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1. Introduction
Provenance analysis serves to reconstruct the 
predepositional history of sedimentary rocks. This 
includes the distance, climate, and relief in the source 
area, and the specific type of sedimentary rocks (Pettijohn 
et al., 1987). Many attempts have been made to refine 
provenance models using the source rock composition, 
the extent of weathering, transportation, and diagenesis 
(Suttner et al., 1981; Bhatia 1983; Dickinson et al., 1983; 
Taylor and McLennan, 1985; Bhatia and Crook, 1986; 
Roser and Korsch, 1986, 1988; Suttner and Dutta, 1986; 
Pettijohn et al., 1987; Kroonenberg, 1994; Weltje et al., 
1998; Armstrong-Altrin et al., 2004; Zaid, 2012, 2013). 
However, the tectonic setting of the sedimentary basin 
may play a predominant part over other factors, because 
different tectonic settings can provide different kinds of 
detritus with variable chemical signatures (Bhatia, 1983; 
Bhatia and Crook, 1986). For example, the sediments in 
the passive continental margin tend to have more stable 
features (rich in SiO2, low in MgO and Fe2O3, etc.), whereas 

the sediments in the back arc basin are always rich in mafic 
rather than felsic rock types (Bhatia and Crook, 1986).

Culturally and historically, Egypt is one of the richest 
countries in the world. Its precious culture heritage is one 
of the major attractions for tourism, which represents 
one of the most important sources of national income. 
The present study deals with the Pharaonic sandstones 
in an archaeological site of Tall San Al Hagr (Tanis) in 
Markz Al-Husayniyyah, Al Sharqiya Governorate (Figure 
1). Tanis was an important trading and political center 
in Pharaonic times and then seems to have declined in 
importance in the Roman period (Beitak, 1975). The 
sandstone used to construct the monuments in Tanis 
is technically known as ‘siliceous sandstone’, ‘silicified 
sandstone’, or ‘orthoquartzite’, but Egyptologists have long 
referred to it simply as ‘quartzite’ (Klemm and Klemm, 
2001). However, the geological term ‘quartzite’ usually 
refers to a metamorphic rock, whereas in this case it is 
applied to one that is of sedimentary region. Quartzite, 
for its durability, was widely used by the ancient Egyptians 
for small to colossal statuary, sarcophagi, naoi (shrines), 
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Figure 1. (a) Geologic map and (b) location map of Tall San Al Hagr 
showing the sample locations (modified after, Zaid, 2006).
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offering tables, stelae, architectural elements (especially 
door frames and internal tomb linings), and occasionally 
barque shrines and obelisks.

The source of the Pharaonic quartzite blocks has long 
been the subject of discussion, as summarized by Varille 
(1933), Heizer et al., (1973), Stadelmann (1984), Klemm et 
al., (1984) and Knox et al. (2009). Although earlier authors 
reported the occurrence of quartzite at several localities 
along the Nile Valley (Heizer et al., 1973), it is now clear 
that true quartzite is restricted to Gebel Ahmar, near Cairo, 
and the Aswan area (Harrell, 2002; Harrell and Madbouly, 
2006; Figure 2). At Aswan, quartzite was extracted from 
the quarry complex at Gebel Gulab and Gebel Tingar on 
the west bank of the Nile (Heldal et al., 2005) and from 
quarries near Wadi Abu Aggag on the east bank (Harrell 
and Madbouly, 2006). 

Early discussion on the source of the quartzite 
monuments focused on the interpretation of Pharaonic 
inscriptions and on the logistics of transporting such large 
blocks from distant quarry sources. Studies on the geology 
and geochemistry of the quartzites have led to diverging 
opinions on their provenance. However, geological 
investigations initially focused on the possibility of 
distinguishing between the Cairo and Aswan quartzites on 
the basis of their physical and petrological characteristics. 
This approach seemed promising in view of the marked 
difference in age between the two deposits, with the Cairo 
quartzites being of mid-Tertiary age (Oligocene, ca. 30 Ma) 
and the Aswan quartzites of Late Cretaceous age (Turonian, 
ca. 90 Ma) (Hermina et al., 1989; Tawadros, 2001). 
However, field examination, grain size analysis, and thin-
section analysis failed to identify reliable distinguishing 
features. Both quartzites originated as sands deposited in 
fluvial channels and display a similar range of bed-forms. 
Regarding the petrographic properties of the Pharaonic 
quartzites, previous studies were mainly concerned 
with the mineralogical and geochemical composition of 
sandstones (e.g., Abdel Hady, 1988, 2000; Martinet, 1992; 
Klemm and Klemm, 1993; Knox et al., 2009). No detailed 
studies on the geochemistry and tectonic setting have been 
documented. The present work aims to identify the source 
of the Pharaonic quartzites of the Tall San Al Hagr (Tanis) 
site. It also aims to identify their tectonic provenance and 
the paleoweathering conditions of the source area using 
an integrated approach involving modal analysis and bulk 
rock geochemistry of the Pharaonic sandstone monuments 
in Tanis. 

2. Geological setting
The study area, Tall San Al Hagr (Figure 1), is located 
in Sharqiya Governorate (30°58’N, 31°53’E), north Nile 
Delta, Egypt. The site consists of a large tell that covers a 
triangular shaped area of about 170 ha. The site covers a 

distance of 3 km from north to south and 1.5 km at its 
widest point east to west. The highest point of the tall (in 
the area known as Gharib San) lies in the northern section 
of the site and reaches 32 m above sea level.

During the Old and Middle Kingdoms the area was 
known as the ‘Field of Dja’u’. Petrie suggested that the city 
itself was founded in the XIth or XIIth dynasties, but the 
first evidence that refers to ancient Tanis is in a Memphite 
temple dated to the reign of Ramesses II (XIXth Dynasty). 
Ramesside blocks and sculptures brought here from Tall 
ad-Dab’ah for use in new buildings led the first excavators 
of Tanis to erroneously believe that they were really at the 
Biblical city of Ramesses; it was also formerly erroneously 
identified with the Hyksos capital of Avaris (EAIS, 2005).

During the Paleozoic and Mesozoic eras of the 
Phanerozoic Eon, Egypt was alternately elevated above sea 
level and inundated by shallow seas with mostly siliciclastic 
sedimentary rocks (conglomerate, sandstone, and mud 
rock) and limestone. The thickest deposit is the Nubia 
Group (or Sandstone), which dates to the latter part of the 
Cretaceous period and was deposited in shallow marine 
to mainly fluvial environments (e.g., Aswan quartzite at 
Gebel Gulab, Gebel Tingar, and Wadi Abu Aggag). From 
the Late Cretaceous through the Eocene epoch of the 
Tertiary period, the most part of Egypt was under a shallow 
sea and accumulating carbonate sediments that are best 
represented today by Eocene limestone formations.

Beginning in the Oligocene epoch and continuing 
through the Quaternary period, the most part of Egypt 
was above sea level and once again received predominantly 
siliciclastic sediments. The mid-Tertiary uplift of Egypt, 
which initiated the return of siliciclastic sedimentation 
(e.g., Gebel Ahmar), was caused by the opening of the Red 
Sea, a plate tectonic rifting event that separated the Arabian 
Peninsula from the African landmass, beginning about 
30 Ma. As a consequence of this rifting, the crystalline 
basement complex was pushed up to form the Red Sea 
Hills, a south-to-north flowing paleo-Nile river developed 
along a fracture zone west of the Red Sea Hills, magmatic 
activity produced dolerite dikes that intruded all earlier 
rocks, and volcanic eruptions extruded basaltic lava flows 
(Said, 1990). 

3. Samples and methodology
Twenty fresh samples were collected from Pharaonic 
sandstone monuments in Tanis (Figure 3). Grain-size 
analysis was carried out in a Ro-Tap sieve shaker using 
American Society for Testing and Material (ASTM) 
sieves ranging from 1.5 f to 4.25 f at 0.50 f intervals for 
20 min (Folk, 1966). Heavy minerals were separated using 
bromoform (sp. gr. 2.85) and the compositions of different 
heavy minerals were counted and estimated by a binocular 
microscope (Table 1). Modal mineralogical determinations 
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Figure 2. Location map of the Pharaonic sandstone (Tanis) block and other quarries 
used for comparison.
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Figure 3. The Pharaonic sandstone monuments in Tall San Al Hagr (Tanis), where the studied samples were collected.

were carried out by counting 300 grains per thin section. 
The point counts were done usinFg both Gazzi–Dickinson 
(Gazzi, 1966; Dickinson, 1970) and standard methods 
to minimize the dependence of rock composition on 
grain size (Ingersoll et al., 1984). Framework parameters 
(Ingersoll and Suczek, 1979) and detrital modes of studied 
sandstone samples are given in Table 2.

The morphology and the textural relationships among 
minerals were examined in 8 gold-coated samples with 
a scanning electron microscope (SEM) equipped with 
an energy-dispersive spectrometer (EDS), using an 
accelerating voltage of 10 kV. In order to identify the 
mineralogical composition of sandstones, X-ray diffraction 
(XRD) analyses of the <2 µm fraction were performed with 
a Philips PW 1729 diffractometer for 8 oriented samples. 
The samples were air-dried, ethylene glycol-saturated, and 
heated at 550 °C for 2h. 

X-ray fluorescence spectrometer (XRF), XRD, and 
SEM-EDS analyses were performed at the laboratories 
of the National Research Center and Nuclear Materials 
Authority of Egypt. All 20 samples (fine-grained sands) 
were analyzed for major and trace element geochemistry. 

The major and trace element concentrations were 
determined in 20 bulk samples using XRF. Analytical 
precision was better than 5% for the major oxides and trace 
elements. Loss of ignition (LOI) was estimated by heating 
the dried sample at 1000 °C for 2 h. Major element data 
were recalculated to an anhydrous (LOI-free) basis and 
adjusted to 100% before using them in various diagrams. 
For the determination of CaO in the silicate fraction, 
samples were separately treated with cold 1 M HCl before 
digestion and were analyzed separately.  

4. Results
4.1. Petrography
Petrographic investigation, according to Dott–McBride 
scheme classification for the Tanis sandstone, shows 
that the sandstones are mainly quartz arenites (Figure 
4a). The sandstones are composed of three components: 
framework grains, cementing materials, and pores. The 
framework grains are mainly quartz (94.47% of the rock 
volume) and less frequently feldspar, rock fragments, and 
heavy minerals (less than 3.5%). The quartz grains are fine, 
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medium to coarse, rounded to subrounded, and moderately 
well sorted (Figure 5a). It shows point, long to concave-
convex, and suture grain contacts (Figure 5b; Table 2). 
However, an abundance of long contact was noted. Some 
of the quartz grains show multiple deformation fractures 
(fr) (Figure 5c). Among quartz grains, Qm (avg. 96.85%) 
is dominant over Qp (avg. 3.15%). Monocrystalline quartz 
(Qm) grains exhibit unit extinction and a few of them 
display undulose extinction (Figure 5d). Qp grains are 
composed mainly of nonoriented crystallites, commonly 
with two, three, five, or more crystals per grain with 
straight to crenulated intercrystal boundaries (Figure 5e). 
In most samples, microcrystalline quartz (MQ) fringe 
cement filled up the interstitial space between quartz grains 

(Figure 5f). Inclusions are present within both Qm and Qp 
grains, but they are more common in Qm. They include 
zircon, tourmaline, and rutile. The XRD study (Figure 6) 
revealed that the Tanis sandstones are composed mainly of 
quartz with small percentages of silica, iron oxide, calcite, 
and dolomite cements, which supports the petrographic 
examinations.

Feldspars and rock fragments make up less than 
0.3% of all samples and are mostly absent in many 
thin sections. When present they are cloudy and show 
evidence of dissolution. Feldspar grains are present only as 
K-feldspar, which is mostly orthoclase and microperthite, 
while rock fragments include chert, carbonate (shell), 
and metamorphic (Qp) fragments (Figures 5d and 5e). 
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Volcanic (Lv) and plutonic (Lp) fragments are completely 
absent in Tanis sandstones. Generally, the fragments are 
subrounded; however, a few rounded clasts are observed. 
The absence of feldspars in most samples indicates that the 
rock is chemically weathered and recycled.

Glauconite is a minor accessory grain type within the 
samples. Grains are fine-medium to coarse-grained, green 
to greenish brown, and replaced by pyrite in some samples 
(Figure 5g).

Heavy minerals form a minor constituent (0.6%–5.3%) 
of the sandstones and include rounded to well-rounded 

grains of zircon, rutile, kyanite, staurolite, tourmaline, 
epidote, garnet, hornblende, and opaque minerals (Table 
1). The dominant accessory heavy minerals are composed 
mainly of opaque minerals. Grains of heavy minerals are 
very fine and show moderate abrasion. The assemblage is 
suggestive of mixed sedimentary (reworked), igneous, and 
metamorphic sources. Cementing materials occurring as 
pore fillings are silica, calcite, and iron oxides, with siliceous 
cement being predominant. A portion of oversized pores 
(2%) is presumed to be due to the dissolution of feldspars, 
authigenic silica, and other unstable minerals.

Figure 5. Photomicrograph and SEM of Tanis quartz arenites showing: (a) quartz grains (Q) that are medium- to coarse-grained, 
rounded to subrounded, moderately well sorted, and well cemented with quartz (QO); (b) point (Pc), long (Lc), and concave convex 
contact (CXc) (note: Quartz overgrowth (QO) engulfs and thus postdates iron oxide (I) and coaxial crystal overgrowth (CoQO)); 
(c) silica overgrowths (QO) that were corroded and/or dissolved (QOd) and partially stained and replaced by the second generation of 
iron oxide (I2) cement (note: silica dissolution after iron oxide and quartz overgrowth and deformation fractures (fr)); (d) polycrystalline 
quartz grain (Qp) displaying a bimodal size distribution of subcrystals (note: undulose extinction (u) and incipient overgrowth); 
(e) polycrystalline quartz grain consisting of elongate subcrystals with suture and crenulated intercrystalline boundaries (see arrows); 
(f) microcrystalline quartz (MQ) fringe cement that filled up the interstitial space between quartz grains (note: quartz overgrowth 
dissolution (QOd) and stained iron oxide (I2) cement); (g) detrital quartz (Q) and glauconite pellets (Gl) well cemented by Fe-calcite 
cement (C) and stained by iron oxide cement (I2); (h) pore-filler kaolinite that occurs between quartz grains; (i) silica overgrowths and 
pore-filling illite (Il).
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Petrographic and SEM analysis suggests that the vast 
majority of interstitial clays are of detrital origin. The 
moderate crystallinity exhibited by the clay minerals 
indicates their detrital origin from weathering horizons 
and soils developed on silicic rocks, and transportation 
in a fluvial environment (Keller, 1956; Abu-Zeid et al., 
1989, 1991). The predominance of kaolinite with little 
illite (Figures 5h and 5i) indicates their sedimentary origin 
under continental conditions (Lonnie, 1982; Tsuzuki and 
Kawabe, 1983; Amer et al., 1989).
4.2. Major element geochemistry
The major element concentrations of the Tanis sandstones 
are given in Table 3. The Tanis sandstone is highly 
depleted of most of the major elements except SiO2 (due 
to enrichment in quartz) and Fe2O3

t (due to abundances 
of iron oxide heavy minerals), suggesting an intense 
degree of weathering and reworking that removed 
ferromagnesian minerals and feldspars. Using the 
geochemical classification diagram of Herron (1988), the 
Tanis sandstones are classified as quartz arenite (Figure 7), 
which is also consistent with the petrographic data. The 

depletion of Na2O content for the Tanis sandstones (0.06 
± 0.02, n = 20) can be attributed to a relative absence of 
plagioclase in them, consistent with the petrographic data. 
K2O and Na2O contents and their ratios also are consistent 
with the petrographic observations.

The correlation between SiO2 and Al2O3 is negative for 
the studied sandstones (r = –0.993, n = 20), indicating that 
much of the SiO2 is present as quartz grains (Ahmad and 
Chandra, 2013). 

The similarity among other major elements like P2O5, 
MgO, Fe2O3, K2O, Na2O, and TiO2 of Tanis sandstone 
samples (Table 3) indicates a single source rock. The 
correlation between Fe2O3 and TiO2 is positive (r = 0.69, 
n = 20), which reveals the presence of Fe and Ti-bearing 
minerals. 
4.3. Trace element geochemistry
Trace element concentrations of the Tanis sandstones are 
reported in Table 4. The Tanis sandstones are higher in Zr 
and Ba, compared to other trace elements. The variations 
in trace element contents among the studied samples are 
probably due to the sorting effect of sandstones.
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In comparison with average upper continental crust 
(UCC), the Tanis sandstones are depleted in V, Pb, Sc, U, 
Th, and Rb and enriched in most trace elements (Figure 8). 
The average relative concentration ratios lie between 1 and 
10. The Tanis sandstones are enriched in high-strength 
elements like Zr and Hf, which is probably due to the 
abundance of heavy mineral zircon. 

Most trace elements except Ni, Co, Cr, Pb, and Ga 
show statistically significant correlation with TiO2, Al2O3, 
Fe2O3, Na2O, and K2O, indicating that these elements 
are absorbed into phyllosilicates and/or associated with 
iron oxide minerals. The Tanis sandstones have low 
concentrations of transition metals Cr, Co, Ni, and V. 
These transitional elements are mainly concentrated in 
the clays or metal oxides (Turekian and Michael, 1960). 
Vanadium is positively correlated with Fe2O3 (r = 0.852, 
n = 20). It is generally absorbed on kaolinite and possibly 
associated with iron oxides (Hirst, 1962). 

The large ion lithophile elements such as Rb, Cs, Ba, 
Sr, Th, and U are depleted in the Tanis sandstones and are 
comparable to UCC (Figure 8), which may reflect a high 
degree of weathering and recycling. 

5. Discussion
5.1. Tectonic setting
Dickinson and Suczek (1979) and Dickinson et al. 
(1983) related detrital sandstone compositions to major 
provenance types such as stable cratons, basement uplifts, 
magmatic arcs, and recycled orogens. To interpret the 
tectonic environment, the Tanis sandstones were plotted 
on the QtFL and QmFLt ternary diagrams of Dickson et 
al. (1983). The Tanis sandstones are plotted in a cratonic 
interior field (Figures 4b and 4c), which reflects mature 
sandstones derived from relatively low-lying granitoid and 
gneissic sources, supplemented by recycled sands from 
associated platform or passive margin basins (Dickson 
et al., 1983). The scarcity of unstable grains (feldspar and 
other rock fragments) at <0.3% suggests that the source 
area underwent an intensive chemical weathering in a 
warm humid climate (Pettijohn et. al., 1987; Amireh, 
1991). 

The concentration of major elements (Table 3) was 
used to discriminate the tectonic setting of sandstones 
(Schwab, 1975; Bhatia, 1983; Roser and Korsch, 1986, 
1988; Armstrong-Altrin et al., 2004). The tectonic 
discrimination diagrams proposed by Bhatia (1983) and 
Roser and Korsch (1986, 1988) have mostly been used to 
identify the tectonic setting of unknown basins (Jafarzadeh 
et al., 2013; Nowrouzi et al., 2013). 

The discriminant function diagram of Roser and Korsch 
(1988) suggests that Tanis sandstones may derive mainly 
from mature polycyclic continental sedimentary rocks 
(Figure 9a). The discrimination diagram of Bhatia (1983) 
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Figure 8. Multielement normalized diagram for the Tanis sandstone samples, normalized against 
average upper continental crust (Taylor and McLennan, 1985). A horizontal line for sand/upper 
continental crust value of 1 is included for reference. 
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favors a passive margin setting for the Tanis sandstone 
(Figure 9b). The tectonic discrimination diagram of Roser 
and Korsch, (1986) suggests that the Tanis sandstone falls 
mainly in the passive margin field (Figure 9c). In a passive 
margin setting, the sediments are largely quartz-rich, 
derived from plate interior or stable continental areas and 
deposited in intracratonic basin (Roser and Korsch, 1986).

However, Armstrong-Altrin and Verma (2005) 
evaluated these major element-based discrimination 
diagrams using Miocene to Recent sediments and showed 
a low percentage success rate (0%–23%) for the Bhatia 
(1983) diagram and about 31.5%–52.3%) for the Roser 
and Korsch diagram (1986, 1988). Recently, Verma and 
Armstrong-Altrin (2013) proposed two new discriminant 
function-based major element diagrams for the tectonic 
discrimination of siliciclastic sediments from three main 
tectonic settings: island or continental arc, continental rift, 

and collision, created for the tectonic discrimination of high-
silica [(SiO2)adj = 63%–95%] and low-silica rocks [(SiO2)adj 
= 35%–63%]. These two new diagrams were constructed 
based on worldwide examples of Neogene-Quaternary 
siliciclastic sediments from known tectonic settings, loge-
ratio transformation of ten major elements with SiO2 as the 
common denominator, and linear discriminant analysis of 
the loge-transformed ratio data. Armstrong-Altrin (2014) 
tested these two tectonic discrimination diagrams using 
geochemistry data of the Holocene (<0.0117–0 Ma) and 
Precambrian clastic sedimentary rocks (~512–2800 Ma) 
from various parts of the world. He concluded that the two 
multidimensional diagrams can be considered as a tool for 
successfully discriminating the tectonic setting of older 
sedimentary basins. In addition, these discrimination 
diagrams were used in recent studies to discriminate the 
tectonic setting of a source region based on sediment 
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geochemistry (Armstrong-Altrin et al., 2014; Zaid and 
Gahtani, 2015). The tectonic discriminant function-based 
multidimensional diagram for high-silica sediments is 
used to identify the tectonic environment of the source 
area.

The new discriminant function-based major element 
diagram (Figure 10) is used in this study to identify the 
tectonic environment of the studied Pharaonic sandstones 
samples of the Tanis archeological site. On the high-
silica [(SiO2)adj ≥ 63% to 95%] tectonic discriminant 
diagram of Verma and Armstrong-Altrin (2013), the Tanis 
sandstone falls exclusively in the rift field (Figure 10). The 
results obtained from this discriminant function-based 
multidimensional diagram provide good evidence for 
the source area tectonic system, a rifted margin, which is 
consistent with the general geology of the Gebel El Ahmar 
Quarry region (Said, 1990; Knox et al., 2009). 
5.2. Source area weathering and sediment recycling
The weathering history of ancient sedimentary rocks 
can be evaluated in part by examining relationships 
among the alkali and alkaline earth elements (Nesbitt and 
Young, 1982). A good measure of the degree of chemical 
weathering can be obtained by the chemical index of 

alteration (CIA; Nesbitt and Young, 1982) and chemical 
index of weathering (CIW; Fedo et al., 1995). High CIA 
and CIW values (i.e. 75–100) indicate intensive weathering 
in the source area, whereas low values (i.e. 60) indicate 
low weathering in the source area. The calculated CIA 
and CIW values for the Tanis sandstones (Table 3) range 
from 60.2 to 70.2 (avg. 69.52) and from 75.25 to 87.74 (avg. 
82.01; Table 3), respectively. These values (>60) indicate 
moderate to intensive weathering and reflect warm humid 
climate conditions in the source area (McLennan et al., 
1993). 

The CIA values for the Tanis sandstones are plotted in 
an Al2O3-(CaO* + Na2O)-K2O (A-CN-K) ternary diagram 
(molecular proportions, Figure 11). All the samples plot 
parallel to the Al2O3–K2O edge (Figure 11), supporting the 
conclusion that the Tanis sandstones were derived from a 
granite terrain. The samples plot away from the weathering 
trend, towards the K apex, indicating that the samples are 
enriched in K2O and depleted in CaO and Na2O. 

Quartz arenites exhibit comparatively low CIA values 
(between 60 and 70). In the A-CN-K diagram, most of 
the sandstone samples fall along the A-K line instead of 
A-CN. This type of trend is generally found in sedimentary 
rocks that have undergone K-metasomatism, by which 
addition of K to weathered residues occurs (Fedo et al., 
1995; Nagarajan et al., 2007). Obviously, the highest degree 
of alteration (in terms of CIA) is compatible with samples 
high in kaolinite and low in feldspar content. 

Petrographic evidence such as heterogeneous 
roundness for different grains implies the importance of 
mechanical effects for grain shape configuration. Moreover, 
the rounded quartz overgrowths indicate recycling, which, 
in turn, can modify the compositional data towards the 
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Figure 11. A–CN–K ternary diagram of molecular proportions 
of Al2O3 – (CaO* + Na2O) – K2O, after Nesbitt and Young (1982). 
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quartz-rich sandstones. The sparse sedimentary rock 
fragments and coaxial crystal overgrowth (i.e. double, 
triple overgrowth) on quartz grains (Figure 5c) indicate 
several phases of recycling from older sedimentary sources 
(Al-Habri and Khan, 2008).

To identify the maturity of sandstones, the ratio of 
SiO2/Al2O3 against that of quartz, quartzite, and chert / 
(feldspar + rock fragments) (Q/F+RF) was plotted (Figure 
12a) (Pettijohn, 1975). A higher SiO2 ratio coincides with 
higher silica phases of quartz, quartzite, and chert, which 
in turn reflect high maturity. The bivariate plot of SiO2 
against total Al2O3+K2O+Na2O proposed by Suttner and 
Dutta (1986) was used in order to identify the maturity of 
the Tanis sandstones as a function of climate (Figure 12b). 
This plot revealed a humid climatic condition in the source 
area for the samples investigated.
5.3. Provenance
The provenances of clastic rocks have been determined by 
petrography, including investigation of the undulosity and 
polycrystallinity of quartz grains (Basu et al., 1975; Yong, 
1976), feldspar types (Pittman, 1970), rock fragments 
(Pettijohn et al., 1987), and heavy mineral types (Morton, 
1985; Asiedu et al., 2000). 

The dominance of monocrystalline quartz grains 
indicate that the sediments were derived from a granitic 
source (Basu et al., 1975). Dabbagh and Rogers (1983) 
also suggested that such grains may be the result of 
the disaggregation of original polycrystalline quartz 

during high-energy or long-distance transport from the 
metamorphic source. Polycrystalline quartz grains are 
commonly of two types: the first type is composed of 
two, three, five, or more crystals per grain with straight 
to slightly curved intercrystal boundaries (Figure 5d). 
The second type consists of polycrystalline quartz grains 
composed of more than five elongate crystals, exhibiting 
irregular to crenulated intercrystal boundaries (Figure 5e). 
The first type suggests an origin from plutonic igneous 
rocks (Folk, 1974; Blatt et al., 1980), while the second type 
indicates an origin from metamorphic source rocks (Blatt 
et al., 1980; Asiedu et al., 2000). Some polycrystalline 
quartz grains show a bimodal size distribution (Figure 
5e), which indicates a gneissose source (Blatt et al., 1980). 
A few quartz grains have incipient silica overgrowths 
(Figure 5d) as the result of pressure dissolution at the grain 
contacts indicated by the occurrence of concave-convex 
and sutured grain to grain contacts (Pettijohn et al., 1987). 

Abundance of zircon, rutile, and epidote indicates 
acid to intermediate igneous (plutonic) rocks (Friedman 
and Sanders, 1978). However, amphiboles, staurolite, and 
garnet indicate metamorphic rocks (Pettijohn, 1984). The 
general abundance of the ultrastable heavy minerals, e.g., 
zircon, tourmaline, and rutile (ZTR), in Tanis sandstone 
(avg. 80.15; Table 1) indicates intensive chemical 
weathering in the source area and the recycling of detrital 
materials. This in turn indicates a high degree of maturity 
of sandstones (Carver, 1971; Morton, 1985). Additionally, 
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the presence of a high percentage of metastable minerals, 
e.g., garnet, kyanite, and staurolite, in Tanis sandstone 
(avg. 17.32; Table 1) signifies a continuous supply of fresh 
sediments from the Precambrian basement exposure of 
the Nubian Shield rocks (Dar, 1998). 

The major element-based provenance discriminant 
function diagram of Roser and Korsch (1988) is frequently 
used by many researchers to identify the provenance of 
terrigenous sediments (Hofer et al., 2013; Khanchuk et 
al., 2013; Vdačný et al., 2013; Shadan and Hosseini-Barzi, 
2013). This discriminant function diagram reveals that 
the source sediments of the Tanis sandstone were mature 
polycyclic continental sedimentary rocks, supporting 
the interpretation that they were derived from granitic-
gneissic source area (Figures 9a and 13a), similar to passive 
margin sediments (Roser and Korsch, 1986; Kroonenberg, 
1994).

The K2O and Rb contents in terrigenous sediments 
are sensitive to sedimentary recycling processes and have 
been widely used as indicators for source composition 

(Armstrong-Altrin et al., 2012, 2015; Tao et al., 2013). 
The K2O/Al2O3 versus Rb/Al2O3 bivariate plot reveals 
the compositional difference among the Tanis sandstone 
samples (Figure 13b), which varies from intermediate to 
felsic. Higher values of Cr (>150 ppm) and Ni (>100 ppm) 
are diagnostic of ultramafic sources (Garver et al., 1996). 
In the Tanis sandstones, Cr (21.6 ± 9.9) and Ni (22 ± 6.5) 
are depleted with respect to the average UCC composition 
(Figure 8). This depletion in Cr, Ni, V, and Co contents 
(Tables 3 and 5) may suggest a felsic source rock.

Trace element ratios such as Th/Sc, Th/Co, Th/Cr, 
and Cr/Th are significantly different in mafic and felsic 
source rocks (Cullers, 2000) and can therefore provide 
information about the provenance of terrigenous 
sediments (Armstrong-Altrin et al., 2013). These ratios are 
compared in Table 5 with those of sediments derived from 
mafic and felsic source rocks. The trace element ratios of 
Tanis sandstones fall within the range of sediments derived 
from felsic source rocks (Table 5). 

The K2O/Na2O ratio can be considered as a simplified 

Figure 13. (a) Discriminant function diagram using major elements for the Tanis sandstones (Roser and Korsch, 1988); (b) K2O/
Al2O3 versus Rb/Al2O3 bivariate diagram for the Tanis sandstones.
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Table 5. Range of elemental ratios of the Pharaonic sandstone monuments in Tall San Al Hagr in this study compared to the ratios in 
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Elemental 
ratio

Tanis sandstones Range of sediment from 
felsic sources2

Range of sediment from mafic sources (Cullers, 
1994, 2000; Cullers and Podkovyrov, 2000)

UCC (Taylor and 
McLennan, 1985)Range Average

Th/Sc 0.84–3.08 1.6 0.84–20.5 0.05–0.22 0.79
Th/Co 0.41–1.03 0.7 0.67–19.4 0.04–1.40 0.63
Th/Cr 0.09–0.56 0.25 0.13–2.70 0.02–0.05 0.13
Cr/Th 1.79–11.21 5.4 4.0–15.0 25–500 7.76
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chemical provenance indicator (Potter, 1978). Higher 
values of this ratio reflect derivation from felsic rather 
than from basic rocks. This is also confirmed by the clay 
mineral content, as illite and kaolinite were considered to 
be inherited from weathering horizons and soils developed 
on silicic (granitic) rocks. In addition, the low percentage 
of smectite and the absence of chlorite also preclude mafic 
source rocks. 

The Proterozoic granites, metagabbros, and 
metavolcanics could have been the source rocks for Tanis 
sandstones, which have been uplifted and exposed because 
of the stress built up by the Rifting Orogeny, initiated 
during the Oligocene and continuing until the post-
Miocene. 
5.4. Source quarry
This study also aims to distinguish between the Cairo 
and Aswan quarries that are the main source quarries of 
sandstones of archeological sites in Egypt. The true quartzite 
is restricted to Cairo (Gebel Ahmar) and the Aswan 
quarries (Harrell and Madbouly, 2006). Heavy mineral 
fingerprinting can be used to distinguish between the 
Cairo and Aswan quarries, such as the relative abundance 
of kyanite and staurolite, both individually and as a group, 
and can therefore be used to distinguish between the two 
quarries (Knox et al., 2009). The abundance of kyanite and 
staurolite in Tanis sandstones (Table 1) is consistent with 
Cairo (Gebel Ahmar quarry), as might be expected for a 
site in the Delta area. 

In addition, well-developed fringes of microcrystalline 
quartz cement filled up the interstitial space between 
quartz grains (Figure 5f), which is generally agreed to be 
found only at Gebel Ahmar (Knox et al., 2009). Klemm 
and Klemm (1993, 2001, 2008) stated that the fringe 
cement is characteristic of the Gebel Ahmar sandstones 
and that sandstones lacking it must therefore have come 
from Aswan. The majority of Tanis sandstone samples 
contain pebbles of chert (finely crystalline quartz), which 
is consistent only with Gebel Ahmar (Aston et al., 2000). 
Quartz grains of the Tanis sandstones have a high degree 
of roundness, which more consistent with the sandstones 
of Gebel Ahmar than those of the Aswan quarries (Aston 
et al., 2000).

Because of the difficulty of distinguishing between 
the two sources quarries for the Tanis sandstones by 
conventional petrological means, Heizer et al. (1973) 
proposed that a better approach would be to study their 
geochemistry. Klemm and Klemm (1993, 2008) showed 
that the Cairo and Aswan quarries could be distinguished 
by their differing contents of a wide range of elements (e.g., 
Co, Fe, Pb, Rb, Sr, and Zr). The Zn versus Pb bivariate 
plot of Knox et al. (2009) reveals the Gebel Ahmar source 
quarry for Tanis sandstones (Figure 14).  

Finally, this study indicates that the Gebel Ahmar 
sandstone is the source quarry of Tall San Al Hagr (Tanis) 
sandstone. 

The Tanis sandstones are texturally mature and derived 
from relatively low-lying deeply weathered granitic-
gneissic sources supplemented by recycled sands from an 
associated platform and were deposited in an intracratonic 
basin or passive continental margins of a synrift basin. 
The CIA and CIW values of the Tanis sandstones indicate 
extensive weathering and may reflect low-relief and warm 
humid climatic conditions in the source area. The heavy 
minerals and trace elements revealed that the Cairo (Gebel 
Ahmar) quarry is the source for Tanis sandstones. The 
petrographic and geochemical data suggested that the 
Tanis sandstone and its source quarry of Gebel Ahmar 
were derived from the Precambrian basement rocks of 
the northwestern margin of the Arabian Shield, and were 
deposited in a passive margin setting after the stabilization 
of the Arabian Shield following the Oligocene Rifting 
Orogeny.
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