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Abstract
    Determining the temperature distribution within the lithosphere requires the knowledge of the radiogenic heat production (RHP) distribution within the crust and the lithospheric mantle. RHP of crustal rocks varies considerably at different scales as a result of the petrogenetic processes responsible for their formation and therefore RHP depends on the considered lithologies. Radioactive heat-production data of  granites in north and south-eastern Arabian shield Kingdom of Saudi Arabia are presented. Radium-equivalent uranium (RaeU), thorium (eTh), and potassium (eK) were determined by sealed-can gamma-ray spectrometry on 600 g of coarsely crushed sample. A total of 253 rock samples were investigated, covering all major rock types of the area. Southeastern granite shows higher Heat Production HP (2.19- 8.04    µWm-3) and total Heat Generation Unit (0.76 - 19.07 HGU) than northeastern granite ( HP 1.82- 4.12 µWm - 3, 4.31 - 10.35 HGU).  North and Southeastern granite locations shows higher average value of total Heat Generation Unit (6.7 HGU and 7.16 HGU)  than the average value of  3.8 HGU for  the continental crust. The contribution due to U is about 45 %, that from Th is 37.7 % and 17.3 % from K. The corresponding values in north-eastern are 49.1%, 37.8% and 13.1 %, respectively.The calculated values showed good agreement with global values except in some areas. These data can be used to discuss the effects of the lateral variation of the RHP rate on the heat flux and the temperature fields in the upper crust.
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1. Introduction
    Throughout radioactive decay mass is converted to energy. This energy is set free as the kinetic energy of the involved particles and nuclei (emitted 
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- and ß-particles, recoil nuclei) and as the energy of the accompanying 
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-radiation. Except for the energy carried away by the neutrino the whole decay is converted to heat . All naturally radioactive isotopes generate heat to a certain extent. It can be seen, however, that the only significant contributions arise from the decay series of U238, U235 and Th232, and from the isotope K40 . In geophysical studies context, the heat produced by radioactive decay in rocks plays an essential role in understanding the thermal history of the Earth and interpreting the continental heat-flux data (Hurley and Fairbairn,1953; Rybach,1976) .
 Radioactive elements found in the crust and mantle form the basis for several major applications in geophysics and geochemistry. The heat produced by naturally radioactive elements in rocks is a key factor in geothermal studies, especially in the interpretation of continental heat-flow density data. Combined determinations of heat-flow density and of radioactive heat production rate yield basic information about the temperature field and the structure of the Earth’s crust and are indispensable to understanding the interrelations between heat-flow density and geology (Rybach, 1988).
 The vertical distribution of radioactive heat produc​tion in the crust is an important factor for estimating of temperatures at depth. In island arcs (Furukawa and Uyeda, 1989),it is found that in northern Japan rocks specifically in Hidaka region the heat generation in the granitic rocks decreases with depth in a similar way to that in the exponential model (Lachenbruch, 1970), which has been widely accepted for stable continental areas (Mukai et al., 1999) conducted measurements on samples from Kohistan and the northeast Japan arcs and demonstrated that the heat production is extremely low in the lower crust.  Radioactive heat generation associated with granitoid have been studied by a number of workers (Birch, 1954, Rybach et al., 1977, Pagel, 1982, Ashwal et al., 1987, Kochhar,  1992, Sharma, 1994, Singh and Vallinayagam, 2004, Abbady et al., 2006  ,Vallinayagam G.   and L. G. Singh, 2011). Studies on radioactive heat production is fairly well known for a large set of igneous, metamorphic and sedimentary rocks (Pint and Jaupart, 1987), nevertheless information is still relatively poor for Saudi Arabia rocks.
   In this paper, we present results of radioactive heat-production (RHP) measurements on granite  rocks in north and south-eastern Arabian shield Kingdom of Saudi Arabia. These data can be used to discuss the effects of the lateral variation of the RHP rate on the heat flux and the temperature fields in the upper crust. Limited heat flow data are available for the Saudi Arabia granites, but radioactive heat-production can be calculated. This is important because of the known relationship between high surface flow and high radioactivity in the crust. 

2. Geological setting 
   The geochemistry and uranium favorability of the postoroginic granites of the north and south-eastern Arabian shield Kingdom of Saudi Arabia were performed in accordance with a cooperative agreement between the U.S.Geological Survey (USGS) and  the Ministry of petroleum and  mineral resources, Kingdom of Saudi Arabia (Stuckless et al., 1982 ;Stuckless et al., 1983). This work is part of study of the petrogenesis and mineral potential of the granitic rocks of the Arabian shield .The Postorogenic  granites of the northeastern Arabian shield are dominantly alkali-feldspar granites, most of which are peralkaline. This chemical class of magmatism has been identified as a favorability criterion for several types of magmatic uranium deposits in both the plutonic and volcanic environments (Stoeser and Elliott 1980).Furthermore, granites have been proposed as the source of uranium for a number of nonmagmatic deposits. However, such granitic source rocks are alkali rich and peraluminous The classification of plutonic rocks used in this work based on the degree of alumina saturation (Stuckless et al., 1982), will be used, that is, rocks with molar ratios  Al/ (Na+K)< 1 are peralkaline; Al/ (Na+K) > 1 and Al/(Na+K+Ca)<1 are metaluminous;Al/ (Na+K +Ca) > 1 are peraluminous. Postorogenic granites were intruded throughout the Arabian Shield from 650 m.y ago until least 540 m.y. ago. Chemically, the granites have high silica contents and range from peralkaline to peraluminous. Postorogenic granites were chosen for this investigation for the reason of their probable association with ore deposits in other parts of the world and due to their importance to investigations of crustal evolution (Anderson et al.,1980). Various number of these granites are highly evolved petrologically, and, in the area of the Arabian Shield, they contain anomalous of incompatible trace elements (Radian and other, 1981) .                                                                                                                     

3. Experimental measurements

   180 samples (18  locations) from the northeastern and 73 samples (21 locations) from the   southeastern Arabian Shield, Kingdom of Saudi Arabia have been collected and prepared for measuring by gamma spectroscopic analysis and the delayed neutron technique . All areas under study consists of granites, descriptions of different locations are illustrated in figures (1and 2). Uranium and thorium concentrations were determined on 8 to 10 g aliquots of sample powder by the delayed neutron technique. Accuracies for reported values, based on counting statistics, vary with concentration. Uranium concentrations are accurate to between ±4 and ±8 percent for more than 2 ppm , to between ±8 and ±14 percent for 1ppm, and to between ±14 and ±36 percent for less than 1ppm. Thorium concentrations are accurate to between ±8 and ±30 percent for more than 6 ppm and to about ± 50 percent for less 6 ppm . Thorium values greater than 10 ppm are generally accurate to within ±15 percent of the amount reported (Stuckless et al., 1982). Radium-equivalent uranium (RaeU), thorium (eTh), and potassium (eK) were determined by sealed-can gamma-ray spectrometry on 600 g of coarsely crushed sample. The prefix "e" is used to designate this analytical method. Sealed samples allowed the in-growth of uranium and thorium decay products prevent the escape of radiogenic gases 222Rn and 220Rn and allowed secular equilibrium between 238U, 232Th and their decay products. The value eTh is used in reference to Th for radioelement ratios and statistical calculations as a consequence of higher precision, lower detection limit, and smaller splitting error. RaeU is the amount of uranium needed for secular equilibrium with the indirectly measured 226Ra (Stuckless et al., 1983). 
3.1 Radiogenic elements and heat production
   During the radioactive decay mass is converted to energy and an important part of this energy is converted to heat. All natural radioactive isotopes generate heat to a certain extent but only the contributions of the decay series of 238U, 232Th and the isotope 40K are geologically significant. The radioactive heat production of granite rocks (rhp in µW.m-3) can be calculated by taking into account the heat generation constant (amount of heat released per gram U, Th and K per unit time) and from the uranium, thorium and potassium concentrations CU, CTh , CK present in rock (Cermak et al., 1982 , Rybach, 1988):

                                 rhp =
[image: image3.wmf]r

(9.52 CU +2.56 CTh +3.48 CK) 10-5                   (1)

where 
[image: image4.wmf]r

is the bulk density of rock which is 2.7 in kg.m-3 for granites; Cu and CTh are in weight ppm ; Ck is in weight %.

 The heat production (μWm-3) unit may be converted into heat generation unit  (1HGU=10-13 cal cm-3 sec-1) using the value of 1HGU= 0.42 μWm-3 for the Gansboden granite gneiss at the Guspisbach heat flow site, Central Alps of Switzerland (Rybach et al., 1977).The radioelement concentration (Ur) is calculated as radioelement Ur equivalents:1 ppm of U in equilibrium (1ppm eU) = 1Ur; 1ppm of  Th equilibrium (1ppm eTh)= 0.5Ur; 1 wt % of  K= 2Ur (Ashwal et al.,1987 ; L. S Singh and Vallinayagam G., 2012).
4. Results and discussion

     Radioactive heat generation is a scalar petro​physical property independent of in situ temperature and   pressure. It is usually expressed in terms of heat generated per unit volume and time (e.g. in µW m-3). The heat generated by the decay of naturally radio​active elements in the earth’s crust contributes a substantial portion to terrestrial heat flow. Mean concentrations of  U, Th and K and the calculated Heat Generation Unit (HGU) in granite rocks from north and southeastern Arabian shield Kingdom of Saudi Arabia are presented in Tables 1 and 2. In northeastern Arabian shield the highest values of U { 20.5 ppm, Latitude (north) 25 49 36, Longitude (east) 40 55 36} ; Th {43.5 ppm, Latitude (north) 27 18 39, Longitude(east) 41 17 30} and K {6.01 %), Latitude (north) 27 18 39 , Longitude (west) 41 17 30} were found in jabal awja, jabal aja and jabal aban al Asmar, respectively. In southeastern Arabian shield the highest values of U {19 ppm, Latitude (north) 22  31  58, Longitude (east) 44  45  45}; Th {106 ppm, Latitude (north) 21 46 35, Longitude(east) 43 49 30} and K {4.9 %, Latitude (north) 21 49 35, Longitude (east) 43 50 5} were found in , Jabal alHawshaw and Huqban ,respectively. 
 The Th/U values can either increase (Whitfield et al., 1959; Rogers and Ragland, 1961) or decrease (Larsen and Gottfried, 1960) depending on redox conditions, the volatile content, or alteration by endogen or supergene solutions. Thus, the study of the Th/U ratio and the correlation between Th and U may reveal U mobilization processes. Although U4+ is geochemically immobile, when it is oxidized to U6+, or (UO2)2+ it becomes mobile and it can be leached and trans-ported by ground and surface waters (Adams et al., 1959; Hoskin and Schaltegger, 2003). On the other hand, Th is usually present as Th4+ which is geochemically immobile ( Argyrios Papadopoulos et al., 2014). Figures ( 3 and 4) shows correlation between Uranium with Thorium in granits from north and southeastern arabian shield ,saudia arabia. The correlation between Th and U is very good (R2= 0.749) in southeastern but The corresponding value in southeastern Arabian shield are R2= 0.585
       The ratios of heat production due to U (HPU/HPTotal), Th (HPTh/HPTotal), K (HPK/HPTotal) and total heat production for all studied samples are listed in Tables 3 and4. U and Th contribute in most granite  rocks a comparable amount whereas K contributes an always smaller amount to total heat production, in proportions of about 49.1 %: 37.8 %: 13.1 % in all samples from northeastern Arabian shield. The corresponding values in southeastern Arabian shield were 45 %, 38 % and 15 %, respectively. Figures (5 and 6) showing distribution of  heat production (µW/m3 ) of granite samples from the north and sotheastern Arabian Shield.

       In a given rock, The radioactive heat generation is governed by the amounts of uranium, thorium and potassium present as mentioned in Eq.2. The radioelement concentrations vary greatly with rock type but exhibit certain regularities due to the similar geochemical behavior during the processes which determine their distri​bution (magmatic differentiation, sedimentation, metamorphism) (Cermak et al., 1982). U, Th and K abundances along with heat generation values for granite rocks compared with other published data are given in Table 5.
   The rate of decay of a radioactive isotope is proportional to the concentration present at any time. The concentration C of a radioactive isotope at time t measured backward from the present is related to the present concentration C0 and to the half-life of the isotope τ1/2 by (Vilà M. et al. , 2010):

C = C0 exp (t ln2 /τ1/2 )               (2)

Fig. 7a shows the concentration of radiogenic isotopes and elements of the primitive mantle through time proposed by (McDonough and Sun ,1995). It can be seen that the U concentration in the Silicate Earth at 4.5 Gyr ago was more than twice the present concentration; the initial Th concentration was only 1.25 greater than present and the K concentration experienced a very low decrease. Thus, the higher levels of U, Th and K during the early history of the Earth resulted in a higher RHP (Fig. 7b). The implication is that Precambrian, especially Archean, geotherms may have been relatively high. Table 6 shows samples witch exhibit highest values of heat generation parameters of the Granite from different locations, southeastern and northeastern Arabian Shield, Kingdom of  Saudi Arabia.

   In granitoid rocks U and Th tend to concentrate in accessory minerals such as zircon, monazite, apatite, sphene and allanite (Roger and Adams, 1969 a, b). Some may also occur as an impurity in fluorite, apatite, haematite and mica. It is also possible for Th to be adsorbed onto clays and onto Fe oxides and hydroxides. The Th content generally increases with the SiO2 content and closely follows U during differentiation or partial melting. Th increases with the alkali content in comagmatic suites, the K/Th ratio remaining fairly constant in a large variety of igneous rocks.Some alkali-rich igneous rocks are especially rich in Th. However, the increase in U with both SiO2 and alkali contents is usually more marked than the increase in Th. In high temperature processes, U may crystallize directly from silicate magmas (as uraninite, for example). Other accessory minerals, such as allanite, monazite, apatite, sphene, zircon, xenotite, thorite, thorianite, euxenite, pyrochlore and brannerite, often intimately associated with biotite, may also contain U. Granitic rocks rich in U (and Th) are sometimes referred to as ,hot granites‘ on account of their high rates of heat production.
 Some locations  results show relatively high values comparable with the crustal sedimentary rocks (0.33 µWm-3 – 1.8 µWm-3) (Abbady et al.,2010 and Salem A., et al., 2005) and the obtained values for igneous and metamorphic rocks in a previous study (Abbady et al., 2006). 

   However such notably high radioactive heat generated may be attributed to several factors such as: (a) the presence of increased amounts of accessory minerals ( Helbig  and  Treitel, 1996), (b) the increase of radioactivity with the degree of acidity of these rocks,  and (c) the increased content of the radioactive potassium isotope 40K. Finally from the general tendency for the main rock groups, the radioactive heat generated in igneous rocks increases from basic to acidic rocks.
 5. Conclusion
    The Red Sea is clearly a region of high heat flow. More than 90 per cent of the heat flow measurements exceed the world mean and high values extend to the coasts where they are nearly twice the world mean (Girdler and Evans, 1977). Accordingly, the countries bordering the Red Sea have good prospects for the utilization of geothermal resources on their Red Sea margins (Morgan et al., 1983 , Salem A., et al., 2005). The earth heated up by a combination of three processes, the most important one is radioactive decay of  U, Th, and K produced a build up of heat in the Earth interior (probably they are the most important contributor). We have evaluated radioactive heat production RHP for various types of granite  in Saudi Arabia, representing the first such study of its kind in that country. Heat production varies with rock type over several orders of magnitude. The highest values have been found in granite according to the enrichment of U and Th in late acidic derivates. Northeastern Arabian shield Kingdom of Saudi Arabia possesses a range of radioactive heat production varying from 0.79 µW/m3 ( jabal al kurayziyah )  to 8.21 µW/m3 (jabal awja ) with mean value 3.37 ±  0.81 µW/m3., the corresponding values from southeastern Arabian shield are  from 0.18 µW/m3 (Wadi al Habbah) to 15.6 µW/m3 (Huqban) with mean value 3.37 ±  0.81 µW/m3 .Limited heat flow data is available for the Saudi Arabia granite, but radiogenic heat production has been calculated for this regions. More dense measurements are necessary for further investigation of radiogenic heat production for all of Saudi Arabia.
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Table 1  Mean concentration of  U, Th ,K% , Th/U and Heat Generation Unit (HGU) in Granite  rocks  from different areas of  northeastern Arabian Shield, Kingdom of  Saudi Arabia.

	Location


	No. 
	U
	Th
	K
	Th/U
	Ur
	Heat Generation Unit (HGU) due to 
	Total 

	
	samples
	ppm
	ppm
	%
	 
	 
	U
	Th
	K
	HGU

	jabal aban al Asmar A
	14
	6.55
	21.09
	4.19
	3.22
	25.5
	4.01
	3.47
	0.94
	8.42

	 calc-alkalic at Asmar B
	6
	6.71
	18.99
	3.83
	2.83
	23.9
	4.11
	3.13
	0.86
	8.09

	jabal aban al ahmar D
	9
	4.98
	16.49
	3.91
	3.31
	21.0
	3.05
	2.71
	0.87
	6.63

	jabal qutn E
	10
	8.48
	21.53
	3.94
	2.54
	27.1
	5.19
	3.54
	0.88
	9.61

	jabel tuwalah F
	15
	8.32
	23.15
	3.96
	2.78
	27.8
	5.09
	3.81
	0.89
	9.79

	an namar R
	7
	6.71
	16.68
	3.89
	2.48
	22.8
	4.11
	2.74
	0.87
	7.72

	jabal awja G
	7
	8.21
	19.62
	3.54
	2.39
	25.1
	5.03
	3.23
	0.79
	9.05

	 HAr Raqah
	9
	3.79
	9.02
	3.54
	2.38
	15.4
	2.32
	1.48
	0.79
	4.59

	jabal al kurayziyah I
	7
	3.33
	10.76
	3.96
	3.23
	16.6
	2.04
	1.77
	0.89
	4.70

	jabal safad J
	6
	4.27
	11.98
	3.86
	2.81
	18.0
	2.61
	1.97
	0.86
	5.45

	jabal bidayah K
	9
	4.21
	11.41
	3.72
	2.71
	17.4
	2.58
	1.88
	0.83
	5.29

	 jabal aja  W
	44
	7.64
	24.13
	3.99
	3.16
	27.7
	4.67
	3.97
	0.89
	9.54

	jabal ar Ru,ud L
	2
	5.75
	18.57
	3.95
	3.23
	22.9
	3.52
	3.06
	0.88
	7.46

	bayda nathil M
	4
	9.23
	23.40
	3.78
	2.53
	28.5
	5.65
	3.85
	0.85
	10.35

	jabal ar rumman N
	10
	3.49
	10.47
	4.00
	3.00
	16.7
	2.14
	1.72
	0.89
	4.76

	jabal matali P
	5
	3.57
	8.46
	3.27
	2.37
	14.3
	2.19
	1.39
	0.73
	4.31

	jabal kifantah Q
	3
	3.67
	11.78
	4.02
	3.21
	17.6
	2.24
	1.94
	0.90
	5.08

	jabal salma
	13
	5.76
	21.46
	4.12
	3.72
	24.7
	3.53
	3.53
	0.92
	7.98


Ur= Radioelement concentration ;  HGU= Heat Generation Unit
Table 2   Mean concentration of U, Th and K% , Th/U and Heat Generation Unit (HGU) in Granite  rocks  from different areas southeastern Arabian Shield, Kingdom of  Saudi Arabia.
	Location


	No.
	U
	Th
	K
	Th/U
	Ur
	Heat Generation Unit (HGU) due to  
	Total 

HGU



	
	samples
	ppm
	ppm
	%
	 
	 
	U
	Th
	K
	

	Jabal Tarban (A)
	6
	7.30
	26.65
	3.67
	3.65
	27.96
	4.47
	4.39
	0.82
	9.67

	Jabal as  Sukkah (B)
	5
	3.04
	13.18
	3.47
	4.34
	16.58
	1.86
	2.17
	0.78
	4.81

	Jabal Sabhah  (C)
	7
	10.58
	40.06
	3.65
	3.79
	37.91
	6.48
	6.59
	0.82
	13.89

	Jabal Hawshat ibn Hawayl   ( D)
	4
	7.47
	25.88
	3.70
	3.46
	27.81
	4.57
	4.26
	0.83
	9.66

	Jabal  al Hawshaw ( E)
	4
	13.85
	36.32
	4.13
	2.62
	40.26
	8.47
	5.98
	0.92
	15.37

	Jabal Sahah   (F )
	4
	8.67
	24.53
	3.82
	2.83
	28.57
	5.31
	4.04
	0.85
	10.20

	Jabal as Sitarah  (G )
	2
	2.80
	11.56
	3.16
	4.13
	14.90
	1.71
	1.90
	0.71
	4.32

	Jabal Mahail  (H)
	2
	4.50
	10.66
	3.14
	2.37
	16.11
	2.75
	1.75
	0.70
	5.21

	Jabal Kebad (I)
	2
	4.15
	8.66
	3.01
	2.09
	14.50
	2.54
	1.43
	0.67
	4.64

	 Huqban (J) 
	4
	15.99
	51.23
	3.82
	3.20
	49.25
	9.79
	8.43
	0.85
	19.07

	 Najran (K )
	4
	3.50
	11.26
	4.27
	3.22
	17.66
	2.14
	1.85
	0.95
	4.95

	Jabal  Ashirah (L )
	2
	3.97
	14.21
	3.97
	3.58
	19.01
	2.43
	2.34
	0.89
	5.65

	Jabal al Gaharra  (M)
	4
	9.25
	16.13
	3.52
	1.74
	24.35
	5.66
	2.66
	0.79
	9.10

	Northeast of as Subaykah (N )
	1
	4.50
	3.10
	3.41
	0.69
	12.87
	2.75
	0.51
	0.76
	4.03

	East of as Subaykah  ( P)
	2
	3.25
	7.56
	3.73
	2.33
	14.49
	1.99
	1.24
	0.83
	4.07

	Jabal Bani Bwana (Q )
	4
	2.12
	22.15
	3.38
	10.43
	19.96
	1.30
	3.65
	0.76
	5.70

	Wadi al Habbah  (R )
	3
	0.40
	1.07
	1.52
	2.67
	3.97
	0.24
	0.18
	0.34
	0.76

	Mahha (S )
	2
	1.00
	0.35
	2.52
	0.35
	6.22
	0.61
	0.06
	0.56
	1.23

	Jabal   Zayd (T )
	2
	1.05
	2.10
	2.27
	2.00
	6.63
	0.64
	0.35
	0.51
	1.50

	Wadi Tafshaf (U )
	3
	0.97
	1.33
	3.32
	1.38
	8.27
	0.59
	0.22
	0.74
	1.55

	Jabal  al Hassir ( V)
	6
	4.22
	11.01
	4.06
	2.61
	17.84
	2.58
	1.81
	0.91
	5.30

	Jabal   Zayd (T )
	2
	1.05
	2.10
	2.27
	2.00
	6.63
	0.65
	0.35
	0.51
	1.52

	Wadi Tafshaf (U )
	3
	0.97
	1.33
	3.32
	1.38
	8.27
	0.60
	0.22
	0.75
	1.58

	Jabal  al Hassir ( V)
	6
	4.22
	11.01
	4.06
	2.61
	17.84
	2.62
	1.84
	0.92
	5.38


Ur= Radioelement concentration;  HGU= Heat Generation Unit 

Table 3  Radioactive heat production rate of the granite calculated from measured concentrations and the contribution supplied by each radioelement in Northeastern Arabian, KSA (Standard deviation in parentheses) .
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Location


	No. 

of

Samples


	 

Heat Production Rat (µW/m3) Due to 
  
	 Contribution due to  

 

	
	
	U

 
	Th 


	K


	Total


	U 

%
	Th 

%
	K

 %

	jabal aban al Asmar (A)
	14
	1.68
	1.46
	0.39
	3.53 (1.2 )
	47.6
	41.2
	11.1

	 calc-alkalic at Asmar (B )
	6
	1.73
	1.31
	0.36
	3.40 ( 0.8)
	50.8
	38.6
	10.6

	jabal aban al ahmar (D )
	9
	1.28
	1.14
	0.37
	2.79 ( 0.4)
	45.9
	40.9
	13.2

	jabal qutn (E )
	10
	2.18
	1.49
	0.37
	4.04 ( 1.2)
	54.0
	36.9
	9.2

	jabel tuwalah ( F)
	15
	2.14
	1.60
	0.37
	4.12 (1.4 )
	52.0
	38.9
	9.0

	an namar (R )
	7
	1.73
	1.15
	0.37
	3.25 (0.7 )
	53.2
	35.5
	11.3

	jabal awja ( G)
	7
	2.12
	1.36
	0.33
	3.81 (2.3 )
	55.5
	35.7
	8.8

	Ar Raqah (H )
	9
	0.98
	0.63
	0.33
	1.93 ( 0.5)
	50.5
	32.3
	17.2

	jabal al kurayziyah (I )
	7
	0.86
	0.75
	0.37
	1.98 (0.8 )
	43.4
	37.7
	18.9

	jabal safad (J )
	6
	1.10
	0.83
	0.36
	2.29 ( 0.6)
	47.9
	36.2
	15.9

	jabal bidayah (K)
	9
	1.09
	0.79
	0.35
	2.23 ( 1.5)
	48.7
	35.5
	15.7

	 jabal aja (w )
	44
	1.97
	1.67
	0.38
	4.02 ( 0.5)
	49.0
	41.6
	9.4

	jabal ar Ru,ud ( L)
	2
	1.48
	1.29
	0.37
	3.15 ( 1.4)
	47.2
	41.0
	11.9

	bayda nathil ( M)
	4
	2.38
	1.62
	0.36
	4.37 ( 1.4)
	54.6
	37.2
	8.2

	jabal ar rumman (N )
	10
	0.90
	0.73
	0.38
	2.01 ( 0.6)
	45.0
	36.2
	18.8

	jabal matali (P )
	5
	0.92
	0.59
	0.31
	1.82 (0.11)
	50.7
	32.3
	17.0

	jabal kifantah (Q )
	3
	0.95
	0.82
	0.38
	2.15 ( 0.5)
	44.1
	38.2
	17.7

	jabal salma ( S)
	13
	1.49
	1.49
	0.39
	3.37 (0.3 )
	44.2
	44.2
	11.6

	
	
	


Table 4   Radioactive heat production rate of the granite calculated from measured
 concentrations and the contribution supplied by each radioelement in Southeastern Arabian, KSA. Standard deviation in parentheses.

	Location 

 
	Number of

Samples


	 

Heat Production Rat (µW/m3) Due to  

 
	 

Contribution due to  

 

	
	
	U 


	Th 


	K


	Total   


	U 

%
	Th

 %
	K

 %

	Jabal Tarban (A)
	6
	1.88
	1.84
	0.34
	4.06  (0.28 )
	46.17
	45.34
	8.49

	Jabal as  Sukkah (B)
	5
	0.78
	0.91
	0.33
	2.02  (0.38 )
	38.70
	45.12
	16.17

	Jabal Sabhah  (C)
	7
	2.72
	2.77
	0.34
	5.84     ( 2 )
	46.64
	47.48
	5.88

	J Hawshat ibn Hawayl ( D)
	4
	1.92
	1.79
	0.35
	4.06  ( 0.88) 
	47.34
	44.09
	8.56

	Jabal  al Hawshaw ( E)
	4
	3.56
	2.51
	0.39
	6.47  ( 1.66)
	55.12
	38.88
	6.00

	Jabal Sahah   (F )
	4
	2.23
	1.70
	0.36
	4.29  (0.19 )
	52.04
	39.59
	8.37

	Jabal as Sitarah  (G )
	2
	0.72
	0.80
	0.30
	1.82  (0.28 )
	39.62
	44.02
	16.36

	Jabal Mahail  (H)
	2
	1.16
	0.74
	0.30
	2.19  ( 0.68) 
	52.83
	33.68
	13.49

	Jabal Kebad (I)
	2
	1.07
	0.60
	0.28
	1.95  (0.47)
	54.74
	30.73
	14.52

	   Huqban (J) 
	4
	4.12
	3.55
	0.36
	8.04      ( 5 )
	51.32
	44.20
	4.48

	 Najran (K )
	4
	0.90
	0.78
	0.40
	2.09   (0.52)
	43.27
	37.44
	19.29

	Jabal  Ashirah (L )
	2
	1.02
	0.99
	0.37
	2.38  ( 0.1 )
	42.94
	41.36
	15.70

	Jabal al Gaharra  (M)
	4
	2.39
	1.12
	0.33
	3.84  (0.15 )
	62.18
	29.17
	8.65

	Northeast of as Subaykah (N )
	1
	1.16
	0.22
	0.32
	1.70   (016 ) 
	68.36
	12.68
	18.96

	East of as Subaykah  ( P)
	2
	0.84
	0.53
	0.35
	1.72   (0.35)
	48.89
	30.59
	20.52

	Jabal Bani Bwana (Q )
	4
	0.55
	1.54
	0.32
	2.41   (0.36)
	22.80
	63.94
	13.26

	Wadi al Habbah  (R )
	3
	0.10
	0.07
	0.14
	0.32  ( 0.13)
	32.20
	23.13
	44.67

	Mahha (S )
	2
	0.26
	0.02
	0.24
	0.52     (0.1)
	49.58
	4.67
	45.74

	Jabal   Zayd (T )
	2
	0.27
	0.15
	0.21
	0.63   (0.15)
	42.95
	23.14
	33.91

	Wadi Tafshaf (U )
	3
	0.25
	0.09
	0.31
	0.66   (0.16)
	38.07
	14.14
	47.79

	Jabal  al Hassir ( V)
	6
	1.09
	0.77
	0.38
	2.24   (0.59)
	48.68
	34.20
	17.12


Table 5  Mean concentration of U, Th and K % for Granite rocks compared with other published data

	Type of Rock / location
	Heat Production Rat (µW/m3) 


	Reference
	

	 
	HU

	HTh

	HK

	Total


	
	

	 Granite northeastern Arabian Shield,
  Kingdom of Saudi Arabia  (180)
	1.54
	1.31
	0.39
	3.2
	Present Work
	

	   Granite southeastern Arabian Shield,
 Kingdom of Saudi Arabia  (73)
	1.59
	1.35
	0.34
	3.3
	Present Work
	

	granites from different countries (Min.)
	0.03
	0.19
	0.01
	0.2
	Guillén  J.  et al 2014
	

	granites from different countries (Max.)
	3.27
	4.31
	0.55
	8.1
	Guillén  J.  et al 2014
	

	 granite
	1.03
	1.24
	0.34
	2.6
	Rogers and Adams 1969
	

	 granite
	0.95
	1.45
	0.51
	2.9
	Adams et.al 1970
	

	 Granite South Africa
	1.67
	1.49
	0.39
	3.6
	Cermak et al., 1982
	

	 Granite
	1.39
	1.70
	0.35
	3.4
	Haack 1982
	

	 Granodiorite
	1.54
	1.11
	0.21
	2.9
	Simov  1989
	

	 Granite
	1.80
	2.76
	0.38
	4.9
	Helbig and  Treitel 1996
	

	 Granodiorite
	0.54
	0.57
	0.22
	1.3
	Helbig and  Treitel 1996
	

	 Granite Wadi El-GemalEastern  
easter Desert ,  Egypt (10)
	0.82
	0.82
	0.32
	2.0
	Abbady et al., 2002
	

	 Gabel El Majal,central eastern desert, Egypt. (10)
	4.14
	0.52
	0.22
	4.9
	Arafa,W., 2004
	

	 Biotite granite, Brazilian
	0.62
	1.24
	0.49
	2.3
	Anjos, R.M. 2005
	

	  Granite, Turkey  (14)
	6.37
	4.22
	0.39
	11.0
	Orgun 2005
	

	  Granite Wadi Allaqi, Aswan, Egypt (20)
	0.54
	2.07
	0.03
	2.6
	Abbady et al., 2006
	

	 Granite wadi Um Had, 
central  Eastern   Desert , Egypt (35)  
	6.40
	1.59
	0.34
	8.3
	Abbady et al., 2006
	


Table 6   Samples witch exhibit highest values of heat generation parameters of the Granite from different areas, southeastern and northeastern Arabian Shield, Kingdom of  Saudi Arabia.
	cation


	Latitude 

(north)


	Longitude  

(east)


	Heat production rate Rat (µW/m3) Due to  


	contribution due to  



	
	
	
	HU

	HTh

	HK

	Total


	U 

(%)
	 Th 

(%)
	 K

(%)

	Jabal Sabhah  (C)
	 23°   17\   45\\
	44°   35\    55\\ 
	3.21
	3.07
	0.32 
	6.6
	48.7
	46.48
	4.85

	Jabal Sabhah  (C)
	 23°   17\   10\\
	44°   37\    55\\ 
	4.11
	3.39 
	0.35 
	7.9
	52.3
	43.18
	4.49

	Jabal Sabhah  (C)
	 23°   17\   10\\
	44°   37\    55\\ 
	4.63
	3.69 
	0.35
	8.7
	53.4
	42.65
	4.00

	J al Hawshaw ( E)
	 22°    37\   30\\
	 44°   43\    15\\ 
	3.44
	3.05
	0.37 
	6.9
	50.2
	44.39
	5.45

	J al Hawshaw ( E)
	 22°   31\   58\\
	 44°   45\    45\\ 
	4.88
	2.18 
	0.36
	7.4
	65.8
	29.42
	4.80

	J al Hawshaw ( E)
	 22°   31\   55\\
	 44°   45\    55\\ 
	4.09
	2.61 
	0.37
	7.1
	57.8
	36.98
	5.17

	Huqban (J)
	 21°   46\   35\\
	 43°   49\    30\\ 
	2.80
	2.53 
	0.37 
	5.7
	49.1
	44.37
	6.49

	Huqban (J)
	 21°   46\   35\\
	 43°   49\    30\\ 
	7.97
	7.33
	0.27 
	15.6
	51.2
	47.06
	1.76

	jabel tuwalah
	25°   32\    6\\   
	41°    0\    28\\ 
	3.98
	2.69
	0.36
	7.02
	56.6
	38.3
	5.1

	v phases of  J aja
	 27°   20\   24\\
	 41°   23\    26\\  
	4.59
	1.59
	0.39
	6.56
	69.9
	24.2
	5.9

	v phases of   J  aja
	 27°   18\   39\\
	 41°   17\    30\\ 
	2.86
	3.13
	0.40
	6.38
	44.8
	49.0
	6.2

	v phases of  J aja
	 27°   19\   11\\
	 41°   18\    26\\ 
	3.08
	2.67
	0.38
	6.13
	50.3
	43.6
	6.1

	v phases of   J aja
	 27°   25\   49\\
	 41°   23\   34\\ 
	4.00
	2.12
	0.38
	6.50
	61.5
	32.6
	5.9

	v phases of  J aja
	 27°   26\   22\\
	 41°   23\   37\\ 
	3.52
	2.97
	0.40
	6.88
	51.1
	43.1
	5.9

	various phases of  

Jabal aja
	 27°   35\   17\\
	  41°  24\    13\\ 
	3.27
	2.88
	0.41
	6.56
	49.8
	44.0
	6.2
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Fig.1   Map showing sample locations and generalized outlines of postorogenic granites sampled from Stuckless (Stuckless and other ,1983). Letter and numeric identifications are: A, Jabal Aban al Asmar; D, Jabal Aban al Ahmar; E, Jabal Qutn; F, Jabal Tuwalah; G, Jabal Awja; H, Ar Raqah; I, Jabal alKurayziyah; J, Jabal Safad; K, Jabal Bidayah; L, Jabal ar Ra'ud; M, Bidat Nadhil; N, Jibal ar Rumman; P, Jabal Matali; Q, Jabal Kifantah; R, An Nammar, S, Jabal Salma; numbers 0 through 9,various phases of Jabal Aja.  
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Fig. 2   Location map for plutons samples in the southeastern part of the Arabian Shield .Letter designations correspond to symbol designations on tables and figures after (Stuckless et al., 1983).  
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Fig. (3) : The relation between Uranium (ppm) and Thorium  (ppm) in defferent locations in 

northeastern Arabian Shield, Kingodom of Saudi Arabia.
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Fig. (4) The relation between Uranium (ppm) and Thorium  (ppm) in defferent 

locations in southeastern Arabian Shield, Kingodom of Saudi Arabia.
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Fig.5  Histogram showing distribution of   heat production (µW/m3) of  granite samples from the northeastern Arabian Shield.
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Fig.6    Histogram showing distribution of   heat production (µW/m3) of  granite samples from the southeastern Arabian Shield
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 Fig. 7   Heat production through time assuming the silicate earth composition (primitive mantle) of McDonough and Sun (1995). (a) U, Th and K concentrations due to the decay of radioactive isotopes as functions of time measured back from the present and (b) radiogenic heat production within the Earth during the past.
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