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Galactic cosmic ray flux decline and periodicities in the interplanetary

space during the last 3 centuries revealed by **Ti in meteorites
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[1] **Ti and *°Al activities and heavy nuclei tracks produced by cosmic rays have been
measured in 19 stone meteorites that fell during the period 1766 to 2001. The gamma
activity measurements of cosmogenic isotopes were performed using a highly specific
and selective large volume Ge-Nal (T1) spectrometer. The **Ti activity, corrected for the
target element abundances and shielding effects, shows a decrease of about 43% over
the past 235 years. Superimposed on this declining trend, the **Ti activity shows a
centennial oscillation. The variations in **Ti activity are related to changes in cosmic ray
intensity caused by heliospheric magnetic field modulation in the interplanetary space
between heliocentric distances of 1 and 3 AU. Using the relations between solar open
magnetic flux, modulation parameter, and galactic cosmic ray flux, we have calculated the
variation in production rates of **Ti in meteorites back to about 1700 AD. We show that
the measured **Ti activity in meteorites over the past 235 years and the calculated
production rates are in agreement. Our results are consistent in phase and magnitude with
doubling of the solar open magnetic field intensity over the past century. The data also
imply that the centennial scale oscillation deduced by **Ti is in phase with Gleissberg
solar cycle, but its amplitude is larger than expected from the calculated cosmic ray flux.

Citation: Taricco, C., N. Bhandari, D. Cane, P. Colombetti, and N. Verma (2006), Galactic cosmic ray flux decline and periodicities
in the interplanetary space during the last 3 centuries revealed by **Ti in meteorites, J. Geophys. Res., 111, A08102,

doi:10.1029/2005JA011459.

1. Introduction

[2] The interdependence between solar activity, solar
magnetic field, solar irradiance, cosmic ray intensity, and
terrestrial climate and their variability with time is a subject
of intense debate and study. The solar activity shows
variability on many timescales, the best known among them
is the 11-year Schwabe cycle. The sunspot number (R) and
the geomagnetic indices (e.g., aa, Kp, and aurorae) are some
of the parameters defined to characterize solar magnetic
activity and its terrestrial effects and allow us to estimate its
variation in the past. Recent measurements of total solar
irradiance (S) in space, with the surprising finding that the
Sun is brighter at sunspot maximum, provide the possibility
of investigating the long-debated problem of the bolometric
impact of solar activity on climate, either directly or via
complex amplification mechanisms. The relation among
total magnetic flux and the open magnetic flux ( f;) respon-
sible for the Interplanetary Magnetic Field (IMF) and solar
irradiance is at present a crucial issue [Lean et al., 2002].
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[3] The heliospheric magnetic field modulates the Ga-
lactic Cosmic Ray (GCR) intensity which has been mea-
sured by ground-based neutron monitors and balloon- and
spacecraft-borne measurements at top of the atmosphere or
in the interplanetary space. On the basis of these measure-
ments, the shape of GCR energy spectrum is defined by
solar modulation parameter, ®, as a function of the phase of
the solar cycle. The influence of interplanetary medium in
modulating the GCR flux was shown many years ago by
the measurement of the differential energy spectrum of
hydrogen and helium nuclei as a function of the phase of
the 11-year solar cycle [see, e.g., Webber and Yushak, 1979]
from balloon-borne observations and from measurements in
space by IMP 3 and IMP 5. The modulation of GCR as a
function of position, energy, and time in the heliosphere is a
complex combination of several mechanisms. Bieber et al.
[1993], using the yearly averaged data, have noted that the
GCR density and the interplanetary magnetic field IMF at
1 AU are anticorrelated. This has also been shown to hold
in the outer heliosphere by Burlaga et al. [1993]. It was
suggested [Cane et al., 1999; Belov, 2000; Rouillard and
Lockwood, 2004] that there is a close anticorrelation be-
tween GCR and the IMF intensity, both for the long-term
gradual changes and the sudden step-like changes. Models
of inward transport of GCR have been successfully devel-
oped in the last 30 years [Axford, 1972; Jokipii, 1991;
Potgieter, 1993; Potgieter et al., 2001]. However, owing
to complexity of the modulation dynamics, they do not
allow a simple description of GCR spectrum in the inner
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heliosphere as a function of the phase of the solar cycle.
Castagnoli and Lal [1980] examined the changes in the
GCR flux with the solar cycle in the past and, guided by the
observations during cycles 17 to 20, using the force field
approximation solution of the transport equation [Urch and
Gleason, 1972] gave an empirical formula for differential
transport of proton flux (>100 MeV), Jg (particles per m* sr
MeV), in terms of a single modulation parameter ® (MeV),
which turns out to be characteristic of different phases of the
solar cycle.

[4] The spectra of primary cosmic rays have been obtained
from balloon and spacecraft measurements during different
phases of the solar cycles 20 to 23; the Climax neutron
monitor time series is available since 1953 [Hsieh et al.,
1971]; the annual mean of the coronal source magnetic flux
as derived from the aa index is available since 1868 and the
sunspot number time series from 1600 AD [Waldmeier,
1961].

2. Variation of Heliospheric Magnetic Field in
the Past

[5] The magnitude of variations in solar activity indices
within a solar cycle and over long periods of time are
currently being debated because of their effect on terrestrial
climate. Lockwood et al. [1999], on the basis of the analysis
of the geomagnetic index aa, showed that the Sun’s coronal
source magnetic flux has risen by a factor of 1.4 since 1964
and doubled during the past 100 years. Solanki et al. [2000]
reproduced this increase from their model of the open solar
magnetic flux fo which determines the radial interplanetary
magnetic field component. Whereas the irradiance changes
on short timescales depend on sunspots and the active
region faculae, the long-term changes depend on magnetic
network [Lean, 2000]. Since the irradiance has severe
consequences on terrestrial climate, it is important to
understand the heliospheric magnetic field variations, par-
ticularly the long-term changes. The behavior of the Sun
during prolonged quiet times like the Spdrer (1416—1534)
and Maunder minima (1645—1715) is also a point of debate.
Some studies show that the GCR spectrum in the interplan-
etary space during Maunder minimum was like the local
interstellar space [Webber and Lockwood, 2001].

[6] Stozhkov et al. [2000] used the stratospheric balloon
data and neutron monitor and ionization chamber ground
data to determine the cosmic ray flux during four consec-
utive solar minima (1964—1965, 1976—1977, 1987—1988,
1996—1997) and concluded that there is a negative trend
(0.01-0.09% per year) in cosmic ray flux. They also found
that this can only be explained if cosmic rays were produced
by a nearby (30—150 parsec) supernova explosion, 10* to
10° years ago. Other than the solar modulation, the pro-
posed supernova thus added one more mechanism for
cosmic ray variation in the interplanetary space. In another
paper, Stozhkov et al. [2001] concluded that since 1937, the
magnetic flux from the Sun in the heliosphere, smoothed
over 11 year period, did not increase and this result is in
contradiction to the work of Lockwood et al. [1999].
Ahluwalia and Lopate [2001] has refuted the supernova
hypothesis, preferring the convective removal of GCR by
solar wind to be the reason for the cosmic ray modulation.
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[7] The solar magnetic field modulates the galactic cos-
mic ray flux and hence one approach to determine the
cosmic ray flux in the past is to study cosmo%enic isotopic
records. Measurements of isotopes, e.g., '°Be and '*C
produced in the atmosphere and deposited in sediments or
ice cores or incorporated in other terrestrial reservoirs like
trees have been made which provide long time series. The
88-90 year periodicity in '*C spectrum is possibly related
to the Gleissberg cycle [Gleissberg, 1967; Cohen and Lintz,
1974; Stuiver and Quay, 1980] which envelops the 11- year
Schwabe cycles [Damon and Sonett, 1991]. On the basis of
these measurements, some long-term periodicities (e.g.,
~200-year Suess wiggles) have also been found in tree
rings, sea sediments [Castagnoli et al., 1998], and ice cores
from Greenland and Antarctica. However, '°Be and '*C
concentrations are also affected by terrestrial phenomena
such as geomagnetic field, climatic changes, deposition rate
variations, and exchange within the various terrestrial res-
ervoirs, all of which tend to mask the solar signal. Therefore
it is difficult to quantify and separate the variations in
nuclide production rates due to cosmic rays and the climatic
influence in the terrestrial records. In view of the above
discussion it appears desirable to have a reliable and
independent index which records the cosmic ray flux in
the interplanetary space and is not influenced by terrestrial
processes. Cosmogenic isotopes in meteorites, which are
produced when the rocks are exposed to cosmic rays in the
interplanetary space, offer a unique tool for decoupling the
terrestrial causes from the solar activity variations. In
particular, we have identified **Ti (half-life 59.2 years) as
an ideal index in meteorites, useful for studying GCR
variations on centennial scale, free from interference due
to terrestrial processes [Bonino et al., 1995].

3. Cosmogenic Isotopes in Meteorites

[8] Cosmic rays produce a large number of radioactive
and stable isotopes in meteorites as they travel through the
interplanetary space before falling on the Earth. About
20 radioisotopes, such as “°Sc, **Na, '*C, **Ti, *°Ar, and
26Al, having mean life ranging between days to millions of
years, have been measured in several stony meteorites [see,
e.g., Honda and Arnold, 1960; Bhandari et al., 1988]. Their
production rates and depth profiles have been calculated by
Michel et al. [1991] and in some cases experimentally
determined by measuring activities along cores taken from
some well documented meteorites [Bhandari et al., 1993].
The production rate (and hence the activity) of a radioiso-
tope in a meteorite depends on the primary cosmic ray
intensity in space, roughly over a mean life of the isotope
before the meteorite falls on the Earth when the cosmic ray
irradiation ceases. Therefore it is possible to study GCR
variations on different timescales by measuring radioiso-
topes having different half lives. However, since the flux of
cosmic ray secondaries, because of development of the
nuclear cascade, within a meteorite changes with the size
(or with radius r, under assumption of spherical approxima-
tion of meteoroid shape), and with the shielding depth of the
sample (AX), the isotope production rate also depends on
these shielding parameters (r, AX). These can be determined
by measuring the density of heavy nuclei tracks in meteor-
itic minerals, whose production rate is very sensitive to
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Table 1. Some Relevant Details of the Meteorites Studied in the Present Work

2INe Exposure

Meteorite (Class) Date of Fall Recovered Mass, Kg Fe + Ni, % K.” ppm Age, Ma Source of Meteorite”
1 Albareto (LL4) July, 1766 ~2 20.98 863 38.9 Modena Museum
2 Mooresfort (HS) Aug, 1810 3.52 28.6 + 1.94 879 10.3 National Museum, Ireland
3 Charsonville (H6) 23.11.1810 27 252+ 1.74 777 63.3 NHM, Vienna
4 Agen (HS) 5.9.1814 30 2745+ 1.74 (785) 7 Vatican Obs. Rome
5 Cereseto (H5) 17.7.1840 6.46 27.45 + 1.75 772 4.5 Museo di scienza

naturale, Torino

6 Griineberg (H4) 22.3.1841 1 26.9 + 1.69 (776) 6.7 MEN, Berlin
7 Kernouve’ (H6) 22.5.1869 80 28.39 + 1.7 782 3 NHM Vienna
8 Alfianello (L6) 16.2.1883 228 21.6 + 1.35 859 253 Vatican Obs. Rome
9 Bath (H4) 29.8.1892 21.18 26.1 +1.52 776 7.4 NHM, Vienna
10 Lancon (H6) 20.6.1897 7 272+ 1.78 782 6.6 Vatican Obs. Rome
11 Holbrook (L6) 19.7.1912 220 20.5 + 1.08 855 16 Vatican Obs. Rome
12 Olivenza (LLS) 19.6.1924 150 18.9 + 1.05 829 11.6 Vatican Obs. Rome
13 Rio Negro (L4) 21.9.1934 1.31 214 +1.17 830 21.5 Vatican Obs. Rome
14 Monze (L6) 5.10.1950 >5 21.6 + 1.74 890 9.9 Vatican Obs. Rome
15 Dhajala-272 (H3/4) 28.1.1976 75 27.96 + 1.67 820 8.9 PRL, India
16 Torino (H6) 18.5.1988 0.977 26.1 + 1.16 680 68 Alenia, Torino
17 Mbale AT (L5/6) 14.8.1992 150 22.9 909 26.9 DMS, Denmark
18 Fermo (H3-5) 25.9.1996 10.2 29 +1.82 660 8.8 Municipio di Fermo
19 Dergaon (HS) 2.3.2001 >12 273 +1.82 340 9.7 Gauhati University

*MFN: Museum Fiir Naturkunde. DMS: Dutch Meteor Society. NHM Naturhistorisches Museum PRL: Physical Research Laboratory.
®Values in parentheses are the adopted average meteorite class values from Kallemeyn et al. [1989] and Mason [1971].

shielding. Corrected for the shielding effects, the activity of
various radioisotopes can be directly related to the cosmic
ray intensity before the fall of the meteorite.

[o] The activity of short-lived isotopes (<1 year) is related
to short-term fluctuations in cosmic ray intensity, while
%Na (half-life 2.6 years) and **Mn (half-life 312 days)
are ideally suited for determining cosmic ray intensity over
11-year Schwabe cycle. The long-lived isotopes, e.g., 2°Al
(half-life 0.73 My), average the cosmic ray intensity over a
million years and their activity is insensitive to decadal or
century scale variations in cosmic ray flux.

4. Periodicities in Cosmic Ray Intensity Based
on Cosmogenic Isotopes

[10] Several periodicities have been observed in isotopic
records in meteorites. The 11-year cycle has been clearly
seen in the cosmogenic **Na and shorter-lived radionuclides
(e.g., **Sc, 3*Mn) in meteorites which fell during the past
few decades [Bonino et al., 1997; Evans et al., 1982; Potdar
et al., 1986; Bhandari et al., 1994]. **Na and *°Al are
produced in similar nuclear reactions within stony meteor-
ites and therefore their production depth profiles are similar.
The ratio **Na/*°Al is thus nearly independent of shielding
parameters (r, AX) and virtually no shielding correction is
required. Furthermore, since 2°Al activity is not influenced
by the 11-year Schwabe cycle, *Na/**Al is a good measure
of cosmic ray variations over decadal scale. On the basis of
these records in stone meteorites which fell during the last
four solar cycles (19 to 23), it has been found that cosmic
ray intensity decreased by nearly 20% from solar minima to
solar maxima. The 11-year Iperiodicity in cosmic ray inten-
sity has also been seen in '°Be concentration measured in
Greenland ice cores [Masarik and Beer, 1999].

[11] We have previously shown a century-scale modula-
tion (Gleissberg cycle), expected on the basis of the sunspot
series, in the cosmogenic **Ti activity measured in meteor-
ites which fell during 1883—1992 [Bonino et al., 1995].
FAr (Ty, = 269 years) is also suitable for studying

variations on century timescales [Forman and Schaeffer,
1980] but, since it is a beta emitter, its measurement is
difficult and errors of measurements are high. Attempts to
measure it in old falls did not yield any conclusive results
[Bhandari et al., 1979].

[12] In this paper we report the **Ti measurements
covering a period of ~235 years (1766 to 2001) based on
19 meteorites, extending the work of Bonino et al. [1995],
who measured nine meteorites which fell during 1883 to
1993 AD, by another 125 years. Some of the measurements
have been made with a much improved system and conse-
quently provides better precision than reported earlier.

5. Selection of Meteorites

[13] Twenty fragments of nineteen ordinary chondrites
(H, L, and LL) were selected based on their availability,
size, and date of fall to cover the past 235 years. These
include some chondrites studied earlier [Bonino et al., 1995,
2001, 2002]. Their source and other details are listed in
Table 1. Albareto is the oldest recorded fall measured in this
work and was selected because it fell in 1766, just a few
decades after the Maunder minimum and the high flux of
cosmic rays proposed during this Period is expected to have
left its record in form of high **Ti activity. Recent well
documented falls like Dhajala (1976), Torino (1986), Mbale
(1992), Fermo (1996), and Dergaon (Balidua fragment;
2001), are also included in the present study [Bhandari et
al., 1978, 1989; Murthy et al., 1998; Bonino et al., 2001;
Shukla et al., 2005].

6. “*Ti Activity in Meteorites

[14] **Ti is mainly produced in cosmic ray interactions
(>70 MeV) in meteoritic iron but there is also some
contribution from nickel and titanium. Because of low
production cross sections, its activity is extremely low.
Honda and Arnold [1960] reported ““Ti measurements in
two meteorites Bruderheim and Harleton at about 2 and
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Figure 1. Schematic of the gamma ray spectrometer, lead shield, and the associated electronics used for

normal, coincidence, and anticoincidence modes with the Nal (Tl) annulus. For GEM 90, two
coincidence channels were used (1) between 1157 keV **Sc gamma ray and 511 keV line of positron
annihilation and (2) 1157 keV and positron annihilation sum peak at 1022 keV for obtaining the
coincidence spectra allowing high selectivity, without significant loss of efficiency. For GEM 150, a
single channel of coincidence with the positron annihilation sum peak (1022 keV) was used.

1.4 dpm/kg but later attempts by Cressy [1964] to system-
atically measure its activity in several stone and iron
meteorites by radiochemical separation in small samples
of meteorites did not yield measurable activity.

[15] We have therefore developed a nondestructive
gamma ray spectrometric technique, designed specifically
for counting **Ti via its daughter **Sc. In this spectrometer
large samples of meteorites (typically 1 kg) can be counted
reliably and with high specificity.

7. Experimental Procedure: Gamma Ray
Spectrometer

[16] **Ti decays to its radioactive daughter, **Sc (T;,, =
3.93 hours), which emits a positron and a 1157 keV gamma
ray in coincidence. A gamma ray coincidence spectrometer,
with suitable electronics, tailored to suit the decay scheme
of **Sc, allows a highly sensitive and selective measurement
of the positron annihilation lines (511 keV) and their sum
peak (1022 keV) emitted in coincidence with the 1157 keV
gamma ray. **Sc (**Ti) could thus be very efficiently
counted with this spectrometer and, at the same time, the
interference due to the ubiquitous 1155 keV gamma ray
from the ambient 2'*Bi is minimized.

[17] The spectrometer (GEM 90) consists of a principal
large (~2 kg, 90% relative efficiency) hyperpure Ge diode
operating within an umbrella of a Nal (TI) scintillator
(~28 kg), having a 12 cm diameter cavity in which the
Ge detector is located. A rock sample of about 1 kg can be
accommodated in this cavity. The Ge detector operates in
normal, coincidence, as well as in anticoincidence with the
Na(TI) scintillator. The block diagram of the detectors and
the electronics is schematically shown in Figure 1. High
counting efficiency and minimum background were attained
by adjusting the levels of various modules using a *Ti
source obtained from Argonne National Laboratory, USA.
In order to reduce the background further, the system is
located in a 20 cm thick low-activity lead shield, having an
additional 3 cm thick OFHC copper-Cd-perspex graded

shield under the Monte dei Cappuccini in Torino (Italy)
having an effective overhead shielding equivalent to 70 m
water (m.e.w.). The cavity where the sample is placed is
continuously flushed with nitrogen to minimize contribution
of the ambient radon and its daughters. The system is
described in detail elsewhere [Bonino et al., 1992].

[18] The stability of the counting systems over long
counting periods of 107 s is within 0.5 keV at energies up
to 2 MeV. In order to improve the precision of the measure-
ments further, we have installed a larger Ge detector (GEM
150, ~3 kg with ~150% relative efficiency and resolution
of 2 keV at 1332 keV), surrounded by a larger (~90 kg)
Nal(TI) scintillator. Table 2 gives a comparison of the
characteristics of the two spectrometers (GEM 90 and
GEM 150) used for the measurements reported here. Some
of the meteorites earlier counted on GEM 90 were
recounted on GEM 150 to improve and confirm the results.
The background spectra of GEM 150, obtained in normal,
coincidence, and anticoincidence modes, are shown in
Figure 2. We note that the 2'*Bi peak at 1155 keV, which
interferes with **Ti peak at 1157 keV, is nearly eliminated in
the coincidence mode. Typical background and efficiency at
various energies for GEM 90 and GEM 150 are given in
Table 3. It may be noted that background in the 1157 keV
peak region, adopted for the **Ti (**Sc) measurements, is
~0.7 count/day in the coincidence mode.

[19] Using these spectrometers, we have obtained the
gamma ray spectra of 19 chondrites, each fragment weigh-
ing between 165 and ~1330 g (Table 4). Owing to the low
activity, typically a few counts per day, each measurement
was carried out for ~10” s in order to obtain a reasonable
precision. Several peaks due to inherent “°K, U, Th, and
cosmogenic radioisotopes could be easily identified in the
gamma ray spectra. Small samples for measurements of
cosmic ray tracks and potassium analysis were taken, where
permitted. We use the normal (or anticoincidence) mode for
measurements of “°K and coincidence mode for **Ti,
whereas 2°Al could be measured in both normal and
coincidence mode. Peaks due to *°Al (1808 keV) and *°K
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Table 2. Characteristics of the Two Spectrometers (GEM 90 and GEM 150) Used for the Measurements
GEM 90 GEM 150
HPGe Detector
Diameter x height, mm 774 x 79.1 91 x 88.4
p-type crystal volume (cm®) 372 570
%0Co +y-radiation at 1332.5 keV
Relative efficiency 95% 147.1%
Resolution (FWHM) 1.93 keV 1.85 keV
Peak to Compton background ratio: 88 104
57Co ~y-radiation at 122 keV
Resolution (FWHM) 859 eV 871 eV
Crystal surrounding cap Al, 1 mm Cu, 1.5 mm
Bias high voltage 2000 V 3700 V
Liquid N, dewar capacity 301 60 1
Nal(Tl) compound detector
1. Annular single crystal
Diameter x thickness, mm 120 x 100 335 x 100
Height, mm 250 300
Annular photomultipliers H.V. bias supply 900 V 900 V
2. Plug single crystal fitting on top,
H.V. bias supply 1000 V 950 V
Diameter x height, mm 120 x 100 125 x 100
Total detecting volume and mass 7650 cm®, 28 kg 24900 cm?, 90 kg
Resolution for '*’Cs y-radiation at 662 keV 8% 10%

(1460 keV) could be easily resolved, whereas **Ti
(1157 keV) peak, due to the contribution from the nearby
1155 keV peak of environmental 2'*Bi, particularly in the
old falls, required optimization by selection of appropriate
energy interval for determining the activity.

[20] The spectra, obtained for Dhajala meteorite (frag-
ment 272) in GEM 150, in normal, anticoincidence, and
coincidence modes are shown in Figures 2a and 2b and
compared with the background spectra given in Figures 2c
and 2d. The Mbale, Charsonville, and background spectra
in 1157 keV -**Ti peak region are shown in Figure 3 for
GEM 90, showing the relative importance of 2'*Bi peak in
older falls. The counting data for various meteorites are
given in Table 4.

8. Calculation of **Ti Activity

[21] The efficiency of counting for various energies was
measured in the case of the Torino meteorite by making an
identical mould of sediments labeled with known amounts
of standard radioisotopes, like 199¢d, 39Ce, *"Co, *Co,
137Cs, 13 Sn, and 88Y. In addition standard 26Al, 22Na
(obtained from National Bureau of Standards, USA and
New England Nuclear, U.K., respectively), and “°K (KCI)
activities were also used to determine the counting efficien-
cies of the detectors in some specific geometries of count-
ing. This mould and the standards allowed us to construct
an efficiency curve as a function of energy for various
gamma emitters and positron emitters for the two spectrom-
eters in the three modes of counting (normal, anticoinci-
dence, and coincidence). For all other meteorites, the
inherent *°K present in the meteorites was used as an
internal standard to correct for the counting geometry of
various rocks. The basic assumption in this method is that
potassium is uniformly distributed throughout the meteorite.
Whereas this assumption is valid for most chondrites and
equilibrated achondrites, in some cases like Portales Valley,
which is not homogeneous with respect to iron and silicate
content, this assumption is not valid. Hence results obtained
on Portales Valley [Bonino et al., 2002] are not included in
this paper. In view of the importance of potassium concen-

tration in the procedure used for calculating °Al and **Ti
activities, special emphasis was placed on measurement of
potassium concentration with high precision. Wherever
possible, potassium was measured in meteorite samples
(~20 g) in a fixed geometry using KCl as a standard.
Where we were not permitted to use large samples of
meteorites, potassium was determined analytically in repre-
sentative aliquots (several g) at Joint Research Center at
Ispra (Italy) or at Physical Research Laboratory, Ahmeda-
bad (India) using atomic absorption spectrometry. However,
in a few cases where we were not permitted to consume any
meteorite sample, we use the values reported in literature
(e.g., Kallemeyn et al. [1989] and compilation of Mason
[1971]) or the mean value of the particular class of the
meteorite. In these cases, there may be additional errors in
the calculated activities of **Ti and 2°Al given in Table 5.

[22] To determine the production rate of the **Ti in
meteorites it is necessary (1) to normalize the measured
activity to target element (Fe, Ni, and Ti) abundances; since
Ti concentration in meteorite is small (few hundred ppm),
we only consider Fe and Ni and normalize the measured
activity to their concentrations, and (2) to evaluate the effect
of shielding depth within the meteoroid. The Fe and Ni
abundances have been determined by chemical analysis of
meteorite, wherever possible or taken from literature. The
errors of measurements of *°Al activity are better than 1%.
In case of **Ti, the errors in fresh falls range between 5 to
15% (10), increasing gradually to 20% or larger in old falls
(Table 4). Albareto, being the oldest of the measured
meteorites (see Table 1), is an exception, where the error
of measurement is still larger. Currently, efforts are being
made to reduce the errors of measurement using the much
improved gamma ray spectrometer (GEM 150) with 2 to
3 times the efficiency and about half the background
(Table 2). Remeasurements of Dhajala and Cereseto using
GEM 150 confirm the results obtained earlier with GEM 90.

8.1. Half Life of “‘Ti

[23] The decay corrections for calculating the **Ti activity
at the time of meteorite fall is sensitive to the half life of the
radioisotope. When we started these measurements in 1990,
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Table 3. Typical Efficiency (€ in %, for 1 kg Rock) and Gross Background (B, in Counts per Day) of the Gamma Ray Spectrometers in

Selected Energy Regions

Mode “Ti 1157 keV 24Bi 1155 keV 40K 1460 keV 26A1 1808 keV “Ar 1524 keV
GEM 90
Normal € 0.87 - 0.8 0.6 0.95
B 39 78 670 21 12
Coincidence € 0.22 - 0 0.15 -
B 1 1.6 0.7 0.6 0.6
Anticoincidence € - - 0.8 0.14 -
B 14 43 470 8 13
GEM 150
Normal € 2 - 1.5 0.9 0.95
B 21 48 312 14 16
Coincidence € 0.5 - 0 0.44 -
B 0.7 1.6 0.6 0.5 0.47
Anticoincidence € - - 1.5 0.2 -
B 9 19 302 6 8

the half life of **Ti was not reliably known. A value of
66.6 years obtained by beta counting [Alburger and
Harbottle, 1990] was used earlier [Bonino et al., 1995].
However, because of various uncertainties in beta counting,
it was considered desirable to determine the half life of **Ti
by gamma counting. With this purpose, in a collaborative
study, we [Ahmad et al., 1998] have carried out measure-
ments of **Ti activity in a **Ti + °°Co source over several
years and obtained a value of 59.0 + 0.6 years. At about the
same time Gorres et al. [1998] determined the half life
value of 60.3 + 1.3 years. Combining these two precise and
more reliable measurements, we obtain a value of 59.2 +
0.6 years for half life of **Ti, used here. Subsequently,
Wietfeldt et al. [1999] have measured a value of 60.7 +
1.2 years but, since the precision of our measurements is
better, we continue to use 59.2 & 0.6 years. Using this value
we have recalculated the activity of **Ti published earlier
[Bonino et al., 1995]. The **Ti activity of the 19 meteorites
at the time of fall is given in Table 5.

8.2. Shielding Correction

[24] The calculations of depth profiles of **Ti production
in bodies of different sizes have been made by Neumann
et al. [1997] based on the High Energy Transport Code
model HETC-HERMES [e.g., Michel et al., 1991, and
references therein]. According to these calculations, the
“Ti activity varies between 1.16 and 0.82 dpm/kg mete-
orite at the surface and 1.18 to 0.4 dpm/kg at the center of
meteoroids of different radii (20 to 120 cm), respectively.
Thus there can be variation in production rate by a factor
of as much as 3, depending on the depth within the
meteoroid and its size in the interplanetary space. It is
therefore necessary to correct the measured activity for
shielding effects due to variations in (r, AX) before the
activity variations can be attributed to the cosmic ray
intensity. In small meteorites of radius <40 cm, however,
the production rates are 1.15 £ 0.06 dpm/kg, and the
variations are less than 20% implying insignificant shield-
ing corrections.

[25] We have arbitrarily chosen Torino meteorite as a
reference representing “‘standard” shielding (meteoroid
radius r = 20 cm; depth AX = 14 cm) to which we
normalize the activity observed in various meteorites.

This meteorite was selected simply because it was the
first meteorite to be counted in our laboratory. Effec-
tively, using the production profiles of Michel and
Neumann [1998], we correct the observed activity of
“Ti in each meteorite as if it had the same (r, AX) as
Torino.

[26] In order to correct for the shielding effects, we have
estimated (r, Ax) for each meteorite. This was determined
using track density and *°Al data in each meteorite frag-
ment. Track production rates are very sensitive to depth of
the sample and to a lesser extent to the size of the
meteoroid, particularly if it was a large body in space. We
therefore measured the cosmic ray heavy-nuclei track den-
sity in mineral grains (olivines, pyroxenes, and feldspars)
taken from several locations of the meteorite. This was
carried out using standard etching procedures [see, e.g.,
Bhandari et al., 1980]. The measured track density was
corrected for the exposure ages (Schultz and Kruse [1989]
and the updates given by them) to obtain the track produc-
tion rates (per cm” per million years) which, when com-
pared with the calculated production rate profiles
[Bhattacharya et al., 1973], yielded (r, AX). We have
measured track densities in all the 19 meteorites, of which
data for six (Dhajala, Torino, Fermo, Dergaon, Rio Negro,
and Mbale) have already been published. The track density
values and estimated shielding parameters are summarized
in Table 6. In case of multiple falls and showers, data on
other fragments were also used following the procedure of
Bhandari et al. [1980]. In some meteorites it was not
possible to determine the preatmospheric size, by track
studies alone where ablation geometry could not be ascer-
tained. In such cases we have used the “°Al activity to
grovide further constraints, since the production profile of
Al in chondrites of various sizes, based on the model of
Michel et al. [1991] is well established and has been
confirmed experimentally [Bhandari et al., 1991; Leya et
al., 2000]. Using the preatmospheric sizes and shielding
depth based on tracks and *°Al activity, the shielding
corrections were calculated from the **Ti depth profiles in
chondrites given by Michel and Neumann [1998]. The
shielding corrected **Ti activity given in Table 5 is inde-
pendent of the size and shielding depth as well as the target
element abundances. It may be noted that, except in
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Table 4. Measured Counting Rates in Channels of Interest for 1157 keV i (44Sc), 1460 keV *° K, and 1808 keV Z6Al*
*Ti (C) Counting  2°Al (N) Counting
Wt. of Sample Counting Counting Rate per Day Rate per Min 40K (N) cpm Decay
Meteorite Counted, g Period Time, days (1157 keV) (1808 keV) (1460 keV)  Time, years
la  Albareto 605 17.1.1996 225.76 0.34 0.318 1.378 230
23.9.1996 +0.11 +0.001 +0.002
Ib  Albareto 560 6.6.2005 79 1.0 0.42 1.9 239
(GEM150) 24.8.2005 +0.2 + 0.005 + 0.004
2 Mooresfort 1145 22.5.2000 362.11 0.79 0.4717 2.1775 189.75
29.5.2001 +0.10 +0.0016 +0.0099
3 Charsonville 524 22.1.2002 132.44 0.58 0.3998 1.7099 191.25
1.6.2002 +0.14 +0.0016 +0.0035
4 Agen 683 3.12.2002 79.74 0.75 0.3989 1.8948 188.25
27.3.2003 +0.18 +0.0026 +0.0043
5 Cereseto 1308 4.7.1995 107.93 1.59 0.5961 2.158 155.25
11.1.1996 +0.22 +.0016 +0.005
5b Cereseto 1308 18.8.2003 107.6 2.45 0.82 322 163.1
(GEM 150) 2.12.2003 +0.4 +0.0024 +0.01
6 Griineberg 717 24.10.1997 242 0.84 0.36 1.477 156.92
23.6.1998 +0.17 +0.0017 +0.0038
7 Kernouve’ 820 20.5.1997 154 1.15 0.3492 1.643 128.2
21.10.1997 +0.22 + 0.0018 + 0.004
9 Alfianello 625 11.9.1992 142.35 1.15 0.3724 1.4838 109.76
2.2.1993 +0.2 +0.0015 +0.0036
10 Bath 539 29.5.2001 210.55 1.15 0.3675 1.4498 108.75
22.1.2002 +0.2 +0.0012 + 0.0027
11 Lancon 1080 28.3.1994 100.12 1.9 0.4815 2.019 97.125
8.7.1994 +0.3 +0.0022 + 0.0048
13 Holbrook 331 2.7.1993 139.47 0.87 0.3129 1.047 81.15
23.11.1993 +0.20 +0.0014 +0.003
14 Olivenza 247 18.2.1993 122.81 1.08 0.1968 0.8899 68.84
22.6.1993 +0.2 +0.0012 +0.003
15 Rio Negro 388 29.5.1992 89.27 2.09 0.3309 1.295 57.82
8.9.1992 +0.3 +0.0017 +0.004
16  Monze 165 29.11.1993 113.13 1.33 0.1380 0.7106 43.28
2.3.1994 +0.2 + 0.0085 + 0.0028
17 Dhajala-272 706 31.7.1990 34 3.14 0.37 1.47 24
3.9.1990 +0.73 +0.003 + 0.0064
17b  Dhajala-272 706 26.8.2004 71.9 3.74 0.48 2.17 28
(GEM150) 8.11.2004 +0.06 +0.002 + 0.0005
18 Torino — Aeritalia 445 Jan—March 1991  43.02 3.62 0.2936 1.0621 2.735
+0.48 +0.0035 +0.0077
19*  Mbale-A 700 2.12.1994 108.37 3.46 0.437 1.8195 2.29
21.3.1995 +04 +0.002 +0.0044
19b  Mbale-T 730 12.7.1994 117.14 291 0.536 1.871 1.9
22.11.1994 +04 +0.002 +0.0041
20 Fermo 800 19.10.1996 108.81 4.9 0.487 1.7093 0.066
6.2.1997 +0.4 + 0.002 + 0.0041
21 Dergaon (GEM150) 1330 25.8.2005 10 3.98 0.727 1.38 4.48
5.9.2005 +1.4 + 0.001 + 0.01

“N: Normal mode, C: coincidence mode. All measurements were made with GEM90 except where GEM150 is mentioned.

Charsonville, Agen, Kernouve, Olivenza, Monze, and
Dhajala, the shielding corrections are small (<15%) and
any errors on these corrections do not affect the conclusions
drawn below.

[27] In case of Fermo, a core was taken and a detailed
depth profile of tracks has been obtained, based on which
the preatmospheric size and the shielding depth of the
sample counted here has been determined. In case of
Dhajala, Torino, Mbale, and Dergaon a detailed study of
tracks and other cosmogenic effects in several fragments has
been made [Bagolia et al., 1978; Bhandari et al., 1988;
Bonino et al., 2001; Murthy et al., 1998; Shukla et al., 2005]
in spot samples from the fragment counted for **Ti and
these inferred preatmospheric sizes were used in the present
work for estimating the shielding corrections. As a result of
the more detailed work on Mbale [Murthy et al., 1998], the
shielding correction is now better estimated, leading to
slightly different activity of **Ti compared to the values

published earlier [Bonino et al., 1995]. In Kernouve’, some
crystals of apatite showed fission tracks and Rio Negro has
track-rich irradiated grains [Bhandari et al., 1995], but these
results, being irrelevant for calculation of shielding depth,
will not be discussed here and only cosmic ray tracks are
considered for determining the shielding depth.

[28] On the basis of the shielding determined by the track
density measurements, we have calculated the preatmo-
spheric masses of the meteoroids and mass ablation during
their transit through the Earth’s atmosphere. These estimates
are given in Table 6. The results show that the mass ablation
of these meteoroids are high, ranging between 65 and 99.9%.

[20] The counting rates of “°K, **Ti, and *°Al are given in
Table 4 and the calculated activities in various meteorites
are given in Table 5. The activity given in Table 5 for
various meteorites has been corrected for shielding based on
track data given in Table 6 and 26Al activities given in
Table 5, as discussed earlier. Statistical errors of measure-
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Figure 3. Comparison of the coincidence spectra in the
1150—1200 keV region covering **Ti (**Sc) 1157 keV and
214Bj interference (at 1155 KeV) in GEM 90 (coincidence
mode) for (a) the recent fall Mbale A (1991) for 108 days,
(b) the old fall Charsonville (1814) for 132 days, and
comparison with (c) the background spectrum for 167 days.
The *'*Bi and **Ti regions are marked.

ment (1 o) are given in these tables. Other sources of errors
are due to (1) potassium, iron, and nickel concentrations,
estimated to be <3% in most meteorites, except for Agen
and Griineberg, and (2) shielding correction, which is based
on the track and *°Al production profiles [Bhattacharya et
al., 1973; Bhandari et al., 1991; Leya et al., 2000] and neon
production rates [Eugster, 1988] for estimation of exposure
ages. These corrections are estimated to be better than ~5%
except for Albareto and Bath.

9. Results and Discussions

[30] The measured **Ti activity (dpm/kg Fe + Ni), cor-
rected for shielding, is shown in Figure 5 as a function of
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time of fall of various meteorites. Albareto, Cereseto, and
Dhajala were counted on GEM 90 as well as GEM 150.
The results are in reasonable agreement, considering the
errors of measurements. We use the GEM 150 value for
Dhajala and the mean values of the two measurements for
the other two meteorites (Albareto and Cereseto) for the
following analysis. A linear least squares fit (weighted for
errors) through the data on **Ti activity (dpm/kg meteor-
ite) shows a decreasing trend with time, with some
fluctuations (Figure 4a). In Figure 4b, we have also plotted
the **Ti/*°Al activity ratio, which varies between a large
range of 0.06 and 0.19. We observe a decreasing trend in
the ratio; however, the production-depth profiles for the
two isotopes being different, as is well known for low-
energy (*°Al) and high-energy (**Ti) products, the ratio
only partially corrects for shielding. In order to perform
complete correction for shielding, we apply the procedure
described above based on both, the track densities and
26 Al activity, obtaining the values of **Ti activity shown in
Figure 5 and Table 5. The **Ti activity varies by a factor
~3 between various meteorites (3.7 to 10 dpm/kg Fe + Ni)
and the mean for the 19 meteorites is 5.67 dpm/kg (Fe +
Ni). A linear least squares fit through the data (Figure 5),
shows a decrease of ~43% during the past 235 years with
correlation coefficient of 0.8. In this figure we have
excluded Agen because of large errors in **Ti measure-
ment in this meteorite; in any case, even after excluding
Agen, the best fit curve (weighted for errors) remains the
same.

[31] Although the time series analysis is limited by the
small number of points, in order to determine any trends
or periodicities in the data, we use the Singular Spectrum
Analysis (SSA) [Ghil and Taricco, 1997; Ghil et al.,
2002]. For this purpose, we have interpolated the exper-
imental data of Figure 5 at equal sampling interval of At =
5 years. We adopt a window width of W = 23 points
(corresponding to WAt ~ 115 years), in order to be able to
identify any centennial oscillations. The reconstructed
components (RCs) 1 to 4 account for ~84% of the total
variance. RCs 1 and 2 correspond to the long-term trend of
the series, consistent with the least squares linear fit given
in Figure 5. RCs 3 and 4 describe an oscillation with
period of ~87 years similar to the Gleissberg solar cycle.
Using this period, suggested by SSA, and taking the errors
of measurements into account, we have determined the
best fit curve using a straight line and a sinusoid. The
analysis thus shows (see Figure 5) a linearly decreasing
trend of ~43% in **Ti activity during the past 235 years,
superimposed on the 87-year oscillation with amplitude
(peak to trough) of ~20%.

10. Comparison With the Calculated Activity of
“ITi: Last 30 Years

[32] Now we compare the measured **Ti activity in recent
falls, e.g., Dhajala, Torino, Mbale, Fermo, and Dergaon,
covering the period 1976 to 2001. These meteorites have
been studied in detail [Potdar et al., 1986; Bhandari et al.,
1989; Murthy et al., 1998; Bonino et al., 2001; Shukla et al.,
2005]. The preatmospheric size r and average shielding
depth AX of the fragments have been determined in all
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Table 5. Calculated Activities of **Ti (Shielding Corrected) and 2°Al in Meteorites
“Ti Activity, (r, AX) Based Shielding Factor Corrected **Ti Activity, 26 Al Activity,

Meteorite dpm/kg® on Tracks, “°Al (Torino = 1) dpm/kg Fe + Ni dpm/kg HTi2Al
Albareto (LL4) 233 +£0.7 40 + 10,5 +2 1.08 +0.03 12.0 £3.7 53.4+£02 0.22
(GEM150) 1.55 £ 0.69 (8 £3.6) 55.1 £0.19 0.15
Mooresfort (H5) 1.75 £ 0.28 50,8 1.13 6.48 £ 1.05 51.2+0.18 0.13
Charsonville (H6) 1.39 £ 0.48 85,7 1.29 6.4+22 48.85 £ 0.19 0.13
Agen (HS) 1.15 £ 0.68 120,15 1.48 8 +4.7 43.75 £ 0.29 0.18
Cereseto (H5) 1.65 £ 0.36 50, 8 1.13 634+14 57.0£0.2 0.11
(GEM 150) 1.55 £ 0.26 594 £ 1.0 57.19 £0.2 0.1
Griineberg (H4) 1.48 £ 0.33 75,10 1.22 63+14 50.0£0.2 0.13
Kernouve’ (H6) 1.39 £ 0.27 120,7 1.45 6.7+13 44.7 +£0.23 0.15
Alfianello (L6) 1.22 £0.22 35,10 1.02 54+1.0 58.9 +£0.21 0.09
Bath (H4) 1.25+0.2 50 + 20,7 1.13 5.1+0.76 52.9 £0.18 0.1
Lancon (H6) 1.3+£0.2 23,11 1.05 4.85+0.7 49.0 £ 0.50 0.1
Holbrook (L6) 0.8+0.2 40,20 1.13 425+1 70.8 = 0.28 0.06
Olivenza (LL5) 09 +0.18 85,17 1.41 63+13 55.1 £0.3 0.11
Rio Negro (L4) 1.3+0.2 40,6 1.07 6.0+1.0 56.7 £0.27 0.11
Monze (L6) 1.17 £ 0.2 40,20 1.06 55+1.0 452 +0.34 0.12
Dhajala 0.83 £0.15 50,16 1.6 4.5+0.82 527+04 0.09
(Gem 150) 0.82 = 0.04 45+0.2 523 £0.22 0.09
Torino (H6) 1.2+0.2 20,14 =1 424 £0.5 51.7 £ 0.36 0.08
Mbale A (L5/6) 1.0 £0.1 36,10 1.09 47 +04 60.4 £ 0.3 0.078
Mbale T 0.8+0.1 36,24 1.07 3.7+04 72.0 £ 0.3 0.05
Fermo (H3-5) 1.28 £ 0.11 20,5+ 3 1 4.15 £ 0.37 57.0+0.3 0.072
Dergaon (H5) 1.07 £0.17 20, 7 1.03 3.8+0.6 512 £0.6 0.072

“Not corrected for shielding. All values refer to GEM 90 measurements except where GEM 150 is mentioned.

these meteorites as follows: Torino (r, AX) = (20, 14),
Fermo (20, 8), Dhajala-272 (50,16), Mbale A (36, 10),
Mbale T (36, 24), and Dergaon (20, 7). The measured **Ti
activity in these meteorites is 1.2, 1.28, 0.82,1.0, 0.8, and

1.07 dpm/kg, respectively.

[33] In the Torino meteorite (r, AX = 20, 14) the produc-
tion, Q(r, AX) expected from the model of Michel and
Neumann [1998] is 1.2 dpm/kg meteorite or 4.24 dpm/(kg
Fe + Ni), in good agreement with the measured value of

1.15 dpm/kg or 4.2 dpm/(kg Fe + Ni). In the Mbale
meteorite, two fragments were counted having shielding

Table 6. Measured Track Densities, Estimated Shielding Depths of Fragments (AX) and Preatmospheric Sizes (r) of Various Meteoroids

Based on the Observed Track Density

Track Density Range, cm™

2

Number of  Exposure Mass
Meteorite Samples Age, M.y. Olivine Pyroxene Ablation (AX), cm (r, AX), cm M., kg*  Ablation, %
Albareto 1 38.9 3.65 x 10° - 5 >15,5 ~1000 >99.8
Mooresfort 4 103 2.9-59 x 10° 5.8-11.8 x 10° 85+1.5 50,8 1900 99.8
Charsonville 1 63.3 3.03 x 10° - 8+2 >12,8 +2 9000 99.7
Agen 3 7 2-3.75 x 10* 42-82 x 10* 125+ 15 120,14 26000 99.9
Cereseto 2 45 0.74-1.08 x 10° 1.5-22 x 10° 8-10 40,7 950 99.3
Gruneberg 2 6.7 1.1-2.8 x 10° 23-5.6 x 10° 0.2-8.4 75,10 6300 99.9
Kernouve™® 10 3 3.46-52 x 10° 6.9-10 x 10° 1.5-42 35,10 26000 99.7
Alfianello 1 253 1.52 x 10° 3 % 10° 15.5 35,9 650 64.9
Bath 4 7.4 1.6-4.4 x 10° 3.7-72 x 10° 22-52 50 + 20,7 1900 98.8
Lancon 2 6.6 1.37,4.56 x 10° 2.749.12 x 10° 6.5-11 23,11 180 96.1
Holbrook 2 16 0.5,0.8 x 10° 20.5-23 40,20 960 77.1
Olivenza 1 11.6 <10° - >15 85,17 9200 98.4
Rio Negro® 4 21.5 0.65 x 10°— 13 x 10°— 2-17 40,6 950 99.9
1.64 x 107 3.3 x 107

Monze 1 9.9 6.9 x 10* 1.4 x 10° 11 40,12 950 >99.5
Dhajala-272 many 8.9 9.6 x 10° - 24 50,16 1900 96.1
Torino many 68 3.1 x 10° 5% 10° 14+2 20,14 120 99.2
Mbale A many 26.9 2.1-3.7 x 10° 6-1.8 x 10° 12 36,10 700 79
Mbale T 4 8.8 1.6 x 10* 3.3 x 10* 8-25 36,24
Fermo >8 9.7 0.4-2.7 x 10° 0.8-5.4 x 10° 22-6.2 20,5 +3 120 91.5
Dergaon >4 38.9 0.8—1.5 x 10° - 7-9 20,8 120 <91

*Considering both track density and 2°Al activity (Table 5).
®Contains apatites with fission tracks, which have been excluded from the present discussion.

“Contains irradiated grains, which have been excluded from the present discussion.
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Figure 4. Measured **Ti dpm/kg (dot) and the composition corrected **Ti/*®Al activity ratio (diamond)
as a function of time of fall of meteorites covering the period 1766 to 2001 AD. Albareto (AB),
Charsonville (CH), Mooresfort (MO), Agen (AG), Cereseto (CE), Griineberg (GR), Kernouve’ (KE),
Alfianello (AL), Bath (BA), Lancon (LA), Holbrook (HO), Olivenza(OL), Rio Negro (RN), Monze

(MZ), Dhajala (DH), Torino (TO), Mbale (MB), Fermo (FE), and Dergaon (DG).

depths of ~10 and 24 cm. Both yield approximately the
same activity of **Ti, indicating that there is insignificant
change in production rate with depth, consistent with the
calculations of Michel and Neumann [1998]. We thus find
that our measurements in Dhajala, Torino, and Mbale (A
and T fragments) are in agreement with the calculations of
Michel and Neumann [1998] and experimentally validate
their production profiles and the GCR flux used by them.
[34] The activity of **Ti in the five most recent falls
covering the period 1976 to 2001, corrected for shielding
and chemical composition, is similar within errors, ranging
between 3.7 and 4.5 dpm/(kg Fe + Ni) with a mean value of
4.18 dpm/(kg Fe + Ni). This is lower than the mean activity
of the meteorites that fell earlier (6.5 dpm/kg Fe + Ni),
where the values range between 4.25 and 12 dpm/(kg Fe +

Ni), implying that the cosmic ray flux for a period of about
50 years before these recent meteorites fell, during which
most of **Ti was produced, was lower and the solar activity
was unusually higher during the present epoch (1976—
2001) compared with the past 2 centuries. Similar conclu-
sion has been drawn by Solanki et al. [2004] who, based on
C in tree rings, observe that the level of solar activity
during the past 70 years was exceptionally high compared
with the past 11,400 years.

11. Comparison With the Calculated Activity
of **Ti: Last 235 Years

[35] The **Ti activity is proportional to the GCR intensity
in space between 1 and about 3 AU [Gorin et al., 2004],
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Figure 5. “**Ti activity (dpm/kg Fe + Ni), corrected for shielding and target element composition as a
function of time in chondrites: the codes are the same as in Figure 4. The least-square linear trend (y =
30.28—0.0131 * t, correlation coefficient = 0.8 and the best fit curve using a straight line and a sinusoid

with period of 87 years is superimposed on the data.

where meteorites are exposed to cosmic rays and therefore
we use these data to deduce the cosmic ray flux, Jg, during
the past 235 years, the period covered by the fall of
meteorites, following the procedure discussed below.

[36] Since solar cycle 20, new balloon and spacecraft
measurements of cosmic ray energy spectra have been made
and 27 spectra are available covering the period 1963—1998
[Hsieh et al., 1971; Kroeger, 1986; Potdar, 1981; Cane,
2003 and references therein]. Using the best fit curves
of each of these spectra, following the formulation of
Castagnoli and Lal [1980], modified using the new inter-
stellar spectra [Webber and Lockwood, 2001; Burger et al.,
2000], we calculate the values of the modulation parameter
® for each of these spectra. The calculated Jg values
(>70 MeV) agree with the experimental data, indicating
that the singular-parameter formulation can be used with
confidence to determine Jg. It may be noted that the
local interstellar (LIS) flux (>70 MeV) for & = 0 for
Castagnoli and Lal [1980] formulation is about 13 pro-
tons/(cm® s 4w sr. MeV), whereas Burger et al. [2000]
give a value of 20.5 p/(cm” s 4w sr MeV). This difference
arises mainly because of the shape of spectra at high energy
(>10 GeV) which is not very effective in isotope produc-
tion; in the energy region of interest (70 MeV to 10 GeV)
both the formulations give similar results.

[37] We use the following relationship for modulated
Jo(T, @):

T(T +2Ty)
(T +®)(T + P +27Tp)

Jo(T,®) = Jus(T + @) (1)

where J;;5(7) is the unmodulated LIS spectrum, given by
Burger et al. [2000]:

P(T) —2.78

Jus(T) =1.9-10* .
(1 +0.4866 - P(T)’2'51>

(2)

T is the kinetic energy of the nucleon, ® is the modulation
parameter, 7 is the rest energy of the nucleon (938 MeV for
protons) and

P(T) = \/T-(T +2T,).

We thus obtained ® values for each of the 27 measured
cosmic ray spectra during 1963 to 1998, covering different
modulation phases of the three full solar cycles.

[38] Since the **Ti activity recorded in meteorites
depends on the cosmic ray flux, which, in turn, depends
on the heliospheric magnetic field, in order to have an
independent assessment, we looked for different solar
magnetic flux data covering the last 3 centuries. Solanki
et al. [2000] have reconstructed the open magnetic flux f; at
the solar surface back to about 1700 AD. A critical point of
their work, however, is that they assumed open flux equal to
zero at the end of the Maunder minimum. In comparison,
Lockwood [2003] and Lockwood et al. [2004] starting from
the open flux observed during the first Ulysses perihelion
pass, ran the model backward and obtained the open flux at
the end of the Maunder minimum that is about a third of the
present day value; they found that this value is consistent
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Figure 6. The reconstructed GCR flux Jg (>70 MeV) as a function of time. Solid squares are the values
of Jg(t) from the available 27 experimental data sets, discussed in the text. The local interstellar value of

2000

Jg (LIS) is shown (arrow) for comparison.

with the '°Be abundances from the Dye-3 Greenland ice
core [Beer et al., 1990, 1998]; this is also in agreement with
our **Ti results shown in Figure 6. We also note that the **Ti
decrease since 1900 confirms the long-term drift found in
'9Be from Greenland, but not present in '°Be from Antarc-
tica [Raisbeck et al., 1990], probably due to the low
accumulation rate on the Antarctic plateau. Moreover,
Lockwood et al. [2004] have shown that the model of
Solanki et al. [2000] correctly predicts the open flux seen
by Ulysses during both the perihelion passes.

[39] As there is no agreement on a unique value of fy at
the end of Maunder minimum, we calculate three quadratic
fits corresponding to three possible ® values (50, 100, and
150 MeV) during the Maunder minimum. We prefer a
quadratic fit instead of a linear fit between ® and f, because
the latter gives unrealistic negative values of ® during
prolonged solar minima (e.g., Dalton and Maunder), where-
as a quadratic relation gives positive values.

[40] Thus we obtain, for & = 50 MeV during Maunder:
* = 0.6

® =4.73 f2 + 17.08 fo + 72.40 (3)

for ® = 100 MeV:
®=4.03f2+2422 f5+97.11 12 =07 (4)
for ® = 150 MeV:

=454 1241420 fy + 14442 12 =07 (5)

Using these relations, we extended the ® and the Jg series
(using equation (1)) back to 1700 AD. Figure 6 shows the
reconstructed Jg (t) flux (>70 MeV) as a function of time
taking, e.g., ® = 50 MeV during Maunder minimum. From
this figure, we note a significant increase in Jg during the
prolonged solar quiet periods, i.e., following the Maunder
minimum, Dalton minimum, and the Modern minimum
during which it was higher compared with the values
observed during the past 2 decades. Following Michel and
Neumann [1998], we calculate the relation between the
production rate Q and ¢ (using power law) and, by
extrapolating this fit, we deduce Q at low ® values. Then
the & series allows us to calculate Q since 1700 and finally
the **Ti activity,

t

/ >\Q(t/)ex(t’—t)dt/7

—00

A(t) =

as a function of time.

[41] In Figure 7 we compare the measured activity of **Ti
in various meteorites covering the period 1766-2001
(Table 5, Figure 5) with the calculated activities. There is
a general agreement between the measured and the estimated
activity decrease over the past 2 1/2 centuries based on
fo(?). The centennial variation in the measured series seems
to be larger than indicated by the calculated profile. This
observation suggests much weakened modulation of GCR
during prolonged solar quiet periods. The data shown in
Figure 7 suggest that during the Maunder minimum the
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Figure 7. Comparison of the observed **Ti activity in meteorites (diamond) with the activities expected
from ®(t) series assuming ¢ = 50, 100, and 150 MeV during the Maunder minimum (1645—1715) and
the production model of Michel and Neumann [1998]. The best fit curve through the data, showing a
linear decreasing trend and 87 year periodic variation, as in Figure 5, is also shown.

value of ® was between 50 and 100 MeV, indicating that
during this period the flux could have reached ~65% of
LIS.

[42] The consistency between the experimental and the
calculated activity is encouraging to use **Ti as a good
proxy of the solar activity over very long periods.

12.

[43] The **Ti activity in the 19 meteorites presented here
covers a period of about 235 years between 1766 and 2001
and is related to the century-scale variations of cosmic ray
flux in the interplanetary space, where the meteorites are
exposed. During this period the solar activity shows, besides
the 11-year Schwabe cycle, several epochs of quiet periods,
i.e., the Modern, Dalton, Spérer, and Maunder minima. The
oldest meteorite studied here fell just when the Sun was
recovering from the long-duration (1645—1715) Maunder
minimum. Thus with the **Ti activity profiles shown in
Figures 5 and 7, we are able to reconstruct the solar activity
from the Maunder minimum to the present epoch and the
following conclusions can be made from the data presented
here:

[44] 1. The **Ti activity in meteorites shows a decreasing
trend during the past 235 years over which the data are
available. This implies that GCR flux in the interplanetary
space (1 to 3 AU) has decreased over the past 235 years by
about 43%, consistent with the calculated GCR flux in the

Conclusions

past based on the evolution of the Sun’s large-scale open
magnetic field since 1700 [Solanki et al., 2000]. Thus the
stony meteorites which fell during the past 3 centuries
experienced much higher galactic cosmic ray flux compared
to the contemporary flux over the last 3 decades. This is
evident by the low activity of **Ti in the recent falls.

[45] 2. At the end of the Maunder minimum, the increase
is consistent with the flux expected from the variation of the
long-term evolution of the Sun’s large-scale open magnetic
field proposed by Solanki et al. [2000]. The cosmic ray flux
was higher during Maunder minimum and the best agree-
ment with the experimental data is obtained with modula-
tion parameter ® between 50 and 100 MeV.

[46] 3. The data also indicate that during prolonged quiet
periods, like the Gleissberg minima at the beginning of the
last 2 centuries, the cosmic ray fluxes were significantly
higher. The GCR intensity increase was in the phase
expected from sunspot activity but the flux was probably
higher than the values computed on the basis of the
relationship of solar activity and GCR flux, as also inferred
by Bonino et al. [1995].
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