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Abstract

Effects of Pore Fluids in the Subsurface
on Ultrasonic Wave Propagation
by
Patricia Katharina Seifert
Doctor of Philosophy in Geophysics
University of California at Berkeley

Professor Lane R. Johnson, Chair

This thesis investigates ultrasonic wave propagation in unconsolidated sands
in the presence of different pore fluids. Laboratory experiments have been con-
ducted in the sub-MHz range using quartz sand fully saturated with one or two
liquids. Elastic wave propagation in unconsolidated gfapnular material is com-
puted with different numerical models:  In one-dimension a scattering model
based on an analytical propagator solution, in two dimensions a numerical ap-
proach using the boundary integral equation method, in three dimensions the
local flow model (LFM), the combined Biot and squirt flow theory (BISQ) and
the dynamic composite elastic medium theory (DYCEM).

The combination of theoretical and experiment#l a,na'lysis yields a better

understanding of how wave propagation in unconsolidated sand is affected by

a) homogeneous phase distribution



b) inhomogeneous phase distribution, (fingering, gas inclusions)
c) pore fluids of different viscosity
d) wettabilities of a porous medium.

- The first study reveals that the main ultrasonic P-wave signatures, as a
function of the fraction of nonaqﬁeous-phase liquids (NAPL) in initally Water-_
saturated sand samples, can be explained by a one-dimensional scattering model.
Wave attenuation and velocity dispersion increase with increasing. NAPL sat-
uration. Velocity is sensitive to NAPL fraction only, whereas, the amplitude
behavior is more complicated. A two-dimensional model shows that inhomoge-
neous fluid distribution, e.g., fingering and gas inclusions, can cause additional
attenuaiioh. Hence, arﬁplitudes reflect the fraction of NAPL present in the
sample as well as its distribution. |

The next study investigates effects of pore fluid viscosity on elastic wave
propagation, in laboratory experiments conducted Wifh sand samples saturated
with fluids of different viscosities. P-wave attenuation always shows a frequency
squalfed dependence; independent of the pore fluid \}iscosity. The LFM and BISQ
theofy can not explain the laboratory observations for all the viscosities. Only
the DYCEM model gives the correct frequency dependence and the calculations
fit the'measurementrs within the uncertainty.

The last study concentrates on the wettability of the grains and its effect on



e

elastic wave propagation and electrical resistivity. Experiments have been per-
formed in both initally water-saturated and initally n-dodecane—saiurated media,
for water-wetting and n-dodecane-wetting sand, as a function of n-dodecane sat-
uration. Changes in the wettability of a n-dodecane-water-mineral system.affect

the effective amplitude of the P-wave, the capability of measuring S-waves and

the electrical resistivity.



To Sara Wong,
and in memory of my fé,ther,

- Frederick Seifert.
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Chapter 1

Introduction

The book ”A Civil Action” (Harr, 1995), a work of nonfiction, is a good
example to show that contaminated aquiférs and their effect on daily life is a
real problem aﬁd not just an academic one. The story narrates how TCE and
other organic liquids used in tanneries for cleaning leather were dumped onto
the ground or burried in barrels, which started to leak due to corrosion. Once
the contaminants were released to the subsurface, they started to migrate and
eventually invaded the aquifers. The organic liquids theh got transported with
the groundwater and reached the individual households. A statistically signifi-
cant percentage of the population, which were exposed to the contaminated tap
water for years, suffered from leukaemia.

Organic liquids were not only used in tanneries, but they were also commonly
used for dry cleaning purposes, in the metal cleaning industry, as heat transfer
fluids and to remove oil and paints. This group of liquids, éonta.ining chlorinated

solvents and hydrocarbon fuels, are also known as non-aqueous phase liquids



(NAPLs) énd are nowadays one of the major organic groundwater contaminanﬁs. |

A major challenge in remediating subsurface contaminatidn by organic lig-
uids is to detect and delineate their distribution. NAPLs can attain highly irreg-
ular distributions, extending from residual Hquid segments held in pore spaces to
pools over regions of low permeability. If the subsurface is fully saturated, i.e.,
below the water table, modern seismic systems (1 to 15 kHz) could provide field
res’olutioﬁ on the scale necessary to Chara,cterize brganic liquid distributions, on
the order of centimeters. Development of high-frequency seismic tomography
to map NAPL distributions between boreholes and to monitor. changes dur-
ing femedia,tion .requires a physical understanding of seismic wave propagation
through unconsolidated porous media with immiscible vliq_uic.l phases. Heﬁce,
laboratory and numerical studies were conducted of wave transmission through

NAPL-water-sand systems.

1.1  Background

The velocity and attenuation of seismic waves can be used to determine
elastic material properties. In porous media, seismic wave tranSmisSién is also
affected by the physical and chemical characteristics of the pore fluid and its
inﬁeraction with the solid phase (e.g., Tutuncu and Sharma, 1992). Geller and
Myer (1995) showed in laboratory studies that ultrasonic P-wave propagation in

unconsolidated fully saturated media is sensitive to the presence of NAPL. The



differences in acoustic velocity, density and viscosity between water and NAPL
contaminants strongly affect the seismic wave transmission. With increasing
fraction of NAPL in the pore space the travel‘ time of the first arrival is delayed
and the amplitude decreases. Velocity reflects the difference in bulk moduli be-
tween the water and NAPL and_thevfraction of NAPL present, but is insensitive
to its distribution. In contrast, the amount of energy attenuated is a function
of the NAPL fraction in the pore space as well ag its distribution. Despite ex-
tensive research, there is still considerable uncertainty about the relationships
between rock properties and seismic behavior and the mechanisms which cause
these effects.

I have conducted laboratory experiments to obserye how different pore fluids
in unconsolidated sand effect ultrasonic wave propagation. Three independent
sets of experiments gave better understanding of how ultrasonic waves are af-

fected by
a) inhomogeneous phase distribution such as fingering or gas inclusions
a) pore fluids of different viscosity
a) wettabilities of a porous media, such as water- and NAPL-wetting sand.

Measurements were made in a specially designed triaxial test cell (Geller
and' Myer, 1995) shown in Figure 1.1. The'appa,ra,tus contains four piezoelec-

tric elements with a resonant frequency of 1 MHz to generate and detect elastic
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Figure 1.1: Apparatus setup for measuring ultrasonic wave transmission as a
function of NAPL saturation in fully saturated sand samples.



P-waves and S-waves. The sand samples are placed between the transducers
and held in place by a flexible shrink tube sleeve, which is cut to fit over the
end-caps. On each transducer lies a donut-shaped ceramic flow distribution
plate, which assures that the injected fluid is evenly distributed over the column
cross-section. Confining and axial stresses on the sample were maintained at
approximately 60 and 140 kPa, respectively, characteritic of the shallow subsur-
face (~ 10 m depth). The change in travel time and amplitude with increasing
NAPL-saturation was measured by first satufa.ting the sample fully with water
and then displacing the W&tGI" by injecting the NAPL in small increments into

the sample with a syring pump.

1.2 Outline of work performed

The first study (Chapter 2) contains numerical computations to simulate the
laboratory measurements by Geller and Myer 1995. The measurements show a
significant change ‘in traveltime and amplitude of the primary P-wave arrival
as a funcfion of NAPL saturation. The main trends in this behavior can be
simulated with a one-dimensional scattering model.

Since the one-dimensional scattering model gives good velocity estimates
but underestimates the magnitude of attenuation in some cases, we obtained
a qualitative understanding how energy losses are affected by the pore fluid

distribution (Chapter 3). A two-dimensional numerical approach was used to



simulate laboratory experiments, which showed that fluid distribution can be
- heterogeneous due to unstable displacement mechanisms. If the pore fluids are
very volatile, small changes in pressure or temperature can also produce gas
inclusions. With the m.1.meri.ca,1 model we illustrate how w#ves are scattered by
heterogeneous fluid distributions aﬁd cause a,ttgnua,tion additional to that due
to scattering from the pores and grains.

Chapter 4 combines theoretical and eﬁperimental analysis to evaluaie the
main loss mechanisms caused by different visco'sities of the pore fluid ranging
~from 0.001 to 1 Pa/ sec. The laboratory measurements werevcomparet.;l with
three theofetical models, the Loca,‘l Flow Médel (LFM), the unified Biot and
Squirt flow theory (BISQ) and the Dynamié Composite Elastic Medium fheory
(DYCEM). |

The overall object of the last study in Chapter 5 was to determine in Wgt-v
tability affects wave propagation é,nd eiectric resisfivity measurements. Hence
laboratbry measurements of sand columns saturated with water and n-dodecane
were faken- as a functiqn of n-dodecane saturation for drainage and imbibition
of water. The experiments were performed in both initally water-saturated
and initally NAPL-saturated media and for water-wetting and NAPL-wetting

sand.



Chapter 2

| Effect of P-Wave Scattering on Velocity
and Attenuation in Unconsolidated
Sand Saturated with Immiscible

Liquids

2.1 Abstract

Seismic wave tomography is a potentially powerful tool to detéct and delin-
eate non—a,qﬁeous phase liquid (NAPL) contaminants in the shallow subsurface.
To develop this application we are conducting laboratory and numerical studies
to understand the mechanisms of P-wave transmission through NAPL-water-
sand systems.

Measurements of travel time and.a.mpli‘tude through saturated sand with
variable NAPL content were taken. For our experime;lts piezoelectric elements

were used to transmit and receive P-waves in the 100-900 kHz range. To simulate



the stress conditions of the shallow surface, low confining and axial pressure of 60
and 140 kPa, respectively, were applied. The measurements show a significant
change in the travel time and amplitude of the primary arrival as a function of
NAPL saturation.

To simulate the laboratory measurements, we performed numerical calcula-
tions of P-wave propagation through a one-dimensional medium. The results
show that the main behavior of traveltime and amplitude variation can be ex-
plained by P-wave scattering. This.represents an alternative explanation to the
theories that describe local fluid flow as the dominant mechanism for seismic

wave attenuation and velocity dispersion.

2.2 Introduction

A major challenge in remediating subsurface contamination by. nonagueous
phase liquids (NAPLs) is to detect and delineate theix; distributiqn. Seismic
methods have been applied in the petroleum industry to detect oil-bearing for-
mations (Clark, 1992). A variety of laboratory experiments have been performed
on sedimentary rocks to study the effect of pore fluid distribution on attenuation
and velocity for different fluids under high pressure (Endres and Knight, 1989;
Knight and Nolen-Hoeksema, 1990). However, the same mechanisms are not di-
rectly applicable to NAPL in groundwater aquifers, since the in-situ stresses at

depths where oil and contaminating NAPL can be found are orders of magxiitude



lower. In addition, there is also a difference in rock type and porosity between
formations in the shallow subsurface and at depth of hundreds or thousands of
meters.

On the basis of the available litel:ature, it appears that the problem of seismic
wave propagation in unconsolidated media containing NAPLSs has received little
attention. One laboratory study measured the response of ultrasonic wave prop-
agation to the presence of NAPLs in unconsolidated media (Geller and Myer,
1995). 'Anotiler set of field experiments monitored DNAPL (dense NAPL) mi-
gration in a naturally sandy aquifer.using methods such as radar, electromag-
netic induction, and eleqtric resistivity (Greenhouse et al., 1993).

Different mechanisms have been proposed to describe the change in seismic
wave attenuation and velocity with the type and extent of saturation of the pore
fluids. For liquid-saturated rocks, these include grain sliding (Mavko, 1979),
fluid flow as described by Biot (1956a; 1956b) and Johnéton and Toksdz (1979)
and local fluid flow (Biot, 1962; Akbar et al., 1994). Using a stratified medium
of steel and plastic discs, Marion et al. (1994) éonducted a joint experimentall
and theoretical study of the effect of multiple impedance contrasts on P- and S-
wave velocities. They suggested that the change in velocity is a function of the
ratio of wavelength to layer spacing (A\/d) in ac;ordance with scattering theory.
When )/d is large, velocity is well described by effective medium theory, and

when A/d is small, by ray theory. For the entire range from effective medium
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low-frequency results to the high-freqqency prediction of ray theory, a complete
theory for one-dimensional scattefing can be found in Shapiro and Zien (1993)
and S.ha,piro et. al (1994).

The main purpose of the present work is to obtain a better mechanistic un-
defstanding of the the changes in velocity and amplitude as a function of NAPL
saturation which were observed in the laboratory by Geller and Myer (1995). We
sirﬁula.ted P-wave propa.gation with a one-dimensiqnal model and compared the
amplitude and the traveltime of fhe first arrival for different NAPL-saturations

with the laboratory data.

2.3 Experimental Method

Geller and Myer (1995) measured significant changes in P-wave velocity and
attenuation as a function of NAPL saturation in initially water-saturated quartz
sand packs.. The properties of the NAPLs used, n-doaecane, iso-octane and
freon 113, are listed in Table 1. Following the injection of incremental volumes
of NAPL, ultrasonic P-wave mea.suréments were taken by the pulse-transmission
method. Traveltime, amplitude, and the shape of the waveform were recorded
as a function of the volume of NAPL in the medium. P- wave measurements
were also taken through sand samples initially saturated with NAPL.

The P-wave measurements were performed as follows. The sample was placed

between transmitter and receiver in a triaxial cell, jackéted by a flexible teflon
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sleeve. To obtain a homogeneous distribution of NAPL over the sample cross
section, lexan plates with grooves were placed between the transducers and
the sample. Confining and axial stresses on the sample were maintained at 60
and 140 kPa, respectively, which corresponds to the pressure conditions in the
shallow subsurface. The sand columns were 73 mm in diameter and 39 mm in
length. Th¢ sand consisted of Waéhed, sub-rounded quartz grains sieved between
60 and 70 mesh (0.212 and 0.250 mm openings) packed to a porosity of 42%.
The excitation signal was, a pulse with frequencies ranging from 0.1 to 1.9 MHz,
With a central frequency of approximately 0.5 MHz. Further defails can be found

in Geller and Myer (1995).

2.4 Experimental Results

P-wave velocity and normalized amplitude as a function of NAPL-saturation
are plotted in Figure 2.1 and 2.2 for n-dodecane, iso—octaﬁe and freon 113. NAPL
saturation is the fraction of pore space occupied by the NAPL; the remaining
fraction is filled with water. The traveltime of the primary wave is pickeci at the
first break from the amplitude baseline. The amplitude of the primary wave is
the vertical difference between the first peak and trough and is normalized by
the amplitﬁde for the initially water-saturated sample.

It can be seen that the seismic wave transmission is strongly affected by the |

physical properties of the pore-filling fluids. The overall behavior is that the sig-
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Figure 2.1: P-wave velocity as a function of NAPL (non-aqueous phase liquid)

saturation for n-dodecane, iso-octane and freon where the remaining pore space
is filled with water (Geller and Myer, 1995).
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Figure 2.2: Normalized amplitude as a function of NAPL (non-aqueous phase
liquid) saturation for n-dodecane, iso-octane and freon where the remaining pore
space is filled with water (Geller and Myer, 1995).
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nal is attenuated and the velocity decreases with increasing N APL saturation. It
should be pointed out that the minimum value for the amplitude for iso-ocfane
at a NAPL sa.turatioﬁ Qf 60% is much lower than for the other two NAPLs.
- Geller and Myer (1995) hypothesized that the low viscosity of iso-octane rel-
ative to wé,ter produced fingering of iso-octane thrbugho_ut the sample. 'vThe
injection of n-dod'eéane produced a stable injection front, becapse of its higher
viscosity relative to the displaced water. Hémsey (1987) provides an extensive
review of mechanismé of flow inétability and viscous ﬁngering produced by the
displacement of a more viscous fluid by a less viscbus onein homogeﬁeous porous
‘media. To support this idea .of viscous fingering, we photographed the displace-
ment of water by NAPL in a thin, glass-walled sa,nd box, 1.3 cm long by 7 cm
wide by 0.2 cm deep. The box was packed with the same sand used vby Geller and
Myer (1995). and mounted vertically in front of a light box. vThe sand was fully
safurated with deaired water with blue dye (white in F.igu‘re 2.3). In the next
step, a red-dyed NAPL was injected (black in Figure 2.3), to displace the water.
To minimize gravity-driven instabilities in the displacement of water, the lighter-
than-water NAPLs (n-dodecane and iso-octane) were introduced from the tép
as in Geller and Myer (1995). In Figure 2.3 we can see the flow path for dif-
ferent injected volumes of n-dodecane and iso-octane, respectiveiy. n-Dodecane
shows a stable NAPL-front propagating downward with increasing sa.turétion,

whereas the iso-octane distribution shows fingering and large residual pockets
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3a) i

Figure 2.3: Sand fully saturated with deaired water (white), which is displaced
by a NAPL (black). n-Dodecane shows a stable NAPL-front propagating down-
ward with increasing saturation (Figure 2.3a and 2.3b), whereas the iso-octane

distribution shows fingering and large residual pockets of water (Figure 2.3c
and 2.3d).
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of water. This experiment shows that it is very likely that the distribution of
iso-octane is much more irregular than n-dodecane and may explain the larger
P-wave att.e.nuatio‘n measured for iso-octane.

These resﬁlts_ déemonstrate that the wa_.ve signature is sensitivev‘to the NAPL-
fraction in the pore space as Well. as its distribution. All the eXperimenté used
thg same kind of sand ie‘md only the saturation and NAPL were changed. Thué
any change in vseismic signature resﬁlts from a change in the liduid and not in

the solid phase nor the pore structure.
2.5 Numerical Study

The use of numericé,l calculations to simulate labofatqry results can often
help in their interpretation. The case of sand grains surrounded by water and .
NAPLs presents. a difficult elastic wave propagation problem, as there is no
comple>te analytic solution available for the multiple scat#e’ring that occurs. Van
dé Hulst (1957) ého§ved .that in a three-dimensional medium only the scattered
‘wave parallel to the incident‘ wave is important, if only forward scattering is
considered. In this case, the three-dimensional problem can. be ap"lproxima,ted
by a one-dimensional model. In analogy with this assumption, we used a one-
dimensional model with normal incidence for our calculations. The computation
of elastic P-waves through a layered medium was performed with a propagator

method, (Kennett, 1983). This method gives the complete solution for an inci-
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dent plane wave through a layered medium between two half-spaces. Each layer
has its own quality factor, velocity, density and thickness.

The saturated sample was represented by a series of layers having different
sequences of solid matrix and pore fluid. The initially water-saturated sand
pack was modelled with a simple two-layer sequence of water and quartz. When
the wetting phase, water, is displaced by the non-wetting NAPL, residual water
remains in contact with the sand. This situation was simulated by a four-layer
sequence of matrix, water, NAPL and water. The different saturations of NAPL
in the sample were modeled by a composite of two- and four-layer sequences
(Figure 2.4). Typically 116 sequences composed of these two types were used
to model the total sample length of about 39 mm. The layer thicknesses were
Gauss-distributed and not correlated, with their mean and standard deviation
based on the laboratory measurements.

The layer thickness of the matrix was determined by fhe average grain size of
0.23mm diameter with a standard deviation of 18%. The layér representing the
pore space was determined by the porosity of 32% with a standard deviation of
18%. Figure 2.1 and 2.2 show that the residual water saturation for iso-octane
displacing water is about 40%, which is almost twice as large as for n-dodecane
and freon 113. This was accounted for by changing the thickness of the residual
water layer for each NAPL. The matrix is composed of quartz with a velocity

of 5750 m/sec and a density of 2650 kg/m3 (Selfridge, 1985). The properties
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Two layer
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Four layer
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NAPL

Water

Matrix

Figure 2.4: Model for NAPL (non-aqueous phase liquid) which has displaced

some of the water layers. At the top we have the undisturbed case, quartz sand -
layers saturated with water. At the bottom, the water is replaced by a NAPL.

A residual layer stays in each sequence, representing the wetting phase.
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Table 2.1: Material properties (values are at 25° C and atmospheric pressure
unless otherwise noted).

b

Density® P-wave® Viscosity Reflection Coefficient

. velocity® * with water/

(kg/m?3) (m/s) (mPa/s) (kPa s/m)
freon 113 1560¢ 716 0.711 (20°) -0.137
(1,1,2-Trichloro- .
1,2,2-triflucroethan)
n-dodecane 745 1290¢ 1.378 0.212
(2,2,4- Trimethyl
pentane)
iso-octane 690 (20°) 1120°  0.504 (20°) -0.314
water 997 - 1497 0.890 N/A

a) Riddick and Bunger (1970), b) Selfridge (1985), ¢c) Wang and Nur (1991), 22° C, d) CHRIS
(U.S. Coast Guard, 1984), ¢) Geller and Myer (1995), f) R =$2222=£1%1) yising values in table

= (p2va+p1v1)?

of the pore-filling liquids are listed in Table 2.1. The quality factér, Q, was
set to infinity for the matrix, to 10,000 for water (Toks6z .and Johnston, 1981)
and to 1,000 for the NAPL. The Q value for the NAPL was calculated with
the spectral ratio method by using the direct and the reflected wave traveling
through a column of freon as suggested by Feustel and Young (1994). As in the
laboratory experiments, we placed the series of layers between two lexan plates
wit.h a thickness of 10 mm, density of 1200 kg/m> (Selfridge, 1985), P;wave
velocity of 2300 m/sec (Selfridge, 1985) and a @ value equal to infinity.

Calculation for this stack of layers was based on a white source spectrum.
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For compariéon of the numerical dé.ta and the laboratory rneasuremeﬁts, we
convolved the obtained Green function with a measured reference signal. The
~ amplitude spectrum used as a reference was obtained from the Fourier transform
of the first arriving pulse through a column of water with lexan plates attached

to the transduéers.

2.6 Numerical Results and Interpretation

To constrain our computational model, we varied porpsity,' grain size and
 their standard deviation to match the velocity and normalized amplitude of our
synthetic data with the measured data. Tﬂe mean grain size was the same as in
the expériments (0.23mm). The standard deviation for our model was taken as
18%, instead of about 10% from the difference in 60 to 70 mesh sizes, due to the
fact that grains are not perfect spheres. The value of the porosity was adjusted
by fitting the calculated velocities to the measured data;. The fitted porosity is
32%, which is less than the.actua.l valué of 42%. To explain this discrepancy,
Figure 2.5 compares the layer sequence with an equivalent cross section of ran-
domly packed spheres in terms of sample length and porosity where the sphere
diameter equaIs the thickness of the matrix layer. This sketch shows how a
straight ray traveling through spheres en.counters more interfaces and therefore
can be reflected more often than when traveling through layers. As a result,

if the number of reflections were to be the same, the porosity of the random
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Figure 2.5: This sketch shows how a straight ray traveling through an idealized
sandpack encounters more interfaces than through a series of layers.

sphere pack would be greater than the one-dimensional model. Therefore in a
one-dimensional model, a smaller porosity fits the dafa best. Amplitude and
traveltime of a seismic wave through a series of layers were calculated in in-
- crements of 5% NAPL saturation. For each saturation, ten realizations were
performed with a random number generator which chooses the thickness of the
layers according to a Gaussian distribution with a mean of 0.23 mm and a stan-
dard deviation of 0.04 mm (Press et al., 1992). From the ten realizations, the

mean velocity, the mean normalized amplitude, and their standard deviation
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were calculated. The mean amplitude of the transmitted wave was normalized
by the mean amplifude for the initially water-saturé,ted sample.

In Figure 2.6 and 2.7 the dashed lines connect the theoretic_all_y calculated
data points and the filled boxes are the experimentally observed énés. ,The error
bars show the sténda,rd deviation of the ten realizations. It should be noticed
that a single realizatioﬁ can stﬂl lie outside this range and ﬁt trhe data almost
perfectly (Figure 2.8). Figure 2.6 and 2.7 show that the nu_rneric#l anvd the
measured data decrease monotonically as a function of N APL saturation.

Mechanisms for velocity dispersion a,;ld seismi.c wave gttenuation are usually
a combined effect éf scattering and intrinsic attenuation. Intrinsic attenua,t'ionb
.is caused By energy transformation into heat and is described by the quality
.fa,ctor Q. By usihg a @ of 10,006 for water, 1,000 for NAPL, and infinity for the
ma.trix, the intrinsic attenuation is very small. Figure 2.8 shows a comparison_of
the change in velocity and amplitude as a function of NAPL saturation for two
different modelg, one with the quality factors listed above, whichaa,re generally
used in all the ﬁodels for our comput’é,tio_ns, and the secénd with all quality
factors equal to infinity. These figures show that intrinsic attenuation has an

| insignificant effect on amplitude and on tvraveltirrie. In our case, scattering within
the layeréd medium i)roduces the velocity dispersion and attenuation. For the
case of uncorrelated layers, .the scattering mechanism depends upon the ratio

_of wavelength () to layer thickness (d) (Marion et al., 1994), otherwise it is
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Figure 2.6: Normalized amplitude as a function of NAPL (non-aqueous phase
liquid) saturation for a) n-dodecane, b) iso-octane and c) freon. Error bars
of the synthetic data show standard deviation of ten realizations, which were
performed with a random number generator which changed the layer thickness
within 0.23mm + 0.04mm. Error bars for the measured data show the estimated
experimenta) error.
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Figure 2.7: P-wave velocity as a function of NAPL (non-aqueous phase lig-
uid) saturation for a) n-dodecane, b) iso-octane and c) freon. Error bars for
the synthetic data show standard deviation of ten realizations, which were per-
formed with a random number generator which changed the layer thickness
within 0.23mm + 0.04mm. Error bars for the measured data show the esti-
mated experimental error.
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a function of the ratio of wavelength to correlation length (a). To find the
correlation distance of our model we performed autocorrelations for different
stacks of two-layer and four-layer sequences. These results showed that there
was no correlation between the layering and therefore the cbrrelation length
is equal to the layer thicknesses. Shapiro et al. (1994) derived an analytical
solutiop for a one-dimensional medium which is valid for all fréquencies, ie.,
from effective medium to ray theory, and therefore includes Rayleigh as well as
Mie scattering regimes. For a transmitted wave with a normal incidence, their
theory shows that the Rayleigh scattering assumption is a good approximation,
if k- d < 0.1, where k is the wave number. The critical frequency where Rayleigh

scattering is dominant is therefore

0.1-v
2'7l'fd

Je< (2.1)

Taking the velocities listed in Table 1 for the pore fluids, a velocity of 5750 m/sec
for quartz and average layer thicknesses of 0.23 mm for the matrix, 0.108 mm for
the pores, 0.0866 mm for the non-wetting phase and 0.0108 mm for the wetting
phase, results in critical frequencies between 105 kHz and 390 kHz. Since we
have used a frequency range from 100-900 kHz, we encounter some Rayleigh

scattering, but mostly Mie scattering.
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Figure 2.8: One realization of a) velocity and b) normalized amplitude as a
function of n-dodecane saturation. Comparison between two different models
one with quality factors Quezer = 10,000, Qnapr = 1,000, Qmatriz = infinity,
the other one with quality factors equal to infinity.



27

2.7 Comparison of Numerical Results with Laboratory

Measurments

Measured and calculated velocities and amplitudes correlate well for n-dodecane
(Figuré 2.5 a and 2.6 a), indicating thatvfor this specific NAPL, scattering mech-
anisﬁls are sufficient to explain the observed seismic wave attenuation and veloc-
ity dispersion. The small deviation between the measured and simulated daté is
most likely based on either differences in the distribution of the NAPL between
the experiment and the model or other intrinsic attenuation effects, such as local
fluid flow.

For the normalized amplitude and velocity of iso-octane, the calculated data
match the measured data at the endpoints (Figure 2.6 b, 2.7 b). The mismatch
between the intermediate measured and ‘modeled points may be caused by the
irregular NAPL distribution created by fingering as méntioned earlier. This is
a three dimensional effect and which cannot be simulated with our model.

For freon 113 our computations underestimate the attenuation and the ve-
locity change with NAPL saturation. The amplitude data deviate from the
model more than the velocity data do. This could occure if the freon pfoduces
gas inclusions that cause strong reflections and increase attenuation. To show
the effect of gas bubbles, we placed one small layer (0.05 mm - 0.16 mm) of air
in our modeled NAPL-water-sand sequences. The computations were done to

match the experimental data for freon 113 saturations of 30%, 50%, 70% and
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100_%.. The results are plotted in Figure 2.9. Even though bubbles are again
a three dimensional problem, our model tells us that a very small amount of
_gas produces é. signiﬁcaﬁt change in attenuation, but hardly aﬁ"ecté the velocity.
Therefore, a émall amount of gas trapped in the sample could ha,%/e caused the

" attenuation effects observed for freon.

2.8 Conclusions

A one-dimensioﬁa.l model was used to simulate measured data of ultrasonic
wave pi‘opa.ga.tion through sand sa,mplgs of diﬁ'erent NAPL saturations. The
main trend observed in the laboratory of arﬁplitude and velocity change as a
function on NAPL saturation could be simulated with our mo&él‘. Small differ-
encéé between the experimental and the synthetic daté, are most likely caused
either by heterOgene(;us distributiqns of the immiscible liquids or by intrinsic
attenuation effecté, such as local fluid flow. Loss mechz'misms caused by liquid
ﬁng’eriﬁg or iﬁclusions of gas-bﬁbbles are not represented in our model, because
these are three-dimensional effects. Our results show that most of the seis-
mic wave attenuation and velocity dispersion observed in the laboratory can
be explaihed by scattering in the Mie regime. This represents an alternative
expla.na,tion to the theories which describe the observed behaviors by local fluid
flow. Nevertheless it is possible that several loss mechanisms are acting simul-

taneously.
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Figure 2.9: Normalized amplitude and b) P-wave velocity as a function freon
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The agreément found in this study between laboratory measurements and
numerical .ca,lculat;ions suggesf.s several topics for additional research. The use
of one-dimensional calculati;)ns to help explain effécts in three-dimensional me-
dia needs further justification. Similar experiments with S-wa,ve'slwould help
constv'rain the interpretation, and such studies a,re.cur_rently in progress.‘ Fur-
thermore the impdrta.nce of scattering in pa.rtiall& saturated media should:be

in;vestigatied.
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Chapter 3

Qualitative Explanation of Attenuation
Effects Observed in Unconsolidated

Saturated Sand

3.1 Abstract

The velocity and attenuation of seismic waves in liquid-saturated unconsol-
idated sand are strongly affected by the pore-filling ﬂﬁids. Displé.cing water in
a fully water saturated sand sample by a non-aqueous phase liquid (NAPL) can
be an unstable process, leading to heterogeneous phase distributions. Experi-
ments were perférmed to determine how the physical and chemical properties
of NAPL may give rise to heterogeneities, such as fingering at the water-NAPL
displacement front or gas inclusions. |

Using two-diménsional numerical simulations we illustrate how ultrasonic
P-waves are scattered by these heterogeneous fluid distributions to cause at-

tenuation in addition to the scattering from the pores and grains. We model
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the situation in our léboratory tests where spatial resolution is limited by the
receiver size.. This prevents us from resolving heterogeneities that are smaller
than the receiver, but even in this case the mean seismic amplitude over the
width of the receiver is affected by such heterogeneities and it is possible to
obtain qualitative agreement between measured and modeled data for the cases

of fingering and gas inclusions.

3.2 Introduction

In recent years, seismic measurements have become increaéingly important
as a means of studying the shallow subsurface. Majer et al. (1997) used high
frequency seismic waves to detect fractures at depths Between 15 and 30 m;
Ya,m_amoto et al. (1994) performed crosswell acoustic tomography experiments
down to 60 m below the surface using high carrier frequencies of 1 to 10 kHz;
Dvorking and Nur (1996) conducted seismic laboratory ;x,nd theoretical studies
on poorly-cemented and un-éemented grains; Bryant and Raikes (1995) made
predictions of elastic-wave velocities using models for ceftain depositional and
diagenetic processes. These techniques potential_ly may be applied to the detec-
tion and dglineation of organic liquid contamination in groundwater-a,quifers.
These contaminants are minimally soluble in water and persist in the subsur-
face as non-aqueous phase liquids (NAPLs). NAPLs that have densities greater

than water (DNAPLs) can migrate below the water table (McKee et al., 1972;
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Schwille, 1967; Schwille, 1984). Lighter than water NAPLs (LNAPLs) spread
along the capillary fringe and may, however, occur below the water table as a re-
sult of ﬂﬁctuations of the water table (Schwille, 1981; Mercer and Cohen, 1990).
Therefore, NAPLs entrapped in soils and aquifers can attain highly irregular
distributions.

The objective of this study is to investigate, how inhomogeneous contami-
nant distribution affects the amplitude of ultrasonic waves. Previous laboiatory
measurements showed that velocity anci attenua,fion of seismic waves in liquid-
saturated .unconsolida.ted sand are strongly affected by the pore-filling fluids.
In sand pores saturated Witil varying fractions of NAPL and water, Geller and
Myer (1995) showed that P-wave velocity feﬁects the difference in bulk moduli
between water and NAPL and the fraction of NAPL present, but is insensitive
to its distribution, whereas the amplitude is sensitive to both the fraction of
NAPL and its distribution. Seifert et al. (1998) showea that if the amplitude
decreases monotonically with increasing NAPL saturation, and if a stable prop-
é,gation of the NAPL-wa;ter front can be assumed, the amplitude and velocity
change can be explained with a one-dimensional scattering model. However, if
 the fluid distribution is heterogeneous due to unstable displacement mechanisms
or the pore fluid is very volatile and small changes in pressure or temperature
produce gas inclusions, the one-dimensional scatteriﬁg model still gives good ve-

locity estimates but underestimates the magnitude of attenuation. Since these
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effects are two- or three-diménsional, the amplitude (which is sensitive to the
distribution of the pore-filling ﬂuid) cannot be explained with a onefdimensiohal
model, which accounts éﬁly for the NAPL fraction. To obtain a §ualita.tive un-
- derstanding of these additional attenuation effects céused by éither gas inclusion
or NAPL fingering, we apply a two-dimensional numerical approach in this pa-
per. It should be noted that in ‘this study the word attenuation refers to the
non-geometrical decrease in the amplitude of elastic waves as they propé,gate

and includes the effects of both intrinsic attenuation and scattering.

3.3 Previous Laboratory Results and Numerical Simula-

tion

Geller and Myer (1995) measured significant changes in P-wave velocity and
‘a,ttenuation as a fungtion of NAPL saturation in initially water-saturated quartz
sand packs. The three NAPL's used for their m‘easuren@nts were physical and
chemical analogs of NAPL coﬁ'taminants: n-dodecane (an analog of diesel), iso-
octane (an analog of gasoline) which are lighter than water and Freon 113, which
._ has a higher density than water (a common contaminant and an analog of dense
halogenated hydrocarbons suéh as TCE).

Following the injection of incremental volumes of NAPL, ultrasonic P-wave
measurements were made with the pulse transmission method. Traveltime, am-

plitude and shape of the waveform were recorded as a function of the volume
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~ of NAPL in the medium. P-wave measurements were also taken through sand
sa,mplesvfully saturated with NAPL. Figure 3.1 shows the measured amplitude
of the transmitted wave as a function of NAPL saturation, ﬁormaiized by the
amplitude for the initially Water-sat‘,uratedv sample. Error bars fér the synth;etic
data show standard bdevia,tbion of 10 realizations and the oﬁes for the measured
data‘ show the estimated experiniental error. The saturation, orr fraction of
pore. space occupied by fhé NAPL, is determined from a mass balanée of the
~volume of NAPL injected and the volume of liquids‘(watef and NAPL) dié-’,
placéd in the initially water-saturated sand pack. In general the amplitudes
decrease monotoniéa.lly with increasing NAPL-saturation, éxcept for f.he 'casé
of iSo—octane, where the amplitude at reéidual v&;ater saturé,tion is less:tha,n the
amplitﬁde at 100% isb-octa.n_e satur#tion. The data show that the seismic wave
is stro#gly affected by the NAPL saturation and the physical p;qperties of the
pore;ﬁlling fluids. Figﬁfe 3.1 also shows synfhét’ic dété, ‘(.Seifert et al., 1998), :
which were comput.ed with a ope-dimensional model based on the propagator.
method (Kennett, 1983). The -signiﬁcant differences between the calculated and
measured amplitudes for iso-octane and freon experimeﬁts may be caused By
the model assumption of a,\sha.rp NAPL-water front during displacement. This
hypothesis will be scrutinized by looking at the stability of the. displacement
process and thevuniformity of the resulting saturation distribution. Measured

and calculated velocities agree well for all three NAPLs and are, therefore, not
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further considered in this study (Seifert et al., 1998).

When displacing the water by NAPL in the initially water-saturated sam-
ple, different fluid distributions can occur depending on the NAPL’s physical
properties. The NAPL-water front may remain uniform during displacement
(Figure 3.2a), or fingering may occur which may result in bypassing patches
of water-saturated media (Figure 3.2b). Once a finger extends over the entire
length of the sample, the NAPL has found a fast path through the sample, and
further increase in NAPL saturation is difficult to achieve. Hence the residual
water saturation is usually higher than in the case of an unstable water-NAPL
displacement front. Thermal, viscous and gravitational factors can give rise
to unstable displacement. Fingering can also be initiated by heterogeneities in
the porous medium (Homsey, 1987). Since our sample is made of clean quartz
sand, with grains varying only within one mesh size, we assume a homogeneous
porous medium. The samples were isothermal and the temperature in the lab-
oratory was held constant, therefore we assume that the instabilities are driven
by differences between either densities or viscosites of the fluids.

For n-dodecane (Figure 3.1a), the amplitude of the synthetic and the mea-
sured data match well, indicating that fingering of NAPL-water front is not
needed to explain the measurements. For the normalized amplitude of iso-octane
(Figure 3.1b), the calculated data match the measured data at the endpoints.

The difference between the intermediate measured and modeled data may be
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< NAPL < NAPL

- Water

<— NAPL 7 leNaPL

Water

Figure 3.2: Different fluid distributions can occur depending on the physical
properties of the NAPL. a) shows a stable NAPL-water front that is propagating
through the sample. In b) the front starts out uniformly but then breaks up
into fingers.
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caused by irregular NAPL distribution. Another indication of inhomogeneous
fluid distribution is the fact that the residual saturation of water in the exper-
iment with iso-octane (ca. 40%), is considerably greater than the 20% residual
saturation achieved for n-dodecane and freon. Since iso-octane is less viscous
than water, it may finger when displacing water.

Pictures of the displacement of water by NAPL in sand packed between par-
allel glass plates support the differences in displacement (Seifert et al., 1998).
Figure 3.3 shows the displacements using n-dodecane (Figure 3.3a), iso-octane
(Figure 3.3b) and freon (Figure 3.3c), respectively. To avoid the gravity-driven
instabilities in the displacement of water (white), the NAPLs (black) were in-
troduced from the top or the bottom such that the denser liquid was on the
bottom. n-Dodecane shows a stable NAPL-water front propagating downward,
whereas the iso-octane distribution shows significant fingering and this fingering
can even lead to bypassing of large water saturated regiéns (upper right side of
Figure 3.3b). Freon, which was injected from the bottom, also shows a stable
front propagating upward. These experiments show that it is very likely that the
distribution of iso-octane is much more irregular than of the other two NAPLs,
which may explain the larger attenuation measured for iso-octane.

~Our computations for freon also underestimate the attenuation change with
NAPL saturation (Figure 3.1c). Note that, unlike the case of iso-octane, the

discrepancy occurs for both partial and 100% NAPL saturation. The deviation
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Figure 3.3: Sand initally fully saturated with deaired water (white), which is
displaced by a NAPL (black). a) n-Dodecane: stable NAPL-water front prop-
agating downward; b) iso-octane: fingering and bypassing of water saturated
regions; c) freon (injected from the bottom): stable front propagating upward
(the angle of the front was caused by clogging in an injection tube).
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Table 3.1: Physical and chemical properties of NAPL contaminants

Liquid Density® Viscosity? vapor pressure?) Reflection
(kg m™3) (mPa s) (kPa) Coefficent®
water 997 0.890 3.17 i
n-dodecane 745 1.378 0.016 -0.212
iso-octane 690 0.504 6.5 -0.314
freon 113 1560 0.711 44.8 -0.137

a) Geller and Myer (1995) b) Lide (1995)

in amplitude may be due to the high vapor pressure of freon (see Table 3.1)
which produces gas inclusions that cause scattering and further attenuation.
Since a NAPL-water displacement experiment takes about two to three days, it
is most likely that the temperature in the laboratory and pressures in the load

cell may change and small freon vapor inclusions are produced.

3.3.1 Numerical simulations of fingering and gas inclu-
sions in sand samples and comparison with exper-

iments

As discussed in the previous section, the results in Seifert et al. (1998) show
that the dominant loss mechanism in granular media can be explained by P-
wave scattering. Reflections from heterogeneities remove energy from the direct

seismic wave and redistribute this energy into scattered waves. In granular me-
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dia these heterogeneities can range in scale from pores and grain contacts to
fractures, faults, and sedimentary layers. Seifert et al.’s (1998) numerical cal-
culations simulated wave propagation through a one-dimensional medium and
computed scattering caused by the granular medium and the different pore flu-
ids, but did not account for the two- and three-dimensional effects of the irregular
pore fluid distribution. In real porous media, irregular liquid distribution and
gas inclusions can occur, causing further loss in energy.

Wave attenuation caused by fingering and gas inclusions can be simulated in
a two dimensional model. The numerical approach used employs the boundary
integral equation method as developed by Nihei et al. (1995). Figure 3.4 shows

the different input models used to represent:
a) n-dodecane propagating downward as a stable NAPL-front
b) fingering caused by the viscosity difference between iso-octane and water
c) a gas inclusion in a freon saturated sand.

The blue area in Figure 3.4a and 3.4b represents a fully water-saturated sand.
The orange area is a NAPL saturated sand with residual water. For n-dodecane
the residual water in the NAPL region is 20% according to the measurements.
For iso-octane the residual saturation is more difficult to determine, since water
exists as residual water in the iso-octane region and as entrapped water patches.

Because the interfacial tension and dielectric constants for the different NAPLs
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produced from the high volatility of freon. The material properties are listed in

Table 3.1
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Table 3.2: Physical and chemical properties of NAPL contaminants

Liquid Interfacial Tension® Dielectric Constant® Solubility in water®
(dyne cm™) (mg L71)

water — 78.3 =

n-dodecane 52.8 2.014 0.0037

iso-octane 50.1 1.948 2.4

freon 113 37 241 200

a) Geller and Myer (1995)

are similar (Table 3.1), we conclude that without entrapped water regions the
residual water saturation for iso-octane would be similar to freon and n-dodecane
and reach 20%. The difference of 20% is attributed to entrapped regions of water
in iso-octane with residual water. The orange region in Figure 3.4b was therefore
calculated with the properties of a sand which is 80% saturated with iso-octane
and 20% saturated with water. For the velocity we havé chosen the mean value
between the 60% and fully iso-octane saturated sample. The dimensions of the
finger shown in Figure 3.4b (9 mm long and 4 mm wide) were chosen to represent
the scale of the heterogeneities observed in Figure 3.3b.

We have used air to model the gas inclusion, whereas in the experiment
freon vapor was present. Since the compressibilities of gases are comparable
and about four orders of magnitude larger than those of liquids, the effect of

this approximation is minimal. We observed that vapor bubbles of the size of 1
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Table 3.3: Material properties used for the different computations

Sample bulk P-velocity bulk modulus
(m/s) (MPa)

Sand fully saturated with water 1830 6554

Sand with residual saturation

of n-dodecane/water (80%) 1572 2567

Sand with residual saturation

of iso-octane/water (80%) 1588 2361

Sand saturated with freon 1080 2557

Sand saturated with air 663 675

to 3 mm can evolve in a freon-saturated sand when the temperature increases a
few degrees. Hence, the gas inclusion was modelled as a square of dry sand with
a diameter of 2 mm in an otherwise fully freon saturated sample (Figure 3.4c).

The bulk velocity and bulk density of the liquid saturated sand used for our
computations were measured in the laboratory and ar.eA listed in Table 3.3. A
line of nine sources at the upper boundary and a line of 33 receivers at the
bottom of the model produced the synthetic data. The source time function
used in the numerical simulations was a symmetric, three-lobe wavelet with a
center frequency of 0.5 MHz, which is based on the characteristic frequency of
the transducers used for the laboratory measurements.

Figure 3.5 illustrates the traces observed at the 33 receivers for the three
models shown in Figures 3.4. As the wave progresses through the sample, it ex-

periences scattering caused by the fluid interfacial heterogeneities. Figures 3.6



&

receiver number

O
N

receiver number

(2)
N

receiver number

46

0-0 1 1 ] T T I T L] L T I L L L) l L] L] 1] L] I 1 T T T I L] T L] 1] ] 1]  § T 1}
13 14 15 16 17 18 19 20
45.0 3
40.0 3
35.0 3 T~

20 = — —

S - ————

100 3 ——————
5.0 3

0.0
13 14 15 16 17 18 19 20

45.0

40.0 3

200 —
15.0 3 = ‘
10.0 3 \ ﬁ—\\
Y =
O-O = L] L] T 1) I ¥ ] 1 L) I L] L] T I T T 1 L] l T L] 1] T l T L} L] L] I L L] L]
17 18 19 20 21 22 23 24
time ( LLsec)

Figure 3.5: Synthetic waveforms for the three models with a) a flat interface
with water and n-dodecane, b) a fingered interface with water and iso-octane
and c) a gas inclusion surrounded by liquid freon.
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Figure 3.5: Synthetic waveforms for the three models with a) a flat interface
with water and n-dodecane, b) a fingered interface with water and iso-octane
and c) a gas inclusion surrounded by liquid freon.
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and 3.7 show the wave field in a sand sample at different times for the irregular
distribution of iso-octane in water (Figures 3.4b) and for an air inclusion sur-
rounded by liquid freon (Figures 3.4c), respectively. The animation shows how
the wavefront starts out as a plane v;a&e and experienceé considerable distortion
when interacting with the inhomogeneities. This leads to an irregular wavefront
at the receivers.

" The piezoelectric elements used in the laboratory to transmit and receive
the seismic signals are approximately 20 mm in diameter. Hence, the measured
signal represents the mean seismic waveform over this distance. To simulate
the averaging of the piezoelectric crystals, we stack the 33 traces which extend
. over a total lateral distance of 16 mm. Figure 3.8 shows the stacked traces at
the receivers for the different models shown in Figure 3.4. To allow an easier
comparison of the amplitudes, the traces of the model with a finger and with
a gas inclusion have been shifted to match the arrival t';ime of the model with
the flat interface. Relative to the flat interface, fingering and gas inclusions lead
to émaller amplitudes. This result is in general agreement with the laboratory -
. observations. The normalized amplitude at the points where the residual water
saturation is reached (Figure 3.1) is largest for n-dodecane at approximately 0.6,
followed by freon with a value of abqut' 0.3, and iso-octane at .approximately 0.15.
The synthetic waveforms in Figure 3.5 also help explain why a heterogeneous

fluid distribution has a greater effect on estimates of attenuation than upon es-
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timates of velocity. After averaging these waveforms to simulate the effect of the
finite dimension of the receiver, it is clear that the first arrival time will be only
slightly affected by the distortions in waveform caused by the heterogeneitieé.
However, as shown in Figure 3.8 the effect upon the peak amplitude of the first

arrival can be significant.

3.3.2 Dependence of attenuation on pbre scale fluid dis-

tribution for identical pore-fluids

In order to allow a meaningful comparison between observations and calcu-
lations, consideration must be given to the fact that the models in Figure 3.4
and results in Figures 3.5 and 3.8 in;rolve different pore-fluids for the three dif-
ferent models. Thus in these models the attenuation is not only caused by the
irregular fluid distribution but is also partly caused by the different reflection
coefficients of water-n-dodecane, water-iso-octane and freon-air. A direct coﬁ-
parison is therefore not possible without taking two attenuation mechanisms
into account: the different reflection coefficient of the liquid pairs as well as the
distribution of the pore filling fluids. To obtain the attenuation effect of the
phase distribution only, we have to compare different spatial distributions for
identical pore-fluid pairs.

In comparison to a stable NAPL-water front, a heterogeneous fluid distribu-

tion causes additional scattering and therefore further attenuation. As discussed
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to obtain these waveforms. To allow for an easier comparison between the differ-
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before, ﬁngeriﬁg most likely occurs for iso-octane displacing water due t§ a vis-
cous instability. To focus only on the attenuation mechanism caused by the fluid
heterogeneities, we compare the previous calculation of a finger of iso-octane in
an otherwise water-saturated sand with the results obtained for a flat interface
of water and iso-octane. The change in amplitudé caused by the presence of a
finger can be seen in Figure 3.9a, where the solid line represents the flat interface
and the dotted line the uneven interface. The reduction in amplitude is 40%
and is caused by the fluid distribution only. We also calculated the amplitude in
a freon-saturated sand with and without an enclosed air bubble. The single gas
inclusion results in an amplitude change of approximately 15% (Figure 3.9b).

The result suggest that a very small amount of gas in an unconsolidated media,
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significantly attenuates thé elastic wave. The change in amplitude of approx-
imately 40% for fingering and 15% for a gas inclusion are éomparai)le to the
.differences bgtween the measured and the sy‘nthefic data cbmputed from a one-
dimensional model in Figure 3.1b -a,nd c. In real media,' it 1s mosﬁ likely that
- multiple fingers and gas inclusions develop, which would further enhance atten-
uation resulting from scattering.

These simulations demonstrate that scattering from inhomogeneous pore-
fluid distributions or from gas inclusions are importé,nt attenuation mechanisms
for immiscible liquids in porous media. Attenuation effects are therefore depen-

"dent on the properties of the pore-fluids as well as their distributions.

3.4 Conclusion

This study shows tha,t.the amplitude of P-waves propagating through satu-
rated sands is a function of NAPL fra.ction as well as it‘s"distributiOn. Because
spa,tia,l‘ resolution is limited to the size of the receiver, the resolution of het-
e;ogeneities smaller than the piezoelectric }crysta,l is not possible, but the. dif-
ference between the measured and the modeled data suggesté that the fluid is
not propagating through the sample as a stable NAPL-water front. Thus the -
- measurement of both velocity and amplitude and comparison with model cal-
culations may serve as a diagnostic tool for heterogeneous ﬂui.d distribution. If

the velocity data fit the one-dimensional model but the amplitudes deviate from
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sandpack a) fully saturated with iso-octane and water. The solid line represents
a flat and the dotted line a fingering interface between the two fluids. b) Similar
results for a sandpack fully saturated with freon except for a single gas inclusion.
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the data with increasing NAPL saturation, this may indicate that fingering or
gas inclusions are present. In the real wofld inhomogéneous fluid distribution is
most likely the norm, therefore ultrasonic attenuation measurements which are
sensitive to the NAPL distribution, could be potential tool to delineate contam-

inants.
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Chapter 4

Effects of Viscous Pore Fluids on

Ultrasonic Waves in Unconsblidated_

Sand

4.1 Abstract

Ultrasonic attenuation measurements in unconsolidated sa,z;d with pore flu-
ids of different viscosities were compared with three fheoretical models. The
comparison allows an evaluation of the main loss mechanisms, caused by the
different .pore fluids ranging in viscosity from 0.001 to 1 Pa/sec. In the labo-
ratory, P-wave measurements were taken through sand samples saturated with
water, castor oil and two different silicone oils. The a,t.tenuation shows a fre-
quency squared dependence for all measurements regardless of viscosity. The
resﬁlts show that for unconsolidated sand the Local Flow Model (LFM) and
the unified Biot and Squirt model (BISQ), which imply significant effects of the

viscous pore fluids on ultrasonic waves, cannot explain the laboratory measure-
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ments. The main attenuation effect observed in the laboratory can be simulated
with a three-dimensional generalized Dynamic Composite Elastic Medium model
(DYCEM), which includes scattering from the pores and grains as well as intrin-
sic-attenuation caused by the viscous pore fluids. For the studied sand samples,

- scattering is the main attenuation effect for ultrasonic P-waves.

4.2 Introduction

The change of wave attenuation from dry to ﬂuid-saturated’ rocks shows
that the fluid content is crucial to understanding the loss mechanisms (e.g.,Vo-
Thaﬁh, 1991; Winkler é,nci Murphy III., 1995; Murphy et al., 1986). Hence, the
dependence of attenuation on material properties of different fluids and their
interaction with the matrix have been the topic of various studies (Biot, 1956a;
Biot, 1956b; Burridge and Keller, 1981; Mavko, 1979; Murphy et al., 1986; Gist,
1997). | |

In this study we focus on the importance of pore fluids in determining at-
tenuation at ultrasonic frequencies by comparing experimental laboratory data
with different theories. Three different attenuation mechanisms were examined
to predict compressional wavé attenuation in a quartz sand saturated with flu-
ids of different viscosities. The first theory is the Local Flow Model (LFM)
by O’Connell and Budiansky (1977), which is based on local flow losses due to

fluid movement between pores and cracks and within cracks. The second model
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by Dvorkin and Nur (1993) combines Biot’s theory and squirt flow (BISQ).
The third theory examined is the three-dimensional dynamic composite elastic
medium theory by Kaelin and Johnson (1998), which combines the scattering

attenuation of pores and grains and the intrinsic attenuation of the viscous flu-

ids.

4.3 Experimental Procedure and Results

We have measured the P-wave attenuation of ultrasonic waves through an
unconsolidated quartz sand in order to calculate the effect of different fluid
viscosities. For fhe laboratory measurements, a sub-rounded quartz sand® sieved
between 60 and 70 mesh (212 gm and 250 pm openings, respectively) was chosen.

The different pore fluids were water, two different silicone oils and castor
oil, which had a three-decade variation in viscosity ranging from 0.001 to 1
Pa/s (Table 4.1). To saturate the specimens, the ﬂuidé were poured onto the
transducer, which was jacketed by a flexible sleeve. A vacuum was applied to
the fluids so that no air was retained. Then, the washed and dried sand was
carefully poured into the fluid to avoid traped air in the sample. The specimens
were packed to a porosity of ab;ut 35%. The s;a,nd samples were cylindriéal
with a diameter qf 50.5 mm and an a.veragé length of 36.5 mm. During the

measurements an axial pressure of 0.69 MPa was maintained. We used the

1Gilica 60, Pyrominerals, Oakland, California, U.S.A.
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;md Toksoz,: 1974) T-hg'-obtained_thSe Vglocities in the low frequency limit for
differeﬁt“-sainplesare listed-in Table 4.2. -

Af low frequencies; the attenuation shows a frequency squared dependence,
regardless of th¢ pore filling fluids (Figure 4.1b). At higher frequencies, the sig-
na;ls are highly' attenuafed, a,ﬁd we found ‘that the sigqal-to—noise ratio becomes
téé,;mall for feli,ablé z;mplitude niegsﬁ_reménts if the amblitudés_ are smaller than
" about 5% of the reference éignal; With an average sample length of 365 mm,
the measured a,t>tenua't"ions} are thér’eforé sigﬁiﬁ;ab'nt'oniy if a < 008 mm‘l (Flg-

ure 4;-1b). ,

44 Evaluation of ‘diﬂérenf"t'heoriés; of attenuation caused

by pore fluids

O’Connell and Budiansky (1977) identified two different mechanisms which
'causé attenuation of seismic wavés_ in ﬁﬁid saturated porous media. The first
mechanism is the relaxation of shear stresses in individual cfa;cks and becomes
important only for frequencies greater than about 10 MHz. The critical angular
frequency is |

. . b

Wy =

where p is the shear modulus of the matrix, 7 is the fluid viscosity. and.(c/a)

is the aspect ratio of the cracks. Between 10 and 1000 kHz, the dominant

— g
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dissipation mechanism is caused by fluid flow between cracks. In this case, the

maximum attenuation occurs at .

=¥’ I

where K is the bulk modulus of the matrix. O’Connell and Budiansky (1977)
have shown that their model is applicable for solidé containing fluid phases
distributed as thin films and that the Local Flow Model (LFM) is applicable to
laboratory data for water ‘satura,ted rocks.

We calculated the frequency dependent attenuation by applying the LFM
with the bulk and shear modulus of quartz (37.9 GPa and 44.3 GPa.)v, respec-
tively, Carmichéél (1989), and ‘the viscosity for the different fluids (Table 4.1).

The only two unknowns are the aspect ratio and the crack density e,

2N A? .

where A is the area, P the perimeter and N the number of cracks per unit vol-
ume. We have varied the aspect ratio and the crack‘ density to obtain the best
fit to the measured water-saturated sample. With € = 0.33 and ¢/a = 0.01, the
LFM fits the attenuation of the water-saturated sample very well (Figure 4.2a).
Figure 4.2b, 4.2¢ and 4.2d show the P-wave attenuation as a function of fre-
quency for the vpore_ fluids silicone oil ¢s10, cs100 and castor oil, respectively.
Each fluid has a viscosity ten times larger than the previous one. Equation (4.7)

shows that the critical frequency is inversely proportional to the fluid viscosity.
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Hence, the critical frequency is shifted by three orders of magnitude from water
to castor oil. This feature is not observed in the measurements and, therefore,

the misfit between measurements and LEM becomes large for the more viscous

fluids.

4.4.2 Biot’s theory and squirt flow (BISQ)

Dvorkin and Nur (1993) piesented an unified dynamic poroelasticity model
for the propagation of P-waves in poroelastic solids containing compressible
viscous fluids. Their model takes into account two mechanisms of fluid-solid

interaction:

1. The Biot mechanism, where the fluid is forced to participate in the solid’s

motion by viscous friction and inertial coupling.

2. The squirt mechanism, where the fluid is squeezed out of thin pores or

cracks due to the solid’s compressibility.

To compute the attenuation with the BISQ model, we have used the same
fluid and solid properties as for the LFM model. The additional paraméters
needed are 35% porosity, 9.5 - 107*2m? permeability and 0.25 Poisson’s ratio
of the water saturated sample, which were all obtained from laboratory mea-
surements. The characteristic squirt flow length was set to 0.}25 mm and the

additional coupling density is zero, according to Berryman’s (1980a) formula.
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Figure 4.2: Frequency dependent attenuation for measured and synthetic data
for a) water and b) 10cs silicone oil. For calculating attenuation with the Local
Flow Model (LFM) by O’Connell and Budiansky (1997), we have used an aspect

ratio 0.01 and a crack density of 0.35.
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Figure 4.2: Attenuation as a function of frequency for measured and synthetic
data for c) 100cs silicone oil and d) castor oil. For calculating the attenuation
with the Local Flow Model (LFM) by O’Connell and Budiansky (1997), we have
used an aspect ratio 0.01 and a crack density of 0.35.
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' Figure 4.3a shows the attenuation calculated with the BISQ model and the pa-
rameters above. Comparing the measurements in Figure 4.3b with the synthetic
results in Figure 4.3a, we find that the measured attenuation is about one or-
der of magnifude-_ smalier than predicted by the BISQ model. Furthermore, the
BISQ model shows tl;e frequéncy squared dependancé iny for the case of the
silicone oil cs100; Similar to the LFM, the BISQ model predicts a much stronger

dependence on fluid viscosity, than is not observed in the measurements.

4.4.3 Dynamic éompOsite elastic medium theory

The dyna,mic composite elastic medium theory includes multiplé_forward '
'scaftfering from sphérica,_l f)orevsvand_ grains as well as intrinsic a.tvtenuation of
viscous fluids (Kaelin and Johﬁson, 1998). The elastic P-waves and S-waves
experience multiple sca.ttgring from grains and pores. Dépending on the ratio of
wavelength to grain size, different scattering régimes can be observed. Hence, it
is impbrtant to know grain size and pore size distributions. Before the waveforms
for ﬁhe different samples can be calculated, we have t‘o first determine the P-
velocities and S-velocities of the matrix. In unconsolidated porous media, the
velocities of elastic waves are generally smaller than those of the single crystals
(e.g.,G_assinann, 1951; White, 1965). It has been generally accepted that this
effect is caused by cracks within the grains and grain contacts.

~ In the low frequency limit, the dynamic composite elastic medium theory is
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Figure 4.3: Frequency dependent attenuation for for a) synthetic data and b)
measured data for different fluid viscosities. The synthetic data have been cal-
culated with Biot’s theory and the squirt flow model (BISQ) (Dvorkin and Nur,

1993) for the different pore fluids.
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equivalent to Berryman’s theory (Berryman, 1980b). Thus, with the porosities
and phase velocities in Table 4.2 and the fluid properties in Table 4.1, the P- and

- S-velocities of the matrix can be calculated after Berryman (Berryman, 1980b). |

1 é
K +4p/3  K;+4u/3

Ko = (1-9) | ] ~auf3

_ 1 _¢1”
he = (1-9) [m-f] -F

© 9K +8u

: 1
6 K+2p (4.10)

F =
p = (1—8)oma+ s

po= pv

K = pvl—4u/3

.where K is the bulk modulus and py the density of the fluid. K Mas UEMas PMa
and K, u, p are the bulk modulus, shear modulus and density of the matrix and
the saturated sample, respectively. The calculated matrix velocities in Table 4.3
vary significantly for the different samples, even though we have used the same
quartz sand. We suspect that differences in the physical fluid properties have
caused changes in the elastic matrix properties.

Table 4.3 also shows that the variation correlates strongly with the adhesion
tension between the different fluids and the quartz grains. Adhesion tension’
was calculated for the different fluids from the measured surface tension and the
capillafy rise in a glass tube of 1 mm diameter. We suspect that during the

sample preparation fluids remain as thin films between the quartz grains and
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Table 4.2: Saturated sand: sample length, porosity and measured low frequency
P- and S-wave velocities of the different samples. All samples were 50.5 mm in
diameter. '

Saturated Sand length (mm) porosity (%) vp (m/s) vs (m/s)

water 37.0 36 1810 1029
cs10 oil - 36.5 35 1289 742
¢cs100 oil 36.5 35 1326 725
castor oil } 35.5 34 1747 1012

fluids with high adhesion tension provide better contact between the grains.
However, a detailed study of the adhesion tension effect on the ultrasonic waves
is beyond the scope of this study.

The pore size distribution was determined from a fully water—sa,turated sand
sampie by progressively desaturating it by increasing the capillary pressure. By
using the capillary bundle model (Childs and Collis-George, 1950), we can relate
the pore radius to the cuammulative relative frequency (Figure 4.4). Since the
capillary bundle model is an idealization of the pore geometry represented by a
collection of capillary tubes of different radii, we have used the obtained pore
size distribution only and left the mean pore radius as an adjustable param-
eter. We found that the sum of two log-normal distributions can explain the
measured pore size distribution Ijea,sonably well (Figure 4.5). Both log-norﬁlal
distributions had a mean of 26.3 um and standard deviations of 2.63 ym and
38.2 pm, respectively. The weight of the distribuvtions‘was 47% and 53%. The

grain size was determined from the sieve openings between 212 ym and 250 um,
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Figure 4.4: Pore size distribution from capillary pressure measurements on the
primary drainage curve, assuming the pores can be represented by the capillary
bundle model. To fit the measurements, we have used two log-normal distribu-
tions with a mean pore radius of 26.3 pm and standard deviations of 2.63 ym
and 38.2 pm, respectively.

which corresponds to 23020 pum grain diameter or 11510 pm grain radius.
To obtain the mean pore radius of spherical pores, we have computed the
frequency dependent attenuation with the dynamic composite elastic médiufn
theory and the material properties in Table 4.1, the matrix velocities in Table 4.3
and the pore size distribution in Figure 4.5. By minimizing the diﬁ"ergnce be-

tween the calculated and the measured attenuation (Figure 4.1b), the mean pore
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Figure 4.5: Two log-normal distributions representing the measured pore radii
distribution (Figure 4.4). The first distribution takes up 47% and the second of
53% of the summed distribution. '

radius for each sample was obtained (Table 4.3). Since each sample represents
one realizai;ion of the grain and pore size distribution only, we have computed
the average pore radius and its standard deviation of. the four samples, which is
13629 um.

For comparison of the synthetic data and the laboratory measurements we

convolved the obtained Green’s functions with the reference spectrum. Fig-
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Table 4.3: Calculated P- and S-wave velocities of the matrix after Berryman
(1980), for different samples. The adhesion tension between pore fluids and
quartz grains has been calculated with the measured surface tension and the
capillary rise in a glass tube with 1 mm diameter. The mean spherical pore
radius has been calculated with the dynamic composite elastic medium theory.

Saturated Matrix Matrix Spherical  Surface  Capillary Adhesion
Sand vp* vg* Pore Tension™* Rise** Tension™
Radius*
(m/s) (m/s) .(pm) (dyne/cm) (mm) (dyne/cm)

Water 2390 1670 140 70.5 13 331

cs10 oil 1720 1180 94 23.1 6 14.5
¢s100 oil 1750 1130 155 23.8 6 14.5

Castor oil 2150 1480 155 40.7 13 31

* calculated properties,

** measured properties

ure 4.6a shows the calculated and 'Eigure 4.6b the measured P-waves which
pr_opagated through sand samples saturated with fluids of different viscosity.
The amplitudes have been normalized by the first arrival. The frequency de-
pendent attenuation has been computed with half a cycle of the first arrival,
analogous to the measured traces. Figure 4.7 shows the attenuation as a func-
tion of frequency for calculated and measured data for a) water, b) 10cs silicone
oil, ¢) 100cs ‘silicone oil and d) éastor oil. The mean synthetic attenuation and
the limits shown in Figure 4.7 were obtained from the average pore radius of
136 pm and two standard deviations of 58 um, respectively.

The mea,'surements lie within the limits for all fluids and the attenuation
always shows a frequency squared dependence with an insignificant dependence

on viscosity. The differences between the different samples are mainly caused
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Figure 4.6: a) Synthetic and b) measured ultrasonic waves through a sand sam-
ple fully saturated with fluids of different viscosity. The synthetic traces have
been calculated with the dynamic composite elastic medium theory.
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by weaker or étronger scattering due to the velocity differences bétween matrix
and fluids. Geometric spreading effects due to the velocity differences are much
smaller and do not significantly add to the attenuation. Since the dynamic
compbsite elastic 'rhédiuin theory accounts for scattering and viscous intrinsic
attenuation, we can conclude that vthe viscous attenuation is much weaker than
the scattering attenuation at fhe studied ultrasonic frequencies. Hence, the
viscosity effect is negligible for uncori.solidatedv sand with grain diameters of

230 pm or larger in the ultrasonic frequency range.

4.5 Conclusions

The P-wave attenuation of an unconsolidated sand with different viscous
fluids shows a frequency squared dependence for frequencies between 100 and
1000 kHz. We have examinedv three different theoriesvt‘o explain the labora-
tory measurements. The.Loca,l Flow Model (LFM) is bésed on fluid movement
between and Within cra,cks. This rﬁodel can explain the measurements for the
water saturated sand well, buf fails for fluids with larger viscosities. The combi-
nation of Biot’s theory and squir't flow (BISQ) fails to adequately simulate the
experirﬁental dafa for all viscous fluids tested. The calculated P-wave attenu-
ation is unrealistically high and only in the case of silicone oil cs100 does the
attenuation show the correct frequency dependence. The last theory examined

is the dynamic composite elastic medium theory, which is based on scattering
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ure 4.6b) and synthetic data (Figure 4.6a) for a) water and b) 10cs silicone oil.
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Figure 4.7: Attenuation as a function of frequency for measured and synthetical
data for c) 100cs oil and d) castor oil. Significant attenuation values are smaller
then 0.08mm™!, marked by the dashed lines.
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and intrinsic attenuation. This theory yields the correct frequency dependence
and the measurements lie within the uncertainty due to the different sample
realizations. After examining the laboratory data and three different physical
models, we conclude that for grain diameters larger than 230 ym the P-wave
attenuation in the studied ultrasonic frequency range is mainly caused by scat-
tering attenuation. The viscosity of the pore fluid causes only a small amount of
attenuation in the examined frequency range. At lower frequencies, scattering
attenuation becomes weaker and viscous fluids may become important, which
could explain some of the differences observed when comparing laboratory and

field measurements. .

4.6 Appendix: Measurement of capillary rise and surface

tension to calculate adhesion tension

Adhesion tension is the quantity that determines how strongly a liquid will
be drawn into spaces of small cross-section in the solid. Adhesion tension Ar
can not be measured directly, but can be calculated from the capillary rise A,

and the surface tension oy,, both of which can be easily measured (Adam, 1941;

. Feather and Shoenberg, 1949).

AT =04, cosl, (4.11)
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Here f refers to the liquid and a to the air. The contact angle 0 is given by

cosf = rpsghe _ (4.12)

200 ]

where r is 'ghe 1;a,dius of the capillary tube, ps vis the density of the fluid and g
is standard gravity.

The‘ surface tensioﬁ is commonly determined by the ring method. A ring
made of é combination of platinum and iridium is immersed in the liquid whose
surface tension is t§ be measured. The tension of the wire is increased by pulling
the ring upward unfil the breaking point of thfa ﬁlm is reached. The force of
the pull exerted on the ring is the apparent surface tension. This value has

‘to be modified with certain correction factors depending upon the density of
the fluid, the maximum pull on the ring and the dimensions of the ring. For
our measuréments (Tabie 4.3), a DuNouy Tensiometer was used with riﬁg #1
(r=9.5366mm).

Knov;fing the capillary rise, equation (4.12) allows the calculation of the con-
tact angle. The rise of é'liquicli in a capillary tube is simply caused by adhesive
forces between the water and tube. The height to which the meniscus rises
depénds upon the radius éf the tube and its material. For our measurements

(Table 4.3), a clean glass tube of 1 mm diameter was used.
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Chapter 5

Wettability Effects on Ultrasonic and

Electrical Resistivity Measurements

5.1 Abstract

~ Ultrasonic P-wave and S-wave as well as electric resistivity measurements
were taken in a water-wetting and NAPL-wetting unconsolidated saturated
sand. For our laboratory experiments the samples were initally saturated with
one liquid, either water or ﬁ-d&decane, which was then displaced by the second
liquid while measurements were made as a function of the volume of displaced
liquid. The value of the residual saturation at the endpoints is mainly a func-
tion of the wettability. As expected, in hydrophilic media, lower residual NAPL
saturations can be reached than in hydrophobic media. Norma;lized amplitude
and velocity of seismic P-wave measurments show no signﬁcaﬁt differences for
water-wetting or n-dodecane-wetting sand, which could not be explained within

the error of the measurements. But we hypothesized that since a change in
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wettability is accompanied by a éhange in the amplitude of transmitted waves,

the intergré.nula.r contact is a function of .wettability. This idea is also sﬁpported
' By the bi)servation that S-waves can be observed for n-dodecane-wet sand buvt‘
not for Water-wef sand.

Since the electric current prefers to flow within t:he conductor, which ié water,
the electric resistivity me_asuremenfs as a function of NAPL-saturation showed
some dependénce on Wetté,bility. For initally water saturated samples no high

resistivity values could be measured in.’qhe Water-we£ >sample, since the grains
were preferentally water wetting, whereas high resistivity measurefnents could"
be measured for the n-dodecane wetting sand. For the case were NAPL was
displaced by water, the same behaviour could be observed in the hydrophilic
a,nd' hydrophopic media; as soon as the water extended over the entire length of

the sample the resistivity decreased instantly.

5.2 Introduction

Understanding and being able to measure the wettability of a polluted site is
critical for remediation predictions. Wettability describes the tendency of a fluid
to spread on a solid surface in the presence of another immiscible fluid. In general
natural aquifer sands are water wetting, but they can change their wettability if
exposed to certain NAPLs (nonaqueous phase liquid). Thefefore a wide range of

wetting conditions can be expected following spills of complex NAPL mixtures
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to the subsurface (Powers et al., 1997); Since the wettability affects the capillary
pressure at which the organic phase is displaced, it will impact the efficiency of
many in situ remediation technologies. The more NAPL-wetting a polluted site
is, the lower is the potential recovery of NAPL from the subsurface; hence it is
critical to know as much as possible about the wettability of a site before its
remediation.

To date, seismic wave propagation experiments have been performed only in
water-wetting sand or it was assumed that the media was hydrophilic. Given
that contaminated sites have mixed wettability, it is of interest if the wettability

has an effect on the detection of NAPL by ultrasonic wave propagation.

5.3 Laboratory Experiments

Measurements of P-wave and S-wave transmission and electrical resistivity
were made in quartz sand samples fully saturated with varying fractions of
water and NAPL. These measurements were made in water-wetting and NAPL-

wetting sand to determine if the type of wettability could affect the response.

The NAPL used for our experiments was n-dodecane, which is an analog for the

common groundwater contaminant, diesel fuel.



82
5.3.1 Wettability

Water-wet porous media have the potential of altering their wettability when
exposed to NAPLs. Wé obtained hydrophobic media by adding coarse quartz
sand to n-dodgcane and letting is sit for 2 days, after which the sand was air
or ovenv dried. Even ‘thougli it was exposed t§ room temperature for two Wéeks,
the air dried sand never real_ly dried and kept its oily consistency, whereas the
sand dried in the oven shoWed no sign of n-dodecane residue. X |

Since the wettability is a function of the adhesive forces existing between a
fluid and a solid surface, the height (k) to which a fluid rises in a glass capillary
| tube is a function of its wettability. If the contact ‘a,ngle‘ 9 measured between
the solid surface (s) and the tangent to the fluid (f) is smaller than 90°, the.

fluid is called wetting. The contact angle can be related to the interfacial energy

between two media () through the equatioxi

Yes — Vfs = ’)’chOS(a), : (51)
where, (c) stands for a second fluid or gas. The measured height of capillary

rise is then given by

244ccos(0)
h==H" 2/ 5.2
20R (5-2)

where p is fluid density, ¢ is acceleration due to gravity and R is the radius of

1Granusil #4075, North Kato Supply, Mankato, Minesota, U.S.A.
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the capillary tube.

Equation 5.2 implies that the height of the capillary rise will decrease if the
conditions change to reduce the wettability of the solid to the imbibed liquid.
An easy way to compare the wettability of two porous media with the same pore
radius and similar densities (Table 5.1) is therefore to measure their capillary
rise. The experimental setup consisted of a plexiglas tube filled with sand and
sealed on the bottom by an steel mesh. The bottom of this tube was immersed
appoximately 5mm into a reservoir of blue dyed water. The sand sample was
elevated from the bottom of the water container on a plastic rack to provide
a good contact between the sand and the water. The porous medium was a
sub-rounded quartz sand sieved between 18 and 20 mesh (840- and 1000 pm
openings, respectively). For each experiment 200 gm of sand were used, and the
diameter of the plexiglas tube was 44 mm; therefore hundreds of grains were
in direct contact with the water, which allows the assurﬁption that the average
pore size for two compared samples was the same.

In a first experiment we compared the wettability of the oven dired and
air dried NAPL-wetting sand, by placing the two samples into the same water
reservoir (Figure 5.1). No spontaneous imbibition of the aqueous phase into the
porous media took place; even after waiting for 4 and 5 days, no change in the
water level could be observed. This implies that the wettability is not sensitive

to the way the sand was dried.
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A

Figure 5.1: Plexiglas tubes filled with sand which were exposed to n-dodecane
for a few of days. Sample at the right was air-dried where the sample on the right
was oven-dried. Even though the samples were dried in different ways, there

was no imbibition of water (dyed blue fluid) in either case.
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Table 5.1: Physical and chemical properties of NAPL contaminants

Parameters Water n-Dodecane
Density® (kg m~3) 997 745
Viscosity?) (mPa s) 0.890 1.378
Vapor Pressure®) (kPa) 3.17 0.016
Reflection Coefficent® — 0.19
Interfacial Tension® — 52.8
Dielectric Constant®) 78.3 2.014
Solubility in water® — 0.0037

a) Geller and Myer 1995 b) Lide 1995

In a second experiment we compared the oven dried (Figure 5.2 a) and air
dried (Figure 5.2 b) samples with untreated (water-wetting) samples and ob-
served differences in capillary rise. Figure 5.2 shows that watér imbibes spon-
taneously into samples which were not treated with n-dodecane. This method
gives us a qualitative means of assessing wettability aﬂd proof that we could
prepare the sand to be non-water-wetting.

Following our seismic and resistivity measurements, where the NAPL-wet
sand was fully water saturated for at least two days, we compared this sand
again with water-wetting sand. Figure 5.3 shows that the water preferentially
wants to coat the solid surface of the untreated sand and that n-dodecane-

wetting sand did not change its wettability.
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Figure 5.2: a) shows the air dried sand (left) and b) the oven dried sand (right)
which were exposed to n-dodecane in comparison with the untreated sand. The
untreated sand is highly water-wetting.
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R

Figure 5.3: The sand on the left side had been used for our seismic and electric
resistivity measurement, during which the sample was fully saturated with water
for at least two days. As can be seen, this did not affect the wettability of the
sand. The sand was dyed red by the coloured NAPL which we injected into
the initally fully water saturated sample, to take measurements as a function
of NAPL-saturation. On the right side for comparison is a sample of untreated
sand.
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5.3.2 Seismic and Electric Resistivity Measurments

P-wave and S-wave as well as electrical resistivity measurement were made
simultaneously on 7 cm diameter by 4 cm long samples in a triaxial cell. Low
axial and confining stresses, characteristic of the shallow subsurface (tenths of
MPa), were applied. Experiments were conducted with media that were initially
saturated with water and initially saturated with NAPL. The measurements
were made in fully saturated samples while the ratio of NAPL to water in the
saturating fluid was slowly changed.

Ultrasonic wave propagation was measured with the pulse-transmission tech-
nique in sand columns saturated with water and NAPL. Pulses were generated
from a high-voltage source operating at 800 V with a pulse width of 600 ns.
The transmitting and receiving elements were identical and had a central fre-
quency of 500 kHz. The received traces were digitally recorded by a 20 MHz
data acquisition system and stacked 100 times to reduce the noise. (For further
details on instrumentation and set-up see Geller and Myer, 1995). We measured
the change in travel time (from which velocity was computed) and zero-to-peak
amplitude normalized by the amplitude for the initally water-saturated sample
of the arriving wave as a function of NAPL saturation. Liquid saturation was
changed by injecting incremental volumes of the displacing liquid with a syringe
pump, and computed by mass balance on the displaced and displacing liquids.

Electrical resistivity at 90 Hz was measured with the four-electrode technique,
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using stainless-steel disks at the sample ends for current drivers; the potential
electrodes were stainless steel rings embedded in the sand one third the total
sample length from the sample ends.

Two series of measurements were made on each sample. Initally the sample
was saturated with water and then n-dodecane was slowly injected from the top
to displace water which was extrécted from the bottom. Thié process éontinued
until the injected n-dodecane began to appear at the bottom of the sample,
indicating that n-dodecane was flowing through the sample without displacing
water. The amount of water left in the sample at this point was called the
residual water saturation. Once this ‘sa,turation was attained, water was injected
into the sample to displace p-dodeca,ne. Most of the data indicate a hysteretic
behavior, which may be due to the different liquid distribution during drainage
compared to imbibition. The second series of measurements was similar to the
first except that water was injected into a sample initia.lly saturated with n-

dodecane.

5.4 Interpretation

Let us first compare the seismic measurements of the NAPL-wet and the
untreated sand which was strongly water wet. Figure 5.4 and Figure 5.5 show
P-wave velocity and normalized amplitude as a function of n-dodecane satura-

(
tion, for water-wetting and n-dodecane-wetting sand, respectively. The most
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' oBvious difference between the two figures is the residual»sa,tura,tion. The black
lines represent initally water saturated samples, where the water was displaced
by NAPL. The saturation at which the injectioﬁ of more NAPL did not displace
any more water represents a saturation endpoint. In the case of the water-wet
sands this endpoint is at approximately 57% NAPL (43% water). (Figure 5.4),
whereas for n-dodecane-wetting sand (Figure 5.5) the endpoint reaches 93%
NAPL (7% water). Starting out with an initally NAPL-wet sand (red lines) and
displacing the NAPL by water, the opposite holds true. 85% of the inital n-
dodecane can be displaced by water (Figure 5.4), whereas for the water-wetting
sand only 55% can be displaced (Figure 5.5). These results make sense in terms
of the wettability and capillary rise discussed earlier. NAPL injected into an
intially water saturated sample can not occupy the smaller pore spaces, leading

‘to a higher residual saturation of the water. If the sample is initally n-dodecane
saturated, the water reaches the small pores, resulting in a lower saturation of
NAPL. In a NAPL-wet system the opposite happens, as the organic phase will
wet the sand grains and occupy the smallest pore spaces. Figure 5.6 compares
the seismic pulse in fully water saturated and n-dodecane saturated samples
for water-wetting and n-dodecane-wetting sand. Independent of the pore filling
fluid, we observe that the NAPL-wetting sand always shc.)wv's higher absolute
amplitudes. This could imply that the intergranular contact of the sand was

somehow improved by the change from water-wetting to n-dodecane wetting,
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Figure 5.4: P-wave velocity a) and normalized amplitude b) as a function of
n-dodecane saturation for water-wetting sand. Black line represents the initally
water-saturated sample, where the water has been displaced by NAPL. The red
line is the opposite, the sample was initally fully n-dodecane saturated and then
displaced by water.
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Figure 5.5: P-wave velocity a) and normalized amplitude b) as a function of
n-dodecane saturation for n-dodecane-wetting sand. Black line represents the
initally water-saturated sample, where the water has been displaced by NAPL.
The red line is the opposite, the sample was initally fully n-dodecane saturated
and then displaced by water.
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Figure 5.6: Measured first arrival of the P-waves for water-wetting sand (green
lines) and n-dodecane-wetting sand (black lines). The amplitude for n-dodecane
wetting sand is always larger than for water-wetting sand, independent of the
pore-filling fluid, water (solid lines) or n-dodecane (dotted lines).

leading to less absolute attenuation. Another indication for this change, is that
S-waves as a function of NAPL-saturation (Figure 5.7) can be observed and
measured in the case of n-dodecane wetting sand, whereas S-waves could not be
reliably measured for the water-wetting sample. S-waves are rather difficult to
measure in unconsolidated material, since their amplitudes decrease much faster
than those of P-waves. Furthermore, the converted S- to P-waves arrive before
the main S-pulse, which can distort the first non-converted S-wave, making it
hard to measure. Figure 5.8 shows the traces for a n-dodecane-wetting and
water-wetting fully water saturated sample. The velocity was measured by ex-

tending the amplitude baseline until it intersected the trace of the first arriving
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Figure 5.7: S-wave velocity a) and normalized amplitude b) as a function of
n-dodecane saturation for n-dodecane-wetting sand.
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Figure 5.8: S-waves traces for a n-dodecane-wetting (solid line) and water-
wetting (dotted line) sand, which was fully water saturated. In the case of the
n-dodecane wetting sand the S-wave amplitude could be measure by extending
the amplitude base line (red line) until it intersects with the first non-converted
pulse. For the water-wetting sand samples the S-wave could not be reliably
measured.

S-wave (red line in Figure 5.8) and the amplitude was taken from intersection
point to the first peak.

The electric resistivity measurements as a function of NAPL-saturation are
plotted in Figure 5.9a for water-wetting and in Figure 5.9b for n-dodecane wet-
ting sand. Electric current flows through dissolved ions in the water and there-
fore water acts as a conductor. Since resistivity increases in the presence of
a nonpolar organic liquids, electric resistivity is sensitive to the fraction of n-
dodecane present. The initally fully water saturated hydrophilic sand shows only
a small increase in resistivity with increasing NAPL-saturation (Figure 5.9a,

black line). The electric current can flow through the water clinging to the
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water-wetting grains in ﬁhe NAPL-saturated part of the sample and hence the
resistivity increases only slightly. When displacing the NAPL by water, a point
is reached where the resistivity drops rapidly from 20 kQ to 1 kQ, suggesting
that the electric cﬁrren£ has found a fast path and water extends over the entire
length of the sample (Figure 5.9a), red line).

In case of the NAPL-wetting sand the water can not travel along the layer of
water attached to the grains. Because the grains are hydrophobic, an increase in
NAPL-saturation leads to higher resistivity measurements (Figure 5.9b, black
line). For the initally n-dodecane saturated sample, behavior similar to the
water-wet sand can be observed, as the resistivity drops as soon as water extends

over the entire length of the sample (Figure 5.9b), red line).

5.5 Conclusion

An experiment with n-dodecane and water sa,tura.ted sands has shown that
quartz grains change irreversibly from water-wetting to n-dodecane-wetting if
the grains are exposed to n-dodecane for several days. Phase velocity and at-
tenuation of ultrasonic waves are functions of NAPL concentration, whereas
S-waves can be observed only if the sand grains are n-dodecane-wetting. Chang-
ing the wettability of a NAPL-water-mineral system is also accompanied with
a change of the éﬂective P-wave amplitude, with the NAPL-wet sand showing

higher amplitudes than the water-wet sand. Hence, the wettability seems to
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Figure 5.9: Resistivity measurements as a function of n-dodecane saturation for
a) water-wetting sand and b) n-dodecane wetting sand.
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- affect the elastic properties of the grain contacts.

Resistivity measurements were also affected by the wettability of the sand-
grains. An initially water saturated sample showed high resistivity only if the
sand was n-dodecane wetting. Small resistivity can be observed if the grains are
hydrophilic, beéause the grains are always covered by a thin film of water, which
serves as an electric conductor that can not be displaced by n-dodecane. If n-
dodecane was displaced by water, the sand sample showed high resistivity until
water extended over the entire sample length and resistivity instantly decreased.

We conclude that inh contaminated sites with mixed wettabilities, the ob-
served behavior of S-waves and electric resistivity can help to distinguish-be-

tween regions of different wettabilities.
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Chapter 6

Outlook

This study shows that the attenuation and velocity in ultrasonic elastic wave
propagation can mainly be explained by scattering. The agreement found in
this study between laboratory measurements and numerical calculations sug-
gests several topics for additional research. The results presented in this study
focus on clean quartz sand sieved within certain meshsizes, which is a good
representation of beaches, but has to be generalized for practical use.

Thus, to do justice to the real earth, it is important to look at heterogeneous
grain-size distribution as well as varying clay and silt fractions mixed with sands.
Poorly sorted sands and silts are going to affect wave propagation as well as
liquid distributions. NAPL fraction and media characteristics will indicate the
sensitivity of amplitude and velocity and maybe show how they can be jointly
used to comstrain their response to the presence of NAPL in heterogeneous
media.

Further investigation should also concentrate on the extrapolation of lab-
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oratory data to field scale. An experiment is currently beeing conducted at
the Lawrence Bgrkeley National Laboratory to test the effect of scalé on the
response of seismic éignals to the pfeéence of NAPL cbntamin@nts in a 0.6 m-
scale tank of sand. This will provid_e an upscaling of approximately one order of
magnitude over thé column experimehts. The tomogramsifrorr.l this study might
indicate how well the geophysica.l signals resolve the presence of NAPLS in a

three-dimensional setting, which is also more representative of field conditions.
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