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Abstract

Loess geochemistry generally reflects paleo-weathering conditions and it can be used to determine the average composition of the upper
continental crust (UCC). In this study, major and trace element concentrations were analyzed on loess samples from southwestern Hungary to
determine the factors influencing their chemical compositions and to propose new average loess compositions. All studied loess samples had
nearly uniform chemical composition, suggesting similar alteration history of these deposits. Chemical Index of Alteration values (58—69)
suggested a weak to moderate degree of weathering in a felsic source area. Typical non-steady state weathering conditions were shown on the
Al,05;—Ca0 +Na,0-K,0 patterns, indicating active tectonism of the Alpine—Carpathian system during the Pleistocene. Whole-rock element
budgets were controlled by heavy minerals derived from a felsic magmatic or reworked sedimentary provenance. Geochemical parameters
indicated that dust particles must have been recycled and well homogenized during fluvial and eolian transport processes.
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Introduction

Eolian deposits, such as loess, are studied extensively in Earth
sciences because they are potential indicators of paleoclimatic
change via preserved fossils, magnetic susceptibility or chemical
compositions (e.g. Gallet et al., 1996; Jahn et al., 2001). In
addition, the loess geochemical data can be used to determine the
average composition of the upper continental crust (UCC; Taylor
et al., 1983; Taylor and McLennan, 1985; Gallet et al., 1998;
McLennan, 2001). Loess deposits are widespread and cover
about 10% of the Earth’s surface (Pécsi, 1990). Special attention
has been paid to western European, Alaskan, South American,
Indian and Chinese loess deposits to investigate geologic setting,
geochemical composition, paleoclimatic records and the origin
and provenance of these deposits (Taylor etal., 1983; Lautridou et
al., 1984; Gallet et al., 1998; Tripathi and Rajamani, 1999;
McLennan, 2001; Sun, 2002; Roddaz et al., 2006; Schellenberger
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and Veit, 2006). Factors leading to the deposition of loess—
paleosol sequences in Hungary and contributing to their internal
geochemical variability, however, have not been investigated in
detail. Previous geochemical studies of Hungarian loess deposits
analyzed only for major elements were not placed into
paleoenvironmental framework (Stimeghy, 1953; Pécsi, 1967,
Pécsi-Donath, 1985). Based on major and trace element
geochemistry of loess—paleosol series in Transdanubia, Hum
and Fényes (1995) and Hum (1998a, 1998b, 2002) suggested that
reconstruction of paleoclimatic trends is possible. However, these
authors described geochemical data without any modern
provenance and paleo-weathering interpretations.

Previous source area interpretations identified 3 main
sources of loess deposits in Hungary (Fig. la): (I) glacial
materials carried through the Moravian Depression by glacial
floodwater, (II) weathering products of the Carpathian Flysch,
and (III) glacial materials from the Alpine region (Smalley and
Leach, 1978; Pécsi, 1993). An alternative explanation was
offered by Smith et al. (1991), who inferred a dominantly local
source for Hungarian loess, suggesting that the Pannonian
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deposits (marine and shallow lacustrine deposits of conglom-
erates, sandstones, clays, marls, and sands) occuring subsurface
in the Great Hungarian Plain (about 40—-200 km around the
sections, Fig. la), formed in the Pannonian s.l. epoch
(equivalent to Pliocene and upper part of Miocene, ~1.8—
12.6 Ma; Ronai, 1985) could theoretically contribute materials
to the loess deposits. On the other hand, Wright (2001)
emphasized the cumulative effects of several silt-sized quartz-
producing mechanisms (aeolian abrasion, fluvial comminution,
glacial grinding, frost weathering) and sorting processes during
the formation of loess deposits in Hungary on the basis of
previous laboratory simulations (Wright et al., 1998). She
suggested that the source rocks of these loess deposits might be

originating north of the Moravian Depression and local,
possibly Pannonian sediments (Fig. 1a).

Geochemical studies of fine-grained sediments have con-
tributed significantly to the determination of the average upper
continental crust composition (Taylor and McLennan, 1985,
Schnetger, 1992; Gallet et al., 1996, 1998; McLennan, 2001).
Schnetger (1992) presented an average loess composition
(AVL') including the values for seven loess regions from a
variety of depositional scales, and McLennan (2001) redeter-
mined an average Quaternary loess composition (AVL?) from
the mean of eight regional loess averages from New Zealand,
central North America, Kaiserstuhl region (Germany), Spitsber-
gen (Norway), Argentina, United Kingdom, France, and China.

a) Moravian
Depression

[] Alpine-Carpathian flysch belt

] Inner Alpine-Carpathian Mountain
belt and the Dinarides

I Picniny Klippen Belt
Neogene calc-alkaline volcanic rocks

b)

Croatia

Figure 1. a) Geological framework of the Carpathian—Pannonian area (modified from Csontos et al., 1992, 2002). Gray, dashed line outlines the area of the Pannonian
(Carpathian) Basin, black dot-dashed line indicates the border of Hungary; black arrows show paleo-wind directions from Bradak (in press), white arrows indicate
paleo-wind directions from Jambor (2002). Bp. = Budapest; b) Enlarged boxed area; the generalized topographical map of the study area with sampling localities.
Sample locations: 1 — Majs 2/a section; 2 — Majs 2/b section; 3 — Majs 3 section; 4 — Tott6s section; 5 — Nagynyarad section. Map legend with elevation
intervals: a) 475 to 577 m; b) 375 to 475 m; ¢) 270 to 375 m; d) 170 to 270 m; e) 70 to 170 m.
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Detailed geochemical investigations of loess deposits world-
wide contribute to the accurate determination of average loess
composition, which is particularly fruitful in establishing the
average composition of the upper continental crust (Taylor
et al.,, 1983; Taylor and McLennan, 1985, Schnetger, 1992;

Gallet et al., 1996, 1998; McLennan, 2001).

In this study, major and trace element concentrations were
analyzed on loess samples from southwestern Hungary (Fig. 1b)
with the following main objectives: (a) to provide a detailed
geochemical characterization of the loess deposits in south-
western Hungary and to compare the results with those of
previous geochemical investigations for other loess deposits
elsewhere in the world; (b) to evaluate the nature, origin, and
provenance of the Hungarian loess deposits along with the main
factors influencing the chemical composition of these sediments;
and (c) to provide a contribution to a worldwide database on the
chemical composition of loess deposits and to propose a new
average loess composition. Here, we determined the new
average loess composition from existing data of 11 loess regions
with more than 25 sampling sites (AVL>; n=192). Furthermore,
we complemented AVL® with our present data of loess com-
position from southwestern Hungary and the new estimates
could be adapted as a global average loess composition (GAL).

Geological setting

Hungary is located in the central Carpathian—Pannonian
basin (Fig. la). In southwestern Hungary, Baranya County is
covered by Neogene—Quaternary unconsolidated sediments,
including Pleistocene loess deposits of great thickness (20—
60 m). The northern and northwestern portions of the study area
are part of the Baranya Hills and its southern and southeastern
portions are part of the terraced alluvial fan system of the

Danube River (Fig. 1b).

Two lithologic units have been distinguished within the
Hungarian loess deposits: (1) Young Loess Series (~16—
280 ka; MIS 2—8) and (2) Old Loess Series (~280-900 ka; MIS
9-24) (Pécsi, 1995; Shackleton et al., 1990). The Young Loess
Series can be subdivided to Dunautjvaros—Tapiosiily (upper
part) and Mende—Basaharc (lower part) sequences (Pécsi,
1993). Old Loess Series includes the lower and upper parts of
the Paks sequence (Pécsi, 1993, 1995). Based on biostrati-
graphic data and a single '*C age (33270+1140 '*C yr BP, Majs
2/b depth 2.40 m; Ujvari, 2005), the studied sections represent
the middle to late Pleistocene interval, corresponding to the
lower and upper parts of the Young Loess Series (Fig. 2).

The mineral composition of the Pleistocene Young Loess
Series from southeastern Transdanubia is mainly silt-sized
quartz (31.1-48.8%), feldspars (5.2—13.6%), carbonate miner-
als and a minor proportion of micas and heavy minerals (Hum
and Fényes, 1995; Hum, 2002). The clay-mineral assemblage
consists predominantly of illite and chlorite with minor
proportions of smectite, kaolinite, mixed-layer illite/smectite,
and rare mixed-layer chlorite/smectite. These loess deposits
have high carbonate content (10.7-38.2%) with an average
value of 24.4%. Within the carbonate fraction, the dolomite
content is unusually high (69.4% in average) and the calcite/
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dolomite ratio is 1:2 (Hum and Fényes, 1995; Hum, 2002),
which is reversed compare to the other loess deposits in the
world, where the calcite/dolomite ratio is 2:1 or 3:1 (Hédrich,
1975; Pye, 1983; Taylor et al., 1983, Schnetger, 1992). Hum
and Fényes (1995) suggested that that high dolomite content is
“primary” and thus they traced it back to the special com-
position of source rocks.

Methodology
Sampling and analytical methods

The best exposures of the Pleistocene loess deposits of
southeastern Transdanubia occur in the southeastern part of the
Baranya Hills, where natural outcrops, roadcuts and loam pits
expose parts of the Young Loess Series. A total of 54 loess
samples were collected from 5 sampling locations (Fig. 1b). The
sediment thickness ranged from 2.8 to 6.4 m in the profiles
(Fig. 2). Vertical interval of sampling was 40 cm at each site. The
samples were numbered from top to bottom, so the numbering
increases downwards in the profile. It is beyond the scope of this
study to discuss the effects of soil-forming processes, and so two
samples (N-4 and N-5, Nagynyarad section) collected from a
humus horizon (loess syrosem) were excluded.

The samples were analyzed for major and trace element
abundances with X-ray fluorescence spectrometry (XRF) using
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Figure 2. The studied loess profiles and their stratigraphic position. Positions of
samples are indicated by the little grey squares to the right of each section. The
“0” m indicates the top of the sequences which are uncorrelated in time, i.e. the
ages of loesses are not necessarily the same. h, is the abbreviation of humus
horizon (loess syrosem) in Hungarian loess—paleosol lithostratigraphy (Pécsi,
1995). Asterisk (*) indicates the sample gave a '*C age of 33270+1140 yr BP
(code: deb-11500, Laboratory of Environmental Studies, Institute of Nuclear
Research of the Hungarian Academy of Sciences, Debrecen). Broken arrows
denote that the subsurface rocks are also loess deposits.
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Table 1

Major (wt%) and trace element (ppm) concentrations of the Hungarian loess samples from southwestern Hungary (Young Loess Series)

Section Majs 2/a

Sample M2/a-1  M2/a-2 M2/a-3 M2/a-4 M2/a-5 M2/a-6 M2/a-7 M2/a-8 M2/a-9 M2/a-10 M2/a-11 M2/a-12 M2/a-13 M2/a-14 M2/a-15 M2/a-16 Mean St.D.
Sample No. 020 021 022 023 024 025 026 027 028 029 030 031 032 033 034 035

Depth (m) 0.40 0.80 1.20 1.60 2.00 2.40 2.80 3.20 3.60 4.00 4.40 4.80 5.20 5.60 6.00 6.40

Type L L L L L L L L L L L L L L L L

SiO, 62.49 53.63 58.22 59.90 62.10 65.50 64.94 63.97 63.71 61.73 61.95 60.68 63.54 61.99 62.67 61.60 61.8 2.8
TiO, 0.88 0.76 0.83 0.87 0.94 0.97 0.94 0.92 0.90 0.87 0.87 0.85 0.90 0.87 0.88 0.86 0.9 0.0
Al,O3 12.32 10.56 11.33 12.12 13.75 14.78 14.12 13.57 13.31 12.67 12.44 12.60 13.14 12.75 12.68 12.45 12.8 1.0
FeOyo 435 3.78 3.96 433 4.85 5.13 4.67 4.47 4.33 4.22 4.11 441 4.29 4.15 4.26 4.28 43 0.3
MnO 0.11 0.08 0.09 0.09 0.10 0.10 0.10 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.1 0.0
MgO 3.20 4.40 5.02 4.95 431 2.97 2.57 2.85 3.10 4.02 4.52 4.56 441 4.67 4.74 4.92 4.1 0.8
CaO 12.49 23.50 16.96 13.98 9.73 6.09 8.52 10.11 10.56 12.49 12.03 12.84 9.51 11.38 10.47 11.64 12.0 3.9
Na,O 1.28 1.14 1.35 1.40 1.60 1.65 1.50 1.47 1.46 1.43 1.51 1.45 1.53 1.50 1.63 1.64 1.5 0.1
K,0 2.27 1.89 2.04 2.18 242 2.58 243 2.35 2.35 2.30 2.32 2.34 2.41 2.42 242 233 2.3 0.2
P,05 0.62 0.27 0.21 0.20 0.21 0.21 0.21 0.19 0.19 0.17 0.17 0.17 0.18 0.18 0.17 0.19 0.2 0.1
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100.0 0.0
LOI (%) 13.9 19.9 16.6 15.4 12.2 8.8 10.3 11.2 11.6 13.2 13.5 13.7 11.5 13.3 12.9 13.7 13.2 2.6
CiA 65 65 63 63 64 64 65 65 64 64 63 63 63 63 61 61 63.5 1.2
Rb 98 79 83 91 102 112 111 105 99 93 90 93 98 95 93 88 96 9
Sr 154 200 204 202 168 156 146 161 168 201 210 221 195 231 241 239 194 31
Ba 402 340 346 365 436 456 437 417 416 387 401 402 411 423 388 397 402 32
Pb 18 15 16 15 19 19 19 17 16 14 18 17 18 19 16 16 17 2
Th 15 11 11 14 14 14 14 14 13 14 13 12 14 15 14 14 14 1
Zr 362 315 351 359 356 365 368 366 368 363 368 348 366 352 371 361 359 13
Nb 18 17 16 17 19 20 18 18 18 17 18 17 18 17 17 16 17 1
La 42 35 46 52 46 54 50 60 55 40 39 43 43 42 46 48 46 7
Ce 87 73 82 85 81 104 103 95 94 91 89 80 82 91 88 92 89 8
Y 40 33 37 38 41 43 38 38 40 38 38 37 38 36 38 37 38 2
A% 83 68 81 76 96 102 82 90 84 92 77 88 89 78 85 89 85 8
Cr 82 61 72 72 77 82 88 77 75 74 73 74 75 76 74 67 75 6
Ni 36 19 27 30 38 42 38 37 35 33 33 33 34 33 32 30 33 5
Cu 24 16 18 19 25 24 19 21 20 18 17 16 18 20 15 13 19 3
Zn 72 60 61 66 71 79 73 72 71 65 61 64 70 66 68 66 68 5
Ga 13 13 14 14 18 17 17 17 16 17 16 14 18 15 17 18 16 2
Rb/Sr 0.64 0.40 0.41 0.45 0.61 0.72 0.76 0.65 0.59 0.46 0.43 0.42 0.50 0.41 0.39 0.37 0.5 0.1
Ba/Sr 2.61 1.70 1.70 1.81 2.60 2.92 2.99 2.59 2.48 1.93 1.91 1.82 2.11 1.83 1.61 1.66 2.1 0.5
La/Th 2.80 3.18 4.18 3.71 3.29 3.86 3.57 4.29 4.23 2.86 3.00 3.58 3.07 2.80 3.29 3.43 34 0.5
Section Majs 2/b Majs 3

Sample M2/b-1  M2/b-2  M2/b-3 M2/b-4 M2/b-5 M2/b-6 M2/b-7 Mean StD. M3-1 M32 M33 M34 M35 M3-6 M37 M38 M39 Mean StD.
Sample No. 036 037 038 039 040 041 042 043 044 045 046 047 048 049 050 051

Depth (m) 0.40 0.80 1.20 1.60 2.00 2.40 2.80 0.40 0.80 1.20 1.60 2.00 2.40 2.80 3.20 3.60

Type L L L L L L L L L L L L L L L L

SiO, 61.92 67.36 69.84 65.55 71.10 71.07 63.70 67.2 2.6 57.54 5820 6332 6456 6574 6549 6576 6537 6331 633 32
TiO, 091 0.99 0.98 0.92 0.99 0.98 0.88 1.0 0.0 0.82 0.84 0.94 0.92 0.92 0.93 0.96 0.95 0.91 0.9 0.1
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AL O3 13.75 14.95 14.97 13.85 14.74 14.72 12.70 14.2 0.6 11.16 1149 13.83 13.65 13.74 13.68 1428 1432 13.67 133 1.2
FeOyor 4.82 5.28 5.03 4.66 4.94 4.88 4.21 4.8 0.2 4.09 4.14 5.00 4.86 4.67 4.64 5.02 4.76 4.75 4.7 0.3
MnO 0.10 0.10 0.10 0.09 0.09 0.09 0.11 0.1 0.0 0.08 0.09 0.10 0.10 0.10 0.10 0.10 0.10 0.09 0.1 0.0
MgO 3.60 2.60 2.32 2.82 2.26 2.31 4.38 2.9 0.5 4.60 4.74 4.24 3.74 3.82 3.69 3.80 3.14 3.79 4.0 0.5
CaO 10.66 441 2.44 8.04 1.38 1.26 9.23 53 3.0 18.05 16.89  8.15 7.79 6.69 7.29 5.76 7.23 9.59 9.7 4.5
Na,O 1.48 1.57 1.59 1.47 1.67 1.73 1.86 1.6 0.1 1.31 1.32 1.65 1.67 1.67 1.60 1.65 1.53 1.42 1.5 0.2
K,0 2.55 2.56 2.55 2.40 2.65 2.76 2.75 2.6 0.1 2.12 2.11 2.56 2.49 2.43 2.37 2.44 2.40 227 24 0.2
P,0s5 0.21 0.19 0.18 0.19 0.18 0.20 0.17 0.2 0.0 0.23 0.20 0.20 0.22 0.21 0.21 0.22 0.21 0.20 0.2 0.0
Total 100 100 100 100 100 100 100 100.0 0.0 100 100 100 100 100 100 100 100 100 100.0 0.0
LOI (%) 12.4 7.5 6.1 9.9 5.1 4.6 11.9 8.2 2.4 17.3 16.3 10.7 10.0 9.4 9.8 9.2 10.0 13.1 11.8 3.1
CIA 64 65 65 65 64 64 58 63.9 1.4 63 63 63 62 63 64 64 65 66 63.6 1.1
Rb 104 120 122 112 117 111 90 111 7 84 86 103 100 106 105 111 114 107 102 10
Sr 177 160 142 195 127 127 187 159 20 234 244 173 178 175 181 171 191 204 195 27
Ba 426 459 452 438 446 433 393 435 13 355 357 423 420 425 428 420 444 427 411 32
Pb 18 21 20 16 20 15 13 18 2 17 18 18 19 16 17 20 16 15 17 2
Th 14 14 17 15 15 15 16 15 1 10 11 14 14 15 15 14 14 14 13 2
Zr 352 383 394 373 409 405 370 384 14 345 348 355 364 368 376 372 372 363 363 11
Nb 17 20 19 18 19 19 17 18 1 16 15 17 15 18 16 17 17 17 16 1
La 48 57 42 59 52 40 43 49 5 55 54 42 62 51 39 49 51 30 48 10
Ce 88 102 100 87 93 91 96 94 4 88 90 90 83 82 78 92 105 98 90 8
Y 39 42 41 41 41 42 37 40 1 35 37 41 40 40 38 40 40 39 39 2
\% 89 99 108 98 96 94 80 95 5 80 79 92 103 93 88 106 100 96 93 9
Cr 80 88 90 82 88 85 74 84 4 67 71 79 74 77 81 82 88 82 78 6
Ni 37 41 45 39 42 45 37 41 2 26 28 39 34 37 36 40 38 36 35 5
Cu 21 22 24 19 19 24 19 21 2 15 15 21 19 26 20 18 20 23 20 4
Zn 75 76 78 76 78 77 65 75 3 58 61 77 73 85 74 76 77 73 73 8
Ga 17 18 17 16 19 19 15 17 1 15 14 16 17 16 18 16 19 17 16 2
Rb/Sr 0.59 0.75 0.86 0.57 0.92 0.87 0.48 0.7 0.1 0.36 0.35 0.60 0.56 0.61 0.58 0.65 0.60 0.52 0.5 0.1
Ba/Sr 2.41 2.87 3.18 225 3.51 3.41 2.10 2.8 0.4 1.52 1.46 2.45 2.36 2.43 2.36 2.46 2.32 2.09 22 0.4
La/Th 3.43 4.07 2.47 3.93 3.47 2.67 2.69 3.2 0.5 5.50 491 3.00 443 3.40 2.60 3.50 3.04 2.14 3.7 1.1
Section Tottos Nagynyarad

Sample T-1 T2 T3 T4 T5 T6 T7 T8 T9 Mean StD. N-1 N2 N3 N4 N5 N6 N7 N-8 N9 N-10 N-I1 N-12 N-13 Mean StD.
Sample No. 052 053 054 055 056 057 058 059 060 061 062 063 064 065 066 067 068 069 070 071 072 073

Depth (m) 040 080 120 1.60 200 240 280 3.20 3.60 040 080 120 1.60 200 240 280 320 3.60 4.00 440 4.80 5.20

Type L L L L L L L L L L L L HL HL L L L L L L L L

Si0, 53.37 5547 57.85 62.64 64.72 68.46 69.22 69.72 6554 63.0 6.1 68.01 69.23 62.40 61.94 64.89 5736 5839 59.68 60.63 61.02 58.99 6540 59.71 62.1 3.7
TiO, 075 079 083 094 096 101 101 099 093 09 0.1 1.00 1.01 092 092 095 080 0.83 090 088 086 082 093 085 09 0.1
ALO; 10.74 11.10 11.84 1391 1495 1590 1559 1529 14.07 13.7 2.0 1529 1520 14.08 13.92 14.64 11.53 12.19 13.67 12.84 12.62 12.60 10.30 12.46 132 1.5
FeOyor 388 4.06 417 499 532 558 546 531 486 48 0.7 548 528 502 499 517 415 443 503 460 451 429 334 449 47 0.6
MnO 0.07 008 008 0.11 0.11 0.11 0.11 0.10 0.10 0.1 00 011 0.10 009 0.10 0.10 008 0.08 0.10 0.09 0.09 0.09 0.08 0.09 0.1 0.0
MgO 420 455 465 390 338 229 225 247 359 35 09 226 236 368 418 3.12 292 391 4.07 397 416 441 438 480 3.7 0.8
CaO 23.59 2057 1698 947 624 233 203 187 692 100 83 363 271 990 993 701 2012 16.81 12.82 1334 13.04 15.19 12.01 1395 11.6 5.0
Na,O 1.08 1.16 131 144 156 154 156 151 141 14 0.2 1.59 154 144 152 151 094 111 122 123 124 121 152 123 13 0.2
K,0 195 196 207 239 253 258 256 253 241 23 03 245 238 231 233 245 195 209 234 226 230 225 184 225 22 0.2
P,0s5 037 027 022 022 023 022 022 020 0.19 02 0.1 0.17 019 0.17 0.17 0.6 015 0.16 0.16 0.16 0.15 0.15 019 0.17 02 0.0
Total 100 100 100 100 100 100 100 100 100  100.0 0.0 100 100 100 100 100 100 100 100 100 100 100 100 100  100.0 0.0
LOI (%) 195 181 167 11.8 95 6.1 5.9 5.8 9.9 1.5 54 70 6.2 120 119 9.8 176 160 139 140 140 157 127 149 127 34

(continued on next page)
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Table 1 (continued)
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Section Tottos Nagynyarad

Sample T-1 2 T3 T4 T5 T6 T7 T8 T9 Mean StD. N-1 N-2 N3 N4 N5 N6 N7 N8 N9 N-10 N-11 N-12 N-13 Mean St.D.
Sample No. 052 053 054 055 056 057 058 059 060 061 062 063 064 065 066 067 068 069 070 071 072 073

Depth (m) 040 080 120 1.60 2.00 240 2.80 320 3.60 040 080 120 160 200 240 280 320 3.60 4.00 440 480 5.20

Type L L L L L L L L L L L L HL HL L L L L L L L L

CIA 66 65 64 66 66 67 66 67 66 658 08 66 67 66 65 66 69 67 68 66 66 66 60 66 659 22
Rb 82 81 88 104 116 125 124 122 108 106 18 117 116 106 103 112 91 93 107 98 99 97 73 99 or 12
Sr 198 210 225 174 159 139 131 127 155 169 36 144 136 180 192 168 198 201 212 207 231 249 223 216 197 33
Ba 332 361 371 431 459 473 485 469 429 423 56 462 450 427 420 457 365 369 442 404 429 396 326 388 410 41
Pb 15 16 14 21 19 20 21 21 19 18 3 21 20 19 17 17 14 20 22 18 18 17 15 17 18 2
Th 14 12 14 16 15 17 15 17 11 15 2 15 14 15 15 15 13 14 13 15 15 12 14 15 14 1
Zr 308 323 342 356 359 379 391 396 375 359 30 388 409 351 353 369 341 345 343 357 352 326 502 347 368 46
Nb 16 17 17 18 19 21 20 20 18 18 2 19 20 18 18 19 17 17 17 17 16 16 16 15 17 1
La 53 41 34 35 60 56 54 55 44 48 10 52 56 60 66 37 52 48 63 31 52 40 50 62 51 11
Ce 74 82 83 95 92 94 113 99 95 92 11 99 1 82 93 105 88 89 100 96 76 93 102 103 95 10
Y 33 35 36 40 43 43 43 44 40 40 4 43 44 40 40 42 36 36 40 38 36 36 41 36 39 3
\Y% 86 84 92 94 107 112 107 103 102 99 10 01 112 98 108 95 69 86 98 79 96 85 76 90 92 13
Cr 69 71 76 85 90 99 99 96 84 85 12 92 97 86 81 87 74 77 84 76 79 77 66 80 81 8
Ni 25 27 29 39 46 49 47 47 43 39 10 47 49 43 39 43 30 32 37 34 33 34 24 33 37 7
Cu 16 13 20 22 23 25 24 25 23 21 4 22 22 21 21 28 16 20 21 20 16 16 8 18 19 5
Zn 57 58 61 74 76 81 81 82 74 72 10 81 79 72 73 78 58 61 75 68 65 67 46 66 68 10
Ga 15 16 15 18 19 19 20 18 17 17 2 18 18 17 16 18 15 18 18 15 17 15 13 19 17 2
Rb/Sr 041 039 039 0.60 073 090 095 096 070 0.7 0.2 0.81 085 059 054 067 046 046 050 047 043 039 033 046 0.5 0.2
Ba/Sr 1.68 1.72 165 248 289 340 3.70 3.69 277 2.7 08 321 331 237 219 272 184 184 208 195 186 159 146 180 2.2 0.6
La/Th 379 342 243 219 400 329 360 324 400 33 0.6 347 400 4.00 440 247 400 343 485 207 347 333 357 413 3.6 0.7
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L: loess; HL: humic loess or loess syrosem; St.D.: standard deviation; LOIL: Loss on ignition; CIA: Chemical Index of Alteration (Nesbitt and Young, 1982).
Total iron expressed as FeO. Major element data are recalculated on a volatile-free basis.


https://doi.org/10.1016/j.yqres.2008.02.001

G. Ujvari et al. / Quaternary Research 69 (2008) 421437 427

a Rigaku 3370 XRF Spectrometer, following the procedure of
Johnson et al. (1999) in the GeoAnalytical Laboratory of the
Washington State University, Pullman, WA, USA.

In short, rock samples were prepared for analyses in a swing
mill in tungsten carbide bowls to a very fine powder, weighing
with dilithium tetraborate (Li,B407) flux (2:1 flux:rock), mixing
with a touch mixer, fusing at 1000°C in a muffle oven, and
cooling; each bead was reground, refused and polished on
diamond laps to reach a smooth surface. The concentrations of
major and trace elements in the unknown samples were measured
by comparing the X-ray intensity for each element with the
intensity for two beads each of nine USGS standard samples
(PCC-1,BCR-1, BIR-1,DNC-1, W-2, AGV-1, GSP-1, G-2
and STM—1) and two beads of pure vein quartz used as blanks
for all elements except Si (Johnson et al., 1999). The element
concentrations are expressed as wt%, volatile-free, with all the
iron expressed as FeOy. Loss on Ignition (LOI) was obtained by
weighing after 16 h of calcination at 900°C. The intensities for all
elements were corrected automatically for line interference and
absorption effects. Analytical uncertainties are +2% for the major
elements (except Na,O). Among the trace elements, the precision
and therefore the accuracy of Ni, Cr, V, Sc, and Ba was lower
than for Rb, Sr, Zr, Nb, Y, Ga, Cu, and Zn. The Ni, Cr, V, Sc, and
Ba concentrations are considered only semiquantitative below
30 ppm. The Sc data were not used for analysis, because values
were below 30 ppm. The values of Ni were lower than 30 ppm in
only 11% of the samples and the values of Cr, V and Ba were
higher than 30 ppm, hence these values provided reliable data.
Rb, Sr, Zr, Nb, Y, Pb, and Th had satisfactory precision and
accuracy down to 1 to 3 ppm. La and Ce data were less precise
(20: 5.7 and 7.9 ppm, respectively); in spite of this fact the
averages of La and Ce values of the 5 sections (54 samples) were
found in small range from 46.3 to 51.5 and 88.6 to 95.2,
respectively (Table 1).

Geochemical parameters

Geochemical parameters, such as elemental ratios, were
determined from the chemical compositions of the sediments.
These parameters were used to characterize the geochemical
features and evaluate the main factors that influenced their
chemical composition. The AVL? composition was compared to
our loess sample compositions to evaluate differences and
similarities between them (Table 2). The potential origins of the
loess deposits were determined by including the chemical
composition of the possible parent materials, such as flysch
sediments and granite from the Western Carpathians (Adamova,
1991; Broska et al., 2002), and molasse sandstones from the
Central Alps (von Eynatten, 2003), representing a natural
mixture of rocks derived from Alpine provenance area
(Austroalpine sedimentary cover, Austroalpine crystalline
rocks and Penninic ophiolites) in the comparison process.
Other geochemical data from the suggested source areas were
unfortunately not available. The supposed connection between
the Hungarian loesses and the Pannonian deposits (Smith et al.,
1991) could not be investigated because the geochemical
analyses of these sediments have not been completed. Upper
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continental crust (UCC) and post-Archean Australian average
shale (PAAS) provided reference compositions (Taylor and
McLennan, 1985; McLennan, 2001). The UCC values for TiO,,
V, Cr, Ni, Nb, and Pb were revised by McLennan (2001)
compared to the older estimate of Taylor and McLennan (1985).

The degree of subaerial weathering was quantified using the
Chemical Index of Alteration (CIA) (Nesbitt and Young, 1982).
This index measures the degree of weathering and transforma-
tion of feldspars to secondary clay minerals (e.g., kaolinite,
illite, and smectite), relative to fresh parent rocks. The index
was calculated by the following formula: CIA =[Al,05/(Al,O5+
CaO*+Na,0+K,0)]x100 (in molar proportions). CaO*
represents Ca in silicate-bearing minerals only. In this study,
we were not able to distinguish carbonate CaO from silicate
CaO with our analytical methods, so we adapted the method of
McLennan (1993) assuming reasonable Ca/Na ratios in silicate
minerals. The CaO#* concentration was calculated based on the
following: (a) if the concentration of CaO was less than or equal
to the concentration of Na,O in the sample, we adopted this
CaO value; (b) if the CaO concentrations were higher than the
Na,O concentrations in the sample, we assumed that the CaO*
value was equal to the Na,O value (Bock et al., 1998; Gallet
et al., 1998; Roddaz et al., 2006).

Lastly, we estimated the global average loess composition
(GAL) by giving equal weight to each of the regional averages
following the method of McLennan (2001) (Table 2).

Results
Major element abundances

Major element concentrations are presented in Table 1. Loss
on ignition (LOI) varied from 4.6 wt% to 19.9 wt% and showed
a positive correlation with total CaO (r=0.99) in all samples.
This suggested that LOI was associated with carbonate
minerals, but clay minerals and organic matter may have also
played a minor role in the LOI budget. Compositional variations
among samples were low to moderate (Table 1). On average, the
samples contained a relatively low and narrow range of SiO,
from 61.8+£2.8 wt% (Majs 2/a) to 67.2+2.6 wt% (Majs 2/b).
The Al,O5 content of the samples showed a narrow range from
12.8+1.0 wt% (Majs 2/a) to 14.2+0.6 wt% (Majs 2/b). On the
other hand, a relatively high TiO, content (0.9-1.0 wt%)
characterizes the loess deposits. CaO content varied widely
between 5.3+3.0 and 12.0+3.9 wt%. The samples had low
Na,O from 1.3+0.2 wt% (Nagynyarad) to 1.6+£0.1 wt% (Majs
2/b) and relatively low K,O concentrations from 2.2+0.2 wt%
to 2.6+£0.1 wt% (Table 1).

Increased SiO, content was accompanied by increased
Al,O5 content (Table 1; Fig. 3a), indicating the presence of
abundant aluminosilicate minerals in the loess assemblage, such
as feldspars and micas. Our loess SiO, and Al,O5; concentra-
tions plot close to the composition of slightly weathered crustal
rocks (i.e., UCC (Taylor and McLennan, 1985) and granite
(Broska et al., 2002)) but far from the relatively altered
sedimentary deposits, namely PAAS (Taylor and McLennan,
1985), flysch sediments (Adamova, 1991), and molasse
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Table 2

Regional averages of major and trace elements in loess and average loess compositions

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 - 1-8 1-16 1-17
Locality — *NZ *GER'  °USA  ‘SB °ARG' UK SFR' heH! 'GER?  IFR? kCH? 'ARG>  ™IND  "PER  °HUN' PHUN’ 9HUN® ‘AVL'  SAVL?  ‘AVL®  “GAL
No.S. 5 2 4 6 7 1 7 20 15 13 7 75 17 3 6 4 52 - 52 192 244
SiO, 73.16 59.90 80.05 77.42 67.19 83.94 77.32 65.69 76.60 81.82 62.89 63.74 71.56 - 63.87 62.75 63.48 76.50 73.08 71.19 70.71
TiO, 0.58 0.31 0.67 0.69 0.81 0.57 0.72 0.70 0.68 0.71 0.58 0.95 0.72 - 0.90 0.81 0.91 0.63 0.62* 0.69 0.71
ALO; 15.02 7.88 10.79 11.87 15.24 8.50 8.43 13.13 8.51 9.18 12.59 17.38 12.50 - 12.41 11.05 13.45 12.50 11.36 11.63 11.74
FeOyot 3.11 2.78 2.42 3.95 4.37 2.52 2.83 4.38 2.64 321 4.33 5.88 4.42 - 4.86 3.57 4.67 2.78 3.29 3.68 3.75
MnO 0.05 0.07 0.03 0.04 0.13 0.05 0.05 0.10 0.06 0.07 0.09 0.12 0.07 - 0.07 0.08 0.09 0.06 0.06 0.07 0.07
MgO 0.99 3.91 0.92 0.84 1.53 0.59 1.08 2.36 1.35 0.69 3.84 2.21 1.90 - 3.40 5.15 3.62 1.00 1.53 2.05 2.15
CaO 1.43 23.00 1.07 0.47 5.42 0.46 6.22 8.86 6.72 1.31 10.91 2.41 4.57 - 11.07 13.00 9.73 1.30 5.87 6.46 6.67
Na,O 3.29 0.85 1.58 1.73 2.36 0.96 1.12 1.66 1.18 1.02 1.67 3.38 1.70 - 1.36 1.47 1.47 2.10 1.69 1.69 1.68
K,0 237 1.30 247 243 231 2.05 1.81 2.51 2.15 1.99 232 3.06 2.44 - 2.01 1.93 237 2.30 2.16 2.21 2.22
P,0s - - - 0.14 0.16 0.07 0.11 0.16 0.12 - - 0.21 0.15 - 0.07 0.19 0.20 - 0.13 0.14 0.14
Rb 83 47 74 77 79 73 61 89 74 - 101 156 - 16 - - 103 81 73* 78 79
Sr 304 331 187 147 313 71 156 215 155 129 246 324 144 28 - 400 183 246 215 210 208
Ba 572 195 681 583 630 332 324 457 349 410 409 588 375 80 - - 416 582 458* 427 427
Pb 13.0 42 14.2 15.5 16.4 15.0 12.6 18.0 10.1 - 20.0 25.0 - - - 8.0 18 13 14.1* 14 15
Th 10.2 5.6 9.5 6.8 7.6 7.0 6.4 10.9 10.1 - 12.7 - - 8.6 - - 14 10 8.6* 9 9

Zr 366 255 428 278 234 327 357 181 513 - 221 287 296 402 - - 366 387 302* 319 322
Nb 16.5 9.1 19.5 14.7 11.0 11.0 12.3 11.7 - - 13.1 17.0 - 11.1 - - 18 18 12.7* 13 14
La 354 25.0 343 293 23.9 19.7 249 303 31.0 - 35.7 - - 15.6 - - 49 35 27.9* 28 29
Ce 76.3 51.5 77.8 62.0 49.3 43.0 50.8 62.6 72.0 - 71.4 - - 27.2 - - 92 78 59 59 61
Y 24.0 19.0 21.3 21.8 23.6 16.0 239 25.5 26.0 - 27.4 40.0 322 17.1 - - 39 25 22 24 26
Sc 8.1 5.9 5.3 - - - - 11.9 7.0 - 11.7 - - - - - - 8 7.8% 8 -

\% 65 40 56 119 105 58 69 99 50 83 - 109 - 86 - - 93 66 77* 78 79
Cr 31 42 32 109 36 67 61 69 66 111 - 55 122 49 - 69 81 43 56* 66 67
Ni 13 24 12 24 16 20 17 34 21 38 - 28 66 - - - 37 18 20* 26 27
Cu 12 14 11 15 18 2 8 30 9 21 - 63 - - - 26 20 14 14 19 19
Zn 56 37 45 64 60 41 38 78 33 - - 109 - - - 53 71 54 52 56 57
Ga 14 7 10 12 15 8 9 17 - - 16 - - - - - 17 13 11 12 12

Major oxides are in wt%, trace elements in ppm. Total iron expressed as FeO. Major element data are recalculated on a volatile-free basis. No.S., number of samples.

#Average of 5 loess samples from Banks Peninsula, New Zealand (Taylor et al., 1983).

bAverage of 2 loess samples from Kaiserstuhl, Germany (Taylor et al., 1983).

“Average of 4 loess samples from Kansas and Towa, USA (Taylor et al., 1983).

dAverage of 6 loess samples from Spitsbergen (Gallet et al., 1998).

“Average of 7 samples from the borehole at Mercedes, 87 km west from Buenos Aires, Argentina (Gallet et al., 1998).

fLoess sample from United Kingdom (Gallet et al., 1998).

£Average of 7 samples from Brittany, France (Gallet et al., 1998).

hAvcratgc of 20 loess samples from Nanking, Luochuan, Xining, Xifeng and Jixian sections, China (Taylor et al., 1983; Gallet et al., 1996; Jahn et al., 2001).
iAve:rage of 15 loess samples from Lower Saxony and Hessia, Germany (Schnetger, 1992).

Average of 13 loess samples from Normandy, North-West France (Lautridou et al., 1984).

XAverage of 7 loess samples from the Loess Plateau along a north—south transect, China (Ding et al., 2001).

'Average of 75 loess samples from Las Carreras, NW-Argentina (Schellenberger and Veit, 2006).

MAverage of 17 loess samples from Rajasthan, India (Tripathi and Rajamani, 1999).

"Average of 3 loess samples from Iquitos forebulge, Peru (Roddaz et al., 2006).

°Average of 6 loess samples from Hungary (Siimeghy, 1953).

PAverage of 4 loess samples from southeastern Transdanubia, Hungary (Hum and Fényes, 1995).

9Average of 52 loess samples from South-Baranya, Hungary (this study, see Table 1).

"Average loess' composition from the data of seven loess regions (Schnetger, 1992).

SAverage loess> composition from the mean of eight (1—8) regional averages. The data which are marked with *, originated from McLennan (2001).
'Average loess® composition from the mean of sixteen (1—16) averages of eleven loess regions (n=192) (on the basis of this study).

"Global average loess composition from the mean of seventeen (1-17) averages of eleven loess regions (n=244), including the present samples (Table 1) to supplement the AVL? data set (on the basis of this study).
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Figure 3. Diagrams of a) Al,O3 vs. SiO,, b) TiO; vs. SiO,, ¢) K50 vs. Al,03, and d) Na,O/Al,03 vs. K,0/Al,O3 comparing the southwestern Hungarian loess samples
and average loess composition (AVL?) (Table 2). Two standards, the post-Archean Australian average shale (PAAS; Taylor and McLennan, 1985; McLennan, 2001)
and the Upper Continental Crust (UCC; Taylor and McLennan, 1985; McLennan, 2001), and some potential parent materials, Western Carpathians’ granite (Gr;
Broska et al., 2002), Carpathian flysch sediments (CFlysch; Adamova, 1991), and sandstones from the Central Alps (Molasse; von Eynatten, 2003) are also shown.
Loess samples plot in the sedimentary field under the igneous rocks lower limit (Garrels and Mackenzie, 1971) and left from the shale trend (Gallet et al., 1998) on the

Na,O0/Al,0;5 vs. K,0/AL,O5 diagram.

sandstones (von Eynatten, 2003) (Fig. 3a). The absolute
concentrations of the major elements were probably affected
by carbonate dilution effect as indicated by the relatively lower
(r=0.84) correlation between SiO, and Al,O3 (Fig. 3a).

In addition, the lower SiO, content of these Hungarian loess
samples relative to the AVL® might reflect that these samples
had a smaller proportion of silt-sized quartz than other
worldwide loess deposits. The strong positive correlation
(r=0.94) between SiO, and TiO, (Fig. 3b) suggested that Ti
might be bound in small crystals of titanium minerals (e.g.,
rutile, titanite, and ilmenite) found in the coarse-grained
fraction. Nevertheless, the enrichment of TiO, was also ascribed
to the presence of Ti-bearing phyllosilicates (e.g., biotite and
chlorite) corresponding to the average shale (PAAS) composi-
tion (Fig. 3b) and the TiO, contents in our samples were
significantly higher than in UCC and AVL?. In K,0 vs. AL,Os
diagram (Fig. 3c) the samples plotted close to the AVL®
composition. The clear relationship between these elements
(r=0.84) suggested that Al,O3 abundance was mainly governed
by the presence of phyllosilicates and/or K-feldspar. In the
diagram of Na,O/Al,05 vs. K,0/Al,O5 (Fig. 3d) all samples

https://doi.org/10.1016/j.yqres.2008.02.001 Published online by Cambridge University Press

clustered close to the AVL? composition, which is diagnostic of
depositional conditions of sedimentary rocks that have
distinctly lower Na,O/Al,05 values than igneous rocks (Garrels
and MacKenzie, 1971; Gallet et al., 1998). This result
confirmed that all particles making up the loess deposits must
have undergone previous sedimentary differentiation processes
(Gallet et al., 1998).

All sampling sites exhibited similar patterns in the major
element compositions normalized to UCC (Fig. 4). The SiO,,
Al,03, and FeOy,; contents were similar or slightly lower than in
the UCC. The samples were slightly enriched in MnO and
significantly enriched in TiO, and P,Os, except Nagynyarad,
where P,05 was about the same as UCC. The high MgO content
and low Na,O and K,O concentrations were characteristics of
our samples. The only distinct difference was found in the CaO
content, which was mostly enriched compared to UCC with the
largest values among the major elements. A few samples of
Majs 2/b, Tottdés and Nagynyarad sections were depleted in
CaO and pointed toward PAAS composition (Fig. 4b, d, e, f).

The negative anomalies of Na,O and K,O were possibly
linked to their high mobility during continental weathering (see
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Figure 4. UCC-normalized major element patterns for the loess samples of the five sections a) Majs 2/a, b) Majs 2/b, ¢) Majs 3, d) Tottos, and e) Nagynyarad
(southwestern Hungary); f) shows the mean values of each sections, the Hungarian average (HUN?; Table 2), the average loess (AVL?; Table 2), and the PAAS standard
and potential source materials: Western Carpathians’ granite (Gr; Broska et al., 2002), Carpathian flysch sediments (CFlysch; Adamova, 1991), sandstones from the
Central Alps (Molasse; von Eynatten, 2003). The UCC and PAAS values were used from Taylor and McLennan (1985) and McLennan (2001).

details below). It is well known that the CaO content of loess
varies greatly and shows both positive and negative anomalies
on UCC-normalized diagrams (Gallet et al., 1998; Jahn et al.,
2001). High carbonate content characterizes many European
loess deposits (Taylor et al., 1983), and the lower CaO values
may indicate an intensive Ca mobilization during post-
depositional processes (Gallet et al., 1996; Jahn et al., 2001).
In the present samples, relatively high MgO content reflects the
presence of abundant dolomite, confirming previous petro-
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graphic results (Pécsi-Donath, 1985; Hum and Fényes, 1995;
Hum, 2002).

Based on the mean values of each site, the UCC-normalized
major element distributions of the different profiles were similar
to AVL® distribution pattern (Fig. 4f). However, our samples
were significantly higher in TiO,, FeO,y, MnO, MgO and CaO,
and slightly higher in P,Os than the AVL?. On the other hand,
the SiO,, TiO,, Na,O and P,Os composition of the present
samples were similar to PAAS, but the samples were depleted in
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Al,O3, FeOyy, MnO and K,O and significantly enriched in
MgO and CaO relative to the PAAS (Fig. 4f).

Trace elements

Trace element distribution was more variable among the
samples than the major element data (Table 1; Fig. 5). All
sections were slightly depleted in Rb and Ba with respect to the
large ion lithophile elements (LILEs) and strongly depleted in Sr
relative to the UCC (Fig. 5). The Sr depletion was a consequence
of'its high solubility during weathering (Jahn et al., 2001). In the

10.0

431

Ba/Sr vs. Rb/Sr diagram (Fig. 6), the data points of the present
samples defined a linear trend from a starting point close to the
UCC composition towards the PAAS composition. The high
correlation between Ba/Sr vs. Rb/Sr ratios (»=0.99) suggested
that Rb and Ba abundances were exclusively governed by
the various amounts of K-bearing minerals (e.g., K-feldspar,
muscovite, and illite).

On average, distribution of the high field strength elements
(HFSEs) and the light rare earth elements (LREEs) such as La
and Ce displayed a coherent behaviour. The loess samples were
enriched in Th, Zr, Nb, La, Ce, and Y relative to the UCC
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Figure 5. UCC-normalized trace element patterns for the studied loess samples. Abbreviations and symbols as in Figure 4.
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Figure 6. Plot of Ba/Sr vs. Rb/Sr for the studied loess samples (southwestern
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granite (Gr; Broska et al., 2002), Carpathian flysch sediments (CFlysch;
Adamova, 1991), and sandstones from the Central Alps (Molasse; von Eynatten,
2003).

(Fig. 5). This pattern is similar to the TiO, and P,Os data
distribution (Fig. 4), suggesting that behaviour of the HFSE and
LREE was mainly controlled by the detrital heavy mineral
fraction. The samples were slightly depleted in transition trace
elements (TTEs) including V, Cr, Ni, Cu, and Zn relative to the
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UCC. Additionally, they have similar Ga content to the UCC
(Fig. 5).

Based on the mean values of each site, the UCC-normalized
trace element distributions showed some similarity to the AVL?
(Fig. 5f). The samples were distinctively higher in Rb, Pb,
HFSE (except for Zr), LREE, and TTE (except for V and Cu)
averages compared to the AVL® composition. On the other
hand, they had similar averages of Sr, Pb, Th, Nb and Zn to the
PAAS, but they were depleted in LILEs and TTEs (especially in
Cu) and enriched in HFSEs (except for Nb) and LREE relative
to the PAAS (Fig. 5).

Discussion
Source area weathering

The degree of chemical weathering is a function of time,
climate and erosion rate, the latter of which varies with the rate
of tectonic uplift (Nesbitt et al., 1997). A common approach to
quantify the degree of subaerial weathering is to use the
Chemical Index of Alteration (CIA) (Nesbitt and Young, 1982).
However, the CIA by itself cannot distinguish between "old"
and "recent" weathering events. The CIA values for unweath-
ered plagioclase and K-feldspars are approximately equal to 50,
similarly to values of fresh upper crustal rocks. The CIA value
of illite and kaolinite are 75 and 100, respectively (Nesbitt and
Young, 1982, 1984, 1989). The CIA values for loess samples
from Majs 2/a section ranged between 61 and 65, from Majs 2/b
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Figure 7. Ternary A—-CN-K diagrams of the studied loess deposits (in molar proportions). The samples plotted subparallel to the A—CN join, suggesting an ideal
weathering of a slightly more felsic source than the UCC. Symbols are as follows Sm: Smectite, Il: Illite, Mu: muscovite, Ka: Kaolinite, Ch: Chlorite, Gi: Gibbsite, Pl:
Plagioclase, K-fp: K-feldspar, and others as in Fig. 4. Note only the top 50% of the triangle is shown.

https://doi.org/10.1016/j.yqres.2008.02.001 Published online by Cambridge University Press


https://doi.org/10.1016/j.yqres.2008.02.001

G. Ujvari et al. / Quaternary Research 69 (2008) 421-437

between 58 and 65, and from Majs 3 between 62 and 66 with an
average of 64 for all (Table 1). The loess samples from Tottds
and Nagynyarad sections had slightly higher CIA values than
the Majs sections and ranged between 64 and 67 and between
60 and 69, respectively, with an average of 66 for both (Table 1).

There was no clear distinction among the different sections
studied, which might suggest a similar alteration history for
these loess deposits. The CIA values were in the range of 58—
69, which was higher than the UCC value of 48 (Taylor and
McLennan, 1985) and the AVL? value of 59, but it was slightly
lower than the PAAS value of 70 (Taylor and McLennan, 1985).
The relatively low and restricted CIA values suggested a weak
to moderate degree of chemical weathering in the source area
where clay minerals were dominated by illite and/or smectite

(Gallet et al., 1998).

Fresh rock composition and paleo-weathering conditions

Weathering trends for our loess sections plotted in the
relatively less-weathered region on molar proportions diagram

433

(Nesbitt and Young, 1984, 1989) of Al,0;—CaO*+Na,0-K,0
(A—CN-K) for all samples (Fig. 7). A simple weathering trend
was defined (solid line with arrow), which was subparallel to the
A—CN boundary, primarily because removal rates of Na and Ca
from plagioclase generally were greater than the removal rate of
K from K-feldspar (Nesbitt and Young, 1984, 1989; Nesbitt et al.,
1997). The starting point of the weathering trend was close to the
composition of the UCC (Taylor and McLennan, 1985), which
represents a composition nearly equivalent to the igneous rock
type granodiorite (Taylor and McLennan, 1985; McLennan,
2001), with a small displacement towards the position of K-
feldspar (Fig. 7). This supported that the present samples were
derived from a felsic source area, following a trend from a slightly
more K-feldspar-rich fresh rock composition than that of the
UCC. The degree of weathering was variable within the indi-
vidual suites (except for Majs 3 and Téttds sections), producing
weak scatter along the trend. This pattern is typical of non-steady
state weathering conditions, where active tectonism permits ero-
sion of all zones within weathering profiles developed on source
rocks (Nesbitt et al., 1997).
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Figure 8. Plots of a) Th/V vs. Zr/V, b) Th/Ni vs. Zt/Ni, and provenance discrimination diagrams of ¢) TiO, vs. Ni (Floyd et al., 1989) and d) Cr/V vs. Y/Ni (Hiscott,
1984), comparing the studied loess samples from southwestern Hungary and average loess composition (AVL?; Table 2), post-Archean Australian average shale
(PAAS; Taylor and McLennan, 1985; McLennan, 2001), Upper Continental Crust (UCC; Taylor and McLennan, 1985). Igneous rock compositions on a) and b) are
average values from Condie (1993). On c) and d) the samples were also contrasted to Carpathian flysch sediments (CFlysch; Adamova, 1991) and sandstones from the
Central Alps (Molasse; von Eynatten, 2003) as potential source material, and to ultramafic rock (UMF) and granite (GRN) compositions (Amorosi et al., 2002).
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The samples from Majs 3 and Tottds sections were tightly
clustered but stayed on the same trend as the other sections
(Fig. 7). These characteristics suggested that these two sections
were derived from source materials that had similar lithologies
to the other studied sections but were more weathered. The
weathering here was close to steady state conditions, in which
the material removal rate matched the production of miner-
alogically and chemically uniform weathering products (Nes-
bitt et al., 1997). An alternative interpretation was that the
CIA indices for Majs 3 and To6ttos sections reflect sediment
recycling (Hassan et al., 1999). It is possible, however, that
different parts of the Young Loess Series have been exposed in
the loess sections studied, representing somewhat different time

intervals.

A more humid climate might have been present at Tottds and
Nagynyarad locations during loess-forming processes, because
the CIA values were slightly higher than in Majs loess samples.
More intense weathering was further comfirmed by humic loess
(or embryonic soil) lithology from the Nagynyarad section
(Ujvari, 2005). However, no systematic change of CIA values
was observed among the compared samples (Table 1). In
addition, Sr-depletion, Rb/Sr and Ba/Sr ratios of Nagynyarad
section did not give distinct information on the pedogenetic

intensity (Fig. 6 and Table 1).

The majority of the data points plotted between the AVL?
and PAAS in a very well-defined region (Fig. 7). However,
other potential parent materials such as flysch and granite from
Western Carpathians plotted away from the samples and there
were differences observed between the samples and molasse
sandstones, representing a Central Alpine provenance area

(Fig. 7).

The granite from the Western Carpathians (Broska et al.,
2002) has relatively low CIA value, corresponding to the typical
igneous compositions. The Carpathian flysch (Adamova, 1991)
plotted along the inferred weathering trend for the loess
samples, however, in a position consistent with derivation
from highly weathered felsic rocks. So it is unlikely that the
Hungarian loess deposits represent weathering products of these
flysch sediments. The molasse sandstone data (von Eynatten,
2003) exhibited a broad range of the CIA values and suggested a
weathering trend towards an illite composition (Fig. 7), possibly
as a result of a metasomatic increase in K during diagenesis
(Fedo et al., 1995). This pattern may indicate mixing of a highly
to moderately weathered source with an unweathered source of

different primary composition.

All these observations of non-steady state A—CN-K
relations were consistent with the reconstruction of the active
tectonism in the Pleistocene by Horvath and Cloetingh (1996)
and Székely et al. (2002). Deepening of the Pannonian Basin
was apparently also accompanied by temporary establishments
of steady state weathering conditions, suggestive of a hiatus in
Alpine—Carpathian source uplift. On the other hand, A-CN-K
relations (Fig. 7), together with the geochemical homogeneity in
the loess sections (Figs. 4 and 5), reflect a uniform source region
and suggested that the dust material of these Pleistocene
sediments might have been at least partially recycled and well

homogenized during transport.
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Mineral sorting and characterization of source components

The loess deposits in southwestern Hungary had signifi-
cantly higher abundances of TiO,, P,Os, Th, Zr, Nb, La, Ce, and
Y than the UCC (Fig. 4 and 5). This observation suggested that,
in a general sense, the distribution of these elements was
transport-controlled within our data set (Table 1) because the
elements concentrated in heavy mineral suites (e.g., zircon,
rutile, tourmaline, apatite, garnet, chromite, magnetite, ilmenite,
etc.) may be strongly fractionated during mineral sorting of
clastic sediments (Taylor et al., 1983; Taylor and McLennan,
1985; McLennan, 1989, 2001; Preston et al., 1998).

The possibility of heavy mineral enrichment was tested using
Th/V vs. Zr/V, and Th/Ni vs. Zr/Ni ratios (Fig. 8a—b), which in
addition to Cr/V and Y/Ni ratios are good overall indicators of
igneous chemical differentiation processes (Hiscott, 1984;
Taylor and McLennan, 1985; Tripathi and Rajamani, 1999;
McLennan, 2001; Amorosi et al., 2002). Additionally, compa-
tible trace elements such as Cr are useful in identifying acces-
sory detrital components such as chromite, commonly derived
from mafic to ultramafic sources including ophiolites, not
readily recognized by petrography alone (Zimmermann and
Bahlburg, 2003; Mikes et al., 2006). The Th/V vs. Zr/V and Th/
Ni vs. Zr/Ni data intersected a primary compositional trend
(Fig. 8a and b; dashed line with arrow) defined by igneous rocks
at high Zr/metal ratio (Condie, 1993), above the average value
of UCC and PAAS. The elements Th and Zr are enriched in
felsic rather than in mafic rocks, because they are highly in-
compatible during most igneous melting and fractionation
processes (Taylor and McLennan, 1985; McLennan, 2001).
High Zr/V and Zr/Ni ratios suggested zircon enrichment in these
sediments, which is an indication of well-mixed and recycled
dust source. This also supported by the fact that our data
plotted close to the AVL® composition in a very defined region
(Fig. 8a—b).

The above interpretation was additionally supported by TiO,
vs. Ni (Floyd et al.,, 1989) and Cr/V vs. Y/Ni provenance
diagrams (Hiscott, 1984; McLennan et al., 1993) (Fig. 8c—d).
The loess sample values corresponded to the composition of
acidic rocks as plotted close to AVL?>. Lower Ni content and
higher Y/Ni ratios were detected in the loesses than in the UCC
and PAAS. Nickel is positively correlated with TiO, (Fig. 8c),
suggesting that it might be bound in Ti-bearing phyllosilicates.
Nevertheless, the general depletion of compatible elements such
as Cr, V, and Ni (Figs. 5 and 8c) supported the fact that the
amounts of mafic or ultramafic rocks were insignificant in the
source area (Taylor and McLennan, 1985; Floyd et al., 1989;
Tripathi and Rajamani, 1999). As for the ultrabasic source
components, therefore, derivation from the Penninic ophiolite
of the eastern Alps is improbable.

Apatite, rutile and monazite could also have been selectively
picked up by winds from a felsic provenance area along with
zircon due to their smaller grain sizes. This result is consistent
with the suggestion that eolian sedimentary transport processes
involved with loess formation lead to significant heavy mineral
(especially “ultrastable” heavy mineral) enrichments (Taylor
et al., 1983; Schnetger, 1992; Gallet et al., 1996). Based on
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geochemical homogeneity and stable heavy mineral population
dominated by zircon, the present samples are consistent with a
felsic magmatic and/or reworked sedimentary source (Figs. 4
and 5).

Dust provenance interpretation

The origin of loess particles and the mode of formation for
Hungarian loess deposits have long been a controversial issue
(Smalley and Leach, 1978; Smith et al., 1991; Wright, 2001).
The primary fluvial transport was carried out by the Danube and
Tisza rivers, which transported weathered materials from the
Alps and Carpathians into the Pannonian Basin from the NW
and the NE, respectively. The secondary eolian transport was
determined by the prevailing wind directions, which were
northerly—northeasterly winds in the summer and westerly
winds in the winter during the Weichselian glacial maximum in
Europe (Meyer and Kottmeier, 1989). The wind directions were
possibly similar during the Pleistocene glaciations in the
Pannonian Basin because high pressure centres located over
the Scandinavian ice sheet and the main glaciers likely
produced northerly anticyclonic winds (Hobbs 1943). Recent
studies of anisotrophy of magnetic susceptibility (AMS) in loess
of middle Pleistocene age support this idea (Bradak 2006, in
press). Bradak (in press) has revealed NE—SW paleo-wind
direction from the loess overlying the Bag Tephra (>380 ka;
Pouclet et al., 1999) in case of 3 sections at Godollé Hills,
eastwards from the capital town of Budapest (Fig. la), N-S
direction at Basaharc (North-Hungary) and NW—SE direction at
Sidagard (Middle-Hungary, Transdanubia). The unveiled paleo-
wind directions at Transdanubia seem to be in good agreement
with the results of Jambor (2002) who determined the main
Pleistocene wind tunnels on the basis of ventifact occurrences in
Hungary. However, the revealed directions at Godollé Hills
deviate from each other (NE—SW versus NW-SE; Fig. 1a).

Significant differences were detected between the UCC-
normalized major and trace element distributions of the samples
and the potential source components (Figs. 4f and 5f), which
pattern might have derived from a multicomponent mixing of
dust particles during sedimentary processes. The role of fluvial
transport was clearly proven by the Na,O/Al,O5 vs. K,O/Al, O3
diagram (Fig. 3d), reflecting that the loess protoliths must have
experienced at least one cycle of aquatic sedimentary differ-
entiation processes. Also, the results of the A—-CN—K relation-
ship (Fig. 7) and Th/metal vs. Zr/metal diagrams (Fig. 8a—b)
suggest that the source material of these Pleistocene sediments
must have been at least partially recycled and well homogenized
during fluvial and subsequent eolian transports.

Unfortunately, the geochemical analyses and description of
the relatively well-known Pannonian sedimentary units in the
Pannonian Basin (Ronai, 1985) have not been completed, which
complicates the determination of the dust provenance areas of
this region. At this point, we can only hypothesize that the loess
deposited by both fluvial and eolian processes, either from
materials with uniform composition or from various sources,
underwent geological mixing processes prior to loess deposi-
tion, as did the Pannonian sediments. On the basis of whole-
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rock chemical data we can neither confirm nor confute the
connection between the former supposed provenance areas or
potential source rocks and the studied loesses.

Global average loess composition

Loess deposits can provide us with a natural sampling of
large regions of surficial crust (Taylor et al., 1983), because they
are widespread and made by several mechanisms which
produce silt-sized particles (e.g., glacial grinding, desert
weathering and deflation, “mountain loess” process operating
with high energy transfer and frequent freeze—thaw conditions)
in various sedimentary environments (Gallet et al., 1998;
Tripathi and Rajamani, 1999; Wright, 2001). These character-
istics make loess suitable for estimating the average chemical
composition of the UCC (Taylor et al., 1983); however, the
composition of loess cannot be used directly to infer UCC
composition. It is a difficult process and only some elemental
ratios can be used for that purpose (McLennan, 2001).

Our loess data were quite homogenous in both major and
trace element chemistry (Table 1, Figs. 4 and 5), but differed
from the average loess composition—AVL3—in TiO,, MgO,
CaO, Th, Nb, La, Ce, and Y (Figs. 4f and 5f). Strong regional
variations were detected by comparing the average composition
of our samples (HUN?; Table 2) and some individual
geochemical parameters (Figs. 3a—c and 6) of our results to
AVL?. These findings indicated that the previously estimated
average loess compositions (e.g., Schnetger, 1992; McLennan,
2001; AVL?, Table 2) could be complemented with our results
to provide a more accurate average loess estimation. Therefore,
we reevaluated the published worldwide loess regional averages
(Table 2) to calculate a new global average loess composition
(GAL), which resulted in somewhat lower SiO, content and
somewhat higher TiO,, Al,O3, FeO,, MgO, CaO, Pb, Th, Zr,
Nb, La, Ce, and Y abundances than in AVL3.

Conclusions

All the loess samples from southwestern Hungary have
nearly uniform chemical composition, suggesting a roughly
similar alteration history of these deposits. The relatively low
and restricted CIA values (58—69) suggest a weak to moderate
degree of chemical weathering in a felsic source area. The A—
CN-K pattern of the Majs 2/a, Majs 2/b, and Nagynyarad
profiles is typical of non-steady state weathering conditions,
indicating active tectonism of the Alpine—Carpathian System
during the Pleistocene.

The whole-rock TiO,, P,Os, Th, Zr, Nb, Y, La, and Ce
budgets of the samples are controlled by the abundances and
compositions of the heavy minerals such as zircon, rutile,
apatite, and monazite derived from felsic magmatic and/or
reworked sedimentary sources. Source material of these
Pleistocene loess deposits must have been at least partially
recycled and well homogenized during fluvial and subsequent
eolian transport processes. Therefore, an accurate determination
of provenance areas based on whole-rock geochemistry cannot
be made.
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