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Abstract—We present instrumental observations of the Tagish Lakefireball and interpret the observed
characteristicsin the context of two different models of ablation. From these models we estimate the
pre-atmospheric mass of the Tagish Lake meteoroid to be [b6 tonnes and its porosity to be between
37 and 58%, with the lowest part of this range most probable. These models further suggest that
some 1300 kg of gram-sized or larger Tagish Lake material survived ablation to reach the Earth's
surface, representing an ablation loss of 97% for the fireball. Satellite recordings of the Tagish Lake
fireball indicate that 1.1 x 1012 J of optical energy were emitted by the fireball during the last 4 s of
itsflight. Thefraction of the total kinetic energy converted to light in the satellite pass band is found
to be 16%. Infrasonic observations of the airwave associated with the fireball establish atotal energy
for theevent of 1.66 = 0.70 kT TNT equivalent energy. Thefraction of thistotal energy converted to
acoustic signal energy isfound to be between 0.10 and 0.23%. Examination of the seismic recordings
of the airwave from Tagish Lake have established that the acoustic energy near the sub-terminal point
is converted to seismic body waves in the upper-most portion of the Earth's crust. The acoustic
energy to seismic energy coupling efficiency is found to be near 10-6 for the Tagish Lake fireball.
The resulting energy estimate is near 1.7 KT, corresponding to a meteoroid 4 m in diameter. The
seismic record indicates extensive, nearly continuousfragmentation of thebody over the height intervals
from 50 to 32 km. Seismic and infrasound energy estimates are in close agreement with the pre-
atmospheric mass of 56 tonnes established from the modeling. The observed flight characteristics
of the Tagish Lake fireball indicate that the bulk compressive strength of the pre-atmospheric
Tagish Lake meteoroid was near 0.25 MPa, while the material compressive strength (most
appropriate to the recovered meteorites) was closer to 0.7 MPa. These are much lower than
values found for fireballs of ordinary chondritic composition. The behavior of the Tagish Lake
fireball suggests that it represents the lowest end of the strength spectrum of carbonaceous
chondrites or the high end of cometary meteoroids. The bulk density and porosity results for the
Tagish Lake meteoroid suggest that the low bulk densities measured for some small primitive
bodies in the solar system may reflect physical structure dominated by microporosity rather than

macroporosity and rubble-pile assemblages.

INTRODUCTION

Meteoric fireballs accompanying the fall of ameteorite are
spectacular events, often noted by thousands of eyewitnesses.
Unfortunately, the short duration of such an event and its
relative rarity make more detailed recordings of these events
scarce. Camera networks established in Canada (Halliday et
al., 1978), the U. S. (McCrosky and Boeschenstein, 1965) and
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in Europe (Oberst et al., 1998) have collectively recorded
detailed photographic records associated with three meteorite
falls(Pribram, Innisfree and L ost City). Theserecordsprovide
a unique bridge between the dynamical behavior of the larger
meteoroid parent objects in the atmosphere with recovered
meteorites. Such records are valuable for establishing gross
physical characteristics of the original body (such as com-
pressional strength, bulk density and porosity) as well as
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establishing pre-atmospheric mass and orbits. These data
represent a means of "probing" the physical structure of small
asteroidal (about a few metersin diameter) bodies.

At present only one fireball camera network continues to
operate (the European Network), though fortuitous video
recordings of two recent meteorite falls have further expanded
the suite of orbital and physical properties available for the
pre-atmospheric meteoroids associated with such falls (Brown
et al., 1994; Borovica et al., 2002, unpubl. data). In al five
cases, the meteoriteswhich have these ancillary dynamical data
associated with their fireballs have been ordinary chondrites.

More recently, global observations by U. S. Department of
Defence satellites (Tagliaferri et al., 1994) have proven useful
inrecording somefireball characteristics (such astotal radiated
energy and trajectory information) for brighter events. These
data together with supplementary instrumental recordings on
the ground now permit (in principle) much better characterization
of most large meteorite fals.

In particular, instrumental detections of the airwave
associated with fireballs have been used in the past as a means
to establish trajectory and approximate energy estimations (cf.,
Qamar, 1995) for individual events. Such data have, however,
not been available for meteorite-producing fireballs with well-
determined trajectories and velocities. These data taken
together would allow measurement of the energy, pre-
atmospheric radius, fragmentati on behavior and porosity of the
body to be constrained. Furthermore, the fraction of the total
energy converted to acoustic wave energy and a better
understanding of the poorly understood mechanism of coupling
of the acoustic wave to the ground might be better determined.

At 16:43 U.T. (08:43 A.M. local time) on 2000 January 18, a
bright fireball was observed over Alaska, the Yukon, and
northern British Columbia (Canada). The event was witnessed
as far away as 700 km from the terminal point and the
accompanying detonations were detectable for at least severa
hundred kilometers. This fireball was associated with the fall
of the Tagish Lake meteorite, an unusual carbonaceous
chondrite (Brown et al., 2000). The airwave signa from the
fireball wasrecorded on threelocal seismic stations, Whitehorse
(WHY), Haines Junction (HY T) and Dease Lake (DLBC). The
airwave was detected directly as well by several more distant
infrasound detectorsin Wyoming, USA and Manitoba, Canada.

The Tagish Lake meteoroid was also observed by satellites
operated by the U. S. Department of Defence. These data
established the atmospheric path for the fireball (when
combined with ground-based records; see Hildebrand et al.,
2002, unpubl. data, for details), an energy based on the optical
radiation from the event and avelocity. When combined with
the seismic and infrasound records, this has allowed a detailed
reconstruction of the fragmentation behavior, the bulk
compressive strength and size of the pre-atmospheric Tagish
Lake meteoroid.

Examining these results in the context of two numerical
entry models has allowed us to construct a physical picture of
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the several meter-sized asteroid which was the original Tagish
Lake meteoroid. In addition to this specific physical picture,
we compare the dynamical parameters of the Tagish Lake
fireball with the population of well-recorded camera network
fireballs to attempt to associate ground-truthed physical/
compositional characteristics from this event to the broader
fireball population, from which material is not available for
examination.

Some of this analysis draws on accompanying results
presented in Hildebrand et al. (2002, unpubl. data).

GROSS FRAGMENTATION ENTRY MODEL OF
TAGISH LAKE AND INITIAL MASS

One measure of the initial mass of the Tagish Lake
meteoroid may be made by modeling its energy release as
recorded by satellite systems. Figure 1 is the light curve
associated with the fireball recorded by U. S. Department of
Defence satellites which record the light flashes produced by
sufficiently large bolides. The fireball was detected for 2 sin
the silicon pass band (400-1100 nm wavelength). Assuming
the fireball radiates as a 6000 K blackbody, the integrated
optical light energy from the fireball is 1.1 x 1012 J; this most
energetic fraction of the fireball's duration is reasonably
assumed to represent most of the kinetic energy dissipated by
the meteoroid during its deceleration. A discussion of the
sensors and techniques for processing these optical satellite
data as well as the reasoning and possible uncertainties in
assuming a 6000 K blackbody model are discussed in Brown
et al. (1996) and Tagliaferri et al. (1994).

The results of the St-Robert fireball/meteorite fall (Brown
et al., 1996; Hildebrand et al., 1997) having both cosmogenic
nuclide activitiesfrom recovered meteorites (which constrained
the entry mass (Leyaet al., 2001)) and satellite data avail able,
yield an apparent integral luminous efficiency (z;) of (110% in
the silicon pass band of the satellite sensor for thisH chondrite.
Thiscorrespondsto thefraction of thetotal initial kinetic energy
converted to radiation in this pass band.

Adopting this conversion efficiency as well as the
integrated optical energy and the initial velocity (15.8 km/s)
determined from Hildebrand et al. (2002, unpubl. data) (hereafter
H2002) we derive an initial mass estimate near 9 x 104 kg for
Tagish Lake. Given the unusual makeup of Tagish Lake as
compared to H chondrites, we may anticipate that the true
efficiency will be somewhat different. Taking the range of
physicaly probable integral efficienciesto be from 5 to 20%,
implies probable mass ranges from 5 x 104 to 1.8 x 105 kg.

To better estimate the initial mass, we use the simple entry
model employed to interpret the light curve and initial mass
for the St-Robert fireball (Brown et al., 1996), namely that of
the gross fragmentation model of Ceplecha et al. (1993). The
adopted entry angle, initial velocity and heightsof initial break-
up from H2002 are shown in Table 1. Together with the satellite
observed light curve these dynamical data provide the
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FiG. 1. Satellite optical light curve of the Tagish Lake fireball. The left ordinate shows radiated power from the fireball in units of Watts/
steradian and the right ordinate is a measure of the equivalent absolute visual magnitude assuming Tagish Lake emits as a 6000 K blackbody.
The abscissais in units of seconds and references to an origin of 16:43:43 u.T. 2000 January 18.

TABLE 1. Computed trajectory, velocity and fragmentation height
for the Tagish Lake fireball based on various data sets summarized
from Hildebrand et al. (2002, unpubl. data).*

Initial velocity (km/s) 158 + 0.6
Radiant azimuth (°) 331
Radiant atitude (°) 18
Height of earliest fragmentation (km) 48
Height of beginning of major fragmentation (km) 37
End height (km) 29

*The azimuth and atitude refer to the apparent local radiant azimuth
and atitude as seen from the terminal ground point.

necessary constraints for the modelling. Our goal is to
determine the initial mass assuming a constant ablation
coefficient. We note that the light so-produced is referenced
to the panchromatic, velocity-dependent luminous efficiency
scale as revised by Ceplecha (1996) who, from analysis of the
Lost City meteorite fall, found a value for the differential
luminous efficiency of tq=6.1% at 13 km/s. This represents
the instantaneous fraction of kinetic energy converted to light.
The output from this model in units of equivalent visual stellar

magnitudes can then be directly compared to the satellite data
inthesilicon passband assuming a6000 K blackbody emission
for the bolide.

We expect that for such a fragile body the value for the
ablation coefficient (o) will be larger than chondritic values
and most likely intherange 0.04-0.20 2 km—2. Theimplication
of thislarger o isthat the effective luminous efficiency will be
higher than the chondritic value (cf., ReVelle, 1983) and that
estimates from this simple model are upper limits (within the
constraints of an assumed constant ablation coefficient).

Specifically, we take o = 0.02 s2 km—2 and a shape-density
coefficient, K, (with K = TAm0.66, where T is the assumed
drag coefficient, Aisthe cross sectional areaand misthe mass)
of 0.46 (Ceplecha et al., 1998) as appropriate for chondritic
bodies to compute an upper limit for the initial mass of
115tonnes. Thisistheequivaent massof an ordinary chondrite
needed to emulate the dynamics and observed light curve of
Tagish Lake.

To examine the effects of changing o (particularly to
expected higher values), we use the mean value for type Il
fireballs (which are believed to be associated with carbonaceous
chondrites) as given in Ceplecha et al. (1998). Here we take
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o =0.042 22 km—2 and K = 0.69 to again fit the light curve.
This produces a mass estimate of 97 tonnes, which should be
taken as an upper limit to the true mass. Extending this to
higher ¢ makes matching the light curve and dynamical
parameters effectively impossible. Thisis due to our adopted
simplification in using a constant ablation coefficient. Our
ordinary chondritic fit to the light curve is shown in Fig. 2.

POROSITY MODEL OF TAGISH LAKE

We now apply a more general ablation model which takes
into account variable o and incorporates porosity explicitly in
an effort to deriveamore accurateinitial mass. Thisisarecent
adaptation (ReVelle, 2001) of an earlier proposed model
(ReVelle, 1983) which incorporatesthe porosity of the ablating
body directly in the equations of motion. This model assumes
an ordinary chondritic-like composition while complementarily
varying porosity and density. Inthisablation model, increased
porosity increases heat transfer between the airstream and the
body which in turn leads to an increased ablation coefficient
(0) and higher end heights, all other parameters being equal.
As shown by ReVelle (2001), the visible light production per
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unit mass is also much higher for higher porosity bodies. This
modd explains the end-height differences of different classes of
fireballsidentified by Ceplechaand McCrosky (1976) asbeing
due to differing bulk densities/porosities. Different classes of
firebdls are expected to have somewhat different compositions.
In terms of observed dynamics, the porosity and the zero
porosity (uniform bulk density or equivalently 0% porosity)
modelsdo not differ greatly; thusdatausing dynamical constraints
alone will not distinguish between the models. However, the
order of magnitude light production predicted for the Tagish
Lake meteoroid by the modelsimpliesthat detailed light curves
may serve as a diagnostic for determination of porosity in the
general case. Aswell, the porosity model generally has much
higher ablation rates than the zero porosity model.
Theporosity model permitsexplicit breakup of abody once
a preset compressive strength is exceeded so that a variable
number of resulting fragments is produced. Each of these
fragments will again fragment in a hierarchical manner,
assuming a progressive fragmentation model. The combined
light production from each fragment collectively produces the
fina light curve. The physical underpinnings of this model
and its details can be found in ReVelle (1983, 1993, 2001).
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FIG. 2. Observed vs. theoretical light curve using the gross-fragmentation model for the Tagish Lake fireball. The solid line is the satellite
observed light curve of the fireball, open squares are model fits. Details are given in the text.
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We add a cautionary notein the interpretation of the results
that follow: these are not unique answers; however, alimited
range of allowable combinations of number of fragments, initial
porosity and initial radius, results from the dynamical
constraintsavailablefor Tagish Lake (velocity, end height, entry
angle) combined with the light curve. The match to the
dynamical and light curve constraints is produced through
forward modelling within the context of the assumed number
of fragments and when fragmentation is observed to begin.

The Tagish Lake modeling results are given in Table 2.
Note that the general porosity model (bottom of Table 2)
provides a best fit with the satellite light curve for an initial
mass of 56 tonnes and (using the measured mineral grain density
of Tagish Lake, from H2002) a porosity of 37%. Figure 3
shows the variation in mass, velocity, ablation coefficient and
ram pressure as a function of height for this model run.
Predicted end heights without fragmentation are up to 10 km
lower than shown in Table 2. Variations in the assumed
compressive strength by factors of 2 to 3 (which affects the
height of initial breakup) may change the modelled end height
by as much as 5 km.

These model results were obtained assuming a spherical
meteoroid (shape-factor S = Am0-660.66 = 1.209), withinitial
radius of 2 m, initial velocity at entry of V,, = 15.8 km/s, entry
angle (0) of 18°, and imposing the additional constraint that
only 1% of the initial kinetic energy is remaining at the end
height/luminosity-cutoff (as has been found for the three
photographically recorded meteoritefalls; cf., ReVelle, 1980b).
Additionally, we assume break-up into 10 fragments once the
ram pressure exceeds the compressive strength of the body
and after an initial short-time interval, these fragments are
advected into the wake, heat-up and subsequently radiatelight.
Fragments were assumed in these runs to act collectively after
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this advection delay so that the frontal area was increased
compared to the size of theindividually broken and still ablating
fragments. The atmosphere used in the model was assumed to
be anisothermal, hydrostatic atmosphere. The porosity values
aregivenfor amineral grain density of 2.65 g cm—3 as measured
for individual Tagish lake fragments (see H2002). The
observed end height was near 29 km and the end velocity was
measured to be near 9 km s-1(H2002). Thezero porosity model
usesthe physical ablation characteristics of the averagefireball
ineach of thefireball groupsdescribed in Ceplechaet al. (1998)
to allow comparison with the nominal results for Tagish Lake.
Additionally, we define a group 0 which corresponds to the
physical makeup expected of an iron meteoroid.

As can be seen from Table 2, dlightly higher porosity and
lower initial masses are al so moderate matchesto the lightcurve
and dynamics, with values up to 58% porosity and initial masses
aslow as 37 tonnes providing acceptablefits. Theupper portion
of the table showsthe resultsfor the same model, but assuming
0% porosity (the zero porosity or uniform bulk density model)
using the input parameters appropriate to each of the observed
fireball groups of Ceplecha and McCrosky (1976). None of
the uniform bulk density model runs were able to reproduce
both the observed dynamics and light curve. Our best-fit
porosity (37%) result suggests (11300 kg of gram-sized and
larger fragments survived to the end of ablation to fall to the
ground as meteorites.

INFRASOUND RECORDINGS

The airwave from the Tagish Lake fireball was detected
infrasonically by the | S10infrasound station of the International
Monitoring System, located at Lac du Bonnet, Manitoba,
Canada(50°12' N, 96°1' W). Additionally, amarginal detection

TABLE 2. Porosity modeling results for Tagish Lake (see text for explanation).

End height Speed Initial mass Surviving mass  Light curve match
(km) (km/s) (kg) (kg) (Y/N)
Zero porosity modeling
Group O.-Fe 9.78 11.77 2.61 x 105 2.99 x 104 N
Group | 15.08 4.40 1.24 x 105 1.38 x 104 N
Group |1 23.44 8.57 7.04 x 104 1.09 x 104 N
Group 1A 36.42 12.80 2.51 x 104 7.80 x 103 N
Group 111B 47.72 14.38 9.05 x 103 491 x 103 N
Tagish Lake: ppy, = 1600 kg/m3 25.64 9.29 5.52 x 104 8.98 x 103 N
Porous modeling:
Bulk density  Porosity
(gcm-9)

2.59 2% 21.02 6.41 8.68 x 104 5.55 x 103 N

2.22 16% 23.59 7.40 7.44 x 104 3.49 x 103 N

1.85 30% 26.62 8.57 6.20 x 104 1.96 x 103 N

1.67 37% 28.07 9.22 5.58 x 104 1.33 x 108 Y (Very good)

1.48 44% 29.65 9.89 4.96 x 104 8.60 x 102 Y (Good)

1.30 51% 3171 10.60 4.34 x 104 5.51 x 102 Y

1.11 58% 34.03 11.32 3.72 x 104 3.57 x 102 Y
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FiIG. 3. Theoretical meteoroid/fireball parameters as determined through application of the porosity model. The top graph shows the mass as
a function of height (thin line) and the ablation coefficient (thick ling). The bottom plot shows the velocity vs. height (thick line) and the
instantaneous forward ram pressure on the meteoroid (thin line). These values are appropriate to a meteoroid with 37% porosity and 56 tonne
initial mass.
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may have occurred at the Pinedale infrasound station in
Wyoming, but instrumental noise does not allow certain
association of several possible signals with the fireball.

Infrasound refers to that part of the acoustic frequency
spectrum which is sub-audible in the high-frequency limit
(<20 Hz) and greater than the natural oscillation frequency of
the atmosphere (associated with gravity waves) in the low-
frequency limit (>0.01 Hz). Atlower frequenciesin particular,
the acoustic energy experiences little attenuation, resulting in
detectability over very large propagation distances(cf., ReVelle,
1976, for areview of bolide infrasound).

ThelS10 array consists of four widely spaced microphones
sensitive to infrasound. By cross-correlating the output from
each microphone and performing beamforming of the signals
it ispossible to determinethe arrival azimuth and elevation for
a coherent signal (cf., Evers and Haak, 2001). We use the
coherence of the signal over the full baseline of the array to
distinguish true signals from local noise at each microphone.

Thesignal associated with the Tagish Lakefireball detection
at IS10isshownin Fig. 4. Theraw signal has been band pass
filtered between 0.5 and 1.5 Hz to maximize the signal-to-noise
ratio. The signal persists for [1L0 min as would be expected
for a signal dispersed over a range of 2640 km, the distance
from1S10 to the Tagish Lakefireball terminal point. The peak-
to-peak amplitude of the signal is 24 mPa, which is [13x the
noise background in this band pass at 1S10 on this day.

The azimuth of the signal from 1S10 is 306° which isvery
close to the great circle azimuth of 309° between 1S10 and the
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Tagish Lake fireball terminal point. The time delay from the
time of the fireball to the onset of the signal (8230 s) yieldsa
mean signal speed of 0.32 km/s which is at the upper end of
typical long-distance ducted atmospheric returns (Ceplecha et
al., 1998). Thisismost likely astratospherically ducted signal
and we suggest the high average signal speed is attributable to
the very high stratospheric wind speeds present in the direction
from Tagish Lake to 1S10 (velocities of (60 m/s).

From these acoustic data, it is possible to derive
approximate source energies incorporating a variety of
assumptions. These techniques and their limitations are
discussed in detail in ReVelle and Whitaker (1999) as well as
ReVelle (1976). The most commonly applied technique for
infrasonic energy measurements of bolides is the period at
maximum amplitude approach (ReVelle, 1997). The signal
period tendsto be amore robust measure than amplitude, which
may be significantly affected by winds and local topography.
This period method is based on an empirica relation between the
observed period at maximum signal amplitude (P) for stratospheric
returns and known source energy (E in kilotonnes of TNT;
1KT =4.185 x 1012 J) for U. S. nuclear tests (ReVelle, 1980):

Iog% =3.34log(P) - 2.58 (1)

Thisrelation has been applied to alarge number of energetic
bolide events (ReVelle, 1997) and found to be in reasonable
agreement with other independent energy estimatesfor the same
events.

0.015 T——+———————

0.010 4

0.005 4

0.000

-0.005 A

Pressure Amplitude (Pa)

-0.010 +

_0.015 I 1 I I I T I I I

7200 7800

8400 9000

Time (seconds) 16:43:43 UT = 0 seconds

FiIG. 4. Infrasonic signal produced by the Tagish Lake fireball as recorded at the IS10 Lac du Bonnet, Manitoba (50°12' N, 96°1' W)
infrasound station. The waveform has been bandpassed from 0.5 to 1.5 Hz. The range from IS10 to the terminal burst of the Tagish Lake
fireball is 2640 km at a bearing of 309.2° as seen from IS10. The signal arrives from an azimuth of 307°.
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For our infrasonic signal, the average signal period from
all four channelsis5.6 + 1.3 s. These measurements are from
the zero-crossings for each of the four channels and produced
using an average and standard deviation from all four channels.
This is the same technique as was used for the signal analysis
applied to derive Eq. (1). Using Eq. (1) this corresponds to a
yield of 1.66 + 0.70 kKT. This small explosion yield, coupled
with the fast, high southeast-directed stratospheric winds
probably results in the lack of a detectable signal at several
infrasound stations in the southwestern United States. Using
aninitial velocity of 15.8 km/s (from H2002), thisenergy yield
corresponds to an object of mass 56 tonnes, and using a bulk
density of 1.6 g cm—3 (H2002), to a pre-atmospheric meteoroid
size of just over 2 min radius.

Taking this energy estimate and its error as a robust
representation of the true source energy (which from
comparison with the modeling section we see is a good
assumption) we may also estimate the acoustic efficiency for
the Tagish Lake fireball. This represents the fraction of total
initial kinetic energy which is converted into acoustic wave
energy (cf., ReVelle, 1980b). It is the acoustic analog of the
more familiar luminous efficiency. In particular, we may sum
thetotal pressure perturbation associated with the signal at 1S10
to estimate the total energy at the source via (ignoring focusing
and reflection effects, which are likely small):

g,
sl W R2 = i Aop 2
3 PGCs
where t is time, 74 is acoustic signal duration, Ap,, is the
positive signal amplitude (CApp/2), p istheair density at the
receiver, Csisthe adiabatic sound speed at the observationlevel,
R is the range from the source to the receiver, W is the source
yield, equal to half the source energy, and &4 is the acoustic
efficiency.

Hereweusep = 1.225 kg m-3, cs=310m/s, R=2.64x 106 m,
74= 600 s (windowed over the apparent duration of the signal).
The final pressure used in the integrand in Eq. (2) has noise
subtracted by approximating the mean background noise in
windows of identical duration both before and after the signal.
Setting W = 1.66 KT (as our period-at-maximum amplitude
nominal energy estimate) produces an acoustic efficiency value
of 0.13%. For the upper and lower bounds of the energy
estimate, we find the possible range of acoustic efficiency to
be0.10-0.23%. For comparison, ReVelleand Whitaker (1996)
found acoustic efficiency ranges from 0.2 to 7% from
examination of 10infrasonic bolide events detected at multiple
stations. The fact that our values fall at the low end of their
range may reflect the atypical composition (and hence ablation
behavior) of the Tagish Lake fireball.

Brown et al.

SEISMIC DATA

The airwaves generated by the passage of the Tagish Lake
meteoroid were detected at three seismic stations. Other work
has demonstrated the utility of deriving parameters for bolide
trajectories from seismic data alone (cf., Qamar, 1995) when
numerous stations detect the airwave. In the present case,
however, only two seismic stations showed strong signalsfrom
the fireball and one other aweak probable signal. Fortunately,
the entry geometry has been well defined from other data
(H2002) alowing detailed interpretations from this limited
station coverage.

The airwave from a meteoroid can initiate seismic waves
inthe solid earth in several ways. First, theairwave itself may
force transverse oscillations at the Earth's surface due to the
overpressure of the wavefront; these we will refer to as air-
coupled Rayleigh waves, which may itself consist of several
components. Second, the acoustic wave may match the natural
seismic wave velocities in the ground and excite these modes
directly; these will be referred to as air-coupled body waves,
usually P-type seismic (longitudial) waves. Finaly, theairwave
may be detected as it directly deforms rock proximal to a
seismic station.

The seismic station near WHY recorded alarge impulsive
(and relatively long lasting) signal beginning 208 s after the
main detonation recorded at 16:43:43 u.T. Using a high-pass
filter on these data (>1 Hz), an apparently related signal begins
some 128 s after the main detonation time (Fig. 5). Note that the
small event near 400 s (at [116:50) appears in all regional
seismograms and is atelesel smic event (earthquake) unrelated
to the fireball.

The strongest arrival at WHY is interpreted as having
resulted from the main airwave/audible explosion. Thissignal
apparently recordsthe first direct arrival of the airwave after it
propagated in the direction normal to the fireball trajectory as
acylindrical blast wave. Rayleigh waves moving at acoustic
velocitiesin the topmost portion of the ground near the seismic
station arrive next. The earliest arrival of the airwave phaseis
that of an N-wave signature in the vertical component of the
seismograph (showing strong downward motion), indicative
of that expected of pressure loading of the local terrain (cf.,
Kanamori et al., 1991). We interpret these as the direct
expression of the airwave on the local terrain. The large
amplitude of this arrival phase and the Rayleigh waves
following it are typical of air-coupled Rayleigh waves which
often arethe strongest component of seismic recordsof airblasts
due to resonant coupling with unconsolidated surface soil
(Ewing et al., 1967).

The earlier P-wave (body wave) arrival is interpreted as
resulting from sound coupling near the sub-terminal point of
thefireball, wherethe sound first reachesthe ground. Provided

FIG. 5. (right) Seismic records from Haines Junction (HYT) (60°8' N, 137°5' W) (top) and Whitehorse (WHY) (60°7' N, 134°9' W). These
seismic records have been corrected for the individual seismograph response function (to produce true ground motion) and high band passed
above 1 Hz. The onset of P-waves are visible at both HYT and WHY beginning near 180 s and WHY shows a clear acoustic/air-coupled
rayleigh wave signal starting just after 200 s. The origin time for both stations is 16:43:43 u.T. 2000 January 18.
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the amplitude of the blast is sufficient, we expect the shock to
couple directly into the ground very near the locus of points
directly under the trgjectory where the trace velocity across
the ground of the cylindrical blast wave is comparable to the
local P-wave velocity (assumed as6 km s-1). Thus, the earliest
P-wave signal should be from the region nearest the terminal
portion of the fireball trajectory where asignificant blast wave
isstill produced and which reaches the ground first. To verify
this assumption we computed the apparent arrival direction of
the signal energy by examining the polarization of the P-wave
signal as seen on the three components of WHY. The
beamformed signal direction for the earliest P-wave arrival
wasfound to befrom [1171°. The P-wavesignal ispropagating
from the direction of the terminal detonation of the fireball
(which is at an azimuth of 170° relative to WHY'), confirming
that the signal represents acoustically coupled body waves
beginning nearly directly underneath the fireball endpoint.

Later signal arrivals in the P-wave train show energy
coming from progressively more westerly azimuths, Thisis
as would be expected presuming the shock cone intersects
locations further uprange of the terminal point as time
progresses and the intersection of this acoustic cone is the
source for the P-waves observed at WHY.

Our final P-wave solution times and heights are relatively
insensitiveto slightly different values for upper crustal P-wave
velocity different from the above. The effect of lower P-wave
speeds (which would be the expected trend in the mountainous
region near Tagish Lake) will beto push the solutionto slightly
larger heights. P-waves have been observed at the range of
WHY from the Tagish Lake fireball trajectory ([170 km) only
from the largest air-explosions (cf., Gupta and Hartenberger,
1981). P-wave signals have been reported, to our knowledge,
in only two other fireball events: the Prince George fireball of
1969 (Halliday and Blackwell, 1971) and the Revelstoke
meteorite fall of 1965 (Jordan and Bayer, 1967).

To further examine the question of the origin of these
seismic waves, we have taken thefirebal trgectory from Table 1
and modelled the expected arrival times of waves at WHY.
We have used radiosonde data from WHY taken at 12 u.T. on
2000 January 18 as an input atmosphere to an altitude of
30 km and used the MSIS-E NASA atmosphere model above
thisheight to definethe acoustic vel acity asafunction of height.
Ignoring wind corrections to this apparent sound velocity, we
have computed the airwave arrivals at WHY as a function of
height along thefireball path. Similarly, we computethearrival
times for P-waves, using the previously described physical
model which has the airblast travelling to the ground then the
induced P-wavestravelling to the seismic station. A graphical
version of the resulting solution is shown in Fig. 6.

A priori, ignoring fragmentation (which produces quasi-
spherical symmetry along the trgjectory) the ballistic-weak-
shock will propagate approximately normal to the fireball
trajectory (cf., ReVelle, 1976). As aresult, the first arriving
airwave will have asits origin that portion of the trajectory of
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the fireball passing closest to the station. In Fig. 6 thiswould
be the minimum in the parabolic time propagation curve. In
fact, the large-amplitude acoustic arrival occurs almost 20 s
after this point.

To determine if this discrepancy is due to our ignoring of
the upper winds in the calculation of the sound velocity, we
have numerically modelled ray arrivalsto the station fromaong
the fireball trajectory. This simulation uses the same
atmosphere as described earlier, but explicitly takes into
account the wind velocity and ray propagation geometry in
computing ray arrival times. As the wind velocity was very
high near 30 km altitude (almost 70 m/s), this may produce
significant deviations from the nominal curves, making the
sound velocity a function of propagation azimuth.

The model results for propagation from various source
heights are shown in Fig. 6 as solid squares. The wind effects
are clearly evident (relative to the parabolic no-wind travel-
time curves) and account for the timing difference. The wind
is directed from an azimuth of [300° and hence the earlier
portions of the path (above 55 km dtitude) have travel times
decreased (being in the with-wind direction relative to WHY),
while those below this height are increasingly retarded asthey
propagate increasingly cross-wind. Where severa rays reach
WHY the range in arrival times for a given height is shown.
The numerical results suggest that the beginning of the main
seismic signal (and the largest amplitude) is indeed from the
ballistic wave propagating nearly normal to the fireball path,
with significant modifications from the upper wind.

Themain seismic signal beginning 208 safter thedetonation
continues for (B4 s. Thisislonger than would be expected if
only the portion of the trail near the specular point were
contributing the airwave signal where dispersion effects (which
spread the acoustic signal in time) are minimal. Anglin and
Haddon (1987) and Cumming (1989) both show examples of
acoustically-coupled seismic waves from bright fireballs—in
both cases, the signals persist for <10 s. In the Tagish Lake
records, several additional maxima occur during this 84 s
interval. While some contribution from the P-wave may be
present early intherecord, itisunlikely to persist for thisentire
interval or show such localized maxima, particularly when
compared to the large amplitude surface waves. The extended
signal could be a consequence of the properties of the soil
proximal to the seismograph, propogation dispersion or the
result of sound reflecting off the steep local terrain. No simple
means of determining if extended resonance effects exist due
to local ground properties or sound reflection are significant;
we can only note that these are not seen for fireball airwaves
recorded for other events by other seismic instruments at
different locations.

One possibleinterpretation of this extended signal isthat it
represents acoustic energy from ongoing gross fragmentation
not represented in the cylindrical blast wave model and
propagating in a wider suite of directions from the fireball
(ReVelle, 1976) to WHY. Such amodel would suggest arrivals
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FIG. 6. Seismic wave arrival times (labelled horizontal lines) and nomina ballistic air wave arrival times at WHY using a mean sound
velocity as a function of height along the fireball trajectory (parabolic line). The zero time is the time of the fireball main detonation
(16:43:43 u.T.). Also shown is the solution for P-wave arrivals. Square symbols represent numerical solutions from ray-path modelling
(including wind effects) at each height to WHY as described in the text. These model solutions show those heights at which acoustic ray
paths to WHY exist—this does not imply actual acoustic signals arrive from such heights as this also depends on the source generation
mechanism (i.e., ballistic cylindrical shock vs. fragmentation). All modelled travel times have been corrected for the fireball's velocity.

at WHY from the terminal portions of the fireball where the
satellite light curve shows significant ablation and (by
inference) fragmentation. Thisissimilar to theinterpretations
of Cumming (1989) and Folinshee et al. (1969) where seismic
data were compared to photographically determined fireball
trajectories and who suggested that almost all the acoustic
signal was due to acoustic energy generated near the terminal
portions of the trajectory. In both cases, these locations were
significantly different than the closest pointsaong thetrajectory
relative to the receiving seismic stations.

Examining Fig. 6 we see that the numerical ray modelling
shows acoustically accessible paths from heights along the
trajectory restricted to those >37 km altitude. Our numerical
modelling reveals that lower heights may produce acoustic
signatures, but these are just inside the first acoustic shadow

zone of the sound as seen from WHY and would not contribute
significantly to the seismic signal.

That the numerical arrival times from sources near the end
of the acoustically accessible trajectory end within 10 s of the
cessation of the main seismic signal suggeststhat fragmentation
along the latter portion of the path is a plausible production
mechanism for the extended signal. While heights along the
fireball path below 38 km will not contribute significantly to
the signal, the ray modelling is a geometrical approximation
which ignores scattering and diffraction effects whereby lower
portions of thetrgjectory may contribute to some of thetrailing
end (last 10 s) of the main signal.

On the basis of the P-wave arrival data from WHY, we
suggest that the major portion of the large-scal e fragmentation
for the Tagish Lake fireball ended near 32 km altitude. The
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seismic solution for station HY T isshown in Fig. 7 and supports
this height determination. The WHY seismic record also
suggests that this fragmentation dominated the last 4560 km
(34 sof fireball travel through the atmosphere) of thefireball's
atmospheric path in agreement with the satellite light curve
which shows almost 4 s of noticeable signal (corresponding to
(60 km along the path at the nominal initial entry velocity).
Thissuggests extensive fragmentation of the body was ongoing
from 50 to 32 km dltitude.

To attempt to estimate the equivalent yield energy from the
seismic record requires knowledge of several uncertain
parameters. We will attempt to crudely estimate these based
on existing data, but caution that the final yield result is
uncertain by a factor of at least several. The technique used
and empirical relations derived may prove useful for future
large bolide events recorded seismically.

First, the coupling efficiency of the airwave energy to
production of surface waves (Rayleighwave) isrequired. This
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is a poorly known factor with little relevant data available in
the literature. For explosions in the yield range of interest,
Griggs and Press (1961) quote coupling factors («) of 104 for
surface explosions and afactor of 10-5 for low altitude (C110 km)
airbursts. Hildebrand et al. (1997) found an approximate
coupling factor of 10-7 for small bolide airbursts. For our
particular source height (near 58 km) and almost certainly larger
energy (compared to the bolide examined by Hildebrand et
al., 1997) it isunclear which is most appropriate so we choose
the geometric mean of these values and adopt a coupling
efficiency of 10-6.

Thelocal ground conditions greatly affect the propagation
and amplitude of surface waves. Rulev (1965) showed that
Rayleigh wave energies for surface explosions are greater by
afactor of 10 for unconsolidated sediment (alluvium) than for
consolidated (granitic rock). For the region near WHY, the
rock ishighly consolidated and we must include this attenuation
factor in any computations.

30 40 50 60 70 80
300 —————————T —r 7 300
Last Arrival (P-waves)
250 - 250
<z
(0]
£
= 200 200
©
£
<
150 - First Arrival (P-waves) 150
100 —————— 11100
30 40 50 60 70 80
Height (km)

FIG. 7. Seismic P-wave arrival times (labelled horizontal lines) and expected P-wave arrivalsat HY T as a function of source height along the
fireball trajectory. The expected P-wave arrivals assume a near-surface P-wave velocity of 6 km/s. All modelled travel times have been

corrected for the fireball's velocity.
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We make use of the scaling relation found for small high-
explosive surface explosions by Guptaand Hartenberger (1981)
between yield, range from source and the vertical component
of the peak velacity for Rayleigh waves which can be written
as.

W = XR2(@2.748 x 107D, )L 7%
y

where Dy, isthe average vertical ground motion in nm/s (zero-
to-peak) over the three largest cycles of the Rayleigh wave
train (corrected for the response of the seismometer), R is the
range to the source in meters, W is the yield in kilotonnes of
TNT equivalent energy, x is the ratio of the air-to-ground
coupling efficiency for asurface explosion—airburst at altitude,
andy isthe attenuation factor of the Rayleigh wave amplitude
due to the composition of the local ground relative to loose
soil. For Tagish Lake, thethree-cycle average at the maximum
of the Rayleigh wave train in the vertical component at WHY
is (BOO nm/s. The range to the explosion (nearest point on the
fireball path) at WHY for this earliest portion of thewavetrain
is 63 km, which provides an equivalent surface yield (with
x =100 and y = 0.1) of 1.8 kT.

A summary of the estimated initial energy, mass and size
of the Tagish Lake meteoroid as found by all of the previously
discussed techniques is given in Table 3, together with
constraints presented in H2002 based on modeling of the
observed short-lived cosmogenic nuclides.

3

COMPARISON OF THE TAGISH LAKE FIREBALL
WITH OTHER FIREBALLS

To attempt to place the Tagish Lake fireball in the context
of physical data available for other fireballs, we make use of
the PE criterion introduced by Ceplechaand McCrosky (1976).
Thisstatistical index isaproxy measurefor therelative physical
strength of a meteoroid based on the ability of the associated
fireball to penetrate the atmosphere. More specifically, the PE
criterion is given by:
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PE = log(pg) — 0.42 log ms, + 1.49 log V., — 1.29 log(cosZ;)
(4)

wherepgisthe air density at the fireball end-point (in units of
g cm-3), M, istheinitial mass (in grams), based on the earlier
luminous efficiency dependence used by Ceplecha and
McCrosky (1976), V, istheinitia velocity (in km/s), and Z; is
the zenith angle of the trajectory.

Ceplecha and McCrosky (1976), based on examination of
empirical data, suggested four basic physical groupingsexisted
in the fireball record, from the strongest, most penetrating
material (group I) to the weakest material (group I1b). These
groupings have been associated with (cf., Ceplechaet al., 1998)
ordinary chondrites, carbonaceous chondrites, strong cometary
material and weak cometary material for groups |, Il, Illaand
[11b, respectively. We emphasize that the exact PE valueswhere
one group ends and ancther begins is somewhat uncertain as
thisisapurely statistical measure. From our best estimate for
the initial mass of the Tagish Lake object (see Table 3) of
[B6 tonnes, itsinitial velocity (15.8 km/s), its known angle of
entry (17.8°) and the last observed dust cloud "point” from the
ground-based data of 29 km (H2002), we arrive at a PE = —-5.39.
This is near the border of the type Il and Illa groups (which
split at PE = —5.25). Given the statistical uncertainties in the
broader groups, we suggest that Tagish Lake represents the
low end of the strength spectrum for carbonaceous chondrites
or the very highest end of the cometary strength spectrum. This
is consistent with the physical evidence from the meteorite
(H2002).

A more quantitative estimate of the original Tagish Lake
meteoroid physical strength can be deduced from examination
of the fragmentation record of the bolide. In Fig. 1, the first
local maximum in light production isinterpreted asthe earliest
height at which fragmentation occurs. This is near 47 km
altitude (using the trajectory data described in H2002) and is
interpreted as the earliest clear record of large-scale
fragmentation by the fireball. This is further supported by
ground-based dust cloud photos which show a sequence of

TABLE 3. Summary of results for total kinetic energy, mass and equivalent radius of the Tagish Lake meteoroid

derived from several techniques.*

Technique Estimated energy Initial mass Equivalent radius
(kT) (tonnes) (m)

Gross fragmentation model <25 <97 <25

Porosity model 1.3-1.7 37-56 (56) 1.8-2

Infrasound 166 = 0.7 33-79 (56) 1724

Seismic m.7 60 0%

Cosmogenic nuclides 2.0-29 65-100 2.2-25

*Valuesin parentheses are the best estimated valuesfor therange. Cosmogenic nuclide constraintstaken from Hildebrand
et al. (2002, unpubl. data). The initial velocity is taken as 15.8 km/s from Table 1 for the energy estimates. The
equivalent radius for the pre-atmospheric body assumes a bulk density of 1.6 g cm=3 (from Hildebrand et al., 2002,

unpubl. data).
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three small "puffs" before the main burst/extended
fragmentation. The earliest of these small dust clouds occurs
at aheight of 46 km on the fireball path, in agreement with the
location established using the satellite light curve.

Figure 3 shows that the atmospheric ram pressure at the
height of thisfirst major fragmentation episode was 0.25 M Pa.
This is much lower than typical fragmentation pressures for
meteorite-producing fireballs (Ceplechaet al., 1998), but near
the average for the weak fireball population. Such alow value
places Tagish Lakein strength category b (the second weakest)
in the system of Ceplecha et al. (1998). We interpret this as
theminimal "global" binding strength of thelarger Tagish Lake
meteoroid. The ram pressure at the location of the first major
burst (37 km altitude) was 0.7 MPa, and we suggest thisisthe
most probable average binding strength for the bulk material
making up the Tagish Lake meteoroid.

CONCLUSIONS

Based on the measurements of the pre-atmospheric mass
for Tagish Lake from modelling, seismic, and infrasound data
we estimate a best fit to these datais given by an initial mass
of 56 tonnes. This corresponds to a body 4 m in diameter,
using an adopted bulk density of 1.6 g cm—3. From the observed
satellite integrated energy, this pre-atmospheric mass, coupled
withan entry velocity of 15.8 = 0.5km s-1, resultsinanintegral
luminous efficiency value of 7 = 16% for the Tagish Lake
fireball. This is higher than has been measured for past
H-chondrite falls, which have consistently yielded values near
10% (cf., Borovicka et al., 2002, unpubl. data). Had Tagish
Lake been an H chondrite according to ReVelle (2001), we
would have predicted aluminous efficiency near 2%, some 9x
smaller than found here.

Application of a gross fragmentation model (assuming
classical, single-body ablation) to the observed dynamics and
satellite light curve result in an upper limit to the initial mass
of 97 tonnes. Thismodel breaks down for values of the ablation
coefficient >0.05 s2 km2, as aresult of our simplification of a
single value for the ablation coefficient for the entire flight.

A moregeneral entry model incorporating porosity provides
a better fit to the dynamics and satellite light curve for test
bodies adopting the measured bulk density of the Tagish Lake
meteorite. Thismodelling suggeststhe pre-atmospheric Tagish
L ake meteoroid had aporosity of 37% and amass of 56 tonnes,
though values as high as 58% and as low as 37 tonnes are
allowable within the constraints of the model. The best fit
values from this model also suggest that 1300 kg of material
reached the ground as ponderable masses. This implies that
over 97% of the initial Tagish Lake meteoroid was lost to
ablation.

Infrasonic records yield an energy of 1.66 + 0.70 kT for
the total energy for the Tagish Lake fireball, equating to an
initial mass of 56 tonnes. The acoustic wave energy measured
in the infrasound produces acoustic efficiency values for the
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fireball between 0.10 and 0.23%. This is comparable to the
0.14 = 0.06% efficiency found for the Moravka meteorite-
dropping fireball (Borovicka et al., 2002, unpubl. data).

From the arrival times of the seismic records at WHY and
HYT and the independent trajectory information derived with
other techniques, the P-wave arrivals have been clearly
associated with acoustic coupling of the main blast wave near
the sub-terminal point. Furthermore, the airblast waves and
Rayleigh wavetrains composing the major amplitude portion
of the WHY record have been shown to be most consistent
with a cylindrically propagating acoustic wave modified by
upper level winds. The seismic record also shows evidence
for numerous point-sources along the fireball trgjectory which
we suggest represent ongoing extensive fragmentation over
the height interval 50-32 km. Without additional station
information, however, this interpretation remains uncertain.

The observed fireball information results in a measure
PE = -5.39, placing the Tagish Lake fireball on the periphery
of the cometary fireball class. Had the Tagish Lake fireball
been observed by ground-based cameras and no meteorite
material recovered, itisprobableit would have been classified
as a cometary object. The Tagish Lake meteoroid represents
thelowest strength end of the carbonaceous chondrite spectrum
(asrepresented by type |1 fireballsin the classification system
of Ceplecha et al., 1998) or the high end of the cometary
strength continuum.

The bulk compressive strength of Tagish Lake was
measured to be 0.25 MPa, corresponding to the ram pressure
at the height of first fragmentation. Thisrepresentsthe overall
strength of the body limited by stressfractures, cracksand other
non-uniformities. The peak dynamic pressure experienced by
Tagish Lake was 1.2 MPa, though the onset of terminal
fragmentation occurred near aram pressure of 0.7 MPa. This
latter value appears to most accurately represent the true
compressive strength of Tagish Lake material.
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