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Seafloor sediment acoustics is a burgeoning field of marine scientific research. In situ measurement technique is a key technique for investigating sediment acoustic properties. Establishing a correlation between in situ acoustic parameters and physical parameters is of great scientific significance for advancing the theory of seafloor acoustics. This study employed an in situ sediment acoustic measurement system to measure the sound speed and attenuation of various types of sediment, such as sand, silty sand, silty clay, and clayey silt. The results showed that in situ sound speed and attenuation were strongly curvilinear correlated with physical properties, such as wet bulk density, porosity, and mean grain size. Empirical regression relationships between in situ acoustic properties and physical properties were derived. These findings supplement the in situ measurement data of acoustic properties of seafloor sediments, compensate for the lack of an empirical relationship of in situ attenuation in previous studies, and broaden the predicting theory and method of the acoustic properties of seafloor sediments.
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Introduction

Seafloor sediment acoustics is a frontier and hotspot of marine acoustics and marine geology research. In situ measurement of the acoustic properties of seafloor sediment (including sound speed and attenuation) is a key technical approach for investigating marine sediment acoustics. Correlating the acoustic properties and the physical properties of seafloor sediment is of great scientific significance for refining the theory of seafloor acoustics. Since the 1970s, the correlation between the acoustic and physical properties of seafloor sediment has been a focus of seafloor acoustic studies (Chaytor et al., 2022). The empirical equation describing the correlation between acoustic properties and physical properties is akin to constructing a bridge between acoustic parameters and physical properties (Dumke and Berndt, 2019), which can be used to predict acoustic parameters based on physical property parameters and to invert physical parameters from acoustic parameters to classify sediments. Therefore, the correlation between the acoustic and physical properties of seafloor sediment has an important application value in the fields of marine acoustics and marine geophysics.

Generally, the correlation between the acoustic and physical properties of seafloor sediment is mainly constructed through statistical analysis and regression of numerous data. Since the main measurement methods of seafloor acoustic properties include laboratory measurement and in situ measurement, seafloor research on the correlation between acoustic properties and physical properties also includes two main methods that are based on laboratory measurement data and in situ measurement data. In terms of laboratory measurement research, Hamilton (1980) obtained numerous sediment acoustic parameters through laboratory measurement and combined them with the depositional environment. According to the sedimentary environment, empirical equations for the correlation between the sound speed, attenuation, and physical parameters, such as the porosity, density, and grain size of sediments in different types of marine areas, including continental terraces, abyssal plains, and abyssal hills, were established. Orsi and Dunn (1991); Lu et al. (2010); Arthur et al. (2013); Hou et al. (2015); Kim et al. (2018), and Li et al. (2021a) also analyzed laboratory measurement data. The empirical equations for predicting acoustic properties based on physical properties have been established in many marine areas around the world. Among the above series of empirical equations, the empirical equation constructed by Hamilton and Bachman (1982) has usually been used as the main equation for comparison in subsequent studies. Hereafter referred to as the H&B equation, studies have found varying degrees of difference between the Hamilton and Bachman (H&B) equation and other empirical equations. Hamilton (1971) proposed using the sound speed ratio instead of the sound speed under the same conditions to account for the sound speed in seafloor sediment being affected by temperature and pressure. Bachman (1989) further improved the H&B equation by using the sound speed ratio. Hamilton (1972) proposed an empirical correlative curve between acoustic attenuation and physical properties, but due to the difficulty in obtaining an accurate sediment attenuation by the laboratory measurement method, research on the empirical relationship between attenuation and physical properties is still scarce.

With the development of the in situ sediment acoustic measurement system, more in situ data are being used to determine the correlation between the seafloor’s acoustic properties and physical properties. Jackson and Richardson (2007) constructed correlations between the in situ sound speed and in situ attenuation factor with physical properties, which will be referred to as the R&B equation hereinafter. Liu et al. (2013) and Li et al. (2021b) determined the correlation of the in situ sound speed and the in situ sound speed ratio with the physical properties of the seafloor sediment in the South Yellow Sea, respectively. Zhang et al. (2017) also used the in situ measurement method to construct the correlation equation between the in situ sound speed and the physical properties of the Qingdao offshore seafloor sediment. Megan et al. (2019) summarized the literature data and measured the in situ data using the acoustic coring system to construct a fitting formula for the sound speed ratio, porosity, and mean grain size. This analysis indicates that in situ measurement technology has higher accuracy in acquiring the sound speed and attenuation factor, however, research on the correlation between attenuation and physical properties is still scarce. For example, Liu et al. (2013) found that the attenuation and physical properties are relatively disconnected, and no good correlation holds between the two properties. In addition, compared with the laboratory measurement study, the data reported by the in situ measurement study are still relatively scarce, and more in situ measurement data must be supplied to construct a reliable correlation equation.

This study utilized the newly developed Ballast In Situ Sediment Acoustic Measurement System (BISSAMS) to obtain in situ sound speed and attenuation data from 48 seafloor sediment stations in the East China Sea shelf area. Physical properties were measured by collecting sediment samples. An empirical fitting formula was constructed based on the correlation between the in situ attenuation and physical properties, which was then compared with existing empirical relational equations to expand and improve the seafloor sediment acoustic property prediction method system.





Data and methods

The research data was collected during spring and autumn voyages in 2021, funded by the National Natural Science Foundation of China Open Research Cruise (Cruise No. NORC2021-02+NORC2021-301). The data included the in situ sound speed, in situ sound speed ratio, and in situ attenuation, as well as the wet density, porosity, mean grain size, median grain size, sand content, and clay content obtained from sediment samples. Three typical measurement areas (A, B and C in Figure 1) were selected in the East China Sea shelf area, representing silty sand, fine sand, and clay silt, respectively. The water depths of the survey areas ranged from 26-103 m, with area A located in the northern part of the East China Sea shelf (61-74 m), area B in the middle of the East China Sea shelf (76-103 m), and area C close to the coast of Fujian and Zhejiang in mainland China (26-76 m). Each survey area contained sixteen survey stations, for a total of 48 stations, arranged in a 4×4 grid with equal spacing.




Figure 1 | Distribution of the three study areas.



The measurement of seafloor sediment acoustic properties is conducted using BISSAMS, which was previously described in detail in Wang et al. (2018); Li et al. (2019), and Wang et al. (2020). This technology is capable of measuring in situ sound speed and attenuation at a depth of 80 cm below the seafloor, using a 30 kHz central frequency and a 10 MHz sampling frequency. The sound wave signal, which is excited by the transmitting transducer, passes through the sediment and is received by three receiving transducers. To reduce measurement error, the average value of the three channels is used. Figure 2 shows the acoustic signals collected by in situ measurement in three types of sediments. These waveforms demonstrate that, with increasing receiving distance, the acoustic travel time increases approximately linearly, and the acoustic amplitude gradually weakens. Using the same transmitting and receiving parameters, the acoustic signal of coarse-grained sediments is considerably weaker than that of fine-grained sediments. The acoustic signal of the channel indicates that the acoustic wave passing through the coarse-grained sediment has a more substantial energy attenuation phenomenon.




Figure 2 | Acoustic signals collected from different types of sediments (A) silty sand in area A; (B) sandy sediment in area B; (C) silty clay and clayey silt in area C.



The sound speed and attenuation can be calculated by using the travel time difference and amplitude difference of the three-channel received signal. The calculation formula for the seafloor sediment sound speed is as follows:



In this formula, Vp (m/s) is the sound speed of the sediment; Vw (m/s) is the sound speed of the bottom seawater, which is determined by measuring the sound speed profile; d is the distance between the transmitting transducer and different receiving transducers; and tp and tw (s) are the time required for the acoustic waves to reach the three receiving transducers in the sediment and the seawater, respectively. tp and tw were calculated using the cross-correlation method.

The attenuation calculation formula for seafloor sediment is as follows:



where αp (dB/m) is the sediment attenuation; l (m) is the distance from the transmitting transducer to the three receiving transducers; and Ap and Aw are the peak amplitudes of the signals in the sediment and seawater collected by the same channel, respectively.

The ratio of sediment sound speed to the seawater sound speed under the same temperature and pressure conditions is defined as the sound speed ratio R, which is usually considered to remain constant (Hamilton, 1971; Zou et al., 2015). Thus, the measured value of the sediment sound speed can be corrected according to the seawater sound speed under different temperature and pressure conditions. During the measurement, the seawater sound speed profile was measured synchronously at each station, allowing for the accurate determination of the sound speed of seawater near-seafloor in consistency with the sediment temperature and pressure environment. The ratio of sediment sound speed to the seawater sound speed near-seafloor is the sound speed ratio R:



where Vpi is the sound speed of sediments under in situ temperature and pressure conditions on the seafloor and Vwi is the sound speed of seawater measured under in situ temperature and pressure conditions near the seafloor.

After conducting an acoustic test, the physical properties of the sample were measured, including particle composition, mean grain size, bulk density, and water content. The porosity of the sample was then calculated based on the particle density, bulk density, and water content. The ring knife method (inner diameter 6 cm, height 2 cm) was used to measure the sample density, while the drying method was used to measure the water content, which was determined by the ratio of the mass loss of the sample caused by drying to the mass of the sample after drying. The sieving method and the graphical method were employed to classify and name the samples. The three particle size values corresponding to d16, d50, and d84 were averaged as the mean grain size, and the particle size value corresponding to d50 was used as the median grain size. The Shepard taxonomy was used to name and classify the sediments.





Analysis of results

The study area is located in the widely distributed continental shelf region of the East China Sea. The sedimentary type is generally considered to be terrigenous, with the sediments mainly originating from the terrigenous debris of the mainland and surrounding island arcs, such as the Yangtze River. Based on the sampling site and particle size measurement results (Figure 3), the sediment samples in this area include sandy sediments, silty sand, silty clay, and clayey silt; they have no irritating odor, are mainly brownish yellow, and have plasticity, high water content, and a uniform structure. The test results of physical property parameters (Table 1) show that in area A, the wet density of the sediments is 1.84-2.01 g/cm3, with an average value of 1.95 g/cm3, and the porosity is 0.40-0.51, averaging 0.43. Sand content is 22.9-80.5%, averaging 62.83%; silt content is 5.2-56.9%, averaging 21.07%; clay content is 8.1-21.6%, averaging 15.82%; the mean grain size is 3.39-5.80ϕ, averaging 4.39ϕ; and the median grain size is 1.95-5.27ϕ, averaging 3.14ϕ. In area B, the sediment wet density is 1.86-2.02 g/cm3, averaging 1.97 g/cm3; the porosity is 0.38-0.48, averaging 0.41; the sand content is 68.3-89.8%, averaging 78.08%; the silt content is 4.1-19.9%, averaging 12.71%; the clay content is 3.8-15.1%, averaging 9.27%; the mean grain size is 2.18-4.20ϕ, averaging 3.29ϕ; and the median grain size is 1.93-2.97ϕ, averaging 2.60ϕ. In area C, the sediment wet density is 1.53-1.77 g/cm3, averaging 1.66 g/cm3; the porosity is 0.55-0.69, averaging 0.62; the sand content is 0.3-5.3%, averaging 2.03%; the silt content is 40.2-77.0%, averaging 58.96%; the clay content is 19.1-57.0%, averaging 38.96%; the mean grain size is 6.24-8.42ϕ, averaging 7.15ϕ; and the median grain size is 5.43-8.26ϕ, averaging 7.06ϕ. The physical properties of the sediments in the three study areas are quite different. Sediments in area B are mainly sandy sediments, with relatively coarse grain size, high density, and low porosity characteristics; sediments in area C are dominated by clayey silt and silty clay sediments, with relatively fine grain size, low density, and high porosity characteristics; sediments in area A are dominated by silty sand, and their properties are between those of areas B and C.




Figure 3 | Sediment types in the study area (according to the Shepard classification).




Table 1 | Measured results of seafloor sediment acoustic and physical properties.



The seafloor sediment acoustic characteristic test results (Table 1) indicate that the in situ sound speed of sediments in area A ranges from 1544.70 to 1698.92 m/s, averaging 1585.67 m/s; the in situ sound speed ratio, 1.020 to 1.122, averaging 1.047; and the in situ attenuation, 3.80 to 13.68 dB/m, averaging 7.04 dB/m. The in situ sound speed of the sediment in area B ranges from 1566.67 to 1671.97 m/s, averaging 1618.95 m/s; the in situ sound speed ratio, 1.034 to 1.104, averaging 1.069; and the in situ attenuation, 7.04 to 17.65 dB/m, averaging 12.58 dB/m. The in situ sound speed of sediments in area C ranges from 1469.11 to 1523.23 m/s, averaging 1488.88 m/s; the in situ sound speed ratio, 0.969 to 1.005, averaging 0.984; and the in situ attenuation, 0.26 to 1.17 dB/m, averaging 0.79 dB/m. The acoustic properties of the sediments in the three study areas were found to be distinct. The sediments in Area B exhibited high sound speed and high attenuation; those in Area C had low sound speed and low attenuation, while those in Area A had properties that were intermediate between those of Areas B and C. The sound speed ratio of the sediments in Area C was less than 1, indicating low sound speed. This analysis suggests that the compressibility and stiffness of the pore fluid, mineral particles, and mineral skeleton are determinants of sound speed propagation, as sediments with high water content and high porosity have lower stiffness and higher compressibility (Dall'Osto and Tang, 2022). The bulk modulus of the sediment is close to that of seawater, but its higher density results in a lower sound speed than that of seawater, leading to the phenomenon of low sound speed sediments. A good correlation between sound speed and physical properties was observed, providing data support for constructing prediction equations of sound speed and attenuation based on physical properties.





Discussion




Curvilinear correlation between sound speed and the physical properties of sediments

The curvilinear correlation between sound speed and physical properties of seafloor sediment has long been a major component of seafloor sediment acoustics research. Regression analysis of sound speed and physical properties parameters was conducted using the least squares method to establish an empirical model, which can provide an effective means for sound speed prediction and seafloor parameter inversion. In the 1980s, Hamilton and Bachman (1982) sampled numerous sediments and conducted acoustic measurements on them, while also performing statistical analysis with data obtained in the past. Based on the depositional environment of the sediments, they established an empirical relationship between the sound speed and physical properties of sediments from a continental terrace, abyssal plains, and abyssal hills (H&B equation). The empirical relationship between the sound speed ratio and the physical properties of sediments from the continental terrace (for the convenience of subsequent comparison with the measured data in this study) was obtained as follows (Bachman, 1989):







Where ρ is density, n is porosity, and Mz is the mean grain size (ϕ value). Although the H&B equation has been widely used, recent comparative studies on measured data and models in many marine areas have found that this empirical model has limitations in its application (Kim et al., 2011; Li et al., 2021a; Li et al., 2021b).

Richardson and Briggs (2004) established in situ regression equations based on in situ measured data at 38 kHz or 58 kHz using ISSAMS (R&B equation)(Jackson and Richardson, 2007). The equations of the sound speed ratio R versus the wet bulk density ρ, porosity n, and mean grain size Mz are listed as follows:







In this study, the measured data are compared with the H&B equation and the R&B equation to explore the curvilinear correlation between the sound speed ratio and the physical properties of sediments and to construct an empirical fitting formula. Figure 4 shows the sediment sound speed and the correlation between the sound speed ratio and density, porosity, mean grain size, median grain size, sand content, and clay content. Table 2 lists the fitting formulae for sound speed ratio, density, and other physical properties of sediments. Except for the clay content, the sound speed ratio is related to the physical properties. All coefficients are higher than 0.80, indicating high correlations.




Figure 4 | Correlation between the sound speed ratio and the physical properties of sediments. (A. Correlation between the sound speed ratio and the wet bulk density; B. Correlation between the sound speed ratio and the porosity; C. Correlation between the sound speed ratio and the mean grain size; D. Correlation between the sound speed ratio and the median grain size; E. Correlation between the sound speed ratio and the sand content; F. Correlation between the sound speed ratio and the clay content.)




Table 2 | Fitting formula for the curvilinear correlation between the sediments’ sound speed ratio and physical properties.



Saturated seafloor sediment is composed of particles and pore water and exhibits the characteristics of a two-phase medium (Jackson and Richardson, 2007). Wet bulk density and porosity indicate the ratio of particle specific gravity and pore water and the degree of compaction. When a sound wave passes through the sediment, both the particles and pore water transmit the sound wave. Therefore, the sound speed of sediment is closely related to density and porosity. Figures 4A, B demonstrate that the sound speed ratio of sediment increases with increasing density and decreasing porosity. Comparing the measured data and the empirical model reveals that the sound speed ratio of the sediments in the study area is in good agreement with the R&B equation, but is higher than the H&B equation result. This study also found that the sound speed ratio predicted by the H&B equation is usually higher than the measured value. This discrepancy is likely due to the difference between the acoustic measurement technology and the physical property measurement technology (Jackson and Richardson, 2007). Imperfections in the measurement technology and data processing standards of Hamilton and other early works may lead to large errors in the measurement results. With the advancement of technology in the past decade, the empirical formula has been gradually improved based on new measurement data, while Hamilton’s concept of constructing an empirical equation remains essential. This comparison also shows that the measured data in the East China Sea are slightly lower than the predicted result of the R&B equation, with an overall difference of approximately 0.02-0.05 (the contrast between the solid color line and the black dotted line of Figure 5A, B blue). The difference increases with increasing density and decreases with increasing porosity. This comparison result is comparable to that of Li et al. (2021b) in the South Yellow Sea. Similarly, the predicted results in the high density and low porosity intervals have a large difference with the measured data. This difference may be attributed to two causes. One is that the sediment density and porosity are collected in the laboratory after sample collection. During the measurement, disturbances in the sample collection and measurement process can lead to measurement errors in physical properties. Another cause may be related to the R&B equation. The research object includes siliceous deposits and carbonate calcareous deposits. Generally, the porosity of siliceous sediments is believed to be larger than that of calcareous sediments, which may also lead to larger discrepancies between the empirical equations.




Figure 5 | Correlation between the attenuation and the physical properties of sediments. (A. Correlation between the attenuation and the wet bulk density; B. Correlation between the attenuation and the porosity; C. Correlation between the attenuation and the mean grain size; D. Correlation between the attenuation and the median grain size; E. Correlation between the attenuation and the sand content; F. Correlation between the attenuation and the clay content.)



The particle size of seafloor sediment remains unchanged throughout the sampling and testing processes, making it an effective indicator for predicting sound speed and classifying sediments. The sound speed ratio of sediments decreases with increasing mean grain size ϕ value, and a good curvilinear correlation between the sound speed ratio and the mean grain size is observed. The measured sound speed ratio of the sediment is lower than the prediction of the H&B equation (Figure 4C, but closer to the predictions of the R&B equation. This difference is attributed to the simplified properties of the mean grain size itself. In the natural state, seafloor sediment composition is heterogeneous, ranging from gravel to clay, and thus the medium is usually considered homogeneous for simplification, with the average value of a certain particle size component (e.g. mean grain size) used as a parameter for the composition of all sediment particles. Comparisons between medium sand with good sorting, silty clay and clayey silt with poor sorting, and the sandy mud mixture with extremely poor sorting, revealed that sediments with the same mean grain size but different sorting degrees have different sound velocities (Richardson and Briggs, 2004). Therefore, using the mean grain size to predict the sound speed of sediments has certain limitations. The fitting equation between the empirical equation and the measured data essentially maintains a systematic difference of 0.02 throughout the mean grain size range (the contrast between the blue solid line and black dashed line in Figure 5C, which was also confirmed in Li et al. (2021b). The median grain size is also an important indicator of particle size, and a strong correlation between the sound speed ratio and median grain size is observed (Figure 5D). Furthermore, Figures 5E, F show that the sound speed ratio of sediments increases with the sand content and decreases with increasing clay content, with the correlation between the sound speed ratio and the sand content being better than that of the clay content.

Measurements from different periods in the same marine area are more meaningful for comparison. Li et al. (2019) reported in situ sound speed and attenuation measurements in sandy sediments in the East China Sea in 2017, using the same method as this paper. As the in situ measurement equipment was located in the East China Sea shelf area, these published measurements were compared with the measured data and empirical equations in this paper, including in situ sound speed, original in situ attenuation, density, porosity, mean grain size, and other physical property data. The comparison results showed that the measured data for these two periods were in good agreement. The data published in the literature were consistent with the empirical equation constructed in the present study, compared to the H&B equation and R&B equation. Although the measured data collected in these two periods had a slight error, this may have been due to the sample collection process. According to Li et al. (2019), the sample collection process was simultaneous to the in situ measurement process. The in situ measurement system was used to collect sediment samples for laboratory measurement. This study collected the sediment samples using a sediment sampler after in situ acoustic measurement was performed. The sediments studied through in situ acoustic measurement and the sediments in the sample collection may have had a slight error, which may have caused the error in the results of the two measurement experiments.

To further confirm the application of these correlations in other sea areas, sediment acoustic data or correlation results have been collected. Figure 4A shown the correlation result established in Li et al. (2021b) in South Yellow Sea (Orange solid line) and the measured data published by Bae et al. (2014) (Red ∗points). Both the correlation line of Li et al. (2021b) and the data of Bae et al. (2014) match well to the empirical equation in this study. Therefore, the general application of the correlations established in this study to analyze seafloor sediments in other sea areas was further confirmed.





Curvilinear correlation between sediment attenuation characteristics and physical properties

Relative to the sound speed of sediments, research results on the correlation between the attenuation characteristics of sediments and physical properties are scarce. Since the attenuation characteristics are closely related to the measurement frequency, to compare the data and research results obtained by different frequency measurement techniques, Hamilton (1972) consistently maintained that attenuation in sediments obeys a frequency dependence of f1 with an attenuation factor k. In addition to the relationship between attenuation characteristics and physical properties reported by Hamilton (1972); Richardson and Briggs (2004) gave the exact regression fitting equations of the in situ acoustic attenuation characteristics and physical properties. The equations for the attenuation factor k (dB·m−1·kHz−1) versus the wet bulk density ρ, porosity n, and mean grain size Mz are listed as follows:







Equations (10) to (12) show that although the empirical regression formulas of the attenuation factor and density, porosity, and mean grain size are reported in the literature, their correlation coefficients are lower than 0.5, indicating a low correlation.

Figure 5 illustrates the curvilinear correlation between the sediment attenuation factor and porosity, mean grain size, median grain size, sand content, and clay content. Table 3 presents the fitting formulas between the sediment attenuation characteristics and physical properties such as density, excluding clay content. The correlation coefficients between the attenuation factor and the physical properties were higher than 0.80, indicating strong correlations. The correlation between the attenuation characteristics and the physical properties of sediments was significantly improved compared to the R&B equation. Previous research reports have found that the correlation between the acoustic attenuation characteristics of sediments and the physical properties is poor or relatively discrete, with no obvious correlation trend (Liu et al., 2013). This is likely due to the inconsistency of the measurement frequencies used by different studies, as the measured attenuation includes intrinsic attenuation and volume scattering from large particles or larger inhomogeneous bodies. For example, Jackson and Richardson (2007) summarized numerous studies and constructed the correlation of the attenuation factor with porosity and mean grain size using mainly laboratory measurement data at 400 kHz. The results indicated that the correlation coefficients of the regression fitting formula were only 0.10 and 0.19, respectively. Hamilton (1980) compiled different measurement data, including high-frequency laboratory measurement data and low-frequency in situ measurement data. The inconsistency of the attenuation measurement frequency may have caused the low correlation between the attenuation factor and the physical properties. Especially for high-frequency measurements at several hundred kHz, the mechanism of attenuation depends not only on physical properties such as pores and particles but also on the microstructure and inhomogeneity of the sediment medium. Therefore, the fitting formula constructed from high frequency attenuation characteristics and physical properties is generally considered to have no predictive value.


Table 3 | Fitting formula for the curvilinear correlation between the attenuation characteristics and physical properties.



The in situ measurement data used in this study, collected at a frequency of 30 kHz, covered various sediment types with high accuracy. This data was generally considered to be the inherent attenuation of sediments, making the empirical fitting formula of attenuation–physical properties of research importance. The R&B equation, which also uses the in situ measurement data, is consistent with the results of this study, showing an increase in density and particle size, a decrease in porosity, and a gradual increase in sediment acoustic attenuation (Richardson and Briggs, 2004). This trend contradicts the conclusion of Hamilton (1972), who argued that acoustic attenuation is smaller in coarse sand and clay sediments and higher in fine sand and silt sediments. It also suggests that these studies’ conclusions are different depending on the attenuation measurement method. As analyzed above, the main reason for these differences is that the attenuation characteristics are highly dependent on the measurement frequency (Yang and Tang, 2017). Therefore, the fitting formula of attenuation and physical properties can only provide approximate empirical values, which should be used in conjunction with actual measurements.

In contrast to the R&B equation, the two fitting formulas demonstrate higher consistency in the prediction results for high density, low porosity, and coarse particle intervals. Li et al. (2019) provide an example of this. In the case of low wet bulk density, high porosity, and fine particle intervals, the attenuation characteristics measured in this study are lower than those predicted by the R&B equation. This can be attributed to the different sediment types used in the two studies. Richardson and Briggs (2004) studied two types of siliceous sediments and two types of calcareous sediments, which are generally believed to have relatively low density and high porosity, resulting in relatively high attenuation values when particle sizes are similar. This attribute may explain the deviation of the prediction results of the fitting formula from the measured results of siliceous sediments.

Additionally, the types of sediment covered in this study area are more varied, particularly in the low and high bulk density ranges, as described in this section. The porosity and fine particle intervals have more measurement samples than Richardson and Briggs (2004) in this physical property range, which may account for the difference between the two fitting formulas. Furthermore, this study also constructed a correlation between the sediment attenuation factor and physical properties such as median grain size, sand content, and clay content, which has a high correlation coefficient; this result also explains why the attenuation fitting formula constructed in this study has higher reliability than previous study.





The prediction accuracy of empirical equations

In order to verify the accuracy of empirical equations, we compared the measured values with the predicted values of the empirical equations and calculated the errors using the following equation:

	

Here the predicted values are predicted by the empirical equations, the measured values are the measured sound speed ratios and attenuation factors. The error calculating results are listed in Tables 4, 5. For sound speed ratio, the empirical equations established in this study have smaller errors, the average error of these equations range from 0.98% to 1.68%, and the standard deviation range from 0.78% to 1.32%. The empirical equation of clay content has the maximum error among these equations of different physical properties, which is consistent with the comparison results of correlation coefficients R2. For attenuation factor, the prediction error was larger than that of sound speed ratio. The average errors of the predicted values range from 23.03% to 38.38%, and the standard deviations range from 15.38% to 22.72%. The empirical equation of clay content also has the maximum error. The attenuation factor has relatively larger range value, which may be the main cause of the larger error for attenuation factor prediction. The actual average difference of predicted value to measured value was 0.042 dB·m−1·kHz−1, and the standard deviation was 0.077 dB·m−1·kHz−1. Compared with the sound speed ratio ranging from 0.95 to 1.10, the attenuation factor has the relatively larger range value, ranging approximately from 0 to 0.60 dB·m−1·kHz−1. In this event, it is possible that the empirical equation for attenuation have relatively larger prediction error. As mentioned above, the sound speed ratio can be predicted by these empirical equations well, while only the approximate empirical attenuation factor can be predicted by these empirical equations.


Table 4 | Error comparison of empirical equations for sound speed ratio.




Table 5 | Error comparison of empirical equations for attenuation factor.








Conclusion

In this study, the in situ sound speed and in situ acoustic attenuation factor of various types of seafloor sediments in the East China Sea were obtained using in situ measurement technology, and curvilinear correlations of the in situ sound speed ratio and in situ acoustic attenuation factor with density, porosity, mean grain size, median grain size, sand content, and clay content were constructed. This study’s conclusions are as follows:

(1) The empirical formulas of sound speed constructed in this study have a high correlation. Except for clay content, the correlation coefficients between sound speed and other physical properties are higher than 0.80. The sound speed fitting formula is close to the R&B equation and has a large deviation from the H&B equation. This difference is attributed to the difference in the measurement technology for acoustic properties, the measurement process for physical properties such as density and porosity, which may be affected by a disturbance of sample collection and transportation, and the difference in the research objects, with the calcareous sediment data possibly contributing to the local difference between the R&B equation and the empirical formula of this study.

(2) Additionally, a highly correlated attenuation characteristic empirical formula was constructed. The correlation coefficients between the attenuation factor and the main physical properties except clay content were higher than 0.85. This study believed that the attenuation was highly dependent on the measurement frequency; this dependence may be an important reason for the poor correlation between attenuation and physical properties in previous studies. Compared with the R&B equation constructed with the in situ measurement data, the two fitting curves have similar trends. The fitting formula substantially improves the curvilinear correlation between attenuation and physical properties and the high correlation between attenuation and six physical properties at the same time, as well as the verification of the measured data in the literature, demonstrating that the formula has high reliability. Though the attenuation empirical equations have high correlation, they should be used in conjunction with actual measurements, such as the measurement frequency, etc.
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