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Figure S1. Sensitivity simulation breakthrough curves at the centerline surface node for granite
and tuff, 250 m depth of burial. A detection limit of 5 x 1022 mol/kg air (0.6 mBg/m?3) is shown
in blue. The breakthrough curves shown span the parameter ranges given in Table 1 (main text)

and each figure legend, linearly varying from black (smaller) to color (larger) values.
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Figure S2. (a) Breakthrough curves at the centerline surface node for granite, for all realizations
of case MCL1 in Table 1 (main text), randomly colored by realization. The lower y-axis limit of
each panel in (a) is an assumed detection limit of 5 x 102 mol/kg air (0.6 mBg/m?®). (b) Pressure

data (Denver, January detonation).
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Figure S3. (a) Breakthrough curves at the centerline surface node for tuff, for all realizations of
case MC2 in Table 1 (main text), randomly colored by realization. The lower y-axis limit of each
panel in (a) is an assumed detection limit of 5 x 102? mol/kg air (0.6 mBg/m?3). (b) Pressure data

(Denver, January detonation).
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Figure S4. Breakthrough curves at the centerline surface node for tuff at 250 m depth of burial,
for all realizations of case MC2 in Table 1 (main text), with varying barometric pressure signal
based on data from three locations (Denver, Anchorage, and Honolulu), January detonation,
randomly colored by realization. The lower y-axis limit of each panel in is an assumed detection

limit of 5 x 1022 mol/kg air (0.6 mBg/m?).
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Figure S5. Mesh for the 250 m depth of burial tuff case, showing refinement (down to 1 m node

spacing) for more highly damaged nodes.
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Figure S6. (a) Fracture permeabilites for GDKM nodes for one realization with d¢max = 1.41 mm.
Note that these permeabilities represent only a tiny fraction of the node; the rest is composed
matrix material. (b) Matrix permeability for all nodes. Outside the cavity/chimney zone, matrix

permeability is 4.89 x 1016 m? for this realization.



Additional Gas Transport Numerical Model Description:

The numerical gas flow and transport model used for this research was the Los Alamos National
Laboratory (LANL) porous media flow and transport simulator FEHM. Figure S5 shows a
sample grid (for tuff, 250 m depth of burial) showing mesh refinement. There are issues involved
in the upscaling of damage from the hydrocode model meshes (~3.3 million nodes; minimum
node spacing 10 cm) to the FEHM meshes with significantly fewer nodes (~40,000-65,000;
minimum node spacing 1 m) for flow and transport calculations, as well as converting
parameters to the dual permeability model. Averaging damage to upscale would not be
appropriate for fracturing, where the dominant value in a region is the maximum and the average
would result in greatly underpredicting the flow. The method employed in translating from the
damage grid to the FEHM mesh is a nearest-neighbor type approach where VVoronoi regions are
generated around the FEHM mesh and the damage mesh, and the value assigned to the FEHM

node is the damage for the damage Voronoi region with the greatest overlapping area.

The mapping used for this study from hydrocode damage results to gas flow and transport
parameters is the following. We select the maximum fracture aperture (Jfmax), an uncertain
parameter, and map it to the maximum damage; the lower cutoff for dual permeability (i.e.,
fractured) nodes is set to the fracture aperture (Jr) that produces a fracture permeability (k) of
101 m? where ks = §:%/12. Individual fracture permeability is assigned to the fracture nodes in the
generalized dual permeability model within FEHM (GDKM) while the matrix component of the
nodes have permeability km. Nodes with more damage than the cutoff are assigned to the dual
permeability model, where the fracture component of the node has permeability of ks = 67/12 and
matrix permeability of km. Nodes with less damage are considered “undamaged” and assigned Km,

where kn represents an equivalent continuum model permeability (i.e., any sub-grid scale



fracture permeability is included in the matrix permeability). The dual permeability model cutoff
IS arbitrary, but represents a moderate permeability between typical maximum fracture
permeabilities for the simulations (e.g., ~10”" m? for the very largest fracture dual permeability
nodes) to typical undamaged effective matrix permeability values (102°-101" m?). (Matrix
permeabilities in the stochastic simulations are allowed to range higher, to up to 10 m?, to
represent unmodeled, sub-mesh scale fracturing in an equivalent continuum approach.) The
cutoff improves computational efficiency by not assigning all nodes of the domain to the dual

continuum model.

Figure S6 shows permeabilities for one realization of the tuff 250 m depth of burial case. In this
realization, maximum fracture aperture is 1.41 mm and matrix permeability is 4.89 x 102 m2, In
Fig. S6a, fracture permeabilities are shown for GDKM (fractured) nodes only. The
cavity/chimney zone and all nodes where damage converted to permeability is less than 1033 m?
are treated as an equivalent continuum with an effective “matrix” permeability km. In the GDKM
nodes shown in Fig. S6a, the fracture permeabilities represent only an exceedingly small fraction

of the node volume. The remainder of the node is the matrix permeability shown in Fig. S6b.
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Figure S7. Comparison of the response obtained with CASH using the material model for

granite versus free-field strong ground motion data provided by the experiment SPE-2.
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Figure S8. Comparison of the response obtained with CASH using the material model for tuff

versus free-field strong ground motion data from the Non-Proliferation Experiment.

Hydrocode Material Model Validation Data:

The material model” utilized in this work was calibrated for both granite and saturated tuff by

comparison of the CASH model results versus free field strong ground motion data from gauges

placed around explosive experiments. For granite, the data provided by the Source Physics

Experiment (SPE) was used as a reference. The comparison between the numerical results and

the experiment for free field instruments located between a 10-m and 20-m range from the SPE-2

charge are shown in Figure S7.
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For tuff, the experimental data was obtained from the Non-Proliferation Experiment (NPE). The
comparison between the numerical results and a free-field gauge located at a 55-m range is

shown in Figure S8.
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