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Abstract: The loess–paleosol profile of Máza brickyard in SW Hungary was investigated through
multivariate analyses of malacofauna and sedimentological analyses. The aim was to reconstruct
the complex developmental history of both sediment and malacofauna. Three age–depth models
were calculated, and the best-fit model, the OxCal P-sequence, was chosen for further analysis.
The profile overlays the MIS3 and MIS2, beginning at approximately 45,000–50,000 cal BP and
ending at the Pleistocene/Holocene boundary. The accumulation rates were two periods of intensive
accumulation, equal to those observed in the Bácska Loess Plateau in Hungary, and two periods
of decreased accumulation. Between ~38,000 and 31,000 cal BP, a decreased accumulation period
was observed in Máza and other profiles from the Bácska Loess Plateau, indicating a common weak
accumulation period at the end of MIS3. Correspondence and cluster analyses provided a higher-
resolution paleoecological reconstruction, revealing a more detailed picture of the evolution of the
studied section. The presence of thermophilous gastropod species with a high contribution to the
correspondence analysis was significant in the sections. Although Granaria frumentum, Helicopsis
striata, Chondrula tridens, and Pupilla triplicata were not significant species in the Máza malacofauna as
a whole, their presence was associated with warming periods and the emergence of open vegetation.

Keywords: malacology; age–depth modelling; sediment accumulation; MIS2/MIS3; multi-variate
statistics; loess–paleosol sections

1. Introduction

The significance of loess and loess-like sediments as terrestrial alternatives to marine
and ice-core drilling has been widely recognized for several decades [1]. Since then,
extensive research has been conducted in various loess-covered regions around the world
to provide researchers with a more accurate paleoenvironmental reconstruction of the
study area and to compare these results with those from marine and ice-core drillings. A
number of multi-proxy studies have been published globally [2–8], but it should be noted
that the investigation methods used in these studies vary widely. A similar situation exists
in European loess investigations, including those in the Carpathian Basin. The applied
methods can be broadly classified into two categories: sedimentary and paleoecological.
Additionally, there are also research groups that use “hybrid” methods, which combine
sedimentary methods with paleoecological (mainly malacological) methods, e.g., [9–12].
The Carpathian Basin loess research is also characterized by a similar dichotomy, with
pure sedimentary studies also occurring here (e.g., [13–17]) alongside the paleoecological
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(e.g., [18–21]) and “hybrid” studies (e.g., [21–29]). The research on the Carpathian Basin
loess–paleosol sections holds great significance, as there is no evidence of a persistent ice
sheet in the area during the Pleistocene [22]. Furthermore, recent studies have revealed that
the basin lies within two loess domains [30] (Figure 1). Additionally, the basin possesses
unique climatic and environmental conditions [22], which are reflected in the specific
characteristics of each site.
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Figure 1. Location of the loess–paleosol profile of Máza brickyard (a) in the European loess area
(M) [30], (b) in Hungary, and (c) a 3D digital topographic model of its close vicinity (yellow ar-
row shows the exact location of the profile; other mentioned loess–paleosol sequences in the text:
1 Dunaszekcső, 2 Katymár, 3 Madaras, 4 Črvenka).

In our current study, we have supplemented the previously published malacological
findings from the Máza brickyard loess–paleosol section [21] with age–depth models
based on radiocarbon age data and sedimentological results, including environmental
magnetism, grain size distribution, and organic matter/carbonate content. Moreover, we
have reinterpreted the previously published dominance-based malacological results from
different viewpoints and performed multivariate statistical analyses to better understand
the faunal variations. By comparing the results with the age–depth models, we have
achieved a high-resolution temporal interpretation of the sedimentary geological and
paleoecological data, as well as an exploration of the loess accumulation phases.
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List of Abbreviations in the Text

a.s.l.—above sea level; cal BP yr—calibrated year before present; AMS—accelerator
mass spectrometry; AR—accumulation rate; CI—confidence interval; MAR—mass accumu-
lation rate; ρ1,2—bulk densities; SR—sedimentation rate; feol—mass concentration of aeo-
lian materials; GSI—grain size index; χLF—low-frequency mass specific magnetic suscepti-
bility; χFD%—frequency-dependent magnetic susceptibility; LOI—loss on ignition; PCA—
principal component analysis; CA—correspondence analysis; MZ—malacological zone;
CL—cluster; LGM—last glacial maximum; MIS—marine isotope stages; GI—Greenland
interstadial; GS—Greenland stadial; and NGRIP—North Greenland Ice Core Project.

2. Study Site and Lithology

The area under investigation is located in southwest Hungary, specifically in the
northern foothills of the Mecsek Mountains on a plateau that gently slopes down to the
north. It falls within the fourth loess domain of Europe [30] (Figure 1). The surrounding
region, known as Völgység, translates to “valley land” due to its position between the
Mecsek Mountains and the Szekszárd Hills [31]. The Máza sequence can be found between
the villages of Máza and Nagymányok in the northern part of the former mining area of an
old brick factory (46◦17′09.58′′ N, 18◦24′21.15′′ E) at an elevation of 164 m above sea level.
The height of the south-facing profile is 864 cm [21].

Figure 1 depicts three additional loess–paleosol sections in addition to the Máza
section: Dunaszekcső (1), Katymár (2), and Madaras (3), all situated in Hungary, and
Črvenka (4) in Serbia. The Dunaszekcső section is situated on the high right bank of the
Danube River. The remaining three loess–paleosol sections are located on the Bácska-
Titel loess plateau and were formed during a similar period, the Late Pleistocene and
radiocarbon age data from all sections were accessible for running age–depth models.
The Dunaszekcső section, which was investigated through multi-proxy analyses [32–34],
reveals a section of more than 18 m in thickness that was eroded by the Danube River.
Approximately 120 radiocarbon age data, spanning ca. 40,000–23,000 cal BP yr [34], are
available from this section. The Katymár brickyard section [35] is a 10.32 m high wall in
an abandoned brickyard site, from which nine radiocarbon ages were obtained, ranging
from about 39,000 to 15,000 cal BP yr (approximately 50–1050 cm). The Madaras brickyard
section [26], constructed on the wall of an abandoned brickyard, stands at a height of 10 m,
and 19 radiocarbon dates, covering the time interval between about 39,000 and 12,000 cal
BP yr (about 20–1000 cm), are available. The Črvenka section [25,36] is also located in the
wall of a brickyard and has a height of 12 m, with six radiocarbon age data available for the
age–depth models, covering the interval between 40,000 and 7000 cal BP yr (approximately
50–600 cm).

3. Materials and Methods
3.1. Sampling and Lithology

The profile was divided into six lithological layers, consisting of two loess layers and
four paleosol layers (Figure 2) [21]. Samples were collected at a 12 cm interval from the
Máza brickyard, resulting in a total of 72 samples.



Quaternary 2024, 7, 35 4 of 24Quaternary 2024, 7, x FOR PEER REVIEW 4 of 25 
 

 

 
Figure 2. Lithologic description with radiocarbon ages, and the calculated age–depth models based 
on the radiocarbon data of Máza brickyard. 

3.2. Age–Depth Modelling and Accumulation Intensity 
In the AMS radiocarbon dating process, snail shells were cleaned using ultrasonic 

washing to remove surface contaminants as well as carbonates. Then, 2% hydrochloric 
acid was used to etch the shells, which resulted in ca. 20–30% material weight reduction. 
After drying, the acid-cleaned shells were placed in vacuum-tight two-finger reaction am-
poules (with an inner volume of approximately 100 cm3) and dissolved by phosphoric 
acid (85% aq). The resulting CO2 was purified cryogenically and then graphitized [37,38]. 
The 14C measurements were conducted using MIDCAS (compact radiocarbon AMS sys-
tem), which was developed at the Paul Scherrer Institute and ETH Zürich [39,40]. This 
system was installed at the Hertelendi Laboratory of Environmental Studies, Debrecen, in 
2011 [38]. Five AMS radiocarbon measurements were available for modeling, one from the 
DirectAMS Lab, Seattle, WA, USA, and four from the ICER Lab, Debrecen, Hungary. All 
radiocarbon measurements were obtained from snail shells (Table 1). 

Given the distinct pedogenetic processes and compaction that occur during loess 
layer deposition [41], it is probable that the actual sedimentation rate fluctuated, resulting 
in varying temporal resolutions for each layer in our study profile [42]. To address this, 
we utilized several types of age–depth models for our dataset. One of the models we em-
ployed was the classical model of linear interpolation [43], which has been used in earlier 
research. This model assumes that accumulation rates were constant between neighboring 
dated depths and abruptly changed at the exact dated depths [44,45]. 

In this research, the Bayesian modeling was executed by employing Poisson and 
gamma distributions as initial data for accumulation rates. The Bacon model [46] utilizes 
an autoregressive process with gamma innovations to model accumulation rates for nu-
merous uniformly spaced depth segments. The inverse accumulation rates (expressed as 
year/cm) were estimated from 27.06 million Markov Chain Monte Carlo (MCMC) itera-
tions, which were then utilized to construct the age–depth model. The accumulation rate 
(AR) model was initially constrained by default prior information, including an accumu-
lation shape of 1.5 and an accumulation mean of 20 for the beta distribution, a memory 
mean of 0.7, and a memory strength of 4 for the beta distribution, which describes the 
autocorrelation of the inverse AR (Supplementary Figure S1). All input data were given 
in 14C yr BP, and the model used the northern hemisphere IntCal20 calibration curve [47] 
to convert conventional radiocarbon ages to calendar ages expressed as cal BP. The age 

Figure 2. Lithologic description with radiocarbon ages, and the calculated age–depth models based
on the radiocarbon data of Máza brickyard.

3.2. Age–Depth Modelling and Accumulation Intensity

In the AMS radiocarbon dating process, snail shells were cleaned using ultrasonic
washing to remove surface contaminants as well as carbonates. Then, 2% hydrochloric
acid was used to etch the shells, which resulted in ca. 20–30% material weight reduction.
After drying, the acid-cleaned shells were placed in vacuum-tight two-finger reaction
ampoules (with an inner volume of approximately 100 cm3) and dissolved by phosphoric
acid (85% aq). The resulting CO2 was purified cryogenically and then graphitized [37,38].
The 14C measurements were conducted using MIDCAS (compact radiocarbon AMS system),
which was developed at the Paul Scherrer Institute and ETH Zürich [39,40]. This system
was installed at the Hertelendi Laboratory of Environmental Studies, Debrecen, in 2011 [38].
Five AMS radiocarbon measurements were available for modeling, one from the DirectAMS
Lab, Seattle, WA, USA, and four from the ICER Lab, Debrecen, Hungary. All radiocarbon
measurements were obtained from snail shells (Table 1).

Table 1. Calibrated and uncalibrated radiocarbon data from Máza brickyard, based on Trochulus
hispidus shells.

Depth
(cm) Material BP yr +/− Calibrated Age Range Mean Age

(cal BP yr) +/− Lab Code Probability
Distribution

Used for
Age ModelMin Max

90 shell 12,432 49 14,285 14,930 14,607 322 DeA-20934 100% yes

318 shell 24,278 123 28,032 28,780 28,406 374 DeA-20935 100% yes

414 shell 19,361 98 23,026 23,450 23,238 212 D-AMS
002121 69.3% no

486 shell 26,379 148 30,273 31,003 30,638 365 DeA-20936 100% yes

510 shell 35,156 224 39,761 40,823 40,292 531 D-AMS
002122 100% yes

570 shell 35,632 292 40,093 41,267 40,680 587 DeA-20937 100% yes

Given the distinct pedogenetic processes and compaction that occur during loess layer
deposition [41], it is probable that the actual sedimentation rate fluctuated, resulting in
varying temporal resolutions for each layer in our study profile [42]. To address this, we
utilized several types of age–depth models for our dataset. One of the models we employed
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was the classical model of linear interpolation [43], which has been used in earlier research.
This model assumes that accumulation rates were constant between neighboring dated
depths and abruptly changed at the exact dated depths [44,45].

In this research, the Bayesian modeling was executed by employing Poisson and
gamma distributions as initial data for accumulation rates. The Bacon model [46] utilizes an
autoregressive process with gamma innovations to model accumulation rates for numerous
uniformly spaced depth segments. The inverse accumulation rates (expressed as year/cm)
were estimated from 27.06 million Markov Chain Monte Carlo (MCMC) iterations, which
were then utilized to construct the age–depth model. The accumulation rate (AR) model
was initially constrained by default prior information, including an accumulation shape
of 1.5 and an accumulation mean of 20 for the beta distribution, a memory mean of 0.7,
and a memory strength of 4 for the beta distribution, which describes the autocorrelation
of the inverse AR (Supplementary Figure S1). All input data were given in 14C yr BP,
and the model used the northern hemisphere IntCal20 calibration curve [47] to convert
conventional radiocarbon ages to calendar ages expressed as cal BP. The age modeling was
run initially to achieve a final resolution of 12 cm. The fit of the posterior gamma and beta
distributions, as well as the 95% CI ranges, and the inverse accumulation rate (AR) with
95% CI ranges, were considered while comparing models. Ultimately, age–depth modeling
was carried out using the set parameters. All data and figures are presented in calendar
ages expressed as cal BP.

The P-sequence of OxCal modeling [48] was utilized with a size-dependent granularity
(silt) (k = 0.3) of the predominant grain in the sequence by conducting 3.989 million
iterations. Furthermore, to evaluate sensitivity, the granularity (k) was modified to account
for variable rates of sedimentation. The P-sequence calculated ages for 1-cm intervals with
95% confidence intervals to determine the uncertainty of the model. The estimates were
calculated from the mean values. The results obtained from the OxCal and Bacon models
were examined for consistency, integrity, and statistical significance. Additionally, the mean
95% confidence ranges, as well as the maximum and minimum confidence values, were
computed and compared to evaluate the precision of the ages for different parts of the
profile. These approaches enabled the assessment of the chronological sharpness of the
models [49].

By determining the sedimentation rate, the mass accumulation rate could be calcu-
lated. The mass accumulation rate (MAR in g/cm2/ky) represents the amount of loess
accumulated at a specific location [50]. Initially, the absolute sedimentation rate per unit
(SR in cm/year) was estimated. The loess-related bulk density values were calculated
using global (bulk density 1) [51,52] and Hungarian results (bulk density 2) [13]. In the
evaluation, bulk density 2 was employed as it is the most appropriate estimate given
the regional properties of the loess. The use of the same values by others will facilitate
correlations [24,32,35].

3.3. Sedimentological Analyses

The grain size composition of sedimentological samples was determined using the
laser particle sizing method [53]. Following the treatment of the dried samples with 30%
hydrogen-peroxide and 10% hydrochloric acid to eliminate organic matter and carbonates,
the samples were transferred to a 5% solution of sodium hexametaphosphate to prevent
particle agglomeration. The OMEC EasySizer 20 laser diffraction particle sizer was utilized
to measure the samples for 42 intervals ranging from 0.0001 to 0.5 mm at the Department of
Geology and Paleontology, Szeged University, Hungary. The EasySizer 20 employs Mie’s
scattering theory, with the carrier medium being water (refractive index 1.333) and the
sediment possessing a uniform refractive index of 1.544 (quartz 1.545; illite 1.575; orthoclase
1.53; anorthoclase 1.525). The cumulated percentage ratio was calculated for each grain
size range in accordance with Wentworth’s scale. The U-ratio (16–44 µm/5.5–16 µm) was
calculated to determine the dominant and subordinate phases of wind transport during
cold–warm and dry–wet periods [52–56]. High U-ratio values indicate more intense sedi-
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ment transport, which is characteristic of dry periods, while low values may suggest wet
periods. Additionally, the grain size index (GSI—20–50 µm/<20 µm) was calculated, which
considers the clay fraction and is suitable for determining the formation, transportation,
and accumulation of loess [57,58]. The GSI, like the U-ratio, is a measure of climatic condi-
tions during sediment accumulation, but post-accumulation processes such as pedogenesis
also play a role. Low GSI values indicate a wet climate or soil formation, while high GSI
values indicate dry climatic conditions.

Environmental magnetic analyses were conducted on bulk samples [59–63]. Initially,
the samples were weighed and crushed in a glass mortar. Subsequently, the samples were
placed in plastic boxes and dried in an oven at 40 ◦C for 24 h. Next, the low (0.465 kHz—κLF)
and high-frequency (4.65 kHz—κLF) magnetic susceptibilities were measured using an
MS2 Bartington magnetic susceptibility meter equipped with an MS2B dual frequency
sensor [64] in the Department of Geology and Paleontology, Szeged University, Hungary.
The κ values were utilized to calculate the mass-specific (χLF) and frequency-dependent
(χFD%) magnetic susceptibilities [64]. All samples were measured three times, and the
average values of magnetic susceptibility were computed and reported.

The determination of changes in organic matter and carbonate content loss on ignition
(LOI) was carried out [65,66]. The samples were heated in a programmable electric furnace
at 550 ◦C and 900 ◦C for 1–1 h, during which the organic matter and then the carbonate
content were burnt out of the samples. The mass loss was measured after each combustion.
The results are presented in percentage distribution.

3.4. Malacology

The procedures for collecting, cleaning, and identifying malacological samples were
carried out according to the methods outlined by Endre Krolopp and Pál Sümegi [22,67,68].
At Máza brickyard, approximately 5 kg of bulk samples were collected from every 12 cm
interval of the sequence, resulting in a total of 72 mollusk-bearing samples. The sediment
was then washed through sieves with a mesh size of 0.8 mm, dried, and the identifiable
shells and fragments were sorted and identified. The identification of these samples,
as well as knowledge of each species’ climatic and environmental demands, is essential
for creating paleoecological reconstruction datasets [67,69–71]. This modern knowledge
is applied to interpret paleoenvironmental changes from fossil data, including absolute
and relative abundance diagrams of species and ecological groups, by utilizing the prin-
cipal of actualism [10,12,67]. The ecology of each species is well understood based on
modern samplings, and species have been classified into ecological groups that may dif-
fer from one region to another, based on species temperature, humidity, and vegetation
preferences [9,22,61,68,71–73]. All three factors are interdependent, and even changes in
other, less important conditions can affect them.

In addition to the dominance and abundance analyses, more sophisticated statistical
analyses were also conducted. The diversity of a community, including the malacofauna,
can be well characterized by the Shannon index H′ [74], which is calculated as follows:

H′ = −
n

∑
1

pklnpk

where n equals the number of species and pk the frequency of the k species (k varying
between 1 and n).

Principal component analysis (PCA) was employed to analyze the malacological
data table [75], which included assemblages in the columns and species’ real abundance
values in the rows. The correlation matrix was utilized for the analysis. The loadings
for the 1st principal component provided an estimate of temperature variation, while the
loadings for the 2nd principal component were used to estimate the wet/dry environmental
conditions [76].

Correspondence analysis (CA) [77] is a valuable method for examining the distribution
and importance of malacological data, particularly the distribution and importance of snail
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species found on the site. It can also provide a good estimation of the role of temperature
and humidity on the snail fauna in the studied section [9,73,76,78–80]. Before conducting
the CA analysis, the abundance values of the malacological data table were converted using
a logarithmic method to avoid large variations in abundance [78], which is referred to as
“Rousseau-coding” (Supplementary Table S1). The resulting data table was used for the CA
calculation, where the total abundance was 1510. The data were used to produce a scatter
plot showing the distribution of snail species along the X and Y axes. Further calculations
are necessary to determine the importance of species [9,77,80]. Utilizing the data table in
Supplementary Table S1, we calculate the mass of each species. By multiplying the masses
by the square of the axis values for the species, we obtain the contribution of inertia of the
axes. Multiplying the inertia values for each species by the eigenvalue of the corresponding
axis (total inertia) gives the contribution of each species.

Cluster analysis was utilized for zonation calculations in the malacological domain.
Ward’s method [81] was employed on the logarithmic data table for the analysis. For
diversity counts and multivariate statistical analyses, including cluster analysis, PCA, and
CA, the Past 4.16 software kit [82] was utilized.

4. Results

In the field, the lithologic description of the Máza section was conducted, revealing
that the uppermost 12 cm of the profile comprised recent soil. Between 12 and 336 cm, a
homogenous loess layer was deposited, containing significant mollusk shells and carbonate
content. A weakly developed paleosol layer with increased organic matter and clay content
was situated between 336 and 432 cm. From 432 to 588 cm, a second loess layer was
deposited with high carbonate and moderate snail shell content. Another weakly developed
paleosol layer was located between 588 and 684 cm, exhibiting increasing clay and organic
matter content. This trend continued in the lowermost paleosol layer, which developed
between 684 and 864 cm. Regrettably, the bottom of this layer has not been uncovered.

4.1. Age–Depth Modelling and Accumulation Intensity

Previous and recent research has demonstrated that utilizing a single age–depth model
may not result in the most accurate modeling. Therefore, it is recommended to employ at
least two or more models to identify the most suitable one [26,28]. For the loess/paleosol
profile of Máza brickyard, three different age–depth models were calculated: OxCal’s
P-sequence, Bacon’s G-sequence, and the classical linear model, taking into account only
the available radiocarbon ages (Figure 2). The accumulation rates (AR) were calculated
from every sequence (Figure 3). All of the calculated sequences overlap the loess–paleosol
profile between 90 and 600 cm, spanning approximately 13,000–43,000 cal BP yr.

The P-sequence and linear sequence exhibit similarities in their graphs, as they accu-
rately reflect the placement of radiocarbon dates on the chart. In contrast, the G-sequence
appears to be more linear and exhibits a higher deviation in its minimum and maximum
ages compared to the other two. This discrepancy can be attributed to the different cal-
culation methods employed by OxCal and Bacon, with Bacon’s G-sequence modeling a
relatively linear shape and low deviation of counted values [83,84]. Despite this similar-
ity, the P-sequence is considered to be the most accurate and applicable model, as it is
derived from a cm resolution age calculation, while the linear sequence utilizes only five
radiocarbon ages.
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BP, resulting in the lowest AR values of the P-sequence (Figure 3). A comparison of the
AR charts reveals significant differences between the sequences, with the P- and linear
sequence exhibiting fluctuating accumulation intensities and low 95% confidence intervals
(CI), while the G-sequence displays a roughly linear accumulation with meaningful CI
values. These differences are also reflected in the AR charts, which were calculated from
the age–depth models. According to the AR chart of the P-sequence, the accumulation
intensity can be divided into four periods (Figure 3).

During a period spanning approximately 42,700 to 41,500 cal BP yr, the accumula-
tion rate (AR) values were around 0.18 mm/yr. Subsequently, the values increased to
approximately 0.6 mm/yr between 41,500 and 40,000 cal BP yr, which were higher than
the values of the G-sequence (0.25 mm/yr) but lower than the linear sequence (approx-
imately 1.1 mm/yr). The linear AR values were around 1.05 mm/yr during this period.
Between approximately 40,000 and 31,000 cal BP yr, the AR values decreased to around
0.03 mm/yr, which may have been due to the dry climate resulting in an erosional horizon.
The next period lasted from approximately 31,500 cal BP yr to approximately 28,000 cal
BP yr, during which the highest AR values were recorded. The mean values were around
0.65 mm/yr, with CI values fluctuating between 0.6 and 0.75 mm/yr. The increased accu-
mulation may have indicated more humid weather with reduced sediment particle mobility
and/or denser vegetation cover, where the vegetation cover protects the particles from
wind erosion. This period coincides with the formation of the upper weakly developed
paleosol, suggesting that the high AR values may have been indicative of warmer and more
humid climatic conditions. The fourth period lasted from approximately 28,000 cal BP yr to
approximately 12,700 cal BP yr, during which the AR decreased to around 0.2 mm/yr, with
CI values fluctuating between approximately 0.1 and 0.3 mm/yr.

When comparing the results of Accumulation Rates (AR) with Mass Accumulation
Rates (MAR), it can be observed that the values for the four periods generally followed
the trend of AR (Figure 3; Table 2). The MAR values were computed using linear ages,
and thus, the best-fit model for the MAR values would be a linear sequence. However,
the higher accumulation periods (around 41,500 to 40,000 and approximately 31,500 to
28,000 cal BP yr) yielded high MAR values of 2320 g per square meter per thousand years
(g/m2 × ky) for the older period and 1410 g/m2 × ky for the younger accumulation peak
(Table 2).
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Table 2. The calculated mass accumulation rates (MAR) from Máza brickyard with bulk densities
1 and 2 (ρ1 and ρ2); SR represents the sedimentation rate and feol means the mass concentration of
aeolian materials.

MAR (Bulk Density 1)
Age (cal. BP) Depth (cm) SR (cm/Year) ρ1 (g/cm3) ƒeol MAR (g/m2 × ky)

14,607 90 0.016523 1.6 1 264

28,406 318 0.094012 1.65 1 1551

30,193 486 0.002376 1.65 1 39

40,292 510 0.154639 1.65 1 2552

40,680 570 - - Mean: 1102

MAR (bulk density 2)
Age (cal. BP) Depth (cm) SR (cm/Year) ρ2 (g/cm3) ƒeol MAR (g/m2 × ky)

14,607 90 0.016523 1.5 1 248

28,406 318 0.094012 1.5 1 1410

30,193 486 0.002376 1.5 1 36

40,292 510 0.154639 1.5 1 2320

40,680 570 - - Mean: 1003

4.2. Sedimentological Analyses

The sedimentological analyses of the 72 samples taken from the Máza loess–paleosol
profile revealed six sedimentological layers, as indicated by the results and lithology
(Figure 4). The lowest layer overlaps the paleosol between 864 and 684 cm and is charac-
terized by the highest magnetic susceptibility (χLF) values, which vary between 80 and
120 × 10−8 kg/m3. Additionally, the organic matter content is significantly high (~5%) in
this layer, and the χFD% values are also the highest (~12%) in this layer. The clay content
has the highest ratio, approximately 25%, besides the 45% coarse and medium silt ratio.
Moreover, a constant ~3% of very fine sand could be observed, and the U-ratio and grain
size index (GSI) values are consistently low in this layer.

Quaternary 2024, 7, x FOR PEER REVIEW 10 of 25 
 

 

organic matter content increases to around 5%, while the clay content rises slightly to ap-
proximately 23%. The sand content, on the other hand, decreases to around 3%. 

 
Figure 4. Results of the sedimentological analyses from Máza brickyard (the dashed horizon repre-
sents the later discussed main sedimentological contradiction of the section). 

The fifth layer is the upper loess layer, spanning a depth of 336–12 cm (corresponding 
to approximately 28,500 to 11,000 cal BP yr). In this layer, the χLF values decrease overall, 
averaging around 20 × 10−8 kg/m3. However, the χFD% values show significant fluctuations, 
with a maximum peak of around 140 cm. The clay content falls below 20%, while the sand 
content increases to around 7–8%. The ratio of coarse and medium silt remains approxi-
mately 75%. The carbonate content exhibits the highest values, reaching around 15–60 cm 
with approximately 18% of the content. 

The uppermost layer is characterized by significant changes in the sedimentological 
results. The χLF values rapidly increase to approximately 40 × 10−8 kg/m3, starting to rise 
even in the fifth layer. The χFD% values also increase to around 8%. The clay content rises 
to approximately 25%, while the ratio of coarse and medium silt decreases to around 45%. 
The organic matter content continues to increase as well. 

4.3. Malacology 
The results of previous studies [21] and recent malacological findings indicate that 

the malacofauna has undergone significant changes (Supplementary Figure S2). The 
multi-variate analysis has even revealed a diverse malacofauna. The diversity values per 
sample range from 0 to 2.2 in the section (Figure 5). Zones MZ5, MZ7, and MZ8 had the 
highest values, while zones MZ1–4 typically had low values (less than 1). 

In the principal component analysis, the results in the correlation matrix show that 
the percentage variance of the first principal component is 42.63% and 16.34% of the sec-
ond principal component. The two principal components cover 58.97% of the total vari-
ance, providing a good representation of the population. From the loadings of the first 
principal component, it is possible to estimate temperature changes in the section (Figure 
5). Zones MZ2 and MZ6–9 had higher temperatures, while zones MZ2–4 had lower tem-
peratures. Interestingly, the highest temperature was found in zone MZ6, which is con-
sidered a temperate zone. The lowest temperatures were found in zones MZ2, MZ3, and 
MZ4, which are classified as warm, mild, and cold, respectively. The loadings of the sec-
ond principal component characterize the variation in humidity, with low values 

Figure 4. Results of the sedimentological analyses from Máza brickyard (the dashed horizon repre-
sents the later discussed main sedimentological contradiction of the section).



Quaternary 2024, 7, 35 10 of 24

The second layer (684–588 cm) can be described as the lower weakly developed paleosol
layer. The χLF values gradually decreased to 90 × 10−8 kg/m3 and then 35 × 10−8 kg/m3

upwards. The χFD% remained at approximately 12% and only decreased in the uppermost
part. The clay content decreased by about 20%, and the sand content was still around 5% in
this layer. The ratio of coarse and medium silt increased slightly, approximately 50% of the
grain-size distribution. The organic matter content decreased, while the carbonate content
slightly increased.

The third layer in the sequence overlaps the lower loess layer, spanning a depth of
588–432 cm (corresponding to approximately 42,010–29,990 cal BP yr). The average χLF
values were around 20–30 × 10−8 kg/m3 throughout the entire layer, while the χFD%
fluctuated between 0 and 4%. The clay content decreased to roughly 17% at 550 cm before
beginning to rise again, reaching a ratio of 21–22% at 432 cm. The sand ratio also increased,
with several samples exhibiting more than 5% of sand content. A peak in the U-ratio and
GSI graphs is observed at around 550 cm, and the carbonate content shows high values of
around 14–16% in this region.

The next layer in the sequence overlaps the upper weakly developed paleosol layer,
which ranges from 432 to 336 cm (corresponding to approximately 29,900–28,500 cal BP yr).
In this layer, the χLF values exhibit a slight protrusion, with maximum values of around
40 × 10−8 kg/m3. The χFD% values are relatively stable, hovering around 4%. The organic
matter content increases to around 5%, while the clay content rises slightly to approximately
23%. The sand content, on the other hand, decreases to around 3%.

The fifth layer is the upper loess layer, spanning a depth of 336–12 cm (corresponding
to approximately 28,500 to 11,000 cal BP yr). In this layer, the χLF values decrease overall,
averaging around 20 × 10−8 kg/m3. However, the χFD% values show significant fluctua-
tions, with a maximum peak of around 140 cm. The clay content falls below 20%, while
the sand content increases to around 7–8%. The ratio of coarse and medium silt remains
approximately 75%. The carbonate content exhibits the highest values, reaching around
15–60 cm with approximately 18% of the content.

The uppermost layer is characterized by significant changes in the sedimentological
results. The χLF values rapidly increase to approximately 40 × 10−8 kg/m3, starting to rise
even in the fifth layer. The χFD% values also increase to around 8%. The clay content rises
to approximately 25%, while the ratio of coarse and medium silt decreases to around 45%.
The organic matter content continues to increase as well.

4.3. Malacology

The results of previous studies [21] and recent malacological findings indicate that the
malacofauna has undergone significant changes (Supplementary Figure S2). The multi-
variate analysis has even revealed a diverse malacofauna. The diversity values per sample
range from 0 to 2.2 in the section (Figure 5). Zones MZ5, MZ7, and MZ8 had the highest
values, while zones MZ1–4 typically had low values (less than 1).

In the principal component analysis, the results in the correlation matrix show that the
percentage variance of the first principal component is 42.63% and 16.34% of the second
principal component. The two principal components cover 58.97% of the total variance,
providing a good representation of the population. From the loadings of the first principal
component, it is possible to estimate temperature changes in the section (Figure 5). Zones
MZ2 and MZ6–9 had higher temperatures, while zones MZ2–4 had lower temperatures.
Interestingly, the highest temperature was found in zone MZ6, which is considered a
temperate zone. The lowest temperatures were found in zones MZ2, MZ3, and MZ4,
which are classified as warm, mild, and cold, respectively. The loadings of the second
principal component characterize the variation in humidity, with low values indicating a
dry environment and higher values indicating a moister environment (Figure 5). In the
Máza section, generally dry conditions were detected, with two more humid zones (MZ4
and MZ8) and four episodes of moist peaks (MZ1, MZ2, and MZ3) reconstructed.
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The cluster analysis generated seven major clusters (CL1–7) that were compared with
the malacological zones (MZ) defined by the previous dominance (Figure 5; Supplementary
Figure S3). The cophenetic correlation value was 0.907, indicating a strong correlation.
Based on the dendrogram, the samples can be divided into two large groups with a
Euclidean distance of ~62. The first group includes CL1–4 and the second group CL5–7.
The first group, CL1, includes 10 samples from MZ6 and MZ8, with a distance from CL2
of ~28. The second group, CL2, includes four samples scattered from MZ7 and MZ8, with
a distance from CL3 of ~19. The third group, CL3, includes six samples located in MZ7,
with a distance from CL4 of ~12. The fourth group, CL4, includes nine samples, all located
in MZ8. The fifth group, CL5, consists of seven samples scattered in MZ3, with a distance
from CL6 of ~22. The sixth group, CL6, includes 11 samples scattered in MZ2, MZ3, and
MZ5, with a distance from CL7 of ~15. The seventh group, CL7, can be subdivided into
sub-clusters A, B, and C, and CL7C into two parts, CL7C1 and CL7C2. The first sub-cluster,
CL7A, consists of eight samples located in MZ3 and MZ4, with a distance from CL7B of ~8.
The second sub-cluster, CL7B, includes six samples scattered from zones MZ1, MZ2, MZ3,
and MZ5, with a distance from CL7C of ~5. The third sub-cluster, CL7C1, includes four
samples exclusively from MZ2, with a distance from CL7C2 of ~4. The fourth sub-cluster,
CL7C2, includes five samples originating from MZ2 and MZ3.

Based on the correspondence analysis (CA) calculation results, the first two factors
account for 22.24% and 16.57%, respectively, for a total of 38.81% of the total variability
(Figure 6). The theoretical threshold calculated based on the number of species is 0.0476, and
species with lower values were not considered in the analysis of variability (Table 3). The
distribution of CA results in the first-factor plane (X-Y axes) shows a typical “Guttmann
effect” in terms of species distribution, indicating that there is a specific relationship
between the axes.
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Table 3. Results of the correspondence analysis of the malacological material of Máza brickyard
(significant contributions—higher than the theoretical threshold (1/21) of species to the explanation
of the variability of the dataset according to the first two factors).

Species Code Factor 1 Factor 2 Species Code Factor 1 Factor 2

Aegopinella ressmanni Ares - - Pupilla muscorum Pmus 0.057 -

Arianta arbustorum Aarb - - Pupilla sterri Pste 0.138 0.018

Chondrula tridens Ctri 2.012 - Pupilla triplicata Ptri 3.459 -

Cochlicopa lubricella Club 0.177 - Quickella arenaria Qare 0.066 0.648

Columella columella Ccol 0.067 0.027 Succinella oblonga Sobl - -

Euconulus fulvus Eful 0.079 - Trochulus hispidus This 0.249 0.030

Granaria frumentum Gfru 1.168 - Vallonia costata Vcos 1.337 -

Helicopsis striata Hstr 2.399 - Vallonia tenuilabris Vten 0.473 0.026

Limacidae Llim 0.078 - Vertigo pygmaea Vpyg 0.055 6.294

Nesovitrea hammonis Nham 0.524 - Vitrea crystallina Vcry - -

Pupilla alpicola Palp 0.068 - Theoretical threshold: 0.048

The X-axis of the CA scatter plot (Figure 6) displays a significant contribution from
Pupilla triplicata, Helicopsis striata, and Chondrula tridens, indicating environments that are
typically dry and warm (Figure 6; Table 3). Additionally, Granaria frumentum, Vallonia
costata, and Nesovitrea hammonis were found to have significant contributions on the pos-
itive side, while Vallonia tenuilabris had a significant contribution on the negative side,
suggesting open and woody environments. On the positive side of the Y-axis (Figure 6;
Table 3), Vertigo pygmaea was found to have a prominent contribution, and Quickella arenaria
had a significant contribution, indicating cool but dry environments. On the negative
side, V. tenuilabris, Columella columella, and Pupilla sterrii were found to have significant
contributions, indicating an open, cool environment.

5. Discussion

The loess–paleosol profile of the Máza brickyard was examined to understand its
paleoecological and sedimentological history. Five radiocarbon dates were used to calculate
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age–depth models from various methods, resulting in the formation of three age–depth
models and their accumulation rates (AR) (Figures 2 and 3). The OxCal’s P-sequence was
chosen as the best-fitting model, and its AR graph was analyzed in detail. The model covers
60–600 cm of the 864 cm high profile, which corresponds to ~12,900–42,700 cal BP yr during
the MIS3 and MIS2 periods [85,86]. The P-sequence model aided in dating sedimentological
analyses and previously described malacological zones [21].

5.1. Accumulation Intensity and Sedimentology

The lithological description of the Máza brickyard section has been confirmed by
sedimentological investigations. The paleosol layer (864–684 cm), which is the lowest
lithological unit of the section, is characterized by high magnetic susceptibility (χLF),
organic matter, and clay content, and represents an environment of open vegetation and
mild climatic conditions [87,88]. The radiocarbon dating and age–depth models suggest
that this layer formed during the MIS3 (Figures 4, 5 and 7).
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Figure 7. Summary figure comparing accumulation, sedimentology, and malacology results from the
Máza brickyard (dashed horizon represents the main contradiction of the section, accumulation rate
was calculated from the OxCal model, MAR1 was calculated from the Table 2, MAR2 was calculated
from the OxCal model).

The sedimentary record of the paleosol layer between 684 and 588 cm indicates a
cooler period with decreasing magnetic susceptibility, organic matter, clay content, and low
carbonate content (Figure 4). The proportion of open vegetation decreased compared to
closed vegetation during this period (Figures 5 and 7). The paleosol formation period was
earlier than 42,000 cal BP yr.

The loess layer (588–432 cm) overlying the paleosol layer has low magnetic suscepti-
bility, organic matter, and clay content, but higher carbonate content (Figure 4). This layer
was formed during a cool and cold period with steppe-like open vegetation in the mild
period and increased humidity and closed vegetation cover in the cold period (Figure 5).
The loess layer formation period spans about 12,000 years, from ~42,010 to 29,990 cal BP yr.

The calculated accumulation rate (AR) and the mass accumulation rate (MAR1 and
MAR2) derived from age data and the age–depth model indicate that the loess layer was
formed during two periods of extremely high accumulation (AR: 0.55 and 0.6 mm/yr;
MAR1: 2400 and 1200 g/m2 × ky; MAR2: 800 and 900 g/m2 × ky), which were interrupted
by a period of low accumulation in the section between 40,292 and 30,638 cal BP yr (AR:
0.05 mm/yr; MAR1: 36 g/m2 × ky; MAR2: 40 g/m2 × ky) (Figure 7). The abrupt decrease



Quaternary 2024, 7, 35 14 of 24

in accumulation may suggest drier climatic conditions and increased wind erosion, but
no significant erosion horizon was detected in the lithological description. Additionally,
the malacological examination revealed the presence of several moisture-loving snail
species (Succinella oblonga, Trochulus hispidus, Limacidae with an average 20–40% proportion)
(Supplementary Figure S2) in the horizon, which decreases the probability of drier climatic
conditions. Furthermore, decreased vegetation cover could result in reduced sediment
accumulation. However, this could also be associated with the mobilization of particles,
but the extension of open vegetation was detected at other depths in the section (e.g.,
Figure 5—MZ5), where the sediment accumulation did not decrease so drastically. The
location of the section and its local and extra-local characteristics do not explain this
phenomenon, so it is necessary to investigate the phenomenon on a larger scale, i.e., to
investigate the regional scale (see Section 5.2).

The data presented in Figure 7 indicate a disparity in the composition of grains, U-
ratio, and GSI between the two periods of intense accumulation. During the earlier period
of reduced accumulation intensity, the grains deposited exhibited a low clay content and
higher sand content, resulting in higher U-ratio and GSI values. However, this grain
composition was not observed during the second period of intense accumulation. The
sediment from this period had a finer grain size composition and the lowest U-ratio, which
may have been due to the soil formation process that formed the poorly developed paleosol
layer between 432 and 336 cm. This period is divided into three malacological zones
(MZs), MZ4, MZ5, and MZ6, which cover the cold, warm, and cool zones, respectively
(Figures 5 and 7; Supplementary Figure S2). MZ4 has a low proportion of typical open
vegetation or shade-loving species, suggesting that a mixture of non-contiguous grassland,
shrubland, and woodland may have occurred simultaneously during this period. In MZ5
and MZ6, drought-tolerant species preferring open vegetation occurred in significant
proportions, indicating a dry period (Figure 5). The cold and warm but dry periods
may have facilitated wind transport of finer particles in the area [42], and the significant
accumulation period in this case was probably due to lower wind speeds.

The upper loess layer (336–12 cm) displays a low MS, organic matter, and clay content,
with a heightened carbonate content. Additionally, the U-ratio and GSI values indicate a
coarser grain size composition, which is also demonstrated by the increased sand content
between ~100 and 200 cm (Figures 4 and 7). This indicates increased transport energy
relations [42]. The period of sand infilling coincides with the MZ8 cold malacological
zone, which lasted from ~15,000 to 21,000 cal BP yr, during the Last Glacial Maximum
(LGM) [89], and more specifically, the GS-2.1 period [90] when the ice sheet boundary was
closest to the study area. A potential source of sand infilling is the Inner Somogy area to
the west-northwest of the site, from which wind-blown-sand movements were detected
during the LGM [31].

5.2. Correlation with Other Loess-Paleosol Sections from the Region

To address the issue of extremely low sediment accumulation between ~40,000 and
30,000 cal BP yr, age–depth models were constructed for other loess–paleosol sections
discussed previously (Figure 8). Although the reduced sediment accumulation is not unique
to the Máza brickyard section, the calculated age–depth models showed a substantial
decrease in accumulation for all four sections (Figure 8).

Comparing the age–depth models and reduced sediment accumulation, the closest simi-
larity is observed between Máza, Katymár [35], and Črvenka [36] (Figures 1 and 8). In all three
sections, the intensity of accumulation decreased significantly around ~40,000–38,000 cal BP yr
and increased again around ~30,000 cal BP yr (Figure 8). This period of decreased dust
accumulation can be placed at the end of the Marine Isotope Stage 3 (MIS3) and the transi-
tion period of the MIS3/MIS2 [85,86], including the GI-8 interstadial period [90], where
warming may have been coupled with soil formation, leading to decreased accumulation.
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The Madaras and Dunaszekcső sections exhibited a similar trend. In Madaras, the
low accumulation intensity persisted until approximately 26,000 cal BP yr. This may
have been due to local factors or the fact that the age–depth model was constructed from
19 radiocarbon ages, which is more than the sum of the radiocarbon ages of the other three
sections. Dunaszekcső had the most radiocarbon age data available, with over 100 different
data points used for age–depth modeling [34]. The calculated model confirmed the low
accumulation intensity between 40,000 and 30,000 cal BP yr, but there were two periods
interrupted by a faster accumulation phase around 37,500–36,000 cal BP yr, during the GI-8
interstadial and GS-8 stadial [90]. The location of the section is close to the Danube River,
which could provide a unique micro-environment and influence the accumulation intensity.
The Máza section had the lowest sediment accumulation, which may be due to its location
in a hilly area, while the other three sections are located on a more or less flat loess plateau.

5.3. Malacological Investigations

The interpretation of the Máza profile based on dominance has been previously
published [21]. However, for the purpose of better understanding, the results must be
summarized for the multi-variate analyses. From the 72 examined samples, 15,613 shells
of 24 terrestrial gastropod taxa were identified. Based on their dominance ratio, 9 malaco-
logical zones (MZs) were assigned (Figure 5, Supplementary Figure S2). The age–depth
model allowed for the dating of most MZs by absolute ages, making it possible to correlate
them with global processes. Additionally, the PCA and cluster analyses, as well as the ratio
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of open vegetation-preferring and shade-loving species, and the species richness, were
calculated to supplement the previous results.

The dominance ratios of the lowermost and oldest MZ1 (864–840 cm) indicated a
cool climate with a relatively low abundance. This zone was considered a transition zone
between the lower paleosol and the unrevealed loess layers. The ratio of shade-loving
species was the highest here, with 0% of open vegetation preferring (steppe) species.
This suggests a relatively high rate of closed vegetation, such as an open parkland-type
paleovegetation.

The second zone (MZ2 between 840 and 708 cm) overlaid in the paleosol layer and
could be described as a “warm” period with a significant ratio of steppe species and the
disappearance of shade-loving species. This warmer period could be correlated with the
12th Greenland Interstadial (GI-12), which occurred between 48,340 and 44,560 cal BP
yr [90] during the MIS 3 [85,86].

The cool zone of MZ3 extends between 708 and 492 cm and is characterized by species
that thrive in warmth and moderate temperatures, with a minor presence of cold-resistant
and cold-loving species. The proportion of steppe species was higher, while the ratio of
shade-loving species varied, but with a predominance of steppe species. It is possible that
MZ3 is another transitional zone, supported by its higher species richness. The age of this
zone can be estimated using the calculated age–depth model, and the 600–492 cm stage of
the zone falls within the model’s range. This stage’s age is estimated to be between 42,709
and 33,093 cal BP yr.

The MZ4 zone (492–420 cm) represents the first stage of cold climate, which can be
dated back to 33,093–29,805 cal BP yr, overlapping with the GS-5 stadial [90]. The ratio of
cold-resistant and cold-loving species was around 80–90% (50–60% cold-loving), indicating
a severe cold period in MZ4 (Figure 5; Supplementary Figure S2). The proportion of
steppe species was minimal, while the ratio of shade-loving species was 0–10%. Based on
the species composition [21], the paleoenvironment could have resembled today’s alpine
meadows with scattered tree groups. The malacological zone of MZ4 evolved during the
3rd Heinrich event (H3) [91], as per the paleoecological and age data.

MZ5 (420–360 cm) was a warmer period overlapping the GI-4 interstadial [90], between
29,805 and 28,898 cal BP yr. The climate transitioned from a colder to a warmer period,
as evidenced by the upper weakly developed paleosol layer. The ratio of steppe species
increased rapidly, fluctuating between 40 and 80%, while the shade-loving species ratio fell
below 20%. This indicates that the steppe environment with tree groups returned during
this period.

The next two zones, MZ6 (360–252 cm) and MZ7 (252–180 cm), covered approximately
9,000 years (from 28,898 to 24,313 cal BP yr for MZ6 and from 24,313 to 20,003 cal BP yr for
MZ7) and can be discussed together. During this time, the climate varied in its dominance
of the mesophilous Pupilla muscorum and the cold-resistant Succinella oblonga and Trochulus
hispidus. The steppe/shade-loving species ratio was 40–60%/0–10%, indicating the main
steppe environment with some scattered tree spots in the area. MZ6 and MZ7 were formed
during the GS-3 and GS-2 stadials [90] in the MIS2 [85,86], and the varying dominance of
species indicated the highest richness in these zones, fluctuating between 8 and 15.

After the cool periods, a cold period occurred (MZ8: 180–12 cm; 20,003–12,905 cal BP
yr), although temperatures were not as low as during MZ4. The dominance ratio of cold-
loving and cold-resistant species was around 80%, with most of these values being added
by cold-resistant species [21]. The steppe/shade-loving species ratio remained relatively
stable at 30–50%/0–5%, indicating a lack of woods, with perhaps a few tree groups present
during this period (Figure 5). Given the age of this zone, it is possible that this cold period
corresponds to the H1 Heinrich event [91].

The uppermost zone, situated just below the modern soil horizon, serves as the most
recent portion of the sequence (MZ9: 12–0 cm). This zone exhibits substantial variations
in the dominance ratio, suggesting a warming phase, possibly marking the onset of the
Holocene epoch. Concurrently, both the steppe and shade-loving ratios experienced growth,
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indicating an expanding woodland region and a steppe ecosystem characterized by the
presence of trees.

Cluster Analysis

After conducting an in-depth analysis of the cluster results (Figure 5; Supplementary
Table S2; Supplementary Figure S3), it is evident that the seven identified clusters display
unique malacological compositions.

The ten samples of cluster CL1 comprise 14 species, with an average of 267 individuals
and an average species richness of 9.9. The most prevalent species in the cluster are
Pupilla muscorum, which prefers open vegetation and constitutes 49.11% of the population,
Trochulus hispidus, which prefers closed vegetation and represents 33.6% of the population,
and Succinella oblonga, which is cold-resistant and prefers a wet environment, comprising
10.11% of the population. These three species were present in all samples of the cluster.
Additionally, Vallonia tenuilabris, Pupilla sterrii, and Vallonia costata, which are cold resistant,
were present in significant numbers but in low proportions. It should be noted that the
cluster also included Columella columella and several species with a preference for closed
vegetation, such as Euconulus fulvus and Vitrea crystallina. These results suggest that cluster
CL1, due to the high proportion of P. muscorum, is essentially open vegetation, interspersed
with areas of forest patches of smaller to larger size, typically characterized by a more
humid microclimate. The average temperature in this cluster may have been lower and
rather cool, due to the presence of cold-loving and cold-resistant species, particularly V.
tenuilabris. The CL1 cluster covers the MZ6 malacozone (360–264 cm; between 28,898 and
24,313 cal BP yr) and also appears in MZ8 (48–24 cm; younger than 14,000 cal BP yr).

The CL2 cluster comprises a total of four samples, each positioned between the other
clusters. The samples are arranged from 264 to 252 cm at the MZ6–MZ7 boundary, 180 to
168 cm at the MZ7–MZ8 boundary, 132 to 120 cm in MZ8, and 24 to 12 cm at the MZ8–MZ9
boundary. The cluster contains 16 species, with an average of 473 individuals and an
average species richness of 13.25. The most prevalent species in the cluster are S. oblonga
(4 samples; 25.66%), P. muscorum (4 samples; 18.92%), T. hispidus (4 samples; 15.9%), and
P. sterrii (4 samples; 9.27%). The mesophilous Vallonia pulchella is present in all samples,
indicating a higher humidity environment, along with S. oblonga and T. hispidus. Moreover,
the cluster has a larger colony of cold-loving species, including V. tenuilabris (4 samples,
6.23%; C. columella: 3 samples, 5.17%; Pupilla alpicola: 3 samples, 2.13%). The cluster also
contains a colony preferring closed vegetation (V. crystallina: 4 samples, 3.18%, Limacidae:
4 samples, 1.73%; E. fuvus: 3 samples, 0.21%) and a warmth-loving colony (Pupilla triplicata:
2 samples, 3.59%; Cochlicopa lubricella: 2 samples, 0.16%; Chondrula tridens: 2 samples, 0.12%).
The high species richness and the co-occurrence of species with diverse environmental and
climatic requirements suggest that the CL2 cluster may represent a transitional horizon
between other clusters and malacozones. This cluster is characterized by higher humidity,
open vegetation interspersed with more extensive patches of forest, and higher humidity.

The six samples of the CL3 cluster adequately represent the MZ7 malacozone, encom-
passing a range of 252–180 cm and 24,313–20,003 cal BP yr. The cluster boasts an average
of 700 individuals and 13.1 species per sample. Of the 14 species present, 10 are found
in all cluster samples, with the remaining 4 being more prominent: T. hispidus at 44.5%,
P. muscorum at 34.16%, S. oblonga at 8.03%, and P. sterrii at 6.96%. V. tenuilabris accounts
for 3.19% of the cluster species, while the remaining species make up less than 1%. It
is noteworthy that C. columella and P. alpicola, which prefer low temperatures, as well as
E. fulvus, Limacidae, and V. crystallina, which thrive in shaded areas, are included in this
group. The prevalence of cold-tolerant and cold-loving species suggests a period of lower
average temperatures, but not unusually cold ones. The increased humidity during this
time was accompanied by extensive forested areas, but they were not entirely closed off.

Cluster CL4 comprises nine samples located solely in the MZ8 zone, encompassing
an age range from 19,285 to 17,130 cal BP yr and 120 to 48 cm, and 16,411 to ~12,000 cal
BP yr, respectively. The species richness and average abundance in CL4 are comparable to
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those in CL3, with 15 species and 679 individuals, respectively. The species distribution
in CL4 is more balanced than in CL3, with S. oblonga accounting for 39.44% of the total,
followed by P. muscorum at 26.9%, and T. hispidus at 18.69%. V. tenuilabris, C. columella, and
P. sterrii are other notable species found in all samples of the cluster, with percentages of
5.15%, 4.69%, and 4.43%, respectively. The remaining species were found in fewer than 1%
of the samples. A striking correlation was discovered between CL3 and CL4, despite their
differences in species composition. The top six species in both clusters are identical, albeit
in a different order. In CL4, the proportion of cold-preferring V. tenuilabris and C. columella
is higher, while the proportion of cold-tolerant S. oblonga is also significantly greater than
in CL3. This suggests that CL4 represents an environment with lower mean temperature
and higher humidity, as indicated by the temperature and humidity curves depicted in
Figure 5.

The low-abundance samples in CL5 and the additional clusters are limited. For
CL5, the average abundance per sample is 58 individuals, and the species richness is
16 species, which is the highest among all clusters, with an average of 9 species per
sample. The 7 samples in the cluster are primarily from the lower section of the MZ3 zone
(696–684 cm, 672–648 cm, 612–576 cm), and include the uppermost 12–0 cm of the section.
The most abundant gastropod species in the cluster are P. muscorum (7 samples, 30.38%),
V. costata (7 samples, 23.44%), P. triplicata (6 samples, 10.09%), and Limacidae (7 samples,
9.68%). Additionally, T. hispidus (6 samples, 8.45%), P. sterrii (5 samples, 6.19%), V. pulchella
(6 samples, 4.34%), and Chondrula tridens, which is present in all samples but with an
average abundance of only 2.31%, are also more abundant. The cluster is characterized
by the dominance of cold-resistant and cryophilous species, with a higher proportion of
species preferring open vegetation than in CL4. This is supported by the presence of the
thermophilous, distinctly steppe species C. tridens in all samples. In contrast to CL2, the
high species richness in this cluster does not indicate a transitional cluster, but rather an
environmental situation with lower humidity and higher average temperatures, with a
predominance of species preferring open vegetation (about 70%).

The samples within CL6 are distributed in the lower-central part of the section, span-
ning from 840 to 828 cm, 756 to 744 cm, 720 to 708 cm, 636 to 624 cm, and 564 to 552 cm,
with an age range of ~40,546 cal BP yr. Additionally, there are two samples with an
age range of 540–504 cm and 408–360 cm, corresponding to 39,827–36,701 cal BP yr and
29,601–28,635 cal BP yr, respectively. The cluster contains a total of 12 samples, with an
average of 6.25 species per sample and 17 individuals per sample. The most abundant
species in the cluster are P. muscorum (21.23%) and P. triplicata (21.61%), both of which prefer
open vegetation and mesophilous conditions. Other species present in higher proportions
include T. hispidus (9 samples, 12.98%), V. costata (7 samples, 5.88%), S. oblonga (6 samples,
7.55%), and C. tridens (7 samples, 5.88%). The cluster is found in malacological zones MZ2,
MZ3, and MZ5, two of which (MZ3 and MZ5) are considered “warm” based on dominance
ratios (Figure 5) [21]. Therefore, the species composition of this cluster suggests that it
represents climatic zones with open vegetation and higher average temperatures in the
development history of the section.

The CL7 cluster generally encompasses samples from the lower portion of the section.
It can be further divided into four subclusters, each characterized by a low number of
species (4–9) and low abundance (2–7 individuals/sample). The seven contiguous samples
of cluster 7A (504–420 cm—36,701–29,841 cal BP yr) span approximately 6,860 years of the
developmental history of the section. This cluster covers the top of the MZ3 zone and the
entire MZ4 zone. The highest proportion (also for the entire section) of cold- and moisture-
loving Columella columella (7 samples, 55.56%) characterizes this cluster. Additionally, the
cold-tolerant hygrophilous S. oblonga (6 samples, 18.81%), the moisture-tolerant Limacidae
species (5 samples, 11.41%), the shade-loving, cold-tolerant T. hispidus (2 samples, 3.11%),
and, as a counterbalance, the thermophilous P. triplicata (3 samples, 7.11%) also characterize
the cluster in a more significant proportion. The high proportion of cold-loving and cold-
tolerant species, the high proportion of moisture-loving species, and the greater prevalence
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of closed vegetation indicate that the cluster represents the coldest and most humid period
of the section (Figure 5), where the prevalence of closed vegetation surpassed that of
open vegetation.

Cluster 7B encompasses the entire MZ1 zone and also comprises samples from MZ2,
MZ3, and MZ5. S. oblonga (6 samples, 37.31%) was the most prevalent species in the
cluster, followed by comparable proportions of Limacidae (3 samples, 13.61%), P. muscorum
(3 samples, 12.59%), C. tridens (3 samples, 11.57%), and T. hispudus (3 samples, 10.37%),
which are primarily indicative of a humid environment. The species composition and
their proportions show similarities with cluster CL2, which was characterized as a fauna-
transition cluster. This may also be the case here and is most pronounced at the transition
between CL7A and CL5 (MZ4 and MZ5), where zones of low to high mean temperature
are in contact.

Cluster 7C can be further subdivided into two subclusters, which have the general
characteristic of containing samples with very low abundance. Cluster 7C1 is restricted to
the MZ2 zone. The overwhelmingly dominant species is P. muscorum (5/5 samples, 48.33%),
which is typical of open vegetation environments. The presence of Quickella arenaria
(5/4 samples, 31.67%) and S. oblonga (5/2 samples, 16.67%) indicates moister conditions.
The environment was characterized by open vegetation and alternating dry and damp
areas. Cluster 7C2 contains a similar proportion of species with different environmental
requirements, so no meaningful information is available for this cluster.

Taking into account the results of the cluster analysis, a much more detailed picture of
the changes in the malacofauna can be obtained, including the changes in the environmental
factors influencing its evolution. The cluster analysis conducted in the Máza brickyard area
reveals that it differs from the nearby extralocal (Villánykövesd: [21]) and regional-scale
(Katymár: [35]; Madaras: [19]; Ćrvenka: [25]; Szeged-Öthalom: [24]) loess–paleosol sections
in terms of lower average temperatures and higher humidity. This is evidenced by the
high proportion of moisture-loving species such as Succinella oblonga, Trochulus hispidus,
Vallonia pulchella, as well as shade-loving species, and the lower mean temperature by the
presence of cold-tolerant (S. oblonga, T. hispidus, Pupilla sterrii) and cold-loving (Vallonia
tenuilabris, Columella columella, Pupilla alpicola) species. The presence of thermophilous
species with a high contribution to the correspondence analysis is significant (Figure 6;
Table 3). Although Granaria frumentum, Helicopsis striata, Chondrula tridens, and Pupilla
triplicata are not significant species in the Máza malacofauna as a whole, their presence is
associated with warming periods and the emergence of open vegetation.

Three of the clusters stand out from the rest. These include the CL2 cluster that shows
a four-level transition horizon between CL1/CL3 (264–252 cm, 24,649–23,956 cal BP yr),
CL3/CL4 (180–168 cm, 19,797–19,105 cal BP yr), and the CL4 cluster (132–120 cm,
17,029–16,331 cal BP yr) and CL1/CL6 (24–12 cm, around the Pleistocene-Holocene bound-
ary). Notably, all the CL2 cluster elements were formed during stadial periods, such as
the CL1/CL3 transition during GS-3, the CL3/CL4 transition during GS-2.1b, the CL4
transition during GS-2.1a, and the CL1/CL6 transition during GS-1 stadials [90]. Cluster
CL6 represents the warmest periods of the section, where species that typically prefer
open vegetation (thermophilous and mesophilous) were typically most abundant. It also
indicates the expansion of the steppe. On the other hand, Cluster CL7A contains the highest
proportion of cold-loving and cold-tolerant species, together with several closed vegetation
species, representing the coolest and highest humidity period of the section between 36,701
and 29,841 cal BP yr, between GS-8 and GS-5 stadials [90]. The NGRIP data show that the
interstadials GI-7, 6, 5.2, and 5.1 also belong to this time frame, but there is no trace of these
in the Máza section, and the local conditions in the study area are unlikely to reveal any
trace of warming.

6. Conclusions

The chronological, paleoecological, and sedimentological analyses allowed for the
unraveling of the sediment development and the malacofauna evolution in the vicinity
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of Máza brickyard in the past ~45,000–50,000 years. The results of these analyses provide
several conclusions regarding the evolution and characteristics of the region during this
time period.

It is crucial to possess a reliable age–depth model that is well suited for the available
radiocarbon ages. In the instance of Máza brickyard, OxCal’s P-sequence was chosen. How-
ever, only a portion of the 864 cm high profile (60–600 cm) could be modeled due to the
scarcity of additional radiocarbon ages. Therefore, to determine the best-fitting model, ra-
diocarbon sampling should be conducted as close to the top and bottom of the investigated
profile as possible. When examining the P-sequence models of different profiles (Figure 8),
only the P-sequence of the Madaras profile diverged from the others. At Madaras, 19 radio-
carbon samples were used for calculations, in contrast, fewer samples—only 5 samples at
Máza, 6 samples at Črvenka, and 9 samples at Katymár—were available for modeling from
the other profiles. The reason for the difference was that the P-sequence of Madaras was
more precise than the others. In summary, 5–10 or more radiocarbon samples are necessary
for more precise models.

The period between approximately 40,000 and 30,000 cal BP years could be character-
ized as the lowest accumulation period (AR: ~0.05 mm/yr; MAR1: 36 g/m2 × ky; MAR2:
40 g/m2 × ky) (Figures 3 and 7). The low values might indicate eroded or reworked
sediment, but the similarity to the other P-sequences contradicts this hypothesis or sug-
gests a common erosion event in the broader region of the South Carpathian Basin at the
end of MIS3 [85,86], although the probability is low. It is more likely that the decreasing
accumulation intensity resulted in common low sedimentation rates.

Multivariate statistical analyses contribute significantly to the interpretations and
conclusions derived from malacological studies. The cluster analysis, in particular, enables
a more refined paleoecological reconstruction, presenting a clearer picture of the evolution-
ary history of the studied section. In the instance of Máza brickyard, this approach has
delineated transition horizons between cooler and warmer, as well as drier and moister
episodes, and has also revealed that during the last glacial period, the area of the brickyard
experienced high humidity and relatively cool average temperatures.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/quat7030035/s1, Figure S1: The iteration data of the Bacon age–
depth model calculated in Máza brickyard profile; Figure S2: The dominance-based malacological
results and malacological zones (MZ) of Máza brickyard based on Molnár et al., 2019; Figure S3:
Dendrogram of the cluster analysis employed on malacological results of Máza loess–paleosol section
(numbers on the right side of the dendrogram represents the sample numbers); Table S1: Logarithmic
transformation (“Rousseau code”) of the snail abundance results of Máza brickyard; Table S2: Detailed
description of the cluster analysis focusing on the percentage of snail species (for abbreviations, see
Table 3).
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Latest Pleistocene to Holocene Loess in the Central Great Plains: Optically Stimulated Luminescence Dating and Multi-Proxy
Analysis of the Enders Loess Section (Nebraska, USA). Quat. Sci. Rev. 2020, 229, 106130. [CrossRef]

9. Rousseau, D.-D.; Puisségur, J.-J. Climatic Interpretation of Terrestrial Malacofaunas of the Last Interglacial in Southeastern France.
Palaeogeogr. Palaeoclim. Palaeoecol. 1999, 151, 321–336. [CrossRef]

10. Antoine, P.; Rousseau, D.-D.; Zöller, L.; Lang, A.; Munaut, A.-V.; Hatté, C.; Fontugne, M. High-Resolution Record of the Last
Interglacial–Glacial Cycle in the Nussloch Loess–Palaeosol Sequences, Upper Rhine Area, Germany. Quat. Int. 2001, 76–77,
211–229. [CrossRef]

11. Moine, O.; Rousseau, D.-D.; Antoine, P. The Impact of Dansgaard–Oeschger Cycles on the Loessic Environment and Malacofauna
of Nussloch (Germany) during the Upper Weichselian. Quat. Res. 2008, 70, 91–104. [CrossRef]

12. Alexandrowicz, W.P.; Dmytruk, R. Molluscs in Eemian-Vistulian Deposits of the Kolodiiv Section, Ukraine (East Carpathian
Foreland) and Their Palaeoecological Interpretation. Geol. Q. 2007, 51, 173–178.
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Cycles Recorded in a Loess-Palaeosol Sequence at Semlac (Romania)—Implications for Dust Accumulation in South-Eastern
Europe. Quat. Sci. Rev. 2016, 154, 130–142. [CrossRef]
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20. Molnár, D.; Hupuczi, J.; Galović, L.; Sümegi, P. Preliminary Malacological Investigation on the Loess Profile at Zmajevac, Croatia.
Open Geosci. 2010, 2, 52–56. [CrossRef]

21. Molnár, D.; Sümegi, P.; Fekete, I.; Makó, L.; Sümegi, B.P. Radiocarbon Dated Malacological Records of Two Late Pleistocene
Loess-Paleosol Sequences from SW-Hungary: Paleoecological Inferences. Quat. Int. 2019, 504, 108–117. [CrossRef]

22. Sümegi, P. Loess and Upper Paleolithic Environment in Hungary: An Introduction to the Environmental History of Hungary; Aurea:
Nagykovacsi, Hungary, 2005; ISBN 978-963-218-212-4.

23. Sümegi, P.; Gulyás, S.; Csökmei, B.; Molnár, D.; Hambach, U.; Stevens, T.; Markovic, S.B.; Almond, P.C. Climatic Fluctuations
Inferred for the Middle and Late Pleniglacial (MIS 2) Based on High-Resolution (∼ca. 20 y) Preliminary Environmental Magnetic
Investigation of the Loess Section of the Madaras Brickyard (Hungary). Cent. Eur. Geol. 2012, 55, 329–345. [CrossRef]

24. Sümegi, P.; Náfrádi, K.; Molnár, D.; Sávai, S. Results of Paleoecological Studies in the Loess Region of Szeged-Öthalom (SE
Hungary). Quat. Int. 2015, 372, 66–78. [CrossRef]
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Loess Sequence (Hungary): Chronology for 20 to 150 Ka and Implications for Establishing Reliable Age–Depth Models for the
Last 40 Ka. Quat. Sci. Rev. 2014, 106, 140–154. [CrossRef]

33. Újvári, G.; Molnár, M.; Páll-Gergely, B. Charcoal and Mollusc Shell 14 C-Dating of the Dunaszekcső Loess Record, Hungary. Quat.
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