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Stable carbon and oxygen isotope compositions of living Unio shells and oxygen isotope
compositions of water samples were determined in order to demonstrate how the shells' compositions
can reflect environmental conditions. With this information in hand, fossil shell fragments from a
sedimentary section at Tiszapiispoki covering the period of about 3.5 to 10 ky BP were analyzed for
their stable isotope as well as trace element compositions. Beside the determination of sedimentary
facies effects on the geochemical compositions, the combined evaluation of isotopic and trace element
records allowed us to detect past environmental changes at a millennial scale. The data indicate that
the period of 6 to 8 ky BP was characterized by humid summers that — on the basis of comparison with
an Alpine speleothem record — was associated with a generally warmer climate and increased winter
precipitation in the Alps.
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Introduction

Stable isotope studies on freshwater bivalve shells in paleoclimate research
have gained importance in recent decades (e.g. Dettman and Lohmann 1993; Al-
Aasm et al. 1998; Tevesz et al. 1998; Davis and Muehlenbachs 2001; Wurster and
Patterson 2001; Verdegaal et al. 2005; Baroni et al. 2006; Apolinarska 2009a,b; Bucci
et al. 2009; Versteegh et al. 2009; 2010a, b; 2011; Bar-Yosef Mayer et al. 2012). Stable
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carbon and oxygen isotope compositions have been shown to reflect temperature
and humidity variations in a lacustrine environment and were successfully used
to detect past climate variations from about 5 ky ago in the area of Lake Balaton,
Hungary (Scholl-Barna et al. 2012). The use of freshwater mussel shells in
paleoclimate studies has several advantages. The preservation of the original
carbonate of aragonitic shells such as Unio species can easily be checked by
cathodoluminescence (CL) microscopic analysis, as aragonite and calcite have
distinctly different (green and orange, respectively) CL colors (Barbin 2000). The
shells' lifetime reaches 4-5 years, with sizes up to 10 cm; hence simple drilling
with a dental drill would allow a sampling resolution representing some weeks of
growth. On the other hand, long-term (centennial or millennial) climate change
processes can be investigated using average shell data from sedimentary sections
that may cover thousands of years.

Beside stable C and O isotope compositions, trace element concentrations in
the shells may also carry environmental information (Vander Putten et al. 2000;
Lazareth et al. 2003; Anadon et al. 2008; Carroll and Romanek 2008; Carroll et al.
2009; Higuera-Ruiz and Elorza 2009). Although the shell-water partition
coefficients depend on many factors such as temperature, metabolism, or growth
rate, and incorporation of trace elements into the shell carbonate is a very
complex process (Al-Aasm et al. 1998; Bailey and Lear 2006; Dick et al. 2007;
Carroll and Romanek 2008; Cravo et al. 2008; Shirai et al. 2008; Foster et al. 2009),
the relative changes among shells in a sedimentary sequence may point to
changes in water composition. Arid climate would result in enhanced evaporation
and - as a consequence — increased dissolved element concentration. More
effective weathering and soil activity in the recharge area of the water can also
increase certain elements sensitive to these processes, such as phosphorus.

The present study demonstrates how stable isotope compositions and trace
element concentrations can be combined to investigate environmental changes in
a fluvial environment in eastern Hungary. A sediment core of about 7 m was cut
at Kartst-ér, Tiszaplispoki. Shell fragments of Umnio sp. were collected at a
sampling resolution of 10-60 cm wherever the shells could be recovered.
Additionally shells of live Unio specimens were collected from the Tisza river
along with water samples to determine the degree to which the shells may reflect
ambient conditions in this environment. Finally a preliminary comparison with
regionally important paleoclimate records is presented that will serve as a basis
for a further comprehensive study that would combine data from different
deposits (such as speleothems) and biogenic fossils from lake sediments (see
Demény et al. 2012 and Magyari et al. 2012 as examples).

Location and samples

Water samples from the Tisza river were collected at Szolnok (Fig. 1) during a
three-year sampling campaign. Shells of live Unio specimens — altogether 23 of
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Fig. 1

A: Map of the sampling locations of Unio shells (living shells: black solid circles; fossil shell locality of
Tiszapiispoki: empty circle) and water samples at Szolnok (grey filled circle). B and C: Stable carbon
and oxygen isotope compositions (in %o relative to V-PDB) of living shells collected at five locations
along the Tisza river (A) and stable oxygen isotope compositions (in %o relative to V-SMOW) of water
samples collected at Szolnok

them — were collected at five locations along the river (Fig. 1) at the start of the
water sampling campaign. The sediment section studied is situated in the Great
Hungarian Plain at Tiszapiispoki, eastern Hungary. As described in Stimegi
(2004), a ~7 m deep core-hole was drilled into a fluvial sedimentary sequence, of
which only the layers below ~3 m could be studied due to anthropogenic
disturbance. Based on conventional ¥C age dating (Stimegi 2004) the section
covers the period of ~9000 to ~3200 years BP ("Before Present", i.e. before A.D.
1950), providing information on the development of the Early Holocene climate
up to the so-called Holocene Climate Optimum (~8000 to 5000 years BP),
followed by the passage to present climate conditions. The core was obtained at
the edge of the village of Tiszapiispdki in a formed drainage channel called
Kartsa-ér. A detailed sedimentologic description is provided by Stimegi (2004).
The section starts with a very finely-grained sand layer between 64 and 70 m with
a significant amount of medium-sized sand fraction, indicating a high-energy
fluvial environment. This assumption was supported by the presence of Unio
crassus remnants that usually live in rapidly flowing water. Between 64 and 56 m
depth the sandy sediment alternates with silt layers, indicating water level
fluctuation in the river channel. At the depth of 56-54 m there is an organic-rich
silty layer that was interpreted as a sign of increased soil erosion (Stimegi 2004).
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The fine-grained sand fraction decreases upsection from this layer with
alternating sandy and silty layers (54-4.0 m), attributed to the formation of a
periodically flooded plain and an oxbow lake (Stimegi 2004). At the depth of
40-3.8 m there is a coarser-grained sand layer representing the development of a
river channel. Above 3.8 m the amount of organic matter and silt fraction increase,
indicating eutrophization of the oxbow lake. Shell fragments, several cm in size,
of the freshwater bivalve Unio sp. (a more precise determination was not possible
due to the shells' fragmentation) were collected from the drill core.

Analytical techniques

Cathodoluminescence microscopic examination was performed using Reliotron
"cold-cathode" equipment mounted on a Nikon Eclipse E600 microscope with a
Nikon Coolpix 4500 digital camera and operated at 6 to 10 keV acceleration
voltage.

Shell samples were prepared and “C-AMS analyzed in the Hertelendi
Laboratory of MTA ATOMKI. Carbon dioxide was extracted from the samples
using 85% phosphoric acid in a vacuum tight two-finger glass flask. The CO,
produced from the carbonate content of the sample was cleaned by a cryogenic
gas purification system. The purified carbon dioxide was converted into AMS
graphite target using the sealed tube graphitization method (Rinyu et al. 2013).
The ™C measurements were performed using the MICADAS type AMS at
Hertelendi Lab, Debrecen (Synal et al. 2007, Molnar et al. 2012). Measurement
time and conditions were set to collect at least 500,000 net counts for every single
target. The overall measurement uncertainty for each sample is below 3%o,
including normalization, background subtraction and counting statistics.

Depending on shell size (from about 0.5 to about 1 cm), three to eight sub-
samples from each shell fragment separated from the sediment core material
were drilled equidistantly on outer surfaces as individual holes, using a 0.6 mm
tip dental drill. Based on detailed studies of modern Unio shells from the
Carpathian Basin (Scholl-Barna et al. 2012), these fragments may represent
growth periods of about 0.5-1 year. Modern shells were treated with sodium
hypochlorite in order to remove the periostracum, the outer organic layer (Gaffey
and Bronnimann 1993); the shells were then powdered and their bulk
compositions measured. Stable carbon and oxygen isotope compositions of
approximately 150-200 pg carbonate samples were determined applying the
carbonate — orthophosphoric acid reaction at 72 °C (Sp6tl and Vennemann 2003)
and using an automated GASBENCH II sample preparation device attached to a
Thermo Finnigan Delta Plus XP mass spectrometer at the Institute for Geological
and Geochemical Research, Budapest. Oxygen isotope compositions of water
samples were determined by means of the conventional CO,-H,O equilibration
method (Epstein and Mayeda 1953). One ml of water sample was equilibrated
with CO, at 32 °C for 18 hours, then the 180/160 ratios were measured in the CO,
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gas using the same automated GASBENCH II sample preparation device attached
to a Thermo Finnigan Delta Plus XP mass spectrometer as for the carbonates. The
isotope compositions of carbonate samples are expressed as 313C and §180 values
relative to V-PDB, according to the equation: 6 = (R_,,,1¢/Rstandara—1)1000, where
R is the 13C/12C or BO/Q ratio in the sample or in the international standard,
respectively. It should be mentioned that Coplen (2011) has suggested removing
the factor of 1000 in order to harmonize the & value with the SI system. The
measurement precision is better than 0.15%o. for C and O isotope data based on
replicate measurements of international standards (NBS-19; NBS-18) and in-
house reference materials. The stable oxygen isotope compositions of water
samples are expressed as 880 values in %o relative to V-SMOW (Vienna Standard
Mean Ocean Water). The analytical reproducibility is = 0.1%eo.

Cr, Mn, Fe, Cu, Zn, Sr and Pb concentrations were determined in shell
fragments gathered from the drill core using energy-dispersive X-ray
fluorescence (EDXRF). The measurements were performed using a Seifert
diffraction tube with Ag anode and a Mo secondary target, operating at 40 kV
tube voltage and 50 mA current. Characteristic and scattered X-rays were
collected by a Ketek (Munich, Germany) silicon drift detector with an energy
resolution of 150 eV for Mn-K X-rays. The typical measuring life time was 6000 s.
The characteristic X-ray spectra obtained from the samples were evaluated by
non-linear least-squares fitting, using the AXIL code (Vekemans et al. 1994). For
quantitative analysis, the sensitivity curve of the measurement system was
determined by measuring a series of Micromatter (Seattle, USA) standard thin
foils. A CaCO;3 matrix was considered for the concentration calculations. The
detection limits DL, for element i were calculated as

DL, =3C, )
N

i

where Ci, Ni and Bi are the Table 1

concentration, the net counts of the Detection limits of secondary-target XRF
characteristic X—ray line and the calculated for CaCO5 matrix and 6000 s live
corresponding background counts, ™€

respectively. The DL values reached for Analytical
CaCO; matrix and 6000 s measuring Element line DL (ng/e)
time are listed in Table 1. cr Ka 36.1
Mn Ka 22.5
Results Fef o o
Ni Ka 6.3
An attempt was made to supplement Cu Ko 47
the age dates reported by Siimegi 7n Ko 31
(2004) with AMS MC age dates. Thus, an < < I
additional set of 9 age dates were o5 . 3: 7y
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gathered on Unio shells (Table 2). However, the results were not appropriate for
establishing an age model, as the shells gave uniform age dates at 7395 + 279 years
BP (uncorrected 4C ages, BP; Table 2). Possible reasons of the unusual age data
will be evaluated in the section entitled Discussions.

Table 2
AMS XC age date measurement data

Depth (cm) AMS lab code pMC abs +pMC Age + Age
350-360 1544.1.1 39.70 0.35 7421 71
360-370 * 1828.1.1 37.34 0.21 7913 46
380-390 1545.1.1 41.47 0.34 7071 66
390-400 * 1829.1.1 39.87 0.20 7387 40
450-460 1546.1.1 38.51 0.35 7665 72
530-540 1547.1.1 41.50 0.34 7064 67
580-590 * 1830.1.1 39.96 0.20 7368 40
590-600 1548.1.1 40.99 0.34 7164 68
660-670 1549.1.1 39.31 0.34 7500 69

Asterisk denotes samples pretreated with dilute phosphoric acid to remove surficial carbonate
contamination

Stable oxygen isotope compositions of water samples collected at Szolnok range
from -111 to -83%c with a mean of —97 *=06%o (Table 3). The isotopic
compositions show a seasonal fluctuation with the warm seasons relatively
enriched in 80, Within the dataset those samples collected in the warm seasons
(April to October) gave a mean composition of 94 +0.7%o (relative to V-SMOW).
The modern shells have mean §!3C and §'80 values of ~11.8 0.6 and -96 *0.3%o
(relative to V-PDB), respectively, showing slight differences between the five
different sampling locations along the Tisza river with the southernmost samples
enriched in 180 relative to the northern samples (Table 3, Fig. 1).

The original Unio shells are composed of aragonite that can be transformed to
calcite and hence may suffer alterations, so the fossil shell fragments were
checked for the preservation of aragonite by means of cathodoluminescence
microscopy. The collected shells have preserved the original aragonite mineralogy
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Table 3

Stable oxygen isotope compositions (in %o relative to V-SMOW) of water samples collected at Szolnok
and carbon and oxygen isotope compositions (in %o relative to V-PDB) of living Unio shells collected
at five locations along the Tisza river

Date 5"%0 Date 5'%0 Date 5"%0
09.03.2001 -10 28.01.2002 -9.8 28.05.2003 -9.9
12.03.2001 -10.1 12.02.2002 -9.8 04.06.2003 -9.5
14.03.2001 -10.1 25.02.2002 -10 17.06.2003 -8.7
16.03.2001 -10 12.03.2002 -10.1 25.06.2003 -8.9
17.03.2001 -10 26.03.2002 -10 15.07.2003 -8.8
18.03.2001 -10 09.04.2002 -9.8 29.07.2003 -9.1
19.03.2001 -9.9 23.04.2002 -10.2 12.08.2003 -8.8
20.03.2001 -10 07.05.2002 -10.2 27.08.2003 -8.7
21.03.2001 -9.9 22.05.2002 -9.8 09.09.2003 -83
22.03.2001 -10 03.07.2002 -9.2 23.09.2003 -8.3
23.03.2001 -10 16.07.2002 -9 07.10.2003 -8.6
25.03.2001 -10.1 30.07.2002 -8.3 21.10.2003 -94
27.03.2001 -10.1 13.08.2002 -8.7 03.11.2003 -9.7
29.03.2001 -10.1 27.08.2002 -9.3 18.11.2003 -10
15.05.2001 -9.8 10.09.2002 -9.1 01.12.2003 -10.1
29.05.2001 -9.6 24.09.2002 -8.6 16.12.2003 -9.9
12.06.2001 -9.3 08.10.2002 -9.5 13.01.2004 -10
16.06.2001 -9 24.10.2002 -9.6 26.01.2004 -10.8
10.07.2001 -9.6 04.11.2002 -9.6 10.02.2004 -10.3
24.07.2001 -9 19.11.2002 -10.2 23.02.2004 —11
07.08.2001 -9.1 02.12.2002 -10 09.03.2004 —-11.1
22.08.2001 -9 17.12.2002 -9.7 23.03.2004 -10.9
04.09.2001 -9.2 30.12.2002 -9.9 07.04.2004 -10.8
18.09.2001 -9.6 14.01.2003 -10.4 20.04.2004 -10.7
02.10.2001 -8.8 27.01.2003 -10.1 04.05.2004 -10.6
16.10.2001 -9.5 13.02.2003 -10.2 18.05.2004 -10.5
29.10.2001 -9.2 24.02.2003 -10.6 02.06.2004 -10.2
13.11.2001 -9.6 11.03.2003 -9.7 15.06.2004 -9.8
26.11.2001 -9.3 25.03.2003 -10.9 28.06.2004 -93
11.12.2001 -9.8 08.04.2003 -10.5 13.07.2004 -9.4
27.12.2001 -9.9 23.04.2003 -10.4 27.07.2004 -9.2
15.01.2002 -10.6 07.05.2003 -10.5

813C 6180
Dombrad -11.9 -9.9
Tokaj -12.0 -9.7
Tiszacsege -12.0 -9.7
Mindszent -11.4 -8.9
Tiszasziget -11.6 -9.5
<— Fig. 2

Cathodoluminescence microscopic pictures of fossil Unio shells from the drill core of Tiszapiispoki,
Kartst-ér. A: Well preserved aragonite shell from the depth of 440-450 cm. B: Partially calcitized shell
from the depth of 640-650 cm
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on the basis of their green cathodoluminescence color (Fig. 2A), with only one
exception (collected at the depth of 640-650 cm) that showed orange
luminescence color, indicating transformation to calcite (Fig. 2B).

Stable carbon and oxygen isotope compositions and trace element
concentrations are listed in Table 4. Since each shell fragment was sampled at
several points for stable isotope analyses, Table 4 also lists the number of analyses
and standard deviations (1) of the average values for each shell. The stable
isotope compositions are plotted as a function of depth in Fig. 3, where the size of
sample markers are equivalent to the depth range covered (10 cm) by each
sample. The C and O isotope compositions show major deviations at the 390—400
and 560-580 cm depth intervals, respectively. The calcitized shell sample of the
depth interval of 640-650 cm has a slightly lower — although not exceptional —
813C value than the majority of the samples, whereas its §180 value still fits those
of the neighboring samples. This indicates that calcitization was not associated
with important isotopic changes, but this sample was excluded from the

Table 4
Stable carbon and oxygen isotope compositions (in %o relative to V-PDB) and trace element contents
(in ppm) of Unio sp. shell fragments in the drill hole of the Kartst-ér, Tiszapiispoki

Depth (cm) o”C  Std. oM0  Std. N Cr Mn Fe Ni Cu Zn Sr Pb
310-320 -11.6 0.8 93 08 5 583 168 265 7.1 166 452 386 407
350-360 —10.1 12 8.6 06 6

360-370 ~132 0.9 95 08 7 548 283 282 359 17.8 588 517
380-390 —11.3 0.4 8.3 05 6 473 250 120 151 202 102 616 357
390-400 -6.3 13 7.2 14 5 729 1429 112 73 128 147 512 408
400-410 —12.1 12 9.6 04 5 453 209 171 9.3 81 265 504 394
410-420 9.9 0.4 -8.8 05 4 623 323 110 9.0 129 82 897 472
420-430 -11.8 1.0 93 09 5 445 198 94 79 105 121 343 326
430-440 -11.7 0.3 -8.7 0.3 8 779 657 116 46 103 89 541 440
440-450 -10.9 0.1 8.4 06 3 543 722 107 68 132 80 513 44.6
460-470 -12.7 13 -8.5 04 6 374 485 94 59 117 41 494 416
470-480 -12.3 13 83 27 5 634 708 106 62  10.6 6.7 497  40.8
480-490 -11.0 1.0 9.8 1.6 7 636 381 166 77 145 94 638 477
490-500 -113 0.4 95 10 5 234 50 109 6.0 9.9 63 457 360
500-510 -13.6 0.6 93 04 5 513 337 105 79 130 52 627 518
510-520 -10.5 0.6 9.6 09 5 639 140 9.7 123 40 718 382
530-540 -10.4 0.1 9.5 02 3 419 499 117 122 170 6.9 421 4438
540-550 9.8 0.5 -7.8 08 6 734 1299 154 17.1  18.0 63 630 54.0
550-560 -10.6 0.6 -8.5 05 6 662 710 126 167 250 102 448 522
560-570 93 1.0 43 36 6 319 1023 367 78 332 127 698 49.8
570-580 -8.1 0.5 3.7 10 6 436 1651 359 181 505 132 361 309
580-590 -89 1.6 -8.1 18 6 672 616 107 70 123 6.1 454 485
590-600 -10.5 1.8 -8.3 1.1 7 524 763 141 45 129 72 573 51.8
600-610 —11.1 12 92 1.5 5 325 383 95 5.5 9.2 3.7 409 421
630-640 -11.0 0.3 8.4 0.5 3420 1443 356 522 980 350 434 819
640650 -12.7 1.1 -8.6 12 6 534 542 139 135 185 76 318 343
650-660 680 926 108 92 169 72 503 437
660-670 -8.8 03 -8.6 0.3 5 248 93 115 4.4 9.1 6.1 371 377
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Age-depth models, stable carbon and oxygen isotope compositions (in %o relative to V-PDB) of fossil
shells collected at Kartsa-ér, Tiszapiispoki, and sedimentary facies classification reported by Siimegi
(2004) are shown as a function of depth. Age data of Stimegi (2004) are plotted as solid squares
(uncalibrated C ages) and circles (calibrated BP ages) as a function of depth along with new AMS
uncalibrated “C ages obtained in this work (grey filled circles). The calibrated C ages are also given
with their stratigraphic positions above the facies classification diagram
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discussion — and the plot of Fig. 3 — for the sake of safe interpretation. Although
the extent of isotope shift is not the same for §13C and 880, the high §13C values
are generally associated with elevated 3180 values, and vice versa. This can be
demonstrated by correlation coefficients calculated for the dataset. The obtained
linear regression R? values decrease from 06 to 04, if the outlier samples (see
above) are excluded from the calculation. However, even with the outliers
excluded, the C and O isotope compositions show a slight positive correlation.

The analyzed trace element contents (excepting Cr that showed a random
fluctuation) are plotted in Fig. 4 along with the stable isotope compositions. Fe, Ni,
Cu, Zn and Pb show elevated concentrations and large fluctuations at the lower
(>560 cm) and the upper (<360 cm) parts of the section, whereas the Mn and Sr
contents show slight decrease and increase, respectively, with fluctuations. The
depth intervals where elevated Fe, Ni, Cu, Zn and Pb concentrations appear are
marked as grey bars in Fig. 4. The isotopic and trace element data define two
major groups in principal component analyses (513C-3'80-Sr-Cr-Mn and Fe-Ni-
Cu-Zn-Pb, Fig. 5), although statistically significant correlations appear only for the
latter element group (Table 5).

Table 5
R? values for linear regression correlations between stable C and O isotope compositions and trace
element contents

All data

o°C 0"%0 Cr Mn Fe Ni Cu Zn Sr Pb
oC 0.31 0.01 0.29 0.06 0.00 0.02 0.00 0.00 0.00
o0 0.31 0.01 0.21 041 0.02 0.16 0.00 0.00 0.00
Cr 0.01 0.01 0.05 0.04 0.00 0.02 0.00 0.10 0.02
Mn 0.29 0.21 0.05 0.16 0.13 0.18 0.00 0.02 0.04
Fe 0.06 0.41 0.04 0.16 0.31 0.59 0.36 0.00 0.11
Ni 0.00 0.02 0.00 0.13 0.31 0.86 0.21 0.02 047
Cu 0.02 0.16 0.02 0.18 0.59 0.86 0.23 0.02 042
Zn 0.00 0.00 0.00 0.00 0.36 0.21 0.23 0.06 0.08
Sr 0.00 0.00 0.10 0.02 0.00 0.02 0.02 0.06 0.05
Pb 0.00 0.00 0.02 0.04 0.11 047 0.42 0.08 0.05

Without 5'*0 outliers of the 560-580 depth interval

0"C 60 Cr Mn Fe Ni Cu Zn Sr Pb
otC 0.28 0.06 0.21 0.00 0.00 0.00 0.00 0.01 0.00
"0 0.28 0.13 0.12 0.00 0.03 0.03 0.01 0.00 0.05
Cr 0.06 0.13 0.12 0.00 0.00 0.01 0.00 0.17 0.02
Mn 0.21 0.12 0.12 0.05 0.12 0.11 0.00 0.04 0.11
Fe 0.00 0.00 0.00 0.05 0.59 0.65 0.70 0.02 0.42
Ni 0.00 0.03 0.00 0.12 0.59 0.94 0.21 0.01 0.61
Cu 0.00 0.03 0.01 0.11 0.65 0.94 0.25 0.01 0.68
Zn 0.00 0.01 0.00 0.00 0.70 0.21 0.25 0.06 0.10
Sr 0.01 0.00 0.17 0.04 0.02 0.01 0.01 0.06 0.02
Pb 0.00 0.05 0.02 0.11 0.42 0.61 0.68 0.10 0.02

Bold and underlined values denote correlations with R? values higher than 04
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Discussion

Age model for the Kartsii-ér section

Siimegi (2004) reported three conventional “C age dates obtained for wood
fragments from the Kartst-ér section at Tiszapiispoki that show a very good linear
fitting with an R? value of 099 (Fig. 3). Although dating sediments of fluvial
environments such as oxbow lakes can be problematic due to the re-
sedimentation and alteration of organic fragments, the good linear age-depth
relationship indicates that the data represent valid ages. Additionally, the
sedimentation rate calculated from the age dates and sampling depths (0.56 mm
yrl) is in good agreement with the sedimentation rates reported by Siimegi
(2007) for fluvial and lacustrine environments of central and eastern Hungary. In
order to supplement the limited age dataset, an additional set of 9 AMS 14C
analyses was obtained on Unio shell fragments, but with rather equivocal results.
The uniform age dates yielded (7395 * 279 years BP) and the non-stratigraphic
order of the age dates (see Fig. 3) may be related both to primary and secondary
effects. The first effect that must be evaluated is secondary alteration. The
preservation of aragonite in the shells' structure excludes the possibility of severe
alteration. The presence of surficial carbonate may also deteriorate the sensitive
AMS analyses, but an acid pretreatment was also used for three samples that gave
the same age range as the non-treated samples, excluding this possibility as well.
The third process that may result in non-stratigraphic order of age dates is re-
sedimentation of shells and mixing during the drilling process. We can exclude
drilling-related mixing as this was carefully avoided during the cutting of the
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core. Re-sedimentation of shells may have occurred, but in this case the shells
would be generally older than expected on the basis of the linear age model,
while the shells with the same virtual age are scattered along the entire core with
data both older and younger than expected.

The last possibility is that the shells contain a dominating fraction of dead
carbon that deteriorates the results. This is possible as the study site is situated in
a general groundwater upwelling area where deep groundwater with old
dissolved carbon is mixed with the surface waters. Although we do not have any
direct evidence for this effect, this process may explain the unusual age dates.
Although ™C age dating of freshwater mussel shells have been successfully
conducted at other locations (Demény et al. 2012), the results indicate that the
present study site may not be appropriate for this purpose. Hence the age model
based on the three conventional age dates will be used in the following
discussion.

Reflection of environmental conditions in shell compositions

It can generally be assumed that the C and O isotope compositions of the
mussel shells of the Unio sp. record environmental parameters such as
temperature and humidity (e.g. Dettman et al. 1999; Verdegaal et al. 2005; Carroll
and Romanek 2008; Versteegh et al. 2009; Schone and Fiebig 2009; Scholl-Barna et
al. 2012). However, local data should be gathered to investigate whether the shells
collected at a given environment operate the same way as at other locations. Thus,
we compared stable isotope compositions of shell carbonates with water
compositions and meteorological data of the region. The most important
environmental parameter in the life of bivalves is temperature. Unio shells cease
growing below a water temperature of about 12-13 °C (Dettman et al. 1999;
Versteegh et al. 2010b; Scholl-Barna et al. 2012), i.e. in the cold season, usually
from November to March (Lajter et al. 2010). Thus, oxygen isotope compositions
obtained for waters collected in the warm seasons were used to calculate
temperatures at which equilibrium between shell aragonite and water could have
taken place. Using the equation of Dettman et al. (1999) and the mean §'8O(water)
value of =94 +0.7%o, the equilibrium temperature would be 21.6 =14 °C, which is
in good agreement with the water temperature range of 19 to 22 °C observed for
the warm seasons (Lajter et al. 2010). Further, water temperature increases
southward along the river flow (Konecsny 2003; Lajter et al. 2010), indicating a
continuous evolution of river water along the flow stream. This is also reflected in
the C and O isotope compositions of modern shells that show 13C- and BO-
enrichment in the southernmost locations. The enrichment in heavy isotopes is
related to water evaporation, using the data of lake-dwelling shells (Scholl-Barna
et al. 2012) as an analogue. These observations suggest that the isotope
compositions of the Unio shells of the Tisza river and its region do reflect
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environmental conditions, and the fossil equivalents can be used to assess past
environmental changes.

Environmental changes recorded by fossil shells

Stable carbon isotope compositions of freshwater bivalve shells are determined
by internal and external factors. One internal effect is the incorporation of 12C-
enriched metabolic carbon into the carbonate shell that is less significant in the
young shells, whereas it becomes stronger in the adult stages, causing a negative
313C change during the growth of the shell. Although based on a lake
environment, Scholl-Barna et al. (2012) demonstrated the metabolic effect in
living mussels of the Unio sp. of Lake Balaton (about 200 km to the west of
Tiszapiispoki). Contrary to carbon isotope compositions, 5180 values reflect
environmental conditions in the shells (Scholl-Barna et al. 2012) and follow the
equilibrium oxygen isotope fractionation between aragonite and water
determined by Dettman et al. (1999). This observation suggests that the shell
fragments collected and analyzed in this study should be classified in terms of
distance from the umbo. Figure 6A shows the C and O isotope compositions of
the studied shells with distinction between samples from marginal and central
parts of the shells. As the plot indicates, there is no difference between the two
data sets; thus the variations observed cannot be attributed to metabolic
fractionations.

Another important piece of information that freshwater bivalve shells can carry
is the internal isotopic variation. The sizes of shell fragments constrain the
analyzed pieces to a time-span of 1-2 years. In case of extremely strong seasonal
variations in temperature and precipitation, the internal fluctuations within the
shell fragments can increase (Scholl-Barna et al. 2012). Thus, in time periods with
enhanced seasonal differences the shells would have larger internal scatter in the
313C and 580 values. Fig. 6B shows the standard deviations of the analyses
obtained for individual shell fragments. The figure indicates only random
variation upsection without signs of long-term seasonality changes.

Figures 3 and 4 show the isotopic compositions and trace element contents in
the studied section together with depositional ages and sedimentary
environments determined by Stimegi (2004). Although the age-depth model is
based on only three data, they fit a linear regression line rather well, so the ages
estimated with linear interpolation can be used. Although most of the correlations
are not significant (Table 5), the isotopic and trace element data show some
systematic changes. The open-water fluvial system characterizing the early part
of the section (below 570 cm) was associated with elevated trace element contents,
pointing to the presence of detrital material eroded from the Carpathian
Mountains where ore deposits are generally known to exist. Within the soil-
erosion horizon (540-560 cm) assumed on the basis of sedimentary characteristics
(Stimegi 2004), a large positive 3180 shift appears, indicating either an increase of
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180-enriched detrital sedimentary carbonate material that suddenly shifted the
oxygen isotope composition of dissolved carbonate in the system, or a strong
evaporation related to increased aridity. Interestingly, using linear interpolation
between the ages reported by Siimegi (2004), the inferred erosion took place at
about 8150 +100 years BE coinciding with the well-known 8.2 ky event that is
considered as a cold and wet phase in the Carpathian Basin (Magyari et al. 2009).
Beside the C and O isotope shift, Fe, Mn and Cu contents are also high in the
shells in this section part, pointing again to the increase weathering of detrital
material and/or evaporation-related rise in the concentration of dissolved ions.
Between 420 and 550 c¢m, corresponding to about 5.5 to 77 ky BE the trace
element concentrations and stable isotope values are rather low and less variable
than before and after this period. On the basis of earlier studies ok freshwater
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mollusks, negative carbon and oxygen isotope shifts indicate cooler and/or wetter
conditions, with decreased evaporation (Verdegaal et al. 2005; Versteegh et al.
2010a, b; Schéll-Barna et al. 2012). This period overlaps a major change in the
sedimentary environment of the Tiszapiispoki location, with the formation of an
oxbow lake. The development of the lake may rather suggest increased trace
element concentration in the lake water due to evaporation; thus, the low
concentrations observed would indicate increased precipitation that diluted the
lake water. These pieces of information collectively suggest increased humidity in
the period of 5.5 to 76 ky BP.

The assumed humidity increase is also supported by the pollen analytical
results presented by Stimegi (2004), who detected a major change in the section
at about 500 cm. Below this depth the pollen assemblage is dominated by
Quercus, indicating relatively dry conditions. The subsequent increase in the
Pinus and Fagus assemblage suggests elevated humidity, in agreement with the
stable isotope and trace element data.

An additional correlation between the Tiszapiispoki section and a regional
reference, the COMNISPA record, has been detected. Figure 7 shows the 5-point
running mean of the C and O isotope compositions of the shells and the
composite 3180 record of three stalagmites from the Spannagel Cave (Austria;
Vollweiler et al. 2006). The COMNISPA record has been interpreted as a proxy for
the so-called North Atlantic Oscillation (NAO; Hurrell 1995), with low 580 values
attributed to increased winter precipitation in the Alps during positive NAO
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Fig. 7

Three-point running means of stable C and O isotope compositions of the fossil shells collected at
Kartst-ér, Tiszapilispoki, and stable oxygen isotope compositions (with their 200-year running mean
shown as thick black line) of the COMNISPA record (Spannagel Cave, Austria; Vollweiler et al. 2006).
All isotopic compositions are in %o relative to V-PDB
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stages (i.e. in periods with elevated pressure difference between Iceland and the
Azores area; Hurrell 1995). As Demény et al. (2012) have pointed out, the
influence of NAO activity on the climate of the Carpathian Basin region can be
traced back through the most of the Holocene, although it is thought to affect
mainly winter humidity, whereas the bivalves studied in this paper secreted their
shell material in the warm seasons. Based on the correspondence of the
Tiszapiispoki and the COMNISPA records, it may be assumed that the NAO*
period between ~6 and 8 ky (negative 180 shift in the COMNISPA curve) was
associated with a domination of humid summers.

Interestingly, a recent study on Baltic sea mollusks covering the age range of
6000 to 4300 years BP (Borowka et al. 2012) has detected a relatively cold period
around 5 ky BP. Since this period was characterized by relatively elevated §180
values in the COMNISPA record (Fig. 7), it is thought to be associated with a
negative NAO stage, i.e. cooler conditions, in accordance with the observations of
Boréwka et al. (2012). Although the present conclusion is based on one site with
a rather poor age model, the relatively good fit of the different records indicate
that the Tiszapiispoki dataset may be used in a regional paleoclimate evaluation,
and that the conclusion drawn may deserve further study:.

The uppermost part of the Tiszapiispoki-Kartsa-ér section is characterized by
elevated trace element contents in the shells, but only slight elevations in the
stable isotope compositions compared to the layers around 500 cm. The elevated
trace element contents could be related to increased evaporation, but this
contradicts the stable isotope values. Another possibility is human activity
suggested by Stimegi (2004), that may have caused enhanced erosion in the
environment and may have also released ore-related elements. The present
dataset is too limited to firmly resolve this question.

Conclusions

Modern shells collected at five locations along the Tisza river have stable
isotope compositions that reflect ambient conditions, such as water temperature
and evaporation. Stable C and O isotope compositions as well as trace element
contents (Cr, Mn, Fe, Ni, Cu, Zn, Sr, Pb) of fossil shells of the Unio sp. collected
from a core drilled at Tiszapiispoki show systematic variations. Below 570 c¢m,
sedimentary layers are characterized by relatively elevated and fluctuating trace
element contents, in accordance with the fluvial sedimentary environment. A soil
erosion horizon assumed on the basis of sedimentary characteristics also appears
in the C and O isotope compositions, indicating higher amount of marine
sedimentary carbon in the river water derived from weathering of limestone or
increased evaporation due to more arid climate conditions. Between 420 and 550
cm (corresponding to about 5.5 to 77 ky BP on the basis of age data published by
Stuimegi 2004) both the trace element contents and stable isotope compositions are
less variable compared to earlier layers. The data collectively suggest increased
summer humidity in this period that resulted in dilution of river water and
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decreased evaporation. Finally, the uppermost layers are characterized again by
elevated trace element contents without concomitant stable isotope changes that
could be related to human activity.
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