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Abstract
Geothermal activities are often associated with hydrothermal deposits and hydrothermal features that could aid in geother-
mal exploration. As a case study, this paper is concerned mainly with the factors controlling the hydrothermal activities and 
deposits in the Hammam Faraun (HF) area, Gulf of Suez rift, Egypt. In addition to dolomites, hot spring travertine deposits 
recorded for the first time in this area are emphasized. The proposed conceptual models illustrated that these deposits are 
confined to the damage zone of the Hammam Faraun fault (HFF). The main factors controlling the hydrothermal activities 
through time are: syn-rift volcanic activities related to shallow magma chamber bounded to the lithosphere, variable fluid 
conditions and nature of hydrothermal circulation through HF fault system. At rift initiation, sea water percolated along the 
CLB fault (a clysmic fault parallel to HFF), reached the Nubian Sandstone and Eocene Carbonate aquifers, mixed with their 
water, heated and arose along the HFF. The hydrothermal deposits related to fluid circulation at this time are represented by 
stratabound dolomite. At rift climax, the massive dolostone was formed from coastal lakes mixed water. These dolomitizing 
lakes occupied the topographically low area at the flank of HF relay ramp. With the beginning of post rifting time, travertine 
deposits were developed from fluids inside spring lakes during the Pleistocene pluvial period. This sequential development 
of dolomitization, travertine, and hot fluid flow in HF area would suggest continuity of geothermal activities since the rift 
initiation until present. Therefore, this study may be considered as a guiding model for further proper evaluation of geother-
mal energy resources of HF area in particular and geothermal systems in rift basins in general.

Keywords  Gulf of Suez rift · Hammam Faraun (HF) · Geothermal fluids · Hydrothermal dolomitization · Travertine · 
Oligo-Miocene volcanic activity

Introduction

Geothermal activities can be classified according to their 
relation to plate tectonics, heat sources, heat transfer pro-
cesses, chemistry of fluids, and fluid pathways (e.g., Moeck 
2014). Worldwide occurrences and utilizations of geo-
thermal energy resources are found along or near tectonic 
plate boundaries and favorable tectonic settings where, 

earthquakes, volcanic activities, hot spots, thermal and 
hydraulic anomalies are concentrated (e.g., Boden 2017). 
Egypt is located in a tectonic setting that enriches its geo-
thermal potentialities where it is surrounded by three types 
of present-day plate boundaries, the Hellenic convergent 
plate boundary in the Mediterranean, the Red Sea diver-
gent plate boundary and the Gulf of Aqaba- Dead Sea plate 
boundary transform fault (e.g., Morgan and Swanberg 1979; 
Abdel Zaher et al. 2012 and references therein).

Intracontinental rifts represent one of the favorable tec-
tonic settings for convection-dominated geothermal play 
systems, these systems are mainly fault-controlled (Moeck 
2014). The Gulf of Suez rift comprises several geothermal 
manifestations e.g., Ayun Musa, Hammam Faraun and Ham-
mam Musa (Fig. 1a).

The hot springs of the Hammam Faraun area (Fig. 1a) 
which record the highest measured temperature of thermal 
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Fig. 1   a Location map of Hammam Faraun area within the geo-
thermal activity map of Egypt (Compiled from different sources). b 
Regional structural map of the Gulf of Suez rift. Hammam Faraun rift 
block is located within the central dip province and bounded by two 

major faults which are HFF and Thal fault (modified after Moustafa 
and Khalil 2017). c Simplified stratigraphic column of Hammam Far-
aun rift block including the study area ( adapted from Moustafa and 
Abdeen 1992; Sharp et al. 2000)
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springs  in Egypt (up to 70 ºC, e.g., El Ramly 1969; Morgan 
et al. 1983), is of significant balneotherapic and geotouristic 
values. The area comprises pre-rift to post-rift sedimentary 
rock units and volcanics as well. Previous geothermal studies 
(e.g., Boulos 1989; El-Qady et al. 2000; Atya et al. 2010; 
Abdel Zaher et al. 2011, 2012; Lashin, 2013) were carried 
out and both conceptual and numerical models for the geo-
thermal energy resources of Hammam Faraun area were 
constructed based on geological, geochemical, and geo-
physical data. These models suggested that the heat source 
of Hammam Faraun geothermal system is high heat flow 
and deep water circulation controlled by faults associated 
with the Gulf of Suez rift. The main source of this water is 
meteoric water with some contribution of sea water. Numeri-
cal models showed that the estimated reservoir thickness 
was about 500 m and reservoir temperature between 95 and 
150 °C. The value of the estimated potential for was between 
12.4 and 19.8 MW and the estimated reservoir production 
life was 30–50 years. Therefore, Hammam Faraun geother-
mal site was recommended by these authors as a promising 
(or may be the most promising) site for geothermal energy 
development in Egypt.

The studied hydrothermal fluids show obvious dual 
selective impact on the sedimentary rocks. This impact is 
observed as dolomitization near to the hot springs (e.g., Hol-
lis et al. 2017) and some spring deposits (travertine). This 
study focusses on better understanding the relation between 
fluid circulation and the hydrothermal deposits recorded in 
the area. The current research is concerned with the field 
occurrences, petrographical characterization and geochemi-
cal interpretations of the different hydrothermal deposits and 
their genetic relationship to the geothermal fluid circula-
tion in the Hammam Faraun geothermal system. Moreover, 
integrated conceptual models are constructed to show the 
different elements of the geothermal system that assumed 
to control not only the formation of the recent localized 
hydrothermal dolomite that was previously studied by some 
authors (e.g., Magaritz and Issar 1973; Hirani 2014; Hollis 
et al. 2017; Hirani et al. 2018a, b; Korneva et al. 2018) but 
also the travertine spring deposits recorded by the authors 
for the first time in the study area as well as some associ-
ated karstic features. It is worth mentioning that the previ-
ous hydrothermal studies in the study area are important 
basis for the new dolomitization models presented in this 
work. However, modifications are made based on the present 
analyses and results.

Geological setting

The Gulf of Suez rift is differentiated into three major dip 
provinces or half grabens dominated by NW–SE trend-
ing normal faults. The northern, central, and southern half 

grabens are dipping toward SW, NE, and SW directions, 
respectively (e.g., Moustafa 1976; Patton et al. 1994; Bos-
worth and Mcclay, 2001). Each half graben is divided into 
several rift blocks (Fig. 1b). Hammam Faraun rift block is 
one of these rift blocks. It is a ca 20 km wide and ca 40 km 
long fault-bounded, crustal-scale block located in the central 
dip province of the rift (e.g., Moustafa and Abdeen, 1992; 
Sharp et al. 2000).

The stratigraphic succession of the eastern side of the 
Gulf of Suez rift is characterized by three main depositional 
sequences relative to the rifting event, those are: pre-rift 
(Cambrian to Eocene) sequence unconformably overlying 
the Precambrian basement rocks); early and syn-rift (Oligo-
cene—Miocene) sequence and post-rift (Pliocene to Recent) 
sequence (e.g., Moustafa and Khalil, 2017).

In the HF rift block, the pre-rift sequence (about 2000 m 
thick) includes from the base to top, a clastic Cambrian to 
Early Cretaceous Nubian Sandstone, a mixed facies assem-
blage of Late Cretaceous Raha, Wata, Matulla and Sudr for-
mations and a non-clastic assemblage of Late Cretaceous 
Sudr Formation and Eocene Thebes, Darat and Tanka for-
mations). The early and syn-rift sequence includes the Oli-
gocene clastics (Tayiba and Abu Zenima formations), early 
rift basic volcanics and Miocene clastics and evaporites. 
The post-rift sequence is composed of Pliocene to Recent 
sediments which are mainly wadi deposits (e.g., Moustafa 
and Abdeen 1992; Moustafa and Khalil 2017) (Fig. 1c). It 
is worth mentioning that the study of partially dolomitized, 
pre-rift, Early Eocene Thebes Formation is one of the chief 
targets of this study.

Methodology

The present study is based on detailed field investigation 
that led to the construction of a new geological map for the 
study area with more precise rock boundaries, mapping new 
volcanic bodies as well as more detailed structural analysis 
including the major crustal Hammam Faraun fault (HFF). 
Landsat 8 and Google Earth© satellite imagery were sub-
stantiated by detailed field work and previous maps to cre-
ate the detailed geological map. Petrographic studies were 
done on fifteen collected samples representing the different 
rocks with special emphasis on the hydrothermal deposits. 
Cathodoluminescence (CL) analyses of two selected sam-
ples were carried out using a cold cathodoluminescence 
system, mounted on Nikon eclipse 50 T optical microscope 
at pressures of < 50 Torr, 10–15 kV and a cathode current of 
350–500 µA. Two selected dolostone samples which were 
collected from the hot spring site of HF, were prepared for 
SEM. Field emission scanning electron microscope between 
(SEM) Hitachi S-4700 equipped with a NORAN vantage 
energy dispersive spectrometer (EDS). SEM analyzes using 
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15 mm working distance, 10 kV acceleration voltage, and a 
semiconductor Si (Li) detector. The samples were mounted 
on SEM holders with silver glue and coated with C. All 
these techniques were performed at the laboratories of the 
Institute of Geological Sciences at Jagiellonian Univer-
sity, Poland. Water quality equipment was used for in situ 
measurements. The primary field measurements (tempera-
ture, pH, and TDS) of the thermal waters of the hot springs 
were performed using standard calibrated portable equip-
ment. Temperature and pH were measured using ADWA 
AD130 proof PH-ORP-TEMP portable meter, while TDS 
was measured using ADWA AD410 standard professional 
TDS-TEMP portable Meter. Three samples were collected 
in acid-washed polyethylene bottles and kept refrigerated 
till transformation to the laboratory. Chemical analyses of 
the thermal water samples were carried out at the National 
Water Research Center (NWRC), Egypt. Laboratory analy-
sis included major ions measurements. Major anions were 

estimated by Ion Chromatography (IC). Major cations were 
estimated using inductively coupled plasma-optical emission 
spectrometry (ICP-OES). A representative sample from the 
three samples is used in this paper.

Results

Structural setup

Structurally, the study area is subdivided by the so-called 
Gebel fault (GF) into two tilted sub-blocks; a main sub-
block (sub-block 1) to the east and southeast and a smaller 
sub-block (sub-block 2) to the northwest (Fig. 2). The name 
Gebel fault was given by Hirani (2014). In this study, we 
refer to the two segments of the Gebel fault to Gebel fault 
1 (GF 1) and Gebel fault 2 (GF 2). The main sub-block is 
delimited westerly by the NNW-oriented GF 1, the ENE 

Fig. 2   Geological map of the 
study area showing the distribu-
tion of different rock units, 
volcanic occurrences, structural 
elements as well as hydrother-
mal deposits (after Moustafa 
2004 and Hollis et al. 2017 with 
major modifications)
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oriented GF 2, and the NW and WNW-oriented segments 
of HFF. This sub-block has a nearly constant dip direction 
toward NE. At the southwestern boundary of this sub-block, 
the dip changes toward SW direction as a result of the occur-
rence of a footwall anticline of the HFF. In addition, the dip 
varies locally within the eastern part of this sub-block due 
to the occurrence of intra—sub-block faults. The small sub-
block (sub-block 2) has variable dip directions that range 
between NNE to NW with the predominance of the NW 
dip direction. The variation in dip direction of this block is 
attributed to two main processes; relay ramp formation and 
drag folding associated with the GF and HFF.

An overlapping transfer zone is formed between the right-
stepped HFF and GF 1, where the throws of the two faults 
are strongly decreased to zero at their terminations. This 
transfer zone (Fig. 2) was formed as a relay ramp (mono-
cline) dipping toward NW direction which resulted in the 
accumulation of the basal Miocene deposits at the north 
western part of the study area. Most probably, after the depo-
sition of the basal Miocene, the relay ramp was breached and 
resulted into the formation of the NE-oriented segment GF 
2. We referred to this relay ramp as HF relay ramp.

Two types of folds are recorded in the study area. These 
folds are next to the major faults with their axes orientated 

parallel to sub-parallel to the fault strike (Fig. 2). The first 
type comprises two folds, a NW plunging fold in the foot-
wall of the HFF and a syncline plunging to the north in the 
hanging wall of the GF1. The second type of folding occurs 
as NW plunging rollover anticline in the hanging wall of 
the GF1. The western limb of this anticline is collapsed by 
mappable and unmappable northwest oriented normal faults.

The large displacement (about 5 km) of the HFF resulted 
in the formation of a 350–500 m wide damage zone where 
the hot springs exist (Fig. 2). The inner part of the damage 
zone is characterized by brecciation, fragmentation and high 
frequency of fractures and veins which strongly obliterate 
the original bedding (Fig. 3). The outer part of this dam-
age zone is dissected by extensive fractures; those are NW 
oriented conjugate fractures and nearly vertical extension 
fractures. It’s noteworthy that the hydrothermal features that 
will be discussed later are concentrated within the damage 
zone of HFF.

Fig. 3   Field photos for the damage zone of the Hammam Faraun 
Fault showing fracturing, brecciation, and Fe oxide staining. a Frac-
turing and nearly vertical slip planes in the outer core of the damage 
zone. b Cavities and open space crystallization in the heavily crushed 
part of the inner core of the damage zone. c Distal view showing the 

inner and outer cores of the damage zone. d Narrowing of the dam-
age zone in the exposed part of the Sudr Fm. and Esna Shale showing 
small number of fractures filled by calcite and gypsum and blacken-
ing of some shales probably induced by hydrothermal fluids or the 
depositional condition of shales
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Hydrothermal features and deposits

Travertine

Geomorphologically, travertine deposits are of cascade 
type as they are formed along the steep slope of the fault 
scarp of the HFF. They occur in the form of isolated 

patches and masses with an estimated area of 1 m2 each. 
These deposits are hosted in the Thebes carbonates, 
about 250 m south of the HF springs (Fig. 4a). They are 
restricted in certain horizons along the damage zone of 
HFF. These deposits consist of nearly horizontal, alternat-
ing pale brown and centimeters -thick crenulated bands 
that strike NW–SE. Cavities in between are variably 

Fig. 4   Travertine deposits 
recorded in the study area. a 
Field photo showing a general 
view of a laminated travertine 
mass, note the presence of brec-
ciation and reddish coloration 
along their contacts with the 
Thebes limestone. Looking 
NE. b A hand specimen of 
the travertine showing a few, 
centimeter- sized gas escaping 
pores. c A thin section showing 
alternating sparite, micrite, and 
microbial laminae, PPL. d A 
lens of floated calcitic patches 
in a micritic matrix. PPL. e Fan 
shaped primarily aragonitic 
crystals percolating the calcite 
crystals, PPL. f Detrital rounded 
quartz (Qtz) grain and peloids 
(pel) in the travertine, CN. g 
A disintegrated glassy basaltic 
fragment, with plagioclase 
micro-phenocrysts, set in a 
cavity, CN
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sized, elongated and parallel to the banding. Within these 
cavities, large calcite crystals grew perpendicularly from 
the walls to the center. This travertine exhibits gas lay-
ers which are composed of rounded to elongated cavities 
especially at its upper surface (Fig. 4b). The gradational 
contact with the Thebes carbonates exhibits pronounced 
brecciation and reddish to blackish coloration (Fig. 4a). 
The bands were affected by oblique fractures of different 
orientations.

Petrographically, the travertine is composed of very thin 
occasionally crenulated flat lamina (Fig. 4c). Two genera-
tions of carbonate in this travertine are recorded; an older 
fine-grained micrite that contain minute crystals and lithic 
fragments (Fig. 4d) and a younger and dominant sparite 
crystals with sharp crystal faces constitute about 90% of 
the rock (Fig. 4c, d). The blocky sparite has scalenohe-
dral shaped terminations and growing perpendicular to the 
cavity walls which host relict micrite (Fig. 4c). Microbial 
laminas are also present (Fig. 4c). These features are char-
acteristic for hot water travertine (Flügel 2004; Scholle 
and Ulmer-Scholle 2003). Clots of fan-shaped primarily 
aragonitic crystals that sometimes fill the fractures are fre-
quent (Fig. 4e). Minute detrital quartz grains and peloids 
are occasionally dispersed in the travertine (Fig. 4f). Dis-
integrated lithic fragments of glassy plagioclase-phyric 
basalts are sporadically set in the micritic matrix (Fig. 4g).

Karst features

One of the most conspicuous features in the HFF damage 
zone is the presence of karstic features in the Thebes Forma-
tion. These features have either a dissolutional or a deposi-
tional nature. Cavities and midget caves are the most com-
mon dissolution forms (Fig. 5a). The main HF hydrothermal 
spring cave represents one of the large exposed midget phre-
atic caves in the study area (Fig. 5b). This cave has been 
developed when a part of the Thebes carbonate host rock 
was highly fractured and jointed and then collapsed from the 
ceiling of the cave opening as a result of the repeated under-
cutting erosion. Fluid sources for the karstification process 
probably include rainwater as well as thermal springs water. 
Some cavities and fractures are filled with salt crusts or with 
Terra Rosa and red matrix debris which constitute the depo-
sitional karstic features within the hot springs area (Fig. 5c).

 Dolomitization

The field investigation of the study area shows partial to 
complete dolomitization of the Thebes carbonate in the foot-
wall of HFF. The majority of the darker dolomitized lime-
stone beds are concentrated near the fault zone within the 
lower part of the Thebes Formation where they are highly 
fractured and tilted. On the other hand, the upper part of the 

Fig. 5   Karstic features in the Early Eocene Thebes Fm. in Hammam 
Faraun hot springs area. a Cavities and midget caves representing the 
dissolution features. b HF main cave, the largest midget dissolution-

related cave in the study area. c Salt crust, Terra Rosa and red matrix 
debris inside HF main cave



	 Carbonates and Evaporites (2021) 36:57

1 3

57  Page 8 of 18



Carbonates and Evaporites (2021) 36:57	

1 3

Page 9 of 18  57

Thebes formation consists of chalky laminated fossilifer-
ous limestone showing weathered surface and karstification 
(Fig. 6a). Additionally, similar dolomitization in the hang-
ing wall was also observed from the subsurface well logs 
(Shawky 2020).

According to the spatial distribution of these dolomitized 
rocks, two main mode of occurrences were recorded as 
stratabound dolostones and massive dolostones. The strata-
bound dolomitic rocks are dark brown in color occurring 
as scattered bodies of variable dimensions and are paral-
lel to the bedding of the Thebes Formation. These bodies 
are more numerous and frequent close to HFF and vanishes 
away from the hot springs. They are commonly associated 
with scattered flint nodules. The other type of dolomite bod-
ies; the massive ones are more reddish in color. There are at 
least two major massive dolomitic masses of nearly similar 
dimensions, each with average thickness of 100 m and width 
from 300 to 500 m, one exist to the north of the study area 
and the other to the south (Fig. 6b). They are located within 
the HF relay ramp and within the HFF damage zone, nearby 
the hot springs (Fig. 2). They are structurally confined by 
the major steeply sub-vertical NNE-SSW to ENE-WSW 
trending fractures. The fracture swarms of the outer part of 
the HFF damage zone represents the outer boundary of the 
massive dolostone bodies where unaltered limestone appear 
gradationally to the east. These two bodies exhibit fractura-
tion and irregular brecciation. The HF caves exist within the 
northern massive dolostone body and the travertine deposits 
are about 250 m away.

Under petrographic microscope, euhedral to subhe-
dral dolomite with zoning crystals is commonly observed 
(Fig. 6c). Scattered dolomite rhombs are randomly distrib-
uted through the pore spaces. Some of these rhombs are 
distributed along stylolites and pressure dissolution seams 
as well as late cavity-filling (Fig. 6c).

Thin sections show the rhombic structure of the dolomite 
though no obvious zoning. On the other hand, the cathodo-
luminescence (CL) microscopy shows a pronounced zoning 

within each rhomb (Fig. 6d). There is an alternation of bright 
and dull luminescence. Some dull-luminescent dolomite 
crystals are cored with bright- luminescent dolomite (bright 
red and orange), others are cored by bright-luminescent cal-
cite (yellowish colored), though some rhombs have no older 
cores and are composed mainly of recently formed dolomite 
(Fig. 6d). The CL images preserve the carbonate residues in 
between the dolomite in the form of non-luminescent areas 
(Fig. 6d). SEM/EDS analysis of selected sample from the 
ceiling of the main cave within the hot springs area are pre-
sented (Fig. 6e). It is obvious that the rock is heterogeneous 
and is composed mainly of dolomite with Ca (yellow) and 
Mg (green) except in areas which occupied by other minerals 
(Fig. 6e). C is not detected as it is from the light elements 
that cannot be detected by the EDS technique as reported 
earlier (Severin 2004). Clay particles are also detected in 
the EDS images having high concentration of Si (white), Al 
(white), Mg (green) and Fe (red). This clay particles may be 
montmorillonite as inferred from the elemental concentra-
tion. Another minute phase is detected which is composed 
mainly of Fe (red), this could be pyrite (Fig. 6e).

Volcanic activities

The volcanics are exposed in the northern part of HF area 
in the form of sills that intrude the Tanka Formation, and 
flows underlying Miocene clastic (Fig. 7a). In the SE part, 
they are represented by a sill-dyke complex within the Mat-
ulla-Thebes formations (Fig. 7b, c). These Tertiary volcan-
ics are mainly doleritic and amygdaloidal basalts showing 
fracturing and high alteration. The sills and dykes enclose 
differently sized xenoliths of the sedimentary rocks on which 
visible thermal effects of the basalts are observed. It is worth 
mentioning that the doleritic sills intrude the Wata and Sudr 
formations are recorded in the hanging wall of HFF (Shawky 
2020).

Petrographically, the interior of the sills is holocrystalline 
olivine dolerite that is characterized by intergranular texture 
with variable amounts of plagioclase and augite (Fig. 7d). 
Whereas the lava flows, dykes, and the margins of the sills 
the rock is holocrystalline to cryptocrystalline plagioclase-
phyric basalts. The glassy mesostasis of the cryptocrystal-
line variety exhibits different degrees of devitrification. 
The Plagioclase (mainly labradorite) forms phenocrysts 
and micro- phenocrysts as well as microlites in the matrix 
(Fig. 7e). Pyroxene (mainly augite) and olivine which is 
commonly altered to iddingsite, form micro- phenocrysts. 
Both plagioclase and augite form doleritic texture and flow 
texture within the doleritic and olivine basaltic varieties, 
respectively. Patches of sericite, smectite (montmorillonite) 
and calcite are dispersed in the glassy mesostasis due to the 
effect of the glass alteration. Calcitization of the glassy mes-
ostasis of these volcanics suggests the presence of CO2-rich 

Fig. 6   Dolomitization within the Thebes Fm. in the study area. 
a Field photo showing the two modes of occurrence of dolomite 
namely; stratabound and massive dolomites previously named 
by Hollis et  al. (2017). b The two main massive dolostones bodies 
located within the HF relay ramp and within the HFF damage zone, 
nearby the hot springs. c Dolomite in plane polarized light (PPL), 
euhedral to subhedral dolomite rhombs replaced the host Thebes 
limestone with cloudy centers (high inclusions) and limpid borders. 
d Cathodoluminescence (CL) image of the dolomite in (c). The cores 
of the rhombs show more luminescence than the borders which show 
zonation. Some rhombs are completely zoned without any core. e 
SEM/EDS of dolomite sample from the ceiling of the main cave. This 
can be interpreted as a dolomite crystal Ca (yellow) and Mg (green) 
enclosing a clay particle having high concentration of Si (white), Al 
(white), Mg (green) and Fe (red). Another phase of Fe (red) could 
represent pyrite

◂
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fluids during the alteration process. Xenoliths of olivine dol-
erite and pyroxene-phyric basalt as well as other country 
rocks such as carbonate (Fig. 7f) are recorded in the basaltic 
flows. These basaltic rocks are amygdaloidal. The amygd-
ules are numerous, small, elongated to rounded, and exhibit 
a zonal arrangement of various minerals in different parts 
of the study area; chalcedony, smectite, then calcite as in 
the NW part; iron oxide, smectite, then celadonite (Fig. 7e). 
The alteration product of these volcanics in addition to the 
minerals fill the amygdules and fractures reflect the effect 
of country rock composition as well as hydrothermal fluids 
on these volcanics.

Hydrochemical analysis

The analysis of the chemical composition of the thermal 
water samples from the study area (Table 1) demonstrates 

Fig. 7   Oligo-Miocene volcanic occurrences in the study area. a A 
General view of the NW part of HF area showing the basaltic flows 
(B) overlain by the Miocene clastics (M) and underlain by Tanka For-
mation (T), looking NW. b A doleritic sill (B) intrudes the Sudr chalk 
(S) and Matulla Fm. (Mt), SE of Hammam Faraun area, looking N. c 
A spheroidally weathered basaltic dyke, note the presence of reddish 
alteration of the Sudr Formation at the uppermost part as a result of 
high temperatures fluids. Looking NW. d An olivine dolerite enclave 

in the hypocrystalline plagioclase-augite-phyric basalt. PPL. e Pris-
matic subhedral plagioclase microphenocrysts imbedded in the glassy 
mesostasis, plagioclase-phyric basalt, note the presence of zoned 
amygdules with green celadonite followed rim-ward by yellowish 
smectite. PPL. f A large rounded and resorbed carbonate xenolith in 
the plagioclase-phyric basalt, witnessing the interaction between the 
lavas and sedimentary rocks in the area. PPL

Table 1   Field data (T, pH and TDS) and chemical composition 
(major cations and anions; concentrations are in mg/l) of the thermal 
springs in Hammam Faraun area

Sample HF-1 HF-2 HF-3 HF-4

T (°C) 70 – 70 70
pH 6.76 – 7.44 6.48
TDS (mg/I) 17,712 14,869 14,030 16,800
Na 4218 3700 3642 4750
K 65 52.78 127 130
Ca 876 1180 966 1039
Mg 189 285 270 489
CI 6435 8228 8050 9654
SO4 2057 690 780 1450
HCO3 346 171 109 132
Source This study Issar et al. 

(1971)
Sturchio 

et al. 
(1996)

El-Fiky (2009)
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that the water is near neutral (pH ~ 6.8), has a salinity of 
17,712 mg/l that is much higher than that of a fresh water 
and far below that of marine water. It is enriched in Cl, SO4 
as well as Na and Ca. The hydrochemical formula (Kurlov 
formula; Kurlov, 1928) for the present water sample is rep-
resented in (Eq. 1). Accordingly, this water is of Ca- Sodium 
Chloride type.

Equation 1: Hydrochemical formula (Kurlov formula) for 
HF-1 thermal water sample (this study). Ions’ concentrations 
are in e% and total mineralization (M) is in g/l.

The main components of HF spring water from current 
analysis and from previous work are plotted on Langelier-
Ludwig diagram (Langelier and Ludwig 1942) (Fig. 8) to 
reveal their origin. Moreover, several variation diagrams are 
constructed to illustrate the relation between different ions 
and chloride, where the seawater dilution line (SWDL) is 
presented on the diagrams (Fig. 9).
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Discussion

Hydrochemical origin

The results of the chemical analysis of the thermal water 
samples in the present study are in some correspondence 
with those of Issar et al. (1971), Sturchio et al. (1996), El-
Fiky (2009) and Abdel Zaher et al. (2011).

Falling of the water samples near the marine water field in 
the Langelier-Ludwig diagram (Fig. 8) reflects the possible 
effects of Miocene evaporite dissolution as well as prob-
able mixing with sea water. The relation between Na and Cl 
indicates that Na concentration in sample HF-1 plot above 
the SWDL and below the line in the rest of samples, indicat-
ing possible cation exchange with the rock matrix (Fig. 9a). 
The relation between Ca and Cl (Fig. 9b) shows high Ca 
relative to Cl than in seawater which may indicate calcite 
and gypsum dissolution of the Eocene Carbonate rocks and 
the Miocene Evaporites, respectively. The increase of SO4 
and HCO3 against Cl also indicates gypsum and carbonate 
dissolution (Figs, 9c, 9d respectively). An important relation 
is that between Cl and Mg (Fig. 9e) where the decreasing 
in Mg in all samples is mainly related to the dolomitization 
process.

The plotting of some samples more or less near to the 
seawater dilution line in the Cl variation diagrams supports 
the mixed-water origin assumption. Isotopic studies (Issar 
et al. 1971) also suggests the mixing of meteoric waters 
with sea water in both the Nubian Sandstone and the Eocene 
Carbonates.

Dolomitization models

The origin of dolomite causes much debate and difficulties, 
particularly in the case of pervasive dolomitization of exten-
sive limestone as in HF rift block. The major problems in the 
dolomitization process are the source of dolomitizing fluid 
with its Mg content and the mechanism of fluid circulation 
and penetration through the carbonate host rocks. In trying 
to unravel these problems, several models for dolomitization 
were discussed by many authors, such as Tucker and Wright 
(1990), Tucker (1991), and Warren (2000). However, the 
most recent studies which have been applied to the study 
area, are those of Magaritz and Issar (1973), Hollis et al. 
(2017), and Hirani et al. (2018a, b).

The stratabound dolomitization model

Based on the results of this study and the subsurface data of 
Shawky (2020), we mostly agree with Hollis et al. (2017) 
and Hirani et al. (2018a) concerning the proposed model of 

the formation of stratabound dolomite. They proposed that 
the fluid circulation took place along faults related to pro-
gressive rifting, being heated within the Nubian Sandston. 
In this work, we proposed the circulation of fluids between 
HFF and CLB fault (a clysmic fault in the hanging wall 
of the HFF; Shawky 2020). The fluids were heated within 
both the Thebes and Nubian geothermal reservoirs. This is 
evidenced by petrophysical analysis of these geothermal 
reservoirs in some offshore wells (Shawky 2020). Previous 
studies assigned the high heat flow associated with crus-
tal thinning that accompanied the rifting process and the 
radiogenic heat produced from basement rocks underneath 
HF area as sole source of heating (e.g., Morgan et al. 1985; 
El-Qady et al. 2000; Abdel Zaher et al. 2012). However, 
an important heat source which has not received adequate 
attention is the presence of basaltic magma storages at a 
depth of about 15–20 and 25-30 km bounded at the base 
of the lithosphere as reported by Shallaly et al. (2013). It is 
possible that sea water along with modification, could be 
the dolomitizing fluid (Tucker 1991). Based on the results 
of 87Sr/86Sr and REE signature of the HF dolomites, Hol-
lis et al. (2017) and (Hirani et al. 2018a) concluded that 
the Oligo-Miocene sea water was the only available fluid 
within the observed temperature range, with sufficient vol-
ume and Mg/Ca ratio for the stratabound dolomitization with 
a possible contribution from entrained seawater in Nubian 
Sandstone which may also have contributed to circulation. 
However, current research proposes that the dolomitizing 
fluid that was available for stratabound dolomite formation 
is a mixed fluid consisting of modified seawater and forma-
tional fresh to brackish water of both Nubian Sandstone and 
Thebes Formation that underwent circulation along faults 
within HF geothermal system.

The massive dolomitization model

The present study confirms the localization of the formation 
of the hydrothermal epigenetic massive dolomite within the 
damage zone of the HFF inside a relay ramp near the present 
day hot spring area as “fracture Corridors” bounding the 
massive dolostones bodies probably played a part in bar-
ring the lateral flux of fluids away from HFF damage zone, 
this is supported by the nonexistence of massive dolostones 
elsewhere on the HFF block (Rotevatn and Bastesen 2014; 
Hollis et al. 2017 and Hirani et al. 2018a, b). However, in 
this study, a model for the evolution of the HF rely ramp 
is presented (Fig. 10). At Early Miocene times, the trans-
fer zone between the HFF and GF1 was established in the 
form of NW-dipping monocline (HF rely ramp). This was 
breached later to produce the NE-oriented GF2 (Fig. 10). 
Accordingly, the localization of the hydrothermal fluids was 
controlled by the topographic low area at the toe of HF relay 
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ramp and resulted in the formation of lakes where dolomite 
was formed.

Therefore, our proposed model could represent a “mixed 
coastal lake model” similar to the model proposed by De 
Deckker and Last (1988) for the modern dolomite deposition 
in continental saline lakes at Victoria, Australia. These mas-
sive dolomites could have been formed by mixing of modi-
fied sea water flux and ancient Mg-rich brines similar to that 
proposed by Mehmood et al. (2018). These hot brines prob-
ably have come into contact with fresh continental meteoric 
or drainage water discharging into coastal lagoonal depres-
sions or lakes under evaporitic environments (Fig. 11). In 
this situation, salinities were decreased but Mg/Ca ratios 
were maintained. The mixing of meteoric groundwater with 
up to 30% sea water would result in undersaturation with 
respect to calcite but an increasing saturation for dolomite 
(Tucker 1991). In the case of seawater recharging, dolomite 
does precipitate directly from saline lake water where Mg/
Ca ratios are high from the interaction of drainage water 
with weathered exposures of adjacent basalts. However, the 
multiple phases of dolomitization can be attributed to wide 
ranging in fluid composition and/or fluid temperatures. Fluid 
temperatures could have varied as a result of footwall uplift, 
whereas fluid composition might have evolved through time 
by fluid-rock interaction or by changes in seawater chemistry 
(Hirani et al. 2018a, b). This environment is supported by 

the association of smectite and celadonite in the form of 
olivine alteration or amygdule filling in the adjacent volcanic 
rocks. This mineral association precipitated from hydrother-
mally modified sea- or pore-water as reported by Weiszburg 
et al. (2004 and references therein).

Travertine deposition

Travertines are calcareous, continental deposits exhibiting 
a very restricted lateral extent, which are mainly deposited 
from carbonate-rich waters issuing from hot springs. The 
mechanism of travertine deposition can be explained in the 
degassing of calcium bicarbonate rich water flowing from 
hot springs making the water supersaturated in CaCO3 and 
so carbonates are precipitated in the form of travertine. Such 
degassing of carbonate-rich waters is induced by several fac-
tors including the drop-in fluid pressure, turbulence of fluid 
flow, bacterial and algal biological activity extracting the 
CO2 from the waters. The environment in which the water 
flows depends the interaction between these factors which 
in turn is reflected in travertine morphologies and petro-
graphical characteristics (Chafetz and Folk 1984; Wohletz 
and Heiken 1992; Ford and Pedley 1996; Guo and Riding 
1998; Pentecost 2003; Brogi and Capezzuoli 2009). Many 
travertines are found to be related to normal fault systems 
and their associated damage zones. Such structures allow 

Hammam Faraun Fault
Hammam Faraun Fault

Gebel Fault 2

Massive Dolomite  

Hot Springs 

Stage 1 Stage 2 

Hammam Faraun Fault
Hammam Faraun Fault

Fig. 10   Schematic evolutionary model of Hammam Faraun relay 
ramp enclosing the massive dolostones bodies. Stage 1: Formation of 
a relay ramp (monocline) between the right-stepped overlapped HFF 

and Gebel fault 1. Stage 2: Breaching of the relay ramp and formation 
of the NE-oriented Gebel fault 2
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the upwelling, circulation, and channeling of hydrothermal 
fluids (e.g., Kerrich 1986; Caine et al. 1996; Bellani et al. 
2004). Current research revealed that the evolution of the 
HF travertine resembles that of Terme S. Giovanni travertine 
fissure-ridge in Italy as proposed by Brogi and Capezzuoli 
(2009). The HF travertine deposits have been developed from 
a lime charged underground hot water that issued through 
nearly vertical fissure along the HFF as spring discharge. 
Spill of the discharged water was accumulated as restricted 
local (occasionally hanged) pools around which the vegeta-
tion was developed. As wet climate continued, the water 
table rose in the spring pools and the travertine was depos-
ited under evaporation condition. These pools have existed 
along the gullies cutting the HF fault scarp and within its 
damage zone (Fig. 11). The highly fractured damage zone 
of HFF seems to have guaranteed the circulation and chan-
neling of the hydrothermal fluids that formed the recorded 
travertine deposits in the area. Abandoned hot springs are 
suggested to be located around the present location of traver-
tine occurrences from which the hot water flowed near to the 

surface along such gullies and deposited travertine. In this 
way, the present day locations of travertine deposits in the 
area represent an analog for the past geothermal manifesta-
tions. Magnesium is sometimes reported within travertines 
pointing to derivation from dolomite or mafic rocks nearby 
the travertine (e.g., Kitano 1963; O’Neil and Barnes 1971; 
Caboi et al. 1991; Folk 1994). If we interpret the dolomite 
crystals found in HF travertine as recrystallization crystals, 
the preexisting dolomites could have provided a source for 
magnesium. On the other hand, studying the alteration pro-
file along basalt rocks (data reported by Shawky 2020) to 
measure its contribution in the travertine (if any) was taken 
into consideration. Comparison of major and trace element 
composition of the altered and fresh basaltic rocks adjacent 
to travertine shows dual effect of the alteration on the differ-
ent elements. Both MgO and CaO decreased from 5 to 0.8 
wt% and 10 to 4 wt%, respectively, this is accompanied by 
enrichment in alumina (14 to 18 wt %). This suggests that 
the Mg and Ca might be exploited in the formation of trav-
ertine. This was supported by the presence of disintegrated 

Fig. 11   Schematic diagram 
showing a conceptual model 
of the HF geothermal system 
during the formation of massive 
dolomite “mixed coastal lakes 
model” and later formation of 
travertine deposits in ponds that 
existed along the gullies cutting 
HF fault scarp
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basaltic fragments within the travertine (Fig. 4g). Further-
more, the presence of various sized debris of local deriva-
tion inside HF travertine may indicate episodes of torren-
tial steam flow at the peaks of the rainy seasons during the 
Pleistocene pluvial period. The presence of new generation 
of calcite spars containing relics of dolomite crystals which 
may have been formed during dolomitization process of the 
massive dolostone adjacent to the travertine mounds, may 
indicate heavily rainfall during Pleistocene pluvial period. 
Where the temperature of geothermal reservoir is not very 
high, at less than about 150 °C, travertine is typically depos-
ited (e.g., Boden, 2017). Such reservoir temperatures are 
characteristic of HF geothermal system (e.g., Morgan et al. 
1983; Abdel Zaher et al. 2012; Lashin 2013). Commonly, 
travertine depositions around hot springs are indicators of 
geothermal reservoir that may be insufficient to generate 
electricity as for their not relatively high temperatures but 
may be utilized for direct-use geothermal applications such 
as for greenhouses or geothermal heating for nearby districts 
(e.g., Wohletz and Heiken 1992).

Karstification

The development of the karstic features including dissolu-
tion and depositional Karstic forms, depends on regional 
karst hydrogeological cyclic condition and local geologi-
cal factors (e.g., lithological and structural variations). The 
hydrogeological cycles include paleoclimatic fluctuation, 
particularly rainy and evaporation periodical conditions. All 
these factors are integrated together to control the develop-
ment of the Hammam Faraun Karstic features including the 
hydrothermal spring caves.

Integrated evolutionary model 
of the hydrothermal deposits

Based on the results of the present study and the previous 
work, we proposed a model for the evolution of HF geother-
mal system and the associated hydrothermal features, three 
stages were predicted. Those are early rifting, rift climax and 
post-rift climax stages (Fig. 12).

Stage 1: Early stage of rifting (Late Oligocene—
Early Miocene)

Mild tectonic activity with slight block rotation took place 
during this stage. This was accompanied by the emplace-
ment of dolerite dikes and sills driven by high pressure 
and high temperature of magma intruded the pre-rift rocks. 

Hydrothermal activities resulted in the formation of strata-
bound dolomites especially around the dike-sill complex 
which acted as an important heat source. At this stage, nar-
row damage zone of HFF was formed and HF relay ramp 
began to form but with a gentle dip.

Stage 2: Rift climax (Late Miocene)

During this stage, strong extension, high degree of fault-
block rotation and strong fault activity led to a high degree 
of transmissibility along the fault system which played a 
leading role in channeling the rising up of the thermal fluids. 
It was also accompanied by slight volcanic activity in the 
form of lava flows along the NW part of the area. The dam-
age zone of HFF was widened, relay ramp evolution contin-
ued with an increased dip till its final breaching (Figs. 10, 
12).

Stage 3: Post‑ rift climax to present day

The HF relay ramp which was active during the syn-rift 
period made the area nearby the hot springs a topographi-
cally low area in which fluids were concentrated and resulted 
into the formation of the massive dolostones (Figs. 11, 12). 
During this stage, tectonic activities slowed down, and the 
circulation of the hot fluids became driven by dilation of pre-
dominant NE and NW oriented fractures within HFF dam-
age zone. Travertine deposits were formed at the expanse 
of the Thebes carbonate in addition to the alteration of the 
adjacent volcanic rocks a result of surface flow of hot waters 
along the gullies, ponds and steps within the HF fault scarp.

Conclusions

In conclusion, the stratabound dolomite, massive dolomite 
and hot springs travertine have been developed in the HF 
area at rift initiation, last stage of rift climax and post-rift 
periods, respectively indicating continuity of hydrothermal 
activities since late Oligocene tell the present. Throughout 
these different stages, sea water descended along the CLB 
fault in reaching the Nubia and carbonate aquifers and mixed 
with their formational water then heated and ascended along 
the HFF. Heating of these fluids is mainly attributed to the 
elevated thermal gradient due to the presence of basaltic 
magma storage at a depth of around 25 km at the base of the 
lithosphere. The proposed conceptual models of dolomiti-
zation and travertine deposition may contribute to proper 
evaluation of the geothermal resources’ potentiality of Ham-
mam Faraun area.
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