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ABSTRACT: Several samples of laterites were collected from four paleosol profiles, Ibra, East Ibra, Al-Russayl, 

and Tiwi representing the vertical lithological variation within each profile. The mineralogical and geochemical 

composition of laterites in every section revealed differences in thickness and redistribution of elements reflecting 

different conditions of weathering processes. Elemental mass balance was calculated for every profile relative to 

the parent rock. The results indicated redistribution of elements from the surface to deeper zones with an 

enrichment of elements in the saprolite and oxide zones. Among the different sections, the profile of East Ibra 

composite 1 and 2 is characterized by high concentration of all elements compared to the other profiles. Sc/Fe 

ratio in different zones indicates low values for the profile of Tiwi profile 1, Ibra profile and Al-Russayl 

composite 2 and 3 profile due to the significant enrichment of Fe in these zones independently of redox 

conditions. Large fluctuations characterize Th/U ratios and reflect redox condition more reduced in Tiwi area than 

in East Ibra and Al-Russayl areas.  
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 دراسة الحوازن الكحلي عمان:سلطنة وإعادة جوزيع العناصر في جربة اللاجريث لصخور اوفيوليث سمائل، حركة 

 اٌخشتاش ٚ خذ٠جح سّذٟ ع.صلاح 

. شٍّد ٘زٖ فم١ح ٌٍرشتحرشتح اٌلاذشا٠د ٌرّثً اٌطثماخ الأٌ ػذج ِماطغدٛي ذشتح اٌلاذش٠د د١ث ذُ جّغ ػذج ػ١ٕاخ ِٓ اٌذساسح اٌذا١ٌح ذرّذٛس  :ملخص

ذفاٚذا ت١ٓ ِخرٍف اٌطثماخ ٌىً ِمطغ   اٌج١ٛو١ّائ١ح اٌّؼذ١ٔح ٚاٌخصائص ّىٛٔاخ ٔرائج دساسح اٌاٌشس١ً ٚ ط١ٛٞ. ت١ٕد ٚتشا إششق ٚ تشاإِٕاطك اٌذساسح 

تٕاء ػٍٝ ٔرائج دساب  ٌٝ آخشٜ.إطمح ِٕٓ ِرج٠ٛح ذشو١ض ِخرٍف اٌؼٕاصش ِّا ٠ىْٛ ساجؼا اٌٝ اخرلافاخ فٟ ػٛاًِ اٌػادج ذٛص٠غ ٚإٙا ٚسّىفٟ خاصح 

اٌرشتح سفً أٌٝ أاٌسطخ ِٓ ٌٍؼٕاصشػثش ِمطغ اٌرشتح  ذشاوُ أٚ ذششخِا إْ ٕ٘ان أذث١ٓ ساس١ح ٌٍرشتح اٌصخشج الأذشو١ة ِماسٔح ِغ اٌرٛاصْ اٌىرٍٟ ٌىً طثمح 

 حو١ض ػا١ٌاترش خذ١ّضد١ث تشا إششق ٚخاصح فٟ ِمطغ  أْ ٔسثح اٌؼٕاصش ذضا٠ذخ فٟ وً ِٓ طثمح اٌساتشٚلا٠د ٚ طثمح الاوسا٠ذ  ؼ١ٍّاخ اٌرج٠ٛح.ٌ ٔر١جح

ٌٕا ل١ُ ضؼ١فح  اذضخ اٌشس١ً(ٚ إتشا ٚ )ط١ٛٞٔسثح ػٕصش اٌسىأذ٠َٛ ػٍٝ اٌذذ٠ذ فٟ اٌرشتح ِٓ ِخرٍف ِٕاطك ٘زٖ اٌذساسحٚػٕذ دساسح  ٌّؼظُ اٌؼٕاصش.

ت١ٕد إٌسثح ت١ٓ ػٕصشٞ اٌثٛس٠َٛ ٚا١ٌٛسا١َٔٛ تأْ ػٛاًِ اٌرج٠ٛح تّٕطمح طٛٞ  وّا .٠حٛاٌرجػ١ٍّاخ ٌرشاوُ ُِٙ ٌٍذذ٠ذ اثٕاء رٌه  ٠ؼضٌٜٙزٖ إٌسثح ِّا 

 .تشا ٚ اٌشس١ًإششق وأد ألً ِأوسذج ِّا ٘ٛ ػ١ٍٗ فٟ 

 

 .ػّاْٚ دساب ذٛاصْ اٌىرٍٟ ،ذشاوُ ،ذشتح ،لاذشا٠د: كلمات مفحاحية

1. Introduction 

ateritic weathering is an important surficial erosional process which is active in the superficial zone of tropical 

regions. All laterites are marked by an enrichment of iron and a decrease of silica together with the highly soluble 

alkalis and alkaline earths as well as rare earth elements [1]. The composition and properties of laterites are controlled 

by the chemical and physical features of the parent rock.   

Mobilization of trace elements during lateritization has been investigated in several studies [2-6]. This 

mobilization is dependent on the type of parent rock and the weathering conditions (T, Eh, and solutions). 

Lateritization of ultramafic rocks such as peridotite results in an enrichment of Ni. Most of the world's laterites are 

found in tropical areas such as Indonesia, the Philippines and New Caledonia but some are also found in Australia, 

Brazil and West Africa [7-11].  

In this study, a mass balance was calculated in laterites in Oman in order to determine the redistribution and 

mobilization of trace elements in the different lateritic zones developed on mafic and ultramafic rocks in this arid area 

during the Cretaceous time.  
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The current research is part of an ongoing research project by the first author, investigating lateritic soils from the 

Northern Oman Mountains, where the samples were collected from each zone (from the surface downward to the 

parent rock) of the investigated laterite profiles [12].  The parent rocks consist either of layered gabbro or peridotite of 

about c.96.4 Ma [13].  

2. Geological background 

 The development of lateritic paleosol profiles in Oman is mainly related to the late Cretaceous (Coniacian to late 

Campanian) tectonic evolution of the Oman Mountains, which are part of the Alpine-Himalayan fold belt [14,15]. A 

detailed description of these laterites is given in [12, 16, 17]. The laterites of the Oman Mountains belong to the Qahlah 

Formation that lies unconformably on the obducted Semail ophiolite (96.4 Ma.) [13,18] and grades into the Late 

Campanian–Maastrichtian Simsima Formation. The Qahlah Formation represents the most basal, post-obduction 

terrigenous clastic facies in Oman [14] and mainly contains conglomerate, sandstone, and siltstone [19]. This formation 

was assigned a Maastrichtian age [14] based on the presence of Loftusia. The Late Cretaceous laterites generally occur 

as patches having a lateral extension of more than 100 km, but are entirely absent at some locations [12].  

The mineralogical and geochemical charcterization of nine laterite profiles from four separate areas (Ibra, East 

Ibra, Al-Russayl, and Tiwi) located along a NW-SE transect across the Oman Mountains (Figure 1) have been 

previously reported [1,12,16,17], where they showed variations in their thickness as well as in their geochemical and 

mineralogical characteristics. For the purpose of this study, these nine profiles have been combined into seven profiles 

(Figure 2), where the East Ibra profiles # 1 and 2 were combined as one profile (designated as composite profile #1 and 

#2) and Al-Russayl profiles # 2 and 3 were combined as one profile (designated as composite profile #1 and #2).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
Figure 1. Geological and location map of the studied areas (adapted from [12,19]). 

 

The following lateritic zones were identified from the base upward: a) a protolith; b) a saprolite laterite; c) an 

oxide laterite (locally pisolitic and with multiple silcrete layers); and d) a clay laterite (Figure 2) [16].   

a. Protolith corresponds either to serpentinized peridotite (East of Ibra, Al-Russayl and Tiwi profiles) or to layered 

gabbro (Ibra profile) of the Late Cretaceous Semail ophiolite. The serpentinized peridotite is > 20 m thick and occurs 

as a fine-grained, black to green rock. The layered gabbro protolith is > 20 m thick and consists of a coarse-grained 

dark green rock.  
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b.  Saprolite (3-60 m thick) is characterized by a pale reddish-brown to greenish color and abundant blocks ranging in 

size from a few cms to >6 m. The lower parts of the saprolite zone usually consist of greenish-white, friable material, 

while the upper parts consist of harder, reddish-brown material with abundant ferruginous pellets (pisoliths). 

c.   Oxide zone (1.5 to 84 m thick) is characterized by massive to nodular facies of yellowish, goethite-rich limonite, as 

well as massive hematite. It includes several 0.5 to 1 m thick, white to grey color, silcrete layers.  

d. Clay laterite (1.5 to 15 m thick) is made up of hard, dark-brown material in the lower parts and light-brown, soft 

and friable fine-grained material in the upper parts.  

These paleosol lateritic profiles are capped unconformably either by clastics of the Upper Cretaceous Qahlah 

Formation, which is the case at East Ibra, or by Palaeogene carbonates of the Jafnayn or Abat Formations at Ibra, Tiwi 

and Al-Russayl areas [16].  

3. Materials and methods  

Several samples were collected vertically throughout the different profiles to represent the various lateritic zones 

(Figure 2). All samples were dried overnight at about 60 ºC. After drying, they were crushed and sieved to a fraction 

less than 2 mm and homogenized in an agate mill. Two batches of each sample were prepared. One batch was used for 

identification of mineral composition while the other was used for chemical analyses. For chemical analysis, a 0.5 g 

sample was digested in aqua regia at 95 °C in a microprocessor controlled hot block for 2 hours. The solution was 

diluted and analyzed for trace elements by ICP/MS using a Perkin Elmer SCIEX ELAN 9000 [12].   

International certified reference materials USGS GXR-1, GXR-2, GXR-4 and GXR-6 were analyzed at the 

beginning and at the end of each batch of samples. Internal control standards were analyzed every 10 samples and a 

duplicate was run for every 10 samples. The detection limit varied between 0.01 and 0.5 ppb. Chemical composition 

was determined by (ICP-AES) for major elements. Analytical precisions ranged between 5 and 10%. All geochemical 

analyses were carried out at the Activation Laboratories Ltd (Canada). 

The qualitative mineralogical analysis was carried out in the Department of Earth Sciences of Sultan Qaboos 

University (Oman) using X'Pert PRO X-ray diffraction with a 45 mA, 40 kV generator settings.    

4. Results  

a.    Mineralogy of the laterite zones: Mineralogy of laterites in the Oman Mountains is discussed in detail by Al-

Khirbash et al. [16]. The following paragraphs summarize the most important lithological and mineralogical 

composition of the various zones of the investigated laterite sections.  

i. Protolith: The protolith is composed of either black to green peridotite rock (the East Ibra and Tiwi profiles) or of 

dark green coarse-grained layered gabbro (Ibra profile). XRD analyses showed the presence of lizardite, kaolinite, 

maghemaite, antigorite, and clinochrysotile, in addition to some other Ni bearing minerals (Figure 2).   

ii. Saprolite laterite: The initial texture of the protolith is fully preserved in this zone and composed mainly of 

lizardite (after pyroxenes), some altered plagioclase, amorphous iron oxides, and quartz. The mineral composition 

obtained through XRD analyses is given in Figure 2.  

iii. Oxide laterite:  Hematite and goethite are the primary components of this zone giving a reddish colored 

appearance to the rock. The results of the XRD mineral analyses are given in Figure 2.   

iv. Clay laterite: This zone is characterized by fine-grained, compact iron-stained-looking material. Kaolinite and 

iron oxides are the main components. Calcite and quartz-filling fractures and blebs of amorphous silica are also 

observed. XRD mineral analyses are given in Figure 2.   

v. Silcrete layers: Several silcrete layers are observed at different levels within the oxide zone, particularly in the 

profiles of East Ibra and Al-Russayl (Figure 2). These silcrete layers are hard, displaying massive vesicular and 

concretionary textures, and are composed of fine-grained amorphous silica or quartz. X-Ray diffraction analysis 

confirmed the presence of quartz, hematite, and calcite in the silcrete layers.  

vi. Ferricrete layers:  The ferricrete layers have complex fabrics and are mainly composed of hematite and goethite 

(Al-Russayl profile #1) or of magnetite and hematite (Ibra profile) (Figure 2).   
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Figure 2. Lithostratigraphic description and XRD data of the studied laterite profiles.  
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Figure 2. Continued  
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Figure 2. continued 

b. Geochemistry  

The geochemical characteristics of different sections in the same profile are given in detail in  [12]. In this paper, 

geochemical composition of the laterite will be briefly described. Average concentrations of elements at different zones 

are given in Table 1.  

i. Ibra profile: Geochemical investigation of trace elements in Ibra profile revealed that the content of Ni is higher in 

the serpentinized peridotite than in the other zones (Table 1). The Ni average content increases from 2000 ppm in the 

protolith zone to 3000, 5000, 8000, 9000 and 18000 ppm in the saprolite, oxide, clay laterites, Fe bed/ferricrete and 

serpentinized peridotite, respectively. The highest concentrations of Cr were observed in the clay zone while the 

highest concentrations of Zn were observed in the ferricrete zone (see Table 1). The concentrations of most of the 

elements in the clay zone remain lower than in the other zones except for Pb and Ba.    

ii. East Ibra profiles: In East Ibra profile, concentrations of trace elements exhibit significant fluctuations from the 

surface to the zone at 50 m depth. The Ni contents, for example, in the East Ibra composite 1 and 2 profile range from 

1000 to 9000 with important enrichment in the oxide zone (Table 1). Further, high concentrations of Cr, V, Zn, Sr and 

Ba were also observed in the oxide zone (Table 1). In East Ibra 3 profile, the highest concentrations of elements were 

observed in the oxide zone, except for Sr, Ba and possibly Pb, which have leached to the lower zones (clay zone). The 

silcrete layer remains less enriched in most elements, when compared with the protolith zone.   

iii. Al-Russayl profile: The lateral distribution of trace elements through the Al-Russayl profile #1, shows that the 

concentrations of Ni, V, Cr and Zn are higher in the oxide zone than in the other zones (see Table 1) while Ba, Sr and 

Pb have accumulated more in the ferricrete zone. In Al-Russayl composite profile 2 and 3, most of the elements, except 

Ba and Pb, are enriched in the clay zone when compared to the other investigated zones. 
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iv. Tiwi profile: The lateral distribution of trace elements through the Tiwi profile #1 showed that all elements 

(except Ni) are more concentrated in the clay zone, compared to the saprolite and oxide zones. The distribution of 

elements in Tiwi profile #2 shows that their concentrations in the oxide zone are higher than in the saprolite zone (see 

Table 1). 
 

Table 1. Geochemical analyses (in ppm) of the studied laterites, Oman Mountains. 

 
Profile  Zone/ 

Element  

Fe  Mn  Ti  Cr  Ni  Co  V  Zn  Rb  Sr  Zr  Ba    La  Pb  Sc  

Ibra 

protolith  58496  859  120  2737  2000  100  2.3  25.0  0.4  23.4  0.1  14.8  1.2  0.2  

7.7  

Serpentinite/ 

peridotite  

72846  4101  300  2737  18000  1000  32.5  71.2  0.4  189.5  0.1  22.3  8.8  0.3  17.8  

saprolite  250204  1505  4796  6158  3000  100  129.8  20.1  0.2  108.7  3.3  14.2  3.0  1.9  
32.2  

oxide  440897  729  1799  30105  5000  100  101.3  25.3  < 0.1  37.6  2.2  8.2  1.7  4.8  

47.2  

clay  325631  1232  1799  43789  8000  1000  79.3  21.0  2.3  68.1  0.8  17.0  7.0  12.2  42.8  

ferricrete  396752  2528  1799  30105  9000  1000  126.5  115.9  < 0.1  152.0  1.9  12.5  13.9  7.1  60.3  

East  Ibra 
composite 

1 and 

2 profile 

saprolite  70572  1085  120  3421  3000  0  10.5  33.5  0.3  43.9  0.2  10.5  0.0  0.2  

9.2  

oxide  239609  1869  600  16421  9000  1000  63.3  42.8  0.6  76.7  0.7  57.3  1.5  3.2  

36.6  

silcrete  56706  3235  150  6158  3000  100  7.5  15.0  0.4  30.0  0.3  58.0  0.6  0.5  

8.9  

clay bed  45603  171  3597  2053  1000  100  10.0  13.2  14.2  57.4  0.3  19.4  27.2  20.2  

2.9  

East Ibra 

profile 3 

protolith  59172  1264  600  2737  2000  100  30.0  28.8  0.1  22.2  <0.1  8.0  <0.5  0.1  

16.6  

oxide /clay  233455  1373  600  18473  7000  100  60.7  46.3  0.4  42.9  0.8  29.1  1.6  1.8  33.9  

silcrete  33433  360  2398  1368  1000  100  12.0  26.9  8.3  20.0  0.5  37.6  16.9  0.9  2.7  

clay  73265  1469  2998  2737  3000  100  24.5  44.5  6.6  80.5  0.9  170.0  14.7  9.8  8.7  

Al-

Russayl  

profile 1 

oxide  270732  450  1199  51315  7000  100  59.3  130.6  0.6  124.0  1.7  5.6  7.0  4.1  

42.5  

silcrete  48540  82  3597  5474  100  100  9.0  13.8  0.8  46.7  1.2  8.6  1.4  2.7  

1.9  

ferricrete  508066  227  1199  26000  2000  100  49.0  47.7  0.4  459.0  1.8  22.6  1.2  5.1  

10.2  

Al-

Russayl 

composite 

2 & 3 

profile 

protolith  57423  765  1269  2737  2000  100  6.0  18.6  0.1  43.9  <0.1  7.9  <0.5  0.2  

6.0  

clay  374335  6163  1199  26684  13000  1000  28.7  95.8  2.0  61.3  1.5  34.9  3.6  5.3  

35.9  

saprolite  42875  676  60  2053  2000  100  10.0  17.6  0.1  113.0  <0.1  13.4  <0.5  0.1  

3.9  

mixture/ 

(Fe/clay)  

101068  2010  600  13000  3000  100  27.5  31.6  1.4  89.1  0.8  68.1  2.8  7.0  9.9  

Tiwi  

profile 1 

protolith  49729  673  60  2737  2000  100  9.0  12.2  -  14.4  < 0.1  8.0  -  0.1  

6.2  

saprolite  55482  754  60  2737  2000  100  11.3  17.2  0.2  36.0  0.2  10.4  < 0.5  0.1  

6.1  

clay bed  375594  1908  1799  19158  3000  1000  301.0  44.7  3.5  155.0  5.9  31.2  2.1  24.6  

33.4  

oxide  432418  584  1799  26684  4000  100  81.7  37.1  0.2  90.4  2.6  16.7  0.9  3.3  49.0  

Tiwi 

profile 2 

saprolite  65816  853  90  2737  2000  100  9.8  18.1  0.3  34.2  0.1  6.9  <0.5  0.1  6.1  

oxide/ 

ferricrete  

249417  1043  600  13000  6000  100  56.8  57.0  0.5  54.8  1.5  13.8  2.7  0.9  37.5  

 

c.    Mass balance  

To determine the relative enrichment or depletion of elements relative to the fresh parent rock within the 

weathering profile during lateritization, we calculated a mass balance. The mass balance model used, according to [15, 

20-22] was as follows:   

  

                 % change = [(Xa/Ia)/(Xp/Ip)-1] *100                                                            (1)  

  

where Xa and Xp are the concentrations of elements in the weathered samples and in the parent rock, respectively. Ia and 

Ip are the concentrations of the immobile element in the weathered samples and in the parent rock, respectively.  

In this calculation, the average density of rocks was taken in consideration. For parent rock, the measured 

average density is about 2.6 g per cubic cm, while for the laterite an average density of about 2.5 g per cubic cm was 

measured.  

Elements such as Th, Zr and Ti have been considered as immobile elements during weathering in previous 

studies [1, 21, 23-25]. In this study, the selection of immobile elements was established after a statistical investigation. 

In fact, statistical treatment of data revealed similar variations of concentrations of Ti and Th and Zr. However, since 
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Ti has been considered an immobile element during weathering of mafic rocks, for the mass balance calculation during 

this study the normalization of Ni, Co, V, Zn, Pb, Sr, Sc, and Cr was established relative to Ti.  

Quantification of loss and gain of elements during lateritization was determined for each zone of each profile 

relative to the parent rock. The results are shown in Table 2 as an average of the results for different depths from the 

same zone.   

The mass balance calculation for Ibra revealed a depletion of most of the elements in all zones. Only V and Pb 

are enriched in the oxide and clay zones relative to the other elements (Figure 3). The elements Sc and Cr are well 

correlated with Fe (r = 0.7 and 0.6 respectively), while Ni, Zn, Co and Sr tend to be associated with Mn rather than 

with Fe.   

The mass balance calculation for East Ibra composite profile 1 and 2 showed an enrichment of elements in the 

saprolite, oxide (upper and lower zones), and silcrete zones, except for Zn which is depleted in the upper oxide zone 

while V and Sc are depleted in the silcrete zone. Element-element correlations indicate that Cr, Co, Ni and Zn are more 

strongly associated with Fe oxide than with Mn oxide. Correlation coefficients with Fe are about 0.96, 0.97, 0.9 and 0.8 

for Cr, Co, Ni and Zn respectively.  

For East Ibra profile 3, only upper and lower oxide zones are characterized by an enrichment in elements. The 

clay bed is depleted in Ni, Co, V, Sr, Zn, Sc and Cr and enriched in Ba and Pb, while the silcrete layer is depleted in all 

elements. In this profile, most elements are more concentreted with Fe than with Mn as the case of  East Ibra composite 

1 and 2 profile. Al and Ni substitution in natural iron oxides (goethite, hematite and maghemite) from laterites has been 

previously studied [26, 27]. Ni has been found more frequently with goethite but not with Mn oxides. In contrast, [28] 

reported that Ni might be associated with Mn oxides more than with Fe oxides in a Philippine laterite.  

The lateral distribution of elements within every section of the Al-Russayl profile showed that all elements have 

been mobilized during lateritization, which has resulted in a zone of enrichment in the oxide in the Al-Russayl profile 1 

and a depletion of elements in the silcrete zone and a depletion of Ni, Co and Ba in parallel to an enrichment in the 

other elements in the ferricrete zone of the same profile relative to the fresh protolith. For Al-Russayl composite 2 and 

3 profile, the weathering has induced an enrichment of elements in all investigated zones, except Ba which is depleted 

in the clay zone. Investigation of correlations between elements of Al-Russayl profiles indicates that Ni is well 

correlated with Mn, while Cr and Zn are more associated with Fe than Mn oxides, and Co, Sr and Sc levels do not 

indicate any correlation with either  Fe or Mn.  

 

Table 2. Mass balance data of the different laterite profiles. 

 
Profile Element/ Zone  Ni Co V Zn Sr Ba Pb Sc                        Cr 

Ibra 

 

 

saprolite -100 -100 -3 -97 -86 -98 -98 -92 -100 

oxide -81 -63 360 -95 -74 -93 183 -69 -18 

Clay -77 -48 182 -94 -70 -89 656 -72 14 

E. Ibra 

composite 

1 & 2 

profile 

saprolite 563 355 -3 381 767 402 395 110 386 

lower oxide 769 392 29 270 1121 891 829 67 768 

upper oxide 199 178 20 -25 49 292 1412 62 246 

silicrite 269 254 -38 25 228 1632 772 -98 501 

E. Ibra 

profile #3 

 

 

 

lower oxide 809 506 -39 266 549 382 163 55 424 

upper oxide 174 163 28 -10 -3 153 754 55 397 

clay bed -77 -56 -91 -82 -57 157 682 -92 -90 

silcrete -88 -86 -94 -87 -88 -35 -11 -97 -94 

Al 

Russayl 

profile #1 

 

oxide 181 -20 692 463 126 1544 1544 468 1403 

silcrete -100 -73 -60 -80 -72 -97 261 -92 -47 

ferricrete -20 -20 555 106 738 -78 1945 36 662 

Al-

Russayl 

composite 

2 & 3 

profile 

saprolite 1502 1502 2570 1416 4024 121 701 941 1102 

clay 421 702 284 313 12 -74 2025 380 682 

mixture/(Fe/clay) 140 60 634 172 225 3 5508 1719 661 

Tiwi 

profile #1 

 

 

saprolite -24 -24 -5 7 89 52 -24 -25 -24 

oxide laterite -96 -75 -15 -91 -73 -96 522 -86 -82 

clay bed -95 -97 -77 -92 -84 -92 -17 -80 -75 

Tiwi 

profile #2 

saprolite -49 -49 -45 -25 20 -58 -49 -50 -49 

oxide/ferricrete -77 -92 -52 -65 -71 -97 -32 -54 -64 
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For the Tiwi area, a mass balance for the two profiles (1 and 2) was calculated. Profile 1 is about 40 m thick from 

topsoil to bedrock, and represents the complete profile, while profile 2 is about 30 m thick. The mass balance 

calculation indicates that all investigated zones in Tiwi profile 1 are characterized by a depletion of elements, with the 

exceptions of Pb which is enriched in the oxide zone, and of Sr and Ba which were found enriched in the saprolite 

zone. In Tiwi profile 2, all elements are depleted relative to the parent rock, except for Sr which is slightly enriched in 

the saprolite zone. Elements such as Cr and Zn are more concentrated  with Fe than with Mn, while Co and Ni seem be 

carried by both Fe and Mn oxides [12]. The mass balance calculation using equation (1) in this study is coherent with 

values calculated using the model reported by Braun [26] for calculation of the mass balance of elements in a lateritic 

terrain. In this previous study, the volume change in each zone of the soil, due to weathering, is considered in the 

calculation model. The calculation of the volume change in the present study indicated a decrease in the volume of the 

Ibra profile due to collapse during weathering, while in the East Ibra composite 1 and 2 profile, there was an expansion 

of the soil during weathering. Such differences may reflect different paloclimatic conditions. 

5. Discussion   

The rate of accumulation of elements in soils depends on the susceptibility and resistance of rocks to weathering, 

the leaching process of elements, and their adsorption or fixation on clay and oxide phases. The mobility and 

accumulation of trace elements in the soil during weathering depends on their distribution between different mineral 

phases.  

The different zones of the investigated laterite profiles (Ibra, East Ibra, Tiwi and Al-Russayl) vary in mineral 

composition and in the thickness of each zone. The zones of Ibra profile are thicker than the zones in the other profiles, 

which may reflect an important weathering process and longer time of lateritization compared to the other profiles. 

Moreover, Ibra profile is characterized by a development of different zones during weathering, such as  oxide, saprolite 

and clay zones, unlike other profiles where either the saprolite zone (as in the case of East Ibra profile 3) or the clay 

zone (as in Tiwi profile 2 and Al-Russayl profile 1) are missing. In terms of chemical composition, most of the 

elements investigated during this study do not exhibit the same fluctuations and behavior in the different zones of each 

profile. For example, in the East Ibra sections, enrichment of elements occurred in the saprolite, silcrete and oxide 

zones while in Al-Russayl composite 2 and 3 profile, the enrichment which was calculated for elements occurred in the 

saprolite zone and exceeded that calculated for the same zone in the other profiles.   

a.  Mobilization of elements during laterization 

Mass balance calculations relative to the fresh parent rock indicated that the mobilization of elements in each 

profile is dissimilar, and may indicate different weathering histories and different degrees of serpentinization. The 

laterite soil in the present study was developed on ophiolite rocks with slight differences between parent rocks in each 

section. The differences between sections in terms of geochemistry and mineral content may reflect differences in 

weathering conditions, including topography and drainage.   

The enrichment in heavy metals in soil zones is often inherited from the parent rock. Their vertical distribution is 

controlled by their mobility during chemical weathering, adsorption by clay particles, the concentration of organic 

matter in the soil, and by their precipitation or their complexation with different ions.  

The variability in mobilization of elements during weathering can be expressed as a ratio between elements. The 

investigated ratios consist of Ni/Co, Ni/Cr and Ni/Zn. The Ni/Zn ratio increases in the following order: clay zone > 

oxide zone > saprolite for Ibra profile, while the Ni/Co ratio is similar in oxide and clay zones. In the oxide and 

saprolite zones of this profile, the Ni/Zn and Ni/Co ratios are higher than in the parent rock, unlike the Ni/Cr ratio, 

which is lower. In the clay zone, both the Ni/Cr and Ni/Co ratios are lower than in the parent rock, while the Ni/Zn 

ratio is higher. Investigation of these different ratios in different zones of Ibra profile indicates the following order of 

mobility of elements: Ni>Co>Zn.   

In East Ibra composite 1 and 2 profile, the Ni/Zn ratio in each zone is higher than that of the parent rock, which 

reflects the higher mobility of Ni and Cr relative to Zn and Co.  The Ni/Cr and Ni/Co ratios, on the other hand, are 

lower in the oxide and clay zones than in the parent rock.   

In East Ibra profile 3, the Ni/Zn ratio in the oxide zone is higher than in the parent rock, while the clay zone has a 

similar Ni/Zn ratio to the parent rock. The Ni/Cr ratio in the oxide zone is lower than in the parent rock, but the 

opposite is the case in the clay zone while the Ni/Co ratios in both oxide and clay zones exceed that of the parent rock. 

Comparison between the different zones indicates that the highest Ni/Zn and Ni/Co ratios characterize the oxide zone, 

and the highest Ni/Cr ratio characterizes the clay zone.  

For Al-Russayl profile 1, the Ni/Zn and Ni/Cr ratios in the oxide zone are lower than in the parent rock, unlike 

the Ni/Co ratio. For Al-Russayl composite 2 and 3 profile, the Ni/Zn ratio in the clay zone is higher than in the parent 

rock , opposite to the Ni/Co ratio for the same zone. In the saprolite zone, Ni/Zn, Ni/Cr and Ni/Co ratios remain similar 

to those of the parent rock.  

For Tiwi section, the Ni/Zn ratio in the saprolite, clay and oxide zones is lower than in the parent rock. The Ni/Cr 

ratio in the clay and oxide zones is lower than in the parent rock, while the Ni/Co ratio in the oxide zone exceeds the 

Ni/Co ratio of the parent rock.   
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Ni, Zn, Cr, and Co are usually incorporated in the lattice of silicate or oxide minerals. Higher Ni/Zn and Ni/Cr 

ratios in the clay zones of Ibra, Al-Russayl composite 2 and 3 profile and East Ibra 3 compared to the other zones, and 

additionally, a higher Ni/Co ratio in the Fe- clay zone of Al-Russayl composite 2 and 3 profile, reflect the higher 

exchange capacity for Ni in the clay zone. The association of Ni with Fe-Mn oxides results in higher Ni/Zn, Ni/Co and 

Ni/Cr ratios in the oxide zone, as in East Ibra profile 3.  

A saprolite zone (usually called the C zone or partially altered bedrock zone) is between the subjacent fresh or 

non-weathered parent rock zone and the superjacent clay/iron oxide zone (which is also called the B zone or zone of 

leaching). The saprolite zone then contains some metals that are produced from in situ weathering of minerals of the 

parent rock, and some that may have come from the overlying zones. Therefore, the apparent increase of the Ni/Cr 

ratio in the saprolite zone of Ibra, East Ibra and Al-Russayl profiles compared to their parent rocks reflects the selective 

thermodynamic binding of the metals, or the stability constants of the metals with available ligands or chelates in the 

weathering zones. The selections are therefore influenced by (i) charge, (ii) ion size, (iii) ligand donor atoms, (iv) 

preferential coordination geometry or stereochemical control, (v) oxidation states, and for the transitional metals, (vi) 

spin-pairing stabilization [29-32].  

In normal aqueous media, association of Co to Zn can be found in oxidation states of 2+. While Ni, Co, Zn and 

Cr can co-ordinate with water for hydrolysis reactions, they are also able to form bonds with S-donor ligands. Smaller 

high charged ions are more strongly hydrated than larger low charged ions. Replacement of coordinated water 

molecules around a smaller cation by organic ligands requires higher energy. Therefore, a Ni/Zn increase in the 

saprolite zone may be explained in terms of the relatively higher mobility of Ni influenced by the hydration effect, as 

well as by the ligand co-ordination effect. An increase in the Ni/Co ratio may be the result of a redox reaction effect, 

possibly in the upper organic-rich zone, besides the latter having a preference for O-donor ligands.   

b.  Redox conditions: Ce occurrence in the soil  

As mobilization of Ce during weathering is sensitive to redox conditions, an investigation of the correlation of Ce 

with elements such as Mn, Ni, Co, Fe and Cr indicated that  Ce exhibits three oxidation states, +II, +III and +IV. The 

first  of these is not common. Among these states, Ce(III) is soluble in a reduced environment, but the oxidized state of 

Ce (Ce IV) is insoluble [6]. In Ibra profile only Co and Zn are well correlated with Ce, unlike Ni, Fe, Mn and Co. In 

East Ibra composite 1 and 2 profile, weak correlations were calculated between Ce and Cr, Mn, Fe, Co and Ni. In East 

Ibra 3 profile the mobilization of Co, Cr and Ni, which are well correlated with Ce, seems to be affected by fluctuations 

of redox conditions in this profile. The increase of Ce in this soil, due to the oxidation of Ce(III) to the less soluble Ce 

(IV), correlates to a leaching of Cr, Fe and Ni from the soil.  

In Al-Russayl profile 1 good correlations were calculated between Ce and Mn (r =0.93), Co (r= 0.86), Ni (r 

=0.9), Zn (r = 0.98) but not with Fe, while in Al-Russayl composite 2 and 3 profile, Ce is well correlated with Ni, Mn 

and Fe, but not with Co and Cr. In Tiwi profile 1 and Tiwi profile 2, Cr, Ni and Zn seem to be affected by redox 

conditions of the soil since they exhibit good correlations with Ce.  

c.  Sc-Fe interaction in the soil  

Although the soil chemistry for scandium (Sc) is similar to that for Fe and substitutes Fe
3+

 in primary minerals, 

Sc is not affected by redox reactions. According to Brown [33] in lateritic soils the Fe-accumulation, lacking any redox 

influences, can be estimated from the Sc/Fe ratio. This Fe accumulation is highlighted by the deviation of samples from 

the Sc-Fe linear relationship.  

The Sc/Fe ratio in different zones from different sections investigated during this study is about 0.09.10
-3

 to 

0.16.10
-3

. The oxide zones of Tiwi 1 and Ibra profiles and the clay zone of Tiwi profile 1 and Al-Russayl composite 2 

and 3 profile are characterized by lower Sc/Fe ratios because of significant accumulation of Fe as compared to that of 

Sc (Figure 4). This enrichment of Fe independently of redox conditions might reflect adsorption of Fe on clay minerals, 

and/or a deposition of amorphous Fe during the laterization processes.  

All zones of Al-Russayl composite 2 and 3 profile are characterized by similar ratios to that of the parent rock, 

which indicates a homogeneity in the distribution of these two elements during the laterization processes. 

In Ibra profile, the Sc/Fe ratio in all zones is similar to that of the parent rock except in the serpentinized zone, 

where a high concentration of Fe and low concentration of Sc generate a lower Sc/Fe ratio than in the parent rock. In 

all zones of East Ibra composite 1 and 2 profile, the Sc/Fe ratio is lower than in the parent rock because of the 

significant concentration of Fe in the saprolite and the oxide zones, and because of an important depletion of Sc in the 

silcrete and the clay zones. Similar to the East Ibra composite 1 and 2 profile, all zones of East Ibra profile 3 are 

characterized by lower Sc/Fe compared to the parent rock. 

In Tiwi profile 1, the clay zone is characterized by an important accumulation of Fe which generates a Sc/Fe ratio 

lower than that of the parent rock. The other zones of Tiwi profile 1 have a Sc/Fe ratio similar to that of the parent 

rock. The oxide zone of Tiwi profile 2 is characterized by an important deposition of Sc compared to the parent rock, 

which induces a Sc/Fe ratio higher than that of the parent rock.  
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d.  Rate of weathering and accumulation rate of Ni  

An estimation of the duration of lateritization by Lucas [34] indicated that about 17 to 34 million years (my) are 

needed to form a profile. The average thickness of the Ibra profile of the present study is about 60 m (20 m for the 

layered gabbro zone, 20 m for the saprolite zone, 5 m for the oxide zone, 15 m for the clay zone). Such a thickness 

corresponds to a rate of downward advance of the weathering front of 3 m per million years (my) if an average 

duration of 20 my is considered. Such a rate might be overestimated or underestimated if all weathering conditions are 

taken into consideration. However, the leaching and distribution of elements may be accelerated for young profiles and 

under humid climate conditions [35]. Based on a density of 2.5 g/cubic cm, we estimated that about 4000 g of Ni may 

be extracted per 1my from 1 square meter of the layered gabbro zone developed in Ibra profile and about 6000 g per 

1my from 1 square meter of the saprolite zone and 2500 g per 1my from 1 square meter of the oxide zone and about 

12000 g per 1 my from 1 square meter of the clay zone.  

Similar estimations calculated for East Ibra profiles showed that more Ni can be extracted from the oxide zone of 

East Ibra composite 1 and 2 profile than from the other zones of either the same profile or the East Ibra profile 3. In 

contrast,  the clay zone of East Ibra profile 3 accumulated more Ni than the clay zone in the East Ibra composite 1 and 

2 profile.  

e. Dynamic of Th and U  

Thorium occurs in diverse rock types in association with U and rare earth elements. Thorium is very insoluble 

during weathering compared to U.   

The U–Th couple is useful in constraining paleo-redox conditions because 
232

Th, 
235

U, and 
238

U are long-lived 

radionuclides, which decay to different Pb isotopes. Th/U ratios may represent different stages of oxidation and 

leaching. Th/U ratios may be used to estimate paleo-redox conditions at the time of deposition [36].  

In oxidized environments, sediments may contain less U, and show high Th/U ratios above the average upper 

continental crust ratio of 3.8 [37]. In sediments deposited in a reduced environment, the Th/U ratio is low [38-40]. The 

Th/U ratio is controlled by the weathering-erosion-diagenesis cycle [41].   

Due to large differences in Th and U concentrations through different profiles, discussion of the Th/U ratio will 

be based on data of individual profiles and not composed ones, as was done for mass balance calculations (Table 3). 

In Ibra profile, the Th/U ratio ranges from 0.5 to 6.0 for the clay zone. For East Ibra 1 profile, the average ratio is 

about 2.25. The other investigated zones are characterized by lower Th and U concentrations, of less than the detection 

limit. For East Ibra composite 2 and 3 profile, an average Th/U ratio of about 4.4 was calculated for the upper oxide 

zone.  

Table 3. U/Th ratio of the different laterite profiles. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ibra Profile 

zone 
Th 

(ppm) 
U (ppm) Th/U 

clay  
laterite 

0.6 0.1 6.0 

1.4 0.8 1.8 

0.5 0.9 0.6 

oxide laterite 

2.7 3.5 0.8 

1.9 0.8 2.4 

0.4 0.4 1.0 

0.6 0.6 1.0 

0.5 0.2 2.5 

0.5 0.3 1.7 

saprolite 

< 0.1 < 0.1 - 

< 0.1 < 0.1 - 

0.1 < 0.1 - 

0.2 < 0.1 - 

protolith 

< 0.1 0.2 - 

< 0.1 < 0.1 - 

< 0.1 < 0.1 - 

0.2 < 0.1 - 

0.1 < 0.1 - 
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Table 3 (cont.). U/Th ratio of the different laterite profiles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Th/U ratio in Al-Russayl profile 1 is about 0.9 to 14. The highest values were calculated for the ferricrete 

zone. In Al-Russayl composite 2 and 3 profile, the Th/U ratio is lower than that of Al-Russayl profile 1, and ranges 

from 0.5 to 5.4, with the highest value for the clay zone. For both Tiwi profile 1 and Tiwi profile 2, the Th/U ratio is < 

1.  

 Large fluctuations of the Th/U ratio may be attributed to either the source or redox conditions in the profile. 

Fluctuation of Th concentrations may reflect different sources through the profile, while different concentrations of U 

reflect fluctuations in redox potential. The high Th/U ratio (above that of continental crust) in the Al-Russayl profile 

E Ibra profile 1 E Ibra composite 2 and 3 Profile 

zone 
Th (ppm) 

U 
(ppm) Th/U zone 

Th (ppm) U (ppm) Th/U 

clay bed 1.8 0.8 
2.25 

U oxide 

laterite 
0.77 0.18 4.4 

U oxide 
laterite 

0.5 < 0.1 - 
L oxide 
laterite 

<0.1 < 0.1 - 

L oxide 

laterite 

0.4 < 0.1 - saprolite < 0.1 < 0.1 - 

< 0.1 < 0.1 - protolith < 0.1 < 0.1 - 

saprolite 
  

0.1 < 0.1 - 

 
   

< 0.1 < 0.1 - 

   
 

Al-Russayl profile 1 Al-Russayl composite 2 and 3 profile 

zone 
Th 

(ppm) 
U (ppm) Th/U zone 

Th 

(ppm) 
U (ppm) Th/U 

ferricrite 1.2 1.5 0.8 clay bed 1.4 0.5 2.8 

oxide 1.3 0.5 2.6 oxide (limonite) 0.9 0.6 1.6 

pockets green 
clay 

2.2 2.5 0.9 clay laterite 1.6 0.3 5.4 

0.6 0.7 0.9 saprolite 0.1 0.2 0.5 

1.7 0.7 2.4 protolith < 0.1 < 0.1 
 

ferricrite 1.4 0.1 14.0 

    

Tiwi profile 1  

zone 
Th 

(ppm) 

U 

(ppm) 
Th/U 

clay bed 3.6 11.7 0.3 

oxide 

4.8 7.0 0.7 

1.4 4.1 0.3 

1.6 4.8 0.3 

0.5 3.9 0.1 

0.4 4.1 0.1 

0.5 3.7 0.1 

0.3 3.8 0.1 

saprolite 

< 0.1 < 0.1 - 

< 0.1 < 0.1 - 

< 0.1 < 0.1 - 

0.2 0.3 0.7 

protolith 
< 0.1 < 0.1 - 

< 0.1 < 0.1 - 

Tiwi profile 2 

zone 
Th 

(ppm) 

U 

(ppm) 
Th/U 

ferricrite 0.4 2.8 0.1 

oxide < 0.1 1.3 - 

ferricrite < 0.1 < 0.1 - 

saprolite 

< 0.1 < 0.1 - 

< 0.1 < 0.1 - 

0.1 < 0.1 - 

< 0.1 < 0.1 - 
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and all East Ibra profiles may indicate an oxidizing environment, while the low Th/U ratio (<1) in the Tiwi profiles is 

indicative of a reducing environment.   

6. Conclusion  

Investigation of laterite soils in Oman which have developed on mafic/ultramafic rocks revealed differences in 

the thickness of the same zones (e.g. saprolite, oxide etc…) formed in different profiles. Moreover these different 

profiles are characterized by a heterogeneous distribution of elements. Such differences imply different conditions of 

weathering (differences in the local conditions of climate and topography). To estimate the gain and loss of elements 

through each profile, a mass balance was calculated, which showed that all elements have been mobilized and 

transferred downwards along the profile.   

The mass balance calculation for Ibra profile relative to the parent rock revealed that most elements have been 

depleted in the saprolite, oxide, clay and ferricrete zones. In East Ibra composite 1 and 2 profile, the mass balance 

calculation showed that all elements were enriched in the saprolite, oxide and silcrete layers and depleted in the clay 

zone, relative to the parent rock. In East Ibra profile 3, only the oxide zone was enriched in all elements during 

weathering. For Al-Russayl profile 1, all elements were enriched in the oxide zone and depleted in the silcrete zone, 

while in Al-Russayl composite 2 and 3 profile, an enrichment in all elements was calculated in all investigated zones.   

For both Tiwi profiles (1 and 2), all investigated zones are characterized by a depletion in elements. Redox 

conditions during weathering were investigated using the correlation of elements with Ce on the one hand, and Th/U 

and Sc/Fe ratios on the other hand.  

Investigation of Sc/Fe ratios in different zones indicated low values for Tiwi 1 and Ibra profiles and Al-Russayl 

composite 2 and 3 profile due to an important accumulation of Fe independently of redox conditions. Large 

fluctuations characterize the Th/U ratios in all profiles, and indicate that the weathering in Al-Russayl and East Ibra 

composite 1 and 2 profiles and East Ibra profile 3 might have been characterized by a more oxidizing environment than 

was the weathering in the Tiwi profiles.  
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