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Introduction: The Late Heavy Bombardment (LHB) was
a period of intense meteoroid bombardment of the inner solar
system that ended approximately3.8 Ga [e.g., 1–3]. It has
been suggested that the LHB was initiated by the migration of
Jupiter and Saturn, causing dynamical instabilities in theMain
Asteroid Belt [4,5]. Under such a scenario about∼65-75% of
the destabilized asteroids would have impacted the Sun [6,7].

The solar photosphere is depleted in lithium by a factor of
170 ± 60 relative to chondrites [8, 9]. The chondritic lithium
isotopic ratio is6Li/7Li≈ 0.0824 [10]. The addition of mete-
oroids into the Sun during the LHB may have driven the solar
wind 6Li/7Li ratio toward chondritic values. In addition, sub-
limation of asteroids on high eccentricity “sungrazing” orbits
and the collisions between objects in the inner solar system
may have produced dust having a chondritic lithium abun-
dance. Sublimated dust atoms could potentially have become
entrained in the solar wind as “inner source” pickup ions (PUIs)
due to charge exchanges with solar wind protons [11]. Here
I develop an analytical model of the solar wind6Li/7Li ratio
both before, during, and after the LHB.

Model Inputs and Assumptions: In this model, the
Sun’s zero age main sequence (ZAMS) lithium abundance is
the chondritic value, and all depletion occurs on the main
sequence, consistent with studies of G type stars [12, 13].
Lithium is depleted by a factor of∼3–5 after500 My of
ZAMS, with the remaining depletion occurring afterwards [14].

The solar wind mass flux is currentlẏMs ≈ 2 − 3 ×

10−14 M⊙ yr−1 [15, 16]. An empirical formula that relates
the solar wind mass flux to its age,t is given by

Ṁs = Ṁ⊙

„

t

t⊙

«−2.33±0.55

, t & 400 − 700 My, (1)

whereṀ⊙ = 1.6 ± 0.9 × 1012 gm s−1 is the current mass
loss rate of the Sun due to solar wind, andt⊙ = 4.56 Gy is the
current age of the Sun [15]. Prior to400 − 700 My, the solar
wind mass loss was comparable to the current solar wind. It
is thought that the solar wind composition is nearly identical
to the composition of the solar convective zone; therefore the
solar wind mass flux of some speciesn can be given by

Ṁs,n = Ṁs · Mfcz,n, (2)

whereMfcz,n is the mass fraction of speciesn in the solar
convective zone, anḋMs is the solar wind mass flux.

The solar wind can be enhanced in chondritic material
through impacts on the Sun of asteroids and comets on highly
eccentric orbits, which can spend some time prior to impact as
“sungrazers” [11]. Also, interplanetary dust particles (IDPs)
larger than∼0.5µm spiral into the Sun due to the Poynting-
Robertson effect.

In this model, it is assumed that the mass flux of chondritic
material that impacts the Sun directly,Ṁin, is constant before,
during, and after the LHB. In the solar wind there is a source

of chondritic lithium derived from the solar convective zone
(Ṁs) and a source corresponding to the injection of sublimated
and ionized dust as PUIs (̇Mpui).

The current asteroid belt contains∼5×10−4 M⊕ of ma-
terial, and the current best estimates place the pre-LHB main
belt mass at about∼10× its current mass [5, 17]. The as-
teroid impact mass flux,Ṁin, is simply the total deposited
mass divided by the length of time of the LHB. Since the
length of time of the LHB is not well known, three different
timescales are investigated,50 My, 100 My, and200 My.
The recent mass loss rate of objects from the Main Asteroid
Belt into the Near Earth Asteroid (NEA) has been estimated
to be∼ 10−8 M⊕ My−1 [18].

The solar wind lithium isotopic ratio can be given by
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, (3)

whereṀn is the mass flux into the solar wind of speciesn.
The PUI contribution of elements is

Ṁpui,n = Ṁd · Mf,Si ·
[n]

[Si]
·

m̄n

m̄Si
, (4)

whereMf,Si is the mass fraction of silicon in the dust (∼0.15).
The total mass of lithium in the convection zone at any timet
beyond some reference timet0 results from a balance between
lithium addition from meteoritic in-fall at a ratėMin and its
destruction with a characteristic timeτd. The two stable iso-
topes of lithium are destroyed in the Sun at different rates with
a ratio of the6Li destruction rate to the7Li destruction rate
of r ≈ 90 [19]. Based on current solar and chondritic abun-
dances of lithium, I calculate that the Sun had an average7Li
destruction e-folding time ofτd,7Li = 380 ± 70 My prior to
500 My in age and a subsequent average e-folding time of
τd,7Li = 1.1 ± 0.2 Gy afterwards. The balance between the
in-fall rate and the destruction rate can be expressed by the
following differential equations:

Ṁcz,n = Ṁin,n −
Mcz,n

τd,n
, (5)

wheren is either7Li or 6Li. Solving these equations assuming
constant meteoritic in-fall rates yields

Mcz,n = Ṁin,nτd,n +
h

Mcz,n(0) − Ṁin,nτd,n

i

e−t/τd,n

(6)
According to standard solar models, the convective zone

contains a mass fraction of the total Sun ofMcz/ M⊙ =
0.0241 [20]. The current PUI production rates of sungrazer
comets has been estimated to be∼ 3 × 104 gm s−1, with the
majority coming from the Kreutz family of comets [11]. This
corresponds to∼1% of the current estimated in-fall rate of
asteroids into the Sun.
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Figure 1: Case 1: Ionized dust component in solar wind has
a mass flux equal to 1% of the asteroidal in-fall rate into the
Sun. Solar wind mass flux equal the current flux.
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Figure 2: Case 4: Ionized dust component in solar wind has a
mass flux equal to 10% of the asteroidal in-fall rate during the
LHB, and 1% of the asteroidal in-fall rate all other times. So-
lar wind mass flux follows the power law given by Equation 1
after400 My.

Results and Discussion: A range of input parameters
were explored for six scenarios, two likely scenarios are pre-
sented here as Case 1 and Case 4. In Case 1 it is assumed that
the Sun has the current solar wind mass flux, and the rate of
PUI production is 1% of the asteroidal in-fall rate. In Case 4
the Sun has a solar wind mass flux consistent with Equation 1
after 400 My of ZAMS, and the rate of PUI production is
10% of the asteroidal in-fall rate during the LHB. Since the

dust production due to both collisions and the sublimation of
sungrazing asteroids during the LHB is poorly constrained but
was likely enhanced, this may be a reasonable assumption.
Further modeling of dust production and PUI production rates
during the LHB are needed to constrain this parameter.

The 6Li/7Li ratio as a function of time for both cases is
plotted in Figures 1-2. The vertical width of the lines in each of
the figures arises due uncertainties in the measured chondritic
and photospheric abundances, uncertainties in the characteris-
tic timescales for lithium depletion, and uncertainties the mass
flux of the solar wind.

The most sensitive parameter in the analytical model de-
veloped here is the PUI production rate. A better constrainton
the solar wind mass flux and the solar lithium abundance and
destruction rate near the time of the LHB is desired. Studies
of the lithium isotope ratio in solar wind implanted material
in lunar soils have indicated that6Li may be enhanced, pos-
sibly due to spallation reactions in solar flares [21, 22]. The
measured value is included in the figures. The measurement
of the lithium isotopes ratio inGenesis samples may help con-
strain any secondary source of6Li. Measurements of the solar
wind implanted lithium in lunar material exposed before, dur-
ing, and after the LHB should in principle show evidence of a
short-lived impact cataclysm.
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