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LAVA TUBE REMELT BY RADIANT HEAT AND
BURNING GASSES

Fevin Allred *

ABSTRACT

S volcumoligisgs pssame Ul interion surfaces of Tt Tava iobes can commonly be emelted by burn.
ing piwses and sacdizin e Pending further data, thas pppears 16 be uilikely.

FRewwonds: Tavir tubes, spelengencais, radunt Twat

INTRODUCTION

Country rock can be eroded by Howing kva It oceurs by partial melting accompa-
nied by mechanical plocking of unmelted erystals (Croikshank and Wood 1972,
Coombs and others 1990, Allred and Allred 1997) and has been defined a5 “thermal
erosion”™. The necessity of melting as a component of thermal erosion is parnicolarly
obvious with the recent recognition of the effect on buried lava ubes thit are intersect-
e by active Mows, These older extrancous wibes hod an wir-conted resistinee o thermal
erosion and caused the newer flow 1o divert around them, leaving a separating rind
CAlNred andd Adlred 1997, Allred and Allred 1997h), There s also some evidenee of
conveelive gascous furbulence melting country rock around the perimeters of Lvafall
plunge poods (Allred and Allred. T997h, This paper primarily Jeals with the feasibiliny
of burning gases and radiant heat in melting the interior surfaces of lava tubes,

PISCUSSION

The subject of remelt st begin with TAL Jaggar, a ploncer in volcanology of
Hawaii in the corly 19005 At Kilavea caldera, he undenook ingenious methods 1o
stuely the linle undersiood phenomena of voleanic eruption. An interesting feature
phserved phove the crusted over, active lava lakes of the Caldera were hollow spatter or
driblet cones (laggar 1917, 1917b). When the surface of the lakes subsided, convec-
tiem apparcotly cavsed a super-heated misture of gas and air to Blast up through these
cones which he then called "blowing cones”. These could have banners of flame above
them and beeome "patural blow-pipes of burning sulfur and hydrogen (191 7ap The
greatest heat accurred in the intense torbulence at the orifice isell, laggar estimated
temperatures of ot beast 13000 using seger cones. Based on relative glows and steel
pipe osidized w0 a dipping incandescence aiter being held only nine wimutes in one
Aaming orifice, he estimated the burning flames reached 1350°C, These highest em-
peratures are Lar ahove the hguidus emperatore of Javie An alternative explanation is
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that in the twrbulence of super-heated air, an oxidation reaction occurred, making the
steel melt st fower tempermures than what Jaggar supposed. Oxidation from commonly
used exypen-acetylens cutting torches i iriggered with pure oxygen al lemperalunes i
low as =00 (Oberg and Jones, 19725 In the blowing cones, esypen concentrations
would be less than that of air (2051, bat in o webolent, super-heated condition. Regard-
less of the cause or aetua] wemperatures, the basalt of the blowing cones did melt away.

When Juggar observed vermiform tlubular bavab stalactites in liva bes, he con-
cludled they also were products of remelr rom burning gasses, even after the lava had
ceased 10 fow in the bes (daggar 1931, 19471 Bat, any source of the supposed gas is
unexpliined, and it is illogical for the thin delicate stalactites 10 survive o space occu-
pied by a meling infemo of burning gasses. Despite obvious complications, this remelt
view has been widely accepied (Hjelgvist 1932, Perret 1950, MeClain 1974, Buind and
others TY851. We have recently shown that these tubular Liva stalaciiles are not remelt
features at all, bt segregations (differentisted residual liquidy extruded Trom partially
crystallizing lava into the cooling Tava whes, The driving mechanism is thought o be
the gas pressure ol retrograde boiling {Allred and Allred, in press),

frcandescence, Glaze amd Peadaints

Sometimes lava remelt is inferred by the glow color of the Tava tube walls (Mac-
donald, 19641 With the aid of an optical pyvrometer. accuracy in readings depends on
opges prosimity o the tested Tuva (Swanson, 197300 Sl more inaccuracy s incarred by
trving o judge by sight alone under different lighting condations. In incandescent steel,
skilled observers may vary as much as HYF (33°C) in their estmations of relatively
[ temperatures by color, and beyond 2200°F (1205°C) it is practically impossible to
make estimations with any cenain-
1y (Oberg and Jones, 19721 With-
oul un accurate measuring device,
it wonld appear as difficult w esti-
mate lava temperature as il is (o
describe the colors in charts

T LRt

designed to show us how (Oberg 1400
and Jones 1972, Beiser 19917, In el
one such chart (Fig. 17 the lava e
would be "vellow™ 1w well below B
the crust-melt interface, the point m g [=p LR
which cooling Kilauea lwva can no RN
fomger flow, [ Yethon
Investigators have cluimed than 100 = v
commeon lava wbe glaze and tapered apo || =
shark ooth stalactites are also evi- | Crangs-red
dence of remell by burning gases L !-:E.‘ L hiee Ly
and radiant heat (faggar 193], Mae- 00 T \ id.:uILIr!uu
donald 1964, Peterson and Swanson P W Ilh-.i:.:r\:.ll.l.rll_l ulilll.u
1974, Harter 197119781993} Lava :E::r»:*?'ri;t::;:;":‘)f;

S — Just visshle miura i 1977},

glaze is defined as "a thin, smooth,
vitreous surface” (Larson, 1993).
This detinition is somewhat mis-

leading, as glassy surfuces don’t
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Fig 2 Shark wootl stilactate and as Uhin section. Phaos by Margaret Falaoes.

oceur i slowly cooling v wbes, Here, glaee is defined as the silver luster (sometimes
onidized 1o reddish or brown b commonly covering the intenor surfaces of lava lubes, 1t is
ot more than about S0mm thick, and its characteristic luster comes from light retlecting
ol of Tacets of tiny magnetne ociahedrons. Magneote crystallizes ol emperstures helow
the crust-mell mtertace between 1030°C and Y980°C (Wright and Okamura, 19771 There-
Tore, it is not proof of remelt.

Tapered pendams are commanly called shark woth, or teat stalaertites {Larson,
1993} They are often Tound jn areas susceptible w splattening. or fluctuating Jiva lev-
cls. Many of these stalactites can be gquite vesicular, and have a remarkable resemblance
to the foamy peaks of the beaten egg-white of meringuce.

A thin section wis made of o shark wooth stalactie (Fig. 20, I had cight distinet fay-
ers or acereted lintngs ranging from Sum 1o 2.5 cmothick (Allred and Allred i press). All
of these were visible only with a least 100 power of @ microscope. Such linings also
commonly com the cetling between pendants, The magnetite glose between these linmgs
is contipuous W0 discontinuoos. I is unelear if the glaze along the ransitions crystallized
betore each subsequent coating, or sometine later in the cooling process. However. il s
safe 1w conclude that pendants are products of accreted lavi and not remelr, IF a pendant
is only partially exposed between submerge eveles, it can become bulbous or weat-
shaped. Transitional distinctions between linings will then end at the point of non-emer-
pence or non-submergence. Tubular luva stalactites can sometimes grow oul of pendants
in fuvored conditions as i other linings (Allred and Allred., in press).

Llsing paraffin, my wile and | atempred o simulate stalactite formation according
ter the popular "remelt” hypathesis, Earlier we had successfully ereated wbular paraffin
stafuctites similar 10 those of fava (Allred snd Allred, unpub_j. But in this instance, we
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repeited]y Nash hemed o horizontal, Nat. parallin “ceiling”, This only produced driblel
projections less than three millimeters Jong. Any larger projections were quickly, and
preferemially meled awiay when exposed to the heat. 15 the "ceiling” was inclined. not
cven the tiny driblets could be formed. Afler experimenting with this. we becime even
miore convineed that these pendams must be products of accretion,

Kedicnt Hear

All objects have the property of absorbing as much radiation (electromuagnetic
wives] as they can emit. A theoretical Black body has o surface wexiure which allows it
ter e o perfect emitter and absorber with an emissivity of 1. Matte black paint is 97 on
the scale (Beiser, 19901 I it is assumed th lava or basalt are =2 emissivity. they are
somewhat limited in their emissive and absorption capabilities, Yet, even though the
transfor of hem is slower, the ceiling would eventually take on the lempertore of the
Mowving lavil, were it not for three things: First, conduction might sometimes exceed the
rdizant heat, Second, the conductive surface area of the arched ceiling and walls is larg-
er than the radisting surface of Nowing lavi. Thind, | propose that gas between the low-
ing Lavi and the walls and cerling aces as @ sereen and the absorbing molecules reflect o
portion ul the radiation back wwards the source, The thinner atmosphere ol our earth
funetions i a similar way (Beiser. 19901 11 there is o morphological change i the tbe
such as o new shylight 1o cause sigmificam wemperature differences, convective curmens
begin, amd heated gas panicles are dispersed o the cooler parts in the tube, When the
temperatures wre nearly the same inoan arca, the friction of the gas particles slows down
ar stops convection. The sereen becomes more effective, and heat is conserved in the
lava stream rmher than cousing o meltdown of the ceiling, Thus, as long as there s
space between the two surfaces, the radintion reaching the shightly conductive ceiling
will b Jess than the emission of the Tuvi below. This can be illustried by holding ones'
hand near a very hot ohjeer. bul not being able w safely ouch .

When comvective currents are caused by mechanical means (lavalulls, or wrbulent
rapadds) the balance may be wpser, and heated gis can be blown against o surface where
it etherwise would not, Over time, this heat How may exceed the rock’s conduciion,
specilic heat, and enthalpy of fusion. Meling of the surfuce will ocour as sugzested by
Allred und Allred (19970, The shape of walls around the perimeters of plunge pocls in
lava tubes have the appearance of rounded forms of country roeck under a very thin, or
nonesistent lining, rather than unmelted broken surlaces, Some walls resemble ablation
scallops commonly seen in glacier caves, Glaze covering these surfaves is identical 1o
the surfaces elsewhere,

Dy Berning Gasyes Conteibre e Remreft?

S0, is it possable o use the present dita collected Trom voleanalogists W accuritely
predict if remelt can ocear from burning gasses and radiant heat acting without convec-
tiom? Not conclusively. There are still too many unknown values that must be supposed
in order for any exact determination. For instance, how much atmospheric air is being
deawwn into cracks and skylights before expanding and being balunced with the gases?
How much gas escapes through cracks? How much of the gases which can oxidize are
present? Does higher heat allow lower concentrations of these wases o burn than at
room emperature? Does the lighter hydrogen separate from gases, collect along the
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ceiling and "flow™ 1 be burned where oxygen s available? What is the remelt lempera-
ture of basalt that has lost part of s waker content, and do we Fig, a remelt staning
from solidus or somewhere close 1o the crust-melt inerface”! Does radiant emissivily
chameze during cooling textural changes?

Despite the obvious lack of data, below is a model of the theoretical possibility of
remielt from burning gases in a lava tube, The chosen conditions greatly Tavor a remelt
seemario, & theoretical lava tobe is considered in two sections rellecting the recoznized
difterences in Ioss of gus bubbles (Swanson 1973, Cashnvn and others 1994), For mone
simplicity, the negligible conling of luva through the tube system was not considered.
bt s listed in the values below. The reader should understand the concept that the ceil-
ing and wall linings accereted i the Tiest place because the conduction of the ceiling
rock exceeded the melting abiliny of the Nowing lava aguinst them.

[n the model, all three common gases which oxidize (H.. CO. H-5) ure drawn
through o significant portion of o Tava tabe, then finally burn in one small area. The pos-
sibility of such complete oxidation is infermed by Greenlund (19870, pz. 7621 However,
considering the multitude of analyvses showing low concentrations of these gases
tGreenland, 1987, 198Tb), and their nearly consistent presence, in reality they usually
remain difTosed wnd mostly enbarned. Mot included here are trivial amounts of hydieo-
gen liberted in oxidation of mognente (Fed0) 1w hematite (FeaO0 during advanced
conling, Gas exsolution has been found o be <3% volume in 11 km (Cashman aod oth-
ers, 1994 1 and is not included o the gas hberation value, "V in the Tist below.

The sulfur concentrations are Jow in Kilsuea and Maona Loa basab, averaging 133ppm
{Franceyk and others, 19871 OfF the portion carried awiy in gases, most of the loss 15 within
2 km ol the vent. This follows the trend of overall zas loss, | observed elemental sullur
deposits around cracks aop the roofs of recently cooled lava twbes near Kupaianaha,
Kiluea Volcane, This indicates thar ar least 2 portion did not oxidize. but condenscd upon
conling. Sulfur s not considered here as a significant source of heat in lava tubes,

Basalt which has crvstallized st virtual atmospheric pressure will require hotter
lemperatures o reverse the process and be melted at atmospheric pressure, This js
hecause some water has been lost by exsolution, and withowt it the melting lemperature
is higher. Wiler cannot be Torced back into the lava solution without pressure: its solu-
bility al atmospheric pressure is zero (Charmichoel and others, 19740 Greeley (1957)
reported some minerals of o dacite block from the pretflow terrain had been melied and
Mowwed out through o wall collapse into o M St Helens Lva wbe. A sample of this
dacite was hemed gradually, and only showed signs of melting above 12000C. 1t is noo
clear, that these melted residuals were indeed from the preflow wrrain, as they could
alser have been sepregation drainage from the Tinings (Adlred and Allred i pressi. A
any rafe, the high emperatores of this remelt experiment seems o confirm the higher
temperatures reguired 1o melt o water deficient basalt (Carmichael and others, 1974,
pe b Do this paper [ have chosen o ober modest | HO07C (Baird and others, 19550 as o
Fow remperature for remell, even though it is only slightly above the crust-melt inter-
face of primary basalt (Wright and Okamur, 197730 In this model, convection disirib-
utes radiant heat above the lava, balineing the ceiling temperature at 1070°C.

Llsefal Viofiey
AHch  heat of combustion of hydrogen (2H: + O = 2H0 gas) to HO gas at

1070°C: Begin with -24 18k mal at 25°C at constant pressure (Rrown and
others, (991, A 1OT0°C, the volume of the gas is increased from heat expan-
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sion. Using Charles's Law, a mole (2241405 at 0°C will take up a predictably
larger volume at 1070°C. In this equation. ¥ is the volume and T is the tem-
perature in Kelvins, The minus value means that the reaction is exothermic;

v 1
— = —— =« MLSKSTIONW Loae 1O70°C
T K 2K
heat of combustion of carbon monoside (200 + 0. = 2004 as in the equa-
tion above:
S2RIRN 1099 Lo 1070°C,

heat of combustion of hydrogen sullide (2H.5 + 30, = 250, + 2H.0 g2as) as
in the equation above: 518,53k 110199 Loar 1070°C,

total Lava heat Jost from a 12 km lava mbe: 2900 3100 (Hels, 1993) = 6,93]
culfi.

total cal. lost from lava per meter® in 12 km based on a density of 2.7z/cm?;
He = 6,930 calfg x (2.7 x WPg/m’y = 18713700 calfm’.

crustfmelt interface at 1070°C, Volume of crystals: 59% {Wright and Okamu-
v 1977, Fig. 160,

bva begins to Aow at THOO°C (Baird and others, 1985, pe 159, Volume of
crystals: 38% (Wright and Okamura, 1977, Fig. 160

(T2°-T1").
change in temperature in 12km: 7°C (Hele, 1993),
heat capacity of hasaltz Jcalip/”Ch (Jaeger, 1968),

change in crystal content in AT4 during flow of an | 2km whbe: 5.6% (Helz,
1993).

thermal conductivity of basalt: From 003 2emifsfom (omC) {Weast and oth-
ers. [958} for o 3.00g/cm? basalt adjust for the density of pl = (03 2cmfsfom
femieC.

enthalpy of fusion of basalt; 8kalfe, (Jacger, 1968]).

grain density of average basali: 3.00afcm* (Daly, 1944).

Muid density of kiva with 5% crystals: p -13% for expansion from total crys-
talline siate (Daly, 1944, -35% of 13% to account for 3% crystals in erupting

v ACushman and others, 994 = 2.7 [gfem .

ceiling lining bulk density: 1.92fem® (Allred and Allred, 1997h, average of 1)
lining samples).

Mow rate: 1.73m%s (Cashman and others, 1994, pg. 597
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average stream depth (50-75cm ) 62em (Cashman and others, 1994, p.5%9),
yelocity of lava stream ¢ 1-2m/s): L3mds {Hon and others, [9%4).

total gases liberated throughout an 1k whefsec: 53 Fr(Cashman and oth-
ers, 1994, pp. 59),

zas loss in the first two kmoof | Tkm of wbefsee: 25 FriCashman and others,
1994, Fig.8).

2uas loss in last nine km of | Tkm of wbefsec: 28 Fr (Cashman and others,
1994, Fig.8h

H: percentage 10 gas: 48mol% ol avernge of full gas analyses Greenland
(19870, Table 281 from Kiliuea 1908- 1919 and Greenland (1987h), Table
001 From Mauna Loa).

CO percentage ingas: 2 Hmal% (as in relerence above,

H.5 percentape in gas: S3mol% (as in reference above).

femedr in the First Two Kflometers of an Active fava Thbe

I. £= volume of combustible gases available S5 A wtal of 25 Froof the gas lost

ima the tube system are within 2 km from the venl. An average D048, 021, 0085 of
the liberated gas content is Hy, OO, and H,S respectably:

\ad
H:é= \"J‘(T)= A et A

vl
€ E=vd (_;) = NS an Ao

H: §

I

v
= -..-j(?) = (NN et Al

2. Hbh= Heat budget: Calories of burning Ha, COL and H:S versus calories drawn

awiy by conduction per second inte the cetling. A hypothetical skylight one km
upstrcam allows all released burnable gases of that Ko to dgnite in an area 10m* pear
the skylight where oxygen is availuble. Heat of combustion fur AHch{324400.560
calfm'y, AHceot ] 3752865 calim’)y, and AHchst11243535.738 cal/m®) multiplicd by
their respective volumefs (51 equals heat given off below the affected area, Fig. that
only 2/3 of the heat radistes upwards to the arched ceiling. Subtract the amount being
conducted into the one meter thick rool of the affected arca, fguring the difference
between the crust-melt interfaee and the 20°C surfuce wemperaure (o get the heat
budget (Hby:
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Hbv= 660 [{H5 8 Al + (008 « AHfeeol + (H: 52 x Affehs)]

) KPHE e (T - 200 = . JATRA97 calls
Jolk i

The conduction inte the ceiling exceeds the amount of heat given of ! from ihe
burmang gases.

1 Sinee conduction decreases as the roof s thickened, we can caleulae the mini-
i ol thickness at which remel begins:
BN e (T - 2001 %
- = L78 merery
A |"|rH:E_, % Affeh) + H'_‘”& N Affcco) + (1 \E. X Al ]

Hid the heat from burming gases been more than the conduction into the one meler-
thick rool. we could have caleulmted the rate of remel:

4. e l= Enthalpy of fusion of alfected area: Fig, there are WFem® (lor an area Hine
spanning the ceiling near an entimee b We are attempting womelt rock having o density
of pl, lmm inta the surface. multiplicd by the enthalpy of Tusion. Next, since the melt-
g temperature of basaltic minerals covers @ range of 980- 120570, and we are only
tabking about the range Trom the crust-melt imerface w I0YC, we will adjust Tor this,
Since 21 volwme % crystals are all that need 1o be melied for the rock 1o begin Mowing:

ef =2l [% [ fer r'ru-'?] = A0 200 calenies

5 cl= hea capacity af allecied area: Multiply the grams of rock o be melied by
the heat capacity value, and then multiply the emperaure change frenn 70 1 IO00C:

cl=Ley itF p s el AT = L7) 107 ealories

B 0= L o mell T deep of rock in the atfected area:
_el+el
His

Rewetr fnan Activedfy Flowing Tufe tn the Lower Nine Kifometers

7. &= Combustible as available sfhm: 28 Froof libermed gas wis lost in ihe Tast 9
bm of the wbe. As ineguation |, only o portion of this gas is combustible:

)
HE = "'-i'(%)= ANNI2E et Adhen
Gk = 1«:[§)= 001 A

9
fFERS =03 [E[}) = AHKIE e A
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8. Hb= Hear budger of burning H-. CO. and H-5 versus conduction under condi-
lons a1y equation 2:

b= 006 [ 15w AHek b + (00 5 5 AHeeo) + (H: 55 s Adfohsi]

K e (L 200
- = - 2RNEAOYG enaliy
JENd e

The conductivity of heat inte the ceiling s 7 times the heat prodoction (rom all
hurming guses, Using equation 3, the minimum roof thickness Tor remelt o begin is
1 meters.

CONCLUSIONS

[ this modeling. remelt cannot occur From buming gases, unless the rool is al least
F A thick aned near the vent, Gus analyses from other locales vsually show consistent
and mnar amounts of diffused He, COC and Ha5. Thus, complete oxidation of gases is
unlikely, and partial oxidaion may occur through many areas of a lava lube or afier
exiting. It was assumed convection distributed radiant heat o the ceiling and kept il m
HF0C, Simdlarly, even if burming could occur, the resulting heat would wend 1o he dis-
tributed by copvection o wdjacent conder arcas beeause ol the temperature gradient.
Alter lava Nows about |2 km throogh o fava weibe, estimated total heat lostfim® (H) s
approximitely 13000 tmes more than potential hea from all Mamnble gas liberated
fromn i lova. Burning gases would be negligible in the overall heat budget.

[Fespite the improbability, remelr in lava wbes from buming gosses and racdint
het, is likely w continue o be controversial until more is leamed of the thermodynam-
ics, A means should be Found w acouraely monitor the internal iemperitores and gases
of L tabes away Fronn the cotrances, One way would be through drilling inte the ceil-
g ol an active tbe. As pointed o by Jim Kasahikain (pers. comm, [9960 00 would
P o potentially dangerous thing o do directly above the wbe, since water would be
used a5 o coolant, However, a tbe could be pinpointed electromagnetically, then drilled
diszonally o offer protection from potential collapse of the roof,
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