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Impact jetting as the origin of chondrules

Brandon C. Johnson', David A. Minton?, H. J. Melosh? & Maria T. Zuber!

Chondrules are the millimetre-scale, previously molten, spherules
found in most meteorites'. Before chondrules formed, large differ-
entiating planetesimals had already accreted®. Volatile-rich olivine
reveals that chondrules formed in extremely solid-rich environments,
more like impact plumes than the solar nebula®=*. The unique chon-
drules in CB chondrites probably formed in a vapour-melt plume
produced by a hypervelocity impact® with an impact velocity greater
than 10 kilometres per second. An acceptable formation model for
the overwhelming majority of chondrules, however, has not been
established. Here we report that impacts can produce enough chon-
drules during the first five million years of planetary accretion to
explain their observed abundance. Building on a previous study of
impact jetting’, we simulate protoplanetary impacts, finding that
material is melted and ejected at high speed when the impact velo-
city exceeds 2.5 kilometres per second. Using a Monte Carlo accre-
tion code, we estimate the location, timing, sizes, and velocities of
chondrule-forming impacts. Ejecta size estimates® indicate thatjetted
melt will form millimetre-scale droplets. Our radiative transfer models
show that these droplets experience the expected cooling rates of ten
to a thousand kelvin per hour™'’. An impact origin for chondrules
implies that meteorites are a byproduct of planet formation rather
than leftover building material.

Recent work shows that the iSALE hydrocode'"** is capable of mod-
elling the extreme process of impact jetting’. While previous models
focused on impacts between strengthless fluid bodies, here we determine
the effect that porosity and material strength have on the jetting pro-
cess (Methods). Using iSALE we simulate vertical impacts of initially
fractured dunite impactors of 1%, 10%, and 25% porosity and 10-km
diameter on flat targets at impact velocity vim, = 1-6 km s~ ' stepping up
by 0.5km s ™' (Methods). Later, we scale our results to larger impactor
sizes using hydrodynamic similarity'*. We find that no melted material
(Methods) ejected above escape velocity is resolved for impacts with
Vimp < 2.5km s L assuming that vjmpVesc is between 0.5 and 2, where
Vesc 18 the escape velocity. During the impact simulation shown in Fig. 1,
a total mass of material equivalent to ~1% of the impactor’s mass is melted
and ejected at higher than escape velocity for an assumed Vi p/Vese = 1.

As shown in Fig. 1, jetting melts and ejects near-surface material at
high velocity. Thermal modelling and palacomagnetism of chondrites
indicate that some differentiated planetesimals had outer shells of undif-
ferentiated material'*. If this near-surface material is undifferentiated,
jetting will produce chondrules with primitive compositions'. This is
in contrast to other models that rely on splashing during low-velocity
(Vimp = 10-100 m s ") collisions between already molten planetesimals'®"”.
It is doubtful that ejection of previously molten and differentiated® mate-
rial would produce chemically unfractionated chondrules'®. Moreover,
collisional splashing creates ‘droplets’ that are approximately 40 m in
diameter (Methods). Previous size estimates'S, which agreed with observed
chondrule sizes, neglected the effect of decompression heating™.

Using the GAME Monte Carlo accretion code®® we are able to deter-
mine where and when chondrule-forming impacts will occur. We model
a typical minimum mass solar nebula (MMSN) and a three times more
massive nebula (3MMSN), both of which extend from 0.4 astronomical
units (AU) to 4 AU (ref. 20). Initially, solid bodies have a main-belt-like

size frequency distribution between 100 km and 1,000 km in diameter*'
(Methods). In addition to these bodies, our models include the eccen-
tricity damping effect of nebular gas®. As Fig. 2 shows, chondrule-forming
impacts occur about 10°~10* yr into the simulation. Assuming that the
initial conditions of our model correspond to the time of CAI forma-
tion fca, this timing of chondrule formation is consistent with the age
of the oldest chondrules, tcs; * 0.4 million years (Myr) (ref. 22).
The target bodies for impacts with iy, < 2.5kms™ ' are planetary
embryos more massive than the Moon. This explains how impacts,
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Figure 1 | Jetting of melted material during an accretionary impact. A time
series showing a 1% porous projectile 10 km in diameter striking a target at
3kms ™', Material is coloured according to its temperature at the time shown.
The origin is the collision site. In a the jet is just beginning to form, 0.3 s into the
impact. Panel b shows a well-formed hot jet 0.8 s into the impact. Panel ¢
roughly shows the end of jetting, when the projectile penetrates halfway into the
target. The fastest ejecta have a velocity of about 6 kms ™", or twice the impact
velocity. The figure was produced using iSALEPIot.
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which eject much more solid material than melted material, can produce
chondrule-rich chondrites. The only material that escapes the target
bodies is a high-speed mixture of melted surface material (nascent chon-
drules) and lightly shocked cold proto-matrix (matrix is the material
in which chondrules are embedded, and shocking refers to the increase
in material temperature and pressure by passage of a shock wave). Most
of the lower-speed solid ejecta are retained because of the target bodies’
large escape velocity. The ejected chondrules and dust are decelerated to
low relative velocities by lingering nebular gas, and preferentially accrete
onto smaller planetesimals, which collectively have a larger surface area
than more massive bodies™.

Chondrule formation stopped sometime around 5 Myr after fca;
(refs 1 and 22). In our models, large impacts continue to occur even after
5Myr. However, chondrules are ejected at velocities above about
2.5kms ™" and will have dynamically excited orbits. Without signifi-
cant gas present to reduce the eccentricities and inclinations of their
orbits, chondrules will break up as they collide with one another or larger
bodies at velocities comparable to their ejection velocity of a few kilo-
metres per second. Astronomical observations suggest that the mean
lifetime of a primordial protoplanetary disk is about 3 Myr (ref. 24). Melt
ejected below escape velocity is bound to the target bodies, which are
too large to be disrupted by impacts, and must be dynamically removed
from the asteroid belt*.

The earliest chondrule-forming impacts occur closer to the Sun and
the position where chondrule formation occurs moves outward with
time (Fig. 2). 5 Myr into accretion, the outermost chondrule-forming
impacts occur within 2.2 Auand 3.9 Au, respectively, for the MMSN and
3MMSN models (the main asteroid belt extends from ~2 AU to 3 AU).
With masses of 10°°~10%* kg, the impacting bodies range in size from
nearly that of Vesta to larger than the Moon (Fig. 2a). The maximum
impact velocity and vimp,Vesc increase as time goes on (Extended Data
Fig. 1). AS Vimp/Vesc increases, fractionally more unmelted material is
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Figure 2 | Timing and location of chondrule-forming impact. Chondrule-

forming impacts with velocities above 2.5 kms ™" for the MMSN model (a) and
the 3MMSN model (b). The points are coloured according to the logarithm of
the mass of the impacting body marked on the corresponding colour bar.
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ejected at higher than escape velocity. Thus, our model predicts that
chondrites formed further away from the Sun should form later and
on average be richer in matrix than those that formed closer to the Sun.

Using hydrodynamic scaling and estimates of the melt mass ejected
above escape velocity as a function of viyp/Ves. for each of our iSALE models
(Methods), we estimate the mass of chondrules created by each accre-
tionary impact occurring in our GAME simulation. The 287 chondrule-
forming impacts in the MMSN model produce more than 2 X 10 kg
of chondrules while the 4776 chondrule-forming impacts in the 3
MMSN model make over 4 X 10** kg of chondrules for the 1% porosity
case (Fig. 3). Jetted mass is expected to increase significantly for impacts
on more realistic curved targets”** and may also increase when oblique
impacts are considered>*?. The threshold velocity of 2.5 km s ' required
to produce chondrules may be an overestimate for the same reasons. A
lower threshold velocity would produce more chondrules further out
in the disk, as does using a different size distribution for the initial con-
ditions of GAME (Methods). Thus, the estimates shown in Fig. 3 probably
represent a minimum approximation for the total mass of chondrules
that impacts can produce.

The present asteroid belt has a mass My, = 3 X 10*' kgand is depleted
in mass by a factor of ~1,000 from a MMSN?®. This corresponds to a
numerical depletion factor of 10-100 because most of the mass was con-
tained in large planetary embryos®®. Chondrules will preferentially accrete
onto smaller bodies, which have a larger collective surface area than more
massive bodies. Consequently, assuming the main-belt is about one-third
chondrules by mass, a successful chondrule formation mechanism must
produce ~3M,,;, to 30M,,,;, of chondrules™. Although dynamical models
indicate that ~10%-30% of the asteroid belt mass may be material orig-
inally from 1.5-2 AU (ref. 25), our MMSN model only makes 8M,,;, in
total. However, a 3MMSN model makes ~142M,;, of chondrules with
11M,,,, being made in the main-belt region (2-3 AU). Therefore, even with
reasonable assumptions our lower limit estimates suggest that impacts
produce enough chondrules to explain the current chondrule abundance.

The igneous textures that chondrules exhibit imply that they cooled
atrates of 10-1,000 Kh ™! (refs 9 and 10). Using a one-dimensional radi-
ative transfer code, and a geometry that approximates that of jetted mate-
rial (Methods, Extended Data Fig. 3), we determine the average cooling
rates of impact-produced chondrules for a range of impactor sizes (Fig. 4,
Methods). Our simulations indicate that jetted material cools at rates of
10-1,000 Kh™" for impactors that are hundreds to thousands of kilo-
metres in diameter. These estimates demonstrate that melted droplets
jetted during large-scale accretionary impacts will exhibit the observed
igneous textures of chondrules.
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Figure 3 | The cumulative mass of chondrules created by accretionary
impacts. The red, black and blue curves show model results for 1%, 10%, and
25% initial porosities. The solid curves correspond to the MMSN model and
the dashed curves correspond to the 3MMSN model. The grey line acts as a
guide to the eye, showing the mass of the main asteroid belt, at 3 X 10*' kg.
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Figure 4 | Chondrule cooling rates as a function of impactor size. The
coloured lines represent different assumed droplet diameters d within the jet, as
indicated. The crosses represent actual model runs.

The chondrules found within a given chondrite type exhibit significant
variations in composition". Turbulence within the jet and chondrule-
chondrule collisions may mix material on scales comparable to the thick-
ness of the jet. However, the jet is composed of a mixture of target and
projectile material and the ratio of target-to-projectile material changes
with time”. If near surface material from the target and projectile have
significantly different compositions, the chondrules produced by the
impact will be chemically diverse. Expected spatial variations in chon-
drule number density could also contribute to the observed composi-
tional diversity™.

An important aspect of our model is that, although chondrules accu-
mulate to form chondrites on small bodies, the chondrules themselves
are formed by impacts on much larger bodies. Because of this, only a
small fraction of the mass of the terrestrial planets is processed into
chondrules. Thus, we argue that chondrules are not the direct building
blocks of the planets, but merely a byproduct of their accretion.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Droplet sizes jetting model. Assuming that a model for melt droplet formation in
ejecta curtains® can be extended to droplet formation in jetted material, we cal-
culate the size of chondrules with ejection velocities equal to the impact velocity
(Extended Data Fig. 2). However, jetting ejects material at velocities above the impact
velocity and higher ejection velocities yield smaller droplets. Consequently, the droplet
sizes in Extended Data Fig. 2 are the maximum size of droplets produced by jetting.
For chondrule-forming impacts with impact velocities of 2.5-5.5 km s~ ' and impactor
sizes of 100-1,000 km, jetted material will create millimetre-scale droplets consis-
tent with the observed size of chondrules (Extended Data Fig. 2).

In terrestrial impact ejecta deposits, larger, centimetre-scale tektites (or melt frag-
ments) are found along with millimetre-scale melt droplet spherules®, whereas chon-
drules are all roughly the same size'®. For terrestrial impacts, the initial dynamic
fragmentation® of melt forms centimetre-scale droplets®. Upon release from high
pressure, more highly shocked material or more-volatile-rich material separates
into vapour and liquid. Acceleration of this vapour-liquid mix produces a differ-
ential velocity between droplets and the surrounding vapour and the balance of
inertial forces and surface tension determines the droplet size®. The droplets formed
in this accelerated two-phase mixture are roughly millimetre-scale for terrestrial
impact conditions. The volatile-rich nature of chondrule precursor material may
explain the apparent lack of tektite-like chondrules. Essentially, if any silicates are
shock-melted there will be enough vaporized volatiles present that the material will
be best described by a vapour-liquid mixture.

Droplet sizes splashing model. Droplet size estimates from the splashing model
for chondrule formation'® assume that the pv component of specific enthalpy
h = q + pv (where q is specific internal energy, p is pressure, and v is specific volume)
is converted to surface energy of droplets with nearly perfect efficiency. Cavitation
and droplet formation does not occur until p < 0 and when p = 0 the py component
of enthalpy is also zero. Thus, when ex-solution of gases is ignored, isenthalpic release
from pressure p causes decompression heating (that is, the pv part of enthalpy is
converted to internal energy g)'*. Even for a magma releasing to zero pressure from
200 MPa the associated temperature change is only 50 K (ref. 19). Because there is
no pv component of enthalpy at the time of fragmentation, the assumption that all
enthalpy is converted to surface energy is unphysical. The actual size of the ‘drop-
lets’ is then determined by the balance of inertial forces and tensional forces®'. For
typical strain rates of € = 1h ™" (ref. 16), surface tension of ¢ = 0.3 N'm ™", density

p = 3,000 kg m ™~ splashing will create ‘droplets’ with diameter d = (405 / pe'z)%%
40 m (refs 8 and 31).

Hydrocode modelling. Extended Data Table 1 describes the input parameters used
in our iSALE models. The number of equations of state that accurately represent
geologic materials under the extreme conditions occurring during impacts is small.
Here we use equations of state for dunite®?, produced by the ANEOS program®, to
approximate the bulk properties of the impactors and target bodies during accre-
tion. We use dunite strength, thermal softening and porous compaction parameters
from refs 34-36 and references therein.

During the jetting process, material is first shocked and then adiabatically
compressed’. Consequently, we cannot calculate the amount of material melted during
an impact using the peak pressure. Instead, we use the post-release temperature to
estimate the amount of melt. We consider any mass that releases to temperatures
above 1,373 K to be potentially chondrule-forming mass. We use the solidus tem-
perature because ANEOS does not account for the latent heat of fusion. Hence,
temperatures above the solidus are exaggerated and cannot be trusted”’. Addi-
tionally, ANEOS in its current form tends to underpredict the entropy of geologic
material shocked to a given pressure®®*. This means that ANEOS tends to under-
estimate the degree of melting and the temperatures after release.

For a given impact velocity the total mass of melt ejected above some ejection
velocity v is calculated by summing the mass of Lagrangian tracers with v > v,
that also release to temperatures above 1,373 K. For a more detailed description of
Lagrangian tracers and how ejection velocities are determined see ref. 8. For each
impactor and target porosity, we created lookup tables for the melt mass ejected at
greater than escape velocity as a function of impact velocity and escape velocity. These
tables coVer Viyp/Vesc = 0.5-2 stepping by 0.1, and v;,, = 2.5-6km s ! stepping
by 0.5kms ™. Using these tables and hydrodynamic similarity'?, we estimate the
amount of melt created by all of the impacts occurring in the GAME model. For
impacts with Vimp Vesc and/or viy, falling between the data points from our iSALE
models, we use bi-linear interpolation to estimate the fraction of impactor mass
that is melted and ejected at higher than escape velocity.

To check the assumption of hydrodynamic similarity we ran a model with an
impactor of 1,000 km diameter and found that the amount of melted and jetted mate-
rial, normalized by impactor mass, did not change. We also made a run with the target
and impactor initially having intact rock strength. This run was only minimally dif-
ferent, less than 1%, from the results using an originally damaged impactor and target.

Thus, we conclude that material strength has a very limited effect on jetting effi-
ciency atleast for impact velocities above 2.5 km s ', However, as porosity increases,
the overall jetting efficiency decreases significantly. This is consistent with jetting
being less efficient in more compressible materials’.

Code availability. At present, iSALE is not fully open source. It is distributed on
a case-by-case basis to academic users in the impact community, strictly for non-
commercial use. Scientists interested in using or developing iSALE should see http://
www.isale-code.de/redmine/projects/isale/wiki/Terms_of_use for a description of
application requirements. The one-dimensional radiative transfer code used here
is available on request from B. Johnson (brcjohns@mit.edu). GAME is available
upon request from D. Minton (daminton@purdue.edu).

Monte Carlo accretion. The minimum mass solar nebula (MMSN) describes a disk
that is just massive enough to create the observed planets. The MMSN implicitly
assumes that no mass is lost from the solar nebula during the planet formation pro-
cess. More massive solar nebulae are often considered by dynamical modellers™. In
the SMMSN model a small fraction of impacts have viy,, >6kms™ Yand Vimp/Vesc 2.
In our chondrule mass calculation, we do not include these impacts. This omission
changes our mass estimate by only a few per cent, an error that is much smaller
than the uncertainties inherent to our calculation.

We modelled disks with a main-belt-like size frequency distribution between
100 km and 1,000 km (ref. 21). This size frequency distribution (SFD) was proposed*'
because it can produce embryos of larger than the Moon’s mass before the proto-
planetary disk dissipates (~3 Myr). The early formation of embryos is required to
explain the mass depletion and dynamical state of the main belt*>. Other models
show that an initially monodisperse population of planetesimals of 0.1 km diam-
eter can create larger-than-lunar mass embryos and the observed size frequency of
main-belt asteroids in just 10°yr (ref. 28). Because GAME tracks the accretion
history of each object in the model, starting with planetismals of 0.1 km diameter is
computationally unfeasible. However, we did model disks with a distribution of
bodies generated from a Gaussian distribution centred at 100 km in diameter with
a 50-km standard deviation (truncated at 0 km).

The MMSN model with a Gaussian SED produced 0.86, 0.86, and 1.9 times the

mass of chondrules made in the MMSN model with a main-belt like SFD, for 1%,
10%, and 25% porous cases, respectively. The SMMSN model with a Gaussian SFD
produced 0.52, 0.45, and 0.22 times the mass of chondrules made in the 3MMSN
model with a main-belt-like SFD, for 1%, 10%, and 25% porous cases, respectively.
We also found this Gaussian SFD produced chondrules somewhat closer to the
Sun. For the MMSN models, by 5 Myr the Gaussian SFD produced chondrules at
1.6 AU from the Sun, whereas the main-belt-like SFD produced chondrulesat 2.2 au.
For the SMMSN models, by 5 Myr the Gaussian SFD produced chondrules at 2.4 Au,
whereas the main-belt-like SFD produced chondrules at 3.9 au.
Radiative transfer and cooling rates. We find the geometry of a spherically expand-
ing plume, as used by ref. 40, is unrealistic for jetted melt. To estimate the cooling
rates of impact-produced melt droplets, we model the ejected material as an infinite
sheet with a density that decreases with time. We assume this geometry so we can
use a one-dimensional radiative transfer code to determine the cooling rates. Our
radiative transfer code uses the diffusion approximation®'. We benchmarked the
code using the non-equilibrium Marshak diffusion problem**. Extended Data Fig. 3
schematically shows our assumed geometry, where

Rin(t) =Rin(to) +vint

Rout(t) = Rout (tO) + Vourt

We consider the case where v, = ;) = 3km s 'and vy = 3.5kms .. At 2.5s into
the impact of a 10-km-diameter projectile, Ry, = 8.8 kmand R, = 9.5 km. This region
has an average density of pje. = 800 kg m > and an average thickness of h = 215 m.
The 7 X 10" kg of material represents 48% of the total melt mass ejected with veloc-
ities above 3km s~ '. This is the result of lower-velocity material dominating the
mass of the jet’. When considering larger impactor sizes we use hydrodynamic
scaling to produce different initial conditions.

We focus on the mass-averaged cooling rate of this material as an estimate for the
average cooling rate of chondrules created by jetting. If we were to consider faster
parts of the plume, we would expect higher cooling rates; slower ejecta would have
lower cooling rates.

We assume the heat capacity of the droplets to be 1,000 kg ' K" and the bulk
density of the droplets is pgrop = 3,000 kg m . The droplets are assumed to be black-
bodies and thus have a collective opacity of Kk = 3¢/4r4y,p, where ¢ is the fraction
of the volume occupied by the droplets and 4o, is the radius of the of the melt
droplets. For simplicity, we neglect the opacity of any vapour that may be present,
that is, impact-produced vapour or gas in the solar nebula. We assume that the drop-
lets start out with temperatures of 2,000 K. We also set the constant temperature
boundary condition to 300 K.
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The opacity is updated using the volume calculated at each time step:

V(t)=n(R%,—RZ)dh

out

where dh = h/800 is the thickness of one of 400 equal-sized computational cells.
Note that for the reflective boundary condition and symmetry of the problem we
model only half of the thickness of the jet. Then the volume fraction occupied by
molten droplets is:

P drop \4

where

My=pjeV(to)

In our approximation of the geometry of a jet, radiation escapes only from the
free surface of the jet. We find for impactors 100-1,000 km in size that the cooling
of the jet takes hours to days (Fig. 4). The fastest part of the jet moves a few kilom-
etres per second faster than the parts that only just escape the target body. Thus, the
jet has a horizontal extent of 10*~10° km on the timescale of cooling (estimated by
multiplying a few kilometres per second by an hour to a day). The distance over which
radiation must diffuse is much larger than the thickness scale, which is 2-20 km
for impactors that are 100-1,000 km in diameter. Additionally, the free surface is
much colder (here assumed to be 300 K) when compared to the temperature of
adjacent material along the jet. Thus, our assumption that radiative transfer along
the jet is negligible is quite reasonable.

Extended Data Fig. 4 shows the results of our radiative transfer code, assuming

adroplet diameter of 1 mm and an impactor diameter of 1,000 km. Extended Data
Fig. 4 shows that the maximum mass-averaged cooling rate, which is plotted in Fig. 4,
occurs when the mass-averaged temperature is ~1,400 K. The plots also show that
the outer part of the jet cools at about ten times the rate of the inner part of the jet.
The outer part of the jet is not to be confused with the faster-moving part of the jet
(see Extended Data Fig. 3), although faster-moving parts of the jet probably have
higher cooling rates too.
Dust enrichment and chondrule-chondrule collisions. Turbulent mixing of neb-
ular gas and jetted material lead to chondrule-chondrule collisions. In the jet the
turbulent velocity is approximately a few per cent of the flow velocity, which is the
product of the jet thickness and local velocity gradient®. This velocity is indepen-
dent of impactor size and our iSALE models indicate that the turbulent velocity of
the jet is Vi, =~ 5m s~ '. However, the turbulent velocity may be a few per cent of
the ejection velocity, Vi, =~ 100ms™ ! if turbulence created at the jet-nebula inter-
face is dominant. The relative velocities of inertial particles in turbulent two-fluid
flow is*

v\ —12
Vel = Vearh (1 +1.57, l“":)
turl

where I,,1, is the turbulent length scale taken to be approximately equal to the jet
thickness of 2.2-22 km for impactor diameters of 100-1,000 km. In the midplane
at around 3 AU, 7, = 4.9 X10’s for a 1-mm-diameter particle, with longer times
occurring outside the midplane®. This equation is valid for inertial or heavy part-
icles that have 7, >l / Vturb and when the collisional mean free path is larger than
the correlation length*. In a turbulent flow, the correlation of velocity along a line
connecting two points separated by 2 is*:

2,2
0.9¢3 /3
f= max<0, 1— v2—>

turb

where dissipation rate c=v},; /I When f = 0 the velocities are uncorrelated; f = 1
means that the velocities at the two points are identical. The minimum value of 1
that yields f = 1 is the correlation length. We find that at early times the collisional
mean free path 1 is much smaller than the correlation length. We therefore intro-
duce the following term to account for particles having initially partially correlated

velocities:

1
Vaurb | 2
Vrel = Vturb <1 + 1~57p lwr > (1 7f)
turb

Assuming a collision efficiency of unity, the average number of collisions a single
chondrule experiences per unit time is*:

1
N=4mn2d*v,qn.
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—1
so that the mean free path /= (4Tc%d2nc) . Extended Data Fig. 4 shows the

results for number density, relative velocity, rate of collisions and cumulative
number of collisions calculated at one-second intervals and using the bulk density
coming from the radiative transfer sections. We note that the turbulent velocity is
assumed to be constant, although it probably decays with time.

While the drops are still above their solidus, the collision velocities shown in
Extended Data Fig. 4b are low and could result in coalescence or bouncing®. As time
goes on the relative velocities increase, but partially molten, cooling chondrules can
survive impacts at velocities up to 100 m s~ ' (ref. 43). Although our simple calcula-
tions show that individual chondrules may experience many collisions (Extended
Data Fig. 4c, d), it is unknown what fraction of chondrule collisions will result in
the formation of compound chondrules, and the fraction of compound chondrules
provides only a minimum estimate of the chondrule concentrations**°.

Because we do not include nebular gas in our hydrocode models, the pressure in
the jet drops below typical nebular pressures of ~0.01-100 Pa (ref. 3). However,
even at background nebula pressures the dust enrichment of the jetted material is
enough to explain the volatile content of chondrule olivine. If chondrules formed
at typical nebular pressures, dust enrichments greater than 10° (where dust enrich-
ment is the solid-to-vapour ratio relative to a system of solar composition®~®) are
needed to explain the volatile content of chondrule olivine’~®. For 1-mm-diameter
chondrules with densities of 3,000 kgm ™ this corresponds to number densities
higher than 10°-10* m > depending on the total pressure®. For the geometry of the
jet described in the radiative transfer section and for a 100-km-diameter impactor,
the number density will remain above 10* m~> until 1.2 h after ejection and drops
below 10> m ™~ after 3.9 h (Extended Data Fig, 4a). This time scales linearly with impac-
tor size, meaning that the bulk density of material ejected by a 1,000-km-diameter
body remains above 10* m > for about 12 h and above 10* m > for 39 h. A compar-
ison of Extended Data Fig. 4 and Fig. 4 shows that this is more than enough time for
chondrules to cool below the solidus at ~1,400 K. Our model also predicts that
chondrules that experience higher cooling rates (Extended Data Figs 4 and 5) will
cool to the solidus at higher dust enrichments than those made by the same impact
with lower cooling rates.

Both dust enrichment and total vapour pressure are important for determining
the volatile content of chondrule olivine®. To obtain more robust estimates of the
time history of dust enrichment, the rate of chondrule-chondrule collisions, and
the total vapour pressure, the dynamic interaction of jetted material with nebular
gas is required. This requires a two-fluid hydrodynamic code that can accurately
model the interactions of particles and gas.
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Extended Data Figure 1 | Timing and velocity of chondrule-forming
impact. Chondrule-forming impacts with velocities above 2.5kms ™" for the
MMSN model (a) and the 3MMSN model (b). The points are coloured
according to Vimp/Vesc (shown on the colour scale). Note that viyp, Vesc may be
less than one because v, is considered to be the escape velocity after the target
and impactor have combined to form a more massive body.
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Extended Data Figure 2 | Maximum size of droplets created by jetting. The
different lines represent different impact velocities, as indicated.
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Extended Data Figure 3 | Schematic showing the geometry of our radiative
transfer models. The horizontal axis shows radial distance from the point
of impact. The vertical axis marks the thickness of the jet. We model a portion of

the jetas an annulus that moves outward radially. The width of this annulus also
grows with time. BC, boundary condition; h, the thickness of the jet.
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Extended Data Figure 4 | Temperature time history for a jet consisting of  at 300 K. The thick grey curve is the mass-averaged temperature, which we use
1-mm-diameter droplets created by a 1,000-km-diameter impactor. The as proxy for the average temperature of material in the plume. Panel a shows
different coloured curves represent different computational cells, as indicated,  the temperature as a function of time, while b shows the cooling rate as a
where cell 1 is the innermost cell, which has a reflective boundary condition function of time.

on one side, and cell 400 is the outermost cell, which radiates into a background
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Extended Data Figure 5 | Chondrule density and collision rates.
a, The number density of chondrules is plotted as a function of time for
100-km-diameter and 1,000-km-diameter impactors. b, Relative collision
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velocity plotted as a function of time. ¢, Rate of collisions a single chondrule
experiences plotted as a function of time. d, Cumulative number of impacts a
chondrule experiences plotted as a function of time.
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Extended Data Table 1 | iSALE input parameters

?See ref. 31.

Description Input

Melting temperature 1373 K

Simon A parameter 1520 MPa

Poisson’s ratio v 0.25

Frictional coefficient (undamaged) u° 1.58

Cohesion (damaged) Y,° 10 kPa

Strain at which porous compaction begins €, 0.01

Size of high resolution cell 125 m

Number of high resolution cells vertical direction 1600

b See ref. 46 and references therein for a description of Simon parameters, the thermal softening parameter, and their implementation in iSALE.
©See ref. 11 and references therein for a description of strength model parameters and their implementation in iSALE.
9See refs 12 and 47 for a description of the porous compaction model parameters and their implementation in iSALE.
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