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Összefoglalás 
A Pannon-medence neogén homokkővei diagenetikus kalcitjainak stabil oxigénizotóp-összetétele 

meglehetős változatosságot mutat: azok a kalcitok, amelyek a süllyedéstörténet korai szakaszában 
váltak ki , átlagban 3-6%o-kel negatívabb stabil oxigénizotóp-összetétellel jellemezhetők, mint azok, 
melyek később, nagyobb mélységben és hőmérsékleten keletkeztek. Ez a szisztematikus eltérés 
feltehetően annak az izotóposán nehéz НгО-пак tulajdonítható, mely az agyagokban gyakori, 
kevert-rétegű szmektit/Ulit agyagásvány illitesedésekor kerülhet a pórusvízbe. Azokban a homok
kövekben, amelyekben a kompakciós áramláson kívül más transzport-mechanizmussal nem kell 
számolni, és így nagy valószínűséggel azok zárt rendszerként kezelhetők, az anyagmérleg számí
tások által jósolt és a homokkövekben észlelt oxigénizotóp-eltolódások közelítőleg megegyeznek. 
A kifejlesztett modell azt is mutatja továbbá, hogy a geotermikus gradiensnek csekély befolyása 
van az oxigénizotóp-összetétel változására: nagyobb szerepet játszik a homokkő és agyag egymáshoz 
viszonyított aránya. 
A kézirat beérkezett: 1995. III. 5. 

Abstract 

Oxygen isotopic ratios of carbonate cements in the Neogene sandstones of the Pannonian Basin 
show distinct variations: early calcites are 3-6%o lighter than the late calcites from the same location 
and depth. This shift is thought to be related to the isotopically heavy oxygen released from the 
mixed-layer Ulite/smectite during illitisation. For sandstones dominated by compactional flow, 
closed system mass balance calculations predict an isotopic shift comparable to that deducted 
from pétrographie and geochemica) observations. The model suggests that variations of geothermal 
gradient has little effect on isotopic evolution; much more significant is the sandstone:shale ratio 
in the couplets. 
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Introduction 

Oxygen and hydrogen isotopic ratios of formation waters serve an essential 
tool to track r o c k / w a t e r interaction during diagenesis. In many modern aquifers 
data points of formation waters on a 5D vs 5 l 8 0 - p l o t are clustered along a line, 
called meteoric water line (e.g. G A U T I E R et al., 1985). In contrast, evolved 
formation waters often show significant deviation from this trend ( L O N G S T A F F E , 
1989 for summary) , indicating that enrichment in l s O-iso tope occurred. This 
enrichment is believed to be an indicator of rock /water interaction, or in other 
words, isotopic exchange between the formation waters and l s O - r i c h minerals, 
such as carbonates or clay minerals. The aim of this paper is to investigate 
which of these processes could account for the enrichment of 1 8 0 in formation 
waters - recorded by the carbonate cements -, in the Neogene sandstones of 
the Pannonian Basin. 

Geological setting 

The Pannonian Basin (PB) is a major sedimentary basin surrounded by the 
Eastern Alps, the Western and Eastern Carpathians and by the Dinarides. The 
PB is not a single depression, but it consists of several subbasins of different 
size, separated by outcrops of the pre-Neogene carbonate and crystalline 
basement. 

The study includes two locations (Figure Ï ) . The studied fields are in the 
central depression (also called the Great Hungarian Plain), in SE Hungary. 

Tectonically, the PB can be considered as a back-arc basin ( H O R V Á T H and 
B E R C K H E M E R , 1982) which started to form in the latest Oligocène a n d / o r Early 
Miocene ( C S O N T O S et al., 1991, F O D O R , 1991). The syn-rift subsidence culminated 
during Middle Miocene, substantially reducing crustal thickness beneath the 
central part of the basin. As active extension ceased in the Late Miocene, the 
hot lithosphère cooled down and contracted, resulting in a rapid thermal 
subsidence. This study focuses on the Pannonian/Pontian sequence ranging 
from 11.5 to 5.4 Ma ( S T E I N I N G E R et al., 1988). 

Methods 

Samples were impregnated with a high-temperature blue-dyed epoxy resin 
before thin-section preparation. Polished and stained thin-sections were 
examined under the optical microscope and by using a hot-cathodo-
luminescence microscope. Samples for clay mineralogical analysis were 
prepared using standard gravitational technique. Semi-quantitative estimates 
of the relative abundance of clay minerals in the <2 urn fraction were made 
using the method given in M O O R E and R E Y N O L D ' S (1989). For С and О stable 
isotope analyses, powdered bulk-rock samples were reacted for 12 minutes in 
100% H 3 P O 4 at 50±0.2 °C. The isotopic ratios of the released СОг-gas were 
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Fig. 1. Sketch showing the studied fields within the Pannonian Basin System 

measured on a VG Prism II ratio mass spectrometer. Isotopic reproducibility 
of standard materials is better than 0.1%o for 1 8 0 and 0.05%o for " C . 

Petrography of sandstones and shales 

The Neogene sandstones of the Pannonian Basin classify as litharenites, 
feldspathic litharenites and lithic subarkoses. The most important detrital 
components are: monocrystalline and polycrystalline quartz, feldspar, mica, 
dolomite, sedimentary and crystalline (plutonic and metamorphic) rock-
fragments. In general, all samples are immature ( M Á T Y Á S , 1994b). The 
authigenic mineral assemblages of the studied sandstones are dominated by 
carbonates (Fe-calcite, ankerite, siderite), quartz and clay minerals (kaolinite, 
chlorite and illite). Based on abundance, relative timing and chemistry of major 
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cements, the samples fall into two distinct groups with different post-
depositional histories. Sandstones influenced by meteoric diagenesis are 
characterised by intense feldspar dissolution, kaolinite and ankerite formation 
and alteration of detrital biotites to siderite. In contrast, areas dominated by 
compactional flow are dominated by multiple Fe-calcite cementation, chlorite 
and illite precipitation and chloritisation of the detrital biorite (for detailed 
description of the diagenetic evolution see M Á T Y Á S , 1994b). All samples 
investigated in this study fall into this latter group ( M Á T Y Á S and M A T T E R , 1996). 

X - r a y diffractometry of shales and siltstones associated with the sandstones 
reveals that composition is dominated by clay minerals; other constituents, 
such as quartz, feldspar, calcite or dolomite are less abundant. The clay 
mineralogy of mudrocks is similar to those described in studies of shales from 
several Tertiary basins that surround the Alpine-Carpathian mountain chain 
( K U R Z W E I L and J O H N S , 1981; V I C Z I Á N , 1985; V I C Z I Á N , 1992; FRANCU et al., 1990; 

H l L L I E R et al., 1994). In these mudrocks I / S is generally not the most abundant 
clay mineral in the <2 um fraction, instead the assemblages tend to be 
dominated by various combinations of illite and chlorite and kaolinite. Average 
relative abundance of the mixed-layer il l ite/smectite is 15-35%. Despite the 
moderate abundance of I / S in the mudrocks, the most significant change in 
the clay mineralogy is the change of the mixed-layer composition of the I / S 
with depth ( M Á T Y Á S , 1994b; H lLLIER et al., 1995). This is thought to be the effect 
of burial diagenesis, as has been documented elsewhere in the Pannonian Basin 
( V I C Z I Á N , 1985; V I C Z I Á N , 1992). 

Stable isotopic geochemistry of carbonate cements 

Stable isotopic compositions of Fe-calcite cements from Field A and В are 
shown in Fig. 2. Carbon isotopic ratio varies only very little: late Fe-calcites in 
both locations are very slightly (if at all) enriched in 1 3 C with respect to the 
early cements. Note, furthermore, that the range of carbon isotopic ratios 
obtained from these cements are comparable to those measured on aragonitic 
shell material ( G E A R Y et al, 1989, M Á T Y Á S et al., 1996) believed to represent the 

carbon isotopic ratio of the dissolved inorganic carbon (DIC)-pool of the 
Pannonian Lake. Whether this coincidence is solely accidental, or it may refer 
to the fact that no bicarbonate with distinctly different isotopic signal was 
introduced into the system is not yet understood. Oxygen isotopic compositions 
vary more significantly: the early cements in both fields are lighter by 3-6%o 
than the late cements of the same fields. For detailed discussion on the stable 
isotopic results see M Á T Y Á S and M A T T E R (1996). 
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Fig. 2. Carbon and oxygen isotopic ratio for calcites 

Constraints on early and late formation waters 

Early formation waters 

Estimates for the isotopic composition of the early porewater can be obtained 
either from early carbonate cements, assuming that no major changes occurred 
until they precipitated, or from aragonitic shell material, based on the 
assumption that the earliest porewater at the sediment /water interface is 
comparable to the water of the Pannonian Lake itself. 

G R O S S M A N N and Ku (1986) demonstrated that oxygen isotopic ratio of 
mollusc shells is nearly in equilibrium with the water and gave the fractionation 
equation for the aragonite. Therefore, if the temperature of the aragonite 
formation is known, the oxygen isotopic ratio of the lakewater can be estimated. 
For such a reconstruction the data published by M Á T Y Á S et al. (1996) were used. 
The molluscs studied in the above paper were shallow water benthic forms, 
and therefore, lived most likely above the thermocline. This means that the 
yearly mean temperature is probably an acceptable approximation for the mean 
temperature of the water they lived in. Several studies ( L U E C E R , 1978; N A G Y , 
1990) performed on different fossil groups (plants, pollens, gastropods, etc) 
indicate that this yearly mean temperature was around 13-15 °C. Using the 
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fractionation equation from G R O S S M A N N and K U (1986) and the range of 8 1 8 0 
measured on the shell material, a range of -4 to -2%o 5 1 8 0 (SMOW) can be 
obtained for the initial porewater. Estimates based on oxygen isotopic ratio of 
early Fe-calcite cements are in good agreement with this range: equilibrium 
fractionation equation of FRIEDMAN and O ' N E I L (1977) predicts -4.5 to -3% 0 

(SMOW) 5 1 8 0 for the temperature-range of 20 to 50 °C. This temperature-range 
is based on point-counted intergranular volumes (IGV) of pervasively cemented 
sandstones (as estimates on depth of formation) and on an average 50 ° C / k m 
geothermal gradient. 

Late and modern formation waters 

Only very few isotopic analyses of modern oilfield formation waters are 
available for the Pannonian Basin. Furthermore, these are contaminated by 
condensed a n d / o r injected waters. Only a single sample from Field A was 
judged to be uncontaminated, giving -51.3%o for 8D and +0.24% 0 for 5 1 8 0 , both 
referred in SMOW standard. 

Late formation water isotopic ratios are recorded by the late Fe-calcite cements 
in the sandstones. The fairly low IGV (about 19 -25 %) of samples pervasively 
cemented by this late Fe-calcite indicates that the burial depth was close to 2 
km, or even exceeded this depth when these cements precipitated. By using 
5 0 ° C / k m geothermal gradient and the IGV vs. depth relationship from MÁTYÁS 
(1994a) , this range of IGV gives about 8 0 - 1 2 0 °C for the temperature of 
precipitation. From the above temperature estimates and from the isotopic ratio 
of the Fe-calcites the isotopic composition of porewater can be estimated. The 
obtained range is about 0%o to 7%o, which is partly heavier than the present 
day formation water obtained from Field A. Note, however, that samples from 
Field В are from a sequence dominated by siltstones and shales. 

Porewater evolution during burial 

Combining the constraints obtained for early and late formation water it can 
be concluded that a major shift in oxygen isotopic ratio of the formation waters 
must have occurred during burial. Early Fe-calcite cements were apparently 
not, or only hardly influenced by this shift; all late Fe-calcites, however, show 
the signal of the heavier formation waters. From this observation, and from 
the estimates of precipitation temperatures of early and late Fe-calcite cements, 
the major shift toward heavier isotopic ratios can be constrained to the 
temperature range of about 50 to 80 °C (Fig. 3 ) . 
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Fig. 3. Evolution of sandstone porewaters in compactional flow dominated areas, as 
reconstructed from calcite cements 

Discussion 

There are two most probable 'candidates' for low temperature isotopic 
exchange reactions in rock /water systems: the carbonates and the clay minerals. 
Carbonates, particularly calcite are sensitive for dissolution-precipitation 
reactions, and if they are abundant constituents in sandstones and in shales, 
or the sandstones are connected to carbonate aquifers, the isotopic equilibration 
with the host-rocks will is expected to take place. As mentioned earlier, dolomite 
is an abundant constituent in the studied sandstones. However, both 
pétrographie and isotope geochemical evidence suggest that this dolomite was 
not involved in diagenetic reactions, which fact focuses the attention to the 
clay minerals, particularly to smectite and illite/smectite. 

There is evidence both from natural systems ( Y E H and S A V I N , 1 9 7 7 ) and from 
experiments ( W H I T N E Y and N O R T H R O P , 1 9 8 8 ) that proceeding illitisation of il
l i te / smectite is accompanied by significant shift in oxygen isotopic composition 
in the clays, toward lighter, 1 8 Ó-depleted values. According to the Law of Con
servation of Mass, this removal of light isotopes from the porewater will result 
in an increasingly heavier oxygen porewater isotopic composition if the system 
is closed in terms of material transport (which is a reasonable assumption for 
shales). 
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Mass balance model 
for the Pannonian Basin 

To study whether smectite-to-illite 
conversion can really account for the 
isotopic shift observed in the 
Pannonian Basin, a simple mass 
balance calculation was performed. 
Such model was successfully applied 
for shales by W I L K I N S O N et al. (1992). 
Improvement of the present model to 
that of W I L K I N S O N et al. (1992) is that 
it describes the isotopic evolution of 
the sandstones in shale/sandstone 
couplets, based on the assumption that 

Fig. 4. Sketch showing sandstone/shale there is advective fluid-transport at 
couplets the sandstone/shale interface from the 

shale to the sandstone, but not vice 
versa, and there is no diffusive mass 

transport through this interface (Fig. 4). In other words, the model assumes 
that sandstone porewater is not equilibrated with I /S , and the isotopic shift in 
the sandstones is simply a result of mixing between the water expelled from 
the shale and the sandstone porewater. After each steps the sandstone porewater 
was adjusted to the resulting isotopic ratio of this mixture, and this value was 
taken in the next step of calculation. 

To represent the most typical lithofacies types observed in the basin, 
sandstone/shale packages with s s / sh ratio varying from 1:100 to 3:1 (at the 
sed iment /water interface) were taken. From quantitative estimation for 
composition of the <2 urn fraction it was known that in the shales associated 
with the studied sandstones the I / S abundance is =35% or less. In the model 
30% was used. For each 100m it was calculated how much smectite has been 
converted to illite by using the thermal model and kinetic parameters described 
by HILLIER et al. (1995) . The geothermal gradients were 35, 45 and 55 ° C / k m . 
It was assumed that the smectite was dominantly Ca-montmorillonite, and then 
the amount of water released by this reaction was calculated (see BOLES and 
FRANKS, 1979). It was also calculated how much water was expelled from the 
shales and from the sandstones for each 100m depth interval by using the 
porosity loss curves given by SZALAY (1982). Finally the mass balance for oxygen 
isotopes was calculated, assuming that the illite formed in isotopic equilibrium 
with the water, the structural oxygen of the smectite preserved its original 
isotopic ratio and there was isotopic exchange between interlayer water of the 
smectite and porewater at a constant, temperature independent fractionation 
(5 1 8 Owat+2.0%o). Note that this latter value is arbitrary, but other values would 
not change the results significantly as long as the exchange reaction between 
the interlayer oxygen and the porewater is maintained. The initial value used 
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for smectite oxygen isotopic ratio was -20%c ( S M O W ) . This value is based on 
the assumption that smectite has formed by surface weathering at 1 0 - 1 5 ° C 
and in isotopic equilibrium with rainwater with isotopic ratio of - 1 0 % o ( S M O W ) . 
This latter value is the approximate composition of modern rainwaters in areas 
climatically comparable to the Pannonian Basin during the Pannonian time, 
the applied fractionation equation was that of SAVIN and L E E ' S ( 1 9 8 8 ) . The initial 
porewater isotopic composition in the shales and in the sandstones was set to 
-4.0%o ( S M O W ) . The input parameters of the calculation are given in Table I. 
Results for different geothermal gradients are shown in Figures 5A-C. 

Input parameters for mass balance calculations in sandstone-shale couplets. 
In the porosity funct ions 'd ' stands for depth in km 

Table I 

Input parameter Value 

Sandstone/shale ratio: 1:100 to 3:1 

Abundance of I / S : 30wt% 

Expandability at S / W interface: 100% 

Geothermal gradient: 35, 45 and 55 ° C / k m 

Time elapsed: 11.5 Ma 

Kinetic parameters: log(A) = 7.5 (Ma" 1) E = 31.0 k l /mol 

Type of smectite: Ca-montmorillonite 

Sandstone porosity loss: 46.9-23.47d+6.71d 2-1.05d 3(SZALAY, 1982) 

Shale porosity loss: 65.00-42.41d-11.56d 2 (SZALAY, 1982) 

Smectite isotopic ratio: -20.0 (%o in SMOW) 

Porewater isotopic ratio: -4.0 (%« in SMOW) 

Smectite structural oxygen: constant 

Smectite interlayer oxygen: exchange with actual porewater, 

Illite structural oxygen: equilibrium fractionation (SAVIN and LEE, 1988) 

The calculations show that there is a fairly good agreement between the 
range of present-day formation water isotopic composition ( 0 0 . 5 % o ) and the 
calculated values for realistic s s / sh ratio ( 1 : 3 to 2 : 1 at S / W interface) in the 
corresponding depth range, regardless to the geothermal gradient applied. The 
heavier oxygen isotopic ratios deducted from the late Fe-calcites, particularly 
in the Field В samples can be explained by the slightly lower sandstone:shale 
ratio. The agreement means that the amount of smectite converted to illite can 
account for the observed isotopic shift, and that no other source of heavy oxygen 
isotopes is required. Note that the model is fairly sensitive for the initial isotopic 
ratio of the porewater. If this ratio is shifted toward the more negative values 
e.g. due to meteoric recharge early in burial history, the resulting porewater 
will also be more depleted in 1 8 0 . 



Fig. 5. Results of mass balance calculations. Shaded areas represent the range of isotopic 
compositions of late formation waters 
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Conclusions 

87 

1) Oxygen isotopic compositions of early and late Fe-calcite cements in 
sandstones from areas dominated by compactional flow are distinctly different: 
early Fe-calcites are isotopically significantly lighter than late Fe-calcites. 
Carbon isotopic ratios vary only very little. 

2) Estimates on oxygen isotopic ratio of early and late porewaters suggests 
that an enrichment in 1 8 0 by 3-6%o occurred during burial. The IGV of the 
early and late cements constrain the temperature range for this shift to about 
50 to 8 0 °C. 

3) Stable isotopic mass balance calculations for closed sandstone-shale 
couplets for realistic sandstone:shale ratios and I / S relative abundances suggest 
that illitisation of smectite during burial can account for the isotopic shift 
recorded by the carbonate cements. 

4) The model predicts that variation in the geothermal gradient has minor 
effect on the isotopic evolution of the sandstone porewater. 

5) Since relative proportion of I / S is relatively constant in the Neogene 
sequence, the major control on the extent of isotopic shift is the sandstone:shale 
ratio. 
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