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Abstract: The concentration of carbon dioxide dissolved atew (CQaq) was measured in consecutive phases
of the hydrological cycle. Its potentially possibdegassing from groundwaters to the atmosphere algs
assessed. The research was conducted in the amwfence of carbonate rocks of the Lublin Uplamdi
Roztocze (SE Poland). The results of the measumsmef CQag concentration varied as follows
(min-max/mean): precipitation waters < 1-3/2.6 mgnT, soil waters 3-50/14.2 mg dnT°, groundwaters
10-70/30.3 mg dni3, river waters < 1-21/7.6 mgdm. The measure of degassing of carbon dioxide from
groundwaters to the atmosphere was a decrease dgq@0Oncentration in fluvial outflow. Based on theuelbof
groundwater outflow from the Lublin Upland and Rmze, the annual carbon dioxide emission from sati@r
the atmosphere was calculated at a level of 50stimdi Mg- year®. This value constitutes approximately 1% of
anthropogenic emission of carbon dioxide origiratinom environmentally harmful industrial plants ihe
Lublin province.
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Introduction

Modern climatic changes are frequently considengdesearchers as associated with
the increasing content of so called greenhousesgiaséhe atmosphere [1]. The most

! Faculty of Earth Sciences and Spatial Managenidatja Curie-Sklodowska University, ul. Kmicka 2cd,
20-718  Lublin, Poland, phone +48 81 537 68 62, fax48 81 537 68 62,
email:  stanislaw.chmiel@poczta.umcs.lublin.pl, g@kwlowacki@poczta.umcs.lublin.pl, joanna.sposob@
poczta.umcs.lublin.pl, ewa.maciejewska@poczta.Uaids.pl

2Mass Spectrometry Laboratory, Maria Curie-SklodavsUniversity, pl. M. Curie-Sktodowskiej 1,
20-031  Lublin, Poland, phone +48 81 537 62 75, fax48 81 537 61 91,
email: stanislaw.halas@poczta.umcs.lublin.pl, asidrembaczowski@poczta.umcs.lublin.pl, tomaszkie@
poczta.umcs.lublin.pl

3 Faculty of Chemistry, Gdisk University of Technology, ul. G. Narutowicza 12/ 80-233 Gdisk, Poland,
phone +48 58 347 21 10, fax +48 58 347 21 10, emailpolko@pg.gda.pl

" Corresponding author: stanislaw.chmiel@poczta.untds.pl



50C S. Chmiel, S. Hatas, T. Rikos, S. Glowacki, E. Maciejewska, Polkowska, et al

important greenhouse gas, apart from water vapswarbon dioxide. The contribution of
CG, in the atmosphere increased over the last ceftomy approximately 0.03% to almost
0.04% [2, 3]. This is particularly associated withman industrial activity. It is not clear
whether the climate is more affected by anthropmgem natural factors [4, 5]. It is
important, however, to trace such changes, andsiigpae possibly all of the carbon
reservoirs influencing the content of €@ the atmosphere.

Research on carbon dioxide emission to the atmospime the continental phase
particularly concerns industrial, agricultural dodest areas [6-8], as well as areas abundant
in CO, of endogenic origin [9-11]. The stream of carboioxile remaining in the
continental hydrological circulation is investigatand balanced to a considerably lower
degree [12-16]. The circulation of carbon in théamd water cycle is estimated for
3 Gt - year® [1, 17-21]. Out of this value, fluvial outflow tthe ocean is estimated for
> 30%, carbon occurring in aquatic sediments ansmotot 20%, and exchange of carbon
with the atmosphere in the form of @@mounts to 45%. In the global carbon cycle, its
circulation in the inland water cycle is estimatada level of 10% of anthropogenic
emission by burning fossil fueld, 22]. The postulates to reduce the content obara
dioxide in the atmosphere with the application ti€raative methods of reducing GO
emission to the atmosphere relatgdo the intensification of photosynthesis and Hrieat
are therefore of great importance [23].

Migration of CQ related to water circulation in the environmens lzaconsiderable
effect on leaching of minerals and incorporatingirthdissolution products into the
hydrological cycle [24, 25]. The largest carbonergsir in the cycle is constituted by
sediment rocks of marine origin rich in carbonates.

The objective of the study was to determine theerdrof dissolved carbon dioxide in
water (CQpq) at particular stages of the hydrological cycleaimiver catchment, and to
assess potential possibilities of degassing frooumpwaters to the atmosphere through
fluvial outflow. The study was conducted based @leced hydrographic objects in the area
of occurrence of carbonate rocks in the Lublin Wplaand Roztocze, SE Poland

(Fig. 1).

Study area and methods

In the area of the Lublin Upland and Roztocze,rntzén reservoir of groundwaters fed
to rivers developed in the carbonate rocks of thepdd Cretaceous and Tertiary:
limestones, gaizes, opokas, marls, and chalk [@&jters of the Cretaceous and Tertiary
aquifer in the zones of river valleys are hydrallic interconnected, and constitute one
common aquifer drained by springs and rivers. largevith moderate water resources, the
mean underground outflow from the area of the Luklpland and Roztocze amounted to
3.2 dnf - st km? whereas 1/3 of this value was accounted for ingputflow. The
contribution of underground outflow in total outfloexceeds 80%. Numerous springs
occurring in the Lublin Upland and Roztocze formtunal research polygons for
observation of the variability and hydrochemicaveatsity of waters in the underground
cycle.

The research task was implemented based on measteeat the content of Gy in
the hydrological circulation of the Lublin Uplandhdh Roztocze. The measurements
encompassed the content of £ in: atmospheric precipitation, groundwaters, ainerr
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waters. Measurements of the content of ,d® atmospheric and soil air were also
performed. The index of the process of Ldegassing from waters constituted direct
measurements of G, in groundwaters (springs) and surface (river) veate
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Fig. 1. Location of measurement sites in the saraya

Precipitation waters were collected in Lublin ask@recipitation, in a daily cycle. The
content of CQ,q was determined in 84 samples of atmospheric ptatgn. CQ
concentration in atmospheric air was measured éavegek intervals. The content of €0
soil air and on the six selected study polygons wassured in a monthly cycle. The
polygons were representative of soils developethfrimesses (Karmanowice), loess-like
formations (Wygnanowice), weak-clayey sands (Guiadayey sands (Janowka, Sapy),
and sands (Majdan). Probes for collecting soilvare installed permanently. They were
plastic tubes with a diameter of 1 cm, immersed atlayer of 0.3-0.6 m b.g.l. On the
ground surface, the probes were closed with a etdptor the purpose of elimination of
contact with atmospheric air. In the area of theigleated study polygons, the concentration
of CO, in atmospheric air was also measured in a moraiye in the space of spring
niches as well as the concentration ofyz£in spring (underground) and river waters. One
series of analyses was performed for assessingsplagial distribution of C&.q in
groundwaters and river waters. For this purposergiwater samples were collected from
132 springs and from 63 sites located in 32 rivéle research was conducted in July and
August 2010 in conditions of exclusively groundwdteding.
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The content of free dissolved G water was determined by means of Oxyguard CO2
Analyser. The content of G, in soil waters was calculated based on the sdtyilf
carbon dioxide in water, considering measuremeht€@, concentration in soil air and
measurements of soil temperature. The measuremeoctsbon dioxide in atmospheric and
soil air were performed by means of a field gaugétiRAE with an NDIR sensor.

In 2010, the mean air temperature in meteorologizdion Lublin-Radawiec amounted
to 7.4°C. It was approximate to the mean valudtferLublin region [27]. The annual total
precipitation in the Lublin Upland amounted to appmately 750 mm, and in Roztocze to
more than 900 mm. It was higher than multiannuaamseby approximately 30%. Snow
cover occurred in the period from December 2009F&bpruary 2010, and again in
December 2010. As a result of spring infiltratioh roeltwaters, the groundwater level
increased from March to June [28]. The snow coeeumulated approximately 150 mm of
water. An increase in groundwater levels also aeclrafter heavy rainfalls in May
(~160 mm) and September (~170 mm). In the remainiogths, the groundwater levels
showed a decreasing tendency, or stagnated. THevouhythm in the rivers of the study
area showed a similar course trend. Feeding tadkervoir of groundwaters and rivers
particularly occurred from March to June, and ipt8enber.

Results and discussion

Carbon circulation in the hydrological cycle hasomsiderable effect on basic physical
and chemical water parameters. This particularhyceons areas developed from rocks rich
in carbonates, including the Lublin Upland and Roze. The carbonate balance commonly
occurring in ground- and surface waters involves ifiteraction of water with carbon
dioxide and insoluble carbonates and carbonateslde in water, and determines the
state of proportion between forms: HEOCO;”, COyag COyq, determining water
reaction [24]. The basic role in the process ofdligion of carbonate minerals is played by
carbon dioxide (Cgy) of soil origin, and to a considerably lower degef atmospheric
origin. The concentration of GQOn soil air can periodically even exceed 10% [29].

In atmospheric air, it currently amounts to appneadely 0.04% [1].

Table 1
The content of C®in atmospheric air in Lublin and in soil air

Value

%] | 1l ] \% \Y VI VAL IK Al Xl

Atmospheric airif = 52)
minimum | 0.041] 0.041| 0.040{ 0.040| 0.042| 0.044| 0.043| 0.036| 0.034| 0.033| 0.034| 0.036

mean 0.042 0.042| 0.041| 0.041| 0.045|00046| 0.045| 0.039| 0.036| 0.037| 0.036| 0.039
maximum | 0.043 0.044| 0.043| 0.043]| 0.049| 0.047| 0.048| 0.042]| 0.038| 0.039| 0.039| 0.040
Spring nichesr{= 156)
minimum | 0.038| 0.039| 0.042| 0.044| 0.048| 0.050| 0.053| 0.040| 0.037]| 0.036| 0.036| 0.036

mean 0.042 0.045| 0.047| 0.053| 0.052| 0.058| 0.064| 0.053| 0.048| 0.040| 0.041| 0.040
maximum | 0.045 0.059| 0.050| 0.090| 0.062| 0.065| 0.075| 0.062| 0.059| 0.052| 0.053| 0.049
Soil air h=72)
minimum | 0.13| 0.12] 0.14 0.19 050 056 051 0/49 3040.31| 0.26] 0.18

mean 0.20) 022 03% 058 036 020 0489 055 0.6656p 0.44| 0.25
maximum| 0.25| 040 080 09p 022 084 046 0]77 50.9.82| 0.65| 0.36

n - number of samples
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Research on the content of carbon dioxide in atimesp air in Lublin documented its
presence ranging from 0.033 to 0.049%, averagiddg19s (Table 1). In the annual course,
considerably higher concentrations were recordedanths from January to July, when the
level of CGQ was usually > 0.04%. From August to December,ciigcentration of CO
in the atmospheric air usually amounted to < 0.0D@e to the content of GOin
atmospheric air, pursuant to the Henry's law, geiealent content in water should be from
~0.5 to ~1.5 mg dn7>. In the summer period, the concentration of,@0atmospheric air
shows high daily fluctuations [30-32]. The concatitm of CQ by night is sometimes even
2-3 times higher than by day. Such high ,Gf@ncentration in atmospheric air was also
recorded by day in spring niches. The equivalentgoncentration in precipitation
waters can then reach even more than 3-mgi® CO,,g Measured values of G@
in atmospheric precipitation in 2010 varied fromi <o 22 mg dm, but usually did not
exceed 3 mgdni (Table 2).

Table 2
COyagycontent in waters
Object Number of Minimum Q;g(r)t/(l)le Qggl;zle Mean Qgg(r)t/(l)le Maximum
measurements —
[mg - dm™]

Precipitation 36 <1 1 2 2.6 3 22
Soil waters 72* 2.8 6.2 11.6 14.2 18.3 51.5
Groundwaters 132 10 18 28.4 30. 38 72

River waters 63 <1 6 7 7.6 8 21

*Values calculated based on g@oncentration in soil air and solubility of carbalioxide in water for
temperature 10°C
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Fig. 2. Correlations between water reaction andgf@oncentration in precipitation waters
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High values of CQ,q in precipitation waters were identified in samplegh low
reaction (Fig. 2). This suggests the role of acpiiecipitation, and particularly sulphur and
nitrogen compounds, in the development of,Gfconcentration in precipitation waters.
Dissolution of alkaline compounds contained in atpieeric dusts at low water reaction can
constitute a considerable source of fzgin precipitation [2]. Considerably higher G&
concentrations in precipitation waters were shownrdsearch conducted in the area of
Warszawa. The mean values were 2-3 times highér [33

The concentration of C{n soil air was considerably higher than in atniesgc air,
amounting to 0.13-2.22%. The highest values weterded in the winter season, and the
lowest during intensified vegetation. Higher valwesse recorded in soils under agricultural
use than in those in forest areas. The correlatoasharacteristic of the area of the Lublin
Upland, as documented in the paper by Dudziak, H#. Measurements of GO
concentration in soil air and soil temperature pied the basis for the calculation of the
content of CQ,q in soil water (Table 2). The calculated £ concentration amounted to
3-51 mg- dm™. The highest calculated concentrations occurresbiing months, and the
lowest in winter. Washing C{gfrom soils to groundwaters in 2010 particularly mced
from March to June and in September. It did notuoar was limited in the remaining
months.
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Fig. 3. Monthly changes in Gfq concentration in spring and river waters basetherexample of the
Ciemiega River catchment in 2010

COyq content in groundwaters was analysed based on pprings draining
a shallow aquifer of groundwaters and fissure-lagings, draining the main groundwater
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reservoir. Groundwaters outflowing to the surfateprings contained Ggqin a range of
10-72 mg- dm® (Table 2), averaging 30 mg - diniThe highest values of Gy in spring
waters were recorded in the spring season and lary rainfalls which occurred at the
end of May and at the beginning of September. ki &mnual cycle, changes in the
concentration of Cg, in the waters of fissure-layer springs usually diot exceed
10 mg- dm™® and in pore springs from 10 to more than 30 ndgn=>. The coefficient of
variability of CGQy,q concentration in spring waters, calculated based nwonthly
measurements, varied from 30 to 48%, averaging 36%he waters of pore springs, it was
usually higher than the average values, and inwtiiers of fissure-layer springs - lower
than the average. Example changes ingf@oncentration in a fissure-layer spring in
Pliszczyn in the annual cycle amounted to 7-rdgi (Fig. 3), and in the daily cycle they
did not exceed 3 mg - di(Fig. 4). Higher daily variability was recordedrimeasurements

performed in summer than in winter.
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Fig. 4. Daily changes in GQq) concentration in spring and river waters, measergsmfrom January
and July 2010

The spatial variability of Cgg concentration in the Lublin Upland and Roztocze
(Fig. 5) corresponded with the lithological fornmati of rocks. High values of CgQ
(> 30 mg- dn® were recorded in areas of occurrence of rockh sscchalk, marls, and
loess (regions: Pagory Chelmskie, Plaskowyz Naleski Dzialy Grabowieckie, Roztocze
Zachodnie, Padol Zamojski). Lower values (< 30 nagn) were observed in areas with
rocks such as opokas, gaizes, and limestone (rI®gitvizniesienia Urzedowskie,
Wynioslosc Gielczewska, Rownina Belzycka, Roztoc&eodkowe and Roztocze
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Poludniowe). High CQ,q concentration in the waters of the pore spring\iygnanowice
(the Gielczew River catchment) suggests the effefassil soils and/or peats on the content
of COyaq) in the underground circulation [34]. The effectpafats on the content of Gg

in groundwaters was documented in research cordiuotea peatland in the Kampinoski
National Park [33].
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Fig. 5. Spatial variability of Céagconcentration in spring and river waters studiethexsummer 2010

Groundwaters are fed to rivers through channelsgmohg drainage. Degassing of £0
occurs from rivers to the atmosphere, resulting iconsiderable decrease in its content in
water [24, 29, 35-37]. Constant exchange of,©Ccurs between the hydrosphere and
atmosphere. It results from the maintenance ofolance in the environment in terms of
concentrat|0n of gases (Henryaw). In rivers, CQyq concentration Was usually below
15 mg- dnm® (mean ~8 mg dni). Concentration above 10 mgdm™ was recorded at
measurement sites located in profiles of riversowekfficient springs. In the summer
season, Cgs, concentration usually did not exceed 10 mgini®. Particularly low
concentrations were recorded below dam reserveingre the values decreased below
1 mg- dni®. The comparison of Cf concentration in ground- and river waters within
selected catchments studied in summer 2010 (Figu@gdests a possible level of degassing
of carbon dissolved in water to the atmosphere.ddgassing of C&rom groundwaters to
the atmosphere is also suggested by measuremeitésaoincentration in the air of spring
niches (Table 2). Higher concentration in atmosiehair in spring niches than in hilltops
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suggests its emission to the atmosphere not owlgn fthe soil cover, but also from
groundwaters.
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In the process of degassing of carbon dioxide figprings and rivers, daily and
seasonal changes in the concentration obgGre worth attention. The changes are
presented based on the example of measurementsrrped in the Ciemiega River
catchment (Fig. 3). The measurements, taken in athiyocycle in 2010, showed that
seasonal changes in ggJ concentration in the river reached 15 mam>. High contents
of CO,nq wWere recorded in the cool half-year (10-15 mgim™), and lower values
(< 10 mg- dm®) in the summer season. Considerable changes Hd-Cdncentration
occurred during intensive supply of groundwatershi river after snowmelt in the spring
and after heavy rainfalls in May and September.ngba in CQq concentrations in the
Ciemiega River also showed a daily rhythm (Fig.prticularly evident in measurements
performed in the summer season. Higher conceniaticere recorded by night than by
day. In the summer season, the daily rhythm oggf@oncentration suggests an effect of
biological breathing in the river on its contenhelrhythm was also observed in seasonal
changes.

The level of carbon dioxide degassing to the atiespfrom the carbonate waters of
the Lublin Upland and Roztocze was estimated bynsed hydrochem-discharge method
(Table 3). The level of degassing constitutes tligerdnce between mean G,
concentration in ground- and river waters in refatio underground outflow. The level of
underground outflow in the Lublin Upland and Rozwmcin 2010 year amounts to
approximately 92% of total outflow. Total outflonaw calculated based on the value of the



50¢ S. Chmiel, S. Hatas, T. Rikos, S. Glowacki, E. Maciejewska, Polkowska, et al

outflow coefficient, in the Lublin Upland amounting 20%, and in Roztocze to 27% of
atmospheric precipitation.

The value of carbon dioxide degassing from the aaabe waters of the Lublin Upland
and Roztocze amounted to 52.5 thousand Megar* (4.04 Mg- year® - km™?). Research of
carbon dioxide degassing from waters from the kars@a in China showed the level
19.1 Mg year* - km?[13].

Estimated level of degassing from the carbonateensadf the Lublin Upland and
Roztocze was low in relation to anthropogenic eimisg that area. For comparison, in the
period, the annual CGemission from the sugar factory in the town of $trgstaw amounted
to 30 thousand Mg year’, and the emission from heat and power plant Wretko the
Lublin city amounted to 400 thousand Mgear". The level of anthropogenic emission of
carbon dioxide originating from environmentally tméml industrial plants in the Lublin
province was estimated for approximately 5 milldg - year™.

Table 3
CO, degassing from the carbonate waters of the Luliitand and Roztocze in 2010
Lublin Upland | Roztocze Lublin Upland
and Roztocze
Area [knT] 10,800 2,200 13,000
Precipitation [mm] 750 925 780
Precipitation [km - year]] 8.1 2.0 10.1
Total outflow [kn? - year?] 1.62 0.54 2.16
Underground outflow [k year] 1.49 0.49 1.98
Mean CQq concentration in groundwaters [mdnTI| 38 25 30
Mean CQggconcentration in rivers [mgdniJ| 8 9 8
Degassing of CO[mg - dm™J 30 16 22
Degassing of CQ[Mg - year] 44,700 7,840 52,540
Conclusions

In 2010, research was conducted on the concemiratiodissolved carbon dioxide
(COyaq) in consecutive phases of hydrological circulationthe area of occurrence of
carbonate rocks of the Lublin Upland and Rozto&E, Poland. The research showed
the following values of Cg,g content (min-max/mean): precipitation waters
< 1-3/2.6 mg dn>, soil waters 3-50/14.2 mgdni >, groundwaters 10-70/30.3 mgim™,
river waters < 1-21/7.6 mgdnm>,

The obtained results suggest a considerable effesmils on the content of Ggy, in
infiltration waters. The concentration of ggincreased several times in infiltration waters
in comparison to precipitation waters. The con®nCO,,q in groundwaters was strongly
affected by the lithological type of rocks washed flowing water. The highest G
concentrations were recorded in waters circulatingoft solid carbonate rocks such as
chalk, marls, and porous formations such as ldessger values were recorded in solid hard
rocks such as opoka, limestone, or gaize.

In river waters, CQ,q concentration was usually lower by approximatelyoGian in
groundwaters. This correlation suggested exchamdg@QGp between the hydrosphere and
atmosphere, occurring in the surface phase of waidtow. The process resulted from
lower partial pressure of carbon dioxide in the @dphere than in the rock mass, as
determined by the Henry’'s law. Carbon dioxide eimisgrom the carbonate rocks of the



CO; emission to the atmosphere from carbonate waterstudy case of the Lublin Upland ... 50€

Lublin Upland and Roztocze related to the process wstimated for 50 thousand
Mg - year’. The value constituted approximately 1% of theheopiogenic emission of
carbon dioxide from environmentally harmful indigdtplants in the Lublin province.

Considering the forecasted climate warming, thell@f carbon dioxide emission to
the atmosphere from carbonate rocks will incred$e obtained results can be used for
calculating the natural stream of €@om waters to the atmosphere from land in the
moderate climate zone.
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EMISJA CO, DO ATMOSFERY Z WOD W EGLANOWYCH
NA PRZYKLADZIE WY ZYNY LUBELSKIEJ | ROZTOCZA

1 Wydziat Nauk o Ziemi i Gospodarki Przestrzennejjwersytet Marii Curie-Sklodowskiej, Lublin
2 7aktad Spektrometrii Mas, Uniwersytet Marii Cuiédodowskiej, Lublin
3 Wydziat Chemiczny, Politechnika Giska

Abstrakt: W pracy przedstawiono wyniki baflaawartdci rozpuszczonego ditlenkuggla w wodzie (CQaq) Na
poszczegblnych etapach obiegu hydrologicznego ilemgtznej oraz oceniono jego potencjalnezimmsci
degazacji z wod podziemnych do atmosfery. Badamawadzono na przyktadzie wybranych obiektow
hydrograficznych w obszarze skatglanowych Wyyny Lubelskiej i Roztocza, SE Polska. Zawétt€Oy(aq)

w wodach opadowych ksztaltowala sia poziomie < 1-3 mg - dfh w wodach glebowych od 3-50 mgini>,
wodach podziemnych 10-70 mgdni®, a w wodach rzecznych od < 1 do 21 mdni®. Zebrany materiat
wskazujeze emisja ditlenku wgla z wéd wglanowych Wyyny Lubelskiej i Roztocza ksztaltujezgia poziomie
50 tys. Mg- rok. Wartai¢ ta stanowi okolo 1% emisji antropogenicznej ditlenwegla pochodzcego ze
spalania paliw statych na badanym obszarze.

Stowa kluczowe:wody podziemne, rzeki, ditlenekegla, degazacja



