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Dust production and coma morphology
of 67P/Churyumov-Gerasimenko during the 2002—-2003 apparition
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Abstract. Light curves and images of 6/fBhuryumov-Gerasimenko are presented for the 2002—-2003 apparition based on
amateur CCD monitoring using a standardised method to produce consistent photometry in Johnson-Kron-Cousins system.
Multiaperture data shows a large outburst at perihelion during which dust production increased by a factor of 2 to give a peak
value of Afp ~ 350 cm. A similar outburst was seen at the same epoch of the previous apparition in 1995-96 and probably in
1982-83, suggesting that the light curve is similar at succesive returns. A considerable change is seen in the slope of the light
curve atr = 1.85 AU (T + 140 days) corresponding to a second significant increase in dust production. Overall though the dust
production shows a very steep dependence with heliocentric distance, fallirifas

Key words. comets: individual: 67Zhuryumov-Gerasimenko — techniques: photometric

1. Introduction up under the mantle leading to its expulsion. The comet will

h . kois th ¢ hthen show relatively high activity until a new mantle is built up
Comet 67FChuryumov-Gerasimenko is the new target of t ﬁver the course of a number of returns to perihelion.

ROSETTA mission after its failure to meet the strict launc ] ] )
window for an Ariane-boosted encounter with the original tar- 1ancredi et al. (2000) estimate an absolute magnitude of
get 46PWirtanen. The comet was discovered on 1969 Sep. i nucleus ofH, = 156 and hence a radius of 2.5 km
on plates taken for astrometry of 3Z@mas-Sa. The comet for 67AChuryumov-Gerasimenko, making it one of the larger
has been seen at 6 apparitions, of which the latest wasCRMets in the Jupiter family. This makes it a significantly larger
2002-2003, with perihelion on 2002 Aug. 18. The periheIiO(PlbjeCt than the initial target for which the ROSETTA mission
distance is 1.29 AU and the period 6.57 yrs; both values a¥@S designed (4girtanen hasHo = 184 and an estimated

slightly larger than the corresponding ones for ABRtanen adius of 0.7 km). Both radii are rated to ha@eality 1and
of 1.06 AU and 5.44 yrs. thus have small errors. Comparison with HST data for comets

The dynamic history of 67Bhuryumov-Gerasimenko in common between the Tancredi (2000) data and the HST data
et shows good agreement between estimates of nuclear radius

shows two significant drops in perihelion distance in the la ite th dically e hod q q b
160 yrs. The orbit was initially investigated by Beliaev (1974 'esplfce the radically dierent methods used. Radar observa-
s in 1982 by Kamoun et al. (1998) show @& Bpper limit-

who found Jupiter encounters in 1840 and 1959 that redu ion th idered “ K lai q o
the perihelion distance significantly. However Beliaev et _eteﬁtlont at Wﬁs Son5| erre , tofo Wei t? CT\'m ad_etec;[tlor? '
(1986) and Carusi et al. (1985) found that the importance jft that gave a hard upper |m|t_o_ 3.7 km for t € radius o the
the 1840 Jupiter encounter had been overestimated in the ﬂir,g_:leus and a proba_lble upper limit 9f3 km, consistent with the
tial study. A further encounter with Jupiter in 1959 reduced gfstimate of Tgncredl etal. (2_000)' Similarly, Mueller (19.92) es-
perihelion distance frong = 2.75 AU to the present value, imates a radius of 3.2 km with an albedo of 0.03 and minimum

The perihelion distance has remained stable since discov@lz%p axis ratio of 1.7, in good agreement with the previously

Comets that show such drops in perihelion distance in their %_ed values.

cent dynamical history are generally more active than objects Due to the important dierences, particularly in radius
that have had a stable orbit and often show activity evenand activity between 4GWirtanen and 67Rhuryumov-
aphelion. It is believed that the drop in perihelion distance r&erasimenko careful characterisation of the comet is impor-
moves the surface dust mantle that acts as thermal insulati@m} to the success of the ROSETTA mission. &tRiryumov-
sufocating the sublimation of volatiles. When the periheliofserasimenko is considered to be a dusty comet (Kiselev 1998),
distance drops, additional gas pressure from sublimation buifdgting it in a group that includes such objects agHefHey,
4P/Faye, 21Giacobini-Zinner, and 22Ropft, as well as non-

* e-mail:mrke@ll.iac.es periodic objects such as/1®96 B2 (Hyakutake), 2995 O1
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(Hale-Bopp) and 1975 V1 (West). In this paper we studythe totality of the observations reported here. Note that routines
the light curve and derive the dust activity using the paramsdch asAstrometricaand FASE3measure all the stars in the

ter Afp. field of view and discard outliers in the photometric reduction.
Although USNO A2.0 is not a photometric catalogue its zero-
2. Observations point is linked to Tycho stars and the median error in USNO

magnitudes in th&k band after applying the colour transfor-
The widespread use of CCDs by amateur astronomers hasrgslion in Eq. (1), is 0.197 mag. As this error is comparable
to a huge increase in the amount of astrometry reported to {high the accuracy that can be obtained for comet photometry
Minor Planet Center. Most astrometric routines in use gengyith typ|Ca| amateur te|esc0pes inthe 20-30 cm range we may
ate photometry automatically thus theoretically the increasedgnsider that USNO A2.0 photometry is good enough for our
astrometric data has led to a corresponding increase in ph@f@rposes.
metric coverage of comet light curves. Unfortunately though, \we can transform thR magnitude given by USNO A2.0 to
lack of standardisation of amateur CCD data makes its use gffe standard LandoR using the formula
ficult. CCD magnitudes reported Minor Planet Electronic
Circulars may show a dispersion of 2 or more magnitudes difandot = 0.949x (Rusno — 0.74). 1

to the fact that dferent observers useftérent apertures, pass-ppplying the above observational technigues to comets we find

bands and reference stars for data reduction. In particular, m@g particularly in smaller apertures where the sky subtraction

amateur observers do not use standard filters for their obsgfess critical, consistent photometry can be obtained between
vations and work in “white” light, usually in non-photometricyany observers, with a dispersion in the combined light curve

conditions. of 0.20 mag.

In an attempt to standardise CCD photometry of comets A total of 625 measures of 67Churyumov-Gerasimenko
and increase its usefulness, Spanish and Italian astrometi$ts reported here, although observations are still continuing.
have increasingly adopted a standard method to observe anfl{gse data were obtained by 12 observers on 51 nights. This
reduce data. The basic method is described by Kidger (20@8}esponds to 221 individual integrations of which 101 corre-
and involves using a constant 10 arcsec aperture and redugifghd to multi-aperture photometry and the rest to photometry
data against USNO A2.(R” stars. Observers are also encoufin the 10 arcsec aperture only. The photometry reported here
aged to use the same reduction package (most observers usgdlgrs a period frorT — 4.4d to T + 258d. The observers and

of calculating photometry against all stars in the field of view,

thus reducing errors).
More recently the method has been extended to include

photometry in apertures of 20, 30, 40 and 60 arcsec. This @the raw light curve is shown in Fig. 1 after transformation
lows the coma profile to be measured and thus photometrtéothe Landolt-Kron-CousinR. The x-axis is shown as days
be calculated for any apertureffering the option of calculat- from perihelion. We see that there is a significant brightening
ing photometry for a constant physical aperture of any diafrthe 10 arcsec aperture, which has the best-covered data, be-
eter in kilometres. This option is important to allow the gagyeenT - 4.4 days andr + 34.7 days due to a perihelic out-
and dust production to be measured in a fixed aperture oggfst of amplitudev1.5 mag. This outburst is also shown in
time. As it is not, at present, a straightforward task to takfher light curves available on the Internet (e.g. the light curve
such multi-aperture photometry with existing packages, a cigmpiled by Seichii Yoshidahttp://www.aerith.net/
tomised routineRASEJ was developed by Castellano (privat@omet/catalog/0067P/2002.html), and in these is seen
communication) to take multi-aperture photometry that io initiate between 0 and 5 days before perihelion. An
cludes an improved routine for sky subtraction, using the mgmost identical outburst was registered #&t—5 days
dian of the full field of view rather than the more traditionalt the 1996 return (seBttp://www.aerith.net/comet/
annulus that will, in extended comets, lead to coma enteriggtalog/0067P/1996.html). Marsden (1983) also notes
in the “sky” aperture. This routine has become widely used Byat 67PChuryumov-Gerasimenko was unusually bright post-
Spanish observets perihelion during its 1982—-83 apparition. Observations made
For most amateur CCDs the aSSUmption that an Unfiltermate 1982 Suggest that the comefferted a Signiﬁcant post_

observation approximates Ris a good one. The calibrationperihelion outburst Marsden (1986). Osip et al. (1992) find that
of USNO A2.0 photometry against the standard Kron-Cousipg, and the production rate of key species such as CN and C
Rhas been tested by Kidger & MartLuis (2003). The USNO \yas strongly assymetric about perihelion, consistent with a per-
“R" photometry is within 0.2 mag of Landolt photometryf jhelic outburst similar to those of 1996 and 2002. Morris (1986)
for the range 12< R < 19, which covers the range of magshows that maximum of the visual light curve, as determined
nitudes usually covered by amateur CCD photometry and afsém total visual magnitude estimates occurred at35 days.

1 TheAstrometricapackage is described at the URL Chur_yumov & Filone_-nko (19_9_1, 1989a,b, 1991) also studied
http://www.astrometrica.at/ the light curve of this apparition suggest that there were as

2 Modifications to theAstrometricapackage are under way thatmany as 16 outbursts in all over 6 months of observations and
will adapt it to multiaperture photometry and frame median sijnd a possible correlation with variation of the total area of
determination. sunspots during the apparition. However, poor coverage of the

The light curve
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Table 1. Details of observers and observations.

Observer Telescope MPC Site Code Location No. Points  No. Multiaperture
I. Almendros 0.25-m & 212 Malaga (Spain) 2 0
R. Naves & M. Camps 0.30-m & 213 Catalonia (Spain) 54 25
E. Reina 0.25-m& 232 Catalonia (Spain) 66 33
R. Ligustri 0.35-m & 235 Talmassons (Italy) 11
A. Sanchez 0.30-mE 442 Catalonia (Spain) 3
M. Camarasa 0.20-m/S 445 Valencia (Spain) 10
D. Rodrguez 0.20-m & 458 Madrid (Spain) 2 1
J. Castellano 0.20-m/S 939 Catalonia (Spain) 34 18
F. Baldrg 0.20-m Newton AO1 Catalonia (Spain) 7 4
J. Lluis Salto 0.25-m& A02 Catalonia (Spain) 24
J. Lacruz 0.30-m & Jg7 Madrid (Spain) 5 5
C. Pineda 0.25-m/& Jo1 Catalonia (Spain) 2 1
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Fig. 1. The raw light curve of 67 huryumov-Gerasimenko Rin fixed apertures of 10, 20, 30, 40 and 60 arcsec.

1969-70 and 1975-76 apparitions means that no statement carit is possible that the small increase in brightness observed
be made about photometric behaviour prior to 1982. in all apertures betweeh — 4.4 days and” — 0.3 days was due
Thus perihelic outbursts appear to be a characteristic tofthe initiation of the outburst, although this suggestion has
the light curve of the comet having been observed at thresv confidence due to the poor sampling of the light curve. The
of the last four returns. It is possible to speculate that a sifight curve presented by Yoshida http://www.aerith.
ilar outburst will occur at perihelion in 2009. If the outburshet/comet/catalog/0067P/2002.html is also poorly sam-
sequence continues during the ROSETTA encounter it woylled at this time, thus we can only state that the outburst initi-
offer exciting possibilities for science during a hypothetical exted betweefi —5 days and perihelion and had a fast rise time,
tended mission, although it may also invoke significant spageaching maximum in 5 days or less. Note thaf at 4.4 days
craft safety issues. the physical radius of the 10 arcsec aperture is 6300 km. For a
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Fig. 2. Coma profiles for 67 huryumov-Gerasimenko iR from a representative sample of photometry in apertures of 10, 20, 30, 40 and
60 arcsec. The photometry is corrected for the geocentric distance. The least squares fits to the photometry are not shown to reduce con
in the plot.

dust emission event with an expansion velocity of 30-htlse  evolution in the corresponding CCD images these are available
crossing time for even the 10 arcsec aperture is 58 h. The raté@ofchronological order ahttp://www.iac.es/galeria/

rise of the light curve both in 1996 and 2002 suggests that thek/comets/67p/67p.htm that shows a progressive change
rise time for the total visual magnitude of the integrated confeom a strongly centrally condensed coma close to perihelion
is faster than this and thus that the outburst is caused principatiya very weakly condensed, difuse comd at 258 days. The

by gas release. A second, smaller and slower outburst eventdgation of the coma index with time is shown in Fig. 3.

seen atT + 130 days. Although using an aperture of a fixed angular diameter
The archive of multiaperture photometry allows us to obyives information on light curve structure and behaviour, it has
tain basic information about the coma morphology during thge disadvantage of measuring a variable quantity of light from
2002-2003 apparition. We may approximate the coma profiig coma as a function of heliocentric and geocentric distance.
by fitting the photometry in each aperture for each individuah, measure the gas and dust production from the nucleus as a
date of the type function of the heliocentric distance it is necessary to measure
in an aperture of a fixed physical diameter. This can be done by
using the multiaperture photometry to calculate the photometry

Where: ‘R’ is the magnitude irR; “r” is the diameter of the forany given aperture.
aperture in arcseconds; araf ‘and “b” are constants. The con- ~ To measure the near-nucleus activity we define a physical
stant ‘b” we refer to as theoma indexwhile “a” is related in aperture of 10000 km. This is close to the equivalent size of the
a non-trivial fashion to the absolute magnitude, but will not bEQ arcsec aperture at the typical geocentric distance during the
further considered here. 2002-2003 apparition of 67€huryumov-Gerasimenko. This
Coma profiles for selected dates are shown in Fig. 2. Thperture is choosen because inspection of the light curve shows
profile which is shown is the mean of all observations reportétht it has the smallest dispersion as it is least sensitive to errors
for that date. For a “typical” comet which has & brightness in measuring the exact level of the sky background around the
distribution we find a slope of the comalofk —2.5. comet. The photometry in this aperture is is combined with the
The profiles show a well defined steepening with timmeasured coma index to calculate the equivalent magnitude in
from perihelion. In these plots a flatter profile implies a morde 10 000 km diameter aperture at a given epoch. In an attempt
condensed coma with a greater concentration of light in ttereduce both the dispersion and the intrinsic errors propagated
nucleus. This corresponds with the observed morphologidathe conversion we use only the measurementin the 10 arcsec

R=loga+ blogr. (2)
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Fig. 4. The light curve of 67FChuryumov-Gerasimenko iR in an
F\&erture of 10 000 km plotted against time from perihelion. The light
curve fit from Eqgs. (2)—(4) is superimposed and extrapolated back to
perihelion to show the amplitude of the outburst in this aperture.

Fig. 3. Variation of the coma index of 67€huryumov-Gerasimenko
with time. The variation can be modelled as a simple least squa
regression against time.

aperture combined with the coma index for a given date calcu- . . .
. . . ; A useful parameter for discussing the rate of activity of the
lated from Fig. 3 to calculate the equivalent magnitude in the . .
nucleus isAfp. This measures the product of the albedo of dust
10000 km aperture. .
. - . . and filling factor for an aperture
The resultant plot is shown in Fig. 4. Tlemagnitude is . . :
o : Afp in centimetres can be calculated from the relation
shown, corrected for geocentric distance, for a fixed aperture of
10000 km. AFp = g2In(+1)=In+Inp) - (Mo + m)/1.086+ 50546) (6)
One of the most useful measures of cometary activity is
to calculate the variation in the magnitude corrected for gedhere
centric distance against the logarithm of heliocentric distance.
This is shown in Fig. 5. Three distinct regimes are seen. There | h < di in kil )
is a rather poorly covered perihelic outburst of approximately 0 IS the ggoce?trlcf;rs]tanﬁetm |;)_metrest, in kil fres:
1 mag amplitudén this 10 000 km aperturdhis is followed by 'KA'S_ eh |am|e erbo | € pnotome (;'C .""pf]r “rg n xi %”;)e “3?’
a monotonic fade to a distancerof 1.9 AU. At1.9AUaslow ~ © Is the solar absolute magnitude in the observed band;
outburst of approximately 0.5 mag amplitude occurs. The slow

rate of rise to maximum indicates that the aperture crosshﬂg

. . alculateA fp we use the data for the constant physical aper-
time was long and thus that this was probably a dust-generaiedl o 10 000 km derived in Fig. 3. The variationafp with

event produced by an injection of rather large, slow-movifgy,q js shown in Fig. 6. Errors of 0.20 mag are assumed in the
grall?s. . he ri . ihell hich .magnitudes used to calculate the valuesAdp. We see that
we ignore the rise to maximum at perihelion, whic '$he value measured iR increases from 135 cm at perihelion,

too pporly covered tp gtgdy in detail, the light curve can bt% 290 cm afl +35 days. Unfortunately no photometry is avail-
considered as three individual segments: able at the peak of the outburst, but it can be assumed from the

A andr are the geocentric and heliocentric distances in AU,

mis the observed magnitude of the comet in apenture

—r<191AU extrapolation of the decline in values that the maximum value
of Afp was~350 cm, thus the outburst at perihelion increased
R(10 000 km)= 10.15+ 5logA + 18.05 logr (3) the dust production as measured Afjp by a factor of close
to 3.
- 19l<r<227AU The value ofAfp dropped rapidly from the peak of the out-
R(10 000 km)= 15.18+ 5logA + 0.22 logr (4) burst as the heliocentric distance increasedT At 90 days it
had decreased te60 cm, a decrease of a factor of 6 from max-
—r>227AU imum, although the heliocentric distance increased only from
R(10 000 km)= 5.38+ 5 logA + 26.95 logr. (5) =129tor =167 AU. Only a small increase iAfp is seen

at the time of the late outburst. The typical values measured in-
Where ‘R(10000 km)” is theR magnitude integrated over acreased from 40-50 cm pre-outburst to 50—60 cm at maximum
10 arcsec aperture using the transformation defined in Eq. ibwever, when we plot lod\ fp against time we see that the
to convert the raw data to the standard Johnson-Kron-Cousigburst was a substantial one over the extrapolation of the de-
scale. cline fromT + 35 days tol' + 125 days. The extrapolated value

Note that after the late outburst the rate of fade of brightnessAfp at T + 170 days was-10 cm, but the measured value

increases significantly, consistent with a sharply decreased gathis epoch was50 cm, a factor of 5 higher than expected at
and dust emission rate. this epoch, hence 67€huryumov-Gerasimenko is capable of
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Fig.5. The light curve of 67RChuryumov-Gerasimenko iR in an
9 g Fehury ! g1dRin a 60000 km aperture.

aperture of 10000 km, corrected for geocentric distance, plott
against the logarithm of the heliocentric distance.

400 mean of 4 individual measures taken on that night, although
rho=10000km the same observer registers values of 70 cm and 73 cm respec:
350 tively at T + 83 andT + 91 days respectively. Even if this value

is accepted, the lack of time variation Afp in the 60000 km
aperture is surprising. Only &t > 210-days is a clear variation

250 | seen, with a rapid decline observed in thép values from the
plateau observed fromi — 4 days on. Note that the data for
apertures of intermediate sizes of 20, 30 and 40 arcsec show a
150 ] H ] light curve behaviour that tends to that of the 60 arcsec aperture

300 -

200 -

Af[rho] (cm)

as the aperture size increases.
100 -

, ty H
” {} ﬁ ;W b ﬂ%l . 4. Discussion
L
2 o m a0 s s am 1m w0 s am a0 2o e Combining the estimated radius of the nucleus of Tancredi etal.
Days from T (2000) with the production rates measured by Osip et al. (1992)
Fig. 6. Variation of Afp for 67FChuryumov-Gerasimenko with time SUggests that the active area of the nucleus of Gieryumov-
in Rin a 10 000 km aperture. Gerasimenko is£6%. The slightly lower radii estimated by

Kamoun et al. (1998) and Mueller (1992) would lead to a cor-
responding increase in active area.

significant outburst activity even at= 2.2 AU post-perihelion. The presence of major outburst activity though may cause
This outburst shows a flat maximum oveB0 days before de- this fraction to change significantly even during a single appari-
clining rapidly fromT + 200 days. tion. The large rise ilAfp seen around perihelion is similar to

Afp was also calculated for the aperture of 60000 kihat seen by Osip et al. (1992) during the 1982 apparition. At
(Fig. 7), corresponding closely to the aperture of 60 arcsdiat time sharp rises were seen around perihelion in the OH
Note that the sampling in the 60 arcsec aperture is significamiyd CN production rate, as well as Afp. Unfortunately the
poorer particularly befor@ + 100 days and shows larger scatsampling of their data is poor and it is not possible to state
ter due to the dficulty in obtaining an accurate sky subtractiomhen the outburst initiated. A peak value Afp = 450 cm
with a large aperture and faint, extended coma. The 60 000 kras recorded, similar to the peak values reported here. Strong
aperture takes in the majority of the coma of the comet. Thanilarities in the light curve are seenin the 1982-83, 1996
magnitude in this aperture is more susceptible to sky suird 2002—-2003 apparitions suggesting that the light curve is
traction errors, particularly in the relatively light-polluted sitegepetitative over several returns. This has important implica-
used by many of the observers, where a small error in the deteyns for the ROSETTA mission, particularly if the perihelion
mination of the sky background level may cause significant @utbursts seen at these three apparitions repeat at the 2009 ap
rors in the photometry of the coma in a large aperture, hence ffaition and, even more importantly during the ROSETTA en-
dispersion in the data is much larger than for the smaller apeounter. However, even the peak valuesAdip at outburst
ture. However, we see that the pattern of activity is completely450 cm) are still a factor o£40 lower than the values of
different. The data shows a constant valueAdp ~ 80 cm 20000-30000 cm measured for Aalley in 1986.
apart from a value of 460 cm at + 69 days. This high value  The values ofAfp found here are consistent with the gas
is registered during the outburst and may be genuine as it is #mel dust production rates calculated by Hanner et al. (1985)



M. R. Kidger: Dust production of 6 7JEhuryumov-Gerasimenko 773

100

betweenr = 1.9 AU andr = 2.2 AU, before returning to

its previousr—>8 dependence. Thus the value of thé tle-
pendence measured by Osip et al. (1992) in 1982—-83 would
be sensitive to possible similar outbursts that would flatten the
. observed dependence over a limited range of heliocentric dis-
tance. If we take only the data for the 2002—2003 apparition

..
*

g w0 PR EEIF 2 O from perihelion to the peak of the second outburst, the apparent
o Qe W dependence flattens greatly and a value close tothadex
ARN < .
: ® of 1982-83 would be obtained.
» e

K 5. Conclusions

+

3 .

1 ‘ : : : : : : : : It has been shown that carefully treated and normalised ama-
oo e el e °'2(:U) 08 0% 04 0% 05 teyr CCD data of comets is a potentially extremely valuable
log r

_ _ _ resource for the study of cometary light curves. The data taken
Fig. 8. The dust production rat@q for 67FChuryumov-Gerasimenko jn 2002-2003 shows a perihelic outburst very similar to those
during the 2002-2003 apparition, estimated from the data presendeth,, in 1982—-83 and in 1996—97. This suggests that the light
in the text assuming that the dust characteristics are similar to thos%al‘,ve is consistent over several returns to perihelion allowing
the 1982-83 return. Two major outbursts are seen. the potential for a high level of predictability of activity for a
ROSETTA encounter in 2014, although it is true that the char-

. . . .. acterisation and landing on the nucleus will take place during
du_rm_g the 1982_8.3 appg_rmon. However, whikefp is in the pre-perihelion phase that is regretably not covered by these
principal aperture insensitive, the measured dust pI‘OdUCtI8

&a, and has historically been little covered in the light curve

rate Qq) is strongly model dependent, relying on assum|%l—tfany previous return.

t'?;isbg?i;lesgen;';ﬁi?gr;h?hizgeigiV?éotﬂtg d:;:f:ttf:osvnOf particular interest in the light curve is the apparent re-
9 ' P L y P producibility of perihelic outbursts over various returns that
and most authors use a canonical value gtag. Model un-

I . : lead to an increase of a factor €8 in dust production. Such
certainties can lead to a factor o2 difference between fiier- A : "
S an outburst during the 2015 return would provide an exciting
ent determinations dy.

. . . . science opportunity for a ROSETTA mission extended through
Krishna Swami (1991) finds large variations @y from erihelion. Such close-up observations of an outburst could in-

1 .
17-74 kg 5" recalculating the data presented by Hanner et &)ke spacecraft safety issues, although even in outburst it must

1
(19?(5)’ }Nho cilclu;titr?u?h Iaigzeg(\)/aklue}lslg)_hkg §°, with ? be stressed that 6/Bhuryumov-Gerasimenko is more than an
peak value at = 1. 0f Qq = gs”. Thereasonsior , qo of magnitude less active tharyitalley.

these diferences are due to two factors: (i) a slightlyfeiient
form of the grain size distribution; and (ii) the assumption of
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