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Abstract Within the framework of the national German hydrate project Submarine Gas Hydrate Reservoirs
(SUGAR) we promised to deliver dependencies of compressional-wave velocity and electrical resistivity on
hydrate saturation within sand sediments of the paleo Danube channel-levee system in the Black Sea. These
data supported starting models for joint inversion of seismic and electromagnetic geophysics data for that
area. Because hydrate formation in sediment samples under laboratory conditions is a complex and
particularly time-consuming procedure, we developed a quick look experimental methodology. We used ice as
an analogue for methane hydrate to simplify the experimental procedure for laboratory studies. The difference
from existing approaches is the way the ice and water saturation of the porous sediment is determined. To
verify this approach, we compared the new data measured on ice-bearing sand with measurements on
hydrate-bearing sediments, where methane hydrate was produced from methane dissolved in water. The
main result from this study is that ice forming from a salt solution in the pore space of sand forms like methane
hydrate as a noncementing solid pore fill. The method does not require a pore pressure system and produces
a homogeneous ice distribution, as long as homogeneous temperature distribution throughout the sample
can be guaranteed. For compressional-wave velocity measurements we demonstrate that ice can be used as
an analogue for noncementing methane hydrate. Therefore, the complete dependence of velocity on ice
saturation, depending on the saturation increment, can easily be measured in 1 to 2 weeks.

1. Introduction

Gas hydrates are considered the largest resource for fossil fuel despite the estimates varying by several orders
of magnitude (Boswell, 2009; Boswell et al., 2014). They occur in sediments along continental slopes and in
permafrost regions where temperature, pressure, and a sufficient supply of methane gas allow for their for-
mation (Kvenvolden, 1988). The ice-like water structures of gas hydrates encage large amounts of guest
molecules; in nature this is mostly methane. Hydrates often form layers or nodules in fine sediments and
occur disseminated in the pores of coarser sediments (Waite et al., 2009). Due to the higher permeabilities
and higher gas hydrate saturations, coarser sediment layers are the target lithology for gas production from
gas hydrates (Boswell et al., 2012, and references therein).

To investigate physical changes of gas hydrate-bearing sediments during gas production in the laboratory
requires (a) pristine natural sediment samples from pressure coring or (b) artificial samples that mimic natural
conditions. Studies on natural gas hydrate-bearing samples require the preservation of in situ conditions dur-
ing core recovery, sample transformation, and measurements (Inada & Yamamoto, 2015; Schultheiss et al.,
2009, 2011). Once pressure or temperature had been shifted outside the stability field even for a short time,
an investigation of mechanical and physical properties will not provide the undisturbed information about
the reservoir properties. Furthermore, natural samples only allow for single measurements at one hydrate
saturation instead of a broad range of hydrate saturations, which is needed to derive the saturation depen-
dence for a certain rock physical property. Therefore, many laboratory studies use artificial samples of sand
andmethane hydrate (see Waite et al., 2009, and references therein) or even tetrahydrofuran hydrates, which
can be produced at standard pressure conditions (e.g., Cortes et al., 2009; Handa et al., 1984; Lee et al., 2007;
Santamarina & Ruppel, 2010; Strauch et al., 2018; Yun et al., 2005).

Often the morphology of these hydrates used in laboratory studies is of a cementing nature caused by the
formation of methane hydrates using the excess gas method with gas being introduced into a partially satu-
rated or moist sediment (e.g., Hyodo et al., 2013; Priest et al., 2009; Waite et al., 2004). Natural samples,
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however, are thought to mainly contain pore-filling hydrate or at high concentrations pore-filling and load-
bearing gas hydrates. In the laboratory, these morphologies are commonly produced from methane-
saturated solutions cycling through a sediment sample for a long period of time (Spangenberg et al., 2005;
Waite & Spangenberg, 2013). This dissolution controlled method has earlier been described as a time-
consuming process (Choi et al., 2014). Nevertheless, it is the pore-fillingmorphology and a homogeneous dis-
tribution throughout the sample that are needed to mimic natural conditions and gain useful information
about the physical properties and mechanical behavior of the gas hydrate reservoirs (Priest et al., 2009;
Spangenberg et al., 2014; Spangenberg & Kulenkampff, 2006). An overview of the different methods and
their pros and cons is given by Waite et al. (2009).

Recently, Choi et al. (2014) suggested a method that allows the formation of the desired homogeneous pore-
filling gas hydrates in just over a week. The authors used the excess gas method to form cementing hydrate
followed by a water injection and a recrystallization process, redistributing the cementing hydrate into a
pore-filing morphology. This method saves some time in attaining the target hydrate saturation but does
only allow for measurements at that target hydrate content instead of providing the parameter’s complete
saturation dependency in a single test. In addition, high saturations are difficult to produce with both the
excess watermethod and the excess gas method. Priest et al. (2009) realized a maximum saturation of about
40% using the excess water method, where Waite et al. (2004) produced a maximum hydrate saturation of
70% in about 58 days (1,400 hr) using the excess gas method.

Pearson et al. (1983) proposed an empirical relationship between the water saturation and the electric resis-
tivity of gas hydrate-bearing sandy sediment. Based on the strong similarities between the physical proper-
ties of ice and gas hydrates, they used a test series of resistivity measurements of partially frozen sediments to
evaluate the relevance and empirical constants of Archie’s equation for partly gas hydrate-saturated samples
(Archie, 1942). To produce the test series on sandstones, limestones, sands, and silts, the temperature of the
initially brine-saturated samples was incrementally decreased (Pearson et al., 1983, and references therein).
As a result ice—as a proxy for gas hydrate—and an increasingly saltier solution formed while simultaneously
the freezing point depression of the residual solution increased. In the method presented here, we also used
the Pearson et al. (1983) partial freezing approach, but the estimation of the ice content is different. In our
method (1) we used the approach of Hall et al. (1988) to calculate the salinity of the used KCl solution at tem-
peratures below freezing, (2) we incorporated the influence of volume expansion during ice formation into
the saturation estimation, and (3) we determined the electrical fluid conductivity and the density of the
KCl solution as a function of freezing point depression as a prerequisite for proper interpretation. Further,
we applied a controlled confining pressure to avoid any pore volume increase due to the volume expansion
during ice formation. To verify themethod, we comparedmeasurements of compressional-wave velocity and
electrical resistivity using both ice and hydrate.

The motivation for the development of the quick look experiment methodology was provided by the German
national hydrate project SUGAR. Within the framework of the SUGAR project we promised to deliver depen-
dencies of compressional-wave velocity and electrical resistivity on hydrate saturation for different reservoir
sands in different depths below sea floor to generate starting models for joint inversion of seismic and elec-
tromagnetic geophysics data for sediments of the Paleo Danube Delta. The main result from this study is that
ice, forming from a salt solution in the pore space of sediments, forms like methane hydrate as a noncement-
ing solid pore fill. For the compressional-wave velocities we could demonstrate that ice can be used as a
hydrate analogue. For the dependencies of electrical resistivity on ice saturation we have no proof yet that
ice will produce the same dependency as hydrate formed from dissolved phase methane and can be used
as an analogue.

2. Theory

The method of partial ice freezing in a porous system is based on the freezing point depression of NaCl-KCl-
H2O solutions and uses the equations proposed by Hall et al. (1988). We use the notation of Hall et al. (1988).
The salinity S in wt-% of a solution is given as a function of freezing point depression θ in °C:

S ¼ θ
2e

þ θ
2e

� �2

þ C
3e

� �3
" #1=2

8<
:

9=
;

1=3

þ θ
2e

� θ
2e

� �2

þ C
3e

� �3
" #1=2

8<
:

9=
;

1=3

; (1)
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C depends on the salt composition X in the form C = 0.4597 + 0.1440 X,
where X is the NaCl/(NaCl+KCl) ratio and the variable e follows from

e ¼ 2:227 10�4 þ 1:999 10�4X þ 4:633 X2 þ 1:123 10�4X3:

In our experiments we used pure KCl (X = 0) solutions so that C = 0.4597
and e = 2.227 · 10�4. The basic idea is the use of equation (1) to relate a
certain temperature below freezing to a certain salinity of the KCl solution.
If this salinity is higher than that of the original solution, the salinity
increase can be used to calculate the amount of ice that must have formed
to account for that increase. We used pure KCl solution because the eutec-
tic point (�10.69 °C) is higher than that of NaCl (�21.21 °C) (Hall et al.,
1988). We start with an initial salinity S0 of our KCl solution.

S0 ¼ mKCl

mKCl þmH2O
100%; (2)

wheremKCl is the mass of KCl in the solution, andmH2O is the mass of H2O
in the solution, at a temperature above freezing. Now we can calculate the
amount of water that stays liquid in a closed system at a certain tempera-

ture T below freezing but above the eutectic temperature. For the actual temperature Twe calculate the equi-
librium salinity ST at this temperature using (1), and from the mass of salt mKCl in the solution we derive the
amount of water ml�H2O that remains liquid for that temperature:

ml�H2O ¼ mKCl
100%
ST

�mKCl: (3)

With (3) and the amount of watermH2O used to produce the initial solution, we calculate the mass of solid ice
ms�H2O:

ms�H2O ¼ mH2O �ml�H2O: (4)

Where pure water freezes completely for temperatures ≤0 °C, a KCl solution starts to freeze partially at a
salinity-dependent temperature below 0 °C and freezes completely at the eutectic temperature. Figure 1
shows the increase of ice content with decreasing temperature for various solutions. It is obvious that for a
low initial salinity of 1 wt-% the slope of the curve is very steep close to the freezing point and small tempera-
ture changes have a strong effect on the ice content. Assuming that we are able to keep the temperature con-
stant with an accuracy of ±0.05 °C in an experiment, we could still have a considerable error of about ±7% in
the ice content for a solution with initially 1 wt-% KCl (see the dashed lines in Figure 1). Above 80% ice con-
tent the curve becomes much flatter and small temperature variations do not have a strong effect. For an
initial salinity of 10 wt-% KCl the slope of the curve is generally flatter, but the maximum ice content is less
than 50 wt-% at the eutectic point (see Figure 1). Depending on what ice content range is of interest, one
has to choose the optimum initial salt concentration.

The volume of the salt solution changes when ice is formed (density of ice ρice < density of water ρW).
Considering a single pore in which an ice crystal starts to grow, solution has to be squeezed out of the pore
in order to maintain the pore pressure at a constant level. Because the ice crystal consumes water from its
immediate vicinity, the salt concentrationwill increase close to the crystal surface anda concentration gradient
towards the outskirts of the porewill develop. For a slow temperature decrease, the crystal will grow slowly and
the concentration gradientwill be almost compensated by diffusion. For a fast-growing ice crystal the gradient
will be stronger. The salt concentration of the water that is squeezed out of the pore volume, therefore, will
depend on the formation characteristics (see Figure 2). To quantify the ice saturation of a drained porous sys-
tem from the above formalism,we consider two extreme cases for a differential ice saturation increaseΔSATice.
Both cases rely on theoretical thought experiments to provide theoretical saturation limits.

1. Water with the average salt concentration of the pore water is squeezed out after ice formation (slow
growth with compensated gradient). This is equivalent to ice formation in an initially closed pore. The

Figure 1. Increase of ice content with decreasing temperature for different
initial salinities calculated using equations (1)–(4). The dashed lines show
the influence of a temperature variation of 0.1 °C on the ice content (see text
for explanation). The dotted line with an almost linear trend refers to the
right axis and relates the salinity to the freezing point (after Hall et al., 1988).
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pore expands to maintain constant pressure and compensate for the volume increase (Vice(1 � ρice/ρW))
due to ice formation. After the concentration gradient has balanced, the closed pore opens, gets back
to the original pore volume, and expels brine to keep the pressure constant.

2. The water is squeezed out with the salinity before the ice growth (fast growth in the pore center with
strong salinity gradient towards the pore throats). This is equivalent to a situation where the water volume
is expelled first, compensating for the entire volume expansion (Vice(1 � ρice/ρW)) during ice formation.

Figure 2 shows the extrememodels for both approaches compared to a more likely model scenario. Since the
salinity of the expelled water is different for the different models, and S1 is determined by the temperature T1
and therefore is the same for all models; the ice content and amount of expelled water must be different (see
Figure 3).

Let us consider a pore volume Vpore, where SATw and SATice are the water and ice saturations. The volume of
the pore saturated with pore water is VporeSATw. The sample is at a temperature T0 equal to the freezing point
depression for the salinity S0 of the pore water. At this point the water saturation is SATw-0 and the ice satura-
tion is SATice-0 = 0 with 1 = SATw-0 + SATice-0. With the water density ρw-0 for that salinity and temperature, the
total liquid mass in the pore is

mH2O þmKCl ¼ VporeSATw�0ρw�0 ; mH2O ¼ mKCl
100%
S0

�mKCl (5)

The salt amount in the pore is

mKCl ¼ VporeSATw�0ρw�0S0
100%

: (6)

Figure 2. The limiting models where the water is expelled at the end of ice formation with the salinity S1 (left), where the
water is expelled before ice formation with the salinity S0 (right), and a more realistic model where the water is expelled
during the whole process of ice formation with a changing salinity (middle).
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We assume a small temperature step of �ΔT that would result in a temperature T1 = T0 � ΔT causing ice for-
mation which finally leads to a salinity increase to S1, a density increase to ρw-1, and a decrease in water
saturation SATw-1 (ΔT = 10.69 · 10�3 °C was used for the calculations).

1. Case 1: We assume that the total amount of water contributes to the process of ice formation. The mass of
total pore liquid and the mass of pure water that stays in the liquid phase is

ml�H2O þmKCl ¼ VporeSAT�w�1ρw�1;ml�H2O ¼ mKCl
100%
S1

�mKCl; (7)

Since ice formation involves a volume expansion, we denote the water volume after ice formation with Vpore

SAT�w�1. At this point the pore volume exceeds the sum of the pore constituents. The amount of water that is
transformed into solid ice during the temperature step of ΔT (ms-H2O, see equation (4)) equals the difference
of (5) and (7), which can be calculated using (6) in the form

ms�H2O ¼ VporeSATw�0ρw�0S0
1
S0

� 1
S1

� �
¼ VporeΔSAT iceρice;ΔSAT iceρice ¼ SATw�0ρw�0 � SAT�w�1ρw�1: (8)

The increase in ice saturation of the pore is

ΔSAT ice ¼ SATw�0ρw�0

ρice
1� S0

S1

� �
: (9)

The resulting water and ice saturation in the pore after the excess water is expelled is

SATw�1 ¼ SATw�0 � ΔSAT ice ; SAT ice�1 ¼ SAT ice�0 þ ΔSAT ice; (10)

with a water mass of

VporeSATw�1ρw�1 ¼ Vpore SATw�0 � ΔSAT iceð Þρw�1: (11)

Using equation (8) to eliminate ΔSATice, we find

VporeSATw�1ρw�1 ¼ Vpore SAT�w�1 � SATw�0
ρw�0

ρice
� 1

� �� �
ρw�1 (12)

and we can derive the expelled water volume to

Vpore SAT�w�1 � SATw�1
� � ¼ SATw�0

ρw�0

ρice
� 1

� �
Vpore: (13)

Figure 3. (a) Difference in ice saturation versus temperature between case 1 and case 2 (see description in the text) for
different initial salinities. (b) Difference between the pore volume-related ice saturation (open drained system) and the
mass-related ice content (closed system) for different initial salinities.
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When the excess water is squeezed out, the salt amount in the pore reduces to

mKCl ¼ VporeSATw�1ρw�1S1
100%

: (14)

Since in reality the water expels simultaneously with the ice formation, less than the complete amount of
pore water will be involved in the ice formation and the model for case 1 will slightly overestimate the ice
saturation initially.

2. Case 2: The second thought experiment assumes that exactly that water volume is squeezed out with the
original salinity that later, after the temperature drop, will be required by the volume expansion of the
forming ice Vice (1 � ρice/ρw).

The remaining mass of pore fluid in the pore is

mH2O þmKCl ¼ mKCl
100%
S0

¼ Vpore SATw�0ρw�0 � ΔSAT iceρw�0 þ ΔSAT iceρiceð Þ (15)

and the amount of salt in the pore can be expressed by

mKCl ¼ S0Vpore ρw�0 SATw�0 � ΔSAT iceð Þ þ ΔSAT iceρiceð Þ
100%

: (16)

The mass of pore fluid that remains in the liquid phase after ice formation is

mH2O�l þmKCl ¼ mKCl
100%
S1

¼ Vpore SATw�0ρw�0 � ΔSAT iceρiceð Þ (17)

The amount of water transformed into a solid ice phase is the difference of equations (15) and (17):

ms�H2O ¼ VporeΔSAT iceρice ¼ VporeS0 ρw�0 SATw�0 � ΔSAT iceð Þ þ ΔSAT iceρiceð Þ 1
S0

� 1
S1

� �
; (18)

Reorganizing (18) to isolate the increase in ice saturation of the pore results in

ΔSAT ice ¼ SATw�0ρw�0

ρice
1

1�S0
S1

þ ρw�0
ρice

� 1

� � (19)

For high ice formation rates and low ice to water ratios in the pore the second approach should be more rea-
listic, especially for high growth rates under laboratory conditions. For high ice saturations and low water to
ice ratios in the pore, the expelled water will probably be influenced by the salinity increase due to ice forma-
tion. However, approach 2 probably better reflects the laboratory conditions.

The difference between both approaches is generally below 1% and decreases with increasing salinity, with
decreasing temperature, and with decreasing temperature increments (Figure 3a). For practical applications
it is of no consequence which approach is chosen. However, it is important to convert the mass related ice
content (see Figure 1) into a pore volume related ice saturation using one of the above described approaches.
The difference between mass-related ice content and pore volume-related ice saturation can easily exceed
5% (see Figure 3b). For the conversion we used the dependence of water density on salinity at associated
freezing point in the form (see section 3)

ρw ¼ 8:587 10�6S2 þ 6:62 10�3Sþ 0:99984 (20)

3. Experimental Procedure and Results
3.1. Density and Conductivity of a KCl Solution at Freezing Point

Using the approach presented above, we require the solution density dependence on the freezing point
depression temperature to calculate the ice saturation of the sample. To the best of our knowledge, these
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data have not been published. Thus, we measured the density of the KCl
solution as a function of freezing point using buoyancy measurements
with a defined glass volume submerged in the solution. Simultaneously,
we determined the electrical conductivity at the freezing point tempera-
ture for KCl solutions (Figure 4) as a prerequisite for the interpretation of
electrical resistivity measurements. We produced the KCl solution from dis-
tilled, degassed water and calculated the freezing point depression for the
given salinity using (1). The weighted glass beaker containing about 1 l of
the KCl solution was placed in a thermostated bath. We installed a scale
(Mettler PM2000) with an underfloor mounting option above the bath
thermostat (LAUDA ECO RE 1050). The glass volume was attached to the
scale and submerged in the KCl solution in the thermostated bath through
a hole in the lid of the bath. Wemeasured the buoyancy when temperature
had equilibrated and the scale reading remained constant over a time of at
least 1 hr at the freezing point depression temperature. Knowing the mass
and the volume of the glass body, we were able to calculate the solution
density from the measured buoyancy. The precision of the scale is 0.01 g,
and the immersion volume is 116.64 cm3, which results in density resolu-
tion of about 0.0001 g/cm3. The conductivity wasmeasuredwith a conduc-

tivity meter (WTW Cond 3310 with Tetracon 325 electrode). The measured values are given in Table 1 and are
depicted in Figure 4. For the ice saturation calculations we used the correlation equations given in Figure 4.

3.2. Experimental Setup

For the experiments on the dependence of compressional-wave velocity on ice saturation we used the stan-
dard thermostated oil pressure system (system for experimental petrophysics—SEPP). SEPP consists of an
autoclave with a heating/cooling jacked containing the sample setup. The inner diameter is 70 mm, and
the usable length of the vessel is 250 mm. It is designed for a maximum pressure of 80 MPa. The sample setup
is mounted at the top closure of the autoclave containing the feedthroughs for confining pressure oil, pore
fluid inlet and pore fluid outlet, and the signal lines (see Figure 5). The sample is separated from the confining
pressure oil by means of a Viton jacket and the Hastelloy end caps. The end caps contain the P and S wave
transducers for velocity measurements and are used as current electrodes. The Viton jacket contains up to
four potential electrodes for the resistivity measurements and to assess the homogeneity of the sample. A
resistive length sensor is mounted between the end caps to record changes in sample length. To control
the sample temperature, a Pt100 temperature sensor is attached to the Viton jacket. The fluid feedthroughs
in the end caps allow for pumping the pore fluid through the sample, to apply a certain pore pressure or to
exchange the pore fluid. To simulate in situ pressure and temperature conditions, the autoclave is connected
to a confining pressure syringe pump (ISCO 100DM) and to a thermostat (Huber K6 s-CC-NR; see Figure 5).

3.3. Experimental Procedure

We started the experiment with a dry sand sample (beach sand, Warnemünde/Baltic Sea) which was set to
the desired confining pressure (10 MPa; ISCO 100DM) to measure the compressional-wave velocities in the
dry state. The velocity data of the dry sample is required for fluid substitution calculations using
Gassmanns’s theory (e.g., Mavko et al., 2009; Schön, 1996). We used a HPLC (Knauer Smartline 100) pump
to saturate the initially evacuated sand sample with a degassed KCl solution. To ensure complete saturation,
10 to 20 pore volumes were exchanged at room temperature. Next, we switched the pump off andmeasured

Figure 4. Density and electrical conductivity as a function of salinity of a KCl
solution measured at the corresponding freezing point of the solution (see
Table 1).

Table 1
Freezing Point, Density, and Electrical Conductivity for Different Salinities of a KCl Solution

S in % 1 2 4 6 8 10 12 14 16 18

TFP (°C) �0.46 �0.92 �1.85 �2.80 �3.78 �4.80 �5.86 �6.98 �8.17 �9.44
ρ (g/cm3) 1.0066 1.0133 1.0268 1.0405 1.0543 1.0684 1.0827 1.0972 1.1120 1.1269
σ (mS/cm) 9.47 18.58 35.5 51.9 68.2 83.7 98.9 112.9 128 142

Note. The freezing point depression is calculated using equation (1); the densities and conductivities are measured (see text for detailed description and Figure 4).
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the mass loss of the fluid in the reservoir to determine the pore
volume of the installed sand sample. From the sand mass, the grain
density, and the pore volume we estimated the porosity at 37%.
After the measurement of the compressional-wave velocity for the
fully brine-saturated state we set the sample to different tempera-
tures between 0 °C and �15 °C (complete freezing) in order to
observe the velocity as a function of ice content. To keep the tem-
perature gradient inside the sample low during freezing and to have
comparable conditions between different experiments, we worked
with a temperature ramp of 0.1 °C/hr. The pore pressure inlet and out-
let was kept open during freezing to allow drainage into the brine
reservoir. The temperature at the sample surface wasmonitored using
the Pt100 RTD. In order to assess when the temperature equilibrium
inside the sample is reached and ice formation is complete, the resis-
tivity of the sample is logged with a four-electrode arrangement (see
Figure 6). The heat generated by ice formation dissipates over the
sample surface, and a constant temperature indicates the end of ice
formation. This is confirmed by the maximum in electrical sample
resistance. The slight decrease in resistance is probably caused by
recrystallization due to Oswald ripening and an equilibration of ion
concentration gradients in the pore fluid. When the resistance has
almost equilibrated, we perform the compressional-wave velocity
measurement. The equilibrated sample temperature is determined
as a prerequisite for the determination of the ice saturation. It should
be mentioned that the velocity remains constant shortly after the
temperature has equilibrated and is obviously not as sensitive to ice

recrystallization or salinity equilibration. The thermostat is set to the next temperature, and the newmeasure-
ment is taken when the temperature has equilibrated or the resistivity remains almost constant. In this experi-
ment we measured with a 5% KCl solution as a compromise to get reasonably accurate ice saturation while
maximizing the ice saturation. If one aims for the dependence until very high saturation of about 90% and
more, it is advisable to perform a two-stage experiment with fluid exchange; use high salinity to get high
accuracy at low ice contents and a low concentration solution to get a very high final ice saturation (see
Figure 1 and section 2). The time needed for the fluid substitution process depends on the mean grain size
and the grain size distribution. For permeable clean sand it is possible within a day. The resistivity log would

indicate when the old fluid has been replaced and a new constant resistiv-
ity is established in the sample.

Figure 7 shows the measured compressional-wave velocities as a function
of ice saturation in the sand and as function of methane hydrate content in
a glass bead sample (Spangenberg et al., 2008). In the glass bead sample
the hydrate was formed from methane dissolved in water. Based on the
measurements on the dry and water-saturated sample, we did a fluid sub-
stitution calculation assuming a water hydrate suspension as pore fill. The
measurements follow the trend of the modeled curve very well up to a
saturation of about 40%. For higher saturations the measured data show
a stronger velocity increase compared to the modeled velocities. This
change is the result of the originally pure pore-filling crystals starting to
become a load-bearing framework. This transition from pore-filling to
pore-filling and load-bearing habit has also been observed for sand
tetrahydrofuran-hydrate systems (Yun et al., 2005). The results show that
ice forms generally as a noncementing phase in the pores and provides
an easy analogue for the influence of pore-filling and load-bearingmethane
hydrate on the compressional-wave velocities of sandy sediments.

Figure 5. General concept of the experimental setup of SEPP-hydrate (system for
experimental petrophysics) used for the experiments (see text for a more detailed
description).

Figure 6. Temperature measured at the sample surface and sample impe-
dance as a function of time after the temperature was set to a lower value
with a ramp of 0.1 °C/hr to increase the ice content of the sample.
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During the experiments we recognized that the absorption of wave
energy increases with ice content. This is a special feature which has also
been observed in natural hydrate-bearing formations, where a velocity
increase due to higher hydrate concentrations is associated with strong
absorption in the seismic frequency range and is also seen for the higher
frequencies of sonic log measurements (e.g., Bauer et al., 2005; Guerin
et al., 2005). This is another qualitative indicator that supports our assump-
tion that ice can be used as an easy to handle analogue for the study of
seismic properties in hydrate-bearing formations.

The good analogy we found for the compressional-wave velocity of
hydrate- and ice-bearing sediments, we could not yet determine for the
electrical measurements. The measured electrical resistivity of the ice-
bearing sediment and the dependence we found for the glass bead sedi-
ment, where the hydrate was formed from methane dissolved in water
(Spangenberg & Kulenkampff, 2006), are different. For the ice-bearing
sediment we found a strong correlation between resistivity and water
saturation, which could be used to derive Archie’s saturation coefficient
(e.g., Schön, 1996, and references therein) to a value of n = 1.85 which is
close to Pearson’s average of 1.938 over different lithologies. For methane
hydrate in a glass bead sediment we observed a dependence of the satura-

tion exponent on hydrate saturation as predicted by a simple sphere pack model for hydrate-bearing sedi-
ments (Spangenberg, 2001; Spangenberg & Kulenkampff, 2006). One reason for the observed difference
could be related to the stronger structured surface topology of the natural quartz sand compared to the sphere
pack resulting in a more complex geometry of the conducting pore-water network (Figure 8). But it might
also be related to the strongly different formation kinetics. In contrast to ice formation, hydrate formation
from dissolved methane is very slow and limited by the low methane availability (low methane solubility).

4. Discussion

We applied Pearson’s idea (Pearson et al., 1983) to use ice as an analogue for methane hydrate to simplify the
experimental procedure for lab studies on the seismic properties of hydrate-bearing sandy sediments. Our
approach differs from Pearson’s approach in (1) the way the ice concentration is determined and (2) that
we compare the velocities measured on ice-bearing sand with data produced on hydrate-bearing sediments
in which methane hydrate was produced from methane dissolved in water. This comparison clearly shows
that ice and hydrate forming without a free gas phase present in the porous system results in a pore-filling
or pore-filling and load-bearing habitus. For compressional-wave velocities, ice formation from a salt solution
can be used as an analogue formethane hydrate. This provides an option to produce data on the dependence
of compressional-wave velocity on hydrate saturation much faster with less complex experimental systems.

Figure 7. Velocities of the ice-bearing beach sand and a hydrate-bearing
glass bead sediment as a function of ice and hydrate saturation, respec-
tively. Ice and hydrate obviously have a similar influence on the velocity of
porous sediments.

Figure 8. Beach sand used for the ice experiments (left) and a scanning electron microscope image of glass beads
embedded in a matrix of 83% methane hydrate and 17% ice (Spangenberg et al., 2005).
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The qualitative observation we have from hydrate-bearing formations and our ice experiments support the
applicability of the method to study the absorption of P wave energy and its dependence on ice or hydrate
concentration in a systematic way.

The interpretation of electrical resistivity measurements with respect to hydrate concentration is to date
mainly conducted using Archie’s equation with the saturation exponent of n = 1.9386, as proposed by
Pearson et al. (1983) (e.g., Collett & Dallimore, 1998; Spangenberg, 2001). Using ice as analogue for hydrate,
we found a dependence of resistivity on ice saturation that could be correlated with Archie’s equation using
n = 1.85. This value is lower than the average of 1.9386 but is higher than the value of n = 1.715 given by
Pearson et al. (1983) for unconsolidatedmaterial. Besides this, saturation exponents derived from field experi-
ments indicate that the value of n = 1.9386 is too low. Malinverno et al. (2008) determined n = 2.42 from pore
water chlorinity measurements and resistivity logs in a hydrate-bearing sand at Cascadia Margin. Cook and
Waite (2018) determined hydrate saturation from sonic log and derived n values from the resistivity log for
the hydrate-bearing formations in the Mallik 5 L-38 research well and in hydrate-bearing sands of two wells
drilled within the Gulf of Mexico Gas Hydrate Joint Industry Project (see, for instance, Boswell et al., 2012;
Collett et al., 2012). Based on their extensive calibration work Cook and Waite (2018) recommend the value
of n = 2.5 ± 0.5 in hydrate-bearing sands in marine or permafrost settings, if no site specific calibration for
n is available. Additionally, their paper provides a comprehensive overview about the variability of n deter-
mined in the field and with different methods in laboratory studies.

The question of whether ice can be used as an analogue for methane hydrate to investigate its influence on
the electrical resistivity is obviously just one part of the more complex problem to understand the influence
of the hydrate or ice framework within the brine-filled pore network on the resulting electrical properties.
What influences the structure of this framework and how it is related to the formation kinetics of hydrate
or ice? Besides growth kinetics, concentration and temperature gradients in lab experiments often do not
really simulate the natural situation. What influence these different lab conditions have and if they can explain
the above described discrepancies are just some of the questions that deserve more attention in
future studies.

5. Conclusions

We were interested in measuring dependencies of compressional-wave velocity and electrical resistivity on
hydrate saturation within sand sediments. Because the formation of methane hydrate in the pore space of
a sand sample is both complicated and time consuming, we developed a quick look method using ice as a
proxy for methane hydrate. The presented method and the measured data show the following:

The dependence of freezing point depression of a salt solution on salt concentration can be used to calculate
the ice saturation. However, it requires a correction of the amount of water expelled from the sediment due
to the volume expansion of the forming ice. For the correction the density dependence of the saline solution
on salt concentration at freezing point needs to be known. We provide the data for a KCl solution.

Ice grown from a salt solution in the pore space of a sandy sediment forms as a noncementing pore-filling
solid phase and at higher saturations as a pore-filling and load-bearing solid phase like methane hydrate.

The compressional-wave velocities measured on an ice-bearing sample compare very well with those mea-
sured with methane hydrate as pore-fill.

The measurement of a full dependency on saturation up to 90% with ice can be done in less than 25% of the
time required for the same dependency with gas hydrate formed from methane dissolved in water.

Ice can be formed in the pore space of a sand sample without a complicated pore pressure system, which
would be necessary for the formation of a methane hydrate-bearing sample under laboratory conditions.
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