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ARTICLE INFO ABSTRACT

Keywords: This study examines the mineralogical composition and alteration products of ilmenite and the matrix in Nubian

Nubian sandstone sandstones from Temple A and ancient quarries on Sai Island (northern Sudan) for insights into their provenance.

:ufi?'; 4 We characterized the grains and their diagenetic alteration products via polarized light microscopy, scanning
al Islan

electron microscopy (SEM), and Raman spectroscopy. All samples, deriving from Late Bronze Age contexts (c.
15th-14th cent. BCE), are dominated by quartz (>90 %), minor feldspar (<10 %), and rare lithoclasts (<5%).
Depending on the amount of matrix (5-50 %), the sandstones are classified as quartz arenites or quartz wackes.
Generally, temple sandstones are moderately sorted, smaller-grained (250 pm to 310 pm), and lighter colored,
compared to quarry samples, which are (very) poorly sorted, larger-grained (190 pm to 750 pm), and darker. All
sandstone samples bear ilmenite alteration products (pseudorutile, rutile, anatase, hematite, Fe-hydroxides) and
have matrices composed of kaolinite and illite, indicating similar weathering, diagenetic, and burial histories.
The grains derive from a pluton and the Fe-Ti-oxide assemblage before alteration was consistently ilmenite with
minor rutile and hematite, which suggests a late-stage magmatic source with comparable temperature and ox-
ygen fugacity conditions for all samples. The results indicate that all investigated samples likely originate from
the same or closely related stratigraphic units. The mineralogical homogeneity precludes precise attribution of
temple blocks to specific quarries, however, the difference between moderately sorted temple and (very) poorly
sorted quarry sandstones could be explained by selective quarrying by ancient builders to ensure aesthetic and
material consistency in construction.

Provenance analysis
Ilmenite alteration series
Raman spectroscopy

1. Introduction

Sai Island is located in northern Sudan covering an area of about 32
kmz, between the 2nd and 3rd Nile cataracts (Fig. 1a). The considerable
time-depth of evidence for human activity on Sai Island, starting with
the late Early Paleolithic (Van Peer et al., 2003), showcases the promi-
nence of the area. The geology of Sai Island comprises several types of
metamorphic Precambrian rocks and Nubian sandstone, most of which
are covered by thin layers of comparatively much younger Nile sedi-
ments (Budka, 2024, p.27, 2020, p.29; Van Peer et al., 2003). Quartz
sandstone was generally the preferred Pharaonic building material
along the Nile Valley, from Esna in Upper Egypt to Jebel Barkal close to
the 4th cataract (Budka, 2020, p.42; Klemm and Klemm, 2008, 2001).
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During the 18th Egyptian Dynasty (c. 1550-1292 BCE), a fortified
Pharaonic town was founded on the northeastern bank of Sai Island, and
this is invaluable to our understanding of the relationships between
Egyptians and Nubians during the Egyptian colonial era in Nubia
(Budka, 2020, 2017 and references therein).

Several variants of Nubian sandstone — the most common rock
identified on Sai Island — were documented by the European Research
Council (ERC)-funded AcrossBorders Project (Budka, 2020, pp. 42-52;
Draganits, 2014). One of the most important results of the project was
locating potential sources for the stones used in New Kingdom buildings
on Sai Island, especially for the 18th Dynasty sanctuary of Temple A. The
general location of sandstone quarries on Sai Island had previously been
suggested as being to the north and south of the Ottoman fortress which
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Fig. 1. a) Map of the Nile River in northern Sudan (Northeast Africa) showing the location of Sai Island (Inset: Panos Kratimenos, DiverseNile project). b) Sampling
areas of Temple A and the ancient quarries with respective sample names and coordinates adjacent to the Ottoman fortress. (a,b) modified from Google Earth. Field
photos of ¢) Temple A debris, ancient d) quarry 1, e) quarry 2, and f) quarry Adou, where ancient tool marks are still preserved. Photo (c) modified from Ingrid

Adenstedt (copyright AcrossBorders).

overlies the southern area of the New Kingdom town (Vercoutter, 1986,
pp. 8-10, 1958, p. 147). Thanks to preparatory research (especially with
lithologically processed Landsat TM images) and on-site research by
Dietrich and Rosemarie Klemm, seven sandstone quarries near the New
Kingdom town were identified in 2016 (Budka, 2024, pp. 27-28 and
references therein). Two of these sandstone quarries (quarry sites 1 & 2;
Fig. 1b, d, e) are located just east of the town wall and, as such, would

have been the most conveniently placed for building materials used in
the town. Preliminary petrographic analysis by the AcrossBorders
Project (Budka, 2020, pp. 42-52) of the same samples investigated in our
study identified four different sandstone types based on grain size,
sorting, roundness, grain types, matrix amount, and cementation.
However, the analysis was conducted solely using transmitted polarized
light microscopy, without the inclusion of chemical measurements or
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sufficient mineral phase determinations. Additionally, while the report
provides written descriptions, it lacks supporting micrographs, making
the findings harder to follow and visualize.

In contrast, our new approach emphasizes the alteration products of
chemically and physically unstable mineral constituents—specifically
feldspar and Fe-Ti-oxides—which are the primary contributors to the
sandstone matrix. The matrix composition of sandstone can give valu-
able information about weathering and burial diagenesis conditions.
Clay minerals (phyllosilicates) in the matrix are typical alteration
products of feldspar and form as a result of erosion, transport, and
deposition. Rock interaction with water commonly leads to chemical
weathering and results in ion-enriched fluids, which remove the
geochemically mobile elements, such as Ca, Na, and K (Chamley, 1989;
Yuan et al., 2019). Moreover, rock-fluid interaction strongly affects the
redox state of iron and, depending on the initial Fe-Ti-oxide assemblage,
can lead to characteristic alteration series. For example, ilmenite
(FeTiO3) alteration typically progresses from pseudorutile (Fe;TizOg) to
rutile (TiO9; Temple, 1966); however, anatase (TiO) may form as a
minor component (Miicke and Bhadra Chaudhuri, 1991) or, in some
cases, as the sole TiO3 phase (Anand and Gilkes, 1984). By focusing on
the Fe-Ti-oxide (namely ilmenite) and feldspar alteration products
within Nubian sandstones, our investigation offers more detailed in-
sights into the processes of erosion, transport, and deposition that
formed the sandstone. Moreover, the pre-alteration Fe-Ti-oxide assem-
blage can be assessed, which sheds light on the potential geological
provenance of the components that formed the Nubian sandstones after
their deposition and cementation (e.g., Hou et al., 2021; Lindsley, 1991
and references therein).

We analyzed both the main mineral components and matrix con-
stituents of the sampled sandstones, as well as the Fe-Ti-oxide assem-
blages using polarized light microscopy (transmitted and reflected),
Raman spectroscopy, and scanning electron microscopy (SEM). These
methods allow us to compare the genesis and depositional conditions of
Nubian sandstones in greater detail, which we use to narrow down a
common geological provenance for the components in the Temple A and
quarry sandstones. From an archaeological perspective, we use the
combination of Fe-Ti-oxide and feldspar alteration products and the
sorting of the main rock-forming minerals to shed light on the sourcing
practices employed by the builders of Temple A, which is significant
because hieroglyphic texts reference “white stone” from Sai used in
other New Kingdom temples in Nubia (Ullmann, 2020). Understanding

Table 1
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these materials contributes to a deeper knowledge of Pharaonic building
projects during the Egyptian colonial era in Nubia and their broader
historical context.

1.1. Geology of Sai Island

Detailed geological field mapping of Sai Island has yet to be con-
ducted. Its location between the 2nd and 3rd Nile cataracts resulted from
a tectonic uplift zone trending east-west. The Nile subsequently incised
into the uplifted Neoproterozoic crystalline basement and the overlying
sedimentary cover (Geological Research Authority of Sudan, 2005;
Thurmond et al., 2004). In the south-east and west of the island, meta-
morphic Precambrian rocks, including amphibolite and schist, occur
together with quartzite, biotite gneiss, marble, and the sedimentary rock
dolomite, which all dip around 30° towards the north-west and are
commonly cross-cut by large quartz-veins (Draganits, 2014; Van Peer
etal., 2003). In the northern and central part of the island overlying sub-
horizontal sediments occur, which comprise medium- to coarse-grained
fluvial quartz sandstone, conglomerate and scarce siltstone, as well as
silicified wood (Draganits, 2014). These sandstones are often referred to
as “Nubian sandstone”, however, this term is only vaguely defined and is
argued to have no stratigraphic significance (Pomeyrol, 1968). Klemm
and Klemm (2008, pp. 167-213) and Harrell (2024) provide detailed
petrographic descriptions for some of the sandstones, and their associ-
ated quarries, used in ancient Egypt, including discussions of their
functions and historical uses. Spence et al. (2009) describe a New
Kingdom sandstone quarry at Sesebi, 80 km upriver from Sai Island. In
contrast, other studies on Nubian sandstones primarily focus on their
mechanical strength and physical properties (Elgendy et al., 2020;
Nabawy et al., 2020, 2019, 2010). The present surface of Sai Island is
formed of Pleistocene and Holocene Nile sediments that mostly consist
of channel deposits of (sub-)rounded quartz, chert, and agate cobbles as
well as floodplain sediments, which exhibit soil formation processes and
associated calcrete (Draganits, 2014; Lewis et al., 2011) and are punc-
tuated by small outcrops of quartzite and schist (Garcea and Hildebrand,
2009). In the central northeastern part of the island is the 75 m high
Jebel Adou, an inselberg and a massive relict of the formation of Nubian
sandstone, which penetrates the Nile sediment cover (Garcea and Hil-
debrand, 2009; Van Peer et al., 2003). The central southern part of the
island has Nile gravel terraces, up to 15 m above the recent floodplain
and composed of large quartz cobbles, which were used as raw material

Summary of average (Ave), maximum (max), and minimum (min) grain sizes/long axes of the investigated Nubian sandstone samples with their average amount of
matrix, sorting of grains, apparent bedding plane (BP, X if present), the occurrence of calcite (Cal, X if present) as well as their sampling source and the macroscopic
Munsell rock color and applied analytical methods (OM = optical microscopy, Raman = Raman spectroscopy, SEM = scanning electron microscopy).

Sample Grain size/Long Axes Matrix Amount  Sorting BP Cal Source Munsell rock color Analytical method
[pm]
Ave Max Min

2 610 940 390 5-10 % poor quarry 1 Pinkish Gray (5YR 8/1) OM, Raman

3 190 350 90 35 % poor X quarry 2 Yellowish Gray (5Y 8/1) OM, Raman

4 380 940 160 20-25 % poor X quarry 2 Yellowish Gray (5Y 8/1) OM, Raman

5 280 610 120 50 % poor X quarry Adou  Reddish Brown (2.5YR 4/3) OM, SEM, Raman
6 750 2640 310 20-35 % poor X quarry 2 Yellowish Gray (5Y 8/1) to Pinkish Gray (5YR 8/1)  OM, Raman

7 170 270 110 50 % poor X quarry Adou  Light Reddish Brown (2.5YR 6/4-7/4 OM, SEM, Raman
8 560 820 320 10-15 % very poor X quarry 2 Pinkish Gray (5YR 8/1) OM, SEM, Raman
9 360 790 190 35 % poor X quarry Adou  Very pale orange (10YR 8/2) OM, Raman

10 290 370 200 10-15% moderate Temple A Grayish Pink (5R 8/2) OM, Raman

11 310 570 170 15 % moderate Temple A Very Pale Orange (10YR 8/2) OM, SEM, Raman
12 250 460 150 35-50 % moderate Temple A Pinkish Gray (5YR 8/1) OM, SEM, Raman
13 310 450 190 5-10 % moderate Temple A Very pale orange (10YR 8/2) OM, SEM, Raman
14 310 420 210 5-10 % moderate X Temple A Pinkish Gray (5YR 8/1) OM, Raman

15 310 430 210 <5% moderate X Temple A Grayish Orange Pink (5YR 7/2) OM, Raman

16 320 600 160 <5% moderate Temple A Pinkish Gray (5YR 8/1) OM, Raman

19 270 400 160 15-20 % moderate Temple A Pinkish Gray (5YR 8/1) OM, Raman

21 1150 2910 600 10-15 % very poor X Temple A Yellowish Gray (5Y 8/1) to Pinkish Gray (5YR 8/1)  OM, Raman

28 370 510 190 <5% moderate quarry 1 Grayish Red (5R 4/2) OM, Raman

50 670 1330 350 5-10 % poor Temple A Pinkish Gray (5YR 8/1) OM, Raman
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from the Paleolithic through to protohistoric times (Van Peer et al.,
2003). The AcrossBorders project confirmed through on-site in-
vestigations that there was no quarrying at Jebel Adou during the Late
Bronze Age (Budka, 2020, p. 44).

2. Methods and sampling

Fieldwork and sampling of sandstones from Temple A debris (Fig. 1b,
¢ 20°44'13'N 30°19'55"E, samples 10-16, 19, 21, 50), as well as ancient
quarry 1 (Fig. 1b, d; 20°44'20'N 30°19'56'E, samples 2, 28), quarry 2
(Fig. 1b, e; 20°4414“N 30°19‘55“E, samples 3, 4, 6, 8) and quarry
Adou—adjacent to the village of Adou (Fig. 1b, f; 20°44°02”N
30°19’59”E, samples 5, 7, 9)—were conducted on Sai Island (Fig. 1a, b)
in 2015 and 2016 (Budka, 2020, pp. 45-52). In total, 50 samples were
collected non-destructively by gathering temple and quarry debris from
the ground, rather than intrusively taking material directly from blocks
used in the temple or the quarries themselves (Budka, 2020, p.43). Care
was taken to ensure that the specimens were originally part of the
temple or ancient quarries and that no decorations or inscriptions were
present on the samples to avoid hindering conservation and research
efforts. As shown in Fig. 1c, only the foundation and lower wall sections
of the temple remain in situ while a large number of decorated blocks
were found scattered throughout the site (Azim & Carlotti, 2012).

For the present study, uncovered and polished thin sections (~25
um) were prepared from 19 samples (Table 1) and investigated through
optical microscopy (OM; Leica DM2700 P) using both transmitted and
reflected polarized light. Photomicrographs were taken with a Leica
MC170 HD camera and processed with the Leica Application Suite X
3.08.19082, which includes grain size measurements. Sorting describes
the degree of uniformity in the sizes of clastic particles within a sample
and is primarily controlled by the processes that transported and
deposited the sediment. Grain angularity refers to the sharpness of the
edges and corners on sediment grains. In this study, visual comparators
were used to quantify grain sorting and angularity (Ulmer-Scholle et al.,
2015; Janoo, 1998).

Six samples (Table 1) were studied with a Hitachi SU5000 SEM
equipped with a field emission gun (NordlysNano), an energy-dispersive
X-ray spectroscopy (EDS) detector (Oxford Instruments), a back-
scattered electron (BSE) detector, and a high-sensitivity electron back-
scatter diffraction detector (Oxford Instruments). SEM observations
were conducted with a working distance of 10 mm and an accelerating
voltage of 20 kV.

In situ micro-Raman spectroscopy was performed on all 19 samples
with a HORIBA JOBIN YVON XploRa ONE system at the Mineralogical
State Collection Munich (MSM; Staatliche Naturwissenschaftliche
Sammlungen Bayerns, SNSB). The Raman spectrometer is equipped with
a Peltier-cooled CCD detector and edge filters. A green 20-Nd:YAG laser
(532 nm) was used together with an 1800 g/mm grate in an attenuated
mode (10 % laser power) corresponding to max. 0.9 mW on the sample
surface, which inhibits oxidation (Bauer et al., 2011), potentially lead-
ing to a false phase determination. Hole and slit diameters were 300 and
100 pum, respectively. A 100 x long working distance objective resulted
in a 0.9 um laser spot size. An integration time of 4 x 10 s was applied.
The predominant 520 + 1 cm™! peak of a pure Si-wafer chip was used
for wavelength calibration. The precision in Raman peak position is
estimated to be + 1.5 cm ™.

Mineral phase determinations were performed using optical prop-
erties (polarization microscopy) and qualitative chemical compositions
(SEM). For the investigation of the matrices and the Fe-Ti-oxides, phase
determinations were determined and confirmed by structural in-
vestigations using Raman spectroscopy for the following minerals:
anatase (Mazza et al., 2007; Ohsaka et al., 1978), hematite (Fe;Os; de
Faria and Lopes, 2007; Wang et al., 2004), ilmenite (Dellefant et al.,
2024; Wang et al., 2004), kaolinite (Al3Si;O5(0OH)4; Wang et al., 2015),
muscovite (KAly(AlSi3010)(F,0H)y; McKeown et al., 1999), pseudorutile
(Dellefant et al., 2024; Imperial et al., 2022), quartz (SiOy; Trepmann
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et al., 2020), and rutile (Mazza et al., 2007).
The average macroscopic color of all samples was quantified with
Munsell rock color chart (Deaton, 1987) using natural light.

3. Results

We begin with a general description of the petrography of the
investigated Nubian sandstone samples (Figs. 2, 3), followed by an
overview of the matrix-forming minerals (Figs. 4, 5). Finally, we docu-
ment the Fe-Ti-oxide minerals present in the samples (Figs. 6, 7).

3.1. Main rock-forming constituents

The grains of all investigated sandstones (Fig. 2) with generally
similar constituent compositions are quartz (90-95 vol%) and feldspar-
group minerals (<10 vol%), which have (sub-)angular grains. If present,
lithoclasts always represent < 5 vol%. The average grain sizes/long axes
range from 190 pym to 1150 pm (Table 1). Throughout all samples, the
amount of matrix varies from < 5 % to 50 %. The compositional
dominance of quartz in combination with a matrix amount below 15 %,
defines samples 2, 8, 10, 13, 14, 15, 16, 28 and 50 as quartz arenites,
whereas samples 3, 4, 5, 6,7, 9, 11, 12, and 19 have an amount of matrix
ranging from 15 % to 50 % and are, therefore, quartz wackes, which
have a comparably lower textural maturity (Dott, 1964; Pettijohn et al.,
1987). A bedding plane can be observed in samples 3, 4, 8, 14, and 15
(Fig. 2a; Table 1). Feldspars are commonly rich in K with K/Na ratios,
varying from 0.9 to 1 as indicated by EDS measurements (Fig. 2e-h) with
only minor occurrences of plagioclase (Naj;_yCayAl; xSiz_xOg).

Samples from the ancient quarries (Fig. 1b, d-f; samples 2-9; Table 1)
have poor to very poor sorting (except sample 28 with moderate sort-
ing), where average grain sizes range from 190 um to 750 pym (Fig. 2c).
Matrix amounts are on average larger than 15 %, which classifies the
samples mostly as quartz wacke (67 % of quarry samples; Table 1). The
Munsell rock colors (Table 1) range from pinkish/yellowish gray to very
pale orange (5YR 8/1, 5Y 8/1, 10YR 8/2) to (light) reddish brown
(2.5YR 6/4-7/4, 2.5YR 4/3) and grayish red (5R 4/2).

In contrast, samples from Temple A (Fig. 1b, c; samples 10-16;
Table 1) generally have moderate sorting with average grain sizes
typically in the 250 um to 310 um range (Fig. 2d; Table 1). However,
sample 21 has very poor sorting with an 1150 um average grain size
(Fig. 3d; Table 1) and sample 50 poor sorting with a 670 um average
grain size. Matrix amounts are on average lower than 15 %, which
classifies the samples mostly as quartz arenites (70 % of temple samples;
Table 1). The Munsell rock colors (Table 1) range from pinkish/
yellowish gray (5YR 8/1, 5Y 8/1), very pale orange (10YR 8/2) to
grayish (orange) pink (5R 8/2, 5YR 7/2) and appear generally lighter in
color compared to the ancient quarry samples.

All samples have ~30 % of quartz grains with undulose extinction
(Fig. 3a, b), characteristic of intracrystalline plastic deformation
(Blenkinsop, 2002). Calcite (CaCOg3) within vesicles or as part of the
matrix occurs only in samples with (very) poor sorting (samples 5-7, 9,
21; Fig. 3b; Table 1). A rim of um-thick illite group mineral(s)
(K]_5,1.0Al4[Si6_5,740A11_5,1.0020] (0H)4, Flg 3C) around quartz and feld-
spar occurs predominantly in Temple A samples (samples 11, 13, 14, 15,
19, 50) but also in sample 2 from quarry 1. Although having similar
constituents to the rest of the sample set, sample 21 has an average grain
size of 1150 ym with about 60 % of rock-forming quartz grains dis-
playing deformation features, such as undulose extinction and recrys-
tallization (Fig. 3d). In all samples, accessory phases, such as
phyllosilicates, with lengths of hundreds of um, including muscovite and
biotite (biotite, K(Mg,Fe,Mn)3[(OH,F)z|(ALFe,Ti)Siz010]; Fig. 2d)
occur.

3.2. Matrix-composing minerals

Across all investigated samples (except sample 21), 80-95 % of the
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AL @ 1000 um |

Fig. 2. Overview of Nubian sandstone samples and their rock-forming minerals. a, b) Polarized light micrographs of sandstone fabric with the dashed line indicating
the orientation of the bedding plane and the white arrow pointing to yellow-coloring Fe-hydroxides; sample 3; (b) taken with crossed polarizers. Sandstones from
quarries commonly have c) (very) poor sorting (sample 6), whereas samples from Temple A generally have d) moderate sorting (sample 15) of the main constituent
quartz (Qz) and the minor constituents K-feldspar (Kfsp) and phyllosilicates, such as biotite (Bt). €) BSE image of fractured K-feldspar (Kfsp) and adjacent quartz (Qz)
within a matrix consisting of kaolinite (Kln) and quartz. The white dashed rectangle indicates the location of the chemical maps shown in (f-h); sample 7. Chemical
distribution maps of f) K, g) Si, and h) Al

matrix is composed of an assemblage of mostly few-um-sized kaolinite (Fig. 5). However, the proportions of these components vary across the
and quartz (Fig. 4a, b). Minor constituents are illite group mineral(s) thin sections as does the amount of matrix (5-50 %; Table 1). In contrast,
(<5-20 %; Fig. 4d-f), hematite, and Fe-hydroxides (FeO(OH)-nH;0) the matrix of sample 21 mostly comprises few-um-sized quartz. Calcite
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Fig. 3. a) Quartz (Qz) locally has undulose extinction (yellow arrows) and K-feldspar (Kfsp) has grid-like twins (sample 50). b) Calcite (Cal) can occur as a matrix
constituent; sample 9. ¢) Quartz (Qz) with undulose extinction with a rim of phyllosilicates (green arrow) adjacent to feldspar (fsp) and K-feldspar (Kfsp); sample 11.
d) Quartz (Qz), which is almost completely recrystallized (blue arrow) indicating a metamorphic origin; sample 21.

occupying former vesicles occurs as minor phase (Table 1), whereas in
sample 9 calcite makes up ~10 % of the overall matrix (Fig. 3b, Table 1).

Kaolinite can also occur as a few hundred of pm-long grains within
the matrix (Fig. 4c). Nevertheless, Raman spectra locally have additional
peaks at 1046, 1115, and 1404 em™!, which might be attributed to
muscovite (McKeown et al. 1999). Illite group mineral(s) have compa-
rably higher interference colors than kaolinite and quartz (Fig. 4a) and
were confirmed with EDS measurements, where K/Al ratios range from
0.2 to 0.4, Si/Al ratios from 0.6 to 0.7, (Mg + Fe)/Si ratios from 0.06 to
0.14, and Mg/Fe ratios from 0.4 to 1.3 (Deer et al., 2013 and references
therein). No Raman spectra of illite could be acquired with the 532, 638,
and 785 cm ™! excitation laser wavelength due to a low signal-to-noise
ratio and a high fluorescence background.

Fe-hydroxides (Fig. 2a) and hematite (Fig. 5) are mostly present as
few-um-sized grains within the matrix. Nevertheless, hematite also oc-
curs within polycrystalline aggregates, which have a diameter of hun-
dreds of um (Fig. 5a). Moreover, hematite commonly occurs as few tens
of um-sized aggregates along grain boundaries of the main rock-forming
minerals quartz and feldspar (Fig. 5a). Rarely, hematite could be
observed within calcite aggregates, precipitated in vesicles of the quartz
arenites (Fig. 5b, c).

3.3. Fe-Ti-oxide minerals

Fe-Ti-oxide minerals occur from > 1 % to 3 % throughout the sam-
ples (Table 2). Ilmenite could only locally be verified (samples 3 and 4)
in the center of Fe-Ti-oxide aggregates rimmed by rutile, which have
lengths of about hundred ym (Fig. 6a, b, Fig. 7a). Due to alteration,
ilmenite Raman spectra have a broader band at 291 cm ™! which might
be associated with hematite (Fig. 7a; Wang et al., 2004), whereas

additional peaks at 438 cm ™! and 615 cm ™! might be the main peaks of
rutile (Fig. 7a, d; Mazza et al., 2007). Pseudorutile (Fig. 6¢), having a
length of about hundred um, commonly occurs locally associated with
rutile (Fig. 7c, d). The very broad and overlapping Raman bands of
pseudorutile (Fig. 7b-d) indicate a rather amorphous structure
(Dellefant et al., 2024; Imperial et al., 2022). With an increasing degree
of alteration (Temple, 1966), the Raman spectra of pseudorutile show an
increase in relative intensity of a Raman peak at ~455 cm™! corre-
sponding to rutile (Fig. 7b-d). Although consisting both of TiOs, the final
ilmenite alteration products rutile (Fig. 7e) and anatase have charac-
teristic Raman spectra (Fig. 7f). Anatase can either occur within altered
ilmenite grains, as a honeycomb-like structure (Fig. 6d) with a length of
about 100 um, or as pm- to tens of pm-sized grains within reaction ag-
gregates of about hundred pm alongside um-sized rutile (Fig. 6e, f).
Rutile (Fig. 7e) occurs as pm-sized grains within aggregates together
with anatase (Fig. 6e, f) forming a rim, a few uym thick, around altered
ilmenite (Fig. 6a, b), or rarely as monocrystalline ~60 pm long grain
(Fig. 6e, f). Rarely, hematite occurs as a monocrystalline phase with a
length of ~60 um.

4. Discussion

We integrate mineralogical, petrographical, and geochemical ana-
lyses of Nubian sandstone from Temple A and associated quarries on Sai
Island to evaluate both their geological origins and the alterations these
rocks experienced. The discussion summarizes the findings from our
analyses of the main rock-forming grains, matrix-forming minerals, and
Fe-Ti-oxide assemblages before considering the wider implications of
the study in relation to Temple A. This approach reveals strong miner-
alogical and petrographical similarities between all investigated
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Fig. 4. Matrix-composing silicates cementing the quartz (Qz) and K-feldspar (Kfsp) grains in the Nubian sandstones. a) Illite (Ill) together with kaolinite (Kln) and
quartz; sample 13. Kaolinite can occur b) in sizes from a few um up to tens of um-long vermicular aggregates (white arrow; sample 2) or ¢) as 100 s of pm-sized grains
(sample 11). (a-c) polarized light micrographs with crossed polarizers. d) BSE image and chemical distribution maps of e) Al and f) K depicting illite (Il1), kaolinite
(Kln), and quartz within the matrix adjacent to quartz and K-feldspar grains; sample 12. g) Raman spectra of kaolinite and quartz within the matrix; sample 11 and
21, respectively.
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Fig. 5. Hematite (Hem) and Fe-hydroxides (Fe-hyd), which can occur as a) polycrystalline aggregates, along grain boundaries (white arrow) of quartz (Qz; dark grey)
and feldspar (Fsp; light grey) grains or b) within calcite (Cal), sample 5. ¢) Raman spectrum of hematite; sample 50.

samples, supporting the conclusion that they likely derive from a com-
mon geological source and the same stratigraphic unit on Sai Island.

4.1. Main rock-forming constituents

Mineralogically, the grains of the investigated Nubian sandstones are
dominated by quartz (>90 %), feldspar (<10 vol%), and minor lith-
oclasts (<5 vol%). The compositional dominance of quartz grains across
all investigated samples indicates mineralogic maturity. Samples can be
defined as quartz wackes and quartz arenites dependent on their matrix
amount (Tablel; Dott, 1964; Pettijohn et al., 1987). However, the
petrographic analysis was conducted using polarization microscopy on
thin sections and is, therefore, limited to a relatively small sample vol-
ume (approx. 2.5 cm x 1 ecm x 25 pm), which could also represent
heterogeneities within stratigraphic units that are more homogeneous at
a larger scale.

The majority of the temple sandstones have moderate sorting, similar
grain sizes (250 to 310 um; Fig. 2d; Table 1) and appear only in light
Munsell rock colors, which generally correlates with a lower amount of
matrix and classification as quartz arenites (Table 1). In comparison,
most of the investigated sandstones from ancient quarries display (very)
poor sorting, associated with a stronger scattering in grain sizes (190 to
750 um) and locally darker Munsell rock colors (Fig. 2¢; Table 1),
correlated with higher average amounts of matrix and quartz wacke
classifications. Generally, sorting relates to a decrease in porosity and an
interconnected pore network (Rogers and Head, 1961). We propose that
fluid percolation was facilitated in the quarry samples, resulting in the
higher amount of matrix compared to the temple samples. This resulted
in the formation of hematite and Fe-hydroxides, leading to a darker
macroscopic appearance. We can exclude recent weathering effects as
the cause of macroscopic color differences between quarry and temple
samples because all samples, and their respective locations, experienced
the same climatic conditions and there was no difference in sampling.

The main grain constituents of the sandstone, quartz and feldspar,
suggest an igneous origin. However, about 30 % of quartz grains show
undulatory extinction (Fig. 3a, c) and, as such, deformation which could
indicate an additional metamorphic source (Basu et al., 1975). In all

samples, plagioclase is either absent or occurs as a minor phase in the
feldspar-group (Fig. 2e-h). Based on an investigation of the Panola
granite, White et al. (2001) reported that feldspar weathering is mainly
controlled by chemical compositions and related solubilities. Their
thermodynamic calculations predict that the endmember albite (NaAl-
Si3Og) of Na-plagioclase is about 400 times more soluble than K-feldspar
(KAISi3Og) in meteoritic water. Therefore, the scarce occurrence of
plagioclase across all of our samples, in combination with their textural
and compositional maturity could be the result of progressive feldspar
alteration before or during deposition, potentially in combination with a
humid paleoclimate.

4.2. Matrix-forming minerals and implications for burial diagenesis
conditions

The matrix of all temple and quarry sandstones (except sample 21)
consists of few-um-sized to tens-of-um-sized kaolinite and quartz
(Fig. 2e-h, Fig. 4) with additional Raman peaks, which might be
attributed to muscovite (Fig. 4g) and minor occurrences of few-pm-sized
illite (Fig. 3c, Fig. 4a, d, f). Kaolinite formation is generally associated
with feldspar weathering in early diagenesis conditions, driven by the
interaction with, for example, feldspar and meteoritic water (Dill, 2016
and references therein; Huertas et al., 1999; Lanson et al., 2002). The
reactions can be expressed as the following for the K-endmember of
alkali-feldspar [(Na,K)AlSi3Og; Equation (1) and the Na-endmember of
plagioclase Equation (2)]:

2KAISi3Og + 2H' + Hy0 — AlSip05(0H)4 + 2 K* + 4SiOz(aq) (€]
2NaAlSiz0g + 2H" + Hy0 — AlSiOs(OH)4 + 2Na' + 4SiOsqnq)  (2)

Therefore, the precursor of kaolinite in our samples was either i)
plagioclase, which almost completely transformed, or ii) a combination
of K-feldspar and plagioclase, where the latter was preferentially
transformed; either of which could explain the minor occurrence of
plagioclase. In both cases, the feldspar likely interacted with an acidic
solution as similarly reported from immature K-feldspar-rich sandstones
by Shah and Bandyopadhyay (2005) for the Parsora sandstones in India.
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Fig. 6. Fe-Ti-oxides within Nubian sandstones. a, b) Altered ilmenite (alt. [lm) with a rim of rutile (Rt). ¢) Pseudorutile (Prt). d) Anatase (Ant). (a-d) Sample 5. e, f)
Polycrystalline aggregate of rutile and anatase (Rt+Ant) adjacent to monocrystalline rutile (Rt) and Fe-hydroxides (Fe-hyd); sample 7. (a, d, e) reflected polarized

light micrographs as well as (f) with crossed polarizers; (b) BSE image.

Generally, the formation of kaolinite from feldspar is thought to produce
a stress-induced dissolution of feldspar due to volumetric constraints
(Merino et al., 1993). The occurrence of few-um-sized (Fig. 4a, b) and
hundreds-of-pum-sized kaolinite grains (Fig. 4c) could indicate a multi-
stage matrix formation process with kaolinite first forming and then
growing locally. Kaolinite is considered to remain stable in moderate
burial depths and at temperatures ranging from 80 °C to 160 °C
(Cuadros et al., 2014 and references therein). That said, kaolinite might
be metastable with respect to dickite, which forms at higher tempera-
tures, from at least 350 °C (Zotov et al., 1998). Chemical EDS analysis
quantified an absence of Na within the matrix constituents where only
minor K-bearing illite group phase(s) are present (Fig. 2e-h, Fig. 4d-f).
The illite group is common in sedimentary rocks and can be formed from
a variety of precursor phases, such as feldspar (Huang et al., 1986) and
kaolinite (Berger et al., 1997; Sass et al., 1987). Kaolinite usually pre-
dates illite (Lanson et al., 2002 and references therein) and, as such,
might have been the precursor in our samples, as also documented for
shallow-buried sandstone units from the Norwegian continental shelf

(Ehrenberg et al., 1993). However, clay minerals can transform into
other clay species with changes in climatic or burial conditions and an
increase in weathering (Hong et al., 2015; Lanson et al., 2002; Singer,
1980). Mlitization of kaolinite is more likely in elevated K'/H" envi-
ronments, where K™ can migrate when temperatures exceed 120 °C
often in moderate- to deep-burial diagenesis (Bentabol et al., 2003;
Ehrenberg, 1989; Lanson et al., 2002 and references therein). Calcite
occurs locally within vesicles (Fig. 3b) intermingled with um-sized he-
matite and Fe-hydroxides (Fig. 5b), which also occur locally along grain
boundaries of rock-forming minerals (Fig. 5a). Therefore, calcite and
hematite/Fe-hydroxides likely formed simultaneously and precipitated
together from a fluid.

Due to the chemical similarities of the sample matrices (Fig. 4),
despite the varying quantities of matrix (5-50 %; Table 1), no systematic
differentiation can be identified by comparing sandstones from Temple
A with ancient quarries 1 and 2 or quarry Adou, except for sample 21
from Temple A, which has a matrix dominated only by few-um-sized
quartz.
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Fig. 7. Ilmenite alteration products and evolution of respective Raman spectra with subsequent Fe-leaching based on Temple (1966). Increasing alteration forms a)
altered ilmenite (sample 5), b) pseudorutile (sample 5), ¢) pseudorutile and minor rutile (sample 4), d) rutile and minor pseudorutile (sample 4), and e) rutile
(sample 2). Although f) anatase forms as an alteration product of ilmenite, its relative time of generation in the alteration series cannot be ascertained.

4.3. Ilmenite alteration products

Altered ilmenite (Fig. 6a, b, Fig. 7a), pseudorutile (Fig. 6¢, Fig. 7b-d),
rutile (Fig. 6a, b, e, f, Fig. 7e), and anatase (Fig. 6d-f, Fig. 7f), occur from
> 1 % to 3 % throughout the samples (Table 2) and are products of
ilmenite alteration (Fig. 7) together with hematite (Fig. 5) and Fe-
hydroxides (Fig. 2a, Fig. 5a, b). During ilmenite alteration toward
rutile, pseudorutile forms as a transitional phase [Equation (3); Temple,
1966; Teufer and Temple, 1966] below 700 °C and under high oxygen
fugacity conditions, which involves oxidation of Fe?>" to Fe>* (Gupta
et al., 1991).

3Fe?*TiO3 — FedTis0qg + Fe3* 3)

10

This process starts along grain boundaries and/or structural dis-
continuities within the grain (Grey and Reid, 1975; Temple, 1966) uti-
lizing a leaching agent, such as water (Miicke and Bhadra Chaudhuri,
1991). Upon continuous alteration and Fe-leaching, rutile and anatase
(Equation (4) form as final products (Temple, 1966) together with he-
matite [Equation (5) and Fe-hydroxides Equation (6)].

Fe3'Tiz09 — 3TiOy + 2Fe3* 4
4Fe®t 1 30, — 2Fey05 5)
Fe3* + (n + 1)H,0 — FeO(OH)-nH,0 (6)

Anatase occurs locally in our samples as a honeycomb-like structure
(Fig. 6d) with a length of about 100 um, which could be a result of
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Table 2
Occurrences and distributions of Fe-Ti-oxide minerals (Rt = rutile; Ant =
anatase; Prt = pseudorutile; alt. Ilm = altered ilmenite) within Nubian

sandstones.
Sample  Source Fe-Ti-oxide [vol. Rt Ant  Prt alt. Ilm
%]
[%]
2 quarry 1 >1 100
3 quarry 2 >1 60 10 10 20
4 quarry 2 >1 50 20 30
5 quarry Adou 3 30 70
6 quarry 2 1-2 50 10 40
7 quarry Adou  1-2 50 50
8 quarry 2 >1 100
9 quarry Adou  1-2 20 80
10 Temple A 1-2 40 10 50
11 Temple A 1-2 60 40
12 Temple A 3 70 10 20
13 Temple A 1-2 30 40 30
14 Temple A 1-2 20 80
15 Temple A 1-2 20 10 70
16 Temple A 1-2 20 10 70
19 Temple A 1-2 70 30
21 Temple A >1 100
28 quarry 1 3 100
50 Temple A >1 60 40

leaching where iron was completely removed from the ilmenite pre-
cursor and the conditions where not suitable for a transformation from
anatase to rutile. In contrast, the occurrence of um-sized rutile and
anatase in about 100 um sized aggregates indicates (Fig. 6e-f) that
anatase-rutile transformation conditions are heterogeneously distrib-
uted in accordance with the occurrence of only rutile as a rim around
altered ilmenite (Fig. 6a, b).

Within alteration products, we found no lamellae and only rarely
exsolution structures (Fig. 6d), which chemically could, in theory, be
attributed to Ti-magnetite alteration but has not been reported from
geologic samples to our knowledge. Both hematite and rutile grains can
occur as a monocrystalline phase with lengths of ~60 um (Fig. 6e, f). Due
to their size, their occurrence as single monocrystalline grains, they are
likely no ilmenite alteration products. Therefore, we conclude that,
initially, only ilmenite with minor occurrences of hematite and rutile
were present as a group of the Fe-Ti-oxides in the sediment.

4.4. Implications for provenance analysis and sourcing practices of the
ancient builders of Temple A

The sandstone grains mostly originate from a magmatic system based
on the dominance of the rock-forming mineral grains quartz and feld-
spar (Fig. 2a-d), with about 30 % of quartz grains showing undulose
extinction of quartz as a result of deformation (Fig. 3a, c). Based on the
investigation of the Fe-Ti-oxide assemblage present in all of the samples
analyzed (Figs. 5-7), we conclude that in both the temple and quarry
samples, only ilmenite, rutile, and hematite were present prior to
alteration as a group of the Fe-Ti-oxides. Generally, Fe-Ti-oxides in
magmatic systems are considered to represent the late-evolution stage
temperature and oxygen fugacity conditions of their reservoirs at depth
(Hou et al., 2021). The evolution of Fe-Ti-oxide minerals within magma
chambers can be considered as a parallel system to silicates. Therefore,
the investigation of the Fe-Ti-oxides in the Nubian sandstones can give
insights into the provenance of the sediment’s components. Experi-
mental research on oxide minerals has been carried out to establish
calibrations for different thermodynamic systems (Ghiorso and Sack,
1991; Lattard et al., 2005; Lattard and Partzsch, 2001; Lindsley, 1991
and references therein; Sauerzapf et al., 2008). Ilmenite with minor
hematite and rutile can thermodynamically be attributed to a narrow
temperature and pressure window (e.g., T~600 °C, P = 1-2 kbar;
Lindsley, 1991 and references therein), which likely represents the order
of magnitude of the late-evolution stage of magmatic reservoirs at depth
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(Hou et al., 2021), from which the grains of the Nubian sandstone
samples derive. However, it is possible that additional magmatic sources
with similar late-stage evolution temperatures and oxygen fugacity
conditions contributed to the sediment constituents.

The temple sandstones mostly have moderate sorting and similar
grain sizes (250-310 pm; Fig. 2d; Table 1) with the occurrence of mostly
light Munsell rock colors. In comparison, the majority of the investigated
ancient quarries display (very) poor sorting, stronger scattering in grain
sizes (190-750 um), and generally darker Munsell rock colors (Fig. 2c;
Table 1). The assemblages of the main constituents (Figs. 2, 3; Table 1),
the matrices (Figs. 4, 5), and the ilmenite alteration products (Figs. 6, 7)
are very similar across the investigated Nubian sandstones, except for
sample 21 as discussed above. Therefore, we conclude that all investi-
gated samples (except sample 21) might be from the same, or very
similar stratigraphic units, on Sai Island. Further interpretation requires
a detailed geological study of the stratigraphy of Sai Island, which has
not been conducted to our knowledge. Due to the different matrix
composition of sample 21 (quartz-dominated) as well as recrystallized
quartz indicating a metamorphic overprint (Fig. 3d), it could originate
from a different stratigraphic unit or from outside Sai Island. We suggest
that the differences between the temple samples and those from the
quarries—in terms of grain size, sorting, and Munsell rock color—are the
result of selective quarrying by masons from the same stratigraphic unit.
The remaining Nubian sandstone in the ancient quarries is, therefore,
likely residual material, which was not considered suitable as building
material. We propose that ancient builders carefully selected sandstone
blocks to ensure the noticeable similarity in appearance between the
different building blocks used in Temple A. This might have been ach-
ieved by using a reference sample of temple-quality Nubian sandstone.
However, with our data set, allocating the provenance of temple sand-
stones to distinct quarries on Sai Island does not seem feasible. While our
results suggest a common provenance for the investigated samples,
further sampling from all ancient quarries on Sai Island is necessary to
conclusively map the full range of building stone sources for Temple A.

Regarding the sourcing practices of the ancient builders of Temple A,
Dietrich and Rosemarie Klemm suggested in 2016, based on petrographic
analyses and observations of the chisel marks, that the builders of Temple
A on Sai Island made a clear choice between the aesthetic quality and
durability of the sandstone available on the island (Budka, 2024, p. 28).
Aesthetic-qualities were noticeably prioritized for temple buildings, and
this might have also influenced the choice of sandstone from Sai in other
building projects in Nubia, as suggested by textual sources. Specifically,
the contemporary toponym for Sai, S3°.t, is repeated five times in the
inscriptions of the 18th Dynasty temple of Kumma (Semna East) as a
source of building material for the temple (Ullmann, 2020). Kumma is
located 112 km north of Sai, and the Dal cataract and the Batn el-Hagar
represent significant natural barriers between the two sites. For this
reason, and because of the logistics of stone transport, Didier Devauchelle
and Florence Doyen (2009, p. 36) have expressed doubts that Sai Island
could be a source for the building material used at Kumma. Since a
building inscription in Kumma mentions stone from T3-Stj for ‘Nubia’ and
not from $3¢.tfor ‘Sai’, Devauchelle and Doyen suggest that in this context
both toponyms refer to a larger metaphorical region. Although this re-
mains a possibility, Martina Ullmann has shown that there are more ar-
guments in favor of taking the reference to $3°.t (as part of T3-Stj) more
literally (Ullmann, 2020, pp. 56-58). She took into account the geology
and landscape of the 2nd cataract and the Batn el-Hagar region, where no
sandstone formations are found. The temple of Kumma was, therefore,
necessarily built with stones brought from elsewhere — be it from the
north, the region of Wadi Halfa, or from the south, the region of Sai.
Ullmann (2020, p. 57) pointed out that transport northwards following
the Nile current would be easier than shipping upstream, which makes it
more likely that the Kumma blocks originated from Sai Island. Overall,
this would correlate with our new findings on the provenance of the
Temple A blocks from Sai Island.
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5. Conclusions

We investigated the main rock-forming grains as well as ilmenite
alterations and matrix compositions of Nubian sandstones from Sai Is-
land (northern Sudan) by analyzing and comparing ten Temple A sam-
ples and nine ancient quarry samples:

e Nubian sandstones from both Temple A and ancient quarries on Sai
Island exhibit highly similar mineralogical and petrographic char-
acteristics, dominated by quartz (>90 %), minor feldspar (<10 %),
and rare lithoclasts (<5%) grains.

Alteration products of ilmenite (pseudorutile, rutile, anatase) and
feldspar (matrix: kaolinite, illite) are present in all samples, indi-
cating comparable weathering, diagenetic, and burial histories
across temple and quarry sandstones.

The Fe-Ti-oxide assemblage before alteration was ilmenite with
minor rutile and hematite in all samples which points, together with
the highly similar whole rock mineralogical and petrographic char-
acteristics, to a late-stage magmatic source with similar temperature,
pressure, and oxygen fugacity conditions, supporting the interpre-
tation of a common provenance for the sandstones analyzed.
Temple A sandstones are characterized by moderate sorting, smaller
and more uniform grain sizes (250-310 pm), and lighter Munsell
colors, in contrast to quarry samples, which are more poorly sorted,
coarser, and darker; this pattern suggests intentional selection by
ancient stonemasons for aesthetic and material consistency.
Despite detailed mineralogical analysis (polarized light microscopy,
SEM, Raman spectroscopy), the homogeneity of the sandstones
precludes precise attribution of Temple A blocks to specific quarries
on Sai Island. However, it is very likely that all of the investigated
samples derive from the same stratigraphic unit.

6. Outlook

A petrographic examination of samples from the temple of Kumma,
and ideally from the neighboring contemporaneous temple at Semna,
along with a comparative analysis of temple samples from Sai Island,
could provide the solution to the origin of the ’fine white stone from Sai’
mentioned in 18th Dynasty texts.
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