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Abstract The heat capacities of the liquid, glassy and

crystalline phases of an alkali basalt have been deter-

mined from relative enthalpies measured between 400

and 1,800 K. Values given by available models of cal-

culation generally agree to within 2% of these results.

As derived from the new data and the enthalpy of

vitrification measured at 973 K by oxide-melt drop

solution calorimetry for the same sample, the enthalpy

of fusion of this basalt increases from 15.4 kJ/mol at

1,000 K to 33.6 kJ/mol at 1,800 K. Comparisons be-

tween the enthalpies of fusion of basalt and model

compositions confirm the small magnitude of the en-

thalpy of mixing between the molten mineral compo-

nents of the liquids. Minor variations in the chemical

composition have only a small effect in the heat

capacity and the enthalpy of melting of basalt. The

enthalpies of formation at 298 K from the oxides of the

crystallized and glass phases of this alkali basalt are

–112.2 and –98.5 kJ/mol, respectively, for a gram for-

mula weight based on one mole of oxide components.

Introduction

As a result of the age of the earth controversy triggered

by Kelvin (see Burchfield 1990), it was early recog-

nized that quantitative understanding of melting of

basalt at room and high pressure was a key ingredient

for deciphering the early history of our planet. This

dispute eventually resulted in measurements by Barus

(1893) made in the USA at the request of King (see

King 1893), which yielded an enthalpy of fusion of

about 100 J/g for basalt at 1,200�C and 67 J/g at

1,100�C. At the same time, similar determinations of

melting properties undertaken in Britain by Roberts-

Austen and Rücker (1891) revealed the thermochem-

ical complications arising from glass formation when

basalt liquids are rapidly cooled.

Barus’ result was deemed to be too low because of

basalt vitrification. Therefore, a value of 418 J/g was

suggested by Bowen (1913) for the enthalpy of melting

of basaltic magma as obtained from estimated enthal-

pies of fusion of common rock-forming minerals such

as diopside. Although basalts and basaltic melts have a
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considerable petrologic importance on their own, these

pioneering studies have regrettably long remained

unfollowed. Only in the 1970s these early data have

been complemented by the drop calorimetry observa-

tions of Lindroth and Krawza (1971) and Bacon (1977)

on crystalline and glassy basalt samples, whereas at-

tempts were then made at estimating the enthalpy of

fusion of basalt from yet uncertain melting data for

forsterite, diopside and anorthite (i.e., Yoder 1976).

More recently, enthalpies of fusion have been

determined for a number of silicate minerals (e.g.,

Weill et al. 1980; Stebbins et al. 1983, 1984; Richet and

Bottinga 1984a, 1986; Ziegler and Navrotsky 1986;

Lange et al. 1991; Richet et al. 1993a). Such determi-

nations have also been performed for binary or ternary

systems (Navrotsky et al. 1989; Tarina et al. 1994;

Kojitani and Akaogi 1997; Sugawara and Akaogi

2003), and for basalt or model basalt compositions

(Fukuyama 1985; Lange et al. 1994; DeYoreo et al.

1995; Kojitani and Akaogi 1995; Tsuruta and Takah-

ashi 1998). These data are crucial to setup thermody-

namic models of chemical mass transfer in magmatic

systems such as MELTS (Ghiorso and Sack 1995) and

the models developed by Holland and Powell (1998) or

Asimow et al. (2001).

In this study we have made a comprehensive ther-

mochemical study of an alkali basalt to complement

these measurements and to allow more accurate ther-

modynamic treatment of partial melting and crystalli-

zation. From drop-calorimetry experiments, we have

first determined the heat capacity of the crystalline,

liquid and glassy phases. Together with oxide-melt

solution calorimetry measurements of the enthalpy of

vitrification, these data then make it possible to

determine accurately the enthalpy of melting over wide

temperature intervals. Because these measurements

extend the investigated composition range of basalts,

we finally review available data in the light of the

influence of composition on heat capacity and enthalpy

of fusion and confirm that enthalpies of mixing in ba-

salt systems are small when taking mineral composi-

tions as components.

Experimental methods

Basalt sample

An alkali natural basalt from Stein-Frentz, Germany,

(hereafter called SFB) previously investigated in a

viscometry and cristallization study (Bouhifd et al.

2004) was chosen as a starting material. The basalt was

first melted at 1,770 K in air and quenched as a glass.

The chemical composition of this glass as obtained

from electron microprobe analyses is compared in

Table 1 with those of basalts investigated in previous

calorimetric studies. Included in Table 1 are the for-

mula weight of the SFB sample for a total of one mole

of oxide components; the numbers of atoms per for-

mula weight, which constitutes a useful framework for

comparing the thermodynamic properties of related

liquids; and the room-temperature density of the SFB

glass measured with an Archimedean method (toluene

used as immersion liquid). We also listed the redox

ratio as determined by wet chemical analyses for SFB

glass (Bouhifd et al., 2004). Along with the total Fe

analyzed, this analysis yields Fe2O3 and FeO concen-

trations of 5.4 and 6.4 wt%, respectively. These con-

centrations are in relatively good agreement with the

calculated values using the model of Kress and Car-

michael (1988) which includes natural liquid data

equilibrated in air (Kilnic et al. 1983) (with our basalt

composition quenched to a glass from 1,770 K).

The liquidus temperature of the Stein-Frentz basalt

was determined from optical microscopy observations

of charges quenched after annealing in air in a gradient

furnace. Spinel was the first liquidus phase, crystalliz-

ing at 1,570 ± 10 K in heating experiments made from

room temperature and disappearing at the same tem-

perature in cooling experiments made from 1,700 K.

To obtain a completely crystalline sample for the

Table 1 Chemical composition (wt%) of the materials investi-
gated in this work and in previous studies

SFB Dresser Olivine
Basalta Basaltb

SiO2 46.58 48.42 48.83
Al2O3 13.28 15.23 12.04
Na2O 5.60 2.30 2.42
K2O 1.38 0.58 1.93
FeO 6.38 6.70 2.51
Fe2O3 5.35 6.60 5.77
CaO 10.00 8.35 7.36
MgO 9.15 6.14 16.69
MnO 0.19 0.18 0.18
TiO2 2.45 1.90 1.19
P2O5 0.54

2.26c

Total 100.36 98.66 99.46
q (g/cm3)d 2.862
Fe2+/

P
Fee 0.43

Average of 10 analyses made with a Camebax electron micro-
probe
a Lindroth and Krawza (1971)
b Lange et al. (1994)
c Loss on ignition at 1273 K
d Room temperature Archimedean density of the glass
e Fe2+/

P
Fe determined by wet chemical analyses
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calorimetric measurements, the glass was heated

overnight near 1,400 K.

Mineral composition

As the grain size of the mineral grains in our crystal-

line samples ranged from 50 to 150 nm (see Bouhifd

et al. 2004), we have analyzed by analytical electron

microscopy a total of 400 mineral grains for four dif-

ferent preparations to determine the actual mineral-

ogical composition of the crystallized SFB. The

samples were examined by Analytical Transmission

Electron Microscopy (ATEM) with a JEOL 2000 EX

TEM/STEM microscope operated at 200 kV and

15 lA. The TEM observations were made directly on

a fine powder deposited on a carbon film mesh. The

mineral phases comprising the particles were identi-

fied by X-ray microanalyses performed with a Si(Li)

energy-dispersive system (EDS) over a zone of about

100 nm. Because of the presence of a beryllium win-

dow protecting the Si(Li) crystal, analysis of elements

lighter than magnesium, including oxygen, was

impossible. Selected area electron diffraction (SAED)

patterns also allowed us to identify the different

crystals. The average chemical compositions of the

observed olivine, clinopyroxene, plagioclase, feldspars

and spinel are reported in Table 2. Assuming the

counts to be proportional to the volume fractions of

minerals, we calculated the modal composition given

below. In modeling studies, this composition is often

assumed to be close to the composition Di49.0

An43.5Fo7.5 (wt%) in the diopside–anorthite–forsterite

system (cf. Osborn and Tait 1952; Yoder 1976; Koji-

tani and Akaogi 1995). To take into account sodium

oxide, a plagioclase component can be added, giving

an approximate Di28.5An33.5Fo4.5Ab33.5 (wt%) formula

(Yoder and Tilley 1962). In the following, and for our

thermodynamic calculations and comparisons with the

experimental data, we approximate the mineralogical

composition of SFB basalt to 28 wt% An60Ab40, 12

wt% Or60Ab40, 7 wt% Fo70Fa30, 43 wt% Di60Wo40

and 10 wt% Hem80Ilm20, where An is anorthite

CaAl2Si2O8, Ab is albite NaAlSi3O8, Or is orthoclase

KAlSi3O8, Fo is forsterite Mg2SiO4, Fa is fayalite

Fe2SiO4, Di is diopside CaMgSi2O6, Wo is wollaston-

ite CaSiO3, Hem is hematite Fe2O3 and Ilm is ilmenite

FeTiO3.

Drop calorimetry

Heat capacities were determined from relative-en-

thalpy measurements HT–H273.15 (hereafter denoted

H273) made with the drop method in an ice calorimeter.

Working between 900 and 1,800 K, and 400 and

1,100 K, respectively, the two different calorimetric

setups used have already been described in detail

(Richet et al. 1982, 1992). Experiments on sapphire

indicate that the imprecision and inaccuracy of the

measured enthalpies are less than 0.05 and 0.2%,

respectively, whereas the instrumental inaccuracy of

the derived heat capacities is less than 0.5%. By taking

into account uncertainties in the chemical composi-

tions, errors of less than 1% are estimated for the re-

ported molar heat capacities.

About 5 g of material were run in Pt–Rh 15% cru-

cibles, the two 1.5 mm openings of which were tightly

closed with crimped platinum foil, leaving less than

0.5 cm3 of air in contact with the samples. To limit

possible changes in the iron redox ratio of the sample,

the crucible was heated in an argon atmosphere, and

the heating period was kept as short as possible. In all

cases, the sample was heated for less than 45 min

above 1,000 K. After the drop, cooling of the crucible

down to 273.15 K took about 20–30 min. No significant

weight variations of the material due to redox changes

were observed. In addition, the measured enthalpies

show no anomalous high scatter, which also indicates

that the effects of possible changes in the oxidation

state of iron were within the uncertainties of calori-

metric measurements.

Solution calorimetry

The enthalpies of solution of samples in lead borate

were measured in a high-temperature Calvet twin

microcalorimeter as described in detail by Navrotsky

(1997). In brief, samples of about 50 mg were dropped

from room temperature in the oxide melt at 973 K.

The difference in enthalpy of solution of reactants and

Table 2 Average chemical compositions (wt%) and volume
fractions of mineral phases in crystallized SFB

Plagioclase Alkali-
feldspar

Clinopyroxene Olivine Spinel

SiO2 51.8 65.9 59.1 41.3
Al2O3 29.8 19.3 6.5 0.7 14.3
Na2O 4.7 4.3 0.7 0.7
K2O 0.2 10.0 0.3 0.1
FeO 0.4 0.1 9.3 22.2 68.2
CaO 13.0 0.4 15.2 0.8
MgO 6.3 34.1 9.4
TiO2 0.1 0.1 2.7 0.2 8.0
Volume

%
33 25 23 14 5

Average of more than 20 chemical analyses made by Analytical
Transmission Electron Microscopy. Total iron expressed as FeO
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products thus yields the enthalpy of the reaction at

room temperature (Navrotsky 1997).

Heat capacity and relative enthalpy

General remarks

The relative enthalpies are listed in Table 3 where runs

are labeled in chronological order for each series of

experiments. Measurements made with the lower-

temperature setup are indicated by the suffix B. The

results are plotted in Figs. 1 and 3 in the form of mean

heat capacities

Cm ¼ ðHT �H273Þ=ðT � 273Þ: ð1Þ

The slight temperature dependence of Cm allows the

calorimetric data to be plotted at an expanded scale,

without the fitting bias that can beset the derived heat

capacities. These heat capacities were determined from

least-squares fits made to the experimental enthalpies

with

Cp ¼ ð@ðHT �HToÞ=@TÞp: ð2Þ

As usual, the calorimetric data could be reproduced

within their error margins with Maier–Kelley

equations,

Cp ¼ aþ bT þ c=T2 þ d=T0:5: ð3Þ

Crystallized basalt

Experiments were made up to about 1,200 K, i.e., be-

low the liquidus temperature of 1,430 K determined in

preliminary experiments made by differential thermal

analysis. The results are compared in Fig. 1 with pre-

viously published data. On a Joule/gram basis, our re-

sults are intermediate between the early enthalpies of

Roberts-Austen and Rücker (1891) and those of Barus

(1893) and the more recent observations of Lindroth

and Krawza (1971). The difference with the latter is

about 8% and is unlikely due only to differences in

chemical composition. As to the abrupt change ob-

served near 850 K in the data of Lindroth and Krawza

(1971), it is probably due to the effects of the ferro- to

paramagnetic transition of magnetite which constituted

about 5 vol% of the basalt investigated by these au-

thors.

The Cp coefficients and relative enthalpy equations

are given in Table 4 and reported in Fig. 2. These re-

sults can be compared with model values predicted

from either mineral or oxide components. With min-

eral components, the heat capacity of basalt is obtained

directly from a summation of the mineral Cp’s:

Cpm ¼
X

xiCpmi; ð4Þ

where xi and Cpmi are the mole fraction and the heat

capacity of mineral i, respectively. As shown in Fig. 2,

agreement to within 2% is obtained for SFB from the

values compiled by Robie and Hemingway (1995) for

fayalite, albite, orthoclase and ilmenite, from those

Table 3 Relative enthalpies of the materials investigated (J/g)

No. T(K) HT–H273 No. T(K) HT–H273

Crystalline SFB SFB glass and liquid
FF.14 475.2 171.60 EI.1-B 430.4 131.44
FF.16 684.4 381.36 EI.2-B 494.7 192.69
FF.5 700.5 399.23 EI.3-B 594.5 292.22
FF.4 798.4 504.38 EI.4-B 689.9 392.38
FF.6 862.3 574.17 EI.5-B 718.4 424.14
FF.8 1070.4 812.35 EI.6-B 767.0 475.91

EI.7-B 819.8 534.33
FH.6 526.8 221.16 EI.18-B 851.6 569.40
FH.4 613.5 307.56 EI.8-B 911.0 637.21
FH.7 727.6 428.19 EI.9-B 962.7 695.97
FH.2 910.5 628.44 EI.11-B 976.4 717.35
FH.8 960.0 685.29 EI.21 986.2 730.31
FH.9 1161.1 915.24 EI.19 1049.9 822.82

EI.14 1105.8 910.27
EI.15 1139.6 963.
EI.16 1202.2 1039.28a

EI.17 1658.9 1754.02
EI.20 1700.3 1818.29

a Partial crystallization of the sample in the furnace before the
drop
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Fig. 1 Mean heat capacities reported for crystallized basalts: LK
Lindroth and Krawza (1971); R-AR Roberts-Austen and Rücker
(1891); B Barus (1893). The dashed line represents the fitted
values as given by the enthalpy equation of Table 3. The
HT–H300 data of Lindroth and Krawza (1971) have been converted
to HT–H273 with the Cp model of Berman and Brown (1985)
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determined by Richet and Fiquet (1991) for anorthite

and diopside, and by Gillet et al. (1991) for forsterite.

The heat capacities calculated for our basalt with

Eq. (4) from the observed mineralogical composition

are similar and are within the uncertainties of the

experiments. It follows that the mineralogical changes

induced by minor differences in chemical composition

have small effects on the heat capacity and relative

enthalpy of basalt.

In terms of oxide components the heat capacity of

basalt is alternatively given by:

Cpm ¼
X

xi
�Cpi ð5Þ

where xi is the mole fraction of oxide i in the mineral

considered. The data derived in this way from the

model of Berman and Brown (1985) also reproduce the

measured values to within approximately 2% (Fig. 2).

Of course, the success of such an additive model lies in

the low sensitivity of the high-temperature Cp of

crystals to structural factors.

Basalt glass and liquid

The experimental relative-enthalpy values for glassy

and liquid phases are reported in Table 3 and plotted

in Fig. 3a. In Fig. 3b we have also plotted the experi-

mental values in the form of mean heat capacities be-

cause this representation provides a plot of the raw

data at an expanded scale, without any fitting bias that

can beset the derived heat capacities. In this plot the

glass transition shows itself as a sharp break in the

slope of the mean heat capacity curve. The glass

transition of our basalt, Tg = 960 K, is given by the

intersection of the enthalpy equations of the glass and

liquid phases of the material. In addition, partial crys-

tallization of the sample in the furnace before the drop

is revealed by the anomalously low result of the

experiment performed at 1,202 K for the supercooled

liquid.

Once more, we point out that the glass transition

takes place when the glass Cp becomes close to the

harmonic limit of the isochoric heat capacity (Cv),

namely 3R per gram atom (= 25.0 J/g atom K) where R

is the gas constant (see Richet and Bottinga 1986).

Below the glass transition, the HT–H300 data of Bacon

(1977) agree with the new results within the combined

errors of the measurements (Fig. 3b). This indicates

that minor composition differences, such as variations

in ferrous–ferric ratios, do not have significant effects

on the heat capacity of basalt glass. The glass transition

temperatures are also similar in both studies, consistent

with the fact that the cooling rates were similar. In the

supercooled liquid region, the single measurement
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Fig. 3 a Relative enthalpy, HT–H273, for glassy and molten SFB
basalt. The arrow indicates the glass transition temperature. b
Mean heat capacities reported for glassy and molten basalts:
Bacon (1977); R-AR Roberts-Austen and Rücker (1891); B
Barus (1893). The arrow indicates the glass transition, the solid
lines the fitted values as given by the enthalpy equations of
Table 3. The HT–H300 data of Bacon (1977) have been converted
to HT–H273 with the Cp model of Richet (1987)
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Fig. 2 Heat capacity of crystallized SFB: experimental values of
this work and of Lindroth and Krawza (1971), values calculated
with model of Berman and Brown (1985) (BB) and derived from
Eq. (4) with our model of mineralogical composition of basalt
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made by Bacon (1977) at 1,055 K also agrees with our

results, whereas the experimental data of Barus (1893)

are systematically lower than ours. This might be due

to partial crystallization of the supercooled liquid

during the heating stage of their measurements

(Fig. 3b).

As shown in Fig. 4a, the values predicted by the

model of Richet (1987) for glasses are within 1% of the

values given in Table 3. As to the similarities between

the relative enthalpies of the crystalline and glassy

phases (Fig. 5), they simply reflect the aforementioned

insensitivity of the high-temperature heat capacity of

solids to structural factors (e.g., Robinson and Haas

1983; Richet et al. 1993b).

For molten SFB, a fit made with a constant Cp yields

a value of 1.522 J/g K which agrees to within 0.7 and

0.3% with the empirical model values of Stebbins et al.

(1984) and Lange and Navrotsky (1992), respectively.

Such comparisons refer to average values over wide

temperature intervals; however, because our enthalpy

data are reproduced within their experimental errors

only with a temperature-dependent heat capacity

(Table 4) as previously observed in extensive high-

precision measurements made on a variety of alumi-

nosilicate melts (Richet and Bottinga 1985; Courtial

and Richet 1993; Bouhifd et al. 1998).

In contrast to the heat capacities of the glass phase,

this temperature-dependent Cp is not very well repro-

duced, especially at high temperatures, with available

models of calculations based on oxide components

(Stebbins et al. 1984; Lange and Navrotsky 1992;

Richet and Bottinga 1985; Courtial and Richet 1993).

The differences being the lowest for the models of

Stebbins et al. (1984), and Lange and Navrotsky (1992)

at lower temperatures (Fig. 4b). This is further

evidence for the complex behavior of aluminosilicate

liquids with respect to heat capacity. One can alter-

Table 4 Coefficients of Cp = a + bT + c/T2 + d/T0.5 (J/g K) and HT–H273 = R273 + �Cp dT (J/g)a

a 103 b 10–5 c 10–2 d R273 DT (K) AAD (%)

Glass 0.9576 0.2321 –0.2397 0. 430–910 0.07
Liquida 1.4426 0.0594 0. 0. –720.49 963–1,700 0.08
Solid 2.3370 –0.2773 0.2202 –0.2976 475–1,160 0.09

DT is the temperature interval investigated and AAD the average absolute deviation of the fitted enthalpies from the experimental
values
a AAD of 0.13% with a constant Cp of 1.522 J/g
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Fig. 4 a Measured capacities of glassy SFB basalt and values
calculated with the model of Richet (1987). b Measured heat
capacities of liquid SFB basalt (the reported errors are ±1%) and
values calculated with the models of Stebbins et al. (1984),
Lange and Navrotsky (1992), Courtial and Richet (1993) and the
heat capacities using our mineralogical composition of basalt
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Fig. 5 Comparison between the mean heat capacities of the
crystal and glass phases of SFB basalt
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natively select molten minerals as melt components.

The results obtained with such available data (Richet

and Bottinga 1984a, b) and calculated values for

FeTiO3, Mg2SiO4 and Fe2SiO4 (Richet and Bottinga

1985) are shown in Fig. 4b. These results reproduce the

temperature-dependent Cp within 2%, and they

underline the importance of binary interactions be-

tween aluminum and alkaline or alkaline earth cations,

which are thus simply taken into account when such

complex components are selected.

Enthalpy of melting

The enthalpy of fusion (DHf) of a crystalline material

can be determined at any temperature T from the en-

thalpy difference DHg–c between the crystalline and the

liquid (or glass) phases at a given temperature Tv and

the heat capacities of the relevant phases. If Tv is lower

than the glass transition temperature (Tg), one has then

DHf ¼ DHg�cðTvÞ þ
ZTg

Tv

ðcpg � cpcÞdTþ
ZTf

Tg

ðcpl � cpcÞdT;

ð6Þ

where Cpg, Cpl and Cpc are the heat capacities of the

glass, liquid and crystalline phases, respectively. In this

study, our Tv of 973 K was slightly higher than the

drop-calorimetry glass transition temperature (Tg =

960 K). Hence, we actually measured the enthalpy

difference between the supercooled liquid and the

crystalline material, viz

DHf ¼ DHl�cðTvÞ þ
ZTf

Tv

ðcpl � cpcÞdT: ð7Þ

The DHl–c data at Tv are listed in Table 5 along with

the standard deviation and the errors (%) of the

measurements.

For basalt, integration of Eq. (9) with the heat

capacities of the glass, liquid and crystalline phases and

the DHl-c data at Tv yields for the enthalpy of fusion (J/

g) over wide temperature intervals in the following

equation:

DHfðTÞ ¼ �984:226� 0:8147 T þ 0:1387� 10�3 T2

þ 0:2202 � 1051=T þ 0:5952 � 102 T0:5; ð8Þ

where temperatures are in Kelvin and enthalpies in

Joule/gram. As shown in Fig. 6, the variation of DHf

(T) given by Eq. (10) is almost linear at temperatures

higher than 973 K. Hence, the enthalpy of fusion of

basalt can be derived more simply from the linear fit

made to the values yielded by Eq. (10), namely:

DHfðTÞ ¼ �118:48þ 0:36311 TðKÞ: ð9Þ

With these equations we derive an enthalpy of fusion of

DHf = 400.8 J/g for SFB at 1,430 K (DHf � 25.6 kJ/

mol). This value is in good agreement with the early

datum of Bowen (1913). Before comparing our result

with recently published enthalpies of fusion for basalts,

we must note that these data are in fact the summation

of DHf of endmember minerals in the forsterite–diop-

side–anorthite system (Yoder 1976; Fukuyama 1985;

Kojitani and Akaogi 1995). Fukuyama (1985) reported

that enthalpies of fusion for eutectic liquids in the sys-

tem anorthite–diopside and forsterite–diopside–anor-

thite, for haplobasaltic liquid in equilibrium with olivine

and two pyroxenes in the system forsterite–diopside–

SiO2 and for basaltic melts from natural peridotite

parent, are about 546, 506, 656 and 675 J/g, respectively.

Kojitani and Akaogi (1995) gave an enthalpy of fusion

of basalt of the order of 506 J/g at 1,543 K, for a eutectic

composition in the system diopside–anorthite–forsterite

(Di:Fo:An = 49.0:7.5:43.5 wt%). One can also note that

Table 5 Drop-solution experiments at 973 K on SFB and de-
rived enthalpy of vitrification (J/g)

Liquid Crystalline

720 959
717 962
717 948
720 943
720 950

Mean DH 718.8 952.4
r ±1.6 ±7.9
Error (%) 0.2 0.8
DHl-c 233.6 ± 2.5
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Fig. 6 Enthalpy of melting of SFB basalt as a function of
temperature
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direct measurements for the enthalpy of fusion of basalt

were made by Lange et al. (1994) and Kojitani and

Akaogi (1995) and gave similar results.

To compare our results at the same temperature we

have used the following equation:

DHfðT1Þ ¼ DHfðT2Þ �
ZT2

T1

ðcpl � cpcÞdT; ð10Þ

where Cpl and Cpc are the coefficients of the heat

capacities of liquid and crystalline basalt, respectively,

determined in this work.

These comparisons suggest that the enthalpy of

mixing between the molten mineral components of

basalt at 1,430 K is approximately zero, especially in

the anorthite–diopside, anorthite–diopside–forsterite,

and forsterite–diopside–SiO2 systems. With this

assumption, the enthalpy of melting of basalt is:

DHf ðTÞbasalt ¼
X

niHiðTÞ þ DHmðTÞ ð11Þ

where ni is the number of moles of endmember i and

DHm is the enthalpy of mixing at temperature T of the

major end-members of basalt (Navrotsky et al. 1989;

Tarina et al. 1994; Navrotsky 1995; Brown and Nav-

rotsky 1994). The various Hi(T) of the major end-

members of basalt used in Eq. 12 are reported in Ta-

ble 6 for two temperatures Tf and T = 1,430 K.

Lange et al. (1994) determined enthalpy profiles

during melting and crystallization of an olivine basalt

as a function of cooling and heating rates. For com-

parison purposes, we have determined by differential

thermal analysis the enthalpy profile during melting for

SFB basalt heated at a rate of 10 K/min. The results

indicate that the heat effect is resolved over an interval

of about 270 K for the SFB sample (Fig. 7). This

interval is wider than obtained by Lange et al. (1994)

for an olivine basalt heated at a slower rate than in our

experiments. This confirms the observation made by

Lange et al. (1994) that the temperature interval over

which a heat effect can be resolved widens with

increasing heating rate, at least for heating rates

ranging from 1 to 10 K/min.

Conclusions

The heat capacities of the glassy and crystalline phases

can be predicted to within ±2% with the models of

Richet (1987) and Berman and Brown (1985), respec-

tively. A similar precise prediction of heat capacities

for the crystalline phase can be obtained by consider-

ing the heat capacities of the constituent minerals of

basalt.

For the liquid phase the heat capacity of basalt can

be reproduced by a constant value (1.5223 J/g K)

within a wide range of temperature (from 960 to

1,800 K). This constant value is in good agreement

with the models of Stebbins et al. (1984) and Lange

and Navrotsky (1992) (within 0.7 and 0.3%, respec-

tively). Using the heat capacities of the molten min-

erals, however, one can reproduce measured values to

within 2%.

Calculation of the enthalpy of fusion of the basalt

from the heat capacities of the three phases and the

enthalpy of vitrification, yields values of about 400 J/g

at 1430 K and 506 J/g at 1530 K. This result is in good

agreement with the most recent experimental data, and

suggest a near-zero value for the enthalpy of mixing

between the different constituent minerals of the basalt

composition.

Finally, the enthalpy of formation at 298 K from the

oxides of the crystalline and glass phases of Stein-

Frentz basalt are readily calculated from the enthalpies

of formation listed by Robie et al. (1979) for individual

minerals, the observed mineralogical composition and

Table 6 Enthalpies of melting DHf (kJ/mol) at Tf and 1,430K

Composition Tf (K) DHf (Tf) DHf (1430 K)

NaAlSi3O8 1,393 64.5 64.8
KAlSi3O8 1,500 54.0 53.6
CaAl2Si2O8 1,830 133.0 123.7
CaMgSi2O6 1,670 82.5 78.4
Mg2SiO4 2,174 142.0 128.3
Fe2SiO4 1,490 89.3 88.8
FeTiO3 1,640 21.7 17.9

From the data of Richet and Bottinga (1984a, b) and Richet et al.
(1993b), Stebbins and Carmichael (1984) and Naylor and Cook
(1946)

Fig. 7 Typical endothermic peak during melting observed in
differential scanning calorimetry (at 10 K/min) for SFB basalt.
Also shown are the liquidus and the temperature interval of the
heat effect
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the enthalpy of vitrification determined in this paper.

The results are –112.2 and –98.5 kJ/mol, respectively.
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