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Summary

Work during this period has focused on the analysis of the bed-scale model for
development of hydrate in sub-permafrost environments. During this reporting period, we
presented this work at several venues’.

The description of the model in this report has been refined so as to highlight the roles of
the five essential elements of the model:
1. An existing gas column converts to hydrate as BGHSZ descends
2. Element (1) causes movement of fluid phase(s) toward hydrate-forming region
3. Element (2) causes reduction in gas capillary pressure throughout the gas column
4. Element (3) combined with sedimentological heterogeneity leads to
disconnection(s) within the gas column
5. Elements (2) and (4) lead to sandwich-like distribution of hydrate saturation with
depth

This simple model provides a mechanistic explanation for the observation of layers of
small but nonzero hydrate saturations between layers bearing large saturation -- even
when the layers are in sand-rich sediments. Indeed, even an initially uniform distribution
of gas saturation will yield a non-uniform hydrate saturation under this model. Wells in
the North American Arctic (Mt. Elbert, Alaska and Mallik, NW Territories) exhibit such
hydrate distributions.

The model makes other testable predictions. One is that the vertical extent of the initial
gas column is the same as the vertical extent of the final hydrate distribution. In this
sense the model can be run backwards to predict the original gas saturation distribution
from the currently observed hydrate saturation distribution. This prediction can be tested
against understanding from classical hydrocarbon systems, for example, whether the
predicted original gas saturation is consistent with a spill point, seal quality, availability
of charge, etc. Another prediction is that sandwich-like hydrate distribution requires
capillary barriers within the sediment column of sufficient strength to disconnect the gas
column but not so strong as to prevent establishing the initially continuous column. Such
barriers are evident at Mt. Elbert, but only half of the barriers needed are evident from
available data for Mallik. The implications of the latter observation are still being
investigated.

1 2009 AGU Fall Meeting: 14-18 December, San Francisco;

NETL Hydrate meeting: January 25-28, 2010, Atlanta;

2010 AAPG conference: 11™-14™ April, New Orleans;

Gordon Research conference: Natural Gas Hydrate Systems, June 6-11, 2010, Waterville, ME



Activities in This Reporting Period

Task 8.0 - Modeling methane transport at the bed scale

Influence of sedimentological heterogeneity on hydrate
saturation as BGHSZ descends through a gas accumulation

For completeness we summarize the conceptual model, various aspects of which have
also been described in recent progress reports. We then point out some important
implications of the model, and show how they can be tested against field measurements.

Conceptual Model

The underlying model assumption is that a gas column has accumulated beneath a
conventional petroleum trap in the Arctic. The accumulation is assumed to have occurred
while the base of the gas hydrate stability zone (BGHSZ) is far above the seal of the trap.
The accumulation is assumed to be disconnected from the original source of gas charge
by the time the BGHSZ begins to descend through the accumulation.

The saturation of the gas phase in the accumulation, Figure 1, can vary with depth as the
grain size distribution in the sediment varies. Likewise the capillary entry pressure varies
with depth -- this is the source of sedimentological control on hydrate distribution. As
BGHSZ falls (Figure 2), the accumulated gas and water are converted to hydrate.

Crucially, the conversion to hydrate reduces the volume occupied by gas and water
molecules, Figure 3. This is because the density of CH, molecules in the gas phase at
conditions typical of subpermafrost (T ~5°C, P ~ 7 MPa, py ~ 50 kg/m?) is considerably
less than the density of CH4 molecules in the hydrate phase (py ~ 118 kg CH4/m® hydrate).
In the subsurface, this means that the gaseous and/or aqueous phases will move toward
the BGHSZ to fill the void that would otherwise occur as hydrate forms.

The movement of fluid phases required by hydrate formation has important implications.
For a gas accumulation no longer connected to the source of gas charge, the gas-water
contact (GWC) will rise as hydrate forms at the top of the accumulation, Fig. 4(a). As the
GWOC rises, a zone of residual gas saturation is established in the lower portion of the gas
accumulation, Fig. 4(b). The conversion of the smaller residual gas saturation to hydrate
yields a significantly smaller hydrate saturation, Fig. 4(c). Hence even an initially
uniform distribution of gas saturation is converted to a nonuniform hydrate saturation
distribution.

Model Implications: Sandwich-like hydrate saturation profiles

Another effect of the rising GWC is that the capillary pressure throughout the gas column
decreases. This is because the gas phase at residual saturation is by definition
disconnected. Thus the gas phase pressure increases from hydrostatic only above the



transition from residual saturation to original saturation. This behavior is illustrated in
Figure 5 using sedimentological data for the Mt. Elbert well. The GWC at time to is at an
assumed gas charge location, here assumed to be at a depth of 759 m. (This value is
chosen for illustration. Any geologically plausible value could be used, the effect being
to change the height of the initial gas accumulation.) The GWC rises to depth 741 m at
time ty, in response to gas moving upward within the accumulation as hydrate forms at
the top of the accumulation. Consequently the capillary pressure in the gas phase follows
the solid blue line at time t;, an upwards shift of the original P vs. z trend (dashed blue
line).

Of particular interest at time t; is that the gas capillary pressure becomes equal to the
capillary entry pressure at a depth of 735 m (green oval in Figure 5). Thus when more
hydrate forms as the BGHSZ moves down, the upward moving gas will disconnect itself
at a depth of 735 m. That is, the next incremental upward shift of the P; vs. z line will
reduce the capillary pressure at 735 m to a value below the entry pressure for the
sediment at that depth. The (short) gas column below this depth thus becomes
disconnected from the gas column above 735 m. Continued hydrate formation will
continue to draw gas upward, but now only from the gas column held between 615 and
735 m. In effect, as shown in Figure 6, we now have two GWC, one at depth 735 and
another at depth 740 m. The one at 740 m remains fixed until the BGHSZ falls to that
depth. The one at 735 m rises as hydrate forms at the BGHSZ until the upward-shifting
P. vs z trend crosses the next peak in the capillary entry pressure. This occurs at time t, in
Figure 6. As this process continues, the original continuous gas column is broken into a
series of thin, isolated "mini-accumulations”, Figure. 7. Each "mini-accumulation”
behaves just like the single accumulation in Figure 4 as BGHSZ descends. Thus each
"mini-accumulation” is converted into a layer with large hydrate saturation in the upper
portion and small hydrate saturation in the lower portion, Figure 8.

Ultimately, after the BGHSZ has descended through the entire gas column, Figure 9, we
see the consequence of sedimentological heterogeneity (here, variation in grain size
distribution with depth): the initially uniform gas saturation is converted to a sandwich-
like profile of large and small -- but never zero-- hydrate saturations.

Model Implications: Influence of initial gas charge on hydrate
distribution

We remark that this model can be used in a diagnostic fashion to infer the original gas
column height from modern observation of hydrate saturation distribution. The model
results in Figures 5-9 assumed a large initial gas column, from 759 m to 615 m, and
yields nonzero gas hydrate saturations across the same interval. However, the Mt. Elbert
well, from which the capillary entry pressure profile in Figures 5-9 was inferred, only
shows nonzero hydrate saturation (as inferred from well log responses) between depths of
675 m and 615 m. If our conceptual model is valid, then it must be the case that the initial
gas column only extended from 675 m to 615 m. If we make this assumption and then
apply the same procedure as illustrated in Figures 5-9, we predict the hydrate saturation
profile shown in Figure 10. (The parameter R, here set to 0.1, refers to a nominal



"mobility ratio", which is equivalent to the fraction of water that moves to the BGHSZ
relative to the total amount of gas and water that moves. The physical basis of this
parameter will be described in future reports.) The agreement between the model and the
observations in Figure 10 is good. Importantly, the model provides a mechanistic
explanation for the otherwise quite puzzling observation of small (but not zero) hydrate
saturation in the interval between 630 m and 650 m depth.

The prediction that the original gas accumulation extended from 615 m to 675 m depth
can be tested against understanding derived from conventional petroleum systems
analysis. For example, the seal at 615 m is required to hold a 60 m column of gas. The
conventional estimate of entry pressure from the grain size distribution, Figure 5,
suggests that the seal would have held about 15 to 20 m of gas column. It is conceivable
that the fining-upwards trend that is evident between 617 and 615 m continues above 615
m, yielding a stronger capillary barrier, i.e. grain sizes about 3 times smaller than those at
615 m. Unfortunately about 1.5 m of core immediately above 615 m was not recovered,
S0 it is not possible to test this possible explanation further.

The preceding analysis of seal capacity leads to another line of investigation. If the seal
were capable of holding no more than 60 m of gas column, then the establishment of the
initial gas column would have been limited to 60 m. If the seal were capable of holding
more than 60 m of gas column, then we would need to explain why only 60 m was
apparently established. This would involve analysis of spill points and the timing of the
gas charge. In the case of Mt. Elbert the question has been raised, at least anecdotally, as
to whether partial gas charge can explain the heterogeneous distribution of hydrate
saturation. The model suggests that nonuniform hydrate saturations are inevitable,
regardless of the extent of charge. This argues that main influence of partial charge
would be on the height of the initial gas column and hence upon the overall thickness of
the hydrate accumulation. The broader analysis of charge, seal capacity etc. is beyond
the scope of the project. Nevertheless our intention in the remainder of the project is to
seek at least qualitative evidence that would help confirm or refute the model.

We include these still speculative considerations in this report to highlight the fact that
model is mechanistic and can be tested more rigorously with petroleum systems analysis.
This lays a foundation for future work on this class of hydrate accumulation. We also
remark that nonuniform distributions of hydrate saturation have been reported from the
Gulf of Mexico JIP wells and even in some ocean sediments. It may be instructive to
revise the Arctic model for application to these provinces if the basis for moving the
BGHSZ is, for example, a change in sea level.

Model Implications: Influence of quality of local capillary seals on
hydrate distribution

We have applied the model, which works well for Mt. Elbert, to the geologically
analogous accumulation of hydrate in the Mallik well. We assume plentiful gas charge so
that the initial gas saturation profile is determined by the capillary barriers distributed
through the sediment column. The barriers correspond to local minima in the mean grain



size distribution, Figure 12 (a)-(b). None of the barriers are capable of supporting a gas
column higher than 20 m. Thus the initial saturation profile consists of large saturations
just below each barrier, Figure 12(c). The large saturations extend only to a depth
corresponding to the column height supportable by each barrier. Below each column of
large gas saturation is an interval of small gas saturation. This saturation would
correspond to the critical gas saturation (the saturation needed for gas to flow through the
porous medium), assumed to be 30% in this example. With these assumptions, the model
yields the hydrate saturation profile of Figure 12(d). The predicted hydrate distribution
(green line) does not agree with the observations. Either the model of hydrate formation
is not applicable at Mallik, or the assumed conditions for the establishing the initial
saturation distribution are wrong.

Since the model seems to work well for Mt. Elbert and it is likely that Mallik experienced
the same history for the depth of BGHSZ, we tentatively conclude that the presumed
initial gas saturation distribution is incorrect. It is instructive to consider what the initial
distribution would have to be in order to yield a hydrate saturation distribution similar to
that observed. Figure 12 shows the results of applying the model if strong capillary
barriers are assumed to exist at depths of 941 m, 951 m, 969 m and 1005 m (red dotted
lines in panels ¢ and d of Figure 12.) In this case the model predicts hydrate distribution
quite similar to the observed distribution, Figure 12(d).

This analysis raises the obvious question as to whether such barriers actually exist.
Certainly a fine-grained interval exists at 941 m and 1005 m (note peak in entry pressure
trend in Figure 12(b)), so a stronger barrier than estimated in Figure 11 at those locations
is plausible. But the basis for invoking barriers at 951 m and 969 m is not evident from
the data available. The value of visual inspection of core become apparent in this context,
since thin, silty layers could lie between the points sampled for grain size analysis. The
implications of this test of the model are still under investigation and will be discussed in
future reports.
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Figure 3. Ina closed system, the volume occupied by gas and water phases at T and P
typical of sub-permafrost formations in the Arctic exceeds the volume occupied at
equilibrium, when the limiting reagent (either CH, or H,0) is completely converted to
hydrate. Consequently in the natural, open system, the formation of hydrate will cause
one or both phases (gas, agueous) to move into the vacated pore space.
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Figure 4. Schematic of the development of hydrate saturation as BGHSZ descends through
an existing accumulation of gas. (a) Formation of hydrate (green) at top of gas
accumulation creates a void (white) that is filled by gas (red arrow) from below and water.
Water also imbibes into the bottom of the gas accumulation (blue arrow). (b) Hydrate
eventually fills the top part of the gas accumulation, and the gas that has moved up to form
this hydrate leaves residual saturation below the new gas water contact (GWC). (c) After
BGHSZ reaches bottom of the original accumulation, the hydrate saturation is large in the
upper part of the accumulation. The small hydrate saturation in the lower part of the
accumulation is the result of converting residual gas to hydrate.
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Figure 5. Gas charge, assumed to enter at a depth of 755 m, establishes a gas
accumulation (dashed red curve) in a heterogeneous sediment with varying capillary
entry pressure. The entry pressure values are inferred from the grain size distribution
measured for the Mt. Elbert formation (data courtesy W. Winters, USGS and K. Roseg,
NETL). Hydrate (green band at depth 615-620 m) forms between time t, and t; as
BGHSZ falls. This causes the gas saturation at depths below 740 m at time t; (solid red
curve) to drop from a large initial saturation (dashed red curve) at time t, to a smaller
residual saturation. The disconnected gas phase below depths of 739 m no longer

contributes to the gas hydrostatic column. Consequently the gas phase capillary pressure
decreases uniformly to the solid blue line at time t;.
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Figure 6. As BGHSZ continues to descend (cf. Figure 5), the reduction in gas phase
capillary pressure (solid blue line) intersects the next peak in the plot of sediment entry
pressure vs. depth. The next incremental volume of gas that rises to accommodate the
incremental formation of hydrate will thus cause the gas column to be disconnected at a
depth of 718 m (green oval).
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Figure 7. Continuing the process illustrated in Figures 5 and 6, the BGHSZ eventually

converts the uppermost column of disconnected gas (between 615 and 647 m) into
hydrate. The continued descent of BGHSZ will encounter a series of thin columns of
disconnected gas, each of which has large gas saturation in the upper portion and residual
gas saturation in the lower portion.
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Figure 8. Continuing the process illustrated in Figure 7, the BGHSZ converts the next

column of disconnected gas (between 647 and 675 m) into hydrate. The characteristic

sandwich profile, in which layers of hydrate exhibit large saturation in the upper portion

of the layer and small saturation in the lower portion, thus is established in this interval.
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Figure 9. After the BGHSZ has descended through the entire column, the original nearly
uniform gas saturation profile has been converted into a sandwich-like hydrate saturation
profile.
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Figure 10. Application of the model to Mt Elbert formation assuming the initial gas
column is limited to the interval from 615 m to 675 m. After the BGHSZ has descended
through the entire column, the original nearly uniform gas saturation profile has been
converted into a sandwich-like hydrate saturation profile (green line) consistent with the
log-derived estimate (black dots).
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Figure 11. Application of the hydrate formation model to the Mallik well. (a) Grain size
distribution reported in the literature. (b) Capillary entry pressure estimated from mean
grain size. (c) A sandwich-like initial gas saturation profile is assumed between the
depths of 905 m and 1015 m. The variation from large saturation to small saturation at
915 m, 958 m, 969 m, 988 m and 1013 m reflect the supportable column height beneach
the corresponding local capillary seals at 905 m, 940 m, 961 m, 979 m and 1008 m. (d)
After the BGHSZ has descended through the entire column, the sandwich-like gas
saturation distribution is converted to a qualitatively similar sandwich-like hydrate
saturation profile. The prediction is not consistent with the observation (black line)
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Figure 12. (a) and (b): same as Figure 11. (c) Hypothetical initial gas saturation,

obtained when capillary barriers at selected locations (red dotted lines) are assumed
strong enough to support the labeled gas column heights. (d) After the BGHSZ has
descended through the entire column shown in panel (¢), the original gas saturation

profile has been converted into a sandwich-like hydrate saturation profile similar to the
observed profile.
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