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ABSTRACT 

Acoustic in-situ sound speeds and attenuation were measured on the Eel River shelf, 

CA, with the Acoustic Lance between 5 and 15 kHz to 2.0 meters below seafloor (mbsf). 

A comparison with laboratory ultrasonic geoacoustic data obtained at 400 kHz on cored 

sediments showed faster in-situ and ultrasonic sound speeds in coarse-grained deposits 

in water depths to 60 m than in fine-grained deposits below that contour line. Ultrasonic 

attenuation was often greater than in-situ values and remained almost constant below 

0.4 mbsf in these heterogeneous deposits. In-situ attenuation decreased with depth. 

These observations partly agree with results from other field studies, and with theoretical 

models that incorporate intergranular friction and dispersion from viscosity as main 

controls on acoustic wave propagation in marine sediments. Deviations among in-situ 

and laboratory acoustic data from the Eel Margin with theoretical studies were linked 

to scattering effects. Acoustic Lance was also deployed in homogeneous, fine-grained 

sediments on the inner shelf of SE Korea, where free gas was identified in late-September, 

but not in mid-September 1999. Free gas was evidenced by an abrupt decrease of in

situ sound speed and by characteristic changes in acoustic waveforms. These results 

suggest the presence of a gassy sediment layer as shallow as 2 mbsf along the 70 m 

bathymetry line, and was attributed to a variable abundance of free gas on short-term 

and/or small-regional scales on the SE Korea shelf. 

Bulk density variations in marine sediments obtained along the Walvis Ridge/Basin, 

SW Africa, at Ocean Drilling Program (ODP) Sites 1081 to 1084 were spectral-analyzed 

to compute high-resolution sedimentation rates (SRs) in both the time-and age domains 
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by correctly identifying Milankovitch cycles (MCs) . SRs for the ODP sites yielded age

depth models that often correlate positively with biostratigraphic data and with organic 

mass accumulation rates (MAR C0 r 9 ), a proxy for productivity, and negatively with 

Sea Surface Temperatures (SSTs), a proxy for wind strength. These results suggest 

that strong amplitudes of all main MCs existed for periods of high SRs and high MAR 

Carg and low SSTs, indicating a positive link between wind stress, upwelling vigor, 

productivity and insolation patterns in this area. 
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Chapter 1 

INTRODUCTION 

The acoustic behavior of marine sediments, which cover the upper lOO's or lOOO's of 

meters of the seafioor at certain world ocean regions, has attracted underwater acous

ticians and marine geophysicists since the early days of marine oil and gas exploration, 

ocean engineering and naval warfare. Detailed knowledge about the properties of ma

rine sediments is essential for the remote sensing of the seafioor and its subbottom, and 

may influence whether side-scan sonar, seismic, Vertical Seismic Profiling (VSP) or other 

technologies should be applied for a particular survey effort. 

With the advance of acoustic tools for the marine environment, their applications 

in the civil and naval realm have changed over time. Initially, high-frequency sonar 

instruments were utilized to detect buried objects in or lying on the seafioor. Later, 

the study of acoustic properties of seabed sediments shifted from high to medium and 

low-frequency equipment (Kibblewhite, 1989). An increasing number of experiments and 

instruments have been designed for marine oil and gas exploration, for commercial side-
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Figure 1.1: A diagram of the Acoustic Lance as it was typically used for in-situ exper-

iments on the Eel River Shelf, CA, and on the inner shelf of SE Korea. The acoustic 

components are attached to a standard core barrel of a certain length. 

scan sonar operations in cable laying surveys, and for fundamental scientific research in 

very remote locales, such as the Arctic Ocean (Edwards et al., 2001). 

In the first part of this dissertation geoacoustic data, namely sound speed and atten-

uation of compressional body waves, are presented that were obtained in heterogeneous 
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sediment deposits on the Eel River shelf, CA, and in mostly homogeneous, fine-grained 

sediments on the inner shelf of SE Korea (Chapters 3, 4) . The data were collected with 

the Acoustic Lance (Figure 1.1), an in-situ sound speed logging tool that was developed 

at the University of Hawai'i in the early 1990, and has been successfully deployed in deep 

and shallow water environments around the world (Fu et al., 1996a, 1996b; Wilkens and 

Richardson, 1998; Frazer et al., 1999). Our acoustic experiments were supported by the 

US Navy as part of the Coastal Benthic Boundary Layer (CBBL) program (Richardson 

and Bryant, 1996), and by the Korean Department of Energy (Kim et al., 2000). Both 

studies reflect the interest in seabed acoustic experiments among underwater acousticians 

and other research groups to advance the prediction of static and dynamic behavior of 

marine sediments. 

Our research on acoustic parameters (sound speed and attenuation) contribute to 

the current debate concerning the acoustic behavior of marine sediments. This discussion 

has prevailed since WWII, and focuses on the identification of prime mechanisms that 

control sound speed and attenuation over a wide range of applied frequencies. Until now, 

no study has conclusively proven whether these parameters exhibit a dependence on fre

quency (dispersion) due to the role of viscosity on absorption (Biot, 1956a, 1956b; Stoll, 

1989) , or whether non-dispersive friction between grains represents the main control on 

acoustic wave attenuation (Hamilton, 1972; Kibblewhite, 1989). 

In addition, possible relationships between acoustic and physical properties of seabed 

sediments are frequently investigated to seek robust predictive measures of seafloor sta

bility and structure {Hamilton, 1976; Digby, 1981; Stoll, 1989; Prasad and Meissner, 
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1992). Although multiple attempts are underway to model and quantify the acoustic 

and physical behavior of marine sediments, a complete and accurate description of these 

natural poro-viscoelastic and granular materials still does not exist (e.g., Ogushwitz, 

1985). A common assumption in most models is that the medium is homogeneous and 

isotropic, a condition that is rarely found in the field. Additionally, a full suite of physical 

parameters - as many as 13 are required for the Biot model (Biot, 1956a, 1956b; Stoll, 

1989) - is nearly impossible to measure. 

Therefore, studies of marine sediments that we conducted on the Eel margin, CA, 

and along the inner shelf of SE Korea, contribute to fill the gap between theoretical 

models, which simplify the real world, and acoustic records obtained in various marine 

environments. Seabed experiments that we performed aim to provide a more represen

tative image of the combined effect of the surrounding environment because in-situ data 

may not be affected as severely by measurement procedures, such as dewatering, ex

pansion of gas during core retrieval, or the formation of microcracks, compared to data 

obtained in the laboratory. 

In Chapter 2, some basic results of theoretical models are presented to show how 

the physical and acoustic behavior of marine sediments is influenced by measurements 

performed over a broad frequency band and in different seafloor depths (Biot, 1956a, 

1956b; Digby, 1981; Prasad and Meissner, 1992). In Chapter 3, in-situ and laboratory 

sound speed data are discussed as a function of sub-seafloor depth that were obtained 

on the hydrographically and tectonically dynamic Eel River shelf, CA, in water depths 

between 60 and 100 m. Unfortunately our data set was too incomplete to attempt 
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a rigorous modeling of acoustic properties according to the Digby or the Biot theory, 

although some agreement existed between our data and trends forecasted by those sed

iment models. Where a disagreement was observed scattering might have overprinted 

our acoustic and ultrasonic data. In particular, stratigraphic scattering (Frazer, 1994) 

may have increased in-situ attenuation in fine-grained sediments to values that, in gen

eral, disagree with conclusions drawn from Hamilton's vast data set and from Biot's 

theroretical predictions. Stratigraphic scattering on the Eel Margin might have occurred 

because of the existence of pronounced flood deposits on the mid-shelf below 60 meter 

of water depth. Backscattering of ultrasonic sound waves at sediment inhomogeneities 

might have affected both laboratory sound speeds and attenuation (Richardson et al., 

1987). This research work will be published in a Special Issue of Marine Geology (in 

press). 

In contrast to the heterogeneous deposits found on the Eel River shelf, fine-grained, 

mostly homogeneous sediments dominate the inner shelf of SE Korea where hydrographic 

and bio-chemical conditions enhance the formation of free gas bubbles in the sediments. 

Two in-situ acoustic experiments were performed in water depths between 30 and 160 

meter, revealing fluctuations in the presence of a gassy sediment layer during the short 

time interval between Mid-and late-September 1999 (Chapter 4). In-situ sound speeds 

in gas-free sediments varied with sub-seafloor depths in the range of values observed 

on the Eel margin, CA. In contrast, they abruptly decreased when measured in gassy 

zones, while characteristic changes in the full waveform and alterations in the peak 

spectral amplitudes of Acoustic Lance signals occurred. Correspondingly, attenuation of 
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Acoustic Lance signals in gassy sediments was very high, and was found at sites where 

acoustic turbidity ("acoustic masking") had been previously observed in surveys using 

a chirp sounder. Results from this research effort will be published in Continental Shelf 

Research (in prep.). 

The second part of the dissertion is dedicated to paleoceanographic studies that were 

conducted along the SW African coast during Ocean Drilling Program (ODP) Leg 175. 

This area is charcaterized by significant upwelling associated with the Benguela Current 

System (BCS) since the Late Miocene (Berger, Wefer, Richter et al., 1999). Upwelling 

vigor across the Walvis Ridge/Basin has been linked to wind strength that is controlled 

by variations in the insolation rate on the Earth's surface. Insolation rate variability, 

also called orbital climate forcing, has long been accepted as a main factor in modifying 

physical properties of marine sediments and oxygen isotope profiles in a cyclic pattern 

(Shackleton, 1987; Jansen et al., 1991; Berger, Kroenke, Mayer, et al., 1993; de Boer 

and Smith, 1994; Cooper, 1995; Kronen, 1998). The study of cyclic variability in marine 

sediments has enhanced our knowledge of glacio-eustatic and tectonic processes over time 

(Diester-Haass et al., 1992; Wright and Miller, 1993; Clark et al., 1999; Krijgsmann et 

al., 1999). 

The nature of Milankovitch cyclicity in hemipelagic sediments drilled at ODP Sites 

1081 to 1084 off SW Africa is investigated in form of variations in wireline and gamma

ray attenuation (GRA) bulk density (Boyce, 1976; Gerland and Villanger, 1995). Such 

data provide, in general, high-resolution records over long intervals that are quickly 

obtained and cost effective. The increased sampling rate of log and GRA bulk density 
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data obtained at our sites yield SR records of greater detail than those obtained from 

biostratigraphic data anlyses. Milankovitch cyclicity is derived from spectral analyses 

of borehole and GRA data at our sites, which enabled the calculation of a detailed 

sedimentation rate (SR) history for this study area. From SR variations, changes in 

regional productivity rates are inferred for the past 6.0 m.y., and compared with other 

paleo-proxies, such as Sea Surface Temperatures (SSTs) and organic mass accumulation 

rates (MAR Cor9 ) from ODP Site 1084 (Lange et al., 1999; Marlow et al., 2000). 

Results from this study reveal characteristic spectral amplitudes in bulk density 

records that are attributed to orbital forcing in the waveband of the Milankovitch pe

riods (eccentricity: 100 k.y.; obliquity: 41 k.y.; precession: 19 to 23 k.y.) (Gorgas et 

al., 2001; Gorgas and Wilkens, in press) . It has been suggested that variations in bulk 

density that are commonly observed in geophysical logs may be due to changes in the 

microstructure of the sediment, thereby influencing physical properties such as poros

ity, grain size distribution, and type of grain contacts of the sediment (Kronen, 1998). 

Hemipelagic clays and oozes at ODP Sites 1081 to 1084 are composed of a varying abun

dance of diatoms, foraminifers, radiolarians, and nannofossils (Wefer, Berger, Richter et 

al., 1998), and the abundance of large foraminifers relative to fine-grained nannofossil 

ooze can be linked to bioproductivity and dissolution (Berger and Mayer, 1987; Mayers, 

1992), and to diagenetic processes (Wilkens and Handyside, 1985) . It is possible that a 

variable abundance of calcareous foraminifers, which maintain intratest porosity to great 

depths, strongly influences the local variability in bulk density, and therefore rhythmic 

variations in sediment deposits along the BCS. 
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Chapter 2 

SEDIMENT PHYSICS: 

THEORETICAL MODELS 

Marine sediments result from the deposition of granular terrigeneous and biological 

material at the seafloor. Seabed sediments have been modeled as two-or-three-phase 

composite materials (solid-fluid-gas) to explain their physical and acoustic behavior 

(Biot, 1956a, 1956b; Hamilton, 1972; Kuster and Toksoz, 1974; Anderson and Hamp

ton, 1980a, 1980b; Digby, 1981; Stoll, 1989). All these models are based on limiting 

assumptions, such as homogeneity, or isotropy, and often require numerous model pa

rameters that are difficult to measure in the field or in the laboratory (e.g., permeability). 

Therefore, a discrepancy between theoretical models and data from experiments may be 

almost expected. However, these models represent a viable tool to identify trends in field 

data to delineate certain mechanisms that possibly control both acoustic and physical 

behavior of marine sediments. 
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In the following sections, the main results of some standard sediment acoustic models 

are presented. These models form the foundation for more recent and advanced models. 

In particular, the Biot and Digby models are highlighted because they relate most directly 

to field and laboratory studies that were performed on heterogeneous marine sediments 

on the Eel River Shelf, CA, and on fine-grained, partly gas-bearing sediments on the 

inner shelf of SE Korea (Chapters 3 and 4). 

Theoretical results derived from the Biot model that are presented in this chapter 

are based on the BASIC computer code by Stoll (1977; 1989), and follow the formalism 

by Yamamoto and Turgut (1988). Similarly to the Biot code, Digby's model (Digby , 

1981), and some modifications described by Prasad and Meissner (1992) were translated 

into both MATLAB (THE MATHWORKS, Inc.©) and IGOR Pro (WAVEMETRics©), 

two standard software packages that are commonly used for computations in the field 

of Earth sciences and engineering. 

2.1 BIOT MODEL 

Biot defines poro-visocelastic media such that: 1) the densities of solid and fluid compo

nents are similar (no gas phase included); 2) the porous matrix is a 100 % saturated; 3) 

tubular walls are not connected and not porous so that fluid does not flow through their 

surface; 4) the medium is isotropic and homogeneous; 5) Darcy's Law is valid, which 

means that a fluid volume passing a unit-area per time-unit is proportional to the pore 

pressure gradient: 
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A B 

Figure 2.1: Fluid flow as modeled with the Biot theory takes place in tubes that are not 

interconnected, with a viscous drag occurring between the pore fluid and the solid matrix 

component of the sediment composite {side-view: PANEL A; front-view: PANEL B). The 

fluid flow is of Poiseuille 's type in accord with Darcy's Law. 

L - ~ 8p - , with i = 1, 2, 3; 
T/ axi 

(2.1) 

where k is the matrix permeability, and rJ is the dynamic viscosity; 6) Poiseuille's 

Law is valid, with a laminar fluid flow in a linear tube of length l, maximum velocity in 

the center of the tube, and vanishing toward the wall of the tube: 

(2.2) 

Biot's theory about the physical behavior of marine sediments yields to equations 

for both compressional and shear waves that propagate through a medium as described 

above (Biot, 1956a; 1956b) (Figure 2.1). 
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Biot modified Hooke's Law of elasticity by introducing various dissipation mecha-

nisms that control acoustic wave propagation in marine sediments. By defining the rel-

ative motion between matrix and fluid, Biot derived wave equations of a compressional 

(P)-deformation and of a shear (S)-deformation that were readily adopted by numerous 

researchers, most notably by Stoll (1989) and by Yamamoto and Turgut (1988). 

The key point of the Biot theory is the introduction of a frequency-dependent com-

plex viscocity function F(y;,) to account for an increasing resistance of viscous flow due 

to the relative motion between fluid and matrix with increasing frequency. 

1 y;, T(y;,) 
-
4 1 - 2T ( /'i,) I'/, /'i, ' 

(2.3) 

denoting T(y;,) with: 

(2.4) 

The functions ber(y;,) and bei(y;,) and their corresponding derivatives are defined as 

the ~e-and !Sm-parts of the Kelvin function (Biot , 1956b) : 

(2.5) 

(2.6) 

For frequencies approaching zero, F(y;,) = 1, "' can be written as: 
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LOG Frequency (Hz) 

Figure 2.2: Biot's Kelvin function primarily controls viscoelastic dissipation. 

(2.7) 

where ap represents a parameter for the size and length of the pores, w is the an-

gular frequency, and Pt is the density of the fluid . The dynamic viscosity in both wave 

equations is replaced with a frequency-dependent viscosity "1*: 

(2.8) 

Yamamoto and Turgut (1988) modified Biot's original viscosity correction F(K) by 

incorporating a permeability ks and porosity /3 as a function of the mean grain size ¢, 

and of its characteristic standard deviation a(¢). According to Yamamoto and Turgut 

(1988) mean grain size ¢can be linked to an infinite number of pore size distributions: 
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Figure 2.3: Biot 's compressional wave velocity dispersion as a function of frequency (A), 

governed by an infinite number of pore size distributions (B). 

({3/8) exp[ 2 (a ln2)2 + lnT2<i>] 

The modifed viscosity correction is then written as: 

F(w) ks f0
00 r-1e(r)T(w, r)dr 

µ{3 J0
00 e(r)Uave(w, r)dr 

(2.9) 

(2.10) 

where T(w, r) is a function of the effective pressure gradient in a capillary tube, and 

Uave(w,r) represents the average velocity regime within the duct. Both ~e-and 'Sm-part 

of the Kelvin function (Stoll, 1989) are depicted in Figure 2.2. A set of corresponding 

compressional wave dispersion curves as a function of various pore size distributions 

is shown in Figure 2.3 (Yamamoto and Turgut, 1988). Inserted are various pore size 
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Figure 2.4: Dispersion of compressional wave attenuation versus mean grain size cf> for 

a frequency band between 3 and 100 kHz. The width and location of characteristic atten-

uation peaks, as theoretically predicted by Yamamoto and Turgut's Biot model {1988}, 

highlight the relationship between the standard deviation of arbitrary mean grain size-and 

pore-size distributions. Their dispersive attenuation curves agree well with a vast data 

set of Hamilton {1912} who relies on non-dispersive friction between grains as the main 

control on absorption mechanism of acoustic sound waves. 
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distributions as a function of respective standard deviations O' of the mean-grain size ¢. 

Results of Yamamoto and Turgut (1988) modeling agreed well with a vast data set 

obtained by Hamilton (1972) in various sediment environments between 3.5 and 100 kHz. 

According to Yamamoto and Turgut (1988) scattering might dominate attenuation out

side that frequency band. In contrast, Hamilton negated a significant role of viscoelastic 

dissipation, but relied on friction between individual grains as the prime control on sound 

wave attenuation. Both model and data curves are shown in Fig 2.4 as a function of 

mean grain size ¢. 

Some acoustic attenuation data that were collected for this dissertation in hetero

geneous sediments on the Eel River shelf, CA, corresponded well with both Hamilton's 

data (1972) and Yamamoto and Turgut's model curves (1988). However, often a dis

agreement existed between both our data and the Biot model predictions by Yamamoto 

and Turgut (Fig 2.4), a result that was attributed to stratigraphic scattering (Frazer, 

1994) and backscattering (Richardson and Briggs, 1997) (Chapter 3, this dissertation). 

2.1.1 ACOUSTIC ATTENUATION AND SEISMIC Q FACTOR: 

RELEVANCE FOR THE EEL RIVER STUDY 

DEFINITION OF THE SEISMIC QUALITY FACTOR Q 

The Quality Factor Q was originally defined by Knopoff and McDonald (1958) as the 

inverse of absorption of electrical energy in electrical LC R-circuits. Q is inversely pro-
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portional to attenuation, and represents the ratio of maximum energy that is stored and 

lost during one period of a sinusoidal deformation. After Futtermann (1962), Q can be 

formulated as follows: 

{2.11) 

2.1.2 SPECTRAL RATIO METHOD 

A common technique to calculate Seismic Q is called Spectral Ratio (Tonn, 1989). This 

method is based on the assumption that Q is constant over a broad frequency band. The 

Spectral Ratio method was applied on Acoustic Lance signals {Figure 1.1) obtained on 

the Eel River shelf, CA {Chapter 3, this dissertation). The reliability of this technique 

was advanced by Frazer et al. {1999) by applying Bayesian inverse theory, and will be 

outlined in the following sections in accordance with Fu {1998). 

The physical interpretation of attenuation A '.::::'. 1/Q is regarded to be proportional 

to 1/Tr times the fractional loss in amplitude per cycle. A plane wave propagates accord-

ingly to exp[i 2 7r f x/c], in which f is the instantaneous frequency, x the propagated 

distance and c the phase velocity. The wave amplitude decays exponentially over the 

distance x at a rate exp( -a x), with a = 7r f A/ c. A is split into the ~e-and ~m-parts of 

1/c. Attenuation A is considered to be constant. The attenuation coefficient, a, is often 

regarded to be proportional to the first power of frequency, and reported as kp, an at-

tenuation coefficient normalized to the main frequency content of the signals (Hamilton, 

1972, Yamamoto and Turgut, 1988; Chapter 3, this dissertation): 
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(2.12) 

Attenuation as measured from Lance data constitutes effective attenuation, which 

comprises both intrinsic and scattering attenuation: 

{2.13) 

In order to compute attenuation from Acoustic Lance data (Figure 1.lB, C) we 

assume that our signal at the receiver depth z has a spectrum, such as: 

1 !oz dz S(w, z) = H(w) - exp[iw -( ) ]. 
z 0 c z 

{2.14) 

w = 27r f is the angular frequency. H denotes the spectral transfer function of the 

system, which consists of an acoustic source and several receiving transducer elements. 

l/z reflects the geometrical spreading rate for spherical waves, while c{z) is the sound 

speed profile. Sound slowness is of the form: 

~ = _.!:_{l + iA), 
C Cr 2 

{2.15) 

in which 1/cr is the Re part of 1/c. From the expression for Sit follows that the 

ratio of signal spectra Si and Sj from receivers at respective depths Zi and Zj is: 

Sj Hj Zi w - = - - exp(i wT;,1· - - T- · A· ·) 
S H . 2 iJ iJ 

i i Zj 
{2.16) 

Ti,j is the travel time from receiver i to j: 
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1 1Zj 1 
Ti ,j = - dz --

Ti ,j z; Cr(z) 

The attenuation A can then be formulated as follows: 

1 lzi A(z) 
Ai,j = - dz--

Ti,j z; Cr (z) 

(2.17) 

(2.18) 

Since the effects of source-receiver transfer functions H 1 and H 2 are unknown, Acous-

tic Lance measurements in the seafloor were always preceded by those in the water col-

umn, where attenuation approaches zero. The spectral ratio is then corrected by dividing 

the sediment spectral ratio over the seawater ratio, and taking the modulus: 

w 
= exp(-- T · ·A- ·). 2 i ,J i,J (2.19) 

Wj/Wi is the spectral ratio for the seawater experiment: 

(2.20) 

Taking the logarithm of each side of 2.19, and defining the quantity ¢(!) as: 

(2.21) 

leads to the spectral ratio formula as a function of the frequency f: 

"'· ·(J) = -7rfT ·A- · 'f'i ,J i,J i,J' (2.22) 

In an ideal world, this expression represents a straight line through the origin with 

the slope -7rTi,jAi,j, and can be characterized as: 
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y = b+mx. (2.23) 

The slope m can be computed with regressional analysis: 

(2.24) 

n = 1, 2, .. ,, whereas b in Equation 2.24 contains the geometrical spreading, trans-

mission losses, and changes in the receiver transfer function H from sediment to water 

(Frazer et al., 1999). Both are treated as independent of the frequency. The standard 

error in <Pi,j at each frequency is estimated to be: 

(2.25) 

with JldSi II ,... , representing the error components. The latter are computed 

by Fourier-analyzing the noisy time series of the Acoustic Lance signals in a time 

window immediately preceeding the arrival of the signal Si (Frazer et al., 1999). The 

spectral amplitude value is identified as the contaminating noise and assigned to 

lldSilJ, and similarly to the other signals in water and sediment. Different window 

lengths and shapes have been exhaustively tested by Frazer et al. (1999) following 

a method by Bromirski et al. (1995), using Acoustic Lance signals and dispersive 

propagation operators with given attenuation. In the case of Acoustic Lance data 

obtained on the Eel River shelf a window length of 640 µsec was used (Frazer et al., 1999). 
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2.1.3 SPECTRAL RATIOS IMPROVED BY INVERSE THEORY 

The general goal of an inversion is the generation of a posterior probability density 

function aM(m) of a parameter value m. mis called the Maximum A-Posteriori Model 

(MAP), which is in the best case scenario the most likely value that is consistent with 

the observed data d~. d~ may be different from the true data J. In sum, these terms can 

be represented by the following forward equation: 

do= G(m) + e (2.26) 

where G represents a model of a physical process, and e the vector of data errors. 

Errors can arise from false measurements due to imperfections of the hydrophone, receiver 

elements, or other electronic parts of the system. Other error sources are related to wrong 

assumptions of the theoretical physical model. One example could be that Q is constant, 

although micro gas bubbles may cause a violation of that assumption (Chapter 4, this 

dissertation). Another example may be that scattering of energy is caused by vibrations 

of the probe, which would require somehow the implementation of the probe into the 

theoretical model. 

Following the notation of Tarantola (1987), the posterior probability density function 

of the MAP m is given by: 

a(m, d) <X v(d~ld)B(djm)p(m), (2.27) 

where a is the Joint Posterior Distribution (JPD) of model and data. vis the instru

ment distribution, () represents the theoretical distribution and p is the prior distribution 
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of m. The distributions of v, B, and p can also be expressed as: 

v = exp(-lld - d~ll~) (2.28) 

() = exp(-lld - G(~)ll~) (2.29) 

p = exp(-llm - moll~), (2.30) 

with II llv,o denoting the respective norm in the data space, while II llm represents 

a norm in the model space. The posterior distribution of the model itself is derived by 

eliminating the component of the true data J from the left- hand side by integrating 

over the data space (Tarantola, 1987): 

am(m) ex p(m) J d d~(d~ld)B(djm) (2.31) 

In case the model space exceeds two dimensions, aM may be displayed by the 

Marginal Posterior Distributions (MPD) of the individual components of m (Basu and 

Frazer, 1990). The MPD of the kth component of m is obtained by integrating over 

NM - 1 components: 

(2.32) 

This last equation is used to display the Acoustic Lance attenuation profiles (Frazer 

et al., 1999) . In this procedure, at first all interval attenuations Ai,j are calculated for 
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each pair of receivers (i < j). This includes the entity of all adjacent and non-adjacent 

receivers, causing an overlap of many of these intervals. Although these interval attenu-

ations are not necessarily consistent with each other, they are then used to invert for the 

attenuation profile. This step can be regarded as a means of forcing the attenuations of 

overlapping intervals to be mutually consistent (Frazer et al., 1999). 

The attenuation between two receivers comprises a data vector do with the com-

ponents [¢(!1, ¢(h, .. , ¢(f N1 )]. NJ denotes the number of frequencies, while the model 

vector is m. The error induced by the instrumentation is considered to be minor, and 

chosen to be v(d~lld) ex 6(do - d). In contrast, signifcant errors arise from theory, as 

indicated by a non-zero value B. The latter is the intercept of the regression slope from 

calculating Q. The theoretical model is formulated as: 

.... .... ( 11¢(!) - B + 7r f T All ) 
O(dlm) ex exp - ~ lldO(f)ll . (2.33) 

lldOll is obtained from the noise and signal amplitude spectra by Equation 2.25. The 

prior distribution p( m) is imposed in form of a search window, and being constant inside 

but zero outside that window. 

In the next step of the inversion a theoretical relation is seeked for all existing 

and calculated attenuation intervals. Recalling Equation 2.18 the interval attenuation 

between receiver 1 and 4 is: 

(2.34) 

Ti,j is the traveltime difference between receivers i and j. For a set of four selected 
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receivers the data vector is given by J = [A1,2, Ai,3, Ai,4, A2,3, A2,4, A3,4], whereas the 

model vector is m = [A1,2, A2,3, A3,4] · In other words: the single interval attenuation, 

Ai,2, in J represents an observation, while its appearance in m resembles a quantity 

that needs to be determined. This process of searching for the best-fit model can be 

formulated in form of a matrix: 

Ai ,2 1 0 0 ei,2 

Ai 3 T1,2/T1,3 T2,3/T1,3 0 ei,3 , 
Ai ,2 

A1,4 T1,2/T1,4 T2,3/T1,4 T3,4/T1 ,4 e1,4 
(2.35) A2,3 + 

A2,3 0 1 0 e2,3 

A3,4 

A2,4 0 T2,3/T2,4 T3,4/T2,4 e2,4 

A3,4 0 0 1 e3,4 

where ei,j denotes the error in Ai,j· The general case for N receivers would expand 

this matrix to N ( N - l) /2 rows. If a particular receiver is omitted then the corresponding 

rows and columns are suppressed. 

In the second inversion step, the data model consists of all interval attenuation 

values obtained in the first step (Equations 2.33 and 2.34). Thus, the errors caused 

by imperfections in the theoretical model are negligible compared to those in the data 

model. Taking a theoretical distribution v(mlld) = o(d - G. m), and estimating each 

data error lldAi,jll as the halfwidth of the peak of the Marginal Distribution O"A;)Ai,j), 

an instrumentation distribution can be chosen, such as: 
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- - [ """' llAi,j - A?,jll l v(lldolld) ex exp - {<; lldAi,jll (2.36) 

]\ [ """' llAi,j - ALii l 
v(lvecdolld; ex exp - {<; lldAi,jll , (2.37) 

in which the A?,j are all interval attenuations obtained in the first inversion step. 

The Posterior Distribution for the model is: 

_ [ ll(G · m)i,j - A?)I ] 
a(m) ex exp - ~ lldAi,jll ' (2.38) 

with (G·m)i,j as the row of (G·m) corresponding to the intervals i, j. The distribution 

a(m) is explicitly generated by exploiting the model space. An example for a Marginal 

Distribution with five receivers is given by: 

(2.39) 

This modification of the Spectral Ratio technique was applied on in-situ acoustic 

data that were obtained on the Eel margin, CA (Chapter 3, this dissertation). 

2.1.4 ACOUSTIC ABSORPTION BY GAS BUBBLES 

Gas bubbles represent a third phase in poro-viscoelastic marine sediments. The pres-

ence of gas in marine sediments has a significant influence on the compressional wave 

sound speed and attenuation. In contrast, shear wave sound speed remains relatively 
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unaffected (e.g., Domenico, 1976; Anderson and Hampton, 1980a, 1980b; Muckelmann, 

1985; Wilkens and Richardson, 1998; Chapter 4, this dissertation). 

In accord with Biot's theory (Biot, 1962) and Muckelmann's experiments (1985) 

absorption due to gas bubbles can be modeled by deriving a complex compressional 

modul of the fluid, such as: 

K* s 1 - s 
( )

-1 

1 = Kz + mg(iw) 2 + aiw +Kg 
(2.40) 

K 1 is the compressional module of the fluid, Kg of the gas, and s is the degree of 

saturation. The w-terms of the right-hand side of the equation describe the pulsation 

of a viscous-thermo-elastically behaving gas bubble. Anderson and Hampton (1980a) 

define the compressional module of the gas, Kg, as: 

(2.41) 

I is the ratio of specific heat at constant pressure and volume: 

(2.42) 

mg in Equation 2.40 is defined as an effective (or generalized) mass of the gas bubble 

(Devin, 1959): 

2 
PJ rb mg=--

3 

where rb is the radius of the gas bubble. 
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Anderson and Hampton (1980a) compute the resonance frequency of the oscillating 

gas bubble with: 
1 

Jo= -- + - /(21rrb) ( 
3 1Po 4G ) 

2 

A Ps Ps 
(2.44) 

Po in Equations 2.41 and 2.44 represents the ambient hydrostatic pressure, G is the 

Re-part of the sediment dynamic shear modulus, rb is the bubble radius. A in Equa-

tion 2.44 is defined as the polytrophic factor, which takes into account a non-adiabatic 

behavior of a gas bubble. A can be written as follows (Eller, 1970): 

A = (1 + B2) ( 1 + 3 (! - 1) sinh x - sin x ) , 
x cos h x - cos x 

with B and x defined as: 

B 
x (sinh x + sin x) - 2 (cosh x - cos x) 

3 (! - 1)-------------
x2 (cosh x - cos x) + 3 (! - 1) x (sinh x - sin x)' 

x = Tb ( 2 w Pg Cp ) ~ 
c tg 

(2.45) 

(2.46) 

(2.47) 

pg and ctg are gas density and its thermal conductivity, respectively. Devin (1959) 

defined an absorption constant d = w a/ Kg, with a as: 

I Pod 
a=---

A w 
(2.48) 

d is the total energy dissipation, and comprises three components (Anderson and 

Hampton, 1980a): 
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d = drad + dvis + dth· 

drad represents energy dissipation via radial oscillation of the gas bubble: 

A Tb w3 

drad =A V 21 
0 f Wo 

The thermoelastic dissipation dth is: 

dvis is written as: 

A Tb w3 

dth =A V 2· 
0 f Wo 

(2.49) 

(2.50) 

(2.51) 

(2.52) 

with Ao = A(wo) and A= A(w) in Equations 2.50 and 2.52. The latter determines 

the viscous flow of the fluid during the pulsation of the gas bubble. Viscous absorp-

tion is negligible compared to dissipation caused by radial oscillation and thermoelastic 

mechanisms. The absorption component due to radial oscillation plays a more signif-

cant role at higher frequencies, whereas at lower frequencies thermoelastic dissipation is 

more dominant . VJ = (-~L) t in Equations 2.50 represents the phase velocity in the fluid 
Pf 

(without the gas phase). 

For the effective bulk density of this three-phase composite, p, the gas density, pg, 

is required: 

p = (3 s PJ + (3(1 - s) Pg + (1 - (3) Ps (2.53) 
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2.2 DIGBY'S CONTACT RADIUS MODEL 

Digby's contact radius model describes a sediment composite as an aggregate of iden

tical, discrete, spherical and randomly packed particles. His formulations are based on 

the mechanics of granular materials (Mindlin, 1949), which accounts for intergranular 

dissipation mechanisms. Hooke's Law is valid as for the Biot model, and derived for an 

effective medium (the integral effect of all individual particles). 

The crucial parameter of Digby's model is the contact radius between two (and 

more) particles that are exposed to a normal force. The respective contact radii between 

these spheres is a function of the normal force acting on the aggregate. The distribution 

of all components of these forces, and the size of the contact radii determines the 

effective elastic moduli of the matrix. The formulation of the contact forces allows the 

quantification of compaction and surface energy, which are disregarded in Biot's model. 

2.2.1 DIGBY'S EFFECTIVE MEDIUM 

Digby's effective medium is defined as elastic, homogeneous, and isotropic on scales that 

are much larger than the radii of the individual particles. Neighbouring particles are in 

cohesive contact at the contact radius b. The surface S of the aggregate transmits the 

hydrostatic pressure on the particles, with a deformation changing the contact radius 

such that, on average, all contact radii measure a, with b :'.S a « R {Figure 2.5A). 

Under the hydrostatic pressure the tension on all particles is by nature normal to the 

direction of the contact areas, and roughly of the same amount (Figure 2.5B). 
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Figure 2.5: Digby 's effective medium being exposed to the same amount of force in the 

normal direction (A). The stippled area between the two grains represents a zone of 

cementation that may occur with increasing seabed depths due to compaction and di-

agenetic processes. The smallest repetitive element is called FACE CENTERED CUBE 

(B), and represents the optimal arrangement of equally-sized spheres when the maximal 

contact number is 12. 

The derivation of phase velocity in the effective medium is omitted at this point, as 

it was defined by Digby (1981), and further modified by Murphy et al. (1986), and by 

Prasad and Meissner (1992). The main results of the Digby model, namely increase of 

sound speed and decrease of attenuation with increasing sub-seafloor depth, are shown 

in Figure 2.6. In many cases, trends similar to those theoretically predicted curves, were 

observed in Acoustic Lance data obtained on the Eel River Shelf, CA, and on the inner 
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Figure 2.6: Sound speed increase (A) and attenuation decrease (B) versus sub-seaftoor 

depth of the compressional wave is attributed to the increase of matrix stiffness and 

number of contacts between the individual spheres, and to a reduced friction among the 

particles (Digby, 1981; Prasad and Meissner, 1992}. The dotted lines represent profiles 

that incorporate an exponential decrease in porosity with depth and a linear increase of 

the contact number from 8 to 12. 

shelf of SE Korea. 

2.3 SCATTERING 

Different scattering effects might influence the acoustic sound wave propagation over a 

broad frequency band: 1) stratigraphic scattering of acoustic waves along thin-bed sed-

iment layers that exhibit a significant density contrast (Frazer, 1994); and 2) backseat-

tering of compressional sound waves at sediment inhomogeneities that are on the scale 

of ultrasonic wavelengths (Richardson and Briggs, 1997). 
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Figure 2.7: Stratigraphic Scattering of acoustic waves occurs along thin sediment-beds, 

which exhibit significant density contrasts and are of the same thickness as the acoustic 

wavelength (A). Backscattering of high-frequency sound waves occurs at sediment inho-

mogeneities, which are on the size of ultrasonic wavelengths (BJ. 

Both types of scattering (Figure 2. 7) were possibly relevant in controlling in-situ 

acoustic and laboratory ultrasonic profiles obtained on sediments on the Eel River shelf, 

CA (Chapter 3, this dissertation) . These scattering effects might have enhanced discrep-

ancies between predicted geoacoustic trends derived from the Biot and Digby models 

and our observed experimental results. Backscattering might have played a significant 

role in ultrasonic measurements performed at 1 MHz on sediments that were cored on 
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the inner shelf of SE Korea (Chapter 4, this dissertation). 

2.4 SUMMARY: SEDIMENT ACOUSTIC MODELS 

A brief review was presented of two standard theoretical sediment acoustic models, 

namely the Biot model (Biot, 1956a, 1956b; Stoll, 1989) and the Digby model (1981). 

The Biot model predicts dispersive sound speed and attenuation over a broad acoustic 

and ultrasonic frequency band due to the effect of viscous flow between the pore fluid 

and the solid grain matrix. Yamamoto and Turgut {1988) incorporate a more realistic 

microstructure into the original Biot model (disconnected, approximately parallel tubes 

in a matrix of solid grains) through the distribution function e(r) of the mean grain 

size ¢, with r as the radius of the grain, and corresponding variations in the standard 

deviation a(</>) (Figure 2.4). Their theoretical results also imply a grain-size effect on 

the rate of dispersion that is stronger in coarse-grained than in fine-grained sediment 

deposits. Their modeling of attenuation agree well with a vast data set that was empiri

cally determined by Hamilton (1972), at least over a frequency band between 3 and 100 

kHz. According to Yamamoto and Turgut (1988) data obtained outside that frequency 

band are strongly influenced by scattering, an effect that most likely resulted in dicrep

ancies between theoretically predicted and ultrasonic data measured on the Eel River 

Shelf, CA, and on the inner shelf of SE Korea (Chapters 3 and 4, this dissertation). 

In-situ attenuation obtained on the Eel River shelf might have been partly influenced by 

stratigraphic scattering (Frazer, 1994) due to the presence of numerous flood deposits in 

certain shelf regions. 
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In contrast to the frequency dependence of acoustic properties of marine sediments, 

the Digby model predicts increasing sound speeds and decreasing attenuation with sub

seafloor depth due to compaction and cementation in granular sediment composites 

(Digby 1981; Prasad and Meissner, 1992). Trends in sound speeds and attenuation 

obtained on the Eel River Shelf, CA, and on the inner shelf of SE Korea, were partly 

in agreement with the Digby model (Chapters 3 and 4, this dissertation). Discrepancies 

between both model and experimental results observed in both study areas again might 

be due to scattering effects. 
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Chapter 3 

GEOACOUSTIC PROPERTIES 

ON THE EEL RIVER SHELF 

(Paper: In-situ Acoustic and Laboratory Ultrasonic Sound Speed and Atten

uation Measured in Heterogeneous Soft Seabed Sediments: Eel River Shelf, 

California. In Press: Marine Geology. Gorgas, T.J., Wilkens, R.H., Fu, S.S., 

Frazer, L.N., Richardson, M.D., Briggs, K.B., Lee, H.) 

3.1 ABSTRACT: EEL RIVER SHELF STUDY 

We compared in-situ and laboratory velocity and attenuation values measured in seafloor 

sediments from the shallow water delta of the Eel River, California. This region receives 

a substantial volume of fluvial sediment that is discharged annually onto the shelf. Addi

tionally, a high input of fluvial sediments during storms generates flood deposits that are 
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characterized by thin beds of variable grain-sizes between the 40 and 90 m isobaths. The 

main objectives of this study were (1) to investigate signatures of seafloor processes on 

geoacoustic and physical properties, and (2) to evaluate differences between geoacoustic 

parameters measured in-situ at acoustic (7.5 kHz) and in the laboratory at ultrasonic 

(400 kHz) frequencies. The in-situ acoustic measurements were conducted between 60 

and 100 m of water depth. Wet-bulk density and porosity profiles were obtained to 

1.15 meters below seafloor (mbsf) using gravity cores of the mostly cohesive fine-grained 

sediments across- and along-shelf. Physical and geoacoustic properties from six selected 

sites obtained on the Eel margin revealed: (1) Sound speed and wet-bulk density strongly 

correlated in most cases. (2) Sediment compaction with depth generally led to increased 

sound speed and density, while porosity and in-situ attenuation values decreased. (3) 

Sound speed was higher in coarser- than in finer-grained sediments, on a maximum av

erage by 80 msec-1 . ( 4) In coarse-grained sediments sound speed was higher in the 

laboratory (1560 msec-1) than in-situ (1520 msec- 1 ) . In contrast, average ultrasonic 

and in-situ sound speed in fine-grained sediments showed only little differences (both 

approximately 1480 msec 1 ). (5) Greater attenuation was commonly measured in the 

laboratory, and remained almost constant below 0.4 mbsf. We attributed discrepancies 

between laboratory ultrasonic and in-situ acoustic measurements to a frequency depen

dence of velocity and attenuation. In addition, laboratory attenuation was most likely 

enhanced due to scattering of sound waves at heterogeneities that were on the scale of 

ultrasonic wavelengths. In contrast, high in-situ attenuation is linked to stratigraphic 

scattering at thin-bed layers that are attributed to flood deposits. 
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3.2 INTRODUCTION: EEL RIVER SHELF STUDY 

The advent of technology to map the seafloor in great detail at high frequencies has 

sparked new interest in the acoustic properties (namely, sound speed and attenuation) 

of the upper few meters of seafloor sediment. However, swath mapping sonar signal 

returns are affected by both the morphology of the sediment-seawater interface and vol

ume scattering from the region immediately below the seafloor (Borgeld et al., 1999) . 

Therefore, swath-mapping measurements reveal limited detailed information about near

surface sediments deeper than a few tenths of meters below the seafloor ( mbsf). Con

sequently, sediment geoacoustic properties have been mainly examined by laboratory 

measurements performed at frequencies much higher than those employed by sonar sys-

terns. 

The Acoustic Lance (Fu et al., 1996a) was developed to record near- surface acoustic 

data in-situ for comparison to those measured in the laboratory at ultrasonic frequen

cies. Thus, Acoustic Lance measurements provide important information about in-situ 

geoacoustic properties of the uppermost seafloor sediments and establish a link between 

high-frequency laboratory data and in-situ conditions.The present study is integrated 

into STRATAFORM (Strata Formation on Margins) , a long-term monitoring project 

sponsored by the Office of Naval Research that aims to enhance the understanding of 

dynamic sediment transport and deposition processes along active and passive continen

tal shelves (Nittrouer et al. , 1995, 1996; Nittrouer, 1999). 

Our field area was the Eel River margin (Figure 3.1), a continental shelf in the vicin

ity of the Eel River delta in northern California that was selected for the STRATAFORM 
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Figure 3.1: Bathymetry on the Eel River shelf and the location of a flood deposit from 

1995 {outlined with dotted gray lines), increasing in thickness from 0.01 to 0.07 m across 

the 60 and 90 m isobaths (after Wheatcroft et al., 1996, 1997; Goff et al., 1996, 1999). 

All core and Lance stations are marked in the downslope and along-shelf direction. 

program because it exhibits a sediment and lithostratigraphic texture typical of active 

margins around the world (Nittrouer, 1999) . We focused on the measurement of sedi-

ment sound speed, attenuation, and wet-bulk density to determine possible relationships 
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between both geoacoustic and physical properties and how they relate to seafioor pro

cesses and sedimentary structure. These properties of marine sediments at the benthic 

boundary layer are generally controlled by the interaction of biological, biogeochemi

cal, geological and hydrodynamic processes (Richardson et al., 1983; Briggs et al., 1985; 

Richardson and Briggs, 1996). Results from previous studies on the Eel margin and in 

similar environments concluded that biological activity could directly alter the acoustic 

and physical structure of the subsurface in a random fashion down to 0.3 mbsf (e.g., 

Drake, 1999; Cutter and Diaz, 2000). For example, bioturbation may disturb laminated 

zones that were formerly created by erosion and depositional events (Richardson and 

Young, 1980; Richardson et al., 1983; Ogston and Sternberg, 1999). Our goal was to 

obtain more information about these complex processes by deploying the Acoustic Lance 

at stations between 60 and 100 m of water depth and on a lateral transect along the 70 

m isobath (Figure 3.1). Sediments were gravity-cored simultaneously to investigate their 

acoustic and physical properties under laboratory conditions. 

3.3 REGIONAL SETTING: EEL RIVER SHELF STUDY 

The sediments of our study area on the Eel River shelf consist mostly of fine-grained and 

cohesive muds with minute amounts of silts and sands. The stratigraphy of the active Eel 

margin is significantly shaped by periodic flood deposits, which are generated on average 

every decade during short-term discharge events (e.g., Goff et al., 1996, 1999; Wheatcroft 

et al., 1996, 1997; Cacchione et al., 1999). Suspended fiuvial sediments are carried across-
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and along-shelf by strong surface and bottom currents in a northward direction during 

storm events and in a southward direction during storm-free periods, while they mix with 

coarser-grained shelf sediments (e.g., Drake et al. , 1985; Wiberg et al., 1996; Cacchione et 

al., 1990, 1999). The bulk of discharged fluvial sediments is transported further offshore 

and deposited below the zone of high turbulence (Wiberg et al., 1996; Cacchione et 

al., 1999) . Subsequently, the seafloor is significantly bioturbated over time causing a 

downcore coarsening of some deposits until the next flood deposit recharges this part 

of the shelf with more sediment (Wiberg et al., 1996; Wheatcroft et al., 1996, 1997; 

Drake, 1999; Cutter and Diaz, 2000). The lower strata of a flood deposit from 1995 most 

likely represents remnants of older flood deposits which have been partly eroded during 

storm periods, and reworked by biological processes (Goff et al., 1996, 1999; Borgeld 

et al. , 1999) . Earlier coring and bathymetry work on the Eel margin confirmed that 

long-and short-term processes have created highly complex heterogeneous deposits on 

the Eel margin (e.g., Orange, 1999; Sommerfield and Nittrouer, 1999). 

3.4 METHODS: EEL RIVER SHELF STUDY 

3.4.1 ACOUSTIC LANCE - AN IN-SITU ACOUSTIC PROBE 

The Acoustic Lance measures in-situ interval sound speed and effective attenuation pro

files using full-waveform records (Fu et al., 1996a; Frazer et al., 1999) and has been 

successfully deployed in a variety of unconsolidated sediments. 
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Mid-Atlantic Ridge pelagic oozes showed low velocities corresponding to low attenu

ation (Fu et al., 1996a). In organic-rich, high-porosity Holocene sediments of the Baltic 

Sea, compressional wave sound speed was less than 1400 msec- 1, and attenuation was 

high due to the presence of methane gas bubbles created by microorganisms (Fu et al., 

1996b; Wilkens and Richardson, 1998). Lance operations in carbonate-rich, gas-free sed

iment deposits offshore of the island of Oahu, Hawaii, provided evidence for a dependence 

of attenuation on frequencies between 10 kHz and 1 MHz (Fu, 1998). 

In contrast to previous Lance deployment areas where deposits were relatively homo

geneous, California shelf sediments are heterogeneous (e.g., Goff et al., 1999). Therefore, 

a comparatively high variation in sound speed and attenuation within short horizontal 

distances across the shelf and with depth below seafloor was expected. 

3.4.2 CALCULATION OF IN-SITU ACOUSTIC COMPRESSIONAL 

WAVE SOUND SPEED 

For the present study, seven receivers were mechanically fixed on a core barrel at approx

imately 0.4 m intervals below a broadband acoustic source that emitted a signal centered 

on 7.5 kHz (Figures 3.2A, B). Before each in-situ experiment the instrument was rou

tinely calibrated by a recording in the water column before Lance was inserted into the 

seafloor (Figure 3.2C, Top). Waveforms from this calibration allowed us to determine 

the exact spacing between the acoustic centers of the individual receiver elements, and 

then to calculate attenuation (Frazer et al, 1999). After the water calibration, the corer 
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Figure 3.2: Acoustic Lance configuration used for the present study (A). Frequency spec-

tra of Acoustic Lance signals at Site S90 (after Frazer et al. , 1999) showed little noise 

contamination and a center frequency of approximately 7.5 kHz in that case (B) . Higher 

amplitudes of the self-normalized acoustic signal are observed when emitted in the water 

column than in the seafioor (C, Top, Bottom). Water reference signals obtained at Site 

S90 (after Frazer et al., 1999} revealed a subtle difference in frequency response of the 

individual transducers and different waveforms when recorded in sediments (C, Top) . 

freefell to the seafloor and penetrated the subbottom to a depth that depended primarily 

on the shear strength of the sediment. 

In-situ compressional wave sound speed was calculated from different arrival times 

of acoustic waves and the known separation of the acoustic centers of all Lance transduc-
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ers (Figure 3.2C). Signals from adjacent receivers were cross-correlated to establish an 

objective procedure for first arrival picking. Lance signals were recorded with a sampling 

rate of 10 vsec and resampled by applying an FFT and zero padding in the frequency 

domain to twice the original length. An inverse FFT completed the interpolation and 

resulted in a sampling rate of 2.5 sec (Fu et al., 1996a). The sound speed resolution is 

approximately 1 %. 

3.4.3 CALCULATION OF IN-SITU ACOUSTIC COMPRESSIONAL 

WAVE SOUND ATTENUATION 

In addition to profiling in-situ compressional wave sound speed, Lance signals (Figure 

3.2C) were used to obtain in-situ attenuation at acoustic wavelengths. The measurement 

of attenuation at sonic frequencies (1 to 20 kHz) in the laboratory is difficult because 

samples of large dimension are required in order to resolve the macroscopic structure of 

the material at sonic wavelengths. The calculation of effective in-situ attenuation from 

Lance records addresses this problem. Effective attenuation comprises intrinsic and scat

tering attenuation. Intrinsic attenuation is a result of the conversion of elastic energy 

into heat, and scattering attenuation occurs when elastic waves diffract and reflect on 

larger particles or at boundaries and thin-bed layers. Scattering is characterized primar

ily by constructive and destructive interferences of wave trains. In poroelastic materials 

such as sediments, attenuation and its variation with frequency reveal information about 

the state of compaction, lithology, and degree of saturation. Hamilton (1972) fit the at

tenuation coefficient (a) in dBm-1 for sound speed in unconsolidated surficial sediments 
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using the equation: 

(3.1) 

where k is a constant in dBm-1kHz-1 when n = 1, and f denotes the frequency in 

kHz. Methods to calculate the frequency dependence of attenuation have been given by 

several authors to suit low- and high-frequency applications (O'Connell and Budianski, 

1978; Kjartansson, 1979). However, in nearly every experimental geometry attenuation 

is difficult to measure (Jannsen et al., 1985; Tonn, 1989; Bromirski et al., 1995; Bowles, 

1997; Richardson and Briggs, 1997). The processing technique by Frazer et al. (1999), 

which we applied to our data, combines the standard spectral ratio method (e.g., Tonn, 

1989) and Bayesian inverse theory (e.g. , Tarantola, 1987). 

3.4.4 CALCULATION OF LABORATORY ULTRASONIC COM-

PRESSIONAL WAVE SOUND SPEED 

Shipboard ultrasonic experiments were conducted on sediments recovered in the plas-

tic liners of the gravity cores. All samples were measured at 0.01 m intervals using an 

ultrasonic tabletop system with a source-receiver transducer pair operated at 400 kHz. 

Ultrasonic compressional wave sound speed in sediments ( Csed) was obtained in the lab-

oratory by measuring the travel time of a signal, first in a reference sample containing 

distilled water, secondly in the cored sediments (Richardson et al., 1983), and then using: 

Csed = 1 - ( !:l.tcw j d) (3.2) 
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where Cw is the reference water sound speed, d represents the core inside diameter, 

and ~t the difference in signal arrival times through water and sediment samples. Sound 

speeds were adjusted to in-situ conditions by applying Hamilton's velocity ratio method 

(Hamilton, 1971b; Richardson and Briggs, 1997). Ultrasonic laboratory sound speed was 

measured again on-shore at 0.01 m intervals with a Multi-Sensor-Track (MST) at 500 

kHz (Boyce, 1976), which produced results almost identical to our shipboard data. 

3.4.5 CALCULATION OF LABORATORY ULTRASONIC COM-

PRESSIONAL WAVE SOUND ATTENUATION 

The ultrasonic compressional wave attenuation coefficient ( O:sed) was computed by com-

paring voltage amplitudes of signals at 400 kHz transmitted through both a water stan-

dard (aw) and the cored sediments (as). The first three positive maximum peak ampli-

tudes of the signals were recorded to calculate O:sed in the time domain (e.g., Richardson, 

1983; Richardson and Briggs, 1997), using: 

20 aw 
O:sed = -d log

as 
(3.3) 

with d as the distance between the transmitter and the receiver of the system (0.06 

m) . Results were converted into dBm-1kHz- 1, equivalent to Hamilton's constant k, 

assuming the linear relationship a = k f1 (Hamilton, 1972) . 
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3.4.6 BULK DENSITY, POROSITY AND MEAN-GRAIN SIZE 

Bulk density profiles of gravity cores were determined on shore using a gamma-ray 

attenuation porosity evaluator (GRAPE), which compares attenuation of gamma rays 

through cored sediments with attenuation through an aluminum standard (Boyce, 1976). 

Gravimetric determinations of sediment density and porosity on individual samples from 

the gravity cores were not made. Sediment porosities were determined on shorter box 

core subsamples using gravimetric methods. Grain density measurements with an air

comparison pycnometer indicated an average grain density of 2.7 gcm-3 . Sediment 

porosity of gravity cores was then calculated using average grain density of box core sed

iments and raw GRAPE wet-bulk density. Near-surface porosity values calculated from 

GRAPE scans were consistently lower than from bulk density data obtained with gravi

metric methods on box core samples. A bulk density correction value of maximal 53 

was calculated from the difference between the two bulk densities and added to porosity 

values that we deduced from GRAPE data. 

Box-core sediment samples showed a dominance of fine-grained and cohesive sedi

ments with a mean grain size around 7¢ (Richardson et al., pers.comm., 2000) which 

agrees with values obtained by others (e.g., Borgeld et al., 1999; Drake, 1999; Cutter 

and Diaz, 2000). 

3.5 RESULTS: EEL RIVER SHELF STUDY 

Sediment sound speed, attenuation, wet-bulk density and porosity obtained at six sites 

across the shelf were selected to represent geoacoustic and physical properties of our 

46 



entire study area. The presentation of data was restricted to those sites where a low 

noise content of the in-situ acoustic signals promised most reliable results for acoustic 

sound speed and attenuation. Sites S60, S80, and SlOO comprised the downslope transect 

across the 60 m and 100 m isobaths, while Sites 170, L 70, and S70 were located along 

the 70 m isobath (Figure 3.1). From four sub-sites that were cored at Site S60 within a 

radius of approximately 125 m, we decided to limit ourselves to Site S60West for most of 

our discussion because of the most favorable signal quality. Geoacoustic data obtained 

at Site S90 were presented elsewhere (Frazer et al., 1999). 

3.5.1 DOWNSLOPE PROPERTIES 

Sound speed, bulk density, porosity, and attenuation vs. penetration depth for Sites 

S60West, S80, and SlOO are displayed in Figure 3.3. In-situ interval sound speed ranged 

between 1440 and 1490 msec-1 at the water-seafloor interface, and varied between 1505 

and 1540 msec-1 at approximately 1.5 mbsf (Figure 3.3A). In-situ and ultrasonic sound 

speed at all three sites showed similar trends with a positive gradient over most parts of 

the Lance and core profiles. 

However, in-situ sound speed at Site S60West was higher between 0.25 and 0.65 

mbsf than at Sites S80 and SlOO, and showed a slight decrease below 0.65 mbsf. At Site 

S60West ultrasonic laboratory sound speed was consistently higher than corresponding 

in-situ values over the majority of core length, and faster than ultrasonic sound speed 
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Figure 3.3: Downslope variation of interval sound speed (A) , bulk density {B ), porosity 

{C), and interval attenuation {D) vs. sub-seaftoor depth {mbsf) on the Eel River shelf. 

Horizontal error bars on attenuation data points were extracted from 10 best-fit inverse 

models {Frazer et al., 1999). Ultrasonic sound speeds and attenuation were measured in 

the shipboard laboratory on core samples at 400 kHz every 0.01 m. 

obtained at Sites S80 and SlOO (Figure 3.3A). The difference between in-situ acoustic 

and average laboratory ultrasonic sound speed at Site S60West was as great as 35 msec- 1 

between 0.25 and 0.65 mbsf. 
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Bulk density at Sites S60West, S80 and SlOO strongly correlated with sound speed 

in most cases (Figures 3.3A, B). Maximum bulk density was observed at the seafloor at 

Site S60West (1.85 gcm-3), compared to lower values found at Sites S80 and SlOO (1.64 

to 1.72 gcm-3 ) . Porosity varied between 60 and 65% at the seafloor (Figure 3.3C), and 

was generally lower at Site S60West than at Sites S80 and SlOO.A decrease of in-situ 

attenuation with depth was observed at Sites S60West, S80 and SlOO (Figure 3.3D), with 

greater values found at Site S80 within the upper 0.8 mbsf (0.6 and 0.4 dBm- 1 kHz- 1 ) 

than at Sites S60 and SlOO (approximately 0.09 and 0.05 dBm-1 kHz-1 ). In-situ atten

uation at SlOO increased rapidly between 0.7 and 1.1 mbsf, from 0.03 to approximately 

0.45 dBm-1kHz-1 , which correlated positively with an acoustic sound speed increase 

from approximately 1480 to 1540 msec- 1 . 

Laboratory ultrasonic attenuation was generally greater than in-situ values at all 

three sites, but did not decrease with depth in a fashion similar to corresponding in-situ 

data (Figure 3.3D). Trends in geoacoustic and bulk properties similar to Site S60West 

were also found at the other S60 sites (Figure 3.4). At all four S60 sites most labora

tory ultrasonic sound speeds were faster than corresponding in-situ values, with average 

differences near 35 msec- 1 . 

3.5.2 ALONG-SHELF PROPERTIES 

In-situ and ultrasonic geoacoustic properties, wet-bulk density, and porosity obtained 

along the 70 m isobath at Sites 170, L 70, and S70 were similar to those measured downs-
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Figure 3.4: Variation of sound speed vs. sub-seafloor depth (mbsf) measured along the 

60 m isobath showed a high variability of ultrasonic values in the upper 0. 5 mbsf, which 

were generally faster than corresponding in-situ data. 

lope below 60 m water depth (Figures 3.3, 3.5). Positive gradients of sound speed 

(Figure 3.5A) and wet-bulk density (Figure 3.5B) at Sites 170, 170, and S70 were ob-

served within the upper 1. 75 mbsf. In-situ sound speed was fastest within the upper 0.4 

mbsf at Site 170, and showed relatively little variation over the entire penetration depth, 

whereas corresponding values below 0.6 mbsf were generally faster at Sites L 70 and S70 

than at Site 170 (Figure 3.5A). 
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In contrast, laboratory ultrasonic sound speed and bulk density at Site I70 exhibited 

a greater variability than at Sites L 70 and 870, especially within the upper 0.4 mbsf. In-

situ attenuation along the lateral transect was greater at Site I70 than at Sites L 70 and 
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Figure 3.5: Along-shelf variation of interval sediment sound speed (AJ, bulk density (BJ, 

porosity (CJ , and interval attenuation (DJ vs. sub-seaftoor depth on the Eel River shelf. 

Horizontal error bars on individual attenuation data points were extracted from 10 best-

fit inverse models (Frazer et al., 1999J. Ultrasonic sound speeds and attenuation were 

measured in the shipboard laboratory on core samples at 400 kHz every 0.01 m. 
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870 (Figure 3.5D). Acoustic attenuation at the three sites varied at the seafl.oor between 

0.2 to 0.65 dBm-1kHz-1 , and decreased to values between 0.01 to 0.15 dBm-1kHz- 1 at 

maximum penetration depths. 

In general, in-situ attenuation at those three sites was lower than most ultrasonic lab

oratory values, which varied over small core intervals between 0.15 and 0.75 dBm-1kHz-1 

within the upper 0.4 mbsf. Below that depth, ultrasonic attenuation values remained 

almost constant, varying between 0.5 and 0.7 dBm- 1kHz- 1 . 

3.6 DISCUSSION: EEL RIVER SHELF STUDY 

3.6.1 GEOACOUSTIC PROPERTIES GOVERNED BY ENVIRON

MENTAL FACTORS 

A large volume of fl.uvial sediment is annually transported offshore from the Eel River 

shelf by currents, swells and tides (e.g., Goff et al., 1999; Ogston and Sternberg, 1999). 

Along the upper shelf, in water depths to 60 m, flu vial muds from the Eel River watershed 

are mixed with coarse-grained shelf sediments by hydrodynamic turbulence before they 

are deposited, eroded and redeposited (Nittrouer and Kravitz, 1995; Drake, 1999). On 

deeper parts of the shelf, where wind and wave action is reduced, a mixture of fine

grained silts and fl.uvial muds is deposited as a soft sediment body (Wiberg et al., 1996; 

Wheatcroft et al., 1996, 1997; Goff et al., 1996, 1999). Every decade, on average, during 

storm events a surplus of muddy sediments is discharged from the Eel River estuary 

onto the shelf, forming distinct flood deposits in water depths between 40 and 90 m 
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(Wheatcroft et al., 1996, 1997; Wiberg et al., 1996; Goff et al., 1999). 

A deposit from 1995 is concentrated north of the Eel River mouth, with approximate 

maximum thicknesses of 0.07 m across the 70 and 80 m isobaths (Figure 3.1). This 

deposit is characterized by soft fluvial muds intermixed with fine-grained silts and minute 

amounts of very fine sands (Borgeld et al., 1999; Drake, 1999). Surficial porosity at Sites 

L 70, S70, S80, and SlOO up to 70 % (Figure 3.3C and Figure 3.5C) reflects rapid sediment 

deposition without significant compaction time (Wheatcroft et al., 1996; 1997). 

It has been suggested that parts of the shelf below 60 m water depth have been 

built as a sequence of compacted flood deposits, which have been altered over time by 

bioturbation and erosion due to bottom currents (Goff et al., 1996, 1999; Cutter and 

Diaz, 2000). The surficial morphology of this sequence of remnant and more recent 

deposits provides evidence for the prevalent direction of bottom currents from south to 

north during storm events, while current directions are reversed in storm-free periods 

(Cacchione et al., 1999). As a result of these depositional conditions on the Eel margin, 

geoacoustic and physical properties within the upper 0.4 mbsf vary more at Sites S60, 

170, and S70 than at Sites L70, S80 and SlOO (Figures 3.3, 3.4, 3.5). With increasing core 

depth, compaction of sediments caused in-situ and ultrasonic sound speed to increase 

smoothly at most sites, and a decrease in porosity (Figures 3.3, 3.4, 3.5). At Site S60 

high values of sound speed and bulk density, and the recovery of only short gravity 

cores due to a greater resistance to penetration indicated an increased amount of harder 

sediment on the upper shelf (Figures 3.3, 3.4). Consequently, shallower than 60 m of 

water depth no cores were retrieved due to the increasing hardness of the sediments. 
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In contrast, longer cores were obtained in softer sediments at Sites S80 and L 70, 

corresponding to lower sound speed and bulk density close to the center of the 1995 

flood deposit (Figure 3.1). A steeper negative gradient for in-situ attenuation was ob

served at Sites 170, S80, L 70 and S70 than at Sites S60 and SlOO over the upper 0.5 

mbsf. For example, at Site S80, no indications of coarse-grained material were detected 

in the bulk properties (Figures 3.3B, C), negating any suggestion of intrinsically more 

attenuating fine-grained sands as proposed by Hamilton (1972). Leurer (1997) has theo

retically asserted that fine-grained cohesive, clay-rich marine sediments can exhibit high 

attenuation because of viscous absorption mechanisms that are related to squirt flow. 

We, however, attributed the significant gradient of in-situ attenuation with depth 

not to poroviscoelastic processes (Biot, 1956a, 1956b), but to the presence of thin-layers 

in the near surface that are associated with the flood deposit (Wheatcroft et al., 1996, 

1997). Thin-bed layering and interface roughness increase scattering of acoustic energy 

due to multiple reflections within the bed, and cause an energy transfer from the initial 

pulse into the coda, which then is removed by intrinsic attenuation (Frazer, 1994). We 

may have detected an intact thin-bed layer at Site SlOO below the maximum depth of 

present-day biological activity. At this site further off-shore (Figure 3.1), very low in-situ 

sound speed, bulk density and attenuation values (Figures 3.3A, B, D) were exhibited 

within the upper 0. 7 mbsf of seafloor indicating homogeneously distributed fine silts and 

clays due to low hydrographic turbulence and strong biological activity. Bioturbation 

at SlOO might have caused a reworking of this particular sediment facies , which can 

occur on time scales of a few months and destroy near-surface thin-bed layers rapidly 
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within the upper 0.3 mbsf (e.g., Wheatcroft et al., 1996, 1997; Drake, 1999). Below 

this homogenized surface-layer, a sediment sequence of sand or compacted mud might 

have been deposited prior to the flood event, similar to one that was observed at Site 

070 (Drake, 1999). At Site SlOO, such a layer of compacted mud between 0.7 and 1.1 

mbsf may have significantly increased in-situ attenuation from 0.03 to 0.45 dBm-1kHz-1 

(Figure 3.3D) and in-situ sound speed from 1480 msec- 1 to 1540 msec- 1 (Figure 3.3A). 

In contrast to the upper sequence at Site SlOO, where acoustic and physical properties 

strongly correlated, no similar gradients in bulk density and porosity were found for 

this particular sediment sequence (Figures 3.3B, C). The effect of compaction alone is 

unlikely to increase the sound speed of that magnitude, especially considering a sound 

speed decrease to 1500 msec- 1 below 1.1 mbsf. The core length at Site SlOO was limited 

to approximately 1 m, which could be also evident of an increase in sediment strength 

due to a greater amount of sand or compacted mud within this stratigraphic interval. 

Unfortunately, we do not possess enough information from post-cruise core studies to 

determine, which process may have controlled this enigmatic acoustic behavior. 

At Site S60, in-situ attenuation was expected to be at least as high as at Sites 170, 

870 or 880, either caused by stratigraphic scattering from thin-bed layers (Frazer, 1994), 

grain-size-and overburden pressure-related intergranular friction (Hamilton, 1972), 

or viscoelastic absorption (Biot, 1956a, 1956b). Instead, we measured comparatively 

low in-situ attenuation (Figure 3.3D). We explained this result with a relatively high 

noise-level that typically contaminated our acoustic records obtained on the upper 

shelf. Extracting attenuation from acoustic data is much more difficult than velocity, 
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and attenuation estimates are correspondingly more vulnerable to noise than velocity 

data (Frazer et al., 1999). Ultrasonic attenuation was maximal at Sites 860, and 

exhibited a significant variability within the upper 0.4 mbsf. We attributed this to 

a combination of attenuation caused by intergranular friction and scattering of com

pressional sound wave energy on heterogeneities at ultrasonic wavelengths {Figure 3.3D). 

3.6.2 DIFFERENCES BETWEEN IN-SITU ACOUSTIC AND LAB

ORATORY ULTRASONIC DATA 

SOUND SPEED 

A significant difference between in-situ and averaged laboratory ultrasonic compressional 

wave sound speed was measured in a majority of our profiles {Figure 3.6A) . This result 

may suggest evidence for dispersion, which describes the frequency dependence of sound 

speed in anelastic materials, with the expectation that sound speed increases with fre

quency. The dispersive behavior of elastic wave propagation through porous media was 

theoretically predicted (Biot, 1956a, 1956b; Kjartansson, 1979), and reported for sound 

speed in sandy sediments {Barbagelata et al., 1991; Fu, 1998). Other researchers doubt 

the existence of dispersion in marine sediments or argue that the effect may be so small 

over a wide frequency band that it can be neglected {Hamilton, 1972; Kibblewhite, 1989; 

Bowles, 1997; Buckingham, 1997). 
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Recent compressional wave sound speed measurements in near-surface sandy sedi-

ments of Kaneohe Bay, Hawaii, between 20 kHz and 100 kHz showed an increase in sound 

speed values of approximately 25 msec-1 (Baffi, 1999), which was not only in agreement 

with an appropriate Biot model, but also close to the maximal difference between in-situ 

and ultrasonic sound speed that we obtained in Eel margin sediments along the 60 m 

water isobath (Figure 3.4). 

In contrast, fine-grained, cohesive surficial sediments investigated in Kaneohe Bay 

exhibited almost a constant sound speed over the wide frequency band of 100 kHz, 

suggesting non-dispersive attenuation behavior in accordance with the Biot model for 

this sediment type. Dispersion, observed in the present study was greatest at Site 860, 

but also existed to a lesser extent at the other sites (Figure 3.6A). Theoretical constructs 

(Biot, 1956a, 1956b; Kjartansson, 1979) predict precisely this behavior, with sandier 

sediments exhibiting greater dispersion. 

We do not believe that differences between in-situ and ultrasonic sound speed ob

served in Eel margin sediments were related to velocity anisotropy. This dependence 

on measurement directivity can be linked to the alignment of platy grains and flattened 

pores in the bedding plane (Johnston and Christensen, 1995). Following this argument, 

we would expect that anisotropy would be greatest in fine-grained, cohesive muds below 

the 60 m isobath, not in less cohesive sediments on the upper shelf, where small amounts 

of fine-grained sands were found (e.g., Drake, 1999). 
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Figure 3.6: Laboratory ultrasonic sound speed was averaged over the same depth intervals 

as corresponding Lance data (every 0.4 m) . Averaged ultrasonic laboratory vs. in-situ 

acoustic sound speed (A) showed a greater discrepancy between both values when obtained 

in relatively coarse-than in fine-grained sediments, probably because of dispersion (Biot, 

1956a, 1956b). An even more pronounced difference existed in attenuation measured at 

the two distinct frequencies (B) than for sound speed (A) that are attributed to scattering 

at thin-bed layers and at heterogeneities in the sediment column. 

ATTENUATION 

We found larger differences between in-situ and laboratory attenuation than for corre-

sponding velocity data (Figure 3.6). A substantial majority of in-situ attenuation values 

were much lower than their ultrasonic counterparts averaged over the same seafloor depth 
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interval (Figure 3.6B). In-situ attenuation was moderately high in the near-surface in

terval at three sites and tended to decrease steadily downcore at all locations, except at 

Site SlOO (Figures 3.3, 3.5). 

Ultrasonic data, on the other hand, exhibited great variability in sediments within 

the upper 0.4 mbsf, and stabilized at relatively high values in deeper core sections. 

Furthermore, averaged ultrasonic attenuation as a function of porosity exhibited a better 

agreement with relationships first described by Hamilton (1972) than corresponding in

situ values {Figure 3.7). According to Hamilton {1972) porosity has proven indicative of 

intrinsic attenuation behavior of marine sandy, silty and clay-rich sediments and rocks 

because it reflects the number and type of interparticle contacts. Grain size, angularity, 

area of contact points, permeability, bulk moduli, and shape of pore spaces are some 

of the many parameters in marine sediments that are related to porosity, and thus to 

attenuation processes (Biot, 1956a, 1956b; Hamilton, 1971b, 1972; Stoll, 1989). 

Hamilton (1972) suggested that attenuation in marine sediments is non-dispersive, 

and primarily controlled by intergranular friction in sands and sandy silts due to a large 

number of contacts between grains, while in clay-rich cohesive sediments electrochemical 

forces govern sound wave absorption (Hamilton, 1971a; Meissner and Theilen, 1983). In 

contrast to non-dispersive internal friction and electrochemical forces, dispersive absorp

tion mechanisms in marine sediments have been attributed to viscous damping caused 

by pore fluid motion relative to the frame and individual grains (Biot, 1956a, 1956b; 

McCann, 1969; Stoll, 1989). Yamamoto and Turgut (1988) argued that differences in 

attenuation between acoustic and ultrasonic measurements are caused solely by viscous 
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Figure 3. 7: Porosity vs. attenuation for downslope-and along-shelf transects compared 

with empirically determined regression fits (gray and dotted lines) from Hamilton (1972). 

Ultrasonic data from the present study, in general, match with Hamilton's data fit, 

whereas most in-situ attenuation values do not. 

absorption mechanisms that are strongly dependent on the grain- and pore-size distribu-

tion when obtained at frequencies between 5 and 100 kHz. Furthermore, their modified 
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Figure 3.8: Most of in-situ and ultrasonic attenuation values from the present study do 

not match with empirical results from Hamilton {1912}, or with theoretical predictions 

based on a Biot model by Yamamoto and Turgut ( 1988). One explanation for this phe-

nomenon might be stratigraphic scattering of acoustic sound energy at thin-beds {Frazer 

et al., 1999), or backscattering of ultrasonic waves at sediment heterogeneities. 
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Biot model predicted a good match for the same frequency band with Hamilton's em

pirically determined fit for attenuation values as a function of mean grain size. 

We are not, however, convinced that dispersion, as predicted by Biot- Stoll models 

(e.g., Yamamoto and Turgut, 1988; Leurer, 1997) and concluded from data presented 

by others (Stoll, 1989; Kibblewhite, 1989; Bowles, 1997; Baffi, 1999) produce differences 

of the observed magnitude in Eel margin sediments. While attenuation is much more 

difficult to measure than sound speed because of its sensitivity to noise and transducer 

response, these limitations should not produce the distinct differences that we see in our 

data. Only some of our in-situ attenuation values matched well with both Hamilton's 

regression fit (Hamilton, 1972) and with Yamamoto and Turgut's Biot model (1988) 

when plotted against mean grain size (Figure 3.8), whereas the majority of in-situ and 

averaged ultrasonic attenuation values size did not. We believe that the good correspon

dence between empirical and theoretical sediment acoustic studies with only some of our 

geoacoustic data highlight the possibility of dispersive behavior (Figures 3.3 to 3.8). 

Nevertheless, we hypothesize that much of the unexplained disparity between in

situ and ultrasonic attenuation data and model values can be related to stratigraphic 

and grain-size related scattering (Vidmar, 1984; Richardson and Briggs, 1993, 1996). In 

heterogeneous Eel margin sediments our ultrasonic signals had a wavelength of about 

0.003 m, whereas in-situ wavelengths were closer to 0.15 m. Grain-cluster sizes and 

sediment disturbances due to bioturbation, and the presence of random shell fragments 

were measured to be on the order of our ultrasonic wavelength (Cutter and Diaz, 2000). 

We argue that particle scattering contributed strongly to the absorption of ultrasonic 
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sound wave energy. 

In contrast, near-surface in-situ attenuation may have been more sensitive to strati

graphic scattering along bed boundaries for sediment layers with a thickness less than 

our used acoustic wavelengths (Frazer, 1994). For a few depth intervals an agreement 

might have existed between in-situ and laboratory data by pure coincidence when the 

effects of layering and high frequency scattering produced roughly the same effect on 

acoustic and ultrasonic signals at the two different wavelengths. 

Laboratory ultrasonic attenuation values obtained in Eel margin sediments did not 

decrease with depth like corresponding in-situ data below approximately 0.4 mbsf (Figure 

3.3, 3.5). If grain-size related scattering below 0.4 mbsf did not control our ultrasonic 

attenuation profiles, a growing number of grain contacts might have caused a higher 

rate of intergranular friction (Hamilton, 1976). Hamilton's empirical results (1976) sug

gest a decrease of attenuation with depth in coarse-grained sediments (higher strength 

of frame compared to increase in friction) and an increase in attenuation in soft sedi

ments because muds and silts compact more easily than sands (friction increases faster 

than frame strength). Conversely, an increase in rigidity and bulk frame strength with 

overburden pressure may have reduced attenuation as a counterbaLance to frictional 

processes (Hamilton, 1976), which would comply with our in-situ attenuation profiles 

(Figures Figure 3.3D, 3.5D). It should be noted that Hamilton's observation describes 

an attenuation-depth dependence over several tens or hundreds of meters of subsurface 

depth, and may not be simply transferred to our data set, which describes only the upper 

1 or 2 m of seafloor depth. 
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Overall our ultrasonic attenuation data exhibited greater variability near the seafloor 

surface, and appeared to either increase slightly with depth in both coarse-grained (sur

ficial porosity between 42 and 55%) and fine-grained sediments (near-surface porosity 

higher than 55%), or remained almost constant. According to Hamilton {1976) our 

ultrasonic attenuation profiles would reflect the dominant effect of friction caused by 

compaction. 

In contrast, in-situ attenuation decreased with depth, which possibly was the result 

of (1) the effects of overburden pressure on the frame moduli overcoming the tendency of 

increased attenuation through compaction-related friction, and (2) particularly where we 

found intervals of relatively high near-surface in-situ attenuation, the presence of thin

beds may have caused greater stratigraphic scatter than in deeper, more homogeneous 

sections. 

3.7 CONCLUSIONS: EEL RIVER SHELF STUDY 

Geoacoustic and physical property measurements conducted on the Eel margin in Califor

nia revealed the spatial and vertical distribution of different sediment types between the 

60 and 100 m isobaths. Greatest variability in our data was found along the upper shelf 

where a high-energy environment forms a heterogeneous sediment composite of coarse

and fine-grained sediments. This sediment heterogeneity of the upper shelf changes into 

a more homogeneous sediment composition in the shore-normal direction towards deeper 

waters. Fluvial sediments are transported in suspension from the coastal watershed by 

prevailing currents in a northerly direction during short-term storm events until they 
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are deposited further offshore. During storm-free periods sediments are transported in a 

southerly direction and across the shelf by bottom and tidally induced currents. Long

and short-term processes affect both erosion and deposition cycles of surficial sediments 

due to bottom currents, subsequent bioturbation and compaction of previously deposited 

sediments. In concert these factors favor the development of thin-bed layers within the 

upper 0.4 mbsf along the middle and lower shelf area below 60 m of water depth. High 

surficial in-situ attenuation and a subsequent decrease of values with depth probably 

occurred whenever stratigraphic layering within the top 0.4 mbsf may have generated 

strong impedance contrasts or an enhanced interface roughness. If the presence of thin

beds increased in-situ attenuation, then layering may be most pronounced across the 

most recent flood deposit between the 70 and 90 m isobaths. Ultrasonic attenuation 

was generally greater than in-situ values and maximal in sediments of high sand con

tent (S60). We linked this result to dispersive viscoelastic absorption mechanisms and 

to friction between individual grains that is non-dispersive. In addition, ultrasonic at

tenuation was most likely overprinted by scattering from unidentified inhomogeneities 

in the sediment column that were of the size of ultrasonic wavelengths. Furthermore, 

ultrasonic attenuation at greater core depths differed from near-surface values by show

ing less variation, and in contrast to in-situ values exhibited no decrease with depth. 

This discrepancy in laboratory and in-situ attenuation data may have been enhanced 

by core sample disturbances, or by pore water release during coring. Horizontal lay

ering was most likely detected by obtaining in-situ attenuation with measurements in 

the vertical penetration direction. Our analyses of in-situ acoustic and laboratory ul-
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trasonic data together with physical properties acquired in cohesive, fine-grained Eel 

margin sediments strongly suggest that investigators must exercise great caution when 

applying laboratory values of sound speed and attenuation to in-situ situations. Sound 

speed dispersion appears to have a measurable effect on the relationship between the two 

data types, particularly in sediments that contain a greater amount of sand. Scattering 

occurs on entirely different scales, and interval attenuation at in-situ frequencies behaves 

differently than small-scale, high frequency measurements. Clearly an understanding 

of sediment microstructure and makeup of all sediment components will be critical for 

future attempts to model the acoustic behavior of the seafloor. 
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Chapter 4 

GEOACOUSTIC PROPERTIES 

IN GASSY SEDIMENTS ON 

THE INNER SHELF OF 

SE-KOREA 

(Paper: Evidence for Gassy Sediments on the Inner Shelf of SE Korea from 

Geoacoustic and Physical Properties. In Prep. For Cont.Shelf Res. Thomas 

J. Gorgas, Gil Y. Kim, Young K. Seo, Soo. C. Park, Gwang H. Lee, Roy H. 

Wilkens, Dae C. Kim) 

67 



4.1 ABSTRACT: INNER SHELF OF SE-KOREA 

The inner shelf of SE Korea is characterized by soft sediments containing a variable 

amount of methane gas at sub-surface depths depending on seasonal variations in bio

logical activity, flux of organic matter and hydrographic conditions (Park et al., 1999). 

We measured sound speeds directly in these sediments using the Acoustic Lance in 

both mid and late September, 1999, to identify regional and temporal variations of a 

gassy sediment layer that has been observed as an acoustically turbid zones in high

resolution seismic profiles (Park et al., 1999). The in-situ sound speed measurements in 

mid September did not positively identify the presence of shallow gas. In late Septem

ber, two particular locations showed an abrupt decrease in sound speed and signal and 

spectral amplitudes at depths as shallow as 2 meters below seafloor (mbsf), indicating 

the presence of free gas bubbles in the seabed. X-radiographs taken on sediments that 

were piston-cored six months prior to the in-situ acoustic measurements revealed nu

merous microcracks in some deposits. These core disturbances are interpreted as clear 

evidence for expanding gas bubbles during core retrieval. In contrast to the in-situ 

acoustic data, ultrasonic sound speeds measured in the laboratory on the piston-cored 

sediments three months after their retrieval did not differentiate between gas-bearing 

and gas-free sediments. Results from our in-situ acoustic experiments suggest that in 

late September gassy sediment zones appears to have been concentrated along the 70-m 

bathymetric contour in the northern part of the area at subsurface depths of less than 

2 mbsf, but might have been either at a slightly different location when investigated in 

mid September, or at greater seabed depths than in late September. Production and 

68 



preservation of free gas may be favorable in the north because sediments are exposed 

to high surface-water productivity associated with a pronounced summer upwelling cell. 

The surface sediments in the north are also finer-grained than in the south, facilitating 

the preservation of organic matter. Increased coastal discharge during summer floods 

may also provide organic-rich sediments to the area. 

4.2 INTROCDUCTION: INNER SHELF OF SE-KOREA 

The understanding of acoustic wave propagation through the interface and shallow 

seafioor is of considerable interest in underwater acoustics, geophysics, ocean and ge

ological engineering and naval applications (Richardson, 1986; Stoll, 1989; Kibblewhite, 

1989). The sediment-water interface and upper several meters of seafioor are character

ized by the largest gradients in physical and acoustic properties (Hamilton, 1976). The 

reliable measurement of acoustic parameters, such as sound speed and attenuation, has 

attracted considerable attention as a means in order to define geological processes that 

control acoustic and seismic wave propagation within the shallow seafioor. 

Gas-bearing sediments are widely distributed throughout the world's ocean and con

centrate especially in organic-rich, muddy sediments of coastal waters, estuaries and ad

jacent shallow seas, such as the Baltic Sea or the inner shelf of SE Korea (Figure 4.1) 

(Judd and Hovland, 1992; Wilkens and Richardson, 1998; Park et al., 1999). Gas in 

shallow marine sediments is generally formed from biogenic processes, when bacteria 

reduce organic matter within the upper lO's or lOO's of sub-seafioor depth (Floodgate 
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Figure 4.1: Map of the study area and sites where the Acoustic Lance was deployed in 

mid and late-September 1999, and where cored sediments were retrieved in February 1999 

(not measured before May 1999). Grain sizes within the Distal Mud Deposit (DMD) vary 

from 6</> in the south (Sites 7, 8, and 9) to 8</> in the North (Sites 19, 20, and 21). Note 

the location of the Nakdong River, a significant source of organic matter to the DMD, 

and the direction of the Tsushima Current in northerly directions. 

and Judd, 1992; Hagen and Vogt, 1999). 

Despite the frequent occurrence of acoustic turbidity associated with the presence of 
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gas bubbles in seabed sediments, the propagation of acoustic waves and their attenuation 

in gassy sediments are not fully understood (Wilkens and Richardson, 1998). Acoustic 

propagation speed is much lower in gas-bearing sediments, whereas attenuation increases 

significantly even in the presence of minute amounts of gas bubbles {Anderson and 

Hampton, 1980a, 1980b, Yuan et al., 1992; Richardson, 1994; Fu et al., 1996b). 

In spite of evidence for gassy sediments on the shallow SE Korean shelf from acoustic 

chirp profiles (Park et al., 1999), direct acoustic measurements in gas-bearing sediments 

have not been performed at this location. This present study contributes new acoustic 

and physical property profiles recorded in an area, which only recently has become 

the focus of detailed geoacoustic and geological studies (Kim et al., 1999). Our results 

presented in this paper confirm some of the results previously obtained with the Acoustic 

Lance in other regions (Wilkens and Richardson, 1998; Fu et al., 1996b), and furthermore 

reveal short-term variations in the gas distribution across the study area that have not 

been identified so clearly before. 

4.3 REGIONAL SETTING: INNER SHELF OF SE

KOREA 

The inner-and mid-shelf on the continental shelf of SE Korea is dominated by large 

volumes of fine-grained young muddy sediments with grain sizes between 6-8¢ (16-4 µm) 

in water depths shallower than 70 to 100 m (Figure 4.1). They form a characteristic mud 

belt in a shelf-parallel direction due to the northward flowing, warm and highly saline 
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Tsushima Current through the Korea Strait of the southern Korea Sea (Kim et al., 1986; 

Park and Choi, 1986; Kim et al., 1996; Park et al., 1999; Kim et al., 1999). This current 

is a branch of the Kuroshio Current in the Sea of Japan, with current speeds close to 

1.0 msec-1 during the summer (Park et al., 1999; Cho et al., 1999). 

The shallow water shelf can be clearly separated from the northeastern slope and 

the adjacent Ulleung Basin where water depths becomes deeper than 1000 min the Sea 

of Japan (Figure 4.1). In contrast to young muddy clay-silt fractions on the inner shelf, 

relict sandy sediments that were formed during the last glacial period occur seaward of 

the 80 m isobath over a wide portion of the outer shelf (Park et al., 1999). They are 

characterized by shell fragments and grain sizes up to 20¢ (2 mm) (Cho et al., 1999). 

During summer floods a large volume of fine-grained sediments and organic matter 

is discharged from the Nakdong River in the South, and then dispersed by tidal and 

coastal currents in northerly directions, and eventually reach the outer shelf (Kim and 

Lee, 1980; Kim et al., 1986; Kim et al., 1999). High sedimentation rates (2.5 mm/yr) 

and water column productivity increase the organic carbon content in the sediments 

across the DMD, and ultimately lead to the formation of dissolved methane gas caused 

by a biochemical degradation of the organic matter within the sediment column (Park 

et al., 1999). Once methane production exceeds saturation levels free methane bubbles 

form in the sediment (Martens et al., 1998). Similar to other shallow water seas, bottom 

currents on the inner shelf of SE Korea are probably too low to erode surficial sediments 

(Nittrouer et al., 1998), which might further enhance the production and preservation 

of free gas within shallow sub-seafloor depths. 
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Figure 4.2: Chirp sounder profile recorded between 2 and 7 kHz reveal acoustic turbidity 

("acoustic masking") across the study area, attributed to the presence of free gas bubbles 

in the sediment (after Park et al., 1999). 

The distribution pattern of fine-grained sediments along the inner shelf of SE Korea 

has been defined as the Distal Mud Deposit (DMD), and studied over 40 km with a 
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high-resolution (2-7 kHz) subbottom profilers using a hull-mounted chirp sonar system 

(Datasonics, CAP-6000W) and a high-energy Sparker system (Park et al., 1999). Seismic 

profiles from these surveys appear to be mostly acoustically transparent with only one 

distinct reflector from the Holocene transgression (Park et al., 1999). In addition, the 

seismic data exhibit acoustic turbidity ("acoustic blanking") (Yuan et al., 1992) across 

laterally continuous areas of the DMD over a distance of nearly 40 km along the south

eastern coast between Pusan and Pohang (Figures 4.1, 4.2). Free gas bubbles cause a 

masking of sedimentary horizons by absorption and scattering of acoustic energy. In

ferred from these acoustic profiles the turbidity layer occurs at approximately 3 to 5 

meters below the seafloor ( mbsf), and may reach the water-seabed interface in certain 

regions (Park et al., 1999) . Results from the Sparker survey suggest a thickness of the 

acoustic turbidity layer up to 40 m off Ulsan (Figure 4.1). 

Acoustic Lance experiments that were performed in mid-and late September 1999 

provides direct evidence for short-term and regional variations of the acoustic turbid

ity layer distribution across the DMD, indicating a significant change of geoacoustic 

properties on small scales and over short periods of time. 
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4.4 METHODS: INNER SHELF OF SE-KOREA 

4.4.1 ACOUSTIC LANCE - AN IN-SITU ACOUSTIC PROBE 

The Acoustic Lance was developed at the University of Hawai'i in the early 1990-ties, 

and measures in-situ interval sound speed and effective attenuation profiles using full

waveform records (Fu et al., 1996a, 1996b; Frazer et al., 1999). The probe has been suc

cessfully deployed in a variety of unconsolidated sediments. Mid-Atlantic Ridge pelagic 

oozes exhibited low velocities and low attenuation (Fu et al., 1996a). Acoustic profiles 

obtained in carbonate-rich, gas-free sediments offshore of the island of Oahu, Hawaii, 

were interpreted as evidence for dispersive behavior of attenuation over a frequency 

band between 10 kHz and 1 MHz (Fu, 1998). Most recently, Lance was deployed on 

the Eel River shelf, California, where heterogeneous sediment deposits caused complex 

spatial variations of sound speed and attenuation (Gorgas et al., in press). 

Previous Aoustic Lance operations performed in gassy and gas-free muddy sediments 

in the Western Baltic Sea (Fu et al., 1996b) relate most directly to the present study 

on the inner shelf of SE Korea. In the organic-rich, high-porosity Holocene sediments of 

the Eckernforde Bay, Germany, in-situ compressional wave sound speed was below 1400 

msec-1 , whereas attenuation was high when free methane gas bubbles were presented in 

seabed depths shallower than 5 meters (Fu et al., 1996b; Wilkens and Richardson, 1998). 
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4.4.2 IN-SITU ACOUSTIC COMPRESSIONAL WAVE SOUND 

SPEED 

For the present study, eight receivers were mechanically attached to a piston core barrel 

at 0.5 m intervals below a broadband acoustic source (Figure 4.3). The source spectrum 

Recording Telemetry 

,.._Source 

R1 Total Receiver 
Vp1 Distance: 3.5 m 

R2 
Vp2 

R3 
Vp3 

R4 
Vp4 

RS 
VpS 

R6 
Vp6 

R7 
Trigger weight Vp7 

-----+ RS 
Core catcher -

Figure 4.3: Diagram of the Acoustic Lance, an in-situ sediment sound speed profiler 

developed at the University of Hawai'i {after Fu et al., 1996a}. For our experiment eight 

receivers were attached to a piston core pipe. Vp1 to Vp7 represent interval sound speed 

values obtained to maximal 3. 5 meters below seafioor ( mbsf}. 
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has a peak signal frequency around 7.5 kHz. The instrument is routinely calibrated by 

a recording in the water column before the Acoustic Lance is inserted into the seafloor. 

Waveforms from this calibration allow us to determine the exact spacing between the 

acoustic centers of the individual receiver elements. After completing the calibration, 

the corer drops to the seabed and penetrates the seafloor to seabed depths that depends 

on the strength of the sediment. 

In-situ compressional wave sound speed is calculated from different arrival times 

of acoustic waves and the known separation of the acoustic centers of the transducers. 

Signals from adjacent receivers are cross-correlated to establish an objective procedure 

for first arrival picking. Seabed velocities are calculated for the interval between two 

receivers. The precision of in-situ sound speed measurement approximates 1 % ( + /- 15 

msec- 1) (Fu et al. 1996a). 

4.4.3 LABORATORY ULTRASONCIC COMPRESSIONAL WAVE 

SOUND SPEED 

Laboratory ultrasonic measurements were conducted at 1 MHz on piston-cored sedi

ments 3 months after core retrieval in February 1999. They were not kept under in-situ 

pressure, but stored at low temperatures. A visual inspection of the sediments during 

the splitting process suggested that the gas has not been released before opening of the 

cores (G.Kim, pers. comm., 2001). Ultrasonic sound speeds were measured at 0.1 m 

intervals using a tabletop system with a pair of source-receiver transducers (PZT 4). 

Horizontal compressional wave sound speeds were obtained in the laboratory using a 
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standard pulse transmission technique (Birch, 1960; Kim, 1989). A specially designed 

cube-shaped sample holder was used to minimize an error arising from a deformation 

of the soft sediment sample. The measurement was made on two opposite directions 

(horizontal and vertical). Coupling between the transducers and the core liner was es

tablished by applying slight pressure on the piezoelectric elements, and using distilled 

water as a coupling fluid. 

4.4.4 PHYSICAL PROPERTIES AND X-RAY IMAGERY 

Sediment physical property measurements comprised the determination of bulk density, 

grain density, water content, and porosity using gravimetric methods (Boyce, 1976). Wet 

and dry sample volumes were measured using both manual (Micrormeritics, Pycnometer 

1305) and automatic pyconmeters (Quantachrome, Ultrapycnometer 1000). An auto

matic (motorized) shear vane (Geotest 23500) measured shear strength. X-radiographs 

were taken for the sediment slabs (0.20 m* 0.05 m* 0.01 m) at 65 kVp, 4-5 mA, and 

an exposure time of 20 seconds using Softex M-1005 to investigate the microstructure of 

both non-gassy and gassy sediment samples after their retrieval from the seabed. 

4.5 RESULTS: INNER SHELF OF SE-KOREA 

Sediment sound speed, bulk density and porosity were obtained across the DMD at nine 

sites that had been previously surveyed with a high-frequency seismic profiling system 

(Park et al., 1999) (Figure 4.1). 

In-situ sound speeds at the most southern Sites 7 (65 m water depth), 8 (84 m water 
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Figure 4.4: Velocity profiles versus sub-seaftoor depth (mbsf J at nine sites do not show 

evidence for gassy sediments in mid-September 1999 in form of an abrupt sound speed 

decrease (A, B, CJ. Although ultrasonic sound speeds are slower than in-situ values, they 

do not allow a clear distinction between gassy and non-gassy sediments (A, B, CJ . 

depth) and 9 (109 m water depth) varied between 1453 and 1545 msec-1 over the entire 

penetration depth (Figure 4.4A). In-situ acoustic sound speeds further north, at Site 13 
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(28 m water depth), varied in a similar fashion with depth as observed at the southern 

sites, but were slower (1462 to 1496 msec-1) than at Sites 7 to 9 (Figures 4.4A, B). At 

Site 14 (69 m water depth) in-situ sound speeds collected in mid-September increased 

slightly within the upper 1.5 mbsf from approximately 1450 msec-1 to 1470 msec-1 , 

and then decreased to values around 1400 msec-1 below that depth (Figure 4.4B). mid

September in-situ sound speeds furthest North at Sites 19 and 20 (68 m and 97 water 

depth, respectively) were similar as those observed at Site 15 (117 m of water depth), 

with near-surface values around 1540 msec- 1 (Figures 4.4B, C) . Corresponding in-situ 

sound speeds obtained in-situ at Site 21, the third most northern site (168 m water 

depth), were in good agreement with trends and values recorded at Sites 13 and 14 

(Figures 4.4B, C). 

In contrast to mid-September, in-situ sound speeds at Sites 14 and 19 obtained in 

late-September abruptly decreased to values around 1000 msec-1 below 2.4 and 1.9 mbsf, 

respectively, and perhaps as low as 700 msec-1 below 2.9 and 2.4 mbsf (Figures 4.5). 

In those cases an exact determination of in-situ sound speed was difficult because of a 

substantial degradation of signal quality attributed to the presence of free gas bubbles 

in the sediments. 

Ultrasonic sound speeds at most sites were slower than respective in-situ values, 

independent of whether they were collected in mid-September or late-September (Figures 

4.4, 4.5). Ultrasonic sound speed at the most southern sites (Sites 7, 8, and 9) increased 

with depth in most cases, ranging from 1440 to 1483 msec- 1 (Figure 4.4A). Similar 

trends in ultrasonic sound speeds were observed at Site 15, though values varied only 
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Figure 4.5: In-situ sound speed profiles versus sub-seafioor depth {mbsf) in late-September 

at Sites 14 and 19 show evidence for gassy sediments in form of an abrupt sound speed 

decrease, whereas ultrasonic sound speed data do not allow a clear distinction between 

gassy and non-gassy sediments (A, BJ. Notice the sound speed decrease of in-situ sound 

speeds occurring in shallower seabed depths at Site 19 further North (BJ than at Site 14 

further South (A) . 

between 1409 and 1427 msec-1 (Figure 4.4B). 

Figure 4.6 shows mostly faster sound speeds for in-situ than for ultrasonic sound 
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Figure 4.6: In-situ sound speeds for Sites 14 and 15 are plotted against averaged labo-

ratory sound speed data, suggesting faster values when measured at acoustic frequencies. 

Possible reasons for this unexpected acoustic behavior is discussed further below. 

speed measurements (Figure 4.6). These trends, as shown only for Sites 14 and 15, were 

very characteristic for most of the ultrasonic sound speed data. Similarly, laboratory 

values at Site 21 were in most cases slower than in-situ sound speeds (Figure 4.4C), 

though for this site trends between ultrasonic and in-situ values matched very well over 

the entire core depth. Some exceptions for this discrepancy between laboratory and in-
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situ data exist, as for example for ultrasonic sound speed at Sites 19 and 20. At Site 19 

ultrasonic data were obtained only for the upper 1 ms bf, and varied within a similar range 

as in-situ records from late-September (Figure 4.4C). Ultrasonic sound speed values at 

Site 20 were in good agreement with Acoustic Lance data for depth intervals between 0.4 

and 2.4 mbsf, whereas above and below these depths in-situ sound speeds were (again) 

faster than ultrasonic data (Figure 4.4C). 

Bulk density measured at Sites 14 and 15 in piston-cored sediments often correlate 

positively with respective in-situ and ultrasonic sound speed values in cases, where no 

further evidence of for free gas bubbles was found (Figure 4.7). In contrast, a negative 

correlation between in-situ sound speed and bulk density is found at Site 15, and, as will 

be discussed below, might indicate the presence of a sound channel between ca. 1 and 

2.5 mbsf (Figures 4.7) . 

4.6 DISCUSSION: INNER SHELF OF SE-KOREA 

In-situ acoustic sound speed obtained in high-porosity, non-gassy muds on the inner 

shelf of SE Korea is significantly faster than in gas-bearing sediments (Figures 4.4, 4.5). 

Gas-charged sediment horizons at the two Sites 14 and 19 (Figure 4.1) are revealed by 

an abrupt decrease of in-situ sound speeds (Figure 4.5), and by a strong ringing and 

a decrease in amplitude of full-waveforms in the time domain (Figures 4.8A, 4.9A). In 

addition, alternations and significant differences in spectral power are observed for acous-

tic signals in the frequency domain for the gassy, but not for the non-gassy sediments 

(Figures 4.8B, 4.9B). 
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Figure 4. 7: Bulk density correlate positively with in-situ sound speeds from Site 14 when 

obtained in non-gassy sediments, and with ultrasonic sound speeds at Site 15 (A, BJ. In 

contrast, a negative correlation for in-situ sound speeds is found at Site 14 when - most 

likely - free gas was present (BJ. Ultrasonic sound speeds at Site 14 show a similar trend, 

but are more ambiguous than in-situ data (A J. At Site 15 in-situ sound speed a negative 

correlation with bulk density is somewhat unexpected because of the absence of gas, and 

may be attributed to the existence of a sound channel. In contrast, ultrasonic data at 

Site 15 show the expected positive correlation between both parameters. 

Acoustic turbidity, or in other words, the masking of subseafioor reflectors attributed 

to the absorption of acoustic waves due to the presence of free gas bubbles, has been 

84 



1:Water 

A 

Cl> 
'tJ 
:J 
.~ 

Q. 
E 
c:( 

ca 
c 
m 

i:ii 
E 
:J 
E 
·~ 

== 
0 -'tJ 
Cl> 
.~ 
ca 
E ... 
0 z 

2 
3 

2 
3 

1 
2 

2 
3 

0 

2: No Gas (Mid-Sept.1999) 

Site 14 

Recelver_01 

Recelvar_02 

Recelver_03 

Recelver_04 

celver 05 

Recelver_06 

2 3 4 5 

..... 
a: 
1a 
Cl> 
'tJ 
:J 
~ 

Q. 
E 
c:( 

ca 
c 

.2> 
en ... 
Cl> 

~ 
E 
:J 
E 
')( 
ca 

== 
0 -'tJ 
Cl> 
.~ 
ca 
E ... 
0 z 

0 

Travel Time (ms) 

3: Gas (Late-Sept.1999) 

10 20 

FFT2048 Pt. 
Smooth 1 P1. 

30 40 

Frequency (kHz) 

B 

Figure 4.8: Full waveforms recorded in gassy sediments at Site 14 clearly show stronger 

reverberations (ringing) , coda and a significant amplitude decrease than those in water 

and sediments where gas was either absent or at deeper seabed depths (A) . Corresponding 

power spectra reveal a shift in peak source energy from lower to higher frequency com-

ponents in heavily gas-charged sediments (B ). This acoustic behavior is grossly different 

from that of gas-free sediments. 
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previously identified across the DMD in chirp sounder profiles, but not outside the DMD, 

or elsewhere on the continental shelf around the Korean Peninsula (Kim et al., 1999; Park 

et al., 1999) (Figure 4.2). These results from both acoustic experiments are in general 

agreement with other theoretical and field studies performed in similar sediments in the 

Western Baltic Sea and other regions (Anderson and Hampton, 1980b; Fu et al., 1996b; 

Wever and Fiedler, 1995; Wever et al., 1998; Wilkens and Richardson, 1998; Hagen and 

Vogt, 1999). 

The inner shelf of SE Korea is a prime location for the development of free gas layers 

in mostly homogeneous, soft sediments because a large volume of organic matter from 

the N akdong River drainage system is transported in a northward direction by bottom 

and tidal currents into the DMD region (Park et al., 1999). A high productivity in the 

overlying water column increases the total volume of organic matter (Park et al., 1999), 

governed by the strength and location of an upwelling cell induced by southerly summer 

winds (Lee and Na, 1985). Eventually, the total organic matter is degraded in the seabed 

bio-chemically by methanogenic bacteria, a process that results in the formation of free 

gas bubbles causing the observed effects on acoustic wave propagation (Martens et al., 

1998; Park et al., 1999; Kim et al., 1999). 

Results from our in-situ acoustic experiments on the inner shelf of SE Korea suggest 

a vertical migration of a pronounced gas layer specifically at Sites 14 and 19 within a 

short period of time. Aoustic sound speeds measured in mid-September, 1999, did not 

clearly indicate the presence of gas within the penetrated sediment column, as it did 

only two weeks later (Figures 4.4, 4.5) . Nevertheless, in mid-September a gas layer was 
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Figure 4.9: Characteristic full waveforms recorded in gas-free sediments at Site 15 do not 

exhibit reverberations and coda, or a significant amplitude decrease compared to those in 

water {A). Corresponding power spectra do not reveal a shift in peak source energy from 

lower to higher frequency components in gas-free sediments (BJ. This acoustic behavior 

is commonly observed in soft sediments, which are, in general, characterized by low 

attenuation. 
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most likely present at deeper sediment depths, evidenced by a significant ringing in the 

time-domain signal waveforms at Site 14 observed at approximately 1.9 mbsf and below 

(Receiver 5 in Figure 4.8A). This ringing can be explained with acoustic energy that 

is reflected back toward the surface. In the frequency domain the amplitude spectra of 

this and of subsequent receiver returns become more spiky, a typical sign of ringing at a 

particular frequency (Figure 4.8B). Measurements in late-September at Site 14 exhibit 

these effects even more strongly (Figure 4.8), in addition to very slow in-situ sound speed 

values below 2 mbsf (Figure 4.5). 

It has been suggested that the abundance of free gas bubbles primarily responds to 

temperature, salinity, and pressure which all influence bioactivity and chemical processes 

within the water-and sediment column. High temperatures would favor an increase 

in methanogenesis due to elevated productivity within the upper seafloor (Zeikus and 

Winfrey, 1976; Hagen and Vogt, 1999). Once the solubility (saturation) of any gas (in 

this case methane) reaches its limit in the pore water, free gas bubbles evolve, and form 

a gas layer causing the acoustic turbidity as it has been observed across the DMD. 

An efficient carrier of free gas bubbles within a sediment of very low permeability 

could be freshwater that seeps from aquifers beneath the shelf carrying methane gas 

bubbles toward the seabed-water interface, as it has been porposed for the Western Baltic 

Sea and the Eastern continental shelf of the US (Whiticar and Werner, 1981; Khandrich 

and Werner, 1995; Martens and Albert, 1995; Hagen and Vogt, 1999). However, in the 

case of the inner shelf of SE Korea there does not exist any evidence to support this 

argument . 
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Better candidates than freshwater seeps to explain the observed variability in gas 

abundance in sediments may be temperature, salinity and pressure. Figure 4.10 shows 

CTD profiles that were recorded at the invidual sites during our acoustic measurements 

in late-September. In order to eliminate the pressure effect, CTD water sound speed 

was plotted against CTD temperature (Figure 4.lOA), and then against CTD salinity 

(Figure 4.lOB). 

Furthermore, a predicted water sound speed curve was included for both of the 

measured CTD values, and then subtracted from the measured CTD values (Figure 

4.lOA, B). This residual water sound speed curve shows clearly two data points that 

are different from all the other values: one was recorded at Site 14 and the other at 

Site 19. Both data points were obtained in water depths along the 70 m bathymetry 

contour line where very similar seabed-water interface temperatures were present , and 

both represent locations where the greatest gas abundance existed in late-September 

(Figures 4.1, 4.5, 4.llA). In contrast, we do not see such a strong correspondence for 

the salinity data (Figure 4.llB). This result may suggest that a certain combination 

of both temperature and pressure is required to enhance gas ebullition rates at certain 

locales across the DMD. 

Similar conclusions about predominant temperature and pressure effects on gas ebul

lition were drawn from gas chromatography studies on gassy sediments from the Eck

ernforde Bay of the Western Baltic Sea (Wever et al., 1998) . In this brackish water 

system, where the hydrographic circulation is limited during most of the year, a maximal 

gas abundance occurs in late-November, and has been attributed to a time-lag between 
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Figure 4.10: CTD WATER SOUND SPEED versus CTD TEMPERATURE (A) and SALINITY 

(B) is compared with a predicted water sound speed curve as a function of measured 

tempterature, pressure and salinity values. The temperature plot (A) shows a stronger 

correlation between the two parameters than salinity (B ) , suggesting that a particular 

combination of temperature and pressure favors a maximum gas ebullition. 

the annual surface and sediment temperature cycle in the Eckernforde Bay (Wever and 

Fiedler, 1995). In the more open ocean environment of the Chesapeake Bay a maximum 

of free gas in sediments was revealed in side-scan sonar data in the late summer (Hagen 

and Vogt, 1999). It is possible that the inner shelf of SE Korea responds similarly to 
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Figure 4.11: Residual values for PREDICTED WATER SOUND SPEED minus CTD WATER 

SOUND SPEED as a function of CTD TEMPERATURE (A) and CTD SALINITY (B) shows 

two distinct data points only in the temperature plot (A) for both Sites 14 and 19, where 

a maximal gas abundance was found. This result might suggest that temperature and 

pressure are the main controlling factors for the rate of gas ebullition. 

tempterature cycles as observed in these other marine environments, depending on how 

fast the temperature signal can be transferred into the sediment column. Repeated tern-

perature measurements at both the surface and the seabed-water interface throughout 
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an entire annual cycle are warranted to prove a temperature-dependence of gas ebullition 

and migration within the sediment column. 

At this point we only have spare air and water temperature data from the research 

vessel for both measurement periods, indicating higher temperatures at Site 14 in mid

September, 1999, than at any of the other sites. At Site 14, coincidently the signs of free 

gas bubbles were more pronounced than at the other sites, although in-situ sound speed 

at that site do not indicate a full penetration of the gas layer within the upper 2 mbsf. 

Water temperatures at Site 19, the other gassy locale, were among the lowest values 

(22.5°), corresponding to no signs of free gas bubbles in mid-September, 1999. Wind 

directions were slightly different in mid-September (NW for Site 14, and N for Site 19), 

but consistently blowing from the NE in late-September, while water temperatures were 

identical and relatively high at both sites (25.8°, 25.5°, respectively). 

4.6.1 DIFFERENCES BETWEEN IN-SITU ACOUSTIC AND LAB

ORATORY ULTRASONIC SOUND SPEEDS 

Acoustic sound speed profiles versus depth obtained on the inner shelf of SE Korea 

indicate a greater abundance of free gas bubbles at Sites 14 and 19 when measured 

in late-September than in mid-September, 1999 (Figure 4.5). In contrast, at no other 

sites similar signs of gas-bearing sediments was exhibited. Both sites are located in 

approximately 70 m of water depth where homogeneous sediments are characterized by 

fine grain-sizes around 7-8¢. 

Anderson and Hampton (1980a) hypothesized that velocity in gas-bearing sediments 
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might be either faster or slower than that of gas-free sediments depending on whether 

sound speed measurements in gassy sediments are performed below or above the charac

teristic bubble resonance frequency. According to them, sound speed in gassy sediments 

is slower than values in gas-free sediments if the sound wave frequency is lower than 

the characteristic bubble resonance frequency. Furthermore, they related acoustic signal 

attenuation in gas-bearing sediments to frame frictional absorption, internal absorption 

associated with bubble wall motion, and scattering. 

Wilkens and Richardson (1998) concluded from Acoustic Lance data obtained in 

the Western Baltic Sea and from theoretical modeling based on Anderson and Hamp

ton (1980) that acoustic data recorded below 20 kHz do not reveal the characteristic 

bubble resonance frequency. In accordance with Wilkens and Richardson (1998), in

situ sound speeds on the inner shelf of SE Korea were most likely obtained below the 

characteristic bubble resonance frequency causing slower values due to compressibility 

effects. Accordingly, ultrasonic sound speeds obtained at 1 MHz must have been mea

sured well above the characteristic resonance frequency of the gas bubbles, and thus may 

not even expected to show clear evidence for their presence in the sediments (Wilkens 

and Richardson, 1998). 

In addition to the gas bubble frequency, sound speeds are affected by the bubble 

size distribution and gas volume concentrations. In-situ values recorded on the inner 

shelf of SE Korea at Sites 14 and 19 in late-September, 1999, rapidly decreased with 

sub-seafloor depth, whenever free gas bubbles were abundant. This observation was also 

made in heavily gas-charged sediments in the Western Baltic Sea Fu et al. (1996b). Fu et 
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al. (1996b) attributed a slight increase of in-situ sound speeds obtained with the Acoustic 

Lance in the Western Baltic Sea with a moderate gas concentration, a conclusion that 

we do not feel comfortable to share. 

We noticed that ultrasonic sound speeds in both non-gassy and gassy sediments 

were, in general, in disagreement with respective in-situ values. This result is in contrast 

to those of several other acoustic experiments conducted in-situ with the Acoustic Lance 

and in the laboratory (e.g., Fu, 1998; Baffi, 1999; Chapter 3, this dissertation). In 

addition to the resonance frequency effect of gas bubbles, which theoretically affects 

acoustic and ultrasonic signals differently, scattering of sound wave energy is most likely 

more pronounced when measured at 1 MHz than in-situ between 5 and 15 kHz. Other 

core disturbances might have further influenced the sound speed profile obtained in the 

laboratory, even for cases where no evidence for gas was found. Core disturbances, 

either from gas expansion during core retrieval or from breaking weak bonds between 

clay particles, or dewatering might have caused the cored material to behave more like 

a fluid mixture than it truly is in-situ yielding to the observed sound speeds measured 

in the laboratory (Figure 4.4, 4.5). 

The fact that ultrasonic measurements were not taken before 3 months after the 

core retrieval might suggest that either partial degassing occurred at Site 14, and thus 

did not reduce sound speeds as drastically as observed in-situ. 

Alternatively, the gas-contaminated layer was not penetrated with the core, although 

expanding gas caused the formation of numerous microcracks in the gassy sediment cores, 

but not at gas-free sites, as X-radiography on the cores at Sites 14 and 15 showed (Figure 
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Figure 4.12: X-ray images obtained from gassy sediments at Site 14 (A} clearly show a 

great abundance of microcracks induced by gas bubble movement and expansion during 

core retrieval. Note the almost vertical alignment of cracks in certain areas. In contrast to 

gassy sediments, non-gassy sediments at Site 15 do not exhibit microcracks (BJ, although 

some inhomogeneities in the sediment column may be recognized that possibly caused a 

significant degree of scattering of ultrasonic sound waves. 

4.12). Yuan et al. (1992) concluded from similar laboratory experiments that compres-

sional sound speed is highly sensitive to small volume changes in gas concentrations, and 

may ultimately prove invaluable for detailed studies of the geotechnical significance of 

gassy sediments. It has been suggested that core studies of gassy sediments are to be 
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taken at least within 35 minutes after core retrieval (Wever et al., 1998). 

In-situ sound speeds at Sites 7, 8, 9, 13, 15, 20, and 21 measured in mid-September, 

1999, either increased due to compaction, or remained nearly constant with depth. This 

result is attributed to the presence of gas-free deposits (Figure 4.4). In contrast, in-situ 

sound speeds at Sites 14 and 19 recorded in mid-September do not allow to ascertain 

whether there was no gas present at that time, or whether the Acoustic Lance did not 

penetrate an existing gas horizon. This gas layer might have been too deep to significantly 

influence respective in-situ sound speed values. We might interpret alterations in the 

characteristic signal waveform as evidence for the presence of this gas horizon (Figure 

4.8A). 

In mid-September 1999, at several non-gassy sites, and including Sites 14 and 19 

where data were ambiguous, we observed near-surface values that were much faster 

than water sound speed, followed by subsequent negative sound speed gradients between 

30 and 60 sec-1 within the upper 1 mbsf. Below that depth, velocity gradients either 

remained at zero or increased positively around 2 mbsf (Figure 4.4). Similar sound speed 

profiles from Acoustic Lance operations were found in soft oozes of Mid-Atlantic sediment 

ponds, and explained with an acoustic channel at shallow seafloor depths attributed to 

the interplay of effective bulk density and the bulk modulus (Hamilton, 1979; Fu et al., 

1996a). Silva et al. (1998) measured very low bulk density in non-gassy sediments of the 

EckernfOrde Bay at the bottom water-seabed interface that increase rapidly within the 

upper 0.2 mbsf, but subsequently decrease slightly to core depths at 0.5 mbsf. Below that 

sub-seafloor depth bulk density varies somewhat inconsistently, but overall increases with 
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depth. This bulk density profile matches very well with our velocity records in non-gassy 

sediments, and possibly supports Hamilton's sound-channel theory for such fine-grained 

sediments. 

4.6.2 CHARACTERISTIC CHANGES OF ACOUSTIC SIGNAL 

FULL WAVEFORMS 

In gassy zones, amplitudes of full waveforms in the time-domain were strongly atten

uated, prohibiting the exact determination of sound speed in late-September, 1999. 

Time-domain signals obtained in gas-bearing layers exhibited a very strong decay in 

signal amplitude and significant coda, whereas those above the gas layer contained en

ergy reflected back from the deeper gas layer (Figure 4.8A). 

A 1024-point FFT taken over a majority of the time-domain full-waveform showed a 

shift of spectral energy from lower to higher frequencies when measured in sediments that 

were either gas-contaminated or underlain by a gas horizon at deeper sub-seafloor depths 

(Figure 4.8B). Spectral amplitudes obtained from time-domain signals also suggest an 

increase in gas concentrations with depth at least for the measurements performed in 

late-September (Figure 4.8B) . 

In contrast, we did not see a similar spectral energy shift in signals that were recorded 

in gas-free sediments ((Figure 4.9B) . This acoustic behavior observed only in gassy sed

iments is grossly different from that in gas-free sediments, and suggests that lower fre

quencies experience greater damping than higher frequencies most likely due to some 

combination of gas bubble size and volume distribution (Anderson and Hampton, 1980a, 
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1980b; Wilkens and Richardson, 1998). This is inconsistent with the increase of the at

tenuation coefficient that is commonly measured for seafloor sediments (Hamilton, 1972). 

Thus, methods that are frequently used to calculate attenuation, such as the spectral 

ratio (Tonn, 1989), are invalid because the assumption of a constant Q over a large 

frequency band is violated. 

In situ records obtained in mid-September were probably measured in sediments that 

were underlain but not contaminated with free gas bubbles. Acoustic Lance operations 

in gassy sediments of the Western Baltic Sea (Fu et al., 1996b; Wilkens and Richardson, 

1998) showed that a small amount of gas present affects velocity only slightly. From 

these and results derived from previous and similar acoustic studies it might be inferred 

that sound speed might not be the optimal indicator for the presence of gas. In our 

case signal characteristics of the full waveform were obviously altered even by minute 

amounts of gas in the sub-seafloor, or by gas layers that were not even penetrated, 

exhibiting characteristic reverberations (ringing) and amplitude damping due to bubble 

scattering of both time-and frequency domain signals (Figure 4.8)(Fu et al., 1996b). 

4.7 CONCLUSIONS: INNER SHELF OF SE-KOREA 

An abrupt decrease of in-situ sound speed around 2 mbsf and changes in acoustic sig

nal characteristics reveal a significant gas concentration in sediments on the inner shelf 

of SE Korea in late-September, but not in mid-September, 1999. This result possibly 

suggests short-term and/or small-scale changes in gas abundance in this area. Both 

temperature and pressure conditions in conjunction with in-situ bio-chemical and in 
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hydrographic conditions might control the vertical migration of free gas bubbles from 

greater to shallower sub-seafloor depths. The water depth of both gassy sediment sites 

was between 68 and 77 m, where temperature and water sound speed were remarkably 

consistent. Changes in in-situ acoustic signal characteristics, such as strong ringing and 

coda, and significant reduction in amplitude of both time and-frequency domain signal, 

may be a better indicator for the presence of gas than sound speed data because even 

minute amounts of gas affect visibly the signal full waveform, but not necessarily the 

sound speed. In-situ sound speed in gas-bearing sediments was significantly slower than 

in gas-free sediments, although we cannot prove whether this is depending on the gas 

concentration, and/or on the characteristic gas bubble size distribution. At this point 

we believe that an existing gas layer migrated within a short time period toward shal

low seabed depths . Furthermore, amplitude spectra of full waveforms recorded with the 

Acoustic Lance exhibited a stronger loss of lower than higher frequency contents when 

obtained in heavily-gas charged sediments. This result can be possibly attributed to a 

characteristic gas bubble resonance in the vicinity of our source signal peak energy. This 

acoustic behavior is contrary to sound wave propagation in non-gassy sediments, but 

nevertheless consistent with theoretical predictions and field measurements performed 

in similar sediments in the Western Baltic Sea. Further studies that comprise acoustic 

records over a wide frequency band between 1 and 100 kHz, and that include hydro

graphic and meterological data, are warranted to adress the question how exactly gas 

ebullition on the inner shelf of SE Korea is controlled by temperature, pressure and other 

environmental factors. 
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Chapter 5 

SEDIMENTATION RATES 

FROM SPECTRAL ANALYSES 

ON BULK DENSITY DATA, 

ODP SITES 1081 TO 1084, SW 

AFRICA 

(ODP DATA REPORT: Sedimentation rates from Milankovitch period

icity in log and GRAPE density off southwest Africa, Sites 1081, 1082 

and 1084 (Leg 175): Proc. ODP, Sci.Res., Ocean Drilling Program, 

Texas. Vol.175, Ch.9, 2001. Gorgas, T. J ., Kronen, J. D., Jr., and 
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Wilkens, R. H. 

Paper: Sedimentation Rates off SW Africa Since the Late Miocene 

Deciphered From Spectral Analyses of Borehole and GRA Bulk Density 

Profiles: ODP Sites 1081 to 1084. In Press: Marine Geology. Gorgas, 

T.J., Wilkens, R.H.) 

5.1 ABSTRACT: ODP LEG 175 STUDY 

Sedimentation rates {SR) off SW Africa were calculated by performing spectral analy

ses in the depth domain on borehole and gamma ray attenuation (GRA) bulk density 

data from ODP Sites 1081 to 1084. Inversion and integration of SRs versus depth from 

spectral analysis yielded detailed SR profiles in the time domain. Our technique allowed 

the detection of excursions in calculated SRs that not only often differed from those 

established through coarse-scaled biostratigraphic data, but also revealed a greater re

gional variability in the sediment accumulation over time. High-resolution bulk density 

data exhibited distinct periodicity in the waveband of Milankovitch cycles (precession at 

19-to-23-k.y.; obliquity at 41-k.y.; eccentricity at 100-k.y.). 

The pronounced Milankovitch cyclicity suggests that climate variability and trends 

in SRs along the Benguela Current System (BCS) were responding to insolation patterns 

during the past 6 million years (m.y.). We find relatively low SRs when evolutive ampli

tude spectra are dominated by obliquity and eccentricity periods. In contrast, significant 

SR peaks at all sites often occur when strong precessional amplitudes coexist with obliq

uity and eccentricity cycles. Episodes of high SRs often coincide with peaks in organic 

102 



carbon mass accumulation rates (MAR Corg) and reduced Sea Surface Temperature 

(SST) in the southern Walvis Basin, which have been associated with increased regional 

upwelling. This suggests that the high SRs reflect high productivity (high MAR Corg) 

attributed to strong wind-and upwelling intensity during cool climate periods (low SS Ts) 

in accordance with orbital forcing patterns observed in our spectra. 

5.2 INTRODUCTION: ODP LEG 175 STUDY 

The sediment deposition history of the Benguela Current System (BCS) off SW Africa 

has not been adequately resolved. As one of the major upwelling systems in the world, 

it has great potential to be a large C02 sink associated with biological pumping, which 

affects Earth's climate by influencing the atmosphere-ocean carbon cycle (Mix, 1989; 

Singer and Shemesh, 1995; Berger and Wefer, 1996a; Wefer, Berger, Richter et al., 

1998). Furthermore the BCS may modulate the local climate of southern Africa by 

reducing the amount of evaporation for onshore precipitation (Marlow et al., 2000). A 

better understanding of the BCS is important because it transports a large amount of 

heat to the North Atlantic (Griindling, 1980; Berger and Wefer, 1996b). 

Since the BCS is comparable in magnitude to other upwelling centers (Peru, Califor

nia), it may therefore influence climate patterns on a global scale. At present, upwelling 

intensity off SW Africa, or for analogous current systems off California, Peru, and NW 

Africa, is often linked to the local wind strength. However, the reasons why some are 

more vigorous in glacial periods and others in interglacial periods remain uncertain 
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(Abrantes, 1992; Diester-Haass et al., 1990, 1992; Bertrand et al., 1996; Heinze and 

Wefer, 1992). 

Figure 5.1 shows the study area with drill sites and ocean currents. The drill site 

area comprises the Walvis Ridge (Site 1081, 760 m water depth), and its adjacent Basin 

(Sites 1082, 1083, and 1084 at 1290, 2190, and 1992 m water depth, respectively). 

For the BCS, a debate exists concerning whether maximum productivity has always 

occurred in glacial periods, or whether a shift in peak productivity took place around 

5.2 Ma from relatively cold to relatively warm periods. This discussion is based on 

light-dark cycles that were found in sediments previously obtained during DSDP Legs 

40 and 75, and attributed to variable dissolution processes of marine and terrestrial 

organic matter (Diester-Haass, 1992; Meyers, 1992) . Carbonate oxygen isotope data that 

were previously profiled in our study area indicate that dark intervals corresponded to 

periods of greater ice volume and better preservation in the sediment column (Meyers, 

1992) . Diester-Haass et al. (1990, 1992) surmised that a greater amount of organic 

material accumulated during very cold climate periods before 5.2 Ma, and that maximal 

productivity occurred during relatively warm periods thereafter. 

Fluctuations in solar insolation from variations in the Earth's orbit has been related 

to cyclic variations in physical properties and oxygen isotope signals of marine sediments 

(Pisias et al, 1973; Shackleton, 1987; Berger, Kroenke, Mayer et al., 1993; Berger and 

Loutre, 1994; Shackleton et al., 1995). Cyclicity studies in marine sediments have re

vealed long term processes that involve terrestrial, oceanic, and atmospheric interactions 

over the past 30 m.y., and possibly as far back as 2.5 Ba (Shackleton, 1987; Wright and 
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Figure 5.1: Locations of ODP Sites 1081 to 1084 and DSDP Sites 530 and 362/532 along 

the Walvis Ridge/Basin. Currents are indexed by various arrow shapes and correspond to 

the South Atlantic Current (SAC), Agulhas Current (AGC), Benguela Coastal Current 

(BCC), Benguela Oceanic Current (BOC), and Angola Current (AC) . 
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Miller, 1993; Berger and Loutre, 1994). 

Common techniques used to detect rhythmic variations in geological records over a 

certain geologic depth and time interval are based on applying a Fast Fourier Transform 

(FFT) on the autocorrelation function of variable window length (Pisias et al., 1973; 

Kronen, 1998; Gorgas et al., 2001). Those spectral analysis methods applied on various 

geologic data have greatly enhanced our understanding of possible relationships between 

tectonic and glacio-eustatic events, and climate patterns of the past with the present 

(Hsue et al., 1977; Clark et al., 1999; Krijgsmann et al., 1999). 

In the present study, the spectral analysis technique was used to calculate high

resolution sedimentation rates (SRs) from borehole and GRA bulk density variations of 

organic-rich sediments at selected sites of the Ocean Drilling Program (ODP), Leg 175 

(Figure 5.1). Our results are aimed at shedding light on the evolution of the BCS in the 

context of local and global climatic patterns during the past 6.0 m.y. 

5.3 STUDY AREA: ODP LEG 175 STUDY 

The Benguela Current System (BCS) comprises two components, the inner Benguela 

Coastal Current (BCC) and the outer Benguela Oceanic Current (BOC) (Figure 5.1). 

Both flow northward over the Namibian shelf that has been tectonically stable since the 

Cretaceous, and the Walvis Ridge, which possibly formed from hotspot activity (Emery 

and Uchupi, 1984; Dingle and Robson, 1992; Hay and Brock, 1992). The inner coastal 

upwelling system is separated from the South Atlantic Gyre (Southeast Trade Drift) 

106 



by an offshore divergence. There, South Atlantic Central Water (SACW) is upwelled 

into the BCS from a water depth between 200 and 330 m (Hart and Currie, 1960; 

Shannon, 1985; Liitjeharms and Stockton, 1987). SACW is derived from the Subtropical 

Convergence (STC) zone (Shannon and Nelson, 1996). Most upwelling activity develops 

closer to the coast in response to wind-induced Ekman transport (Hay and Brock, 1992; 

Dingle et al., 1996). As a result, filaments of cold nutrient-rich waters are formed that 

extend well offshore and mix with low-productivity oceanic water, causing a year-round 

high productivity (Liitjeharms and Stockton, 1987). Currently the Benguela Current 

divides into the BOC and BCC around 28° of southern latitude on its northward flow, 

with the relatively cold upwelling current encountering warmer water masses of the 

southward flowing Angola Coastal Current between 18 and 23° of southern latitude 

(Moroshkin et al., 1970). South of Liideritz, upwelling water currently includes a small 

volume of the cyclonic subsurface gyre of Antarctic Intermediate Water (AAIW), which 

indicates a limited nutrient supply (Chapman and Shannon, 1985; Dingle et al., 1996). 

Presently, SE trade winds tend to blow along-shore, intensifying from December to 

April. This seasonal change in trade wind strength enhances upwelling during the austral 

summer. Additionally, katabatic winds ("bergwinds") from mountains in the near-by 

Namibian desert (NE-SW direction) transport eolian dust to the ocean during late fall 

and early winter. As a result, deposits along the BCS are composed of hemipelagic 

sediments that have accumulated in heterogeneous sequences due to a variable wind-and 

upwelling intensity and nutrient supply along with glacio-eustatic and tectonic events 

(Hay and Brock, 1992; Wefer, Berger, Richter et al., 1998; Lange et al., 1999). As will 
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be discussed below, orbital forcing in the waveband of Milankovitch periods most likely 

modulated the depositional regime along the SW African coast. 

5.4 METHODS: ODP LEG 175 STUDY 

5.4.1 SPECTRAL ANALYSES 

Borehole bulk density was acquired during ODP Leg 175 with the Schlumberger Litho

density tool (HLDT) at depth intervals of ca. 0.15 m. Gamma-ray attenuation (GRA) 

bulk density data were obtained on-board on unsplit cores every 0.02 to 0.04 m (Boyce, 

1976; Wefer, Berger, Richter et al., 1998). 

Subsequent interpolation between all data points and resampling of the entire data 

profile yielded a data point spacing in the depth domain of 0.1524 m (ca. 6 inches) 

for borehole bulk density (Figure 5.2A) and 0.04 m for GRA bulk density profiles. A 

smoothing function was applied to the interpolated bulk density profile (Figure 5.2A). A 

residual density profile was obtained by subtracting the smoothed from the interpolated 

data (Figure 5.2B). 

Spectral analysis was performed on the residual density profile (Figure 5.2B) to 

calculate high-resolution SRs as described below (Figure 5.2C). The technique is based 

on previous studies, and based on applying a Fast Fourier Transform (FFT) on the 

autocorrelation function (Pisias et al., 1973; Kronen, 1998; Gorgas et al., 2001). 

In the present study, the autocorrelation window was passed over the bulk density 

profile in the depth domain, with a step-size of 1.125 m for borehole and 1.0 m for GRA 
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Figure 5.2: Borehole bulk density data obtained at Hole 1081 (A), with original data 

containing strong density contrasts due to the presence of dolomite horizons (gray solid 

line). After data-interpolation and smoothing (black line), a residual density profile is 

yielded by subtracting smoothed from interpolated data (B). The smoothing rate deter-

mines which part of the spectral waveband is enhanced or reduced. (C) An individual 

spectral curve from bulk density data at Hole 1081A shows precession and obliquity dom-

inating eccentricity. 

bulk density data. The FFT was calculated over the entire window, with spectral power 

assigned to the respective mid-point depth. We tapered FFT-windows with a cosine-

function to reduce edge effects that result from analyzing a finite data set (Burbank and 
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Grant, 1985). As a result, a profile of evolutive power spectra was generated in the depth 

domain, with a large overlap for each step. 

Density contrasts of up to 0.8 gcm-3 within pronounced dolomite horizons at Sites 

1081 (Figure 5.2A), 1082 and 1084 introduced broadband frequency noise into the power 

spectra. This noise is similar in character to the Fourier Transform of a delta function, 

showing equal amplitudes throughout the entire frequency spectrum (Smith, 1997). The 

noise contamination resulting from the presence of strong density spikes was accepted 

as modeling showed that they did not seriously affect the process of Milankovitch cycle 

identification (see below; Gorgas et al., 2001). 

5.4.2 SPECTRAL ANALYSES ON SYNTHETIC ACCUMULA

TION CURVES PERTURBED WITH CYCLES IN THE MI

LANKOVITCH WAVEBAND 

We tested our methodology by designing synthetic density curves that were spectral an

alyzed in both depth and time domain. These artificial density curves represent an ac

cumulative summation of a three-component sediment composite (calcareous, siliceous, 

and clay) over time, experiencing compaction. We tested different SR scenarios over 

depth, including a constant accumulation rate (5.3A, D), a very rapid increase in accu

mulation (5 .3B, E), and a smooth increase in rates (5.3C, F). Experimental studies on 

various deep-sea marine sediments provided regression equations for our synthetic com

paction curves (Hamilton, 1976) . Moreover, we perturbed our synthetic density curves 

in the depth domain with five sinusoidal cycles, equivalent to 100, 41, 23, 19, and 10 

110 



200-A--------------. 
constant accumulation 

160 

- 120 
~ 

~ 
- B ..,, 200 t . . . I . .., s eps1ze increase m accumu at1on -; 
"-
c: 
0 

:;::; 
ca -c: 
CL> 
E 

160 

120 

'tJ c 
,~ 200 h. . I . 
v1 smoot increase m accumu at1on 

0 50 100 150 200 250 
Depth (mbsf) 

D 
1.10------------~ 

1.60 

1.50 

1.40 

1.30 

- E C'?E 1.10------------~ 

-a, 1.60 ->. 1.50 -·u; 1.40 
c: 
~ 1.30 

"\--~-~--~-~-----' 

F 
1.70 ------------~ 

1.60 

1.50 

1.40 

1.30 

0 50 100 150 200 250 
Depth (mbsf) 

Figure 5.3: Synthetic sedimentation rates (SR) of three-component sediment composites 

{calcareous, siliceous, clay) for a constant {A), stepsize {B) and gradual increase of 

accumulation (CJ. Corresponding synthetic density profiles are depicted in {D, E, F). 

k.y. (5.3A to F). One goal of our modeling was to reproduce these five frequencies in the 

time domain, utilizing spectral analysis. 

At first, we kept accumulation rates of all three components constant (5.3A, D), 

and varied only the smooth factor, but not the autocorrelation and FFT window length 

(5.4A). High smooth factors resulted in a better detection of low frequencies. Conse-

quently, we attempted to choose a smooth factor for the real wet-bulk density data, 

which prevented the suppression of one Milankovitch component over the others. 
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Figure 5.4: Various parameters that influenced results from spectral analyses included 

smooth factor (A), autocorrelation window length (B), and noise introduced by delta 

spikes (CJ. 

Next, we only changed autocorrelation window lengths, which showed that lower 

frequencies were enhanced by longer windows (5.4B). In contrast, higher frequencies 

were not resolved as clearly as with shorter windows. In addition, they were significantly 

smeared and displaced over a certain frequency band, erroneously suggesting cycles that 

were not part of the original waveband. This distortion of the original input frequencies 

could possibly explain spectral signals in our geologic records that deviated from the 

expected Milankovitch periodicity (see: below). We point out that this smearing of 
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Figure 5.5: Evolutive spectra obtained from synthetic density profiles show a gradual 

increase infrequency (cycles/m) with depth (A) for constant accumulation rates (AR}. In 

contrast, spectra exhibited strong deflections from this pattern when AR changed rapidly 

(BJ. Similar but smoother effects on the profiles were observed for gradual changes in 

AR (CJ. 

frequencies reflected a numerical effect, not one from orbital forcing. Frequencies were 

even more distorted when we introduced broadband frequency noise by incorporating 

strong high-density contrasts into the synthetic residual density curve (5.4C). 

A main objective of our modeling was to quantify the accuracy of our analysis 

technique. Therefore, we tested the behavior of evolutionary spectra in the depth (Figure 
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Figure 5.6: Evolutive spectra obtained from synthetic density profiles reproduced input fre-

quencies accurately over time (cycles/m.y.) for constant {A) accumulation rates {ARs). 

A slight decrease in frequency was noticed for the 10 k. y. cycle, probably due to aliasing 

effects. In contrast, spectra exhibited noticeable deviations from this pattern when ARs 

were changed rapidly {B). Smoother but similar effects were observed when we changed 

ARs gradually (C). 

5.5) and time domain (5.6) for constant and varying accumulation rates (5.6). Moreover, 

these model studies shed light on possible aliasing effects caused by undersampling of 

either synthetic or real-data records. 

Evolutive spectra in the depth domain exhibited a gradual increase in spectral fre-

quencies for constant SRs (5.5A). This reflected an apparent increase in cycles per meter 
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( cycles/m) due to compaction. A doubling in accumulation of the calcareous component 

over a short depth interval caused significant deflections of the spectra (5.5B). The de

flections were smoother in the case of a gradual SR increase (5.5C). This test provided 

means to identify significant and subtle changes in SRs over depth in our geologic records 

as they are commonly observed in our data (see: below). 

Compaction, which apparently increased frequencies in the depth domain (Figure 

5.5A), was eliminated in the age domain for constant and varying SRs as long as their 

original input rates were reproduced correctly. In the case of constant deposition, evo

lutionary spectra in the age domain exhibited almost a constant frequency value ( cy

cles/m.y.) over the entire time range (Figure 5.6A). However, the 10 k.y. cycle showed 

a relatively strong deflection from a straight spectral path (Figure 5.6A), which we 

attributed to aliasing effects. In general, the difference between input and output fre

quencies for constant SRs ranged within acceptable 1-33. 

In contrast, drastic changes in SRs caused significant deflections in some of the 

evolutionary spectra from their expected path (Figure 5.6B). Consequently, ages obtained 

from inversion and integration of calculated SRs were off by 103 and more, depending 

on the frequency component. A drastic shift in SRs affected the individual frequency 

components not only differently, but also inconsistently (Figure 5.6B). Eccentricity (100 

k.y.) and the 23 k.y. precessional cycle were deflected less than obliquity (41 k.y.) 

and the 19 k.y. precessional cycle, whereas the 10 k.y. cycle almost disappeared when 

accumulation rates changed from low to high values. Below this transition interval, most 

of the 10 k.y. spectral energy was folded into the lower frequency range due to strong 
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aliasing, superimposing the other input frequencies (Figure 5.6B). We interpreted the 

observed spectral deflections as the combined effect of aliasing of the various cycles, and 

of variable autocorrelation window lengths and smooth factors. Therefore, results from 

our model studies served as an important guide how to interpret deflections of spectra 

in the depth domain in order to calculate SRs correctly. Modeling thus also improved 

the delineation of the individual cycles in the age domain. 

5.4.3 CALCULATION OF SEDIMENTATION RATES ON BORE

HOLE AND GAMMA-RAY ATTENUATION (GRA) BULK 

DENSITY DATA 

SRs (m/my) from log and GRA bulk density data were calculated in the depth domain 

bydividing the number of cycles/my of one selected orbital parameter by its correspond

ing frequency in cycles/m (Figure 5.2C). Calculated SRs were compared with those 

obtained from biostratigraphic analyses, which was used as a guide to provide a working 

limit or range of SRs, and to facilitate in the identification of orbital parameter frequen

cies (Kronen, 1998; Wefer, Berger, Richter et al., 1998; Gorgas et al., 2001). For some 

depth intervals, biostratigraphic and calculated SRs are strongly correlated evidenced 

by the consistent alignment of most spectral peaks with Milankovitch periods (Figure 

5.2C). 

In brief, three control mechanisms were used to fine-tune our SR profiles in the 

depth and age domains. First, SRs were calculated in the depth domain as previously 

described, tying our profiles to the coarse-resolution of biostratigraphic data as closely 
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as possible. Second, SRs obtained in the depth domain were inverted, and integrated to 

calculate evolutive power spectra in the age domain (using an autocorrelation window 

length between 0.4 and 1.0 m.y.). Third, SRs were readjusted in the depth domain in 

situations where power spectra in the age domain lacked a good agreement with the 

main Milankovitch periods. Possible limitations of our methodology, for example caused 

by the presence of delta spikes, variable autocorrelation windows, or FFT lengths, were 

tested on synthetic accumulation profiles (Herbert, 1994; Gorgas et al., 2001). 

As shown above simple synthetic accumulation models of two-component sediment 

composites aided in quantification of the error in both the depth-and age domains. 

Results of our modeling showed that the error varied between 1 to 33 with constant 

accumulation and normal compaction. In contrast, the error increased up to 103 when 

accumulation rates were changed rapidly over short depth intervals. Thus, these models 

provided a sensitivity tool to identify spectral peaks, and possibly to correct for wrong 

spectral picks. In cases where we may have incorrectly identified a specific Milankovitch 

cycle in the depth domain, the presence of other Milankovitch periods in the spectrum 

acted as an internal check (Figure 5.2C), as did the eventual re-analysis in the age

domain. 

A working example for our applied method is depicted in Figure 5.7. Evolutive 

spectra plotted versus depth present an incoherent pattern due to variations in SRs 

within the depth interval (Figure 5.7A). Proper identification of spectral peaks in the 

individucal traces of Figure 5. 7 A result in the calculation of the SR curve illustrated in 

Figure 5.7B. Our profile and biostratigraphy-based SRs are similar, but differ in detail. 

117 



Site 1084'\ Site 1084 Site 1084 
A B . c . . . .. 

260 : . . . ·. . 1.4 . . . 
:·· .... 

280 . 
c;::- c;::- .. . 
0 0 -.Cl .Cl ....... ftS 
E E ··. !.1.6 . - - . 
.c 300 .c .. . ..... .. CD a - en a. -O-Blostratlgraphy er: CD CD -Log Density c c .·· . .. .. . 

320 
. . . 

1.8 . . . . . . . . . . . 
340 . . . . . . . 

I 2.0 
0.0 0.2 0.4 100 200 10 20 30 

Cycles/m Sedimentation Rate Cycles/my 
(m/my) 

Figure 5.7: Evolutive spectra in the depth domain are shown for Site 1084 bulk density 

data {A). High-resolution sedimentation rates {SRs, dotted line} are calculated, con-

strained by biostratigraphic data (circles on solid line) (BJ. Note the inconsistent super-

position of various cycles in the depth domain {A). SRs {m/my) are calculated by dividing 

the number of cycles/my of one selected orbital parameter by its frequency in cycles/m 

(see: Figure 5.2C). Spectral amplitudes need to be identified correctly as Milankovitch 

cycles to yield correct SRs. A maximum degree of coherency of evolutive spectra when 

plotted in the age-domain provides a validity test of our method (CJ. 

118 



Confirmation of the spectral SRs comes from making a depth-to-age conversion of the 

original density data based on the SR profile. An evolutive spectrum of density versus 

age produces a coherent pattern of peaks that align with Milankovitch cycles and other 

periods at intermittent frequencies (Figure 5.7C). 

5.4.4 SCANNING ELECTRON MICROSCOPY (SEM) 

Unlithified sediment samples (20 cm3 ) were taken from cores at Sites 1081 and 1082, 

and carefully stored in sealed containers immediately after recovery. The samples were 

then refrigerated to maintain fluid saturation and to preserve the delicate clay fabric. 

Pore fluids were successively replaced by Ladd/Spurr ultra-low viscosity epoxy using a 

step-wise multiple exchange process (Tribble and Wilkens, 1994). Slices of sediment ca. 

5 mm thick were cut out so that the SEM imaging surface was perpendicular to the 

bedding. Samples were first immersed in a solution of 253 acetone and 753 distilled 

water for 48 hr. In successive immersions, spaced 48 hr apart, the percentage of acetone 

was gradually increased until the sample was entirely acetone-saturated. Similarly, the 

acetone was replaced successively by the epoxy fluid (Kronen, 1997). The impregnated 

samples were sawed, polished, and then mounted for SEM imaging in backscatter electron 

device. Backscatter intensity was roughly proportional to the bulk density of the material 

under the electron beam. Different elements of the sediment sample are identified by their 

relative brightness that depends on the relative grain density (Kronen, 1997): epoxy

filled pores are black, the clayey matrix is dark-gray, quartz and carbonate grains are 

bright gray-to white. 
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5.5 RESULTS: ODP LEG 175 STUDY 

5.5.1 SEDIMENTATION RATES IN THE DEPTH DOMAIN 

Calculated high-resolution SRs versus depth from spectral analyses are, in general, sim-

ilar to those obtained from biostratigraphic methods (Figure 5.8). 

In addition SRs computed from GRA-and borehole bulk density profiles often show 
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Figure 5.8: Sedimentation rates (SRs) at Sites 1081 to 1084 (A, B, C, D) exhibit a 

significant variability with depth at a greater resolution than those from biostratigraphic 

analyses. 
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both abrupt and gradual SR variations (Figure 5.8). Gradual SR changes are not re

solved in the biostratigraphic profiles because those data were gathered at a much lower 

resolution than our data. SRs at Site 1081 on the Walvis Ridge {Figure 5.8A) are, in 

general, lower than those at Sites 1082 to 1084 in the Walvis Basin (Figure 5.8B, C, 

D). The SR variability between 600 and 300 meters below seafioor (mbsf) is much more 

pronounced at Site 1084 {Figure 5.8D) than at 1082 {Figure 5.8B). Site 1083 was not 

drilled to this depth interval. The greatest increase in SRs occurs at Site 1084 between 

280 and 200 mbsf from ca. 80 m/my to 320 m/my (Figure 5.8D). At Sites 1082 and 

1083 (Figure 5.8B, C) trends around 200 mbsf are similar but not as high as at Site 

1084 (Figure 5.8D). At Sites 1081, 1082, and 1083 (Figure 5.8A, B, C) significant SR 

peaks are found within the top 100 mbsf, whereas data obtained at Site 1084 lack similar 

excursions (Figure 5.8D). 

5.5.2 SEDIMENTATION RATES IN THE AGE DOMAIN 

In general, calculated SRs versus age often follow the trend of corresponding biostrati

graphic data (Figure 5.9). At Site 1081 an interval of relatively high SRs is observed 

between 5.0 and 4.1 Ma, which is only paralleled by a short burst of high deposition 

at Site 1082 between 4.8 and 4.6 Ma (Figure 5.9A, B). In contrast, SRs at Site 1084 

(Figure 5.9D) do not strongly correlate with values obtained at Sites 1081 and 1082 for 

this particular time period. At Site 1082 (Figure 5.9B), a pulse of high SR amplitudes 

occurs between 3.1 and 2.9 Ma, whereas at Site 1084 (Figure 5.9D) an extended interval 
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Figure 5.9: Sedimentation rates (SRs) versus age at Sites 1081 to 1084 (A, B, C, D) 

often exhibit a good correlation between high and low values. Subtle regional and temporal 

differences in values among all four sites may be linked to a variable wind-and upwelling 

strength along the BCS. 

of high SRs starts around 3.8 Ma and terminates around 3.1 Ma. Temporal SRs at Site 

1081 based on borehole bulk density data {Figure 5.9A) do not correspond with trends 

observed at Sites 1082 and 1084 (Figures 5.9B, D). At Site 1083 only GRA bulk density 

data were acquired for sediments to about 2.4 Ma {Figure 5.9C), with relatively high SRs 
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occurring between 2.4 and 2.1 Ma. The longest-lasting SR plateau is identified at Sites 

1084 (Figure 5.9D) between 2.6 and 1.7 Ma, although maximum SRs occur at Site 1082 

within this time interval (Figure 5.9B). Our SR data suggest that at all sites sediment 

deposition gradually increases around 1.2 Ma after a period of low accumulation between 

approximately 1. 7 and 1.4 Ma. 

Very pronounced SR excursions are observed between ca. 1.05 and 0. 7 Ma, with 

a slight temporal and spatial progression in a northward direction from the southern 

Walvis Basin (Site 1084) to the Walvis Ridge (Site 1081) (Figure 5.9). The highest SR 

variability (ca. 100 to 300 m/my) is found between ca. 1.0 to 0.75 Ma at Sites 1081, 1082, 

and 1084. There is only one interval in which the SRs obtained from borehole and GRA 

bulk density data do not correlate strongly with those obtained from biostratigraphic 

methods (Site 1084 between 0.1 and 0.4 Ma (Figure 5.9D)). 

5.5.3 AGE-DEPTH MODELS 

We constrained high-resolution age-depth models from spectral analyses, which, in gen

eral, correlate strongly with those from biostratigraphic analyses (Figure 5.10). Our 

age-depth model obtained for Site 1082 from spectral analyses diverges substantially 

from those of magnetic-and biotstratigraphic analyses after ca. 2.2 Ma (Figure 5.lOB) 

(Wefer, Berger, Richter, et al., 1998). We were unable to resolve a reasonable cyclicity 

pattern at Site 1082 when following age-depth models from bio-and magnetostratigra

phy (Figure 5.lOB). This discrepancy between the various age-models may be due to the 

presence of several undetected hiatuses occurring around 2.2 Ma (Figure 5.9B, and Fig-
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Figure 5.10: Age-Depth models derived from both spectral analyses and biostratigraphic 

data show a good correspondence, except at Site 1082 below ca. 2.2 Ma (B). We in-

terpreted this discrepancy between the various models {including two curves proposed 

from magnetostratigraphic analyses) for Site 1082 by the existence of undetected hia-

tuses. Our model curve yielded the most coherent spectral profile in the age domain (see: 

Figure 5.9B). 

ure 5.9B). Thus, our current SR profile for Site 1082 might need to be offset to older ages 

below this time level (Figure 5.9B), or modified in accordance with future age models. 
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5.6 DISCUSSION: ODP LEG 175 STUDY 

5.6.1 SEDIMENTATION RATE VARIABILITY AT SITES 1081 TO 

1084 FOR THE PAST 6.0. MILLION YEARS 

SR values derived from spectral analyses of bulk density data varied regionally during 

the past 6.0 m.y. in general agreement with corresponding biostratigraphic data. 

Biostratigraphic data provide only very sharp changes in SRs, whereas our high

resolution SRs often suggest gradual variations over certain time segments (Figures 5.9, 

and 5.10) . Furthermore, SRs at Site 1084 closely match the paleo-temperature-and 

productivity proxies (SST; MAR Carg) that were obtained at Site 1084 (Figure 5.llA) 

(Lange et al., 1999; Marlow et al., 2000), suggesting that local sediment accumulation 

rates were mainly controlled by biological processes. Additional evidence is found in the 

sedimentological composition at other sites. 

In particular, higher SRs are found in the Northern Walvis Basin (Site 1082) than on 

the Walvis Ridge (Site 1081) between 5.3 and 4.6 Ma (Figure 5.9). High SRs at Site 1082 

(Figure 5.9B) strongly correlate with MAR Carg peaks and relatively low SSTs obtained 

at Site 1084 for that time period (Lange et al., 1999; Marlow et al., 2000). SEM images 

obtained on epoxy-impregnated sediment samples from Sites 1081 and 1082 (age: ca. 5.5 

Ma) show a relatively greater amount of clay for Walvis Ridge deposits (Figure 5.12A) 

than in those obtained in the North Walvis Basin, where a greater content of calcareous 

biogenic components is present (Figure 5.12B). 

After 4.6 Ma SRs at both Sites 1081 and 1082 (Figure 5.9A, B) exhibit an overall 
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Figure 5.11: Sea Surface Temperatures (SSTs) obtained at Site 1084 by Marlow et al. 

{2000), shown in PANEL A, often correlate negatively with corresponding peaks in sedi-

mentation rates (SRs) (BJ and of organic matter accumulation rates (MAR Garg) (Lange 

at al., 1999; not shown). Low SSTs are interpreted as cool climate excursions associated 

with stronger wind-and upwelling intensity along the Benguela Current System (Marlow 

et al., 2000), whereas high MAR Garg values are interpreted as evidence for enhanced 

productivity rates (Lange et al., 1999). 

decrease, or fluctuate around relatively moderate levels, while those at Site 1084 remain 

low until 4.0 Ma (Figure 5.9D). Warm SSTs at Site 1084 until ca. 3.8 Ma (Figure 5.llA) 

suggest a relatively warm regional climate, most likely attributed to a synchronous ice 
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A B 

Figure 5.12: SEM images obtained at Sites 1081 (A) and 1082 (B) for a time segment 

around 5.5 Ma reveal different relative amounts of clay (dark color) vs. calcareous ma

terial (light color). Correspondingly, sedimentation rates (SRs) are lower at Site 1081 

than at Site 1082, and may be indicative of different productivity rates at both sites. 

We cannot ascertain from our SR data alone, to what extent dissolution or precipitation 

might have altered the sediment structure. 

volume decline on the Antarctic continent (Marlow et al., 2000; Wolf-Welling et al., 

2000). Respective MAR Corg rates are much lower than before 4.6 Ma, possibly indicative 

of comparatively low productivity rates (Lange et al., 1999). 

Since 3.8 Ma regional SR variations become much more pronounced, and often par

allel negative SST excursions and positive MAR Corg amplitudes. A sharp increase in 

both SR and MAR Corg values at Site 1084 around 3.8 Ma corresponds with an abrupt, 

short decline of SSTs (Lange et al., 1999; Marlow et al., 2000). In contrast, SRs at sites 

further north do not follow those trends seen in the southern Walvis Basin (Figure 5.9A, 

B, D). Distinct SST minima at 3.8 Ma and 3.2 Ma at Site 1084 may be related to short 
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and extreme glaciation periods of the Antarctic (Tiedemann et al., 1994; Shackleton et 

al., 1995; Marlow et al., 2000). 

From this comparison of SRs with MAR Corg /SST data we cautiously suggest that 

sediment accumulation between ca. 4.0 and 3.0 Ma was enhanced at Site 1084 primarily 

due to productivity rates that were higher in the southern Walvis Basin than north of 

Site 1084. The eolian dust influx from the nearby Namibian desert was probably in

significant at that time considering that shipboard smear-slide analyses exhibited only 

trace amounts of quartz and other detrital components in these sediment deposits (We

fer, Berger, Richter et al., 1998). The contemporaneous abundance of warm, temperate 

and cold-water species in the biogenic sediment assemblage at Site 1084 may suggest 

an upwelling signal comprising silicate-rich cold Southern Ocean water in the southern 

Walvis Basin from intermediate depths and from poleward undercurrents that originated 

in deeper water depths {Wefer, Berger, Richter et al., 1998). Significant SR fluctuations 

at Sites 1081 to 1084 between ca. 3.0 and 1.9 Ma (Figure 5.9) are often consistent 

with MAR Corg peaks that have been associated with the Matuyama Diatom Maximum 

(MDM) (Lange et al., 1999; Marlow et al., 2000). This latest Gauss/early Matuyama 

phase (2.67 to 2.47 Ma) might represent the greatest change in Neogene climate in the 

northern antarctic and subantarctic regions attributed to the successive development of a 

bipolar cryosphere after the closure of the Panamanian Seaways (Hay and Brock, 1992; 

Haug and Tiedemann, 1998). The MDM was characterized by cool surface water (a 

sharp SST decline at 2.8 and 2.5 Ma at 1084), steeper pole-equator temperature gradi

ents, northward advances of the Polar Front Zone (PFZ), and increasing local upwelling 
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intensity and productivity (Ciesielski and Grinstead, 1986). The MDM event has been 

identified not only along the BCS at Site 1084 in MAR Corg and SST data, but also 

near 2.5 Ma in the equatorial Atlantic {ODP Sites 662, 663 and 664) {Ruddiman and 

Janecek, 1989), and on the subantarctic Maud Rise at ODP Site 704 (Froelich et al., 

1991). 

There is some discrepancy between SR peaks at Site 1082 and the other sites during 

the MDM (Figure 5.9) which may be attributed to the afore-mentioned {but unproven) 

presence of a hiatus at Site 1082. Toward the end of the MDM, between 2.1and1.9 Ma, 

pronounced SR maxima at our sites (Figure 5.9) coincide with another significant MAR 

Corg peak and a sharp decline in SSTs at Site 1084. The latter has been attributed 

to the intensification of the Northern Hemisphere Glaciation (NHG) {Keigwin, 1985; 

Pisias et al., 1990; Shackleton et al., 1990; Lange et al., 1999). The regional variation 

in SRs observed at our sites around 2.0 Ma might reflect fluctuations in the supply of 

dissolved silicate from a sufficient NADW influx to the BCS, and a variable upwelling 

intensity of nutrient-rich South Atlantic Central Water (SACW), depending on the local 

wind strength. Stronger winds most likely increased the eolian dust flux from an aridi

fied African continent, and evidently contributed to the marine sediment deposition off 

northwest and southern Africa (Ruddiman and Janecek, 1989; Hovan and Rea, 1991; 

Tiedemann et al., 1994). Diester-Haass et al. (1990) proposed an increased eolian dust 

flux from the Namibian desert to the BCS area since 5.2 Ma. Correspondingly, X-ray 

diffraction analyses on sediments from Sites 1081 and 1082 show a greater amount of 

eolian components (quartz; microcline) to the BCS since 2.2 Ma that are attributed to 
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stronger southeasterly trade winds and "bergwinds" from the Namibian desert (Wefer, 

Berger, Richter et al., 1998). 

After a period of relative low sediment deposition between ca. 1.8 and 1.2 Ma, 

another intense sediment deposition event occurred across the entire study area off SW 

Africa (Fig. 5). Similarly to previous deposition events, the onset, rate increase over 

time, and duration of these SR peaks varied regionally. SR data from spectral analyses 

suggest that the greatest deposition since the late Miocene occurred at Site 1084 around 

0.8 Ma (Figure 5.9D). Accordingly, MAR Corg values obtained at Site 1084 were higher 

than before 1.0 Ma, and possibly indicate a maximum productivity around 0.85 Ma 

(Lange et al., 1999). The lowest SSTs for the past 6.0 m.y. found at Site 1084 do not 

occur before ca. 0.6 Ma (Marlow et al., 2000), which is contrary to the SR-SST-MAR 

Corg patterns before 1.0 Ma. 

Considering that our spectral analyses method implies an error in age of 1-3% in the 

best case (see: above; Gorgas et al., 2001), our peak SR value may well coincide tempo

rally with minimal SSTs observed around 0.6 Ma (Figure 5.11). A possible mechanism 

for the regionally variable SR patterns during this climate phase may be attributed to 

a pronounced non-uniform expansion of global ice volumes between ca. 1.4 and 0.6 Ma 

(Smelror, 1999; Butt et al., 2000; Wolf-Welling et al., 2000). The bipolar glaciation on 

the Earth most likely caused a northward migration of the Southern Polar Front and In

tertropical Convergence Zone since 2.5 Ma (Siesser, 1980; Wise et al., 1985). Associated 

temporal changes in the water mass distribution and nutrient supply possibly influenced 

productivity levels along the BCS depending on the local wind-and upwelling intensity, 
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and as will be discussed below, in accordance with characteristic orbital forcing patterns. 

5.6.2 CYCLICITY VARIABILITY AT SITES 1081 TO 1084 FOR 

THE PAST 6.0 MILLION YEARS 

Rhythmic variations in borehole and GRA bulk density data obtained at Sites 1081 to 

1084 are in the waveband of the Milankovitch cycles. 

A strong coherence of evolutive spectra derived from both borehole and GRA bulk 

density data {Figures 5.13, 5.14) supports our analysis. Our age-depth models agree 

well with those from biostratigraphic analyses in most cases {Figure 5.10). Furthermore, 

spectral patterns that were extracted with the same technique from borehole bulk density 

data obtained at the Ontong Java Plateau (OJP) exhibited dominant obliquity ampli

tudes throughout the mid-and-late Miocene (Kronen, 1998), which we also observed in 

spectral profiles for the BCS {Figures 5.13, and 5.14). 

In general, our spectral records that span nearly the past 6.0 m.y. are dominated by 

eccentricity (at 400 k.y./100 k.y.) and by obliquity (at 41 k.y.), but often co-occur with 

cycles that closely match precessional periods {19-and 23 k.y.) . Strong and consistent 

eccentricity amplitudes may have contributed to the orbital forcing along the BCS since 

the late Miocene {Figure 5.13). The occurrence of eccentricity cycles in other geologic 

records have been commonly linked specifically to the Mid-Pleistocene Transition {MPT) 

around 1.2 Ma due to a different flow behavior of ice sheets in the Northern Hemisphere 

(e.g., summarized in Clark et al., 1999). 

We cannot deny the possibility that these 100 k.y. cycles retained a relatively higher 
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weight compared to other periods over the entire profile length because of the smoothing 

applied to our data prior to spectral analyses. Our choice of smoothing is justified because 

eccentricity cycles are the most robust of all three main Milankovitch periods; they are 

least vulnerable to distorting effects such as variable SRs and aliasing ( undersampling) 
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Figure 5.13: Evolutive spectra versus age derived from borehole bulk density profiles at 

Sites 1081, 1082 and 1084 (A, B, CJ show cycles in the waveband of Milankovitch peri-

odicity. The presence of all three Milankovitch cycles between ca. 6.0 and 1.5 Ma at all 

sites corresponds in many cases to high sedimentation rates {SRs). Their co-existence 

may be indicative of a complex interdependence between high-latitude periods (global ice 

volume) and low-latitude cycles (regional wind patterns}. 
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Figure 5.14: Evolutive amplitude spectra in gamma-ray attenuation (GRA) bulk density 

profiles at Sites 1081to1084 (A, B, C, D) exhibit cyclicity patterns similar to those from 

borehole bulk density profiles for time segments between 2.0 and 1.2 Ma. Around the 

Mid-Pleistocene transition (ca. 1.2 Ma) the presence of all Milankovitch cycles is more 

pronounced than prior to 1.2 Ma. A significant increase in sedimentation rates (SRs) 

around 1.2 Ma corresponds to a time period of decreasing local Sea Surface Temperatures 

(SSTs) at Site 1084 (Marlow et al., 2000), which have been attributed to a notable cooling 

event, and linked to stronger wind intensity and upwelling vigor along the Benguela 

Current System. 
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(see: above; Gorgas et al., 2001). 

In addition to eccentricity, amplitudes near the obliquity waveband constitute the 

most consistent cycle in our spectra (Figures 5.13, 5.14). Obliquity appears to be strong 

at Site 1081 between ca. 6.0 and 4.2 Ma, then remain weak until 2.5 Ma, and regain 

energy until 0.5 Ma (Figure 5.13A, and Figure 5.14A). At Site 1082 obliquity dominates 

spectral energy throughout 4.6 and 2.0 Ma, but loses its energy thereafter (Figures 5.13B, 

5.14B). At Site 1084 a coherent obliquity signal in the borehole data is present not before 

2.5 Ma, and then remains strong until 1.4 Ma (Figure 5.13C). Corresponding spectra at 

Site 1084 derived from GRA bulk density data show strong eccentricity and obliquity 

amplitudes between 0. 7 and 0.3 Ma, whereas cycles near precessional frequencies are not 

clearly resolved (Figure 5.14D). At Site 1083 only GRA bulk density data were obtained. 

They show spectral power close to the precessional frequency waveband between 1.8 and 

1.2 Ma, and strong eccentricity/ obliquity amplitudes between 1.5 and 0.6 Ma (Figure 

5.14C). 

We find strong obliquity amplitudes in evolutive spectra at Sites 1081, 1082, and 

1084 at least since 2.5 Ma (Figure 5.13), and characteristic SR variations that positively 

correlate with maximal MAR Corg, and with minimal SST values observed at Site 1084 

(Lange et al., 1999; Marlow et al., 2000). Rapid climate fluctuations between 2.1 and 1.4 

Ma associated with variations in the NHG have been linked to enhanced amplitudes in 

the 41-ky obliquity frequency (Tiedemann et al., 1994). The time around 2.0 Ma possi

bly represents an important mark toward a rapidly fluctuating climate system between 

Glacial-Interglacial (G-IG) periods, which was triggered by a complex positive feedback 
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mechanism, and fully established by 0.6 Ma (Marlow et al., 2000). Obliquity amplitudes 

dominate evolutive spectra along the BCS around 2.0 Ma (Figure 5.14 9), corresponding 

to a proposed orbital forcing in the obliquity waveband that intensified wind strength

and upwelling vigor, and thus productivity along the BCS at that time (Marlow et al., 

2000). 

In contrast to consistent obliquity and eccentricity cycles, precessional periods occur 

much more sporadically in our spectral profiles (Figures 5.13, and 5.14). Moreover, they 

seem to wax-and wane almost in rhythm with SR variations (Figures 5.9, 5.13, and 5.14), 

which correlate positively with MAR Corg maxima and with SST minima at Site 1084 

(Lange et al., 1999; Marlow et al., 2000). Characteristic Milankovitch periodicity in our 

spectral profiles therefore may provide some evidence of the modulation of productivity 

levels along the BCS by orbital forcing. 

Precessional cycles found in various geological records from equatorial regions have 

been interpreted as signals for local productivity peaks. For example in the NW Arabian 

Sea, the strength of the monsoon has been linked to the rate of insolation at precessional 

cycles, which may therefore indirectly control upwelling vigor and productivity intensity 

(Busch, 1991). A dominance of precessional cycles was also identified in deposits off the 

Great Barrier Reef in Australia (Glenn et al., 1993), and interpreted as a strong influence 

on the regional climate system by altering the intensity of low- pressure cells that drive 

the local monsoon winds (Rossignol-Strick, 1983). 

Unlike our amplitude spectra that are mainly controlled by eccentricity and obliquity, 

color reflectance data obtained at ODP Sites 1075 to 1077 in the Congo River Basin, 
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north of the Walvis Ridge, revealed predominantly precessional cycles for the past 2 m.y. 

(Berger et al., 1999). The difference in dominant Milankovitch cycles found in our data 

and those obtained in the Congo Basin (Berger et al., 1999) might be simply related to 

the fact that the Congo Basin is more strongly controlled by low-latitude (precessional) 

cyclicity than the BCS further south. We interpret the simultaneous occurrence of all 

three cycles in our data as possible evidence for a complex interdependence of high

latitude (global ice volume) and low-latitude (regional wind) climate processes that may 

have influenced the accumulation pattern of hemipelagic sediment along the BCS. A 

similar conclusion was drawn from studies of marine geological records obtained in the 

NW Arabian Sea (de Menocal et al., 1991; Weedon and Shimmield, 1991). 

Aside from the main Milankovitch cycles we notice various coherent periods at in

termittent frequencies in all of our evolutive amplitude spectra (Figures 5.13, and 5.14) 

that were possibly introduced by a superposition of higher harmonics of the main orbital 

cycles (Herbert, 1994; Smith, 1997; Gorgas et al., 2001 ; see: above). Our modeling 

results showed that the presence of consistent non-Milankovitch cycles at intermittent 

frequencies can be caused by the abundant occurrence of dolomite horizons in our geo

logical records that represent very abrupt and significant bulk density variations (Wefer, 

Berger, Richter et al., 1998; see: above; Gorgas et al., 2001) . 

A good example for a pronounced mismatch between precessional cycles and spectra 

derived from GRA bulk density data is identified between 1.7 and 0.5 Ma (Figure 5.14). 

In these particular cases it is possible that high-frequency cycles influenced rhythmic bulk 

density variations that were beyond our resolution. SRs at Site 1084 for that time interval 
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do not suggest that they were too high for our sampling rate of 0.04 m, and allowed us 

to decipher eccentricity and obliquity cycles (Figure 5.14D). As a result of very-high 

frequency cycles aliased periods might have occurred at 38 and at 46 cycles/my, and not 

at their correct position in the very high-frequency waveband. We cannot resolve this 

interesting problem with our current data set, but were able to reproduce similar cyclic 

patterns in synthetic accumulation curves by incorporating very extreme accumulation 

rate changes and high-frequencies in the millennial waveband (see: above; Gorgas et al., 

2001). 

However, in such a case the identification of robust cycles in the low-frequency 

waveband should have minimized erroneous SR calculations. It has been suggested that 

precessional cycles may be folded into the waveband of the 100 k.y. cycles due to aliasing 

under certain circumstances (Pisias and Mix, 1988). We are not convinced that this error 

due to the digitization of our time series accounts for the majority of our spectral profiles. 

Low-frequency cycles in our records clearly coexist with precessional cycles before 

1.2 Ma when SRs are much lower than between 1.7 and 0.5 Ma (Figure 5.13), so that 

aliasing in this case can be probably ruled out as a means of improper cycle identification. 

Despite our reasoning about the origin of non-Milankovitch cycles, their existence may 

be explained with a variable glacial response time of the Earth due to non-linear internal 

feedback mechanisms of the global climate system. Such non-linear processes could in

clude lithospheric depressions/rebounds and spurts of ice growth and slow glacial melting 

(Pisias et al., 1990). From geologic records obtained in the Indian Ocean, a pronounced 

discrepancy between Milankovitch-and other cycles was linked to the influence of local 
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and global glacial conditions that could control the amount of latent heat necessary to 

drive the monsoon at certain areas (Clemens and Prell, 1990). 

Coherent cyclicity patterns within a broad region of spectral power were also identi

fied in Pliocene- Pleistocene records of the Kashmir Basin, based on performing spectral 

analyses on grain size data (Burbank and Grant, 1985). Periods that were often close to, 

but not exactly matching with the main Milankovitch cycles, were explained with the 

presence of random tectonic events, and with variable sediment accumulation rates. The 

latter problem we reasonably accounted for with our modeling tests (see: above; Gorgas 

et al., 2001). 

5.7 CONCLUSIONS: ODP LEG 175 STUDY 

We deciphered SR profiles and age-depth models for ODP Sites 1081 to 1084 represent

ing the past 6.0 m.y. by performing spectral analyses on borehole and on GRA bulk 

density data. Prior to analyzing our data we exhaustively tested the robustness of our 

methodology on synthetic accumulation curves that were perturbed rhythmically in and 

above the Milankovitch waveband (see: above; Gorgas et al., 2001). The main result of 

the present study is that SRs are in gross agreement with those from biostratigraphic 

profiles, but reveal more detailed variation due to the much greater resolution of bulk 

density than biostratigraphic data. In many cases, SRs at all sites correlate positively 

with MAR Corg, and negatively with SST at Site 1084 (Lange et al., 1999; Marlow et 

al., 2000). 

From interpretations deduced from the study of robust paleo-productivity and paleo-
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temperature proxies at Site 1084 it might be inferred that the heterogeneous depositional 

history of the BCS was influenced by global climate changes. The positive excursions 

in SRs across the entire study area correspond with SST-minima/MAR Corg - maxima 

(at Site 1084) between ca. 5.5 and 1.9 Ma. SR and cyclicity patterns derived from 

the present study therefore provide corroborative evidence for increased upwelling and 

productivity during intensification of the NHG. Spectral patterns in bulk density data 

from the BCS are clearly dominated by eccentricity and obliquity amplitudes, possibly 

reflecting linear and non-linear feedback mechanisms of the climate system (e.g., Clark 

et al., 1999; Marlow et al., 2000). Precessional cycles that represent near-equatorial, 

regional wind patterns (Berger and Wefer, 1996a) often coexist with frequencies in the 

obliquity/eccentricity waveband (global ice-related (Berger and Wefer, 1996a)) during 

intervals of high SRs and high MAR Corg along the BCS. Thus, the coexistence of all main 

Milankovitch cycles in our spectra may provide evidence for a complex interdependence 

of high-and low latitude orbital parameters on the depositional regime along the BCS 

as it was proposed for regions in the Arabian Sea (De Menocal et al., 1991; Weedon 

and Shimmield, 1991). Our data show that SRs in this area might be controlled by 

insolation and related productivity cycles. However, there are additional controls on 

sedimentation rates, including diagenesis, dissolution and precipitation. Complementing 

work that addresses these factors is necessary. 
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