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Generation of shock lamellae and melting
in rocks by lightning-induced shock
waves and electrical heating

Jiangzhi Chen'""’, Chiara Elmi'""’, David Goldsby'""’, and Reto Gieré'

"Department of Earth and Environmental Science, University of Pennsylvania, Philadelphia, Pennsylvania, USA

Abstract The very rapid energy release from impact events, such as those resulting from lightning
strikes or meteorites, can drive a variety of physical and chemical processes which alter rocks and result

in the formation of natural glasses (i.e., fulgurites and tektites). Fulgurite is the vitrified soil, sand, or rock
resulting from lightning strikes. A thunderbolt is associated with air temperatures of up to 10° K, which
can heat rocks to >2000 K within tens of microseconds. The rapid fusing and subsequent quenching of the
surface of the rock leaves a distinctive, thin, garbled coating composed of a glassy to fine-grained porous
material. Previous studies on rock fulgurites found planar deformation features in quartz crystals within the
target rock substrate, evidence of strong shock waves during fulgurite formation. In this paper, we simulated
the shock pressure and temperature caused by an idealized lightning impact on rocks and compared the
model results with observations on rock fulgurites from the literature. Our model results indicate that a
lightning strike can cause >7 GPa pressure on the rock surface, generate a layer of fulgurite (of radius

~9 c¢m), and leave a burned region (of radius ~11 cm). The fulgurites found on rock surfaces share many
features with sand fulgurites, but their spatial distribution is completely different, as sand fulgurites are
hollow tube structures. Our study on rock fulgurites provides an indirect constraint on the energy of a
lightning event and also demonstrates that the presence of shock features in rocks cannot be taken as
unequivocal evidence for impact events.

1. Background

A lightning strike is a complicated phenomenon composed of three stages. First, a “stepped leader” descends
from the cloud and contacts an oppositely charged target (e.g., the ground, architectural monuments, or
other structures). Second, a “dart leader” travels back to the cloud, followed by a return stroke, i.e., the main
flash, which travels from the cloud and strikes the target again. The return stroke, with an energy density of
3.3 MJ/m within a channel of radius ~1 cm [Jones et al., 1968], is associated with air temperatures of up to
10° K [Uman, 1964] and a current of up to 30 kA [Uman and Krider, 1989]. The overall energy of the lightning
strike is estimated to be 10°-10'° J [Rakov and Uman, 2007].

When lightning strikes a target, such as a rock, the target can be heated to over 2000 K within tens of
microseconds [Uman and Krider, 1989]. The resulting vitrified soil, sand, or rock is called a fulgurite. Pasek
et al. [2012] classified fulgurites into four types, depending on whether the lightning strikes sand, clay, or
rock. Sand fulgurites are usually found in deserts, featuring subsurface, branching, and hollow glass tubes
[Rakov and Uman, 2007]1. Occasionally, sand fulgurites can reach several meters in length (e.g., one fulgurite
found in Florida was ~5 m long [see Rakov and Uman, 2007]). Rock fulgurites, however, appear as a distinctive,
thin, garbled coating composed of glassy to fine-grained porous material [Essene and Fisher, 1986; Grapes and
Miiller-Sigmund, 2010; Gieré et al., 2015; Elmi et al., 2017] and may include burned organic material present on
the rock surface before lightning impact [EImi et al., 2017]. In some cases, fulgurites are found on man-made
structures, such as windmills [Brocklesby, 1869, see pp. 148]. Fulgurites can also be formed artificially by
high-voltage electrical arcing [Williams and Johnson, 1980; Uman and Krider, 1989; Kumazaki et al., 1993; Pasek
and Hurst, 2016]. Our model focuses on rock fulgurites, particularly, fulgurites from the granite surface at Les
Pradals, France [Gieré et al., 2015] (Figure 1b) and Mount Mottarone, Italy [EImi et al., 2017] (Figure 1c).

Besides high temperature, the lightning strike also generates a strong shock wave in the vicinity of the strike
point, evidenced by the presence of shock lamellae in the target rock, the so-called “planar deformation
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Figure 1. (a) Schematic of lightning hitting granite at 90°. The lightning causes a cylindrical shock wave in the air,
leaving microscale shock features in the quartz crystals on the surface. Electrical heating causes the temperature to
rise, melts the rock incongruently, and generates a thin fulgurite layer on the surface when the temperature is above
the granite melting point. The organic material on the weathered granite surface within a certain distance of the strike
point is burned and leaves a distinctive black mark. (b) Rock fulgurite from Les Pradals, France [Gieré et al., 2015].

(c) Rock fulgurite from Mount Mottarone, Italy.

features” (PDFs) in crystalline quartz [Gieré et al., 2015]. Shock lamellae are also associated with meteorite
impacts [Bohor et al., 1984; Goltrant et al., 1992; Langenhorst and Deutsch, 1994; Alvarez et al., 1995], but light-
ning impacts may also produce shock features in rocks [Gieré et al., 2015]. Analysis of shocked crystalline quartz
suggests shock pressures >10 GPa [Grieve et al., 1996] and sometimes ~22-30 GPa in magnitude [Langenhorst
and Deutsch, 1994; Carter et al., 2010a; Ende et al., 2012]. However, the temperature rise associated with the
lightning strike must be relatively moderate, likely lower than the quartz annealing point (1200 °C [Grieve
etal., 1996]), otherwise the observed PDFs would disappear.

It must be emphasized that the transmission of energy from the lightning bolt to the rock during shock defor-
mation and electrical heating, and the accompanying physical and chemical changes in the rock, absorb
only a fraction of the total energy of the lightning, with the rest of the energy dissipated in the air in the
form of thunder, heated air, light, and electromagnetic waves. The aim of this paper is to provide an ideal-
ized model of the shock wave, as well as the rapid electrical heating and subsequent cooling, in a granitic
rock. The model estimates the pressure and temperature disturbance caused by a lightning strike and sheds
light on the generation of shock lamellae and the energy transferred from the lightning to the target rock.
The model is compared with field observations and experimental analyses of granite fulgurite samples from
Gieré et al. [2015] and Elmi et al. [2017]. Using our model, we constrain various physical parameters associated
with the lightning strike on rocks, including the energy density of the lightning bolt, and estimate the physical
conditions and parameters controlling the formation of shock lamellae in fulgurites.

2. Model

We employed typical parameter values for the lightning and for the granite rock, as given in Table 1. The
lightning is assumed to strike with a 90° angle of incidence with the rock surface (Figure 1a). We treat the shock
wave around the lightning as being excited from a very rapid energy release from the lightning channel, which
is treated as a line source. Estimates of the energy density of the lightning have a wide range of 103 to 10° J/m
obtained from radiation, electrostatics, or optics [see Rakov and Uman, 2007, Table 12.1]. Collins et al. [2012]
suggested a much higher energy density range, 10-50 MJ/m, based on estimates from arcing experiments.
Pasek and Hurst [2016] concluded that lightning strikes with an energy density > 6 MJ/m may account for only
3-4% of all fulgurites formed annually. We take a value of 3.3 MJ/m after Jones et al. [1968]. The temperature
of the lightning channel T, is set to 10° K [Uman, 1964].

CHEN ET AL.

LIGHTNING SHOCK AND FULGURITE FORMATION 2



@AG U Geophysical Research Letters 10.1002/2017GL073843

Table 1. Nominal Parameter Values of the Lightning and the Granite

Model Parameters Value
Lightning energy density E (J/m) 3.3x10°
channel radius a (m) 0.01
peak current intensity ly (A) 2% 104
rise time t, (s) 106
total duration tm (s) 50 x 1076
decay constant k (s 5% 104
temperature T, K) 3x 104
Air specific heat ratio y 1.4
ambient temperature T, (°Q) 25
Rainfall density Pw (kg/m3) 1000
specific heat Cy  (/(kgK)) 4184
precipitation rate v (cm/h) 0.76
vaporization temperature Ty (°Q) 100
enthalpy of vaporization AH (J/kg) 2.26 x 100
Granite density p (kg/m3) 2670
specific heat C (J/(kg K)) 790
melting temperature Ty (K) 973
thermal diffusivity K (m?/s)  0.913x 107
electrical conductivity c (S/m) 1073
Quartz annealing temperature Tq (°Q) 1200
Organic material combustion temperature Tl (°Q) 300

The air is treated as an isentropic ideal gas with constant specific heats C, and C,, and the specific heat ratio
y =C,/C, = 1.4. Rock surfaces are in general somewhat weathered before lightning strikes, with typically
higher thermal and electrical conductivities in the weathered part than in the unaltered rocks due to the pres-
ence of moisture. However, Elmi et al. [2017] showed that the weathered layer on granite from Mottarone
appears to be thinner than 1 mm, whereas the rockitself is tens of centimeters in thickness or larger. We treated
the rock as a homogeneous half-space with uniform thermal and electrical properties. The thermal diffusivity
Kk of graniteis 0.913 mm?/s, the specific heat Cis 790 J/(kg K), and the density p is 2670 kg/m? [Robertson, 1988].
The melting point of the granite T, is dependent on the water content, and we used a value of 973 K for wet
granite [Eppelbaum et al., 2014]. The annealing temperature T, of quartz, beyond which the shock lamellae
are destroyed, is ~1200 °C [Grieve et al., 1996]. The electrical conductivity & of granite is taken as 1073 S/m
[Olona et al., 2010]. The parameters are treated as constants, but we further discuss alteration of air and rock
properties at high temperatures and in strong electric fields below.

The combustion temperature of organic matter (e.g., lichens and other plant materials) on the rock surface is
unknown. However, for wood, dehydration and charring commences at ~100-200°C, whereas combustion
occurs at ~200-300°C [White and Dietenberger, 2001]. We assume a combustion temperature T, of organic
material of 300 °C. After the lightning strike and associated heat pulse, the rock surface cools down due to
evaporation of rain drops and convection of heated air. Meteorological agencies usually use a rain water accu-
mulation rate v of 0.76 cm/h as a boundary between moderate and heavy rain, which we adopt here as the
precipitation rate, and the cooling rate per unit area due to rain water evaporation on the rock surface is
vp,[C, (T, — T,) + A H] where the evaporation temperature T,, = 100 °C, and the enthalpy of vaporization
of waterat T, is A, H=2.26 MJ/kg [Marsh, 1987]. We ignore the advective heat transfer by rain water flowing
over the rock surface, because significant water flow only exists after the rock surface is below T,.

2.1. The Pressure Disturbance Caused by the Shock Wave

Gieré et al. [2015] reported that shock lamellae were only found within the top 3 pm of the rock surface,
suggesting that the most relevant pressure disturbance is from the shock wave around the lightning bolt.
We ignore the bow shock at the tip of the lightning flash in our model, because the return stroke (main flash)
travels at a speed of ¢; = 1 — 2 x 108 m/s [Rakov and Uman, 2007], greatly exceeding the speed of sound in air,
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¢, ~ 340 m/s. After the rock is struck by the lightning, the trailing shock wave hits the surface, and body waves
propagate inside the rock; however, no shocked quartz has yet been observed deep in the rock interior
(i.e.,, >3 pm deep), indicating that the effect of these body waves can be neglected. The pressure from the
magnetic field is py = po/? /(822r?) around the line current |, where u, =4z x 1077 N/A? is the vacuum mag-
netic permeability. We ignore this pressure because it is only ~10* Pa at the radius of the lightning channel,
which is much smaller than the shock pressure.

2.1.1. Cylindrical Shock Wave Around the Lightning

Lightning traverses in air can extend to tens or even hundreds of kilometers in length [Rakov and Uman, 2007],
and the longest-distance flash reported traveled 321 km [Lang et al., 2016]. Until the lightning hits the ground,
the radial shock wave can be treated as cylindrical, and the wave only propagates in the radial direction per-
pendicular to the lightning channel. Assuming that the air is an inviscid ideal gas, the Navier-Stokes equation
with cylindrical symmetry is

Du ou ou 10p
—_— = = —_—=—-——, 1
bt ot Vo T oo ()

where u(r,t) is the air flow velocity, p(r,t) is the pressure, and p(r,t) is the air density. The continuity equation is

D d d
Do _ 00,90 __p (2,8,

Dt ot  or or " r

)

and another governing equation is the isentropic relation for air

D(IP\_(2,,9\(P)
E<E>_<0t+”ar><pr>_o' )

The undisturbed air pressure is p,, the air density is py, and ¢, =+/vp,/ po is the speed of sound in undisturbed
air. The shock wave has a radius R propagating at a speed U= dR/dt. From the Rankine-Hugoniot condition,
the disturbed pressure p,, density p,, and velocity u, immediately behind the shock wave satisfy

o _r=1+pr+D/py y 1

= ~ (4)
po YH1+p(r=1/py v-1
W _r=14+pr+1/po  P1(r+1)/Po 5)
c? 2y 2y
u 2( -1 2
u P:1/Po - ©)

U y=T+pG+D/py  r+1

with the approximations valid for strong shocks where p, /p, — . Following the dimensional treatment of
Taylor [1950a], the shock radius can be expressed as

R=S(E"*p, /*t'V2 ?)

where S(y) is a dimensionless function depending on the specific heat ratio y only. We solve the governing
equations (1) to (3) using the self-similar approach as in Lin [1954] (or see Appendix A), and the results are
presented in Figure 2.

Numerical evaluations show that the shock radius is

1/4
R=<££) (72 (8)
Bpg

where the constant B~ 3.94. The pressure behind the shock front is

2F

= —  __ —0212ER% (9)
BR2(y + 1)

2
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Figure 2. Normalized air pressure, normalized velocity, and normalized density as functions of radial position r/R(t)
inside the shock tube. Near the shock front, as r approaches R, both the pressure and density of air increase rapidly,
whereas the velocity profile remains almost linear.

If we take the energy density E=3.3 MJ/m [Jones et al., 1968], and if R~a=1 cm is the radius of the lightning
channel, then the shock pressure is

2E

~ —————— =7.0GPa (10)
Ba?(y +1)

[

which is smaller than the pressure range (>10 GPa) required to generate shock lamellae in quartz [Grieve et al.,
1996]. However, if the energy density E is higher, for example, 10 MJ/m, the lower bound suggested by Collins
etal. [2012], then p, = 0.212ER2 is large enough to generate a shock pressure of 21 GPa at the boundary of
the lightning channel, sufficient to generate shocked quartz, and similar to pressures induced by meteorite
impacts.

2.1.2. Shock Wave in the Rock

Due to the short duration of the lightning strike, the wave propagation in solid media resulting from the
lightning strike can be treated as having been excited from a point explosion in an elastic half-space. As a
simplified estimate, the pressure disturbance in the rock decays with distance R from the hit point as

3 2F

a
R3Ba(y + 1) ()

p ~0.156

The R3 falloff of pressure means that pressures in the interior of the rock will be far too small to form shocked
quartz when R is greater than ~4 mm. We also ignore strain heating here because the strain energy release
and associated heating must be smaller than electrical heating due to the strike, as discussed below.

2.2. Thermal Evolution of the Rock During and After the Lightning
2.2.1. Electrical Heating

The electrical current through the rock is assumed to follow a pulse form I(t) = I,4(t) [Plooster, 1971]

_J /e, for t <t
PO = { exp [—k(t— t,)] ,for t. <t<t, (12)

where the peak current intensity I, =20 kA, the decay constant k=5 x 10*s~", and the duration t,, =50 ps.
The ~1 cm radius lightning channel is so narrow that it can be treated as a point current source. We set the
origin of the cylindrical coordinate system at the lightning strike point, with the z axis pointed downward into
the rock. Since the rock is assumed to be homogeneous, the current is evenly distributed in a half sphere of
area 2x(r? + z2), so that the electric field E only has a radial component

i
" 2n6(? + 22)°
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The electric field has a singularity at r = z = 0 due to the point current source treatment of the lightning. One
way to remove this singularity is to use a lightning channel with a finite radius of ~1 cm. Then the electric
field in the vicinity of the lightning channel is dominated by a vertical component

/

E,r —, 14
2 noa? (14)

whereas for regions far from the lightning channel, the electric field is still E,. These two expressions differ by
a factor of 2 because the area changes from that of a circle, za?, to that of a half sphere, 2za? at the channel
boundary. A more detailed explanation is provided in Appendix B.

The temperature evolution during the lightning strike is given by

aT 2 (o3 2
— =«xVT+ —|E|". 15
Frimi pCl | (15

The boundary and initial conditions are

T = finite, T =T, (16)

t=0

r.z—0 r.z—oo

where the heat loss rate due to rainfall vaporization is Q, = vp, [C, (T, — T,) + A H], and the heat radiation
rateis Q, = o (T* — T#) where 655 =5.67 x 1078 W/(m? K*) is the Stefan-Boltzmann constant. We ignore the
electromagnetic effects related to a time-dependent electric field and discuss the possible effects in later
sections. The equation is inhomogeneous with a nonlinear boundary condition. During the lightning strike,
the distance inside the rock over which heat conduction is significantis Ar ~ y/kt,, % 7 mm, and the rate of heat
conductionis k V2T x (T, —T,)/Ar?.Similarly, since Q, ~ o5z T? > Q,, the heat loss rate at the surface near the
hit point is of order 65377 /(pCAr). These two processes are negligible compared with the electrical heating
rate ¢|E|? /(pC). Therefore, the temperature after the lightning strike is dominated by electrical heating

im
T ~ S EPdt+T,. 17
! /0 JCIErdt+T, (17)

This equation can be modified readily to remove the singularity at the origin and make the temperature
continuous

ARty
ypeprD for R > a/\/i
T,-T,~ (18)
ARt
o'm
poproml for R < a/\/z,

where R? = r? + 72 and the constant A = ¢! /Or'" f?dt =~ 0.205. The temperature at the surface as a function
of r can be compared with the size of the burned regions observed on fulgurite surfaces. The region within
which the granite is expected to be partially melted is obtained by solving T;(r) = T,, which gives a radius of
~9.3 cm for fulgurite presence, and the radius of burned organics is ~11.6 cm, consistent with observations on
Mottarone granite [Elmi et al., 2017]. On the other hand, the quartz annealing temperature is reached inside
a region of radius ~8 cm. The total increase in the internal energy of the rock is

: 2V2APt,
AU = Epc /// (T,-—Ta)dV+/// (T,-T,)dv|= quxmsk (19)
R<a//2 R>a/\2

but a fraction of the overall energy of the lightning, ~10°-10'° J [Rakov and Uman, 2007].
2.2.2. Cooling of the Rock by Convective Heat Loss at the Surface
After the lightning strike, the temperature in the rock evolves from T; by heat conduction and convective heat
loss at the surface. The governing equation of cooling is
oT

== kV2T (20)
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with the boundary and initial conditions

T|  =finite, T =T, 1)

t=0

r.z—0 r.z—oo

Because the surface heat loss rate oz T*/(pCAr) > k V2T ~ k(T — T,)/ Ar?, the surface quenches quickly and
barely any heat is conducted from the hot strike center to the cooler periphery. Therefore, the peak temper-
ature in the rock is reached right after the lightning strike stops, after which the temperature on the surface
keeps dropping until the surface solidifies.

3. Discussion

We assume that the air can be treated as an ideal gas, and the ratio of specific heats y remains constant,
which may be unrealistic because the ionization and dissociation occurring at high temperature will change
the apparent value of y. As Taylor [1950b] pointed out, however, when comparing the same model as ours
against the data from the first atomic explosion in New Mexico, the intense radiation from the center of
the explosion can cause the apparent value of y to rise, while ionization and dissociation at very high tem-
peratures can decrease y. The overall effect is that the whole system may behave as though the value of y
remains unchanged. The lightning bolt is hot ionized plasma, and the lightning channel, where strong ion-
ization occurs, is very narrow, which suggests that radiation and ionization, facilitated by extremely high
temperatures, are confined to much smaller regions than in atomic explosions. As a result, we expect that the
deviation of the state of the air from ideality away from the lightning channel is insignificant.

We modeled the pressure exerted on a granite surface, and the temperature evolution in the rock, due to
a lightning strike. The pressure model predicts a maximum pressure of ~7 GPa, smaller than the pressure
thought to be required to generate shocked quartz, ~10 GPa. One possible reason for this discrepancy is
that the energy density of the lightning channel is higher (>10 MJ/m) than the assumed value of 3.3 MJ/m
suggested by Jones et al. [1968]. There exists a large variation in estimates of the energy density of lightning.
Our model gives an indirect way to quantify a lower bound for the lightning energy density. In the previous
sections, our models rely on two basic parameters of the lightning, the energy density E and the lightning
current /. These two parameters should be related; however, the details of that relationship remain unclear
because of the difficulty in measuring them. Based on our model, if a lightning bolt strikes granite, leaving
shock lamellae on its surface after cooling down, it is possible to provide some constraint on this relationship.

The formation of shock lamellae requires that, on the rock surface, the pressure disturbance at a distance
r from the hit point is greater than Ap ~10 GPa [Gieré et al., 2015; Langenhorst and Deutsch, 1994; Ende
etal.,2012]

2, 22)
Brr(y + 1)

while the temperature must be lower than the quartz annealing temperature T, for the shock lamellae to
survive

APt
AT=T,-T,>—2"
997 4x2pCort

ApB 1 At
E_ApBr+1) m_ (24)
ly 4r pCo AT

For the annealing temperature T, = 1200°C, this ratiois 1.53 1 0* J/(A m). Therefore, if the peak current of the
lightning is in the range 2-30 kA, the energy density is 30-460 MJ/m. Although the upper limit appears to
be too large, the lower limit lies in the 10-50 MJ/m range proposed by Collins et al. [2012], which would yield
a shock pressure greater than 7 GPa. The large upper limit can be attributed to the high temperature caused
by intense Joule heating. There are several possible mechanisms that can decrease the temperature and the
size of the annealed region, thus allowing for the survival of the PDFs.

(23)

The result is that

CHEN ET AL.

LIGHTNING SHOCK AND FULGURITE FORMATION 7



@AG U Geophysical Research Letters 10.1002/2017GL073843

Our model of temperature evolution in the rock yields high temperatures (>10°K) near the strike point,
assuming constant thermal and electrical properties. In reality, however, a decrease in moisture content with
heating reduces the electrical conductivity, whereas after the temperature reaches the solidus of the rock, the
increased electron activity in the molten rock greatly enhances electrical conductivity [Olhoeft, 1981; Roberts
and Tyburczy, 1999], reducing the electrical heating effect. Also, near the lightning strike point, the modeled
electric field is greater than 10" V/m, and dielectric breakdown will occur. However, microstructural obser-
vations [Elmi et al., 2017] confirm that these processes mainly take place at the rock surface, and the ~R™*
decay of temperature and ~ R~2 decay of the electric field ensure that the material alteration is mostly con-
fined to the close vicinity of the strike point. Our model predicts a radius of the burned region (11.6 cm)
that is consistent with observed sizes of burned areas on fulgurite samples from Mottarone [Elmi et al., 2017].
Thus, neglecting these variations in thermal and electrical properties with temperature and field strength
does not change the overall behavior of our model. Also as stated above, the Mottarone granite has an
apparent weathered layer < 1 mm in thickness, but the weathering may actually extend much deeper into the
rock, and associated fluid-filled cracks can increase the overall heat capacity C and even more significantly,
the electrical conductivity ¢. Olona et al. [2010] suggested that the conductivity of weathered granite can be
an order of magnitude higher than that of pristine granite, which would reduce the temperature by an order
of magnitude according to equation (18), and the radii of the areas prone to annealing of quartz, melting of
granite, and burning of organics will shrink by a factor of ~10'/4,

We also neglect the coupling between the time-varying electric and magnetic fields. We adopted a pulse-form
current with a simple frequency spectrum, but real lightning events have a wide frequency range from
<300 kHz to >30 MHz [Lan et al., 2011]. Bowler [2004] solved the frequency-dependent electric field distribu-
tion in a homogeneous half-space, and the results show that the field strength has an exponentially decaying
component with r and z, and consequently, electrical heating decreases faster than R~* as in our model. These
two effects—the increase in electrical conductivity in the weathered granite and coupling of the electric and
magnetic fields—may lower the temperature rise during the lightning strike compared to our model pre-
dictions. This would result in a smaller radius of material around the strike point within which the annealing
temperature of quartz is obtained, ensuring survival of the shock features.

Rock fulgurites are different from sand fulgurites, in which air fills the pore spaces in the sand (~40% porosity
for arandom loose packing scenario) and acts as an insulator for the current. In sand fulgurites, heating done
by the current only exists where dielectric breakdown occurs. In comparison, the electrical conductivity of
granite is 10~ S/m, much higher than that of air (~107'> S/m), thus the current is able to pass through the rock
and induce significant heating. Without pervasive electrical heating, thermal diffusion is the major mechanism
for the formation of the melt tube [Carter et al., 2010b; Pasek et al., 2012] with a radius ~3 cm (Appendix C),
consistent with observed sand fulgurite tubes [Rogers, 1946; Gailliot, 1980; Pye, 1982; Essene and Fisher, 1986;
Navarro-Gonzdlez et al., 20071, but much smaller than the fulgurite region on rocks from Les Pradals [Gieré et al.,
2015] and Mount Mottarone [Elmi et al., 2017].

Previous samples collected from the granite surface at Les Pradals, France indicate that shock lamellae are only
observed in a surficial layer of the target <3 um in thickness [Gieré et al., 2015]. For an ideal flat rock surface,
the main flash moves at ¢;> U, and the angle between the propagation direction of the shock wave and the
surface is 8 ~ U/c; ~ 1075. The small angle ensures that for a quartz crystal on the surface of the rock, the
vertical force exerted is only ~ 1076 of the horizontal force, and the pressure disturbance can only affect a thin
layer on the surface before being significantly damped. This may explain why shocked quartz has only been
observed at depths much smaller than the millimeter-scale topographic fluctuations. In reality the lightning
may not strike at exactly 90° to the surface, and the rock surface is not flat. From equation (5), the disturbed
pressure p, /py~2yM?/(y + 1), where M=U/c, > 1 is the Mach number. The Mach number will be higher for
supersonic air flow passing a convex corner, which leads to higher pressure near topographic depressions.
But even in that case, the pressure disturbance is still limited to a shallow depth near the rock surface.

The lightning strike can introduce hot air or gaseous reaction products into the molten rock which are then
preserved as bubbles. Air inclusions may contain traces of ancient air which may be helpful in understanding
paleoclimate [Navarro-Gonzdlez et al., 2007]. High temperatures can also vaporize water and alkalies at the
rock surface, and the burning of organic material generates NO, and CO, gases [EImi et al., 2017], facilitating
the formation of a dense population of bubbles, preserved during quenching and responsible for the porous
nature of rock fulgurites.
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Table 2. Calculated Values of Physical Parameters for Granite Fulgurites

Calculated result Value
Radius of burned region 11.6 cm
Radius of fulgurite region 9.3 cm
Minimum radius for PDF survival 8cm
Heating energy 1.2x 108 )
Maximum temperature ~10°K
Maximum field strength ~10"" V/m
Shock pressure 7 GPa (for E = 3.3 MJ/m) to 21 GPa (for E = 10 MJ/m)
Shock inclination angle ~107% rad
Calculated energy density of lightning 30-460 MJ/m
Minimum ratio of energy density to current 1.53 x 10* J/(A m)

4, Conclusion

When a lightning bolt strikes a granite target, the shock wave sweeps the rock surface, and the distributed
high current heats the rock. The shock wave creates shock lamellae in the substrate near the rock surface,
and the electrical heating vaporizes material at the strike point, melts the granite (which is later quenched
to form fulgurite), and burns organic material on a larger area of the surface. Our temperature and pressure
models demonstrate that based on the observations of the spatial distribution of shocked quartz and burned
organic material, we can constrain the energy and current intensity of the lightning event. We summarize the
modeled parameter values for these and other physical parameters for granite fulgurites in Table 2. Our results
further demonstrate that the presence of shock features in rocks cannot be taken as prima facie evidence for
meteorite impacts.

Appendix A: Self-Similar Solution of the Cylindrical Shock Wave

Let the normalized location # =r/R(t), and the pressure, density, and air velocity of the shock wave are
assumed to be related to the undisturbed air as

UZ
P L, L=ym, 2=g¢m. (A1)
Po < Po u
Then equations (1) to (3) become
f/
Pn-Pp)=—-¢ (A2)
144
!’ /
v _ ¢ +o/n (A3)
v n—ae
2f +nf + %f(qb -n=Ff¢ (Ad)
with the boundary conditions
2y 2 y+1
f() r —— 1)~ —, 1)~ ——. A5
M P (1) p w(1) - (A5)

The system of ordinary differential equations (A2) to (A4) can then be solved numerically. The shock radius R

is determined by
R 2
p pu
E=27Z'/ <CV + = )rdr_zﬁl <},T1+T>rdr

T
.

_71'pOU2 2/ [
0

] ndn = Bp,U*R?,

where B=3.94.

CHEN ET AL. LIGHTNING SHOCK AND FULGURITE FORMATION 9



QAGU

Geophysical Research Letters 10.1002/2017GL073843

It is possible to apply the method to a spherically symmetric point explosion, where the energy release E’ is
related to the shock wave speed U and the shock radius R as

E' = 5.33p,U%R%. (A7)
The pressure disturbance therefore is

p =0.156E'R73. (A8)

Appendix B: Current Injection With Finite Width in Homogeneous Medium

When the medium is homogeneous, the governing equation for the electric potential in the cylindrical
coordinate system is

02 10 7}
Z 424 2 =0 B1
<6r2+r6r+azz>¢ ®1)
with the boundary conditions
¢l = finite, ¢ =0. (B2)
r=0 rz—oo

The solving process is a routine separation of variables, and the general solution is
¢ = / C,Jo(An)exp (—Az)d4, (B3)
0

where J, is the Bessel function of first kind with order zero. The current density at the surface is

=0, / C Ay (Ar)dA = LZH(a -n. (B4)
0 0 rta

z=l

where H(x) is the Heaviside step function. Using a Hankel transform

a/ J; (Aa)Jy (Ar)dA = H(a—r) (B5)
0
the solution of the potential is
b= / P CAD) ) aydy (Aryda. (86)
mac Jq A

As Bowler [2004] pointed out, when the channel radius a < r,

Ji (A
jim 2149 _ 1 (87)
a—0 /la 2
S0
limg = L /oo exp (=Az)Jy (Ar)dA = S S (B8)
a0 270 Jo ° 2roy\/r? + 72

which is the point source potential field. However, the approximation has singularities for the potential and
electric field at r,z — 0, while direct evaluation of the electric field at the surface gives

P(r,z=0)= L/ 1) Gaydi= -
mac Jo A ndc

E(rz=0)= —— / Jy (daydi = — (B9)
zac Jo rac
E(r,z=0)=0.
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Therefore, the current density, which is the current intensity per unit surface area, has two different approxi-
mations in the vicinity of the origin, depending on whether we treat the “area” of the small region as a circle
or as a half sphere.

Appendix C: Thermal Diffusion in Sand Fulgurites

For sand fulgurites, thermal diffusion is dominant. Carter et al. [2010b] and Pasek et al. [2012] treated sand
fulgurites as generated by a line source, and the temperature evolution in the cylindrical coordinate system is

aT
VT = —. Q1
K T (C1)

For the ideal case where the line source is instantaneous, and the temperature within the lightning channel
radius a is the peak temperature T,, the solution is [Carslaw and Jaeger, 1959]

2
Xp <_4_Kt> . (C2)

If we set the temperature to the melting temperature of quartz sand ~1650 °C, the maximum radius of molten
sand from the lightning path is about 3 cm.

a*(T,-T,)
T=T,+— %Le
a 4kt
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