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Abstract

This paper describes the relation of noble gas temperature (NGT) and mean annual air
(MAAT) and soil (MAST) temperature through studying water samples and meteorologi-
cal data from six Hungarian regions. Alluvial plains, hilly and mountainous regions were
studied to investigate the effects of geomorphological, hydrogeological and micro-climatic
conditions. Water samples were collected from springs and wells fed from different aqui-
fers. Comparing NGTs derived from these water samples with the MAAT and MAST val-
ues of the given region, we identified differences between the sampled areas. In case of the
Geresd Hills, Mez6fold, Danube-Tisza Interfluves and Nyirség, the NGTs (13.0 = 0.9 °C,
12.1 £ 1.1 °C, 12.1 + 0.6 °C and 12.7 = 1.6 °C, respectively) generally reflect MAST,
however in karstic Biikkk Mts. (6.8 + 0.6 °C) and Mecsek Mts. (10.7 + 1.9 °C) they are
closer to MAAT. Consequently, it can be concluded that the direct relationship between
noble gas temperature and mean annual air temperature is not always as well-defined as it
is often assumed. It is shown that MAAT and MAST should be distinguished, especially
when using NGT as a paleoclimate proxy.

Highlights

e In case of the studied regions NGT does not always reflect MAAT of a given area.

e Differences in the relation of NGT and MAAT or MAST are due to geology and climate.
e During climatic reconstruction using NGT, MAAT and MAST should be distinguished.
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1 Introduction

As a result of research developments over the past three decades, the measurement of con-
centrations of noble gases from a groundwater sample can provide a realistic insight into
the predominant paleoclimatic conditions when the water infiltrated the subsurface (e.g.,
Heaton and Vogel 1981; Stute and Schlosser 1993; Ballentine and Hall 1999; Aeschbach-
Hertig et al. 1999; Varsanyi et al. 2011; Saadi et al. 2017; Turi et al. 2020).

The theory of using dissolved noble gases in groundwater as proxies for paleotempera-
ture is based on the temperature dependence of gas solubility in water and the chemical
inertness of noble gases (Stute and Schlosser 1993). According to Henry’s Law, the solu-
bility decreases with increasing temperature (Kipfer et al. 2002). On entering the aque-
ous phase, an equilibration process occurs within the vadose zone between the percolating
water and the local soil atmosphere (Klump et al. 2007).

Despite the importance and advantages of the method, there are several influencing fac-
tors that cannot be excluded in order to understand recharge conditions and/or the interpre-
tation of noble gas recharge temperatures. This approach is based on the original observa-
tions of Mazor (1972), who showed that evaluation of noble gas temperature (NGT) could
only be reliable if the concentrations of noble gases remained unchanged in the system. He
proved that as the ambient temperature changes, re-equilibration of the water with gases
could occur resulting in changes in concentration of dissolved noble gases. The concept
was further investigated by Stute and Schlosser (1993), who explored the principles of the
theory by studying influencing factors like ground temperature, depth of the water table,
composition of ground air, amount of entrapped air bubbles in the groundwater, seasonal
variations of the recharge on the dissolution mechanism of noble gases and also the change
in dissolved gas concentrations due to transient flow in the aquifer from recharge to the
zone of discharge. They found that dispersion processes (within an aquifer or between
aquifers), the presence of excess air (discussed later) and also partial degassing can limit
the reliability of the method.

Factors influencing noble gas temperature are still the subject of many studies. Accord-
ing to Hall et al. (2012) on a daily, weekly, monthly scale sudden meteorological events
(e.g., sudden snowmelt) can have significant effects on NGT, and they suggest averaging
conditions over longer periods, possibly several years. However, it is very common to use
NGT for estimating mean annual air temperature (MAAT) on a one-year-scale (e.g., Hall
et al. 2005; Castro et al. 2007; Mann et al. 2009).

The concept that mean annual air temperature can be derived from the interpretation
of noble gas concentrations is derived from the assumption that the mean annual soil
temperature (MAST) should be equal to the MAAT. Below 10 m, soil temperature has
a negligible oscillation with seasonality of less than 0.2 °C. Stute and Schlosser (1993)
simulated the depth dependency of the annual variation of monthly averaged ground tem-
perature profile for a typical soil, assuming 10 °C for average surface ground temperature
and also amplitude of the annual temperature in the surface. They concluded that as depth
increases, the amount of oscillation decreases and is less affected by the variation of air
temperature. Consequently, calculated noble gas concentration values can provide infor-
mation about the MAAT as climatic factor at the time of recharge (Stute and Schlosser
1993). However, according to Cey (2009), the reliability of the applied method can be
questioned in those cases when there are differences between the value of the MAST and
MAAT. This measurement bias may be caused by factors influencing heat transport in the
ground, such as changes in water table depth, recharge, precipitation and the thickness of
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snow deposited on the surface or vegetation cover. Cey (2009) conducted numerical mod-
elling for the case of sand and loam as representative of typical soil materials, to investi-
gate to what extent certain factors may influence the ground temperature. While increased
precipitation resulted in cooling of soil due to induced evaporation, in contrast, a deeper
water table could be responsible for warmer water table temperature that are higher than
the mean annual air temperature. As Cey (2009) found a change in air temperature has a
greater influence on the difference between air and water table temperature, as mean annual
air temperature increased, the difference decreased, while in the opposite case, as air tem-
perature decreased, a higher difference between the two values could be measured due to
the accumulation of snow pack on the surface. The insulating effect of snow cover was
also emphasized by Mann et al. (2009) who found significant differences in annual ground
surface and surface air temperature by studying long-term Holocene climate trends in the
Northern Hemisphere.

According to Beyerle et al. (2003), NGTs of young samples (<1 kyr BP) rather reflect
soil temperature and both are higher than MAAT. Based on previous studies (Smith et al.
1964; Stute and Sonntag 1992; Stute and Schlosser 1993), the role of vegetation and
humidity is emphasized in evaluating the relationship of NGT and soil/air temperatures.
NGT tends to be about 1 °C higher than MAAT in temperate climate, whereas in arid
regions this difference can be larger due to the lack of rich vegetation (Smith et al. 1964).
Differences can be observed even within a temperate zone where NGTs of groundwater
sampled from a forest was 2 °C cooler than the ones from fields (Stute and Sonntag 1992).
Findings of Beyerle et al. (2003) and Cey et al. (2009) suggest the possibility that the rela-
tionship of NGT and MAAT may have changed in the past as climate (and thus soil cover)
changed. Aeschbach-Hertig and Solomon (2013) thoroughly sum up recent knowledge
about the relationship of NGT with soil and air temperature stating similar correspond-
ences and highlighting the importance of appropriate noble gas model.

Also, Klump et al. (2006) stated that NGT and MAAT (or MAST) do not need to be
equal. They emphasized the role of seasonal variation of the excess air component and the
thickness of the unsaturated zone. In their research, NGTs were similar to the in situ soil
temperatures at the date of sampling. The soil temperature, however, showed a seasonal
variation, therefore, NGT values significantly differed from MAAT and MAST. Regarding
the thickness of unsaturated zone, if it exceeds several meters, the seasonal variation of soil
temperature at the water table is less, while in case of a shallow unsaturated zone, the dif-
ference can amount to several degrees.

The presence of excess air can be a limiting factor for determining NGT. Entrapped air
was discovered when the amount of concentration values of noble gases exceeded expected
values due to equilibration of infiltrating water with atmospheric air. This excess amount of
gas in groundwater is known as excess air (Herzberg and Mazor 1979; Andrews and Lee
1979; Heaton and Vogel 1981). Its origin and composition are subjects of much study since
it may supply information about the conditions of infiltration. Some have suggested that
this excess air may itself be a valuable paleoclimate proxy (Aeschbach-Hertig et al. 2002;
Castro et al. 2007). This topic is of special interest since the presence of excess air may
result in an inadequate interpretation of physical parameters.

Up to now, several models have been developed to define the phenomenon of excess
air and to help quantify its amount in the water and the partitioning of soil gases in the
unsaturated zone (see a review by Aeschbach-Hertig and Solomon 2013). The first model
for fractionated excess air was the partial re-equilibration (PR) model by Stute et al. (1995)
presuming partial loss of excess air through diffusion-controlled gas exchange. The model
assumes that in case of water level rise, the entrapped soil air bubbles are completely
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dissolved (without any fractionation), and then, the dissolved gases are partially diffusing
out from the water. Contrary to this diffusion driven fractionation effect, Aeschbach-Her-
tig et al. (2000) proposed the “closed-system equilibration” (CE) model for the formation
of excess air. The CE-model suggests that the entrapped air is not completely dissolved,
resulting in fractionation of excess air. The basic assumption of this model is that solubility
equilibrium is attained in a closed system of initially air-saturated water and entrapped air
under a constant hydrostatic pressure.

Systematic discrepancy between NGTs and air as well as soil temperatures found in
southern Michigan by Ma et al. (2004) motivated Hall et al. (2005) to suggest an expla-
nation for the bias. They proposed the “oxygen depletion” (OD) model arguing that bio-
logical processes depleting O, without an equivalent production or preferential removal by
dissolution of CO, may lead to a pressure deficit that is compensated by rising the partial
pressure of the remaining gases, including noble gases. This results in apparently lower
NGTs. Several studies investigated the reliability of the different models (Sun at al. 2010;
Hall et al. 2000; Cey et al. 2009; Aeschbach-Hertig et al. 2012) and all of them agree that
consideration of benefits and disadvantages of noble gas models is crucial before applying
them.

In our case dissolved oxygen concentrations were 2 to 8 mg L™! in each water sample
independently of the study area, which indicates that the oxygen mixing ratio in the soil gas
is close to atmospheric. Freundt et al. (2013) investigated the conditions under which the
oxygen depletion mechanism occurs and whether it has significant effect on the noble gas
composition of soil air. They found that soil respiration indeed has a significant influence
on the noble gas composition. However, they noted that the observed maximum in noble
gas enrichments were not sufficiently high to support such strong effects of oxygen deple-
tion, suggesting that previous studies may have overestimated its magnitude. In this study,
we assumed that oxygen depletion does not play a significant role, thus only the CE-model
was applied to the calculation and interpretation of noble gas concentration data.

Due to the biases found between mean annual air and ground temperatures, which
decreases the accuracy of the results of temperatures obtained from noble gas studies, the
aim of this study is to compare the temperatures calculated from the measured noble gas
concentrations to actual mean annual air and soil temperatures at the selected sampling sites.

2 Materials and Methods
2.1 Description of the Sampling Areas

Water samples have been collected from six micro-regions of Hungary representing dif-
ferent hydrogeological and climatic conditions, in order to study the influence of these
factors on the relation of NGT and mean annual temperature values. Hungary has a quite
uniform continental climate, however, meso-scale climatic heterogeneity can be observed.
To describe the sampling areas, we refer to the climate classification system of Feddema
adapted by Acs et al. (2015). Describing the climate of an area the method of Koppen
(1918) is worldwide accepted and applied. However, it cannot reflect the climatic hetero-
geneity at a meso-scale, e.g., in case of the regions of Hungary sampled in our study. Fed-
dema’s classification (Feddema 2005) uses four factors to give information about thermal
and moisture conditions and seasonal variability. These are potential evapotranspiration,
moisture index, climatic variable possessing seasonality and magnitude of seasonality.
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Fig. 1 Map of Hungary with the location of the sampled regions, springs and wells

Thus, a more detailed system of 16 classes was generated that can represent meso-climatic
differences. For more details see Acs et al. (2015).

Samples have been collected from shallow groundwater wells located in the Great
Hungarian Plain (Mez6f6ld, Danube-Tisza Interfluves, Nyirség) and from springs of the
Hungarian mountain range and hilly regions (Geresd Hills, Biikk Mountains, Mecsek
Mountains). The location of the sampled areas can be seen in Fig. 1, while coordinates of
sampling sites are summarized in Supplementary Material (SM), Table SM1.

2.1.1 Mecsek Mountains

The Mecsek Mountains are in an area where karstic features formed in the limestone are
represented by caves and dolines in the karst plateaus. Karstic built-up can make infiltra-
tion of precipitation relatively fast but it can be reduced in case of covered karst such as
Mecsek Mts. Its climate is moderately cool and moist with relatively high temperature
seasonality. Samples were collected from the northern part of the mountains where mean
annual temperature is 10-11 °C and annual precipitation is over 700 mm.

Samples were collected from different recharge elevations in the Mecsek mountains.
The elevations of the infiltrating precipitation water discharging in the sampled springs
used for the calculation are estimated for 420 and 430 m aBS1 (above Baltic Sea level) in
case of the Csurgé Spring, 480 and 500 m aBSl in case of Anyak- and Melegmanyi Spring,
Mariska- and Kénya Spring and probably, Pasztor Spring has the highest recharge eleva-
tion with 550 m aBSI. The sampled springs are fed by karst aquifers with varying discharge
rates. For instance, while Kanya Spring produces a significant amount of water, between 20
and 500 L/min, in contrast, the discharge rate of the Melegmanyi Spring is quite low and
changes between 1 and 6 L/min.
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No information from the isotopic composition of the spring waters regarding seasonal-
ity was obtained because waters seep through several flow paths toward the karst aquifer,
resulting in different recharge times and averaging of seasonal characteristics. The ages of
these waters were estimated to be 0-4 years using the > H/*He dating method.

2.1.2 Geresd Hills

The core of the hills is built up from crystalline rocks but due to intensive erosional pro-
cesses only some remnant outcrops can be observed on the surface surrounded by clastic
deposits. Loess sediments were deposited in thick layers between the valleys during glacial
periods creating wide interfluves separating them and determining infiltrating processes.

The climate of Geresd Hills is moderately cool and moderately moist with close to
extreme temperature seasonality. The mean annual temperature of the area is 10-11 °C
while the annual precipitation varies from 650 to 700 mm. A significant amount of this
precipitation infiltrates through the mentioned loose loessial sedimentary cover supplying
groundwater aquifers.

The elevations of the infiltrating rain water discharging in the sampled springs used for
the calculation (Anyak, Anikd, Henrik, Véménd) are estimated between 240 and 270 m
aBSI. These sampled springs are fed from confined aquifers, which gives higher recharge
times than in the case of a karst aquifer and can vary between 5 and 30 years.

2.1.3 Mezéfold

Mez6fold lies on the alluvial plain of the Danube with elevation above Baltic Sea level
varies between 100 and 213 m. The region is considered to be a sedimentary basin that is
composed of sedimentary rocks settled in various periods. In the Pleistocene, accumula-
tion of loess and wind-blown sand formations took place on the surface above the alluvial
sediments.

The area where the sampled shallow groundwater wells have been installed is covered
by humic sandy soils and alluvial meadow soils generated on the fluvial sediments, which
enable good infiltrating conditions and good storage capacity for the water. The wells have
been installed near Paks city in the micro-region of Southern Mez6f6ld at depth of 16.0-
20.6 m with elevation of 95.3 and 97.0 m aBSl. Ages of the water were estimated to 0-30
years.

Moderately cool, dry climate with close to extreme temperature seasonality dominates
the region. Mean annual average temperature of the southern part of the region (where the
sampling wells were installed) is around 11-12 °C and the annual precipitation is 560-580
mm.

2.1.4 Danube-Tisza Interfluves

The area is part of the Great Hungarian Plain, considered an alluvial plain, which is cov-
ered by thick blown sand deposits originating from the sediments of Danube carried and
deposited by the wind and periglacial loess formations in thick layers (30-120 m). The
area is a flatland with sand dunes at elevation of 100-130 m aBSI. Sandy deposits result in
a porous medium with ideal conditions for infiltration of precipitation. Blown sand depos-
its with significant permeability property also cover the area where the sampled shallow
groundwater wells have been installed, thus there are very good infiltrating conditions.
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The climate of the region is moderately cool, dry with extreme temperature seasonality,
which is confirmed by the mean annual air temperature values of 11-12 °C and the mean
annual precipitation of 520-570 mm.

Well nests have been installed on two sites with four wells on both sites. Sampling
depths have been 7.93-23.14 m in Méntelek and 7.30-22.71 m in Fischerbdcsa.

2.1.5 Biikk Mountains

Limestone formations of the Biikk Mts. are greatly affected by karstification, with well-
developed karst aquifers, huge cave systems and springs with considerable yield. Infiltra-
tion is intense, in large joints flow velocity of greater extent while in less porous matrix
slow diffuse flow dominates.

The climate of the region is cool, moderately dry with very high temperature seasonal-
ity. The mean annual air temperature varies between 6.5 and 7 °C and the mean annual
precipitation can reach up to 800 mm in the highlands. The air temperature values increase
toward the southernmost parts of the region, up to 9 °C, and the precipitation values drop
to 600 mm. The sampled spring is situated in the southern part of the mountains where the
average annual temperature is around 8-9 °C.

Elevation of the sampled part of the middle mountain range of the Biikk Mountains var-
ies between 185 and 703 m aBSI. Recharge area of Odor spring is very narrow and situated
at the elevation of 600 m.

2.1.6 Nyirség

Similarly to the Danube-Tisza Ridge, this is an alluvial plain with thick blown sand cover-
age characterized by various features of sand dunes and deflation pits due to wind. The
blown sand with glacial origin deposited in between 1 and 25 m thickness near the surface,
while alluvial sand was deposited in thickness of 1-5 m during interglacial periods in the
Holocene.

Insignificant amounts of shallow groundwater can be found usually in 2-4 m depth
below surface, while groundwater bodies stored in confined aquifers in depth slightly under
100 m are abundant in the region. Recharge of the sampled shallow groundwater wells is
rapid due to the blown sand deposits also covering the study area providing very good infil-
tration conditions.

The climate of the region is cool, moderately dry with close to extreme temperature
seasonality, and the mean annual temperature is about 11-12 °C. This is reflected in the
water regime with sparse runoffs having low or no discharge in the driest period, causing a
negative water balance. Mean annual precipitation is 550-590 mm, with higher values on
the eastern and the lowest values in northwestern part of the region.

Sampled wells near Nyiradony are shallow groundwater wells at an elevation of 151.5 m
aBS1 with sampling depth of 7.70-14.50 m.

2.2 Sampling and Measurement

Water samples for noble gas analysis were collected in copper tubes clamped at both ends
and analyzed for Ne, Ar, Kr and Xe isotopes. Helium concentration and *He/*He isotope
ratios were also determined to calculate > H/>He ages. These ages confirm the low resi-
dence times of the water. Some of the results have already been published (Sziics et al.
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2015; Palcsu et al. 2017). Processing of samples were carried out by noble gas mass spec-
trometry at the Isotope Climatology and Environmental Research (ICER) Centre, Institute
for Nuclear Research, Hungarian Academy of Sciences, Debrecen, Hungary. Samples were
undertaken to an extraction method using a sample preparation system to prepare the gases
for the concentration measurement carried out by VG 5400 noble gas mass-spectrometer
(neon to xenon) (Papp et al. 2012) and a Helix SFT (helium isotopes).

For the calculation of NGT only Ne, Ar, Kr, Xe have been used. He has been excluded
from calculations since the concentrations have been slightly elevated due to some terri-
genic component. In most cases, the solubility of equilibrium has been achieved confirmed
by 2°Ne/**Ne ratios of 9.78 + 0.02.

There are different pieces of software or codes available to calculate NGTs using inverse
modelling: Noble 90 (a MATLAB code) (Peeters et al. 2002), Noblebook (an Excel work-
book) (Aeschbach-Hertig et al. 2008), and PANGA (an open-source software written in
C++) (Jung and Aeschbach, 2018). Estimated recharge temperatures of the investigated
wells and springs were calculated with the Noble90 and the Noblebook. Both programs
provide the same values but Noble90 gives the uncertainties of the NGTs. Input data for
Noblebook and results of modelling are summarized in Table SM3.

Meteorological data (Table SM2) evaluated over a one-year interval (2016) with spatial
resolution of 0.125x0.125 grad and temporal resolution of monthly average were gained
from ECMWF ERA Interim (2019).

3 Results
3.1 Mean Annual Air and Soil Temperatures

The mean monthly air and soil temperatures obviously differ from each other (Fig. 2), and
in all sampled regions similar trends of about a two-month-lag between air and soil tem-
perature values can be observed. In particular, mean monthly soil temperatures show uni-
formity in case of all but one (Biikk Mts.) sampled areas. Despite this similarity, there are
some minor differences between the regions in the temperature curves and the mean annual
temperature values due to meso- and/or micro-climatic effects.

The most remarkable phenomenon can be seen in case of Biikkk Mts., where mean
monthly temperatures were consistently lower in each and every month than that of any
other sampled region (MAAT is 10.7 °C and MAST is 11.1 °C). The other karst moun-
tains, Mecsek Mts. gave higher MAAT (11.8 °C) and MAST (12.2 °C) values deriving
from their warmer climate and covered karst nature. Mean monthly temperatures varied
from -0.3 °C (December) to 23 °C (July) in case of air and from 5.5 °C (February) to
19.7 °C (September) in case of soil. Considering the difference between MAAT and MAST
(0.6 °C), Geresd Hills as a hilly region showed a transitional value between mountains
and alluvial plains. For air, the coldest month was December (-0.4 °C) and the warmest
one was July (23 °C), while in case of soil, these were February (5.6 °C) and September
(20 °C), respectively.

On alluvial plains, AT (= MAST-MAAT) was 0.3-0.4 °C higher than in mountainous
regions. Maximum and minimum temperature values of Mez6f6ld were 22.8 °C in July,
-0.5 °C in December in case of air, and 19.9 °C in September and 5.5 °C in February
in case of soil. Danube-Tisza Interfluves showed the highest AT value and the coldest
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Fig.2 Comparison of mean monthly and annual air and soil temperature values. (MMAT — mean monthly
air temperature, MAAT — mean annual air temperature, MMST — mean monthly soil temperature, MAST —
mean annual soil temperature, AT= MAST-MAAT)

month was January with a temperature of -0.7 °C. The highest mean monthly air tem-
perature (22.9 °C) was observed in July, while in case of soil the minimum and maxi-
mum values were 5.5 and 20.0 °C in February and September, respectively. In case of
Nyirség, the air temperature curve is not so pointed as the ones of other regions indicat-
ing steadily high temperature during summer months. Its maximum mean monthly air
temperature was 22.1 °C in July, the minimum was -1.7 °C in December, and Nyirség
proved to be the second coolest sampled region after the Biikk Mts. Regarding soil tem-
perature data, Nyirség was comparable to the other sampled areas (19.4 °C in Septem-
ber and 5.4 °C in February).
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Fig. 3 Box-plot from the calculated NGT values for all samples from the whole sampling period

3.2 Noble Gas Temperature

The distribution of derived noble gas temperatures is summarized in a boxplot (Fig. 3). The
distinctness of the sampled mountainous regions and alluvial plains can be observed. It can
also be seen that a dominant mass of the data defines an average noble gas temperature of
11.2 + 2.3 °C for all regions. Biikk Mts. differs from it at a greater extent. We expected that
Biikk Mts. would present the lowest derived temperature but the calculated mean value of
6.8 + 0.6 °C was less than the average multi-annual temperature of the sampled part of the
region (8-9 °C) irrespective of the date of sampling. Mean NGT value of summer sampling
was 7.24 + 0.5 °C, while that of winter sampling was 6.28 + 0.1 °C.

In the Mecsek Mts., water samples from six springs with slightly different recharge ele-
vations were investigated during a 4-year-long sampling period. These springs are fed from
a karst aquifer just as the springs of Biikk Mts. Our tritium measurements and °> H/*He
apparent ages confirm what was demonstrated, that mean residence time is only up to a few
years. Despite of the similarities owing to the different climatic circumstances, tempera-
tures in Mecsek Mts. are a few degrees higher than in the northern mountainous region of
the country. The derived mean noble gas temperature (10.7 + 1.9 °C) reflects the average
value of the region (10-11 °C).

The mean calculated noble gas temperature of Geresd Hills (13.0 + 0.9 °C) was 2-3 °C
higher than the known average mean annual temperature (10-11 °C) of the region. The
coldest water was produced by Henrik-spring with a mean value of 11.6 °C, while all the
rest gave NGT values over 12 °C. The mean result of Nyirség (12.7 & 1.6 °C) shows simi-
larity with the one of Geresd Hills and these values are above the average mean annual
temperature of 9.7 °C. Samples from Mez6f6ld have similar NGT values yielding a mean
of 12.1 + 1.1 °C over a three-year-long period. Danube-Tisza Interfluves also gave very
similar results with its mean NGT of 12.1 + 0.6 °C.
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Table 1 Summary of derived o o o
noble gas temperz}ilture (NGT), NCT(C)  MAAT(C) MAST (°C)
;r(l);d ?1\2121;;; ';I;n(sg:il:ge) 3:1(31 o Mecsek Mountains 10.7+19 118 12.2
in the sampled regions Geresd Hills 13.0+09 11.8 124
Mez6fold 121+1.1 116 12.3
Danube-Tisza Interfluves  12.1 £0.6 11.6 12.4
Biikk Mountains 6.8+06 107 11.1
Nyirség 127+16 114 12.1

Errors are + 1o

3.3 Comparison of NGT with MAAT and MAST Values

To get an insight into the connection of air and soil temperature values and derived noble
gas temperature, Table 1 presents the calculated mean values for all sampled regions.

The data resemble the early findings of Smith et al. (1964) regarding the relationship of
MAAT and MAST that is soil temperature tends to be slightly higher than annual mean air
temperature (in temperate climate).

Taking into consideration the NGT values of Mecsek Mts. and comparing them to
the calculated MAST and MAAT (Table 1), it seems that calculated noble gas tempera-
ture (10.7 £ 1.9 °C) is closer to the values of MAAT (11.8 °C). According to Stute and
Schlosser (1993), in karstic areas the recharging water does not have enough time for equi-
libration with the ground air which results in lower recharge temperature. However, the
Mecsek Mts. is a covered karst where, comparing to an open karst, a soil layer can slow
down infiltration processes.

The Biikk Mts., the other sampled karst mountains presented the lowest temperature
values in every sense. It has been already discussed that it is considered the coldest moun-
tainous part of Hungary, and taking into account this fact, MAAT (10.7 °C) and MAST
(11.1 °C) data were not very different, but the calculated NGT was even lower (6.8 +
0.6 °C). It can be assumed that the infiltrating groundwater does not follow the warming of
the soil due to the unique properties of recharge in karstic area, since the soil cover above
the karst aquifer can be thin enough or the infiltration can occur rapidly enough through
dolines and sinkholes to make heat and also the gas exchange between the soil and infiltrat-
ing water more difficult. Comparing the two studied karstic areas, it can be concluded that
on those areas, where the infiltration rates are very high or the recharge does not have suf-
ficient time for equilibration with the ground air, NGT can have a bias from MAAT, and in
certain cases this bias can be very significant as it can be seen in case of Biikk Mts.

We have to mention other possible explanations for the discrepancy between NGTs and
air as well as soil temperatures found in Mecsek and Biikk Mts. According to Warrier et al.
(2012), owing to the presence of preferential flow paths in fractured systems leading to
rapid infiltration, recharge water may reflect rather the ground surface temperature at the
time of infiltration than mean annual air temperature. Lower NGTs may be explained also
by the above discussed oxygen depletion (Hall et al. 2005). However, well aerated condi-
tions of karsts does not confirm this assumption, and we cannot reject it. This is confirmed
by the dissolved oxygen concentrations of samples from karstic areas varying from 3.2 to
64mgL~".

In Geresd Hills, the calculated noble gas temperature (13.0 + 0.9 °C) rather reflects
MAST (12.4 °C) in this region, and despite of the similarity with Mecsek Mts. regarding
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MAAT and MAST, NGT is significantly higher in Geresd Hills. This can be explained by
the different recharge rate originating in different geological and soil conditions, as already
discussed.

Mez6f6ld, Danube-Tisza Interfluves and Nyirség seem to be quite similar considering
all of the given temperature values (Table 1). Each of them are alluvial plains, parts of
the Great Hungarian Plain, and they have some similarities in their geological character-
istics, since the dominating sediment is sand. At all three sites, shallow groundwater wells
were installed at similar depth and elevations that could result in similar temperatures.
Temperature values of these regions (Mez6fold: NGT=12.1 + 1.1 °C, MAAT=11.6 °C,
MAST=12.3 °C; Danube-Tisza Interfluves: NGT=12.1 + 0.6 °C, MAAT=11.6 °C,
MAST=12.4 °C; Nyirség: NGT=12.7 + 1.6 °C, MAAT=11.4 °C, MAST=12.1 °C) show
that the noble gas temperatures rather reflect the values of MAST instead of MAAT.

Examining the relation of NGT to MAAT or MAST, it was confirmed that acceptance of
NGT as an indicator of past mean air temperature can sometimes be misleading. If some-
one wishes to use NGT as a paleoclimate proxy, more detailed studies regarding MAAT,
MAST and their relation with NGT need to be carried out.

4 Conclusions

In this study, evaluation of the relationship of noble gas temperature and mean annual air
and soil temperatures has been carried out by comparing noble gas temperatures of the
sampled regions to recent MAAT and MAST at the same location. Differences and simi-
lar patterns are observed in case of plains and hilly or mountainous regions. Calculated
noble gas temperatures rather reflect mean annual soil temperature values in sampling sites
located in the Great Hungarian Plains, exceeding the values of air temperatures. In con-
trast, in the mountainous regions where the sampled springs are fed by karst aquifers, the
calculated recharge temperatures reflect mean annual air temperatures that are significantly
lower than the registered soil temperature values. Therefore, it can be confirmed that differ-
ing equilibration mechanisms between air and water must be taking place in aquifers due to
recharging from rapid infiltration processes.

The conclusion of this study is that noble gas paleothermometry can be a reliable tool
for paleoclimate studies; however, differences in recharge conditions should carefully con-
sider whether the mean annual air or soil temperatures can be derived from calculated
noble gas temperature values given the local conditions.
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