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Abstract
Thermal conductivity and mineral composition of flood basalt in Al Hashimiyya city were correlated. Representative thin sections were optically analyzed for their mineral constituents and micro fractures. Findings of this
study will contribute to a comprehensive understanding of the correlation
between selected petrological characteristics of basalts and their heat conduction properties. It found that a 10% increase of opaque and ferromagnesian
minerals volume in the studied basalts leads to a thermal conductivity increasing by 0.4 W∙m−1∙K−1. This may considerably contribute to provide an
alternative to direct measurements of the thermal conductivity in Jordan basalts if a sufficient mineralogical data set is achievable. Thus, the prediction of
thermal conductivity through modal mineral composition may become a significant feature for efficient geothermal system exploration in basaltic rocks.
The results can be brought together into a petrophysical and hydrogeothermal model for better reservoir characterization. Such models will improve the
assessment of the basalt’s suitability as a geothermal reservoir for cooling and
heating utilizations.
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1. Introduction
The Mediterranean region has a strong interest in applying innovative and environmentally non-conventional energy resources such as geothermal energy;
accordingly, the most effective utilization of geothermal energy in Jordan is for
cooling purposes. This study presents a new conceptual framework for predictDOI: 10.4236/ojg.2019.91004 Jan. 29, 2019
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ing thermal conductivity of basalts based on their mineral constituents. An
arithmetic formula has been developed to correlate thermal conductivity with
opaque and ferromagnesian minerals. This development has reliance on three
assumptions: isotropic chemical composition, random oriented crystals and
homogenous basaltic sub-flows. This formula has been applied to the available
data to approve whether it is a reliable prediction method or not. Such formula
can be applied during the primary stages of geothermal systems exploration. Yet,
petrothermal properties have not been investigated in the Jordanian basalts. Petrothermal properties should be determined with other petrophysical properties
in one comprehensible approach in early stages of geothermal exploration. A
new petrothermal model, where thermal conductivity is dependent on mineral
volume proportional, mineral crystal size and microstructure, may initiate such
an approach. In geothermal potential preliminary studies a detailed mineralogical analysis will increase the exploration precision and reliability. The scientific
motivation for this study arises from this fact.
[1] stated that thermal conductivity is an essential criterion for the calculation
of heat flow models, he established a new geometric model correlating thermal
conductivity with mineral composition of water saturated basalt fragments. In
addition, permeability is other unique key parameter for characterizing the geothermal reservoir [2]. Different models have earlier been established to calculate
thermal conductivity based on various petrophysical properties: porosity, density, P-wave velocity, uniaxial compressive strength as input parameters (e.g. [3];
[4]; [5]; [6]).
[7] established a numerical model for thermal conductivity in crystalline
rocks, dependent on their volumetric mineral proportions. He concluded that
the crystal orientation and size causes differences in thermal conductivity between 2% and 3%. [8] found that the measured thermal properties of the sedimentary rocks in Scanian rock types, Sweden are widely range values in related
to their physical properties. [9] compared the results of measured thermal properties of different types of rocks in Italy to the calculated thermal conductivities
predicted by applying Hashin and Schtrickman method [10]. He investigated the
applicability of this method for a mineral aggregate in combination with the
Zimmerman’s model that takes porosity into account to calculate the bulk thermal conductivity [11]. The results of the above mentioned studies are limited to
rock varieties of a restricted geographic region and geological setting. [12] found
that the thermal conductivity increases with the olivine mineral volume proportion in Hawaiian basaltic rocks.
Al Hashimiyya basalt is part of a sequence of large intra-continental flood basalts [13]. These basalt flows cover the gentle slopes of the northern Jordanian
desert ends with a small extension to the west. These basalts are hydraulically
connected with the underlay limestone formations, and together represent a
shallow groundwater aquifer in the Amman Zarqa basin [14].
However, the results of some investigations on Mid-Ocean Ridge Basalts
(MORB) basalts ([15]; [16]) could not be applied on the Jordanian continental
DOI: 10.4236/ojg.2019.91004
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flood basalts. This is because of the distinct differences between MORB and continental flood basalts in occurrences, generation process and tectonic settings
[17].
Investigations to predict thermal conductivity may suggest cost-effective opportunities to gain data transferrable to geothermal systems of homogenous
flood basalts at greater depths. Evidently, this equation is expected to improve
modeling software for flood basalts, which are essential for geothermal exploitation.
Geologic settings
The magmatic activity within the Arabian plate occurred from the Miocene to
sub-recent time and produced several basaltic flows. Al Hashimiyya basalts are
part of the Cenozoic continental basaltic rocks known as Harrat Al-Shaam
(Figure 1) covering an area of ca. 12,000 km2 [18].
[19] concluded that the basalts of Jordanian Harrat resulted from six major
basalt flows (named B1-B6) and one eruption of tephra (assigned as B’t). Basaltic
flows B1-B3 are not exposed in Jordan, but are known from borehole data [20].
[21] suggested a new classification based on more detailed K-Ar dating. They
subdivided the volcanics into three major episodes: Oligocene to early Miocene
(26 - 22 Ma), middle to late Miocene (13 - 8 Ma), and late Miocene to Pleistocene (7 Ma to <0.1 Ma). Basalts in the study area belong to youngest eruption
phase with an age of 3.7 - 0.1 Ma [21]. Abed Olivine Phyric basalt formation is
the main basaltic flow in the study area [22]. Basalts of ca. 400 m thickness of
successive flows are found in the NE part of the study area, while less than 100 m
is found in the southern parts of the study area [20]. The basalts are lithologically well distinguished, and structurally typically developed. It is easy to identify
each basalt flow from its special lithology and primary magmatic structures. The
study area section is about 10 km northern Zarqa city, it locates at latitude of
32˚08'50''N and longitude of 36˚05'15''E. The basalts extrusions parallels to the
Wadi Sirhan fault system extending NW-SE (Figure 1). For this study’s purposes, one main flow northern Al Hashimiyya city was selected after consideration
of several determining criteria such as: 1) location as it’s the south western extinction end of basaltic flow in the region, 2) the accessibility of the outcrops, 3)
structural aspects of presenting moderate (upper sub-flows) to low (lower
sub-flows) joints and fractures, 4) basalt alteration and weathering is uncommon
under microscope as in the other flows in the eastern area [23]. The main flow
was composed of six sub-flows separated from each other by zones of highly vesicular rocks at the top of each flow. The total thickness is about 37 m, the top
sub-flow locates at elevation of 549 m a.s.l while the lowest sub-flow locates at
512 m a.s.l. The upper two sub-flows are characterized with orthogonal cooling
fissures and humpy ridges structure. A blocky structure is exhibited by the middle and the lower sub-flows. Al Hashimiyya flow is characterized by tectonic
fractures (parallel with the preferred orientation of main fault system of NW-SE
direction) and the first two sub-flows exhibit the cooling joints very distinguished.
DOI: 10.4236/ojg.2019.91004

45

Open Journal of Geology

S. Al-Zyoud

Figure 1. Right: Location map of the study area (Jordanian Harrat after [18]). Middle: Geological map of the study area (after
[22]). Left: The upper 10 m of the studied section.

2. Methods
Thermal conductivity measurements were conducted under standard laboratory
conditions on oven dried core samples. Thermal conductivities were measured
using the Optical Scanning Method [24].
This method is based on sample surface (flat or curved) scanning with a
movable, direct, and constantly run heat (4˚C) source accompanied with a temperature sensor (Figure 2). Such apparatus considered to be a reasonably quick
thermal conductivity measuring device. Different sample types, nonetheless the
thermal conductivity anisotropy, can be measured. The measuring concept is as
follows; the movable heat source (of about 1 mm diameter) is scanning and
heating the sample surface with no direct physical contact between the sample
and the heat source. Parallel with this movement, a temperature sensor (with
fixed distance a part from the heat source) move together with the heat source in
a constant speed.
Thermal conductivity of the examined sample is calculated as the arithmetic
mean of local conductivities of the successive measurements on the sample surface. These measurements are controlled by before and after heating measurements for the scanned sample. Two standards with known thermal conductivities are located prior and after the sample on the scan line. The standards are
made from a material has a thermal conductivity (λR) close to the sample thermal conductivity. The comparison between the examined sample and the induced temperature differences of the standards will conclude the sample thermal
conductivity λ (Equation (1)) with an accuracy of 3%. The ratio of temperature
rise for standard and sample ΘR and Θ is proportional to the measured electrical
potential for both samples UR and U, this is described as follows [24];
 ΘR 
U 
=
λ λ=
λR  R 
R 

Θ 
U 
DOI: 10.4236/ojg.2019.91004
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Figure 2. Thermal conductivity scanner measuring concept.

The mineralogical analysis was conducted under a polarized light microscope.
Point counting approach was applied to establish modal proportion. Thin sections were prepared in stand dimensions of 30 mm × 20 mm × 30 µm. Petrographical properties and micro-textures of these samples were studied under
polarized light microscope. In addition, a modal analysis was performed by
counting points on a special lence such use. A total of 24 representative thin sections were selected from all basalt sub-flows from Al Hashimiyya basalts. For
every slide approximately 400 points were counted for phenocrysts and
groundmass coverage.
On the other hand, X-ray fluorescence spectrometry was directed for basalts
chemical analysis. Correlations between thermal conductivity mineral proportions were performed and expressed in an arithmetic function.

3. Results
1) Mineral analysis
The studied basalts are relatively uniform in their mineralogical composition.
They are characterized by plagioclase, pyroxene, olivine and opaque mineral constituents. This indicates early crystallization of magma differentiation stages and continental contamination. The slight olivine content in this basalt indicates a compositional deviation to andesite-trachy basalt (Figure 3). Opaque minerals are crystallized
in large size and amount. According to alkali feldspar—plagioclase-feldspathoid constituents, the analysed rock is basalt to foid-bearing basalt composition [25]. In
addition, [26] classification of rocks indicates that the magma had experienced
moderate fractionation of olivine and plagioclase.
The difference in major elements shows a mafic-ultramafic source (also Cr,
Co, Ni) with K-poor continental contamination (deduced also from the Rb/Sr
relation and Ba content). This indicates that the basalts are of alkaline chemical
type (alkali-olivine basalts with a shift to the sodic series).
Based on modal analyses the studied basalts are classified as plagioclase, pyroxene, olivine-phyric vesicular basalt. In general, 80% of thin sections exhibit
micro-doleritic texture (about 1 mm crystal length) while 20% shows fine grain
(less than 1mm length). Rarely, some crystals exceed 3 mm in length. Moreover,
most sub-flows show fine porphyritic texture with quite homogeneous petrography characteristics; e.g. glomeroporphyritic intergrowth, felty orientation,
poikilitic and absorbed crystals. As the common texture is micro-doleritic, the
point counting is adequate to differentiate between all mineral phases. X-ray
DOI: 10.4236/ojg.2019.91004
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Figure 3. Total Alkali Silica (TAS)-diagram [22] for the studied basalts.

fluorescence analysis was accompanied together with the mineral composition
analysis.
a) Plagioclase and K-feldspar
Plagioclase is crystallized in two generations; dominant fine size (microlites)
of groundmass with some lath-like phenocrysts (Figure 4(a)). Plagioclase ranges
in length from 0.05 mm to 3 mm. Multiple twining is common. Some obvious
orientations of plagioclase crystals were noted partially in some samples. Plagioclase laths were found to have an extinction angle between 32˚ to 40˚, indicating a labradorite (Ab50 - An50) composition. Plagioclase and pyroxene crystals
exhibit sub-ophitic to ophitic textures. High temperature K-feldspar porphyritic
phenocrysts indicate together with some chemical shifts (Al2O3, Na2O) a slight
contamination of the utramafic source. Due to the low K content and relatively
high Na, K-feldspar of Anorthoclase composition is expected.
b) Pyroxene
Pyroxene crystals exhibit two sets of fair to good cleavage intersecting at about
90˚. The dominant mineral component is augite of clinopyroxene type. Orthopyroxene is displayed as enstatite end-member composition. Crystals appear as
one generation (phenocrysts) ranging in size from 0.35 to 2.5 mm (Figure 4(b)).
Clinopyroxene crystals have an inclined extinction angle between 34˚ - 49˚,
which indicates an augite mineral composition. The crystals also show a clear
alteration visible as green pleochroitic Fe-Mg-chlorite on the fractures, crystal
rims, and on the cleavage sets. It is a relative dry alteration because talc and serpentine is not found.
c) Olivine
Olivine is characterized by early crystallized, isometric phase (Figure 4(c))
with resorbtion and alteration texture in the groundmass in all sub-flows. The
shape of resorbed olivine crystals is noted through bands of iddingzite that form
along embayment rims, fractures and rarely complete iddingsitation. The
DOI: 10.4236/ojg.2019.91004
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Figure 4. Mineral constituents in the studied basalts (left; Crossed Polarized Light, right; Plane Polarized Light).

common composition is forsterite composition (Fo85-90) was determined. The
crystals range in size from 0.01 mm to 0.3 mm in all sub-flows. Some crystals include euhedral to anhedral opaque grains inclusions. However, all basalt
sub-flows show some corroded olivine crystals.
d) Opaque minerals
Opaque minerals mainly magnetite (Fe2O3) are common in all flows as inclusions in pyroxene and olivine and as intra-crystals. Opaques range in size from
0.03 mm to 0.5 mm (Figure 4(d)). Much smaller fine lath and bipyramidal crystals are observed in the groundmass. These minerals are too small for a precise
identification.
e) Secondary minerals
Several secondary (authogenic) minerals formed due to the hydration and
oxidation of the pyrogenic minerals. These alteration processes include labradorite seritisation [27], olivine iddingsitisation (Figure 4(e)) and pyroxene chloritisation. The studied samples exposed to low to moderate degree of chloritization on clinopyroxenes like augite. Two types of calcite can be distinguished.
The first type is uniquely comprised of spot-like patches of calcite as interstitial
crystals. The other type of calcite was precipitated in vesicles. Due to post-eruption
alteration processes, this calcite presents the amygdaloidal texture. This type
DOI: 10.4236/ojg.2019.91004
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represents the late calcite precipitation.
f) Vesicles
The vesicularity of the basalts averages 10% and ranges from 8 to 12 vol% in
all sub-flows (Figure 4(f)), some vesicles are partly filled with calcite resulted
amygdaloidal texture. The total porosity ranges from 6.5% to 11.8% and averages
10.7%. The difference between the porosity measured in thin sections (vesicularity) and the total porosity measured in the laboratory is expected. The variation
is explained through the larger size limit of vesicle diameter which is distinguishable under the microscope. Petrographically, this limit is assumed to be 30
μm in diameter which is equal to the thin section thickness. Whereas the total
porosity measured in the lab detects all vesicles, including macro and micro-pores, leading to this discrepancy [16]. In addition, if we consider the total
porosity is of primary type, then micro-fractures could be considered as secondary porosity.
The resulting mineral proportions are examined regarding their possible influence on thermal conductivity of the studied basalts.
2) Correlation between thermal conductivity and mineral volume proportions
The correlation between plagioclase, (the most abundant mineral), and thermal conductivity of the studied basalts is poor. The coefficient of determination
was found to be (R2) is 0.03.
Thermal conductivity and opaques with ferromagnesian minerals are positively correlated over all investigated basalts sub-flows (Figure 5). Upper and
lower limits show 3% error bar. It can be proved that the abundance of ferromagnesian minerals (olivine; Fo85-90, pyroxene; enstatite, augite e.g. Fe, Mg-rich

Figure 5. Correlation between thermal conductivity and ferromagnesian with opaque
minerals; R2 is 0.93.
DOI: 10.4236/ojg.2019.91004
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ferroaugite and opaque minerals mainly magnetite (Fe3O4)) directly control basalt thermal conductivity. It found that a 10% increase of opaque and ferromagnesian minerals volume in the studied basalts leads to a thermal conductivity increasing by 0.4 W∙m−1∙K−1. This study derived an arithmetic function
representing this interrelation (Equation (2)). This function is applicable for the
Alkali flood basalts. The total opaques and ferromagnesian minerals in alkali
basalts are >10% [28]. This function shows a high statistical significance R2 of
0.93.

=
λH 0.062nOFM − 0.22

(2)

where;

λH: Thermal conductivity (W∙m−1∙K−1) of Al Hashimiyya basalt and nOFM:
opaque and ferromagnesian minerals volume proportion.
This equation integrates the proportion of minerals of iron and magnesium
composition (MgO minerals as forsterite and enstatite are included), whereas
other rock-forming minerals are not considered. This is in accord with [12], who
found that the increase of the olivine mineral volume proportion in Hawaiian
basaltic rocks leads to an increase of thermal conductivity.
In addition, [23] investigated thermal conductivity of continental basalt from
Vogelsberg in eastern upper Hesse-Germany and oceanic basalt from Iceland
were investigated into their influenced by mineral proportions. The results of
this study were compared with the previous findings (Figure 6) and prove the
main conclusion of basalt’s thermal conductivity dependence on opaque and
ferromagnetic mineral proportion. This is indicated by the following functions
correlate thermal conductivity with opaque and ferromagnetic mineral volume
proportions under predefined uncertainties.

Figure 6. Correlation between thermal conductivity and opaque with ferromagnesian
minerals for Germany, Iceland and Jordan basalts; NE Harrat and Al Hashimiyya basalts.
DOI: 10.4236/ojg.2019.91004
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The coefficient of determination (R2) is 0.40, 0.63, 0.92 for German, Icelandic
and Jordanian Harrat basalts respectively. The correlated mathematical formulas
(Equations (3)-(5)) are illustrated bellow;

=
λG 0.01nOFM − 0.88

(3)

where;

λG: Thermal conductivity of the German basalts and nOFM: opaque and ferromagnetic minerals volume proportion.

=
λI 0.03nOFM − 0.63

(4)

where;

λI: Thermal conductivity of the Icelandic basalt and nOFM: opaque and ferromagnetic minerals volume proportion.

=
λm 0.05nOFM − 0.06

(5)

λm: Thermal conductivity (W∙m−1∙K−1) of Harrat basalt and nOFM: opaque and
ferromagnetic minerals volume proportion.
In Figure 6 a general trend of the continental basalt i.e.: Jordanian Harrat, Al
Hashimiyya basalt and the German basalt can be observed. On the other hand,
the other type of basalt which represents the oceanic genesis has another trend in
a different zone in this chart. This method could be a prospective approach for
predicting thermal conductivity from some mineral phases presented in the basalts parallel with the rock genesis.

4. Discussion
Thermal conductivity of the crystalline rocks is highly dependent on the crystal
type, crystal geometry and size [7]. In addition, it is independent of porosity (for
vesicular basalt), if the porosity is less than 35% [29]. The reported basalt values
for thermal conductivity are within the range typical for basalts ([29]; [30]; [31];
[32]).
The samples two main clustered areas; upper and lower. It was found that the
samples are of two categories according to their petrographic characteristics.
This helps to interpret the relationship between thermal conductivity and mineral constituents as well as the intra-structures. Micro-fractures, crystals size,
crystal alteration as well as crystal shape control thermal conductivity. The studied basaltic mineral composition is microscopically isotropic and homogeneous. Moreover, crystal imperfections (corrosion, auto-magmatic alteration, assimilation, hydrothermal fluid exchange and weathering) significantly decrease
the thermal conductivity of the mineral phases. Minerals themselves have unique
thermal conductivities, dependent of the chemical composition and physico-crystallographic properties [33]. It has been found that as the pyroxene crystals enlarged (>3 mm), then the thermal conductivity increases. Olivine volume
proportion in the groundmass affects thermal conductivity, too. As olivine proportion increases then the thermal conductivity has been found tom be increased.
DOI: 10.4236/ojg.2019.91004
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In addition, the size of plagioclase crystals does not affect thermal conductivity of studied basalt. In order to determine the influence of crystal size distribution on thermal conductivity more precisely, further research will be necessary
[7]. As shown, including more precise structural and textural studies (optical
texture microscopy) a better discussion is possible, but a more systematic investigation is needed and additional Microprobe and XRD data. It was found that
the upper sub-flows contains less altered crystals, thus it had been found that
thermal conductivity for the lower sub-flow are higher of than the higher one. It
can be predicted, as Al Hashimiyya basalts are the most recent in the region, that
the older Harrat basalts have higher thermal conductivity than Al Hashimiyya.
The crystals freshness (weathering competence) increases the influence on thermal
conductivity [33].
Slight differences were observed regarding fracture microstructure and vesicle
shape within the studied flow.
Here, a more reliable prediction method was developed. It can be concluded
that the thermal conductivity is directly proportional to opaque and ferromagnetic mineral volume proportions (Equation (2)). Other parameters such as
crystal boundaries, spacing and contact type should also be taken into account.
Undoubtedly, these parameters play an important role in controlling thermal
conductivity of the basalts ([7]; [29]). However, at this stage, the evaluation of
the influence of these parameters cannot be performed precisely, and therefore
presents a need for further investigation.

5. Conclusion
Thermal conductivity prediction from mineral proportions has become an additional tool for reservoir exploration methods that produces conservative results.
The presented data of mineral composition allows us to propose a concept for
predicting thermal conductivity. The reservoir thermophysical parameters are
strongly influenced by the opaque and ferromagnetic minerals volume proportion and thus, define the performance of geothermal reservoir characters. Eventually, the reservoir mineralogy influences geothermal field development. Ongoing investigations include efforts to characterize mineral paragenesis based on
crystal boundaries, contacts and spacing and resulting influence on the thermophysical reservoir properties. Such results indicate that the type of crystal contacts seems to be of similar importance as mineral proportion.
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