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ABSTRACT 

The background temperature of the protoplanetary disk is a fundamental but poorly 

constrained parameter that strongly influences a wide range of conditions and processes in the 

early Solar System, including the widespread process(es) by which chondrules originate. 

Chondrules, mm-scale objects composed primarily of silicate minerals, were formed in the 

protoplanetary disk almost entirely during the first four million years of Solar System history but 

their formation mechanism(s) are poorly understood. Here we present new constraints on the 

sub-silicate solidus cooling rates of chondrules at <873 K (600˚C) using the compositions of 

sulfide minerals. We show that chondrule cooling rates remained relatively rapid (~100 to 101 

K/hr) between 873 and 503 K, which implies a protoplanetary disk background temperature of 

<503 K (230°C) and is consistent with many models of chondrule formation by shocks in the 

solar nebula, potentially driven by the formation of Jupiter and/or planetary embryos, as the 

chondrule formation mechanism. This protoplanetary disk background temperature rules out 

current sheets and resulting short-circuit instabilities as the chondrule formation mechanism. 

More detailed modeling of chondrule cooling histories in impacts is required to fully evaluate 

impacts as a chondrule formation model. These results motivate further theoretical work to 

understand the expected thermal evolution of chondrules at ≤873 K under a variety of chondrule 

formation scenarios.   
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1. INTRODUCTION 

 

Determining the formation mechanism(s) of chondrules and conditions within the 

protoplanetary disk at this time are key unresolved issues in planetary science with broad 

implications for the dynamical state and chemical composition of accretion disks and the 

accretion history of rocky bodies (e.g., Desch et al., 2012). Chondrules, a major component of 

chondritic meteorites, are partially to fully melted sub-mm to mm-scale sub-spherical objects 

composed primarily of olivine, pyroxene, and plagioclase with minor amounts of Fe,Ni metal, 

sulfide, and oxide. Chondrule precursors were flash-heated to peak temperatures for durations on 

the order of seconds to minutes, then cooled and crystallized on the order of hours to days in the 

protoplanetary disk (e.g., Hewins et al., 2005; Alexander et al., 2008).  

Geochronological analyses indicate that chondrules in most known meteorite groups formed 

between 0 and 4 million years after the time at which the first solids in the Solar System 

condensed (=t0; e.g., Kita et al., 2000; Connelly et al., 2012; Kita and Ushikubo, 2012; 

Nagashima et al., 2014; Bollard et al., 2017; Krot and Nagashima, 2017; Schrader et al., 2017; 

Budde et al., 2018). In addition, most chondrules within individual meteorite groups typically 

formed over a relatively narrow timeframe, ~0.2–0.4 Myr (Kita and Ushikubo, 2012). The 

chondrule formation process is an active area of debate (e.g., Desch et al., 2012), with current 

research focusing on heating of precursors in bow shocks around planetary embryos (e.g., Morris 

et al., 2012; Boley et al. 2013; Mann et al., 2016), large-scale nebular shocks driven by 

gravitational instabilities (e.g., Desch and Connolly, 2002; Boss and Durisen, 2005; Morris and 

Desch, 2010; Morris et al., 2016) or in current sheets (e.g., Hubbard et al., 2012; McNally et al., 
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2013), or on production of melt droplets by impacts between planetesimals (e.g., Sanders and 

Scott, 2012; Johnson et al., 2015). 

Understanding the complete thermal histories of chondrules is essential to determining their 

formation mechanism(s) and the conditions of the protoplanetary disk during chondrule 

formation. Chondrule cooling rates, which are typically constrained based on silicate 

compositions, textures, and crystallization experiments, range from >5000 K/hr while above the 

silicate liquidus (>~2023 K) (Yu and Hewins, 1998; Desch and Connolly, 2002), to 5–3000 K/hr 

while between the silicate liquidus and solidus (~2023–1673 K) (Radomsky and Hewins, 1990; 

Desch and Connolly, 2002; Hewins et al., 2005; Berlin et al., 2011; Desch et al., 2012; Perez et 

al., 2018). However, recent crystallization experiments indicate that most chondrules cooled at 

rates between 300 and 1000 K/hr between the silicate liquidus and solidus (Perez et al., 2018), a 

narrower range than typically considered. These cooling rates imply that chondrules were in 

contact with a thermal reservoir during cooling, as isolated chondrules in a vacuum would have 

cooled from ~2000 to 273 K in a few seconds (Desch et al., 2012; Mann et al., 2016). Therefore, 

these cooling rates provide information about the physical environment of chondrule formation 

and have been used to test the validity of chondrule formation models (e.g., Desch et al., 2012). 

The vast majority of chondrule cooling rates apply to stages where the chondrule temperature 

was above the silicate solidus (>1673 K). As such, chondrule cooling rates below the silicate 

solidus are not as well constrained, despite some previous studies. Cooling rates of ~0.1–60 K/hr 

during cooling between ~1673–1173 K have been determined using exsolution lamellae in 

clinopyroxene (Weinbruch et al., 2001). Meanwhile, by studying Cu and Ga diffusive profiles of 

Fe,Ni metal in Renazzo-like carbonaceous (CR) chondrite chondrules, Humayun (2012) and 

Chaumard et al. (2018) computed cooling rates of ~0.5–50 K/hr and ~1–90 K/hr, respectively, 
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during cooling between ~1673–1573 K. Finally, to reproduce plagioclase observed in some 

chondrules, Wick and Jones (2012) estimated a cooling rate of ~1–25 K/hr between 1273–1073 

K.  

High-temperature sulfides (i.e., not formed during low-temperature aqueous alteration) 

provide a potential indicator of cooling rates below their crystallization temperature of ~1261 to 

~1223 K, which correspond to the Fe–FeS eutectic and Fe,Ni–FeS eutectic, respectively 

(Tachibana and Huss, 2005; Tachibana et al., 2006; Schrader et al., 2015, 2016). Comparison of 

metal-troilite grain textures in LL chondrites with experimental products indicates minimum 

chondrule cooling rates of 100 K/hr at ~1273 K and much higher maximum rates for grains with 

a eutectic texture (Tachibana et al., 2006, Mori et al., 2016). Experimental analogs to metal-

sulfide grains within CR chondrites suggest maximum cooling rates on the order of 3000 K/hr 

are possible at ~1273 K (Schrader and Lauretta, 2010). The spread in these cooling rates 

represents the range of thermal histories recorded by individual chondrules instead of analytical 

uncertainty. These sulfide-based cooling rates are similar to those determined above the silicate 

solidus and indicate that chondrules had not begun to approach thermal equilibrium upon cooling 

to ~1273 K. In contrast, the cooling rates of chondrules below ~1073 K (Wick and Jones, 2012) 

remain unconstrained. Constraining chondrule cooling rates below 1073 K is crucial to 

understanding both the background temperature of the protoplanetary disk in which chondrules 

cooled as well as to test chondrule formation models rigorously to determine the physical 

processes active in the early Solar System. 

Some chondrules in the LL and CR chondrites contain the sulfides pyrrhotite ([Fe,Ni,Co,Cr]1-

xS) and pentlandite ([Fe,Ni,Co,Cr]9-xS8) in complex intergrowths. These pyrrhotite-pentlandite 

intergrowths can form by cooling of a primary high-temperature Fe-Ni-S melt, with pentlandite 
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starting to exsolve during cooling at ~883 K (610°C; e.g., Durazzo and Taylor, 1982; Etschmann 

et al., 2004). The textures and petrographic setting of these sulfides (i.e., spherical within 

chondrule mesostases or partially enveloping silicate grains) indicate they were present with the 

chondrule precursors, became immiscible melts during chondrule heating, and crystallized after 

silicate minerals (Tachibana et al., 2006; Schrader et al., 2015, 2016). The pyrrhotite-pentlandite 

intergrowths studied here were previously determined, based on their texture and sulfide 

geothermometry using experimentally determined Fe-Ni-S phase diagrams (e.g., Raghavan, 

2004), to have equilibrated during chondrule cooling below 873 K (Schrader et al., 2015, 2016). 

Therefore, the sulfides studied here are primary sulfides that formed prior to accretion of their 

host chondrules into asteroids (e.g., Schrader et al., 2015, 2016; Singerling and Brearley, 2018). 

Using laboratory cooling experiments of Ni-rich Fe-Ni-S charges, Etschmann et al. (2004) 

determined that the bulk composition of the sulfide and abundance of pentlandite exsolved are 

related to the cooling rate. These cooling experiments utilized four different starting 

compositions for the charges (from Fe0.9Ni0.1S, Fe0.85Ni0.15S, Fe0.8Ni0.2S, and Fe0.7Ni0.3S), and 

were cooled from 973 to 373 K over 24 hrs but were observed at different time steps. The 

exsolution reaction rate constants and parameters were determined for each bulk composition 

studied. Initial pentlandite exsolution was rapid, commencing at ~873 K and ceasing at ~548 K 

(Etschmann et al., 2004). Depending on the bulk composition and the cooling time, the sulfides 

contained different abundances of pentlandite (Etschmann et al., 2004). The morphology of 

pentlandite-pyrrhotite intergrowths are related to cooling rate, with quenching found to result in 

randomly oriented blebs of pentlandite in pyrrhotite (Francis et al., 1976), while slow cooling 

(~1 to 60 K/hr) results in oriented pentlandite lamellae in pyrrhotite (Francis et al., 1976; 

Durazzo and Taylor, 1982; Etschmann et al., 2004). We studied the morphology and 
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composition of sulfides in CR and LL chondrites and compared them to sulfide laboratory 

experiments to (1) determine the sub-silicate solidus chondrule cooling rates, (2) constrain the 

background temperature of the protoplanetary disk, and (3) test chondrule formation models.  

 

2. MATERIALS AND METHODS 

 

2.1. Calculating sub-silicate solidus cooling rates 

 

We studied sulfide-bearing opaque assemblages in type II (FeO-rich, Fe/(Fe + Mg) > 10% 

atomic ratio) chondrules from ten CR2 chondrites: Elephant Moraine (EET) 87770,31, EET 

92048,7, Gao-Guenie (b) UA2301,1, Graves Nunataks 95229,22, LaPaz Icefield (LAP) 

02342,14, LAP 04720,8, Miller Range (MIL) 090657,6, Pecora Escarpment (PCA) 91082,15, 

Queen Alexandra Range 99177,6, and Yamato 793495,72-2. We also examined type I (FeO-

poor, Fe/(Fe + Mg) < 10% atomic ratio) and type II chondrules from the LL3.00 chondrite 

Semarkona USNM1805-17.  

We characterized thin sections via optical microscopy, an FEI Nova NanoSEM 600 scanning 

electron microscope and JEOL 8900 Superprobe electron probe microanalyzer (EPMA) at the 

Smithsonian Institution National Museum of Natural History, Department of Mineral Sciences, a 

Cameca SX-50 and an SX-100 EPMA at the University of Arizona, and a JEOL JXA-8530F 

EPMA at Arizona State University (Electronic Annex [EA]-1). Standards and detection limits for 

the EPMA analyses are given in EA-2. Sulfide bulk compositions were determined by modal 

recombination analysis using analyses of individual mineral phases via EPMA combined with 
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modal mineralogy (obtained in Adobe Photoshop®) and phase densities (e.g., Berlin et al., 2011; 

Schrader et al., 2015).  

We compiled the bulk compositions of 51 sulfide-bearing opaque assemblages from 20 

chondrules. Among these, the compositions of 44 assemblages from 15 CR chondrite chondrules 

were taken from Schrader et al. (2015). The sulfides studied were typically smaller than 0.1 mm 

in diameter (EA-1), similar to the grain sizes of sulfides used in comparable experimental studies 

(Francis et al., 1976; Durazzo and Taylor, 1982; Etschmann et al., 2004). In addition, we 

analyzed the bulk compositions of one sulfide-bearing opaque assemblage from a chondrule in 

EET 92048 (CR2) and two sulfide-bearing opaque assemblages from a chondrule in MIL 090657 

(CR2). Finally, we include four compositions of sulfide-bearing opaque assemblages from three 

chondrules from the LL3.00 chondrite Semarkona (in situ analyses from Schrader et al. [2016] 

and this study; EA-2). Of these 51 sulfide-bearing opaque assemblages, only 28 have both 

pyrrhotite and pentlandite, making them candidates for calculating cooling rates (e.g., Fig. 1 and 

EA-1). Of these 28, only eight have metal (Fe and Ni) to sulfur ratios (M:S) compatible with the 

sulfides used in experiments of Etschmann et al. (2004) (M:S ~1) and y < 1, where y is the 

fraction of material transformed (i.e., the degree of pentlandite exsolution; Etschmann et al., 

2004). The eight sulfides with M:S ~ 1 and y < 1 only consist of pyrrhotite and pentlandite, the 

same as that in the experimental products of (Etschmann et al., 2004). The morphologies of these 

sulfides are oriented lamellae and/or blocky pentlandite within pyrrhotite (EA-1), indicating 

relatively slow cooling (e.g., Francis et al., 1976; Durazzo and Taylor, 1982; Etschmann et al., 

2004).  

We computed cooling rates by utilizing compositional data obtained from sulfides in 

chondrules (see above) and applying the appropriate reaction rate constants for pentlandite 
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exsolution in different bulk compositions as determined by Etschmann et al. (2004). These 

constants were applied to natural sulfides by using the Avrami equation, which can be written as 

(Etschmann et al., 2004): 

 

𝑦 = 1− exp −𝑘!𝑡!  (Eq. 1). 

 

Where k is the rate constant (in 1/s), t is time (in s), n is the Avrami geometric constant 

(dependent on the reaction/growth mechanism for pentlandite), and y is the fraction of material 

transformed (Etschmann et al., 2004). We then obtain an expression for the cooling timescale: 

 

t = k-1 ( ln [1-y]-1 )1/n (Eq. 2) 

 

Etschmann et al. (2004) determined their k values at the beginning of the exsolution reaction, 

which represents the most rapid stage of the process. The value of y varies between 0 and 1 and 

is determined by ascertaining how far towards completion the exsolution reaction has progressed 

(Table 1). Etschmann et al. (2004) determined for each studied bulk composition that y = 1 when 

the remaining pyrrhotite contained no Ni, meaning that all Ni had partitioned into the exsolved 

pentlandite. The wt.% pentlandite for each bulk composition where y = 1 was determined by 

Etschmann et al. (2004).  

The Avrami equation (Eq. 1) is an isothermal equation; however, Etschmann et al. (2004) 

found that the n and some of the k values for pentlandite exsolution vary only slightly with 

temperature between 873 and 548 K. To apply these reaction rates to natural sulfides, we used 

the temperature ranges of exsolution determined from sulfide geothermometry. Sulfides in the 
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CR chondrite chondrules equilibrated between 873 and 673 K (Schrader et al., 2015), a 

temperature range of 200 K. Meanwhile, sulfides in the LL3.00 chondrite Semarkona 

equilibrated between 873 and 503 K (Schrader et al., 2016), a wider range of 370 K. We used the 

mean n value for each bulk composition, and the mean k value when necessary (only for the 

Fe0.9Ni0.1S case; Etschmann et al., 2004) between 873 and 673 K for CR chondrite sulfides, and 

between 873 and 503 K for the LL3.00 chondrite sulfides. The oriented morphology of 

pentlandite in pyrrhotite indicates the sulfides cooled slowly during their formation (e.g., Francis 

et al., 1976). However, since we cannot rule out that the cooling rates changed during cooling, 

we note that these cooling rates are average cooling rates over the temperature range 

investigated.  

To verify that we did not bias the data outside of typical uncertainties by using the single k 

value and mean n values, we recalculated each cooling rate by using the full range of n and k 

values in each experiment of Etschmann et al. (2004). We found that the cooling rates only 

decrease by a maximum of ~3.8 K/hr (for Gao-Guenie (b) Ch12 Al; Table 1), with a decrease of 

<1 K/hr for all other cases. These values fall well within uncertainties discussed below. Since k 

values were determined during the most rapid stage of exsolution (Etschmann et al., 2004) and k 

may decrease during cooling, actual cooling timescales for the chondrule sulfides may be longer 

and their cooling rates would be lower than calculated. However, the morphological similarity 

between chondrule sulfides and experimental sulfides indicates they cooled at similar rates (e.g., 

~1–60 K/hr; Francis et al., 1976; Durazzo and Taylor, 1982; Etschmann et al., 2004). Therefore, 

these assumptions about the temperature range of exsolution permit us to constrain accurately the 

approximate cooling rate of chondrules between 873 and 503 K.  
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To determine the value of y for each natural sulfide (Table 1), we took the ratio of the 

amount of exsolved pentlandite in wt.% in the natural sulfides to the amount determined by 

Etschmann et al. (2004) of the complete exsolution reaction for each bulk composition. We could 

proceed with determining the cooling rate if y < 1 (the exsolution reaction was incomplete). No 

natural sulfides were found with y = 1 (i.e., complete exsolution of pentlandite with no Ni 

remaining in pyrrhotite) indicating that the chondrule sulfides cooled before the exsolution 

reactions were complete. If the bulk composition of the sulfide was out of the range of the 

Etschmann et al. (2004) experiments, or if y > 1, then we could not determine a rate for that 

sulfide. In cases of y > 1, it is possible that due to thin sectioning resulting in a 2D slice of a 3D 

object, we obtained a biased sample of that particular sulfide grain (i.e., we observed more 

pentlandite than the bulk sulfide actually contained). However, considering that the cooling rates 

determined for all sulfides (Table 1) are similar to one another, we argue that the cooling rates 

determined here are representative. 

To determine the cooling rates, if the bulk composition of the natural sulfide was within ~5 

at.% of the experimental bulk compositions (Etschmann et al., 2004), we applied the n and k 

values of the closest bulk composition and used Equation 2 to solve for the cooling time (t in 

seconds). To determine the cooling rate, the temperature range determined for pentlandite 

exsolution, ΔT = 200 K for the CR chondrite sulfides, and ΔT = 370 K for the LL3.00 chondrite 

sulfides, was divided by the cooling time (in hours);  

 

ΔT / t(hr) = cooling rate (Eq. 3). 
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We did not use bulk compositions of sulfides that differed from those of experiments by more 

than 5 at.% Ni. 

Most sulfides studied here had a higher bulk Ni content, more exsolved pentlandite, or higher 

M:S ratios than the experimental charges. Thus, we were only able to constrain cooling rates for 

6 out of 24 pyrrhotite and pentlandite-bearing sulfides from CR chondrites (this study; Schrader 

et al., 2015) and two out of four from the LL3.00 chondrite (this study; Schrader et al., 2016) 

from a total of seven different chondrules (Table 1). Since the sulfides with higher bulk Ni 

content exsolve pentlandite faster than sulfides with less bulk Ni (Etschmann et al., 2004), we 

suggest the remaining sulfides cooled on similar or at faster rates than those constrained here 

(Table 1).  

 

2.2. Estimating uncertainties on cooling rates 

 

To determine the maximum variation in the calculated cooling rates, and therefore the 

uncertainty in the rates, each cooling rate was re-calculated using the values (i.e., k, n, and 

recalculating the y value) of the experimental charge with next nearest bulk composition (i.e., a 

maximum of 10 at.% Ni different than the bulk composition of the sulfide). For example, if the 

bulk composition of the sulfide was 5 at.% Ni, we used the values for the 10 at.% Ni case to 

determine the cooling rate, and the 15 at.% case to determine the maximum uncertainty. As an 

example, by applying the Fe0.85Ni0.15S values to a natural sulfide closest to the Fe0.9Ni0.1S case, 

the cooling rate changes from 0.3 K/hr to 15 K/hr (for Gao-Guenie (b) Ch1 A5). For the sulfide 

with the fastest calculated cooling rate (Gao-Guenie (b) Ch12 A1), the natural sulfide has 5 at.% 

Ni, and we therefore used the Fe0.9Ni0.1S case, and obtained a cooling rate of 4.3 K/hr (Table 1). 
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If we instead had used the constants from the next closest bulk composition of Fe0.85Ni0.15S, we 

would have obtained a cooling rate of 51 K/hr. Therefore, we estimate our maximum 

uncertainties are ~45 K/hr, or one order of magnitude. However, these are extreme cases (using 

at.% Ni cases beyond 5 at.% Ni), and we argue that our typical uncertainties are lower for the 

cases where the bulk compositions were closest to the experimental charges used. A minimum 

uncertainty of ~2 K/hr can be estimated from the only case where cooling rates were determined 

for two sulfides in a single chondrule (Table 1; Semarkona Ch3; 0.3 K/hr and 2 K/hr). Therefore, 

we estimate the uncertainties in our cooling rates are typically within ~2 K/hr, and are at most 

within an order of magnitude (i.e., ~45 K/hr).  

 

3. RESULTS 

 

By comparing the morphologies and compositions of natural pyrrhotite-pentlandite 

assemblages (Fig. 1 and EA-1) to chemical reaction rates determined for pentlandite exsolution 

during cooling (Etschmann et al., 2004) and the textures of laboratory made sulfides (Francis et 

al., 1976; Durazzo and Taylor, 1982), we calculated cooling rates for chondrule sulfide 

assemblages. We determined approximate cooling rates by calculating the exsolution timescale 

for each sulfide assemblage over the equilibration temperature range of 200 K for the CR 

chondrite sulfides (Schrader et al., 2015) and 370 K for LL3.00 chondrite sulfides (Schrader et 

al., 2016). These estimated cooling rates are between ~0.3 and ~4 K/hr (mean ~1 K/hr) for the 

CR chondrites and between 0.3 and 2 K/hr (mean ~1 K/hr) for the LL3.00 chondrite (Table 1). 

For comparison, experimental analogs to terrestrial Ni-sulfide ores with similar textures as the 

chondrule sulfide assemblages studied here (EA-1; oriented lamellae and blocky pentlandite in 



Schrader D. L., Fu R. R., Desch S. J., and Davidson J. (2018) The background temperature of the protoplanetary 
disk within the first four million years of the Solar System. Earth Planet. Sci. Lett. 504, 30–37. 

 
 

 14 

pyrrhotite) were cooled in the laboratory at 1 K/hr (Durazzo and Taylor, 1982), which is 

remarkably close to our values. The in situ cooling experiments of Etschmann et al. (2004) were 

cooled at 10 K/hr, and Etschmann et al. (2004) noted similar textures to those of Durazzo and 

Taylor (1982). Assuming chondrules in each meteorite group cooled uniformly, the range in 

cooling rates for the sulfides indicate minimum uncertainties of ~±3 K/hr. Meanwhile, more 

conservative analysis of uncertainties shows that they are at most within an order of magnitude 

(see Section 2.2). Therefore, we conclude that, between 873 and 673 K for the CR chondrites, 

and 873 and 503 K for the LL3.00 chondrite, chondrules cooled at rates of ~100 to 101 K/hr (Fig. 

2). These cooling rates imply that CR chondrules cooled between 873 and 673 K in ~20 to 200 

hrs, and LL3.00 chondrite chondrules cooled between 873 and 503 K in ~37 to 370 hrs.  

 

4. DISCUSSION  

 

In this study we determined approximate average chondrule cooling rates at temperatures 

below 873 K to constrain the protoplanetary disk background temperature between ~1 to 4 

million years after the first solids formed in the Solar System. We accomplished this by studying 

sulfide assemblages in chondrules from chondrites that remain nearly unaltered since their 

accretion and applying chemical reaction rates determined from sulfides prepared in the 

laboratory. These cooling rates are then used to test models of chondrule formation. To cover a 

range of chondrule-forming environments, we studied chondrules from the LL and CR chondrite 

groups, which formed between ~1 to 3 Ma (Kita et al., 2000; Kita and Ushikubo, 2012) and ~2 to 

4 Ma (mean ~3.7  Ma; Schrader et al., 2017) after t0, respectively (Nagashima et al., 2014; 

Schrader et al., 2017; Budde et al., 2018), assuming 26Al was homogeneously distributed in the 

-0.2
+0.3
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protoplanetary disk (e.g., Kita and Ushikubo, 2012; Schrader et al., 2017; Budde et al., 2018). In 

addition to forming earlier, several lines of evidence suggest that LL chondrite chondrules 

formed closer to the Sun than those from CR chondrites, with the LL chondrites likely forming 

in the inner Solar System and the CR chondrites forming outside the orbit of an early Jupiter 

(e.g., Ghosh et al., 2006; Kruijer et al., 2016; Van Kooten et al., 2016; Desch et al., 2018; 

Schrader et al., 2018).  

Chondrule formation occurred in differing windows of short timescales (i.e., typically within 

~0.2–0.4 Myr) for chondrules within individual meteorite groups (Kita and Ushikubo, 2012). 

Some chondrules record evidence for multiple flash heating events. However, whether or not the 

chondrules studied here experienced multiple heating events, our estimated sulfide cooling rates 

constrain the sub-silicate solidus cooling rates of chondrule formation. Evidence for reheating 

event(s) after initial silicate crystallization includes the presence of relict grains, enveloped 

chondrules, and igneous rims (e.g., Jones, 1996; Rubin and Krot, 1996). The presence of volatile 

elements in chondrules restricts the duration of these heating events to be on the order of seconds 

to minutes, commonly referred to as flash heating (e.g., Hewins et al., 2005; Alexander et al., 

2008). Nebular reheating events could only alter chondrule sulfides if the peak temperatures 

were higher than the liquidus temperature of these sulfides (~1261 to ~1223 K), as lower 

temperature modification requires sustained temperatures of days to years (experimentally shown 

by Etschmann et al. [2004] and Durazzo and Taylor [1982]). If the sulfides studied here had been 

altered in a secondary heating event(s), such events were part of chondrule formation and the 

sulfide cooling rates still record the sub-silicate solidus cooling rates of chondrules.  

 

4.1. Background temperature of the protoplanetary disk 
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Chondrule cooling rates should slow down significantly as they approach the background 

temperature of the protoplanetary disk. Average chondrule cooling rates between the silicate 

liquidus and solidus (~2023–1673 K) are 101 to 103 K/hr and 100 to 103 K/hr between 1673–1073 

K (see Introduction). Therefore, the chondrule cooling rates of ~100 to 101  K/hr between 873 and 

503 K have slowed compared to cooling rates above 1073 K but have not ceased altogether, 

indicating that the background temperature of the protoplanetary disk was <503 K. Chondrule 

textures are related to peak melting temperature, with barred olivine chondrules being heated to 

higher temperatures than porphyritic chondrules (e.g., Hewins et al., 2005) and agglomeratic 

olivine chondrules experiencing the lowest peak temperature of <1473 K (e.g., Weisberg and 

Prinz, 1996; Schrader et al., 2018). There is no relationship between sub-silicate solidus cooling 

rates and chondrule textural or chemical type (Table 1 and Fig. 1), indicating peak heating 

temperature and oxygen fugacity during chondrule formation do not influence sub-silicate 

solidus cooling rates. Since we observe consistent cooling rates for chondrules that formed 

between ~1 and ~4 Ma after t0 (Kita et al., 2000; Kita and Ushikubo, 2012; Nagashima et al., 

2014; Schrader et al., 2017) and likely at a range of heliocentric distances (e.g., Ghosh et al., 

2006; Kruijer et al., 2016; Van Kooten et al., 2016; Desch et al., 2018), we conclude that the 

protoplanetary disk background temperature was <503 K in all the times and places in the solar 

nebula where CR and LL chondrite chondrules formed. 

Previously, the best estimate on the background temperature of the protoplanetary disk was 

<650 K (the 50% condensation temperature of S; Rubin et al., 1999), which was based on the 

presence of primary sulfides (pre-accretionary, not formed on the parent asteroid; e.g., Rubin et 

al., 1999; Tachibana and Huss, 2005; Schrader et al., 2015, 2016) in chondrules. Our results 
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indicate that the protoplanetary disk background temperature was much lower than this, at <503 

K. This is consistent with protoplanetary disk models, which generally predict temperatures <503 

K in the inner disk (e.g., Boss, 1998; Min et al., 2011).  

 

4.2. Testing chondrule formation models 

 

These sub-silicate solidus cooling rates also provide an experimental constraint on chondrule 

formation models. One proposed model of chondrule formation is heating via current sheets and 

resulting short-circuit instabilities (Hubbard et al., 2012; McNally et al., 2013). A requirement of 

this model is that the background temperature of the protoplanetary disk must have been high 

enough to facilitate thermal ionization, implying a minimum of 800 K (McNally et al., 2013; 

Desch and Turner, 2015). If an initial background temperature of 850 K is considered, short-

circuit instability models lead to peak temperatures of 1600 K, high enough to melt precursor 

chondrule silicates (McNally et al., 2013). Since the background temperature of the 

protoplanetary disk during chondrule formation was below 503 K, we find that the conditions did 

not exist to facilitate heating via current sheets and resulting short-circuit instabilities.  

Cooling rate estimates for chondrules formed in impacts of <60 K/hr (Johnson et al., 2015) 

might be consistent with sub-silicate solidus chondrule cooling rates determined here. However, 

this model did not make predictions for cooling rates at different temperatures and therefore 

more detailed modeling of cooling rates from impacts will be required to fully evaluate this 

chondrule formation model.  

      Chondrules proposed to form via eccentric planetary embryo bow shocks, which may 

have been triggered by the formation of Jupiter gravitationally interacting with pre-existing 
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embryos, have a range of cooling rates that depend on embryo size (Mann et al., 2016). Some of 

the slowest cooling rates, which assume a background temperature for the protoplanetary disk of 

~300 K (Mann et al., 2016), are similar to those determined here, particularly those with no 

radiation (adiabatic) or radiation with low opacity. Cooling rates between temperatures of 873 

and 503 K predicted from bow shocks are typically on the order of 102 K/hr (e.g., Mann et al., 

2016), at least an order of magnitude higher than the approximate rates determined here (i.e., 100 

to 101 K/hr; Table 1 and Fig. 2). Since chondrule cooling rates generally decrease with 

increasing embryo size, and embryos at least as large as Mars would yield slower cooling rates 

(Mann et al. 2016), the cooling rates determined here are consistent with current models of 

chondrule formation in bow shocks preceding larger embryos.  

Cooling rates modeled for chondrule formation in large-scale shocks, which can be driven by 

gravitational instabilities in the protoplanetary disk (Boss and Durisen, 2005; Desch et al., 2012; 

Morris et al., 2016), are on the order of 101 K/hr between 1800 and 1600 K (Morris and Desch, 

2010; Morris et al., 2016). Calculations that allow escape of radiation to a cold (e.g., ~300 K) 

background yield cooling rates ~101 K/hr at ~503 K (Morris and Desch, 2010), which are 

consistent with the cooling rates determined here. Modeled disks in which Jupiter forms at ~5.2 

AU have strong gravitational instability-driven shocks starting at t0 that last for several Myr, and 

material in the disk between ~2 and 3 AU (the suspected formation region of many chondrules) 

is particularly heated due to the shock front (Boss and Durisen, 2005). The shocks persist before 

and after the formation of Jupiter, as Jupiter then drives strong shocks in the inner disk, until the 

gas and dust dissipates (Boss and Durisen, 2005). However, since chondrules from some 

meteorite groups likely formed outside the orbit of Jupiter (e.g., Kruijer et al., 2016; Van Kooten 

et al., 2016; Desch et al., 2018; Schrader et al., 2018), further modeling is required to test if 
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material outside the orbit of Jupiter can be sufficiently heated by this mechanism to form 

chondrules.  

Shocks existing prior to and during the accretion of Jupiter are consistent with chondrule 

geochronology (1–4 Ma after t0; e.g., Kita et al., 2000; Kita and Ushikubo, 2012; Nagashima et 

al., 2014; Schrader et al., 2017; Budde et al., 2018) and the formation timeframe of Jupiter. 

Chondrule formation by shocks is consistent with the accretion age of Jupiter; Kruijer et al. 

(2016) places its core formation at <1 Ma with accretion lasting until 3 to 4 Ma after t0. 

Therefore, the formation time of Jupiter is fully consistent with its role in propagating 

gravitational instability shocks and/or eccentric planetary embryo bow shocks leading to the 

formation of chondrules.  

 

5. CONCLUSIONS 

 

1. Using the compositions of sulfide minerals compared to experimental analogs, we 

determined the sub-silicate solidus cooling rates of chondrules at <873 K (600˚C) in 

order to constrain both the background temperature of the protoplanetary disk and 

provide a new test for models of chondrule formation.  

2. We determined that chondrule cooling rates of chondrules that formed at different times 

and heliocentric distances remained relatively rapid between 873 and 503 K, at ~100 to 

101  K/hr, which implies a background temperature of the protoplanetary disk <503 K 

(230°C). This background temperature rules out current sheets and resulting short-circuit 

instabilities as a chondrule formation mechanism. 
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3. The sub-silicate solidus chondrule cooling rates are consistent with many shock models 

in the early Solar System as the chondrule formation mechanism, potentially driven by 

the formation of Jupiter and/or planetary embryos. However, these cooling rates do not 

indicate a particular shock mechanism or rule out formation of chondrules via impacts. 

Instead, these results motivate further theoretical work to understand chondrule cooling 

histories ≤873 K under a variety of chondrule formation scenarios. 
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FIGURES 

Figure 1 

 

Fig. 1. Backscattered electron images of chondrules with sulfide assemblages containing 

pyrrhotite (po) with pentlandite (pn) in a,b) Gao-Guenie (b) (CR2), c,d) PCA 91082,15 (CR2), 

and e, f) Semarkona (LL3.00). a) Gao-Guenie (b) Ch2, a type II (FeO-rich) barred olivine 
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chondrule. b) Pyrrhotite-pentlandite assemblage in Gao-Guenie (b) Ch2. c) PCA 91082,15 Ch1, 

a type II porphyritic olivine pyroxene (POP) chondrule. d) Pyrrhotite-pentlandite assemblage in 

PCA 91082,15 Ch1. e) Semarkona Ch3, a type I (FeO-poor) POP chondrule. f) Pyrrhotite-

pentlandite assemblage in Semarkona Ch3. Regions in black in b, d, and e are silicate minerals. 

Where: met = Fe,Ni metal. 
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Figure 2 

 

Fig. 2. Chondrule cooling rates, K vs. K/hr:  > 2023 K from (Yu and Hewins, 1998); 1673–2023 

K from (Radomsky and Hewins, 1990; Desch and Connolly, 2002; Hewins et al., 2005; Berlin et 

al., 2011; Desch et al., 2012); 1173–1673 K from (Weinbruch et al., 2001; Humayun, 2012; 

Chaumard et al., 2018); 1073–1273 K from (Wick and Jones, 2012); and ~1273 K from 

(Tachibana et al., 2006, Schrader and Lauretta, 2010). The cooling rate for 503–873 K is from 

this study.  
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ELECTRONIC ANNEXES 

Electronic Annex-1 (mmc1): Backscattered electron images of sulfides and host chondrules. 

Electronic Annex-2 (mmc2): In situ major and minor element compositions of sulfides obtained 

via electron microprobe analysis, in weight %. 

 


