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It is widely accepted that the Apollo 17 orange glass beads are of volcanic origin. The degree of degassing 
of the glass beads depends on their cooling rates, so the estimation of volatile contents in the parental 
magmas of these lunar pyroclastic glasses also depends on the cooling rates. The cooling rate can be 
estimated using the calorimetric properties of the glass across the glass transition. In this study, a 
series of heat capacity measurements were carried out on hand-picked lunar volcanic orange glass beads 
during several cycles of heating to temperatures above their glass transition using a differential scanning 
calorimeter. The cooling rate of orange glass beads (sample 74220,867) was calculated to be 101 K/min 
using the correlation between glass cooling rates and fictive temperatures estimated from their heat 
capacity–temperature paths. This cooling rate is close to the lower end of the range that best fits the 
diffusion profiles of several volatile species in the glass beads, and at the upper end of the cooling-
rate range recorded in glasses quenched subaerially on Earth. The cooling rate is likely to be controlled 
by the cooling environment (cooling medium) such that the lunar volcanic glass beads could have been 
cooled in a gaseous medium released from volcanic eruptions on the Moon, but not during “free flight” in 
vacuum. The existence of a gas medium suggests, in turn, that there may have been at least a short-lived 
or episodic atmosphere on the early Moon at around 3.5 Ga.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Mare magmas erupted ∼3.2–3.8 Ga ago on the Moon’s sur-
face as large flood basalts and/or fire fountaining (e.g., Shearer et 
al., 2006), the latter evidenced by the presence of volcanic glass 
beads resulting from rapid cooling of lunar magma. Magma cool-
ing rate is a major factor controlling the solidification process, and 
one that could also affect its final volatile contents. The analyses 
of some of Apollo glass beads provided evidence that lunar man-
tle does contain water (e.g., Saal et al., 2008; Füri et al., 2014;
Chen et al., 2015). The best estimates of water contents in the 
magma before eruption have been recalculated by fitting diffu-
sion profiles in the lunar volcanic green (Apollo 15) and or-
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ange (Apollo 17) glass beads with cooling rates between 120 to 
180 K/min used in the modeling (Saal et al., 2008). However, 
cooling rates of lunar volcanic glasses estimated from laboratory 
simulations and theoretical calculations can differ by several or-
ders of magnitude from <60 to >6000 K/min (Arndt et al., 1979;
Uhlmann et al., 1981; Fang et al., 1983; Arndt et al., 1984;
Birnie and Dyar, 1986; Ni et al., 2017). This large range partially 
stems from the different cooling environments considered in the 
studies. Laboratory experiments have demonstrated that cooling 
environment (ambient temperature, cooling media, etc.) can affect 
the cooling rate dramatically (Xu and Zhang, 2002). However, it 
is difficult to infer the exact volcanic environment on the lunar 
surface when the volcanic glass beads formed with our current 
knowledge. It is very possible that the environments used for es-
timating cooling rates of lunar volcanic glass beads are different 
from the real situation on the early Moon (Uhlmann et al., 1974;
Arndt et al., 1979; Needham and Kring, 2017; Saxena et al., 2017). 
Therefore, it is important to estimate the cooling rates directly 
from the volcanic glass beads returned by the Apollo missions.

https://doi.org/10.1016/j.epsl.2018.09.019
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:hhui@nju.edu.cn
https://doi.org/10.1016/j.epsl.2018.09.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2018.09.019&domain=pdf


H. Hui et al. / Earth and Planetary Science Letters 503 (2018) 88–94 89
The cooling rates of glasses can be inferred from their heat ca-
pacity (C p ) curves measured during heating (e.g., Moynihan et al., 
1976). This method does not require the knowledge of the environ-
ment in which the glass formed. The formation of glass via cooling 
from a silicate melt occurs at the glass transition, across which 
the structure of the melt is frozen into that of the glass. The glass 
transition is a kinetic process and the glass transition tempera-
ture depends on the cooling rate (Dingwell and Webb, 1990). The 
glass records the kinetics of the glass transition during cooling and 
this can be used to infer the cooling rate of the melt across the 
glass transition. The enthalpy relaxation geospeedometer, involving 
measuring the heat capacity as a function of temperature (when 
the quenched glass is heated in a differential scanning calorime-
ter to a temperature above its glass transition), is often used to 
determine the glass cooling rate (Wilding et al., 1995). Uhlmann 
et al. (1974) carried out heat capacity measurements on Apollo 
17 orange glass beads and determined their cooling rate to be 
>320 K/min. However, each heat capacity curve in the glass transi-
tion interval (∼890–980 K) was modeled with only 10 data points 
obtained from calorimeter during heating (Uhlmann et al., 1974). 
Now, in a state-of-the-art differential scanning calorimeter, heat 
capacities can be continuously measured. Furthermore, no quan-
titative method was applied to calculate the cooling rate of or-
ange glass beads, and thus the previously measured cooling rate 
of >320 K/min was only semi-quantitative at best (Uhlmann et al., 
1974).

The enthalpy relaxation geospeedometer has been widely used 
to calculate the cooling rates of natural silicate glasses that formed 
in different terrestrial environments, such as submarine (Wilding 
et al., 2000; Potuzak et al., 2008; Nichols et al., 2009), subglacial 
(Wilding et al., 2004), subaerial (Wilding et al., 1995, 1996a; 
Gottsmann and Dingwell, 2001, 2002), and even during impact 
events (Wilding et al., 1996b). The cooling rates of these natural 
glasses vary from ∼10−3 up to 107 K/min (Gottsmann and Ding-
well, 2002; Potuzak et al., 2008). Two methods have been devel-
oped to infer glass cooling rates from the heat capacity curves de-
termined during heating using a differential scanning calorimeter: 
The Tool–Narayanaswamy enthalpy relaxation (T–N) geospeedome-
ter (e.g., Tool, 1946; Narayanaswamy, 1971, 1988; DeBolt et al., 
1976; Wilding et al., 1995), and the combined Moynihan–Yue area-
matching approach (e.g., Moynihan et al., 1976; Yue et al., 2002;
Potuzak et al., 2008; Nichols et al., 2009). The latter method can be 
applied to glass that cooled at any rate, but the T–N geospeedome-
ter may be unable to fit heating C p curves of rapidly quenched 
glasses (e.g., Potuzak et al., 2008; Nichols et al., 2009).

In this study, we report heat capacity measurements on the 
Apollo 17 orange glass beads. The results will be used to estimate 
the cooling rate of glass beads using the combined Moynihan–
Yue area-matching approach (e.g., Moynihan et al., 1976). The 
calculated cooling rate of the glass beads is a key parameter in 
estimating the initial water contents of the glass-forming melts 
prior to eruption based on water concentration profiles in glass 
beads (Saal et al., 2008), which has an influence over the lunar 
mantle melting temperature, magma crystallization temperature 
and the style of volcanic eruption. Furthermore, the data can al-
low us to make some inferences about the lunar surface envi-
ronment during the volcanic eruptions and to understand post-
depositional processes such as welding, vesiculation, degassing and 
crystallization, which are in large part controlled by the thermal 
evolution of the glass within the volcanic deposit. Finally, the 
atmospheric conditions on the early Moon may have been in-
fluenced by volcanic eruptions (e.g., Needham and Kring, 2017;
Neal, 2017) and our results have implications for the lunar atmo-
sphere at the time of volcanic eruption.
Table 1
Chemical compositions of different groups of the Apollo 15 green glass beads 
(15421) and the Apollo 17 orange glass beads (74220).

Green A Green B Green C Green D Green E 74220

SiO2 45.5 46.0 48.0 45.1 45.2 38.5
TiO2 0.38 0.40 0.26 0.41 0.43 9.12
Al2O3 7.75 7.92 7.74 7.43 7.4 5.8
FeO 19.7 19.1 16.5 20.3 19.8 22.9
MnO 0.22 n.a. 0.19 0.22 0.22 n.a.
MgO 17.2 17.2 18.2 17.6 18.3 14.9
CaO 8.65 8.75 8.57 8.43 8.15 7.40
Na2O n.d. n.d. n.d. n.d. n.d. 0.4
K2O n.d. n.d. n.d. n.d. n.d. n.d.
Cr2O3 0.56 0.55 0.57 0.55 0.54 0.69
total 99.96 99.92 100.03 100.04 100.08 99.68

n.a. = not analyzed; n.d. = not detected. The compositions starting with “Green” 
are for different groups of the Apollo 15 green glass beads. The data presented here 
were compiled by Delano (1986).

2. Lunar volcanic glass beads

Lunar volcanic glass beads from Apollo 17 orange soil sample 
74220,867 were used in this study. Various scenarios have been 
proposed to explain the formation of these glass beads (Roedder 
and Weiblen, 1973; Heiken et al., 1974; Meyer et al., 1975). The 
surfaces of the glass beads are coated by thin films composed of 
Zn, Ga, Pb, Cu, Tl, S, F, Cl, and other volatile elements (Meyer et al., 
1975). It has been proposed that these elements were condensed 
as a sublimate on the bead surfaces during lava fountain erup-
tions (e.g., Meyer et al., 1975; Heiken and McKay, 1977; Reed et al., 
1977; Clanton et al., 1978). This suggests that the Apollo 17 orange 
glass beads were produced by gas-charged fire fountain volcanic 
eruptions (Heiken et al., 1974; Meyer et al., 1975; Delano, 1986;
Rutherford and Papale, 2009). A brief summary of sample charac-
terization of 74220, from which sample 74220,867 was separated, 
is presented here.

Orange soil 74220, collected from the rim of Shorty Crater in 
the Taurus–Littrow region during the Apollo 17 mission, contains 
mainly orange glass spherules ranging from <1 μm to ∼1 mm and 
broken fragments of the spherules, with minor amounts of basalt 
fragments (Heiken et al., 1974). Some of the orange glass beads 
are partially crystallized. The chemical compositions of the 74220 
orange glass beads are homogeneous (Table 1, Heiken et al., 1974;
Delano, 1986), as are their textures (Heiken et al., 1974). Compared 
with the Apollo 15 green glass beads, the 74220 orange glass beads 
have higher TiO2 and FeO contents, but lower SiO2, Al2O3, MgO, 
and CaO contents (Table 1; Delano, 1986). The 40Ar–39Ar age has 
been measured on five single orange glass beads from soil 74220, 
which gave a preferred age of 3.60 ± 0.04 Ga for their formation 
(Huneke, 1978). This is at the lower end of 87Rb–87Sr age range 
of 3.64–3.84 Ga measured in the Apollo 17 mare basalts (Nyquist, 
1977). However, it is older than the 207Pb–206Pb age of 3.48 ±
0.03 Ga for 74220 (Tera and Wasserburg, 1976). The ages of orange 
glass beads are within error of the Apollo 15 green glass beads, 
which also resulted from lava fountain eruption (e.g., Chou et al., 
1975; Heiken et al., 1974). A 207Pb–206Pb age for the interior of 
the green glass beads is 3.41 ± 0.33 Ga (Tatsumoto et al., 1987), 
and 40Ar–39Ar ages for the Groups A and D green glass beads are 
3.41 ± 0.12 Ga and 3.35 ± 0.18 Ga respectively (Spangler et al., 
1984).

3. Heat capacity measurements

Samples of the lunar soil 74220,867 were immersed in ethanol 
and individual intact and broken transparent glass beads were 
hand-picked under a binocular microscope. The selected grains are 
typically larger than 40 μm as these could be handled with tweez-
ers. Consequently, the coarse fraction of the glass grains is overrep-
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Fig. 1. Series of heat capacity (C p ) curves measured in the DSC during heating of the 
74220,867 lunar orange glass beads. The curves are shifted vertically for clarity. Fol-
lowing the experimental sequence, the curves C p1–5 refer to: (1) initial reheating at 
10 K/min of the raw glass beads cooled on the Moon’s surface (C p1), (2) reheating 
at 10 K/min of glass cooled at 10 K/min (C p2), (3) reheating at 30 K/min of glass 
cooled at 30 K/min (C p3), (4) reheating at 20 K/min of glass cooled at 20 K/min 
(C p4), and (5) reheating at 10 K/min of glass cooled at 10 K/min (C p5). The con-
trolled cooling/reheating cycles (i.e., curves C p2–5) enable the cooling rate and the 
glass fictive temperature to be correlated (see text for details).

resented whereas the extremely fine ones are under-represented. 
The selected beads were cleaned using ethanol and dried at room 
temperature. The cleaned glass beads of the soil sample 74220,867 
were carefully loaded into a Pt crucible for heat capacity measure-
ments.

The specific heat capacities (C p ) of the 74220,867 orange 
glasses during heating and cooling were determined using a dif-
ferential scanning calorimeter (Netzsch® 404C Pegasus DSC) in the 
Department of Earth and Environmental Sciences, LMU-University 
of Munich. The C p measurements generally followed the proce-
dure outlined by Potuzak et al. (2008) and Nichols et al. (2009). 
A complete C p measurement for the sample consists of a baseline 
measurement (two empty Pt crucibles covered with Pt lids), sap-
phire standard measurement (one crucible containing the 27.77 mg 
sapphire standard and the other empty, both covered with Pt lids), 
and sample measurement (one crucible containing the sample and 
the other empty, both covered with Pt lids). The mass of the glass 
grains measured here was 27.81 mg for sample 74220,867, compa-
rable to that of the sapphire standard. The crucible containing glass 
beads was placed on the DSC sample holder at room temperature. 
The DSC was fluxed using ultrapure argon with a constant flow 
rate of 25 ml/min to prevent oxidation of the samples during the 
heat capacity measurements. The glass beads were initially held at 
313 K, and then heated at 10 K/min through the glass state and 
the glass transition, after which the samples underwent further 
cooling and heating scans at 30 K/min, 20 K/min, and 10 K/min, 
where the heating rate matched the preceding cooling rate. Af-
ter DSC measurements, some glass beads were polished and their 
interior textures were examined using a petrographic microscope. 
No obvious crystallization was observed within the beads.

The C p curves of lunar volcanic glass beads at different cool-
ing/heating cycles were calculated using all of the heat flow data 
from the baseline, standard, and sample measurements, the masses 
of the standard and sample, and the known heat capacity curve 
of the sapphire standard from Archer (1993). The errors of heat 
capacity are ±1% for the glass, and ±3% for the metastable liq-
uid, respectively (Potuzak et al., 2008). The C p curves determined 
using the DSC during the initial heating of natural volcanic glass 
beads and subsequent heating after cooling at the same controlled 
rates are shown in Fig. 1. Note that the initial heating C p1 curve 
for natural glass beads corresponds to average heat capacities of 
many grains with different sizes, which might have cooled at dif-
Fig. 2. Determination of fictive temperature (T ′
f ) for the heating C p curves with 

known matching cooling and heating rates using the method of Moynihan et al.
(1976). This C p curve was obtained during heating at 30 K/min, after cooling at 
the same rate for the 74220,867 lunar orange glass beads (curve C p3 in Fig. 1). T ′

f
is defined as the temperature required for area A to equal area B. Area A is the 
left-hand side of Eq. (1), and area B is the right-hand side. The portion of C p curve 
for the glass state (C pg) was fit with Eq. (2) shown as the dashed line. The dotted 
line represents equilibrium C p in the liquid state (C peq).

ferent rates on the Moon’s surface. The main peak is wider than 
usual (curve C p1, Fig. 1), which is almost certainly due to the re-
laxation of first slowly cooled (e.g., larger) and then more rapidly 
cooled (e.g., smaller) glass beads. Another feature on the C p1 curve 
measured during initial heating of sample 74220,867 orange glass 
beads is the wide and irregular trough from 690 to 900 K (Fig. 1).

4. Determination of fictive temperatures and cooling rate of 
lunar orange glass beads

The structural configuration of glass results from its thermal 
history, which can be deciphered using the enthalpy variation at 
the glass transition. Fictive temperature, a temperature at which 
the extrapolated enthalpy (or volume) of the glass intersects that 
of the liquid, is defined as the temperature at which the quenched 
structural state (configuration) of the glass would be the same 
as that of the liquid in metastable equilibrium (e.g., Tool, 1946;
Dingwell and Webb, 1990; Ochs and Lange, 1997; Nichols et al., 
2009). The fictive temperature of the glass is correlated with the 
cooling rate during glass formation. Operationally, the fictive tem-
perature of a quenched glass can be determined from the struc-
tural relaxation of the glass to a new equilibrium as it is reheated. 
The continuous scan of heat capacity at constant pressure (C p ), the 
partial derivative of enthalpy, with respect to temperature can be 
used to study the relaxation process of enthalpy (e.g., Wilding et 
al., 1995) and the fictive temperature can be calculated from the 
C p curve determined using a DSC during reheating of the glass.

The Tool–Narayanaswamy (T–N) enthalpy relaxation geospeed-
ometer (e.g., Tool, 1946; Narayanaswamy, 1971, 1988; Wilding et 
al., 1995) has been widely used to calculate the cooling rates of 
volcanic glasses from heat capacity data (Wilding et al., 1995,
1996a, 2000, 2004; Gottsmann and Dingwell, 2001, 2002; Potuzak 
et al., 2008; Nichols et al., 2009). However, the T–N geospeed-
ometer method does not apply well to our data of the C p curves 
on heating of sample 74220,867 for the following reasons. First, 
both the lack of a trough and the presence of a small peak above 
the heat capacity at the equilibrium state (C peq in Fig. 2) in heat-
ing C p curves of glass beads with known cooling rates (curves 
C p2–5 in Fig. 1) are difficult to reproduce on the same curve us-
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Fig. 3. Determination of fictive temperature (T f) for the initial heating C p curve 
(curve C p1 in Fig. 1) using a modified version of the method of Yue et al. (2002). 
(a) Graphical illustration of �H tot of the 74220,867 lunar orange glass beads (the 
enthalpy stored in the glass during the natural quench on the Moon’s surface) 
released during the initial heating, i.e., Eq. (4). (b) The fictive temperature (T f) is de-
fined as the temperature required for area C to equal area D. Area C is the left-hand 
side of Eq. (6), and area D is the right-hand side. Curve C p2g is the Maier–Kelley 
curve fit for the glass state of curve C p2 with matched cooling and heating rates of 
10 K/min (Fig. 1).

ing the T–N geospeedometer (e.g., Gottsmann and Dingwell, 2002;
Nichols et al., 2009). Secondly, the C p curve obtained during the 
initial heating of the naturally cooled glass beads (curve C p1 in 
Fig. 3a) contains a wide trough, and the peak at the glass transi-
tion is wider than usual, which are also difficult to model using 
the T–N geospeedometer.

An alternative method, the combined Moynihan–Yue area-
matching approach (Moynihan et al., 1976; Yue et al., 2002), has 
been used to determine the average fictive temperature following 
the procedure of Potuzak et al. (2008) and Nichols et al. (2009). We 
briefly describe this method here and apply it to the C p curves of 
the 74220,867 orange volcanic glass beads measured during heat-
ing. For a complete description see Moynihan et al. (1976), Yue et 
al. (2002), Potuzak et al. (2008), and Nichols et al. (2009).

4.1. Fictive temperature of lunar glass beads cooled at controlled rates

Following the procedure described in Potuzak et al. (2008) and 
Nichols et al. (2009), a correlation between fictive temperature and 
cooling rate has to be established first to infer the cooling rate of 
the volcanic glass beads that formed on the Moon’s surface. This 
was carried out using the C p measured on heating the glass beads 
at a known rate after cooling at the same rate (curves C p2–5 in 
Fig. 1). The equation to calculate the fictive temperature (Moynihan 
et al., 1976), which can be typically used for the glass cooled at a 
relatively slow rate, is:

Teq∫

T ′
(C p − C pg)dT =

Teq∫

T ′
f

(C peq − C pg)dT , (1)

where C pg is the heat capacity of the glass including the extrapo-
lated part (dashed line in Fig. 2), Teq is the temperature at which 
the melt reaches equilibrium, T ′ is the temperature at which C p

deviates from C pg of the glass, T ′
f is the fictive temperature, T is 

the temperature, and C peq is the heat capacity at the equilibrium 
state, which is the same for all measurements (Fig. 2). The heat ca-
pacity of the glass state, C pg, is calculated using the Maier–Kelley 
curve equation:

C pg = a + bT + cT −2, (2)

where a, b, and c are fitting parameters (Fig. 2). These three con-
stants can be obtained by fitting the almost linearly increasing C p

curve on the low temperature side of the peak. A graphic illus-
tration of Eqs. (1) and (2) is shown in Fig. 2, and T ′

f in Eq. (1) is 
graphically defined as the temperature required for area A (left-
hand side of Eq. (1)) to equal area B (right-hand side of Eq. (1)). 
This can be performed for each heating C p curve with known 
matching cooling and heating rates (curves C p2–5 in Fig. 1). There-
fore, a correlation between fictive temperature T ′

f and cooling rate 
is established. The linear relationship between the logarithm of 
cooling rate and the reciprocal of T ′

f has been found to be valid 
for a variety of glasses cooled at a wide range of quench rates 
(e.g., Moynihan et al., 1976; Nichols et al., 2009). However, Eq. (1)
cannot be applied to a glass for which the C p curve measured 
on heating has a trough that results from a fast quench, such as 
that on the C p curve measured on initial heating of the 74220,867 
orange glass beads (Fig. 1). Under such circumstances, a different 
method has to be applied.

4.2. Fictive temperature of naturally cooled lunar volcanic glass beads

The sample used in this study consists of thousands of orange 
glass beads, which may not have been cooled at the same rate 
on the Moon’s surface. Therefore, the C p curve determined for the 
74220,867 orange glass beads during initial heating (curve C p1 in 
Figs. 1 and 3) represents a weighted average of the heat capacities 
of all the individual glass beads. The wide and irregular trough 
and wide peak may result from the beads having been quenched 
at different cooling rates. Note that all glass beads were cooled 
at the same rate after initial heating at 10 K/min during the heat 
capacity measurements. The trough in the C p1 curve across the 
glass transition interval indicates that enthalpy stored during cool-
ing on the Moon’s surface was released during the initial heating 
at 10 K/min (Figs. 1 and 3). The difference between the initial C p1

curve and the C p curve also measured during heating at 10 K/min, 
but after the glass beads were cooled at 10 K/min (curves C p2 or 
C p5 in Figs. 1 and 3) is the enthalpy, �H , released by the glass at 
temperature, T , and ambient pressure, p:

(∂�H/∂T )p = C p2 − C p1, (3)

and the total enthalpy, �Htot, released during the heating process 
can be calculated using
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�Htot =
Teq∫

Te

∂�H

∂T
dT =

Teq∫

Te

(C p2 − C p1)dT , (4)

where Te is the temperature at which the release of enthalpy 
starts. This is graphically illustrated in Fig. 3a. Following Yue et al.
(2002), Potuzak et al. (2008), and Nichols et al. (2009), for glasses 
that have undergone a fast quench, �Htot is related to the total ex-
cess internal energy of the glass released between Te and T eq and 
the integral of the average inherent structural energy of the glass 
between Tonset, the temperature at which C p1 equals the heat ca-
pacity of the glass state of C p2 calculated using Eq. (2) (C p2g) in 
the glass transition interval, and T f , the fictive temperature of the 
naturally quenched glass, resulting in

Tonset∫

Te

(C p2g − C p1)dT

=
Teq∫

Tonset

(C p1 − C p2g)dT +
T f∫

Teq

(C peq − C p2g)dT . (5)

As the integral between C p2g and C p1 from Te to Tonset is relatively 
small for the 74220,867 orange volcanic glass beads (Fig. 3b), the 
second component of the right-hand side of the equation is not 
required because the two sides of the equation match before T eq

is reached. As a result, Eq. (5) can be written as

Tonset∫

Te

(C p2g − C p1)dT =
T f∫

Tonset

(C p1 − C p2g)dT , (6)

for the 74220,867 orange volcanic glass beads. A graphical illustra-
tion of Eq. (6) is shown in Fig. 3b, in which area C and D represent 
the left-hand and right-hand side of Eq. (6), respectively. Match-
ing areas C and D gives a fictive temperature T f of 962 K (961 K 
if curve C p5 is used instead of curve C p2, Fig. 1) for the naturally 
cooled 74220,867 orange volcanic glass beads (Fig. 3b). This T f is 
the average fictive temperature of all glass beads that are mea-
sured.

4.3. Determination of cooling rate of lunar orange glass beads

The fictive temperature T f determined using the initial heat-
ing C p1 curve (Fig. 3) can be used to infer the cooling rate of the 
74220,867 orange glass beads if a correlation between the fictive 
temperature and the cooling rate is established for the samples. 
Using the C p curves with known matched cooling and heating 
rates (curves C p2–5 in Fig. 1), a linear relationship between the 
logarithm of the cooling rate and the reciprocal of fictive temper-
ature T ′

f determined with the area-matching approach (Fig. 2) can 
be established for the 74220,867 orange glass beads (Fig. 4). The 
extrapolation of this linear relationship to fictive temperature T f
gives an average cooling rate of 101 K/min for the 74220,867 nat-
ural orange glass beads (Fig. 4).

5. Discussion

5.1. Comparison of cooling rates obtained for lunar volcanic glass beads

Various studies have been carried out to infer lava cooling rates 
on the Moon’s surface (e.g., Uhlmann et al., 1974; Donaldson et al., 
1977; Arndt et al., 1984; Arndt and von Engelhardt, 1987). Textu-
ral analyses have shown that these volcanic glass beads have to be 
cooled at rates significantly slower than 8 · 104 K/min, which is the 
Fig. 4. Determination of the natural cooling rate of the 74220,867 lunar orange 
glass beads using the relationship between cooling rate and fictive temperature (T ′

f ) 
calculated following the method of Moynihan et al. (1976) for the C p curve with 
known matched cooling and heating rates (Fig. 2). This relationship is extrapolated 
to T f determined for the initial heating C p curve using the method of Yue et al.
(2002) (Fig. 3) to calculate the natural cooling rate.

rate of “free flight” radiative cooling for glass beads of similar size 
(Arndt and von Engelhardt, 1987). The minimum cooling rate at 
which green glass melt solidifies as glass without detectable crys-
tallization has been suggested to be ∼60 K/min based on labora-
tory cooling experiments (Arndt et al., 1984), although this critical 
cooling rate may not be the same for the orange glasses, which 
are compositionally different from those of the green glass beads 
(Table 1). Ni et al. (2017) estimated the cooling rate of individual 
olivine crystals (∼200 μm in diameter, larger than the average di-
ameter of the glass beads in this study) in orange glass samples 
to be 60×÷3 K/min or lower by comparing the trend of diffusive H 
loss in natural melt inclusions with those in experimentally-heated 
melt inclusions. Both results of Arndt et al. (1984) and Ni et al.
(2017) are consistent with an average cooling rate of 101 K/min 
obtained for the 74220,867 volcanic glass beads.

A previous calorimetric study of the 74220 orange glass has 
suggested that this material cooled at a rate exceeding 320 K/min 
across the glass transition region (Uhlmann et al., 1974), which 
is different from 101 K/min that we have determined for the 
74220,867 orange glass beads. However, the previous calorimetric 
data, which has a very poor temperature resolution compared to 
what modern calorimeters are capable of (Uhlmann et al., 1974), 
suggest an impossible scenario, i.e., a faster cooling rate corre-
sponding to a lower fictive temperature (T ′

f ). Very little informa-
tion about the sample characterization and experimental setup has 
been provided (Uhlmann et al., 1974) and thus it is unclear what 
may have caused this contradiction.

An alternative way to estimate cooling rates is to numerically 
model volatile diffusion profiles. The diffusion profiles from the 
cores to rims detected in individual glass beads are best inter-
preted as the diffusion having occurred during degassing of the 
glass beads as they cooled on the Moon’s surface (Saal et al., 2008). 
Cooling rates are included in numerical models of the diffusion 
profiles preserved in the lunar glass beads. Note that diffusion of 
volatiles can also be affected by other parameters, such as time to 
quench (Saal et al., 2008), and the effects of molecular H2, molec-
ular H2O and hydroxyl in total H2O diffusion (Zhang and Stolper, 
1991; Zhang, 2011), which were not accounted for in Saal et al.
(2008). Nonetheless, the best fits of the diffusion profiles of four 
different volatile species (H2O, Cl, F, and S) in individual glass 
beads suggest an average cooling rate of 120 to 180 K/min (Saal 
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Fig. 5. Comparison of the cooling rates of the 74220,867 lunar orange glass beads 
with those of terrestrial natural glasses. The data for terrestrial glasses are from: 
Wilding et al. (2000), Potuzak et al. (2008), and Nichols et al. (2009) for submarine 
quenched glass; Wilding et al. (1995, 1996a), Gottsmann and Dingwell (2001, 2002), 
and Xu and Zhang (2002) for subaerial quenched glass; Wilding et al. (2004) for 
subglacial quenched glass; Wilding et al. (1996b) for tektite.

et al., 2008). The average cooling rate of 101 K/min obtained for 
74220,867 volcanic glass beads using calorimeter is close to the 
lower end of this range. There are two possibilities to account for 
this small difference. One is that different glass beads may have 
cooled down at different rates. The second possibility could be that 
101 K/min is an average cooling rate of thousands of glass beads at 
the glass transition. In contrast, the range of cooling rates obtained 
from volatile diffusion modeling is that above the glass transition 
(Saal et al., 2008).

5.2. Comparison of cooling rates of natural silicate glasses

Theoretical calculations have shown that cooling media (i.e., 
environment) and sample size are the most important factors 
that control the cooling rate of a melt (Birnie and Dyar, 1986). 
Biot number, a dimensionless quantity, can be used to determine 
whether the temperatures vary significantly inside the cooling 
melt. Experiments have demonstrated that for mm-size samples 
quenched in water, the Biot number of the melt is >1 and the 
cooling rate is inversely correlated to the distance from the surface 
within a sample, whereas mm-size and smaller samples quenched 
in air, the melt Biot number is <0.1 and the cooling rate in each 
sample is uniform (Xu and Zhang, 2002). Hence, for a small glass 
bead (typically sub-mm size), the melt cooling rate in each droplet 
is uniform and controlled by heat transfer in the cooling media 
instead of heat conduction in the melt. The uniform cooling rate 
depends on the size of the droplet. In addition, for cooling in a 
gas medium, the uniform cooling rate also depends on the tem-
perature difference between the droplet and the ambient gas, and 
the heat transfer coefficient of the gas medium. For cooling in a 
vacuum, the cooling is by radiation and the rate depends on the 
emissivity of the droplet.

Laboratory experiments and theoretical calculations have dem-
onstrated that different cooling media result in different glass cool-
ing rates (e.g., Birnie and Dyar, 1986; Xu and Zhang, 2002). Vol-
canic eruptions on Earth have occurred in different environments. 
Due to the complexity of natural environments, the terrestrial vol-
canic glasses have recorded a wide range of cooling rates, over 
several orders of magnitude (Fig. 5). The cooling rates of glasses 
recorded for different environments overlap (Fig. 5). Based on the 
limited data available, cooling rates are highest for submarine vol-
canic glasses cooled in water, and lower for subaerial and sub-
glacial volcanic glasses. The cooling rate of the 74220,867 volcanic 
glass beads is close to the upper end of the range of cooling rate 
of subaerially erupted glasses (0.00072–6.3 K/min of obsidian of 
Mayor Island, Gottsmann and Dingwell, 2002; 0.0014–4 K/min of 
volcanic glasses, Wilding et al., 1995; 0.038–0.18 K/min of rhyo-
lite of Lipari, Gottsmann and Dingwell, 2001; 0.0048–600 K/min 
of Tenerife glasses, Wilding et al., 1996a; 0.24–3300 K/min of py-
roclasts of Mono Craters, Xu and Zhang, 2002), as are the cooling 
rates of tektites (60–600 K/min of tektites, Wilding et al., 1996b) 
(Fig. 5).

5.3. Estimation of atmospheric conditions on the early Moon

The cooling rate of 101 K/min of the 74220,867 orange vol-
canic glass beads inferred from their heating C p curves clearly 
shows that these glass beads were not cooled in the vacuum that 
now surrounds the Moon. Cooling rates during “free-flight” in vac-
uum can be as high as 8 · 104 K/min for melt droplets 160 μm in 
diameter based on theoretical calculations (Arndt and von Engel-
hardt, 1987). The physical properties of the cooling media as well 
as those of the melt will affect the cooling rate (Xu and Zhang, 
2002). These properties include thermal conductivity, viscosity and 
density of the cooling media that are temperature dependent and 
could have opposite effects on glass cooling rate (e.g., Xu and 
Zhang, 2002). Therefore, it is difficult to discern the effect of each 
individual property on glass cooling rate without knowledge of 
how they are correlated. Nonetheless, based on the comparison be-
tween the cooling rates of the 74220,867 glass beads and the ter-
restrial volcanic glasses, the lunar glass beads were likely quenched 
in a hot gaseous media (Fig. 5). Geochemical evidence also demon-
strates that these lunar volcanic glass beads originated from fire 
fountain eruptions on the Moon’s surface (e.g., Heiken et al., 1974; 
Meyer et al., 1975; Heiken and McKay, 1977; Reed et al., 1977; 
Clanton et al., 1978), which is consistent with our inference from 
the cooling rates of the orange glass beads.

The present lunar atmosphere has a low density and is actu-
ally defined as an exosphere (Stern, 1999; Needham and Kring, 
2017). However, the results from the heat capacity measurements 
of 74220,867 glass beads indicate there was at least a short-lived 
thicker lunar “atmosphere” in the vicinity of the Apollo 17 orange 
glass eruption. During the early stages of the Moon formation, an 
early atmosphere may have mainly consisted of volatiles degassed 
from the crystallizing magma ocean (Saxena et al., 2017). It has 
also been proposed that degassing from the peak of mare volcan-
ism could have also established a temporary thicker atmosphere 
(Needham and Kring, 2017) and the peak of such volcanic activ-
ity has been estimated to be around 3.5 Ga (Neal, 2017; Needham 
and Kring, 2017). The existence of gas inferred from the cooling 
rate of 74220,867 glass beads, which formed at the peak stage 
of mare volcanism (Huneke, 1978; Tera and Wasserburg, 1976;
Neal, 2017), is consistent with (though does not require) such a 
thicker atmosphere. Therefore, both the lunar magma ocean and 
mare volcanism may have played important roles in establishing a 
collisionally thick atmosphere around the Moon at various stages 
during the early history of the Moon (e.g., Needham and Kring, 
2017; Saxena et al., 2017). It is unclear which volatiles were ma-
jor constituents of the early atmosphere. Volatile metals (Saxena 
et al., 2017) and CO–S–H2O (Needham and Kring, 2017) have been 
proposed and it is possible that the composition of early lunar at-
mosphere changed both temporally and spatially. However, water 
has been detected in lunar rocks of different ages, from old ferroan 
anorthosite to young mare volcanic glass beads, although signif-
icant amounts of water were lost due to the degassing of their 
parental magmas (e.g., Saal et al., 2008; Hui et al., 2013, 2017). 
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Therefore, water vapor may have been an important component of 
the early lunar atmosphere.

6. Concluding remarks

The heat capacities of lunar volcanic glass beads collected dur-
ing the Apollo 17 mission were measured using a differential scan-
ning calorimeter during heating. A cooling rate of 101 K/min was 
obtained for the 74220,867 orange glass beads. This cooling rate is 
close to the upper end of the range of cooling rates recorded in 
volcanic glasses quenched subaerially on Earth’s surface (Wilding 
et al., 1996a; Xu and Zhang, 2002). This suggests that the lunar 
glass beads were likely cooled in a gas medium released during 
lunar volcanic events, which indicates that there may have been at 
least a short-lived thick atmosphere on the early Moon during the 
peak of volcanic activity around 3.5 Ga.
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