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A B S T R A C T

This contribution highlights recent findings of geomorphological and geophysical investigations that were un-
dertaken at the excavation site of Bubastis (Eastern Nile Delta, Egypt) in order to find evidence of the existence
and location of the sacred canals of Bubastis that were described by Herodotus in the 5th century BCE. None of
the preceding archaeological missions have reported remains of these canals. Drilling and sediment analyses in
2018 revealed clayey/silty deposits in the centre of the site at depths below 2.5m above sea level, close to the
northern enclosure of the Temple of Bastet. The recovered sediments, with a thickness of at least four metres,
were situated below the floor level of the Temple of Bastet of the 1st mill. BCE and contained fragments of
pottery as well. Conducted DCR (direct current resistivity) and 2D electrical surveying confirmed the drilling
results. These geophysical investigations indicated trench-formed layers of low resistivity values adjunct to the
northern enclosure of the Temple of Bastet. The recovered deposits were therefore interpreted as infills that were
most likely accumulated in a fluvial system of very low energy, e.g. an ox-bow lake, (abandoned) channel or
lake. Presumptively, this waterway was prone to refilling, but also to infilling, by a tributary situated north or
north-west of the Temples of Bastet and Pepi I.

1. Introduction

In urban contexts, ancient Egyptian temples were the most vital
parts of cities. As temples were not only centres of religious and cultic
significance, but were also of economic and administrative importance,
the evolution of a city was always connected to the presence of temples
and other cult installations of one or more local deities over many
centuries (Bussmann, 2010; Léclere, 2008). In addition to being es-
sential elements of cities and settlements in the ways described above,
temple areas (i.e. the temenos) were thought to be the residences of
deities. They were most sacred and needed to be singled out from other
urban districts not only by the use of specific architecture that em-
phasized their importance, but by a multitude of other elements as well,
as dictated by the requirements of the daily cultic activity.

Therefore, a Temenos usually contained much more than just the

main temple building itself: the annex temples of associated cults,
buildings for the priesthood and other serving personnel of the cult,
buildings of administrative or economic use, such as magazines, offices
and archives, workshops and sometimes even areas for the keeping and
breeding of sacred animals related to the cult of the deity in question,
all surrounded by a more or less massive enclosure wall (Assmann,
1984; Arnold, 1992; Wilkinson, 2000; Wilson, 2010).

A very specific feature of such temples was the so-called sacred
lakes, the Isheru of the ancient Egyptian texts. Sacred lakes provided
water for all kinds of purifying rites and activities. More importantly,
however, a core element of many religious temple festivals, the rowing
of the sacred barque of the deity, took place on the sacred lake. As we
can deduce from the written sources, sacred lakes were specifically
associated with the temples of goddesses who would appear as lion-
esses, specifically Sekhmet, Mut, Wadjet and Bastet, to name but a few
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(Yoyotte, 1962; Sauneron, 1983; Geßler-Löhr, 1983; Tillier, 2010).
Lioness goddesses were considered mighty and fierce, and always

possessed a dangerous and unpredictable aspect. In ancient Egyptian
mythology, they were connected to the sun god Ra, bearing the epithet
“Daughter of Ra” or “Eye of Ra”. The presence of a cooling body of
water, ideally surrounding her temple, was thought to calm and please
the fiery temperament of such a goddess while shielding the people in
the cities from her potential rages at the same time (Tillier, 2010;
Lange-Athinodorou, 2019). Interestingly, the ancient Egyptian term
Isheru generally designates lakes of a particular horseshoe shape. The
origin of this specific form is unknown; however, one could look at
natural prototypes, such as the lakes that emerged on the estuaries of
the Wadis after rainfall, when the remaining water would accumulate
with sediments in a fan-like shape after flowing out of the Wadi
(Sauneron, 1963-64). Obviously, such lakes would attract wildlife and
thereby provide very suitable hunting grounds for lions, thus creating a
connection between crescent-shaped lakes and lionesses. Even though
ancient sources witness to the presence of such sacred lakes and wa-
terways, actual physical records and archaeological proof of their ex-
istence are still very rare. One reason for this is that such features are
now silted up and have disappeared from the surface.

Besides traditional approaches that concentrated on the analyses of
known artificial water basins lined with stone slabs, e.g. in the Amun
Temple at Karnak in the Nile Valley or Tanis in the Nile Delta (Montet,
1966; Geßler-Löhr, 1983; Brissaud, 2018), recently new methods have
also been applied to reconstruct the environmental setting of a site, i.e.
to prospect and detect buried ancient waterways. Especially, geophy-
sical methods (e.g. direct current (DC) resistivity, ground penetrating
radar, seismic refraction) have become increasingly important as non-
invasive, non-destructive, rapid and cost-effective approaches (Patella
and Hesse, 1999; Simms and Albertson, 2000; Bevan and Roosevelt,
2003; Bates et al., 2007; Deiana et al., 2018). Among these methods, DC
resistivity surveying in the form of DCR (direct current resistivity)
sounding and Electrical Resistivity Tomography (ERT) are promising
means of delineating sedimentological differences of the subsurface
without soil disturbance (e.g. Maillet et al., 2005; Torrese et al., 2013;
El-Kenawy et al., 2013; Kasprzak and Traczyk, 2014; Nimnate et al.,
2017; Toonen et al., 2017). A recent study applying these methods was
provided by Rowland and Strutt (2011) conducted at Quesna and Kom
el-Ahmar (Markaz Minuf) in the Nile Delta. The authors reported the
ERT technique to be suited for detecting changes in the site deposits by
noting substantial differences in electrical resistivity: massive silty clay
sediments, which were found in the drill core data, were at the same
time indicated by very low resistivity values in the ERT.

This study presents a similar approach that combines geoelectrical
measurements (i.e. DCR sounding and ERT) and geomorphological in-
vestigations (i.e. drilling and sediment analyses) in order to detect se-
dimentary layers of ancient waterways at the ancient site of Bubastis
(Tell Basta) in the immediate surroundings of the Temple of Bastet. The
investigations were undertaken in 2016 and 2018 with the objective of
finding evidence on the existence and location of the sacred canals of
the Temple of Bastet as mentioned in ancient Egyptian texts and de-
scribed by Herodotus. Even though the site has been the subject of
several archaeological missions since the late 19th century, no findings
nor physical records of these sacred canals have been reported yet:
there is so far no proof of the existence of the canals of Bubastis.

2. Study area

By at least the 6th millennium BCE, two main branches of the Nile,
i.e. the Pelusiac and the Tanitic branch, crossed the southeastern Nile

Delta (Pennington et al., 2017). While convincing reconstructions of the
course of the Pelusiac branch exist (Butzer, 1976; Bietak, 1975; Said,
1993; Butzer, 2002), the course of the Tanitic branch remains less clear
(Bietak, 1975; Ullmann et al., 2019). The important role of these river
branches for the evolution, historical development and continuance of
settlements in the Nile Delta is well known (Bietak, 1975). The location
of settlements was always clearly connected to the changing course of
the waterways (Bietak, 1975) and to the underlying geology, i.e. loca-
tion of local Gezira (Arabic for “island”) mounds and/or levee systems
(Butzer, 1959; Said, 1981; Said, 1993). Judging from the archaeological
record, the Pelusiac branch played an especially major role in the
southeastern Delta, as the remains of numerous settlements mainly
dating into the period from the second half of the 3rd millennium BCE
until the time of the Roman emperors have been found on its banks,
outnumbering the remains of settlements located on the Tanitic branch
from the time of the late 3rd millennium BCE onwards (Bietak, 1975).

The main city of the southeastern Nile Delta, Bubastis, benefited
from its location close to the efficient Pelusiac branch (Bietak, 1975;
Bietak and Lange, 2014; Bakr and Lange, 2016). Bubastis was of out-
standing cultural and political importance from the Predynastic Period
(late 4th mill. BCE) to its decline in the time of the Roman dominion. It
even served as the capital or residential city of the Libyan kings of the
22nd dynasty in the 1st mill. BCE (Kitchen, 1996; Lange, 2008; Lange,
2010). Today, the excavation site of Bubastis (Tell Basta) is located at
the southeastern city border of Zagazig (Fig. 1), the capital of the
Egyptian province Sharqiya.

Since the late 19th century, the site has been the subject of ar-
chaeological investigations, e.g. Naville, 1891; Habachi, 1957; Farid,
1964; El-Sawi, 1979; van Siclen, 1991; Bietak and Lange, 2014; Lange,
2006; Lange, 2009; Lange, 2013; Lange, 2015; Lange and Ullmann,
2015; Bakr and Lange, 2016, which have focused mainly on the ancient
remains in the northern and central part of the site, i.e. the Temple of
Bastet (925–343 BCE), the temples of Teti and Pepi I (Old Kingdom
2300–2250 BCE), the Middle Kingdom Palace (1875–1820 BCE) and the
Old, Middle and New Kingdom Cemeteries (2300–1000 BCE). However,
large parts of the site are still unexplored today, especially the southern
part of the tell, or have become inaccessible due to the urban devel-
opment of Zagazig (Lange et al., 2016). Therefore, it is difficult to gain a
complete picture of the structure of the ancient city, its full extent, its
hydrogeographical and geomorphological context.

Notably, Herodotus (5th century BCE) provided a description of the
Temple of Bastet and the centre of the city:

“Other Egyptian towns, to my thinking, were so dealt with, but the level
of Bubastis was raised more than any. In this town there is a Temple of
Bubastis, and it is a building most worthy of note. Other temples are
greater and more costly, but none pleasanter to the eye than this. Now
Bubastis in the Hellenic tongue is Artemis, and her temple is ordered thus:
Except the entrance it is completely surrounded by water; for channels
come in from the Nile, not joining one another, but each extending as far
as the entrance of the temple, one flowing round on the one side and the
other on the other side, each a hundred feet (approx. 30m) wide and
shaded over with trees; and the gateway has a height of ten fathoms, and
it is adorned with figures six cubits high, very noteworthy. This temple is
in the middle of the city and is looked down upon from all sides as one
goes round, for since the city has been banked up to a height, while the
temple has not been moved from the place where it was at the first built, it
is possible to look down into it: and round it runs a stone wall with figures
carved upon it, while within it there is a grove of very large trees planted
round a large temple-house, within which is the image of the goddess: and
the breadth and length of the temple is a furlong every way. Opposite the
entrance there is a road paved with stone for about three furlongs, which

Fig. 1. Overview and location of the study area and the current extent of Bubastis: a) Terra MODIS True Color Corrected Reflectance from 13 May 2019 (© earthdata.
nasa.gov), b) Digital Elevation model of the TanDEM-X Mission (©DLR, 2012), c) current extent of Bubastis, ancient and modern features, d) enlargement of the focus
area between the Temple of Bastet and the modern museum. Background Maps © Esri Basemap.
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leads through the market-place towards the East, with a breadth of about
four hundred feet; and on this side and on that grow trees of height
reaching to heaven: and the road leads to the Temple of Hermes.”
(Herodotus ii. 137–138).

Apart from the description of Herodotus mentioned above, a
number of ancient Egyptian texts refer to the sacred canals of Bastet,
albeit rather vaguely. Thus Papyrus Brooklyn 47.218.84 (second half of
the 7th century BCE) contains a compendium of local myths of the cities
of the Nile Delta and describes the statue of Bastet in her temple as
follows: “(…) An image of the water surrounds her completely. The length
of 7 […]” (Meeks, 2006, 20 § 21 [IX.3-IX.5]; Lange et al., 2016). The
same papyrus contains a description of her appearing in her sacred
barque as well: “Her navigation was made (…) on the Isheru (…)” (Meeks,
2006, 20 § 22 [IX.6-IX.8]; Lange et al., 2016). Furthermore, an in-
scription on the eastern wall of the Ptolemaic enclosure wall of the
Temple of Horus at Edfu refers to the same feature: “Bastet, the Great
One, lady of Bubastis (…) under (whose temple) the Nile flows” (Lange
et al., 2016).

The above-mentioned texts hint at the obvious significance of the
canals. Most fascinating is the fact that, in this case, the waterways
seem to originate from a preexisting feature of the landscape, like an ox-
bow lake or an abandoned channel. Such features would be prone to
refilling, but also to infilling.

To find evidence of the sacred waterways, six drillings were carried
out in the northern part of the excavation area (among other locations
like A2, A3, B1, B2; see Fig. 2) in March 2016. Even though the sedi-
ment analyses proved the existence of underlying Gezira sands, i.e. the
Temple of Bastet, the Middle Kingdom Palace and the New Kingdom
Cemetery are situated on a Gezira (Ullmann et al., 2019; see Fig. 3), no
physical records on the existence of the canals of the Temple of Bastet
were discovered.

3. Material and methods

3.1. Drillings and sediment analyses

Another survey in March 2018 continued the investigations of 2016
by adding seven drillings of different depths (Z1, Z2, Z3, Z4, Z5; for
drilling locations 2016 & 2018 see Figs. 2 & 3), aiming to get new in-
sights on the environmental history and the location of the temple ca-
nals. The drilling locations Z1-Z5 are situated in the area between the
northeastern border of the Temple of Bastet and the site museum. As in
2016, the manually operated Edelman drill bucket auger was used to
minimize disturbance of the site. The maximum depth reached was
approximately seven metres. The terrain surface elevation was mea-
sured with optical levelling equipment (Leica TS06) and the depth of
the sampling was estimated using a measuring tape. All depths refer to
the local system that is used to document the excavations, i.e. the en-
trance of the Temple of Bastet is located at 3.35m above sea level (asl).
The sediment samples were described and analysed on site, following
BKA (2005) and FAO (2015), and no further laboratory analyses were
performed. The dominating grain sizes, the sediment colour, as well as
the presence of redoximorphic features and anthropogenic artefacts
(potsherds and charcoal fragments) were documented for each sample.

The equipment allowed for fast drilling progress but generated
mixed sediment samples. Additionally, the approach limits the inter-
pretability of the samples, as sedimentary structures are usually de-
stroyed during drilling. The groundwater table usually marked the
maximum depth that could be reached using the Edelman equipment,
due to the mixing of water and sediment. In addition, fragments larger
than the drill head opening could not be passed. The drilling locations
were documented using a standard GPS device (Garmin GPSMAP
60CSx).

Fig. 2. Overview of drilling locations (2016 & 2018) and the position of 2D Electrical Resistivity Tomography (ERT) profiles (2018): a) drilling locations, DCR
sounding points and ERT profiles in the central area of Bubastis between the Temple of Bastet and the site museum, b) enlargement of the focus area between the
northern border of the Temple of Bastet and the museum. Background Map© Esri Basemap.
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Fig. 3. Overview of drilling locations (2016 & 2018) and examples of sediment samples: a) panoramic overview of the excavation area and approximate location of
the drilling locations, b) image of the Temple of Bastet, c) drilling in spring 2018 at borehole Z3, d) sediment sample “Surface Layer” taken at borehole Z3 in spring
2018 from a depth of 5.5 m asl, e) sediment sample “Gezira Sand” taken at borehole B1 in 2016 at 1.5 m asl seen through a magnifying glass, f) sediment sample “Silt
and Clay Layer” taken in 2018 at borehole Z3 from a depth of 1.5 m asl. Images taken by T. Ullmann in 2015, 2016 & 2018.
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3.2. Direct current resistivity (DCR) and Electrical Resistivity Tomography
(ERT)

In 2018 DCR soundings and ERT measurements were conducted
parallel to the drilling (for locations of DCR sounding points and ERT
profiles see Fig. 2). These techniques aim to image the spatial dis-
tribution of the apparent electrical resistivity in the underground for
single points (1D) or along survey lines (2D). The electrical resistivity
values of sedimentary layers are, among other factors (e.g. temperature,
pH-value etc.), dependent on the soil water content and the grain size.
Fine-grained sedimentary layers (e.g. dominated by silt and clay) fre-
quently show lower resistivity values than coarse-grained layers (e.g.
dominated by sand and pebbles) (Tellford et al., 1990; Reynolds, 2011).
Moreover, higher soil moisture usually favors lower electrical resistivity
(Rowland and Strutt, 2011). However, the relation of the measured
electrical resistivity values and the properties of the sedimentary layers
is very site-specific and thus ambiguous in most cases (Tellford et al.,
1990; Reynolds, 2011). A meaningful interpretation of ERT and DCR
measurements therefore essentially needs to be backed up by physical
sedimentary records, i.e. from drilling.

The geophysical field survey was executed in gradual stages. The
DCR soundings were measured to determine the distribution of the
subsurface layers. According to the results, some localities were chosen
for 2D ERT profiling. The joint implementation of these methods is
necessary in order to enhance the resolution of the survey, as each
method presents different sensitivity and resolution, according to the
physical properties of different materials.

A total of 13 DCR sounding points were measured to cover most of
the area in the central locale of Bubastis between the Temple of Bastet
and the museum. The electrical soundings were carried out using
Schlumberger array with maximum current spacing (AB) of 140m.
According to the available boreholes and geological and archaeological
information, the applied spreading is long enough to reach the depth of
the buried Gezira. Because the electrical resistivity of sediments de-
pends on lithology, water, clay contents and salinity (cf. Choudhury
et al., 2001), the inversion results of DC resistivity soundings have to be
correlated with subsurface geological information.

Quantitative interpretation of DCR field data was carried out to
obtain the true resistivity and thickness of subsurface layers by using
ZondIP1D software version 5.1 (Kaminskiy, 2014). It is based on linear
filtering as 1D forward modeling, the Newton algorithm of the least
number of layers solves the inverse problem. A preliminary 1D model
(thickness and resistivity) can be used for regularizing the process of
fitting error minimization. An important advantage of this program is
that the data for a profile are treated as a unit representing the geolo-
gical structure of the survey area as a whole. The interpretation of DCR
soundings has been inspected to recognize the number of geoelectrical
layers, their depth, thickness and their resistivity. This helps to obtain
lateral and vertical extensions of the major geological units.

The obtained results of DCR soundings interpretation are used to
visualize the horizontal and vertical variations at the surveyed area; the
interpreted resistivity values with depths at all sounding points were
used to create a 3D slicing model. The 3D visualization model was
computed using the inverse distance-anisotropic algorithm of the
Rockworks software package (RockWare, 2017). Additionally, five lo-
cations were selected for 2D resistivity surveys according to the results
deduced from the DCR soundings. The Wenner-Beta configuration was
used to estimate the apparent resistivity of the underlying sediments.
The length of the profiles ranged between 52m and 172m and were
measured using 26 to 44 electrodes with electrode spacing of 4m
(ERT_1 and ERT_2) and 2m (ERT_3, ERT_4 and ERT_5) for maximum
factors (n) equal to seven (see Fig. 2; Table 1). The different electrode
spacing caused different penetration depths and resolutions. The elec-
trode spacing was selected according to the results deduced from the
DCR soundings and the available boreholes. The electrode locations at
the start and end of a profile were documented using a standard GPS

device (Garmin GPSMAP 60CSx). The differences in terrain surface
elevation were of minor relevance due to the rather flat terrain;
nevertheless, they were noted manually.

The 2D resistivity profiles were inverted using RES2DINV x64 ver.
4.08 (Geotomo, 2017). This program is based on the smoothness con-
strained least squares inversion algorithm (de-Groot-Hedlin and
Constable, 1990) and was developed by Loke and Barker (1995, 1996)
to produce fast inversion procedures for 2D resistivity. Five iterations
were used to generate the 2D profiles. The Root Mean Square Error
(RMS) was between 2.3% and 5.5% for the profiles ERT_1, ERT_2,
ERT_3, ERT_4 and ERT_5, which are presented in the results section of
this manuscript. The 2D resistivity inversion aims to construct an image
of the obtained true subsurface resistivity distributions along the
measured profiles.

4. Results

4.1. Geomorphological investigations

Fig. 3 provides a panoramic overview of drilling locations (2016 &
2018) and shows examples of the recovered sediments. The results of
the drilling campaign in 2016 are presented in more detail in Ullmann
et al., 2019, while the main findings from the geomorphological in-
vestigations in 2016 and 2018 are compiled in Fig. 4, illustrating se-
dimentary structures, sediment colour, dominating grain sizes and the
presence of potsherds and redoximorphic features.

Drillings at Z1 and Z2 were drilled to a maximum depth of ap-
proximately three metres. It was not possible to reach sediments lower
than 3.25m asl, as a solid layer was present. Several attempts to break
through this layer failed at both locations. After the recovery, the drill
head blades showed small limestone fragments. All samples between
6.4 and 3.25m asl belonged to the surface cover layer, which is a
mixture of varying modern and ancient debris of all grain sizes.
Hereafter, this layer will be referred to as the “surface layer”.

At location Z3, the drilling reached a maximum depth of approxi-
mately seven metres, which was also the maximum depth attainable by
the given equipment. It was possible to penetrate the surface layer,
which noticeably showed a thin layer of silty and clayey material be-
tween 4.2 and 3.7 m asl. From 2.2 to 0.9 m asl, a massive layer con-
sisting of silt and clay was observed (see Fig. 3f). The sediments were
dark brownish to greyish in colour and the soil moisture was sig-
nificantly higher than in the overlying layer. The deposits contained
many small ceramic and charcoal fragments. Unfortunately, all pottery
fragments were too small to be dated with any certainty, which is also
true for the following samples. Some sediment sequences showed a
parallel lamination, while grain sizes varied only slightly. A sharp
boundary at 0.9 m asl separates this material from the underlying se-
diments.

The sediment deposits between 0.9 and −1.05m asl were char-
acterized by alternating sequences of silty/clayey and sandy material,
which were horizontally layered and contained many potsherd and
charcoal fragments. The soil moisture was high and redoximorphic
features were observed from−0.1 m asl onwards. The sediment colours
ranged from brownish to greyish. Another fairly sharp planar boundary
was present at −1.05m asl. The underlying layer (−1.05 to −1.35m
asl) was dominated by silty/clayey material of dark colour, showing

Table 1
Name, length, electrode spacing and drilling location of 2D ERT profiles.

Profile Length [m] Electrode spacing [m] Drilling location

ERT_1 172 4 Z1, Z2
ERT_2 112 4 Z4
ERT_3 52 2 Z4
ERT_4 64 2 Z3
ERT_5 52 2 Z5
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redoximorphic features. Also, many small ceramic and charcoal frag-
ments occurred. Below −1.35m asl, the groundwater table was tou-
ched and redoximorphic features were frequently observed. In this
lowermost section, sediments were generally brighter in colour and

showed alternating sequences of clayey, silty and fine sandy deposits.
Location Z4 is situated at a distance of approximately 20m from

location Z3. The drilling started nearly at the same terrain surface
elevation as at location Z3 and reached a depth of approximately five

Fig. 4. Generalized results of drilling and sediment analyses in spring 2016 and spring 2018. The drilling locations are indicated in Fig. 2. Drilling was conducted
using the Edelman Equipment and the sediment records represent mixed samples. Pictures of samples of “Surface Layer”, “Gezira Sand” and “Silt and Clay Layer” are
provided in Fig. 3d), e) and f).
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metres. The surface layer was present between 5.84 and 2.2 m asl.
Similar to the drilling core Z3, there was a massive dark layer of silt and
clay that ranged from 2.2m asl to the final depth of the coring at 0.79m
asl. Compared to the samples of Z3, the sediments of Z4 were overall
very similar but had a higher silt content. All samples of Z4 contained
pottery fragments, which were usually larger than those of Z3.

Location Z5 was situated further north between the Temple of Bastet
and the museum. The distance to boreholes Z3 and Z4 was approxi-
mately 70m. The surface layer was present between 5.25 and 3.2 m asl.
Deposits below this depth were finer in texture and darker in colour,
showing several alternations of silty/clayey and sandy sediment se-
quences. All layers contained potsherd fragments that were usually
larger than the ones observed in Z4.

Some of the anthropogenic artefacts were cement fragments, likely
of Roman date as could be observed by its typical manufacture. Similar
pieces were attested in remains of Roman architecture in the nearby
area during the archaeological survey of the Tell. From about 0.3m asl
onwards redoximorphic features were present.

4.2. DCR soundings

Along with the drillings, DCR soundings and 2D ERT measurements
were conducted. Fig. 5 shows an example of the results of DCR
sounding at location Z3 and highlights the relation between the drilling
records and the subsurface resistivity. Preliminary consideration of the
inversion results of DCR soundings together with the correlation of the
geoelectrical horizons and the lithology of the available boreholes al-
lows a resistivity spectrum for the subsurface layer distribution to be
established. Comparing the sedimentary record and the resistivity va-
lues, the dark layers dominated by silt and clay are characterized by
lower values (10 Ωm) in the 1D measurement. In contrast, the surface
layer is characterized by high resistivity values of about 150 Ωm.

Between 0.5 and 1.5m below the terrain surface low resistivity values
of about 8 Ωm were observed, which can be linked to a thin layer of
silty/clayey deposits at the same depth (see above). Fig. 5 shows the
high correlation between the calculated apparent resistivity values from
2D inversion and the measured data from the DC sounding. The model
shows the main two geoelectrical layers comprising a low resistivity
layer with resistivity< 10 Ωm and a thickness of about 2 to 7m
overlying a high resistivity layer with resistivity values of> 10 Ωm.

A 3D view of E-W cross sections with slicing at different depths was
carried out to understand the lateral and vertical extension of the re-
vealed subsurface resistivity (Fig. 6). The resistivity slice maps in-
dicated a trough-like, linear structure of low subsurface resistivity va-
lues between the Temple of Bastet and the museum, whereas layers
under the museum and the temple were characterized by layers of
higher resistivity (Fig. 6). The layer extends nearly 7m in depth.

4.3. ERT profiles

Confirmation of the above results came from the 2D ERT profiling
presented in Fig. 7 for the five profiles ERT_1 to ERT_5. The inversions
were processed using five iterations and the sections are drawn with the
same colour bar. ERT_1 (Fig. 7a) showed higher resistivity values in the
first half of the profile in a northwestern direction towards the museum.
The resistivities underneath location Z1/Z2 were comparably high and
ranged from 47 to 95 Ωm. The second half of the profile in a south-
eastern direction towards the eastern tell was characterized by two
units: first, a layer near the surface with high resistivity values (> 300
Ωm); second, a layer of low resistivity values (< 24 Ωm) underneath
that surface layer. ERT_2 (Fig. 7 b) showed higher resistivity values,
mostly larger than 47 Ωm, in a northwestern direction towards the
museum and lower resistivity values (< 47 Ωm) in a southeastern di-
rection towards the eastern tell. The southern part of the profile showed

Fig. 5. Example of DCR sounding point No. 5 located at drilling location Z3: generalized records from sediment analyses and the apparent resistivity values from 1D
DC sounding (left); plot of calculated apparent resistivity values (from 2D inversion) versus 1D measured data and interpreted layers (right).
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a trough of very low resistivity values (< 24 Ωm) and was covered by
layers near the surface of higher resistivity values (> 24 Ωm). The
drilling location of Z4 was situated between the northern and southern
part of the profile. ERT_3 (Fig. 7 c) was oriented in a southwestern to
northeastern direction and creates a section between the Temple of
Bastet (south) and the museum (north). The surface layer was char-
acterized by higher resistivity values (> 47 Ωm) and the thickness of

this layer increased towards the Temple of Bastet. Underneath this
layer, lower resistivity values (< 24 Ωm) were present. Similarly,
ERT_4 (Fig. 7d) showed a surface layer that was characterized by higher
resistivity values (> 47 Ωm) while underneath this layer, lower re-
sistivities (< 12 Ωm) were present. ERT_5 (Fig. 7e) provides a section
between the Temple of Bastet and the museum and was oriented in a
southwestern to northeastern direction. The first part of the profile was

Fig. 6. Resistivity slice maps interpolated using all thirteen DCR sounding points. Maps show interpolated subsurface resistivities: a) maps with horizontal slices
showing the resistivity distribution at different depths; b) 3D view of W–E cross sections with horizontal slices showing the lateral and vertical variation of resistivity;
selected horizontal slices at estimated depths of c) −5.0m, d) −7.5 m and e) −10.0m below the terrain surface. The white dashed lines indicate the potential track
of the waterway and follow approx. the 10 Ωm isoline.
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characterized by very low resistivity values (< 12 Ωm), while the
second part was characterized by higher values (> 12 Ωm). The bore-
hole location Z5 was situated between the northern and southern part
of the profile. The results obtained from the 2D ERT surveys are well in
concordance with the results of DCR soundings and the information
from the drilled boreholes.

5. Discussion

The drilling campaign in 2018 revealed clayey/silty deposits at
depths below 2.5m asl between the Temple of Bastet and the site
museum, below the floor level of the Temple of Bastet of the 1st mill.
BCE (3.35m asl). This fine-grained material along with its dark colour,
suggesting an increased content of organic matter, indicates a stillwater
facies that must have been accumulated in a body of water with very
low flow velocity. Ginau et al. (2018) have presented drilling records on
canal infills in the Western Nile Delta and categorized these sediments
as deposits of a low energy system that are characterized by fine-
grained materials, rich in organic matter, with homogeneous inter-
calations. Similarly, Brown (1997) noted that paleo-canals and cut-offs
are typically infilled with sediments of finer grain sizes (silt/clay) and
organic matter, i.e. peat. Naturally, such features can be formed by the
abandonment of former river channels, ox-bow lakes or neck cut-offs
(Brown, 1997; Toonen et al., 2012). In contrast, sediments of high-en-
ergy systems, such as natural rivers, usually exhibit coarser grain sizes,
depleted content of organic matter, and heterogeneous intercalations
with alterations in grain size linked to graded sequences (Brown, 1997;
Ginau et al., 2018).

The recovered clay and silt dominated sediments at Bubastis fit the
above-mentioned concept of a low energy system. It is therefore likely
that the sediments described represent infills of a former waterway or
water body. This fluvial or limnic system must in turn have had a
connection to a headwater for a longer period, as it was situated in the
central part of the Tell and deposited sediments were at least four
metres thick. The identified laminations may therefore indicate changes
in the water supply of the headwater, i.e. due to Nile floods, or changes
in the water management system. The observation of very fine-grained
sediments and the absence of medium and fine sands in the upper part
of Z3 indicate that this clay-rich layer represented the last period of the
waterway just before it was silted up and buried by the debris of the
following epochs. The sediments below that layer (0.9 to −1.35m asl)
were similar but coarser in texture, i.e., fine to medium sands were
present. Due to the alternation of clayey/silty and sandy sequences, it is
likely that these sediments indicate an earlier, more active phase.
However, sediments were still deposited in a fluvial or limnic system
with a generally low flow velocity in the sense of Ginau et al. (2018).

The difference to the succeeding phase is the existence of a stable
connection to a headwater. As mentioned in the preceding section, the
varying contents of silt, clay and sand may be explained by changes in
the water supply of the headwater due to the annual Nile floods; finer
grain sizes indicate periods of low flow velocity and coarser grain sizes
indicate periods of higher flow velocity. Therefore, the connection to
the headwater at this stage must have been intact and uninterrupted.

ERT surveying was carried out in 2018 in addition to the geomor-
phological investigations in order to extrapolate the results of sediment
analyses to a larger area, i.e. to find evidence of the former course of the
waterway. Bubastis is located on the very fringes of the central Delta
sand shield (Butzer, 1976) and on lower ground, closer to the
groundwater (Ullmann et al., 2019). Therefore, the ERT surveying faces
the problem that the influence of the groundwater may blur differences

in the sediments' resistivity, e.g., the presence of groundwater favors
lower resistivities, as water has a higher electrical conductivity
(Tellford et al., 1990; Reynolds, 2011). The results from drilling in-
dicated the groundwater table at a level of about −1.2m asl, which
means that the resistivities of the upper seven metres of the ERT profiles
(Fig. 7) are not influenced by groundwater. In turn, profiles ERT_3,
ERT_4, and ERT_5 should not be affected by the groundwater, as these
profiles display maximum depths of seven metres below the terrain
surface. On the contrary, the influence of the groundwater was visible
in profile ERT_1, where resistivities between 7 and 11m below the
terrain surface were very low (< 12 Ωm) throughout the section. The
observed anomalies were therefore most likely caused by stratigraphic
differences, as indicated by the DC soundings, showing a good corre-
lation between observed differences in grain size and subsurface re-
sistivity. The clay-rich layers were characterized by lower resistivities,
whereas layers of coarser texture were characterized by higher re-
sistivities. The results of the ERT surveying and DCR sounding are
therefore in line with the observations from the sediment analyses. The
surface layer (low soil moisture; varying grain sizes with low contents
of silt/clay) of the upper three to four metres was usually shown in the
ERT profiles with higher resistivity values, whereas the underlying
clayey/silty deposits were characterized by lower resistivity values (this
is most visible for location Z3 in Fig. 7d and location Z4 in Fig. 7c). We
may therefore conclude that profiles ERT_2 and ERT_3 show cross
sections and that profile ERT_4 shows a longitudinal section of the
buried waterway between the northern border of the Temple of Bastet
and the museum. This observation is in agreement with the resistivity
slice maps that were interpolated using all thirteen DC soundings points
(Fig. 6).

Based on the results of the ERT modeling and the drilling cam-
paigns, we suggest that locations Z3, Z4 and Z5 were situated at dif-
ferent positions on a buried waterway. Among the drillings of Z3, Z4
and Z5, it was observed that the sediments and potsherd fragments of
Z3 were smaller in grain size than the ones of Z4; while the sediments
and potsherd fragments of Z4 were finer than those of Z5. Therefore, it
seems likely that Z3 was potentially located in a more central position,
while Z4 and Z5 were possibly located closer to the bank or shore.
Additionally, Z5 was presumptively in closer proximity to the tributary
than Z4 and Z3. This might explain the decrease in the dominating
grain size from Z5 to Z3 and would be in line with the results from ERT
surveying. Taking this further, the location of the headwater would
then have been north or northwest of the Temples of Bastet and Pepi I.
Regardless of this interpretation, the presence of fine-grained material
indicates a fluvial or limnic deposition history in an overall low energy
system (Ginau et al., 2018). This observation is corroborated by the
absence of coarse sand and pebbles, which signifies a low flow velocity.
The system was potentially a cut-off, ox-bow lake or a dead stream
branch of the actual channel network (Brown, 1997).

The ERT surveying indicates a waterway width of about 20 to 30m
(which matches the description of Herodotus); however, the orientation
of this waterway cannot be determined exactly, and the said width is a
preliminary estimate. The results of ERT_1 and the slice maps of the
DCR soundings suggest that the system was located between the Temple
of Bastet and the site museum and continued eastward; however, layers
of higher electrical resistivity bordered it in the north (site museum)
and south (Temple of Bastet). This, in turn, might be caused by the
existence of Gezira sands that were previously reported by Ullmann
et al., 2019 for these locations. This interpretation is supported by the
presence of pottery fragments: all sediment deposits of Z3-Z5 contained
ceramic fragments below the floor level of the Temple of Bastet. In

Fig. 7. 2D Electrical Resistivity Tomography (ERT) Profiles of drilling locations (Z1, Z2, Z3, Z4, Z5): a) ERT Profile 1 located parallel to the northern side of the
Temple of Bastet, b) ERT Profile 2 located between the northern border of the Temple of Bastet and the site museum, c)-e) ERT Profiles 3, 4, and 5 located between
the northern border of the Temple of Bastet and the site museum (cross profiles). White triangles indicate the locations of 1D DC soundings and numbers display the
measured resistivity in Ωm.
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contrast, the sediments that were recovered from the same depths in
2016 underneath the Temple of Bastet, Cemetery A, and the Middle
Kingdom Palace did not contain any ceramic fragments. The small
potsherds found in 2018 most probably cover all historical periods of
human occupation of the city and suggest the presence of the waterway
throughout these epochs; however, it was not possible to date the
potsherds, as they did not show any diagnostic features that would
allow certain dating. Moreover, radiocarbon dating of the charcoal
pieces has not been carried out yet, although it is planned for future
investigations. At location Z5, fragments of Roman cement came to
light, which suggests that the waterway was not silted up in the Roman
period, i.e. it is likely that the system was bearing water in the 5th
century BCE, meaning Herodotus might have actually seen it, as it is a
terminus post quem.

Overall, it is striking that the clayey/silty deposits were found in the
most central part of the Tell. As mentioned in the preceding section, the
recovered sediments from drillings Z3 and B1 below 1.5m asl showed
very different compositions and colours (“Gezira sands”), even though
both were recovered from the central area of the site, from the same
depth, and in close proximity to each other. These findings make it
likely that the waterway separated the temple district from the area of
the cemeteries. Still, it remains unclear how the system was related to
its feeding ancient Nile branch and where the latter was actually lo-
cated. So far, it is only certain that there must have been a tributary that
allowed infilling and refilling. As discussed above, Herodotus reported a
second, corresponding canal at the southern side of the Temple of
Bastet, which sprang from the same Nile branch, but this canal so far
remains undiscovered.

All in all, drawing on Herodotus' description, which nevertheless
should still be treated with caution, it seems most likely that said tri-
butary was situated north of the Temple of Bastet, as Herodotus men-
tioned that both canals were connected to the Nile but did not meet
[“(…) for channels come in from the Nile, not joining one another, but each
extending as far as the entrance of the temple, one flowing round on the one
side and the other on the other side”]. This would make it seem possible
that a feeder canal connected the temple canals with the Nile branch.

The feeder canal was then either situated between the Temple of
Pepi I and the Temple of Bastet, or north of the Temple of Pepi I.
Judging from the sedimentary records of drilling location B2 at the
western side of the Temple of Bastet (Fig. 2), which showed fluvial
sediments composed of coarse sand and large pebbles, the connecting
point of the tributary and the Nile would presumptively be located west
or northwest of the Temple of Bastet and/or the Temple of Pepi I.
However, this is a working hypothesis that will require more in-
vestigation for its verification. The missing dating especially limits the
interpretation and correlation of the sediment records as no chronos-
tratification of the sediments exists so far.

6. Conclusions

Geomorphological and geophysical investigations were undertaken
at the excavation site of Bubastis, located in the Eastern Nile Delta close
to the city of Zagazig, in order to find evidence of the existence and
location of the sacred canals of Bubastis, as were described by
Herodotus in the 5th century BCE. Preceding archaeological missions
had not discovered remains of these canals.

Drilling and sediment analyses in 2018 revealed fine-grained sedi-
ments in the central area of the site at depths below 2.5m asl between
the Temple of Bastet and the site museum, which were situated below
the floor level of the Temple of Bastet (1st millennium BCE) at 3.35m
asl. The recovered sediments were silty/clayey in texture and rich in
ceramic fragments. They are interpreted as fluvial or limnic deposits
that were accumulated in a low energy regime, characterized by low
flow velocities. In addition, the waterway must have had a connection
to a headwater for a longer period, as it was situated in the central part
of the Tell and sediment deposits were at least four metres thick. The

alternation of clayey, silty and sandy sequences may therefore be a
result of changes in the water supply of the headwater. The results of
DCR soundings and 2D Electrical Resistivity Tomography surveying
indicated trench-like layers of low resistivity values between the
Temple of Bastet and the site museum and were in line with the results
of the geomorphological investigations. Additionally, layers of high
resistivity values were found under the Temple of Bastet and the mu-
seum, supporting the findings of Ullmann et al. (2019) by indicating the
local extent of the Gezira mound.

Combining the results of both methods, it seems likely that the
discovered facies belonged to the ancient waterway that was described
by Herodotus as one of the canals of Bubastis. Presumably, this wa-
terway was fed by a tributary that was situated north or northwest of
the Temples of Bastet and Pepi I. However, the sediment analyses were
performed on site only, and it has not yet been possible to conduct
further laboratory analyses or date the recovered pottery or charcoal
fragments. This limits the interpretation and correlation of the sediment
records. Nevertheless, the possible detection of the existence and course
of the northern part of the sacred canals, the Isheru of the ancient
Egyptian texts, which once surrounded the Temple of Bastet at Bubastis,
is highly relevant: for the first time, we now possess more than written
accounts of their existence. Future investigations will focus on the re-
lation of the discovered waterway to the temples, palaces, cemeteries
and the settlement zones of Bubastis and on how the system was con-
nected to the Nile with regard to the longer landscape history.
Moreover, as the locations and activities of Nile branches and smaller
water canals caused the flourishing and decline of settlements, the
geoarchaeological research conducted at the canals of Bubastis will
further understanding of the human-environment relation in the Nile
Delta in general.
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