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Introduction and objectives S. Martens

2 Introduction and objectives

With the increase of the water demand in Jordan, new sources of drinking and industrial water
have to be explored and a better water management should be adopted to the existing ones to
satisfy these demands. Therefore several investigations and efforts had been made in the past, most
of them concerning the upper aquifer system. During the last years, the deeper aquifer system has
been taken into consideration, too. Jet, there is not much information about the water quality and
quantity for this aquifer system in the northern part of Jordan.

This work tries to collect existing data as well as it provides new data concerning hydrochemistry
and hydrogeology of all aquifer systems in the Wadi Zerga catchment area.

The main objectives of this work are:
Mapping:

» Present a geological map scale 1:20,000 (paper copy) generated with TNT-Mips of the
western Wadi Zerga area near the town of Deir Alla.

» Describe the stratigraphic sequence, geological formations and structural elements of the
mapped area.

Master thesis:

« Taking water samples (wells and springs) for AAS and ICP-MS analysis as well as 30
and Tritium.

* Interpretation of chemical data by PHREEQC.

» Collect and check available data concerning hydrogeology and hydrochemistry.

»  Use remote sensing tools to get information of the area with reference to the model.

* Using the USGS 30minutes DEM and generate a more detailed grid in the mapping area.
» Create a box model for a better estimation of the groundwater recharge for the area.

» Create a 3d hydrogeological model using the collected data.

» Design and calibrate (steady state) a 3d ground water flow model using the collected data
with FEMWATER in combination with the graphical interface GMS.

2 Freiberg On-line GeoScience VOL. V (2001) http:\www.geo.tu-freiberg\fog



Background S. Martens

3 Background

The Hashemite Kingdom of Jordan is a country of about 96500 km? in the northern part of the
Arabian Peninsula. It is located between 29,5° N and 33°N and between 35° E and 39,5°E (Fig. 1).

It borders on Syria in the north, Irag in the north-east, Saudi Arabia in the east and south and Israel
in the west.
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* Fig. 1 Situation map of the study area (red line = model area, green line = mapping area).

About 80% of the total area of Jordan is classified to have semi-arid to arid climate with less than
200 mm/a of rainfall and a high potential evaporation rate exceeding 2000 mm/a. In the high
rainfall area - the Western Highlands - the climate is of Mediterranean type with rainfall reaching
650 mm/a. Rain in Jordan mostly falls during winter (October - May). The basement complex
(outcrops in the south) is unconformably overlain by variable thicknesses of sandstones and shale
of Cambrian, Ordovician and Silurian ages, of continental and marine origin. The rock units
generally are dipping to the north and north-east and are overlain by a succession of younger
marine sediments which are mostly aged Upper Cretaceous to Eocene.
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Background

geological provinces (Fig. 2).

3.1 Geomorphology
Jordan can be divided into seven physicogeographic provinces which are about the shape of the
39
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* Fig. 2 Geological provinces, major morphological units (modified after BENDER, 1974).

The study area of this work crosses three of them, the remaining four will only be mentioned:

Wadi Araba-Jordan Rift
The Rift Province is a narrow depression which reaches from the Gulf of Agaba to
the Lake Tiberias. It represents a small part of the East African-Asian Minor Rift

http:\www.geo.tu-freiberg\fog
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N o o

System. The floor rises from the Gulf of Agaba to about 250m above sea level in
the Central Wadi Araba and then falls gently to the Dead Sea to about 392m below
sea level. To the North of the Dead Sea, it rises again to 212m below sea level at
the Lake Tiberias.

Highland to the east of the rift

The Mountain Ridge Province stretches north-northeast to north and is situated to
the east of the rift valley. Reaching a height of about 1850m, these are the highest
peaks of the country. In general it slopes gently to the east, whereas it slopes very
steeply towards the Rift Province in the west.

Northern Plateau Basalt

The Plateau Basalt forms a shield of almost inaccessible flows, fissure effusions
and isolated volcanoes. It falls from about 1100m at the border to Syria to
approximately 550m in the south close to Wadi Sirhan Basin.

Highland to the west of the Rift
Southern Mountain Desert

The Central Plateau

The Northeastern Plateau

R AR
| e

* Fig. 3 DEM computed by the USGS (red line = model area, green line = mapping area; black = low, white = high).
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For the investigations, a corrected Digital Elevation Model (DEM) computed by the USGS was
used (http://fedcwww.usgs.gov/landdaac/gtopo30/hydro/index.html). It has a resolution of 1km. In
this DEM, the three physicogeographic provinces of the study area can already be estimated (Fig.
3).

3.2 Climate

Jordan lies within a semi-arid to arid climate type with the essential features of dry, hot summers
and moderate winters. The climate is influenced by two major atmospheric circulation patterns.
During the winter, the temperature latitude climatic belt prevails and moist cool air is delivered
from the Mediterranean area lying in the west. The subtropical high pressure belt of dry air causes
high temperature and a lack of rainfall during the summer. The climate of the mountainous parts of
the study area is Mediterranean but, moving eastward, there is a change to semi-arid and arid types.
The influence of the Mediterranean Sea decreases. The land mass to the west minimizes the
amount of rainfall and causes increasement in the range of temperature (Fig. 4-Fig. 7, (locations
shown in Fig. 41)).

AT ML MUHEF EvaP STATIOR]

i

i i

Ll e ]

« Fig. 4 Climate courses of Ras Muneif Evap. Station (AH0003), situated in the NW of the study area.
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« Fig. 5 Climate courses of Mushaqgar Evap. Station (CC0004), situated in the SW of the study area.
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« Fig. 6 Climate courses of Um El-Jumal Evap. Station (AL0059), situated in the NE of the study area.

The cold and wet periods in winter generally are restricted from October to the end of April
reaching their maximum in December to March. The rainfall distribution results from the
topographic features. Thus the areas with a high amount of precipitation are around the mountains
at the shoulders of the Jordan Valley, followed by a rain shadow in the lee. So the rain amount
decreases gradually from north to south and rapidly from west to east.
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« Fig. 7 Climate courses of Azraq Evap. Station (F 0009), situated in the SE of the study area.

The average wind velocity also correlates with the elevation (~4.2m/s in the higher parts and ~2m/s
in the lower parts excluding sandstorms in the dry period). The sunny hours per day ranges from 7
to 10 hours in the summer and from 4 to 6 hours in the winter.

3.3 Hydrogeology

The classification of hydrogeological rock units is shown in Tab. 1. The sequence can be divided
into two main complexes.

1. The upper Aquifer Complex: It has a total thickness of about 600 to 700 m consisting of
the limestone and marl complex of the upper Cretaceous. It can be subdivided into several
smaller aquifers and aquicludes. The groundwater in the upper complex generally moves
towards the east (Fig. 8).

2. The lower Aquifer Complex: The thickness of this unit increases from south to north. It
consists mainly of sandstone interrupted by thin layers of marl and limestone from the
lower Cretaceous. According to SALAMEH & UDLUFT (1985), the thickness is assumed
to be about 600m with a general groundwater movement towards the west (Fig. 8).
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« Tab. 1 Simplified hydrogeological classification of rock units in the study area (JICA, 1995).
geological regional . saturated -
formation hydrogeological hydroge_o Ioglcal lithology thicknesses Faim Iy
- classification (m/s)
or group classification (m)
Mio-Plio- Jordan Valley Aquifer aquifer / sand, limestone, 100-400 6.6%10°
Quaternary aquiclude clays, conglomerates
Rijam (B4) . 5 aquifer limestone / chert 15 ->100
Muwaqgar k) = . .
(B3) 2 &3, aquiclude marl 50-400
Amman- 3 9
Wadi Sir B g aquifer limestone /chert | 50->350 | 10°-3*10"
(B2/AT) El g
nggar ; © aquifer dolomitic limestone 40-45 7.58 *10°*
o 5]
- o o z
Ajlun (Al- =) =3 aquifer limestone / shale / 200-600 5 3%107
AB) marl
Kurnub (K) aquifer sandstone / siltstone 50-300 4.48*10°
Lower Aquifer limestone / marl
Zerga (2) Complex aquifer dolometic limestone 50-600
sandstone

The hydrodynamic pattern according to SALAMEH & UDLUFT (1985) is shown in Fig. 8. The
local recharge area is situated in highlands within the outcrops of the upper aquifer system. The
groundwater flowing towards the west in the upper aquifer system discharges along the slope of
the Jordan Valley in cold water springs. Groundwater recharged more to the east, flows towards
the Azraq basin and infiltrates through the aquitards downward to the underlying lower aquifer
system. The Dead Sea is forming the general base level of the area. This is why the groundwater in

the lower aquifer system changes its flow direction to the west.
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« Fig. 8 Hydrodynamic pattern of the central part of Jordan (after SALAMEH & UDLUFT, 1985).
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A more detailed profile, explaining the leakage distribution of the deeper aquifer near the Jordan
Valley Slope, is shown in Fig. 9. Due to the relief of the potential of the Kurnub sandstone, there is
not only a downward leakage from the Kurnub sandstone to the Zerga Ma’in group. According to
JICA (1995) there might be an upward leakage from the Zerga Ma’in group to the Kurnub
sandstone.

West East

High land

“* Kurnub Aquifer
:: Zerqa Aquifer

Leakage fi K b Sandst
Leakage to Kurnub Sandstone caKage from RUMUL Sandsione

Jordan River

Jordan Vally Group
Main Fault

* Fig. 9 Schematic hydrogeological profile of the deeper aquifers in the study area. (modified after JICA, 1995).

3.4 Agriculture & Vegetation

Due to its climate, only 6% of Jordan is used for agriculture purposes (Fig. 10). Extensive
agriculture can only be developed in regions with higher precipitation. Farm projects can be found
along perennial rivers and wadis. Farmers use surface water for irrigation. Where the depth to the
water table is not too large, the farmers withdraw groundwater from the upper aquifers for
irrigation. Older wells are mostly dug by hand.
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« Fig. 10 Satelliteimage view (RGB: 341), red line is the boarder of the model area; green colour indicates vegetation.

According to BENDER (1968), the original fauna was a forest of Quercus aegilops and Pinus
halepensis which was cut down in the early history (since about 6000 BC) for copper smelting.
Remains of this kind of forest can be found in the Ajlun-district. The main crop products are wheat,
citrus fruits, tomatoes, cucumbers, olives and aubergines. A shift to plants with a higher water
demand and even flowers can be observed nowadays.
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4 Geological Mapping

The mapping area is situated to the east of the town of Deir Alla (Fig. 11), which liess in the
Jordan Valley about 50km to the north of the Dead Sea. The field work was done during the first
visit of Jordan. The western border of the area has been positioned at the mouth of the Wadi Zerqa,
whereas the eastern border has been set to the large landslips about 10km from the mouth. The
latest landslips occurred in 1996, when the river was dammed up for a certain time. The northern
and southern border has been either set within the Kurnub sandstone or at the top of it, so that the
north-south extension is about 5Skm.

TSR0 AW — 3 580 (Mx)
|
-
T 5610 (NN — 3 i) ek
3 540 000+ — 3 5400 (HHF

| |
Tlh DN Tl

* Fig. 11 Location map of the mapping area (surrounded by red lines).
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The stratigraphic sequence of the mapping area starts with the Zerga Ma’in Group (Triassic) at the
bottom and reaches up to the Kurnub sandstone (lower Cretaceous) (Tab. 2). Cenozoic sediments
were deposited in the Wadi. The sequence has a total thickness of about 460m (Fig. 12).

« Tab. 2 Different nomenclatures of Jurassic rock Sequence in Jordan.

e Van den
2
= Boom & Parker
£ | Wetzel and Morton 1959 Basha 1980 Bandel 1981 This work
[ Lahluob 1970
(04
1962
Lower
Kurnub
Cretaceous
S
Huni Marl 5 | TahunaClay
Muaddi Formation =
Formation kS Member
]
Limestone - Huni ? Shaban
H 3+
Dolomite Dolomite- §u Limestone
Arda Formation S
Limestone Member
Formation Hamam Limest.-Sandst.
Huni Form. .
Huni Formation
Spotted ) Umm Maghara
< Dolomite ) Ramia Sandstone
Sandstone N Formation
5 Formation Formation =
2 o L2
= S 2
sl g gl E Huni ° g
= 5 Blocky o 2 Dhahab Limestone |  Dhahab Limestone S =
) ) o | Limestone <
< S - < < . .
<3 = Limestone g 2 Formation Formation
N § N Formation
Huni
Plant- Bearing Brown Silal Sandstone
Sandstone | Zerga Formation
Subeihi Sandst. | Sandstone Formation
Formation
Form.
Nimr Nimr Limestone
-
< & Member Formation
Red Spotted g & ] .
Zerga Gypsum O g Huni Hihi Claystone
Gray .
Form. Member Formation
Limestone
Ma’in Abu Ruweis Abu Ruweis Gypsum
Triassic
Form. Formation Formation
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KURNUE GROUP

Scmdﬂoncl coarse - grained to granular,
trough, cross-bedded, locally conglomeratic
at base.
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- 350

Calloy-
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]
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HAMAM [MUGHANNIY YA
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‘z=z="| Laterol accretion

Batho. ni
Y4
RA MLA
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¢
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(4]
[v 3

NIMR
HIHI

Hett.?- Aglenian

QS °

Dolomitic limestone with sand -lenses.

Clay with thin streaks of limestone.

Limestone, fossiliferous, grainstones to packstones
with occasional agrillaceous wackestones
to mudstone,occasionally nodular.

Limestone ; fossiliferous, occasionally marly
alternating with silty clays and
sandstons.

Sandstone; burrow-mottled; trough and
planar cross-bedded,rippled,occ.
laterally accreted, interbedded with

calcareous siltstone, micrite and dolomite.
Limestone, thin-bedded, fossiliferous
Dolomitic limestone, fossiliferous, burrow- mottied

Limestons, oo litic at base,fossiliferous wackestones at top.

Sandstons, channel- till,with rippied, bioturbated top.

Dolomitic limestone,glauconitic with bivalves

Dolomitic limestone,foss., with Fe-crusts

Dolomitic_limestons, foss,with calcite-tilled vugs

Sandstone channels cutting through varicoloured
Clays with_Fe-pisoliths and natroalunite nodules .

TRIASSIC
Carnian

RAMTHA
ABU RUWEIS

Gypsum : massive, with clayey dolomite laminae
and silty mudstone partings(0.2-1.0m) .

* Fig. 12 A generalised columnar section from the Jurassic sequence near the Zerqa river (KHALIL, 1992).
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4.1 General geological settings

There are many different names for groups and formations mentioned in earlier works over
Triassic, Jurassic and Cretaceous rocks in Jordan and Israel (Tab. 3). This works follows the
recommendations on stratigraphical nomenclature outlined in Hedberg (1976), Holland et al.
(1978) and particularly the North American Commission on Stratigraphic Nomenclature (NACSN,
1983) as closely as possible.

During the Mesozoic and Early Cenozoic, sedimentation was controlled by oscillating movements
of the Tethys Ocean which was in the north and northwest of Jordan and the eustatic movement of
the Arabian-Nubian Shield in the south. The Arabian-Nubian Shield was covered with Palaeozoic
rocks.

Earlier authors observed a flattening of the Permo-Triassic sequence that thins southward below
the unconformably overlaying Cretaceous Kurnub Sandstone. The sequence has also been intruded
by basic dykes and sills. Generally the Permo-Triassic, Triassic and Jurassic sequences become
more complete when traced northward. Bandel (1981) suggested that the relative completeness of
the early Mesozoic sequence in the north of Jordan, as compared to the Dead Sea area, was due to
the step-like northerly downfaulting of the sequence in pre-Cretaceous times rather than a result of
north warding tilting and subsequent erosion of the sequence prior to deposition of the Kurnub
sandstone.

« Tah. 3 Regional Time-Stratigraphic Correlation Chart of the different geological relevant units and formations recognised by various

authors.
Geological time scale Quennel (1951) German
. ; | Geological UNDP /FAO
Era Period Epoch Group Symbol Masri (1963) mission (1970)*
(1966)
Holocene
2 Quarer.  ocisto, Ba Basalt Flows
g Oligo.
8 Tertia. Eocene B5 Chert Shallala
Paleo. BalgaGroup | B4 Limestone Rijam
Maastr. B3 . Muwagqgar Chalk-Marl Muwagqgar
Balga Series Phosphor L.S.
Campan. B2 — Amman
Amman Silisified L.S.
Santon. Bl - W.Ghudran
9 Turonian A7 W EsSr | MassveLS Ry e
o
e 2 C A6 Shueib Echinoidal | Shueib
g g 2 AS LS
§ Ia) é Ajlun Group | A4 Ajlun Series | Hummar o Hummar
= S A3 Fuheis Fuheis
<5
3 ﬁ Na'ur Nodular LS. Na'ur
Albian K2 Kurnub Subeihi
Aptian Kumub Group K1 Sandstone Ard’a Kumub S.S.
Jurass. Z2 Azab
Tiass. Zerga Group 71 Zerga Group Main Zerga S.S.
Major unconformaity

"Formation ;* Units
NB: the shaded area indecates the main water bearing formation in the carbonate aquifer system.
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4.2 ZerqaMa'in Group

The Zerga Ma’in group is the lowest part of stratigraphy in the mapping area that rocks crop out of.
The group belongs to the Triassic.

4.2.1 Abu Ruweis Gypsum Formation

The outcrop of the evaporitic formation has a length of about 3km and borders on large landslips so
that its whole extension only can be estimated. The gypsum deposits are at present being quarried
for the cement industry in two locations. The Abu Ruweis Gypsum formation was penetrated at the
wells AJ-1, ER-1A, NH-2 and S90. The unit reaches a maximum thickness of 392 to 505m in the
Al-Harra and western Risha areas. In the well AJ-1 (N32°1722, E35°4608) which is located about
5km to the northeast, the whole formation shows a thickness of 230m, the upper most 60m crop
out in the mapping area. They consist of interbedded layers of massive gray gypsum, thin beds of
dolomite, predominate red clay and bituminous silty mudstones which are slightly folded.
Particularly the clay may thicken laterally. The content of CaSO;, is inconsistent. According to
AMIREH (1987), the upper boundary with the unconformably overlaying Hihi formation of the
Azab Group is characterised by the presence of a paleosol horizon which is laterally variable in
thickness between 0 to 8m. This horizon consists of claystone with one or more of the following:
colour mottling, desiccation cracks, ferruginous glaebules and natroalunite patches. The claystone
usually is capped by irregular iron crusts. Due to the landslips, this boundary was not clearly
recognised in the mapping area. The deposition of the Abu Ruweis formation took place during a
regressive phase in north Jordan. Due to the presence of anhydrite and dolomite, many authors
consider the formation to be deposited within a marginal sabkah environment. The occurrence of
halite in many wells indicates a salt pan development in the northeast.

The occurrence of gypsum and the slope of the wadi sides are estimated to be the reasons for the
landslips.

There are two stone pits in the mapping area where the Abu Ruweis Gypsum formation is mined
for cement industry. The southern one is at N 35643260 E 36756190, the northern one on the other
wadi side at N 3564405 E 36758230 (Fig. 13). In both outcrops the bottom is built by a massive,
slightly folded gypsum layer followed by thin beds of dolomite, predominate red clay and
bituminous silty mudstones.
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soil

mudstone

gypsum

« Fig. 13 Foto of the Stratigraphy of the Abu Ruweis Gypsum formation in the outcrops (N 3564405, E
36758230).

As shown in Fig. 14, there are one major (NW-SE) and two minor directions (ENE-WSW, NNW-
SSE) of the cleavage. The bedding dips with about 15° and strikes with about 342° in the southern
part. A measuring in the northern outcrop could not be done because of the current mining work.

| A vy Crppin v B BV (PO T 0 | B B |
I 3 [ bewemisn | ¥e 307 | |

« Fig. 14 Rose diagram of the cleavage for the Abu Ruweis Gypsum formation in the southern outcrops.
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4.3 Azab Group

The Azab Group incorporates the following seven formations (from bottom to top): the Hihi
Claystone formation, the Nimr Limestone formation, the Silal Sandstone formation, the Dhahab
Limestone formation, the Hamam Sandstone-Limestone formation and the Mughanniyya
Limestone formation. The group forms a coherent unit of predominantly coastal carbonates and
siliclastics. During the fieldwork it was recognised that units belonging to this group mainly form
rugged, steep-faced cliffs of carbonate and sandstone and more gentle topographies underlain by
clay-marl lithologies. The group is incised by deep wadis draining into the Jordan Valley, which is
the general drainage in this area. The Azab Group is also known as the Z2 - Aquifer. It builds the
main part of the stratigraphy of the mapping area.

4.3.1 Hihi Claystone Formation

The Hihi Claystone formation forms the lowest part of the Azab Group. Above the generally
massive gypsum of the Abu Ruweis formation it starts with a varicoloured, soft weathering
morphology and is overlain by a brown-yellow sandy horizon of the Nimr Limestone formation. It
consists mainly of yellow and red silty mudstone commonly separated by thin layers of limestone.
These mudstone facies is cutted by Sandstone channels.

As mentioned above, the Hihi formation starts with a gray, yellow and red silty mudstone with
natroalunite nodules and iron pisoliths. This paleosol facies varies in thickness from 0 to 8m within
a short distance. These thickness changes may indicate freshwater solution with extensive solution
cavities and Kkarstic surfaces. Due to the occurrence of Natroalunite, desiccation cracks and plant
roots there should be seasonal, continental conditions including short dry periods during
sedimentation. The paleosol is followed by bituminous siltstone often containing pebbly intraclasts.
This facies is overlain by a fossiliferous thin-bedded limestone intercalated by shale. According to
BANDEL (1981), the limestone has a fauna reflecting full marine conditions. The limestone-shale
succession is overlain by a yellow-brown, iron-cemented, continuously cross-bedded and
bioturbated sandstone with quartz granules. This sandstone fills channels which are up to 5m deep.
The top is set at the first appearance of continuous carbonates of the overlaying Nimr formation
(Fig. 15).

The total thickness of this formation in the mapping area is about 20m whereas 51m were recorded
in the well AJ 1 (N32°1722, E35°4608). Due to the badland morphology, sliding in the evaporites,
poor exposure and rapid lateral thickness changes it is impossible to get the whole thickness in one
outcrop.
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* Fig. 15 Profiles of the Hihi and Nimr formation in the Zerga river (Tell ed Dhahab and Wadi Hihi) and Wadi Nimr (KHALIL, 1992).

4.3.2 Nimr Limestone Formation

This formation is characterised by its step-like, well-bedded, light gray carbonate ledges. They
represent the first massive marine transgression of the Jurassic in Jordan. It forms a cliff above the
soft weathering facies of the Hihi formation. In the Zerqa river area, the Nimr Limestone formation
appears as a continuous outcrop from Wadi Hihi in the east to eastern Tell Ed Dhahab in the west.

The basal part of the Nimr Limestone formation is a gray, micritic limestone with a thickness of
about 40 cm. It is followed by a reddish siltstone with iron pisoliths with an estimated thickness of
20 cm. This siltstone is followed by ~40cm thick, yellow-gray, fossiliferous limestone overlain by
about 1m of yellow-gray clay. Similar shallowing-upward sequences of a total thickness of about
6m change upwards either to thin, very fine-grained sandstone, siltstone and shale or to finer
carbonate. They are overlain by a fossiliferous limestone of about 2.5m thickness. The topmost 7m
represent a massive, light limestone that is shallowing-upward. The base is formed by a packstone
to grainstone, whereas the top consists of wackestone to mudstone. Load casts were developed
between this unit and the underlying one.

The total thickness of this unit in the mapping area is 17 to 20m, whereas in the Ajlun Well (AJ 1
N32°1722, E35°4608) it reaches a thickness of 26m.

The Nimr formation records a transgression of the sea. The shoreline was south of the Wadi Nimr.
In the higher parts of this formation, carbonate-dominated platforms with peritidal and lagoonal
conditions were developed. Clastic source areas were no longer important. The shallowing-upward
sequences, ripple cross-lamination (wavy bedding), algal lamination, wispy lamination and
dolomitisation are the evidence for the interpretation as peritidal sedimentation. The grainstone-
packstones of lagoonal or subtidal origin near the base of the shallowing-upward cycle is usually
overlain by wackstone-mudstones with a wavy bedding, algal and wispy lamination that indicates
an intertidal environment. The mudstone at the top should be built under supratidal conditions.
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4.3.3 Silal Sandstone Formation

The Silal Sandstone formation mainly consists of siliclastic rocks. The friable sandstones and silty
claystones have a gentle topography. Due to the thin layers of dolomitic limestone and ferruginous
cemented Sandstone, it has a step-like morphology.

The Silal Sandstone formation is built of thick units of cross-bedded and channelled sandstone
(Fig. 16). Laterally and to the top of the unit, they pass over a thin-bedded, sometimes rippled
sandstone into a very fine-grained, often flaser-bedded, slightly burrowed sandstone or siltstone.
Sometimes, the tops of these cycles contain carbonates, often glauconitic. Iron appears in the form
of nodules, bands, ooliths and cement. Within the mapping area, about 8 of the fining-upward
sequences were found. They have thicknesses of 1.6 to 8m. The base of a cycle usually is
erosional.

The base is marked by the change from the massive, light limestone of the Nimr formation to the
brown, ripple marked and cross bedded sandstone. The top has been placed where a yellow-brown
sandstone is overlain by a medium-bedded white wackestone.

In the vicinity of the Zerga river, the formation reaches a thickness of 35 to 45m and increases
towards the south. BANDEL (1981) reports a thickness of 59 to 75m for the Wadi Umm Butma
area.

During the sedimentation process of the lower units of this formation, the shoreline was in the
south of the mapping area. Due to the characteristics of shallow water sediments (flaser-bedding,
channels), the shoreline should not be too far away from the Zerqa river. The supply of sand varied
in grain size from fine sand to gravel. During the deposition of the upper member of the formation,
the shore retreated northward and oscillated at a line close to the current Zerqa river. The presence
of limestone proves a transgression at the Wadi Zerga area.
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* Fig. 16 Lithological section in the Silal Sandstone formation, from the eastern Tell ed Dhahab area (E 215.5, N 177.3), Zerqa river
(KHALIL, 1992).

4.3.4 Dhahab Limestone Formation

This carbonate formation builds distinctive steep rock walls and cliffs (Fig. 17). BANDEL (1981)
subdivided the formation at Wadi Umm Butma into four subunits. These subunits can also be
found in the mapping area (Fig. 18):

1. The thickness of the lowest subunit is about 10m. It consists of white, medium-bedded,
slightly wavy-bedded biomicrite (wackestone) with bivalves and gastropods in it. The top
of this subunit is a more massive-bedded and dolomitic limestone which contains less
fossils.

Freiberg On-line GeoScience VOL. V (2001) http:\www.geo.tu-freiberg\fog 21



Geological Mapping S. Martens

2. The thickness of the second subunit is about 8m. It is poorly exposed in the mapping area
and is considered to consist of silt and a dolomitic limonitic siltstone which contains much
iron.

3. The third subunit is a 25m thick massive dolomite / limestone. The dolomitic areas show
deeply weathered cliffs of yellow-brown colour and are medium bedded whereas the
limestone is gray to creamy and fossiliferous.

4. The topmost thinly-bedded subunit consists of about 12m of fossiliferous, oolitic limestone
with marl intercalations.

The limestones are very hard and dense. A characteristic feature of this formation is the change of
weathering colour from gray to brown.

The base is marked by the change from the yellow-brown sandstone of the Silal Sandstone
formation to the medium-bedded white wackestone. The Top is marked by the change of the fourth
subunit to a calcareous, borrow-mottled sandstone. Between these units, there are few centimetres
of iron pisolitic orange dolomite, clayey mudstones or sandstones which already belong to the
Ramla formation.

BANDEL (1981) reported a 43 m thickness for the whole formation at Wadi Umm Butma. Other
authors report a range from 50 to 57m of total thickness for this formation. The Dhahab formation
is increasing in thickness and percentage of carbonate towards the north.

The sediments of the Dhahab formation are those of a shallow, open marine environment. An
oolitic facies indicates a high energy of a shallow subtidal regime which is saturated with CaCOs.
The shoreline is considered to be in the south. In general, the environment should be a shallow
shelf which was dolomitised later on.

* Fig. 17 Overview of the Dhahab Limestone formation at Tel Dhahab.
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« Fig. 18 Lithological section of the Dhahab Limestone formation in its type area, Tell ed Dhahab (E 215.5, N177.3) (KHALIL, 1992).

N

As shown in Fig. 19, the main cleavage of the
Dhahab Limestone at N3564453 E36753193
appears to be NW-SE and NE-SW.

* Fig. 19 Rose diagram of the cleavage 0 AT
for the Dhahab Limestone formation. el [ e E
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4.35 Ramla Sandstone Formation

The Ramla Sandstone formation is of siliclastic nature and consists mainly of sandstone and clay
with few, thin beds of limestone. It has a total thickness of about 80m. The basal meters show gray
claystone with calcareous red siltstone with iron pisoliths. The rest of the formation can be grouped
into fining-upward cycles. They start off with a planar cross-bedded sandstone with a thickness of
5-8m. This sandstone is medium- to coarse-grained and occasionally granular. It is followed by a
thinly and horizontally bedded, ripple cross-laminated fine- to medium-grained sandstone. The
next unit of the cycle is built of a varicoloured siltstone or claystone. These interbeds of ripple
cross-laminated fine-grained sandstone usually alternate with this facies. The last unit is built of a
dolomitic limestone. It ranges in thickness from 0.5m to 4m. It contains some algal-laminated
limestone and bivalves.

The base is marked by the change of the gray-creamy, fossiliferous limestone of the cliff forming
Dhahab formation to the few centimetres of iron pisolitic orange dolomite, clayey mudstones or
sandstones. The top is defined by the change from the siliclastic facies of the Ramla Sandstone
formation to a carbonate facies which consists of creamy fossiliferous mudstone to wackestone.

Intermixed lithologies, sedimentary structures, coal, marine fauna and bioturbation structures show
evidence for a tidal environment. The presence of ferruginous ooids suggests a nearby river mouth.

N

* Fig. 20 Rose diagram of the cleavage for the Ramla Sandstone formation.

As shown in Fig. 20, the main cleavage of the Ramla sandstone at N3664453 E36753799 appears
to be NE-SW and NW-SE.
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4.3.6 Hamam Formation

The Hamam formation is a mixture of siliclastic and carbonate rocks. Different weathering has
created a step-like morphology.

KHALIL & MUNEIZEL (1992) subdivided the formation into nine different subunits (Fig. 21):

1. The basal part consists of gray, fossiliferous, hard limestone. It is followed by about 15m of
gray, laminated calcareous clayey mudstone. This mudstone captures macrofossils and is
alternating with a red-pink mudstone that captures brachiopods and limy pebbles. The
upper 8m are characterised by the presence of bitumen. KHALIL & MUNEIZEL (1992)
mentioned a deposit of amber and coaly seams; this was not proven in the mapping area.

2. The basal part of the subunit consists of 13m of yellow-brown, medium-grained, bedded,
channelled sandstone, alternating with a fine-grained, thin-bedded sandstone with flaser-
bedded, commonly ripple cross laminated clay interbeds. The following about 7m consist,
of yellow, fine-grained, massive bedded sandstone alternating with beige to gray fine
grained, ripple cross-laminated sandstone. The last 4m are built of gray claystone.

3. The subunit comprises a cream, rippled cross-laminated, fossiliferous, marly limestone that
alternates with a white bedded limestone. It has a thickness of about 9 to 10m.

4. This subunit has only a thickness of about only 1 to 2m. It consists of brown, medium-
grained, sandstone.

5. This subunit comprises a gray, thick-bedded, fossiliferous, packstone that is alternating
with a gray medium bedded, micritic mudstone. It is about 7 to 8m thick.

6. This subunit with a thickness of about 3,5m comprises two massive sandstone beds which
are separated by a pisolitic, ironstone.

7. Subunit seven represents 6m of yellow-brown, medium-grained, thin-bedded, sandstone.
8. This subunit consists of a gray, thin-bedded dolomite with a thickness of 2m.

9. The uppermost subunit shows a varicoloured, laminated, non-calcareous clay which was
synsedimentary faulted.

The base is set at the first appearance of fossiliferous limestone beds. The top is marked by the
change from the varicoloured clay to a dolomitic sandstone of about 2m thickness which belongs
to the Mughanniyya Limestone formation. The overall thickness of the Hamam formation is about
75m.

The general deposit environment should be a mixed carbonate-siliclastic shoreline. Subunit 1
represents a shallowing cycle consisting of an intertidal-subtidal environment at the bottom and
passing upwards to a swampy, anoxic condition. The other subunits record gradual deepening and
shallowing of the sea. The cross-bedded, massive sandstones are considered to be tidal channels or
fluvial deposits cut into the tidal, flaser-bedded sandstones.
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« Fig. 21 Lithological section of the Hamam formation in Wadi al Hamam (E 211.5, N 172.5) (KHALIL, 1992).
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« Fig. 22 Rose diagram of the cleavage for the Hamam Sandstone formation.

As shown in Fig. 22, the main cleavage of the Hamam sandstone at N3564993 E36750852
appears to be NNW-SSE and WSW-ENE.

4.3.7 Mughanniyya Limestone Formation

The Mughanniyya Limestone formation is the uppermost unit of the Jurassic sequence in Jordan. It
comprises mainly limestone, marl, clay and dolomite. In the topographic profile, cliffs alternate
with a more gentle topography.

BANDEL (1981) subdivided the formation into two subunits: the lower Shaban Member and the
upper Tahuna Member (Fig. 23).

The lowermost about 20m of the Shaban Subunit, as described by BANDEL for the Wadi Shaban
area, comprise dolomitic sandstones, highly fossiliferous and oolitic limestone / dolomite, gray to
pink clays and bedded, fossiliferous, about 13m thick limestones which have thin interbeds of red-
orange silty clay. These are followed by about 10m of gray, fine-laminated, fossiliferous clay. The
latter is overlain by about 6m of yellow, dolomitic limestone. The limestone is overlain by about
15m of marl that alternates with thin layers of limestone. The uppermost part of the Shaban
member is built of about 10m fossiliferous limestone consisting of beds of beige packstone which
are alternating with yellow-gray mudstone. In the Wadi Tahuna area which is a tributary of the
Wadi Zerga, the clay beds present in the lower parts of the Shaban Member become marl or marly
limestone. The lithology of the rest is almost the same as that of the type area.

The Tahuna Member comprises about 10 to 15m of yellow-green, silty claystone with streaks of
limestone, gypsum and allunite, overlain by about 20m of limestone. The latter consist in the basal
5m of fossiliferous mudstone to wackestone, overlain by about 2m of limestone alternating with a
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cross-bedded and fossiliferous mudstone-packstone that shows loadcasts. These are overlain by 2m
of yellow, argillaceous limestone followed upwards by beige-yellow, brown limestones which
change from micritic at the base to packstone textures at the top. The following lithology is a 3m
thick gray clay overlain by a light brown, bedded dolomite. The top of the limestone subunit is
built of a mudstone bed. It is overlain by 3m of massive-bedded, finely laminated dolomite. The
upper 6m of the Mughanniyya Limestone formation are built of a yellow-gray, cross-laminated
dolomitic limestone. NW-SE orientated Channels and scours, filled with an upgrading, cross-
bedded sandstone can usually be found at the top.

The base is marked by the change from the varicoloured clay from the Hamam formation to a
dolomitic sandstone of about 2m thickness from the Mughanniyya Limestone formation. The top is
marked by the distinctive change from the cross-laminated dolomitic limestone to the varicoloured
sandstones, locally with basal conglomerates of the overlying Cretaceous Kurnub Group. The total
thickness of the Mughanniyya Limestone formation is about 110m.

In my opinion, the environment of the Shaban Member should be a low energy shelf with some
high energy events. The sediments of the Tahuna Member should be deposited on a muddy shelf
with some river mouths near by, local low oxygen levels and mudflats. The high fossiliferous
carbonate horizons might have their reason in a storm washover.
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* Fig. 23 Lithological section of the Mughanniyya formation, from the Wadi Shaban area (E 174.5, N 211.0) (KHALIL, 1992).
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44 Kurnub Sandstone Group

The group in the study area is morphologically characterised by cliff building units and units that
are less expressed (Fig. 24). BENDER (1968) subdivide the Kurnub Sandstone Group, but due to
its lithology it was not found suitable for the mapping area. The Kurnub Sandstone Group consists
of mega cross-bedded, coarse and pebbly, varicoloured quartz arenite (Fig. 25). Fining-up cycles
and channels are typical. Sometimes interbeds of thin horizontally bedded red-beige fine-grained
sandstones and siltstones appear. Glauconitic sandstones and alunite are common. ABED (1982)
reported some coal within the fine-grained units. As well dolomitic cemented sandstones and
dolomite appear in the upper parts of the lithological profile in the mapping area. The thickness of
the Kurnub Sandstone Group is about 250 to 300m.

The base is marked by the change of the Jurassic carbonates to the Cretaceous sandstones,
sometimes with basal conglomerates. The top was outside the mapping area. ABDELHAMID
(1995) describes the base of the following Naur Limestone formation as indicated by the presence
of a gray-green, shallow marine glauconitic sandstone which unconformably rests on the
continental sandstones of the Kurnub group.

The Sediments of the Kurnub Group were built by a meandering river system in an alluvial plain.
The interbeds are flood plain deposits and deposits of a shallow marine environment.

W E_

« Fig. 24 Kurnub Sandstone at N 3565209 E 36757076.
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* Fig. 26 Rose diagram of the cleavage for the Kurnub Sandstone formation.

As shown in Fig. 26, the main cleavage of the Kurnub sandstone at N3565209 E36757076 appears
to be NE-SW. Two minor ones with N-S and NW-SE could also be measured.
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45 Ajlun Group

The Ajlun group was only mapped in the south west near the Jordan valley to get a better idea of
the tectonic settings.

45.1 Naur Limestone Formation

The Naur limestone formation appears in the mapping area due to some fault systems but the
complete lithology could not be found.

The formation starts off with a fine grained sandstone which contains in some parts glauconite, silt
or clay. It is followed by limestone, marl, chalk and their combinations. Mudstone to wackestone
textures, horizontal lamination as well as fossils are common. In the uppermost part there is a shift
to packstone texture whereas fossils are abundant, too.

The total thickness can only be estimated to 100 to 150m.

The siliclastic layers at the bottom indicate a shoreline. The carbonates of the formation were
deposited under normal marine conditions in a shallow warm sea. This is why a transgression
might have occurred.

46 Quaternary Sediments

4.6.1 Lisan Marl Formation

This white, light gray formation rests unconformably on strata of Mesozoic and Cenozoic ages. It
was mostly mapped together with the Damya formation because of small thickness in the mapping
area. The formation consists of two alternating lithofacies: laminated evaporites (gypsum,
aragonite, calcite and anhydrite) and massive mudstone (quartz, feldspar, clay minerals). The
evaporites are generally thin bedded and varve like. In literature, maximum thicknesses of 35 to
40m are mentioned, which could not be proven in the area. A clear contact to the underlying
formations was not found in the mapping area. The sediments were deposited in a lake which had
fresh, brackish and saline phases. The evaporites dominate in the upper part of the formation.

4.6.1.1 Damya Sandy Limestone Formation

The formation is characterised by red to brown colour (Fig. 27). However, the boundary to the
underlying Lisan Marl formation can be clearly seen. It consists of thin to medium bedded silty
limestone to calcareous mudstone. Most of the rounded to subrounded grains are extraclast pellets.
In the mapping area it has a thickness of about 4m. Occasionally the formation is overlain by soil.
The red colour and the absence of evaporates suggest the sediments’ deposit in a fresh water lake.

32 Freiberg On-line GeoScience VOL. V (2001) http:\www.geo.tu-freiberg\fog



Geological Mapping S. Martens

~E W

« Fig. 27 Damya Sandy Limestone formation at the mouth of the Wadi Zerga.

4.6.2 Superficial Deposits

4.6.2.1 Fluviatile Gravels of Pleistocene Age

Small outcrops of pebble to boulder gravel occur
above the present drainage system of the
mapping area (Fig. 28). The best one is on the
northern side at the mouth of Wadi Zerga. It
consists of poorly sorted, subangular to rounded
local bedrocks clasts. The presence of calcrete
explains that it is partly cemented.

« Fig. 28 Block of fluviatile gravels of Pleistocene age at the mouth
of the Wadi Zerqa.
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4.6.2.2 Holocene to Recent Sediments

Salt crusts are commonly found in the surrounding of the thermal springs in the Wadi Zerqga, (Fig.
29). Chemical analyses have not been made but in some places the crusts had a slightly salty taste.

 Fig. 29 Salt crusts in the surroundings of the thermal springs in the Wadi Zerga.

Alluvium

These sequences of alluvium consist of subrounded, matrix- but mostly clast-supported pebbly
gravels which fill the wadi courses (Fig. 30). At the mouth of the wadis alluvial fans can be found.
They have thicknesses of more than 10m.

<NW SE-

« Fig. 30 Recent Wadi sediments at a road cut in Wadi Zerga near the gypsum stone pit.
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Soils

Soils are most common along the Wadi sides (inner banks) and in the Jordan Valley (Fig. 31). In
the south-east of the mapping area, there are some hollow moulds. Higher precipitation makes
them fill up with red soils of terra fusca-rendzina type which tend to calcrete in some places.
Generally the soils have little or no profile development.

-W E-
o
. . = 8
4
. -
Jordan Biver
Physiography Soil Description
1. Levee Coarse loamy, deep, well drained soil
2. Interlevee Coarse loamy to loamy-deep, non saline, well drained soil on gently
sloping land
3. Terrace Fine loamy, very deep non saline, well drained soil
4. Katar Fine loamy clayey, moderately deep to deep, imperfectly drained soil
5. Toe slope eroded Loamy moderately deep, imperfectly drained soil
6. Toe slope Loamy shallow to moderately deep imperfectly drained soil
7. Basin Clayey moderately deep, poorly to imperfectly drained soil
8. Foot slope Loamy skeletal, moderately deep to deep, well drained soil
9. Back slope Coarse loamy, skeletal moderately deep, well drained soil

« Fig. 31 Characteristic topsoil types along a west-east cross-section of the Jordan Valley (modified after, AL KUISI, 1998).
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4.7 Structural Geology

The mapping area lies on the eastern side ' . \

of the Dead Sea-Jordan Valley
Transform Fault (Fig. 32). It is part of
the boundary between the African and
Arabian plates. In detail it represents
several pull-apart basins (Fig. 33). It is
estimated that there was a first stage with [,
62km of horizontal movement taking
place in the latest Oligocene / early
Miocene and a second stage with a 45km
movement occurring in the Plio-
Peistocene and still continuing today.
According to WOLF (1998), there is a
sinistral movement of 107km today and a
large vertical downthrow (up to 1500m).
The segments of this fault in the mapping §
area are covered by Lisan Marl and
Peistocene to recent sediments. There are
several sub-parallel faults in the mapping
area which also roughly extend from
south to north. They have downthrows

mainly to the west and occasionally to
the east « Fig. 32 Major tectonic elements of the Jordan-Dead Sea transform
' (ZUHAIR, 1992).

. __ APPROXIMATE BORDERS OF THE
= ~—= JORDAN-DEAD SEA TRANSFORM
/  REGIONAL FAULTS

@ TERTIARY AND QUATERNARY
YOLCANICS

#% BOUNDARIES OF THE ARABIAN
SHIELD

« Fig. 33 Block diagram showing the formation of the Dead Sea (ATALLAH, 1991): I-Fault pattern and direction of compressive stress. II-
Faults before movement. Ill-Faults after movement.

The second major fault system is the so called Zerga River Fault which strikes E-W (Fig. 34). It
has not always been recognizable because of the nature of sandstones exposed on both sides of the
valley and the landslips in the surroundings of the river. The minor faults of the mapping area are
relatively short and have different amounts and directions of throws. They generally strike NW-SE,
NNW-SSE and WNW-ESE and reflect a tensile fracture mechanism.
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« Fig. 34 Map with the main tectonic elements in the mapping area.

The whole mapping area is influenced by the Zerga River anticline with a N-S axis plunging to the

north and to the south. The Zerga River Valley and the anticline represent a relief inversion. Any
hydraulic properties of the faults could not be seen except for the ones discussed in the
hydrochemistry chapter (6.2).
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5 Methods

5.1 Geoinformation System

All databases used in this work are based on Microsoft™ (http:/mww.microsoft.com) ACCESS.
The program got close to its limits with over 300,000 records in the climate database.

The GIS software used for this work is called TNTmips (http://mwww.microimages.com). TNTmips
is one of the few GIS which can display layers (Raster, Vector, CAD, TIN, Database) in different
grid-coordinates in one window, e.g. using ARCINFO, ARCVIEW you would have to recalculate
all layers to one system. The problem was to get the parameters of the different grids and datums
used in the maps which were available.

5.1.1 Georeference

All topographic maps of the area are based on the Transvers Mercator -System (European Datum),
whereas the geological maps are based on the Palestine Grid. The Palestine Grid of 1928 has its
origin at station Number 2 where: ®, = 31°18’06.27"" North, Ay = 34°31’42.02" East of
Greenwich, the reference ellipsoid is Clark 1880 where a = 6,378,300.789m, 1/f =
293.466004983713280, and the elevation is set to 98.9m. Another grid from 1933 is based on
Cassini-Soldner coordinates. Its origin is in Jerusalem at @ = 31°44°02.749° North and Aq =
35°12739.29”" East of Greenwich + 4.200"’E = 35°12’43.490"’. According to MUGNIER (2000)
the addition of 4.200’’ to the longitude is in accordance with the decision in 1928 to adopt values
from the French grid, founded in Egypt, for the longitude at the points of junction 73’M and 98’M
in the north, and to correct all Palestine longitudes accordingly. The false easting is 170,251.555m,
false northing = 126,867.909m. There also exists a military version of this system based on Gauss-
Kriger Transvers Mercator. It is identical to the civil Cassini-Soldner grid, except for false easting
at false origin where 1,000,000m were added.

5.1.2 Digital Elevation Model (DEM)

For the DEM of the mapping area, the topographic map sheet Es Salt 3154 1l with a scale of
1:50,000 was scanned with 600 dpi and imported to the GIS-Software TNT-Mips 6.2. The
isohypsometric lines were digitalised for the whole mapping area from these scanned maps. The
1km hydrological corrected DEM from the USGS was used as base for the entire area
(http://edcwww.usgs.gov/landdaac/gtopo30/hydro/index.html). To get a better transition to the
1km DEM of the USGS, more and more isophyses were left out approaching the boundaries (Fig.
35). Unfortunately, the map sheet 3154 Il was not available during my stay in Jordan, therefore the
vector dataset of the mapping area has a hard transition at its eastern boundary.
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« Fig. 35 Vectorised lines for the DEM.

For converting the vector data, into raster data the surface modelling option of TNT-Mips
(Operation: Surface fitting, Method: Minimum Curvature) was used. The output cell size was
50x50m. The curvature was set to linear whereas the remaining parameters were left as default.

The joining of the two DEMSs was done by the raster mosaic option in TNT-Mips. The fitting of
contrast was done manually in the input file settings. In order to reach the 50x50m of the mapping
area DEM, the resampling method was set to bilinear interpolation. The fringe of the mapping area
DEM to the underlying USGS DEM was calculated by a function using the elevation average.

The watersheds were calculated by using the produced DEM. They were compared to the
watersheds offered by the USGS and modified referring to topographic maps in borders of the
mapping area. The main changes were done near the Jordan river, where a more gentle topographic
relief appears.

The large subterranean catchment area of the deeper aquifers which almost reach Saudi Arabia
being quite large, the area surrounded by the modified watershed was set as model area.
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5.1.3 Remote sensing

The remote sensing was done on the basis of satellite images from August 1999. These images
cover the complete mapping area but have a lack in the east of the model area. The images were
used to get a better idea of the geology, tectonics and hydrology of the mapping area.

Several indices were calculated over the part of the mapping area and the results were proven
during the fieldwork. For the calculation of the wetness, greenness and brightness index, the
internal formula of TNT-Mips were used. The clay mineral index was set as the quotient of the
band 7 to band 5 of the Landsat 7 images. The Iron-oxide was calculated by the division of the red
band images (3) through the blue band image (1) of the satellite images.

Unfortunately, no aerial pictures were available to check and correct the topographic maps based
on data of 1961 and 1963.
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52 Hydrochemistry

With reference to the aquifers of the model, it was tried to take as many representative samples as
possible from each aquifer. The samples were taken from wells and springs. The hydrodynamic
flow pattern shown in Fig. 8 suggests that they should be located close to the mapping area or in
the western part of the model area (Fig. 36).
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« Fig. 36 Location map of the samples (red line = mapping area).
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5.2.1 Sampling

Two wells (000305W1 & W2) and 3 springs (000309S1 & S2, 000312S1) were sampled out of the
Zerqa aquifer, stratigraphically followed by the Kurnub sandstone which was sampled on three
wells (000306W1 & W2, 000307W1) and five springs (000228S2, 000305S2, 000306S1,
000308S1 & S2). Out of the following Al-A2 aquifer, four springs were sampled (000305S1,
000308S3, 000313S1, 000314S3).

However, the A4 aquifer was only
sampled twice (000313S3, 000314S2) on
springs and the last aquifer available in
the area, A7, was sampled four times on
springs (000313S2, 00031481,
000320S1 & S2). As shown in their
names, all samples were taken in March.
For more details see App. 7. Before
taking the samples, pH, temperature,
conductivity, oxygen and redox potential
were measured in a flow-cell using a
WTW MulitLine P4. Due to a later on
recognised malfunction at the WTW
MulitLine P4, some of the measurements
might be wrong. The measurements were
taken observing their stability, which
sometimes took quite a long time. At the
beginning, it was tried to measure HCO3
, CO, in the field but the available
equipment not being sufficient to do the
measuring it was postponed to the
laboratory (Fig. 37).

« Fig. 37 Equipment for the HCOz and CO;
field measurement.

For the laboratory work, the following amounts of water were taken:

e 2x1L in brown glass bottles, unfiltrated, unstabilised
e 1x0.05L in PE bottles, filtrated (200nm)
e 2x0.05L in PE bottles, filtrated (200nm), stabilised (suprapur nitrate acid)

All samples were delivered as quickly as possible to the laboratory and in the meantime were kept
cool and dark. Unfortunately, some samples stored in glass bottles were destroyed during their
transport to Germany, so not all elements could be determined as shown in App. 7. For the whole
model area, as much information as possible has been collected, making reference to environment,
well equipment, groundwater table, climate and former chemical analysis.
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5.2.2 Chemical determinations

CL’, NO3, SO,7, Li*, Na" Ca®*, Mg”* were determinated with the MERCK / HITACHI D 6000 A
at the TU-Bergakademie Freiberg. The carbon acid species (CO,, HCO3') were also measured at
the TU-Bergakademie. For the determination a digital titrator fr