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ABSTRACT

The elastic moduli of sea ice are determined from high frequency velocity measurements made

on small samples extracted from the ice canopy. The experimental apparatus for determining the

velocities is described and was designed to allow quick in-field measurement. The experimental

procedure included measurement of the ice sample salinity and temperature and the results given

here allow prediction of elastic moduli from knowledge of these more easily obtainable physical

parameters. The elastic moduli determined are those appropriate for a specialized Biot model in

which the ice is viewed as a closed pore isotropic material. With the Biot model put forth here,

seven parameters are needed to predict acoustic velocities, all of which are easily interpreted

physically and are given here in terms of their salinity and temperature dependances.

PACS numbers: 43.20.Bi, 43.20.Hg, 43.30.Ma, 43.35.Cg
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1. INTRODUCTION

General prediction and modeling of acoustic propagation in and scattering from the ice

canopy requires input of the longitudinal and shear wave velocities in this inhomogeneous
I "3

material. These velocities are well modeled, as will be shown, by invoking constitutive

relationships of the elastic moduli to otherwise measurable or predictable properties such as

temperature and salinity of the sea ice. These fundamental ice moduli can be established by

carefully controlled measurement of the acoustic velocity in sea ice. Three primary velocity

measurement techniques have been used in both saline and non-saline ice: seismic and flexural

wave measurement 4- 6 , resonance vibration of ice rods4' 7- 9 , and propagation of high frequency

pulses in ice cores -2 1.

In much of the pulse technique work to date ice cores were taken and allowed to reach

equilibrium with the air temperature or were refrigerated and taken to a laboratory for the

velocity measurements. The multiphased porous nature of sea ice makes it extremely sensitive to

this kind of handling procedure and the in-situ equilibrium ratios of the liquid and solid phases

as well as the properties of each phase are changed 22 . This correspondingly changes the acoustic

behavior, a fact which provides sufficient motivation for design of an acoustic pulse experiment

whose goal is to obtain velocities quickly in the field while minimizing the change of the

temperature of ice core samples before and within the measurement cycle and maintaining

reasonable uncertainties in results. The pulse experiment described in Section II was designed

with this goal in mind.

The porous nature of sea ice also makes it a natural candidate for use of Biot theory 23'24 in

determining elastic moduli from velocity measurements. Experimentally, the difficulty lies in

the need to determine a large number of parameters in the full Biot theory for an anisotropic

open pored medium 2 . However, as shown in Section III, if one specializes the theory to examine

a closed pore isotropic porous media the number of needed parameters reduce to seven, all of



which are easily interpreted physically and which are amenable to experimental determination.

Even with this specialization the results represent a generalization of previous ice models .

In the ensuing sections we outline in turn: the procedure, apparatus, and results for an in-field

experiment in which the acoustic vertical velocities of sea ice were measured (Section I);

development of the relations between velocity and elastic moduli appropriate for a simplified

Biot model of sea ice, and the determination of the Biot moduli using the experimental velocity

results (Section III); application of the Biot model in examining temperature cycling effects on

acoustic velocities, and in calculating average velocities for the ice canopy as a function of

thickness and air-ice surface temperature (Section IV). In Section V we summarize.

It is important to stress at the outset that we view the present manuscript not only as a

summary of research results but also an introduction of a methodology by which other

researchers might obtain velocity data and incorporate their results such as to improve the in-

field data base from which the moduli are determined. For this reason we include, as an

appendix, a table of our velocity results and plan to document any future measurements which

add to the in-field data base via short letters to the editor. As a last introductory comment, a

researcher, with temperature and salinity measurements in hand and needing simply a quick

prediction of acoustic velocities, may use Eqs .11-14 to determine porosity and then Eqs. 3 and 4

to determine the longitudinal and shear velocities (this quick calculation is restricted to volume

fraction porosities less than 0.3).

1I. EXPERIMENT

A. Procedure and Apparatus

A first generation experimental design was described in Ref. 1. A preliminary in-field

experiment using the design and procedure discussed thkre led to several changes resulting in

the methodology outlined in this section and used to obtain the data to be presented below. The



experiment discussed here was one part of the arctic research carried out at the Applied Physics

Laboratory Ice Station (APLIS 90) (established and occupied for a seven week period from the

end of February until the middle of April 1990) in the Beaufort Sea.

A 7.6 cm diameter SLPRE corer was used to obtain vertical (i. e., the SIPRE corer was

oriented perpendicular to the air-ice interface) ice core samples for measurement. As touched

upon in the introduction, a major concern is measurement of acoustic velocities without

significant ice core temperature change. Several steps were taken in order to minimize the

change of temperature before and during measurement, First, only short lengths (20-30cm) of

core were removed and prepared for measurement at one time. As soon as a section was

removed a cylindrical foam plug was placed in the resulting hole to minimize down hole

cooling. The extracted length was immediately sectioned into 5 to 8 cm lengths using a bandsaw

and then placed in fiberglass foam insulation.

Figure 1 diagrams the experimental apparatus used after this initial preparation. The

experimental procedure was carried out by two researchers, one outside (ambient temperature -2

to -30'C) focused on core handling and one inside recording all data, coordinating efforts with a

portable radi? set. In outside operations, one eighth inch diameter holes were drilled from the

side to the center of each section with a cordless drill and temperatures recorded with a YSI

precision thermistor probe accurate to 0.10 C. Starting with the section furthest from ambient

temperature, the time of flight for each wave type and the section length were measured using

the velocimeter built in-house and shown in Figure 1.

The time of flight measurements used two "dual wave" longitudinal/shear transducers custom

built by Kraukramer Branson with a shear (longitudinal) resonance frequency of about 700 (950)

kHz. By far the greatest difficulty is obtaining shear wave coupling between transducer and ice

sample. In the laboratory and previous field pilot tests attempts were made to use shear coupling

gels without success. Our solution for. the present work was to build small removable plastic



dams one of which was placed around the transducer at the bottom of the velocimeter. Fresh

water at its freezing temperature was placed in the dam and the saline ice sample placed on top

so that a thin layer of water was between transducer and sample. A rubber grommet ("0" ring)

was placed on top of the sample to act as another dam, water pored in the center of the grommet,

and the upper transducer lowered so that a thin layer of water also existed between this

transducer and the sample. The transducer at one end of the velocimeter was excited by a

pulser/receiver and the delayed signal was acquired by the receiving transducer, amplified by the

same pulser/receiver, and output on a 10 MHz digital scope where it was stored on the built-in

disc memory after both longitudinal and shear coupling was established. The longitudinal

coupling was always immediately apparent and as the fresh water froze the shear coupling was

developed. Shear coupling was not always obtained and as might be expected was most difficult

in the higher temperature cores. The results presented here use only those cores in which both

longitudinal and shear coupling were obtained. In practice the establishment of shear wave

coupling was observed by the inside researcher to occur within a few seconds to a minute

depending on the core temperature. A typical waveform is shown in Figure 1.In the waveform

the first pulse is the longitudinal wave and the second, much larger pulse is the shear wave.

The velocimeter had a caliper attached with a resolution of 0.001 inch; however, roughness

of the section ends lead us to use a more conservative estimate of length uncertainty i.e.

0.01 inch. Two measurements were made on each sample. First, the transducers were brought

into contact with the sample without the water dams to get a true length measurement of the

sample. Then the shear coupling was established and another length measurement was made.

The difference gives the fresh water path length. To determine the time delay due to the fresh

water path length we use Eq. 1 and 2 which we have derived from the data of Ref. 10 to get the

longitudinal (Cfr1) and shear (cf 5 ) velocities of freshwater ice as a function of temperature. In

making the correction, we assume that the fresh water ice reaches temperature equilibrium with

the core.



cfr, = 3800 - 22.2 (T + 2) (m/s) (1)

crr =1810- 10.8T (m/s) (2)

for the longitudinal (cel) and shear (cf,) velocities of fresh water ice as a function of

temperature (in degrees C). Note that T is negative so that the velocities increase with

decreasing T. Dividing the measured path length difference by the computed fresh water velocity

gives the fresh water part of the travel time measurement. This eliminates the fresh water part of

the delay from the travel time measurements. The total freshwater path length never exceeded

0.5 cm and in most cases was less than 0.3 cm.

The scope was triggered by a sync pulse sent out at the time of sender excitation so that the

time of flight is directly measurable. Inherent delay and "zero" sample length were checked

beforehand with sender and receiver in direct contact. Time of flight measurements on a

calibrated aluminum cylinder allowed elimination of systematic time scale errors.

After the time of flight measurement, the temperature of the core section was again measured

and then the sample was placed in a sealed container and allowed to melt. After melting, the

section salinity was determined with an accuracy better than 0.01 ppt from

X conductivity/temperature measurement 26. Then the)K temperature of the core ( the temperature

at the end of the velocity measurement was used since those temperatures were taken within

seconds after this measurement ) and the salinity were used to calculate both the porosity 3 and

the density p of the sample using the equations given in Section Ill.A below. The calculation of

density assumes no air content in the ice core. Comments on this assumption and the possible

effects of air in the ice core are given in the summary.

The procedure above was carried out on 89 sections, both longitudinal and shear coupling

was attained on 53 of these samples. The porosities and velocities calculated for these sections

are given in the appendix. Of the 53 sections, 46 were from cores extracted from the original ice



canopy in the region of the ice camp. The remaining 7 were from cores extracted from refrozen

large openings that had been made through the ice canopy for another experiment.

B. Acoustic Velocities and "effective" Moduli

Figure 2 shows the data obtained and least squares curve fits to the data. The curve fits give

l= 3741(1-1.85)" . (m/s) (3)

cs= 1839(1-2.7903)" (m/s). (4)

The porosity 03 is in volume fraction (see Section III). The functional form of the curve fits to

the data were physically motivated by the vertically elongated structure of the brine

inclusions27"23. If the sea ice is pictured as a fresh water ice matrix with vertically oriented

brine inclusion cylinders, and the porosity reduction therefore associated with reduction of the

cylinders diameter, then moduli for vertically propagating sound would be proportional to (1-

const* 13) which in turn implies sound speeds with a 4 -1const*13 dependence.

Reference 1 discusses in some detail the magnitude of uncertainties in individual moduli

values. Here we simply point out that the most significant error is in determining porosity from

temperature and salinity for temperatures near freezing. The magnitude of typical errors has

been indicated by error bars for a few points in Fig. 2.

In preparation for determination of Biot moduli in the next section it is useful to define and

determine two "effective" moduli. Previous analyses of sea ice moduli have concentrated on

determining Young's modulus and Poisson's ratio. However for comparison with Biot porous

solid results it is more natural (see Section III) to determine an effective bulk modulus Keff and

shear modulus gtff of the ice. These moduli are defined via



cl 2 -(Ken_ i + - )/p (5)

cS2 eff (6)
P

Using Eqs. 3 through 6 we then have

K'ffi = (9.49x106)(1-1.400)p (Nt/m2) (7)

geff = (3.38x10 6)(1-2.79A3)p (Nt/n 2) (8)

where the density is in Kg/m3 . Since the moduli cannot physically have values less than zero

these equations must have upper porosity limits of validity. We postpone discussion of porosity

limits until the Biot moduli are determined below where extrapolation to high values of porosity

will allow a physical check of results. However, in natural sea ice the salinity and temperature at

the bottom most porous layer is typically 10 ppt and -20 C respectively and the equations in

Section IIIa imply an upper limit of porosity of about 0.25. This value is well within the limits of

positive moduli for Eqs. 7 and 8 and furthermore indicates that the porosities obtained in the

experiment and shown in Figure 2 span a large fraction of those realizable in the arctic. In the

next section these effective moduli will be used to determine Biot moduli.

iL THEORY

In this section equations for calculating porosity and density from salinity and temperature

are first summarized (Section ila). Next a specialized Biot model is presented (Section I1b).

Finally, the results of Sections IlIa and IfIb are used in conjunction with Eqs. 7 and 8 to

determine the Biot moduli of the model (Section IIc) which then may be used in predictions of

acoustic velocities.
A

A. Calculation of Porosity and Density



We make the assumption that there is no air and neglect salt precipitation in the brine (this

assumption is in keeping with the Biot treatment of ice, below, as a two component porous

medium), whereupon we can write

P = 13Pf+( 1 3)P, (9)

where p is the bulk density of the ice, pf is the density of the fluid brine, and Ps is the density of

the fresh water ice making up the solid frame matrix.

Now using Eq. 9, and

13 pS (From Ref.29)

which is appropriate when salt precipitation is neglected, we can solve for 13 in terms of the bulk

salinity S, fluid brine salinity Sf, and, densities pf and ps,

PsS= pSpSpS(11)
prSt-pfS+pS 

G1

The temperature dependencies of the densities and brine salinity in Eq. 11 are (from Refs. 22

and 29)

p, =917.0- 1.403x10 - 1 T (12)

pt = 1000.0 + 0.8 Sf(T) (13)

S= = -3.9921 - 22.700 T- 1.0015 T2 - 0.19956 T3. (14)

where the densities are in Kgfm3, the salinity in ppt, and the temperature in degrees C.

In practice Eqns. 11-14 were used to determine porosity from S and T measurements and

then Equation 9 and 12-14 used to determine density.

B. Development of Simplified Biot Model



Reiterating from Section I, the specialization that we use consists of assuming the brine filled

pores in the saline ice are sealed and that the ice is isotropic. With this restriction the number of

parameters which must be specified is reduced to seven and are easily interpreted. The sealed-

pore assumption is most valid away from the skeletal layer at the water/ice interface 2 8 .

The isotropic assumption counterdicts our vertical cylindrical pore picture used in obtaining

Eqs. 3 and 4. In reality, with the vertical orientation of the experiment, we are measuring two of

the parameters in a full transversely isotropic model of the ice. In particular, if one imposes the

closed pore assumption in Ref. 2 and examines plane wave motion in the vertical direction the

parameter H introduced below can be associated with the parameter B4 of Ref. 2 and the

parameter ib below associated with B5 of Ref. 2. However, use of the simplified model here

affords physical insight not easily obtainable using the full model of Ref. 2. Furthermore, in light

of the scarcity of experimental results for acoustic moduli (see discussion in Sec VIIa of Ref.2),

use of the simplified model and experimental results presented here to address propagation for

directions other than vertical would seem to be a viable alternative to use of a more sophisticated

model where parameter measurements are not available at present.

The terminology to be used here mirrors that of Ref. 30. -A complete development of Biot's

theory may be found in Refs 23, 24, 31, and 32. We simply note here that Biot's examination of

propagation of energy through a porous material began with a determination of the potential

energy stored within the material and the kinetic energy due to the motion of both the solid and

liquid phases. With these he could write the Lagrangian density and determine the equations of

motion. From this type of analysis one can derive a set of coupled equations of motion for the

liquid and solid. These equations are given as Eq. 6 of Ref. 30 ( we note a typographical error in

the first of those equations ie 2p. should be replaced by g. ). These equations are coupled via the

relative motion "nf the liquid and solid. Assuming a sealed-pore structure eliminates this relative

motion. To correctly handle this situation within the context of Biot theory one must really go

back to the potential and kinetic energy equations 3t '32 and eliminate the relative motion. Doing



so one finds that only one equation survives and is of the form

Ab V2-1+ (H-9b)V(V.) =p- (15)

and p is as defined in Eq. 9. In Eq. 15"Vis aAlisplacement vector for differential volume of the

solid, Rb is the shear modulus of the frame, and H is combination of bulk moduli for the frame,

solid, and fluid which is will be given below. If the displacement vector is written as a

combination of scalar (0) and vector (ji) potentials

V= V + VWg (16)

then Eq. 15 can be rewritten as two equations

HV2 = p (17)

Ab V2  =p

where the double dots represent partial differentiation with respect to time. Assuming

monochromatic solutions for the potentials 33 one can arrive at the following longitudinal and

shear wave velocities

c1 = (18)

C= \f1"

Substitution of the expression for H ( Ref. 32) gives our desired results

= [orKb)/(Kr(l + 0(Kr/Kf - l))-Kb)] + Kb + 4 4b/ 3 (19)



cS = 1Pf + (I-1)pSCs = T _(-I)p (20)

In this expression, in addition to previously defined quantities, K, is the bulk modulus of the

saline ice in the limit as 3 goes to zero , Kf is the bulk modulus of the pore brine, and Kb is the

bulk modulus of the ice frame. The parameters K, and Kb allow introduction of frame properties

unique from the inherent properties of nonsaline ice, and the pore brine. These are important

degrees of freedom which avoid treating saline ice as simply freshwater ice with holes drilled in

it. It is not apparent that this type of freedom is built into the theoretical results of Ref.2.

Comparison of Eqs 19 and 20 with Eqs. 5 and 6 shows that

Pfi = i4b (21)

Keff (_Kb)2 + K(2
[ (Kr(1 + 3(Kr/Kf - 1))-Kb) + Kb. (22)

Clay and Medwin 34 have derived an expression equivalent to Eq. 22 via a different method.

The results above indicate that seven parameters are needed to characterize a closed-pore,

air-free Biot solid i.e. I3, Psi pf, pb, b, Kr,and Kf, all of which are easily interpreted

physically. Equation 8 is a direct determination of the Biot parameter gJb. The experimentally

determined effective bulk modulus can be used to determine Kb using Eq. 22. Solving Eq. 22 for

Kb gives

Kb = Kr OPK'ff i K-K -Kf K,-Keffi] (23)P IKf(Kr-Kf)- Kf(Kr-Keffi)]

Equation 23 shows that, in addition to the experimentally determined values of Keffi and K

from ( Keffi at 0--0), one needs a value for Kf to obtain Kb. We assumed Kf= 2.07x 109 Nt/m 2 ;

a value which corresponds to an acoustic velocity of about 1440 m/sec which is typical for arctic



sea water at its freezing temperature

C. Calculation of Biot Moduli

Examination of Eqs. 7, 8, 12-14, 21, and 23 reveals that the Biot frame moduli 9ab and Kb

have a T dependence in addition to that accounted for by the porosity. In the present analysis this

additional dependence is entirely due to the temperature dependence of p, and pf since the

velocities were assumed to be functions of porosity only. Additional dependence on S and T

separately would seem possible. For instance, saline ice with S=4 ppt, T=-30 C and saline ice

with S= 10 ppt, T=-9*C would both have porosities of about 6.3 percent, but it is easy believe

the frame rigidity could be different in the two cases. Furthermore, varying histories might

easily cause ice with the same ST to have different frame rigidity. These realities could be in

part responsible for the scatter of data in Fig. 2 but examination of these issues is beyond the

scope of the present effort.

As an indication of the magnitude of the additional dependence, Kb is plotted in Fig. 3 as a

function of porosity for ice of several different salinities. The temperature range for all curves

was -2 to -30 degrees. In the figure we have set a lower physical limit of zero on the modulus.

Having progressed from in-field measurement to Biot moduli we now change orientation.

The fundamental physical parameters of ice, as modeled here, are taken to be

P3, Ps, Pf, 9b- Kb, Kand Kf. Quantities such as the effective moduli and the velocities are

derivable from these parameters using Eqs. 19-22. An important result is that it is the physical

limits on these fundamental parameters which must not be violated. Thus Eq. 8,9, and 23 are to

be used to predict the Biot moduli until the lower physical limit of zero is reached. A useful

consistency check is possible at the lower limit on Kb. and Pb. When the frame moduli equal

zero Eqn. 19 should be that of suspension theory of unconsolidated mixtures. That this indeed

the case can be seen using the suspension theory results in Ref. 35.



At this point our development is complete. A model of sea ice has been developed and the

physical parameters of the model determined from experiment. Acoustic velocities for ice can

be predicted from knowledge of the salinity and temperature of the ice and use of Eqs. 7,8,11-14

and 23. If one incorporates the zero limits on the Biot moduli, calculation for all porosities

between zero and on are possible. (As discussed above the actual porosities typically seen in

nature are 0:530.25.) Table I, giving example values, is included as an aid to implementation of

these relations.

IV. APPLICATIONS

In this section we apply the above results. First, we an examine the acoustic effects of cycling an

ice core through a range of temperatures. Then, we calculate average vertical velocities through

the ice canopy for different thicknesses and air/ice surface temperatures.

A. Effects of Temperature Cycling

One of the original motivations of the experimental technique was to minimize deviation of the

ice temperature from its in-situ value. The question of temperature effects on acoustic properties

motivated us to perform an experiment during APLIS 90 in which a 7.5 cm ice core section

which had an in-situ temperature of about -5.60 C was allowed to cool to environmental

temperature (about -150 C) and then warmed back to its original temperature while periodically

determining its acoustic veloc ities.

In this experiment the core was actually cycled through the temperature range twice. During the

first cycle both longitudinal and shear wave velocities were obtained. As the core reached warm

temperatures at the end of the first cycle shear coupling was lost and only longitudinal velocities

obtained during the second cycle. The experimentally determined acoustic velocities found are

the top curves shown in Figs. 4a and b. At the end of two temperature cycles the longitudinal

', velocity had changed by about 4 0 m/s. At the end of one temperature cycle the shear velocity
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had changed by about 20 m/s.

Theoretical predictions of the acoustic velocities and the changes which would be seen are the

bottom curves in Fig. 4a and b. These predictions were made by using the salinity measured by

melting the core at the end of the experiment and the results in Ref. 22 predicting the change in

salinity during a temperature cycle. Specifically, the final salinity was 5.65 ppt, and this implies

(through the equations of Ref. 22) an initial (before cycling) salinity of about 6.7 ppt if it is

assumed that brine expulsion occurs during both cycles (an assumption indicated by the rise in

the longitudinal wave speed in both cycles). The temperatures and predicted salinities at extreme

points in the cycle were then used in the Biot results above to determine theoretical acoustic

velocities. The absolute values predicted are about 3% low for the longitudinal wave and about

5% low for the shear wave, commensurate with the scatter seen in Fig. 2. The trends which

occur during the cycling are well modeled by the theoretical predictions.

A notable point is that these results are for a relatively narrow temperature cycling range as

compared to the type which would ensue from packing the cores in dry ice and shipping them for

analysis in a laboratory.

B. Average Velocities

Of interest for low frequency efforts and ice thickness measurement are the average acoustic

velocities through the ice canopy. By using a simple model for the salinity profile in first year ice

and assuming a linear temperature profile from the air/ice to the ice/water interface one can

determine vertical velocity profiles and subsequently average velocities using the results of

Sections II and III.

Figures 5a-d shows salinity and temperature profiles (using an air/ice interface temperature

(T11) of -5' C) and the resulting velocity profiles for several thicknesses of ice. The salinity

profiles were calculated using a simplified version of model results for first year sea ice36' 37. The



equations, written as a function of the depth (d) below the airfice interface and total ice thickness

dmax, are

= 10-23.8(d) 0:< d < 0.174m

S(in ppt) = 6.0-0.756(d) 0.174 < d < 1.003 (dmrx) - 0.234 (24)

9.78-16.2(dam)+15.4(d) 1.003 (d1l*x) - 0.234 <d dnax.

Figures 5e and f show the average velocities as a function of thickness calculated using Figs. 5c

and d. The average velocities were calculated by numerical integration of the travel time

through the ice canopy and division of the ice thickness by that travel time.

Of particular interest for ice thickness measurement is the average vertical longitudinal wave

velocity. For this reason we have used the results of numerical integrations to derive polynomial

fits for the average velocity as a function of the thickness and the ice/air interface temperature

(assuming first year salinity profiles and linear temperature gradients). Figure 6a shows the

average vertical longitudinal velocity as a function of ice thickness for two different air/ice

surface temperatures. Figure 6b shows the average velocities as a function of air/ice surface

temperature for two different thicknesses. Both the numerical integration results and polynomial

fits (given below) are shown. From these results one can see that the polynomial fits can be used

for thicknesses to 3m and airfice surface temperatures to -26*C. The polynomial expressions for

the average vertical longitudinal velocity, in terms of d,,. and Ti, are

c1 ave = F1 (dn. ) + F2(dmx)T, + F3 (dnax)T'i 2 + F4 (dMI)Ta 3  (25)

where

F, (d1  ) = 2661.918175 + 482.513713(dmua) - 191.152365(dmax) 2 + 28.11328742(dm x)3

F2 (daj) ="134.7439813 + 62.30165590(dax)- 25.70144588(dmax) 2 + 3.82127565(dmu )3



F3 (dfim) = -7.247301576 + 3.34509833(dm) - 1.38909594(dmai) 2 + 0.206890795(dmax) 3

F4 (dm.) = -0.129668213 + 0.059669323(dmax) - 0.024812066(dmx) 2 + 0.003695989(dmax) 3

V. SUMMARY

The obvious importance of the knowledge of the elastic parameters of sea ice to acoustic studies

in the Arctic has motivated the work here. We have outlined an in-field experimental technique

to determine acoustic velocities for Arctic sea ice. Using a velocity data set obtained via this

method, we have determined the salinity and temperature dependence of the fundamental elastic

parameters in sea ice modeled as a isotropic porous solid with closed pores. Further

experimental effort is needed to increase the data base from which the elastic parameters are

obtained. Further modeling effort is needed to treat cases such as multiyear ice where significant

air content is possible.

A comment on inclusion of air in the porous solid model is in order. Bedford and Stern3 8 have

extended the Biot model to include content of a small volume of air bubbles. Their results

indicate that above the resonance frequencies of the air bubbles the velocity of the longitudinal

wave examined here would be essentially the same. However, below the bubble resonance

frequency the velocity would be substantially depressed and at resonance the velocity goes

through a maximum. The applicability of their analysis in obtaining ice acoustic velocities

should be pursued.

Some of the elastic parameters obtained have been related to elastic parameters appropriate for a

transversely isotropic porous solid model of the ice. Experiments in which the horizontal

acoustic velocities are measured at the same time as the vertical velocities would allow

determination of more of the parameters of that model.
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APPENDIX

The data used in Fig. 2 are given here for reference. More data is needed at all porosities, but

particularly the higher ones. At high porosity, shear wave coupling was difficult to establish via

the method put forth in the paper. Furthermore, brine drainage effects at the higher porosities are

more severe.
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FIGURE CAPTIONS

FIG. 1. A simplified diagram of the velocity measurement apparatus is shown. The data

acquisition electronics was housed in a heated work space. The sample holder as well as core

preparation and monitoring equipment were outside. The experiment required the coordinated

efforts of two researchers. A typical digital scope trace, after both shear and longitudinal

coupling had been established, is also given.

FIG. 2. The longitudinal (cl, data shown as open squares) and shear (csdata shown as open

circles ) velocity data obtained using the apparatus in Fig. 1. Leastsquares fit curves (equations

given in text) to the data are also shown. The largest errors come in determining porosities from

the salinity and temperature of the samples. This uncertainty increases with porosity (examples

shown for some of the cl data).

FIG. 3. The Biot frame modulus Kb as function of porosity for several assumed salinities. The

results have been obtained by varying the temperature of the ice. They indicate that, besides the

porosity dependence, there is an additional dependence on S and T for the model presented here.

When Kb equals zero the sample would be an unconsolidated mixture and the velocity

prediction of suspension theory 35 is recaptured from Eq. 19.

FIG. 4. Demonstration of the acoustic effects of temperature cycling a ice sample. Experimental

results are the top connected points in each graph. The model results are the bottom connected

points. Each point is numbered by its position in the cycling sequence. The model results were

obtained with the aid of Ref. 22 to determine the change in porosity for a specified temperature

change.

FIG. 5 Figures 5a and b show salinity and temperature profiles for several thicknesses of first

year sea ice. The salinities were determined using simplified versions of model results in Ref. 36.

The temperature profiles were assumed to be linear from the air/ice interface (at -150 C) to the



ice/water interface (at -20C). These profiles were used to determine the longitudinal (Fig. 5c)

and shear (Fig. 5d) velocity profiles for the different ice thicknesses. From the velocity profiles,

average longitudinal (Fig. 5e) and shear (Fig. 5f) velocities as a function of ice thickness were

obtained.

FIG. 6 Figure 6a shows the average longitudinal velocity as a function of thickness for two

different air/ice surface temperatures. Figure 6b shows the average longitudinal velocity as a

function of air/ce surface temperature for two ice thicknesses. The figures show results of

numerical integration of the velocity profiles and polynomial fits (Eq. 25) to the integration

results. They indicate the ice thickness and temperature regimes where the polynomial fits are

useful.



Heated IArctic
'Workspace I Environment

Table

Digital
Thermometer

Panametrics
5055 plr

Driving Pulse

Ice
Sample

Received Pulse Z 7
Amplified PA'S Xducer

Received Pulse

Nicolet 4094 Bn
10 MHz

Digital ScopeSa
Ice

Core



4000

0 0

3000

0

0

-j
iw

2000

00 0

0 cs

1000 1----
0 0.05 0.10 0.15 0.20

VOLUME FRACTION OF POROSITY



lo x10

S = ppt

8 x109

E~x1 0 S=5 ppt

1xS='O ppt

S =20 ppt-- -S3pp
2 x109 -s3 p

0
0 0.2 0.4 0.6 0.8 1.0

VOLUME FRACTION OF POROSITY



44

3700-1

4 7

;p 5
53550- 3

-JI11 
__ _

-14 -12 -10 -8 -6

,1825

~1800O

.1775

> 1750
c
:1725L

~'1700 
3

-14 -12 -10 -8 -6
TEMPERATURE (00)

__ fu:~4



(a) (b)

ii-2- ""-1

-3 -31~0

0 0.:

-2*" -2 -1"

2 4 6 8 1 -30 -20 -10 0
SALINITY (moo) TEMPERATURE (°C)

-1 .

-3 -- -3 .. .0"

3500 16001"

O . .•

0 12 3 2 3
THICKNESS ELOTHICKNESS )



Surface Temperature = -260 ,

3600 1

E 

00 owd3400° 0 o°0

Surface Temperature =-20 ,1O0u  /

wo 000

< 3200 -o00
oo A Integration Results
+ 0 Polynomial Fits

0I
3000 ,'

0 1 2 3 4 5
TOTAL THICKNESS (m)

3800

0+

AAZA ^^ Thickness = 3.0 m

3600 00000oooo0o44
08808800

ooSj 0 0o0 ,,"

j 000

0 Thickness -0.5 m G +A
S3200 - 0340 o +0

0 A~ Integration Results 0
+ 0 Polynomial Fits

ool
UJ 

0

300 -30 -20 1o 0

SURFACE TEMPERATURE (OC)


