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30.1 Introduction

Igneous events create physical conditions that commonly are beyond the design basis
of most engineered systems, with little data available for direct analysis of potentially hazardous
scenarios. Interactions with engineered systems also can change the character of an igneous
event in ways that never occur in nature. These potential changes in process may directly
affect the impact of the resulting hazard. In this study, we will examine the potential changes in
magma-flow processes that might occur if rising, volatile-poor magma intersects open,
subsurface structures such as tunnels or drifts. Examination of decompression processes
provides one end-member to the range of models that may need to be considered for potential
subsurface hazards associated with basaltic igneous events. Although volatile-rich magma
decompression may be viewed as a more likely scenario for some basaltic magma systems,
examination of the volatile-poor scenario places important constraints on the extent and
duration of potential magma flow into underground openings.

The United States has generated approximately 50,000,000 kg of high-level radioactive
waste from commercial and defense reactors. The current proposal is to dispose this waste in
300-m-deep tunnels beneath Yucca Mountain, Nevada, USA. The regulatory framework in the
United States establishes limits on potential doses to the public for a period of at least 10,000
years (U.S. Nuclear Regulatory Commission, 2001). This proposed site, however, is located in
a geologically active basaltic volcanic field, where the probability of a new volcano forming at
the potential repository site is generally calculated at 10 * to 10 2 during the next 10,000 years
(e.g., Connor et al., 2000; U.S. Department of Energy, 2001). Federal regulations require a
detailed hazard analysis for natural events with a greater than 10* in 10,000 year likelihood of
occurrence (U.S. Environmental Protection Agency, 2001). A component of this hazard
analysis is how flow processes may be affected if ascending magma potentially intersects 5-m-
diameter tunnels containing radioactive waste. The actual dike-tunnel interaction mechanism
will depend on regional and local stress relationships between the tunnels and surrounding
rock. A future dike rising beneath the potential repository, however, would likely intersect
multiple tunnels located 20-80 m apart, as the tunnels are oriented roughly orthogonal to the
direction of maximum horizontal compressive stress and thus orthogonal to the direction of dike
propagation (e.g., Delaney et al., 1986; Morris et al., 1996). Clearly, confined basaltic magma
intersecting a tunnel at essentially atmospheric pressure would decompress and flow into that
tunnel. The extent and duration of magma flow into the tunnels, however, determines how

many radioactive waste canisters may be affected during a potential igneous event. If waste



canisters are damaged by magma flow into the tunnels, radioactive waste may be released
through hydrologic flow and transport processes that reestablish following the potential igneous
event.

The goal of this work is to examine the extent and duration of magma flow into tunnels
intersected by pressurized, volatile-poor basaltic magma ascending along a dike. Thus, we
have developed a simple theoretical model of the time-dependent viscous flow based on an
abstracted geometry of the dike-tunnel system and dimensional scalings of the different forces
involved in the subsurface environment. We then designed an analog experimental model for
this abstracted system. Results of our experiments examine how the flow rate depends on the
pressure drop into the tunnel and describe the morphology of the flow front. We also compare
these results with the theoretical model. We conclude by scaling the model to the subsurface

repository, to gain insights on igneous hazards assessments at Yucca Mountain.

30.2 Background and Conceptual Model

We have developed a hierarchical program of numerical and experimental investigations
to evaluate possible decompression-induced flow phenomena in the interaction of basaltic
magma with a geological repository of radioactive waste with the potential design attributes of
Yucca Mountain. Models and experiments in this paper examine flow conditions appropriate for
a volatile-poor basaltic magma. These models complement alternative models that consider
shallow subsurface flow processes for volatile-rich basaltic magmas (Woods, et al., 2002;
Bokhove et al., 2005; Dartevelle and Valentine, 2005; Woods et al., 2006). Although we
recognize that basalt may contain appreciable quantities of magmatic volatiles, the present
work helps establish the underlying principles that control decompression-induced flow without
the complications of volatile exsolution and rapid fragmentation phenomena.

Pliocene-Quaternary age trachybasalts in the Yucca Mountain region are mildly alkaline
and contain phenocrysts of predominantly olivine and augite, with minor and variable amounts
of plagioclase and occasionally titanian pargasitic amphibole (Vaniman et al., 1982; Hill et al.,
1995). Hydrous crystallization experiments on these basalts (Nicholis and Rutherford, 2004)
and glass inclusion analyses (Luhr and Housh, 2002) indicate initial magmatic water contents of
approximately 4 weight percent. Such magmatic water contents are expected to produce a
high-velocity fragmented flow following the rapid decompression at repository depths of 300 m
(e.g., Woods et al., 2002).



Although the early phases of a monogenetic basaltic eruption commonly are assumed to
be predominantly explosive, there are in fact rather few well-documented eruptions or analyses
of pre-historic sequences from scoria cones that can be cited to verify this assumption. Indeed,
significant volumes of lava erupted in the first two days of the 1973 Eldfell eruption, Iceland,
during a time when pyroclastic activity was relatively weak along an extended fissure
(Thorarinsson et al., 1973; Williams and Moore, 1976; Hoskuldsson, personal communication).
The most intense explosive eruption developed on the second day of the Eldfell eruption when
activity localized on the site where the scoria cone developed. Gutmann (1979) has shown that
in the Pinacate volcanic field, Mexico, degassed lava is commonly the lowermost stratum in
proximal section through scoria cone sequences. A detailed study of the Lathrop Wells,
Nevada, scoria cone and lava (Valentine et al., 2007) also shows that early activity consisted of
cone-forming Strombolian bursts and formation of a fan-like lava flow, with violent Strombolian
explosive activity occurring after the early lava was emplaced. This evolution of eruption style
may be related to degassing effects during initial ascent of the magma, suggesting that initial
hazards from subsurface flow may be represented by decompression of a volatile-poor rather
than volatile-rich magma. In addition, during the course of a basaltic eruption, degassed
basaltic magma may intersect tunnels in association with syneruptive dike propagation. Thus,
although initial explosive interaction is generally thought to be more likely, the case of initial
interaction with partially degassed magma remains a plausible scenario.

Rising basaltic dikes typically have a fluid pressure on the order of 1-10 MPa in excess
of local lithostatic pressure, which allows the magma to ascend from depth, fracture the
surrounding rock, and dilate fractures to a 1-m-aperture (Pollard, 1973; Lister, 1991; Lister and
Kerr, 1991). At a 300-m-depth beneath Yucca Mountain, the tuff bedrock has a hydrofracture
stress of 5.1-5.5 MPa (Stock et al., 1985). In contrast, the potential repository tunnels would
have atmospheric pressure (Rosseau et al., 1999), and thereby provide the path of least
resistance for the ascending magma. We therefore anticipate that on potential intersection of
the dike with the tunnel, the magma flow will be diverted into the tunnel.

The design for the potential high-level radioactive waste repository at Yucca Mountain,
Nevada, is currently under development and may change significantly from conditions outlined
in this paper. Current plans are to locate approximately 100 horizontal tunnels at depths of
200-300 m below the surface of Yucca Mountain. The east northeast-trending tunnels are
approximately 5 m in diameter, 600 m long, and spaced 80 m apart. This tunnel orientation is

approximately parallel to the direction of minimum horizontal in situ stress (e.g., Morris et al.,



1996). The tunnel system has a footprint of 1 x 5 km, and both ends of each tunnel are
connected to the surface by access tunnels with a diameter of 7-10 m. Radioactive waste
likely will be stored in Cr-Ni alloy canisters up to 2 m in diameter and up to 5 m in length, which
can be covered by a Ti-alloy drip shield. Current plans are to seal tunnel ends and access
tunnels after waste emplacement and to not emplace backfill around the drip shields. The
tunnels containing waste will be at one atmosphere pressure and can effectively be considered
as empty cavities, as the waste canisters occupy approximately 20 percent of the volume of the
tunnel.

As shallow dike lengths routinely exceed the 80 m spacing between waste emplacement
tunnels, multiple tunnels likely would be intersected during a potential igneous event at Yucca
Mountain. For typical magma ascent rates of 1 m/s, the ascending magma flux from each 80-
m-long by 1-m-wide dike segment thus can be captured by a 20 m? tunnel if the flow
accelerates to a speed of 4 m/s as it propagates into the tunnel. An understanding of the
resulting hazard potential depends on the actual rate of flow, the effects of flow acceleration on
magma supply in the feeder dike, and on the time needed to fill an intersected tunnel and re-
establish magmatic pressures that allow continued ascent to the surface.

We now build a simplified model of this process and explore the flow regimes that may
develop. We then describe an analog laboratory experiment that has been designed to
simulate the flow, and test the model quantitatively. First, it is useful to examine the
dimensionless parameters that describe the ratio of forces in the problem and to use these
parameters to examine typical flow regimes in operation.

As the flow moves into the tunnel, it experiences a sudden decompression, AP, and an
associated acceleration. We simplify our model by assuming that in this shallow part of the
crust, the crust is sufficiently strong to withstand the decrease in pressure. We therefore
assume the flow geometry to be fixed. This assumption simplifies the model, in that following
breakthrough, the rapid decompression of the magma may lead to partial closing of the dike
and also some failure of the dike walls.

The typical flow speeds in the basaltic dikes prior to breakthrough is on the order of
u =1 m/s, based on both observation and theory (Wilson and Head, 1981; Lister, 1991). For a
dike width of w = 1 m, magma of viscosity y = 300 Pa-s and magma of density p = 2,500 kg/m?,
the typical Reynolds number of the flow, puw / y, is approximately 8. For such a flow, the
turbulent drag exerted by the walls of the dike has a magnitude of 2fu®p / w, where fis the

turbulent friction factor, on the order of 0.01. The turbulent drag has a value of approximately



50, whereas the viscous drag acting from the conduit walls has a value of 12 pu / w?, which has
magnitude of approximately 3,600. Thus, for the typical flow regime in a dike, the flow is
dominated by viscous drag, but the turbulent friction does contribute to the pressure losses
experienced by the flow (cf. Wilson and Head, 1981). A rapid decompression of the flowing
gas-magma mixture by approximately 1-10 MPa as it breaks into a tunnel will lead to an
acceleration of the flow. However, for an incompressible (i.e., volatile-free) magma, the
ensuing magnitude of the flow is expected to be similar to the original value. This is because a
decrease in pressure on the order of 1-10 MPa at the flow front, as the flow breaks through into
the tunnel, increases the effective overpressure by an amount comparable to the original
overpressure driving magma flow in the system.

A second important parameter concerns the hydrostatic pressure gradient in the nose of
the flow as it spreads down a tunnel. In this nose region, of length L, the hydrostatic pressure
gradient is represented as rgp / L = 10°/ L, where r is the radius of the tunnel. The free surface
in the nose region can be maintained only if the hydrostatic pressure gradient is greater or
equal to the driving pressure gradient, which is balanced by viscous resistance and turbulent
drag. For a flow speed u along the tunnel on the order of 1 m/s, the viscous resistance, which
is represented as 8uu / r?, is on the order of 400 kg/mzsz. In contrast, the turbulent drag is
represented as 2fu’p / r, which has a value on the order of 20 kg/m®s®. The hydrostatic
pressure gradient is therefore comparable to the net frictional resistance if the nose of the flow
extends a distance on the order of L = 50-100 m. Behind this advancing gravity intrusion, the
tunnel will be completely filled with magma.

These relationships establish the balance of forces and the leading order structure of
the flow that may arise following breakthrough of degassed magma into a tunnel. We now use
these results to develop the analog experimental study of the morphology of this advancing
front. We compare the scaling for the extent of the nose of the flow with our experimental data,

and we develop and test a model for the continuing flow behind the nose.

30.3 Analog Experimental System

We developed an analog experimental apparatus to model the flow of magma up a dike
and into a horizontal tunnel, with a fixed geometry along the flow path. This apparatus (Figure
30.1) consists of a vertical Hele-Shaw cell consisting of two parallel aluminum and glass plates

that are 200 mm wide and 500 mm high. The 10-mm gap between these plates represents a



fixed-geometry dike. The base of the cell is connected to a large cylindrical reservoir that
contains pressurized liquid. This reservoir represents a deep magma source that drives
magma ascent in the dike. The reservoir has an internal diameter of 153 mm and a height of
485 mm. Near the top of the Hele-Shaw cell there is a hydraulically operated gate. This gate,
which opens in a fraction of a second, connects the cell to a horizontal glass tube of 40 mm
radius and 450 mm length. The axis of the horizontal tube is normal to the plates of the cell.
The whole system is sealed from the air, and the initial pressures at (i) the top of the reservoir
above the layer of liquid, (ii) the top of the Hele-Shaw cell, and (iii) the end of the horizontal tube
are controlled independently by three vacuum regulators (SMC handle-operated vacuum
regulators series T203) connected to a diaphragm vacuum pump (KNF Neuberger model
N180.3 FT.18). This configuration enables us to control the pressure difference between the
reservoir and the top of the cell and also between the top of the cell and the horizontal tube.
Pressures are measured with BOC Edwards active strain gauges (ASG NW16—-1000 mbar).
These gauges have been calibrated in the Calibration Laboratory of the Southwest Research
Institute and have an accuracy better than £ 1 mbar. A series of miniature pressure sensors
(113A21 sensors from PCB Piezotronics) were embedded at equal distances along the bottom

of the horizontal tube, to record the changes of dynamic pressure during the flow propagation.

30.3.1 Experimental Materials

We used three working fluids as analogs to volatile-poor basaltic magma. The primary
fluid was pure Golden Syrup, a partially inverted refiners syrup manufactured by Tate & Lyle
Company. The syrup contains 31-38 weight percent sucrose, 42-50 weight percent invert
sugar, and the remainder is dominantly water. This syrup has a Newtonian rheology with a
strongly temperature-dependent viscosity (e.g., White, 1988; Davaille and Jaupart, 1993). To
cover a wider range of Reynolds numbers, we also used less viscous liquids: Golden Syrup
diluted with 5 and 15 weight percent deionized water, called DGS5 and DGS15, respectively.
Viscosities of the samples used in our experiments were measured over a range of shear rates
and temperatures between 0 and 40 °C with a Haake RV20 Rotovisco rotating cylinder
viscometer, using the sensor systems M5/MVI and M5/SVII. During these measurements,
temperatures were set and controlled by a temperature vessel connected to a thermal liquid

circulator. Variations in syrup viscosity as functions of water content and temperature are



shown in Figure 30.2. Densities were calculated by weighing different known volumes of each
fluid at room temperature.

In the experiments, the flow regimes included slow viscous flows of very small Reynolds
number, but also flows in which the Reynolds number was as large as 100. These latter
experimental flow conditions are comparable to the range of likely basaltic flow conditions
discussed in the previous section, in which Reynolds numbers for the tunnel, pur/ py, have value
on the order of 20—200. In comparison, Reynolds numbers for the potential dike flow are on the
order of 10—-100. Thus, the slow viscous flow experiments are useful as an analog model of the
structure of potential flows into a tunnel, in that they illustrate the balance of applied pressure
and dissipation and the slumping of the flow nose, even though the flow resistance in the tunnel

is through viscous dissipation rather than turbulent drag.

30.4 Experimental Results

Two series of experiments were performed with the experimental apparatus. First, a
series of calibration experiments were conducted to examine the initial ascent of syrup up the
Hele-Shaw cell as a function of the pressure difference between the reservoir and the top of the
ascending layer of syrup. This procedure enabled us to test the model of flow resistance in the
reservoir-cell part of the system, independently of the horizontal tube. The second series of
experiments involved measuring the flow in the glass tube following the opening of the gate
between the horizontal tube and the Hele-Shaw cell. In these experiments, the cell was initially
filled with syrup while the gate was closed. The pressure in the tube was then lowered to a
prescribed value below that in the cell, and the gate was opened. The rate of advance of the
syrup was then measured, and the morphology of the flow front in the tube was recorded by

high-speed video.

30.4.1 Initial Calibration Experiments

We performed a systematic series of experiments to examine the ascent of syrup in the
Hele-Shaw cell as a function of the overpressure and the syrup viscosity. In Figure 30.3, we
present data that illustrate the variation of the height of the syrup-air interface in the cell as a
function of time. The different curves correspond to different pressure contrasts between the

top of the reservoir and the top of the Hele-Shaw cell. In each case, the syrup gradually



ascends through the cell to a final, static steady-state in which the difference in pressures
between the top of the cell and the top of the reservoir is accommodated by the difference in
the head between the reservoir and the cell.

We now present a simple quantitative model of this experiment. For reference, the key
parameters used in the model are illustrated in the schematic of the experimental apparatus
shown in Figure 30.1. For the pure Golden Syrup experiments, with flow speeds v = 0.01 m/s,
the Reynolds number Re = uw/v = puw/p based on the width of the cell, w = 0.01 m, and the
dynamic viscosity given in Figure 30.2 has value in the range of Re = 10°-10% Thus, we
expect inertia to be negligible. Therefore, the flow satisfies the approximate equation for the

flow, averaged across the width of the cell
w?
u= - —
( 12

which applies in the limit of low Reynolds number (Batchelor, 1967), p represents the pressure,

dp ,
ap (30.1)
( dy pg)

and the y-axis is the direction of the flow. The relation in (30.1) leads to

—ooh (30.2)
» 6u] (Ap-pgh)

where u = dh/ dt, h = h(t) is the vertical position of the ascending flow front in the cell and Ap is
the total pressure drop from the base of the cell to the top of the layer of syrup. This pressure

decrease has a value given by

pgA h
A

7

Ap = Ap,

(30.3)

because the depth of syrup in the reservoir decreases by an amount (A h) /A, where A, and A,
are the cross-sectional areas of the cell and the reservoir. The relationship between ascent
height h and time ¢t in (30.2) and (30.3) leads to

(30.4)

(Apo]ln Ap, _h:wzt
(A\pg)? Ap,—hpgh )| Apg  12p



where A = 1+A,/ A, Figure 30.3 compares the experimental data with the expected values
calculated from (30.4), and we find very good agreement for each experiment. The early time

rate of increase of the depth of the cell from (30.4) is given by

_ Apgw 2
12p

h? (30.5)

which illustrates how the flow rate initially slows down with time as the head driving the flow

decreases.

30.4.2 Experiments of Flow into a Horizontal Tube

In Figure 30.4, we present a series of profiles of the flow front as captured from high-
speed video, which illustrate the propagation of the pure Golden Syrup along the horizontal
tube following the opening of the gate. Figure 30.4a shows an image from one representative
experiment, with a pressure difference of 20 kPa driving the flow. Figure 30.4b shows the
profiles obtained by tracing the shape of the flow front at successive times during four different
experiments ranging from 10-80 kPa pressure difference between the reservoir and the end of
the horizontal tube. With larger pressure differences and hence larger flow rates, the leading
edge of the flow is nearly vertical. With a smaller pressure difference, the head becomes more
inclined as the gravitational force at the nose of the flow becomes comparable to the pressure-
driven flow, and the syrup slumps into the tube. In all cases, however, the shape of the leading
edge is essentially invariant with time (Figure 30.5). In Figure 30.5, data are shown for a series
of experiments in which different values of the pressure difference between the reservoir and
the top of the cell were used. In each case, the nose and tail of the flow front move at constant
speed, suggesting that a quasi-steady state is established between the background pressure
driving the flow and the gravitational pressure head driving the slumping of the nose. This
result implies that the walls of the vertical Hele-Shaw cell exert the dominant resistance to flow,
and so the flow rate remains constant.

We now model the dynamics of the flow into the horizontal tube, following the opening
of the gate, assuming that the vertical cell is filled with syrup. At each height in the cell, the

upward flux has value:
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Integrating over the depth of the cell leads to the relation

3
o

where Ap, is the pressure change between the base of the Hele-Shaw cell and the opening into
the tube, a is the length of the cell, and B is a dimensionless constant. The constant § accounts
for additional resistance that the flow experiences in the Hele-Shaw cell during a transition from
a nearly parallel upward flow to a more focused radial flow in the vicinity of the horizontal tube.
Detailed calculation of the value of 8 would require a full three dimensional model of flow in the
apparatus, particularly as flow migrates into the horizontal tube. These calculations are beyond
the scope of this study. We therefore use (30.7) to determine the value of the B for the
experiments described below.

Parameter 3 depends primarily on the width of the cell compared to the width of the tube
opening, which determines the degree of flow focusing. Parameter 3 also depends on the
length-to-width ratio of the cell, which determines the fraction of the overall flow path over which
the flow is focused. The focusing will occur over a length scale along the cell comparable to
width w. In this region, the resistance to flow will increase as the flow migrates through a
progressively smaller area of the cell and hence at a greater speed. Because 3 may be
interpreted as a measure of the reduction in the flow rate associated with this flow focusing, we
expect it to have a value somewhat smaller than 1 in the experiments. Scaling the model to a
possible dike-repository system, we expect that H is approximately 10—30 km whereas a is
approximately 20-80 m. Thus, the effect of this focusing will be negligible, suggesting that
B = 1 would be a good approximation.

Depending on the volume flux and the viscosity of the fluid, flow in the horizontal tube
may be dominated by the applied pressure with little gravity slumping at the nose. Conversely,

flow may include an extensive gravity driven head that only partially fills the tube. In either
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case, in the region where the horizontal tube is completely filled with fluid, the pressure gradient

is to good approximation related to the flow according to the relation

0= - wrt\dp (30.8)
8u ) dy

where ris the tube radius. Integrating along length L of the horizontal tube that is completely
filled with fluid, we find the volume flux of fluid into the tube, Q, as a function of Ap, the

pressure drop along the tube:

4
r
0 = Ap; (30.9)
8uL
In the experiments, the total pressure drop
Ap = Ap,+Ap, (30.10)

is controlled because ahead of the point x = L in the horizontal tube the fluid has a free surface
on which the pressure equals that in the far-field of the reservoir. Combining (30.7) and (30.9),

we obtain the governing relation

8L 12H
& = APypgH = O

+pgH (30.11)
mr aw

where AP, is the overpressure that drives the flow. Here we have used the result that, by mass
conservation, the net volume flux in the horizontal tube and in the Hele-Shaw cell is equal. The
mean velocity of the fluid front that completely fills the area of the horizontal tube, u = dL / dt, is

related to the volume flux in the tube according to the relation:

a _ 0

R (30.12)
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Also, the over-pressure driving the flow (30.11) decreases from the initial value AP, as fluid

invades the tube and the level in the main reservoir decreases:

pgLA,
A

AP, = AP, - (30.13)

R

Combining (30.11) and (30.13), and integrating, we find that the horizontal extent of the
fluid front that completely fills the tube, L(f), is given by the relation:

4
Sude || 1| Aot +( 3mr H) P | ¢ (30.14)

r’pgd, pgA 2Baw’ ARAP,

At early times, when L is small, or in the case that AP, >> LpgA;/ Ag, so that there is very little
change in liquid height in the reservoir and hence pressure at the base of the reservoir. As a
result of the flow into the horizontal tube, (30.14) has the approximate form:

AP Bw Sat

L=—" (30.15)
12unr’H

This approximation corresponds to the situation in which the main frictional losses controlling
the flow into the horizontal tube are dissipated in the Hele-Shaw cell, and hence in which the
extent of the liquid-filled zone in the tube increases linearly.

The experimental data (Figure 30.5) show that to a very good approximation the flow
advances along the tunnel with a constant speed. From (30.15), we expect the gradient of the
lines, L /t, shown on Figure 30.5, to be proportional to the driving overpressure AP,,.
Figure 30.6 illustrates the variation of the gradient of those lines, as measured from
Figure 30.5, with overpressure AP,. This variation (Figure 30.6) confirms that dL / dt is indeed
proportional to AP,. According to (30.15), the constant of proportionality is given by
Bw?a / 12ur’H. By measuring this constant of proportionality from Figure 30.6 and combining
this with the dimensions of the experimental system, we find that 8 = 0.95. In comparison, the
expected value for B is 1.0.

Although this model captures the propagation of the fluid-filled front along the horizontal

tube, it does not account for the shape or extent of the gravitational slump zone at the nose of
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the flow. As described in Section 30.2, the extent of this slump zone, D, is determined by a
balance between the gravitational pressure gradient, pgr/ D, and the applied pressure gradient,
dp/dz = Ap,/ L, along the completely fluid-filled part of the horizontal tube. This relationship

can be represented as:

pgr
dpldz

~
=~

(30.16)

This expression may be re-expressed in terms of the speed of the flow along the tube, u;,
noting that the pressure gradient in the tube is given by dp / dz = 8uu;/ r?, leading to the

relation:

D - P&’

S, (30.17)

In Figure 30.7, we compare this expected scaling relationship for the extent of the
slumping zone, as given by (30.17) and using measurements of the speed of the flow along the
horizontal tube, with the laboratory data on the width of the slumping zone. We find reasonable
agreement between the expected order of magnitude scaling and the experimental data. Note
that the speed u is related to the applied overpressure that drives the flow. In the limit that most
of the frictional dissipation occurs in the Hele-Shaw cell rather than the horizontal tube, D can

be expressed as:

3Hpgr n
2Baw 3AP0

D = (30.18)

This expression is equivalent to (30.17), because we estimated the value of 3 using (30.15).
Equation (30.17) identifies how the length of the gravity intrusion decreases with the
overpressure, the width of the cell, and the length of the cell supplying fluid into the horizontal
tube. In contrast, the slump zone increases with the radius of the tube and the length of the cell

over which the applied overpressure is being dissipated.
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304.3 Flows at Higher Reynolds Numbers

The experiments described above refer to low Reynolds number flows in which only the
viscous resistance controls the flow dynamics. As discussed in Section 30.2, for a potential
repository system, turbulent drag may also be an important process for flows having a higher
Reynolds numbers, on the order of 10 to 100. In Figure 30.8, a series of further experimental
results are shown for flows using dilute Golden Syrup of lower viscosity. For these experiments
using diluted syrup, Reynolds numbers are on the order of 10 to 100. In comparison, a possible
magma flow within a subsurface tunnel will likely have a Reynolds number on the order of 20.
In these experiments, an extensive slump zone always develops. The steady slump surface is
of comparable length to the horizontal tube. Flow reaches a quasi-steady state only as the fluid
reaches the end of the tube. At this stage, fluid is reflected back from the end of the tube and
develops a backward-propagating filling front. For higher pressures driving the flow, the front is

sharper and more localized as expected, with gravity playing a smaller role in the overall flow.
30.5 Application to Potential Dike-Repository Conditions

We now scale our theoretical model for application to the potential repository, using
representative parameters for magma viscosity and the possible dike-tunnel geometry. In
developing the model for application to a geological repository, we draw from Section 30.2 in
which we established that the viscous resistance is dominant, but that the turbulent drag,
although small, is non-negligible and the Reynolds number of the flow has magnitude in the
range of 10-1000. We consider the case of an open tunnel, in which the air has atmospheric
pressure ahead of the magma, and a closed tunnel, in which the air gradually becomes
compressed as the magma advances and decelerates the flow.

To model this flow regime, we extend the model in section 4 for low Reynolds number
flow to include the effects of flow inertia in the model. Flow motion in the dike thus is governed
by the equation (cf. Woods et al., 2002):
du _ dp 12pu cppu’

pE dy w? w

-pg (30.19)
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Motion in the region of the repository tunnel that is filled with magma is governed by the

equation
2
du, dp 8uuT_ cppur

p?_ dz 2 r

(30.20)

where the speed in the tunnel u; is related to the speed in the dike according to the relation
ur =uA/A;where A and A; are the cross-sectional areas of the dike and tunnel. If the dike
extends a vertical distance H, and L is the extent of the tunnel that is fully filled, then (30.19)

and (30.20) may be integrated and combined to give the relation:

2 2
p (A\L+H) i = Ap—4udL( 3}I+27\L —cpP £+£ @ -pgH (30.21)
d2L dtk w2 p2 r wj\ dt

Here Ap-pgH is the effective overpressure driving the flow. Included in (30.21) are both the
chamber overpressure and the release of the stress at the level of the repository as the magma

flows into the tunnel.

30.5.1 Open Tunnel Conditions

For potential magma flow into an open tunnel, the pressure ahead of the advancing
magma is at atmospheric value. In contrast to the tunnel, the surrounding rock has stress
associated with the overburden of a thickness L, of rock, although the least principal stress o,
may be less than the lithostatic load. However, for simplicity, here we assume the stress is
given by the lithostatic head pgL,,. Because the dike walls and thus the magma in the dike are
subjected to this stress, the lithostatic head becomes available to drive the flow into the tunnel.
As mentioned in section 30.2, the model assumes that the walls of the dike are of fixed
geometry. Although a fixed geometry is a simplification based on earlier models of conduit flow
(Wilson and Head, 1981), it is a reasonable starting point for examining flow into a tunnel
following possible intersection by an ascending dike. In practice, the flow may be initially
weaker, as the rapid decompression of the magma may lead to temporary closure of the dike
walls as a result of elastic strain effects. However, as magma continues to ascend from depth

and recompresses the walls of the dike, magma will resume flowing into the tunnel. Our
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calculations are therefore an upper bound on the flow rates in the system, assuming that the
dike wall geometry remains constant during the process.

We solved (30.21) numerically based on the assumption of a 5-m-diameter tunnel being
fed by a 1-m-wide dike of 80 m lateral extent and supplied from a source reservoir below a
brittle-ductile transition zone at approximately 10 km. We assume that at this depth, the
ascending magma has an overpressure AP, comparable to the strength of the wall-rock, of
5 MPa. We take L, to have a value of 300 m, and the drag coefficient ¢, to have a value of
0.01 (Wilson and Head, 1981). Finally, we take the value 300 Pa-s for the viscosity of the
basaltic magma. As in the syrup experiments, the drag in the tunnel is negligible compared to
drag in the dike.

Figure 30.9 shows the time-dependent velocity calculated by this model as a function of
the magma viscosity when the flow invades the tunnel, assuming that the flow has a vertical
front. The calculation shows that if the flow enters the tunnel overpressured, and starting at
rest, then the flow accelerates to steady state over a time on the order of 10-100 s, for
magmas with viscosity in the range 30-300 Pa-s. As this initial acceleration develops, the
slumping front of the flow may also grow. The scaling relationships in section 30.4 and (30.16)
suggest that for a viscosity of 300 Pa-s, slumping at the flow front will be dominated by a
balance of the viscous forces and gravitational acceleration terms. Given a characteristic
magma speed of 1 m/s, this balance implies a slump region on the order of 50-100 m may

grow ahead of the part of the flow that completely fills the tunnel.

30.5.2 Closed Tunnel Conditions

Tunnels that may contain high-level radioactive waste could be effectively sealed after
waste emplacement. In contrast to an open tunnel, an advancing mass of magma will displace
and compress the air between the magma and sealed end of the tunnel. Although rock units in
the potential repository horizons have bulk permeabilities on the order of 10 '>~10"" m?
(Rosseau et al., 1999), these permeabilities are small compared to the 20 m? cross-sectional
area of the tunnel and thus are neglected in the following discussion. In addition, because the
flow speeds are much less than the speed of sound in the air, the air pressure (P,) essentially
will remain spatially uniform. The effective pressure (P,) will therefore increase inversely with

the unfilled volume in the tunnel, according to:
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P,=P —— (30.22)

Here Xis the length of the tunnel and L is the length of the filled part of the tunnel. The
effective pressure driving the flow therefore decreases with time, causing the flow to decelerate.
As seen in Figure 30.10, the effect of the closed tunnel is to cause the simple piston
displacement flow to decelerate with time as the air is compressed. While this flow decelerates,
the tunnel would continue to fill. However, as the magma slumps along the base of the

reservoir, the flow evolves from the simple one-dimensional model presented herein.

30.5 Thermal Effects on Flow

Cooling with formation of a chilled margin against tunnel walls and canisters might
inhibit the advance of magma down a repository tunnel. However, how our results indicate that
formation of chilled margins would not be a significant impediment to magma flow. For magma
viscosities in the range of 30 to 300 Pa's, the time to fill a potentially intersected tunnel is on the
order of 100 to 1000 seconds. The thickness of chilled margins is of the order (kt)*°, where K is
the thermal diffusivity and t is the time. For a typical k =5 x 10°" m?/s, a chilled margin
thickness will be on the order of 1 to 2 cm. Even for the case of an end-member viscosity of
10° Pa-s for fully degassed and partially crystallized trachybasalt magma, the modeled time to
fill a tunnel is on the order of 30,000 seconds and the resulting chilled margin thickness is only
10 cm. The reduction in cross-sectional area and increase of viscous resistance as a
consequence of a progressive 1-10 cm chilled margin during flow emplacement thus will be

small to negligible.
30.6 Concluding Remarks

The modeling described in this paper has examined the flow that may develop following
breakthrough of a volatile-poor basaltic magma from a dike into a low-pressure subsurface

tunnel. We developed both experimental and numerical models of the flow, assuming that the

dike-tunnel geometry remains constant. Agreement of the experimental observations with the
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calculated results of this simplified model suggests that the model captures the first-order
behavior of magma flow. A key result from our experimental study is the recognition of a
gravitational slumping zone (Figure 30.4) ahead of the magma front into the tunnel. A simple
scaling relationship developed and tested with the laboratory experiments indicates that the
length scale of this zone depends on the ratio of the gravitational head across the tunnel
compared to the pressure gradient along the tunnel associated with the frictional dissipation of
the flow.

We have applied this model to the scale of a potential radioactive waste repository. For
typical overpressures of 1-5 MPa that may be released as the magma flows from a dike into a
single tunnel, we calculate a slumping zone develops with a lateral extent on the order of
50-100 m. The speed of the flow along the potentially intersected tunnel is expected to be on
the order of 1 m/s.

The model represents a first-order abstraction of the complex processes anticipated for
magma flow in a tunnel, and is based on a number of important simplifications. One key
assumption is that the magma does not contain a volatile phase, and therefore the flow is not
fragmented. This study thus provides a base case to evaluate the effects of volatiles in other
models and experiments. For example, complementary studies described by Woods et al.
(2002) and Dartevelle and Valentine (2005) explore some of the flow processes that might
occur for volatile-rich magma, when a fragmented, high-velocity flow likely develops on
interaction of a dike with a tunnel. From these studies, the speed of flow along the potentially
intersected tunnel is expected to be on the order of 100 m/s.

A second key simplification is that the dike-tunnel geometry remains fixed following
breakthrough into the tunnel. This simplification is important because as the pressure in the
upper part of the dike decreases, the dike may partially close if the magma supply rate cannot
match the rate of decompression (Bokhove et al., 2005; Woods et al., 2006). However, as
magma continues to ascend from depth and the dike-tunnel system is repressurized, the dike
would be expected to reopen. The present model is therefore likely to represent an upper
bound on flow rate into a tunnel for volatile-poor magma.

The disposal of hazardous materials such as high-level radioactive waste poses great
challenges to societies in trying to evaluate future risks. In the case of a repository for high-
level radioactive waste, this evaluation considers potential hazards that could exist for longer
than the span of recorded human history (U.S. Environmental Protection Agency, 2001). Thus,

scientists are required to assess the interactions of long-term geological processes with
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engineered systems to help evaluate risks to society for millennia to come. There are
geological events of low probability, which have never been witnessed but can be clearly
deduced from the geological record. This record also provides a basis to assess models that
attempt to evaluate physical processes that are not well preserved.

Although the likelihood of igneous disruption is relatively small for the potential
repository site at Yucca Mountain, Nevada, the possible radiological hazards from such
disruption appears large relative to other higher likelihood events and processes (e.g., CRWMS
M&O, 2000). Thus, models for this potential disruption are being developed, so that risks can
be assessed appropriately. The abundance of a gas phase is a key component in evaluating
potential magma-tunnel interactions. Relatively slow ascent of volatile-bearing magma may
lead to volatile accumulation or loss in the leading regions of a dike, whereas rapid ascent may
lead to disequilibrium effects and diffusion-limited bubble growth. An appropriate range of
models can be considered in the Yucca Mountain performance assessment and the range of
potential hazards evaluated for that range. The numerical models developed herein capture
important, first-order processes of volatile-poor magma flow and are sufficiently general so that
they can be tested against observations of natural or experimental flows. Experimental tests
also support the fundamental results of these numerical models. Although the decompression
of a volatile-poor basaltic magma may represent a less likely scenario than one for a volatile-
rich magma, the volatile-poor scenario provides an appropriate lower bound to the range of

conditions that appear appropriate to consider for potential magma-tunnel interactions.

30.7 Suggested Further Reading

Wilson and Head (1981) provide an approachable overview of fundamental magma
ascent and flow processes applicable to basaltic volcanism. Woods et al. (2002) applied these
first-order principals to the modeling of initial magma-tunnel interaction processes. Additional
insights on the mechanics of magma ascent in Lister and Kerr (1991) are used by Bokhove et
al. (2005) and Woods et al. (2006) to evaluate couplings between magma pressure and wall-
rock response, which affects the characteristics of openings in potential magma-tunnel
interactions. Fully coupled two-phase flow models in Dartevelle and Valentine (2005) provide
additional insights on time-transient characteristics of potential magma-tunnel interaction

processes. Although some important engineering characteristics of the potential Yucca
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Mountain repository may have changed since U.S. Department of Energy (2001), this report

provides a recent, publically available overview of the potential geologic repository system.
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List of Parameters
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length of cell

width of cell

length of flow in the filled part of the horizontal tube

radius of the horizontal tube

vertical extent of flow pathway in cell

depth of syrup in cell

initial depth of syrup in the reservoir

extent of the slump zone

cross-sectional area of the cell

cross-sectional area of the reservoir

cross-sectional area of the tube

acceleration due to gravity

initial driving overpressure

overpressure driving the flow

total pressure drop from the base of the cell to the top of the fluid layer
initial total pressure drop

pressure change between the base of the cell and the opening into the horizontal tube
pressure drop along the horizontal tube

flow rate

pressure difference across flow path, including gravitational head
speed in cell

speed in tube

position in the cell, measured upwards

position across the cell

position along the horizontal tube, measured from the cell
dimensionless scaling factor to account for diversion of flow in cell near horizontal tube
viscosity of syrup

density of syrup/magma
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Figure captions

Figure 30.1. Schematic diagram of the analog experimental apparatus, illustrating the key

variables.

Figure 30.2. Viscosity as a function of temperature and water content for pure Golden Syrup
(PGS) and Golden Syrup diluted with 5, 10, and 15 weight percent deionized water
(respectively, DGS5, DGS10, and DGS15). Temperatures are measured to within 0.1°C. Each

viscosity value was measured and averaged over a range of shear rates.

Figure 30.3. Rise height of pure Golden Syrup in the Hele-Shaw cell as a function of time, for a

series of different applied pressures ranging from 0.55 to 5.5 kPa.

Figure 30.4. Profile of the syrup-air interface as it flows down the horizontal tube. (a)
Photograph of a typical experiment with a 20 kPa pressure difference driving the flow. (b)
Tracings of the shape of the leading edge of the flow taken at a series of times in five
experiments, with the pressure difference driving the flow being 10, 20, 30, 50, and 90 kPa. In
this figure, At is the time elapsed between the two consecutive profiles and ¢, corresponds to
the time of the first profile after the opening of the gate. To good approximation, the shape of

the head of the flow remains the same as it moves down the horizontal tube.

Figure 30.5. Variation of the position of the leading and trailing edges of the nose of the flow as
a function of time, for applied pressure differences of 20, 30, 50, and 90 kPa driving the flow
into the horizontal tube. The speed of the trailing or top edge of the front is shown in Figure
30.6.

Figure 30.6. Variation of the speed of the flow front spreading into the horizontal tube as a
function of overpressure driving the flow. The data collapse to a straight line to good

approximation, as anticipated by (30.15).

Figure 30.7. Comparison of the idealized scaling law (solid line) for the length of the
gravitationally induced slump with experimental observations (dots). In this figure, the
calculated length of the slump is evaluated using the speed of the filling front as it advances

along the horizontal tube, and the density contrast between fluid in the tube and air.
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Figure 30.8. Three sequences of photographs from experiments using a water-Golden Syrup
mixture, with applied pressures of 20, 50, and 80 kPa. The Reynolds numbers of the flows in
these experiments are more analogous to those expected for potential magma-repository
interactions. For the higher flow rate, the flow front is somewhat irregular but quite localized.
For the slower flow rate, the flow front shows more evidence of a gravitational slump region, as
in the viscous syrup experiments (Figure 30.4a), except that the slump region is relatively more

extensive.

Figure 30.9. Calculated speed of the flow along a proposed repository tunnel as a function of
the magma viscosity, calculated using (30.21). The hydrofracture stress at 300 m below the
surface at Yucca Mountain is approximately 5 MPa, and the lithostatic load at this depth is
approximately 7 MPa. These calculations ignore the influence of any gravity slump zone at the

leading edge of the flow.
Figure 30.10. Calculation of the rate of advance of a planar filling front into a closed tunnel. As

the pressure in the tunnel increases, the flow decelerates and the model ceases to apply since

the gravity slumping front will dominate the flow.
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