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ABSTHACT

In situ measurements of the speed of sound in surfical

marine sediments of rcoston darbor have been made at approx-

imately 100 stations. A simple spark discharge of charzed
capacitors created the sound pulse wnica was receivedi by a
conventional nydropnone-ampliflier-oscilloscope system.
Fhoto~raphs were taken of the ¢riz.:er pulse as displayed on
tae oscillloscope screen. Jetalled time records were ob-
tained using a delay time base, First arrivals transmitter
by tne hydrophone appeared in tne frequency ranxe of 10 to
30 kilocycles/secon? while tne sound source likely emitter
a broad spectrum of frequencies. '

Sediment sarples at all stations have bteen obtained
eitner by zravity coring (aided ty 1armar blows) or tucket
~rabs. Laboratorv analyses of :raln size distritution an?
watrer conten:t have peen male, Poroslity was calculated
assumin: complete water saturation. The author attemp*ted
to correlate these various pnysical propertles with in sirtu
soun” speed measurements and has conpared his work to
studies of similar sediments -y otner investizators. 7The
presence of methane and nydrozen disulfide -ases in the
sediment limited tne de.ree of simple correlation tetween
soun: transmission and otaer physical properties.,. i~
lnesis 3upervisor: .ur, -arold £. =dgerton
[1tle: Professor of :lectrical inzineerinc and

Institute Frofessor
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I. Introduction

A. Ubject of sesearcn

‘+nis research was under:iaken {n an attemp: ty "ae
aus1or ©o rela~e t4e speed of propo:arion of aroustic enerzy
arou 1 na*urally oncurrin marine sediments to o'her p:iysi-
cal properiies of r1e sediment. latbora-ory meas.urements
ol sound speed on coure samples nave ylelded results in close
a:reement -¢ in situ sound spee measuremen-s only in t1ose
instances where -ne sediren: was main-ained in t-s or!~-tnal
tas-‘ree stace and wren due corisidera“ion was 1iven *o
chan-es in pressure and tempera-ure of -ne sample (Bamil-
:on22, ayxecub). in Joston Hartor trie presence of an unknown
acoun: of 7yrrozen disulfide and/or me=nane was otvious fron
trne odor ot sanples collected. The -emperazure of ~“ne wa-er
and sedimen- varies a reat deal in very shallow re ions over
a t1dal period an? dally witn weatner condi—-ions. Con-
siderinx the po-en“ial inconsisrency in rela:in latora*ory
to ia sirtu conditions, *c2e aurnor decided to make souns
speed measurements in si-u anc ob-ain sapples o° sedimen-
“or labora-ory analysis of physical proper*ies whicn would
te unaf“ected by transportinz t1e sample to the labora*ory.

:Idxrertonl3 nas saown tna: pene-ra-lon o° 12 kilocycle/
secona souncd 18 possible in Scs-on .arbtor sediments only in
tnose areas whioh are no: covered ty a tlack, fine--rained
odoriferous mud, 7The latter acts as an almos* perfect
re:lector of souna ener.y even when only inches taick. ihre
author inves:i:ated -als layer as well as *-1e unnerlyinz
corpact clay and sand layers in an at-emp” to assirn 'rypl-
cal' sound speed values :or use in accurazely convertin: rec-
ords of travel time(f{rom continuous seismic pro:iles) <o
zeolocical cross-secsions.

From selsmic inves-i.ations o deep-lyinz sediments, a
re‘racrion ~ecsnique ylelds an avera e soin® speed ro use in
computinz dep-h (Ewtnglu, Hourzzs, Shoruz). Thts
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tecinique does not discriminate between layers of low acous-
tic contrast and effectively masks the distinction of thick-
ness of tnese layers. '

In the present study a horizontal variatility in sound
speed amounting to L4O: or more is noted in the surfical
sediments over the 30 square mile study area of Eoston zartor.
Vertjcal variabllity in sound speed amounted to 30¥ in the
first few feet at some locations., Assiznment of sound speeds
averagzed over tnhne darbor would certainly produce significant
errors in calculated layer depths locally.

A further application of sound speed measurements 1is
in the fleld of soll mechanics. Once the speed of the com-
pressional wave, tne density and the compressivility of
a gedinent are determined, it is possible to calculate the
other elastic properties including: Poison's HAatio, Shear
Modulus, speed of shear wave, Young's Modulus, and Lame's
constant (Jaezer 27).

carrying out these calculations have been given by Hamil-
18 :
and will not be repeated here.

Assumptions and techniques for
ton

B. Previous Investigations

damilton 22 reported in situ sound speed measurements
in 1956 off San Dieco. Operating in 30 feet of water,
SCUEA divers inserted acoustic probes into the sediment and
recordinz was done with oscilloscopes on & surface ship.
Samples were collected and kept ‘alr-free' until laboratory
analyses of density, porosity and grain size were completed,
damilton noted that sound speed in sediments of high porosity
was less than that in sea water and explaines this by part-
icle movement in a sound field causing frictional losses Aue
to viscous draz. In situ sound speed measurements were
conducted azain in 1963 (Hamilton 20) in 1000 feet of water
using tne bathyscaphe Trieste, Laboratory analyses of sedi-
rent properties were conducted as in the previous study.
The zeneral findings of tnese measurements are listed in
Table III, Section V of this paper. '
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" Sound speed reasurements were ma“e in situ tn a fresh
water lake by Jones 28 in 1958. 1wo hydroprones were buried
in the lake bottor to known deptas and a known separa‘ion.
Tne time delay in sensing a spark discharge in the water (a*
a known depth) indicated by an oscilloscope record of the
hydrophone receptions provided a means of determinin- sounc
speed. Divers noted a zreat amount of orzanic Aebtris Aecay-
ing and generating free zas in tne sediment. Usinz tnis *wc
nydrophone technique, Jones was abtle to determine tha*r tne
sound speed tnrouzh the 7as cnharred tottom was acou* one *en-
th tne sound speed in the lake water.,

Sykesb8 used acoustic probes (modified from aoo’ and
Westoniu)of small radiatinz area to pulse 3¢0 killocyrle/
second sound throuxh various strata in deep sea cores ob-
tained by tne Wood's nole Oceanographic Institution in 19 7.
Assuming the ratio of sound speed in sediment to sourd speer
in wat~er remalned constant for in gitu and laboratory cond-
itions, Sykes was able to calculate on tna basis of saliniry
and temperature measurements (Albersl) the speed of sound
in sea water in situ and thus “he speed of sound in sedinents
in situ. The results thus obtained are lizted in Tatle III,
Section V of this paper. The basic difficulty with Sykes?®
system is in the probe size and inherent frequency limi‘ta-
tions., In order to maintain the radiatin- area small wirn
respect to core dlameter and <o eniit soun® waose wavelenc®
was smaller than any particle size, Syke resorted +to ul-ra-
sonir frequencies. Transmission was possible in aizhly
porous fine clays but siznal attenua*ion an” sca“terinr nro-
hiblted reception tarourh silts and sands. [no%e: ricures
3 and 9 of this paper explain *ne size terms ren*ione-],
3ykes also determined water content, rain size, porosity
and denslty assumin: tne cores had no* Adried appreciatly
over tne year period tetween collec-ion and analysis.

ihe use of lower requencies in analyzinz small samples
in the laboratory for sound speed 1s possitle usin- a
b3

ni
tecanique developed bty Toulls ’ and Shumway © tn 17-6.
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ine sedirent sacpl'e is placei in a compliant-walled cylini-
er and set into resonance by one acoustic prote., The
frequency at whicna %nls resonznce occurs is measured bty
anotner prote and indicated accurately ty a counter-anpli-
fier voltme-er system. Cver a frequency range of 2° to 3¢
kilocycles/second, tne speed of sound was determined from
frequency :ieasurements and resonance mode agsump*ions. At
tne same time a sediment sound attenuation factor was deter.
mined from tne *'3' of the frequency resonance. An inficarion
of Snunway's results is rTiven in Teble III, Section V of *ais
papar. ihe major criticism of *nls technique is in tnat it
does not provide for repeated measurements on tne same
sarple. Invariably =as forms on decreasing pressure and in-
creasins temperature as a result of setting the sample into
regsonance, 4#itn tne gas present, tne attenuation 1s much

too nich to repeat the measurement.

Nolle37 worked witn artifically compacted, sorted sands
in an attempt to characterize tneir sound transmission
properties. 3Sound speed was not measured in these experi-
zents tut Wnen otner factors were analyzed it became appar-
ent that zas was coming out of solution and depositing on
the sand zrailns, creatins hign attenuation and scattering
coefficlents at tne operating frequencies of 400 to 1000
kilocycles/second. A solution to this difficulty was the
cont tnuous bolling of %ne sample durinz experimentation to
rain*ain zas-free conditions. From an assumption of no
rizidty (u = 0 for nignly porous systems) t+he speed of a

compressional wave 1s ziven by (Jae:er27):

Vo= /&7 - = J1/aC (1)

anere V = gound speced, k = imcompressibility, d = density
ant, C = compressitility. If the system nas a slight amount
cf zas entrainment it becomes hirhly compressitle withnout a
comparative density decrease and tne net sound speed is

reduced,
b




berson’and brandt7 nave snown ty ratner independen-

. analytical means tnat a drastic recucrtion in sound speed

occurs for only a small percentane of free >as ty volume

‘n a solid-liquid-ras system of components, The sount spead
for a 0.2% fraction of ras in tne void volume of a solir-
liquid system 1s only .04 of tne sound speed in the later.
Pnysical reasonin; points out tnat if zas 1s presant as free
bubbles, tnese bubtles will expand and contract absorbins
sound enercy and lenzthenins tne time of proposation. In
addition, t1e bubbles scatter anrd otherwise attenuate the
sirnal. .

Assuming the possiblilty of an ifeal mixture of one
solid (s) and one liquié (1) component, Cfficer38 nas der.
ived an equation expressing tne sound speef (V) in terms of
porosity (n), density (c¢) and compressibility (c¢):

1

V3=

tn d1 + (1 - n)dg) [ nCy + (1 -n)Cgq] (2)

For n = unity, tnat is all liquid, the sound speed reduces
to that of the liquid (see one-component relation, equation 1)

]
<
»

v? =

dlcl 1 (3)

For n = 0, that 1s all solid srains, the sound speed recfuces

to tnat of tne solid (see one-component relation, equation 1)

1 ., 2
v (&)
dscs 8 ‘

Va_

As tne porosity decreases slichtly from unity, consifsring
densitles and compressibilities relatively uncnan-ins, rhe
denominator in (2) remains sucn *hat the sound speed de-
creases since tne 'n' terms predominate and liquid compress-
itility 1s mucn greater tnan tanat of solifs while 1liquir
density 18 less tnan -hat of solid. Furtaer decrease of
porosity causes tne '(l-n)' terms to tecome dominant an?
since Vs i1s always zreater tnan Vl, tnere occurs a minimun

-5-




_wnere tne sound speed of the mixture {s less tnhan that 1in
tne liquid alone. This concept 1s furtner discussed in
Section V of this paper in relation to tne experiments of
hafe and Drake3 .

-6-




Il SCOPE OF PROJECT

This resesarch was undertaken in co-operation witn the
Roston Harbor .roup here at M.I.1. under the direction of
Dr, Ely liencher., The objective of this gcroup was to sample
the surfical sediments over mo<t of Eoston Hiarbor and using
conventional laboratory technifues to work out the recent
zeolozical history of this area. The author oririnally in-
tended to occupy & small number of stations witn the hartor
Group and to develop & sound speed measurement technique.

It soon became apparent that numerous stations would have to
te occupled in order to find sites wnere simllar sediments
could te compared and to note sicnificant trends in the re-
sults of tnhe sediment analyses., The author therefore cnose
to work with the Harbor Sroup tarouch the summer of 1966 to
collect data at e=ach of 100 stations as shown in Ficure 1.
The stations are on an arbitrary grid network and apparen*
gaps in the crid indicate sites wnere shallow warer an®/or

& rocky bottom prohibited sound speed measurements.

The surficial geoclory of tne Eoston ‘artor has been re-
viewed briefly by Phippsuo. One or more glacial 111 layers
occlring as drumlins or drifts are evidence of the las*
Pleistocene ziaclation. The zlacial till is an unsorted
mixture of sands and cravels witn fine clay-size rock flonur,
and some clay minerals. It 18 postulated tnat at the waning
of tae ice, tne land rose and was eroded slizhtly an? <aen
sank to leave depressions in which fresh and sal* wa-er peats
and tlack silty fossiliferous sediments were deposited, A
hi . a rate of discnaraze of or:anic wastes bty man n . 1elpe”
<0 create tne surfical, tlack, odoriferous, soft :ud layer
tnat covers most of the undredged area of *1e artor,

Frotatly the best sortes an< most qogf:aneous devosi-

is “ne very stiff Poston Elue Clay (larbe’") tna- occurs as
tnick as 100 feet under a layer of tlack muf or a laysr nf

san” and -‘ravel over most of tne Harbor. w+Where “1e cover‘i.
nas teen dred-ed, the clay arts as an acoustic atsorter tur

wnere tne black, .aseou. mud s as thin as a few lnches, ‘e

-7-
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bottom is a nearly perfec*t reflector of soun? enercy.
These “wo litholozims--rqe tlark mud and the Zoston Elue
Clay--in addition to an orcagional sandy to**om in Aredzas
areas ware the materials most often encounteres in sur-
face samplin= an? soun” speet measuremen‘s in tais re-ion.



III. :I%LD FaCCZ) 'nzZS

A. Site Loca‘*ion f
..08" of rtnhe sanples an® all of the sound spee’ measure-
rents were *“aken ‘rom *ne :.I.7. negsearcn Vessel h.n.Shrork :
(Fizure 2). 4iith reference “0 a1 artirrary srid network 3
ploste? on “ae United States Coas: an® .eotetic Survey
{nart 246, tae vessel was ancqores at a proposes sra*ion and
8 position was establisned usins sex-an* fixes on three
visible landmarxs and resection plottin ' usin: a tahree-arn
protractor. The estirated accuracy of location by tials
tecnnique is 2~ yards and is fixed ty -ne one minute readinc
precistion of tne sextant (..zmuzes and 3Sons [td.1%12997) and :
scale of tre cnart. J3everal stations occurred adjacent i

channel touys wnica facilitated location.

p. Sound Speed .:easurements

Zquiprens used on the vessel 18 shown in “icure 3. 1ne
sonic probe and samplin- instrumen®s were suspen’e? from the
snip‘s A-frame as snown in Fizure 2. -avins anchore” and
ottainei a position, a zrab sample usinz the Van Yeen
(*#*,Ft-ure 3)or a ccre usin- the square corer 'a',-irire
3) was obtained to de-ermine the coarseness of *1e bo*tom
an® to ottaln a sediment sample. If a sample was taken, the
sonic prote was lowered aft and sound speed measuremen-s were
mace.

ihe sonic prote {(f, Flrure 3) was constructed of 2%"
diacerer cast 1lron pipe with 1" probes of C.1.F.. *hreared
into 'T' couplin<ss spaced approximately two fee* apar- on
the 2 1/2" c.l.p. cross member. The suppor*ins members
Wwere weisnced witn approximarely 120 pounds of leard'doucnuts’
proviing a total welzant of 190 pounds an® a tearinz pressure
of approximately 110 pounds/inch® a* tne ené of earh probe
(in air). Tnis weilzat an? confircuration was foun® o te
su‘fictiently statle ro maintaln tae protes in a vertical
position in -he to-:om except when "he *i“al curren- was a-

«10-




FIGURE 2 RESEARCH VESSEL

FIGURE 3 FIELD EQUIPMENT
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a.square corer

b. osCi“OSCOpe

c camera mount

d 12" scale

FIGURE 3
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a maximum and/or the surface wind caused the vessel to
swing rapidly and tizhten the cable pulling the probes -
out of the sediment. A heavier probe arrangerent and
better anchoring tecnnique would solve these problems,

Fixed to the end of one probe was a two-confuctor,
snielded, No. 1li copper wire cable ('h', Figure 3). Approx-
imately 100 feet of this cable led back to the ship and was
connected to tne spark source ('j)' Figure 3)., The latter
18 & hignh voltaze capacative dilscrarge device designed by
V. McHoberts, Stroboscopic lLaboratory, M.I.T. It was
operated at an electrical energy output of about 80 watt-
seconds (3200 volts across 4 microfarads) which, when
trizgered once per second, provided 80 watts of acoustic
poﬁer at tne short circult discharge in sea water across the
two #14 wire leads ('h', Figure 3)

At the end of tne other probe ('i', Figure 3 and LC32 a
hydrophone (Atlantic desearch Corporation, Serial #152) was
fitted into a groove cut into the 1" c.i.p. The hydrophone
1s a plezecelectric device (Hueter26) constructed of coaxial-
ly mounted lead zirconate-lead titanate cylinders in e neo-
prene rubber sheath with an overall lenstn of 4,3" and dia-
meter of 0.73", When caused to contract and expand by the
acoutic pressure wave from the shock associated with the
spark dlscharge, tne cylinders set up & porential difference
across face-mounted electrodes. The voltare was transmitted
tack up to tne surface by a two-conductor, low-impedarice
cable and =0 the vertical input of an oscilloscope. Accord-
into to its specifications (UNSUSRLﬁO)the hydrophone has an
omnidirectiondl sensitivity in the X-Y plane if held such
tnat its long axis is in tne 2 direction. Since its free
field volta:e sensitivity (over the frequency range 10-1C0
Kllocycles/secund) 13-106 decibels relative to 1 volt/micro-
btar and the voltaze received ai the oscilloscope was apprcxi-
mately 0.8 volts (a maximum), the acoustic wave transmitted
over two feet of sea water had a pressure effect a: tne hyd-.
rophone of about 1.7¢< pounds/inch?® (approximately ¢.12 bars).
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When sound was transmitted throusrh particularly *lossy’

sediment, the signal from the hydrophone was sent throuzn a
10X or 100X voltasxe amplifier (.iewlett Packard Model U466A).
The amplifier(’e*', Figure 3) could be used only 1in those
instances where tne received voltecre wasgs 50 millivolts or
less since sicnal clipping occured  for higzher voltaces.

The received siznal was further amplified and displayed
by the oscilll scope(Tektronix Model 564, #003378; Dual Trace
Amplifier #006623; 23A3 Delayed Time Base #00229° as shown
'b?', Figure 3). The received signal, tosetner with the
trizger glansl from the spark s-urce were displayed in tne
0.1 millisecond 'normal’ time mode and then the received
siznal only was displayed in the 10 microsecond '‘delayed’'tire
mode. In both cases a photorraphic record was obtained on
35 mm film using the camera mount(author's desi: n; 'c', ¥ir-ure
3)and a single-lens reflex camera witn close “ocus rings
(Nikkorex Model F,#399935; Nikkor hodel H 50 mm 1.2 lens: not
shown in Filgure 3).

The technique used in making the sound speed meas:rement
will be reviewed briefly witn reference to -ne dara recorded
at Station 283 and shown in Figures 4 tnrouch 6. The pro.-
was lowered slowly througsh the water columrn with the saip's
hydraulic winch. TIhe spark was discharged once per second and
a record was made of the sound transmission in sea water (riz~
ure 4), having noted the voltare, time and time delay settinc<s
on the oscllloscope and the original spark-hydropaone separa-
tion at the probes. The probe was lowered until the winch
cable slacked and a measurement was made in the sediment
(Pigure 5) noting voltage and time. After beins ralced arcain
to tnhe surface, note was made of the penetration from the
sediment marks on the probes, ti1e prote spacinz was cnecked
and tne prohe was lowered azain to ottnin a measuremen: nearer
the depth from which the saﬁple was taken (Flgure 6). Con-
parison of strata was alsoc possible since the protes were
open-ended pipes and collected cores ‘rom tneir poin: of

deepest penetration. Flnally the probes were raised, hosed,
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the spacinz was checked acain and the equipment was secured
for the move to the next station.

In the example shown in Figures 4 tnroush 6, the deeper
measurement (48") snowed the speed of sound transmission
to be 9. creater than that in water, while the shallower
measurement (20") showed the speed to be actually 3. less tnan
enat in water. A moderate amount of hydroren disulfide gas
was noted in the core sample from the surface layer but none
was noted at depth.

Table I with explanation summarizes the data and re-
sulzing sound speeds calculated for the various stations
occupied. An estimate of the maximum signal voltage in both
sediment and water was recorded bt this 1s only an estimate
since the power output c¢f tne spark source varled by as much
as 10: between discnarges.

C. Sediment Sampling

‘ihe sediment sample was obtained with either tnhe Van
Veen -~rab sampler ('z', Figure 3) or square corer ('a‘, Fig-
ure 3). As the Van Veen struck tne bottom the trip bar releas-
ed and the Jaws closed to & deptn of about six inches. The
instrument was simple to operate and gave a qQuick indication
of the coarseness of the sediment Burface. 1The square corer,
desi-ned by H. Payson, Department of Geology and Geophysics,
i.ol1.T., wBS used wnere samples of botn the surface and immed-
jately underlying sediment were desired. This device was
lowered over the stern, held vertically at the sediment sur-
face and pounded 1into tne bottom with a 30 pound lead 'doush-
nut' drop weirht.

3amples from either instrument were examined and placed
in ilass Jars, capped, and labeled. lote was made on a core
lor of tnhe estirated gzas content(strengﬁn of odor), the
coarseness o <raln, metnod of samplinz, location of sta*ion
and other pertinent Information. The sample was then taken
to tne laboratory for furtner snalysis,
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(o)

0.2vorts

—_—

0.1 milliseconds

O time deiay

(b)

O.2volts

10 microseconds

0.373 milliseconds delay

FIGURE 4
Station 283: Water Path Oscillographs
Initial aqrrival time = 0.423 milliseconds
Probe spacing = 2C0 feet
Sound speed = 4,730 feet/second

044 voits

Maximum signal voltage
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(a)

O time deiay

(b)

005volts

- -
10 microseconds

0 375 milliseconas delay

FIGURE §
Station 283 =Sediment Path (48" deep) Oscillographs

Initia! grrival times= 0.395 milliseconds
Probe spacing= 2.00 feet
Sound speed- 5,060 feet/second

Maximum signail voltage= Q.09 volts
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FIGURE €
Station 283: Sediment Path(20"deep) Oscillographs

Initial arrival time
Probe spacing

Sound spesd

Maximum signal voltage
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OJmRliseconds

-

O time delay

(b)

0.08volts

tO microssconds

= 0.434 milliseconds
22.00 feet

24,610 feet/second
=0.20C volts

0.400 milliseconds delay
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Symbol
No.

Location

'Date

Depth

2as Content

Conment

TABLE I: SOUND SPEED DATA AND RESULTS

Exglanat ion

Station number as snown on Filzure 1.

'*b' indicates stations are at same location.
Station 26: changed to Station 202.

Station 140: changed to Station 205.

Approximate co-ordinates as shown on Figure 1.

Date of sound speed measurement.
Not necessarily same date as sample collected.

Penetration in inches of sound speed probes,
'a' indicates no change in sound speed over
depth.

Sound speed in feet/second through the sedi-
ment at the Station and Depth shown,

May be more than one sediment sound speed at
a given station.

Sound speed in feet/second through the sea
water at the Station,

The ratio: Vs/vlat a Depth at a Station.

The approximate ratio of signal amplitude in

sediment to that in water at a Depth and Station.

Subjective decision on intensity of odor of
hydrogen disulfide. A few stations had a weak
metnane odor,

Estimate of the coarseness and or consistency
of the sediment adhering to the probes,

-20-
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iV LABOAATOxNY PHOCKDUKES

All samples collected 1in Boston Harbor were analyzed for
water content, crain size distribution, total iron and carbon
contents and clay minerolozy. (f these, water content and
grain size analyses only are of relevance to the sounc speed
measurements, Sediment-porosity was calculated from the masses
and assumed densities of water and solids.. No analysis
technique was developed for determining the amount or kind
of gases entrained in the sediment.

A. Water Content o

Form 'A', Part 'A' outlines the data collected in deter-\
mining water content for sample #283. A representative sample
of the jar contents was selected, welghed, dried at 10 °C, for
24 hours and weignhed again. The water content is determined
as the ratio of welght of water <o weizht of solids (Lambeal)'
Several samples collected prior to Summer, 1966, nad to be
discarded since they were Iimproperly stored and had obviously
undergone considerable drying before tney were to be analyzed
for water content..This 18 the reason for the breaks in number
sequence a8 noted in Figure 1 and Tables I ana II.

B. Sleve Analysis

Form 'A',. Part 'B' outlines tne data collected in
sleve analysis of Sample #283. A representative sample o°
the Jar contents wag selected and weigned. After weiznins,
the sample was mixed witn distilled water in an electric
mixer. 1his sample was then wet sieved througn sieves
selected for the size ranges: greater than 0,500 mm: 0.250
to 0.¢00 mm; 0,125 to 0.250 mm; 0.063 to 0.125 mm. The
“fraction collected on each sieve was weigned and the result
entered in tne table of Form "A'. Tne fraction that passed
through the 0.063 mm sieve was placed in a one liter grad-
uated cylinder for a hydrometer analysis (discussion followinc).
Once the hydrometer analysis was completed, a few milliliters
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FORM A
SAMPLE ANALYSIS SUMMARY

Sample » _ 283 Location _org v, s so
Date..4- L1264 Core Depth__ Q" ge <o

Anolysis By 2.~ <

A. Water Content

a4 Weight of crucibie —L6:7 ¢
b. Weight of crucible * wet sample ~Z2:2 ¢
¢. Wepht of crcible + d&y somple —£Z& g
d. Water content = L81={c) . ao)-br2e) 27 -

(@)-(a) (ere){x?)

B Seive Analysis

e Weight of dish —fE g
t weight of dish + wel somple —lL.o g
o Weight of wet semple (f-¢) —tff g
R Weight of dish —alt s g
i. Waght of dish + dry hydrometer column dpoatt —BE-A g
j. Weign of fraction less than 0.063 millime'en diometer (| -A) —lteZ g

Seive Range [Dish mgﬁx-msomw-'gnd Samgle Wenght | Waight % Finer
] 9 ] ') f 1otal we:ght)

> 0.500 £5z | 5.5 o3 /. & 28 »
0250 to O500| g4 | £3. 8 o 3 /. & 26. 4
0l2% ® 02% g £/ 0.3 £ 8 23 &
0063 to QI23] /o 1.6 2.4 3.2 &5

< 0063 {from ] above) Y &5 oy hydrometer

Towi /8.2 /0. O
(wg )

C. Check on Dry Walght (W)

b Weight of water= (d) X (g) = P SI)xbrar) = &L T g
| Dry weight = (g) - (R) = (var)-(a.g) = -2 9
D. Comments : 4 yrometer enalyss comploeces.

\Waktr coaltnsd eccurale Lo X5 % oec Co p8cp . Fore jewlcr
Aialr bulien
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of 6N sCL was added causin: tne suspension to Tloccula‘e
and se:ttle rapidly. The cylinder was decanted and tne
deposit driesd and wei-ned. The latter amount, acdded to tne
sieve welgninss gave the total dry welzht of sediment
analyzed (ds).
At thls pcint tnhe 'porosity' was calculated for tae
unconsolidated sediment. rorosity 1s defined as the volune
ratio of voids to total sample. A density in sm/cm* of
2.74% for the sediment solids based on data from anbe31
was assured: pfoston tlue Clay = 2.79: quartz = 2.€5;
Tsld43par = 2,70, The density for sea water was taken as i
1.03 .8verdrupu6). From these assumptions the porosity (n) %

l1e9:

mass of sea water
4
n = Yoid voluce _ density of 3ea water (5)
s
n

bulk volume mass of Sea water solid mas
density of sea water solid Aensity

an? ‘or sample #283, referinz to From 'A':

L
o3 [100]

n=
'3t - Ag + “s
1.05 5075
= 4o.b - 18.2
1.03 [(100]
Uo.h - 18-2 + 1802
1.03 2.75
ns= 7%

his number should not be compared to the wa“er contenr
since porosi-y 1s an estimated volume ratio while water
content is determined as a welgnt ratio.
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C. Jdydrometer Analysis

Form 'B' outlines the data collected in tne hydrometer
analysis of sample #283. That portion of the sample which
was wet sieved throuszh the 0.063 mm opening sieve was '
placed in a one liter zradnated cylinder with 100 milliliters
of sodium oxalate dispersinz azent (approximately one part
per thousand parts by weisht) and distilled water to make
one liter of suspension. The hydrometer (Fisher Scientific
Instruments #864209) was read at the time intervals shown
or until tne least rsadinc approacher 1.0000 + 0.0005.
Temperature in °C. was read sufficlently often to monttor
the temperature Lo r* 0,5°C. The hydrometer reading (ﬂh)
was corrected for miniscus rise (constant for a siven hydro-
meter) ani to tnis was added a correction for temperature ('n').
The percentage ('N') of sample #283 finer than a given gzrain
diameter for an equivalent sphere was found from the relation:

L—g—a—i " 1 (100) (6)

n‘h + m

[}
—
L]
~3jro
I

N=8.79 [4 * =] 1in%

10 determine the diameter ‘'J' of tne equivalen: spherical
particle for wnich 'Li' 18 the percentare finer, t1e nomo-
~rapaic cnart, Form 'C' was used. A calitration was run “or
tne hydrometer (Fizure 7) as explained un Form 'C' and tne
resulting hydrometer readinzs were plotted cn the scale
*.eizqat in C." on Zorm 'C*'. Using tne assumed cdensity ‘or
s0lids and tne temperature as measured,a-point on “he scale
"C x 10°" was determined (see "fey", form 'C'). 'sin: *ne
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FORM B8

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

o

MEICHANICS

LABORATORY

HYDROMETER ANALYSIS

SOk SaMPLE 4.

—asarart sowell (323 2)

LOCATION _bany 20°SH Aok £2°:2°
BOMNG MO 2R SANMSLE DEPTHARZO® _

SANMPLE NO..2AL

SPECIFC GRAVITY, G, 228 (slammey)

SOR. SAMPLE WEIGHT

contTangn wo 22D

WY COnNTANER ¢

ony soi. W ¢ 228

WY CONTAMEN
"y

wY DAY 30iL,
Wy W g LL2(56%%) MENMSCUS CORRECTION 2 Q. Q09
3.5 >4y )

78 2 Aetday

TEST NO.__ 2
DATE Sullimi
TeEsSTEOo v .8 &

MYOROMETER NC. _RE4202 .

OR cmo)

LN A - ' .
Nwe "T.(. ")1100 = —(R-R,) | W %FINER NO 200 Ne (08 Cowsio

- (Be™) = . Nomegranh)
S0 T o n o [TEE o um e

PA TEWPER

oare Tt "l‘i"é"‘ oz (‘.:"fg e o a = o“
LS. s 0080 8.4 FEE-I N za.9 o-c23
. s lso02N A% 2.3 22.2 Q- -085]
lmia VionZ& 8o - 2.0 24.2 Q046
2 v lraore] 2.6 ~ B¢ 245, 2.033
£ Loosd| &2 o 2.7 £2.0 N-¥ 23

LS ool 4.2 o g2 $3.2 or3
o ¢ lrocs3ol 34 v +.+_ 1 %5 [-Z<} FA
¢ Ar Yro0/8l ZL ” sz 26.4 ONES
- acual .8 ol 2.¢ 729 __poosr

¢ _* lraonel /73 i 2.3 /9.2 0033
~ lramosles " 25 le2.1 co2e

& lrocopl o ¢ " ,.# 7 QO

1
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malto @ Fa2s g
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nydrometer readinz corrected for miniscus rise (but no* for
temperature)and tne measured time, a point on the "Velocity"
scale was determined. rinally usinz the "Velocity™ point
ani tne "g x 10°" point, the diameter 'D' in millimeters

was found.

D. Summary of Srain Size Distribution

1avinz completed the sieve and hydroceter analyses,
a Grain 31ze Distribution (cumulative curve) was plotted
as in Flgure 8 for sample #283. 1This plo: was made from
the columns "4 Filner” and "Sleve hanze™ (minimum size
sieve used) on Form 'A' and columns 'N*' and 'C' on Form °'B°'. |
The final form zives the diameter of particles “or which
8ll lesser diameters torm a siven percenta:e finer by weight
of tne total wiecnt. rrom this cumulative distribution
curve “ne sand, silt and clay percentage (i«.I.T. classi-
tication) were read and a .rapaic ilean Size was calculated.
Since the diameter scale it locaritamic, conversion is
made to phl units (Folkls) in calculating the G.i.S.:

Dony = =108, 0mp (7)
where for example; C pni = 1 nm, 1 phi = 1/2 mm, 2 phi =
1/4 mm. rrom Folk15 the :.n.S. was calculated as:

L .S, = J8us » “50% + D163 (8)
Selllade 3 ln phl units

where g, , represents the dlameter for the 84tn percentile
on tne cumulative curve an? from a scale converting mm to
pnl units, the zrapnic mean size for sample 283 (refer *o
sizure 8) 1is:

C.n.3. = 3.6 + 65; + 8.9 = 6.1 pat = 0.015 mm.
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A sediment name was assigned the sample according to
the scheme given by Folk15 and shown in Fizure 9, From
tne grain size distribution curve tne percent sand is com-
pared to the ratio of percent silt to percent clay. For
sample #283:

£ Sand = 20%
Silt:Clay = 4.3:1

and from Figure 9 the sediment name is "sancdy sil*". Since
the core log did not indicate any pebtles or shells in the
sample, tnis name is applicable,

Table II with explanation summarizes ull the data for
tne fleld and laboratory seidment analyses.
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SILT ' CLAY
S:=saAND  sssanDY
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FIGURE 9. Sediment Nomencicture
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TABLE II: SEDIMENT 3ANPLZE DATA AND ANALYSES

Symbol £xplanation

No. ' Station number as shown on Figure 1.
See Filgure 1 and [able 1 for co-ordinate
location.

Date Date sample was collected.
Not necessarily the same date as sound speed
taken.

Depthn » Deptn in incnes into bottom from which sample

Inst. Sampler used as 1llustrated in Figure 3.

VV = Van Veen
SC = Square Corer
C = Corer{cylindrical tube used on square

corer)
Sand
Silt Percentazes as determined from Figure 8.
Clay
Name As determined from Sand, Silt, Clay %
and igure 3.
Gel:eS. sraphic mean size in mm x 10~ ° (explained in
text)
“s mass of dried solids in grams.
“1 888 of liquids in zrams.
B sater content in X (explained in tex:).
n *porosity' in £ ( explained in text).
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V HESULTS AND DISCUSSION

Specific sound speed and sediment pfopertles for each
station are listed in Tables I and II of tne preceedins
sections. In Table I are found the sound speed ratio(k) of
transmission in sediment to transmission in sea wa*rer; ¢“ne
signal attenuation ratio (a) and pertinent field da-a as -o
location, description, date measured and depth of penetra“ion.
Table II 1lists tne sediment name,'graphié mean size, water
content and porosity as well as fleld and laboratory data
concerning collection and sample analysis. The followin-~
1s a discussion ol these results witn comparisons made t¢ rhe
work of other investigators.

A. Sound Speed versus Sediment Properties

Figure 10 is a plot of ths sound speed ratio 'J’
versus porosity 'n' for stations and samples investigated in
this study. The solld line 1s a *best fit' curve for the
plotted points. Only those stations (55 in number) ac
which the odor in tne sediments was estima-ed as weak or
absent are plotted in Fizure 10. Approximately 65 ¢ of
the points lie witnin or on the two curves labeled: "b=L"
and "b=5", which are exponents in tne followine general equa-
tion({9) and defining relat;gns (10, 11) after the statistical

analysis of Nafe and Drake-”~:

v=nv?2[1+% (1-n)q v % (1-n)® 1 (9)
—
3

wnere Vzcomes from:

T = B o+ _(3o0] 14Uk ] (20)
z 11 dsvs7

and 4 1is:

d = dln + ds(l - n)

-1 3.
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V1 = gpeed of sound in liquid 1.¢2 km/sec

Vg = speed of sound in solid = 6,00 km/sec

d, = denatty of solids = 2,65 gm/cm?

d, = density of sea water = 1.03 em/cm?®
"s/ks = structure factor = 0,60

The above factors, used in equa*ions (9,10,11) result in:

V= 0 n e pipdnlenl gy %55 3(1-n)°
z 265 - 1.62n 2785 - 1.62n

(12)

v.3= ' 1 (13)
2 (2.65 - 1.6?n)(0.ﬂ05q”+ 0.019)

Lettin: n = 1(liquid only), the bulk sound speed reduces to
the liquid sound speed:

vz’ = 2,29 = vl’ = y?

and lettinz n = O(solids only), tne bulk sound speed reduces
to the so0lid sound speed:

a=
v, 2.00
v = 36.00 = vsa

At intermediate porosities, the sound speed is a8 shown witn
a ratio 'H' less tanan unity over tae porosity range: 65 % to
1004, Thils effect has been explained by Officer38 and is
discussed in the introduction to tnis paper.

Figure 11 is plo*ted in complete analozy to Firure 10
except that all tne polints represent stations where tne zas
odor was particularly puncent(‘'moderate’ ro 'stron-' in Taltle
I). Tne solid line 'best fit' curve falls considerably telow
racner than intermedlare -o tne la‘e, Drakejérelazions. The
author postulates tnat since tne sound speeds at :nese
stations are low with respect to similar stations where no
odor is present, tne gas odor represents gases at least par-

tially in a {free bubble g-ate, These tuttles are likely
~l45-
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entrained in the soft orxganic ooze and are bteins generated
by organic decay in an anerobic environmen:. 7The bubbles
act as sound absorbers and effectively attenuate and otaer-
wise slow the speed of propogation. The effect 15 pronounced
over a wide range of porositles in corparison to the non-
gaseous sediments: n from 48» to 100%. For much lower
porosities(354 or less) compaction effects of crain o srain
contact outwelgh the gas presence and 'n' 1s -rea‘er tnan
unity. At 'n' equal to unity, ‘'d' probadly rises to unity
since from density considerations, even in a gas saturated
liquid, tne gas would not appear as free tubbles, 3ince tqe
gas would be in solution, it would have little sound trans-
miasion inaibiting effect,

An attempt was made to relate mean grain size *o ra‘ic
of sound speeds. The resultinz plot 1s a scat-er dilacram with
no apparent relationship between tne two factors. A .aln,
gaseous sediments plotted well below *he 'n' equal to uni‘y
ordinate and clustered in tne {iner grained re.ion. ~he
lack of correlation is explained by tne unsorted nature of
the sedimen:s, cnaracteristic of :lacial tills and zlaclal
drift. For tnhese deposits, mean grain size nas little real
significance.

Fi.ure 12 is a log-linear plot of 'h' versus warer
content, Althourh the gscatter is severe, ‘or “nose samrples
wnich are nonzaseous, a relarion similar to -1a* for 'nt
versus 'n' ‘'3 distinguished(solicé line in Figure 12 i3 best
fit for nonzaseous sediments only). A% low water con‘ent,
tne sound speed approacnes tiat of tne solids an? a* iz
water contents near 1°0% 'a' i1s less “nan uni*y correspon-inz
to t1e case for porosi*y zrea“er -nan 6:%.

E. Sound Speed Profiles
The neavy do-ted lines in ki1 ure 13 represen* -ae

locations of tne sound speed profiles as plo:zted in *t ures

14-17. The ordinate is “ne soun? speed ra-'o '"n' an” *-e

~47-
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atscisse 1s ic*ance {1 vards .rom ‘e ros’ aesterl.

s'a*iorn on - e pro’'tle, loin*s represen® cas -“rees £ a"ionn,
crosses are ~aseous s'a-iont an” boxes are s-a*ions 'n

drei-e: areas. (hese pro'iles are renarkatly smootn and in-
d1ca*e twe ra-ner abrup increase In sount speed in passins
‘ror .1e gaseous tlack mud of tre shallow bays to tne -‘as ‘ree
s11lts ani sanis o! tne dred-ed crannels. _nis concep: corre-
la-es #wita: -.ae :indin s of xd erton13 and ‘."\:les-:6 cna~ t1e
sound penetration charac-eristics o° shallow, unrdredzed

bays in Loston garbor are nuch in'erior to those of dredrced

cnannels,

(. CLomparison to (iner asork.

Zven tou:h a plet of mean .rain size versus '}' for
all statlons showed no apparen:t correla-ion, 1€ one . roups
*~e sound speed results 1ln terms of sedimen* ‘ype, one “inds
sound spee<s limited o ratner specific numters witn ra‘* er
small s*anfard deviations. Table III expresses t1e sed-
iren® soini speed as deterrined from averare 'n' values ans
an avera.e sea water sounc speed of 4B80 ft/sec. Also
‘1isted are ~1e mean and standard deviation in *a' and tne
nurber o: samples representinz tne sediren: type, Witn
parenr~eses indicating sediments specific to tnls study.
consicerin: tne ratner aig: standard deviation ~iven “or tae
mean 'a' values listed, iable III saows a zeneral asreement
for mean sound speeds of broad sedimen: types amone tne
various wor«ers. All comparisons are nade for sediments
f{ree o: :tas,

56 c

¢ Tinal no-e is tne fac- tha: botn Yules’~ and Phippsu
asauned In -~eir Zdoston ‘arbor seisnic work t1a- *4e Eos-on
Blue Clav ~ad a scund propora“ion speed equivalen- *+o tna*
o7 sea wa*ter, T2ls assucption was actually no- “ar in error
as shown by latle 1II. vDeptas to nhorizons wi*nin =-als clay
as derermined ‘rom *1elr travel time curves were probably

in error ty less tnan 2% under :nis assumption.
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. Lrror Analysis and ..easuremen: Consistency

.he precision of any scund speed rceasurecent in tnis
study is iimited by sparx cable-hydrop-cae separacion and
taus by tne relative spacing of tne probes., Tre author
assumed after repeated use that the prote spacins vemained
fixed to witnin 0.15 inches in 24.00 incnes. Assumin- a
rean sound speed of 4880 feet/second, tnils spacing indica-es

.tnat time measurements were accurate to ‘our microseconds

in 410 microseconds or approximately 1% wnich represents
approxirazely 50 feet/seconi in 5000 fee:/second. Cn t-e
oscilloscope 10 microsecond “elayed *ime base scale, -ire
could be read easily to two microseconds.

A tes. of precision a:t a ~tven stazion is represented
in tne 'n' value at each of four stations occupted on “wo
different dates:

S-arion pate Deptn 1’
{inches)
28 7/04/66 7 1.24
8/22/66 20 1.20
348 /04766 25 0.95
8/22/66 31 0.92
87 8/06/66 27 1.00
8/12/66 , 48 1.03
245 7/13/66 10 0.94
7/16/65 26 0.34

It 1s noted tha an 'a' value could be repeated ‘o wi“nin
3% of 1ts orizinal value considerine all *ne possible errors
in relocarinz on s:ation and sinkin. trne prchtes to tne same
horizon.

‘ihe sea water sound speed was averared from 104 measure-

ments anc found to te 4880 feet/second wita a standard devia-
tion of 110 feet/second. .nis discrepancy 1is explicable witn

—chy.




respect to the area studled. Eoston Harhor has several
snaliow bays Lhat warm considerably compared to deeper
snip's channels, The amount. of 3ewage¢ and other debrig in
the water bertn alter its temperature ancd 1its dispersive
character with respect to sound *ransmission. The entire
harbor also warmed somewhat over tne summer during which
tniy study was ronducted. Various amounts of sewage an”
'fresh' water effluent also alter tne rcalinity of tne water
locally. Counsidering the incremernts of .7 faetr/gsacond pero:,
increase in temperature and 4.3 feet/second per one tnousandth
part increase in salinity, it 18 not surprisins that the wa+ter
sound speed was variable withln tae limits of 4720 to <0°0
feet/second over tne summer in tnhe Zarbor.

As a test of consistency in laboratory procedures
and results, sediment samples from three stations were cnosen
on whirh to carry cut complete analyses by two different
laboratory personnel. Samples 193, 194 and 19¢< as shown
in 1able Il have duplicate readlm® for all parameters deter-
mined. Considering the unsorted nature of most samples
collected, the comparisons of graphic mean sizes ani per-
centages of sand, silt and clay are within reason. In
the tnree comparisons, porosity variec by as much as 10%
and water content by as much as 100%. The latter is due
mainly to the difficulty in determining water con-ent on
a sample tnat is poorly sorted and not fully disa:zresater,
Zstimates »f accuracy considering tne laboratory tecn-
nigques used are as follows:

Sand, 3ilt, Clay Fe8.8. “sater Conten: Porostity
+ 5% + 10X + 25% + 5%

-

This variation in percentacze of size component does not
affect the crolce of sediment name. .ean gize 1ls not an
appropriate characterization of unsorted materials. wa’er
content was not a critical factor in thie study anc *he
technique used for 1ts determination was not repea+-able

-5fa




in tne same sample. Forosity was calcula*ed “rom accura-elvy
de ermined solicd anc liqui? welzh's since comple e 4isaccre-
ga-ion insired comple-e drytnn of solid components,

-56-




VI CONCLUSIONS AND nZCUNi2£NDAT IONS

The object ol this investl.ation was o relate tne
speed o! sound transmission in marine sediment :to onner
passical proper-les of “ne sediments. _his goal was accom-
plished usin the equipmen: and teciniques nerein described.
Considerin. the unsor.ed and al-ered condi-ion of tqe
sediments examined in Eoston rnarbtor, tne correla-ion terwsen
soi'nd speed anc sedizen- proper-ies 18 ra‘ncer remarkable.
Ja-a ob-alined In "nis s'udy compare favoratly witn analo-ous
work of o-vier investt.a-ions and results associa-ed withn
par.icularly aseous sediments nave teen explained, The
~eneral character of varlatlion of sound speed ‘'n “1e surfical
sedimen- layers cver ~he .arbor ~as teen descrited,

I 1s --e au“1or's opinion tia*t rne desian of e
sedlmen. sound prote -ould te \mproved witn respec- -0 s-ab-
11ty and be“cer moni-orin: of dep n of penetra*ien. Com-
parison on * e tasis o! piysical proper-ies would protably
be mic. improved i{ care were -aXen -o selec: samples “rom
exactly t1e depta a- Wnjc1 tie sound speed 1s measured.

I: a 11.h ener -y, controlled-ou*put sound source were
used, transcissilon t.ro. n aseous sediments would te
facilitated, If, in a-ddition, a quantitive es-imate of
tne Tree .as could bte rade, *1is coul~n be correla-e” to t1e
sound si.nal amplituie attenuation.
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