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The Groundwater Project Foreword

The United Nations (UN) - Water Summit on Groundwater held from 7 to 8
December 2022 at the UNESCO headquarters in Paris, France, concluded with a call for
governments and other stakeholders to scale up their efforts to better manage groundwater.
The intent of the call to action was to inform relevant discussions at the UN 2023 Water
Conference held from 22 to 24 March 2023 at the UN headquarters in New York City. One
of the required actions is strengthening human and institutional capacityfor which
groundwater education is funda mental.

The 2024World Water Day theme is Water for Peagewvhich focuses on the critical
role water plays in the stability and prosperity of the world. The UN -Water websitek states
that morethan three billion people worldwide depend on water that crosses national bohdees
are 592 transboundary aquifers, yet most countries do not have an intergovernmental
cooperation agreement in place for sharing and managing the aquifer. Moreover, while
groundwater plays a key role in global stability and prosperity, it also makes up 99percent
of all liquid freshwater | accordingly, groundwater is at the heart of the freshwater crisis.
Groundwater is an invaluable resource

The Groundwater Project (GW-Project), a registered Canadian charity founded in
2018, is committed to advancement of groundwater education as a means to accelerate
action related to our essential groundwater resources. We are dedicated to making
groundwater understandabland, thus, enable building the human capacity for sustainable
development and management of groundwaler.that end, the GW-Project creates and
publishes high-quality books about all-things-groundwater for all who want to learn about
groundwater. Our books are unigue. They synthesize knowledge, are rigorously peer
reviewed and translated into many languages, and are free of charge. An important tenet
of GW-Project books is a strong emphasis on visualization: Clear illustrations stimulate
spatial and critical thinking. The GW -Project started publishing books in August 2020; by
the end of 2023, we had published 44 original books and 3B translations. The books can be
downloaded at gw-project.orgk .

The GW-Project embodies a new type of global educational endeavor made possible
by the contributions of a dedicated international group of volunteer professionals from a
broad range of disciplines. Academics, practitioners, and retirees contribute by writi ng
and/or reviewing books aimed at diverse levels of readers including children, teenagers,
undergraduate and graduate students, professionals in groundwater fields, and the general
public. More than 1,000 dedicated volunteers from 70 countries and six continents are
involved | and participation is growing. Revised editions of the books are published from
time to time. Readers are invited to propose revisions.

We thank our sponsors for their ongoing financial support. Please consider
donating to the GW -Project so we can continue to publish books free of charge.

The GW -Project Board of Directors, January 2024



https://www.unwater.org/
https://gw-project.org/
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Foreword

The Pannonian Basin aquifer system is especially important because it provides
groundwater to nine eastern European countries centered around Hungary, the country on
which this book is focused. Groundwater has been important in this region since Roman
times two millennia ago and gro undwater currently provides most of the drinking water
to the 9.6 million Hungarian citizens.

Hydrogeology of the Pannonian Baslascribes groundwater occurrence, flow, uses,
and the broader relevance of groundwater in one of the largest and most complex aquifer
systems in the world. However, this aquifer system is important in Hungary for reasons
that extend much beyond drinking water includ ing irrigation , industrial uses, geothermal
energy, tourism associated with the abundant mineral springs and hot springs, and its role
in the formation of petroleum accumulations that occur at exceptionally shallow depth.

Groundwater has played an influential role in the history of this part of Europe
where, beginning in the mid -1800s, much expanded groundwater use emergedas a result
of technological advancement in drilling deep well sand modern groundwater governance.
In prior centuries, the fundamental nature of the Hungarian lowlands was altered by
extensive drainage works that converted vast wetlands and shallow lakes into agricultural
land. This enabled the population of Hungary to expand and become an important
European country.

The particular features of Hungar ian hydrogeology played an influential role in the
advancement of groundwater science asinfluenced by Dr. Jozsef Téth who emigrated from
Hungary to Canada in 1960 where| with colleagues at the Alberta Research Council| he
instigated much of what resulted in modern thinking about gravity -driven groundwater
flow systems. The Prairie region of Canada and the Hungarian plains have much in
common hydrogeologically. T he manifestations of effects of artesian driven groundwater
discharge on soil salinity and vegetation are visually eviden t in both environments .

The authors of this book have Hungarian and Canadian associations: Dr. Almasi
Istvan is principal hydrogeologist, Dome GeoConsulting Inc., Calgary, Alberta, and has
Hungarian and Canadian degrees; Dr. Janos Szany,associate professor of hydrogeology,
Department of Mineralogy and Geochemistry, University of Szeged , Szeged, Hungary,
received his university education in Hungary.

John Cherry, The Groundwater Project Leader

Guelph, Ontario, Canada, August 2024
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Preface

Over thirty percent of the global reserve of freshwater is held in aquifers |
underground layers of water -bearing permeable rock. The groundwater that seeps in and
out of aquifers is thus an important source of the water we use in our homes, industry, and
agriculture.

The Pannonian Basin in central-eastern Europe hosts one of the most complex
aquifer systems in the world. Parts of these aquifers are shared amongnine countries that
occupy various portions of the basin. Groundwater produced from clastic(i.e., made up of
preexisting rocks) and karstic (i.e., limestone with dissolution features ) aquifers in the
Pannonian Basin is a precious resource for drinking water, agricultural use , and geothermal
energy| and used by about ten million people who inhabit this area of Europe.

In this book, we take an historic viewpoint to summarize the evolution of
knowledge and understanding about how moving groundwater actsas a geologic agent
able to mobilize, transport, and deposit heat and matter in the Pannonian Basin. We also
introduce the hydrogeological environment --geology, topography, and climate| that
determined how these complex hydro -geothermal features were formed, maintained, and
exploited over nearly two millennia . Besides the abundance of potable groundwater
supplies, the Pannonian Basin is most famous for the abundance of geothermal wells and
spas, and modernusesof geothermal energy.

The central part of the Pannonian Basin has two vertically stacked groundwater
flow regimes: a gravity -driven upper flow regime and a n overpressured deep flow regime.
The latter regime was discovered through petroleum exploration s carried out over the last
century. To promote further understanding of this phenomenon, we also include a brief
introduction to the petroleum hydrogeology of the Pannonian Basi n.

Hungary occupies almost three-quarters of the surface area of the Pannonian Basin
Data from Hungary are readily accessible,thus most of the datawe present originate from
that source. Readers are encouraged toexplore further fascinating details about this basin.

Our intent in writing this book is to provide a colorful case study by taking an
interdisciplinary approach to hydrogeological investigation of sedimentary basins,
including insights gleaned from geology, geophysics, geochemistry, structural geology,
engineering, and infrastructure. A global overview of large aquifer systems around the
world is provided by van der Gun (2022), who offers a clear perspective and context. This
book is part of a series of introductions to Important Aquifer Systems of the Worftepared
by The Groundwater Project.

Vi
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1 The Pannonian Basin

The Pannonian Basinof central-eastern Europeis famous for its vast groundwater
resources, geothermal energy,and rich biodiversity . Its semi-arid climate is characterized
by large grasslands and ephemeral wetlands surrounded by karst features and mazes of
caves. As an intermontane basin, it contains the Pannonian Aquifer System, one of 70
aquifer systems in the world ( Figure 1). Groundwater distribution and flow in this basin |
while hidden in plain sight| play a fundamental role in the development and maintenance
of rich fauna and flora habitats, drinking water supply, agriculture, u se of geothermal
energy, and accumulations of oil and gas.

In this book, we review the key geological, hydrogeological, geothermal, and
petroleum geological characteristics of the Pannonian Basin from a historic perspective.
This approach allows for a more nuanced context and demonstrates the interdependence
of these subdisciplines. Most of the information we presentis from the central region of the
Pannonian Basin in Hungary. Limited information was available to us from the adjacent
countries.

62 (st
'L £ F63
) 64

65 & ~
66"“\1{

Figure 1 - The 70 large aquifer systems of the world and position of the Pannonian Basin (after van der Gun,
2022).

1.1 Overview

The Pannonian Basin in central-eastern Europe is surrounded by the Carpathian
Mountains to the north and east, by the Southern Carpathians and Dinaric Mountains to
the south, and the Southern and Eastern Alps to the west (Figure 2). As the Carpathian arch
is the longest boundary of the basin, the Pannonian Basinis alsocalled the Carpathian Basin
in older literature.

The GROUNDWATER PROJECT ©The Authors Free download from gw-project.org
Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited.
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Figure 2 - Topography of the Carpathian Basin showing geographic names used in this book. Source
of digital terrain model: https://geophysics.elte.hu/atlas/geodin_atlas.htmk .

The elevations of the Alps, Carpathians, and Dinaric (also known as the Dinarides)
mountain ranges exceed 2,500m above sea level, whereas the Pannonian Basin elevation is
between 78 and 200m above sea level. The area of this intermontane sedimentary basin is

approximately 230,000 km? and straddles nine countries. Hungary occupies the central and

largest part of the basin. Smaller parts of the basin are in Slovakia to thenorth; Ukraine to

the northeast; Romania to the east, Serbia, Croatia, and Bosnia and Herzegovina to the
south; and Slovenia and Austria to the west.

Within the Pannonian Basin lie several smaller mountains and hills (e.g.,
Transdanubian Central Range, North-Central Range, Apuseni Mountains), which
subdivide this area into physiographic sub -basins. Therefore, the Pannonian Basin isbest
understood as a basinsystemwhere these physiographic sub-basins are referred to by their
geographic names (e.g., Great Hungarian Plain, Little Hungarian Plain, Styrian Basin,
Vienna Basin, Danube Basin, Transcarpathian Basin, Transylvanian Basin).Our focus in
this book is on the sub-basins within the green-dashed polygon in Figure 2 and excludes
the Transylvanian basin that is in central Romania.

As a central intermontane depression, the Pannonian Basin system is the main
catchment area of surface runoff from the surrounding mountains. The basin is drained
EOCOOT wUOI 1 wOPEEOI wEaAawUT 1 w#EOUE]I OwdO!l woOi wsUUOx1 zU
Danube within the basin system include the Sava, Drava, and Tisza rivers, which are fed
by extensive networks of smaller tributaries (with headwaters in the surrounding
mountains) and sub-basinsat higher elevation with outlets to major tributaries. Ultimately

The GROUNDWATER PROJECT ©The Authors
Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited.
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the basin system drains into the Black Sea via the Danube. The largest lake in the basin is
the Balaton (77km long and up to 8 km wide).

Geologically, the Pannonian Basin system is a complex extensional basin of
Neogene age(23 to 2.6 Maago, where Ma is an abbreviation of mega annunmeaning one
million years ) overlying several Mid -Cretaceous to Paleogene age sulbasins in the Alpine -
Carpathian thrust and fold belt, and comprises Mesozoic and Paleozoic rocks. These
structural sub -basins are separated by uplifted basement blocks and are filled by Neogene
and Quaternary sediments ranging in thickness from less than 100m to greater than
7,000m from the surface to the top of basementrocks.

Each physiographic sub-basin includes one or severalstructural geological subasins
The most interesting example is the Great Hungarian Plain, a physiographic sub-basin
that| beneath the surface| includes the Jaszsag, Derecske, Nagykunsagand Békés basins
as well asthe Maké trough. Other structural sub -basins in the Pannonian Basin system
coincide with physiographic sub -basins.

Owing to its physiographic setting, the Pannonian Basin systemis well known as a
large artesian basitbecause ofthe abundance of flowing artesian springs and well s, where
artesian refersfeatures that penetratea layer of lower permeability material that holds fresh
water below the surface under pressure exceeding hydrostatic conditions. This large
intermontane depression is also prone to seasonal floodng from rapidly rising surface
water and groundwater levels recharged from the surrounding uplands.

Inhabitants of the area have relied on groundwater for over two millennia. Modern
groundwater management systems were implemented in the mid-1800s when most of the
basin was part of the Austro-Hungarian Empire. The objectives of early groundwater
management regulations were

9 communal water supply management,

1 water well permitting and licensing ,
9 protection of mineral and medicinal water supplies , and
1 protection of public health.

Each country that shares parts of the Pannonian Basin has implemented specific
groundwater management policies along the lines of the se general objectives although in
more nuanced terms reflecting contemporary societal and environmental needs. Shared
water resources in transboundary aquifers of the Pannonian Basin are managed under
bilateral agreements between neighboring countries. Of all the countries in the basin
system, Hungary relies most heavily on groundwater from the Pannonian Basin.

Margat (2008), Margat and van der Gun (2013), and van der Gun (2022)classified
large basins based onthe size of the areg depth, and water reserves they identified 37 mega
aquifer systemaround the world . However, they omitted the Pannonian Basin from the list
despite that, on the European continent, the Pannonian Basin is comparable to the North

The GROUNDWATER PROJECT ©The Authors Free download from gw-project.org
Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited.
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Caucasus Basin (230,00@m? and 10,000m deep) and Pechora Basin (350,00@m? and
3,000m deep) in Russia It is alsolarger than the Paris Basin (190,00km?and 3,200m deep)

in France, and only dwarfed by the gigantic Russian Platform Basins (~3,100,000km? and
up to 20,000m deep). Thus, the Pannonian Basin can be rightfully considered a mega
aquifer system of great importance to nine countries.

The GROUNDWATER PROJECT ©The Authors Free download from gw-project.org
Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited.
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2  Historic Perspective

2.1 Etymology (Origin of Names)

Pannonia was a province of the Roman Empire in the western part of modern
Hungary and adjacent areas. According to Roman customs, sparsely inhabited geographic
areas were named after their characteristic landscape features As the landscape of the
lowlands in this province was dominated by wetlands, marshes, swamps, lakes, and
rivers| conditions that prevailed until the mid -1800¢ the Romans named this province
Pannoniain Latin, which is derived from the early Indo -European word or pronoun pen
describing moist, wet, mud, swamp, and water. In a similar fashion, Transylvania was
named the region across the foregtsans =across+ sylvan =forest +ia =country/land in
Latin).

The presence of groundwater is often indicated by geographical names as, for
example, when a spring or well is mentioned in the name of a settlement, often to advertise
an abundant source of groundwater and/or potable water. We can also deduce the presence
of thermal water from settlement names as Héviz, which specifically means thermal and
medicinal water. In the Carpathian Basin, we often come across Tapolca, Toplica, Toplice
and similar names rooted in Slavic language terms for warm water. Hydrogeologists also
look for geographical names that refer to salt water, as these almost certainly indicate
groundwater outflows. We find several similar occurrences in the foothills and basin areas,
such as the name of asoda lakeSzappanoszék(soapy-salty) that refers to the salinity and
alkalinity of the water.

2.2 Early Observations

Large portions of the Great Hungarian Plain were uninhabitable wetlands until the
middle of the 1800s, asshown in Figure 3, when surface water regulations were introduced
and most of these wetlands were drained and converted to fertile agricultural lands of a
prairie- or steppe-like landscape (called puszta in Hungarian). Starting in 1846,
approximately 40,000 km? of flood prone area was drained, the length of the Tisza River
was reduced from 1,419 km to 962 km, 196 km of new river bed was excavated, and 58&m
of backwater was created. The postdrainage hydrography of the Pannonian Basin is shown
in Figure 4.

The GROUNDWATER PROJECT ©The Authors Free download from gw-project.org
Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited.
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Figure 3 - Hydrography of the Pannonian Basin before river and lake regulations were enacted
in the nineteenth century (The Hydrographic Institute of the Royal Hungarian Ministry of
Agriculture, 1938; https://map.mbfsz.gov.hu/terkepekamultbol/Mo_arviz_1938/&).

A T T | NN

Figure 4 - Hydrography of the Pannonian Basin after river and lake regulations were implemented. Annotated
source map from https://commons.wikimedia.org/wiki/File:Pannonian_Basin_geographic_map_blank.svgk .

With limited access to surface water, the growing rural and urban population relied
primarily on groundwater from dug wells. Owing to the shallow water table in the sandy
areas of the plains region, draw or sweep pole became a common and convenient means
for water withdrawal ( Figure 5a). Such wells are still in use today on small farms and in
some villages (Figure 5c and d).
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Flowing artesian conditions were recognized by the mid -1800s, and large yield
wells were commissioned for the water suppl ies of cities. Such wells were not only practical
sources of water but also urban ornaments such asone found in Szentes, Hungary
(Figure 5b). This well was drilled between 1885and 1886 to 312m below surface, which
was considered an impressive engineering feat for its time.

Figure 5 - a) Draw (or sweep pole) well, late 1800s. b) Artesian well drilled in 1886 to a depth of
312 m in Szentes, Hungary. ¢) Modern day sweep pole well. d) Cable-wheel well (Bulgarian type).
Photo credits:

a) https://www.arcanum.com/hu/online-kiadvanyok/Lexikonok-magyar-neprajzi-

lexikon-71DCC/g-72839/gemeskut-72880/k

b) https://hu.wikipedia.org/wiki/F%C3%A1jl:Kossuth-
t%C3%A9ri %C3%A1rt%C3%A9zi k%C3%BAt Szentesen %281886-

1934%29.jpagk
c) https://blog.szallas.hu/lora-fel-avagy-irany-hortobagy/k

d) https://commons.wikimedia.org/wiki/File:Dunamocs094.JPG ; Szeder Laszld, CC
BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia
Commonsk

By 1900, thousands of artesian wells were drilled across the plains, producing
lukewarm to warm water with reduced mineralization in seemingly endless quantities.
Unbridled use of groundwater from artesian wells , combined with a suddenly increasing

population density and rudimentary sewer systems , led to water management and public
health problems. Thus, groundwater management regulations were introduced in 1885hby

7
The GROUNDWATER PROJECT ©The Authors Free download from gw-project.org
Anyone may use and share gw-project.org links. Direct distribution of the book is strictly prohibited.


https://www.arcanum.com/hu/online-kiadvanyok/Lexikonok-magyar-neprajzi-lexikon-71DCC/g-72839/gemeskut-72880/
https://www.arcanum.com/hu/online-kiadvanyok/Lexikonok-magyar-neprajzi-lexikon-71DCC/g-72839/gemeskut-72880/
https://hu.wikipedia.org/wiki/F%C3%A1jl:Kossuth-t%C3%A9ri_%C3%A1rt%C3%A9zi_k%C3%BAt_Szentesen_%281886-1934%29.jpg
https://hu.wikipedia.org/wiki/F%C3%A1jl:Kossuth-t%C3%A9ri_%C3%A1rt%C3%A9zi_k%C3%BAt_Szentesen_%281886-1934%29.jpg
https://hu.wikipedia.org/wiki/F%C3%A1jl:Kossuth-t%C3%A9ri_%C3%A1rt%C3%A9zi_k%C3%BAt_Szentesen_%281886-1934%29.jpg
https://blog.szallas.hu/lora-fel-avagy-irany-hortobagy/
https://commons.wikimedia.org/wiki/File:Dunamocs094.JPG
https://creativecommons.org/licenses/by-sa/4.0

Hydrogeology of the Pannonian Basin Istvan Almasi and Janos Szanyi

the Royal Hungarian Geological Institute for communal water supply management, water
well permitting and licensing, and protection of mineral and medicinal water supplies . The
Geological Institute followed this in 1892 by forming a hydrological department for the
management of artesian wells. After the breakup of the Austro -Hungarian Empire in 1919,
the newly-independent countries that shared the aquifers of the Pannonian Basin set up
national water management agencies and institutes.

The Pannonian Basin is also well known for karst springs issuing from M esozoic
limestone and dolomite in the intra-basin mountains. Several cave networks are found in
the Buda Hills, Aggtelek, and Apuseni Mountains . The waters of their high-yield karst
springs are used for human consumption and therapeutic spas(Figure 6). There are several
dozen thermal spas across the basin (e.g., active thermal spas of Hungary are introduced at
https://termalonline.hu/ k) Karst aquifers are also associated with bauxite and coal mines

in the Transdanubian Central Range, Apuseni Mountains , and the Dinarid es.
a) , b)

Figure 6 - a) Karst spring in a cave (Miskolctapolca, northeastern Hungary. b) Thermal waters in a Turkish
bath, Budapest, Hungary. More information on thermal spas of Budapest can be found at
https://www.budapestgyogyfurdoi.hu/k .

Photo credits:

a) https://termalonline.hu/furdok/miskolctapolca-barlangfurdo; photo courtesy Zsolt Vargak
b)_https://iwww.termalfurdo.hu/furdozes/rejtett-kincsek-budapesten-tudta-hogy-ezek-a-furdok-is-muemlekek-
4708k

Water wells drilled to depths of about 500m in the Great Hungarian Plain often
produced warm water with various amounts of natural gas (Rénai, 1969. Even shallow
wells| less than 5 to 10m deep| often produced some natural gas, mostly methane and
carbon-dioxide . These early gas manifestations were the first signs of potential deep gas
accumulations in the basin. These discoveriesled to the onset of oil and gas exploration in
the early 1920s by British and American companies.

The nature of geological data collected, and depth ranges explored, in the basin
varied according to the interests and mandates of each company or institute. Since the mid-
1800s, vast amounts of hydrogeological data have beenacquired across the basin. Thus, the
data available for the Pannonian Basin system make it an ideal region for investigating
certain manifestations of groundwater flow as they relate to drinking water resources,
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agriculture, land management, wetlands, geothermal energy distribution, and
hydrocarbon accumulations.

Pannonian Basin
d
it Hydrogeological Events Timeline

Water treatment projects.
First geothermal power plant commissioned.

The Groundwater Project launched.

Petroleum hydrogeology of the Great Hungarian Plain - first integrated basin
scale study (Toth & Almasi).

The Danube River Protection Convention was introduced.

Hungary's groundwater production peaked at 40% higher than current levels.

Discovery of greatly overpressured reservoirs.

First significant oil and gas accumulation of real commercial value.

Hungary had 24,000 artesian wells.

The first international balneological congress was organized in Budapest.

Petroleum exploration led to the discovery of medicinal thermal water in
HajduszoboszIé.

Establishment of national water management entities in many Pannonian
Basin countries.

Discovery and use of petroleum.

Hungary had 2,400 artesian wells.

Initial groundwater regulations and governance, focusing on springs and
medicinal waters.

Initial deep well drilling.

Majority of the famous medicinal thermal water resources were established.

Europe's second-deepest geothermal well was drilled for the Széchenyi Spa
in Pest, to a depth of 970 m and produced water temperature of 74 2C.

First drilled thermal water well 38 m deep, yielding 249 m3day of 62.5 °C water).

mid-1800’s <- Initiation of irrigation using wells.

18607 <- Initial episodes of locating wells along rivers.

River regulations introduced to control floods, enhance navigability of major rivers,
increase the area of arable land. Wetlands and lakes were drained, meandering
rivers diverted into canals.

First drilled flowing artesian water well, producing mineral water with NaCl, I, and CO ,.

Royal order for the "inventory, mapping, and quality analysis of all mineral water
in the Carpathian Basin".

The world's first Mining and Metallurgical Academy (Bergschule) was established
teaching "mine drainage" as one of its core subjects.

Historical Geography documented medicinal waters and dug wells.

Discovery and use of mineral and thermal waters.

First dug well in the Buda Castle.

First recorded analysis of mineral water at Besztercebanya (Banska Bystrica).

First written record of dug wells by Janos C. Amos.

Nine Turkish baths were built in Buda (five still exist today, and four are actively used).

Knights of Malta built a bath on the site of Csaszar Bath at the Buda Springs (Budapest).

Byzantine historian Priscus Rhetor described the stone baths of Attila the Hun.

First documented use of geothermal spring waters for heating and bathing by Roman
legionaries.

Table 1 - Timeline of hydrogeologic events in the Pannonian Basin.
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3  Formation of the Pannonian Basin

The Pannonian Basin evolved during the Neogene as an integral part of the Alpine,
Carpathian, and Dinaric orogenic (i.e., mountain building) system. The Neogene
sedimentary basin is superimposed on athrust and fold belt dating from amid-Cretaceous
period that consists of Mesozoic and Paleozoic rocks genetically related to the surrounding
mountains (Royden and Horvéath, 1988; Sztan6 and Tari, 1993; Horvéath et al, 2006; Haas et
al., 2013.

Due to the uplift of the Dinari ¢ and Southern Alps, the Intra-Carpathian region was
temporarily isolated from the Mediterranean at the end of the Oligocene (~26 Ma ago).
Later| during the Miocene| the basins and inland seas of the IntraCarpathian region
were repeatedly isolated from the Mediterranean. This isolated area is called Central
Parathetysand comprises the present territories of the Pannonian and Transylvanian Basins
(e.g., Kovac et al., 2017).

During the Miocene, while the Alps, Carpathians, and Dinarid es were uplifting
under compression, the Pannonian Basin was subsiding under extension and rifting.
Because of intense erosion of the mountains, over 7,000m of thick (mainly clastic)
sediments were deposited in the basin. These sedimentscomprise most aquifers and
hydrocarbon reservoirs of interest in the basin.

Subsidence by rifting commenced by the end of the early Miocene (19 to 17.5Ma
ago) and ended approximately 14 Ma ago in the middle Miocene. Rifting caused thinning
of the lithospher e followed by upwelling of the semi -molten asthenosphere; the average
thickness of the lithospher e and crust of the Pannonian Basinis only ~60km and ~25km,
respectively. The thin lithosphere under the basin is associated with an anomalously high

heat flow (i.e.,a heat flow that deviatesfrom normal heat flow of 50 to 80mW/m ?, being on
the order of 80to 120mwW/m?.

The style and degree of extensional deformation of the crust vary throughout the
Pannonian Basin. Several structural subbasins were formed, separated by basement highs,
and displaying a Basin and Rangéketopography. Some sub-basins developed as rift basins,
bounded by normal faults ; other sub-basins developed as pull-apart basins. Once rifting
ceased, subsidence continued because of thermal coolingthat occurred during the late
Miocene and early Pliocene. From the late Pliocene to the present day, the stress regimen
the region has been predominantly compressional (Figure 7 and Figure 8).
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Figure 7 - Recent configuration of the Pannonian Basin and the associated Alpine Mountain belt. The pattern
of the Quaternary vertical movements is also shown. (modified after Horvath, 1995; directions of block motion
and compressive stress are taken from Bada et al., 1998). The Moesian platform acts as a rigid buttress, while
the Western and NortheasternCar pat hi ands are o6free

Symbols:
1 = inner Alpine, Carpathian, and Dinaric Mountains;
2 = Alpine and Carpathian molasse foredeep;
3 = Alpine and Carpathian flysch belt;
4 = Neogene calc-alkaline volcanic rocks;
5 = area of Quaternary uplift;
6 = area of Quaternary subsidence;
7 = directions of present-day tectonic push;
8 = present-day direction of maximum horizontal compressive stress
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By the end of the Pliocene (~2.4Va ago), the basin was uplifted ; fluvial and deltaic
sedimentation began. The Danube River deposited its load in the deepest part of the sub-
basins, which resulted in 600 to 650m thick fluvial sediments. During the Pleistocene , local-
scale tectonic events coincided with higher-frequency climatic changes leading to cyclical
fluvial sedimentation and a gradual shift of depositional centers. Humid, warm, or mild
periods of heavy precipitation were characterized by coarse sediment deposition and cold
periods by fine-grained sediment deposition. The present relief was formed at the end of
the Pleistocene byuplift of the area between the Danube and the Tisza Rivers (Figure 7)
(Varsanyi et al., 2011).
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4  Hydrogeology

Groundwater distribution and movement as well as natural phenomena linked to
groundwater flow are determined by the regional and local hydrogeological environment ,
i.e., by climate, topography, and geology. The complex interactions and effects of these
determining factors are described in the following sections.

4.1 Climate
The climate of the Pannonian Basin is continentattemperate with mild winters (low

of -10°C) and relatively hot summers (highs near 40 °C). In most parts of the basin, mean
air temperature ranges from 3to 5°C in winter and 17to 18°C in summer, with t he mean

annual air temperature lying between 9.3 and 10.8°C. In mountainous region s surrounding

the basin, the climate is temperate, but the winters are much colder (-20 to-30 °C); summers
are cooler and annual precipitation is higher than in the low -lying areas. The hottest part
of the Pannonian Basin is in the Belgrade region of Serbia, where the mean annual air

temperature is 12.8°C and the average annual precipitation is close to 700mm/yr.

The average annual precipitation ranges from 490 to 627mm/yr (~80 percent is
rain); however, the actual evapotranspiration ranges from 513 to 622mm/yr, while the
potential evapotranspiration ranges from 750 to 900mm/yr.

4.2 Topography

The topography of the plains within the Pannonian Basin is characteristically flat
(Figure 9), with a regional relief of about 0.1 to 3 m/km and a mean elevation of ~110masl|
(meters above sea level).Approximately 68 percent of the area of the Pannonian Basinis
lowland with elevations below 200 masl. Hilly areas of 200 to 400masl elevation cover
approximately 30 percent of the basin (Figure 10); mountains with elevations above
400masl occupy about two percent of the area (Figure 11). The Little Hungarian Plain in
the west, the Danube (Duna in Hungarian) River Valley from Budapest to Baja, the
Vojvodina plain in Serbia, and the area east from the Tisza are the main lowlands, with
elevations of 78 to 110masl. These lowlands also include the intra-mountain basins
mentioned earlier (Figure 2).
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Figure 9 - Puszta: plains/steppe in the Pannonian Basin (http://kurultaj.hu/2013/08/ii-osok-napja-
hazirend/puszta/&).

Figure 10 - Low elevation hills (2007 400 masl) in northern Hungary (photo by Gyérgy Pésfai).
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Figure 11 - High Tatra Mountains (Carpathians) with elevations above 400 masl bordering the
Pannonian Basin. https://commons.wikimedia.org/wiki/File:High_tatras_slovakia.jpg&.

The Duna-Tisza Interfluve area is an elongated saddleshaped topographic high
with elevations of 110 to 170masl that starts from the Vojvodina plain in Serbia and

EOOUDPOUI UwOOUUIT b EUE w20 mds!| wherszg i€ggolnO Elevatibn) Déhw gpa
farther toward the north -east in the foothills of the North -Central Range (2e250masl). In
the Nyirség region (north eastern part of Hungary), elevations do not exceed 160 masl. In
the elevated hilly areas, such as the Transdanubian Central Ranggz,1.60 to 710 masl) and

the hills west of the Danube (z(,24.60 to 400masl). The local relief in the hilly areas ranges
from 10m/km to 100 m/km.

4.3 Soils

The generalized soil types of the Hungarian part of the basin are shown in Figure 12.
The richest agricultural soils (such as chernozem) are typically associated with floodplains
of rivers and wetlands. The best agricultural soils are found in the previously flooded low -
lying areas of the basin shownin Figure 2. Elevated and forested areas are commonly
covered by acidic and solonchadk characterized by high levels of soluble salts| type soils
of lesser agicultural value that are well drained.
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Figure 12 - Soil types within and around the Pannonian basin (modified after Kocsis, 2018). Soil types are described on the next page.
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Map # Type Description
1 Nudilitic eroded surfaces
2 Histosols consists mainly of organic materials (peat)
3 Leptosols, regosols thin with coarse fragments, very shallow, formed on hard rock
4 Solonetz, solonchak clayrich soils, with high sodium concentrations
5 Vertisols high content of shrinkirgyvelling clays, alternating wet and dry conditions
6 Gleysols saturated with groundwater, common in wetlands
7 Podzols subsoil accumulation of organic matter
8 Stagnosols mottled soils in stagnant water
9 Chernozems, kastanozem black soil, with high humus, phosphorous, and ammonia content, very fertile, excellent for ag
10 Phaea@ems humus rich soils, leached chernozem
11 Umbrisols darktopsoil, mountainous areas
12 Luvisols, alisols highly acidic soils
13 Luvisols clay rich brown soils
14 Cambisols early soil formation, good agricultural land
15 Arenosols unconsolidated sand, shifting sand dunes
16 Regosols very weaklgeveloped soil, found in arid and samniil areas
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4.4 Geology

The Pannonian Basin contains clastic sedimentary rocks reaching a thickness of up
to 7 km deposited during the Neogene and Quaternary| i.e., during the past 17Ma| on
top of a heavily deformed Pre-Neogene basement. The PreNeogene basement rocks consist
of indurated rocks (i.e., hardened by cementation and compaction) of various origin s,
mainly crystalline and carbonate rocks.

Clastic sediments originating in the elevated Carpathians were deposited in a
lacustrine environment. The basin was filled by two delta systems prograding from the
Carpathian arc toward the center; one delta system moved in from the northwest and
another from the northeast. The northwestern delta system became dominant after about
6 Ma. Smaller delta systems may have developed from other directions. From time to time,
as sediment continued to accumulate in the Pannonian Basin, the level of the lakes
fluctuated. Additionally, the earth's crust lowered to different levels in different parts of
the basin and the sources of sediment flowing into the basin moved/changed location along
the same plane.

The Neogene-Quaternary sedimentary sequence consists of seven depositional
units (Figure 13). From bottom to top, these deposits area basal unit, a deep basin unit, a
prodelta turbidite unit, a delta slope unit, a delta front -delta plain unit, an alluvial plain
unit, and a terrestrial unit. These deposits are of the delta faciestype, which is a cone-
shaped depositional system that forms where a river flows into an ocean or lake (Magyar
et al., 1999 Pigott and Radivojevic, 2010). The formation names in Figure 8 serve as
examples for the terminology used in the Great Hungarian Plain (also Figure 13). Other
sub-basins and countries may use different names for the same or analogous facies,
however, and the formation names undergo periodic reviews and updates. Thanks to
transboundary aquifer management cooperation with neighboring countries, the
Hungarian terminology has been gradually adopted across the Pannonian Basin for
consistency in mapping the extent of these formations.
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Figure 13 - Geological block diagram (above) and cross-section (below) of the Great Hungarian Plain
sediments and stratigraphy in the late Miocene (based on Juhasz, 1991; Téth and Almasi, 2001). The
location of this cross section is indicated in the map inset.
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4.5 Hydrostratigraphy
Three regional aquifers and two regional aquitards were identified in the
Pannonian Basin, apart from carbonate aquifers. These regional hydrostratigraphic units

(Table 2) may not apply to local scale (1# 100km?) investigations ; they should be modified
or refined according to the scale of future studies, asnecessary.

Table 2 - The five regional hydrostratigraphic units of the Pannonian Basin and their bulk hydraulic
conductivity, K.

Regional hydrostratigraphic units Bulk hydraulic conductivity

. sandy units K & 10°1 10 m/s; clayey units K & 107 10° m/s
The Nagyalfold Aquifer (delta and alluvial plain sediments with terrestrial sediments
and Upper Pannonian and Quaternary deposits)

Al gyR Aqui (deltaslopg | e a k)

2 -8
sediments) Ka10™ m/s
Szolnok Aquifer (prodelta turbidite T
sediments) Kalo'i 10” m/s

E n d r AQuitard (deep basin sediments) K &10% 10%m/s
Pre-Pannonian Aquifer (basal sediments) K &10°%i 10°m/s

An impermeable basal boundary is assumed to exist at a certain depth within the
Pre-Neogene basement. The five regional hydrostratigraphic units listed in Table 2 were
defined in the Hungarian part of the Pannonian Basin (Figure 14) and are listed from
shallow to deep. Formation names vary by country outside Hungary, but the depositional
environments are largely the same and used as sedimentological referencd(i.e., in the study
of sediment grains). Both the regional aquifers and aquitards consist of an irregularly
alternating sequence of smaller)lenticular aquifers and aquitards (i.e., having a lens-shaped
cross-section). Local hydraulic conductivity values depend on lithology (i.e., general
physical characteristics) and size of rock; thus, these local values can differ by several orders
of magnitude from the bulk average values shown in Table 2. The Nagyalféld Aquifer is a
complex regionally unconfined aquifer that encompasses Quaternary and Upper
Pannonian E1 x OUPUOUS w3 T 1T w O1 a H wcondrihg GhE. Utiuisy Bllthquitets UT T D OOE C
EIl Ol EUT wUT T w O1l aHw QUPUEUVUEWEUI wUI T DOOEOOGaAaWEDOI B
between the regional aquifers is tectonically enhanced across the regional aquitardswhich
are considered leaky that is, aquitards that transmit water at a slow rate between adjacent
aquifers.
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Figure 14 - Schematic hydrostratigraphic profile across the Great Hungarian Plain (modified after Almasi, 2001). The color scheme represents the
geothermal conditions in the basin. The location of the section is shown in Figure2, wher e it is | abeled 6éprofile |
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4.6 Groundwater Flow Systems

The theory of regional groundwater flow was developed by Jézsef Téth| now
professor emeritus of the University of Alberta | in 1962 and 1963 He was born and raised
in the town of Békeés in the eastcentral part of the Great Hungarian Plain and emigrated to
Canada in 1960.Professor Toth developed and field tested his theory while employed by
the Alberta Research Council as a hydrogeologist from 1960 to 1980, where he was Head of
the Groundwater Department between 1968 and 198Q

To6thzs theory was based on the analytical solution of the Laplace equation in two
dimensions applied to a cross-section. He assumed basal and lateral no flow boundariegand
a linearly-sloping water table that mimics the topography of the area, within a
hydraulically isotropic and homogeneous rock framework (i.e., the permeability or
hydraulic conductivity is the same in every point of the flow domain).

The sloping water table means a potential energy difference exists between the high
groundand the valley; gravity drive s fluid flow. In such a simple unit basin groundwater
flow is directed downward under the elevated recharge aredaterally through the mid -
section (midline), and upward beneath the low -lying area called discharge areg¢Figure 15).
The depth of the basal no-flow boundary is arbitrary in a mathematical sense; however, in
natural geological conditions, it can be conceived of as the interface of strata havinga
permeability contrast of at least two orders of magnitude. The lateral no flow boundaries
are created by the symmetry underneath a watershed divide in the recharge area and a
surface water thalweg in the discharge area
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Figure 15 - Conceptual diagram of groundwater flow in a unit basin (modified after T6th, 1962 using TopoDrive
software; which is discussed by Poeter and Hsieh, 2020, gw-project.org). a) Profile of the unit basin with solid
blue lines with arrows illustrating groundwater flow paths, and grey lines representing equal hydraulic head
(i.e., the level that water will rise to in a pipe open to a discrete point in a flow system). Hydraulic head is higher
in the recharge area and lower in the discharge area. Hydrostatic conditions occur at the midline of the basin
where head is constant with depth and flow is horizontal, so the water level is the same in the shallow
monitoring well (Msw) and the deep monitoring well (Mow). In recharge areas, water level in the shallow well
(Rsw) is higher than in the deep well (Row) as the hydraulic head decreases with the increase of well depth
due to downward flow. In discharge areas the hydraulic head increases with depth, so the water level in the
deep (Dpw) is higher than in the shallow well (Dsw), as flow is upward. b) Pore pressure can be expressed as
the height of a column of water above a point of observation (e.g., bottom of a well), and equals the difference
between hydraulic head and elevation at that point location. Pressure always increases with depth, and the
rate of increase of pressure with depth is called the pressure gradient (9). Under horizontal flow conditions the
pressure gradient is hydrostatic (%), that is, the pressure increases at the same rate as the elevation
decreases. Under vertical flow conditions, the dynamic pressure gradient in a recharge area (%) is smaller
than the hydrostatic gradient (%), and in a discharge area (%) is larger than the hydrostatic gradient (%r). c)
Hydraulic head is the sum of the pressure head and the elevation head, leading to the increasing head with
depth in the discharge area and decreasing head with depth in the rechange area.
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