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Abstract

:

The presented 3D seismic system operates three transducers (130 kHz) from a stationary lander and allows non-destructive imaging of small-scale objects within the top decimeters of silty sediments, covering a surface area of 0.2 m2. In laboratory experiments, samples such as shells, stones, and gummy worms of varied sizes (down to approx. 1 cm diameter) could be located in the 3D seismic cube to a depth of more than 20 cm and differentiated by a reflected amplitude intensity and spatial orientation. In addition, simulated bioturbation structures could be imaged. In a practical application, the system allows to determine the abundance of endobenthos and its dynamic in muddy deposits in-situ and thus identify the intensity of local bioturbation.
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1. Introduction


Benthic organisms change the seafloor in diverse ways to adjust it to their habitat demands. They can infiltrate the seafloor to a variable depth and create structures of short-term (e.g., burrows, [1]) and long-term existence (e.g., shell fragments, [2]). Most benthic macrofauna lives in the uppermost 10 cm of the subsurface [3], and active bioturbation is strongest in this depth interval. By reworking the sediment, bioturbation is a key process in exchange processes at the water-sediment interface [4].



The physical sampling of macrofauna is conducted by invasive methods, using various kinds of grabs, dredges, and corers in sedimentary habitats [5,6]. For quantitative macrofaunal analysis, material recovered by grabs is sieved, and most information on the spatial arrangement is lost. For cores, the vertical resolution is controlled by the scaling of potential subsamples, while information on the horizontal arrangement is mostly lost. Further disturbances from before taking a core until transportation to the laboratory and handling there are summarized by [7]. Resin casts and in situ sediment profile imaging can resolve the spatial structure of the endobenthos [8,9]. However, both methods disturb the seafloor habitat and capture only small areas. Extracting sediment and transport to the laboratory is also necessary for X-radiography [10] and CT scans [11,12,13]. Besides invasive sampling methods, imaging techniques are a valuable tool to investigate benthic organisms. Technological improvements in recent years make camera equipment of high-resolution applicable in marine environments [14]. In situ imaging of epibenthos is conducted using video techniques and software for image analysis and classification [15,16]. For endobenthos, optical imaging methods allow only indirect detection, e.g., in the form of burrow casts and pits [17].



Hydroacoustic surveys by multibeam echo sounders and side-scan sonar aim to measure the bathymetry and the backscatter strength of the seafloor [18]. Backscatter maps mostly correlate to abiotic seafloor properties such as sediment grain size [19]. However, recent developments aim to derive biotic parameters from acoustic data [20,21,22,23,24,25]. The backscatter level depends, besides the physical seafloor properties itself, on the incidence angle and frequency of the acoustic wave. It includes scatter at the seafloor-water interface and a volume scatter part as the acoustic wave propagates into the subsurface. Buried objects, including endobenthos, impact volume scatter [2,10]. Besides surface scatter, volume backscatter can become the major contributor to the backscatter strength [26], but hydroacoustic surveys cannot easily detect individual objects contributing to volume scatter. Meanwhile, non-destructive acoustic remote sensing is an actively developing field of research that allows the establishment of time series, e.g., to investigate seasonal changes.



3D reflection seismic systems designed to study the subsurface increased in the resolution during the last decades [27,28]. Now they range from industrial standards with mile-long streamers to small, individual 3D sub-bottom profiling systems with a decimeter resolution. The latter systems are sufficient for the detection of objects in a decimeter scale for special engineering or archeological surveys [29,30,31]. However, even very high-resolution 3D seismic systems cannot resolve the cm-scale structures, e.g., of biological origin. In principle, the detection of buried, cm-sized objects by high-frequency acoustic transducers in the upper decimeters of a sediment substrate is possible. Objects of previous investigations included, e.g., gas bubbles of up to 6 mm diameter down to 6 cm sediment depth targeted at 1.0–2.27 MHz [32], clams and artificial worm tubes targeted at 1.6 MHz along with 2D profiles with a horizontal resolution of 20 mm [33], clams buried in glass beads of different size investigating the effect of grain size on the signal at 1 MHz [34], lotus roots with a diameter of 2.5–3 cm at 100 kHz [35], including seasonal monitoring [36], the effect of artificial burrows and worm tubes on sound speed and attenuation at 100–400 kHz [37], artificial cylinders as a substitute for telecommunications cables targeted with a 75 kHz sweep at sample spacing of 2–5 cm [38], and trawl marks targeted with a parametric array of 40 transducers at 30–300 kHz [39]. If applied to biological and biogeochemical studies, these non-invasive methods minimize the risk of relocating endobenthic structures during measurement, prevent disturbance during transportation, and preserve unstable sediment surfaces. In addition, they allow surveying a larger number of stations, which is important given the high spatial heterogeneity in shallow-water sedimentary settings.



In this proof-of-concept laboratory study, we evaluate if a stationary high frequency 3D seismic system with three 130 kHz acoustic transducers can detect cm-scale structures and bioturbation traces in marine mud.




2. Materials and Methods


2.1. 3D Seismic Lander System


Three identical, uncalibrated transducers (type Benthowave 7652, 15° opening angle at −3 dB) are the basic elements of a newly designed 3D seismic system, which was developed to be installed on a seafloor-lander system (Figure 1). The transducers were mounted with a fixed distance of 15 cm to each other and a grazing angle of 90° to the seafloor. Two programmable step motors move the transducer array. The central control unit, an Intel NUC, controls the position of 2 step motors via an USB-RS232 converter and activates the transducer via relay control. An AD/DA converter records the acoustic signal with a sampling rate of 3 MHz. The system was powered by 2 rechargeable batteries and can be mounted to a lander module or mooring, allowing future field studies. In the laboratory experiments, the transducers were operated at a frequency of 130 kHz, generating a signal form of 2 sine periods. Shot points were located on a square 2.5 mm grid, covering a total surface area of 45 cm × 45 cm. At each shot point, 20 repeated measurements were conducted and later stacked to enhance the signal-to-noise ratio. The signal record length was 1500 μs. A delay of 200 μs was required after signal transmission to switch the transducer into the receiving mode. Measuring the entire volume required 2.5 h, resulting in a data set recorded in SEGY format of 5.91 GB.




2.2. Test Setup


A plastic box with 21 cm thick layer of soft sediments was placed in a plastic tank of ca. 0.6 m3 (dimensions of the tank were 1.2 × 0.8 × 0.65 m) filled with purified water at a temperature of 17.5 °C for the laboratory experiments. The homogeneous sediment, with a median grain size of around 32 µm in the range of silt, was collected by repeated grab sampling from an offshore basin (Mecklenburg Bay, western Baltic Sea) at approximately 20 m water depth in 2018 and sieved through a 2 mm-mesh size to remove coarse components such as living mussels and shell hash that would have interfered with our experiments. The 3D seismic system was mounted on top of the plastic tank. The transducers were placed at a distance of 30 ± 2 cm to the sediment surface (Figure 1). The system designed to run autonomously from a battery pack was contained in a waterproof housing.



Buried objects of assorted size and material were used in the experimental setups. The objects included single, empty seashells (2.7–3.7 cm diameter), stones (1.0–5.5 cm length), and fruit gummy worms (11.5 cm length, 0.7 cm diameter). The form and size of the gummy worms resembled common annelids, e.g., the lugworm Arenicola marina. Gummy worm length extended to approximately 13 cm and diameter to approximately 1.05 cm after contact with water over a time of 3 h, while density decreased from 1 g/cm3 to 0.7 g/cm3. Parameters to describe variations in placement considered during the experiment series included depth below the sediment surface, distance to the next object, vertical overlap of objects, and, in the case of asymmetrical seashells, the orientation of the object. Objects were placed in the inner 30 cm × 30 cm of the measured area. In the case of stones and shells, objects were placed at least one day before measuring to allow the sediment to settle following placement. The measurements involving fruit gummy worms were conducted immediately after the placement to avoid expansion and disintegration. Other setups with no objects included different depths of manual sediment disturbance. Bioturbation of the sediment was simulated either by manual disturbance or by pushing a spatula to various depths into the sediment. In total, we measured 26 different setups over 4 months, during which noticeable compaction of the substrate took place. Sediment resuspension during object exchange with the following deposition outside the sediment box contributed to a decrease in sediment thickness and a slight increase in the distance between transducer and sediment surface.




2.3. Processing


Processing of the seismic data uses functions from the open-source package Seismic Unix [40]. A visualization of the following processing steps is displayed in Figure 2. Processing included the reading of SEGY files, stacking of 20 shots per trace, and cutting the data to 0.68 ms TWT (two-way travel time) in order to remove the box bottom indicated by very high-amplitude reflections. After applying an automatic gain correction to the traces, a deconvolution (Wiener predictive error filtering) with later bandpass filtering (trapezoidal corner frequencies at 60, 90, 140, 280 kHz) was used to improve the vertical resolution and suppress the effect of reverberation. The dataset was imported to MATLAB by using the function of the open-source package SegyMAT [41]. The traces were padded with zeros from the start of recording to 0.2 ms, and trace normalization was applied. Bulk shifting of one transducer’s traces by 2 sample intervals compensated for a small inaccuracy in the construction and ensured the continuous alignment of reflectors. A 3D Stolt migration, assuming a constant sound velocity of 1480 m/s was applied to improve the lateral resolution. Details on the theory and application of the 3D Stolt migration were given by [42]. The theoretical limit of vertical resolution for the experimental setting was 0.28 cm, while the lateral resolution of the seismic data prior to migration was determined by the first Fresnel zone [43], with a radius of ca. 4.1 cm at the sediment surface and decreased after migration of the data. The data cube was exported back to the SEGY format and imported to IHS Kingdom software for visualization.



To measure the reflectivity in a specified zone, the root mean-squared (RMS) amplitude was calculated as the square root of the sum of squared amplitude divided by the number of samples within a specified window. The computation of the RMS amplitude was performed for different time intervals along the traces.





3. Results


All seismic volumes showed a set of strong amplitude reflectors at the sediment surface at about 0.3 m (0.4 ms TWT) below the transducers. Undisturbed sediments showed a continuous, high-amplitude reflector at the sediment surface and a homogeneous, transparent appearance below (Figure 3). In contrast, disturbed sediments showed medium to high-amplitude reflectors at the sediment surface (Figure 3). These reflectors were not continuous. Disrupted low-amplitude reflections were present below the sediment boundary in disturbed sediments. For one experiment setup, distinct parts of the sediment were manually disturbed to different depths. The different disturbance in the sediment was observed in the amplitude data (Figure 3), and vertical conduits existed where the spatula was pushed vertically into the sediment. The conduits were imaged by plots of RMS amplitudes for different time slices (Figure 4e–h). Compared to a largely undisturbed sediment column, the disturbances affected both mean RMS amplitudes and its standard deviations (Table 1).



Objects buried in the sediment appear as a sequence of high-amplitude reflections with sharp lateral limits. Sequences of ellipsoidal reflections reflect the locations of fruit gummy worms (Figure 5), while stones (Figure 6) and shells (Figure 7) have a circular reflection pattern. Stones are recognized by high-amplitude reflections, which are compact and symmetrical. In comparison, the reflection pattern of single shells with the outside facing up have a lower amplitude compared to stones of similar size (an example is shown in Figure 8). Shell reflectors are often asymmetrical.



The reflections of each object occurred over an extended time interval exceeding the object’s size, and a weaker, narrower reflection followed the first reflector sequence. Therefore, it is difficult to measure the vertical extension and orientation of objects (Figure 6 and Figure 7).



The horizontal extension of the reflector sequences was a better indicator of length or diameter of buried objects for relative comparison. At the same time, absolute values still showed wider deviations from the dimensions of stones and shells measured prior to burial. In case of the fruit gummy worms (Figure 5), the lengths of the reflectors, measured linearly between both ends, showed good agreement with the length measured prior to the experiment. However, a coincidental correction of reflector length is possible due to bends of flexible worms, and the worm diameter of 0.8 cm to 1.0 cm was overestimated in the lateral dimension. The directional orientation of six worms buried horizontally in different depths was accurately imaged and can well be observed in RMS plots (Figure 4).




4. Discussion


The identification of individual buried bivalves is of importance as they act as biodiffusors that have a marked impact on biogeochemical fluxes. However, they are typically found at sediment depths of 4 to 10 cm [3] and thus not easily accessible by optical remote sensing techniques. Mussel shells as small as 1 cm, which was the minimum size of tested objects, could be repeatedly detected with the considered setups. This is sufficient to image species of interest such as Arctica islandica, Abra alba, Limecola balthica, Mya arenaria, Cerastoderma glaucum, and Phaxas pellucidus, which have individual sizes of up to 6.5 cm, 2 cm, 2 cm, 4 cm, 2 cm, and 4 cm, respectively [44]. These species frequently occur in the Baltic Sea basins, which form our target investigation site. The sediment in the basins is composed of silt and clay particles with high organic contents [45], corresponding to our test setup. High-amplitude reflections in all measured seismic cubes image the bottom of the sediment box, the tank bottom, and eventually the air below. Therefore, the penetration depth at 130 kHz is greater than the sediment thickness in the laboratory experiment (21 ± 2 cm), which is sufficient for practical application in fine-grained deposits of Baltic Sea basins. The maximum penetration depth for the experimental setup needs further examination in future field studies. In the experiments, object detection was more difficult in the uppermost centimeters (e.g., Figure 4a,e). The inevitable exchange of object between the measurements causes artifacts in the sediment column, such as conduits, water inclusions, and changes in the sediment surface topography, which appear as noise in seismic imaging. The noise level can reach an amplitude strength similar to some objects’ amplitude, and detangling it from the objects of interest remains to be solved.



Next to the direct imaging of endobenthic life, the tracing of bioturbation is of interest. Such activity modifies sediment properties and alters the redistribution of pollutants and biogeochemical fluxes [46]. Burrowing organisms move organic material to the lower part of their burrows and transport oxygen-rich seawater into anoxic zones of the sediment column [3], increasing, for example, oxygen uptake by a factor of 2 [47]. It was not possible to test in the field yet whether bioturbation traces left by the organisms can be detected, and their burrowing mechanisms cannot be reproduced in the laboratory. In nature, bioturbation traces have a wide range of appearances, ranging from U-shaped burrows with 1–2 mm in diameter (Arenicolites) to up to 1 m long, branching structures (Zoophycos) with diameters of up to 20 mm [48]. Imaging the displacement of soft sediments by manually disturbing the substrate and mapping the location of fruit gummy worms with a diameter of less than 1 cm demonstrated that in-situ mapping of some types of bioturbation traces is possible. Again, due to the impact of topography and noise level in the uppermost centimeters of the sediment, simulated bioturbation traces are better visible towards the center and the base of the seismic cube. The fruit gummy worms could be distinguished from sediment disturbance by higher amplitudes, despite a composition similar to water. It cannot be expected that the results will match those of more sophisticated laboratory techniques such as CT scans [13], but the presented method may allow obtaining repeated in-situ measurements of bioturbation intensity that could not be obtained by common sampling techniques. Table 1 and Figure 4 show that simulated bioturbation traces affect both mean RMS amplitudes and the corresponding standard deviations in time slices where they occur when compared to sequences of largely undisturbed sediment. The disturbed sediments (Table 1, Q3) show on average 25.5% higher values for time slices below the sediment surface compared to undisturbed sediments (Table 1, Q1), but only 5% higher values considering the entire sediment column, including the effects caused by the sediment surface. The fact that this impact is measurable implies that it will be possible to determine the local bioturbation intensity based on high-resolution 3D seismic. For future field studies, a better distinction between bioturbation and other objects in the shallow subsurface is required.



The results of this study suggest that the spatial orientation and location of different objects can be distinguished. Regarding the distinction between objects required, e.g., to determine the bioturbation intensity, stones are generally registered with higher amplitudes in the laboratory setting (Figure 8), with approximately double intensity compared to shells of a similar size. However, the impact of shell orientation on the amplitude strength needs to be considered. In the laboratory experiment, the inside of the valve was placed downwards, while living mussels are often oriented upright with their umbo pointing up (e.g., Arctica Astarte, Cerastoderma), while others are orientated horizontally (e.g., Macoma, Abra), and some have a siphon reaching towards the sediment surface (e.g., Mya) [44]. This might change the reflection pattern as the edges of the shell show a different echo due to diffraction effects [49]. The soft body parts of the living mussel, enclosed by the shell valves, represent an additional interface for the acoustic signal to interact with. Living mussels filter the water and emit gaseous nitrous oxide [50], which results in additional material interfaces. These interfaces are likely to affect the reflection patterns, hence a differentiation between shells and living mussels might be possible. The amplitude of fruit gummy worms is generally similar to or lower than the amplitude of the shells, but the distinction is possible based on the geometries of the objects that are recognized in the seismic cubes (Figure 4). Some bright spots in the worm’s amplitude (Figure 4) might trace back to the air enclosed in the fruit gummy or to small gas bubbles attached to their surface, which could remain as the dissolution of the worms required a short time interval between burial and measurement. Based on the shape and amplitude, a distinction between the fruit gummy worms and simulated bioturbation structures is difficult. For the purpose of deriving an index for bioturbation intensity, i.e., a sort of bioturbation potential, a distinction between the organisms and the traces they leave might, however, not be required. Nevertheless, the differentiation between objects and structures as well as the impact of coarser sediments, remain topics for future work [34]. Reverberations and (to a lesser extent) unknown seismic velocities obstruct qualitative measurements of the vertical size of objects. To improve the vertical resolution and reduce the overestimation of vertical object size, higher bandwidth chirp signals are to be used in future field studies [51]. The assumed constant sound velocity for the 3D Stolt migration also limits the accuracy in the horizontal directions. The interpretation of seismic volumes could further be improved using seismic attributes, which have been employed with great success in the geological interpretation of the 3D seismic data, for example, to recognize faults and chimneys. Albeit obviously of a much larger scale, these features are comparable in structure to the traces left by endobenthic life forms [52].




5. Conclusions


A stationary high-frequency seismic system can locate objects down to 1 cm in size buried in the mud in laboratory conditions. Through the ability to resolve objects in the centimeter range and penetration of at least 20 cm in a fine-grained substrate, the system can complement the ground validation of a ship-based acoustic survey. Potential applications also include (but are not limited to) time-series of bioturbation intensity and mussel abundance and complement to the analysis of sediment cores. Further work will focus on field applications, improvement of object differentiation, and the implementation of different waveforms.
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Figure 1. (a) Top-down photography of the test tank. The box filled with the substrate is not visible due to suspension in the water column. (b) The experimental setup consists of three transducers and two-step motors mounted on top of a water tank. The plastic box containing the buried test object is located 30 cm below the transducers and is filled with a 21 cm thick sediment layer. 
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Figure 2. Seismic profile after different processing steps. (a) Raw data cut at TWT (two-way travel time) = 0.885 ms (first 0.2 ms not recorded). In x-direction, a tripartite segmentation due to recording with three transducers is noticeable by differences in water column noise and a small trace shift at x = 15 cm and x = 30 cm. (b) Cutting the traces at TWT= 0.68 ms removes the reflections of the box bottoms. Gain and bandpass filters are applied to the data, and deconvolution attenuates reverberation effects. (c) The initial 0.2 ms of the traces are padded with zeros, and trace normalization is applied. (d) Data following 3D migration. Reflections of three shells are visible, starting at TWT = 0.45 ms. Reflections at x = 13 cm and 21 cm are found at the shell’s center, while the reflection at x = 26 cm is on a shell’s edge. Later figures in this study only show data in the relevant range of TWT = 0.3–0.68 ms. 
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Figure 3. Seismic volume shows the reflections of varying manual disturbances in the soft sediment. Undisturbed sediment (right) is characterized by continuous high-amplitude reflectors at the surface and a transparent appearance below. The reflectors of the sediment surface of disturbed parts (middle and left) show interruptions and variations in amplitude strength. Reflections of disturbed sediment below appear discontinuous, with limits partly sharp, partly fading into transparency with varying strength of amplitude. This pattern ceases below 0.5 ms TWT where only the upper sediment layer was disturbed. To some extent, random reflector fragments appear due to the object exchange from previous experiments. 
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Figure 4. RMS amplitudes are calculated as volume attribute in different depths. (a–d) The data cube (Figure 5) includes six fruit gummy worms at different depths. The section including the entire sediment layer (a) shows the location and orientation of all six objects and the reflection of the sediment surface. Shorter time sections (b–d) allow for a more detailed display of only the two fruit gummy worms in the respective depth. (e–h) The data cube (see also Figure 3) is characterized by disturbances of variable extent in the sediment layer. The RMS amplitude, including the entire sediment column (e) shows little differences between the four quadrants. Shorter sections of increasing depth (f–h) provide a different pattern in the quadrants. Continuously highest amplitudes appear in the lower-left quadrant (Q3), where disturbances affect the entire sediment column. The constant lateral patch of high amplitudes in the upper right quadrant (Q2), marked as conduit, corresponds with the intersection point of the spatula pushes. 
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Figure 5. (a) Seismic volume showing the reflections of fruit gummy worms in 0.45 to 0.65 ms TWT depth. Five of six gummy worms buried during the experiment are visible. The gummy worm to the right is measured along its long axis. Its vertical extension is measured with 0.02 ms TWT (1.5 cm at 1500 m/s water sound velocity) and its length with 40 shot points (10 cm with 2.5 mm shot point distance). (b) Photography of the fruit gummy worms showing the plan view of the configuration they are buried in (the average worm is 11.5 cm in length and 0.7 cm wide). Due to their flexibility, buried worms might show small humps. 
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Figure 6. (a) Seismic volume showing the appearance of six stones in 0.5 to 0.65 ms TWT depth. All stones appear as high-amplitude reflections, with sharp lateral limits. Initially, all stones were placed in approximately the same depth, but heavier stones subsided. (b) Photography of the stones in the schematic configuration they are buried in. The diameters of stones are 1.9 × 1.5 × 0.9 cm and 1.1 × 1.0 × 0.8 cm (upper row), 2.3 × 2.8 × 1.6 cm and 3.2 × 2.2 × 1.0 cm (middle row), 4.7 × 2.5 × 1.8 cm, and 4.9 × 2.5 × 1.7 cm (lower row). 
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Figure 7. (a) Seismic volume showing the reflections of nine shells (of which eight are visible in this section) buried with (center to center) a spacing of 5 cm in 0.42–0.55 ms TWT depth. This setup was left to rest for two months before measuring. The shells appear as high-amplitude reflections below the reflections of the sediment surface. Due to the sharp limits of their reflectors, all shells can be well distinguished. (b) Photography of shells in the schematic configuration they are buried in. All shells are of medium size, with a measured length of 2.7 to 3.4 cm, a width of 2.9 to 3.7 cm, and a height of 1.0 to 1.1 cm. 
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Figure 8. (a) Seismic profile showing the reflections of a shell (with outside facing upward) and a stone of comparable size. Amplitudes of the stone reflections are higher than the reflections of the shell, which appears to be more diffuse. The location of the seismic profile is indicated in (b). (b) RMS amplitudes of the corresponding time range (depth is indicated in (a)), showing a much higher amplitude for the stone than for the shell. The diameter measured in the time slice is 2.5–4.0 cm for the shell (2.9 × 3.2 × 1.0 cm), and 3.0–3.4 cm for the stone (3.2 × 2.2 × 1.0 cm). 
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Table 1. Mean of RMS amplitude (standard deviation) in all quadrants (Q1–4) of RMS amplitude time slices (Figure 4e–h).
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	Time Slice

[ms TWT]
	Q1

(Undisturbed)
	Q2

(Spatula Cross)
	Q3

(Disturbed)
	Q4

(Disturbed < 0.1 ms TWT)





	0.35–0.68
	123.3 (27.7)
	119.5 (32.1)
	129.9 (32.2)
	128.6 (26.0)



	0.45–0.50
	91.5 (27.3)
	100.5 (35.3)
	113.6 (60.3)
	99.9 (27.9)



	0.50–0.55
	70.1 (22.5)
	80.1 (43.4)
	92.3 (44.2)
	67.8 (22.5)



	0.55–0.60
	56.4 (36.0)
	68.2 (61.0)
	84.4 (60.6)
	75.7 (75.5)
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