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Slide 3-7 give some background on density and thermodynamic properties of silicate 

melts.

Slide 8 states the problem.  What is the density of a silicate melt at specific pressure and 

temperature conditions, given a “whole rock” analysis?

Slides 9 - 15 analyze the problem and prompt you to design a plan to solve it.  The 

problem breaks down into several parts: determining the mole fraction of each oxide from 

the whole rock analysis, determining the partial molar volume of each oxide under specific 

pressure and temperature conditions, calculating the density from this information as you 

convert units.

Slide 16 illustrates a spreadsheet that calculates an answer.

Slide 17 discusses the point of the module and provides a broader volcanological context.

Slide 18 consists of some questions that constitute your homework assignment. 

Slides 19-23 are endnotes for elaboration and reference.

Preview

This module presents a calculation of the density of silicate melts 

from the thermodynamic properties of silicate oxides.
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Background

Volcanologists differentiate between 

magma and melts.  A magma consists of 

silicate melt (the liquid portion of magma) 

and other material including crystals, rock 

fragments, and bubbles.  The silicate melt 

consists of long polymer chains and rings 

of Si-O tetrahedra, along which cations 

(e.g., Ca
2+

, Mg
2+

, Fe
2+

) and anions (e.g., OH
-
, 

F
-
, Cl

-
, S

-
) are randomly positioned, loosely 

associated with the tetrahedra.  The density 

of Si-O chains, a function of composition, 

pressure, and temperature, controls the 

physical properties of the melt, like the 

density and viscosity.

For more about magmas in general:

http://www.amonline.net.au/geoscience/earth/magmatism.htm

This basaltic lava flow at Kilauea volcano 

erupted at a temperature of about 1250 °C, 

hot enough to form a nearly aphyric flow, 

that is, free of visible crystals.  The silver-

colored material is a basaltic glass forming 

as the surface of the flow cools rapidly.  

The physical properties of the flow (e.g., 

density, viscosity) are largely a result of 

temperature, pressure, and composition. 

Photo by C. Connor

What is a silicate melt?

http://www.amonline.net.au/geoscience/earth/magmatism.htm
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Background

The density of silicate melts is 

different from the density of magma, 

because silicate melts by definition 

are free of crystals, bubbles, and 

rock fragments that will alter the 

density of magma.  Density of 

silicate melts depends on 

composition, temperature, and 

pressure, and ranges from about 

2850 kg m-3 for basaltic melts to 

about 2350 kg m-3 for rhyolitic melts. 
Recall that 1000 kg m-3 = 1 g cm-3

(Please check this unit conversion 

for yourself!)

What is the density of a silicate melt?
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Background

Density is a fundamental physical 

property of silicate melts and helps 

explain such features of magmas as 

how they flow and how they conduct 

heat.  Perhaps most importantly, 

magma ascent is solely driven by the 

density difference between magma and 

the mantle and crustal material the 

magma rises through.  Because we 

cannot directly measure the density of 

magma within the upper mantle or 

lower crust, we must either estimate its 

density under these conditions from 

elaborate experiments or from the 

thermodynamic properties of the 

constituents of magma.

A diapir is an intrusion (say of magma through the 

lower ductile crust) driven by Buoyancy Force and 

directly related to density differences between the 

intrusion and the intruded material.  In the case of 

this lava lamp, the density difference is caused by 

differences in temperature and composition of the 

red and clear fluids. 

Why estimate the density 

of a silicate melt?



6

Background

The density of a silicate melt may be estimated by evaluation of:

Where Xi is the mole fraction of oxide component i and is dimensionless.  Mi

is the molecular mass (also called the molar mass) of oxide i and is usually 

expressed in units of g / mol.  Vi is the fractional volume of oxide i and is 

usually expressed in units of m3 / mol.  N is the total number of oxides in the 

melt.

How is density estimated from 

thermodynamic properties?

 



X M

V

i i

ii

N

1

Work through the units in the above 

equation to show yourself that density is 

expressed as a mass per unit volume.
Know your moles!
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Background

So to calculate the density of a silicate melt, we 

need to know three things:

(1) The mole fraction of each oxide in the melt.

(2) The molecular mass of each oxide.

(3) The fractional volume of each oxide under 

specific temperature and pressure conditions.

How is density estimated from thermodynamic 

properties?

Review oxides in silicate melts
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Problem

In this example, we will use a 

basaltic silicate melt at a 

temperature of 1473 K  and 

pressure of 1 GPa.  This 

corresponds to pressure and 

temperature conditions that 

might exist near the base of 

the crust, an area that must 

be traversed by a magma 

ascending from the mantle to 

the surface.

Start a spreadsheet by entering these 

values for oxides, and perform the 

summation to make sure you entered 

the numbers correctly.

What is the density of a silicate melt at a temperature of 1473 K 

and a pressure of 1 GPa?

Learn more 

about units of 

temperature

Learn more 

about units 

of pressure

B C

2

3 Temp (K) 1473

4 Pressure (GPa) 1.00E+00

5

6 Oxide wt %

7 SiO2 48.77

8 TiO2 1.15

9 Al2O3 15.90

10 Fe2O3 1.33

11 FeO 8.62

12 MnO 0.17

13 MgO 9.67

14 CaO 11.16

15 Na2O 2.43

16 K2O 0.08

17 H2O 0.15

18 CO2 0.10

19 Sum 99.53
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You will need to:

• convert weight percent to mole 

fraction for each of the oxides.

• calculate the molar volume 

fraction for each oxide.

• solve for density with this 

information.

Designing a Plan, Part 1

Given a whole rock analysis, 

what is the melt density at 

fixed pressure and 

temperature conditions? 

Give answer in kilograms per 

cubic meter.  

You will also need to convert 

units to obtain a useful answer.

Notes: 

(1) The weight percent is not the same 

as the mole fraction, Xi! We need to 

account for the molecular mass, Mi.

(2) The molar volume fraction, Vi, of each 

oxide accounts for the pressure and 

temperature conditions.

(3) Solving for density involves 

determining the quotient Xi Mi/ Vi for 

each oxide, all twelve listed on the 

previous page, and summing.

For example, molecular mass is almost always 

reported in g mol-1, molar volume in m3 mol-1, 

but density is reported as kg m-3, not as g m-3.
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Designing a Plan, Part 2

Calculate the mole fraction. 

You need to convert the 

results of the whole rock 

analysis from weight 

percent to mole fraction.

If a whole rock analysis has 48.77 wt% SiO2, 

then 100 gm of this sample will contain:

48.77 g SiO2 / 60.08 g mol-1 = 0.8118 mol SiO2

where 60.08 g mol-1 is the molecular mass of 

SiO2 and is constant for all temperature and 

pressure conditions for which this molecule 

exists.

The mole fraction of SiO2 in the sample is:

Total moles for all oxides

moles SiO2
XSiO2

=
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Designing a Plan, Part 2 (cont.)

In a spreadsheet, the calculation of mole fraction looks like:

A cell containing 

the whole rock 

analysis given for 

this problem

A cell containing 

the molecular 

mass for each 

oxide (a constant)

A cell containing a 

formula

Using information from the previous slide, decide 

what to enter in each cell containing a formula.

B C D E F

2

3 Temp (K) 1473

4 Pressure (GPa) 1.00E+00 molecular mole

5 mass mol fraction

6 Oxide wt % (g/mol)

7 SiO2 48.77 60.08 0.811751 0.506589

8 TiO2 1.15 79.88 0.014397 0.008984

9 Al2O3 15.90 101.96 0.155944 0.09732

10 Fe2O3 1.33 159.69 0.008329 0.005198

11 FeO 8.62 71.85 0.119972 0.074871

12 MnO 0.17 70.94 0.002396 0.001496

13 MgO 9.67 40.30 0.23995 0.149746

14 CaO 11.16 56.08 0.199001 0.124191

15 Na2O 2.43 61.99 0.0392 0.024463

16 K2O 0.08 94.20 0.000849 0.00053

17 H2O 0.15 18.02 0.008324 0.005195

18 CO2 0.10 44.01 0.002272 0.001418

19 Sum 99.53 1.602386 1
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Designing a Plan, Part 3

Calculate the molar volume of each oxide.
We need to know how much 

room is taken up by one 

mole of each oxide.

For liquid silicate melts, the molar volume of each oxide is given by:

  P
P
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- The partial molar volume of oxide i at 0.0001 GPa pressure and 1673 K 

temperature (m3/mol).

- The coefficient of thermal expansion of oxide i (how the molar volume changes 

with temperature at constant pressure) (m3/mol K).

- The coefficient of isothermal compressibility of oxide i (how the molar volume 

changes with pressure at constant temperature) (m3/mol GPa).

More about what these symbols mean
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B C D E F G H I J

2

3 Temp (K) 1473

4 Pressure (GPa) 1.00E+00 molecular mole Partial Thermal Fractional Molar

5 mass mol fraction Mol Vol expansion Compressibility Volume (T,P,X)

6 Oxide wt % (g/mol) (1e-6 m3/mol) (1e-9 m3/mol K) (1e-6 m3/mol GPa) (m3/mol)

7 SiO2 48.77 60.08 0.811751 0.506589 26.75 0 -1.89 2.49E-05

8 TiO2 1.15 79.88 0.014397 0.008984 22.45 7.24 -2.31 1.87E-05

9 Al2O3 15.90 101.96 0.155944 0.09732 37.8 0 -2.26 3.55E-05

10 Fe2O3 1.33 159.69 0.008329 0.005198 44.4 9.09 -2.53 4.01E-05

11 FeO 8.62 71.85 0.119972 0.074871 13.94 2.92 -0.45 1.29E-05

12 MnO 0.17 70.94 0.002396 0.001496 13.94 2.92 -0.45 1.29E-05

13 MgO 9.67 40.30 0.23995 0.149746 12.32 3.27 0.27 1.19E-05

14 CaO 11.16 56.08 0.199001 0.124191 16.95 3.74 0.34 1.65E-05

15 Na2O 2.43 61.99 0.0392 0.024463 29.03 7.68 -2.4 2.51E-05

16 K2O 0.08 94.20 0.000849 0.00053 46.3 12.08 -6.75 3.71E-05

17 H2O 0.15 18.02 0.008324 0.005195 26.27 9.46 -3.15 2.12E-05

18 CO2 0.10 44.01 0.002272 0.001418 33 0 0 3.30E-05

19 Sum 99.53 1.602386 1

Designing a Plan, Part 4

A cell containing a coefficient that 

is constant  (These are estimated 

from lab experiments.)

A cell containing a formula, in 

this case solving for Vi

In a spreadsheet, the calculation of molar volume fraction looks like:

P
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At given 

Pressure and 

Temperature
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B C D E F G H I J

2

3 Temp (K) 1473

4 Pressure (GPa) 1.00E+00 molecular mole Partial Thermal Fractional Molar

5 mass mol fraction Mol Vol expansion Compressibility Volume (T,P,X)

6 Oxide wt % (g/mol) (1e-6 m3/mol) (1e-9 m3/mol K) (1e-6 m3/mol GPa) (m3/mol)

7 SiO2 48.77 60.08 0.811751 0.506589 26.75 0 -1.89 2.49E-05

8 TiO2 1.15 79.88 0.014397 0.008984 22.45 7.24 -2.31 1.87E-05

9 Al2O3 15.90 101.96 0.155944 0.09732 37.8 0 -2.26 3.55E-05

10 Fe2O3 1.33 159.69 0.008329 0.005198 44.4 9.09 -2.53 4.01E-05

11 FeO 8.62 71.85 0.119972 0.074871 13.94 2.92 -0.45 1.29E-05

12 MnO 0.17 70.94 0.002396 0.001496 13.94 2.92 -0.45 1.29E-05

13 MgO 9.67 40.30 0.23995 0.149746 12.32 3.27 0.27 1.19E-05

14 CaO 11.16 56.08 0.199001 0.124191 16.95 3.74 0.34 1.65E-05

15 Na2O 2.43 61.99 0.0392 0.024463 29.03 7.68 -2.4 2.51E-05

16 K2O 0.08 94.20 0.000849 0.00053 46.3 12.08 -6.75 3.71E-05

17 H2O 0.15 18.02 0.008324 0.005195 26.27 9.46 -3.15 2.12E-05

18 CO2 0.10 44.01 0.002272 0.001418 33 0 0 3.30E-05

19 Sum 99.53 1.602386 1

Designing a Plan, Part 4

Note! All of these constants are very small numbers indeed!
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Designing a Plan, Part 5

You now have a plan for calculating Xi and 

Vi, and have been given Mi for each oxide.  

So, all that is left is to solve for density.

 



X M

V

i i

ii

N

1

You will now have to implement this formula in the spreadsheet:

At this point, you want to reassess how you will track units in this 

calculation.  Remember the answer should be in SI units (kg, m, s)
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Carrying Out the Plan: Spreadsheet to Calculate the Density

At this point, be sure to implement this spreadsheet, and check 

that your formulas duplicate the values shown.  You will need this 

spreadsheet to complete the end-of-module assignment.

B C D E F G H I J K

2 Calculate the density of a slicate melt of given composition under fixed pressure and temperature

3 Temp (K) 1473 (Mi) (Xi) (Vi)

4 Pressure (GPa) 1.00E+00 molecular mole Partial Thermal Fractional Molar Fractional

5 mass mol fraction Mol Vol expansion Compressibility Volume (T,P,X) Density

6 Oxide wt % (g/mol) (1e-6 m
3
/mol) (1e-9 m

3
/mol K) (1e-6 m

3
/mol GPa) (m

3
/mol) (kg/m

3
)

7 SiO2 48.77 60.08 0.811751 0.506589 26.75 0 -1.89 2.49E-05 1.22E+03

8 TiO2 1.15 79.88 0.014397 0.008984 22.45 7.24 -2.31 1.87E-05 3.84E+01

9 Al2O3 15.90 101.96 0.155944 0.09732 37.8 0 -2.26 3.55E-05 2.79E+02

10 Fe2O3 1.33 159.69 0.008329 0.005198 44.4 9.09 -2.53 4.01E-05 2.07E+01

11 FeO 8.62 71.85 0.119972 0.074871 13.94 2.92 -0.45 1.29E-05 4.17E+02

12 MnO 0.17 70.94 0.002396 0.001496 13.94 2.92 -0.45 1.29E-05 8.22E+00

13 MgO 9.67 40.30 0.23995 0.149746 12.32 3.27 0.27 1.19E-05 5.06E+02

14 CaO 11.16 56.08 0.199001 0.124191 16.95 3.74 0.34 1.65E-05 4.21E+02

15 Na2O 2.43 61.99 0.0392 0.024463 29.03 7.68 -2.4 2.51E-05 6.04E+01

16 K2O 0.08 94.20 0.000849 0.00053 46.3 12.08 -6.75 3.71E-05 1.34E+00

17 H2O 0.15 18.02 0.008324 0.005195 26.27 9.46 -3.15 2.12E-05 4.41E+00

18 CO2 0.10 44.01 0.002272 0.001418 33 0 0 3.30E-05 1.89E+00

19 Sum 99.53 1.602386 1

20  

21 melt density (kg/m
3
) 2982
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What you have done

You have calculated the density of a silicate melt under high pressure and temperature 

conditions, based on composition and the thermodynamic properties of common oxides.

Density is absolutely crucial to understanding a wide range of physical processes in 

volcanology, as in most of the Earth Sciences.  For silicate melts, it is the density contrast 

between melt and the lithosphere that allows magma to ascend to the surface and create 

volcanoes.

You have discovered that it is possible to estimate the density of silicate melts under high 

pressure and temperature conditions, not easily created in the laboratory, based on the 

known thermodynamic properties of silicate oxides.

You have seen that density of silicate melts is a function of composition, and changes in 

response to temperature and pressure conditions.

A very useful paper that discusses the physical properties of magma in detail:

Spera, F., 2000, Physical properties of magma, In: Sigurdsson et al., eds., Encyclopedia of 

Volcanoes, Academic Press, 171-190.
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1.Make sure you turn in a spreadsheet showing the worked example.

2.Consider the three silicate melts (below) at 0.2 GPa pressure and temperatures of 1250 °C – basalt, 

1000 °C – andesite, and 900 °C – rhyolite. What are their densities?

3. Consider the basalt (above).  Plot a graph showing the change in density with temperature, ranging from 

1100 °C to 1400 °C at constant pressure (1 GPa).  What causes temperature to affect density in this way?

4. For the same basalt, plot a graph showing the change in density with pressure, from 0.0001 GPa to 3 GPa 

at 1400 °C.  What causes pressure to affect density in this way?

5. Consider the rhyolite (above) at 900 °C and 0.0001 GPa.  Plot the change in density of this silicate melt with 

increased wt % water from 0.5 to 6 wt % (replace SiO2 with water).  What causes the observed dependence 

of density on water concentration?

End of Module Assignments

Basalt Andesite Rhyolite

SiO2 48.77 59.89 70.87

TiO2 1.15 0.95 0.10

Al2O3 15.90 17.07 14.78

Fe2O3 1.33 3.31 2.69

FeO 8.62 3.00 0.00

MnO 0.17 0.12 0.06

MgO 9.67 3.25 0.10

CaO 11.16 5.67 0.34

Na2O 2.43 3.95 6.47

K2O 0.08 2.47 4.21

H2O 0.03 0.10 0.33

CO2 0.01 0.00 0.00
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More about Oxides

A whole rock analysis (in weight percent) 

of a tholeiitic basalt that erupted at a mid-

ocean ridge:

SiO2 48.77

TiO2 1.15

Al2O3 15.90

Fe2O3 1.33

FeO 8.62

MnO 0.17

MgO 9.67

CaO 11.16

Na2O 2.43

K2O 0.08

P2O5 0.09

H2O 0.03

Sum: 99.67 wt%

Analysis from Rogers and 

Hawkesworth (2000), 

Composition of Magmas, 

Encyclopedia of Volcanoes, 

Academic Press, 115-131.

Silicate melts and the igneous rocks 

that form from them consist mainly of a 

group of oxides.  In a “whole rock” 

analysis, the weight percent of 

common oxides is measured in a 

laboratory.  Often, the sum of the 

weight percent oxides analyzed does 

not total 100%, because some 

elements or compounds in the rock or 

melt go unanalyzed and because of 

analytical error.

Return to Slide 7
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In a silicate melt consisting of many 

different oxides, the mole fraction of an 

oxide, such as SiO2, is the number of 

moles SiO2 in a sample divided by the 

total number of moles in that sample. The 

molar fraction is not the same as the 

weight percent, because different oxides 

have different molecular masses!

1 mol SiO2

Moles in Melts

Need more about moles?:

http://en.wikipedia.org/wiki/Mole_(unit)

A mole (unit: mol) is a measure of the 

quantity, or amount, of a substance.  One 

mole consists of approximately 6.022 x 

1023 entities (This number is called 

Avogadro’s number).  In geochemistry, 

these entities are almost always atoms or 

molecules.

Molecular mass is the mass of one mole 

of a substance.  For example, the 

molecular mass of SiO2 is approximately 

60.08 g/mol.

The molar volume of a substance is the 

volume occupied by one mole.  This 

volume depends not only on the molecular 

mass, but also on the pressure and 

temperature conditions.  For example, the 

molar volume of SiO2 at 1400 °C and 

atmospheric pressure is approximately 

26.86 x 10-6 m3/mol.
Return to Slide 6

0.5 mol Fe2O3

0.5 mol Al2O3

http://en.wikipedia.org/wiki/Mole_(unit)
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Units of Temperature

Magmatic temperatures for silicate 

melts range from about 800 – 1400 °C.

Recall that  Temperature (K) = 

Temperature °C + 273

Thermodynamic properties of magma are almost 

always reported using the kelvin temperature scale, 

rather than degrees Celsius.  This temperature scale 

is named for geophysicist Lord Kelvin and uses the 

symbol K.

The kelvin scale is used because it has 

physical meaning; at 0 K, absolute zero, 

molecular motion ceases.

Return to Slide 8
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Units of Pressure

Pressure is a force per unit area on a surface applied in a direction 

perpendicular to that surface.

P = F/A, where P is pressure, F is force, and A is area.  In SI units, P is 

in units of Pa (Pascal), F in units of N (Newtons), and A in units of m2.

In Volcanology, we often consider pressure within the earth 

(Lithostatic pressure), defined as:

P = gh

where  is the average density (kg m-3) of overlying rock, g is 

gravity (m s-2), and h is depth (m).

To test yourself, calculate the lithostatic pressure at a depth of 10 km 

with an average density of overlying rock of 3000 kg m-3.  You should 

get  0.29 GPa (1 giga Pascal = 1 x 109 Pa = 1 x 103 MPa).

Return to Slide 8
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The Partial Derivatives

A B
B

X
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In the equation:

The term              is a partial derivative, describing the rate of change 

in B with respect to the variable X, while the variable Y is held constant.

For the molar volume estimates,                 and                are

considered to be constant over the range of P and T conditions we are 

interested in. This means there is a linear relation between temperature 

and thermal expansivity and between pressure and compressibility.
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