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Abstract 
Bzologzcal actzvzty zn marzne sedzments creates a tzme-uaryzng, randomly fluctuatzng medzum A bzo-d%fuszue model 
as proposed for predzcttng the temporal and spataal spectrum of sedzment denszty puctuatzons. Perturbatzon theory 
zs used to model sedzment volume scatterzng and the temporal correlatzon of the scattered field. These models are 
compared wzth field data recorded zn a bzologacally actzue shallow water envzronment, and sedzment blo-dzffuszon 
pammeters are estzmated. 

1. Introduction 
Biologically active sediments are continually modified by epifauna (organisms that live on the sediment surface) and 
infauna (organisms living in the sediment). The collective mixing effect of t,hese organisms is termed bioturbation. 
On micro- and macroscopic scales, bioturbation affects the physical and chemical properties of t,he sediment. The 
intensity of bioturbation affects the distribution of marine chemicals which in turn influences the microbial activity 
in the sediment and the ultimate fate of marine pollutants [I, 21. Epifaunal activity creates microtopography that 
may decrease the critical velocity necessary to erode surface layers [3]. Infaunal activity, such as tube building, 
is responsible for vertical and horizontal redistribution of solid material within the sediment, creating spatial and 
temporal inhomogeneities in sediment bulk properties (e.g. density and porosity). Often, the traces of these 
mixing activities provide the only evidence of the existence of fauna in an area [3]. 

Models of acoustic scattering from the sea floor can be used to invert for sediment properties such as roughness 
spectra and volume inhomogeneity spectra [5, 6, 71. In such inversions it is assumed that the sea floor does not 
change with time, however, on time and distance scales comparable with with scales of bioturbation, acoustic 
properties of the sea floor will change. Time scales of bioturbation range from diurnal to seasonal, and distances 
scales range from mesoscale to meter scale patchiness [I]. 

In this paper, the effects of bioturbation on acoustic backseatter will be discussed. A stochastic model of 
bioturbation will be introduced, and a review of perturbation theory to model volume backscatter presented. 
By coupling these models, a model for the decorrelation of an acoustic backscattered field due to bioturbation 
is obtained. Model predictions will be compared with field data recorded in a biologically active shallow water 
environment over a two month period. 

2. Bio-diffusive Sediment Model 
Quantitative analysis of bioturbation requires the use of mathematical models that describe the mixing process. 
The simplest model of this mixing process is the vertical diffusion equation [ l ,  2, 41. 

This equation describes the temporal and spatial evolution of a tracer concentration, c ( z , t ) ,  deposited on the 
surface of the sediment and being mixed into the sediment by localized diffusion. In this model all the biological 
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activity is described by a single parameter, the bio-diffusion coefficient Db. The d~ffusive nature of the mixing 
process is not the result of the mixing effects of a single type of organism, but is rather the net effect of a collection 
of infauna hav~ng a wide range of mixing lengths and acting over a long per~ocl of t ~ m e .  

While the behavior of a sediment tracer (such as a radio-isotope) may Ile lnocleled by the lroluogeneous and 
steady-state solution of the one dimensional diffusion equation, in the contest of acoust~c scatter~ng, the ~nhomo- 
geneous and translent nature of the process is of primary concern. 011 the t ~ m e  scales of interest, the movement 
of sediment is not necessarily restricted to localized mixing between adjac-eiit horizontal layer,, rather, larger or- 
ganism may transfer sediment between non-adjacent layers creating nonlocal (non-dlffu~~ve) m ~ x ~ n g  that give rlse 
to spatial ~nhomogeneity. Furthermore, over short time periods it cannot he a~~unnecl tliat a large collect~oi~s of 
organisms with a broad spectrum of sizes have reworked the sediment Instead, mlslng may be dominated by 
organisms with discrete length scales. 

Given that we are interested in this nonlocal and transient behavior of bioturbat~on, the 4ni1ple diffusion model 
is inadequate. A proposed extension to (1) 1s the forced diffusion process, generalized In terms of the sed~rnent 
bulk density p, . a 

-p,(r,t) - V. [D(r, t)Vp,(r , t) l  = g ( r , t )  at  (2) 
Here, D 1s a local diffusion coefficient representing the continuous diffusive a c t ~ v ~ t y  of smaller organisms (melo- 
fauna) or the collapsing and filling of borrows created by larger organis~~ls. By taking D to he a scalar, vie have 
assumed isotropic diffusion. In general, the hor~zontal and vertical tl~ffusion rates may differ [l] and a tensor 
diffusion coefficient must be used. The right-hand side of (2) is an escitat~on f~~nction tliat represents the nonlocal 
mixing activities of larger organisms (macrofauna). 

If there is a single transport event at time t,, that 
(b) removes or deposits sediment at a sn~all  volume cell- 

tered at  r,, Illen the excitation funrt~on can be mod- 
eled as a series of impulsive source and sink events 
occurring randomly in space and tnlle 

Z 

= - r -  (3) 
,I 

0 X 1 x 1 The function h,, tlescr~bes the rand0111 size and shape 
of the vol~une of setliillent moved bv each event. The 

Figure 1: Sediment source and sink functions randomly 
distributed in the (a) horizontal and (b) vertical direc- 
tions. The depth-dependent point density, A(,-), is plot- 
ted as the solid line in (b). The z = 0 plane is the 
sediment-water interface. 

coeffic~ent q,, IS a zcro-mean rand0111 variable that rep- 
resents the an~plitucle of each event, therefore, mass IS 

conserved witliln the volume of interest. 
In general, the excitat~on mag be anisotrop~c and 

inhomogeneous 111 space. For example, b~ologcal ac- 
tivity may decrease w ~ t h  depth into the sed~ment, as 
illustrated by Figurc I .  This figure shows a hypothet- 

~ c a l  depth-dependent distribution of spher~cal shape functions. A c t ~ v ~ t y  IS concentrated near the sed~ment-water 
interface and decreases with depth into the sediment, but is uniform 111 the I~or~zontal plane 111 t l i~s  paper we w~l l  
assume spatla1 homogeneity in the horizontal plane but include the effects of tlepth dependent mmxlng activities. 

Equation (2) is a deterministic differential equation with a random excitation, g ,  due to the nonlocal exchange 
of sediment The solution, p,, can then be Interpreted as the output of a linear sj~stem wlth a stochartlc ~nput .  
Thus the mixing process can be characterized as a h e a r  filtering process where the .ipectrui~i, Y P p ,  of the output 
process is defined completely in terms of the spectrum, Sgg, of the input ant1 the frequency response, H D ( k , w ) ,  
of the linear system representing the left hand side of (2). 

If t ,  and r, are Poisson random variables, the spectrum of the input process iz found by lnterpretnlg the 
excitation as the output of a filtered Poisson, or shot-noise process [8] Thc depth depenrlrnc~ of g will be 
characterized by the number of events per unit volume and time at each depth, illat is, the depth-dependent 
Poisson point density A(%) (Figure 1). If the point density is a slowly varynlg function of depth relative to the 
shape function, it follows that the autocorrelation of g can be expressed in terms of the autocorrelation, Rhk, of 
the shape function, 

Rgg(rdr Z, r) N r i A ( ~ )  (Rnh(rd)) J ( r )  , (5) 
where a: is the variance of 9,. The correlation is expressed in terms of the difference coordinates r d  = rl - r z  
and T = t l  - t z ,  therefore, the excitation can be considered a depth-dependent, locally stationary random process. 



The shape function is random in general and the expected value of ~ t ~ s  autororrelat~on IS used The spectrum is 
found by taking the Fourier transform of (5) with respect to r d  and T, 

where Skh(k) = ( 2 ~ ) ~ ( 1 ~ , , ( k ) 1 ~ )  is the expected value of the shape funct~on spectrum, and H,, 1s the Fourier 
transform of the shape function h,. Note that the spectrum is independent of temporak frequency, w ,  because of 
the assumed impulsive nature of the source and sink events. 

For the case of a depth-dependent and isotropic diffusion coefficient, the systelil frequency response can be 
approximated as 

where k2 = k: + ki + k: and the gradient of D(z) is neglected. Combining (4-7) and performing an inverse Fourier 
transform in time, the temporal correlation / spatial spectrum of density inhomogene~ties in the sediment can be 
modeled as 

The above expression is general in the sense that ~t attempts to model b~oturbat~on 111 no~lspec~fic ter~ns (e g. 
diffusion and point density) while still accounting for the two-scale nature of the rnlxlng process (melofauna and 
macrofauna). The shape function and its expected value should reflect the size and shape of the ~nacrofauna that 
move sediment nonlocally Anisotropy can be modeled, for example, by using a shape function that represents 
directional feeding, such as vertical burrows made by conveyer-belt feeders [l, 41. The point density should reflect 
the amount and rate of macrofaunal activ~ty, wh~ch In general is depth dependent The d~ffusion coeffic~ent should 
reflect the length and time scales of the melofaunal activ~ty, whlch can a150 he modeled as depth dependent 
Assumptions about these parameters will be d~scussed in the comparison w ~ t h  acoust~c data 

3. Seafloor Volume Scattering 
The sea floor is modeled as a fluid half-space in which the sediment propert~es are random functions of space and 
time. The sed~ment density and compressibility, p, and K,,  are defined ~n ternis of their mean and flucluat~ng 
components, p,(r , t)  = + 6p,(r,t) and ~ ~ ( r , t )  = kS + dn,(r, t )  The water dens~ty and compressibility, p,, 
and K,, as well as the sediment mean values, p, and R,, are assumed to be constant in space and time. At 
the sediment-water interface the density and compressibility are discontinuous, creat~ng an acoustic impedance 
mismatch. The boundary is in general a rough surface, however, it w~ll  be modeled as planar. 

A pressure wave, incident upon the sediment, will interact w ~ t h  inhomogeneities in the sediment to create 
sources of scattered sound, and an integral equation can be obtained by superimposl~lg the induced sources. Thus, 
for an unbounded region, the resultant scattered field, pr, is the sum of the ~ n o ~ ~ o p o l e  and dipole fields from all 
the differential sources within the volume of the sediment [9, 10). 

The average wavenumber in the sediment is defined as ,!i: = w2p,k , ,  where w 1s the acoustlc frequency. The 
fluctuating sediment parameters are defined as ?;, = (K, - R,)/R, and yp = (p, - p,)/p,, and are assumed to vary 
in time much slower than the acoustic frequency The Green's function for this system, GO, is the unperturbed 
Green's function that satisfies reciprocity and the appropriate boundary conditions along the sediment-water 
interface. Equation (9) is similar to the well-known integral equation [9] which uses tlre free-space Green's function. 
However, in general, Go can include gradients In the mean sediment parameters as well as interface effects. 

If the field distribution inside the sediment is known, the field outside tlre sediinent can he con~puted. The 
total field is the sum of the unperturbed field and the perturbed or scattered field 

Equation (9) may be solved by successive approximations using small perturbation theory Using the known 
sediment properties and the known Green's function Go, the total field is expressed as tlre perturbation series, 
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where each higher order term is defined in terms of the preceeding order. 

If the sediment fluctuations are small, the series converges rapidly and a low-order approximation will sufficiently 
represent the scattered field. 

In the far field and over a small patch of sea floor where it is assumed the ~ncident wave is plane, the half-space 
Green's function near the interface can be approximated as [ l l]  

T is the pressure transm~ssion coeffic~ent for plane waves incident upon the mterface from the water The p o s ~ t ~ o n  
vector r lies in the water, and r' lles in the sed~ment. The origin of the coord~nate system IS taken on the ~nterface 
near the center of the region contr~buting to the ~ntegral in (9). The constant a, 1s necessary to sat~sfy reciprocity 
and is defined as the ratlo of the average sediment density to water dens~ty, a p  = Alp, Spher~cal spread~ng 
in the water is ~ncluded, but neglected In the sediment due to absorpt~on (I*' << r )  The wavevector k, IS In 
the direction of the ~nc~den t  field, and the wavevector k, 1s the correspond~ng wavevector In the sed~ment The 
transverse components of k, are the same as those of k,, and ~ t s  vert~cal co~~lporleilt is chosen to glve the correct 
sed~ment wavenumber L, In general the wavenumber In the sed~ment 1s complex such that &,/k, = (1 + 16)cw/?, ,  
where F,/c, IS the sedlment to water sound veloc~ty ratlo The compress~onal loss factor 6 13 the ratlo of the 
lmaglnary to real components of the sed~ment wavenumber. 

Using (l2)and (13) the first-order bacbcattered field at  positlon r In the water IS found to be 

The attenuation in the sediment in the z-direction is determined by ~in[k , ]  = b,,,Iin[P(B)]=. The factor P(8) 
is the ratio of the vertical component of the sediment wavenumber to t,he wavenumber in the water, P(8) = 
[(is/k,)2 -cos2 o ] ~ / ~ ,  where 0 is the grazing angle in water. The pressure trans~smission coefficient is T = 2</(<+ I ) ,  
and the z-direction impedance ratio is < = (ap sin B)/P(B). 

3.1. Tempora l  Corre la t ion  of the Backscattered Field 
As the sediment fluctuates randomly in t ~ m e ,  the scattered field w~l l  fluctuate Thus, the bacltscattered field 1s 
also a random process, whlch can be character~zed by the cross-correlahon of pl at two d~fferent t~mes ,  Rpp(r)  = 
( ( , t ) p ( t  + T)) In developmg the field correlat~on we w~l l  assume that sed~ment fluctuat~ons are small, 
stationary in time, and spat~ally statlonary In the horizontal plane only The latter two assumpt~ons follow from 
the sedlment model of Section 2. Therefore, assumlng the sediment can be approxmlated as a depth-dependent, 
but otherwise stationary random processes, the correlation of the first-order backscattered field IS found to be 

where the sediment correlation functions appearing in 

are the auto- and cross-correlations of the zero-mean functions y, and yp. The d~fference and center coord~nates 
are defined as r d  = rl-rz,  and r, = ( r l  +r2)/2, respectiveiy. Follow~ngother authors [12], we assume the sed~ment 
compressib~lity fluctuations are proportional to the density fluctuations, y, = pyp The sign of the proportional~ty 
constant p is positive if p, and K ,  are pos~t~vely correlated and negat~ve ~f negat~vely correlated [12, 131 

Applying the above assumptions, the Wiener-Kh~ntchin theorem, and the Four~er w~ndowing theorem, the 
correlation function (15) can be expressed as 



where A is the area of the scattering region and kd = 2 ~ e k , ]  is the Bragg wavenumber 11av1ng magnitude 
kd = 2k,[cos2 B + ( R ~ [ P ( B ) ] ) ~ ] ~ ~ ~ .  The imaginary component of the vertical wavenumber IS a = ~ m [ k , ]  . i , or, 
using previous notation, a = k,Im[P(B)]. The modified density spectrum, S,,, 1s the convolut~on of the true 
density spectrum and the Fourier transform of the half-space window. 

The half-space window function, defined in the difference coordinates, is a deptli-dependent re(-tangular window 
having the Fourier transform 

sin (2k, z,) 
W(kz, 2,) = 

akz . 
Therefore, the convolution integration of (18) is only over the z-component of the Bragg wavenumber. 

3.2. Backscatter S t r eng th  
The first-order backscatter strength is defined in terms of the zero-lag correlation of the backscattered field. If the 
penetration distance into the sediment is small compared to the distance traveled in water (r' << r ) ,  it is typical to 
describe volume scattering in terms of an equivalent surface scattering strength. From (17) the surface backscatter 
strength is found to be 

This expression for scattering strength is similar to those derived by [ l l ,  12, 13, 141, except half space effects 
are included. The half-space windowing effect, expressed as the convolutiori integral in (18), can be interpreted 
as a smoothing of the density spectrum. Insight into this effect is gained by combining (20) (18) and (19) and 
assuming the density spectrum is independent of depth. By performing the integration over :,, a new window is 
defined. 

If the spectral representation of the half-space wlndow is a narrow function compared to the spectrum of sedi- 
ment inhomogeueities, the convolution will have little smoothing effect, and the half-space effects are negligible. 
However, for certain combinations of grazing angle and attenuation, the window is broad and the convolution may 
significantly alter the density spectrum at the wavenumbers of interest. 

4. Model-Data Comparison 
Acoustic backscatter data and sediment physical properties were measured in a sha.llow bay of Orcas Island, 
Washington State, USA in August 1995. A calibrated 40 kHz monostatic transducer with a fan-shaped beam 
pattern was used to scan a site approximately 50 meters in radius. The instrument remained at  a fixed location 
for approximately 60 days. Each day, 10 complete circular scans of the site were recorded. The complete acoustic 
data set provides a series of backscatter images that reveal changes in the sediment occurring over the time and 
distance scales of the experiment. 

The sediment in the area is a silty-clay with moderate biologically activity. No bubbles were observed in the 
sediment, and an extensive set of sediment physical properties were measured at  the site by investigators of the 
US Naval Research Laboratory. This work included core and in-situ ~~~easurelnent of, geoacoustic parameters, 
X-radiography of sediment inhomogeneity, and stereophotographic measurement of sea, floor roughness. 

4.1. Backscatter S t r eng th  
Backscatter strength per unit area of sea floor was measured as a function of grazing angle for the Orcas site. The 
scattering mechanism cannot be inferred from the acoustic data only, owing to the similarity of the magnitude 
and angular dependence of the measured values compared to other sites having a range of different sediment types 
[7, 12, 15, 16, 17, 181. By using sediment measurements as inputs to models for acoustic scattering, the model 
results are compared with observed backscatter data, and the dominant scattering mechanism inferred. 

Two scattering models are considered: scattering from volume inhomogeneities and scattering from a rough 
sediment-water interface. Both models assume a fluid sediment. Surface roughness scat,tering is t,reat.ed using a 
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Table 1: Sediment parameters estimated from cores and model-data conlparlson for the Orcas site. 

Density Ratio a, 1406  
Sound Velocity Ratio E,/c, 0.977 
Proportionality Constant p -0.934 
Compressional Loss S 0.0019 
Spectral Strength W Q  6.443e-05 (cm-') 
Correlation Length 1, 3.198(cm) 

first-order perturbation approxrmation [I21 w ~ t h  rougl~ness character~zed by the tno-d~mens~onal .  ~ s o t r o p ~ c .  power- 
law spectrum estimated from s ~ t e s  w ~ t h  s ~ m ~ l a r  sediments [7, 121 The Orra*. ~oughness da ta  have not yet been 
analyzed. As Figure 2 shows, the predicted ~nterface scat ter~ng was sufficiently below the ~ueasured values that  
interface scattering effects can be safely neglected, even without full knowledge of the actual roughness parameters 

Diffusion Coefficieilt Do 2 4 ( c n ~ ~ / ~ e a r )  
Macrofauna Rework Depth LA 3.8 (em) 
Meiofau~la Rework Depth L :4 8 (~171) 
Mean Radius $!a 0 4 (~117) 
Radius Standard D e v ~ a t ~ o n  a ,  0.14 (cm) 

Volume scattering is t,reat,ed in a, manner similar 
-1s r , to Sect,ion 3.2 except t , l~at  t,he setliment fluctuat,ions 

- 
I _ _ _ _ _ - - - - - -  lT212 

l 7 ,  = -0, 
E ooOOoOo - - - - -  40~1; 

(22) 

g-35 - where a, 1s the ~ecl~tllent voll~rne Imcka-at ter strength. 
i 

-40 - o 0 - ;1kq~'(p - l ) '~ , , (kd)  ' - 2  (23) 

- Volume Scattering Modd (Half-Space) 
volume Scattering ~ o d e l  - 
Svrtace Scanennu mde~ 

o Data. 4 0 k ~ z  

4 5 0  

Figure 2 s h o ~ ~ >  the pretl~ctetl 1)ackscatter strengths 
found us~ng the f i~st-orde~ tolume model of (20) and 

-50 
(21) which include half-space effects effects, and u s ~ n g  

10 20 30 40 SO 
G m n g  Angle (deg) 

60 (22) and (23) n ~ t h o n t  half-space effects In this case, a 
first-order approx~mat~on models the da ta  reasonably 

Figure 2: Comparison of measured hackscatter with well, and half-.;pare effect5 can be ncgl~g~ble.  The dlf- 
model predictions for the Orcas s ~ t e  ference between model p i e d ~ c t ~ o n ~  ant1 data 15 most 

l~kely due to ellols 111 the es tnna t~~t l  ~nhornoge~ie~ty 
spectra 

Following [19], the spectra of core denslty fluctuatlons were est~nlated 115llig d fir>t-oltler anto-legress~ve (AR) 
model appl~ed to the Orcas core da ta  T h ~ s  moclel assumes that the auto-collclat~on of the normal~zecl fluctuat~ons 
(taking dens~ty  as an example) can be expressed as 

are not treated as depth-dependent, ow~ng to lack of 
resolut~on in the core data For the q ~ e c ~ a l  rase of 
a depth-lndepeildeilt denritv sped rum and neglecting 
half-space effect.., ( 'LO) t-an be rewr~tten as 

where c? 1s the first order AR coeffic~ent estimated from the core da ta  u s ~ n g  the Lev~nson-D11rl11n algolltlim [20] 
Since y, is a zero-mean process, the zero-lag autocorrelation 1s ~ t s  var~anre rr; The three-dnnensional density 
spectrum is found from (24) to  be 

w3 
= (111: + R 2 ) 2  ' (25) 

where l ,  is the correlat~on length defined as 1, = -6z/Ina, 6z IS the core *ampl~ng ~ n t e ~ v a l ,  alltl ((13 = a,'/(r21,) 
S~mi la r  expressions are used for the compress~b~l~ty  spectrum and cross-y~ectrutn The spcct~al  palameters for 
the Orcas cores are hsted In Table 1 along w ~ t h  other geoacoustic palametel.; z~~ppl ied  11) [.21] While these 
da ta  give reasonable agreement between the acoustlc model and data,  t l l e~e  a l r  ( onrelns as to the wfficlency of 
the core inhomogene~ty da ta  The core samphng ~nterval of 2 cm plov~de, ~narginal rezolut~on co~nparecl to the 
acoustic wavelength Also, the core da ta  are one-d~mens~onal, wh~ch nece~~itatet l  all assumpt~on of Isotropy In 
the spectral es t~mates  Both of these concerns could be addressed th~ougli  uze of S-lav data o l ~ t a ~ i ~ ~ d  during the 
Orcas exper~ment [22, 231. 

4.2. Backscatter Correlation 
The coherent correlation of the backscattered field is used to observe the chang~ng sed~ment First, the complex 
envelope of the received signal, s ( t ) ,  1s digitized and range-gated to  correspontl w ~ t h  s~na l l  patches of sea floor. 



Next, the signal from each range bin is cross-correlated with the s~gnal  fro111 the same range I J ~ I I ,  but from a later 
scan. 

M + N - 1  
RSs(7) = ~ ~ ( t ~ ) s ~ ( t ~ ) e ~ ~ ~ ~ "  (26) 

n=M 
The subscr~pt  on s denotes the scan time, so IS the signal froin the scan chosen as a ~efe~eiice,  and s, is the s ~ g n a l  
from a scan a t  time r later. Sound veloclty fluctuat~ons in the water, 6c, are rompenrated I>! a correct1011 to tlie 
phase of the recelved signal [24] This phase correct~on was estimated from sound speed measurements obtanied 
using a conductivity and temperature instrument mounted on the acoust~c platform No s~gn~ficant  oceanograph~c 
processes or sediment transport events were observed d u r ~ n g  the exper~n~ent  FOI tlie 0rra.z site, sound speed 
fluctuatlons were not a s~gnificant factor In the observed changes In the b a ~  bstat tr~rcl  field (41ven the nature of 
the sed~ment and the expected low level of roughness scatter~ng, it 1s expel. trcl that acoust~c pcnetratlon nlto tlie 
sediment and the effects of biological mixing are the dominant mechan~sni for decorrelation. 

Predictions of tlrr backscatter correlation using 
the models of Sect.ions 2 and 3.1 are compared wit,h 
the correlat.ion est.imat.ed from tlie 0rca.s backscatter 
data. In this comparison, several silnplifying assump- 
t,ions about. the setliment. moclel are made. First, a 
simple spherical shape function is used, such t,lia.t, 

0.6 0.6 1 H,, ( k )  = -(sin ak - a k  cos uk) . (27) 
0.5 

20 40 
0.5 

20 40 
Lag Time (days) Lag Time (days) The radius (4 is a Gaussian rantlo~n variable with 

normal distribnt~ion i l ' ( i ] , , ;  n,). The clept,li-clependent. 
point densit,y and tliffi~uion coefficient are nlodeled as 

A ( , - )  = ~ , , p - " / ~ :  and D ( ; )  = ~ , , e - " f ~ '  (28) 

where the act,ivit,y decreases with tlrpth a,t a rat.e de- 
0.8 0.6 fined by tlie macrofauna and meiofanna rework dept,hs 

LA and L. 
0.5 

20 40 
0.5 

20 40 Using (27), (28), and (17- 19), the normalized cor- 
Lag Tlme (days) Lag Tlme (days) relation coefficient is ralrulated. I11 general, the con- 

volut~on and tlir expr~tecl value ~ntrgral  must be per- Figure 3: Compar~son of measured backscatter correla- formed n u m e r ~ c a l l ~  1-~gure 3 sIio\vs a con~parlson of and predictions, (a) ' = 14'70' (b) ' = ' 40' the observed prrdlctetl correlatlolls as  fullctlons (c) 6 = 7.6', (d) 6 = 6' of lag t ~ n i e  The ~noclrl nas  fitted to tlie da ta  lnlotted " 
as points) by trial and error while constraining the parameters of tlir src11111ent   nod el to l e a l ~ s t ~ r  values The 
offset IS due to  uncorrelated nolse In the da ta  Table 1 outlines the p a r n ~ n r t e ~ s  e.;t~matrtl fiom the inod~l-data 
companson These values are presented m a ~ n l y  ar an ~ l lus t ra t~on  of the ~notlel r u ~ t l i e i  worl, 15 requned befo~e  
b ~ o t u r b a t ~ o n  parameters can be estimated w ~ t h  ronfidence from acoust~c I ~ d r  hst a t t e ~  data 

5. Summary 
A model for the change in correlation of sea floor backscattering as a function of the tilne has Iwen presented. We 
combine a diffusion model having random excit#at.ion to describe t,he t,imr c,volut,ion of sediment inhomogeneit.ies 
and a first-order perturbation treatment of sediinent volume backscatt,cr. The first,-orcler volume I)ackscatt,er niodel 
is validated by comparison with acol~st,ic da ta  using sediment inhomogcneit,y spect,ra measurecl from core dat,a. 
This model includes half-space effects which were found to be negligible in t,he prcscnt cane, but. which could affect 
correlation estimates. Higher resolutior~ two- or t.hree-dimensional core analysis (X-ray. CT) is reconllnended for 
future work to  reduce errors in application of tlie scattering model. Thc I,atrl<scat,t.rr corrrla.t,ion model predicts 
sediment bio-diffusion parameters that  are rea.listic, but further work is nrrded in which acor~st~ically derived 
parameters are compared with ground truth. 
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