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Nucleation in a supercooled or a supersaturated medium is a stochastic event, and hence statistical
analyses are required for the understanding and prediction of such events. The development of reliable
statistical methods for quantifying nucleation probability is highly desirable for applications where
control of nucleation is required. The nucleation of gas hydrates in supercooled conditions is one
such application. We describe the design and development of a high pressure automated lag time
apparatus (HP-ALTA) for the statistical study of gas hydrate nucleation and growth at elevated gas
pressures. The apparatus allows a small volume (≈150 μl) of water to be cooled at a controlled rate in
a pressurized gas atmosphere, and the temperature of gas hydrate nucleation, Tf, to be detected. The
instrument then raises the sample temperature under controlled conditions to facilitate dissociation
of the gas hydrate before repeating the cooling-nucleation cycle again. This process of forming and
dissociating gas hydrates can be automatically repeated for a statistically significant (>100) number
of nucleation events. The HP-ALTA can be operated in two modes, one for the detection of hydrate
in the bulk of the sample, under a stirring action, and the other for the detection of the formation of
hydrate films across the water-gas interface of a quiescent sample. The technique can be applied to
the study of several parameters, such as gas pressure, cooling rate and gas composition, on the gas
hydrate nucleation probability distribution for supercooled water samples. © 2011 American Institute
of Physics. [doi:10.1063/1.3602926]

I. INTRODUCTION

Clathrate hydrates have been the subject of intense sci-
entific and industrial research for some time since they have
been suggested as gas storage media, and as a potential en-
ergy source. Other important applications have been reviewed
by several authors.1–9

Formation of gas hydrates can also be problematic. For
example, in transportation of natural gases, gas hydrates can
block pipelines where pressures are high and temperatures are
low, and prevent the flow of production fluids and/or cause
damage to the pipes.9

In oil and gas production, strategies for hydrate pre-
vention and mitigation have been developed.9 These in-
clude the addition of chemicals which act as thermodynamic
or kinetic hydrate inhibitors (THI/KHI), direct heating or
depressurization.9, 10 However, as gas reserves decline, more
remote and deeper gas fields are being exploited, which re-
quire more effective inhibition strategies. At the same time,
better understanding of mechanisms of hydrate nucleation
and growth, and quantification of hydrate formation and ag-
glomeration risks, can help engineers to operate their facilities
more economically in these environments.

a)Electronic mail: Nobuo.Maeda@csiro.au.

Conventional methods of studying nucleation and growth
of gas hydrates involve recording of the “induction time”
prior to the nucleation of a sample at a constant tempera-
ture below the equilibrium hydrate dissociation temperature,
Teq, of a sample.9, 11–13 However, the stochastic nature of the
nucleation process means that induction time is often irre-
producible, and can vary significantly from sample to sam-
ple, especially at conditions close to Teq, where the driving
force for hydrate formation is low.9, 11, 13 Analysis of nucle-
ation probability in such systems necessitates the collection of
statistically significant data sets which can be experimentally
challenging, given the time consuming nature of the measure-
ments, and the requirement for fine control of gas pressure
and temperature.

We have developed a new instrument which allows the
acquisition of large sample sets of gas hydrate nucleation and
growth data with a view to investigating the mechanisms un-
derlying the formation kinetics of gas hydrates,14 the high
pressure automated lag time apparatus (HP-ALTA) based on
earlier work by Haymet, Heneghan, and Wilson.15–17

The technique exploits the increased probability of nucle-
ation in a supercooling liquid as the temperature is decreased
below the thermodynamic phase boundary for hydrate for-
mation in a region of the pressure-temperature (P-T) phase
diagram. In essence, the sample is subjected to an increased
driving force for hydrate formation through the application of
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FIG. 1. (Color online) Schematic illustration of high pressure automated lag
time apparatus (HP-ALTA).

a cooling ramp. The imposition of an increasing driving force
effectively compresses a large variation in the induction time
at a constant driving force to a much narrower variation in the
lag time under a cooling ramp.

In this paper, we describe the design and the operation of
the instrument. Only a small volume of sample (≈130 μl) is
required for collection of a statistically significant number of
nucleation events under identical conditions.

II. DESCRIPTION OF THE INSTRUMENT

The automated lag time apparatus (ALTA) was originally
designed for the statistical study of ice nucleation in a glass
tube under atmospheric pressure.15, 16 Here we designed and
built an HP-ALTA to achieve the same statistically valid data
sets for the formation of gas hydrates at elevated gas pressure.

The HP-ALTA pressure chamber is made of stainless
steel (∼5 cm × 5 cm × 2 cm), the pressurized volume of
the cell is comprised of two 6 mm diameter bores at right
angles across the long dimension (Fig. 1). One of the bores
is capped at both ends with high pressure sodalime glass
windows (Type 62, 1

4
′′ NPT, Herbert Industieglas, Wuppertal

Germany). These windows are pressure rated up to 15 MPa.
During measurements, the high pressure windows are heated
using Kapton heater strips (K005020C5-0009B, Watlow
Australia, VIC, Australia), in order to prevent condensation
of the evaporated sample water onto the inner walls of the
windows. The second bore is plugged with a stainless steel
cap at one end, and attached to a high pressure gas line at the
other.

FIG. 2. (Color online) Schematic image of the high pressure gas line.

The pressure chamber is sandwiched between two Peltier
devices (Peltier-CP1.4-127-06L-RTV, Melcor) of ∼40 mm ×
40 mm each, which in turn are sandwiched between two cus-
tom made aluminium heat sinks. The heat sinks have channels
inside them so that they can be cooled using an appropriate
coolant such as an alcohol or glycol. The coolant is cooled
and circulated by an external refrigerated bath (Model WCR-
P12, All-Lab Scientific). The HP-ALTA is also equipped with
a thermocouple (PT100 HEL705, Honeywell) that is placed at
a reference point in the chamber block, approximately 5 mm
away from the right angle bores (the thermocouple is under
ambient pressure). This thermocouple reading is output to a
PC, which also allows feedback control of the current to the
Peltier devices.

In order to guard against ambient temperature fluctua-
tions which might influence gas pressure in the gas handling
system during the lengthy automated measurements, a tem-
perature controlled pressure canister was incorporated into the
line (Fig. 2). The canister was immersed in a large tempera-
ture bath that maintained the temperature of the canister, and
hence the gas pressure inside, constant. The size of the pres-
sure canister was chosen so that the volume of the pressure
canister was no smaller than 90% of the total volume of the
line and the HP-ATLA.

The main gas line was connected to a pressure booster
pump (Model AG-62, Haskel Australasia Pty Ltd, Queens-
land, Australia), enabling elevation of gas pressure up to
15 MPa. The pressure canister and HP-ALTA were isolated
from the booster pump immediately prior to commencing
measurements.

A white LED (NSPW500BS, Nichia Corporation) and a
photo detector (BPV11, Vishay) are aligned so that the inten-
sity of the transmitted light through the sample can be mea-
sured. The detector output was connected to the computer.
The HP-ALTA setup is housed in a plastic case which is con-
tinually fed with a gentle stream of dry nitrogen in order to
dispel ambient moisture.

Custom written software (Labview, version 8.5, National
Instruments) is used to measure and control the tempera-
ture of the HP-ALTA using the thermocouple and Peltier
inputs/outputs. The same software also records the light
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FIG. 3. (Color online) (a) HP-ALTA “bulk transmittance configuration” which uses a horizontal light path and custom made glass tube with a mini stirrer (b).
(c) “interfacial transmittance configuration,” which uses a vertical light path and custom made glass boat (d).

intensity from the photodetector. This signal is also used as
a trigger for temperature ramps, as described below.

A calibration factor which relates the thermocouple tem-
perature response to the actual water sample temperature was
derived from control experiments using a thermometer im-
mersed in ethanol in the sample cell within the HP-ALTA
sample chamber.

A second series of control experiments was used to as-
certain the current required to ensure that the Peltier device
maintained the temperature of the sample cell at a specified
value. Within the physical constraints of this hardware (i.e.,

the heat capacity of the chamber and the power of the Peltier
device), the instrument was able to cool the sample at a con-
stant (linear) cooling rate in the range between 0.01 K/s and
0.075 K/s.

Detection of hydrate formation is based on the de-
crease in detected light intensity due to the increased scat-
tering/absorbance of the hydrate relative to water.

We observe that during sample heating and cooling,
transmittance of the light through the sample chamber drifts,
presumably due to a combination of convection currents, and
refractive index/electrical sensitivity variations. However, the
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FIG. 4. Typical lag time histogram (a) and corresponding S-curve (b) data
using the “bulk transmittance” configuration for a stirred water sample under
13 MPa of C1/C3 gas. The cooling rate was 0.025 K/s and the dissociation
conditions after each cooling ramp was at 310 K for 300 s.

rate of decrease of transmittance on hydrate formation is far
greater than this drift. Hence, the hydrate formation point is
based on detection of a rapid decrease in transmittance, rather
than on an absolute transmittance measurement.

The HP-ALTA thus cools a sample at a specified cool-
ing rate in the aforementioned range until it detects forma-
tion of gas hydrates from a sudden reduction in the trans-
mitted light through the sample. We refer to the formation
temperature of gas hydrates as Tf. Following the detection of
the formation of gas hydrates, the HP-ALTA then heats the
sample to a defined temperature, ∼10–15 K above the equi-
librium dissociation temperature, Teq, of the gas hydrate at
the experimental pressure. Once this temperature is reached
and the transmittance of the light through the sample has re-
covered to a high level (i.e., hydrate has largely dissociated),
the sample temperature is maintained for a given time (typ-
ically 300 s) to ensure complete hydrate dissociation. After
this time, sample cooling is again commenced, and the cycle
repeated.

Tf for each cycle is recorded, resulting in a collec-
tion of varying Tf values in chronological order which
can be displayed in the form of a histogram (so called
“Manhattan”15, 16), as shown in Figs. 4 and 5.

Rearrangement of this data to present the fraction of hy-
drate formation events recorded at a given supercooled tem-

FIG. 5. Typical lag time histogram (a) and corresponding S-curve (b) data
using the “interfacial transmittance” configuration for a quiescent water sam-
ple under 12 MPa of C1/C3 gas. The cooling rate was 0.05 K/s and the dis-
sociation conditions after each cooling ramp was at 310 K for 300 s.

perature (�T ≡ Teq − Tf) allows depiction of the probability
distribution for hydrate formation as a function of supercool-
ing. This is the so-called survival curve or “S-curve”.15, 16 An
example is shown in Figs. 4 and 5.

The mid point of the S-curve denotes the �T value at
which 50% of the measurements showed hydrate formation
(median �T), and is denoted �T50. This is a useful statisti-
cal value which can be used to compare S-curves recorded
in different experimental conditions. A median is preferred to
an average as the representative parameter, because an aver-
age is more susceptible to occasional spikes in these lengthy
measurements.

In addition to the HP-ALTA described above, we built a
second version of the instrument (which we refer to as HP-
Video cell) to allow visualization of the changes that are oc-
curring inside the HP-ALTA cell. The design of the HP-Video
cell required the installation of a larger window (Type 62,
3
4

′′ NPT, Herbert Industieglas, Wuppertal Germany), which
in turn required some minor modifications to the design of
the high pressure chamber block. The mass of this block was
slightly more than the one for the HP-ALTA so there are some
differences in the heat capacity. However, after careful cali-
bration (similar to the HP-ALTA) it was possible to operate
the instrument in the same range as HP-ALTA.
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The dimension of the bore that accommodates the sample
cell is the same as that for the HP-ALTA, so the same sam-
ple cell can be used in both the HP-ALTA and the HP-Video
cell. The heat sinks, the thermocouple, the electronics, and
the computer software are the same as those of the HP-ALTA;
however, the optics is different. The LED of the HP-ALTA
was replaced with a flexible and adjustable light guide (CL
1500 EC Cold light source, Carl Zeiss Pty Ltd, Australia) and
the photo detector of the HP-ALTA was replaced with a video
camera (CMA-DICE, Sony). The video image was recorded
with a DVD recorder (DVR-540H, Pioneer).

III. DESIGN CONSIDERATIONS OF HP-ALTA
RELATIVE TO AMBIENT PRESSURE ALTA

The ambient pressure ALTA of Haymet, Heneghan and
Wilson16, 17 was designed to study nucleation of ice and THF
hydrate systems. In these systems, nucleation and growth of
hydrate are essentially simultaneous, because formation is the
result of a phase transition either from a one component sys-
tem (water → ice), or from a mutually miscible two com-
ponent system (THF + Water → THF hydrate). The am-
bient pressure ALTA therefore detects this phase transition
by a reduction in light transmittance through the bulk of the
sample.

The situation for gas hydrate nucleation is somewhat dif-
ferent, since the initial gas and water components are spar-
ingly miscible. Nucleation of hydrate therefore occurs at the
gas-water interface. Furthermore, growth of hydrate into the
bulk water phase requires transport of one component through
another (e.g., gas dissolution and diffusion through hydrate or
water), which is generally slow.18

To adapt the ambient ALTA to study gas hydrate nucle-
ation therefore, it is necessary to either facilitate gas transport
by mixing, or to focus the detection system at the gas-water
interface. Both approaches were explored in the development
of the HP ALTA.

A. Approach 1: Stirred tube/bulk transmittance
configuration

The ambient ALTA tube configuration was adapted for
use at high pressure in conjunction with a stirring action
(Fig. 3). Here a small micro stirrer (Spin bar magnetic flea,
F371210009, Crown Scientific, Minto, NSW, Australia) was
placed inside the sample tube. One or more small glass
spheres (1.5—2 mm, 332134Y, BDH Laboratory Supplies,
Poole, UK) were also placed at the bottom of the sample
tube (and below the stirrer) to increase the stirring agita-
tion. The stirrer was driven by a common laboratory stirrer
plate which was placed beneath the HP-ALTA cell. Using
this configuration, the stirring action was effective in allow-
ing the detection of gas hydrate in the bulk water sample, as
determined by measurable reductions in bulk transmittance
during cooling ramps. However, introduction of the stirring
action requires consideration of a number of additional pa-
rameters such as stirring efficiency, and stirrer position rela-
tive to the detection light path and/or water-gas interface. The
necessity for specifying and characterizing these additional

parameters complicates the measurements significantly; how-
ever the fact that this configuration allows determination of
“S curves” in a dynamic environment is of interest in some
situations.

B. Approach 2: Static sample/interfacial
transmittance configuration

A simpler approach was to measure formation of gas
hydrates at the gas water interface by adapting the light
path to pass through this interface. This required rotating the
light path by 90o, and replacing a tube in the ambient pres-
sure ALTA with a customized glass sample cell or “boat”
(Fig. 3). The “boat” exposes a larger area of the water surface
to the gas (∼7 mm2 in the tube configuration and 90 mm2 in
the boat configuration). This configuration precludes the use
of a micro stirrer (the stirrer could not rotate in the boat). As
such, only measurements of quiescent (static) samples could
be carried out in the boat configuration.

This is the preferred configuration of the HP-ALTA sys-
tem, since it reduces the experimental complexities relative to
the stirred tube configuration described above.

IV. OPERATION OF THE HP-ALTA INSTRUMENT

A. Approach 1: Bulk transmittance configuration

To perform the measurements, approximately 170 μl of
milli-Q water is placed in a custom made cylindrical glass
tube, which is inserted into the vertical pressure chamber
bore. Light is passed horizontally through the bulk of the sam-
ple water, ∼13 mm above the bottom of the tube, and ∼7 mm
below the gas-water interface. The surface area of the sample
water that is exposed to the high pressure gas is ∼7 mm2.

Once the sample cell is in place, the high pressure gas line
is connected to the HP-ALTA using a Swagelok connector
(SS-400-1-2, Swagelok, Broadmeadows, Australia). The gas
cylinder regulator is opened and the pressure booster pump is
operated to pressurize the gas line to a desired value. Different
types of gases and gas mixtures can be studied using pressure
handling system; however, we describe below the case for a
90% methane-10% propane (C1/C3) gas mixture only.

While the gas pressure in the system stabilizes, the refrig-
erated bath is switched on and the temperature is set to a de-
sired value, based on the Peltier device operating capacity and
the desired temperature range to be studied. In general, the re-
frigerated bath temperature should be set close to the lowest
temperature that may be required for the nucleation of gas hy-
drates in a given experiment. The window heater is switched
on in order to eliminate condensation. The electronics and the
computer are switched on and the program is activated. At this
point, the gas cylinder is isolated from the pressure line, and
the pressure booster pump is switched off for safety reasons.
Pressure transducers in the pressure line allow checking for
(and elimination of) gas leaks, and allow checking that a sta-
ble pressure is maintained in the system for the duration of the
measurements. The first Peltier temperature ramp is then ini-
tiated, and measurements are commenced as described above.
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Figure 4 shows the typical “Manhattan” histogram data
and corresponding S-curve for gas hydrate nucleation in
a stirred water sample that was exposed to C1/C3 gas
mixture under 13 MPa pressure. The cooling rate was
0.025 K/s and the sample was heated at 310 K for 300 s af-
ter each cooling ramp to dissociate the gas hydrate which was
formed. It can be seen that C1/C3 gas hydrate was formed at
supercooling temperatures (�T) of 4–17 K below the equilib-
rium hydrate dissociation temperature, Teq, of 296 K, which
was calculated using CSM Gem software for this system.9

The median �T (�T50) for this system was determined to be
7 K.

Compared with the S-curve data for unstirred ice nu-
cleation at ambient pressure,15, 16 the S-curve here is less
symmetric. This difference may be arising from the multi-
component nature of the gas hydrate systems studied here.

B. Approach 2: Interfacial transmittance configuration

As described above, a second configuration of the HP-
ALTA allows monitoring of the gas-water interface where the
initial nucleation and growth of gas hydrates occurs.

We manufactured different types of glass boats before
settling to the final design. In general, a design that resulted in
exposure of a larger surface area of the sample water led to a
somewhat higher Tf with a narrower distribution. However, it
also led to accelerated evaporation of the sample water, espe-
cially during the heating (dissociation) process. This gradual
depletion of water from the sample limits the experimental
run length to ∼1 week. For an optimal cooling rate of 0.025
K/s, this corresponds to ≈230 cooling-heating cycles.

To perform the measurements, approximately 130 μl of
milli-Q water is placed in a custom made glass boat, which
is inserted into the horizontal pressure chamber bore. Light
is passed vertically through the gas-water interface. The rest
of the operation procedure is similar to that described for the
bulk transmittance configuration described above.

Figure 5 shows the typical “Manhattan” histogram data
and corresponding S-curve for gas hydrate nucleation in a
water sample that was exposed to C1/C3 gas mixture under
12 MPa pressure. The cooling rate was 0.05 K/s and the sam-
ple was heated at 310 K for 300 s after each cooling ramp to
dissociate the gas hydrate which was formed. It can be seen
that C1/C3 gas hydrate was formed at supercooling temper-
atures of 5–19 K below the equilibrium hydrate dissociation
temperature, Teq, of 296 K. The median of �T (�T50) was
about 10 K. The range of subcooling observed is similar to
that found using the bulk transmittance (stirred) configura-
tion.

We found variations in �T50 for different samples in dif-
ferent glass sample cells (data not shown). Direct visual in-
spection of the sample using the HP-Video cell revealed that
the nucleation of gas hydrates typically occurred at the edge
of the cell and that this was followed by growth of a hydrate
layer across the interface (Fig. 6). We note that the instrument
cannot directly detect the formation of (sub-microscopic) nu-
cleus. Our hypothesis is that once the gas hydrates nucle-
ate somewhere in the sample cell, it will readily lead to the

FIG. 6. (Color online) An example of direct visual inspection of the sample
through one of the high pressure windows. Direct visual inspection revealed
that the nucleation of gas hydrates typically occurred from one of the edges
of the boat and that the gas hydrate grew across the rest of the interface. The
blue arrow in the middle panel shows the position of the hydrate growth front.

growth of the gas hydrates. For the “interfacial transmission
configuration” it is assumed that the nucleation of gas hy-
drates would lead to subsequent growth of the film over the
entire surface, as illustrated in Fig. 6. The growth rate of such
film was not instantaneous. However, the cooling rate used
was slow (typically 0.025 K/s) so that a small delay in the de-
tection of the formation of gas hydrates due to the finite speed
of the film growth would not translate to a large error in the
lag time (<1 K).

The variation in Tf among different samples (in differ-
ent glass cells) may arise due to minute differences of the
glass-water-gas three phase contact line for each cell due to
scratches or defects in the cell wall which influences the het-
erogeneous nucleation process. We hypothesize that this re-
sults in variations in nucleation probability for different cells.
We note that supercooling has been shown to increase, and
hydrate nucleation becomes more stochastic, for smaller sam-
ple volumes.19 Given that the sample volume we employ in
the HP-ALTA is much smaller than in any other measurement
system, the rather large range of supercooling we observed in
the HP-ALTA is not surprising.

V. CONCLUSIONS

A novel method of studying nucleation and growth statis-
tics of gas hydrates, HP-ALTA, was developed that could be
operated in multiple configurations. A large (>100) num-
ber of nucleation and growth events could be collected
automatically for a given sample under controlled pressure-
temperature conditions. The “bulk transmittance configura-
tion” detects hydrate formation in bulk in conjunction with
stirring action. In contrast, the “interfacial transmittance con-
figuration” detects formation of hydrate films at the water-gas
interface. The range of supercooling detected was very sim-
ilar between the two configurations for 12—13 MPa of 90%
methane-10% propane (C1/C3) gas mixture. The median of
the data set, �T50, was also similar between the two configu-
rations. The median and the range provide a quantitative mea-
sure of the probability distribution for hydrate nucleation and
growth in a gas-pressurized water sample under supercooled
conditions. The shape of the distribution can provide addi-
tional insight as to whether more than one process may be
taking place. Such insight would be difficult to obtain using a
system where the measurement is only made a few times. The
technique can be applied for the study of the effect of several
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parameters on �T50, such as gas pressure, cooling rate and
gas composition.

ACKNOWLEDGMENTS

This work was supported by CSIRO’s Petroleum and
Geothermal Research Portfolio, Chevron Energy Technol-
ogy Company, and British Petroleum. In addition, N.M. ac-
knowledges the support of an Australian Research Coun-
cil Future Fellowship (FT0991892). The authors also thank
Ramesh Kini, Ravi Gudimetla, Adam L. Ballard, and Richard
G. Chapman for helpful discussions.

1B. A. Buffett, Ann. Rev. Earth Planet. Sci. 28, 477 (2000).
2J. V. Coe, Int. Rev. Phys. Chem. 20, 33 (2001).
3J. E. Combariza, N. R. Kestner, and J. Jortner, J. Chem. Phys. 100, 2851
(1994).

4P. Englezos, Ind. Eng. Chem. Res. 32, 1251 (1993).
5K. A. Kvenvolden, Rev. Geophys. 31, 173 (1993).
6A. V. Milkov, Mar. Geol. 167, 29 (2000).

7E. D. Sloan, Nature (London) 426, 353 (2003).
8V. Buch, J. P. Devlin, I. A. Monreal, B. Jagoda-Cwiklik, N. Uras-Aytemiz,
and L. Cwiklik, Phys. Chem. Chem. Phys. 11, 10245 (2009).

9E. D. Sloan and C. A. Koh, Clathrate Hydrates of Natural Gases, 3rd ed.,
(CRC, Boca Raton, 2008).

10M. A. Kelland, Energy Fuels 20, 825 (2006).
11V. Natarajan, P. R. Bishnoi, and N. Kalogerakis, Chem. Eng. Sci. 49, 2075

(1994).
12P. R. Bishnoi and V. Natarajan, Fluid Phase Equilib. 117, 168 (1996).
13R. Ohmura, M. Ogawa, K. Yasuoka, and Y. H. Mori, J. Phys. Chem. B 107,

5289 (2003).
14K. A. Kozielski, N. C. Becker, P. G. Hartley, P. W. Wilson, A. D. J. Haymet,

R. Gudimetla, A. L. Ballard, and R. A. Kini, in 6th International Confer-
ence on Gas Hydrates, Vancouver, British Columbia, Canada, 2008.

15A. F. Heneghan and A. D. J. Haymet, J. Chem. Phys. 117, 5319
(2002).

16A. F. Heneghan, P. W. Wilson, and A. D. J. Haymet, Proc. Natl. Acad. Sci.
U.S.A. 99, 9631 (2002).

17A. F. Heneghan, P. W. Wilson, G. M. Wang, and A. D. J. Haymet, J. Chem.
Phys. 115, 7599 (2001).

18G. Tegze, L. Granasy, and B. Kvamme, Phys. Chem. Chem. Phys. 9, 3104
(2007).

19S. D. McCallum, D. E. Riestenberg, O. Y. Zatsepina, and T. J. Phelps,
J. Pet. Sci. Eng. 56, 54 (2007).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp

http://dx.doi.org/10.1146/annurev.earth.28.1.477
http://dx.doi.org/10.1080/01442350010008589
http://dx.doi.org/10.1063/1.467231
http://dx.doi.org/10.1021/ie00019a001
http://dx.doi.org/10.1029/93RG00268
http://dx.doi.org/10.1016/S0025-3227(00)00022-0
http://dx.doi.org/10.1038/nature02135
http://dx.doi.org/10.1039/b911600c
http://dx.doi.org/10.1021/ef050427x
http://dx.doi.org/10.1016/0009-2509(94)E0026-M
http://dx.doi.org/10.1016/0378-3812(95)02950-8
http://dx.doi.org/10.1021/jp027094e
http://dx.doi.org/10.1063/1.1497635
http://dx.doi.org/10.1073/pnas.152253399
http://dx.doi.org/10.1073/pnas.152253399
http://dx.doi.org/10.1063/1.1407290
http://dx.doi.org/10.1063/1.1407290
http://dx.doi.org/10.1039/b700423k
http://dx.doi.org/10.1016/j.petrol.2005.08.004

