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Abstract

The relaxation of enthalpy and shear stress has been investigated for six silicic volcanic obsidians (calc-alkaline rhyolitic
obsidians from Ben Lomond dome, New Zealand, Erevan Dry Fountain, Armenia and Little Glass Butte, USA; peralkaline
obsidians from Mayor Island, New Zealand and Eburru, Kenya and a macusanite obsidian from SE Peru). The temperature-
dependences of enthalpy and shear stress relaxation are obtained from the dependence of the calorimetric heat capacity peak
temperature on heating rate and the dependence of shear viscosity on temperature, respectively. Both processes, enthalpy
relaxation and shear stress relaxation, can be approximated to be Arrhenian in the investigated temperature ranges relevant to
volcanological processes. Activation energies derived for enthalpy and shear stress relaxation for each sample are equal. This
equality permits the calculation of viscosity at the glass transition as a function of cooling rate of a volcanic melt. The relationship
between viscosity at the glass transition and the cooling rate is given by log,yn,(at 7,) =K —log,|¢|, where 7, the shear
viscosity at the glass transition. ¢ is the cooling rate in °C s~ ' and K is a constant. The six melt compositions investigated here
exhibit a value of K=10.49+0.31.

For the modeling of volcanic processes, this equation allows the prediction of the viscosity at the glass transition temperature
for a given value of cooling rate. Taken together with the Maxwell relation an effective relaxation time can be obtained for the
cooling rate. Prediction of the glass transition temperature permits the allotment of temperature ranges for the liquid and glassy
segments of the cooling history of the volcanic melt and thus for the correct assignment of glassy and liquid values of the
derivative thermodynamic properties, such as expansivity and heat capacity. in thermodynamic modeling of late-stage volcanic
processes.

1. Introduction

During eruption, the stress response of all volcanic
materials below a critical volume of crystals is con-
trolled by the properties of the melt phase. As a result,
the transition in the properties of the melt phase from
aliquid-like to a solid-like response in a cooling magma
1s one of the most fundamental phenomena influencing
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the emplacement of magma and the eruptive style of
volcanic rocks (Dingwell and Webb, 1989, 1990;
Dingwell et al., 1993a). The rheological consequences
of intersecting this liquid-to-glass or glass transition
can be catastrophic. A solid-like rheological response
implies elastic rather than viscous deformation where
the total strain accommodated by elastic deformation
1s many orders of magnitude less than that accommo-
dated by viscous flow. As a result, sustained stress
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applied to a magma at the glass transition will lead to
a stress build-up that ultimately generates non-New-
tonian flow (Dingwell and Webb, 1989). Continued
application of the stress leads to the brittle, often cata-
strophic, failure of the magma (Webb and Dingwell.
1990b; Bottinga, 1994). The enthalpic and volumetric
consequences of the glass transition are less dramatic
but nevertheless quite important. The temperature
derivatives of enthalpy and volume, the heat capacity
and expansivity, respectively, can decrease by up to
50% upon cooling through the glass transition. Thus.
thermodynamic models for the prediction of enthalpy
and volume effects during the emplacement of incom-
pletely crystallized, vitrophyric, voleanic rock must
consider the temperature at which the liquid-glass tran-
sition occurs during cooling. One fundamental obser-
vation in this regard is that the glass transition
experienced by the melt phase of cooling lavas is
kinetic in nature (Richet, 1984; Richet and Bottinga,
1986; Dingwell and Webb, 1990). Faster cooling rates
generate higher glass transition temperatures as higher
cooling rates allow less time for relaxation of the struc-
ture and entropy of the melt phase.

A simple relation between viscosity and stress relax-
ation time exists based on the model of a Maxwell body
(Dingwell and Webb, 1989). An equally simple link
between cooling rate and effective viscosity at the glass
transition would be useful in relating the temperature
of the glass transition to the cooling history of a given
lava (Wilding et al., 1995). The glass transition tem-
perature 7, is defined in the present study as the tem-
perature of the peak in the heat capacity curves as a
function of temperature. The comparison of differential
thermal analysis and shear viscosity data presented in
this study demonstrates such a quantitative link
between cooling rate and viscosity, confirming earlier
estimates for synthetic melits (e.g., Scherer, 1984). Fur-
thermore, the relationship between the cooling rate and
viscosity confirms that timing of the onset of the enthal-
pic, volumetric and rheological consequences of the
glass transition may be approximated by a single cool-
ing rate—viscosity relation for the transition from liquid
to glass during volcanological processes.

2. Methods
2.1. Sample selection

The six rhyolitic obsidians chosen for this study are
from: Ben Lomond dome, Taupo Volcanic Zone, New
Zealand ; Erevan Dry Fountain, Armenia; Little Glass
Butte, USA; 8-ka spatter-fed flow, Mayor Island, New
Zealand; Eburru, Masaii Gorge, Kenya and Macusan-
ite, Macusani, SE Peru. The Ben Lomond (BL6), Ere-
van Dry Fountain (EDF), and Little Glass Butte
(LGB) obsidians are calc-alkaline in composition,
whereas the 8-ka and Eburru (KES) obsidians are per-
alkaline rhyolites with agpaitic indices exceeding 1.4
(Table 1). The macusanite (MAC) has a peraluminous
composition with high F, B,0;, and Li,O.

All starting samples were fresh, unweathered, unal-
tered and non-hydrated obsidians that were free of
cracks, and were microlite-poor ( <1 vol.% crystals)
or microlite-free. All calc-alkaline and one of the per-
alkaline obsidians were collected from the upper part
of rhyolite lava flows, as defined in Manley and Fink
(1987) and Stevenson et al. (1993). Sample BL6 is a
black aphyric sparsely spherulitic obsidian, collected
from a fault scarp section bisecting the southwestern
and southern lobes of the Ben Lomond dome (100 ka
age) (Stevenson et al., 1994a). The peralkaline 8-ka
sample from Mayor Island is an Fe-rich black obsidian,
with subtle flow bands and some microvesicles <10
pm diameter (Stevenson, 1990; Stevenson et al.,
1993). The Fe-poor Armenian EDF sample is a gray
obsidian containing no microlites. LGB also contains
no microlites, but is slightly darker (and slightly more
Fe-rich) than the Armenian sample. The black Eburru
( KES) peralkaline obsidian has the highest total Fe and
Na,O contents, lowest Al,O, content, and highest
agpaitic index of all the samples tested. The KES obsid-
1an was sampled from a completely welded fall unit
within the Eburru Pumice (R. Macdonald, pers. com-
mun., 1994) and contains no vesicles and sparsely dis-
tributed microlites. The peraluminous macusanite
obsidian is a non-hydrated gray-green stream pebble
(sample JV2 of Pichavant et al., 1987) possibly asso-
ciated with an ash-flow tuff of peraluminous crustal
origin. The macusanite has high F, H,0, Li,0 and B,0,
contents (Pichavant et al., 1987). All of these light
elements influence rheological properties under high-
temperature conditions (Shaw, 1963; Dingwell et al.,
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Table |
Chemical analyses of investigated samples.

BL6 8 ka EDF LGB"1 KES' MAC"2

(n=21) (n=13) (n=20) (n=10)
SiO, 77.99 (0.16) 73.74 (0.11) T7.18 (0.32) 7745 72.50 (0.20) 73.22
TiO, 0.17 (0.02) 0.23 (0.03) 0.09 (0.02) 0.06 0.28 (0.03) 0.04
AlLO, 12.25 (0.07) 9.57 (0.07) 1291 (0.07) 12.96 8.23 (0.07) 16.05
Fe,O, - 1.76 - - 2.09 0.05
FeO - 4.09 - - 548 -
FeO, 1.22 (0.07) S58(0.11) 0.61 (0.04) 0.71 7.57(0.21) 0.57
MnO 0.04 (0.03) 0.13 (0.03) 0.07 (0.03) 0.03 0.24 (0.04) 0.56
MgO 0.17 (0.01) 0.01 (0.01) 0.07 (0.01) 0.05 0.01 (0.01) 0.02
Ca0O 1.08 (0.03) 0.22 (0.02) 0.51 (0.02) 053 0.29 (0.13) 0.21
Na,O 3.66 (0.04) 5.94 (0.06) 4.05 (0.05) 4.05 6.57 (0.07) 4.18
K,O 3.39 (0.06) 4.27 (0.04) 452 (0.06) 4.17 4.30 (0.05) 3.69
P,Os 0.03 (0.02) 0.03 (0.03) 0.01 (0.01) - - 0.54
B,0: - - - 0.63
Li,O - - 0.75
Total# 99.57 99.21 100.05 100.32 98.98 100.51
Ag. L 0.79 1.50 0.89 0.86 1.88 0.68
H,O 0.17 0.16 0.10 - 0.21 0.40
F <0.01 0.12 - - - 1.33
Cl 0.09 016 - - -
CO, - B - 0.06

F and CI determined by XRF. t =total Fe (Fe.O,+ FeQ).
Ag. |. =agpaitic index (as molecular | Na,O + K,0]/ALL0;).

*1 [CP-AES (bulk) analysis from Bagdassarov and Dingwell (1992)
“2 bulk XRF analysis of JV2 glass pebble from Pichavant et al. ( 1987)

All major-element oxides have been normalised to | )% volatile free and # = original analytical total. Fe, 0 from Mossbauer spectroscopy for
8 ka and KES. Water contents were analysed by FTIR. Molar absorptivity from Stolper ( 1982).

Electron microprobe anatyses of glass show a mean and 1 standard deviation (in brackets) of n points and were analysed using a defocussed
beam ( 15-20 um diameter). Accelerating voltage 15 kV (10 nA), peak count time 20 s, background 10 s and using mineral standards.

"~ electron microprobe data from Wilding et al. (1995).

1985, 1992; Hess et al.. 1995). The macusanite con-
tains a homogeneous distribution of andalusite needles
up to 3 mm length. The crystals have a modal abun-
dance of less than 1 vol.%.

2.2. Sample preparation

Cylinders were cored from hand specimens using
diamond coring tools. The sample ends were sawn flat
and paralle] and lightly polished. Once cut, cylinders
were carefully inspected to ensure that they were free
of cracks (and spherulites, occasionally present in BL6
only). Length and diameter were measured to within
1+ 0.001 mm using a micrometer. The high-temperature
sample lengths and volumes were calculated from the
room temperature lengths and volumes, the coefficients

of linear thermal eXpansion measured by dilatometry
on these samples, and the calculated coefficients of
volume thermal expansion of the samples.

2.3. Parallel-plate viscometry

Viscosity was measured on 8-mm-diameter and 5—
[5-mm-long cylinders of melt using the parallel-plate
method of Bagdassarov and Dingwell (1992). The
sample was placed between two polished alumina
plates and deformed perpendicular to the cylindrical
end surfaces using stresses and strain rates described
below. Strain was measured using a vertical push-rod
dilatometer (Netzsch TMA 402%®) which records the
change in length of a sample as a function of time upon
application of a series of stresses. For incompressible
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samples where the sample adheres to the alumina
plates, the surface area in contact with the plates
remains constant. This is the ‘no-slip’ condition defined
by Fontana (1970). The shear viscosity can be calcu-
lated with the expression:

27Mgh®

= 1
3Vh(2mh'+ V) t

n\
where the acceleration due to gravity is g, the sample
volume is V, sample height is &, applied mass is M, and
rate of deformation is h=dh/dr (Bagdassarov and
Dingwell, 1992).

Previous measurements of shear viscosity on NBS
711 standard melt and comparison with tabulated data
(e.g., Bagdassarov and Dingwell, 1992}, as well as
parallel-plate viscometry on remelted rhyolite ( Steven-
son et al., 1994b) have shown that 7, is reproducible
to within +0.07 log,, units. For experimental stresses
and strain rates of 10°~10° Pa and 107%-10"7 ¢ '
respectively, the rates of deformation are at least 3
orders of magnitude slower than those at which non-
Newtonian deformation is expected to occur for these
melts (Webb and Dingwell, 1990a, b) and no strain
rate or stress-dependent rheology was observed.

2.4. Operating window

Parallel-plate viscometry of the natural silicic melts
1s possible at temperatures up to ~ 100°C above the
glass transition. This is because under these conditions
significant dissolution or growth of crystals or bubbles
does not occur on the timescale of the experiment ( Ste-
venson et al., 1994b). When natural rhyolitic melts
containing between 0.1 and 0.2 wt.% H,O are heated

Table 2
Operating window for viscometry

further, to temperatures > 150°C above the glass tran-
sition, vesiculation occurs as a result of both volatile
exsolution (Bagdassarov and Dingwell, 1993; Bagdas-
sarov et al., 1995) and ¢ecompression to one atmos-
phere (Fink et al., 199.: The present samples
originated from near surface levels. Thus, the volatile
contents of these samples are greater than the equilib-
rium content at one atmosphere and so vesiculation
occurs upon heating at one atmosphere. Preliminary
experiments were required to determine the operating
temperature window for viscosity determination
between the lower temperature limit resulting from
relaxation problems at viscosities higher than 10'' Pa s
(Dingwell and Webb, 1989), and the higher-tempera-
ture limit (7,) of viscosity determinations resulting
from melt vesiculation on the timescale of the experi-
ments . The operating window is defined as that tem-
perature range above the glass transition in which no
measurable driftin sample chemistry and texture occurs
on the timescale of the experiment. In order to deter-
mine the upper temperature limit of the operating win-
dow, each of the six melts was heated at 10°C min '
to the required temperature, and held at a constant tem-
perature until an increase in sample length as a result
of vesiculation was recorded. The operating window
and T, (temperature of vesiculation) for the six sam-
ples are listed in Table 2.

Once an operating window was established, the nat-
ural samples were heated to the required temperature
ataconstantrate (10°C min '), then held at aconstant
temperature as a series of loads were applied following
the loading and unloading procedure previously
described in Bagdassarov and Dingwell (1992). For
each applied load, the change in length of the cylinder

Sample 70C) T, Time @ T, Viscometry
lower limit (vesiculation) {minutes) operating window
BL6 788 91s 275 785-915
8 ka 620 710 120 620-695
LGB 850 - - 850-950
EDF 850 - - 850-970
KES 368 705 80 568-681
MAC 674 837 75 674-815

Footnote: LGB and EDF did not foam within the experimental time period. Time at 7, represents the time elapsed at this temperature, prior to

the onset of foaming.
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Table 3
Viscosity and DTA results

Sample Viscosity measurements DTA measurements

T n Rate 1,
(°C) (log,Pas) cC~ ) (°C)

BL6 915 8.50 +0.06 1) 2667 746
879 9.10+0.07 01667
854 9.51+0.04 O 1333 731
820 10.05 +0.04 0).0833 719
802 10.25 +0.05 00667 718
788 10.62 +0.06 0.0333 -

8 ka 692 8.87 + (.04 1.2667 601
683 9.14 +0.02 0.1667 -
663 947 +0.02 0.1333 S84
658 9.59+0.05 1).0833 578
645 9.81 +0.04 1.0667 575
624 10.26 +£0.02 0.0333

EDF 9635 8.66 +0.04 0.2667 -
950 8.89 +0.05 0.1667 794
931 906+ 0.05 10,1333 792
912 948+003 1.0833 778
893 969 +002 00667 777
864 10.04 +0.05 10333 758

LGB 948 8.64 -~ 0.04 12667 784
933 881 +0.0] (1667 772
906 920 +0.08 01333 767
878 965 +0.04 (832 758.5
ROS 982005 G.0667 753

(L0333

KES 681.5 777 +0.06 02667 538.5
662 8.06 + (.07 0 1667 527
648 8.29 +0.02 (11333 §525
632 8.57+0.02 [ERSERK S16
612 892 +0.06 1.0667 St
587 949 -0.02 0.01333 500
568 Q97 (02

MAC 812 8.25+0.07 02667 625
791 8.63 +0.07 01667 610
753 9.26 +0.06 (h1333 610
737.5 9.37+0.07 00833 602
713 9.72 -0.08 (0667 595
674 1046 =-0.12 () (0333 579
+2°C T 2C

was measured every 30 s. Each load was applied for 30
minutes in the case of the calc-alkaline samples:
whereas for peralkaline and peraluminous samples,
only 10-20 minutes per applied load were used in order
to avoid the onset of vesiculation at longer timescales.

For applied stresses of 10°—10° Pa, strain rates of
10 °-10~7 s~ ' were recorded. The experiment was
repeated for the range of temperatures listed in Table 3
over time periods up to 420 minutes, resulting in deter-
mination of shear viscosities of 10°~10'' Pa s with stan-
dard deviations (10) of less than +0.12 log,, units.
Cumulative deformation of the samples did not exceed
10% of the original sample length.

To test for compositional drift in the samples during
the course of the measurements, chemical analysis was
performed on both pre- and post-viscometry samples
(XRF and ICP-AES for bulk composition; electron
microprobe for sample composition; Mdssbauer spec-
troscopy on Fe-rich peralkaline rhyolites and FTIR for
water contents ).

2.5. Differential thermal analysis

The heat capacities of the natural obsidians were
measured in a differential scanning calorimeter
(Setaram DSC 111%). This DSC is calibrated regularly
against the heat capacity of a 600-mg single crystal
sapphire. The thermocouple is calibrated against the
NIST standards SiO,, K,SO,, K,CrO, and BaCO; in
the temperature range 574 to 819°C. The heat capacity
is the ratio of the amount of heat applied to a sample,
to the corresponding temperature change in the sample.
For these measurements cylinders of 6 mm diameter
and 6 mm length were drilled and cut from the hand
specimens. These 400-mg cylinders were then placed
in platinum capsules for the calorimetric measurements
(Knoche et al., 1992). The heat capacity was deter-

8 ka

(
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026790 50
0.433°C !

(10832C 5 !

= 0.067°C 5

P AT CAPACTEY

10 1 180 820 ot M’lll ' 63
TEMPERATURE (°C1)
Fig. 1. The heat capacity of the investigated obsidians determined
using DTA at heating-rates 4 to 16°C min~'. The activation energy

of enthalpy relaxation (as recorded by peak temperatures of the
matched cooling and heating cycles) is presented in Table 4.
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mined on the melts that had been cooled and reheated
at matching rates of 16. 10, 8. 5, 4 and 2°C min '
(Table 3). The glass transition temperature 7, was
defined as the temperature of the peak in the heat capac-
ity curves as a function of temperature (Fig. 1). Based
upon the temperature calibration of the calorimeter and
the ability to measure the peak temperatures, the glass
transition temperatures were determined to within
+2°C.

3. Results and discussion
3.1. Viscosity

Parallel-plate viscometry results are listed in Table
3 and plotted in Fig. 2. Over the viscosity range 10%-
10" Pas, the log,, viscosity—inverse temperature rela-
tionship for thesc melts is Arrhenian with the following
form:

n

2.303RT

log,gm.=log,0d,+ (2
where 7, 1s the viscosity at temperature 7 (K), and A,
and E,, are the pre-exponential factor and the activation
energy of viscous flow respectively, and R is the gas
constant. Values for A, and £, are listed in Table 4.
The viscosities and activation energies calculated using
the method of Shaw ( 1972) for these compositions are
in error by up to one order of magnitude and up to 15%
respectively.

Water loss ({from FTIR) was negligible upon anneal-
ing of the samples during parallel-plate viscometry.

(Pa 5}
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Ao .‘
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= - - .
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Z e, » «
- - -~
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|
|
o
x 1 2
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Fig. 2. The viscosity of the investigated melts determined using
parallel — plate viscometry. The data are included in Table 3 and the
fit parameters presented in Table 4.

Furthermore, DTA runs on pre- and post-viscometry
samples with the same thermal treatment showed iden-
tical heat capacity peak temperatures, indicating that
the kinetic properties of the melt did not change
throughout the course of the experiment. Additionally,
two samples of BL6 were annealed at 850°C; one for
420 minutes — the maximum duration of the viscom-
etry experiments; and the other for 1 minute; and then
both cooled at 10°C min~'. The heat capacity peak
temperatures for these two samples were then deter-
mined calorimetrically using a heating rate of
5°C min "' and were found to be unchanged within
error ( +2°C). Finally, the [Fe** /total Fe] ratio for
Fe-rich peralkaline obsidians before and after viscom-
etry remain unchanged within the absolute error of
determination by Mossbauer spectroscopy; 0.30 +0.03
versus (.33 +0.03 for pre- and post-viscometry 8-ka
samples. These observations together with the obser-
vation that no drift in viscosity occurs during the
sequence of loading and unloading of the measure-
ments implies that the metastable equilibrium in the
liquid state and the disequilibrium between crystals,
melt and dissolved volatiles remains effectively frozen
due 1o the very slow kinetics of crystal growth or dis-
solution and bubble vesiculation processes. Thus, the
dilatometric determination of the viscosity of volatile-
poor natural volcanic samples is possible under these
conditions.

Although the viscosity measurements in Fig. 2 are
restricted to a 100-140°C range above T, it includes,
for calc-alkaline obsidians, the temperature range of
volcanological interest corresponding to the eruption
temperature and cooling to the glass transition (War-
shaw and Smith, 1988; Ghiorso and Sack, 1991). In
this tep~erature range, the majority of lava flow tex-
tures are formed during emplacement, cessation of
flow. and cooling during time periods ranging from 1
to 30 years (Manley, 1992; Stevenson et al., 1994c).
Previous laboratory work (Mazurin, 1986; Webb and
Dingwell, 1990a) has shown that bubble- and crystal-
free silicate melts, even in the metastable state (at sub-
liquidus temperatures), are Newtonian at strain rates
as high as 10”** s~ ! and stresses as high as 10® Pa.
Experimental strain rates of 107°-1077 s ™! closely
approximate calculated strain rates of 10 *t0 1077 s ™'
that Spera et al. (1988) and Pinkerton and Stevenson
(1992) modeled as appropriate for silicic dome growth
and lava flow. Furthermore, for calc-alkaline rhyolites,
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Table 4

Comparison of viscosity and DTA parameters ( 1o errors are quoted)

Viscosity measurements

DTA measurements

Shift factor

logeA,, E, 108104114 Ly
(kJmol ") tkJmol ")

BL6 —8.55740.060 388.84 + 13.46 —19.447 +£0.038 390.55 +32.56 10.80 +0.16

8ka —8.802+0.039 32741+11.54 — 18.663 £0.052 321.52+£31.42 10.21 £0.16

EDF —7.099 +0.068 374.06 +22.30 — 18.549+0.034 195.49 + 25 00 10.39+0.16

LGB —7.920+0.042 386.69+ 7.67 —19.787 £0.036 41172 4£13.70 10.61 £0.15

KE5 —8.628+0.053 296.72 + 7.65 -17.925 +0.062 286.52+10.04 10.07+0.16

MAC —-6.385+0.073 30521 +13.36 - 16.966 +0.036 010341492 10.83+0.16
average
10.49 +0.31

the viscosity at inferred eruption temperature may be
measured directly: (e.g., log,, n (Pas)=10.2 at
T 800°C for BL6, Stevenson et al. (1994a)). Thus,
parallel-plate viscometry data from natural samples can
be directly applied to the modeling of viscosity and
thermal cooling of silicic lava flows with time.

3.2. Differential thermal analysis

The glass transition temperature 7, for enthalpy
relaxation can be obtained from calorimetry data on
melts. There are a number of different definitions of T,
which are used in the literature. The temperature at
which the peak in the heat capacity curve occurs is
taken to be 7, in the present experiments. The depend-
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Fig. 3. The heating/ cooling-rate dependence of the calorimetric glass
transition temperature determined by differential thermal analysis.
The equivalence of the activation energy of enthalpic relaxation (this
figure) with that of viscosity (Fig. 2), is the fundamental observation
relating to the equivalence of stress and enthalpy relaxation in vol-
canic melts.

ence of 7, on heating and cooling rates yields infor-
mation on the relaxation time of the melt structure. The
relationship between T, and cooling/heating rate meas-
ured in this study is shown in Fig. 3.

The log,,, cooling/heating-rate—inverse temperature
relationship for the present melts is Arrhenian over the
cooling rates from 0.3 100.03°C s ' with the following
form:

E
DTA (3)

~logylg| =logiApra +2.303RTE

for g, quench rate in °Cs ', and Apta and Epra the
pre-exponential and activation energy for enthalpy
relaxation respectively. R is the gas constant. These
parameters are given in Table 4. Scherer (1984) found,
as expected, that a non-Arrhenian relationship was nec-
essary to describe the temperature dependence of vis-
cosity, and the quench rate dependence of 7, over the
nine orders of magnitude of quench rate (10°-
10 *°Cs ') used in his study.

3.3. Shear stress relaxation versus enthalpic
relaxation

Previous studies of enthalpy relaxation in silicate
glass melts have concluded that the activation energy
of enthalpy relaxation is identical with that of viscous
flow (Scherer, 1984). This leads to the following rela-
tionship between T, and viscosity which is independent
of melt composition;

log;ym,(at T,) = constant — logy| g | (4)



304 R.J. Stevenson et al. / Journal of Volcanology and Geothermal Research 68 (1995) 297-306

4 " 1 GR |
+ # i
—_ N - —
- ﬁ/t{ . 1E
& n EDE v /Z( ne <
Mac 4 ¥ f "z
o - . s
= * - 7
< It > I )
- : =
~ ) =
= ’ A s -
< o P ) [
Z » ~ g
- 1] L4 s
= x ‘/4 - -
2
! & 10 12
1077 (K

Fig. 4. The equivalence of stress and enthalpy relaxation in rhyolitic
obsidians. The hollow symbols are the 7, data as a function of
cooling-rate. The solid symbols represent the viscosity data as a
function of temperature. The shift factors listed in Table 4 have been
added to the quench-rate data to illustrate that both enthalpy and
shear relaxation have the same activation energy.

average

K ka

SHIFT FACTOR
[ ]
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0.3 n- (] [ 1.2 [ 1 19
AGPAITIC INDEX
Fig. 5. Shift factor (K) versus the agpaitic index [mol.

(Na,O ~ K,0)/Al,O:] of the melts. The solid line is the average
value of K. the dotted lines indicate 1o.

(Moynihan et al.. 1976) as the activation energies for
viscous flow E, and enthalpy relaxation Eyr, in
Eqns. 2 and 3 are identical. Scherer (1984) found the
constant to be 11.3 for 7, in log,, Pa s and quench rate
|g] in °Cs "', This relationship between viscosity and
quench rate can be used to estimate melt viscosity at
the glass transition.

The viscosity—temperature and cooling-rate—glass
transition temperature relationships are Arrhenian for
all of the investigated melt compositions over the pres-
ent small temperature ranges (Figs. 2 and 3). The acti-
vation energies obtained for viscous flow and enthalpy
relaxation are identical for each sample (see Table 4).
The value of the constant required in Eq.4 is

10.65 £ 0.28 (sece Table 4). Eq. 4 can now be used to
relate the cooling rate of volcanic melts to the viscosity
at the glass transition as illustrated in Fig. 4.

The constant obtained in this study is 0.65 less than
that obtained by Scherer (1984). In his analysis
Scherer used the onset of the heat capacity peak as T,.
Inspection of his datarevealsa 0.7 log,, units difference
in viscosity between the onset temperature and the peak
temperature. Thus, Scherer’s (1984) comparison of
viscosity and scanning calorimetry (for a soda-lime
melt NBS 710) is quantitatively consistent with the
present relationship and gives no indication of a sig-
nificant composition dependence of the shift factor in
Eq. 4.

As a first approximation, the shift factor K derived
in the present study (10.49 +0.31) can be used for all
compositions investigated and that of Scherer (1984).
Closer inspection of our data raises the possibility that
a slight compositional dependence of the shift factor
may exist. Fig. 5 displays the shift factor obtained in
the present study versus the agpaitic index of the melts.
The shift factor appears to increase with decreasing
agpaitic index. This drift in K might reflect a melt struc-
ture influence on the relationship between the enthalpic
relaxation time and the temperature of the peak in the
heat capacity curve.

3.4. A strategy for the rheological investigation of
microlite-rich volcanic obsidians.

Traditional methods of evaluating the effect of sus-
pended crystals on the rheology of liquids involve the
addition of solids to the liquid phase using low tem-
perature analog systems (Pinkerton and Stevenson,
1992). The mechanical mixing of crystals and silicate
melts at high temperatures without significant porosity
or crystal dissolution or growth is difficult to achieve
experimentally. One alternative is the in situ partial
crystallization of a melt to generate a ceramic (LeJeune
et al.,, 1992). Here, the development of equilibrium
textures and crystal morphologies is difficult. An
important consideration in any attempt to generalize
such experimental data is the distinction of the contri-
butions of melt and crystal content on the rheology of
the composite material. In principle one could analyze
the melt composition in the composite and synthesize
the crystal-free equivalent to obtain the liquid viscosity
and determine the effect of crystals by difference. In
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practice, the very fine texture of microlite-bearing
materials including the presence of nanolites ( Sharp et
al., 1995) means that composition analysis of the qual-
ity required for subsequent synthesis and melt rheology
measurements is often impossible. Very small amounts
of dissolved water in the melts of the microlite-rich
obsidians can also significantly influence viscosity. A
further possibility raised by our success in defining an
operating window between the glass transition and the
foaming temperature is the use of natural microlite-rich
melts.

The demonstration of the equivalence of enthalpy
and shear stress relaxation in volcanic obsidians out-
lined in the present study allows us to calculate the
viscosity of a melt from its cooling/heating-rate
dependent 7, determined from heat capacity measure-
ments together with the average K value determined in
this study. A comparison of this calculated melt vis-
cosity with the measured viscosity of the crystal-bear-
ing material should enable the determination of the
effect of microlites, or any other suspended phases, on
the viscosity of the system.

4. Conclusion/outlook

The feasibility of the investigation of rheology of
natural lava samples using parallel-plate viscometry in
an operating window between the glass transition and
the vesiculation temperature has been demonstrated.
This powerful tool provides an opportunity for direct
investigation of lava rheology under the temperature
and strain-rate conditions relevant to lava emplace-
ment. This permits the study of a wide range of volca-
nological materials without the need for extrapolation
in temperature or strain rate and with geologically rel-
evant textures.

In the present study we have demonstrated that calor-
imetric determination of the glass transition as a func-
tion of heating and cooling rate can be used to yield
viscosity data for the melt. The relation between vis-
cosity and calorimetric glass transition has been
expressed in an equation which is essentially independ-
ent of composition. This equivalence underlines the
observation that the enthalpic and rheological conse-
quences of the glass transition in melts are tightly linked
and demonstrates that, to a good approximation, the

viscosity of silicic volcanic melts at a consistently
defined glass transition temperature i1s constant.

A determination of the glass transition using either
of the investigated properties, viscosity or heat capac-
ity, can be used to define the glass transition for vol-
canic obsidians. Knowledge of the viscosity—
temperature relationship of a volcanic melt, combined
with an estimated cooling rate for the volcanic obsidian
(e.g., Wilding et al., 1995) then permits quantification
of the glass transition temperature and the correct
assignment of glassy and liquid values to the derivative
thermodynamic properties of the melt: an essential
input for modeling of volcanic processes. The present
results generate a new strategy to enable the investi-
gation of the rheology of microlite-laden volcanic
obsidians based on calorimetric determination of the
host melt viscosity.
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