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Abstract: A Detailed geophysical investigation was conducted on Knossos territory of Crete
Island. Main scope was the detection of underground archaeological settlements. Geophysical
prospecting applied by an experienced geophysical team. According to area dimensions in
relation to geological and structural conditions, the team designed specific geophysical
techniques, by adopted non-catastrophic methods. Three different types of geophysical
techniques performed gradually. Geophysical investigation consisted of the application of
geoelectric mapping and geomagnetic prospecting. Electric mapping focusses on recording soil
resistance distribution. Geomagnetic survey was performed by using two different types of
magnetometers. Firstly, recorded distribution of geomagnetic intensity and secondly alteration
of vertical gradient. Measured stations laid along the south-north axis with intervals equal to
one meter. Both magnetometers were adjusted on a quiet magnetic station. Values were stored
in files readable by geophysical interpretation software in XYZ format. Oasis Montaj was
adopted for interpretation of measured physical properties distribution. Interpretation results
were illustrated as color scale maps. Further processing applied on magnetic measurements.
Results are confirmed by overlaying results from three different techniques. Geoelectric
mapping contributed to detection of a few archaeological targets. Most of them were recorded
by geomagnetic technique. Total intensity aimed to report the existence of magnetized bodies.
Vertical gradient detected subsurface targets with clearly geometrical characteristics.
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1. Introduction

Knossos territory belongs in the subarea of Crete Island. Located in Central South
Crete, specifically south of Heraklion town (Figure 1). In ancient times Knossos had
been involved in the Minoan empire. It was acting as the main capital wherein located
Minoan palace. During 1991 the University of Cambridge requested contribution in
geophysical investigation on Knossos area. Request accepted by Lab of Geophysics,
University of Patras and a specialized team begun journey for Crete Island. The
geophysical team examined territory specifications and applied electric and magnetic
non-destructive techniques [1-11]. Electric prospecting focuses on soil resistance
distribution. As electrometer was chosen the Geoscan RM4. Main scope was alteration
of soil resistance on specific depth by adopting twin-probe technique. Alternatively
magnetic prospecting applied by two different types of magnetometers proton and
fluxgate. Two of the same kind proton magnetometers are utilized for total intensity
recording. One was acting as base by measuring drift values every ten seconds. The
second unit record geomagnetic field value along the south-north axis. The vertical
gradient of magnetic field is recorded by using fluxgate magnetometer such as
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Geoscan FM36. Bothof magnetometers were adjusted on a magnetic quiet point. Also,
fluxgate microcomputer was updated with geophysical grid dimensions. The survey
was performed by measuring discreet points stations on profiles along the south-north
axis. Discreet data stations and profiles were measured at one meter interval. By
adopted Oasis Montaj executive geophysical software, distribution of measured
physical properties was presented as color maps with represented color scale bar.
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Figure 1. Map of Crete.

Geological and structural setting

Crete geology consisted of Neogene and Upper Miocene structures. Specifically,
there were two geological formations named Finikia and Ag. Varvara. The first
formation consisted of white homogenous marls, clays structure with gray color and
brown thin-bedded intercalations. Base of formation consisted in general from
unsorted agglomerate with influence by white homogeneous marls, limestones and
marls, greenish clays and prenoegene rocks. Finikia formation overlays incompatible
on Ag. Varvara formation.

The Second formation consisted mostly of bioclastic and reef limestones, which
locally could be conglomerate or agglomerate. Laterally seemed to be passed into
alternating foliated homogenous calcium marls or even limestones. Occasionally were
found with local unconformity with underlying formation [12,13]. In Figure 2
illustrated geological map of Crete, indicating Knossos area.
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Figure 2. Geological map of Crete.

2. The used geophysical techniques and their limits

Knossos field topography characterized as level ground with very few points of
discriminations. As main scope of the project was the detection of possible
underground archaeological settlements in a depth equal to 1.5 to 2 meters. According
to that, geophysical survey was adjusted and performed in a non-destructive way. As
main techniques were chosen electric and magnetic prospecting in relation to existing
geological formations. Survey field had been divorced in square geophysical grids
with acme equal to 20 meters (Figure 3) [14-18]. Borders of grids were represented
by adopting red wooden marks (no magnetic material). Each of them had been
addressed by using unigque name consisted by name of area, type of measurements,
year. By adopting an electrometer as Geoscan RM4 (Figure 4), distribution of soil
resistance recorded on specific depth along horizontal layer. During measurements
two pairs of electrodes were involved. One of them was acting as base, while the other
pair measured discreet points stations along the south-north axis with interval equal to
one meter. Both electrode’s pairs consisted of a potential and current electrode. The
electrode pair distance was set equal to 0.75 meters. The unmovable pair was located
away from mobile at a distance at least equal to fifteen times internal distance (pair
distance). The above technique was known as twin-probe (Figure 5), ideal for
mapping purposes [19,20], devoid by topographical alterations. Each measured point
of soil resistance was stored on data logger or alternative on paper grid schedule.
Before the main survey, location of electrodes was tested in case of artifact noise. By
adopted shifted mode, electrodes were acting as mobile and base. Two different values
of soil resistance were recorded. The difference between the two mentioned values
should be equal to one ohm. In that case measurements accepted; alternatively highest
difference values were rejected. In case of rejection another base point was examined
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through the same procedure. The penetration depth of twin-probe arrangement was
equal to three times the pair distance. Magnetic prospecting utilized by proton [21]
and differential magnetometers. That technique corresponded to a very rapid method
[8,22—25] which could be disturbed by susceptibility variations [3,10,26-28] from
subsurface archaeological targets, according to sensor sensitivity. Two such kind of
instruments (proton magnetometers) type Elsec 820 (Figure 6), were involved during
geomagnetic investigation. One of them was located outside the main line of
geophysical grids on a quiet magnetic point, acting as base station [29-32]. During
magnetic survey, the base recorded drift intensity by interval of ten seconds. The
second unit recorded magnetic intensity variations inside grids profiles along the
south-north axis with one meter interval. Before the main survey procedure, proton
magnetometers were adjusted to a quiet magnetic point [33,34]. The quiet magnetic
point was checked by measuring discreet values of magnetic intensity by rotating
proton magnetometer sensor with interval of 90 degrees. If the difference of values
were less or equal than 1 nT, then that point was baptized as quite magnetic.
Accordingly, the geophysical team was tested for artifact magnetic noise. Profiles on
geophysical grids were utilized by using non-magnetic material, such as calibrated
rope [29] per one meter. Two of them were laying at the south and north acme of
geophysical grid, while third was perpendicular to previous. Both proton
magnetometers were adjusted about internal time, value of magnetic field, memory
erase [29,32]. Differential magnetometer (Geoscan FM36) (Figure 7) was adjusted on
same quiet magnetic point along north, south, west, and east axis. Before the main
survey procedure, fluxgate magnetometer was updated in relation to geophysical grids
dimensions. Measurements were stored into instrument memory. After successful
accomplish of field geophysical investigation, measurements were directed to pc
through rs232 cable for further processing. Magnetic sources could be recorded up to
a depth equal to three-five times the sensor height above surface ground [35].
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Figure 3. Location of geophysical grids.
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Figure 5. Twin-probe technique.

Figure 7. Differential magnetometer Geoscan FM36.

3. Processing of measured values

Distribution of physical property was recorded by adopted specific instruments
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along vertical or horizontal layer with no-destructive way, where real observation was

unavailable. The survey focusses on differences between subsurface structures and

surrounding environmental soil [9,16,26,27,36]. Electric mapping measurements were

transferred to a pc through special software in relation to rs232 cable. Otherwise,

values were typed on surfer worksheets with direction same as during their collection

on field. Data were examined for the existence of possible bad points which could be

represented as valleys or hills, matter which could easily produce shadow phenomenon.
Next, data were dimensioned according to area length. Dimensions were produced

through special software [35] or alternatively by using specific surfer subroutines.

Values were stored into specific file with unique code name and readable format (XY Z)
by interpreted geophysical software.

Magnetic data transferred into pc files through specific software, through rs232
cable. Data from base station (proton magnetometer) and mobile magnetometer stored
into specific ascii format file. Geomagnetic data were corrected from daily
geomagnetic drift by subtracting mobile values file from responsive base file
according recording time [18,36,37]. Before correction procedure, base station
measurements were examined comprehensively in case of existing noisy points. In
that case noise data were removed or substituted by average of previous and next
values. In corrected measurements, basic value of geomagnetic intensity is added.
Fluxgate measurements were processed by using the same way as total intensity
without drift correction procedure. Accomplishing transfer, values were modified in
readable XYZ format file by using specific software. Vertical gradient could provide
horizontal position and shape information of subsurface targets [38]. Recorded
measurements from three techniques combined by using statistical analysis and
reduced to a level by calculating common average value [18].

Final data from both geophysical surveys were fed in specific database of Oasis
Montaj software [26,31,32,39] for further interpretation. As result color maps
illustrated distribution of physical properties such soil resistance, geomagnetic
intensity, and vertical gradient. During color map development measurements
interpolated by adopted Akima equation [40] with interval equal to ¥ of initial step
during field procedure.

Advanced geophysical interpretation applied on magnetic measurements (Total
& Differential). First, performed calculation of Z derivative on total intensity
measurements [26,32,39,41]. Secondly, total intensity values redacted to North
Magnetic Pole and Equator [7,32,39]. Noisy values were eliminated by performing
downward and upward continuation [32]. Amount of apparent magnetic susceptibility
calculated on specific depths [26]. As last procedure enforcement three-dimensional
Euler Deconvolution [26,42,43]. More details about advanced geophysical
interpretation will be reported in the discussion paragraph.

4. Obtained results

Geoelectric mapping with twin-probe array divided the field area into
subdomains consisting of low and high interesting structures. Some of them were
illustrated with hot colors (orange until red), which represented structures as bad
current conductors. These were presented with partially clear geometric characteristics.
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Low soil resistance values indices structures existence in greater depth according to
prospect of twin-probe array. Reduction of grids to mean average value through
statistical analysis in relation with level coordinates, had as result the combination of
measured geophysical grids. Geomagnetic technique seemed to be more effective in
alterations of measured total intensity alterations along to a horizontal layer. That
procedure applied with interval equal to one meter along the south-north axis. After
necessity corrections, processing with oasis montaj software located enough
geophysical anomalies, which covered most lengthening of total intensity map. Values
represented by cold and hot colors. Cold values were indicated sources with low
magnetic susceptibility or alternatively sources in greater depth, according to sensor
sensitivity. Hot values represented the existence of magnetic source with high
susceptibility contrast between structure and surrounding soil [44]. Total intensity
distribution reported clear geometric characteristics. Fluxgate application confirmed
the existence of magnetic sources with geometric characteristics. Application of
mathematical filter on magnetic values through oasis montaj software, reported details
which were not founded on normal total intensity map.

5. Discussion of results

Geomagnetic intensity distributed with floating values between 45,108 to 45,799
nT (Figure 8). The total intensity map is covered almost by the existence of
measurements with clear geometric characteristics in most cases. Indication of lower
values (cold colors) represented sources in greater depths or material of low magnetic
response. For detailed results total intensity measurements interpreted through special
mathematical algorithm for calculation of Z derivative [40] which could easily
enhance the shallowest magnetic sources from collected data (Figure 8). The
calculated Z gradient seemed to be divorced in smaller geophysical anomalies. After
derivative procedure there was growth of magnetic dipoles and well-defined geometric
characteristics (Figure 8). Calculation of X and Y derivatives (Figure 8) didn’t plus
new details relative to existing magnetic anomalies. Reduction (north magnetic pole,
Equator) reported alteration of magnetic dipoles, expansion of geophysical anomalies
and confirmation of geophysical anomalies existence respectively (Figure 8).
Reduction to the north magnetic pole and equator gave the opportunity for illustration
of more detailed information. Implementation of shaded relief at total intensity and
calculated vertical gradient reported new information in relation to initial map
(geometrical characteristics). For eliminating noise total intensity measurements are
interpreted by performing upward and downward continuation [40]. Figure 9
presented results from upward continuation between zero (0) to fifty (50) meters.
Upward processing consisted of a clean filter without any artifact result. It was used
to remove or minimize effects of shallow sources and noise in geophysical grids, with
unrecognized geometrical characteristics. Geophysical anomalies seemed to have
expanded. According to color scale bar total intensity was floating between 45,374 to
45,443 nT.
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Existence of geometrical characteristics observed on downward continuation
(Figure 10) after thirty meters depth. Such an application is used to enhance the
responses from sources at depth by effectively bringing the plane of measurement
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closer to the sources. According to the existing color scale bar, total intensity values
were distributed between 4.04335e%! to 4.04339e%! nT. As next step of interpretation
is calculation of apparent magnetic susceptibility by using floating depth values [40].
In Figure 11 illustrated results from distribution of apparent susceptibility.
Interpretation of measurements accomplished by combining total magnetic field,
reduction to the magnetic pole, inclination, declination and susceptibility depth. A
stronger apparent susceptibility was given at depth of 10 m (Figure 11). At two first
depths (0,5) meters there were low apparent susceptibility targets. Highest values
observed after ten meters depth and specific between 20- and 50-meters depth.
Increasing apparent susceptibility indicating existence of possible magnetized
structure. Euler deconvolution [40] algorithm performed as last total intensity data
interpretation procedure (Figure 12). According to that equation, magnetic field is
related with its gradient components to the location of the source of a geophysical
anomaly. Homogeneity Degree expressed as “structural index”. At each solution a
prespecified square window in relation to the number of grid cells used during
calculations. The window is in the center of each solution. Inversing distance from the
center of window becomes one solution in Euler equation. Window dimensions are
floating to include many solutions, but not large enough to include adjacent anomalies.
The algorithm of Euler deconvolution applied gradually by using floating values of
structural index between zero to three with interval equal to one. In Figure 12
represented results in map schedule from that processing, which accomplished with
small deviation error. Solutions presented by tighten cycles. Small diameters
corresponded to low depth magnetic sources while, highest diameter represented
deepest magnetic sources. By careful observation in Figure 12 was obvious existence
of distinct geometric characteristics at Sl equal to 0, 1, 2 and 3. That matter ensured
that existing magnetic underground targets corresponding to human remains, while
geological evidence was absent.
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Measured vertical gradient is illustrated in Figure 13 with floating values
between 44,987 to 45,012 nT/m. A huge number of magnetic dipoles located on
vertical gradient allocation. Most of them are distributed on the west side of the map.
In the center detected clearly geometrical characteristics which seemed like members
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of an existing wall. That conclusion can be confirmed by shaded relief interpretation.
By applied reduction to north magnetic pole (Figure 13) magnetic dipoles and
geometric elements were detected more emphasized. Also, some magnetic dipoles
were detected on the east side of that map, matter which was absent on initial
presentation. Reduction to magnetic equator (Figure 13) just confirmed existence of
magnetic dipoles on west side, with unrecognized geometrical elements. By applying
the gradient calculation along X and Y axis, magnetic dipoles were reported on the
east side of gradient map. (Figure 13). Existing geometrical characteristics were
present with low clarity. Application of reduction to north magnetic pole and equator
illustrated existence of many magnetic dipoles with low clarity. In Figure 14 are
presented results from upward continuation. Magnetic anomalies on vertical gradient
were clearly detected at one meter continuation. Gradually expansion of vertical
gradient was observed from fifth to fifty meters. That matter had as consequence the
elimination of vertical gradient geophysical anomalies. Apparent susceptibility
interpretation was given in Figure 15 with floating values. That process performed
gradually. Calculation of apparent susceptibility obtained at 5, 10, 20, 30, 40 and 50
m depth. The appearance of magnetic sources was present at 5 meters depth. After 5
meters depth the existence of that parameter increased gradually. Between 30 to 50
meters apparent susceptibility seemed to be with highest values. Between thirty-to-
fifty-meter depth, geometrical elements were located like straight walls with evidence
of corners. As last technique on vertical gradient data is applied Euler deconvolution
(Figure 16). Main difference focuses on height value of magnetic sensor from ground
surface. In the case of total intensity sensor height was equal to 0.3 m. In the case of
vertical gradient, that parameter was increased to 0.5 m. In Figure 16 presented results
are presented from Euler deconvolution equation. Interpretation applied gradually
with structural index from zero to three with one interval. Results from that procedure
consisted of low deviation error. Magnetic sources were represented by cycles, with
floating diameters (same as total processing). Cycles classification was characterized
as tight. Observers could easily recognize existing geometrical elements after careful
remark more than total intensity. The depth of magnetic sources is related to the
increment of structural index value. In Figure 17 reported soil resistance allocation.
Geoelectric mapping technique performed on discreet geophysical grids, which were
combined by using statistical analysis and reduction to specific level by using common
average value. Soil resistance allocation illustrated by floating values between 27 to
48 ohms. High values extended in the greatest area of map. Alternatively low values
located in specific subareas of given map in Figure 17. High level values
corresponded to soil with low conductivity, represented material as bad current
contactor. In opposite direction low values (cold color), corresponded to material with
high conductivity, with other words good current contactor. Also, such indices could
be mentioned existence of material in greater depth. Geometrical characteristics were
clearly detected at most of the highest values of soil resistance. Application of shade
relief confirmed the existence of geometrical characteristics, which seemed as linear
geophysical anomalies. By applying analytic signal with Fast Fourier Transform soil
resistance illustrated clear geometric structure at north side of soil resistance map. Also,
at east side confirmed the existence of increased levels of that physical property. In
Figure 18 illustrated a specific interpretation of geophysical grids. By adopted special
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subroutine of oasis montaj software, developed an overlay of three different maps.
Measurements from each technique interpolated by using interval equal to % of station
and profile distance during field procedure. As next step firstly reported distribution
of vertical gradient. On that overlayed alteration of total intensity and last soil
resistance. By careful remark a researcher could easily recognize the existence of
geometrical characteristics which indicated linear geophysical anomalies. Also, in the
center of the overlayed map becomes clear existence of geophysical anomaly with
square structure.
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6. Conclusion

Non-destructed geophysical techniques applied on Knossos territory for detection
of archaeological settlements. Geophysical prospecting was performed by utilized two
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different families of geophysical investigation. The survey area divided into several
geophysical grids, focuses on recording of physical property distribution. Each of them
had an acme equal to twenty meters. Combination of electric mapping with total
intensity and vertical gradient applied gradually on each geophysical grid. Electric
mapping recorded soil resistance allocation at depths of 1.5 to 2 m. The second
technique focuses on total intensity recording until a depth 3 to five times the sensor
height above ground surface. Third geophysical method applied vertical gradient, a
technique with low noise [10,45]. The three above techniques were performed on
separated data points along the south-north axis, located in parallel profiles with one
meter interval. Measurements were interpreted through Oasis Montaj geophysical
software. Recording of total intensity reported existence of magnetized structures.
Some of them were reported to have hot colors meaning high susceptibility magnitude.
In some areas of total intensity map there was evidence of low clarity geometrical
characteristics. There was a great number of existing magnetic dipoles, which reported
with combination of low and high values of total intensity. In the center of the total
map there was evidence of linear geophysical anomalies. Application of shaded relief
on total intensity measurements confirmed the existence of geometrical characteristics.
Also, application of redaction to magnetic north pole and equator reported much more
details of total intensity which were upsent on initial map. Upward and downward
continuation cleared existing noise and illustrated existing evidence of human action
at greater depths. Calculated apparent susceptibility certificate the existence of
magnetic dipoles and confirmed in evidence of magnetized bodies. Euler
deconvolution on total intensity values confirmed the existence of geometrical
structures. Vertical gradient confirmed detection of geometrical characteristics from
total intensity application. By using shaded relief filter on vertical gradient values,
geometrical structures located better. The combination of reduction to north magnetic
pole and equator just confirmed existence of human activity. Upward continuation
illustrated high clarity linear geophysical anomalies at deeper levels. Calculation of
apparent susceptibility on vertical gradient reported huge number of magnetic dipoles,
which was detected by apparent susceptibility on total intensity values. Euler
deconvolution on vertical gradient has as result the detection of geometrical structures,
which was confirmed from total intensity Euler equation. Application of soil resistance
divided area of survey in subareas of low and high interest. In some areas there was
the existence of geometrical formations. That matter was confirmed by the application
of shaded relief on soil resistance measurements. Also, by interpreted soil resistance
values through analytical signal (Fast Fourier Transform), evidence of geometrical
formations certificated. Overlay of maps from three different techniques confirmed
the existence of geometrical characteristics which disentangle from existence of
geological formation.
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