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This study examines an iron-rich laterite profile, 4 to 9 meters thick, located 
between the ancient Precambrian Arabian Shield rocks and the younger 
Phanerozoic layers in Saudi Arabia. The profile begins with hard parent rocks 
composed of quartz diorite and gabbro containing iron-silicate. As these 
rocks weather, they become progressively softer and more clay-like, forming 
slightly and highly weathered argillaceous rocks. The Fe-laterite profile 
includes three main layers: the original parent rocks, the slightly altered 
rocks (saprolite), and the highly altered argillaceous rocks at the top. 
Samples from different layers of the weathering profile were collected and 
analyzed for their mineral content. The original quartz diorite and gabbro 
primarily consist of feldspars, hornblende, chlorite, and quartz. In the slightly 
altered layer, the hornblende and chlorite expand and peel apart, while the 
feldspar crystals transform into kaolinite and sericite. In the highly altered 
top layer, the remaining iron-silicate minerals show significant curling and 
breaking apart, and the surrounding clay becomes more uniform, composed 
mainly of mixed dark iron-oxyhydroxides and a light aluminum- and silicon-
rich gel with small amounts of quartz. The study explores the progressive 
stages of weathering, including: a) Initial breakdown of iron-silicate minerals 
through hydrolysis and oxidation, b) Further destruction of these minerals 
and the formation of goethite, hematite, and kaolinite, c) Final stages where 
kaolinite and small microcrystalline quartz aggregates form from silica 
leached from higher layers, a process known as secondary lateritization. 
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1. Introduction 

*The chemical weathering of various 
ferromagnesian minerals and the formation of 
secondary iron minerals has been examined by many 
researchers, including Murphy et al. (1998), Dong et 
al. (1998), Hampl et al. (2023), and Yi et al. (2023). 
The mechanism of weathering of phyllosilicate 
minerals in general and biotite and chlorites in 
particular has been currently studied in detail by 
Price and Velbel (2014) and Xi et al. (2024). To 
understand the processes of chemical weathering, a 
lot of experimental works have been carried out to 

                                                 
* Corresponding Author.  
Email Address: alimesaed@yahoo.com (A. A. Mesaed) 
https://doi.org/10.21833/ijaas.2024.06.020 

 Corresponding author's ORCID profile:  
https://orcid.org/0000-0003-3237-8406 
2313-626X/© 2024 The Authors. Published by IASE.  
This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/) 

illustrate the mechanism and steps of the destruction 
of the different ferromagnesian minerals under 
systematically variable pH and Eh conditions, e.g., 
Drever (1971), Berner et al. (1980), Siever and 
Woodford (1979), Nahon (1987), Grandstaff (1977), 
Luce et al. (1972), Farmer et al. (1971), Nahon and 
Colin (1982), Berner and Schott (1982), Meunier and 
Velde (1979), Walker et al. (1967), He et al. (2023), 
Kukillaya and Narayanan (2014), and Eswaran 
(1979). The mode of formation of the weathering 
profiles and their economic aspects in Egypt were 
studied by many authors, e.g., El Aref (1993), El-
Hinnawi et al. (2021), and Germann et al. (1994), 
and Mesaed (1995). El Aref (1993) related the 
formation of Um Gereifate iron ore of the Red Sea 
Coastal Zone to the lateritic weathering of the 
underlying granitic rocks. Mesaed (1995) studied in 
detail the different lateritic products just underlying 
the Turonian clastics of the Abu Agag Formation, 
East Aswan area and discussed the currently 
postulated theory concerning the derivation of 
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Aswan ironstone (iron ore) by the lateritic 
weathering of the underlying Precambrian rocks, i.e., 
quartz biotite schist and hornblende schist. The 
study aims to shed light on the progressive and 
subsequent stages of mineral degradation and 
alteration of the crystalline igneous rocks by 
chemical weathering processes beginning from the 
fresh parental rocks until the iron-rich argillaceous 
soft rocks (Fe-laterite horizon). 

2. Methods of the study 

The study relies primarily on detailed and 
systematic field observations, measurements, and 
the collection of samples from different layers of the 
weathering profile. Samples are selected based on 
noticeable vertical and horizontal changes. These 
samples are described in the field and through 
megascopic analysis to create a representation of the 
weathering profile's different layers. Additionally, 
the samples are used to prepare polished slabs and 
thin sections for microscopic examination. The data 
gathered from both fieldwork and laboratory 
analysis is used to prepare the manuscript. 

3. Regional geology 

The study area is situated in Al Quayiah along the 
Jeddah-Riyadh highway, where the Arabian Shield 
rocks meet the overlying Phanerozoic sedimentary 
succession. In central Saudi Arabia (Figs. 1A, 1B, 2A, 
2B, and 2C), the Precambrian Arabian Shield rocks 
are covered by the Phanerozoic sedimentary 
succession, specifically the Khuff Formation from the 
Permo-Triassic period. The Precambrian rocks 
consist of metamorphosed and highly folded 
metamorphic and igneous rocks. In contrast, the 
younger Phanerozoic carbonate rocks of the Khuff 
Formation are only slightly folded and not 
metamorphosed. According to Johnson's (2006) 
Arabian Shield map, the eastern part of the Arabian 
Shield rocks comprises several rock units, listed 
from oldest to youngest (Fig. 2B).  

3.1. Unassigned Neoproterozoic rocks 

These map units consist of intrusive rocks that 
are not assigned to any specific lithostratigraphic 
units due to the lack of direct dating and unclear 
information about their relative positions within the 
rock layers. These include unassigned dioritoids, 
gabbros, and serpentinites. 

3.2. Cryogenian layered rocks 

3.2.1. Al Amar Group, aged over 690 million 
years (Ma) 

The Al Amar group crops out in the Ar Rayn 
terrane in the eastern part of the shield, bounded by 
the Al Amar fault on the west and the Phanerozoic 
unconformity on the east. Stacey et al. (1984) and 

Stoeser and Stacey (1988) suggested that the group 
is >670 Ma. The group is notable for hosting small 
VMS occurrences, epithermal gold deposits (for 
example, Al Amar mine), and a significant Zn 
occurrence (Khnaighyiah) (Doebrich et al., 2007). 
The rocks are commonly greenschist facies, but in 
the east are amphibolite-facies schist and paragneiss. 
Typical rock types include andesitic tuff and breccia, 
andesite flow rock, well-bedded andesitic and 
rhyolitic tuff, welded rhyolitic tuff, minor calcareous 
dolomite and siltstone, and pyritic chert. The higher-
grade rocks are phyllite, quartz-feldspar schist, 
biotite-amphibole schist, calc schist, amphibolite, 
amphibole and garnet-bearing paragneiss, and 
leucocratic quartz-feldspar gneiss. 

3.3. Crygenian intrusive rocks 

3.3.1. Najirah granite, 640-575 

Johnson (2005) named this map unit (nr) after 
the Najirah batholith in the Ad Dawadimi source 
map. The granite intrudes the Abt formation along 
the axis of the Ad Dawadimi terrane as a 
heterogeneous body ranging in composition from 
tonalite to granodiorite to monzogranite. 

3.4. Cryogenian-Ediacaran layered rocks 

3.4.1. Abt Formation, age uncertain 

This map unit (bt) underlies a large part of the Ad 
Dawadimi terrane in the eastern part of the shield. 
The formation consists of thin- to medium-bedded 
fine-grained sandstone and siltstone, which are 
metamorphosed to the lower greenschist facies and 
are present as quartz-biotite-chlorite-rich rocks with 
granoblastic and phyllitic textures. It is tentatively 
interpreted as a late terrane-forming rock unit and 
may represent deposition in a forearc basin during 
the final convergence of East Gondwana (Collins and 
Pisarevsky, 2005). 

3.5. Crygenian-Ediacaran intrusive rocks 

3.5.1. Syn- to post-Al Amar intrusives, 690-615 
Ma 

This map unit (alx), named by Johnson (2005), 
consists of igneous rocks exposed in the Ar Rayn 
terrane at the eastern margin of the shield. They 
intruded the Al Amar group during its deposition or 
soon after and are directly dated between 689 Ma 
and 616 Ma (Doebrich et al., 2007). This age range is 
large, but the available geochronology does not allow 
finer divisions. The rocks include tonalite, quartz 
diorite, diorite, gabbro, and minor trondhjemite. 
Where strongly deformed, particularly close to the 
Phanerozoic unconformity at the edge of the shield, 
the intrusives are represented by interlayered 
amphibole orthogneiss and chlorite-epidote schist. 
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Fig. 1: A: Regional satellite image of Saudi Arabia; B: Detailed Satellite image of Al Quwayyiah-Al Riyadh area 
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Fig. 2: A: Satellite image of Saudi Arabia; B: Satellite image of Al Quwayyiah area; C: Geologic map of Al Quwayyiah area 

(Johnson, 2006) 
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3.6. Ediacaran intrusive rocks 

3.6.1. Ar Ruwaydah suite, 605-565 Ma 

The suite includes Khurs Granite and Arwa 
Granite. They are distinct from the Abanat suite due 
to their pale gray to white color and the absence of 
tin-tungsten or niobium-lanthanum-rare-earth-
element minerals. According to Johnson (2005), 
Khurs Granite is mainly leucocratic monzogranite, 
with some syenogranite and biotite-muscovite 
aluminous granite. This granite is undeformed and 
forms prominent inselbergs (isolated hills). 

3.7. Paleozoic-Mesozoic 

3.7.1. Phanerozoic rocks (Khuff Formation) 

The studied Fe-laterite horizon is directly 
overlain by a succession of thinly bedded 
ferruginous mudstones, siltstones, and sandstones. 
This succession ranges from 25 to 40 meters thick 
and becomes more thickly bedded from the lower to 
the middle and upper parts. At the top of this red 
siliciclastic zone, there is a yellow bedded dolostone 
unit. These two units are part of the Khuff 
Formation, which dates to the Jurassic period. 

3.8. Local geology of Al Quwayyiah  

In this area, the Arabian Shield rocks consist of 
syn- to post-Al Amar intrusives. Chemical 
weathering of these rocks has led to the formation of 
a Fe-rich laterite profile. The geologic map of this 
area is shown in Fig. 3. The white carbonate rocks of 
the Khuff Formation can be seen directly overlying 
the red weathered mafic rocks of the Arabian Shield 
(Figs. 2, 3, 4, and 5). 

4. Description of Fe-laterite profile 

The weathering profile is generally friable and 
clay-like, with irregular contact with the overlying 
carbonates of the Khuff Formation (Fig. 4A and 4B). 
The studied Fe-laterite profile (Fig. 5) has three main 
zones. The current Fe-laterite zone, which is 3-10 
meters thick, is found at the contact between the 
Permo-Triassic carbonates of the Khuff Formation 
and the Precambrian mafic quartz diorite and 
gabbros of the Arabian Shield, specifically from the 
syn- to post-Al Amar intrusives. The weathering 
profile developed from the parent crystalline mafic 
rocks shows a clear, gradual transition. Field 
observations and measurements revealed different 
weathering zones within this Fe-laterite horizon. 
From bottom to top, these zones are the parent mafic 
intrusive rocks (quartz diorite and gabbros) and the 
overlying slightly to highly altered horizons (Fig. 5). 
These horizons were systematically described and 

sampled, with the collected samples undergoing 
detailed mega- and microscopic analysis. 

5. Megascopic description of the weathering 
profile 

The parent rocks, quartz diorite and gabbro, are 
holocrystalline, hard, and dark green. These 
greenish-black parent rocks are almost massive, 
while the overlying Fe-laterite horizons are red and 
friable. The slightly altered rocks are reddish-green, 
hard, and composed of semicrystalline greenish-
white and red interlocked crystals (Figs. 6B, 7A, and 
7B). The green minerals show some alignment (Figs. 
7A and 7B). In the highly altered horizon, the green 
iron silicate minerals gradually disappear, and the 
rocks are made up of mottled brownish-black and 
blood-red minerals (Fig. 7C). Toward the upper parts 
of this horizon, the rocks become homogeneous and 
consist of massive red Fe-silicate minerals (Fig. 7D). 

6. Microscopic description of the weathering 
profile 

Under the microscope, the parent rocks are 
mainly composed of hornblende, chlorite, feldspars, 
quartz, and epidote (Fig. 8). Chlorite appears as 
either fine-grained light green aggregates filling the 
spaces between coarser hornblende and feldspar 
aggregates or as euhedral to subhedral dark coarse 
grains. Quartz is present as individual light grey 
grains or as clusters associated with feldspars. 
Microscopic examination of the different weathering 
horizons showed a progressive upward alteration 
and destruction of the parent Fe-silicate minerals. 

The parent rocks are composed of holocrystalline 
quartz diorite and gabbro (Figs. 8A and 8B), with 
interlocked hornblende, quartz, and plagioclase 
feldspars (Appendix A, Fig. A1A and Figs. 8A and 8B). 
Some black iron oxide patches are observed 
replacing green hornblende crystals. In this horizon, 
most green hornblende crystals are 
pseudomorphically replaced by chlorite, hematite, 
and goethite (Figs. 8C and 8D). The feldspars consist 
of orthoclase with microcrystalline aggregates (Fig. 
8D) and show slight kaolinization and sericitization 
(Fig. 8B). The Fe-silicate minerals vary in crystal size, 
with small green aggregates intermixed with 
microcrystalline quartz (Figs. 9A and 9B). Large 
quartz crystals are slightly fractured and replaced by 
hematite and goethite minerals (Figs. 9A and 9B). 

In the initial stages of alteration (stage I; 
Appendix A, Fig. A1B), many hornblende crystals 
become progressively chloritized, leaving small, 
cleavable, slightly hematitized crystals (Appendix A, 
Figs. A1A and A1B). The resulting chlorite patches 
are isotropic (Figs. 9C and 9D), and quartz domains 
become slightly chloritized (Figs. 9C and 9D). 
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Fig. 3: Detailed satellite image of the Arabian Shield and the overlying carbonates (Upper); Simplified geologic map of the 
satellite image showing the presence of the carbonates of Khuff Formation directly on the Arabian Shield rocks (Lower) 
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Fig. 4: Field photos of the white carbonates of A: Khuff Formation on the B: black Arabian Shield rocks  
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Fig. 5: The different horizons of the weathering profile 
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Fig. 6: A: Field photo showing the irregular contact between the Fe-laterite profile (red, lower) and the overlying carbonates 

of Khuff Formation (white, upper); B: Hand sample of the hard, slightly weathered mafic crystalline rock 
 

During the progressive stages of alteration (stage 
II, Appendix A, Fig. A1C), hornblende crystals 
exfoliate and swell with the growth of inter-cleavage 
black iron oxide laminae parallel to the cleavage 
planes (Figs. 10A and 10B). Some hornblende 

crystals undergo quick and complete hematitization 
(Figs. 10A and 10B). The massive chlorite domains 
formed in stage I show progressive hematitization, 
forming blood red iron oxyhydroxides and hematite 
shreds (Appendix A, Figs. A1A and A1B). Further 
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alteration (stage III, Appendix A, Fig. A1D) leads to 
the formation of a complete blood red Fe-
oxyhydroxide phase on the altered hornblende 
crystals from stage II. In this stage, the crystal 
outlines and hematitized cleavage planes are still 
preserved but are now red (Figs. 10C and 10D). 
Kaolinized feldspars and associated microcrystalline 
aggregates become stained with iron oxyhydroxides 
(Figs. 10C and 10D). In stage IV (Appendix A, Fig. 
A1E) of alteration, ferruginated hornblende crystals 
become dehydrated and recrystallized, with iron 
oxyhydroxides progressively turning into reddish-
brown to black goethite and hematite, forming large 
domains that include more than one crystal (Fig. 11A 
and 11B). Some black hematite patches and domains 
form in place of the amorphous iron oxyhydroxides 
phase (Figs. 11A and 11B). In the final stages of 
hematitization (stage V), blood red (goethite) and 
black (hematite) minerals form instead of the 
previously hematitized and chloritized hornblende 
crystals (Figs. 11C and 11D). Small green and blood-
red relics are still preserved (Figs. 11C and 11D). 

Ultimate stages of hematitization (stage VI, 
Appendix A, Fig. A1F) led to the complete 
disappearance of the cleavage planes of the euhedral 
hematitized hornblende crystals and the formation 
of earthy amorphous iron oxyhydroxide phase along 
these planes (Figs. 12A and 12B). This stage of 
alteration is associated with the formation of 

semicircular light color Al-rich domains (Figs. 12A 
and 12B). These domains are stained with the blood-
red iron oxyhydroxides (Figs. 12C and 12D). This is 
accompanied by the formation of microcrystalline 
quartz aggregates (Figs. 12C and 12D). 

7. Discussion and conclusions 

The parent diorite and gabbro are composed of 
plagioclase, hornblende, and quartz. The hornblende 
is heavily chloritized, and the quartz grains are very 
angular. The slightly altered horizon, which is 1-1.5 
meters thick, is mottled, friable to hard, and 
brownish-green. It preserves most of the original 
mineralogical and petrographic characteristics of the 
parent rock. This horizon is similar to the 
"lithomarge" or "structure conserve" described in 
French literature and the "saprolite" horizon in 
English literature. The initial stages of alteration are 
marked by the appearance of cloudy, earthy material 
mixed with Fe-oxyhydroxides and the 
transformation of green chlorite flakes and 
hornblende crystals into yellowish-green. These 
stages of alteration correspond to the "degradation" 
process described by Millot (1964), where the 
original double-chain phyllosilicate structure of 
hornblende and chlorite is preserved. 

 

 
Fig. 7: A, B: Hand samples of the reddish-green slightly weathered crystalline mafic rocks (quartz diorite and gabbro); C: 

Mottled highly altered rocks of interlocked red-brown and blood red domains; D: Highly altered homogenous rock of massive 
to argillaceous nature and rich in iron 
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Fig. 8: A, B: The parent mafic rocks of the Arabian Shield composed of hornblende, feldspars, and quartz. O.L. = Ordinary 

Light; C.N. = Crossed Nicols. C, D: The parent mafic rocks of the Arabian Shield composed of hornblende, feldspars, and quartz 
 

 
Fig. 9: A: The Fe-silicate minerals show clear variation in crystal size, with small green aggregates intermixed with 

microcrystalline quartz. B: Large quartz crystals are slightly fractured and replaced by hematite and goethite minerals. C, D: 
Chlorite domains formed by the chloritization of hornblende in the initial stages of alteration (central part of the photo) 

A 1000µmO.L. B C.N. 1000µm

C 1000µmO.L. D C.N. 1000µm

A 1000µmO.L. B C.N. 1000µm

C 1000µmO.L. D C.N. 1000µm
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Fig. 10: A, B: The hornblende crystals become exfoliated and swell, with inter-cleavage black iron oxide laminae growing 

parallel to the cleavage planes. Some hornblende crystals show rapid and complete hematitization. C, D: Blood red and 
chlorite, respectively 

 

 
Fig. 11: A, B: Ferruginated hornblende crystals become dehydrated and recrystallized, with the formed iron oxyhydroxides 

progressively turning into reddish-brown to black goethite and hematite, creating large domains that include more than one 
crystal. C, D: In the ultimate stages of hematitization (stage V), blood red (goethite) and black (hematite) form in place of the 

previously hematitized hornblende crystals. Small green and blood-red relics are still preserved 
 

A 400µmO.L. B 400µmC.N.

C 400µmO.L. D 400µmC.N.

A 400µmO.L. B 400µmC.N.

C 400µmO.L. D 400µmC.N.
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In this stage of alteration, quartz, epidote, and 
feldspars are slightly altered. Towards the top of this 
horizon, the remaining Fe-silicate minerals show 
strong curling and fragmentation. The surrounding 
argillic plasma mainly consists of intermixed dark 
Fe-oxyhydroxides (ferrihydrites) and light Al- and Si-
rich gel with fewer small quartz grains. The feldspar 
crystals become completely kaolinized and 
sericitized. In the final stages of alteration, the 
interstitial Fe accumulations form thin parallel 
hematite bands and lamellae along the cleavage 
planes of the original Fe-silicates. The remaining 
ferruginated and swollen chlorite and hornblende 
crystals become completely masked by the enclosing 
Fe-oxyhydroxides and hematite, ultimately being 
entirely pseudomorphosed by hematite. Quartz 
grains are partially to completely corroded by the 
enclosing Fe-oxyhydroxides and hematite matrix, 
though in some areas, the quartz grains remain in 
contact. 

The progressive stages of hematitization and the 
formation of new minerals during weathering 
include: 

 

a) Pseudomorphoses by transformation or 
degradation: During the initial stages of hydrolysis 
and oxidation of the Fe-silicate minerals, 
hornblende crystals swell and exfoliate. The 
cleavage planes become filled with blood-red iron-
oxyhydroxides and hematite. 

b) Pseudomorphoses by neoformation: In the final 
stages of Fe-silicate mineral alteration, the internal 
structure of these minerals is completely 
destroyed. New mineral phases such as goethite, 
hematite, and kaolinite form instead of the 
amorphous iron-oxyhydroxides from stage a. The 
entire rock becomes more friable and clay-like. 

c) Pseudomorphoses by secondary accumulation: 
During this stage, secondary lateritization occurs, 
forming kaolinite populations due to the 
downward migration of silicon and an increased 
Al/Si ratio in the light amorphous Al- and Si-rich 
gel material in the upper parts of the weathering 
profile. Mosaic and microcrystalline quartz 
aggregates form from the precipitation of leached 
silicon from the upper parts of the Fe-laterite 
horizon. 

 

 
Fig. 12: A, B: In the ultimate stages of hematitization (stage VI), the cleavage and euhedral shapes of the hematitized 

hornblende crystals completely disappear, resulting in the formation of an earthy, amorphous iron oxyhydroxide phase. This 
stage of alteration is associated with the formation of white, semicircular Al-rich domains. C, D: White, semicircular Al-rich 

domains are stained with blood-red iron oxyhydroxides and intermixed with some microcrystalline quartz aggregates 
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Appendix A. Petrographic and mineralogic evolution 

Petrographic and mineralogic evolution of the different horizons of the studied Fe-laterite profile. 
 

 
Fig. A1: A: Parent unaltered rocks; B: Slightly altered horizon (stage I); C, D: Moderately altered horizon (stages II, III); E, F: 

Highly altered horizon (Fe-laterites, stages IV, V)  
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