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Abstract

The lateral and vertical temperature distribution in Oman is so far only poorly under-
stood, particularly in the area between Muscat and the Batinah coast, which is the

area of this study and which is composed of Cenozoic sediments developed as part

of a foreland basin of the Makran Thrust Zone. Temperature logs (T-logs) were run and
physical rock properties of the sediments were analyzed to understand the tempera-
ture distribution, thermal and hydraulic properties, and heat-transport processes within
the sedimentary cover of northern Oman. An advective component is evident in the
otherwise conduction-dominated geothermal play system, and is caused by both
topography and density driven flow. Calculated temperature gradients (T-gradients) in
two wells that represent conductive conditions are 18.7 and 19.5 °C km™~', correspond-
ing to about 70-90 °C at 2000-3000 m depth. This indicates a geothermal potential
that can be used for energy intensive applications like cooling or water desalinization.
Sedimentation in the foreland basin was initiated after the obduction of the Semail
Ophiolite in the late Campanian, and reflects the complex history of alternating periods
of transgressive and regressive sequences with erosion of the Oman Mountains. Ther-
mal and hydraulic parameters were analyzed of the basin’s heterogeneous clastic and
carbonate sedimentary sequence. Surface heat-flow values of 46.4 and 47.9 mW m~2
were calculated from the T-logs and calculated thermal conductivity values in two
wells. The results of this study serve as a starting point for assessing different geother-
mal applications that may be suitable for northern Oman.

Keywords: Continuous temperature logging, Physical rock properties, Sedimentary

basin, Geothermal applications in Oman

Introduction

Background

Geothermal systems currently under exploitation are found in a number of geological
environments, where temperatures and depths of the reservoirs vary accordingly. Many

high-temperature (>180 °C) hydrothermal systems are associated with recent volcanic

activity and are found near plate tectonic boundaries (e.g., subduction zones, rift sys-

tems, oceanic spreading centers or transform margins), or at crustal and mantle hot spot
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anomalies. Such systems cannot be expected in Oman, but do occur in other parts of
the Arabian Peninsula. In Saudi Arabia and Yemen several active volcanos are associ-
ated with the Afar Plume and the recent opening of the Red Sea (Chang and Van der Lee
2011). Intermediate- (100-180 °C) and low-temperature (<100 °C) systems in continen-
tal settings are either linked to above-normal heat production and increased terrestrial
heat flow through radioactive isotope decay, or to aquifers charged by hot water origi-
nating from circulation along deep (crustal-scale) fault zones (Huenges 2010).

Our study focused on the sedimentary infill of the foreland basin north of the Oman
Mountains, which consists of Cenozoic sediments. The main aim of this study is to
understand the temperature distribution in the subsurface and the physical rock proper-
ties of the carbonate and clastic sediments that accumulated after the obduction of the
Semail Ophiolite complex during the late Cretaceous time. We evaluated temperature
logs (T-logs) in terms of advective and conductive components to determine a geother-
mal gradient representative for the area. We further derived heat flow values for two well
locations and used these data to calculate the temperature at depth as addition to the
well logs.

Status quo of geothermal use in Oman and its surroundings

Geothermal energy is currently not represented in the national energy mix of Oman and
only plays a very minor role in the Arabian Peninsula in general. In the whole region
a large percentage of the energy consumption is used for cooling. In Oman 50% of the
residential power supply is only used for residential cooling (Sweetnam et al. 2014) in
Saudi Arabia even 80% and the average for the whole Gulf Cooperation Council (GCC),
consisting of Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, and the United Arab Emir-
ates, is 40-50% (Lashin et al. 2015). The electricity demand will rise in the GCC by 7-8%
per year on average; in the smallest and fastest-growing economies, demand will grow
even faster (GCC 2010). The electricity sector in Oman is primarily based on natural gas
(97.5%) and diesel (2.5%, Authority for Electricity Regulation, Oman). The same applies
to the other GCC countries, which all fall in the top 25 countries of carbon dioxide emis-
sions per capita (Reiche 2010). Geothermal energy could significantly contribute to a
greener energy mix, especially in countries in possession of high-temperature and inter-
mediate temperature hydrothermal systems, like Saudi Arabia and the Yemen. The usage
of thermally driven cooling could significantly help to lower the energy demand in this
sector. Thermally driven cooling requires temperatures of 70—100 °C. The energy for sus-
tainable cooling supply can be developed from solar and geothermal sources. Solar heat
supply is fluctuating, whereas geothermal heat can provide base load heat supply. The
results of this study show that the target temperatures can be reached in around 2000 m
depth. Fault structures which exist in the contact zone between the Tertiary sedimentary
sequence and the Semail Ophiolite, correlated with hot springs, constitute a potential
setting for drilling.

Research collaboration and implication of the study

The present study is part of a research collaboration between The Research Coun-
cil (TRC) of the Sultanate of Oman and the German Research Centre for Geosciences
(GFZ), which seeks to develop a cooling system driven by renewables. Both geothermal
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and solar energy are considered as potential options to deliver the hot water required
to drive an absorption chiller. A prototype of this cooling system will be installed at the
study site 40 km west of Muscat to cool one institute building of the TRC (Fig. 1). The
temperature distribution with depth is an important parameter for evaluating the poten-
tial of geothermal energy as driving heat for an absorption chiller and is also required for
the planning of other shallow geothermal installations. One example of a shallow geo-
thermal system is underground storage where energy, in the form of hot or cold water,
is temporarily stored in the subsurface and recovered when needed. These systems are
increasingly used in Europe, and are also of interest for countries in the sun-belt, espe-
cially in combination with solar, wind or any other existing fluctuating energy source
to utilize excess and surplus energies as auxiliary energy back-up systems during peak
demand times. A further challenge of the region is the rejection of process waste heat
during hot summer months. The ambient air temperature of Oman is too high to effi-
ciently reject the heat to the surrounding environment. The conventional method in a
climate like Muscat would be to use a cooling tower, but they become inefficient when
the ambient temperature and humidity rise up in summer. A more energy-efficient
approach is to inject the process waste heat to the subsurface, where conditions are
cooler and more stable. Over the course of the year, the ground temperature only varies
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slightly at a fixed depth and during the hot summer months when temperature in Mus-
cat can rise to 47 °C (Directorate General of Meteorology, Oman, PACA) the subsur-
face temperature is significantly lower. It is therefore possible to reject the process waste
heat into intermediate aquifers, where minimum temperatures were measured. To plan
and simulate such an application the temperature gradient (T-gradient) and the physical
rock properties of the underground are required. The data generated in this study serve
as background for further analysis of an intelligent utilization of the subsurface in com-
bination with a thermally driven cooling system at the study site, 40 km west of Muscat.

Geological setting

Oman is located at the south-eastern margin of the Arabian Plate, which can be divided
into the Arabian Shield and the Arabian Platform. The Arabian Shield comprises juvenile
continental crust of mainly Neoproterozoic age and is partly covered by younger sedi-
ments (Stern and Johnson 2010). The Arabian Platform, in contrast, is mostly covered by
Phanerozoic sediments, which dominate the western part of the Arabian Plate (see inset
of Fig. 1). The Phanerozoic cover is up to 10 km thick and defines the large stable plat-
form of eastern Arabia. During late Cretaceous times a subduction zone and island arc
complex developed in the Tethyan Ocean, whose remnants now constitute the Gulf of
Oman. The Arabian Plate moved progressively northwards and early phases of collision
between the Arabian continent and the Iranian block (Eurasian Plate) started. During
the subduction process a thrust slice of the Tethys Ocean floor was obducted on the NE
margin of the Arabian Platform, to form the Semail Ophiolite, which nowadays repre-
sent the Oman Mountains (Alsharhan 2014).

Five tectonic sequences are recognized in Oman. They are comprised of the following
units: (1) Pre-Permian (Huqf Group), (2) the Hajar Supergroup (Permian to Cretaceous
sediments), (3) the Allochthonous Sequence (Semail Nappe and Hawasina Nappe), (4)
the Hadhramaut Group, and (5) the Fars Group. The latter two are part of the neoau-
tochthonous sedimentary cover (Al-Lazki and Barazangi 2002).

The ophiolite sequence is divided into a unit of cumulate layered gabbro (Ophiolite
1), and a unit composed of harzburgite with minor lherzolite and dunite (Ophiolite 2).
The Hadhramaut Group and the Fars Group are an assemblage of late Maastrichtian and
Tertiary sediments, unconformably deposited on top of the allochthonous units (Stern
and Johnson 2010) and forming the neoautochthonous sedimentary cover (termed post
nappe unit in Fig. 1). Our study area is located in the Al Khawd Fan aquifer system (see
Fig. 2), which is part of the neoautochthonous sedimentary cover between Muscat and
the Batinah coast and thus part of the convergence zone between the Arabian and Eura-
sian Plates. In the following paragraphs the stratigraphic and structural characteristics of

the area are described.

Post-obduction sequences

Development of the foreland basin started with the obduction of the Semail Ophi-
olite complex onto the Arabian Platform during the late Campanian. The first sedi-
ments deposited in the evolving basin were siliciclastic sediments originating from
the unroofing of the emergent proto-Oman Mountains (Al Khawd Formation).
They unconformably rest on the ophiolitic basement and are composed of fluviatile,
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Fig. 2 Purple dots—location of the wells, where new continuous T-logs were recorded. Red waves—Ilocation
of hot springs and temperature (data provided by the MRMWR). Green dots—Ilocation of outcrop sampling
of the Barzaman Fm., Seeb Fm. and Oligocene carbonates (Ma'am reefs). AK—AI Khawd dam. Red star—
site, where a thermally driven cooling system will be installed. Yellow star—well field with bottom-hole
temperature (BHT) data (cf. Fig. 4). The geological units are described in Fig. 1. Black lines—major faults
[modified from NF40-03, Seeb sheet, 1992, Sultanate of Oman, Ministry of Petroleum and Minerals; Kusky
et al. (2005), Fournier et al. (2006)]

and localised beach to fan delta deposits. The boundary to the overlying Simsima
(shallow shelf carbonate) Formation is described for the area as conformable and
elsewhere a non-sequence is present (Nolan et al. 1990). The late Palaeocene to
early-Eocene shallow-marine carbonates of the Jafnayn Formation were deposited on
top of a major regional unconformity, separating Paleogene and Cretaceous strata in
the central Oman Mountains (Ozcan et al. 2015; Toméds et al. 2016). Subsequently,
the shale and fine-grained limestones of the Rusayl Formation (early-Eocene age)
were deposited in a fluvial and lagoonal environment (Dill et al. 2007). A marine
transgression during the middle Eocene resulted in the development of a carbon-
ate platform which is represented in the stratigraphic succession as the Seeb For-
mation (Fig. 3). Sediments were deposited on a storm-influenced carbonate ramp
with well-defined inner, mid to outer ramp facies belts, and a general fining-upward
trend. Deposition of the Seeb carbonates terminated at the end of the Eocene with
the emersion of the Arabian Platform due to the opening of the Red Sea. Marine
carbonate-dominated sedimentation resumed during the Oligocene (Ma’am plat-
form reefs) followed by the mixed carbonate siliciclastic Barzaman Formation which
developed as an alluvial fan system during Miocene to Pliocene times (Fig. 3). The
latter started with the emergence and subsequent erosion of the Oman Mountains
(Al-Lazki and Barazangi 2002). Nolan et al. (1990) described the general stratigraphy
and depositional systems of the post-obduction sediments accumulated in the Bati-
nah coast area in detail.
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Fig. 3 Stratigraphic chart showing the units in the study area from late Cretaceous to Pliocene time
[modified from Al-Lazki et al. (2002), Breton et al. (2004), Al-Husseini (2008)]

Structural characteristics

Faults, fracture zones and karst zones in carbonates are of special interest for geo-
thermal exploitation. In the Batinah coastal plain, compression resumed after a late
Cretaceous to Paleogene extensional phase that followed obduction of the ophiolite.
The extensional phase caused large-scale normal faulting in the northeast Oman
margin. Extensional tectonics were recognized from the observation of normal faults
displacing the post-nappes sedimentary deposits against the autochthonous series or
the ophiolites; for example at the Batinah coast and the Rusayl Embayment (Fournier
et al. 2006). Convergence between the north Oman margin and the Zagros—Makran
appears to have been re-established by the Eocene (Coleman 1981; Mann et al.
1990). The autochthonous sedimentary cover, allochthonous nappe complex, and
the neoautochthonous sedimentary cover were further affected in the axial zone
and the foreland basin of the Oman Mountains by large-scale folding, short-distance
thrusting, and uplift (Searle et al. 1983; Michard et al. 1984; Searle 1985; Poupeau
et al. 1998; Mount et al. 1998; Al-Lazki and Barazangi 2002; Fournier et al. 2006).
Their broad structural style indicates that shortening was minor. Hence, the onset of
compression in the Oman Mountains was either synchronous with late Oligocene to
early Miocene rifting in the Gulf of Aden, or started immediately thereafter. Com-
pressional deformation continued until the Pliocene and is recorded in the Mio-Plio-
cene deposits of the Barzaman Formation (Fournier et al. 2006).

Page 6 of 23
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Methods

Physical rock properties

Due to the lack of suitable core material we collected outcrop samples of the sedi-
mentary succession in a field campaign (see Fig. 2 for location details). The outcrop
samples might be affected by some weathering or diagenetic overprinting and there-
fore it cannot be guaranteed that they represent conditions of the subsurface rocks.
The majority of outcrops are located close to the Al Khawd dam and only two sam-
ples of the Barzaman Formation were taken at the southern foothills of the Oman
Mountains (Lat. 22.3041702; Long. 57.8264319), where the former alluvial stream
deposits form complex systems of ‘raised’ or upstanding, sinuous, superimposed lin-
ear ridges and broad gravel sheets (Maizels 1987). To correlate T-logs with physical
rock properties, it was necessary to obtain rock samples from the same stratigraphic
intervals. Therefore, our sampling strategy focused on the sediments encompassing
the uppermost 700 m of the succession. In total we took 25 samples of the Barzaman
Formation, the Ma‘am reef sequence and the Seeb Formation. The thermal conduc-
tivity, effective porosity, permeability, and matrix density of each sample was deter-
mined. The rock thermal conductivity was measured with a thermal conductivity
scanner (TCS, optical scanning technique). The underlying technique of the TCS
has been described in detail by Popov et al. (1999). Samples were dried in an oven
at 80 °C for 24 h before the thermal conductivity measurements were performed. A
black acryl lacquer line was drawn on the polished and plain sample surface to avoid
different mineral colors affecting the measurement. Additionally, we measured the
thermal conductivity of water-saturated samples. For this, samples were saturated
under vacuum in a desiccator for 3 days. The optical scanning technique is a tran-
sient method, which yields a continuous profile of thermal conductivity along the
core axis of the sample. The mean thermal conductivity is determined as the arith-
metic mean of all conductivities measured along the scanning line. To determine
anisotropy measurements were made parallel and perpendicular to bedding planes,
where developed.

Effective porosity and density of the rock samples were analyzed using the Archimedes
method, which is based on the principle of mass displacement. Additionally, plugs of
25 mm diameter and 50 mm length were drilled for bulk permeability measurements.
This was done using a conventional gas permeameter, and the results were adjusted with
the Klinkenberg-correction method (Milsch et al. 2011), a procedure described in detail
by Tanikawa and Shimamoto (2009). The sampled rocks comprise a range of different
lithologies including: conglomerate, sandstone, limestone, mudstone, and siltstone and
thus cover the major lithotypes comprising the shallow sedimentary cover of the Batinah
coast.

Temperature data

We analyzed temperature measurements of three wells (NB-1; NB-19; NB-22) located
along the Batinah coast, to get a first approximation of the temperature pattern of the
study area. The data were kindly provided by the Ministry of Regional Municipalities
and Water Resources (MRMWR). These exploration wells are between 70 and 316 m
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Fig. 4 Continuous T-logs measured with a conventional temperature probe in seven wells during this study.
Additionally three continuous T-logs (NB-1; NB-19; NB-22) and bottom-hole temperatures (BHT), provided by
the MRMWR, measured in a cluster of nine wells close to the Al Khawd dam (for location see Figs. 1, 2)

deep (cf. Fig. 4) and were drilled between 2005 and 2006 to evaluate the thickness, yield
potential and water quality of the coastal aquifer. Additionally, litho-stratigraphic and

gamma ray logs were available for these three wells.
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Our field campaign aimed to acquire additional high precision temperature data of
existing water wells. The MRMWR provided a database with more than 300 boreholes,
which were screened and evaluated as potential wells for temperature logging. The wells
spread over the entire study area, but the deepest wells cluster around the Al Khawd
dam, a recharge dam built in 1982 (see Fig. 2). The wells are mainly shallow (<100 m),
only nine wells are deeper than 300 m and 35 wells are between 100 and 300 m. The wells
exceeding 300 m in total depth were the main target for the temperature logging field
campaign. Finally, seven wells were measured, five of which had a depth between 193
and 330 m, and two of them were only accessible to a depth of 90 and 45 m, respectively
(Table 1). To identify the intervals in the T-logs that were measured above and below
the water table it was important to know in advance in which depth the water level can
be expected. For several wells the monitoring data of the water table were provided by
the MRMWR. The data indicated that the water table around the Al Khawd dam varies
between 20 and 30 m below ground level. The logging equipment consisted of a cable
(500 m length), a conventional temperature probe and a mobile winch. The temperature
probe was lowered to the borehole with the winch and lifted with a constant velocity of
3 m min~!. Thereby it measured a temperature point every 10 cm, resulting in a spatial
continuous T-log. The slow speed guaranteed that turbulences affecting the measure-
ments were kept as low as possible. Subsequently, the T-logs were smoothed with a 10 m
running average (arithmetic mean). The results are plotted for all wells (temperature vs.
depth) in Fig. 4 in combination with the data provided by the MRMWR. All ten wells are
either exploration or monitoring wells, and are not used to produce water.

Temperature gradient and surface heat flow

For six wells litho-stratigraphic logs were available (NB-1, NB-19, NB-22, 21-6D, 21-7D,
RGS2-L), and based on the T-logs we calculated the T-gradient for these six wells (cf.
Fig. 5). A mean T-gradient is given for each of the well. For the calculation the nega-
tive T-gradient values of the shallow intervals were disregarded, as they do not represent
steady state conditions. The T-gradient is plotted next to the litho-stratigraphic log to
correlate changes in the lithological composition with changes in the T-gradient. If avail-
able gamma ray logs were also plotted. The T-logs from the two deepest wells, which
show no significant advective component (NB-19, RGS2-L), were chosen for analysis of

Table 1 Coordinates, completion date and total depth of wells, which were used
for T-logging and wells of which T-logs were provided by the MRMWR (NB-1, NB-22, NB-19)

ID Coord. Y WGS Coord. XWGS Completion date Total depth (m)
21-7D 23.6249 58.1887 1995-04-10 326

RGS-2L 23.6487 58.1659 1984-09-15 330

MAN-3 23.6306 58.0889 2012-01-12 300

21-6D 23.6385 58.1523 1995-04-10 300

RGS-5HS 23.6608 58.1747 1985-02-01 193

103 23.5804 58.1716 Unknown 90

SAG-13 23.6338 58.1804 1993-12-14 45

NB-1 24.7227 56.4159 2005-10-01 70

NB-22 23.6969 57.3677 2006-06-03 316

NB-19 237814 57.2416 2006-05-03 256
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the surface heat flow. This facilitates the overall understanding of the conductive tem-
perature pattern of the region. For this reason, the interval method was applied. This
method is described by Powell et al. (1988) and has been applied successfully in recent
heat flow studies (Forster et al. 2007; Schiitz et al. 2014). The underlying principle is to
identify intervals where changes in the T-gradient are clearly related to changes in the
lithology, and hence changes in the thermal conductivity of the interval. The heat flow is
defined by the Fourier equation:

q=—-/.-T, (1)

where 1 is the thermal conductivity (W m™ K™!) and I' is the T-gradient (K km™") for
the interval. For the two well locations we calculated mean heat flow values from the
interval heat flow values.

Results

Physical rock properties

The thermal conductivity of the water-saturated rock samples ranges from 1.7
to 29 W m' K. The Barzaman conglomerates show the lowest values (1.7—
1.9 W m™! K™!), and fossiliferous limestone the highest ones (2.4-2.7 W m~! K™!). No
effect of anisotropy was determined, therefore only the results of the measurements per-
pendicular to the bedding are shown in Table 2. The difference between dry and water-
saturated samples is relatively small. The thermal conductivity of dry rock samples (A4,,)
ranges from 0.9 to 2.7 W m ™' K~! and the ratio of thermal conductivity measured on
dry versus saturated samples (A4, vs. A,) ranges from 0.4 to 1.0 (mean value of 0.8) and
is directly linked to the effective rock porosity. The carbonates reveal a relatively small
difference between dry and water-saturated thermal conductivity values due to the little
effective rock porosity. Very dense grainstones of the Ma’am reef sequence show slightly
2.8 W m~! K1) than the less dense, mixed

carbonate siliciclastic rocks of the Barzaman Formation (mean A, 2.3 W m~! K™).

higher thermal conductivity values (mean A,
Effective porosity ranges between 1.1 and 36.3%, and is highest in the sandstones and
sandy limestone samples. The sediments of the Seeb Formation deposited in a carbonate
ramp system show a wide range of effective porosity values (2.2-33.8%, mean 16.8%). The
main lithologies in the Seeb Formation are Nummulites grainstones/packstones at the
base and wackestone to mudstones in the upper half of the sequence. The highest effec-
tive porosity can be found in the Nummulite grainstones/packstones and sandy lime-
stones, which is in accordance with observations made in other regions. The Nummulite
limestone of the Seeb Formation are excellent hydrocarbon reservoirs (e.g., Tunisia and
Libya, Beavington-Penney et al. 2008) due to the high effective porosity and permeabil-
ity. The lowest effective porosity values are observed in the Ma’am reef sequence (range
1.1-4.0%, mean 2.6%). The investigated section represents the main reef-top, which gen-
erally has a high effective porosity but was here probably affected by later diagenesis. The
coarse-grained clastics of the alluvial fan system (Barzaman Formation) show a smaller
range in effective porosity but a higher mean value (8.9-36.3%, mean 17.1%) than the
Seeb Formation. Bulk permeability ranges between 0.01 and 7.5 mD, with highest values
in the sandstones of the Seeb Formation (Table 2).
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Table 2 Overview of the sampled rocks with the lithology, geological formation,
measured porosity (@, %), density (p, 10> kg m~3), permeability (k, D), the thermal
conductivity measured on dry (Ameany,,) and water-saturated (Amean,, W m~' K™

samples

SampleID Sample Lithology

point

Geological ¢ (%) p(gecm™) k(D]

formation

Amean,,
(Wm~TK™")

Amean

Wm-TK)

B1

B2

B3

B4

B5

B6

B7

B8

B9

B10

B11

B12

B13

B14
B15

MAM1
MAM2

MAM3

X

S

Conglomer-
ate, dia-
genetic
alteration

Conglomer-
ate, dia-
genetic
alteration

Brownish
pebbly
sandstone

Sandy
pebbly
conglom-
erate

Coarse sized
sandstone

V.C sand-
stone

Limestone
with peb-
ble size
clasts

Limestone
(reef lime-
stone)

Limestone
breccia

Siltstone,
partially
cong

Mudstone,
beige

Polymictic
conglom-
erate

Fossiliferous
limestone

Grainstone

Conglomer-
ate, dia-
genetic
alteration

Limestone

Fossilifer-
ous-rich
grain-
stone

Fossilifer-
ous-rich
grain-
stone

Barzaman

Barzaman

Barzaman

Barzaman

Barzaman

Barzaman

Barzaman

Barzaman

Barzaman

Barzaman

Barzaman

Barzaman

Barzaman

Barzaman
Barzaman

MAM reef
MAM reef

MAM reef

17.0

21.3

124

212

14.6

18.6

89

10.0
15.0

2.5
1.1

4.0

2.2

2.1

2.1

23

23

23

25

24
22

26
2.7

26

2.00E-04

1.00E—05

3.50E-03

7.50E—-03

1.00E—04

6.00E—04

8.00E—-06

6.00E—-04

2.00E—-04

1.79

2.24

242

2.04

2.36

227
2.27

2.71
2.64

1.90

2.38

2.28

1.93

2.14

2.89

2.26

197

1.73

249

249
2.72

2.80
2.71

Page 12 of 23
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Table 2 (continued)

SampleID Sample Lithology Geological ¢ (%) p(gcm‘3) k [D] Amean ry Ameanfa,
point formation Wm~TK™) wm~TK™)

ST 5 Foraminif-  Seeb 323 18 2.00E—-04 1.09 1.83
eral pack-
stone-
wackstone

S2 5 Foraminif-  Seeb 88 25 2.15 242
eral grain-
stone

S3 4 Foraminif- Seeb 338 1.8 3.80E—-03 094 1.87
eral pack-
stone-
wackstone

S4 1 Sandstone  Seeb 22 26 2.59 2.65
(sandy
lime-
stone)

S5 4 Foraminif- Seeb 72 25 235 273
eral lime-
stone

Sampling points can be found in Fig. 2, B1 and B2 are not on the map

Temperature data

The T-log of the RGS2L well shows decrease in temperature from 10 m (33.3 °C)
to 95 m (30.0 °C) (Fig. 4). This is followed by a relatively smooth and homogene-
ous increase to the total depth (332 m, 34.6 °C). The temperature in the 21-6 D well
shows a similar overall pattern. Between 83 m and 138 m the temperature remains
relatively stable, followed by an increase from 30.7 to 33.7 °C and a final tempera-
ture of 33.5 °C at the total depth. However, at some depths a high noise is evident.
Bodri and Cermak (2011) suggest that sharp discontinuities in a temperature-depth
profile (so called “spike” anomalies) may reflect the in- and/or outflow of fluid and
its movement within the borehole as well as groundwater flow along a fault or nar-
row horizontal layer. Transient signals from drilling and mud circulation process can
be excluded as the well was completed long in the past (Table 1). The temperature
curve in the RGS5HS well generally shows a similar trend as the previously described
logs, but with overall slightly higher values and a minor temperature increase from
31.3 °C at 50 m to 32.3 °C at 197.5 m. The T-logs of the wells close to the shoreline
show a strong decrease in the temperature in the first tens of meters. The RGS5HS
well is located 2.65 km away from the shoreline and the temperature decreases from
32.9 °C at 13 m depth to 31.2 °C at 60 m depth. The subsequent temperature rise is
almost negligible (~ 1.1 °C down to the final well depth of 198 m). The data of the
21-7D well show anomalous temperatures. After an increase in the first meters the
temperature remains static to a depth of 80 m and then increases first abruptly and
afterwards more gradually to 37.8 °C at the total depth of 330 m. As in the well 21-6D
a certain noise is observed over the whole length of the log, the source is unknown.
The wells were measured at the first (21-7D) and the fourth day (21-6D) of the field
campaign with smooth and undisturbed measurements in between (RGS2L). How-
ever, a problem with the power unit cannot be ruled out. Background noise might
have been generated by a dysfunctional wavelet generator. The temperature pattern of
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the MAN-3 T-log is also disturbed. After an increase until a depth of 30 m no further
temperature increase is observed to the total depth (300 m, 34.0 °C). This might indi-
cate that the temperature probe was blocked by an obstacle. However, determination
of such an outage at the surface is problematic. To avoid jamming of the probe, we
attached a weight of 5 kg to the cable to ensure continuous downhole logging. This
technique was also applied during this measurement, but gave no clear result at the
bottom of the hole. A similar observation was made for the T-log of the SAG-13 well.
The T-log of the well 103 is plotted only between 20 and 90 m, the shallower part was
not considered due to extremely low temperatures. At 90 m the well was blocked.
The temperature curve shows a very similar trend like the one of RGS2-L well. In the
NB-22 well the water table is at 60 m depth, the temperature data are only given for
the interval below the water table. The temperature curve shows a very smooth and
minor temperature increase from 32.8 °C at 65 m depth to 34.3 °C at 320 m depth.
The water table in the NB-19 well is recorded in 30 m depth, also here the T-logs
starts below the water table. The temperature increase with depth is more significant
in this borehole. The temperature rises from 34.1 °C at 30 m depth to 37.5 at 255 m
depth. The temperature pattern shows no disturbance by advective flow. The tempera-
ture curve of the NB-1 well shows first an abrupt and then a moderate increase from
33.6 to 35.6 °C.

There is a notable temperature minimum between 50 and 90 m at the four well loca-
tions that are located closest to the shoreline (21-6D, RGS2L, RGS5HS, 103). The bot-
tom-hole temperatures that were measured in a cluster of nine water wells close to the
Al Khwad dam show a range of 30.0-33.0 °C at depth between 72 and 148 m. The results
are plotted for all wells (temperature vs. depth) in Fig. 4 in combination with the data
provided by the MRMWR.

Temperature gradient

For six well locations the T-log and the calculated T-gradient are plotted next to the
litho-stratigraphic log and gamma ray logs (Fig. 5). The calculated mean T-gradient
for each of the six wells show a relatively large spread (6.6—-30.1 °C km™!). T-gradients
down to 30 m were disregarded as these are influenced by annual climate effects. Four
wells (NB-19, 21-6D, 103, RGS5HS) show disturbances also in deeper parts or even over
the whole logging interval. The T-gradient of the NB-22 well is anomalously low (mean
6.6 °C km™!) without any correlation to changes in the lithology. The T-gradient of the
21-6D well fluctuates strongly within small intervals, which is an indication for advec-
tive flow. The same observations can be made in the 21-7D well, which shows significant
temperature perturbations between 80 and 110 m. In the conglomeratic limestone inter-
val of the Upper Fars Group (155 and 200 m) the T-gradient is very low (~8 °C km™).
In the lowermost interval which consists of siltstone and claystone the T-gradient shows
strong fluctuations around a mean of 18 °C km™'. The T-gradient of the NB-1 well is
comparatively high with a mean of 30.1 °C km ™. This could be a result of the low ther-
mal conductivity of the claystone which dominates this interval. However, the T-log
covers only 50 m and hence it is not possible to achieve reliable results. The T-gradi-
ent of wells NB-19 and RGS2L seem to reflect a thermal equilibrium as changes can be



Schiitz et al. Geotherm Energy (2018) 6:5 Page 15 of 23

correlated to the lithology. Therefore, these two sites were chosen for a surface heat flow
calculation.

Surface heat flow

The T-gradient of the NB-19 well shows two peaks at 60 and 70 m depth which cannot
be explained by changes in the lithology. Below these peaks the gradient seems undis-
turbed and three intervals were chosen for a surface heat flow calculation (see black
bars in Fig. 5). The first interval is mainly composed of dolomite, with a slightly higher
thermal conductivity (2.6 W m~! K™!) value and a mean T-gradient of 11.0 °C km™*
(Table 3). The second interval is composed of limestone, conglomerate and some shale
and the T-gradient is significantly higher (23.0 °C km™!). The thermal conductivity
was calculated based on the percentages of different lithotypes making up the depth
interval and the corresponding thermal conductivity values from Table 2. The third
interval consists of conglomerates limestone and minor chalk, shale and dolomitic
limestone. This results in a mean T-gradient of 24.0 °C km ™' and a mean thermal con-
ductivity of 2.4 W m~ K~!. The interval surface heat flow values range between 28.6
and 57.6 mW m~2 with a mean of 47.9 mW m2 In the RGS2-L well an undisturbed
T-gradient can be identified below 100 m. Three interval T-gradients corresponding to
lithological changes are marked by a black bar (Fig. 5). In between these intervals minor
disturbances occur, which are not reflected in the litho-stratigraphic log. The first inter-
val is dominated by limestone (mean T-gradient 18 °C km™!, mean thermal conductivity
2.5 W m~! K7!) and the interval surface heat flow is 45.0 mW m~2. The second interval
is mainly dominated by siltstone, reflected in a relatively low mean thermal conductiv-
ity (2.2 W m~! K™!) and a slightly higher T-gradient compared to the shallower interval
(23.0 °C km™!). The lowermost interval is comparable to the one described before. The
litho-stratigraphic log indicates shale in addition to the siltstone, which results in slightly
lower thermal conductivity values but a constant T-gradient. The interval surface heat
flow values range from 44.0 to 50.1 mW m~2 the mean value is 46.4 mW¥ m~>,

Implication for temperature predictions

The determined surface heat flow can be used to calculate the temperature at depth
beyond the logging depth. Knowledge of the sedimentary infill of the basin is required
for such an analysis to be able to estimate thermal conductivity data for the different

Table 3 Surface heat flow calculation with the interval method for two well locations

Well Interval reckm=) Lith. AWMTTK™)  Gintervar Grmean (MW mM™?)
EEE— (mWm™?)
Nr. (m)
NB-19 1 74-109 110 Dol. 26 286 479
2 122-158 230 Ls. Cong. 25 575
3 174-245 240 Ls.Cong.Dol. 24 576
RGS2-L 4 112-180 180 Ls 25 450 464
5 230-267 230 Si. 22 50.1
6 271-329 220 Si. 20 44.0

The intervals are marked with a black bar in Fig. 5. For location of the wells see Fig. 2. The interval gradient (I') is given in
°C km~", major lithological units of the interval are given (lith.), interval thermal conductivity (A) is given inWm~' K=",

Interval surface heat flow (Giyerva) @d mean surface heat flow (gnean) are given in mw m—2
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lithological layers. For this purpose we used litho-stratigraphic information from Nolan
et al. (1990). We estimated the thermal conductivity of stratigraphic formations by tak-
ing the proportion of different rock types into account. We used mean thermal conduc-
tivity data determined in this study, for the shallow sedimentary formations (Alluvial,
Barzaman Fm., Ma‘am reef sequence, Seeb Fm.). For rock types, not measured in this
study, we used literature data (Norden and Forster 2006; Fuchs and Forster 2010). The
Al Khawd Formation is composed of conglomerates and sandstones and a thermal con-
ductivity of 3.2 is assumed (Beach et al. 1986; Norden and Forster 2006). The Simsima
Formation is composed of bioclastic limestone; therefore, we assigned a thermal con-
ductivity of 2.7 W m~ K™%, typical for limestone (Schiitz et al. 2012). Below follows the
Semail Ophiolite complex consisting of basalt and gabbro with a thermal conductivity
of 22 W m~! K™! (Norden and Férster 2006). The thickness of the stratigraphic for-
mations derives from Nolan et al. (1990), however, the depth of the transition from the
post-obduction sediments to the ophiolites is not yet determined with certainty. The
temperature at depth is calculated (based on the Fourier equation) by summing the
results of the incremental temperature calculations across individual layers of uniform
conductivity:

n
T,=Ti+Y {zfjj @)

where T, (K) and g, (mW m™?) are the temperature and heat flow at the surface, z; is the
thickness and A; (W m~ K™!) is the thermal conductivity of unit i. An annual average
surface temperature of 29 °C and two different values of surface heat flow (46 and 48
mW m~2) are used. Pressure correction was performed of the thermal conductivity to
reflect the in situ pressure conditions with the following equation (Fuchs and Forster
2013):

/lp,cor — (1.095 . /llab _ 0'172) ,p(OOOSS)lab_OOO67), (3)

where 1, (W m™ K™ is the thermal conductivity determined in the lab with zero
pressure and p (MPa) is the assumed in situ pressure.

To correct the thermal conductivity to the expected in situ temperature the approach
of Somerton (1992) was used:

AT cor = 420 — 1073 (T —293) - (Jao — 1.38) - | 120(1.8 - 1073T) 702540 1 1,28 1, 067,
(4)
where 1, (W m™ K™!) is the thermal conductivity at 20 °C and T (K) is the expected
in situ temperature.
The results of the temperature at depth calculation are plotted in Fig. 6.

Discussion

Physical rock properties

The rock properties determined in this study give first insights in the thermal charac-
teristics of the sedimentary rocks in the foreland basin of northern Oman. The ther-
mal conductivities of the rocks are moderate without any significant high values.
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Fig. 6 Geotherms calculated for a heat flow of 46 and 48 mW m~2 plotted next to stratigraphic information
determined from Nolan et al. (1990)

Only a mudstone from the Barzaman Formation shows noticeable low values (mean
0.9 W m~! K71!). The effective porosities and permeabilities are the controlling param-
eters for the type of geothermal energy usage. Sedimentary layers with high effec-
tive porosity and permeability values in principle allow hydrothermal exploitation
of the system, whereas very tight sedimentary rocks require additional stimulation to
enhance hydraulic performance (Enhanced Geothermal Systems, EGS). Although
some sandstone samples from the Seeb Formation and the Barzaman Formation show
a high effective porosity (32.3-36.3%) the corresponding permeability values are low
(2.0 x 107*-7.5 x 107 mD). This indicates that the measured porosity is not only
reflecting effective porosity, but also ineffective porosity, which is in contradiction to val-
ues that have been determined on rock samples from the equivalent sedimentary for-
mation from Tunisia (Beavington-Penney et al. 2008). We determined the physical rock
properties that only represent the shallow sedimentary cover (<700 m, depth of the Seeb
Formation). These data are important for the planning of shallow geothermal systems
like aquifer thermal energy storage or heat sinks to dispense process waste heat to the
underground, especially if no appraisal wells exist. The thermal conductivity also cannot



Schiitz et al. Geotherm Energy (2018) 6:5 Page 18 of 23

be determined through downhole geophysics. More accurate data could only be deter-
mined if measurements were carried out on core samples. Another option is to deter-
mine the thermal conductivity indirectly by use of different petrophysical logs (Fuchs
et al. 2015). Winterleitner et al. 2018 used the database presented here as the basis for
a study on the impact of subsurface heterogeneities on high-temperature aquifer ther-
mal energy storage systems for northern Oman. To understand the deeper parts of the
foreland basin and to calculate the temperature at depth beyond logging data the ther-
mal conductivities were interpolated to depth based on litho-stratigraphic information
from Nolan et al. 1990 (cf. “Implication for temperature predictions” section). Tempera-
ture and pressure impacts on the thermal conductivity were considered. The effect of
pressure seems to be slightly higher, which results in an overall higher temperature of
143.4 °C in 4631 m depth compared to 139.4 °C when no pressure correction is applied
(for the case of 48 mW m™2). However, the two effects basically cancel each other out.

Subsurface temperature distribution in the study area

In general, the determined temperature pattern of the ten wells is relatively consistent
(Fig. 4). In all cases, the temperature curves show higher temperatures down to ~ 30 m.
This reflects a response of soil and bedrock to warming from the atmosphere. The first
tens of meters of the temperature profiles are clearly not representing steady state condi-
tions, but are disturbed by advective flow of heat. A reconstruction of the undisturbed
geothermal gradient would be possible if satisfactory hydrological information of the
area were available, especially the groundwater flow. Further, the southern Batinah coast
is affected by saltwater intrusion into the coastal aquifer system due to excessive ground-
water withdrawal for irrigated agriculture (Walther et al. 2012; Grundmann et al. 2014;
Chitrakar and Sana 2016). This might be reflected in negative temperature gradients
close to the sea in the first tens of meters after the climate related temperature peak.
However, no significant decrease in groundwater elevation has been reported around
the Al Khawd dam (MRMW, cf. Fig. 3) and therefore the negative temperature gradients
might also reflect advective fluid flow related to topography.

The temperature gradient is comparable low along the Batinah coast (Fig. 5) with a
mean temperature gradient of around 17.5 °C km™" for the six wells plotted in Fig. 5.
However, only two of the six wells with litho-stratigraphic log correlation show undis-
turbed conditions and seem to be under a thermal equilibrium (NB-19, RGS2-L) with a
mean temperature gradient of 19.1 °C km™". It is likely that a relatively low temperature
gradient is representative for the Batinah coast, even if advective disturbance is present
in the shallow intervals of the wells. This is in accordance with T-gradients determined
by Rolandone et al. (2013) in 13 water wells (6.6-26.1 °C km™!) in south and north
Oman. The closest water wells that were analyzed by the authors are in the northern
Batinah coast around 230 km to the northwest of our study area. In two water wells the
authors determined T-gradients of 6.6 and 11.6 °C km™’, but only the higher value is
considered to be reliable.

The target temperature for geothermal exploitation is 70-100 °C, if the heat is to be
used to drive an absorption chiller or for water desalinization. When the annual aver-
age surface temperature of Muscat (29 °C) is applied the target temperatures can be
calculated using the determined surface heat flow and the thermal conductivity of
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stratigraphic formations as model input. This results in a target depth of about 2000—
3000 m (Fig. 6). The use of geothermal energy in the sedimentary section would be pos-
sible, but only in the deeper parts of the foreland basin.

Besides suitable hydraulic properties the rejection of process waste heat to the under-
ground requires stable and low temperatures. The temperature logs give an idea which
depth levels might be considered for such an application. Varying between 29.9 and
34.4 °C the temperature logs show a minimum between 50 and 100 m depth. These val-
ues are only slightly above the average annual surface temperature of Muscat (29 °C),
and significantly lower than peak temperatures during summer time (47 °C) and there-
fore constitute a suitable target for rejecting process waste heat.

Surface heat flow of the Arabian Platform

Rolandone et al. (2013) determined a uniformly low (45 mW m™?) surface heat flow in
the entire region of the eastern Arabian Platform, which is in accordance with the results
determined from the newly measured temperature profiles of this study. Determina-
tion of the surface heat flow of two selected boreholes resulted in values of 46.4 and
47.9 mW m~2 with a mean of 47.2 mW m~2. However, if such low values are representa-
tive for all Oman is a question which has to be solved by a broader heat flow study. The
determination of heat flow values for the Batinah coast allows the generation of 2D or
3D thermal models of the sedimentary basin. The basis for such a model would be a geo-
logical model incorporating all the major geological units. The required input param-
eters that need to be assigned to each geological unit are the thermal conductivity, the
radiogenic heat production and the density. The heat flow then constitutes the boundary
condition, together with the annual surface temperature. Such a model would allow the
generation of temperature-depth maps. The radiogenic heat production of the sedimen-
tary cover can contribute significantly to the surface heat flow when clastic sediments
are dominant. In case of the neoautochthonous sedimentary cover the amount of radio-
genic heat production is probably minor due to the prevalence of carbonates. This is also
reflected in several gamma ray logs provided by the MRMWR. The logs are recorded in
API units and among six well logs the values are below 50 API with a mean of 15 API (cf.
Fig. 5), which is characteristic for carbonatic dominated composition (Vila et al. 2010).

Conclusions

Newly measured temperature logs of six well locations and the three T-logs pro-
vided by the MRMW were used as a basis to calculate the geothermal gradient of
the Batinah coast. The calculation indicates a relatively low geothermal gradient
(~19.1 °C km™!), and a temperature window of 70-90 °C reached at 2000-3000 m
depth (Fig. 6). The results show that geothermal energy as heat source for a thermally
driven absorption chiller is an option even in areas with low geothermal gradients.
The required temperatures are reached in a drillable depth within the sedimentary
basin. Geothermal energy can significantly contribute to cover the base load of such
a cooling system that is not available through solar thermal energy. With geothermal
energy as heat source for a thermally driven cooling system a storage system would
become less relevant. Whereas, it is vital when a fluctuating heat source, like the sun,
is used. To further evaluate the geothermal potential of the study area it is crucial to



Schiitz et al. Geotherm Energy (2018) 6:5 Page 20 of 23

carry out structural analysis. Especially the hot springs in the area indicate a potential
geothermal target. At one spring a temperature of 66 °C was measured (data provided
by the MRMWR); it is located where the post-nappes sedimentary deposits have
been faulted against the autochthonous series. Fournier et al. 2006 reconstructed
the local stress tensor and identified two phases of extension followed by a compres-
sional phase. The authors analyzed fractures on outcrop scale which could be used to
understand the hydraulic behavior of the faults. Therefore, a coupled heat and fluid
transport analysis is required to better understand the potential of fault/fracture con-
trolled geothermal activity in the study area.

The surface heat flow calculated for two sites show relatively low values (47.9 and
46.4 mW m™2). Such low heat flow values have been determined at different sites in
Oman (Rolandone et al. 2013) but are nevertheless atypical for the crustal setting. Heat-
flow values in the middle and upper 50 mW m~? are determined in other regions for
provinces of Neoproterozoic age (Nyblade and Pollack 1993; Rudnick et al. 1998). A
crustal transect generated from seismic data (Al-Lazki and Barazangi 2002) indicates
a Moho depth of about 40 km under the passive continental margin of north-eastern
Oman. The metamorphic basement is around 25 km thick, and the average thickness
of the sedimentary cover is around 15 km. In this study a transition from the upper to
the lower crust (Conrad discontinuity) is not indicated. The upper crust consists of the
sedimentary cover, metamorphic rocks and granites/granodiorites, whereas the lower
crust is defined by a more mafic composition with plagioclase-rich and pyroxenite-rich
granulite. Assuming a normal heat flow at the Moho (qm =25 mW m™%, Artemieva and
Mooney 2001) and moderate radiogenic heat production in each of the crustal layers
a surface heat flow of around 58 mW m~2 would be expected. Thus, the surface heat
flow determined in the present and previous study (Rolandone et al. 2013) are around 10
mW m~2 lower, than the crustal setting would imply. Further studies on the crustal heat
flow of the Arabian Peninsula in general, and Oman in particular are essential to better
understand the temperature pattern of the broader region.

The temperature gradient, surface heat flow and thermal properties determined in
this study serve as input parameter for simulations of the underground to plan poten-
tial shallow geothermal applications. Knowledge of the temperature distribution in
the subsurface and the physical rock properties is fundamental in the development of
underground storage system. The rejection of process waste heat to the underground
is a relevant topic for the whole Arabian Peninsula, where temperatures during sum-
mer can reach more than 47 °C (in Muscat, PACA) causing all conventional technolo-
gies to be either inefficient or expensive. A stable temperature below 35 °C is required
to efficiently reject process waste heat of an absorption chiller. The temperature logs
of this study suggest temperatures that would be sufficient to reject the heat into the
ground. Minimum temperatures (~30 °C) were measured between 50 and 100 m at
the four well locations located closest to the shoreline (21-6D, RGS2L, RGS5HS, 103)
and these temperatures are significantly lower than the maximum temperatures that
can be reached during the hottest month. Due to the low temperature gradient deeper
parts of the basin might also be suitable. Only three of the ten T-logs show tempera-
tures > 35 °C (21-7D, NB-19, NB-1).
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