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Abstract

:

In this study, we investigate GPR measurements in freshwater of less than 5 m at four different locations to derive rules of thumb in terms of depth penetration, resolution, and material contrasts of the method for 200 and 400 MHz antennas under field conditions. The objective is to improve the attractiveness of the method for archaeological issues in water, as there are hardly any studies on this subject so far. The depth penetration of 2–4 m is negligibly influenced by the choice of the 200 or 400 MHz antenna. Organic material in the water column also does not affect the water depth but offers new fields of applications for mapping and volume estimation of biomass in lakes with GPR. The horizontal resolution in the cm range in the direction of the profile and in the dm range across the profile could not be improved by the narrow antenna radiation pattern of <30° at the 3 dB level. In the crossline direction, the use of an antenna array would be necessary here. Still, the narrow antenna pattern reduces side reflections. Most common archaeological material contrasts can be resolved with the method. The method shows reflection coefficients >0.1 for materials of <80% porosity to the water column and for materials of <25% porosity and of >45% porosity to water-saturated sand. Large reflection coefficients also show, for example, granite to sand and gyttja to wood. The water column has a considerable effect on the data quality of the 400 MHz antenna from a depth of 2 m due to the antenna ringing. Furthermore, multiples must be expected in a water column <0.5 m. The method can especially complement the common geophysical methods of seismics and geoelectrics to exclude material ambiguities. The major advantage is the simple setting of the land equipment in the water.
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1. Introduction


Ground-penetrating radar has been successfully applied for archaeological prospection of objects on land since the 1970s [1,2,3]. Although interest in submerged anthropogenic constructions, such as ancient harbour facilities, has gained much archaeological interest, the method has been used only rarely for archaeological prospection in shallow water zones. The common geophysical approach in marine and lacustrine archaeological investigations is seismic/acoustic measurements, providing a spatial resolution in the cm range and a depth of penetration of more than 20 m [4,5,6]. In recent years, geoelectric investigations were also used for the detection of archaeological objects in shallow water [7,8,9]. Here, an average spatial resolution in the dm-to-m range is achieved. Still, there are some situations where the usability of the common seismic and geoelectric methods is limited, and the application of GPR measurements in water appears to be advantageous. These advantages are as follows:



(a) Seismic measurements may not be possible due to an extremely shallow water column [10,11], may be affected by multiples, or may be attenuated by a gassy subsurface [12]. In particular, ref. [11] as well as [13] suggested a joint application of the methods of GPR and seismics in shallow water.



(b) In the presence of organic material in the water column, the authors of [14,15] were able to investigate the underlying bathymetry more accurately with GPR than with seismic surveys.



(c) A variety of material contrasts from submerged archaeological structures can be better resolved with GPR than with seismics. An example is the reflection coefficient of oak wood to wet sand [16].



(d) Special equipment is necessary for marine seismics and geoelectrics [17,18], whereas standard GPR antennas can be used in the water without much additional time and financial effort. In contrast, for GPR, only an appropriately watertight box is required, in addition to a small boat [19,20].



The main factor limiting the regular application of GPR in water is the high attenuation of electromagnetic waves with increasing salinity of the water [21]. Thus, there are only few examples investigating marine archaeological targets with GPR. The author of [22] was able to detect the archaeological layer of the bronze-age settlement “Greifensee-Böschen”, Switzerland, on a prospection area of 11 × 18 m. Ref. [23] contribute to the landscape reconstruction around a submerged archaeological site, distinguishing between beach and glaciolacustrine clay deposits. In [20], submerged GPR equipment was developed for archaeological investigations of submerged stonewalls in 2 m depth below a 1 m saltwater column. Some other studies focus on the detection of sunken objects in freshwater and below the bottom, for example, logs [19], jet skis [10], and munition [24], usually using 200 MHz and 400 MHz GPR antennas for a centimetre- to decimetre-scale resolution. In other areas of application, several studies using offshore GPR measurements were carried out, for example, in the prospection of ice shields and geological issues. The first GPR measurements on ice took place in the 1960s [25] and were investigating arctic regions, for the determination of ice thicknesses [26]. Other offshore applications of GPR have been the detection of groundwater [27] and of thermal boundaries [28]. In ref. [29,30,31], investigations are presented on the morphology, stratigraphy, and bathymetry in coastal ponds. Further applications are presented by [32], focusing on riverbed scour, and by [33], monitoring stream discharge. To improve the depth penetration, ref. [34] used a 5 m submerged 400 MHz antenna to prospect riverbed scour in 8 m depth. There are different studies determining the sedimentary type, for example, from diffraction hyperbola velocities presented by [35], and from determining reflection coefficients based on the ratios of reflected signal strengths from sediments and a reference aluminium plate [13].



Within the context of geological and ice shield investigations, extensive research has been carried out on the physical impact of the water column on GPR measurements for antenna frequencies of 60–150 MHz and water depths of more than 5 m [14,36,37,38]. Within these studies, parameters such as the spatial resolution, depth of penetration, and antenna pattern, as well as specific effects such as frequency reduction and antenna impedance loading, are discussed. Effects that occur specifically in water, such as “ringing” (horizontal stripes in the water column as a consequence of the high dielectric contrast between air and water), are regularly described. A more detailed overview will be given in the following chapters.



In the rare archaeological case studies using limnic GPR, there is no rule of thumb for practical considerations with respect to, for example, penetration depth or resolution. Moreover, if there were such a rule, would it hold true for very different measurement locations with respect to water depth, water conductivity, and organic matter content in the water column? To answer these questions, we present four datasets using offshore GPR in different limnic environments and using two typical antenna frequencies (200 and 400 MHz). With the help of these datasets, we focus on the following three thematic issues:




	
The depth of penetration of GPR measurements depends on numerous factors, such as subsurface material and antenna properties. Is it still possible to determine basic rules of thumb for field applications? How do organic materials, such as leaves in the water column, affect the depth of penetration?



	
Up to which degree can archaeological constructions be spatially resolved within the possible depth range? Which aspects have to be considered regarding the resolution along and across profile directions?



	
For which archaeological material contrasts is the GPR method particularly suitable compared to seismics and electrics? Which additional areas of application arise?








To answer the three questions, we compare the results of previous studies and of theoretical considerations with our data measured under field conditions. For the third aspect, we determine theoretical archaeological material contrasts from both common sub-bottom and archaeological construction materials and compare these to our field data.




2. Measurement Locations


To answer the three issues of penetration depth, spatial resolution, and material contrasts of water-based GPR measurements under field conditions, we surveyed GPR profiles with both 400 MHz and 200 MHz GSSI antennas and an SIR 4000 registration unit at four different locations. The measurement locations differ in terms of water depth, water conductivity, and subsurface materials, as well as movement and stratification of the water column.



The first chosen measurement location (“flooded gravel pit”) is situated near Wörth at Rhine, Rhineland-Palatinate, Germany (Figure 1). Here, the gravelly shoreline slopes steeply to the center of the lake (yellow line), and we find the largest water depths of >4 m at all locations. Figure 1 shows exemplary measurement profiles of the 200 MHz and 400 MHz antennas at slightly different locations in the “flooded gravel pit”. This feature is useful for answering the question of the penetration depth as a function of the antenna frequency and the attenuation coefficient due to the water column. The noticeably high noise content in the water column, especially for the 400 MHz antenna (blue frame), invites us to analyze the data quality in relation to the water depth and the antenna frequency.



The second location chosen for GPR measurements, “swimming pool” (Figure 2), is weather protected and can be used for repeated measurements under constant conditions (water temperature, water conductivity). The sloping ground (yellow dashed line) is tiled. The question of the penetration depth for different antenna frequencies can be also investigated here. In addition, it was possible to lower an aluminum pipe of 7 cm diameter (red circle) in a controlled setting. From this, as well as from steps leading into the pool (blue frame), it was possible to address the issue of the spatial resolution under field conditions here.



The third location, “river”, a section of the Altmühl River, Bavaria, Germany (Figure 3), is the only measurement location with flowing water. Its subsurface (yellow line) mostly consists of sand or sandbars (Figure 3b). At some spots, larger boulders appear in clusters (Figure 3a) or fish pass below the antenna. The resulting diffraction hyperbolas (red circles) are again well suited for analyzing the spatial resolution under field conditions. In addition, especially in very shallow water <30 cm, further measurement effects are visible in the form of multiples (Figure 3b, green dotted lines), which must be considered when planning GPR measurements in water.



The last measurement location (“pond”), near Graben, Bavaria, Germany (Figure 4), is the flooded remnant of a collapsed trench. Its moderately sloping subsoil (yellow line) consists of mud (i.e., silty sediments and gyttja) due to leaves and wood from the surrounding trees. According to [39], gyttja is a combination of organic and inorganic materials precipitated from a lake water column via biogeochemical processes. Larger branches or tree trunks also cause diffraction hyperbolas (red circles). These conditions are again suitable for investigating the questions of depth penetration and spatial resolution. The most striking feature, however, is that different amounts of organic material can be found in the water column at various parts of the pond. There are parts with no organic material in the water column (Figure 4b, blue frame), as well as parts where no boat engine could be used due to the organic material in the water column (Figure 4b, green frame). From the direct comparison of lake bottom amplitudes, we can determine how much organic material in the water column scatters the GPR measurements and thus reduces the measured amplitudes in the radargram.



In addition, the subsurface materials of sand, gravel, mud, and tiles of all four measurement locations were used to investigate the issue of expected material contrasts. The most important environmental and measurement parameters of all locations are summarized in Table 1.




3. Methods


3.1. GPR Data Acquisition and Standard Processing


This section first introduces the field equipment of the 200 and 400 MHz antenna from GSSI and the standard processing applied to the data. In the second step, we focus on the study procedure. Section 3.2.1 and Section 3.2.2 discuss the depth penetration, while in Section 3.2.1, the preliminary considerations on attenuation are discussed. Section 3.2.3 and Section 3.2.4 address the issue of spatial resolution and of material contrasts, respectively.



3.1.1. Field Equipment


For the field measurements, 200 MHz and 400 MHz antennas from GSSI were used in combination with the SIR 4000 registration unit from GSSI. One measurement system (Figure 5a) included a small inflatable boat with an inflatable catamaran attached to the front. The antenna was fixed in a floating box, which was installed in the catamaran. The system was moved by an electric engine or manual rowing. The positioning for the measurement locations pond and river was realized using a total station with automatic target tracking. Thus, a coordinate was collected averagely each 30 cm. As an additional option, an RTK-DGPS (real-time kinematic differential global positioning system) was used for the measurements at the flooded gravel pit. In another setup for measurements in the swimming pool, only the floating box was used (Figure 5b). It could be towed inline in forward and backward directions with ropes. The ropes were marked each meter and used for manual positioning of the antenna with the help of measuring tapes on the edge of the pool.




3.1.2. Standard Processing


Unless specified otherwise, the following standard processing with optional steps was applied to all data:




	
Set coordinates;



	
Interpolation to a constant trace interval (2 cm);



	
Zero-time correction;



	
Geometric spreading correction;



	
Band pass filtering (50-100–800-850 MHz for the 400 MHz antenna and 25-50–400-425 MHz for the 200 MHz antenna);



	
K-high pass (cutoff wavenumber k = 0.1/m);



	
Background removal (subtracting the mean trace);



	
Amplitude normalization with respect to the maximum amplitude for a better visualization;



	
Optional: attenuation correction;



	
Optional: Kirchhoff migration—The average water wave velocities listed in Table 1 were determined using diffraction hyperbolae. Thus, the travel times could be converted to depth using the following Equation:










  d e p t h = w a t e r   v e l o c i t y ∗   t w o − w a y − t r a v e l t i m e  2   



(1)









3.2. Study Procedure


3.2.1. Attenuation Effects


Before addressing the question of maximum sounding depths of waterborne GPR measurements, we compile the equations summarizing the major effects causing amplitude decay during wave propagation. We assume that the water column is almost homogeneous and that the lake bottom can be approximated by a local plane interface. In this case, the following equation applies to the amplitude A of the sea bottom reflection for near-vertical incidence angles [40]:


  A  s  =  A 0  R    s 0   s   e  − α   s −  s 0       



(2)




where s is the length of the reflected ray path; A0 = A(s0) is a reference amplitude measured at near distance s0 from the source, including all instrumental effects; R is the reflection coefficient at the lake bottom; and α is the water attenuation coefficient.



The amplitude decay along the ray is described by the geometrical spreading term 1/s and the attenuation term    e  − α s    , with the latter combining both intrinsic absorption and scattering losses. If the lake bottom is variable in depth and its reflexion coefficient R is constant, α can be determined from lake bottom reflection amplitudes Aj (j = 1, 2, …) picked along the radar section. Rearranging Equation (2) for each picked amplitude value enables computing α through the slope of the regression line fitting.


  log    s j   A j    =   log (  s 0   A 0  R ) + α  s 0    − α  s j   



(3)




where sjAj = sjA(sj) (j = 1, 2, …) are the spreading-corrected picked amplitude values. Ray length sj = vtj is computed from the two-way-traveltime tj of the reflection and the radar wave velocity v. The square-bracket term on the right-hand side we define as the constant b, which is the impact of the reflexion coefficient and the antenna parameters on the depth penetration, defined in Section 3.2.2.



The amplitudes of electromagnetic waves can be attenuated not only intrinsically (i.e., by electric conduction and dielectric relaxation), but also by scattering [40]. This may occur especially in lacustrine environments showing an increased density of floating organic particles of diameters much smaller than the wavelength. To account for these different attenuation effects, we express the attenuation coefficient via [41].


  α =  π  Q λ    



(4)




where λ is the wavelength, and Q is the quality factor, which is defined by


   1 Q  =   l o s t   e n e r g y   2 π · m a x i m u m   s t o r e d   e n e r g y   p e r   c y c l e   =  1   Q  i n t     +  1   Q  s c      



(5)




where 1/Qint and 1/Qsc represent the intrinsic and scattering portions of energy loss per cycle [40].



For a signal of angular frequency ω, the intrinsic quality factor Qint can be determined via [41].


   Q  i n t   =   ω ε ′   σ + ω ε ″    



(6)




where σ is the electric conductivity, and ε′ and ε″ are the real and imaginary parts of complex dielectric permittivity.



For applying these equations to the interpretation of field measurements, σ has to be determined, for example, by a conductivity meter. For our frequency range from 200 MHz to 400 MHz, ε′ corresponds to the value of the static permittivity εs in water and is temperature dependent [42]. At a water temperature of 10 °C, it is εs = 84, while at a water temperature of 25 °C, the value is εs = 78. In water, ε″ can be determined via the Debye relaxation model [43].


   ε ″  =      ε s  −  ε ∞    ∗ ω τ   1 +  ω 2  ∗  τ 2     



(7)




where    ε s    is again the static permittivity, τ is the relaxation time of the water molecules, and    ε ∞    is the high-frequency permittivity. The parameters τ and    ε ∞      are also dependent on temperature and have been determined empirically in laboratory experiments [44]. For a water temperature of 10 °C, they are    ε ∞    = 5.5 and τ = 12.68 × 10−12. For a water temperature of 25 °C, they are    ε ∞    = 5.2 and τ = 8.27 × 10−12. Unlike many other studies, we investigate and consider the impact of ε″.



Once the attenuation coefficient α and intrinsic quality factor Qint have been determined and we assume a constant reflection coefficient in the subsurface, we suppose that we can quantify the scattering portion of energy attenuation by inserting and rearranging Equations (4)–(6) into


   1   Q  s c     =   λ α  π  −   σ + ω ε ″   ω ε ′    



(8)







The application of Equation (3) to the field examples will provide us insight into the actual signal attenuation in waterborne GPR measurements. Therefore, we investigate the measurement locations “flooded gravel pit”, “swimming pool”, and “pond”. Furthermore, we investigate whether Equation (8) can be used under field conditions to differentiate between the ratios of the intrinsic and scattering attenuation. We test this using a profile at the measurement location “pond”, where the organic content in the water column due to the leaves and branches of surrounding trees is increasing. For this purpose, the GPR data is spreading- and attenuation-corrected with the intrinsic attenuation coefficient. Then, the amplitudes of the lake bottom are picked and divided by A0 along the profile to analyze the reflection coefficient of the lake bottom. Changes in the reflection coefficient should indicate the influence of scattering attenuation.




3.2.2. Maximum Sounding Depth


For estimating the maximum sounding depth, we need to relate the site-specific attenuation and spreading effects to the actual noise levels. An inspection of the field data shows that we find two sorts of noise in offshore GPR data: First, a coherent ringing occurring at all travel times that probably results from coupling the GPR antenna to a very low-permittivity medium or from interaction between the antenna and water vehicle or both (Type 1, water ringing, NC). Second, this is common, mostly random, electronic and environmental noise that increasingly dominates the record towards increasing travel times (Type 2, common noise, NR). However, the first factor in particular can be significantly reduced through appropriate processing (e.g., band pass filtering and background removal according to Section 3.1.2.). For quantifying the mean achievable signal-to-noise ratios (S/N)Mean, we compute the envelopes of the processed radargrams and from that form the quotient of the mean amplitude of a selected time window to the reference amplitude A0 from Equation (2). Representative amplitudes NC of the coherent noise (Type 1) are determined in a time window between the direct wave and lake bottom reflection, which is considered free of reflections, except in cases where scattering from floating organic particles is visible. Representative amplitudes NR of the random noise (Type 2) are determined in a time window at the very end of the envelope traces. Then, the mean observed S/N ratio is


  S /  N  M e a n   =  A 0    2  /  N  M e a n     2   



(9)




where    N  M e a n   =    mean     N C  ,  N R     .



The maximum ratio S/NMax can be calculated analogously by Nmin with    N  M i n   =    min     N C  ,  N R     . For estimating the maximum sounding depth zMax, we assume vertical wave propagation, so s = 2z, and we define a threshold S/N ratio of  1  to be reached for reliable signal identification.


      S / N     T H R   =  A 2    s = 2  z  M a x     /  N  M i n     2  = 1  



(10)







The maximum sounding depth can be estimated using the logarithmic expression (2) and considering


   s j  = 2 ∗  z  M a x    



(11)




and


  A = 1 ∗  N  M i n    



(12)







It follows that


  log   2 · 1 ·  z  M a x    N  M i n     =   log (  s 0   A 0  R ) + α  s 0    − 2 α  z  M a x    



(13)




by solving it numerically or graphically for a reflection coefficient of R = 1. For the field examples, the solution is found as the crossing point of the regression line from Equation (3) (right-hand side), and the function on the left-hand side of Equation (13). Since reflection coefficients may be <<1, we take a closer look at them in Section 4.3 and then reconsider the penetration depth issue in Section 5.1. The approach is applied at the measurement locations “flooded gravel pit”, “swimming pool” and “pond” with different soil and water parameters.




3.2.3. The Spatial Resolution in Field Applications


To evaluate the spatial resolution of GPR measurements in water, we start by considering the common half-wavelength concept defining the subsurface volume, from which back-scattered signals would interfere constructively at the receiver. For the present GPR case, it has to be specified that the transmitter and receiver positions coincide (“zero-offset” case) and that “wavelength” may be understood as “wavelength at center-frequency”. This volume has a thickness of a quarter wavelength and a diameter of the 1st Fresnel zone. The radius l of the 1st Fresnel zone is given by


  l =     z λ  2  +    λ 2    16     ≈  v 2     t f     



(14)




where z is target depth, v is radar wave velocity, f is the center frequency of the signal, λ = v/f is wavelength, and t = 2z/v the two-way travel time (TWT) (e.g., [36]).



Equation (14) does not include the effects of radiation patterns of the GPR antennae and possible improvement through digital processing, which we will address below. Still, it can be applied for basic estimates of resolution. However, for applying the equation to water surveys, one must take into account that the center frequency of the signal may be significantly reduced compared to the nominal antenna frequency due to the process of impedance loading [14]. The reduction of center frequency may be 25% or more [14]. For the antennae used in the present study, we found a center frequency reduction of 400 MHz to 300 MHz and of 200 MHz to 150 MHz. According to Equation (14), this effect leads to an increase of the radius of the 1st Fresnel zone and a reduction of resolution compared to measurements on land, where we have no frequency reduction. However, this shortcoming is overcompensated by the strong reduction of radar wave velocity in water (~3.4 cm/ns) compared to soils on land (typically ≥7 cm/ns for sandy soils). Therefore, despite the frequency reduction, Fresnel zones can be expected to be about 1/3 or more smaller in water than on land, and the resolution accordingly better.



The Fresnel zone consideration applies to non-migrated zero-offset sections. Through digital migration (i.e., downward continuation of the receiver plain to z = 0), the resolution of GPR records can be improved up to the theoretical limit of λ/4 in both horizontal and vertical directions (Equation (14) for z = 0). However, for field conditions, λ/3 to λ/2 are more realistic estimates [36]. This is in water 8–11 cm for the 200 MHz antenna and 3–6 cm for the 400 MHz antenna. As λ = v/f, the decrease of velocity and frequency in water compared to land act in the same way as outlined above.



If GPR data are acquired only along profile lines (“2D measurements”), migration can be performed only inline, too. In this case, the resolvable area is smaller inline than crossline. This situation is sketched in Figure 6 (green line) in comparison to the 1st Fresnel zone (blue line, no migration) and l/4 criterion (pink line applying to 3D data after 3D migration). Areal 3D measurements, which would allow a 3D migration, can hardly be realized with a single antenna and DGPS positioning. For this, a fixed antenna grid would have to be built as described by [21].



So far, we have not considered changes of the width of the radiation pattern of the antenna when comparing land and water applications. The width of the downward directed radiation cone is strongly affected by the critical refraction angle at the air–water or air–soil interface at the antenna bottom. It is given by


  Ψ =   sin   − 1      1   ε r      1 2         



(15)




and changes from 6.5° for air-water to >15° for air-soil interfaces. Therefore, the application of GPR antennae at the water surface leads to a considerable focusing of the downward directed beam. In the context of this article, we want to investigate whether this smaller footprint of the antenna radiation pattern could improve the resolution. This would be the case if the downward directed coil was narrower than the cone of the 1st Fresnel zone.



Antenna radiation patterns are strongly dependent on the details of antenna construction. Therefore, we performed exemplary measurements under lab and field conditions and compared them to the subsurface far field solution for a dipole antenna placed on top of a dielectric half space. After [45], this radiation pattern is given by


  E  θ  =  ω 2   μ 0   k  12   p cos θ  e  − j  k 2  h   1 −  k  12  2  s i  n 2  θ     ×  T ǁ     e  − j  k 1  r     4 π r    



(16)




with


   T ǁ  =  T     k  12       =   2  k  21      k  21  2  − s i  n 2  θ      k  21  2  cos θ +    k  21  2  − s i  n 2  θ      



(17)




where ω is the radian frequency, µ0 the magnetic permeability of the vacuum, k1 is the wavenumber in water, k2 is the wavenumber in air, k12 = k1/k2, k21 = k2/k1, p = I·dl (where I is the current amplitude, and dl the infinitesimal dipole element length), h is the electric dipole height above half-space, Tǁ is the TM dielectric-air transmission coefficient, r is the distance from antenna to object, and θ is the angular offset.



For the calculation of the footprint l2, we use the angular aperture    θ  3 dB     at which the radiated energy has decreased by half compared to the center point, which is at the 3 dB threshold.


   l 2  =    tan   θ  3 dB     ∗ h  



(18)




where h is the water depth, and    θ  3 dB     is the angular aperture at the 3 dB threshold



For measuring exemplary antenna radiation patterns, we sounded under water objects under varying radiation angles using a GSSI 400 MHz antenna. A lab-type experiment was conducted with an aluminum pipe lowered at the measurement location “swimming pool”. In a field experiment, we analyzed random objects found in the water column of the measurement location “pond”, most likely fishes. The processing applied consisted of spreading and attenuation correction. Then, the corrected amplitudes of the diffraction hyperbolas were picked and plotted versus the angular distance. The resulting E-field antenna patterns were then compared to the theoretical values from Equations (15) and (16).



Coming back to the goal of evaluating the achievable spatial resolution, we determined the width of the amplitude spots resulting from migrated diffraction hyperbolas recorded with the 200 and 400 MHz antennas of GSSI. The “width” refers to the range where   a m p l i t u d e s >   m a x i m u m   a m p l i t u d e s  e   . We used diffraction hyperbolas of all measurement locations in different (water) depths. These values were then compared to the width of the footprints resulting from the antenna radiation pattern.




3.2.4. Material Contrasts in Field Applications


To theoretically determine material contrasts, which can be expected during geophysical prospection of archaeological objects in water, we chose two reference materials: fresh water and water-saturated sand. For these two materials, we define their relative dielectric permittivities εref_water and εref_sand in Table 2 according to literature values.



For these reference materials, the reflection coefficients to




	
Inorganic materials;



	
Organic materials;



	
Specific archaeological materials








are determined. We assume full water saturation for all materials and neglect the effects of a varying water saturation of 60–100% in the lake bottom, which was determined in studies by [46,47]. In step (a), we focus on clay-free, water-saturated rocks and determine their physical parameters εrock as a function of their volumetric water content θ instead of porosity φ because above a certain degree of porosity a suspension, rather than a porous solid, is obtained. The CRIM equation of saturated state [48] applies here.


   ε  r o c k   =       1 − ϕ   ·    ε  m a t r i x     + ϕ ·    ε  r e f _ w a t e r        2   



(19)




where εmatrix is the permittivity of the rock matrix, and εref_water is that of the pore water.



For the rock matrix material, quartz was chosen. Its physical parameters are defined based on literature values, as shown in Table 3.



From that, the TE reflection coefficients    r   ε r     , neglecting the influence of the magnetic permeability and the electric resistivity on GPR reflectivity, are determined according to [49].


   r   ε r    =      ε  r e f     −    ε  m a t          ε  r e f     +    ε  m a t        



(20)




where εref are the reference materials, and εmat are the target materials.



The determination of the relative dielectric permittivity of the inorganic material clay (as well as, for step (b), the organic materials peat and gyttja) is complex and not subject to well-defined correlations as for clay-free rocks. Therefore, reference works usually refer to studies in which the material parameters are determined empirically based on in situ field measurements. Depending on their composition, the physical parameters of the materials can cover a wide ranges of values. All values taken can be found in Table 3. In the last step (c), two specific archaeological materials were chosen: wood and granite. Their material parameters are again taken from the literature and can be found in Table 3.






4. Results


4.1. Attenuation Effects


Table 4 shows the attenuation coefficients α determined from field data at three measurement locations using Equation (3). For two locations, the attenuation coefficients were also calculated using Equations (4) and (6) and are presented in Table 4. The direct comparison of the measured attenuation coefficients shows that there is a difference of a factor two for the attenuation coefficient between the “pond”, which is the most conductive, and the “flooded gravel pit”, which is the least conductive measurement location. Thus, noticeable differences in attenuation must also be considered in freshwater environments. The theoretical attenuation coefficients (Equations (4) and (6)) agree quite well with the measured values (Equation (3)). Possible deviations can be explained, for example, by measurement inaccuracies that affect Equation (3). However, it is noticeable that the frequency dependence given by Equations (4) and (6) (approximately 25% percent between the 200 MHz and the 400 MHz antenna) is not relevant for the field data.



For a better comparison of the theoretical frequency-dependent attenuation coefficient with the values from field data, the swimming pool measurement location was investigated in more detail, as shown in Figure 7. The theoretical attenuation coefficient with and without considering ε″ (blue and red line, respectively) was plotted against the measurement frequency. The values determined from measured data are shown in yellow bar graphs and are almost identical for both frequencies. The theoretical values considering ε″ are slightly below the measured values in the case of the 200 MHz and slightly above in the case of the 400 MHz antenna. Neglecting ε″, however, has effects for both the 200 MHz and especially the 400 MHz antenna. On the one hand, the attenuation coefficient is not varying with frequency anymore. In addition, the theoretical attenuation coefficient is significantly lower: about 25% compared to the measured data. A possible explanation for this could be that the temperature and conductivity measured at the surface of the swimming pool do not correspond to the average values of the water column.



Now that the intrinsic attenuation has been determined, we move on to the contribution of scattering attenuation in the water column to GPR data and whether it can be determined from a radargram. For this purpose, we analyze a profile of the measurement location “pond” with increasing organic material in the water column due to forest intrusion (see Section 2). Figure 8a shows, based on GPR data, the increasing organic material in the water column with profile length. For this purpose, the absolute reflection amplitude was summed up from the water surface to the lake bottom (blue lines). This was repeated every 5 m along the profile. The proportion of reflection amplitudes in the water column increases significantly towards the end of the profile, where the greatest amount of organic material is also seen in the radargrams. Therefore, we establish here a relationship between the radar amplitude and the organic material. We neglect noise effects here, which would affect all traces equally.



For the evaluation of the lake bottom material, the reflection coefficient R along the profile is shown in Figure 8b. A significant amount of organic material in the water column, and thus of scattering attenuation, should reduce the reflection coefficient of the lake bottom, especially towards the end of the profile. In the first part of the profile, however, it scarcely changes, which indicates a homogeneous substrate, which might be gyttja due to the low reflection coefficient of 0.01 (compare with Section 4.3). Towards the end of the profile, R becomes more dispersive and increases up to 0.08. This indicates a material change, probably an increased amount of foliage/wood on the lake bottom (see Section 4.3), presumably in a weathered state. Consequently, even small changes in the reflection coefficient are more relevant than the negligible scattering attenuation. Thus, we can only differentiate intrinsic and scattering attenuation under optimal (e.g., laboratory) conditions.




4.2. Maximum Sounding Depth


The mean signal/noise (S/N) ratio of type 1 (water ringing) and type 2 (common noise) at each location and for both antenna frequencies are summarized in Table 5. The following rule of thumb applies to both types of noise: The deeper the water column and the more turbulent the water (e.g., in the flooded gravel pit or due to swimming pool pumps), the lower the average S/N ratio of the water column. The “river” shows the best S/N ratio. The difference between the S/N ratio of type 1 in the water column and the S/N ratio of type 2 at the end of the trace is apparent at all measurement locations. Their difference ranges from a factor of 10 to 100. The S/N ratio type 1 is characterized by the “ringing” of both antennas in the water column. This affects the 400 MHz antenna more than the 200 MHz antenna. The S/N ratio type 2 (common noise) at the end of the radar traces, however, is slightly higher for the 400 MHz antenna than for the 200 MHz antenna. Thus, the penetration depth will be about the same for both antenna frequencies, but in particular, the data quality will be worse in the water column for the 400 MHz antenna than for the 200 MHz antenna. The conclusions are consistent with the observations from the radargrams.



For the maximum S/N ratio, the tendencies of the average S/N ratio are mostly confirmed. The order of magnitude is 107 for type 1 and 108 for type 2. This is used to determine the maximum penetration depth in the second step. For this purpose, the left term of Equation (13) is used, in which the penetration depth is taken into account in addition to the maximum S/N ratio of types 1 and 2. To avoid confusion with the S/N ratio from 7, we use the term “noise level” for the left term of Equation (13). The results can be seen in Figure 9, where the spreading-corrected and picked amplitudes from the horizons are plotted against the depth. Results are available for the measurement locations “pond” (red), “swimming pool” (blue), and “flooded gravel pit” (green). The 400 MHz (Figure 9a) and the 200 MHz antennas (Figure 9b) are differentiated. The penetration depth is defined as the intersection of the fitted curve with the dotted lines of the respective noise level. The noise level type 1 is colored yellow, and the noise level type 2 is colored black. The highest penetration depth is achieved for type 2. The dashed lines mark the standard deviation of the fitted exponential curves. The standard deviation of the maximum depth penetration is defined as the difference of the intersections of the noise level with both dashed lines. Both the maximum depth penetration and its standard deviation are shaded grey in the image. The parameters of the fitted curves     log (  s 0   A 0  R ) + α  s 0      and −α·2, as well as the maximum achieved depth penetration and its standard deviation, are listed in Table 6.



The approach worked especially well for the pond and the swimming pool, as only very small standard deviations of 0.06 m were obtained for the depth penetration. The flooded gravel pit, however, shows larger deviations of 0.18 m. This might due to an increased noise level or a change of the reflection coefficient at the sub-bottom. All in all, penetration depths of 1.8 to 3.5 m, determined from the maximum S/N ratio of Type 2, were achieved, depending on the measurement site for the 200 MHz and the 400 MHz antenna. In a visual comparison with the radargrams of Section 2, the results agree quite well, since both antenna frequencies of 200 MHz and 400 MHz show penetration depths of 2–4 m, depending on the type of reflectors. At the measurement location “pond”, reflections can be seen up to approximately 1.6 m, which is slightly less than determined in Figure 9 (1.8 m). This may be due to changing parameters below the lake bottom, which additionally decrease the depth of penetration. For the measurement location “flooded gravel pit”, reflections can be optically tracked up to 4 m, which is slightly further than the penetration depth of 3.5 m determined in Figure 9. In the case of the measurement location “river”, multiples due to the very shallow water depth and the strong bottom reflector affect the radargrams.



The results show that the attenuation has the highest influence on the penetration depth. A factor of 2 in the conductivity of freshwater at the measurement locations “pond” and “flooded gravel pit” shows a difference in the penetration depth by a factor of 1.5. The measurement location “swimming pool” demonstrates that the antenna frequency has negligible influence on the penetration depth. The attenuation coefficients are almost the same for both frequencies in this example. The S/N ratio is slightly better for the 400 MHz at the end of the trace than for the 200 MHz antenna. On the other hand, the constant b, consisting of the specific antenna parameters as well as the reflection coefficients and depths, which are the same for both frequencies, is slightly better for the 200 MHz antenna than for the 400 MHz antenna. Thus, in this particular situation, the penetration depth is not crucial in the choice of antenna frequency. Rather, attention must be paid to the data quality in the water column, since ringing effects, especially with the 400 MHz antenna, must be expected at water depths >2 m. The spatial resolution also has an important impact on antenna choice, which will be investigated in the next Section.




4.3. Spatial Resolution


In Figure 10, we first compare the theoretical spatial resolution using the Fresnel zone width (blue line) and the 3 dB threshold of the antenna radiation pattern (red line). It is noticeable that at shallow water depths <1 m, the footprint of the antenna radiation pattern is smaller than that of the Fresnel zone. Here, an improvement of the horizontal resolution would be possible due to the antenna radiation pattern. At larger water depths >1 m, the order is reversed.



The horizontal resolution values determined from the width of migrated diffraction hyperbolas are shown as black points in Figure 10, too. Regardless of the measurement location and the antenna frequency, this data can be fitted through the following relation (green line):


   l  m e a s u r e d   =   t a r g e t   d e p t h ∗ λ    



(21)







The fitting curve (green) is parallel to the line showing the width of the Fresnel zone (blue), so the horizontal resolution obtained in the field is lower than expected from the Fresnel-zone-based estimate. In addition, it seems to be independent from the footprint of the antenna radiation pattern. The intersection point between this curve and the 3 dB threshold of the antenna radiation pattern is at a water depth of 1.10 m for the 400 MHz antenna.



A comparison of the theoretical antenna radiation pattern with the radiation pattern of the 400 MHz GSSI antenna measured at locations “pond” and “swimming pool” is shown in Figure 11. The antenna pattern and the radiation angle at the 3 dB threshold are almost identical to those of the far-field solution for a dipole (Equations (16) and (17)). Only the critical angle cannot be identified with certainty, so it must be assumed that near- and far-field components are superimposed.



Figure 12 shows, for the 400 MHz antenna, how the 30 cm wide pool steps (green circle) of the “swimming pool” were used to determine the horizontal resolution in inline direction under the field conditions shown in Figure 10. For this purpose, the width of the envelope of the migrated and unmigrated measurement data was compared. Figure 12a,c shows the radargrams, and Figure 12b,c the envelopes of the data. The data from Figure 12a,b is unmigrated, while that of Figure 12c,d migrated. In our example, the width of the lowest step is 33 cm for the migrated data and 40 cm for the unmigrated data. For the migrated data, the deviation is therefore 3 cm from the steps and thus within the vertical resolution (λ/3). For the non-migrated data, the deviation is 10 cm to the steps and thus slightly better than the resolution according to the Fresnel criterion (see Figure 10).



From our results, we can conclude that the Fresnel zone width is a robust estimate resolution under field conditions. The predicted effect of the narrowing of the antenna radiation pattern for water applications could be verified, but it does not seem to lead to an improvement of the spatial resolution of the reflection images at shallow target depth <1 m. This might be caused by the near-field component of the antenna radiation pattern, which we did not consider in our investigations.



To further improve the horizontal resolution to that of the vertical resolution in the centimeter range, a 3D radar survey would have to be conducted using antenna arrays. This is because the precise positioning of single antennas with a cruising boat is difficult for larger survey areas but a precondition for gaining resolution increase through 3D migration. Another option would be to build a fixed coordinate system, as done by [21], with ropes and wooden slats in the water.




4.4. Material Contrasts in Field Applications


Figure 13 shows the physical parameter of relative permittivity as a function of the volumetric water content. Note that 0 vol% volumetric water content represents the rock matrix, and 100 vol% volumetric water content the fresh water (assuming full saturation). At the bottom of lakes, a layer of mud (that is, a layer of suspended organic or non-organic material) may form, which may show a gradual increase or a stratification in density with depth. Suspensions show a volumetric water content larger than a critical value that causes material fragments or grains to be completely surrounded by fluid such that they lose their mechanical stiffness (e.g., [50]). A typical order of magnitude of critical water content is 50% for sandy grain size (e.g., [50]). At the lake bottom, a stratification of different stages of the suspension could possibly occur. The curve of the relative permittivity (Figure 13) increases with increasing volumetric water content from the value of the rock matrix to the value of the freshwater. Figure 13 is required for the determination of the reflection coefficients in the next section.



Figure 14a shows the GPR reflection coefficients R from the reference material freshwater to various other subsurface materials, calculated according to Table 2 and Table 3. Figure 14b analogously shows the reflection coefficients of the reference material water-saturated sand to other subsurface materials. The lines show the material contrasts of the reference materials to clay-free rocks depending on their volumetric water content. The dashed line corresponds to a negative reflection coefficient, the solid lines to a positive reflection coefficient. In Figure 14a, the reflection coefficients approach zero with increasing volumetric water content. In general, the method provides useful contrasts, which we define as R > 0.1, between freshwater and the materials granite, sand, clay, and wood. However, the reflection coefficients of the organic materials peat and gyttja are low, especially for gyttja R smaller than 0.1, and slightly better for peat. For the reference material water-saturated sand (Figure 14b), the method generally shows large reflection coefficients again. The contrasts to clay-free rocks decrease for medium porosities and increase for low and high porosities. The zero transition then corresponds to the physical parameters of our defined water-saturated sand. The contrasts of water-saturated sand with the materials gyttja and granite are >0.1. In addition to the detectability due to a high enough contrast, another aspect is the differentiation between different materials, such as wood, clay, and peat, which can be difficult with GPR.



Table 7 summarizes the results of the reflection coefficients between all materials shown in Figure 14. Here, all material contrasts with absolute values of the reflection coefficient |R| > 0.1 show a check mark. Parenthesized checkmarks indicate the material contrasts whose absolute value of R is possibly <0.1. Methods whose absolute value of R is always <0.1 show a cross in the table. The table shows that most material contrasts can be sufficiently resolved with GPR (e.g., sand, peat, wood, and gyttja to granite, as well as wood and sand to gyttja). GPR shows its largest deficits in the differentiation of peat, gyttja, and wood, that is, all organic materials.





5. Discussion


5.1. Maximum Sounding Depth


The average depth penetration we determined from all measurement locations was 2–2.6 m for the 400 MHz antenna and 2.5–3.5 m for the 200 MHz antenna for water conductivities of 0.04–0.09 S/m. Our results are in good agreement with previous GPR studies in freshwater. For the 200 MHz antenna, ref. [10] achieved a penetration depth of 4 m, ref. [15] a penetration depth of 4–5 m, and ref. [19] a penetration depth of 3 m, while ref. [34] achieved a penetration depth of 4 m with a 400 MHz antenna before lowering it to the bottom to prospect even deeper targets. In all studies, no specific conductivity data was provided. In ref. [23], a remarkable high depth penetration of 6–8 m was achieved with a very low conductivity of 0.004 S/m when using a 200 MHz antenna. Finally, lowering the antenna to the bottom can increase the depth penetration to the values above plus the thickness of the water column. The studies of ref. [34] demonstrated this successfully.



In our study, we found that if only the conductivity but not the imaginary part of the permittivity ε″ is considered, the theoretical attenuation coefficient is reduced by approximately 25% compared to measured values. In other studies, which also calculated the attenuation coefficient based on reflection amplitudes as well as on conductivity measurements, excluding ε″, different results were found. For example, ref. [51] observed a very small error of 2% between the fitted and the calculated attenuation coefficient. In a study by [13], the value of the fitted attenuation coefficient was even lower than the calculated value. The various results show that punctual conductivity measurements in the water column may not indicate its average.



Our approach assumed a reflection coefficient of R = 1. As shown in Section 4.2 and Section 4.4, however, many reflection coefficients are significantly lower and range between |R| = 0.1 and |R| = 0.5. For a well-resolvable reflection coefficient of R = 0.1, the penetration depth would be reduced by 16% and 18%, which is 0.3 m and 0.45 m for the 400 MHz and 200 MHz antennas, respectively.



In our chosen method for determining the penetration depth, the various soil, antenna, and water parameters do not have to be known. In addition, this is the only approach that takes into account the noise level and thus the field conditions. A very similar approach was applied by [52] by using the radar range equation. In this case, all antenna and target parameters were known. An alternative concept has been found by [38], in which for unknown target and system parameters, the maximum possible relative amplitude decrease is estimated. The value is determined from a recorded trace in the field and its maximum depth penetration. The number of attenuation components in this range (geometrical spreading, water and sediment conductivity, and layer thickness, as well as reflection coefficients from the water–sediment interface) are estimated and added up. This maximum amplitude decrease can now be used to determine the depth penetration in other subsurface scenarios. In contrast to our study, this approach also takes into account the parameters of the lake bottom and not only the water column up to the lake bottom.



Our study shows that the choice of antenna frequency of 200 MHz or 400 MHz does not affect the depth penetration much. In critical conditions, the choice of a 200 MHz antenna is certainly appropriate, but the antenna ringing and thus the noise level and the data quality in the water column also play an important role. Our experience is that for water depths of 2 m and more, the data quality of the 400 MHz antenna becomes very poor, and the 200 MHz antenna provides much more reliable values. Similar experiences were. reported by [10], who found that for water depths deeper than 6 m, and for all antenna frequencies (100–400 MHz), the antenna ringing was too large for successful investigations. He did not use the 400 MHz antenna at all because, as in our case, the ringing for the 400 MHz antenna became large at a water depth of 2 m and more, but the data information content was hardly better than with the 200 MHz antenna. Here, we had different experiences, especially in the resolution of objects (see Section 3.2.3 and Section 4.3). At shallow water depths, the reflection amplitudes are significantly sharper with the 400 MHz antenna than with the 200 MHz antenna. Moreover, other studies were able to perform GPR measurements in water depths of more than 6 m [24]. However, the study of [53] observed antenna ringing with both 200 MHz and 500 MHz antennas. We have also had good experiences in reducing antenna ringing with trace averaging and low-pass filtering (see Section 3.1.2), which has also been confirmed by [31,54]. Another improvement in data quality that we also noticed in our study was the stacking of GPR traces (16 times). Positive experiences were also reported by [31,54] with 32 times stacking.



Regarding organic material in the water column, ref. [14,15] have also found that it has little or no effect on the penetration depth of GPR in the water.




5.2. Spatial Resolution


In our study, we were able to achieve spatial resolution in the centimeter range in the horizontal and vertical directions and to resolve branches and fish. The spatial resolution achieved can be fitted by a relation of type    l  m e a s u r e d   =   t a r g e t   d e p t h ∗ λ    . It basically follows the curve of the 1st Fresnel zone width. We could verify the theoretically predicted radiation pattern and its narrowing in water compared to land applications. However, a corresponding positive effect on the resolution could not be recognized. Due to the narrow beam, however, fewer side reflections might be expected. Similar experiences were made in other studies when resolving objects. Among other things, ref. [22] was able to resolve reeds and dirt particles, while ref. [55] was able to resolve a beverage can with the 200 MHz antenna, ref. [19] found tree trunks of various diameters, and ref. [24] achieved a vertical resolution of <20 cm for the 400 MHz antenna and of <30 cm for 200 MHz.



The question of how exactly the depth of the lake bottom can be determined was answered by [31]. The bathymetry was determined with 3% and the sediment thickness with 15% precision. In each case, errors in the velocity assumption of the radar waves in the water column and the lake bottom were considered. The author of ref. [14] discussed the antenna beam footprint due to the critical angle regardless of the antenna frequency. He made a rule of thumb for water depths <5 m, for which a footprint diameter of 0.2·water depth can be assumed. To achieve a minimal footprint, the antenna would have to be raised above the water, but this would significantly reduce the energy transmitted into the water.



First [38] and a little later [37] presented a detailed investigation of the antenna radiation characteristics in water. Here, the steady-state, subsurface, far-field solution for an interfacial infinitesimal dipole of [45] was used. It was compared to those of a transient, finite-size, resistively loaded array (50 MHz). Their experience was that the second approach was more accurate and resulted in an even narrower antenna radiation pattern. They also calculated the footprints in different water depths for a 50 MHz antenna. In addition, a comparison was made between a theoretically calculated and a practically determined antenna radiation characteristic of a 200 MHz antenna. These were in good agreement. In addition, ref. [56] investigated, both theoretically and practically, the antenna radiation characteristics of a 200 MHz antenna in tank experiments at different depths up to 2.5 m. The height of the antenna above the water column was also varied. Their outcome was that far-field conditions have not fully developed at a depth of about 2.50 m, which also agrees with our experience. Our measurements do not confirm the observation of [56] that better agreements between theory and practice could be achieved by raising the antenna to higher levels above the water surface.




5.3. Material Contrasts


Our results show that a range of archaeological material contrasts can be resolved with GPR (e.g., stone and wood). This is also confirmed by numerous other studies. The authors of [20] were able to detect wall foundations, partly of stone and partly of clay, in the sandy subsoil of the Black Sea. In ref. [23], it was possible to detect the archaeological layer of a former settlement, while refs. [19,24] found logs in sandy and gravelly soil. High contrasts between sand and metal were also detected by [24]. However, some material contrasts, although apparently sufficient, cannot be resolved. In ref. [22], the dielectric permittivities of an archaeological layer, wooden poles, and lacustrine chalk were determined using TDR measurements. Although there was a sufficient difference in permittivity between the lacustrine chalk and wooden beams, this material contrast could not be resolved. This was justified by the possible influence of magnetic permeability.



A direct address of the material is hardly possible with the method. In ref. [51], there was an attempt to calibrate reflected bottom amplitudes using samples and TDR measurements. However, it did not succeed, and this was explained by the size of the subsoil materials (e.g., pebbles). Their size is approximately in the range of the wavelength of the GPR antenna, so Mie scattering rather than Rayleigh scattering is to be expected here. Mie scattering is hardly correctable and changes the reflection amplitudes. A better result was achieved by [13], who compared reflection amplitudes of unknown sub-bottom materials to known metal plates using both GPR and seismic methods. They were able to determine reflection coefficients and to draw conclusions on the sediment porosity. Finally, a material identification was successful using a joint inversion of the two methods. Other techniques were used by [24] to obtain information on the subsurface materials. To distinguish wood from metal, their wavelet shape was intensively compared. In addition, the permittivity of the materials was calculated from diffraction hyperbolas in the subsurface. In addition, TDR measurements [57] were compared with the CRIM formula [48] and studies on the water content of lake sediments by [46].



In general, GPR measurements should be verified with the help of samples, drillings, TDR measurements, and, for example, the comparison of trace signatures. To exclude ambiguities, a second geophysical method can also be used, as with [13]. GPR measurements, on the other hand, can also be used to exclude ambiguities in seismic and geoelectric measurements. Furthermore, for critical material contrasts such as water-clay, wood-clay, and sand-peat, they may even achieve better results than the other two methods. Our experiences from the study also show that GPR in water offers several more fields of application. The exemplary location “pond” shows that GPR could be used to determine the biomass and thus the siltation of lakes and rivers. For this, the next step would be to quantify the organic mass in the water and calibrate the results with the radargrams. Possible scattering effects would have to be considered.





6. Conclusions


In our study, we gained experience with GPR measurements at four different survey locations in order to generate rules of thumb for the further application of GPR for archaeological prospection in terms of penetration depth, resolution, and material contrasts. Due to the limitations of depth penetration, with 200 and 400 MHz antennas floating on the water surface, GPR is only suitable for <3–6 m shallow freshwater, but can complement the common geophysical methods in water (i.e., seismics and geoelectrics), especially in order to exclude ambiguities. The advantage compared to the traditional methods is the easy application of the onshore equipment in water, for which, in the simplest case, only a waterproof box is needed. The high resolution is in the cm range in the direction of the profile and in the dm range across the profile. The narrow antenna radiation pattern in water cannot further improve the resolution across the profile, but we expect fewer side reflections than on land. Many archaeologically relevant material contrasts can be resolved, including sand/stone and gyttja/wood. The material contrasts sand-clay and water-gyttja are possibly not distinguishable. The depth penetration is hardly influenced by the choice of the antenna frequency of 200 or 400 MHz. Organic material in the water column also has no significant effect on penetration depth. Instead, this offers a new field of application for the method, which can potentially be used to study the siltation of lakes. The influence of the water column on the GPR antenna designed for onshore measurements appears especially in the form of antenna ringing for the 400 MHz antenna in water depths >2 m, reducing its data quality. In addition, multiples must be expected in water depths of <0.5 m. A stable GPR signal was only mostly achieved by 32 times stacking. To reduce the depth penetration limitations of the water column, the antenna could be lowered. However, the effort of lowering the antenna removes the advantage of the simple application of the land equipment in the water compared to other methods.
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Figure 1. GPR profiles comparing (a) the 400 MHz and (b) the 200 MHz antenna from GSSI using an SIR-4000 registration unit at the measurement location “flooded gravel pit”. The data was processed with t0 correction, bandpass filter, fk-filter, background removal, and trace normalizing. The lake bottom is highlighted in yellow; remarkable noise in the water column is framed in blue. 
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Figure 2. GPR profiles comparing (a) the 400 MHz and (b) 200 MHz antenna from GSSI using an SIR-4000 registration unit at the measurement location “swimming pool”. The data was processed with t0 correction, bandpass filter, fk-filter, background removal, and trace normalizing. The pool bottom is highlighted with a yellow dashed line; steps to the pool are framed blue; a lowered pipe is marked with a red circle. 
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Figure 3. GPR profiles comparing (a) the 400 MHz and (b) the 200 MHz antenna from GSSI using an SIR-4000 registration unit at the measurement location “river”. The two antenna frequencies were used to prospect different sections of the river with varying water depths. The data was processed with t0 correction, bandpass filter, fk-filter, background removal, and trace normalizing. The river bottom is highlighted with a yellow (dashed) line; diffraction hyperbolas are marked with a red circle; multiples are emphasized via green dotted lines. 
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Figure 4. (a,b) GPR profiles using a 400 MHz antenna with an SIR-4000 registration unit at the measurement location “pond”. The data was processed with t0 correction, bandpass filter, fk-filter, background removal, and trace normalizing. The bottom is highlighted with a yellow (dashed) line; diffraction hyperbolas are marked with red circles. Parts with much or no organic material in the water column are emphasized via green and blue frames, respectively. 
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Figure 5. (a) Standard GPR acquisition system that consists of a floating box containing the GPR antenna, which is attached to a catamaran, which in turn is navigated by an inflatable boat using an electric motor. The positioning is realized with a total station. (b) Measurement setup of a 200 MHz antenna in the swimming pool, using a floating box. The position was set by hand each meter, based on rope markers. 
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Figure 6. Schematic drawing of the resolvable areas (horizontal resolution) following from different criteria: 2D/3D survey without migration (1st Fresnel zone, blue), 3D survey after 3D migration (the λ/4 criterion, pink), 2D survey with inline migration only (green). In addition, the footprint estimated from the 3 dB threshold of the inline antenna radiation pattern is shown for water depths > 1 m (red dashed line). 
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Figure 7. Comparison of the measured (yellow bar) and calculated attenuation coefficients (blue and red line) at the measurement location swimming pool (approximately 25 °C) for the 400 MHz and 200 MHz antennas. For the calculated attenuation coefficients, the imaginary part of permittivity is taken into account in one case (blue line) and neglected in the other (red line). 
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Figure 8. (a) Amount of absolute reflection amplitude (summed up from the water surface to just below the lake bottom) at 5 m intervals along the profile at the measurement location “pond”, recorded with a 400 MHz antenna from GSSI. (b) Plot of the reflection coefficient of the lake bottom along the profile. 
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Figure 9. Determination of the maximum penetration depth and its standard deviation (grey shading) for three measurement locations. The maximum penetration depth is defined as the intersection of the exponential fitted curve (grey solid line) through picked amplitude values with depth (colored solid lines) and of the maximum noise level for type 1 and 2 (dotted lines). The “swimming pool” (blue line), “pond” (red line), and “flooded gravel pit” (green line) are distinguished. The standard deviation of the maximum penetration depth is defined as the intersection of the deviation of the fitted exponential curve (dashed lines) and of the respective noise level. A distinction is made between (a) the 400 MHz antenna and (b) the 200 MHz antenna from GSSI. 
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Figure 10. Comparison of the horizontal resolution vs. the water depth based on the footprints of the first Fresnel zone (blue) and of the 3 dB threshold of the antenna radiation pattern (red). Furthermore, the horizontal resolution under field conditions was determined (black dots) and fitted (green) based on the width of migrated diffraction hyperbolas in different water depths. 






Figure 10. Comparison of the horizontal resolution vs. the water depth based on the footprints of the first Fresnel zone (blue) and of the 3 dB threshold of the antenna radiation pattern (red). Furthermore, the horizontal resolution under field conditions was determined (black dots) and fitted (green) based on the width of migrated diffraction hyperbolas in different water depths.



[image: Remotesensing 14 03659 g010]







[image: Remotesensing 14 03659 g011 550] 





Figure 11. Comparison of directivity functions from far-field approximations, -plane, and air–water interface (black line), as well as from the experimental estimate at the measurement locations “pool” (blue line) and “pond” (red line). The 400 MHz antenna from GSSI was used. 
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Figure 12. (a,b) Unmigrated and (c,d) migrated GPR signal (a,c) and envelope (b,d) of steps from the measurement location “swimming pool”. The 400 MHz from GSSI with the registration unit SIR 4000 was used. 
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Figure 13. The physical parameter of relative permittivity (based on the CRIM formula) is shown as a function of the volumetric water content. 
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Figure 14. Absolute values of negative (dashed line) and positive (solid line) GPR reflection coefficients. The reference materials (a) freshwater and (b) water-saturated sand are distinguished. Their material contrast to clay-free rocks of various porosities is shown in the form of lines. In addition, their contrast with various other (in)organic and archaeological materials such as clay, granite, wood, sand, peat, and gyttja is presented as bars. The values are calculated according to Table 2 and Table 3. 
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Table 1. Comparison of water and soil properties and of the measurement setup for the GPR investigations at four different measurement locations: swimming pool, pond, river system, and flooded gravel pit.
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“Flooded Gravel Pit”

 [image: Remotesensing 14 03659 i001]

	
“Swimming Pool”

 [image: Remotesensing 14 03659 i002]

	
“River”

 [image: Remotesensing 14 03659 i003]

	
“Pond”

 [image: Remotesensing 14 03659 i004]






	
Water column

	
Stagnant

	
Stagnant,

	
Flowing

	
Stagnant




	

	
vertical stratified

	

	
organic material




	
Ground

material

	
Gravel

	
Tiles

	
Sand

	
Mud




	
Water depth

	
1.2–5 m

	
0.8–4 m

	
0.2–0.4 m

	
0.6–1.5 m




	
Water resistivity

	
24.9 Ωm

	
11.2 Ωm

	
~17 Ωm

	
Unknown




	
Antenna

	
400 and 200 MHz

	
400 and 200 MHz

	
400 and 200 MHz

	
400 MHz




	
Stacking

	
16

	
16

	
16

	
16




	
Range

	
240 ns

	
120 ns

	
120 ns

	
120 ns




	
Number of samples

	
822

	
411

	
411

	
411




	
dt

	
0.292 ns

	
0.292 ns

	
0.292 ns

	
0.292 ns




	
Average wave velocity (according to diffraction hyperbolas in the water column)

	
3.3 cm/ns

	
3 cm/ns

	
3 cm/ns

	
3.3 cm/ns
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Table 2. Physical parameters of dielectric permittivity and volumetric water content of the reference materials freshwater and saturated sand based on data from [21,43].
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	Material
	Relative Dielectric Permittivity
	Volumetric Water Content (vol%)





	Fresh water
	81 [43]
	-



	Saturated sand
	20 [21]
	45 [43]
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Table 3. Physical parameters of dielectric permittivity and volumetric water content of the reference materials of different target materials. The values are based on data from [16,21,39,43].
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	Material
	Relative Dielectric Permittivity
	Volumetric Water Content (vol%)





	Rock matrix (quartz)
	4.2
	<1



	Clay
	10–40
	50–85



	Peat
	40–60
	70–95



	Gyttja
	60–70
	90–95



	Wood
	20–40
	50–60



	Granite
	8–11
	<2
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Table 4. Comparison of the attenuation coefficients for the measurement locations “flooded gravel pit”, “swimming pool”, and “pond”. They were determined based on field data using Equation (3) and additionally calculated with Equations (4) and (6).
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	Location
	
	α (Equation (3))

400 MHz
	α (Equations (4) and (6))

400 MHz
	α (Equation (3))

200 MHz
	α (Equations (4) and (6))

200 MHz





	Flooded gravel pit
	 [image: Remotesensing 14 03659 i005]
	1.75
	1.9
	2.02
	1.1



	Swimming pool
	 [image: Remotesensing 14 03659 i006]
	2.43
	2.6
	2.42
	2.1



	Pond
	 [image: Remotesensing 14 03659 i007]
	3.71
	-
	-
	-
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Table 5. Comparison of the mean GPR signal/noise ratio type 1 (water ringing) and type 2 (common noise) of processed data at the measurement locations “pond”, “swimming pool”, “river”, and “flooded gravel pit”, and the antenna frequencies 200 and 400 MHz. The values are given in dB (10*log(S/NMean)).
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	Location
	
	S/N Type 1400 MHz
	S/N Ratio Type 2400 MHz
	S/N Ratio Type 1200 MHz
	S/N Ratio Type 2200 MHz





	Flooded gravel pit
	 [image: Remotesensing 14 03659 i008]
	13 dB
	38 dB
	19 dB
	27 dB



	Swimming pool
	 [image: Remotesensing 14 03659 i009]
	17 dB
	38 dB
	20 dB
	35 dB



	River system
	 [image: Remotesensing 14 03659 i010]
	33 dB
	68 dB
	39 dB
	60 dB



	Pond
	 [image: Remotesensing 14 03659 i011]
	33 dB
	
	-
	-










[image: Table] 





Table 6. Comparison of the constant parameter b (impact of the reflection coefficient and the antenna parameters on the depth penetration) and of the attenuation α, as well as of the maximum depth penetration and its standard deviation, for the 200 MHz and 400 MHz antennas from GSSI calculated from GPR profiles at three measurement locations.
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	Location
	
	           l o g  (  s 0   A 0  R )       + α  s 0           
	−α·2
	Max. Depth

Penetration (m)
	Std. of Depth

Penetration (m)





	400 MHz
	
	
	
	
	



	Pond
	 [image: Remotesensing 14 03659 i012]
	10
	−7.4
	1.9
	0.06



	Swimming Pool
	 [image: Remotesensing 14 03659 i013]
	9.3
	−4.8
	2.6
	0.05



	200 MHz
	
	
	
	
	



	Swimming Pool
	 [image: Remotesensing 14 03659 i014]
	11.2
	−4.8
	2.5
	0.06



	Flooded gravel pit
	 [image: Remotesensing 14 03659 i015]
	8.6
	−4
	3.5
	0.18
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Table 7. The suitability of GPR for resolving contrasts between the materials freshwater, sand, clay, peat, gyttja, wood, granite, and brick. Material contrasts of    R  > 0.1   are labeled with a check mark. When it might be that    R  < 0.1  , the checkmarks are parenthesized. Material contrasts of    R  < 0.1   show a cross.
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	Fresh Water
	Sand (Φ = 40%)
	Clay
	Peat
	Gyttja
	Wood
	Granite





	Fresh water
	
	✓
	✓
	(✓)
	✕
	✓
	✓



	Sand
	
	
	(✓)
	✓
	✓
	(✓)
	✓



	Clay
	
	
	
	(✓)
	✓
	(✓)
	(✓)



	Peat
	
	
	
	
	(✓)
	(✓)
	✓



	Gyttja
	
	
	
	
	
	✓
	✓



	Wood
	
	
	
	
	
	
	✓
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