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The effect of P2O5 on the viscosity of haplogranitic liquid.
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Abstract : The effect of P2O5 on the viscosity of a haplogranitic (K2O-Na2O-AhO3-SiO2) liquid has been determined at 1 atm pressure in the temperature interval of 700 - 1650°C. Viscosity measurements of a haplogranite,
haplogranite + 5.1 wt.% P2O5 and haplogranite + 9.5 wt.% P2O5 have been performed using the concentric cylinder
and micropenetration methods.
The viscosity of haplogranite liquid decreases with the addition of P2O5 at all temperatures investigated. The
viscosity decrease is nonlinear, with the strongest decrease exhibited at low P2O5 concentration. The temperaturedependence of the viscosity of all the investigated liquids is Arrhenian, as is the case for P2O5 liquid. The Arrhenian
activation energy is slightly lower in the P2O5-bearing liquids than in the P205-free haplogranite with the result
that the effect of P2O5 on viscosity is a (weak) function of temperature. At temperatures corresponding to the
crystallization of phosphorus-rich granitic and pegmatitic systems the addition of 1 wt.% of P2O5 decreases the
viscosity 0.2 logio units.
The effect of P2O5 on haplogranitic melt viscosity is much less than that for B2O3, F2O-1 on the same melt
composition (Dingwell et al, 1992 and this study). This implies that P2O5 concentration gradients in high-silica
melts during, for example, phosphate mineral growth or dissolution in granitic magmas, will not significantly
influence melt viscosity.
Keywords : silicate melt, viscosity, micropenetration, concentric cylinder, granite, phosphorus.

1. Introduction
The remarkable phosphate mineralogy of pegmatite fields (Moore, 1982) and the significant
phosphorus contents of nominally phosphorusfree minerals (London et al, 1990a) may result
in part from extreme enrichment of phosphorus
at the magmatohydrothermal stage of pegmatite
evolution. Certain rare-element granitic pegmatites are estimated to contain up to 1 wt.% of
P2O5 (London et al, 1990a ; Cerny, 1991) and
the glassy eruptive macusanites of SE Peru contain 0.5 to 1.0 wt.% P2O5 (Pichavant et al, 1987).
There is no reason to doubt that even higher concentrations may be attained in certain extreme
pegmatitic differentiates (Cerny et al, 1985).
Such enrichments may well occur at the magmatohydrothermal stage and thus the properties
of P2O5-πch magmas, both chemical and physi
cal, are of geological relevance.

Several experimental hydrothermal investiga
tions of phosphate - melt equilibria exist. Wyllie
& Turtle (1964) demonstrated that the addition of
P2O5 to granitic and albitic melts strongly re
duces the melting temperature under 2.75 kbar
pÜ2O. Studies of apatite and monazite solubility
in peralkaline and metaluminous compositions
indicate moderate melt P2O5 contents (0.1-0.4
wt.%, Watson, 1979, 1980; Rapp & Watson,
1987). Peraluminosity, however, has been demonstrated to enhance P2O5 solubility up to several
weight percent (Montel, 1986).
In a different but equally important context,
the rich diversity of phosphate mineralogy is
matched by a large glassforming range of composition in silicophosphate and phosphate glasses
(Scholze, 1988), and indeed P2O5 itself is glassforming. As a result the properties of phosphate
glasses and liquids have been investigated (Bansal & Doremus, 1986).
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Table 1. Haplogranite analyses (wt%).
Composition Na O
2

KO

Al O

2

SiO

PO
2

23

2

total

5

HPG8

4.53
4.60

4.17
4.23

11.89
12.07

77.90
79.1

-

98.48
100.00

HPG8P5

4.26(6)
4.52

3.92(5)
4.16

11.50(7)
12.21

74.5(2)
79.1

5.1(1)
-

99.31
100.00

HPG8P10

3.76(5)
4.18

3.74(5)
4.16

11.29(7)
12.56

71.1(4)
79.1

9.5(2)
-

99.36
100.00

Analysis by electron microprobe, Cameca SX-50 in wavelength dispersive
mode. Operating conditions of 15 kV, 15 nA on brass, a 10µm defocussed
beam and 20 s count times. Standards were albite (Na, Al, Si),
orthoclase (K) and apatite (P).

The structural role of phosphorus in silicate
melts has been the subject of a large number of
spectroscopic measurements (see Mysen, 1988,
for a review) and it has been demonstrated that
phosphorus additions can produce octahedrally
coordinated Si in silicophosphate glasses at 1 atm
(Sekiya et al, 1988). Equally important with respect to the structural role are the contributions
based on crystal-melt equilibria. P2O5 strongly
shifts the pseudowollastonite - silica eutectic
composition towards lower SiO2 contents (Kushiro, 1975). Based partially on such data, Ryerson
& Hess (1980) have argued for a dual role of
phosphorus in silicate melts involving phosphate
tetrahedra participating in the silicate network of
SiO2 but also metal phosphate groups that increase the activity of SiO2 in metal oxide - silica
melts. More recently, in the haplogranite-H2O
system at 2 kbar pH2O, London et al. (1990b)
have observed a shift of the quartz-albite-orthoclase eutectic towards the albite apex with increasing P2O5 content.
Due to the complexity of P2O5 solution in silicate melts, extrapolations of the effects of P2O5
on the physical properties of industrial melt compositions must be treated with caution. With this
in mind we have begun an evaluation of the effects of P2O5 on the macroscopic properties of
haplogranitic melts at magmatic temperatures. In
the present study we have determined the effect
of P2O5 on the viscosity of a haplogranitic composition (which lies near the 1 kbar pH2O cotectic minimum) at temperatures down to 798°C.
2. Methods
Starting materials for the preparation of phosphorus-bearing samples were Na2OO3, K2CO3,

AI2O3, SiO2 and NH4PO3. The powders of the
starting reagents were dried at 120°C overnight
prior to weighing except for the NH4PO3 which
was weighed immediately after opening the
airtight seal on the original packing. One hundred
gram (decarbonated, dehydrated equivalent)
batches of the powders were weighed directly
into plastic bottles and mixed by agitation for
5-10 minutes. The starting compositions were
chosen to represent 5 and 10 wt.% additions of
P2O5 to a haplogranite composition (designated
HPG8), near the 1 kbar (pfbO) ternary minimum
composition in the system SiO2-NaAlSi3O8KAIS13O8-H2O. The HPG8 glass is taken from
Holtz et al. (1992). The phosphorus-bearing haplogranitic compositions were fused directly for
several hours at 1650°C in 75 cm3 thinwalled
platinum crucibles using a MoSi2 box furnace.
The products of these fusions were bubble-rich.
To eliminate the bubbles and promote full reaction and homogenization of the samples, the
crucibles were transferred to a second MoSi2 box
furnace equipped with a concentric cylinder
viscometer. The samples were heated to 1650°C
and stirred at 20 rpm using a PtsoRh2O spindle.
The sample was inspected periodically by removTable 2a. Viscosities (logio dPa s) by concentric cylinder.
Temperature
(C)

1

HPG8

1348

_

1397
1446
1495
1544
1594
1643

5.90
5.53
5.15
4.81
4.58
4.24

HPG8P5
5.89
5.51
5.19
4.90
4.63
4.35
4.10

HPG8P10

5.69
5.32
5.00
4.71
4.45
4.19
3.94

1
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Table 2b. Viscosities (logio dPa s) by micropenetration.
HPG8
844.2
903.3
969.2
826.6
854.6
882.6
908.6
936.6
798.8
825.8
853.7
882.2
908.6
599.9
621.1
630.9
641.0
658.1
674.6
687.2
602.8
622.5
641.8
661.0
680.4

HPG8P5

12.50
11.90
10.77

-

_
-

11.97
11.56
11.05
10.69
10.33

HPG8
HPGP5
HPG8P10

a
-7.69(12)
-6.70(6)
-6.25(4)

b (x 104)
2.28(3)
2.05(1)
1.941(6)

E (kJ mol"1)
436
392
372

HPG8F5

HPG8F10

_
-

_
-

.
-

11.91
11.39
10.97
10.55
10.20

-

-

Table 3. Fit parameters.
Composition

HPG8P10

n
9
12
12

n = number of data points

ing the spindle and checking the adhered melt.
The bubble- and crystal-free products of this
process were cooled slowly in the viscometry
furnace to less than 400°C and removed to cool
to room temperature. Cylinders (8 mm diameter)
of the glasses were cored from the thinwalled
crucibles. Some of these cylinders were sawn into
disks 3-4 mm long and polished on both ends. The
polished disks were stored in a desiccator until
use in the micropenetration experiments. The re
mainder of the samples were broken from the
crucibles with a hammer and stored until use in
concentric cylinder experiments.
Samples of the glasses were analyzed by elec
tron microprobe methods. The results of the ana
lyses are presented in Table 1. The analyzed
P2O5 contents, cast into the haplogranite - P2O5
system, are the basis for discussion of the results.
Low-temperature viscosities were determined
using a micropenetration technique. This in
volves determining the rate at which a sphere

12.15
11.73
11.61
11.32
11.02
10.69
10.42

-

*

-

12.07
11.64
11.22
10.75
10.32

under a fixed load moves into the melt surface.
These measurements were performed in a
Netzsch TMA 402® vertical silica glass push rod
dilatometer. The sample is placed at the bottom
of the sample holder with the indent sphere being
held in place by a rod of SiO2 which is attached
to a weight pan. The metal connection between
the silica glass rod and the weight pan acts as the
core of a calibrated LVDT. The movement of this
metal core as the sphere is pushed into the melt
is translated into the displacement. The present
system uses 3 mm diameter precision spheres of
alumina (Frialit-Degussit®), and a force of 1 N.
The absolute shear viscosity is determined from
OΛSiypt
(1)
π

r0.5

α

1-5

(Pocklington, 1940; Tobolsky & Taylor, 1963)
for the radius of the sphere r, the applied force
P, indent distance α, and time t (t = 0 and α = 0
upon application of the force).
The glass samples used are cylinders of 8 mm
diameter which are at least 3 mm thick. The
measurements are performed over indentation
distances less than 100 µm as Eqn. 1 is derived
on the assumption that the indentation distance is
much less than the radius of the indent sphere
( α « r ) . The viscosity of NBS711 lead-silica glass
was determined with an accuracy of ± 0.1 logio
unit using this technique over a viscosity range
of 10-12 logio dPa s. With 3 mm thick sample
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Fig. 1. The viscosity of haplogranite melts with added P2O5 determined using (a) concentric cylinder and (b)
micropenetration methods. (Fig. lb includes data for the addition of B2O3 and F to the same haplogranitic melt
(data from Dingwell et al, 1992 and this study).
sizes, together with an indentation distance less
than 100 µm and an indenter radius of 3 mm, no
edge effects and no end effects were observed in
this range of viscosities. No reaction between the
alumina sphere and the melts was observed.
The concentric cylinder experiments were per
formed on the remainder of the batch melts that
had been remelted into cylindrical viscometry
crucibles and stirred to a bubble-free state. The

shear viscosities of the liquids were determined
using the concentric cylinder method at 1 arm in
equilibrium with air.
The high t e m p e r a t u r e viscosities were
measured with a Brookfield HBTD head (fullscale torque = 5.75 x 10-1 N m) and rotation
speeds of 0.5 to 20 rpm. This study used the
crucible and high-viscosity spindle design of
Dingwell & Virgo (1988). The furnace, viscome-
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Fig. 2. Comparison of the viscosity-temperature relationship of haplogranite + P2O5 with that of P2O5 liquid. Note
that all melts exhibit Arrhenian temperature-dependence of viscosity.

ter assembly and computer interface, as well as
the operating method and calibration are described by Dingwell (1989a, b ; 1990). The viscosities measured are relative. The instrument
has been calibrated most recently by standard
soda-lime glass DGG-1 available from the
Deutsche Glastechnische Gesellschaft. The viscosity data are accurate to ± 5 % at lα. New
tonian rheology was observed over the limited
dynamic range of these measurements (approx.
0.3 logio unit). This result is consistent with the
fact that the calculated relaxation times for shear
in these liquids using the Maxwell approximation
(Dingwell & Webb, 1989, 1990) and the New
tonian viscosity data from this study are several
log 10 units lower than the inverse of our experi
mental strain rates. We appear to be observing
relaxed viscosities of a liquid.
After the viscometry was completed, each
sample was removed from the furnace, cooled to
room temperature and drilled out of the crucible
with diamond coring bits. The crucible was
cleaned in HF and used for the next sample.

3. Results and discussion
The viscosity data for HPG8, HPG8P5 and
HPG8P10 are presented in Table 2a, b. The

temperature-dependent viscosities were regressed
using an equation of the form:
logioη (dPa s) = a + b/T
(2)
and the a and b parameters are included in Table 3.
The viscosity data from both micropenetration
and concentric cylinder measurements can be de
scribed within error using equation (2) as il
lustrated in Fig. la, b. The temperature-depend
ence of viscosity yields an activation energy, E
in the Arrhenius equation
logioη (dPa s) = logioηo + E/(2.303RT) (3)
The values of E derived from the regressions
using equation (3) range from 437 kJ moW for
the haplogranite to 372 kJ moW with the addition
of 10 wt.% P2O5.
The viscosity - temperature data of the HPG8P
series are compared with liquid P2O5 data of
Cormia et al (1963) in Fig. 2. The P2O5 liquid
exhibits an Arrhenian temperature-dependence of
viscosity with an activation energy of 174 kJ m o F .
The effect of P2O5 on the viscosity of haplo
granite melt is represented as a series of
isotherms in Fig. 3. The effect of P2O5 on vis
cosity increases with decreasing temperature. At
800°C the addition of 1 wt.% of P2O5 to haplo
granite reduces viscosity by 0.2 order of magni
tude. The reduction in viscosity accompanying
the addition of P2O5 to haplogranite can be com
pared with the measured viscosity decreases re-
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Fig. 3. The effect of P2O5 addition on the viscosity of haplogranite melts. Isotherms drawn at 100°C intervals. The
effect of P2O5 increases with decreasing temperature.
suiting from the addition of F2O-1 (included in
Table 2) and B2O3 to the same haplogranite melt
(Dingwell et al, 1992 a). Fig. 4 compares, on a
weight percent basis, the effects of B2O3, P2O5
and F on the viscosity of HPG8 composition at
1000°C. In contrast to the case for B2O3 and F2O-1,

P2O5 has only a moderate effect on melt viscosity
in haplogranites.
The solution of phosphorus into silicate melts
is complex. The substitution of P2O5 into alkali
aluminosilicate glasses has been recently investigated by Gan & Hess (1989) who report that
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wt. % of added component (F, B2O3> P2 O5)
Fig. 4. The relative effects of phosphorus, boron and fluorine on the viscosity of haplogranite, compared on the
basis of wt.% P2O5, B2O3 and F.
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potassium phosphate complexes are stable in peralkaline compositions whereas aluminum
phosphate (AIPO4) complexes are formed in peraluminous compositions. The stabilization of octahedral silicon has been reported by Sekiya et
al (1988) in the SiO2-P2O5 system. There is no
volumetric evidence of octahedral silicon in the
volume data for these compositions (Dingwell et
al, 1992 b) but amounts less than 0.1% would
be difficult to detect using the volume relations.
The stabilization of higher coordination of Si has
been discussed in the context of the viscous
flow process by several workers (Brawer, 1985 ;
Stebbins & Farnan, 1989). It is reasonable to assume that if measurable quantities of higher
coordinated Si are stabilized in P2O5-rich silicophosphate glasses then minor to trace levels
of these higher coordination forms exist below
the range of macroscopic or microscopic detection in the present samples. Despite the possibility of enhanced contents of high-coordinated
Si in these melts, the viscosity decrease is relatively weak implying that a simple relation between viscosity and high coordination of Si is not
valid.
We note that the addition of P2O5 to haplogranite results in Arrhenian behavior, and that
even P2O5 has Arrhenian behavior (Cormia et al,
1963 ; Martin & Angell, 1986). This contrasts
with the case of B2O3 where the pure liquid is
strongly non-Arrhenian and that of the F2O-1
component where again fluoride melts are
strongly non-Arrhenian (Dingwell & Webb,
1992). This apparent contrast of P2O5 versus
B2O3 and F2O-1 indicates that the temperaturedependence of the intermediate structure controlling viscous flow in the P2O5-bearing melts is
slight compared with that of the B2O3 - and Fcontaining melts. The P2O5-bearing liquids remain "strong" in the sense of Angell (1984)
whereas the others become increasingly "fragile".
Richet and co-workers (Richet, 1984; Richet et
al, 1986 ; Neuville et al, 1992) have argued that
the entropy-based theory of Adam & Gibbs
(1965) furnishes a powerful model for the composition- and temperature-dependence of silicate
melt viscosity. In the context of that theory, the
temperature-dependence of the conflgurational entropy would be expected to be small for the case
of the present P2O5-bearing liquids. The temperature-dependent heat capacities of these liquids,
accessible by high temperature drop calorimetry should be able to provide a test of this
proposal.

4. Conclusions
The effect of P2O5 on the viscosity of haplogranitic melts has been measured over a wide
range of temperature and viscosity. The addition
of P2O5 to haplogranitic melt reduces viscosity
but the reduction is small compared with other
elements commonly enriched in pegmatitic melts
(e.g. B, F). The viscosity-reducing effect of P2O5
will however be significant in granitic and pegmatitic melts containing 0.5 to 1.0 wt.% P2O5.
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