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Abstract

Ultrasonic P-wave attenuation was measured in tighsiltstones, carbonates
and a tight sandstone with two independent estomatiethods. The dependence on
saturation in gas-water partially-saturated sitie® at in-situ conditions shows a
different behavior compared to the other rocks. EhHestones in our experiments
exhibit a behavior characterized by a gradual desgef attenuation with increasing
water saturation in the presence of gas, and asglsaturation shows more attenuation
than full-oil and full-water saturations. Howeveprevious theoretical and
experimental studies show that gas-water satured€ioonates and sandstones have
the highest attenuation at high water saturatiand,generally, a liquid-saturated rock
shows more attenuation than a gas-saturated oneelBsticity theory shows that the
two dominant loss mechanisms (due to fabric hetarelgy and patchy saturation)
have peaks at different frequencies for siltstomesulting in a gradual decrease of

attenuation with water saturation, while these mae@ms overlap at ultrasonic
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frequencies for carbonates and sandstones, ledadirayn attenuation peak at high
water saturations. The predicted attenuation degreselon fluid type agrees with the
measurement for most samples. Regarding the tigbkiltstones, although the model
fails to explain the experimental results for oagter saturation, it can be concluded
that for gas-water saturation the squirt flow calulg fabric heterogeneity dominates
the attenuation, which differs from carbonates asaddstones. Experimental studies
show that the attenuation dependence on saturatidight oil reservoirs can be
associated with fabric texture. The theory dessriligese behaviors, which can
potentially improve the practices of detecting amzhitoring multi-phase fluids in the
reservoirs.

Key words: Elasticity and anelasticity; Microstructure; Peahgity and porosity;
Acoustic properties; Seismic attenuation; Wave agapion.
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I ntroduction

Studies on the effects of minerals, fabric and pitwed on acoustic wave
attenuation in rocks play an important role in faméntal and applied geophysics,
since they provide the basic constraints on supppthe quantitative interpretation of
subsurface rock properties. For each rock litholagy texture, the attenuation
dependence on fluid properties and saturation mesnaiclear so far.

A number of works (e.g., Nur and Wang, 2001; Ki2@05) dealt with the
acoustic wave attenuation characteristics in sandstand carbonates (although wave
velocity was always the main issue), with sandstdhe most investigated since the
1970s (White, 1975; Winkler and Nur, 1979; Johnstod Toks6z, 1980; Dvorkin and
Nur, 1996; Best and Sams, 1997; Hhal., 1995; Chapmast al., 2016). Carbonates
have attracted increasing attention during thetlastdecades (Cadoret al., 1998;
Agersborget al., 2008; Adanet al., 2009; Borgomanet al., 2017). On the other hand,
there are only few works on tight oil siltstonedjieh are mainly composed of fine
grains of quartz, feldspar and clay. Siltstonesehavhigher porosity than mud/shale,
but have a much lower permeability than sandstdnéh@® same porosity. As an
unconventional petroleum resource, there is noistarg strict definition of tight oil.
Generally speaking, tight oil refers to the accuatiah of oil in a tight rock, whose
permeability can be less than 0.1 mD. Reservdmolitgy mainly includes tight
sandstones, tight siltstones and carbonate rockih wwiud. Compared with
conventional reservoir rocks, the pore throat dimmis smaller, pore permeability is

lower, and mud content is higher (&aal., 2012; Zouet al., 2013; Wuet al.,2018).
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This type of rocks have a great potential as a doatbon source rock, which is of
interest to exploration geophysics and geologitadiss (Clarksoret al., 2012; Cao
et al., 2017). To our knowledge, the attenuation depecelamn fluid saturation in
tight oil siltstones has never been investigated.

Experimental studies on water and gas partiallyrased sandstones and
carbonates have shown that compressional (or egteiswave attenuation generally
increases with water saturation and has a peakght kater saturations (Murphy,
1982; Yin et al., 1992; Cadore&t al., 1998; Amalokwuet al., 2014). In most
measurements, the attenuation at full liquid s#tumais higher than that at full gas
saturation (Toksozet al., 1979; Winkler and Nur, 1982; Adamat al., 2009;
Kuteynikova et al., 2014). Different theoretical approaches involvipgtchy
saturation of water and gas (e.g., Norris, 1993lleHet al., 2003; Mduller and
Gurevich, 2004; Suret al., 2014) suggest a similar relationship. Howeverr ou
measurements on siltstones at in-situ conditiorevstependencies distinct from
those in coarse-grained rocks (e.g., P-wave attemuaecreases with increasing
water saturation), reflecting a different statevaive relaxation.

Siltstones with fine grains and clay have low peahility and are heterogeneous
at a submicroscopic scale, leading to differenaxadion frequencies compared to
sandstones and carbonates. Two distinct squirtsfit@ehanisms (crack- and clay-type)
were considered by Best (1997) to distinguish clesandstones/limestones from
siltstones with amounts of compliant minerals. Tiwemer is the main loss

mechanism in sandstones, while the clay-type sdlovww dominates in siltstones.
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Furthermore, the low permeability in silt/mud-rodkaders the migration of light gas
in geologic times, and the occurrence of mesosqogiches, so as to cause grain-size
gas pockets at the pore scale, as was recentlyssisd by Glubokovskikh and
Gurevich(2017).

In this work, we estimate P-wave attenuation intiplly-saturated siltstones,
sandstones and carbonates, at the ultrasonic fiegugand (around 1 MHz). The
attenuation dependency on saturation in siltstasesompared with that of the
coarse-grained carbonates/sandstones, and withispetl experimental and
theoretical studies. The results are interpreteth wihe poroelasticity theory by
incorporating fabric and fluid heterogeneities diiaueously.

Experimental results
Rock samples and experiment procedure

During the last five years, we have performed syate ultrasonic P- and
S-wave measurements on three sets of rock samyted) are listed in Table 1 as set
1 labelled A-L (Baet al., 2016) (siltstones), set 2 labelled DT1-5 and B33Baet al.,
2017) (DT and DS refer to two different types ofaioites), and set 3 labelled DS 4-8
and TSM2 (a tight sandstone), including twelvestiihe samples (25.2 mm in
diameter, 50-56 mm long cylinders; collected fromght-oil reservoirs of the
Qingshankou Formation, Northeast China), thirtesb@nates (25.2 mm in diameter,
30-42 mm long cylinders; collected from reservaifghe Ordovician and Cambrian
Formations, West China), and one sandstone (25.2inmdiameter, 42.4 mm long

cylinder; collected from a gas reservoir in Soutiina Sea). The samples of set 1 are
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tested at in-situ conditions, i.e., a confininggsuere of 50 MPa, a pore pressure of 25
MPa and a temperature of 80For sets 2 and 3, the experiments are performad a
confining pressure of 80 MPa, a pore pressure dfiP@ and 20 (in-situ confining
pressure, pore pressure and temperature are 804A0M4Pa and 140, respectively;
a pore pressure of 10 MPa and 28ére set in the experiments for safety reasons).

The siltstone samples, composed of fine grainsr{gfi@ldspar) and clay, have
low porosity and very low permeability. The scaletloe fabric heterogeneity (i.e.
intrapore clay in host rock) is smaller than theepsize (Fig. 1a). In the carbonates
(with dissolved pores) and tight sandstone, graintacts (or microcracks) can be
observed (Fig. 1b and 1c). The carbonates and wa@d$iave coarser grains and
higher permeability than the siltstones (see Tahle

The experimental set-up of Gueb al. (2009) is used for the ultrasonic-wave
measurements. The procedure ofeéBal. (2016) is adopted to measure the ultrasonic
waveforms at partial-saturation conditions for skwpH-L, DT1-5 and DS1-8
(gas-water and oil-water tests), and TSM2 (gas4wsdsts). Nitrogen (gas) and
kerosene (oil) are used for all the measurementshe experiments with gas and
water saturation, the full water-saturated samplared in an oven to vary the
saturation. The water saturation is calculated kyghing the sample and comparing
the weight with those at full saturations. Then shenple is jacketed and subject to a
confining pressure, and gas is injected into thapda up to a given pore pressure.
Waveforms are recorded at/8@or set 1 and 20 for sets 2-3. In the oil-water case,

the sample is first fully saturated with oil ancethdried in the oven to vary the
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saturation. Water is injected into the sample ug ¢ven pore pressure.

Waveforms are acquired for sets 1-3 and for alumistandards (with the same
sizes and shapes of the samples) for sets 1 aMila@eforms are recorded and
velocities are obtained by picking the first artsra
Attenuation estimation

We independently applied the spectral-ratio andro&hfrequency-shift methods
on the same set of compressional waveforms acqdied rocks and reference
standards to obtain the quality facto@).(Therefore, the attenuation dependence on
the rock/fluid properties can be verified and elsshled through a comparative
analysis between the twQ sets.

The quality factoQ can be determined by the spectral-ratio methocb{fiand
Carcione, 2006) using a reference standard materihla very high quality factor

(ToksoOzet al., 1979; Guo and Fu, 2006) from

|n[p1(f)j:—”x f4in 2 1)
A(T) Qv G,(x)

wheref is frequencyA(f) and A,(f)are the amplitude spectra of the rock sample
and standard material, respectively,is the quality factor of the rock samplejs
wave propagation distance/ is the wave velocity andG,(x) / G,(x) is the
sample/standard geometrical factor.

For set 2, the waveforms were not obtained usimgstiandard material. The
attenuation dependence on saturation for each sampkstimated by using the

measurement at full gas saturation as a reference,
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where Q, =(Q™"-Q.V /V,)™" is the relative quality factor, ar@as andVy,s are
the quality factor and P-wave velocity at full gaguration, respectively. A negative
Q indicates that less attenuation is observed fctnsidered state than that at full
gas saturation.

The centroid frequency-shift method assumes thatamplitude spectrum is
subject to a Gaussian distribution (Quan and Hat8997; Matsushimat al., 2016),

and

_ oAt

Q=722 ©

C

where Af, is the difference of centroid frequency betweea Hample and the
reference standard)t is the travel-time difference and”® is the spectral variance
of the standard.

The compressional waveforms in the siltstone, aqaatey and sandstone samples
at different saturations are shown in Figure 1dade 1f, respectively. It is observed
in the siltstone that energy loss increases witbremsing gas saturation, and
attenuation at full gas-saturation is more sigaificthan that at full liquid saturation,
a behavior that differs from the carbonate and stme. Four periods of oscillations
after the first arrival are used in the spectréibranalysis. Figure 1g shows the
spectra with the centroid frequencies and Figure shows the spectral-ratio
experimental points and least-squares fittings.

Attenuation in siltstones, carbonates and sandstone
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For samples L, DS8 and TSM2 at gas-water partialraton, the measured
P-wave attenuatiorQ™ dependences on saturatio® {DS) corresponding to the
two methods are given in Figure 2a. The error®bby the spectral-ratio method are
calculated according to Zhubayet al. (2016), which are given in Figure 2a.
According to Johnston and Toks6z (1980), the stritdrpretation of the errors by
fitting a straight line to the spectral ratios odigtermines the modulation character of
the ratios and not the accuracy of the method, lwhian only be based on
reproducibility and comparison with other methddisth the methods provide similar
results, verifying the reliability of th® estimation. The siltstones generally show a
gradual decrease of attenuation with increasingmadturation, which we define as
type-A behavior of Q™ DS. On the other hand, in th®@ " DS of the carbonates and
sandstone saturated with gas and water, attenuettoeases with water saturation
and has a peak in the range [51-100] % (we defias &a type-B behavior; e.g. DS8
has aQ™ peak at 79% water saturation in Figure 2a). ThéDS and peak®™
water saturation of each sample are given in Table the oil-water tests, no clear
trend can be observed for the siltstones (see Tgble

The relation between the measured P-wave attemuatid porosity at the three
full-saturation states are given in Figures Eb*for the siltstones and sandstone) and
2c (Qr'lfor the carbonates). In most siltstones, highenathtion can be observed at
full gas saturation compared to full oil or full tga saturation. Sample D (a silty
mudstone) shows significantly les3™ at full oil saturation than that at full water

saturation, a behavior that differs from that o thther siltstones. Figure 2c shows
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that Q™ at full water saturatiois higher than that at full gas saturation (i.@,‘,1 at
full water saturation is positive) for most of tbarbonates except for DS2 and DS7,
while the relation betweer@™ at full oil saturation and that at full water Saittion
shows no trend. The attenuation dependence ontilp&l for each sample is given in
Table 1.
Attenuation versus saturation: Experiments and theory
Attenuation dependencies on fluid properties

Most of the published experimental measurements/ghat attenuation at full
liquid saturation (oil, water or brine) is highdranh that at full gas saturation or at
"dry" (air-saturated) conditions. Moreover, full t#asaturation shows less attenuation
than full oil saturation (e.g., the selected dat#&igure 3a). The opposite behavior is
shown by Amalokwtet al. (2014) for a synthetic sandstone, where attenuatidall
gas saturation is higher than that at full watéunrséion. Aqueous sodium silicate gel
was used by Amalokwet al. (2014) to make the silica-cemented synthetic sandst
which may lead to the intrinsic viscoelasticity thfe matrix and cause the high
attenuation at full gas saturation. The observéehagtion at full gas saturation in
siltstones is higher than that at full liquid sations (e.g. sample J in Figure 3a).

Figure 3b compares the observ€i*DSs in K and DS4 with those reported in
the literature for different lithologies and freequees (ultrasonic: Amalokwet al.
(2014), 0.65 MHz, Qet al. (2014), 0.5 MHz; seismic: Murphat al. (1982), 571-647
Hz, Yinet al. (1992), 700 Hz), while Figure 3c compares thosgsaofples K and DT5

with the trend of typical theoretical models. Theblished measurements show a
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type-B behavior with an attenuation peak at highewaaturations, which differs with
the type-A behavior of the siltstones in the préséudy. The theoretical or numerical
models of patchy-saturation also describe a tygmeBavior, and because the fabric
heterogeneity is not considered in these modelsattenuation is present at full
saturations.

Poroelasticity modeling of attenuation

A double-porosity structure consisting of a hostkr@nd inclusion frames has
been applied by Bet al. (2017) to model the clay squirt-flow mechanism (kédos
and Best, 2010) in siltstones and the crack sdlow in carbonates. Both the
mechanisms are associated with fabric heterogendityre the two pore phases (stiff
and soft) correspond to the intergranular porab@host frame and micropores of the
clay aggregates, or the intergranular pores andksraVhen compressional wave
squeezes a double-porosity rock, fluid flows frooft pores to stiff pores due to the
difference of pore compressibility, resulting inwgarelaxation.

For a rock partially saturated with gas and watéasy micropores or grain
contacts tend to be fully water-saturated due #owtater-wettability of minerals and
the effect of capillary forces (Liet al., 2001). Therefore, clay and grain
contacts/cracks are fully water-saturated, whiléew#s the host fluid and gas is the
patch fluid in the intergranular pores. The wavesiliation corresponding to the
coupling effects of fabric heterogeneity and patshturation can be described with

the following equations (Bet al., 2017):
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+Q3V(§(3) - ¢1Cl3) = pool + ,001ﬁ(l) + Pozﬁ(z) + pos L , (4a)
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(1)512]22 M + lé‘lzR2 77_(/1)¢12¢22¢20 y (4e)
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1
-3 Pi 2 b109> 2 K105

#s (Qle + R (f(l) + ¢+ ¢3é‘13)) — (Q3€ + R; (5(3) - ¢1Cls))

Ly 1o, g0 , (41)
= gPA(/!)C13R123¢12¢3 + 5(13 Rf; i ¢;€¢3¢10
1

where u, U® U?® and U® are the particle displacements of the rock frame,
water in intergranular stiff pores, gas in intergrar stiff pores, and water in soft
pores (clay micropores in siltstone, and cracksarbonate/sandstone), respectively,
and e, &Y, &9 and &® are the corresponding displacement divergencdsfiel
The scalar¢,, represents the variation of fluid content in sgflow between stiff
pores and soft pores. The scalgr, represents the variation of fluid content in fluid
flow between water-saturated stiff pores and gasrated stiff pores.g, is the
absolute porosity of the stiff poregs, is the absolute porosity of the soft poreg,

@ and @, are the relative porositiesg@=¢@+@ +¢@, is the rock porosity).

B =V APy, for siltstone (v, is clay content), andg =pl-¢)g, for

lay
carbonate/sandstone p( is the volume ratio of cracked grains to all grains

@=¢(1-S,) (S,is water saturation)x; is the permeability of the host rock frame.

n® and ,0&1) are the viscosity and density of the host fluichi@gy), respectively.
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R, is the radius of clay aggregates in siltstonesthadadius of compliant cracks in
carbonates or sandstone. The gas pocket radif;,isThe stiffnessesA, N, Q,,
Q,, Q;, R, R,, R;, the density coefficientso,,, Oy, Loz Pozs Piis Loz
P53, and the Biot's dissipation coefficients, b,, b, can be determined in terms of
the rock physical properties (Bhal., 2011, 2017).

By substituting a plane P-wave kernel into equaf®n the Christoffel equation

is derived. Its solutions yield the phase veloaitg quality factor (Carcione, 2014).

_ 2xf 0= Rek)
PTRek) © 2Im(k)’

()

wheref is the frequency andk is the complex wave number.

Figure 4a showsQ™ as a function of the logarithm of / «,, compared with
the experimental data, for the gas-water saturatedples K and DS4. Porosity,
permeability and dry-rock density are given in Ealtl and the fluid properties are
obtained from Batzle and Wang (1992). For siltsspnghe experimental
compressional wave velocity, and Q™ at full gas saturation and full water
saturation are used to determine the dry-rock modlay size |,) and clay bulk
modulus. For carbonates and sandstone,\theand Q™ (Q™ for set 2) at full
water saturation are used,=0.02 or 0.09 for the clay or cracks, and,, is
determined from measurements. By adjusting the pasket size R,), the
attenuation at partial saturation is modeled. Aswshin Figure 4a, the theoretical
Q™ agrees well with the experimental data. At ultrasdrequencies, the full-gas

saturated siltstone presents strong dissipationtdube fabric-heterogeneity effect.

The two relaxation peaks of fabric heterogeneity patchy-saturation are separated,
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with the former dominating in the ultrasonic bamehding to a type-AQ'DS in
siltstones. On the other hand, in the partiallysssted carbonate, the two mechanisms
overlap at ultrasonic frequencies, causing a highigenuation than that at full
saturations. The difference in fabric structurewsen the lithologies results in
different behaviors. The mechanism of Biot globahfis incorporated in Equation (4)
(Ba et al., 2017), together with the dissipation due to flsalid friction along the
wave propagation direction, causing the weak Biedakpin the full-gas-saturation
curve of DS4 (Fig. 4a). Nitrogen at 10 MPa and!26 light in DS4 and the predicted
attenuation due to crack squirt flow is negligible.

Figure 4b compares the modeling results with theearments for the gas-water
saturation cases, for type-A (siltstones) and Bpearbonates and sandstones). The
average Q' DS is given for each type. The modeling results gemerally in
agreement with the measurements. As shown in Tiglitee measured) ™" DS can be
explained by the poroelasticity theory except famples DS2 and DS8, where more
complex structures may exist.

Figure 4c shows theoretical results in agreementh whe experimental
attenuation dependence on fluid type for all thedetded rocks (the average is given
for each lithology), and in generaQ™ at full gas saturation is higher than that at
full water saturation for the siltstones, whileist lower than that at full water
saturation for the carbonates and sandstone. Thielnnoderestimates the carbonate
Q™ at full gas saturation (also shown in Figure 4ajgesting that the crack model

is not enough to describe the anelasticity of saardonates (pore-related clay and
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bitumen can be observed in the thin section assatiaith samples DS1-3, DS5-8).
Best and Sams (1997) considered the presence afistioct squirt flow mechanisms
(crack- and clay-related) in sandstones and catbsn&@Ve consider only the crack
squirt flow in the carbonates and sandstone ofgthidy. The model describes well the
observed attenuation in clean dolomites (we asshateghe cracks are not completely
closed at the tested pressure). However, the theodgrestimateQ™ at full gas
saturation in set 3 (e.g. see the prediction of DSEigure 4a), which may contain
compliant minerals. To incorporate the two squotf mechanisms and
patchy-saturation into the same poroelasticity &emork will require an extension of
the theory.

In this work, the siltstones are measured at a poessure of 25 MPa and at
80 (1, while carbonates and sandstone at 10 MPa and. Zthe difference in fluid
properties between the two conditions may affeetatienuation. The red triangles in
Figure 4b and 4c give the predictions of the siliss by substituting the fluid
properties at 10 MPa and 20in clay squirt-flow modeling. It is shown that Wit
lighter gas and a more viscous water/oil at 10 MRa 20(], the ultrasonic P-wave
attenuation decreases. However, the general tréndttenuation dependence on
saturation or fluid type is consistent with thodeserved/predicted at 25 MPa and
80 [1. If the fluids are at a lower pressure (e.g.,ahient conditions), the trend may
change, since the gas is too light to cause aeywtion. This case is quite different
from that at in-situ (depth) conditions.

In the fully oil-saturated or partially oil-wateratsirated cases, the observed
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attenuation dependence on saturation and fluid aypeguite complex (Table 1) and
our model fails to provide a plausible explanatiddditional effects may be due to
the complex geometry of the oil and water patchdb@viscoelasticity of oil.
Conclusions

The properties of tight oil reservoirs are diffearéiom those of conventional oil
and gas reservoirs. In tight oil rocks with strometerogeneities and small pore
channels, the microscopic pore structure and hydbon accumulation are more
complex. Wave attenuation is closely related tortiok structure and the presence of
pore fluids. Here, we analyze the influence of wstructure and fluid distribution
on attenuation. Ultrasonic measurements in rockgaad with gas and water show
that the compressional-wave attenuation decreaghsiivereasing water saturation
in tight oil siltstones. The behavior is differdot carbonates and sandstone, where
attenuation generally increases with water sammatnd has a peak at water
saturations in the range [51-100] %. For most & Hiltstones, the measured
attenuation at full gas saturation is higher thaat @it full liquid saturation, while the
behavior is the opposite for most carbonates. Thadts for siltstones are also
different from those reported in the literature.rd&basticity theory provides a
reasonable explanation of the observed phenomengatwater partial saturation.
For siltstones, the two loss mechanisms, due toicfdieterogeneity and patchy
saturation, have peaks at different frequencief) wie former dominating in the
ultrasonic band. On the other hand, for carbonates sandstones, the relaxation

peaks overlap. Modeling with the two different setdluid propertiesmatches the
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general trend of attenuation dependence on sainffiid for siltstones at
underground conditions. The observed attenuatiopaimially or fully oil-saturated
samples cannot be explained by our model, wherer etifiects may be present, such
as pore-fluid viscoelasticity and a complex fluigtgh geometry.

We conclude that the observed attenuation in tghdiltstones is likely to be the
result of squirt-flow, related to its fine-grainasacteristics and low permeability. The
attenuation in carbonates and sandstones is cabgedhe mechanisms of
patchy-saturation and the two types of squirt fldtwe implications obtained here are
useful for further studies of attenuation-basedpggsical exploration techniques for
detecting underground fluids in tight oil resery@ince the attenuation dependence
on saturation is closely associated with litholaggicture and fluid properties.

Wave attenuation plays an important role in apptiedphysics for oil and gas
exploration. This work shows that the general trevfd ultrasonic attenuation
dependence on saturation in siltstones is quitéerdiit from that observed in
carbonates or sandstones. This new trend and plesr@ohmave not been reported in
the literature. The interpretation will contribute a better understanding of
attenuation for varying saturation and differetttdiogies. It is shown that, based on
the wave attenuation attribute, dry/gas-saturatgu siltstones can be distinct from
liquid-saturated ones. However, it is difficultitkentify fluid properties or saturation
in tight oil reservoirs partially saturated with and water, where the model fails to
explain the observed data. This may be relatetiéddw permeability, differences in

fluid viscosity and the presence of capillary for€aese factors need to be considered
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to establish a new model for interpreting the obeserattenuation in oil-water
saturated siltstones.

Experimental measurements explained a poroelastioiodel vyield the
relationship between compressional wave attenuatiohpore fluids in tight oil rocks.
The characteristic frequency of peak attenuatioshewn to be dependent on the
heterogeneity scale. Mesoscopic heterogeneities'10° m) in actual reservoirs
may result in high attenuation in the sonic-seisfnézjuency band. Although the
results obtained from ultrasonic measurements nwybe directly applicable at
seismic-exploration frequencies, they are instmectfor seismic interpretation,
because the poroelasticity model can be applietheatseismic frequency band, by
considering large-scale heterogeneous inclusionsooe viscous liquids.
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Figure Captions:

Figure 1. (a) SEM analyses on the siltstone from the targan#tion show pore-related clay
forming a secondary micro-porous medium; Thin sectnalyses on the dolomite (b) and the
tight sandstone (c) show grain contacts or micikg&onnected to intergranular pores; Measured
ultrasonic compressional waveforms in sample Kthedcorresponding standard (d), sample DS4
(e), and sample TSM2 (f) with different fluids asaturations (for each waveform, the first arrival
and the end of the first four periods are indicatatd the time window between them is used in
the attenuation analysis); (g) Amplitude spectraPefvaves in K at different saturation states
(centroid frequencies are labeled); (h) Best legstre fits of the logarithm of the spectral ratios
in K.

Figure 2. (a) P-wave attenuation dependence on saturatiomagetl with the spectral-ratio (SR)
and centroid frequency-shift (CFS) methods in the-water partially-saturated L, DS8 and TSM2
(measurements are performed at six intermediaterag@mins for sample set 1, and seven
intermediate saturations for sets 2 and 3; erros bhee given for the SR estimation results); (b)
MeasuredQ_l as a function of porosity for the clastic rockstla¢ full gas, water and oil
saturation states; (c) Measureﬁa;l as a function of porosity for the carbonat@._l/ Q Yin
Figure 2b/2c is estimated by using the SR methaldlaen verified with CFS method.

Figure 3. (a) Measured P-wave attenuation dependence on tijyie in samples J and DS4
compared to published experimental results; (b)es=d attenuation dependence on saturation in
gas-water partially-saturated K and DS4, compamdpiblished experimental results; (c)
Measured attenuatimQ,'l) dependence on saturation in gas-water partialyrated K and DT5,

compared with the trend of typical curves of théoed models published in the scientific
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literature. Porosity is given for each sample/model

Figure 4. (a) Modeling results of attenuation as a functdrthe logarithm of frequency divided

by permeability in K and DS4, compared to the expental data (each peak is labelled with the

corresponding mechanism); (b) Averaged attenuate&pendences on saturation predicted by the

theory and the experimental data of type-A, congbdce those of type-B (red triangles give

another set of type-A predictions of the siltstobgssubstituting the fluid properties at 10 MPa

and 207); (c) Averaged attenuation dependence on flui@ tigp different rock types predicted by

the theory and compared to the experimental dathtfrangles give another set of predictions of

the siltstones by substituting the fluid propera¢40 MPa and 20).
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Table Caption:

Table 1. Rock properties and Q_l measurements(Q_ls are estimated by the spectral-ratio
method and then verified with the centroid frequency-shift method), compared with the
theoretical results. Type-A of Q_l dependence of saturatioQ(lDS): a gradual decrease of
attenuation with increasing water saturation; T@pef Q_l DS: increasing attenuation with
water saturation, peaking at high water saturati@a‘als: Q™" at full gas saturationQV'V;ter:

1

Q™ at full water saturationQ,: Q™ at full oil saturation.



529 Table 1.
Sample  Lithology  Porosity Permeability — Dry Q'DS Q'DS PeakQ™ water Q'DS Q' dependence of Q™ dependence of
(%) (md) density (Water-gas (Water-gas saturation in (Water-oil fluid type fluid type
(glcnt)  partial-saturation  partial-saturation water-gas partial-saturation (Full-saturation (Full-saturation
experiment) modeling) partial-saturation experiment) experiment) modeling)
measurements
A setl Muddy 2.88 0.0045 2.61 - - - - Quater & Qo >Quas’  Quater & Qo >Quas’
Siltstone
Biset1 Muddy 46 0.38 2.56 - - - - Quas>Quater & Qo™ Quater & Qo >Quas’
Siltstone
Ciset1  Siltstone 5.2 0.019 2.58 - - - - Quas>Quater & Qo™ Qgas >Quater & Qoi™
D; set1 Silty 5.56 0.011 2.53 - - - - Quater >Quas>Qoit™"  Quater >Qas >Quir™
Mudstone
Eset1  Siltstone 5.6 0.017 2.52 - - - - Quas>Quater & Qo™ Qgas>Quater & Qoi™
Fisetl  Siltstone 5.79 0.035 2.41 - - - - Quas>Quater & Qo™ Quas>Quater & Qoi™
Gisetl  Siltstone 5.8 0.02 2.55 - - - - Quas>Quater & Qo™ Qgas>Quater & Qoi™
H:setl  Siltstone 6.45 0.097 2.38 A A 0 Notrend  Qgas™>Quater € Qo™ Quas>Quarer & Qui™
I; set1 Siltstone 10.87 0.39 2.29 A A 0 Notrend  Qgas™>Quater € Qo™ Quas™>Quarer & Qui™
Jiset1 Muddy 12.75 0.17 2.3 A A 0.13 No trend Quas>Quater & Qo Quas™>Quater & Quoi™
Siltstone
K; set 1 Siltstone 13.09 0.08 2.28 A A 0 Notrend  Qgas™>Quater € Qo™ Quas>Quarer & Qai™
Liset1 Siltstone 13.97 0.084 2.26 A A 0 Notrend  Quas™>Quarer &Qui’ Quas™>Quater & Qo™
DT1; set 2 Clean 5.10 0.091 2.69 B B 1 A Quarer & Qi ™>Quas’  Quater & Qo ™>Qgas™
dolomite
DT2; set 2 Clean 5.34 0.458 2.66 B B 0.85 A Quarer & Qi ™>Quas’  Quater & Qo ™>Qgas™
dolomite
DT3; set 2 Clean 5.47 0.174 2.67 B B 0.89 A Quarer & Qi ™>Quas’  Quater & Qo ™>Qgas™
dolomite
DT4; set 2 Clean 12.08 162.753 2.41 B B 0.86 A Quarer & Qi ™>Quas’  Quater & Qo ™>Qgas™
dolomite
DTS; set 2 Clean 12.28 22.819 2.44 B B 0.88 A Quarer & Qi ™>Quas’  Quater & Qo ™>Qgas™
dolomite
DSiiset2  Dolomite 11.63 0.661 2.45 B B 0.61 A Quarer & Qi ™>Quas’  Quater & Qo ™>Qgas”
Ds2;set2  Dolomite 11.73 0.138 2.51 No trend - 0 A Quas>Quater & Qo™ -
Ds3;set2  Dolomite 11.75 0.075 2.45 B B 0.89 A Quarer & Qi ™>Quas’  Quater & Qo ™>Qgas”
Ds4;set3  Dolomite 16.87 3.31 2.32 B B 0.51 Notrend  Quaer '&Qoi™>Quas’  Quater & Qo ™>Qgas”
Dss;set3  Dolomite 4.99 1.34 2.67 B B 0.67 Notrend  Quater &Qoi™>Qqas”  Quater & Qo >Qgas”
Ds6;set3  Dolomite 6.93 0.601 2.64 B B 0.77 B Quater >Quas™>Qui” Quater & Qo ™>Qgas™
DS7;set3  Dolomite  10.37 1.430 2.52 A - 0 B Quas>Quater & Qui™ -
Ds8;set3  Dolomite 6.08 0.130 2.65 B B 0.79 B Quater >Quas™>Qui™” Quater & Qo ™>Qgas™
TSM2; set Tight 8.64 0.38 2.41 B B 0.89 - Quarer & Qi ™>Quas’  Quater & Qo ™>Qgas™
3 sandstone

530
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Highlights

Ultrasonic P-wave attenuation decreases with water saturation in in-situ water-gas
partially-saturated siltstones.

Attenuation behavior with fluid type and saturation in tight oil siltstones differ from
those of carbonates and sandstones.

Poroelasticity modeling by incorporating fabric and fluid heterogeneities explains

the observed phenomena in water-gas saturated siltstones.



