
prepare (extraction with 1 % HNO,;), the mass-
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Fig. 6. Comparison of detection limits (DL) of the elements and of their minimal concentrations in 1 % HNO; sediment
extracts (core X105-2, Lake Hovsgol) by results of ICP-MS analysis.

spectrometer used allows to determine major
part of elements in samples studied reliably.

3.4.2. Memory effects

While determining elements by ICP-MS
method, main throughput decreasing factor is
the necessity to rinse mass-spectrometer mea-
suring path in order to prevent cross-contami-
nation. We supposed that for reliable determi-
nation of paleoenvironmental change-induced
signals at sequential samples measurement
(along the core), rinsing was not necessary as
samples have the same type of composition
within current paleoclimatic periods, but
abruptly different types when paleoclimatic
periods change. It was sufficient here to show
that memory effects and maximal cross-con-
tamination, which is due to them, do not ex-
ceed minimal variability of the proxies (CF =
25 %, see above).

In order to study memory effects, we used
the “test” sample (see above). It was extracted

with 1 % HNO; and measured in the same
experimental conditions as for serial samples
(see Table 2). The measurements were done
seven times repeatedly in the following order:
blank (1 % HNO;) — extract of “test” sample —
blank — 10 min rinsing (3 % HNO;). Memory
effects calculations were done as follows:

M, % = (Cpy = Cyi 1)/ (Coxer = Cpy 1)100 (1)

where Cy; ; and Cy , are elements concentrations
in blank samples measured just before and after
the “test” sample extract, C., are elements
concentrations in the “test” sample extract.

As it follows from Fig. 7, a, memory ef-
fects for most elements are <3 % except Br
(20 %) and I (26 %) for which they are rather
great, probably due to the sorption of mo-
lecular and/or hydride forms on the surface
of spray chamber and of tubes supplying so-
lutions [28—30]. While studying more diluted
solutions (3- and 9-fold) we found out that
memory effects for Br and I do not depend
on the concentration, therefore, considering
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7, panel a) and their dependence on analytical

signals magnitudes (panel b) at ICP-MS measurements of 1 % HNO; extracts of the “test” sample in comparison to
repeatability of elements determination (RSD, %, n = 7, panel a).

them as constant ones, one can correct accu-
rately the profiles obtained initially.

Dependence of memory effects on the
magnitudes of analytical signals is shown on
Fig. 7, b. It suggests that all the elements (ex-
cept Br, I), independently on their concentra-
tion range (analytical signals change by 6 or-
ders of magnitude) are removed from measur-
ing system of mass-spectrometer during the
time uptake of next sample (40 s, see Table 2)
practically completely.

As minimal variability of paleoenvironmen-
tal change-induced signals (determined as CF)
in the core is 25 %, the contribution of memo-
ry effects is negligible, and maximal cross-con-
tamination impact may be estimated as

3/(32+ 25212 =12 9

Refusal of intermediate rinsing allows to in-
crease considerably the throughput of analy-
sis up to 200 samples per day (~ 2 min per
sample, see Table 2), that it provides high-

performance technique for high-resolution pa-
leoenvironmental records obtaining.

3.4.3. Repeatability of analysis

The technique proposed intends first of all
for determination variability of paleoenviron-
mental change-induced signals in cores. It means
that determination of absolute element con-
centration in extracts not so significant for our
purposes. Systematic error within the limits of
semiquantitative methodology is up to =30 %
(due to approximate mode of calibration, see
section 2.2) but this error is a constant for ev-
ery element in all samples in a series. In other
words, calibration error does not change the
shape of proxies profiles. Main attention is to
be paid to the fact that repeatability of deter-
mination was not worse than minimal vari-
ability (CF = 25 %) of the proxies.

The repeatability was estimated by mea-
surement of extracts of seven parallel sub-
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samples of the “test” sample (prepared in the
same way as for stage I, Table 1). Data ob-
tained are presented in Fig. 7, a. One can see
repeatability better than 5 % RSD for most
of the elements (13 % RSD is maximal value
for Cd and Re) that is lower than minimal
variability (CF = 25 %) of elemental signals.
Thus, the technique developed allows to ob-
tain elemental proxies of paleoenvironmental
change in Lake Hovsgol sediments reliably.

4. CONCLUSIONS

On the base of sequential extraction proce-
dure (1 % HNO;, 70 % HNO,, thermal acid
decomposition of residue) of sediment core
samples st. X105-2, it was ascertained that the
first step of the procedure (extractions with
1% HNO;) provides maximal number (44) of
high-sensitive element signals — proxies of
paleoclimate changes recorded in Lake Hovsgol
bottom sediments. The maximal response (sig-
nal variability expressed as contrast factor
CF > 100 %) to global paleoclimate change over
the past 30 ky (while crossing Holocene/Pleis-
tocene boundary or boundaries of transitional
periods Bolling-Allered and Younger Dryas) is
characteristic for Cinorg, P, Ca, V, Ni, Se, Br,
Sr, Mo, Sb, I, W, and U, and the minimal
one (CF = 25-30 %) — for As, Rb and Pb. At
the same time, the weak acid sediment extrac-
tion method is quite simple and high-perfor-
mance (it is possible to prepare several hun-
dreds samples per day simultaneously).

An optimised algorithm of multi-elemental
ICP-MS analysis of sample prepared was pro-
posed. It is based on the fact that memory ef-
fects for the major part of the elements are
<3 %, and maximal cross contamination is 12 %,
it is considerably less than minimal variability
(25 %) of paleoenvironmental change-induced
element signals in the core studied. It allows us
to exclude rinsing of spectrometer measuring
path between samples analysed and so that in-
creases the output of serial analysis up to 200
samples per day. Detection limits of the major
part of the elements in the 1 % HNO; sedi-
mentary extracts are 0.001—-1 pg/L, this is con-
siderably less than their minimal concentra-
tion in the solutions studied. The repeatability

of determinations for the major part of the
elements is characterized by relative standard
deviation (RSD) not worse than 5 %. This algo-
rithm together with high throughput of sam-
ples prepare is a reliable and high-performance
technique for obtaining high-resolution paleoen-
vironmental change proxies in Lake Hovsgol
bottom sediments. We expect that use of this
technique will allow to determine paleoenviron-
mental transition boundaries in long drilling
cores more reliably.

The idea on which the technique is based
(revealing and/or amplification of climate
changes-induced elemental signals via samples
prepare operation) allows to adapt it for any
bottom sediments for identification of paleoen-
vironmental change boundaries and to improve
it (technique) for solution of specific geochem-
ical tasks.
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