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4 Dear Mrs. Leufroy:

Attached please find Final Technical Reports, Performance
Reporte, or transmittal documents for subject grant under the
direction of C. Barry Raleigh, Dean, School of Ocean and Earth
Science and Technology. Also attached are publications resulting
from the research made possible through subject ONR grant.
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We are presenting the reports and publications, provided by
the PI’s, in the proposal/contract format. We will continue to
seek the information requested from those who have left the
University of Hawaii.

The School of Ocean anrnd Earth Science and Technology,
University of Hawaii is grateful for the continued support of the

Office of Naval Research for our marine geophysical, oceanographic
and atmospheric studies.
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Contract N0U014-87-K-0181

Administration

The overall coordination, direction and
administration of the projects in the Contract
N00014-87~K-0181 was the responsibility of €. Barry
Raleigh, Dean of the University of Hawaii School of Ocean
and Earth Science and Technology (SOEST). In 1989, the
Board of Regents of the University approved the creation
of SOEST with the Hawaii Institute of Geophysics (HIG)
as a unit of the School,

Dr. Roy Wilkens, HIG-P staff scientist, is the
appointed central point for coordination of subtask
operational requirements and site review coordination.
Any inquiries regarding the individual subtask reports
should be directed to Dr. Wilkens or the subtask
investigator as approriate.

All funds received under this grant for the
Administration of the contract have been obligated as
defined in the contract award.

We are grateful for the continued support of the

Office of Naval Research for marine, oceanographic,
geophysical and meteorological research at SOEST.

e Uloga i

C. Barry Raléigh
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Posted: Wed, Feb. 91994’ 2:11 PM EST
From: P.MULLER

Toi  ONR.OAP.DIV:(rec)

CC:  P.MULLER/OMNET

Subj: ** ONR P.I Report (PO) ***

<<<<
Peter Muller
University of Hawaii
1000 Pope Road, MSB 367
Honolulu, HI 96822

(808) 956-8081
SCIENCEnet Mailbox: P.MULLER/OMNET
Dynamics of Small-Scale Oceanic Motions

Research Goals:

Description and modeling of the kinematical structure and dynamical
processes of oceanic motions that have horizontal scales from a few
meters to a few kilometers. Understanding the role that these
smail-scale motions play in the redistribution and mixing of
momentum, potential vorticity, heat, and salt.

Objectives:

Identify the processes that affect the kinematical and dynamical
evolution of near-inertial internal gravity waves, especially those
processes that can transfer energy out of near-inertial internal
waves

into the internal wave continuum.

Approach:
Theory and numerical modeling.

Tasks Completed:

Theoretical analysis of model equations that filter out high
{requency internal waves, low frequency (geostrophic) currents and
barotropic motions and that describe efficiently the kinematical
and dynamical cvolution of near-inertial internal gravity waves.
Determination of the Green's function for a lincarly stratified
ocean. Analytical representation of the horizontal and vertical
dispersion of near-incrtial wave packets for a linearly stratificd
ocean.

Scicntific Results:
Fluctuations in the atmospheric windstress excite inertial
oscillations in the surface mixed layer and a fraction of the

Msg: GGIE-6083-2841
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encrgy from these osc;llatnons penctrates- (hc occan interior as

approach the Conolxs frequency) These waves also do not interact
well. (Resonant’ mteracuons among near-mcmal internal waves are
impassible). To mvesugate the effects that determine th-.

evolution of near-inertial mtemal waves, model equahons have
been dérived that filter, out-the éffect of high l'rcquency internal
waves, low: frequcncy (geostrophlc) cuftents and’ bamtroplc motions,
but rctam the-effecis.of \gmdstress forcmg, nonlmear self-
intéraction, lateral Vatiations'of ocean depth; buoyancy frequency
and Coriolis frequency, the feridional component of the earth’s
rotation, and the interaction with a prescribed mean flow. These
cquations are well suited for theoretica; investigations and
numerical simulations. The dispersion of near-inertial wave

packets for a linearly stratified ocean can be represented
analytically.

Accomplishments:

Theoretical analysis of filtered model equations for near-inertial
internal waves that allow focused theoretical investigations and
cfficient numerical simulations.

ONR-Sponsored Publications

P Lien, R. C. and P. Muller, 1992: Normal mode decomposition of
small-scale occanic motions. J. Phys. Oceanogr.,22, 1583-1595.

P Muller, P., 1993: Diapycnal mixing in the occan: a review.
In: Large Eddy Simulation of Complex Engineering and
Geoph;sica! Flows, Cambridge
Universily Press, 455-487.

PS  Schneider, N. and P. Muller, 1992: On the sensitivity of the
surface cquatonal ocean to the parameterization of vertical
mixing. J. Phys. Occanogr. (accepted)

PS Muller, P., 1993: Ertel's potential vorticity theorem in
physical occanography.

Pl Garwood, R. W., Jr., P. Muller and A. Guest, 1993: Modeling
the cquatorial entrainment zone: Response to diurnal surface
forcing,

Pl Licn, R. C, E. Firing and P. Muller, 1993: Observation of
strong inertial oscillations after typhoon Ofa.
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‘Pl Kloosterzicl, R. C. and-P. Muller, 1994: Evolution of ncar-

incrtial wave packets, Part I: Projection onto normal modes.

PI Kloosterziel, R. C. and P. Muller, 1994: Evolution of near-

inertial wave packets, Part II: -Complete solution.

Statistics

= ONOOOOD = b -

Papers published, referéed.journals

Papers submitted, referced journals

Books or chapters published, réferced publication
Books or chapters submitted, referéed publication
Invited presentations

Contributed presentations

Technical reports and papers, non-refereed journals
Undergraduate students supported

Graduate students supported

Post-docs supported

Other professional personnel supported

EEOMinority Support

0
0
1
0
0
0

Female grad students
Minority grad students
Asian grad students
Female post-docs
Minority post-docs
Asian post-docs

Patents and awards

Influcnces:

D'Asaro, E. A, 1989: The decay of wind-forced mixed layer
inertial oscillations duc to the Beta effect. J. Geophys. Res., 94,
2045-2056.

Hassclmann, K., 1970: Wave-driven inertial oscillations. Geophys.

Fluid Dyn., 1, 436-502.

Kunze, E., 1985: Near inertial wave propagation in geostrophic
shear. J. Phys. Occanogr., 15, 544-565.

Watson, K. M., 1990: The coupling of surface and internal gravity
waves. J. Phys, Occanogr., 20, 1233-1248.
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Posted: Thu, Noy 5, 1992 4:58 PM EST Msg: LGJC-5440-3880
From: P.MULLER -

To: ONR.OAP.DIV (rec)

CC: P.MULLER/OMNET

Subj: ** ONR P.I Report (PO) ***

<<<<
Peter Muller
University of Hawaii
1000 Pope Road, MSB 307
Honolulu, HI 96822

(808)956-8081

SCIENCEnet Mailbox: PMULLER/OMNET
Dynamics of Small-Scale Oceanic Motions
Research Goals:

Description and modeling of the kinematical structure and
dynamical processes of oceanic motions that have horizontal
scales from a few meters to a few kilometers, Understanding
the role that these small-scale motions play in the
redistribution and mixing of momentum, potential vorticity,
heat, and salt. Contribute to the construciton of a global
numerical model that will predict this redistribution and mixing.

Objectives:

Identify the processes that affect the kinematical and
dynamical evolution of near-inertial internal gravity waves,
especially those processes that can transfer energy out of
near-inertial internal waves into the internal wave
continuum. Simulate these precesses in a numerical model.
Assess the feasibility of monitoring the upper ocean internal
wave field from routinely taken measurements with ship
mounted Acoustic Doppler Current Profilers. Assess the
feasibility of using such observations for verification

and calibration of numerical models.

Approach:
Blend of data analysis, theory and numerical modeling,

Tasks Completed:

Derivation of model equations that filter out high frequency
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waves:. ~ Taitial theorcucal analys:s and' numeﬂcal

~1mplc n of ihése” equaticis.. Preparatxon of current
measuremems taken by a ship'n ‘motnted ‘Acoustic Doppler Current
Proﬁler in_the wake of huriicane Ofa for model-data comparison.

Scientific Results:

Flisctuations in the atmospheric windstress excite inertial
oscxllauons in.the suifice mixed layer 8. a fraction of the
énergy from thesé oscx]lauons penetraics the, occan interior
as near-xnerual internal. waves, The further kinematic and
dynaic ¢ evolition of these near-mertlal internal waves is
not well understood. These waves do not propagate well.

.(Their horizontal and vertical group velocity approaches zero

as their frequencncs ‘approach the Coriolis frequcncy) These
waves also' do not interact well. (Resonant interactions among
near-inertial internal waves are impossible). To investigate
the effects that determine the evolution of near-inertial
internal waves, model equations can be dzrived that filter out
the effect of high frequency internal waves, low frequency
(geostrophic) currents and barotropic n.otions, but retain the
effects of windstress forcing, nonlinear seif-interaction,

lateral variations of ocean depth, buoyancy frequency and
Coriolis frequency, the meridional component of the earth’s
rotation, and the intetaction with ¢ prescribed mean flow. These
cquations are well suited for theoretical investigations and
numerical simulation.

Accomplishments:

Derivation of filtered model equations for near-inertial
internal waves that allow focused theoretical investigations
and efficient numerical simulation.

ONR-Sponsored Pubiications

P- Lien, R.-C,, and P. Muller, 1992: Consistency
relations of gravity and vortical modes in the ocean.
Deep Sea Res,, 39, 1595-1612.

PS-  Schneider, N., and P.Muller, 1992: On the
sensitivity of the surface equatorial ocean to the
parameterization of vertical mixing. J. Phys. Oceanogr.

PS-  Muller, P., 1992: Diapycnal Mixing in the Ocean: a
review, In: " Large Eddy Simulation of Complex
Engineering and Geophysical Flows, Cambridge
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‘University Press.” (in press)

Lien;R.-C.,‘and P. Muller, 1991: Normal mode
decomposition of sinall-scale Geeanic Totions. J.
Phys. Oceanogr. (in press)

Kunze, E., 'and P, Muller, 1991: Internal wave-driven
Ekman flow in the ocean interior.

Garwood, R.W,, Ir,, P.C. Chy, P. Muller and N.
Schneider, 1991: Modeling the equatorial entrainment
zone: Response to diurnal surface forcing.

Lien, R.-C., E. Firing and P. Muller, 1992: Observations of
strong inertial oscillations after the passage of
typhoon Ofa,

Mullex, P., 1991: Ertel’s potential vorticity
theorum revisited.

Lien, R.-C., and P. Muiler, 1991: Estimates of
small-scale horizontal divergence and refative

vorticity in the ocean. In: *Dynamics of Oceanic
Tnternal Gravity Waves. Proceedings, ‘Aha Huliko'a
Hawaiian Winter Workshop, School of Ocean and Earth
Science and Technology, Special Publication. 143-156.

Statistics
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Papers published, refuievd journals

Papers submitted, refereed journals

Books or chapters published, refereed publication
Books or chapters submitted, refereed publication
Invited presentations

Contributed presentations

Technical reports and papers, non-refereed journals
Undergraduate students supported

Graduate students supported

Post-docs supported

Other professional personnel supported

£:720Minority Support

n
0
0
0
0
[}

Pa

rerale grad students
Minority grad students
Asian grad students
Female post-docs
Minority post-docs
Asian post-docs

tents and awards
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TInfluences:

D'Asaro.E.A., 1989%: The decay of wind-forced mixed layer
inertial oscxllatxons dué 1o the Beta éffect. J. Géophys.

‘Rés.; 94; 2045 22056,

Hasselmann, K., 1970: Wave-driven inertial oscillations.
Geophys. Fluid Dyn., 1, 463-502.

Kunze; E., 1985: Near inertial wave propagation in
geostrophxc sheat. J. Phys. Oceanogr., 15, 544-565.

Watson, K.M., 1990: The coupling of surface and internal
gravity waves, J. Phys. Oceanogr., 20, 1233-1248,
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TELEMAIL --P.MULLER November 8, 1991

Minority grad students
Asian-grad students
Female post<docs
Minority post—docs
Asian post—docs

SCOOoOOoOO

Patents and awards /

Influences: '

Brink, K.H. 1989: Evidence for wind-driven current
fluctuations in the Western/North Atlantic. J. Geophys.
Res., 94, 2020-2044,

Luther, D., Chave, A.D., ¥illoux, J., and P. Spain, 1990:
Evidence for local and ng local barotropic responses to
atmospheric forcing during bempex. Geophysical Research
Letters, 17, 949-952. 7
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Posted: Fri, Nov 8, 1991  7:28 P EST Msg: BGJB-4990—4028
From:  P.MULLER

To: ONR.OAP.DIV [rec)

CC: P, MULLER/QMNET

Subj:  ** ONR P.I. [Report (PQ) ***

KK
Peter Muller
University of Hawaij, Department of Oceanography
1000 Pope Road, MSH 301
Honolulu, Hawaii [96822

(808) 956-8081
SCIENCEnet Mailbox: P,MULLER/OMMET
The Dynamics of Oceanic Internal Gravity Waves

Research Goals:

Understanding the dynamics of oceanic internal gravity waves
and their role in redistributing and mixing momentum,
potential vorticity, heat, and salt,

Objectives:

Review our current knowledge and understanding of the
dynanics of oceanic internal gravity waves. Assess the
feasibility of constructing a global model to predict the
internal wave field and (diapycnal) mixing.

Approach:
Conducting workshop with leading experts in the field.
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TELEMAIL - P.MULLER November 8, 1991

Tasks Egémpleted:

A four—day. workshop on "The Dynamics of Oceanic Internal
Gravity Waves" was convenéd from January 15 to 18 in
Honolulu, Hawaii. The workshop brought together ocean
theorists, modelers and observers and a few meteorologists.

The lectures of the participants are published in the
proceedings volume:

Muller, P. and D. Henderson, 1991: Dynamics of Oceanic
Internal Gravity Waves. Proceedings, "Aha Huliko’a Hawaiian
Vinter Workshop", School of Ocean and Earth Science and
Technology, Special Publication.

and in the summary article:

Muller, P.,E. D’Asaro and G. Holloway, 1991: Internal
Gravity Waves and Mixing, E0S, Transactions, American
Geophysical Union,

Scientific Results:

Internal vaves and their effect on larger scales remain a
basic and important issue. Recent progress su gests that we
have the tools and conceptual framework to preglct the
internal wave field and diapycnal diffusivities globally in
the not too distant future. Such optimism is not varranted
for the prediction of internal wave induced momentum fluxes
and isopycnal dispersion.Present understandin§ is focussed

on the upper ocean and thermocline, We are less clear about

internal wave vehavior in shallow seas, the abyss and near boundaries.

Accomplishments:

Identification of the issues that need to be addressed in
order to understand the physics necessary for the
construction of a global internal wave model.

ONR-Sponsored Publications

PS— Huller, P., E. A’Asaro and G. Holloway, 1991: Internal
Gravity Vaves and Mixing. E0S, Transactions, American
Geophysical Union.

R- Muller, P., and D. Henderson, 1991: Dynamics of Oceanic
Internal Gravity Vaves. Proceedings, "Aha Huliko’a
Hawaiian Vinter Vorkshop, School of Ocean and Earth
Science and Technology, Special Publication."

Statistics
0 Papers published, refereed journals
0 Papers submitted, refereed journals
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TELEMAIL - P.MULLER November 8, 1991

Books or chapters published, refereed publication
Books or chapters submitted, refereed publication
Invited presentations

Contributed presentations

Technical reports and papers, non-refereed journals
Undergraduate students ‘supported

Graduate students supported

Post~docs supported

Other professional persomnel supported

E0/Minority Support
Female grad students
Minority grad students
Asian grad students
Female post-docs
Minority post—docs
Asian post—docs

OCOoOoCOoOO ODOODNVOCOO

Patents and awards

Influences:
VAMDI Group (Hasselmann, S., Hasselmann K., Bauer, E.,
Janssen, P.A.E.M., Koman, G.J., Bertotti, L., Lionello, P.,
Guillaume, A., Cardone, V.C., Greenwood, J.A., Reistad, M.,
Zambresku, L., and J.A. Ewing, 1988: The WAM Model-A Third
Generation Ocean Vave Prediction Model. J. Phys. Oceano.
18, 1775-1810.
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:Posted: Mon, Nov 5, 1990  8:07 PM EST Hsg: FGJA-4470-4134

From:  P.MULLER
To: ONR.0AP.DTV (rec)
‘CC: P .MULLER/OMNET
Subj:  ** ONR P.I. Report (PO) ***
<K<K
Peter Muller
University of Hawaii, Department of Oceanography
1000 Pope Road, MSB 307
Honolulu, HI 96822

808/956-8081
SCIENCEnet Mailbox: P.MULLER/OMNET
Dynamics of small—scale oceanic motions

Research Goals:

Description and modeling of the kinematical structure and
dynamical processes of oceanic motions that have horizontal
scales from a few meters to a few kilometers. Understanding
the role that these small-scale motions play in the
redistribution and mixing of momentum, potential vorticity,
heat, and salt.

Objectives:

Arriving at a complete kinematical description of small-scale
notions in terms of gravity and vortical (i.e., potential
vorticity carrying) motions.

Assessing the feasibility of monitoring internal wave
parameters from routinely taken measurements with ship
mounted Acoustic Doppler Current Profilers.

Deternining and parameterizing the effect of internal gravity
vaves absorbed in critical layers.

Approach:
Theoretical and data analyses.

Tasks Completed:

Estimation of frequency spectra of relative vorticity and
horizontal divergence from three—point measurements in the
IVEX (Muller et al., 19763 array. Comparison with the
predictions of Garrett and Munk spectral models.

Development of software to calculate spectra and to extract
inertial and tidal amplitudes from Acoustic Doppler Current
Profiler data taken under a variety of circumstances.
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TELEMAIL - P.MULLER November 5, 1990

Theoretical estimation of the amount of momentum and energy
lost im critical layers by an internal gravity wave field of
Garrett and-Munk spectral intensity propagating downward into
an ambient geostrophic shear.

Scientific Results:

Estimates of relative vorticity and horizontal divergence
from three—point measurements suffer from aliasing and mutual
contamination. Both effects can be expressed by array
response or filter functions. BEstimated frequency spectra of
horizontal divergence agree well with the prediction of the
Garrett and Munk.model at all resolved horizontal scales.
Estimated spectra of relative vorticity are not reproduced by
the Garrett and Munk model at small horizontal scales. The
number of horizontal levels in the IWEX array is not
sufficient to determine whether this discrepancy is due to
the existence of small-scale vortical motions or to the
Garrett and Munk spectral model not correctly representing
small-scale internal gravity waves.

Internal waves absorbed in vertical critical layers of an
ambient geostrophic shear are found to generate transverse
Ekman flows of 0(0.01 cms—1), which is insignificant, and to
lose energy at a rate of up to 5 nanowatts per kilogram,
vhich is comparable to the energy loss rate suggested for
internal wave breaking due to chance superposition.

Accomplishments:

Estimate of relative vorticity and horizontal divergence for
horizontal scales from about 1 km to 5 m and in the frequency
range between the local Coriolis and Brunt Vaisala frequencies.

Theoretical estimate of the momentum and energy lost by
internal waves in vertical critical layers of an ambient
geostrophic shear.

REFERENCES

Yuller, P., D. J. Olbers and J. VWillebrand, 1978: The IWEX
spectrum. J. Geophys. Res., 83, 479-500.

ONR-Sponsored Publications

p Chu, P. C., R. Garuvood, Jr., and P. Muller, 1990:
Unstable and damped modes in coupled ocean mixed layer and
cloud models. J. Marine Systems, 1, 1-11.
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Garvood, R. W., Jr., P. . Chu, P. Muller and N.
Schneider, 1990: Modeling the equatorial entrainment zone:
Response to diurnal surface forcing. J. Geophys. Res.

Kunze, E. and P. Muller: Internal wave-driven
Ekman flow in the ocean interior.

Lien, R. C. and P, Muller: Consistency relations of
gravity and vortical modes.

Muller, P. Diapycnal mixing in the ocean. .
Proceedings of LES Workshop, Lecture Notes in Engineering,
Springer—Verlag.

Garwood, R. V., P, G. Chu, P, Muller and .

Schneider, 1989: Equatorial entrainment zone: The diurnal
cycle. In: Proceedings of the Western Pacific
International Meeting and Workshop on T0GA/COARE, 435-443.

Lien, R, C. aud P. Muller: Normal mode decomposition
of small-scale oceanic motions, AGU/ASLO Ocean Sciences
Meeting, New Orleans, February 1990,

Karcher, M., A, Lippert, and P. Muller: The

influence of spatially varying eddy-diffusivity on the deep
circulation. European Geophysical Society XV General
Assembly, Copenhagen, Denmark, April 1990.

Schneider, N., P. ¥uller, and R. V. Garwood, Jr.:
Richardson number adjustment of the Yoshida jet.
International TOGA Scientific Conference, Honolulu, July 1990.

Muller, P.: Diapycnal mixing in the ocean: a
veview. AGU/ASLO Ocean Sciences Meeting, New Orleans,
February 1990.

tistics

Papers published, refereced journals

Papers submitted, refereed journals

Books or chapters published, refereed publication
Books or chapters submitted, refereed publication
Invited presentations

Contributed presentations

Technical reports and papers, non-refereed journals
Undergraduate students supported

Graduate students supported

Post—~docs supported

Gther professional personnel supported
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EE0/Minority Support

0 Pémale grad ‘students

0 Minority grad students
0 Asian grad students

0 Female post—docs

. 0 Minority post—docs

/ 1 Asian post—docs

Patents and awards
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Pogted: Thu, Nov 30, 1989 3:53 PM EST ‘Msg: KGIJ—4104-7699

From:  P.MULLER
To: D.Bretschneider
cCs P.MULLER/CMNET
Subj: %% ONR P.I. Report (PO) %k
<<<<
Peter Muller
University of Hawaii, Department of Oceanography
1000 Pope Road, MSB 307
Honolulu, HI 96822

(808) 948-8081
SCIENCEnet Mailbox: P.MULLER/QMNET
Dynamics of small-scale oceanic motions

Research Goals:

Description and modeling of the kinematical structure and dynamical
processes of oceanic motions that have horizontal scales from a few
metws to a few kilameters., Understanding the role that these
small-scale motions play in the redistribution and mixing of
momentum, potential vorticity, heat, and salt.

Objectives:

Arriving at a complete kinematical description of small-scale
wmotions in terms of gravity and vortical (i.e., potential

vorticity carrying) motions. Developing and applying consistency
relations for the vortical mode. Developing and applying methods to
separate gravity and vortical motiors.

Approach:
Theoretical and data analyses.

Tasks Conpleted:

Derivation of the algebraic formulae that underlie a normal mode
decomposition into gravity and vortical modes. Normal mode
decomposition of the IWEX data set (Muller, et al., 1978).
Development of consistency relations for vortical motions and
application to a few miscellaneous data sets.

Scientific Results:

Small-scale motions can be viewed as a superposition of gravity
and vortical motions. Vortical motions carry the potential
vorticity of the flow and are "“stagnant." Gravity motions do not
carry potential vorticity and "propagate." A separation can be
obtained by a normal mode de xomposition based on the eigenvectors
of the linearized problem. Normal mode decomposition of the IMEX
data set is complicated by aliasing and Doppler shifting but
indicates that current finestructure is vortical motion.
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Accomplishments:

Normal-mode decomposition of the IWEX data set into gravity and
vortical modes. Development of neWw consistency relations for
gravity and vortical motions.

REFERENCES:

Maller, P., D. J. Olbers and J. Willebrand, 1978: ‘The IWEX spectrum.

J.

Geophys. Res., 83, 479-500,

ONR-Sponsored Publications

PS Chu, P. C., R. Garwood and P. Muller: Unstable and danped
modes in coupled ocean mixed layer and cloud models, J.
Mar. Systems.,

Pr Kunze, E. and P. Muller: Intermal wave-driven Ekxman flows in
the ocean interior.

PI Lien, R. C. and P. Muller: Consistency relations for gravity
and vortical motions: Theory and application.

PIL Lien, R. C. and P. Muller: Normal mode decomposition of small—
scale motions in the ocean.

R Kunze, E. and P. Muller, 1989: The effect of internal waves
on geostrophic shear. In: ‘“Parameterization of small-scale
processes, Proceedings, 'Aha Huliko'a Hawaiian Winter
Workshop, Hawaii Institute of Geophysics, Special
Publication," 271-285, :

(o} Chu, P. C., R. W. Garwoed, Jr., and P, Muller: Thermodynamic
feedback between clouds and the oceanic surface mixed layer,
International Liege Colloquium on Ocean Hydrodynamics, Liege,
May 1989.

c Lien, R. C. and P, Muller: Consistency test of one-dimensional
nmeasurements:  Gravity or vortical motion? AGU Fall Meeting and
ASIO Winter Meeting, San Francisco, Decenber 1988.

Ic Mualler, P.: Separation of vortical and gravity motion, American
Meteorological Society Conference on Waves and Stability in
the Ocean and Atmosphere, San Francisco, April 1989.
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1 Papers submitted, refereed journals

0 Books or chapters published, refereed publication

0 Books or chapters sukmitted, refereed publication

1 Invited presentations
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2 Contributed presentations

1 Technical réports and papers, non—refereed jowrnals
0 Undergraduate students supported

2 Graduate students supported

0 Post—docs supported

1 Other professional persomnel supported

EEO/Minority Support
Female grad students
Minority grad students
Asjan grad students
Female post-docs
Minority post-docs
Asian post-docs
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Posted: Wed Dec 1, 1988  4:00 PM EST Msg: GGII-3836-3625
From:  P.MULLER

To: D.EVANS.ONR

CC: P HULLER/OMNET
Subj:  ** ONR P.I. Report (P0) **
KK

Principal Investigator ~ Peter Muller
Title of Research Project — Dynamics of small-scale oceanic motions
Abstract

RESEARCH GOALS: Understanding (i) of the fundamental processes that
govern the dynamics of small—scale oceanic motions, with emphasis
on internal gravity waves, vortical motion, turbulence and mixing,
and (ii) of the effect of these motions on larger—scale flows.

OBJECTIVE: Complete and consistent kinematical description of small—
scale motions, viewed as a superposition of gravity and vortical
motions. Estimate of Ertel's potential vorticity aad linear Fer—
turbation potential vorticity. Development and application o
consistency relations that test kinematical hypotheses.

APPROACH: Theoretical investigations and analysis of existing data
sets.

TASKS COMPLETED: Estimate of linear perturbation potential vorticity
from the Internal Wave Experiment (IWEX) data set. Derivation of
consistency relation for the vortical mode.

SCIENTIFIC RESULTS: Small~scale motions can be decomposed into a
gravity and a vortical mode. The vortical mode carries the
potential vorticity of the flow.

The amplitude and space and time scales of (linea: pertur—
bation) potential vorticity at small scales are estimated from
the IVEX data set (Muller et al., 19782. The IWEX array resolves
horizontal and vertical scales from a few meters to about one
kilometer. The (linear perturbation) potential vorticity has a
variance of about 1.0E-6 1/s*s, implying a Rossby number and
vertical strain of order 10. The associated total energy is
2.06-4 m*més*s and the associated inverse Richardson number is
0.7. The horizontal wavenumber spectrum has a +2£3 power law.
The vortical mode might hence be the major contri
observed shear in the ocean.

utor to the
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Consistency relavions were derived for vortical motions

(i.e., linear relations among one-dimensional cross-spectra of
horizontal velocity and vertical disglacement%. Contrary to

internal gravity wave comsistency re

ations s ofonoff, 1969),

which only exist in frequency space, vortical mode consistency
relations also exist in horizontal and vertical wavenumber space.
These consistency relations provide a powerful tool for the
analysis of low resolution data sets.

ACCOMPLISHMENTS: Estimate of (i) (linear perturbation) potential
vorticity at small scales, and (ii) contribution of the vortical
(i.e., Yotential vorticity carrying) mode to the energy and shear

of smal

~scale motions.

REFERENCES: Fofonoff, N. P., 1969. Spectral characteristics of
internal waves in the ocean. Deep Sea Res., 16*, Suppl., 59-T1.

Muller, P., et al., 1978. The IWEX spectrum. J. Geophys.

Res., 83*, 479-500.

PI'S Institution and Address

University of Hawaii, Department of Oceanography
1000 Pope Road, MSB 429
Honolulu, HI 96822

(808) 948-8081
SCIENCEnet Mailbox: P.MULLER/OMNET

Papers published in refereed journals

Lien, R. C. and P. Muller, Ertel's potential vorticity at
small scales

Lien, R. C. and P. Yuller, Consistency relations for gravity
and vortical motions: Theory and application

Muller, F., R. C. Lien and R. Villiams, Estimates of
potential vorticity, JPD 18* (1988) 401

Muller, P., Small-scale turbulence and mixing in the ocean,
Elsevier Uceanography Series 46* (1988) 285

Muller, P. and H. Ross, On the meridonial structure of the
equatorial mixed layer, Oceanologica Acta 6% (1987) 7
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87-p Garwood, R. W., Jr., P. C. Gallacher and P. Muller, Reply to
"Comments on 'Wind direction and equilibrium mixed layer .
depth: General theory'" by H. J. S. Fernando, JPO 17%
(1987) 171

Papers accepted or in press, refereed journals

Books or chapters published, refereed non-serial publications

Books or chapters accepted or in press, refereed non—serial

Invited presentations at scientific conferences

87-1¢C Muller, P., Small-scale vortical motions, International
Liege Colfoquium or Ocean Hydrodynamics, Liege, May 1987

Contributed presentations at scientific conferences

87-C Muller, P. and R. Williams, The vortical mede in IWEX. AGY
Fall Meeting and ASLO Winter Meeting. San Francisso,
December 1986.

Technical reports and papers in non-refereed journals

87-R Muller, P. and D. Henderson, Editors, Dynamics of the
oceanic surface mixed layer. Proceedings, 'Aha Huliko'a
Hawaiian Winter Workshop, Hawaii Institute of Geophysics,
Special Publication (1987) 310 pp.

Patents filed or granted

Number of undergraduate students supported (at least part time) — 0
Number of graduate students supported (at least part time) — 1

Number of post—docs supported (at least part time) — 0

Number of other professional personnel supported (at least part time) — 1




TELEMATL, - P.MNULLER December 21, 1983

Avards, "Honors and Prizes (pleage list)

Names of Graduate Students (G§) and Post-Docs (PD)

Ren~Chieh Lien |
€l

R —




D e

3

PO ——

B s e N

[

(o]

™3

.Ccontract: ‘N00014-87-K=0181
‘Seismology ‘& Acoustics

seismic Anisotropy

Gerard Fryer




o

' University of ﬁ‘éWaii at Manoa

Hawaii Institite of Geophysics
2525 Correa Road ¢ Honolulu, Hawaii 96822
Cable Address: UNIHAW
April 4, 1990

Dr. Randall S. Jacobson

Office of Naval Research, Code 1125GG
800 N. Quincy St.

Arlington VA 22217-5000

Dear Dr. Jacobson,

Enclosed is the Final Technical Report for ONR Grant N00014-89-J-1483, Seismic
Anisotropy and Large-Scale Anisotropy in the Ocean Floor.

Thank you for your support of this work.

Sincerely,

Gerard J, Fryer
Principal Investigator

Dist.: Administrative Grants Officer
UNR Resident Representative N47092
Administrative Contracting Officer
California Inst. of Technology
565 South Wilson Ave.
Pasadena, CA 91106-3212

Director, Naval Research Laboratory
Attn: Code 2627
Washington, DC 20375

Defense Technical Information Center
Building §, Cameron Station
Alexandria, VA 22314

cc:  Paul K. Kakugawa
Assistant Director
Office of Research Administration
University of Hawaii at Manoa
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SEISMIC ANISOTROPY AND LARGE-SCALE POROSITY
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Grant Duration: 1 January 1985 - 31 December 1989.

Principal Investigator: Gerard J. Fryer
Internet: gfryer@soest.hawaii.edu
Telephone: (808) 948-7875

Institution: Hawaii Institute of Geophysics
University of Hawaii at Manoa
2525 Correa Road
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FINAL TECHNICAL REPORT

Seismic Anisotropy and” Large-Scale Porosity. in the Ocean Floor
. N00014-89-J-1483
1 Jamxary 1989 31 December 1989

Gerard J. Fryer, P.I,
Hawau Institute of Geophysics
Umversxty of Hawau at Manoa

2525 Correa Road

anolulu, HI 96822

Rationale for the Study

chtunng, flow layering, brecciation, and vesiculation in the lavas forming the
uppermost igneous crust result in high porosity and induce an elastic anisotropy.
Anisotropy resulting from horizontal fracturing or interbedded horizontal lava flows
displays no azimuthal dependence, making it hidden to traditional seismology and
inviting misinterpretation of seismic data. Porosity too seems poorly constrained by
seismic data, largely because of inadequacies in existing theoretical velocity-porosity
relationships. Fracture-induced anisotropy and large-scale porosity, however, must
be strongly affected by ocean-floor processes such as hydrothermal deposition and
crustal ageing. This project was one in a continuing series of ONR-funded projects
to assess the seismic effects of this anisotropy and porosity, to see if these properties
can be deduced from field seismic measurements, and to explore how they might be
used to investigate bottom processes.

Project Objectives

This project had two specific goals. Under previous ONR support (Contract
N00014-87-K-0181) we had claimed that measurement of anisotropy can be accom-
plished seismically if both source and receiver are on the bottom, provided that both
SH and SV information s obtained. We wished to verify this claim using data
from a high-resolution shallow water experiment run by Rondout Associates and
Woods Hole Oceanographic Institute using on-bottom sources and three-component
receivers (only if we could demonstrate our abilities on shallow-water sediments
could measurement on deep-water crust be contemplated). During 1988 we had
managed to model the horizontal geophone data from one line by invoking trans-
verse isotropy in the bottom, but without also explaining the vertical data our claim
for anisotropy was unconvincing. We wished to refine our models so that all seismic
energy was adequately explained.

The second objective was to refine our understanding of velocity-porosity re-
lationships in volcanic ocean floor. In 1988 we presented an explanation of how
hydrothermel sealing of cracks and fractures can explain the rapid increase in seis-
mic velocities with age in young igneous crust by modifying the mean void aspect
ratio, but that explaration was purely qualitative. We wished to tighten the the-
ory, predict some hard numbers from it, and see if our explanation could withstand
comparison with ocean drilling results.
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Figure 1: P-velocity versus porosity for different aspect ratios alpha.

Accomplishments

Our analysis of the Rondout/WHOI shallow water data is now complete.
Through iterative match of synthetic seismograms to dats we have been able to
match all three components on two crossing lines using the same transversely isotropic
structure, demonstrating that ocean bottom anisotropy can be measured without
resorting to downhole seismometers. The anisotropy demanded by the data is large
(P-wave speed variation of 12%), but is entirely consistent with the bottom beisg
made up of interbedded sand and silty clays. A paper describing this work has been
submitted to Geophysical Journal International, where it is currently in review. A
preprint of this paper is included as the Appendix to this report.

Our theory of crustal ageing is advancing and is necessarily expanding into
an assessment of depth-dependent variation as well. Our basic idea is this: in
volcanic crust, which has void space varying from thin fractures to the much more
+ quidimensional interstices between pillows, hydrothermal mineralization seals the
thin voids first so that the mean aspect ratio increases with time (i.e., void space
becomes more circular). Porosity resulting from narrow voids has a very strong
effect on velocity (Figure 1). When there is a distribution of aspect ratios, sealing
the narrowest voids will reduce porosity only slightly but will dramatically increase
the velocity. Such change of mean aspect ratio, both with depth and with age, is
strongly supported by sonic and neutron porosity logs from the drilling program. At
site 504B (6 Ma), we find that the velocity varies less and less rapidly with porosity
as depth increases (Figure 2), suggesting a downhole increase in the mean aspect
ratio. At the much older Site 418A (110Ma), within the 400m of basement logged,
all depths display the same velocity-porosity relationship as is found at about 400m
into basement at 504B (although porosities themselves still systematically decrease
downhole). If the crust at 418A ever evolved through a 504B-like stage, then there
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Figure 2: Velocity-Porosity distributions at Hole 504B from downhole logs. The
decrease in slope downhole indicates an increase in the mean aspect ratio (see Figure
1). Basement begins at 300m below seafloor (1absf).
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must have been subsequent crack filling and reduction in the mean aspect ratio

WIthm the upper few hundred meters, precisély what we would have predicted if

alferation . products seal narrow voids first. A paper describing this work will be

submitted in summer 1990. i
Through appeal to rock physics, seismic wave propagation, downhole logging,

and hydrothermal geochemistry; we are now expanding the porosity study into a

multidisciplinary investigation {funded by ONR) of how geological processes affect

seismic structure of the shallow crust.

Publications Supported by This Project

Berge, P. A., and G. J. Fryer, 1989, In sitv measurement of anisotropy in marine
sediments [Abstract], Seismological Research Letters, 60, 16.
. Berge, P. A,, and G. J. Fryer, 1989, In situ measurement of anisotropy in marine
sediments using multicomponent data [Abstract}, SEG Research Workshop on
Recording and Processing Vector Wavcfields, Snowbird, Utah, August 18-17,
1989, Technical Abstracts, 71.
Berge, P. A, S. Mallick, G. J. Fryer, N. Barstow, J. A. Carter, G. H. Sutton, and
J. Ewing, In situ measurement of transverse isotropy in shallow-water marine
sediments, submitted to Geophs. J. Int. {[Reproduced here as Appendix.)
Fryer, G. J., and R. H. Wilkens, 1989. Making sense of seismic velocities in shallow
oceanic crust [Abstract), Seismological Research Letters, 60, 16.
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97, 173-177.

Fryer, G.J., and L.N. Frazer, 1987. Seismic waves in stratified anisotropic media
~— 1I. Elastodynamic eigensolutions for some anisotropic systems,
Geophys. J. R. Astron, Soc., 91, 73-101.

Fryer, G.J., D.J. Miller, and P.A. Berge, 1989. Seismic anisotropy and age-
dependent structure of the upper oceanic crust, in Sinton, J.M. (ed.), Evo-
lution of Mid Oceanic Ridges, pp. 1-8, Geophysical Monograph 57, Ameri-
can Geophysical Union, Washington, D.C.

Miller, D.J., Transverse isotropy: some consequences for travel time inversion and
models of the oceanic crust, M.S. Thesis, University of Hawaii, 52pp.

Phinney, R.A,, R.l. Odom, and G.J. Fryer, 1987 Rapid generation of synthetic
seismograms in layered media by vectorization of the algorithm, Bull.
Seismol. Soc. Am., T1, 2218-2226.
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Low Frequency Attenuation and Hodulus Measureients

on Marine Sediments & Sedimentary Rocks

Measurements on Synthetic Materials

Our efforts during the current contract period (March 1987 - February 1988)
bave focused on (a) improving the repeatability and precision of our low-frequency
measurements, particularly at very low frequencies (< 0.1 Hz), on well-characterized
samples, (b) establishing the useful frequency range of our apparatus, and (c) begin
measurements on well characterized sedimentary rocks.

Figure 2 shows our measurements of the Young’s modulus and Q! of a
sample of Lucite, a synthetic polymer. Also shown on this plot are the Lucite data
of Spencer (1981) and the straight line fit of Lagakos et al. (1986) to their data for
Lucite in the frequency range 200 Hz - IMHz. Between 1 Hz and 100 Hz our data
is in good agreement with the extrapolated line of Lagakos et al. (1986) and also
with the modulus data of Spencer (1981). Apparently, a tesonant peak exists in our
data at a frequency of about 300 Hz, which distorts our results above about 100 Hz.
We have observed this distortion in all our data to date and consequently now only
collect data up to 100 Hz, However, note that we have extended our frequency range
down to 0.01 Hz which gives us a span of four decades. While we are encouraged
by our results to date, we feel that the long-term repeatability sheuld continue to
receive attention and support.

Again, turning to Figure 2, note the well-defined relaxation peak at about
0.1 Hz Spencer (1981) fitted his Lucite data with a relaxation peak at 5 Hz, wich
was the lowest frequency that he measured. Our data clearly demonstrate the large
error in estimating the center of a peak from data which only spans one side of 1t.

Figure 3 shows Young’s Modulus and Q™! for a well-charactenized synthetic
sample of recemented glass beads, supplied to us by Schlumberger. Note the well
defined hnear vanation of modulus with log frequency. The offset at 0.1 Hz 1s a pownt
where data collection was stopped and restarted several hours later We interpret
this offset as being due to temperature vanation as the offset did not appear in a
continuous run from 0.0% to 0.5 Hz Temperature vaniations are undoubtedly also
causing noise, partictiarly i the phase (Q~!) measurements at very low (<1 Hz)
frequencies For this matenal, Q™! 1s almost imdependent of frequency e 1t 1s
very close to bemng linearly viscoelastic For small (<0 1) values of Q! which are
frequency independent, hnear viscoelastic theory (e g Kolsky, 1964) predicts the
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relationship
E = Eofl -i- log.-—]

where [ is the magnitude of the complex Young s Modulus, Q=1 is its attenuation, f
is the frequency and Ey is the value of F at a reference frequency, fo. This equation
can be rearranged to give

B=Eo+ 1.4663962"108107{;

Using this relationship, we obtain a predicted value of 0.057 for Q! from the slope
of E versus logof in Figure 3, which is in faitly good agreement with the measured
values of @~ of about 0.07.

3. Measurements ou Sandstone

Figures 4 and 5 show the modulus and Q= data we obtained for a 4.95 cm diameter
sample of Berea Sandstone 1n the roorm-dry and vacuum-dried states, respectively.
Note the large change in modulus, which increases from 8§ to 17 GPa. Also note the
large peak in the attenuation at 0.06 Hz w hich decreases in amplitude for the dried
sample. We are presently working on modelling this peak with a Cole-Cole distri-
bution of relaxation times, similar to theory described by Spencer (1981). Note also
tk2 linear vanation of modulus with log of frequency. The slope of this variation is
again consistent with the values of @~} of about 0.04, above ! Hz.

4, Measurements on Other Sedimentaray Rocks

We are presently making sumilar modulus and att ti ts on other
types of sedimentary rocks such as claystone, siltstone and lxmestone We also plan
to aualyze the porosity and fabric of all the rocks so far investigated.

D. PROPOSED RESEARCH AND PLAN

We propose to continue measuring attenuation and Young’s modulus in con-
solidated sediments in the frequency range 001 - 100 Hz. The emphasis will be on
collecting as much data as possible on a wide variety of sediments mcluding shales,
mudstones and limestones Measurements will be made on these ir both the vacuum-
dry and water-saturated conditions. We will also perform the neasurements in a
temperature controlled enclosure to reduce the noise at low frequencies as well as
improving the overall repeatability of the results. In addition, with the addition of
a temperature-controlied enclosure, we will be able to make the measurements at
multiple temperatures (approximately in the range of 0-30°C) The data of Lagakos
et al. {1986) show clearly that modulus values, at least for polymers, are strongly
temperature-dependent. Estimation of the temperature coeffictents of the moduli
1 therefore of of great importance in extrapolating laboratory data to the marnne
environment
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Low Frequency Attenuation and Modulus Measurements on Marine Sediments

and Sedimentary Rocks

STATEMENT OF THE PROBLEM

Geoacoustic models of the seafloor are of fundamental importance in underwater
acoustics, and in various types of marine geological and geophysical studies of the
ocean floot and the underlying crust. Hamilton (1980} defines a geoacoustic model as
“a3 model of the real seafloor with emphasis on measured, extrapolated, and predicted
values of these properties important in underwater acoustics and those aspects of
geophysics involving sound transmission.” The ability to make accurate predictions
of low-frequency sound propagation in the ocean basins, however, depends on hiaving
an adeqﬁnte knowledge of the low-frequency elastic properties of the eavironment
(Stol, 1980, 1985, Dunn, 1986 among others).

Dispersion of velocity and attenuation in sedimentary rocks is a pervasive, yet
pootly understood aspect of seismic exploration. As stated in last year’s proposal,
our goals are to study the dispersion in velocity and attenuation by carrying out
experiments in three non-overlapping frequency bands (seismic: 1-100 Hz; resonance
sonic: 1-10 kHz; ultrasonic: 0.5-2 MHz). To further these goals, we are currently
conducting such experiments on sandstones having different porosities and pore
fabrics. We plan to emphasize this aspect of our work in the remaining contract
period and during the next year,

PROGRESS (1 January - 31 December 1988)
1. Equipment and Software Development

A problem which occurred severa! times with the mechanical part of the
equipment was that operators would tighten down the fixed end of the sample with-
out lowering the displacement probe, causing damage to the probe. We have zow
added an audible alarm circuit which triggers when the displacement becomes less
than about 100 microns.

A dial gage 1s now kept clamped to the equipment to measure the absolute
position of the displacement probe, as well as providing a means of recalibrating it.
It was found that the amount of prestress exerted on the sample assembly by the
shaker, which can be increased by lowering the sample assembly onto tne shaker, had
a significant effect on the modulus and phase values. Although Spencer (1981) did
not give the amount of prestress that he used, 1t 1s possible that the larger shaker in
his system was capable of more prestress than ours, which 1s only capable of several
Newtons. We are now able to at least keep this prestress reascnably constant by
always positioning the bottom end piece in the same posttion relative to the shaker.
A more satisfactory solution will be to add a pressure plate capable of applymng a
vanable prestress to the sample assembly, similar to that used by Liu and Peselnick
{1983). The optimum prestress could then be determined empinczlly by increasing
1t until the modulus values stabiize. We are presently working on this problem and
hope to nstall such a pressure plate in the next few months.

Another problem occurred at very low frequencies with the shaker coil over-

——




+-1dutes [edtspui|£> Jo uonenUINE pue
sninpopy §,8Uno 1nse>111 01 PISN qusmanbs  ~waunsadxe oYy Jo weadei(y "9 2Nty

Ay quassy
aoxeysg a|dwueqg

_m 2 1ndwo) S&\\\\\\\\\\. \\\\m\\ﬁ\&\\@
'3 ACHGGH cding aemoy 2
\/\ : : 1 g
7 A1 N
_ w\w\aEl %/ Z
RN
P al<3% vds \ M ﬂ
2197 1 S3YIUAG | w N
geerean [ [P19F EL \/ 3 M Z
20bBB1u} N Z WWW e WWW
L op e T AN LN D
b O ) R
] o A_ :mm:UQ 2 W//MA/A/AM% m
4 s | iz
sdoong (eratbiq]
v 1310 21N




J T R

Figur

lngkt,oaxpll
diaensions,
Lraquoncies,

gres
anplituds, etc.

Gollect fourier

asplitude and Teand removel Transforas

torce 'data Lros Stacking Harmenic
distortien

digital scops

calcplate Corractions
aodulne, tar f4lter
attenation and respones and

their errors static
¢onpliance

Hore
Tt!ﬂl:l:l.l

Storse, {riat
and plot
resnlts

e 7 Flowchart of the data-processing algorihm, wnitten i Hp BASIC




1

g

. v ¢t eew e e

e ——— .

e

[3

We shall attempt to establish straight line fits to the modulus data where appropri-
ate, and where possxble see if these fits are consistent with higher frequency data
obtained using resonant and ultrasonic techniques. Where relaxation peaks occur,
we will attempt to model them using a Cole-Cole distribution of relaxation times
(Spencer, 1981).

We will use Dunn’s (1987) technique of sealing the edges of the sample with
an aluminum sleeve before saturation to reduce the “open-pore” effect. Although
this technique does not completely eliminate the “open-pore” effect, it should reduce
it to a negligible amount below 30 Hz (Figure 1). One useful side benefit of sealing
the samples may be a method of measuring unconsolidated sediments. The main
problem is friction between the lower san.ple end-piece and the sealing sleeve. If this
friction can be accurately estimated, or shown to be negligible, we should be able
to measure completely unconsolidated material. A useful calibration experiment
wiil be to measure a sealed cylinder containing water alone, since the attenuation
of water is known to be almost negligible, and its modulus i is also well-determined.
Any friction between the sealing cylinder and the end pxeces should therefore be
readily observable for water.

The result of our work will be the ability to quantitatively predict the van-
ation of modulus and attenuation over at least four decades of frequency for a wide
vanety of consolidated, and possibly unconsolidated sediments.

F. EXPERIMENTAL METHODS

The instrumentation to be used for the proposed measurements 13 shown
Figure 6. The apparatus can measure the complex Young’s modulus of rock samples
at selectable frequencies between 0.01 to 100 Hz and at strain amplitudes near 10~%,
A sinusoidally varying stram 1s apphed to the sample using an electromechanical
shaker (Gearing and Watson 20-B) which is driven by a 100 W d.c.-coupled power
amplifier attached to an HP-3325A frequency synthesiser. Cyhndrical samples of
consolidated sediments 3.8 to 5 cm in diameter, and up to 15 ¢m in length with steel
end pieces sumilar to those used by Spencer, are used for the measurements. The
strain 1s measured using a capacitative displacement transducer {Ade 2101/2001
K} and the force by an n-line piezoelectric force transducer (PCB 208A) Both
transducer outputs are digitized using a Nicolet 4094 digital oscilloscope having 12
bit resolution and sampling rates of between 200 and 10-6 seconds. A Hewlett-
Packard 9020 computer controls the synthesizer and digital oscilloscope enabling
rapud calculation of Young’s modulus and attenuation to be made and plotted at any

frequency between 0.01 and 100 Hz. A fowchart of the data-proccessing algorithm,
wnitten i HP BASIC, 1s shown in Figure 7

For interpreting the low-frequency attenuation and modulus data we will also
use our AccuSorb 2100E Gas Adsorption Analyzer. This instrument will be used to
measure adsorption and desorption isotherms for calculating surface area and pore
volume distribution in a sample The AccuSorb can determime surface areas above
0001 m /g and pore size distnibution from 0 06 m diameter to the upper hmut of

the physical absorption technique.
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Low Frequency Modulus Measurements on Marine Sediments & Sedimentary Rocks

M. Manghnani 8. Lienert

B. PROGRESS (January 1 - September 1, 1989)

This year, we have concentrated our efforts on measuring Q}‘ for a suite of
unconsolidated marine sediments. We have also devoted considerable effort toward
developing techniques for removing bubbles of gas from the samples. These bubbles,
which we now conclude are present in virtually all fluids at atmospheric pressure,
were removed fairly easily when the cylinder contained water alone, simply by bleed-
ing the cylinder after standingit upright for several days. Figure 1 shows typical
data collected for pure water after such bleeding. Repeated measurements have in-
dicated that the value of Q7! is constant over the frequency range 0.1-100 Hz and
has a value of 0.01 £ 0.002. Note also that it can be reliably estimated from the
slope of I{ versus log f using constant-Q theory (Lienert and Manghnani, 1989) as
shown in Figure 1 by the dashed line. All of the subsequent data for Q7! that we
shall describe here will therefore have this value of 0.01 subtracted.

Bleeding the cylinder proved unsatisfactory when a sample of sediment was
measured, as indicated by the results in Figure 2, which are for a piston-core sample
of pelagic ooze collected 100 km north of Hawaii (water depth = 2 km). In spite of
repeated bleeding, the modulus values for this sample remained less than 2.2 GPa,
the bulk modulus of pure water. Although no published values of K exist for rocks,
it is possible to estimate K'/G from Vp/V;s ratios using the equation

2

£ (%) 5

G Vs 3
obtained from the ratio of equations [1) and [2). Since Vp/Vs for consolidated rocks
range from 1.6-1.8, equation (5] implies that & ranges from 0.3-0.5, 1.e., one third
to one half the shear modulus. Published values for shear modalus for consolidated
rocks range from 20-30 GPa (Jackson et al., 1987), implying that K is about 7-15
GPa, more than three times the bulk modulus of water. The introduction of solid
material into water would therefore increase, rather than decrease I, since the two
compressions act in parallel. We concluded that bubbles of air, or some other gas,
was reducing If below 2.2.

We first tested the possibility of pressurizing the contents of the cylinder to
10-20 atmospheres. Such an approach was appealing, as it was also an essentsal first
step in fulfilling one of our future objectives, namely to measure Q,}’ under higher
pressures. In order to pressurize the cylinder, it was necessary to install a stronger
seal between the piston and cylinder walls, as the present seal, a layer of silicone
rubber sealant 0.1 mm thick, is incapable of withstanding pressures much greater
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Figure 3: Measurements for the same sample as Figure 2, but after eight hours of
evacuation to remove bubbles. The dashed line fit through the Q7' values
is obtained from a least squares linear fit to the K values using constant-Q
theory and has the background result of 0.01 for water subtracted.
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than one atmosphere. We first machined a larger piston having a smaller clearance
(0.03 versus 0.1 mm) with thé cylinder walls.

We feasured. the effective- modultus of this 0.03 mm-seal with the cylinder
empty and' found it to be about a factor of ten laxger than that of the 0.1 mm seal,

ie. about 1 GPa, or one: ha.lf the modulus of water; When the cylinder was filled

with. water and measured, the value of Q“ xncreased from 0.01 to about 0.05. We
mterpret this result.as- follows' Ina mechamcal vibration involving two-separate
materials, rubber and water say, havmg ex\ergxes mebe, and Wawater and fractional

energy losses per cycle mebc, and'Qyl, the total‘énergy loss per cycle is given *

by
(me!?er + qua)Q—l = Wrubbch;,%,w + Wwateer-u‘uer [Gi

where Q™! is the effective (i.e. measured) internal friction.

It is clear from equation {6} that the measured-Q~! depends not only upon
Q7 ) pers but also on the strength of the rubber relative to the stréngth of the material
being measured. For example, with the 0.1 mm seal, the strength {and therefore
the energy) in the rubber is a factor of twenty lower than the strength of the water.
Since our measured value of Q k., is about 0.1, equatios: (6] then predicts that the
contribution of the rubber to the measured Q" will be 0.1 x 0.05 = 0.005, slightly
less than our measured value of 0.01. Similarly, equation {6] predicts that when the
strength of the rubber seal is one half the strength of the water, the contribution
of the rubber to the measured Q~! will then be 0.03, in good agreement with our
measured valne. This result also implies that the value of Q= that we measure for
water is entirely due to the rubber seal, i.e., Q7L is zero at seismic frequencies
within our limits of error.

We then tried machining two semicircular grooves in a piston having a 0.03
mm clearance and fitted these with two O-rings. We found that the effective modulus
of this arrangement was even higher - about 2 GPa. Because @~ for rubber varies
with frequency and may also may change with time, it is better to minimize its
contribution. We are therefore still using the 0.1 mm silicone rubber seal. However,
we are experimenting with the O-ring piston and hope to reduce its effective modulus
to a lower value by increasing its clearance with the cylinder walls. There is clearly
a trade-off between the maximum pressure that the O-rings will withstand and their
effective modulus.

To remove the bubbles, we instead placed the entire cylinder in a vacuum
chamber with the bleed valve open, and held the pressure at close to the vapor
pressure of water. This technique proved very effective as indicated by Figure 3,
which shows the results for the same pelagic coze as Figure 2 after eight hours of
this treatment. The modulus values have now increased to above 2.2, while the
values of Q=! are close to 0.01, the value for pure water. This is an extremely
important result, as it indicates for the first time that compressional energy losses
in unconsolidated materials such as this ooze are essentially negligible.

In the process of measuring this sample we have also discovered a time de-
pendence of the results for both K and Q! which 15 shown in Figures 4 and 5,




[ av——
B

Bulk Modulus in GPa

Pelagic Ooze

020
nm 1 I ] 1 1 1 i
[} 100 200 300
Time in minutes

Figure 4. Variation of modulus values with time after the first measurement. The
gap in the data occurred when the displacement output drifted off-scale




e

nternal Friction (1/Q)

Pelagic Ooze
005
0.04 -
003 -
° a
oot B o0 O %Bu
LRI .
m mga at
oy o @ S o & o
&
% a Eﬁﬁcgenﬁ Oo
& o "0 8 o qﬂ: o
o® dng
a0 1 T { DI T
Q 1aQ 200
Timein mirutse

Figure 5: Variation in Q' with time.

gt it 3o




BIG ISLE SILT

S ] IIIHH' 1 Illlllll ] Illll“’ ] I(ll“l' T ¥ V1110 '2@
K [ ]
(GPa) [ ]
4 F -4.18
3 [ 4.2
2 F 4 .o8
i 170 (corr.J)= .833 + .010 i
t e 4 .24
L | R , 4
L Ll lllllll Ll !llllll 1t lllllll PR | Illll[l 1.1 l!llll-

(W]

A l 19 100 1K
Frequency (Hz)

Figure 6: Results of K and Q,'(l measurements on a sample of silt dredged 2 km

off Keahole Point on the island of Hawai.

1/Q




respectively. We previously observed a time dependence for water in the form of an
initial increase in K and decrease in Q,}‘, which we attributed fo stress-hardening
of the silicone rubber seal, Since the values stabilized after about an hour, this
caused little concern. However, the pelagic ooze, as well as showing the same initial
increase in K, then showed a decrease (Figure 4). Figure 5 shows the corresponding
time dependence of Q7! (very little averaging was performed on each measurement,
resulting in substantially increased noise). The time dependence of Q7! is consid-
erably less than for I, suggesting that reliable results can be obtained simply by
taking the measurement about 1 hour after inserting the sample. An initial increase
in shear modulus similar to that which we observed has been reported for soils by
Anderson and Stokoe (1978).

We interpret the time dependent decrease in X to the release of gas from
either the sample, or from reactions of the sample with the aluminum cylinder. We
are presently machining a similar cylinder from stainless steel in order to minimize
such reactions. If the gas release is still evident with this new cylinder, it is clearly
coming from the sediment itself. This is clearly a subject for additional study, as
such a gas release could be occurring even when the sediment is in sstu on the sea
floor and thus be affecting its seismic properties.

Figure 6 shows results for a silt dredged off Keahole Point on the island of
Hawaii. This sample was evacuated before measurement to remove gas bubbles.
Note that K is also now greater than 2.2 GPa. However, the Q™! values are sig-
nificantly larger — about 0.03 at 1 Hz and increasing to 0.05 at 100 Hz. Our initial
conclusion js that grain size and possibly the quantity of clay have an important
effect on QR‘. We should have more data by the time of the site visit, allowing us
to make more definitive conclusions.

The dramatic dependence of X upon dissolved gas that we have observed has
important implications for the measurement of velocity in water-saturated materials
in general. It can be seen from equation (1] that any reduction in bulk modulus, K,
such as we have observed due to the presence of gas, will show up as a reduction
in Vp. The amount of the reduction will depend on the relative contribution of the
shear modulus, g, to Vp. For a fluid, g = 0, which results in a Vp of only 0.43 km/s
when K = 0.2 GPa, the value we obtained for the ooze when 1t contained gas.

Measured values of Vp for unconsolidated water-saturated sediments at ul-
trasonic frequencies are typically 1.4-1.6 km/s, implying that p 1s about 2 GPa,
assuming that these samples contain gas bubbles, i.e. K ~ 0.2 GPa. Substituting
our gas-free value of K (2.2) in equation {1} then gives Vp = ,/Lt;‘—‘E = 2.0t02.2
hm/s. There seems little doubt that at water depths exceeding 2 km, there are few,
if any, gas bubbles in the in situ sediments, implying that laboratory-measured Vp
values have been seriously underestimated.

Another importart implication of this result is that i1t allows us to estimate
both 4 and K from ultrasonic veloaity measurements alone, simply by measuring
Vp before and after evacuation of the sample and assuming that K = 0 for the
unevacuated sample measurement. We are presently working on ultrasonic velocity




measurements on theé same sample for which Qx has been measured and should
have the results in time for the site visit.

We are presently installing a circulating fluid line around the equipment in
& sorder to control temperature. To facilitate ..mparison of our results by others in
what is essentially “new territory”, we have also measured glycerol, a faiily low-Q
fluid, and compared the results thh those obtained in our own laboratory at ultra-
sonic freguencies,

Another of our goals this year, as stated in the cutrent year (1989) proposal,
is to compare our results for E and Q with results obtained from the resonant
column technique, in cooperation with Dr. Bennell. With the limited resources on
hand, we are moving cautiously, but steadily in this direction. To this effect, we
have initially sent hita samples of the two consolidated sandstones for which we have
obtained values of £ and Q;;‘. We expect to send him samples of the unconsolidated
materials on which we are presently working before the end of 1989.

Dr. Bennell is able to determine 1, Q3', E and Q5! over a wide range of
strains (103 to 10~7) and pressures of up to 0.7 MPa (7 atm.), cquivalent tc about
60 m water depth (Bennell et al, in press). He has sent us six samples of sediments
for which he is presently measuring the above four parameters, using the resonant
column method:

Sample A alluvial silt
continental shelf mud
uniform sand

silty sand

soft deep-sea clay
stiff glacial clay

TEHODOW

Dr. Bennell’s resonant column setup also enables him to perform ultrasonic
measurements of Vp, Q5!, Vs and Q3 simultaneously with the p and Q3! deter-
minations at seismic frequencies. While Dr. Bennell is studying these six samples
in his laboratory, Janice Marsters {graduate student) is now preparing the same
samples for measurement of X and Q7 at low frequencies as well as ultrasonic Vp
and Vs values. Using these data we will then be able to compare our results with
Dr. Bennell’s.

Resulting Talks and Papers

Lienert, B.R. and M.H. Manghnani, Internal friction (QF') in solid materials 1n
the frequency range 0.1-100 Hz, submitted to J. Appl Phys., 1989.

Lienert, B.R., Measurement of Qp in fluids and unconsolidated sediments in the
seismic {requency range (0.1-100 Hz). Paper presented at session 513: Scat-

tering and attenuation of seismic waves, IIGG/IASPEI meeting, Istanbul,

Turkey (August, 1989).
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GEOACOUSTIC MODELING OF MARINE SEDIMENTS

Murlht H. Manghnani, Jane S. Tribble, Fred T. Mackenzie, Barry Lienert
Hawaii Institute of Geophysics
University of Hawaii
Honolulu, Hawaii 96822 °

Long-term Scientific Objectives

To understand the varations in physical, acoustic, and electrical properties of manne sediments in

terms of various controlling factors including composition, diagenetic stage, sedimentology and microfabric.
Observations will be incorporated into geoacoustic models with predictive capabilities,

Project Objectives

L

2

3

4.

Analysis of regional, basin-wide systematics of acoustic and physical properties variations as related
to stratigraphy and depth.

Investigation of correlations between velocity anisotropy and preferred orientation of mineral grains
in marine sediments.

Systematic investigation of physical, acoustic and electrical properties of manne sediments as a
function of composition, lithology, diagenetic charactenstics, and microfabric.

Correlation of changes in microfabric and physical properties of clay-nch sediments during
compaction and lithification.

Current Status and Progress

1L

Data on sediment type, physical propertics, and acoustic velocity from DSDP and ODP sites along
an east-west transect across the western North Atlantic have been compiled. A regional stratigraphy
has been constructed to be used as a framework for correlating variations in velocity with depth and
lithology. Porosity-velocity systematics for siliceous sediments from the central basin and the New
Jersey shelf are shown in Figure 1. Relatively high porosity-low velocity samples fall near the curve
described by the Wood's equation. Compaction and diagenesis result in departure from the Wood’s
curve and approach to the curve described by the Wyllie equation. The increase in velocity with
porosity loss is steeper at the basin sites than on the shelf; this may reflect differences in
sedimentology, composition and microfabric.

Vp anisotropy in calcareous and clay-rich sediments has been investigated using X-ray pole figure
goniometry measurements. Measurements on samples from several DSDP sites having anisotropies
between 4.5 and 19.0% showed random distribution of the 1014 planes of calcite grains (Fig. 2).
Anisotropy in these samples 1s therefore not caused by calcite texture, The correlation between Ap
and calcite content was found to be positive for calcareous claystones and clay-bearing limestones
from DSDP Leg 93 and ODP Leg 110, and negative for pelagic chalks of ODP Leg 122 (Figure 3).
These differences are probably due to microfabric and distribution of flat-lying pores.

TEM and SEM microfabric studies of stticeous oozes, porcelianites, and cherts from ODP Legs 108
and 113 and DSDP Legs 85 and 86 are underway. Data from these studies will be used in
interpretation of Vp and Vs measurements that are completed for these samples.

Our previous studies have shown the influence of smectite content on porosity retention during
compaction of cls1; nich sediments (Tribble, in press). TEM mucrofabric studies of shallowly-buned,
smectite-rich sedinients from the Barbados accretionary prism are currently underway to investigate
this phenomenon.
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S. Compressional and shear velocities, compressional attenuation, electrical resistivity, bulk and grain
densities, and porosity have been measured on samples from ODP Leg 122. Differences with the
shipboard measurements have been explained in terms of analytical problems with the shipboard
techniques, and corrections have been determined.

Rcl‘erenoes'.

O'Brien, D., Manghnani, M., Tribble, J.,, 1989. Irregular trends of physical properties in
homogeneous clay-rich sediments of DSDP Leg 87 Hole 584, midslope terrace 1n the Japan trench. Marine
Geology, 87, 183-194. :

Tribble, J. S., 1990. Clay diagenesis in the Barbados accretionary complex: Potential smpact on
hydrology and subduction dynamics. ODP 110, Pt. B, in press.

Tnbblz, J., Mackenzie, F., Urmos, J., 1990. Physical property changes accompanying the mud to
shale conversion, Barbados convergent margin. In: The Microstructure of Fine-grained Terngenous Marine
Sediments-From Muds to Shale, Springer-Verlag, in press.

Tribble, J. S., Mackenzie, F: T., Urmos, J., Manghnani, M., and O'Brien, D., 1990. Effects of
biogenic silica on acoustic and physical properties of clay-rich marine sediments. To be submitted to Bull.
Amer. Assoc. Petr. Geol.

O'Brien, D. K., Manghnani, M. H,, and Tribble, J. S., 1990. Preferred orientation and velocity
anisotropy in marine clay-beanng calcateous sediments. In prep.

O'Brien, D. K., and Manghnani, M. H., 1990. Shore-based physical properties of Site 762 and
comparison with shipboard data. In prep.
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Publications resulting from "Diagenetic and Sedimentological
Studies" subtask of ONR Omnibus Grant N00014-87-K-0181.

1994

1993

1992

1991

1990

1989

Tribble, J.S., R.S. Arvidson, M. Lane, III, and F. T.
Mackenzie. Crystal chemsitry, and thermodynamic and kinetic
properties of calcite, dolomite, apatite, and biogenic
silica: Applications to petrologic problems. Sedimentary
Geology, in press.

O’Brien, D.K., M.H. Manghnani, J.S. Tribble, and H~-.R. Wenk.
Preferred orientation and velocity anisotropy in marine
caly-bearing calcareous sediments. In: Rezak, R. and D.L.
Lavoie, (eds.), Carbonate Microfabrics, Springer-verlag,
149-161.

Tribble, J. S., Mackenzie, F. T., Urmos, J., O’Brien, D. K.,
and Manghnani, M. H., Effects of biogenic silica on acoustic
and physical properties of clay-rich marine sediments.

Bull. Amer. Assoc. Petrol. Geol., 76, 792-804.

Tribble, J., Mackenzie, F., Urmos, J. Physical property
changes accompanying the mud to shale conversion, Barbados
convergent margin. In: R.H. Bennett, W.R. Bryant, and M.H.
Hulbert (eds.), The Microstructure of Fine-grained
Terrigenous Marine Sediments-From Muds to Shale, Springer-
Verlag, p. 93-99.

Tribble, J. S. Clay diagenesis in the Barbados accretionary
complex: Potential impact on hydrology and subduction
dynamics. In: Moore, J. C., A. Mascle, et al., Proc. ODP,
Sci. Results, 110: College Station, TX (Ocean Drilling
Program), 97-110.

O’Brien, D., Manghnani, M., Tribble, J. Irregular trends of
physical properties in homogeneous clay-~rich sediments of
DSDP Leg 87 Hole 584, midslope terrace in the Japan trench.
Marine Geology, 87, 183-194.
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B. PROGRESS REPORT 1988-1989

1. Geoacoustic Studies.

Sediments from Site 584 of DSDP Leg 87 in the Japan Trench have been the focus
of both geoacoustic and sedimeatological investigations in the past year. One interesting
outcome of our work is the correlation of a zone of anomalous physical and acoustic prop-
erties with variations in biogenic silica content with depth. Measurements of porosity, bulk
density and grain density as well as other physical and acoustic properties were made in
our geoacoustic laboratory, and the very same samples were analyzed for 1 ineralogy and
amorphous silica content in our sedimentological laboratory. Physical and acoustic prop-
erties of this sediment sequence as a function of depth are portrayed i Figures 1-6. Some
important aspects of these vertical profiles of physical, acoustic and electrical properties
(measured by D. O’Brien as part of his ongoing Ph.D. dissertation work) are:

(2) Plots of the various physical properties with depth, espectally compressional wave
velocity data (Figure 4), suggest that the sediment column can be divided into 4 units:

Unit 1 (4-170 m): This unit consists of unconsolidated sediment. The properties of
this unit do not vary appreciably.

Umit, 2 (170-500 m): This unit (and all succeeding units) consists of consolidated sed-
iment. Physical properties within this unit show a “normal” progression with depth, in
which velocity and bulk density increase with depth, and porosity decreases with depth
(Figures 1, 3, and 4).

Unit 3 (500-800 m): This 1s a region of anomalous physical properties {either greatly
elevated or depressed).

Unit 4 (800-941 m): The properties of this unit show a resumption of the “normal”
progression with depth.

(b) Both V, and Q, were measured in the horizontal and vertical directions (Figures
4 and 5). It was observed that V, > Vy, (positive velocity anisotropy) and Qpv > Qpa
(negative Q amisotropy) from the top of the hole down to about 650 m. Below this depth,
the trend was reversed such that Vy, > V;, (negative velocity anisotropy), and Q.ph > Qpy
(positive Q anisotropy). This finding was not anticipated, especially because the sediment
column is quite homogenous. [t was discovered that this trend was caused by a change in
the bedding inclination.

(c) Qp decreases (attenuation increases) with depth (Figure 5) untuil about 650 m.
where it starts to increase with depth. This observation is at first surprising, because 1t
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Figure 3. Porositv sariation with depth at DSDP Leg 87, Site 5384,
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Figure 5, Plot of electrical resistivity vs gepth for DSDP Leg %7, Site 38¢
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is known that Q increases with depth in sands and within the earth’s mantle. However,
Goldberg et al. [1985] and Cheng et al. [1986] found Q, to decrease with depth in soft
sediments, and Cheng et al. reported Q, values of the same magnitude as the present
data (between 10 and 35). The trend of an initial decrease of Q, followed by an increase
with depth in clays was predicted by Hamilton {1976, 1980]. The present data are the
first to document this trend. Sands have low porosities (about 25%) and undergo only
a smail amount of porosity reduction with compaction, because the grains are generally
in ¢ontact with each other, and the framework is therefore quite rigid. Clays, however,
initiaily have large porosities {about 70%) owing to a “house of cards” gram structure. A
large porosity decrease with depth occurs as the grain structure collapses. The progres-
sive grain structure collapse does not add rigidity to the sediment. As porosity decreases,
there is less water (which has a very high Qp) 1n the pores per unit volume of sediment
{which has a very low Qp). In addition, it can be expected that frictional dissipation will
increase energy loss as more uncemented rains come into contact [Hamilton 1976, 1980].
This porosity decrease results in a net decrease in Q,. It is not until the grain structure
totally collapses (or diagenesis occurs) that the pressure on the grain framework increases
the sediment ngidity, and causes the Q, to increase with depth. This total framework
collapse probably occurs at about 650 m in this hole.

(d) It was stated above that Qg > Qo (horizontal attenuation s greater than vertical
attenuation) at the top of the hole, and then reversed below 650 m. Because V,, is fastest
in the horizontal direction at the top of the hole, it 1s surprising that the P-wave amplitude
decays fastest in this direction as well. The present data are the first attenuation data
for sediments collected in both horizontal and vertical directions, so no comparison with
data from the literature is possible. The causes of these observations will be the subject
of future research.

(e} Unit 3 is a region of anomalous properties as reflected in velocity, attenuation,
electrical resistivity, bulk density, porosity and grain density (Figures 1-6). The anomaly
is most obvious in porosity and grain density. Changes n these variables affect all the
other properties, The gran density of Unit 3 has a maximum of 2.65 g/cc. The sediment
is composed mostly of clay minerals, quartz, calcite, and feldspars with densities of 2.5 -
2.9 g/cc, and opal-A with a density of about 1.9 g/cc. The grain density of the sediment
should greatly increase if there were a large decrease in the concentration of opal-A. An
increase in one of the high density minerals would not greatly affect grain density, because
the minerals have approximately the same density.

2. Applications of Biot Theory.

The Biot (1956a,b) theory of wave propagation in poroelastic materials has been used
extensively in modeling phase velocity and attenuation in porous rocks and sediments
Recently the theory has been successfully employed for characterizing the variation of



Vp with depth z (Ogushwitz, 1985; Taylor-Smith, 1985) and for quantitatively describing
dispersion phenomena (Winkler, 1985). Other authors (Murphy, 1982; White, 1986) have
concentrated upon the variation of Q; ! with frequency, whilst Stoll (1974, 1985) has exam-
ined the compressional wave attenuation coefficient. The consensus of opinion from these
studies is that the Biot (1956a,b) poroelastic model is adequate for describing the variation
of V,, with depth, but is insufficient for characterizing attenuation/dispersion phenomena.

We have investigated the viability of the Biot (1956a,b) model for predicting V, and
Q;’ using laboratory data for deep-sea carbonate sediments from Kim et al. (1985) and
Milholland et al. (1980). Our results are shown in Figure 6a. The variation of V, with
depth for DSDP sites 288 and 289 has been studied, with emphasis placed on the uncer-
tainty in the modeled velocities that is due to experimental errors and to uncertainties in
assumed parameters. The frame Poisson’s ratio was then made the free parameter of the
model and, by matching predicted and experimental velocities, the assumption of constant
oy throughout the carbonate sediment sequences has also been tested. Finally, the appli-
cability of the Biot (1956a) theory in modeling Q;* is examined for 14 chalk-limestone
samples from DSDP sites 288, 289 and 316. For two samples, predicted values for @, ' are
found to be effectively zero if critical values of o are selected for modeling. These cases
correspond to the “compatibility condition™ as identified by Biot (1956a).
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3. Opal-A Work.

Significant progress has been made in the past year to document further the influence
of the biogenic silica content of a sediment on the measured physical and acoustic proper-
ties . There are two primary reasons for this emphasis on biogenic silica:

(a) Opalfne silica (opal-A) is the only common mineral component in marine sediments
that has a density significantly different from other major components. The clay minerals,
quartz, calcite, and feldspars all have densities in the renge of 2.5-2.9 g/cm?, whereas opal-
A has a density of about 1.9 g/cm®. Variations in the biogenic silica content of sediments,
therefore, should be reflected by changes in grain density, and presumably by changes
in other properties such as bulk density, acoustic velocity, etc. Hamulton {1978| reports
emprrically-derived relationships for the acoustic and physical properties of siliceous sedi-
ments that differ from analogous curves for sediments of different compositions. A number
of investigators have also reported variations of velocity with sediment composition for
sequences in which biogenic silica content varies (e.g., Wilkens and Handyside, 1985]. We
have found essentially no data in the literature, however, with which the relationships with
silica content can be quantified. Quantitative measurements of actual opaline silica content
with depth have not been made on sediments (except in this study) for which physical and
acoustic properties are known.

(b) Biogenic silica undergoes a series of diagenetic reactions with burial that alter its
mineralogy, water content, density, and morphology. The properties of a marine sediment
will be influenced, therefore, not only by its original biogenic silica content, but also by
the pathway of silica diagenesis. Chert horizons, prevalent in Eocene-age sediments for
example, are a familiar end product of this diagenetic pathway that have a clear physi-
cal and seismic signature (e.g., Tucholke, 1981). We have focused, however, on the lesser
understood aspects of silica diagenesis, mcluding the influence of the early stages of the
diagenetic transformation of opal-A to opal-CT on sediment properties such as fabric. One
very important result of our opal-A work is that it illustrates, as documented beiow, the
necessity for doing rigorous mineralogical microfabric, and diagenetic studies in order to
understand the behavior of the physical, acoustic, and electrical properties of a sediment
sequence.

As mentioned above, one of our goals this year has been to quantify the biogenic silica
content of seviral deep-sea sediment sequences. The method we chose is a chemical dis-
solution technique in which weight loss 1s measured after leaching of the opal-A from the
sample [Follett et al., 1965; Eggiman et al., 1980). This method was considered preferable
to other techmques employing infrared spectroscopy and x-ray diffraction after conver-
sion of the opal-A to opal-CT by heating [Chester and Elderfield, 1968; Goldberg, 1958],
because of interference of quartz in the latter two methods. We needed a method that
would be applicable to hemipelagic as well as pelagic sediments The chemical dissolution
technique 135 commonly used for souls, and to some degree for ocean surface sediments, but
has not previously been used to our knowlcdge on a depth sequence of sediments Because
of the changes in solubility associated with early diagenesis of *he silica, the technique had
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to be calibrated for the type of sediments we were treating. Our method is outlined
Figure 7.

To date, we have analyzed two sediment sequences for amorphous silica content. Site
584 of DSDP Leg 87 in the Japan Trench was chosen to test the hypothesis that variations
in opal-A content influence physical and acoustic properties. Shipboard smear-slide data
indicated a variation in diatom content with depth, and our mineralogical studies showed
no evidence of transformation of opal-A to opal-CT. Physical properties of this sediment
sequence as a function depth (Figures 1-6) were discussed in the previous section.

Some relationships between the physical properties and opal-A content, as determined
in our geoacoustics and sedimentological laboratories {Schoonmaker et al., 1987; O'Brien
et al., 1987}, are shown in Figures 8-10. Figure 8 shcws the relationship between opal-A
content and grain density for the sediments of Site 584. As expected, the two properties
are inversely correlated. As shown in Figure 9, opal-A content is also correlated with
porosity, probably reflecting pore space associated with the chambers of diatom tests. The
influence of opal-A content on porosity will depend in part on the degree of fragmentation
of the tests; whole tests should have the greatest effect on porosity. Finally, as predicted,
opal-a content is negatively correlated with compressional wave velocity (V,), as shown n
Figure 10. Note that the opal-A contents, which vary between 7 and 13%, are relatively
low, and their effect on acoustic velocity owing to mineral density differences alone would
be rather small. We believe that the associated porosity differences are also an important
factor 1n producing variations in acoustic velocity related to opal-A content.

Sediments from the second sequence analyzed, Site 467 of DSDP Leg 63, have un-
dergone significant silica diagenesis and have been the focus of our diagenetic and fabric
studies. The conversion of opal-A to opal-CT, and eventually to quastz, with increasing
burial depth at this site follows a diagenetic pathway that can be traced on a plot of opal-A
content vs. V, (Fig. 11). The shallow part of the sequence contains relatively low per-
centages of opal-A, and acoustic velocities are independent of the opal-A content. These
samples plot in zone A on the diagram. Moderate change in V,, with depth in this zone
reflects primarily compaction of the clay-nch sequence. Samples containing more opal-A
have higher velocities (zone B on Figure 11}, defining a trend oppesite to that shown by
the sediments from Site 584 (see Figure 10). This apparent discrepancy 1s a resvlt of
stlica diagenesis. The samples in zone B have all undergone partial diagenetic conversion
of opal-A to opal-CT. This diagenetic reaction involves an increase in grain density and
changes 1n the amount and nature of the porosity (see discussion of fabric changes beiow)
The net resuit of the conversion to opal-CT 1s an increase in acoustic velocity From our
mitial x-ray diffraction and SEM studies (as reported in last year’s proposal), we suspected
that the conversion was complete. We have shown, however, through the chemical leaching
experiments and our TEM studies (see below) in che past year, that significant amounts of
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the conversxon of opa!-CT io,quartz (see dxscussxon of TEM work, below) These samples
fall at the fan left_ and side of Figure'11 (zone C), a.nd the:r 'V, values are essentially inde-
pendent of opaloA content The dependence of V onr combmed opal-CT + quartz contént
is-shown:in Fxgure 12

Last year we bégan:investigation of the microfabric of marine sediment using scanning
electron ‘microscopy, (SEM) We obtained results that related diagenetic changes to fabric
alteration, and the effects on acoustic and physical properties {Schoonmaker et al., 1987).
We focused on sediments from Leg 63, Site 467 in which the transformation of silica from
opal-A to opal-CT was apparent. In continuing that work this past year we found that we
could not exaniine the shallow half of the hole using SEM. Sample preparation required
critical point drying which caused the disaggregation of the slightly-lithified shallow sam-
ples, destroying the fabric.

We decided to try a different technique, transmission electron microscopy (TEM), for
the fabric studies. Sample preparation for TEM examination of fabric is 2 time-consuming,
difficult task involving embedding blocks of the sample with resin, then examining thin
sections of the material. The method we used is a liquid dehydration and spurr resin em-
bedding technique modified from Bailey and Blackson {1984} and Jim {1985]. This method
minimizes disruptions of the original microfabric of the sediment samples, especially of the
poorly lithified samples {rom the upper part of the section. The details of this method are
shown in Figure 13.

Nine samples were embedded. Sediments from the opal-A to opal-CT transition were
sampled in detail and representative samples were collected from sediments above and
below the opal transition. At the time of this writing, six samples covering the entire
depth range have been surveyed by TEM. These samples are identified on Figure 14 which
shows the V, distribution with depth. To date, our study has been a qualitative one. The
focus of our observations has been to document the following characteristics, which have
an effect on acoustic and physical properties of the sediments as a function of burial depth:

1. cl