
 

 
 
 

Appendix 2 
 
 
By not considering scenarios for the interaction of magma with the canisters, 

there is a real possibility of missing important processes that may not only have 
implications for understanding other processes (e.g., entrainment and eruption of waste) 
but also in correctly sensing the overall seriousness of the magma disruption process 
itself. A prime example is the un-appreciation of the exceedingly common phenomenon 
of magma solidification. This is a serious omission. Some explanation for this view is 
given below. 

 
Magma Crystallinity: The magma-type that has historically inhabited this region 

is called alkali basalt. Under surface pressures, it begins to melt at about 1000°C (solidus 
temperature) and with continued melting maintains a rigid structure until the amount of 
melt exceeds about 50% (vol.) whereupon it becomes a highly viscous, gooey mush of 
crystals and melt. Continued melting produces a pure, crystal-free, melt at about 1150°C, 
which is the liquidus temperature. The lesson here is that once any magma reaches, in the 
strictest sense, a crystal content of about 50% it is no longer mobile, but becomes rigid 
immobile rock. This general characteristic of magma is shown in Figure 1for some 
common magma types along with the alkali basalt from Lathrop Wells; this is the same 
Lathrop Wells composition used in the experimental study by Nicholls and Rutherford 
(2004).  In a more practical sense, the viscosity increases so strongly with approach to 
this 50% crystallinity barrier that magma becomes immobile at crystallinities nearer 40%. 
A local loss in temperature of about 100°C will thus solidify the magma.  

 



 

 
 
 
 
All magmas erupting on Earth have temperatures below their liquidus and thus 

always contain some crystals. And during the later stages of ascent, prior to imminent 
eruption, adiabatic expansion promotes cooling, regardless of heat loss to the 
surroundings, which increases crystallization.  Moreover, if the magma contains volatiles, 
like H2O and CO2, which are common constituents of alkali basalts, the dramatic loss of 
these volatiles with approach to the surface (i.e., drop in pressure) causes the governing 
phase diagram to shift to higher temperatures (see below). This thus causes even more 
crystallization and quenching, which most often takes the form of swarms of needle-like 
crystals of feldspar (plagioclase) in glass.  In this state, magma quenches against virtually 
anything it touches. In Hawaii, for example, magma even quenches against and around 
trees. The heated sap bursts the tree and the trees often catch fire and burn away leaving a 
hollow vertical pillar in the lava. All magmas moving as dikes through fissures near 
Earth’s surface show strongly quenched edges in all contacts with the host rock. These 
are called ‘chilled margins’ and are ubiquitous. The basic physics of this process is very 
straightforward.  In attempting to heat up the material in which it is in contact, the magma 
loses the critical amount of heat that brings it to a solid or glassy state. The overall 



 

process is very much akin to the behavior of molten paraffin, which when spilled 
quenches against all that it touches, even cooler blocks of paraffin. The perception that 
magma will continue to ‘run’ past and bathe the container in a well-mixed bath of magma 
is a gross misperception. Only if the canister were dropped into a vertical column of 
magma and was allowed to settle hundreds of meters would such a situation be 
approximated. 

 
Quenched Magma on Canisters: The melting point of Alloy 22 is in the range of 

1350-1380 °C; the container itself, although significantly above the temperature of the 
ambient drift wall rock, will be much cooler than any invading magma. The magma will 
immediately quench against the canisters, forming a glassy rind of a thickness that can be 
easily calculated from knowledge of the canister thermal inertia or enthalpy and its size. 
The volume of quenched magma is given by 

 
 

Vquench =
(ρ Cp ∆T V )cannister

(ρ Cp ∆T)magma

 ,   (1) 

 
where V is volume, � is density, Cp is specific heat, and �T is the temperature contrast; 
because the magma will quench to mainly glass the role of latent heat has been ignored. 
Quenching will be especially effective against the canisters because of the large thermal 
conductivity of metal, which greatly facilitates heat transfer, making the principal thermal 
resistance in the magma. The thickness (d) of the quenched rind assuming a cylindrical 
canister of surface area Ac will be, d = (Vquench/Ac), and (1) now becomes 
 
 

dquench =
(ρ Cp ∆T V )cannister

Ac (ρ Cp ∆T)magma

    (2) 

 
Since the canister is not a solid mass of metal, some allowance must be made for the 
effective mass of the canister, for the rate of internal heat transfer, and the possibility of a 
higher heat capacity due to the presence of a silicate glass. It is also important to realize 
that the values of �T for magma and canister will be different; the magma need only cool 
by about 100 °C to quench, but the canister can heat up to near 1000°C and still be 
effective in the quenching process.  
 

Using general properties for magma and metal and an internal packing of 50% for 
the canister (assuming a canister size of 1.8m by 5m), the quench thickness is on the 
order of 10 meters. The time (tq) to grow this quenched rind will not be instantaneous and 
will be given by (approximately) 

 
tq = 0.5 dq

2 κ−1      (3) 
 



 

where � is the thermal diffusivity of the magma (~10-2 cm2/sec).  The time to grow a 5 m 
thickness of quenched rind is about 5 months, which is consistent with the rates of 
solidification of Hawaiian lava flows.  
 
 A relevant example of this process of quenching is well demonstrated in a series 
of massive experiments conducted by Sandia Laboratories in the late 1970’s in an attempt 
to understand the extraction of thermal energy from molten magma using an inserted heat 
exchanger (e.g., Hardee, H.C., 1975, Convective heat extraction from molten magma, 
Jour. Volcanology and Geothermal Research, 10, p. 175-193; Fewell, M.E., Hardee, 
H.C., & Montoya, C, 1975,Design of a molten-lava, single tube boiler expoeriment. 
SAND75-0080; Hardee, H.C. & Fewell, M.E., 1975, Molten lava/single tube boiler 
experiment. SAND75-0069).  
 

The basic setup was a barrel-like cylindrical vat holding 0.2 m3 of Hawaiian 
basalt maintained by induction heating in a superheated state of 1450 to 1650 °C. (This is 
250 to 450 °C above the basalt liquidus.) A heat exchanger (cylindrical finger or probe 
(~15 cm diam.) made of Type 310 stainless steel) was inserted into the vat of magma and 
the efficiency of heat transfer to steam within the probe was monitored. Even though the 
basalt was maintained at an extreme temperature through constant heating, which forced 
the melt to vigorously convect, a quenched rind of glass always formed on the probe. 
Because of the extreme and unrealistic external heating, it is not possible to compare the 
rind thickness (~2 cm) to that predicted above in equation (2). It does suffice to show, 
however, that quenching will clearly occur even under the most extreme conditions.  

 
Magma Solidification During Final Ascent: During ascent, magma free of 

dissolved water (i.e., Dry Magma) cools and solidifies only by adiabatic expansion and 
conductive heat losses to the wall rock (see Figure 2). The geometry of the phase diagram 
of Dry Magma relative to adiabatic cooling, which is ~0.5 °C/km, shows that any crystals 
in the magma will begin to melt; without conductive losses, solidification stalls and is 
reversed.  For magma containing dissolved water (Wet Magma), the geometry of the 
associated phase diagram for the same basalt is much different (Figure 2), and, although 
adiabatic cooling will cause further solidification, there is a much stronger effect. 
Because the solubility of water in magma is essentially zero at surface pressures (1 bar), 
ascending Wet Magma will undergo strong exsolution of water (the magma essentially 
gets the bends) and, in essence, undergoes dehydration. The loss of water causes the 
phase diagram to suddenly and progressively shift to higher temperatures, which 
promotes rapid crystallization. This is the process that fragments the suddenly quenching 
magma into popcorn-like tephra.  

 
The pre-eruptive water content of typical Lathrop Wells basalt has been inferred 

by Nicholls and Rutherford (2004) by matching the observed phase assemblage of the 
lava to that found experimentally under varying water contents in the melt. They 
conclude that the magma was at or near water saturation at a pressure of about 200 MPa 
(2 kb = ~6 km depth), which is also shown on Figure 2. The phase diagrams for the same 
Lathrop Wells melt composition are shown by Figure 2; the Dry Magma phase equilibria 
was calculated using the well-known MELTS numerical code of M. Ghiorso, and the Wet 



 

phase diagram is from Nicholls and Rutherford. The pre-eruptive conditions determined 
by Nicholls and Rutherford are shown and the most likely eruption path is also indicated. 
The slight heating with approach to the surface is due to the heat of volatile exsolution. 
The net result is that the magma will undergo strong quenching and fragmentation with 
approach to the surface. This is a well-known phenomenon. 

 

 
 

Figure 2. Phase diagram for Lathrop Wells basalt under Dry and Wet conditions. 
 
The basic conclusion is that should this magma encounter the repository during 

ascent, the already rapidly quenching magma will undergo even more strong exsolution-
induced quenching. Instead of fluid magma entering the drift and flowing along to 
eventually fill it (like filling a bathtub), a cinder cone will begin developing at the point 
of intersection. The cinders will avalanche into the drift, rapidly pile up, and plug the 
drift; the fragmental material will not flow far. The insulating effect of the close wall rock 
will minimize radiant heat loss, allowing the pile of cinders and tephra to tack or partially 
anneal together to form a mass of some strength. This will form a plug in the drift, 
sealing the point of intersection, which will either force the magma to continue upward to 
erupt on the surface or simply seal off the dike locally, redirecting the flow to other 
portions of the dike that have already reached the surface. The net effect is that the area 
of the drift affected by the invading magma may be minimal and the number of canisters 
affected may be very limited. 

 
If the magma has already degassed before reaching the drift, which could 

conceivably happen if the magma interaction took place late in the episode of local 
volcanism, lava itself could enter the drift. The viscous nature and rapid cooling of the 
lava would form either a volcanic dome or a true lava flow. The advancing lava would 
solidify at the rate of about 1 m/4 days and could envelope some canisters forming a thick 
quenched rind. Based on the nature of the flows at Crater Flat, the lava would be blocky 
and sluggish and advancement might be difficult in a cylindrical drift. It certainly would 
not be a simple case of a viscous, non-solidifying fluid flowing along a pipe. There is not 



 

the slightest chance that the lava would undergo any form of wholesale thermal 
convection whatsoever (Marsh, 1989, Jour Petrology, 30,479-530; Brandies & Marsh, 
1989, Nature, 339, 613-616; Brandeis & Marsh, 1990, Geophysical Research Letters, 
17,1125-1128; Hort, Marsh, Resmini & Smith, 1999, Jour. Petrology, 40, 1271-1300). 

 
Radiative heat transfer from the tephra pile or lava pile outward along the drift 

may heat exposed canisters to the point of softening and canisters may undergo serious 
sagging and deformation under their own weight. Some consideration should thus be 
given to the structural integrity and form of the cradles holding the canisters. 

 
Summary: These considerations are intended to illustrate the basic nature of the 

processes that present themselves when a more accurate and integrated system of magma 
solidification and interaction with the canisters is considered. The calculations serve to 
point how these processes work and how they force us to visualize the overall nature of 
the process with more realism. More detailed and straightforward calculations are called 
for that will further flesh out and establish the nature of these and other processes 
involving solidification and magma flow. 

 


