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Abstract 14 

The stratotype section of Paks brickyard provides the most detailed accessible loess-paleosol 15 

sequence from almost the entire Pleistocene in the middle part of the Carpathian Basin. The best 16 

and thickest loess archives of Hungary (Paks, Udvari-2A borehole) are preserved in this part of the 17 

basin and now two more drilling cores were deepened in this area on plateau position on loessic 18 

ridges: PA-I (~85 m) and PA-II (~50 m). 19 

In absence of numerical dating method available for the entire records an attempt was made to 20 

compare the cores and correlate them to Marine Isotope Stages (MIS) mainly based on the 21 

variations of their MS curves and soil characteristics. Characteristic patterns of MS seem to help the 22 

identification of Marine Isotope Stages and therefore the correlation among the sections. 23 

Macroscopic investigation of the paleosols can support the correlation, although the coeval 24 

paleosols can have different appearances due to their different environmental conditions and 25 

topographic positions. Thirteen samples were dated using luminescence from the upper part of the 26 

cores, covering the age range of 20-200 ka to check and revise the supposed correlation. The MS 27 

based correlation supported by soil characteristics was only partly confirmed by luminescence data. 28 

Therefore, we emphasize that any correlation solely based on MS data or soil morphology, without 29 

any numerical age control, has to be taken with great caution. The different thickness and the 30 

present altitude of the coeval loess and paleosols imply differences and changes in 31 

paleogeomorphological positions of the investigated profiles during the Pleistocene. Significant 32 

subsidence and/or tectonic movements are the main causes of the deficient appearance of MIS 6-3 33 

sediments in the Paks brickyard outcrop compared to the more complete sequences of the cores. 34 



 35 

1. Introduction 36 

The loess in the Carpathian Basin belongs to the center part of the loess belt in Europe. This 37 

basin, enclosed by high mountain chains (Fig. 1a), preserved sediments in large thickness from the 38 

Miocene to the Pleistocene, therefore provides great opportunity to study the Quaternary climate 39 

and environmental changes. The thickest and most complete loess-paleosol records in the 40 

Carpathian Basin – Mošorin-Stari Slankamen (Marković et al., 2011), Paks, Udvari 2A borehole 41 

(Koloszár, 2010; Sümegi et al., 2018) – retained sediments from late Early to Late Pleistocene. The 42 

Paks brickyard outcrop was the foremost and up to now the most investigated profile in Hungary. 43 

Although the investigation of the profile started at the end of the 19th century, it got into the centre 44 

of the interest in the middle of the 20th century (Ádám et al., 1954; Stefanovits et al., 1954; Kriván, 45 

1955; Pécsi 1965). The outcrop has a thickness of 45 m above the base of the brickyard, but Ádám 46 

et al. (1954), Stefanovits et al. (1954), Kriván (1955) and Hahn (1977) drilled shallow (<15 m) 47 

boreholes along the loess wall to explore the lowest and oldest loess at the base of the sequence 48 

(Fig. 2). The Paks outcrop itself was investigated in numerous, different sections during the past 49 

decades. It is complicated to reconstruct the exact locations of these sections, since the walls 50 

retreated due to active mining processes. The original sections were excavated to various depth, 51 

provided different successions and therefore resulted in diverse interpretations. By these means and 52 

due to paleotopographic characteristics, the different descriptions sometimes lack the presence of 53 

certain paleosols (and/or other horizons) (Fig. 2). These differences highlight the fact that boreholes 54 

provide only point-wise information and possible hiatuses cannot be ruled out. 55 

Fig. 1. Map of the Carpathian Basin (a) and land cover of the surrounding area of Paks (b). Red 56 

rectangle marks the position of the study area. DEM showing the topography of the study area (c). 57 

Location of the Paks brickyard outcrop and the boreholes (PA-I and II) are marked on this map. 58 

The loess-paleosol record at the Paks brickyard outcrop can be considered as a relatively 59 

complete, quasi-continuous succession, which contains all paleosols used in the Hungarian loess 60 

stratigraphy. The loess-paleosol succession can be divided into two main units, as the ‘Young Loess 61 

Series’ and the ‘Old Loess Series’, as following the determination of Pécsi (1975). The 62 

classification of paleosols was made in numerous ways in the Hungarian Quaternary studies, which 63 

is summarized in Horváth and Bradák (2014). The application of the conventional soil classification 64 

system causes some difficulties, since post-burial processes may cause relevant alterations in 65 

paleosols. Therefore, the nomenclature by Pécsi (1993), similarly as it was summarized by Újvári et 66 

al. (2014), was applied during the description of stratigraphic units in our study, because it helps an 67 

easier follow-up especially with former publications (Fig. 2): 68 



i) The ‘Old Loess Series’ has a thickness of almost 25 m at the Paks profile. Three reddish 69 

clay layers represent transition towards the Pliocene lacustric (water-lain) sediments at 70 

the basis of the series. The ‘Old Loess Series’ consists of mainly loess intercalated by 71 

the following paleosols, as from down to top: 72 

a. Paks-Dunakömlőd paleosol (PDK) is a reddish-brown, Mediterranean-like soil with a 73 

characteristic CaCO3 accumulation zone.  74 

b. Paks Double pedocomplex (PD1, PD2) is composed of well-developed, reddish-brown to 75 

reddish Mediterranean-like soils, with strong CaCO3 accumulation zones. The upper 76 

component is PD1, which is thinner than the lower PD2. PD1 and PD2 are divided by 77 

loess, which contains large carbonate concretions (diameters > 5-10 cm). Márton (1979) 78 

found the Brunhes-Matuyama paleomagnetic boundary (0.73 Ma) below PD2, however 79 

later Pécsi et al. (1995) and Sartori et al. (1999) determined the BM boundary (0.78 Ma) 80 

from the upper part of PD2. 81 

c. Mtp1 and Mtp2 is a strongly developed clayey paleosol with hydromorphic features and 82 

of a possibly alluvial origin. The over- and underlying material also shows 83 

hydromorphic effects, especially iron and manganese features. 84 

d. Phe is a weakly developed brown forest soil. 85 

ii)  The ‘Young Loess Series’ has a thickness about 25 m at Paks, which contains several thick 86 

paleosols, as from down to top: 87 

a. Mende Base pedocomplex (MB) has two members: the upper one is MB1, which is a 88 

thin Chernozem-like paleosol; the lower one is termed MB2 and represents a brown 89 

forest soil, which is reddish-brown in colour. The basis of MB2 is sandy loess, which 90 

shows signs of frost heaving (former segregational ice lenses). 91 

b. Basaharc Lower paleosol (BA) is mostly identified as a forest steppe-like soil, but at the 92 

Paks and Basaharc sections it shows the characteristics of a strongly developed, brown 93 

forest soil (Horváth and Bradák 2014). In the loess between the BA and MB paleosols 94 

the Bag Tephra (BT) of canary yellow colour occurs (Pécsi 1985; Pécsi and Richter 95 

1996). The BT is a marker horizon appearing in the loess successions of the Carpathian 96 

Basin. The high K-content suggests correlation with the Villa Senni Tuff in Italy 97 

(around 350 ka) (Horváth 2001).  98 

c. Basaharc Double pedocomplex (BD) has two members divided by about 1m thick loess. 99 

The lower paleosol (BD2) is a weakly developed forest steppe-like soil, whereas the 100 

upper one (BD1) is well-developed. Characteristics of their development are clearly 101 

recognizable on magnetic susceptibility curves. BD pedocomplex can be correlated with 102 

MIS 7 (Horváth and Bradák 2014). 103 



d. Mende Upper pedocomplex (MF) can be divided into two parts: the upper one (MF1) is a 104 

weakly developed forest steppe-like soil, which has high charcoal content; the lower one 105 

(MF2) is a well-developed brown forest soil. The formation of both paleosols happened 106 

unequivocally after MIS 6, based on dating results. Another tephra horizon called Paks 107 

Tephra (PT) can be found right above MF1 paleosol, thus its age is around 30 ka based 108 

on the OSL data of the loess embedding the tephra layer. It has very similar heavy 109 

mineralogical composition to the Bag Tephra, therefore the same source area (Central 110 

Italy) can be assumed (Horváth 2001). 111 

Fig. 2. Lateral variation of the loess-paleosol record at the Paks brickyard outcrop (based on 112 

Pécsi, 1984). Several different investigated profiles are indicated in the figure by the authors name 113 

and the year of their investigation. Vertical blue lines represent the locations of boreholes. 114 

Crescent-shaped features between BD and BA paleosols indicate delles with various infilling. 115 

Since the beginning of the scientific investigation of the loess succession at the Paks brickyard 116 

almost all researchers made an attempt to correlate the loess-paleosol series with the glacial-117 

interglacial cycles mainly based on the number of the paleosols. Kriván (1955) was the first who 118 

based his correlation on detailed sedimentological and paleontological results, since no absolute 119 

dating methods were available at that time. A decade later Pécsi (1965) used another assumption, 120 

that during an interglacial always forest soil development takes place. His assumption seemed to be 121 

supported by the results of the first radiocarbon and thermoluminescence (TL) datings (Pécsi 1975, 122 

1993). As luminescence dating developed continuously, new chronostratigraphy of the Paks profile 123 

was published by Frechen et al. (1997) using infrared stimulated luminescence (IRSL) besides TL 124 

dating. Recently Thiel et al. (2014) confirmed this chronostratigraphy of the Paks profile with post-125 

infrared infrared stimulated luminescence (pIRIR290) dating. This practically means that each well-126 

developed paleosol or pedocomplex in the stratigraphic column corresponds to the consecutive 127 

glacial cycle. Although the pIRIR290 method has a much higher dating range, it is still limited to the 128 

upper third part of the Paks outcrop. Beneath this age limit one still must rely on sediment 129 

properties, like paleomagnetic orientation or magnetic susceptibility curves in order to seek the 130 

correlation of loess-paleosol series with MIS record. Beside chronostratigraphic investigations, 131 

other studies like geochemical (Újvári et al., 2014), magnetic properties, soil studies (Bradák et al. 132 

2018a,b) were carried out at Paks brickyard outcrop, recently as well. 133 

About 20 km W of the Paks brickyard the borehole Udvari 2A was drilled (Fig 1b, c). Based on 134 

magnetic polarity radiocarbon dating and MS curve of the borehole Koloszár (2010), Koloszár and 135 

Marsi (2010) and recently Sümegi et al., 2018 correlated the drilling with Marine Isotope Stages. 136 

The 97 m thick sequence also covers most probably the same time range as the Paks outcrop, 137 

therefore the borehole is considered as the thickest loess record from the Carpathian Basin. 138 



The Paks brickyard outcrop (PBO) can be found on the right bank of the Danube, just right at 139 

the edge of the loess plateau (Fig. 1.). Several drillings were made in the adjacent area of Paks due 140 

to the exploration of industrial investments. Two boreholes were selected in this study as they are in 141 

the vicinity of the Paks outcrop and are composed of loess in large thickness. The PA-I drilling has 142 

been deepened in higher topographic position about 670 m N-NW from the brickyard, on the same 143 

loess ridge where the brickyard was formed. Compared to the brickyard, this area is in a more 144 

protected position in terms of morphology as it is farther from the edge of the loess plateau (Fig. 145 

1b). The PA-II borehole is located in the inner part of the loess plateau, 6 km SW from the 146 

brickyard on the top of the next parallel loess ridge (Fig. 1b, c) in the highest topographic position.  147 

Apart from MS data, these boreholes are lack of numerical dating which would be necessary for the 148 

better correlation for this area. Aims of this study are i) to document and investigate these boreholes 149 

using luminescence dating and the carotage analysis (geophysical borehole logging: e.g. borehole 150 

diameter, natural gamma radiation, electrical resistance and in this study especially magnetic 151 

susceptibility curves); ii) to make a correlation between these boreholes and the Paks brickyard 152 

outcrop, (the now existing section wall, based on Thiel et al., 2014); and iii) to draw 153 

paleogeomorphological conclusions based on these comparisons. 154 

 155 

2. Materials and methods 156 

2.1 Boreholes and geophysical well logging 157 

Boreholes were deepened into the surface using steel casing (with a diameter of 180/146 mm for 158 

PA-I and 250/219 or 219/165 mm for PA-II depending on the depth), thus the core was mostly 159 

undisturbed and light-tight material was available for investigation (sometimes the outer 2-3 cm of 160 

the cores were twisted, but the inner part was mainly intact). The boreholes and as well the 161 

geophysical logging were carried out by the Geo-Log Geophysical and Environmental Ltd. In the 162 

present study the magnetic susceptibility and the results of electrical resistivity logging were used 163 

from the dataset. 164 

2.2 Stratigraphy of the cores 165 

The stratigraphical description of both cores (PA-I and PA-II) can be found in Fig 3 a. Twenty-166 

one and eighteen units were identified for the cores, respectively, based on field observations 167 

considering differences in colours, grain size distributions and pedogenic structures.  168 

The PBO is a composite profile build-up of different bassets (Fig. 3b). The uppermost part, 169 

which expands down to the Bag Tephra (which is part of the overlying loess of the MB paleosol), is 170 

situated in the southern wall of the brickyard. The description is based on the work of Thiel et al., 171 

2014 and Barta 2016 in this case. The lowermost part from below the BA paleosol was excavated in 172 

the northern wall, 100 m away from the western wall profile. The description of this part was made 173 



after Pécsi et al. (1995). 174 

Fig. 3. Simplified stratigraphic log of the drill-cores and the Paks brickyard outcrop with 175 

stratigraphical descriptions.  a) PA-I and PA-II, b) PBO investigated by Pécsi et al. (1995) and the 176 

upper part of it investigated by Thiel et al. (2014) and Barta (2016). 177 

2.3 Luminescence dating 178 

2.3.1 Preparation of the samples, equipment 179 

The time elapsed since the burial of the sediment can be dated by luminescence. As both quartz 180 

and feldspar minerals are abundant in loess, it is an ideal material for luminescence dating. 181 

Additionally, mineral dust has long transport distances, thus its previous luminescence signal is 182 

completely removed prior to deposition (Roberts, 2008). 183 

The preparation of the samples was conducted under subdued red light. The polymineral fine 184 

grain fraction (4-11 µm) was extracted from the samples. All samples were treated using 0.1 N 185 

hydrochloric acid, 0.01 N sodium-oxalate and 30% hydrogen peroxide in order to remove 186 

carbonates, clay coatings and organic matter from the samples, respectively. The grains were 187 

mounted either on aluminium discs or stainless steel cups. 188 

Luminescence measurements were performed using an automated Risø TL/OSL-DA-20 reader 189 

at the Institute of Geography and Earth Sciences at the Eötvös Loránd University. The reader is 190 

equipped with a bialkali EMI 9235QB photomultiplier tube, IR diodes (λ=875 nm), blue LEDs 191 

(λ=470 nm) and a 90Sr /90Y β-source irradiating the samples with a dose rate of ~0.07 Gy/s. A filter 192 

package of Schott BG-39 and BG-3, transmitting wavelengths between 350 and 420 nm, was placed 193 

in front of the photomultiplier in order to detect the blue light emission for IRSL measurements.   194 

  195 

2.3.2 Equivalent dose determination 196 

The Post-Infrared Infrared Stimulated Luminescence at 290°C (pIRIR290) SAR (Single Aliquot 197 

Regeneration) protocol (Thiel et al., 2011) was applied for the measurements. This method is 198 

suitable for dating older materials, as the pIRIR290 signal of feldspar saturates at higher doses, 199 

~1000 Gy, which corresponds with ~250-330 ka in age considering a dose rate of 3-4 Gy/ka for 200 

loess. The other advantage of this method is, that the pIRIR290 signal of feldspar shows less or even 201 

negligible fading (Thiel et al., 2011; Thomsen et al., 2011, Buylaert et al., 2009, 2012) therefore 202 

fading correction (Huntley and Lamoth 2001) is not necessary for age determination. This protocol 203 

includes an IR stimulation of 200 s at lower temperature (between 50 and 250°C), then an IR 204 

stimulation of 200 s at 290°C. The latter is used to measure the pIRIR290 signal for the equivalent 205 

dose (De) determination. A preheat of 320°C for 60 s was applied prior to stimulations. At the end 206 

of each measurement cycle an IRSL stimulation at 325°C for 100 s was performed. The De values 207 

were obtained by integrating the first 4.4 s of the IRSL decay curve and the final 50 s of the 208 



stimulation was subtracted to remove the background. A single or double saturating exponential 209 

function was fitted to the data points to assess the De of the aliquots. 210 

A first IR stimulation temperature test was carried out on the lowermost and uppermost samples 211 

from core PA-I using test doses of ~140 Gy and ~42 Gy to test the De dependency on test dose size 212 

(Yi et al., 2016) and the first IR stimulation temperature (Buylaert et al., 2012, Yi et al., 2016). The 213 

first IR temperatures were increased with 50°C in each step between 50°C and 250°C. Figure 4 (a, 214 

b) shows the results of the test and demonstrates that there is only a slight effect of the different first 215 

IR stimulation temperatures and the test dose size on the De values for the younger sample. 216 

However, significant decrease of De is observed for both test dose size at higher first IR 217 

temperatures (200°C, 250°C) in case of the older sample. 218 

Fading test was also carried out on the samples to assess how much the pIRIR290 signals are 219 

affected by fading on different first IR stimulation temperature. The test was conducted on a young 220 

and an older sample using an artificial dose close to the natural De of the samples which was 221 

administered to the sample after bleaching. The delaying times were ranged between 0 and 60 222 

hours. The g2days fading rates were calculated for each aliquot. The results of the test clearly shows 223 

that the fading rate and therefore the signal stability is better applying higher first IR stimulation 224 

temperature (200°C) for both samples and for both test dose sizes (Fig. 4a,b). However, considering 225 

other samples from the cores which were involved to a general fading test applying pIRIR290 at 226 

lower first IR temperature (50°C), the g-values are much better than for the previously tested 227 

samples (ranging between 0.16 and 1.93 %/decade with one outlier of -7.89%/decade) and a mean 228 

of 1.45±0.22 and 0.60±0.30 %/decade were calculated respectively for cores PA-I and PA-II. Below 229 

~ 1.5 %/decade the fading rate is considered to be negligible (Thiel et al., 2011, Buylaert et al., 230 

2012), therefore fading correction was not applied. The pIRIR290 dose-response curve on Fig. 4c 231 

also do not shows significant fading for a saturated sample (PA-II 8). The first IR stimulation 232 

temperature was 50°C and the test dose was 140 Gy. 233 

Dose recovery test was carried out on a relatively young sample to test whether the 234 

measurement sequence with different test dose sizes (~ 42 Gy and ~140 Gy) and first IR stimulation 235 

temperatures (50°C and 200°C) is successfully able to recover the previously administered dose, or 236 

not. To avoid the effect of poor bleach-ability of the natural pIRIR290 signal the artificial beta dose 237 

(~105 Gy) was added on top of the natural dose (~115-130 Gy). Dose recovery ratio was calculated 238 

by subtracting the natural dose from the measured dose before dividing by the given dose. Fig. 4a 239 

shows the dose-recovery ratios using different settings. The best ratio (0.99±0.01) is yielded using 240 

50°C for the first IR stimulation temperature and applying a test dose of ~140 Gy. 241 

Some residual signal was observed after a 2-day daylight bleaching using the usual manner of 242 

pIRIR290 SAR protocol with 50°C for the first IR temperature and 140 Gy as a test dose. The 243 



observed residual signal increased with the burial age of the sample as it is shown in Fig. 4d 244 

Residual dose against De. Similar observations are reported by Buylaert et al. (2012) and Yi et al. 245 

(2016) and following the suggestion of Buylaert et al. (2012) the value of the interception of the 246 

fitted linear was subtracted as a residual from each the De-value for the age calculation. 247 

Fig. 4. Luminescence test results: De as a function of the first IR stimulation temperature for sample 248 

PA-I 1 a), and PA-I 4 b). G2day-values and dose-recovery results of the same samples are shown on 249 

the same plots with the 2nd Y-axis for them. Dose response curve of an aliquot of a saturated sample 250 

(PA-II 8) c). Residual dose of each sample is plotted against the pIRIR290 De value for all samples.    251 

Considering the results of all tests unless the fading results the basic settings of pIRIR290 dating 252 

(using 50°C as the first IR stimulation temperature) with ~ 140 Gy test dose yielded the best results. 253 

Therefore, for final De measurements these settings were applied. The pIRIR290 age estimate of a 254 

sample was calculated by taking the mean of the De-s of the five-ten measured aliquots. The 255 

pIRIR290 signal of five samples (samples PA-I 5, 6 and PA-II 5, 6, 7) was beyond saturation 256 

(Murray et al., 2014), therefore only a minimum age could be calculated for these samples. Four-257 

five samples yielded pIRIR290 age from the cores which cover the upper third part of each core. 258 

2.3.3 Dose rate determination 259 

The surrounding sediment was collected from each luminescence position to determine the dose 260 

rate of the samples. The dose rates were obtained from the potassium, uranium and thorium content 261 

of the surrounding sediment, measured by gamma spectrometry in the laboratory at the Eötvös 262 

Loránd University, Institute of Geography and Earth Sciences (Table 1). An average a-value of 263 

0.08±0.02 (Rees-Jones, 1995) was used for the calculation of feldspar IRSL. A potassium content of 264 

12.5±1% (Huntley and Baril, 1997) was applied to calculate the dose rate for feldspar to account for 265 

the internal dose rate. The cosmic radiation was corrected for altitude and sediment thickness 266 

(Prescott and Hutton, 1994), assuming water contents of 15 or 20%, depending on the depth of the 267 

sample (20% was assumed if the depth of the sample was larger than 12 m). Dose rate conversion is 268 

based upon the factors of Gúerin et al. (2011). The dose rate of the lowermost samples of the cores 269 

were not measured and calculated as their burial age are far beyond the dating limit of pIRIR290 270 

method. We only assessed and average dose rate for these samples by calculating the mean of the 271 

dose rates from the corresponding cores. 272 

Table 1. Summary of the burial depths, radionuclide concentrations, dose rates, equivalent doses, 273 

and mean ages of pIRIR290 dating on polymineral fine-grain samples. * dose rates are assumed as 274 

the average dose rate for the core. 275 

 276 

3. Results and discussion 277 

3.1 Interpretation of magnetic susceptibility results 278 



The first comparison of the PA-I and PA-II drilling cores with the Paks brickyard outcrop was 279 

carried out by applying the field description protocol and the results of the geophysical well logging 280 

provided by the Geo-Log Geophysical and Environmental Ltd. (magnetic susceptibility and 281 

resistivity logging). In European loess sequences, except some successions, paleosols are indicated 282 

by high magnetic susceptibility compare to their parent materials. Increasing magnetic susceptibility 283 

is the result of authigenic magnetic minerals e.g. formed by biogenic processes strongly connected 284 

to pedogenesis (Maher and Taylor, 1988; Evans, 2001). The application of pedogenic enhancement 285 

model in loess profile led to the generally accepted hypothesis about the relationship between 286 

higher magnetic susceptibility and the wetter and warmer ‘soil forming’ interglacial periods. 287 

Therefore, the patterns (shape and magnitude) of MS variations seem to help the identification of 288 

MI stages. Besides, based on these patterns of the MS curves the same paleosols might be identified 289 

in different loess-paleosol sections. Usually the shape and magnitude of the MS curve for the BD 290 

soils are characteristic, it has strong double peaks. The PD1-PD2-PDK paleosol-complex is 291 

characterised by three subsequent peaks with a two-fold peak uppermost, a three-fold peak in the 292 

middle and a weaker (smaller) peak at the bottom. These and other distinctive peaks were identified 293 

for both cores and matched with each-other and with the peaks of the PBO (Fig. 5). The correlation 294 

based on the MS patterns assumed some hiatuses (between 35 and 40 m for PA-II and above 10 m 295 

for PA-I), and the existence of an 'extra' soil for PA-I between 30 and 35 m (possible re-deposition 296 

and duplication of the previous one?). Summing up and considering the Hungarian nomenclature of 297 

the paleosols we supposed that MF is completely missing, but BA is present duplicated in PA-I, 298 

while either Mtp, or Phe is missing from PA-II (Fig. 5). 299 

Figure 5. Correlation based on MS curves of the Paks brickyard outcrop (PBO) and the boreholes 300 

PA-I and II. Dashed lines refer to the first attempt of correlation, solely based on MS patterns. 301 

Question marks indicate those correlations, where no numerical dating was available. 302 

3.2 Results of luminescence dating and their consequences for the stratigraphy 303 

The oldest burial age for PA-I core (Fig. 6, Table 1) is 174±10 ka from Unit 5, right above the 304 

third well-developed paleosol. From below the soil only the minimum age could be determined. 305 

Therefore this thin paleosol is very likely equivalent with the BD paleosols, despite of its 306 

macroscopical features. However, it could not be determined whether this relatively thin paleosol is 307 

the BD1, or the BD2 or the superposition of both soils. The uppermost double paleosol was dated 308 

indirectly from the embedding loess (below, between and above the double soil). The pIRIR290 ages 309 

of these samples resulted in ages of 145±8 ka for PA-I 3 from Unit 4, below the double paleosol, 310 

86.5±5.9 ka for PA-I 2 from Unit 3, between the two paleosols and 28.2±1.6 ka from Unit 2, above 311 

the double paleosol. These ages indicate that the upper double paleosol is equivalent with MF2 and 312 

MF1 paleosols, which formed during MIS 5 and subsequently MIS 3, unlike our first impression 313 



and correlation, based on the MS pattern and soil characteristics of this pedocomplex (dashed lines 314 

on Fig. 5). This clearly shows, that chronostratigraphic interpretation based solely on the MS 315 

pattern and/or soil characteristics can be misleading. Numerical ages are crucial for the reliable 316 

correlation between sections or sections and MI stages (Stevens et al., 2018).  317 

The two oldest pIRIR290 ages from PA-II (Fig. 6) were determined from below the uppermost 318 

double paleosol complex. The ages (143±8 ka for PA-II 4 and 149±8 ka for PA-II 3, both samples 319 

from Unit 6) indicate that this loess was deposited during MIS 6, therefore the thick pedocomplex 320 

below this loess is very likely equivalent to the BD paleosol. This implication is supported by the 321 

fact that the sample below this pedocomplex (PA-II 5, lowermost part of Unit 7) resulted only in a 322 

minimum age, similar to the PA-I core. The uppermost double paleosol is equivalent to the MF2 and 323 

MF1 paleosols, as the pIRIR290 age of the sample above these paleosols (PA-II 2, Unit 2) is 324 

28.6±1.9 ka, indicating dust deposition during MIS 2. The youngest age from this core was 325 

determined from just below the modern soil (Unit 1) which yielded an age of 18.6±1.2 ka. This 326 

implies that modern soil developed in loess, which accumulated during MIS 2. The pIRIR290 ages 327 

and our first correlation based on the MS were in agreement for the PA-II core (Fig. 5).   328 

Comparing the pIRIR290 ages of these cores to those of determined from the PBO by Thiel et al. 329 

(2014) we can conclude that the material in the uppermost part of the PBO profile and in the cores 330 

was deposited during MIS 3-2. The MF paleosols were only recognised in the cores but missing 331 

from that part of the PBO. Loess accumulated during MIS 6 was found in both cores and the 332 

outcrop as well. The pIRIR290 ages determined from MIS 6 loess seems to be accurate, while Thiel 333 

et al. (2014) reported age overestimation from this part of the outcrop, possibly due to post-334 

depositional mixing by crotovinas. From the cores only minimum ages were determined for the 335 

loess below the BD paleosol, while the corresponding sample from the PBO was still within the 336 

dating limit of pIRIR290 method. 337 

Figure 6. PIRIR290 ages of PA-I and PA-II cores measured in this study and those of the PBO 338 

determined by Thiel et al., 2014. Cross-marks show the positions of the luminescence samples. 339 

3.3 Comparison of the PBO to the PA-I and PA-II cores – paleogeomorphological significance 340 

The position of the boreholes and the brickyard outcrop are compared to each other on cross-341 

sections (Fig. 7.), which derived from a digital elevation model (DEM) and were adjusted to the 342 

height above sea level. Fig. 7 shows that both cores and the brickyard outcrop are in a plateau 343 

position: PA-I is in an inner part of a loess ridge, further from the river Danube, in a 344 

geomorphologically protected location (less exposed to erosion), while PBO is on the edge of this 345 

ridge, close to the river (more exposed to erosion). PA-II is located in an inner part of an other loess 346 

ridge. The most secure and unequivocal connection could be made between PA-I and the PBO, 347 

because of the shortest distance of the locations. 348 



Figure 7. Cross-section and stratigraphic log of the profiles through the area of Paks. Location of 349 

the Paks brickyard outcrop and the boreholes (PA-I and II) are marked. 350 

The PA-I core contains in its 85 m thickness all the paleosols (Fig. 8) which are present in the 351 

45-50 m thick sequence of the PBO. The MB – BA – BD paleosols are in almost similar height 352 

above sea level in PA-I and PBO, but all units below the MB paleosol were formed in deeper 353 

geomorphological position in PA-I in comparison to the corresponding layers in the PBO (Fig. 8). 354 

The assumed lower geomorphological position is also confirmed by the larger thickness and higher 355 

degree of development of the loess units and paleosols. The deeper geomorphological position 356 

could possibly be ceased gradually with the filling up of the depression. The compensation of the 357 

surface between PA-I and PBO ended with the pedogenesis of the Mende Base paleosol during MIS 358 

11 and parallel depositional environment is supposed for the subsequent glacial periods until MIS 7. 359 

The reason of the filling up could be connected mainly to a higher rate of sediment accumulation, 360 

which happened through aeolian transport (loess formation), and probably by sheet wash, mass 361 

movements or the combination of these processes. The depression was possibly present before the 362 

beginning of the deposition of these layers, probably formed during the beginning of the Early 363 

Pleistocene. By the end of the Pleistocene a relief inversion can be observed between the areas of 364 

the PA-I core and the PBO. The uppermost third part of the loess record preserved in PA-I has three 365 

times larger thickness than that preserved in PBO. The Basaharc Double paleosol is the only unit in 366 

the entire sequence which is less developed in PA-I compared to PBO.  Especially the loess 367 

deposited on the BD paleosols and the MF paleosols are preserved in bigger thickness in PA-I. The 368 

period between MIS 6 and 3 is scarcely represented in the PBO, in some parts it is preserved in ~ 1-369 

2 m thickness (see in Pécsi et al. 1995), but in some parts it is completely missing (see in Thiel et 370 

al., 2014). The loess deposited during MIS 3-2 has again almost similar thickness (~ 10 m) in both 371 

sequences. The inequality in sedimentation during MIS 6-3 can be explained by i) considering 372 

higher sedimentation rate in the vicinity of PA-I core and/or less significant deflation due to its 373 

more protected plateau position, while the environment of PBO was probably closer to a wind 374 

channel between the two loess ridges in slope position (Fig. 1 c); ii)  there was significant erosion, 375 

which translocated the greater part of MIS 6 – MIS 3 deposits (signs of slope wash or mass 376 

movement processes are frequent in this part of the outcrop); iii) the combination of the previously 377 

mentioned two processes. The reasons for intense erosion could be connected to local reasons, 378 

otherwise it must have affected the adjacent areas (around PA-I), as well.  379 

• Theoretically, the sinking of the foreground of the loess plateau might give explanation for 380 

the recent plateau edge position of the brickyard outcrop and the tendency for erosion. The 381 

reason of the sinking is a dynamic subsidence at the western marginal part of the Great 382 

Hungarian Plain (along the actual course of the river Danube, South of Budapest) which 383 



caused the Palaeo-Danube to gradually shift westwards from the axis of its previous alluvial 384 

fan and occupied its present course at the end of the Pleistocene. The timing of the shift is 385 

evidenced by the presence of the youngest (Late Weichselian or TII/a) terrace along the 386 

present Danube Valley in the Great Hungarian Plain (Pécsi 1959, Gábris et al. 2012). The 387 

shifting of the course of the river Danube caused the cut off of the steep Eastern edge of the 388 

loess ridges. This high bank has an elevation of >35 m higher than the floodplain of the 389 

Danube. However, between the recent course of the river Danube and the high bank there is 390 

a 3-4 km wide flood free terrace surface, and the high and low floodplains of the Danube in 391 

both directions, South and North, from Paks. The only exception is the area of PBO, where 392 

the river Danube directly flows in front of the high bank. This might imply that the 393 

subsidence is probably ceased or slowed down in almost all parts of the Western margin of 394 

the Great Hungarian Plain, but the area of PBO, where the subsidence could be more 395 

significant or long lasting. This might have caused the significantly less loess preservation 396 

of the PBO from the MIS 6-3 period and the erosional discordances of the PBO. However, 397 

recent study of Tóth et al. (2018) along the lower course of the Danube in the Great 398 

Hungarian Plain showed that major periods of subsidence could be dated around 20 ka and 7 399 

ka. These results support the above mentioned (Ujházy et al., 2003; Gábris et al., 2012) 400 

results and make the above outlined theory questionable, as thick sediment succession was 401 

preserved from MIS 3-2 at the PBO. 402 

• More probable reason, that the periodic intensifying activity of the local fault zone in 403 

Eastern direction from the edge of the loess plateau at Paks amplified the denudation of the 404 

plateau edge (based on geophysical investigations of Paks II. Zrt. Telephely engedélyezési 405 

dokumentáció. II.  kötet/ 5. fejezet).  406 

• During the Middle Pleistocene increasing tectonic activity in the Carpathian Basin and its 407 

surrounding were suggested by various studies. Geochemical investigations from the PBO 408 

(Újvári et al., 2014) showed that enhanced physical erosion of the source areas due to 409 

tectonism caused increasing dust sedimentation for the last 0.4 Ma (equal to 'Young Loess 410 

Series').  Buggle et al. (2013) described some change in the characteristics of paleosols by 411 

the possible influence of tectonic activity and orogenesis during the early Middle 412 

Pleistocene in the Middle and Lower Danube Basin. These results may support the theory 413 

about the connection between tectonic activity and the observed denudation events. 414 

Comparing the PA-II core to PA-I and PBO we can conclude that the lower 20-25 m thick part 415 

of the PA-II core and the PBO profile has similar loess and paleosol thicknesses, however, 416 

differences occur in the degree of development of paleosols. The high similarity presumes identical 417 

formation conditions in terms of geomorphology. The lower part of the PA-I core (~ 55 m) has 418 



much larger thickness than that of the PA-II core (~ 27 m), but this difference is almost levelled off 419 

for the BA-BD paleosols. The loess-paleosol succession in PA-II preserved the sediment of the MIS 420 

6 – MIS 3 period in large thickness (almost 10 m) similarly to PA-I. PA-II contains the Mende 421 

Upper 1-2 paleosols as well, but only in a weakly developed state. Those loesses, which are 422 

younger than 30 ka, have almost similar thickness in both cores (12 and 10 m). This indicates that 423 

during the last two glacial cycles the sedimentation environment in the area of the two cores were 424 

quite similar, both were in plateau position, where dust accumulation was dominant over deflation. 425 

Figure 8. Correlation of the profiles (PBO, PA-I and PA-II) based on pIRIR290 ages and MS curves. 426 

Coeval horizons are connected. Question marks indicate those connections where no numerical 427 

dating was available. Profiles are placed according to their elevation above sea level. 428 

The core of Udvari-2A (Koloszár, 2010; Koloszár and Marsi, 2010; Sümegi et al., 2018) 429 

contains the loess-paleosol sequence until the Ps8/1-8/2 (~PDK) soil almost in the same thickness 430 

as the core of PA-I, though it is 30 km away from the study area. Although some of the loess units 431 

are thicker or thinner, but all together both cores preserved the same thickness of sediment and soils 432 

(80-85 m) during the last ~0.9 Ma. These best preserved loess-paleosol sequences imply that the 433 

average accumulation rate for the Carpathian Basin could be around 9.8 cm/ka for the last 0.9 Ma, 434 

with a slight difference for the Old Loess Series (between MIS 21- MIS 12): ~7.8 cm/ka and for the 435 

Young Loess Series (between MIS 11- MIS 2): 11.8 cm/ka.  436 

 437 

4. Summary 438 

The Paks brickyard key section is considered as one of the most complete loess-paleosol 439 

sequence, available in an outcrop in Hungary. Recently two drillings were carried out in the vicinity 440 

of the outcrop. The investigation of the boreholes provides a good opportunity to compare them 441 

with each other and with the brickyard key section. As a backbone of an unequivocal correlation of 442 

various successions, it is crucial to apply numerical dating methods, as luminescence dating, even 443 

though its limit is ~250-300 ka for Hungarian loesses. Due to the limitation of numerical dating 444 

methods and as a support of the lithostratigraphical correlation, data from geophysical well logging, 445 

such as magnetic susceptibility and resistivity logging, can also be a useful tool. Although our 446 

correlation, based on MS curves and the physical characteristics of paleosol, was only partly 447 

confirmed by luminescence data (Fig. 8). 448 

Our main findings during the correlation of the key section and the cores can be summarized as  449 

follows: 450 



• Correlation based only MS values and/or paleosol characteristics without any numerical age 451 

control can be misleading.  452 

• The correlation revealed very thick loess sedimentation from the Early to Late Pleistocene, 453 

PA-I core is one of the thickest and most detailed in the Carpathian Basin. 454 

• The uppermost units of the PBO differ from the sequence of the PA-I and PA-II cores, since 455 

it very likely contains hiatuses between MIS 6 and 3 (190 – 40 ka). This can be explained i) 456 

by intensified erosion (by water or mass movements) of the Eastern edge of the loess ridges 457 

caused by either the gradual shifting of the river Danube to Western direction due to 458 

significant subsidence of smaller sub-basins at the edge of the Great Hungarian Plain 459 

(although new and old dating results pointed out that this probably happened around 20 ka, 460 

which is not consistent with the hiatuses at PBO), ii) or we can assume large denudation 461 

event(s) during the period of MIS 6-3 which can be caused by tectonic movements (renewed 462 

activity of a longer, NE-SW fault zone and/or a joint, shorter, N-S strike fault), iii) 463 

additionally decreased sedimentation rate and/or significant denudation should also be 464 

considered for the vicinity of PBO due to its proximity to a wind channel.  465 
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 596 

Figure captions 597 

Figure 1. Map of the Carpathian Basin (a) and land cover of the surrounding area of Paks (b). Red 598 

rectangle marks the position of the study area. DEM showing the topography of the study area (c). 599 

Location of the Paks brickyard outcrop and the boreholes (PA-I and II) are marked on this map. 600 

Figure 2. Lateral variation of the loess-paleosol record at the Paks brickyard outcrop (based on 601 

Pécsi, 1984). Several different investigated profiles are indicated in the figure by the authors name 602 

and the year of their investigation. Vertical blue lines represent the locations of boreholes. Crescent-603 

shaped features between BD and BA paleosols indicate delles with various infilling. 604 

Figure 3. Simplified stratigraphic log of the drill-cores and the Paks brickyard outcrop with 605 

stratigraphical descriptions.  a) PA-I and PA-II, b) PBO investigated by Pécsi et al. (1995) and the 606 

upper part of it investigated by Thiel et al. (2014) and Barta (2016). 607 

Figure 4. Luminescence test results: De as a function of the first IR stimulation temperature for 608 

sample PA-I 1 a), and PA-I 4 b). G2day-values and dose-recovery results of the same samples are 609 

shown on the same plots with the 2nd Y-axis for them. Dose response curve of an aliquot of a 610 

saturated sample (PA-II 8) c). Residual dose of each sample is plotted against the pIRIR290 De value 611 

for all samples.  612 

Figure 5. Correlation based on MS curves of the Paks brickyard outcrop (PBO) and the boreholes 613 

PA-I and II. Dashed lines refer to the first attempt of correlation, solely based on MS patterns. 614 

Question marks indicate those correlations, where no numerical dating was available. 615 

Figure 6. PIRIR290 ages of PA-I and PA-II cores measured in this study and those of the PBO 616 

determined by Thiel et al., 2014. Cross-marks show the positions of the luminescence samples. 617 

Figure 7. Cross-section and stratigraphic log of the profiles through the area of Paks. Location of 618 

the Paks brickyard outcrop and the boreholes (PA-I and II) are marked. 619 

Figure 8. Correlation of the profiles (PBO, PA-I and PA-II) based on pIRIR290 ages and MS curves. 620 

Coeval horizons are connected. Question marks indicate those connections where no numerical 621 

dating was available. Profiles are placed according to their elevation above sea level.  622 

 623 

Table caption 624 

Table 1. Summary of the burial depths, radionuclide concentrations, dose rates, equivalent doses, 625 



and mean ages of pIRIR290 dating on polymineral fine-grain samples. * dose rates are assumed as 626 

the average dose rate for the core. 627 



PA-I 1 9.2 15 ± 5 12.10 ± 0.14 3.50 ± 0.03 1.61 ± 0.02 4.04 ± 0.21 114.1 ± 2.0 28.2 ± 1.6
PA-I 2 14.7 20 ± 5 11.13 ± 0.13 2.96 ± 0.02 1.25 ± 0.01 3.23 ± 0.18 279.8 ± 11.3 86.5 ± 5.9
PA-I 3 17.2 20 ± 5 10.44 ± 0.12 2.82 ± 0.02 1.39 ± 0.02 3.23 ± 0.17 469.1 ± 10.0 145 ± 8
PA-I 4 30.4 20 ± 5 13.25 ± 0.15 3.10 ± 0.02 1.71 ± 0.02 3.85 ± 0.20 669.1 ± 17.4 174 ± 10
PA-I 5 39.6 3.59 ± 1.79
PA-I 6 43.8 3.59 ± 1.79
PA-II 1 1.7 15 ± 5 9.37 ± 0.11 2.86 ± 0.02 1.07 ± 0.01 3.16 ± 0.18 58.7 ± 1.9 18.6 ± 1.2
PA-II 2 6.0 15 ± 5 10.52 ± 0.13 3.35 ± 0.03 1.25 ± 0.02 3.54 ± 0.20 81.4 ± 1.6 23.0 ± 1.4
PA-II 3 11.4 15 ± 5 11.52 ± 0.13 3.41 ± 0.02 1.40 ± 0.01 3.37 ± 0.18 96.2 ± 3.8 28.6 ± 1.9
PA-II 4 17.3 20 ± 5 10.95 ± 0.12 3.03 ± 0.02 1.44 ± 0.01 3.39 ± 0.18 505.2 ± 4.3 149 ± 8
PA-II 5 20.7 20 ± 5 12.34 ± 0.14 3.36 ± 0.02 1.69 ± 0.02 3.84 ± 0.20 549.7 ± 12.6 143 ± 8
PA-II 6 25.6 3.54 ± 1.58
PA-II 7 32.5 3.54 ± 1.58
PA-II 8 38.5 3.54 ± 1.58

> 1000 > 250-300
> 1000 > 250-300

> 1000 > 250-300
> 1000 > 250-300

> 1000 > 250-300

K [%]
Dose rate pIRIR290De pIRIR290age

[Gy/ka] ± s.e. [Gy] ± s.e.  [ka]
Sample ID Depth (m) Water cont. (%) Th-232 [ppm] U [ppm ]




















