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Abstract Isotopic compositions of CH4 and CO2 surface

and subsurface gases and groundwater from an urban solid

waste disposal site from Gualeguaychú city (Argentina)

were measured to detect origin, depth distribution, migra-

tion lateral, CH4 oxidation, and dissolution in groundwater.

The highest CH4 concentrations (60–88 %) with d13C-CH4

(between -60 and -45 %) and d2H-CH4 (between -350

and -260 %) were attributed to CH4 originated by

microbial sources, v. gr. acetate fermentation. The d13C-

CO2 related to this CH4 (between -15 and -5.9 %) were

compatible with this process. Also, the increase of DIC

associated to an increase in d13C-DIC values (-12.4, -6.4,

-5.8, -1.5, ?0.1 and ?4 %) indicated the transport of

dissolved gases (from methanogenesis) in the groundwater

flow system. High excess deuterium in 3 piezometers

suggests that there were hydrogen isotope exchange

between CH4 and water too. Evidences for CH4 oxidation

were decrease in CH4 concentrations, shift in C and H

isotope ratios of CH4 to more enriched in the remaining

CH4 (in both, d13C-CH4[-50 % and d2H[-260 %) and

depletion in 13C of the associated CO2 (\-20 %). Since

surface CH4 and CO2 concentrations over the covering

layer were very low, and the major CH4 concentrations

were found between 60m and 90 cm depth, it is very

probable USW has been compacted with low permeability

materials (e.g., clay) avoiding large emissions to the

atmosphere and creating horizontal barriers within the

waste that enable lateral gas migration. Horizontally, it can

be seen that these gases migrated outside the disposal site

following the topography and that CH4 disappeared leading

to anomalous concentrations of CO2 whose values are

greater than those produced by normal soil respiration. The

isotopic value (d13C) of this CO2 was also different from

that of normal soil respiration (*-25 %) and reflected

effects that generated isotopic depletion by diffusion

(*-25 to -32 %). The analysis of C isotopes as the main

tracer, together H isotopes, has allowed the effective

detection of the origin and those secondary processes.

Keywords Methane � Carbon dioxide � Carbon isotopes �
Dissolved carbon

Introduction

Urban solid waste disposal sites (USWDS) produce large

quantities of gases. The most important ones, methane

(CH4) and carbon dioxide (CO2), are released by

biodegradation processes that act upon the organic fraction

of the materials that are disposed. In USWDS without

subsoil gas recovery systems, the gases are not exploited

and therefore CH4 and CO2 are emitted to the atmosphere

either by flaring, directly from uncovered waste through

top covers, or by migration through the surrounding soil

layers as free gases (Christophersen and Kjeldsen 2001).

They can even migrate through aqueous phase reaching

their dissolution in groundwater or soil water (Kerfoot

1994). The polluting nature of this anthropic source results

in the emission of waste products even after its closure and

for a time span that can involve years. Hence, in the areas

where this kind of activities takes place, it is imperative to

evaluate the processes that influence the generation,
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transport and destination of these gases; especially, taking

into account the hazards that they represent to the envi-

ronment, such as explosions, vegetation damage, contri-

bution to global warming, groundwater pollution and/or

changes in its quality due to the presence of carbonic acid

(Bjerg et al. 2005).

CH4 and CO2 surface emissions (fluxes) have been the

subject of numerous environmental studies (ATSDR 2001;

Environment Agency UK 2010; SEPA 2004) due to their

contribution to greenhouse effect and their possible con-

tribution to global warming (Bogner et al. 2008), especially

CH4 because of its warming potential, twenty-one times

greater than that of CO2. During the last years, quantitative

methods (Pumpanen et al. 2004) that enable the measure-

ment of CH4 and CO2 emissions at land level in terms of

carbon fluxes (C) (Tn/day) have been developed as well as

high-resolution portable equipment that allows measuring

surface emissions in situ and in an expeditious way. Even if

these techniques are time-tested and efficient, when eval-

uating the impact that these emissions have on the atmo-

sphere, they present some limitations to identify the

processes these gases were subjected to, once they were

produced: CH4 oxidation, dissolution in aqueous phase,

mixture, diffusive lateral migration in a porous media, etc.

Fortunately, the origin of these gases and secondary pro-

cesses that affect their composition and concentration can

be identified by evaluating stable C isotope ratios

(13C/12C), both in CH4 and in CO2

The two main processes that form CH4 (thermal and

microbial decomposition of organic matter) fractionate

both C and H isotopes in different degrees, that is why

d13C-CH4 and d2H-CH4 values are used to discriminate

sources of CH4. Thermogenic CH4 has a range of d13C-

CH4 between -55 and -20 %, and d2H-CH4 between

-250 and -100 % (Whiticar et al. 1986; Whiticar 1999).

Biogenic CH4 presents a further differentiation since this

gas is generated from two different metabolic pathways:

acetate (and other organic substrates) fermentation and

CO2 reduction. The first group has a d13C-CH4 between

-65 and -40 % and a d2H-CH4 between -350 and

-250 % and the second one, a d13C-CH4 between -95

and -60 % and a d2H-CH4 between -240 and -150 %
(Coleman et al. 1993; Whiticar et al. 1986). Also, CO2

records in its isotopic composition all the changes that

took place during methanogenesis (Hackley et al. 1996,

1999). These authors pointed out that during the initial

phases of aerobic and anaerobic oxidation of organic

matter, isotopically light CO2 is formed (with d13C-CO2

values between -30 and -10 %, similar in range to

those from soil respiration in land ecosystems) being

replaced by an isotopically heavy CO2 as methanogenesis

proceeds. The higher levels of CH4, with d13C-CO2 val-

ues greater than -10 %, are consistent with those

suggested by this authors for a CO2 generated during this

process.

On the other hand, CH4 formed under anaerobic

conditions is oxidized during its transport to the soil

surface (0–1 m), into the rhizosphere zone or surficial

oxic layers. Bacteria oxidize the 12C-isotope slightly

faster than the 13C-isotope; thus, the result is the increase

of the 13C/12C ratio of the remaining CH4. Consequently,

if CH4 oxidation occurs, the d13C value of the residual

CH4 would become shifted to higher d13C values (more

enriched than biogenic source). Further, CO2 produced

as a result of CH4 oxidation can have d13C values

smaller than -20 % (Conrad et al. 1999). Information

on variation in d2H of CH4 shows a shift towards

enrichment ([-260 %), ergo, to more positive values

(Chanton et al. 2005).

Another process that could affect the isotopic compo-

sitions of both the CO2 and the CH4 is fractionation asso-

ciated with diffusion. Fractionation during this process is

caused by differences in the diffusion coefficients of the

two isotope species. This effect has been modelled for CO2

(Cerling 1984) and is relatively small (up to 4.6 % for

CO2) compared to the d13C variations observed for CH4.

The stable CH4 isotopes (12CH4, 13CH4 and 12CH3
2H) differ

in molecular weight and their diffusion coefficient; faster

diffusive transport of the lighter isotope resulting in

enrichment in the heavier isotope of the remaining gas

phase is therefore observed. De Visscher et al. (2004) found

that the fractionation factor due to transport, atransport, can

be as high as 1.0178, due to the difference in molecular

diffusion coefficients of CH4 isotopes (e & 18 %).

On the other hand, variations on d13C-DIC of water can

reveal the importance of different biochemical pathways of

methanogenesis and CH4 oxidation (Clark and Fritz 1997).

It was remarked that acetate fermentation that occurs

chiefly in freshwater environment is responsible for the

great fractionation of 13C between CO2 and CH4. For CO2,

exchange with groundwater DIC could affect d13C-DIC

pristine values, and DIC tends to get enriched in 13C as

methanogenesis takes place in the site. Groundwater DIC

can range in d13C from -15 to -12 %, approximately

(Mook 2000; Kerfoot et al. 2003), whereas d13C-DIC

values from methanogenesis can be up to ?20 % (Hackley

et al. 1996). It should also be considered that this signal is

often masked by the simultaneous CH4 oxidation processes

releasing isotope depleted CO2 to surrounding water. Since

CH4 solubility in water is too low and carbon isotopic

fractionation between dissolved CH4 and gaseous CH4 is

small (\1 %), partitioning will have a negligible effect on

the C values of the CH4.

The objective of this work is to detect, using carbon

isotopes as the main tracer, the processes involving CH4

and CO2 in the study area: origin, depth distribution, lateral
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migration, oxidation of CH4 to form CO2, and their dis-

solution in groundwater. Chemical and isotopic data were

obtained from the municipal USW disposal site of Guale-

guaychú, Entre Rı́os, Argentina. Surface and subsurface

CH4 and CO2 concentrations were determined within the

active disposal area and outside the area affected by the

USW, together with its isotopic composition (13C/12C, 2H/

H). Physical, chemical and isotopic (13C/12C, 18O/16O, 2H/

H) parameters of groundwater were analysed to find out if

the gases resulting from USW biodegradation altered this

matrix.

Study area

The plot of land under study is the Municipal USW dis-

posal site (USWDS) of Gualeguaychú, Entre Rı́os,

Argentina. The study area is only used for USW disposal.

Neither agricultural nor livestock breeding activities are

carried out in the site. It is located south of the city, in the

vicinity of the confluence of El Cura Stream and the

Gualeguaychú River (Fig. 1), that is, on the low area of the

stream basin. The flow network obtained from water levels

measured in the phreatic aquifer showed that groundwater

moves predominantly from SW to NE, coinciding with the

regional topographic slope of the El Cura stream basin

(Boujon and Sanci 2014). Two reddish-brown loessic

levels, called ‘‘Pampean sediments’’ are widely distributed

in the basin (Hernandarias Formation and Tezanos Pinto

Formation) and hold the phreatic aquifer (Boujon and

Sanci 2014).

The disposal site has a filled covered area of approxi-

mately 24 ha and an active area of 10 ha, that is in

expansion. It has neither subsurface gases nor leachate

collection systems. USW accumulates in the depressed

areas of the plot since it was originally a quarry (former

Irazusta quarry). The active area has a sector where waste

was covered and compacted and another which is not

covered, where waste is still being accumulated. It has 9

piezometers located up and down the river and across the

site (P3, P10, P6, P7, P5, P11, P9, P12, P22), which already

existed before this work begun. Gas geochemistry studies

made on the inactive area of the disposal site (Sanci et al.

2012) detected that the anomalous emissions corresponded

to CO2 rather than CH4, with CO2 fluxes between 31 and

331 g m-2 day-1 with baseline values due to soil respira-

tion between 29 and 59 g m-2 day-1 and subsurface CO2

concentrations of up to 10.3 % (mole fraction 9 100) and

d13C enriched values of up to -17.6 %. Hydrochemical

and isotopic data from sampling made in October, 2007,

showed that as groundwater flowed through the USW

disposal site, following the local flow direction (North–

South), there was an increase in alkalinity and in the calcite

saturation index, and an increase in d13C in the total dis-

solved inorganic carbon, with values ranging between -15

and 4.4 % (Sanci et al. 2012).

Methodology

In September, 2012, a survey of CH4 and CO2 of surface

and subsurface gases was begun in an active disposal area.

To check the occurrence of gas anomalies not previously

detected, CH4 and CO2 near surface (\4 cm) concentra-

tions were measured using two portable monitors: a micro-

FID PHOTOVACTM for CH4 (concentration range between

0.1 and 1000 ppm) and an infrared gas analyser (IRGA)

Environmental Gas Monitor (EGM-4) PP SystemsTM for

CO2 (concentration range between 1 and 20,000 ppm),

following the guidelines proposed by environmental

agencies from different countries to detect and monitor

gases from landfills (ATSDR 2001; Environment Agency

UK 2010; SEPA 2004). Although these guidelines are

mainly concerned with the study of CH4—due to its

explosion hazard, its major contribution to the greenhouse

effect and the possible leaks in gas collection systems or

through cracks in the permanent covers—CO2 was also

measured in all sampling campaigns. Surface gases were

taken along transects in a SW–NE direction and regularly

spaced by 10 m (Fig. 1) and were carried out in the sector

where the USW had been covered with fine, compacted

materials. Access to the USW expanding open area

(without cover) was not possible.

Subsurface gases, generated through biodegradation

(production), were quantified in the area surrounding the

disposal site (sampling stations labelled G) with an

underground subsoil probe that enabled the gas extraction

to 30, 60, 90 cm and occasionally 120 cm deep. These

concentrations, expressed as molar fraction 9 100, were

measured in situ with a portable Madur GA21 Plus (mea-

surement range between 0.01 and 4.95 % for CH4 and

CO2) and by gas chromatography (GC) at the laboratory

using a GC HP 5890 Series II with a Thermal Conductivity

Detector (TCD) and a Flame Ionization Detector (FID)

when concentrations exceeded the upper limit of the

portable equipment.

During an October 2013 survey, the study was com-

pleted evaluating the probable CH4 and CO2 migration

towards the adjacent soil. To study migration, not only the

screening of free gases at depths 30, 60, 90 and 120 (on S

stations, transects T1, T2 and T3, Fig. 1) was done, but also

the measurement of free gases accumulated at the head-

space of the piezometers. In this case, gases were measured

in situ with the Madur GA21 Plus. Additionally and taking

into account the hydrodynamic characteristics of the

phreatic aquifer, with fluctuating and shallow levels in the
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survey area, the water from the piezometers was also

sampled to evaluate the possible dissolution of gases in

water. Of all the cited piezometers, only P7, P11, P9, P12

and P22 (Fig. 1) were able to be sampled since P3 and P10

were dry at 2.20 and 1.80 m respectively, and P5 and P6

were broken. P3, P10 and P5 were informed in previous

works (Sanci et al. 2012). pH, electrical conductivity (EC)

and temperature were measured in situ and samples were

taken and kept refrigerated until their analysis in the lab-

oratory. Nitrates (NO3
-), nitrites (NO2

-) and ammonium

(NH4
?) concentrations were measured with a

portable HACH DR/890 photometer. Carbonate (CO3
2-)

and bicarbonate (HCO3
-) determinations were carried out

24 h after receiving the samples by titration with 0.1 N

sulphuric acid (H2SO4). The concentration of major ions

was measured at the Agro-environmental Laboratory at

INGEIS: magnesium (Mg2?), calcium (Ca2?), sodium

(Na?) and potassium (K?) by atomic absorption spec-

trometry (Buck Scientific 200A), sulphate (SO4
2-) by

inductively coupled plasma atomic emission spectrometry

(BAIRD-ICP 2070) and chlorine (Cl-) by titration with

silver nitrate (AgNO3). The concentration of CH4 dissolved

in water was quantified according to the method described

in Lomond and Tong (2011). 13C/12C isotope ratio from

dissolved inorganic carbon (DIC) and 18O/16O and 2H/H

isotope ratios in water were determined at the INGEIS

Stable Isotopes Laboratory. Dissolved organic carbon

(DOC) was determined by the SM (standard methods)

5310B analytical technique. Eh values were obtained with

PHREEQC (Parkhurst and Appelo 1999) computer code

for speciation, batch-reaction, one-dimensional transport

and inverse geochemical calculations.

To determine the carbon isotopic composition of CO2

samples from both campaigns, gases were absorbed with

Fig. 1 Location and description of urban solid wastes disposal site (USWDS)
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BaCl2 at pH = 11 (Valencio et al. 2003) and were taken to

the laboratory as BaCO3. For CH4, gases were collected in

ad hoc bags and processed according to Cordero et al.

(2004). DIC from water was precipitated as BaCO3 adding

BaCl2 to 100 mL of sample previously adjusted to

pH = 11 (Valencio et al. 2003). The precipitates under-

went in vacuo heat treatment at 350 �C to remove organic

matter interferences and then they were directly introduced

into the extraction system. Carbon isotopic ratios 13C/12C

were measured on CO2 extracted from carbonates with

phosphoric acid (100 %) according to McCrea’s (1950),

modified by Panarello et al. (1982). The cryogenically

purified CO2 was contrasted with an internal reference

(Carrara marble). Data were informed as isotopic devia-

tions (d %) relative to the international reference standard

Vienna Pee Dee Belemnitella (V-PDB), with an analytical

uncertainty of ±0.1 %. Isotopic analyses (2H and 18O)

were made by laser spectroscopy in a Los Gatos Research

(LGR) Liquid Water Isotope Analyzer (OA-ICOS: Off-

Axis Integrated Cavity Output Spectroscopy; Wassenaar

et al. 2014), at the Stable Isotopes Laboratory of the

INGEIS. The reference standard used is the Vienna Stan-

dard Mean Ocean Water (V-SMOW). Isotopic results are

expressed as d, defined as d = 1000(RS–RR)/RR %, where

d is d13C or d2H, the isotopic deviation in %; S: sample;

R: International reference; R: isotopic ratio (2H/1H,
18O/16O, 13C/12C). DOC samples were prepared based on

the technique described in Gandhi et al. (2004). Samples

were first filtered through 0.45 lm GF/F AcrodiscTM fil-

ters. A volume containing about 50 lmol C was transferred

to 50 mL beakers (that were previously decontaminated

with 50 % nitric acid) and placed in an oven at ca. 50 �C,

till dryness. 1 mL of ultra-pure water (UPW) was then

added to the sample together with 85 % phosphoric acid

(ca. 100–300 lL) and stirred to remove DIC. More UPW

was added to reach 2 mL. 150 lL of the concentrated

sample was then transferred to tin capsules for liquids in

several aliquots. The samples were dried in an oven (ca.

50 �C) after each transfer. The closed capsules were then

measured in a Carlo Erba Elemental Analyzer 1180, cou-

pled to a continuous flow Thermo Scientific Delta V mass

spectrometer through a Thermo ConFlo IV interface.

d18O and d2H values in water were used to detect

physical and chemical processes that may cause deviations

from the local precipitations isotopic composition. d18O

and d2H values of precipitations around the world show, in

general, a characteristic relationship expressed by the fol-

lowing linear equation: d2H = 8 d18O ? 10 %, known as

global meteoric water line (Craig 1961). Since these two

isotopic values vary with latitude and climatic conditions, a

local meteoric line was calculated taking into account the

characteristics of the area under study. The data used were

obtained from stations of the National Network for Isotopes

in Precipitation of Argentina (RNC) reporting to the Global

Network for Isotopes in Precipitation (GNIP-IAEA-

WMO). The nearest ones to the study area are Buenos

Aires and Santa Fe. According to Dapeña and Panarello

(2007), the local meteoric line for Santa Fe for the

1999–2003 period is d2H = 8.1 d18O ? 13.1 %. In the last

years, RNC records indicate that the independent term of

the equation has increased to 14 %, reaching a value

similar to that of the Buenos Aires station, Dapeña and

Panarello (2004) i.e., d2H = 8.0 d18O ? 14.0 %. There-

fore, this last equation will be used as the Gualeguaychú

local meteoric line (LMWL).

Results

Gases

Surface data show CH4 values ranging from 0.1 to 73.6 ppm

with mean values between 1.9 and 13.5 ppm (Table 1) for

all transects. Likewise, the CO2 concentration range varies

between 1 and 68 ppm, with mean values between 2.6 and

16.1 ppm (Table 1). CH4, CO2 and d13C-CO2 values shown

in Fig. 2 correspond to the maximum concentrations found

at each sampling station (19 stations labelled G). The depth

at which they were observed is also indicated. High CH4

concentrations (between 28.4 and 87.9 %) were present in

most stations (G01, G03, G04, G05, G06, G07, G08, G09,

G11, G14, G15 and G17), specifically between 60 and

90 cm deep. The associated CO2 shows a smaller concen-

tration (between 2.3 and 4.1 %) with d13C-CO2 between

-32.1 and -0.3 % (Fig. 2). At minor depths, CH4 and CO2

levels reached 1 and 1.8 %, respectively. Stations G18, G16,

G13, G12, G10, G02 and G19 did not yield values higher

than 10 % for CH4 and 5 % for CO2; d13C for this CO2

varies between -30.0 and -6.7 %.

CH4 and CO2 concentrations of S stations (30, 60, 90

and 120 depth) are represented in Fig. 3, together with

d13C-CO2 data. The highest values found at S05 and S06

sites (CH4 and CO2 of up to 66 and 30 %, respectively),

inside the USW disposal site, show the same evolution in

depth as that presented in G stations in September 2012,

that is, the highest concentrations are found at 60 or 90 cm

deep. S stations located outside the active disposal site

show a decrease in CH4 (up to 0.4 % and below the

detection limit) and CO2 concentrations (up to 10 %). S01,

S04 and S07 on T1 transect present low CH4 concentra-

tions—between 0.06 and 0.4 %—(which cannot be dis-

criminated in Fig. 3 because of the chosen axis-scale) and

CO2 values that increase with depth and reach up to 6 %.

d13C-CO2 values show a downstream depletion ranging

from -27.7 to -31.7 % (60 cm) and from -27.9 to

-31.4 % (90 cm).
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S03 and S02 on T2 transect do not have CH4. They

present CO2 values that increase with depth (up to 4 %)

and a d13C-CO2 value at 60 cm of between -20.4 and

-24.2 % going downstream and at 90 cm, between -18.1

and -16.3 %. Transect T3 (S13, S12, S11, S10, S09, S08,

S07), with a N–S direction (coinciding with the local flow

network), presents the highest subsurface CO2 values (up to

10 %), with the exception of S08-90 cm where the probe

was found clogged; the CH4 detected in some stations is

minimal (between 0.01 and 0.13 %) and the d13C-CO2

Table 1 Data show surface

CH4 and CO2 values for all

transects SO–NE; n = stations

on each transect

Transects CH4 CO2

Min Max Media DesvStd Min Max Media DesvStd

n = 19 0.4 40.7 13.5 11.4 2.0 52.0 16.1 12.8

n = 20 0.9 68.0 9.0 14.6 2.0 37.0 8.2 8.5

n = 21 0.4 37.7 7.2 9.1 2.0 40.0 10.8 9.4

n = 22 0.2 71.3 9.8 18.9 1.0 68.0 11.8 18.7

n = 21 0.1 37.8 8.4 11.9 1.0 24.0 7.6 7.0

n = 19 0.1 37.2 3.3 8.4 1.0 21.0 4.4 4.5

n = 19 0.1 7.5 1.9 2.6 1.0 6.0 2.8 1.4

n = 19 0.1 14.6 2.6 3.9 1.0 8.0 3.0 1.8

n = 7 1.8 42.5 8.3 15.1 2.0 16.0 5.6 5.3

n = 13 1.3 62.1 10.0 19.9 2.0 44.0 11.0 13.2

n = 11 1.2 26.4 4.6 7.4 2.0 38.0 9.0 10.6

n = 16 1.1 73.6 7.5 17.8 2.0 57.0 8.6 13.9

n = 14 1.0 4.3 1.9 0.9 1.0 5.0 2.6 1.2

Fig. 2 Maximum

concentrations of CH4 and CO2

found at each sampling stations

(19 stations labelled G) together

with d13C-CO2 data. The depth

at which they were found is also

indicated
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value varies between -31.7 and -16.6 %. PA and V10,

two stations placed upstream waste disposition, show a

stable CO2 concentration of 2 % from 60 cm downwards,

attributed to a normal soil respiration, opposite to S stations

located outside the disposal that show a gradual increase in

CO2 concentration with depth. Also, PA and V10 present a

d13C-CO2 between -27 and -24.7 %, a more confined

range than the d13C-CO2 from all S stations, which range

from -31.7 to -9 %.

Concerning the origin of CH4, Table 2 shows the iso-

topic data of C and H from CH4 and the d13C from its

associated CO2 from 12 samples situated in the area sur-

rounding the disposal site (eight samples from September

2012 and four from October 2013). d13C-CH4 and d2H-

CH4 values range from -61.7 to -42.5 %, and from -309

to -199 %, respectively. d13C values from CO2 range

from -32.1 to -8.8 %. d13C-CH4 versus d2H-CH4 data

presented in Fig. 4a show that four samples (G01-60,

G03-60, G07-60 and G09-60) fall within the field of

thermogenic gas, out of which G01-60, G03-60 and G09-

60 appear in Fig. 4b under the ‘‘oxidation effects’’ of CH4,

outside the field of landfill gases. Three other samples

(G06-90, G15-90 and S05-120) plot in the field of gases of

mixed origin (from microbial and thermogenic origin) and

five other samples (G08-60, G11-60, S05-90, S06-90 and

S06-120) are from microbial origin due to acetate fer-

mentation. The position of the samples in Fig. 4b (d13C-

CO2 vs. d13C-CH4) indicates that the majority of them

correspond to landfill gases which were the product of

acetate fermentation, with a tendency towards CH4

oxidation.

Fig. 3 CH4 and CO2 concentrations at all studied depths (30, 60, 90

and 120 cm) and d13C-CO2 data of soundings made on transects T1,

T2 y T3. PA and V10 are reference values of soil respiration. Asterisk

S05-90 y S05-120 cm, y S06-90 y S06-120 cm (see CH4 y CO2

concentrations in Table 2)

Fig. 4 a Plot of d13C and d2H of methane (Table 2) showing the

areas with different sources of methane. b Plot of d13C of methane

and carbon dioxide (Table 2) showing the areas with different

biogenic sources, including typical plot of landfill gases and oxidation

effects. Source: Whiticar et al. (1986) and Coleman et al. (1993)
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Groundwater

Groundwater levels recorded in the piezometers P7, P11,

P9, P12 and P22 were between 30 and 70 cm (Table 3)

with the exception of P3 and P10 that were found dry at

2.20 and 1.80 m, respectively. These piezometers were

considered references in previous works (Sanci et al.

2012). Table 3 also includes the data of CO2 concentra-

tion in the headspace of all piezometers (CH4 as free gas

was not detected in any of them) as well as pH, EC and

temperature values measured in the field. Based on the

chemical results of HCO3
-, Cl-, SO4

2-, Ca2?, Mg2?,

Na? and K? (Fig. 5), it can be observed that the pre-

dominant ion in all samples is HCO3
-, while cations are

mainly represented by Na?. Table 4 presents the con-

centrations of redox species NO3
-, NO2

-, NH4
?, DOC,

total Fe, total Mn, Fe2?, and dissolved CH4, which are

plotted in Fig. 6a, c along two local groundwater flow

lines (North–South). In both of them, there is a down-

stream tendency showing a decrease in DOC, NH4
? and

total Fe and an increase in NO3
- and total Mn. Con-

centrations of dissolved Fe2? and CH4 were null. The Eh

from the NO2
-/NO3

- redox pair calculated with the

PHREEQC program varies between 0.413 and 0.460 volts

(Table 4). The ion balance error was between -10.77 and

-14.69 %. d13C-DOC and d13C-DIC values are presented

Table 3 pH, electrical

conductivity, temperature, deep

water and CO2–CH4

concentrations of headspace

from piezometers

Well pH EC

(lS/cm)

T (�C) Deep water

(cm)

CO2 headspace

(%)

CH4 headspace

(%)

P7 7.51 970 17.4 70 2.84 0

P11 7.28 1580 18.5 40 2.1 0

P9 6.99 2040 17.2 30 2.97 0

P12 6.99 1850 19.3 30 2.63 0

P22 7.6 1320 17.3 30 2.43 0

Fig. 5 Graphical presentation of chemical data from groundwater

samples (major elements)

Table 4 Concentrations of redox species and Eh from the NO2
-/NO3

- redox pair calculated with PHREEQC

POZO NO3
-

(mg/L)

NO2
-

(mg/L)

NH4
?

(mg/L)

DOC

(mg/L)

Fe

total

(mg/L)

Mn

total

(mg/L)

Fe2?

(mg/L)

CH4

(mg/L)

Eh

(volts)

P7 0 0 0.77 18.5 1.1 0.7 0 0 ND

P11 0.9 3 0.04 14.2 0.01 1 0 0 0.413

P9 3.3 1 0.01 13.1 0.02 1.5 0 0 0.460

P12 1.7 2 0 17.2 0.01 1 0 0 0.439

P22 4.8 3 0.28 11 0.03 1.4 0 0 0.416

Table 2 Isotopic data of C e H from CH4, and d13C-CO2 associated

from 12 samples collected in the unsaturated zone and situated in the

area surrounding the disposal site (8 samples from September 2012

labelled G, and 4 samples from October 2012 labelled S)

Muestra d2H-CH4

( %)

d13C-CH4

(%)

d13C-CO2

( %)

XCH4

(%)

XCO2

(%)

G01-60 -199 -46.4 -32.1 28.4 2.6

G03-60 -223 -48.9 -28.7 46.1 3.7

G06-90 -236 -54.1 -9.6 86.6 3.2

G07-60 -235 -49.5 -9.5 83.7 3.7

G08-60 -246 -47.4 -8.8 87.9 3.6

G09-60 -221 -42.5 -19.3 38.7 2.4

G11-60 -258 -49.2 -11.9 83.6 4.1

G15-90 -250 -54.9 -5.9 60.1 2.3

S05-90 -309 -61.7 -9 66.1 29.0

S05-120 -253 -60.2 -9.6 64.7 28.1

S06-90 -259 -53.5 -24.5 42.1 30.0

S06-120 -265 -50.1 -24.6 28.8 20.1

294 Page 8 of 13 Environ Earth Sci (2016) 75:294

123



in Fig. 6b, d along the two local groundwater flow lines,

showing no change for the first parameter and an increase

in the second one. DOC presents a decreasing tendency as

it flows downstream (Fig. 6) with d13C-DOC values

remaining constant (values around -24 %), which would

indicate the presence of another process that accounts for

DOC decrease or small isotope effect associated to

degradation of DOC. Also, there are a positive linear

correlation between HCO3- content and d13C-DIC

(R2 = 0.993) for samples P7–P22–P11–P12–P9 (Fig. 7).

Figure 8 shows d2H values (between -39 and -27 %)

vs. d18O (between -6.5 and -5.2 %) obtained from P7,

P11, P9, P12 and P22 piezometers and regional isotope

composition of a mill network producing for the water

table and surface waters sampled within the Cura stream

basin (Boujon and Sanci 2014) together with the local

meteoric water line (LMWL). While it is true that the

samples have a meteoric origin due to its proximity to the

LMWL, it can be seen also that some samples are enri-

ched in deuterium: P9, P11 and P12.

Discussion

The samples represented in Fig. 4a, with d13C-CH4 and

d2H-CH4, fall inside the microbial gas-fermentation acet-

ate, mixed gases and thermogenic fields. The first one is

characteristic of landfill gases with d13C-CH4 values

between -60 and -45 % and d2H-CH4 between -350 and

-260 % (Coleman et al. 1993; Hackley et al. 1996), and

similar to CH4 produced in natural freshwater environ-

ments (Hornibrook et al. 2000). Stations with high CH4

concentrations (Table 2) have more enriched than d13C-

CO2 soil respiration values (between -19 and -9 %),

suggesting their relationship with the methanogenesis

process. Soil respiration, meaning the total production of

CO2 coming from the respiration of soil organisms and

roots (Lloyd and Taylor 1994), has an average isotopic

value d13C of -23 % (for C3 plants) and of -9 % (for C4

plants), with extreme CO2 concentrations between 0.3 and

3 % (Clark and Fritz 1997). According to these authors, ca

85 % of the terrestrial plants that inhabit terrestrial land-

scapes are C3, since C4 are characteristic of particular

areas or areas cultivated with corn, sorghum, sugar cane,

etc., it is not unusual to find d13C-CO2 soil respiration

values around -23 %. Thus said, d13C-CO2 values higher

than -23 % would show that USW biodegradation pro-

cesses are active. This pattern can be observed in Fig. 2:

Fig. 6 Plot of redox species

concentration along two local

groundwater flow lines (north–

south)

Fig. 7 Linear correlations between HCO3
- content and d13C-DIC
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CH4 levels between 60 and 88 % (stations G05, G06, G07,

G08, G11 and G15) have d13C-CO2 values between -15

and -5.9 %, which are consistent with methanogenesis

process.

CH4 oxidation to form CO2 showed a distinctive and

opposite isotopic signature: 13C-CO2 decreases, whereas
2H and 13C of the residual CH4 are enriched so the values

can be mistaken as a ‘‘thermogenic source’’ (Whiticar

1999). This is observed in Fig. 4a where most of the

samples present a trend towards an isotopic enrichment of
13C-CH4 ([50–55 %) and 2H-CH4 ([-260 %). As it

happens in Rayleigh processes, the products (CO2 and

water) tend to take the light isotopes leaving the remaining

CH4 more enriched (Clark and Fritz 1997). This can also be

seen in Fig. 4b where d13C-CH4 and d13C-CO2 are plotted:

for samples falling outside landfill, gases have values more

enriched than -50 % in d13C-CH4 and more depleted than

-20 % in d13C-CO2. Some authors (Bergamaschi 1997;

Coleman et al. 1981; Mahieu et al. 2008) reported

enrichment factors (e) due to CH4 oxidation between 3 and

31 %, which is consistent with the values found for the

CH4 source and its oxidization product. Another way of

detecting this process is plotting CH4 concentration (%) vs.

the d13C-CO2 of its associated CO2. In Fig. 9, a weak

linearity can be observed between data (R2 = 0.678),

although the lower CH4 concentrations seem to be more

strongly linked to the more depleted d13C-CO2 values

(smaller than -20 %), and the higher CH4 concentrations,

to the more enriched ones.

S05 station shows clearly how oxidation takes place

vertically: signs of biodegradation by acetate fermentation

at deepest levels (90 and 120 cm) present d13C-CO2 values

around -9 % that are depleted up to -30 % towards the

soil–air interface (Fig. 3). This is consistent with the sur-

ficial oxic layers of subsoil and rhizosphere zone, which

allows the input of air into the system and CH4 con-

sumption. In USWDS, no adequate engineering practices

exist, but the very low CH4 and CO2 surface emissions and

high CH4 concentrations accumulated at 60 and 90 cm

depth suggest USW has been compacted with low perme-

ability materials (e.g., clay). In the last decades, this

Fig. 8 Plot of d2H and d18O values from groundwater samples on meteoric water line (MWL)

Fig. 9 Plot of CH4 concentration and associated d13C-CO2 from

Table 2 data
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material was usually used as a daily cover to minimize the

leachate production at sites without recovery systems. This

can create horizontal barriers within the waste that enable

lateral gas migration, especially at sites without liners

(Christophersen and Kjeldsen 2001). Then, the pressure

that gases generate in disposal sites may cause their

transportation to the unsaturated zone adjacent to the waste

disposal site. CH4 and CO2 sampled to different depths

30–60–90 (120) cm (S stations) have been studied in 3

transects T1, T2 and T3 located outside the USWDS. T1

and T2 only comprise 2 sampling stations (S05 y S06) in

the active deposition area of USWDS. All results are pre-

sented in Fig. 3. It can be seen that CH4 tended to disap-

pear (or actually disappears) outside of active area and CO2

and d13C-CO2 values obtained were different chemically

and isotopically from those from normal soil respiration.

For this case, PA and V10 values (taken as reference)

presented CO2 concentrations around 2 % at 60 and 90 cm

deep and a d13C-CO2 value between -27 and -24.7 %,

consistent with those mentioned above for C3 plants.

In transect T1 and T2, S05 and S06 show active pro-

duction of CH4 in the two deeper layers (90–120 cm) and

the upper layers do not contain CH4 probably due to ver-

tical migration and oxidation. S01, S04 y S07 exhibit

anomalous CO2 concentration (much higher than those due

to soil respiration) due to lateral CO2 migration from the

active zone. d13C values more depleted (d13C-CO2 -27.9,

-29.2 and -31.4 %) in the flow direction support the

existence of a horizontal diffusive process. A similar pat-

tern is observed in S03 and S02 in transect T2, but in this

case the trend to depletion in 13C is not the same, probably

vertical migration is proceeding in this two stations with

isotopically depleted CO2 flowing upwards leading the

deeper CO2 relatively more enriched.

T3 presents high concentrations of CO2 as the result of

lateral migration from the adjacent zone. Since the most

probable flux direction would be SW–NE, S13 and S11

would not receive the whole flux because they are not

directly in the flow path from the active zone. In addition,

the expansive active zone is not covered in this section

allowing produced CO2 to escape to the atmosphere. d13C

values decrease with the distance to the source suggesting a

fractionation by diffusion. S11 to S07 show an evolution

with horizontal transport in the level 90 cm with variable

contribution from level 90 cm to level 60 cm. The evolu-

tion is not smooth due to marked differences in the soil;

however, a systematic fractionation leads the isotopic

composition from -25 to -31.7 %, averaging the two

levels confirming the bidimensional (lateral ? vertical)

diffusion mechanism.

The solubility of a gas in a liquid is controlled by

Henry’s Law. In equilibrium, Henry’s constants for CH4

and CO2 are 29 and 1.1, respectively. Therefore, a major

proportion of CO2 would be captured by water before CH4

is absorbed (Kerfoot 1994). In piezometers P7, P9, P11,

P12 and P22, no dissolved CH4 in groundwater was found

but it was found, indeed, an increase of HCO3
- associated

to an increase in d13C-DIC values (-12.4, -6.4, -5.8,

-1.5, ?0.1 and ?4 %) (Fig. 7a). Based on the high con-

centrations of DIC measured in the groundwater samples, it

is clear that a significant proportion of the CO2 isotopically

enriched is stored in the groundwater as DIC. This happens

because there is transport of dissolved gases in the

groundwater flow system, with a CO2 enriched in the 13C

by acetate fermentation. This trend is typical for

methanogenesis and some authors (Coleman et al. 1993;

Hackley et al. 1996; van Breukelen et al. 2003) reported

d13C-DIC values significantly more positive (between ?1

and ?20 %) than those from pristine groundwater (be-

tween -15 and -12 %).

In respect to water isotope composition (Fig. 8), the

piezometers’ and milĺs samples fit around the LMWL;

however, P9, P11 and P12 show relatively elevated deu-

terium excess (d = d 2H - 8 d 18O) values that can be

related to hydrogen isotope exchange between water and

CH4. Anomalous values of d for these piezometers indicate

mixing or isotopic exchange with other sources. This rel-

ative enrichment in 2H was observed during methanogen-

esis process without affecting the oxygen isotopic

composition and thus increasing the value of d (Castañeda

et al. 2012). Isotopic fractionation occurs with the prefer-

ential association of lighter hydrogen isotope with the gas

phase, CH4, leaving the heavier isotope in the liquid one.

This fact, joined to the high values of d13C-DIC (4, -1.5

and 0.1 % for P9, P11 and P12, respectively) would con-

firm that methanogenesis process.

Conclusions

The analysis of C isotopes has allowed the effective

detection of the origin and those secondary processes that

derive from the migration of gases to atmosphere and

nearby areas. Chemical and isotopic data from CH4 and

CO2 gases, obtained from the subsoil of the active part of

the USWDS, are consistent with a methanogenesis process.

The highest CH4 concentrations (between 60 and 88 %)

have d13C-CH4 (between -60 and -45 %) and d2H-CH4

(between -350 and -260 %) are attributed to CH4 orig-

inated by microbial sources, v. gr. acetate fermentation.

The d13C of CO2 gas found together with this CH4 (be-

tween -15 and -5.9 %) are compatible with this pro-

cess. Also, the increase of DIC associated to an increase in

d13C-DIC values (-12.4, -6.4, -5.8, -1.5, ?0.1 and

?4 %) suggests the transport of dissolved gases in the

groundwater flow system. As CH4 is formed by acetate
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fermentation, the CO2 is enriched in 13C and then it is

incorporates to DIC. High excess deuterium in 3

piezometers suggests that there were hydrogen isotope

exchange between CH4 and water too.

Isotopic evidence and geochemical indicators for CH4

oxidation in the active area are decrease in CH4 concen-

trations, shift in C and H isotope ratios of CH4 to more

enriched in the remaining CH4 (in both, d13C-

CH4[-50 % and d2H[-260 %) and depletion in 13C of

the associated CO2 (\-20 %). Since surface CH4 and CO2

concentrations over the covering layer were very low, and

the major CH4 concentrations were found between 60 and

90 cm depth, it is very probable USW has been compacted

with low permeability materials (e.g., clay), avoiding large

emissions to the atmosphere and creating horizontal bar-

riers within the waste that enable lateral gas migration.

Horizontally, it can be seen that these gases migrated

outside the disposal site following the topography and that

CH4 disappeared leading to anomalous concentrations of

CO2 whose values are greater than those produced by

normal soil respiration. The isotopic value (d13C) of this

CO2 was also different from that of normal soil respiration

(*-25 %) and reflected effects that generated isotopic

depletion by diffusion (-25 to -32 %).
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zación quı́mica e isotópica preliminar del Basurero Municipal de
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