
Seriimentology (1976) 23, 147-188 

Grain size variations in ignimbrites and implications for 
the transport of pyroclastic flows 

R. S. J. S P A R K S  

Innar and Planetary Unit, Department of Environmental Sciences, 
University of Lancaster 

ABSTRACT 

lgnimbrite flow units commonly show reverse grading of large pumice clasts and 
normal grading of large lithic clasts. Ignimbrites show coarse-tail grading, in which 
particles beneath a critical diameter, ranging from 64 to 2 mm, are ungraded. Above 
this  size the larger the clast diameter the more pronounced the segregation. The 
grading is consistent with the theoretical settling rates of particles in a dispersion 
with a high particle concentration. Ignimbrite flow units show a reversely graded, 
fine grained basal layer which is attributed to the action of boundary forces during 
flow. lgnimbrites are commonly associated with cross-stratified pyroclastic surge 
deposits and fine ash fall deposits formed in the same eruption. The fine ash fall 
deposit is depleted in crystals and is thought to be thedeposit of the fine turbulent 
cloud observed making up the upper parts of nukes ardentes. 

Pyroclastic flows are postulated to be dense, poorly expanded partly fluidized 
debris flows. Only its fine grained components can be fluidized by gas. Pyroclastic 
flows are believed to behave as a dispersion of larger clasts in a medium of fluidized 
fines, which acts as a lubricant similar to water in mud-flows. Poor sorting in 
ignimbrites is attributed to high particle concentrations not turbulence. Many 
pyroclastic flows may be laminar in their movement with apparent viscosities, 
deduced from the lateral grading of large lithic clasts, in the range 101-103 poise. 

INTRODUCTION 

lgnimbrite is defined as the rock or deposit formed from pyroclastic flows gener- 
ated during one eruption and which is composed predominantly of vesiculated juvenile 
material. A flow unit is defined as the rock formed from a single pyroclastic flow. 
Most ignimbrites are composed of several flow units. 

Tgnimbrites are very poorly sorted pyroclastic rocks but nevertheless they do show 
variations in grain size clearly visible in the field. Sparks, Self & Walker (1973) out- 
lined some of the commonest variations found within ignimbrites and in the deposits 
intimately associated with them. They proposed a ‘standard ignimbrite flow unit’ 
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Fig. 1. Schematic section through the products of an ignimbrite eruption, showing one flow unit 
with layers 2a and 2b, underlying pyroclastic surge deposit (layer I ) ,  and fine ash deposit (layer 3); 
P, pumice clasts; L, lithic clasts. (After Sparks, Self & Walker, 1973.) 

which is reproduced in Fig. 1 .  The main portion of the flow unit (layer 2b) often shows 
reverse grading of large pumice clasts and normal grading of large lithic clasts. A 
fine grained basal layer (layer 2a) is found at the base of most ignimbrite flow units. 
Tn addition two deposits commonly associated with ignimbrite are shown; layer I ,  
interpreted as a pyroclastic surge deposit and layer 3, a fine ash fall deposit. These 
grain size variations have been found in ignimbrites with wide ranges of composition. 

One major problem is the manner in which the pyroclastic flows that form ignim- 
brites move and are emplaced. Most workers now accept that pyroclastic flows move 
under the influence of gravity along topographic depressions. However, despite many 
investigations of historic eruptions and prehistoric pyroclastic flow deposits there is 
still a wide range of opinion about the details of the process. The following study 
describes and quantifies these variations of grain size of ignimbrites and attempts to 
interpret their genesis in terms of the dynamics and flow of gas/particle dispersions and 
particulate fluidized systems. 

264 sieve analyses were made of non-welded ignimbrites and their associated de- 
posits. Samples were collected from several levels in individual flow units. Most of the 
analyses (207 samples) are froin Vulsini Volcano, a Quaternary centre 100 km north 
of Rome, Central Italy. The stratigraphic nomenclature used for the Vulsini Ignim- 
brites is taken from Sparks (1 975). Some samples were taken from Santorini Volcano 
(twenty-nine samples) Tenerife (seventeen samples), and eleven samples from other 
volcanoes in Southern Italy. 

Samples were sieved with a set of sieves having an interval of one phi and covering 
a range of mesh size from - 5 q  (32 mm) to + 4q(1/16 mm). The analyses were plotted 
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as cumulative frequency curves on arithmetic probability paper and the median dia- 
meter Md, ( =(p6,,) and the graphical standard deviation LT,= ((p84-916)/2 were 
derived from the curves. Md, indicates the central tendency of the distribution and 
slP gives a measure of the dispersion of the distribution (i.e. the sorting). These para- 
meters were chosen as they are relatively simple compared to other graphical statistics 
used in the literature and also because it enabled comparison with other studies of 
pyroclastic deposits. 

The validity of these statistics relies on the assumption that the grain size distribu- 
tion of the sample is approximately log. normal. For many analyses the central 68 % 
of the anlysis approximates to a straight line and it is argued that the statistics are 
useful for comparison between different samples and can have genetic implications 
when used with caution. Some samples are strongly bimodal or even polymodal and 
the statistics cannot be used. Visher (1969) demonstrated that many sedimentary de- 
posits were composed of several sub-populations formed by different depositional 
mechanisms acting simultaneously to produce a polymodal population. The same 
reasoning can be applied to pyroclastic deposits and thus only relatively large dif- 
ferences in the values of graphically-derived statistics can be considered meaningful. 

117 selected samples were further analysed by separating each size class down to 
1/8 mm into the three main components of pyroclastic rocks: pumice (including fine 
ash and shards), crystals and lithics. For size classes greater than 1/2 mm each com- 
ponent was separated by hand-picking under a binocular microscope and the weight 
percentage determined directly on a laboratory balance. For the <I14 and <1/8 mm 
size fractions a minimum of 750 grains were counted and the proportion of pumice was 
altered by a conversion factor obtained from test samples to convert from number to 
weight percentage. The detailed results of all analyses used in this paper are tabulated 
in the thesis by the author (Sparks, 1974). 

GRAIN S I Z E  STUDIES 

Grain size distribution in ignimbrite 
Many studies have established that most pyroclastic fall deposits are relatively well 

sorted whereas most pyroclastic flow deposits are poorly sorted (Murai, 1961 ; 
Fisher, 1964; Walker, 1971; Sheridan, 1971). Some authors have claimed that the 
genesis can be determined from the size characteristics alone (Sheridan, 1971; Buller & 
McManus, 1973). This is questionable because pyroclastic deposits are formed from 
complex interactions of many processes and special conditions often produce ano- 
malous size characteristics. For example, pyroclastic fall deposits close to their source 
or rain flushed beds can be very poorly sorted and have grain size characteristics 
indistinguishable from pyroclastic flow deposits. Nevertheless when used with caution 
and when combined with other criteria such as geometry and depositional structures, 
the size characteristics of a rock can have important genetic implications. 

Most ignimbrites are relatively poorly sorted, typically containing a continuous 
range of grain sizes from many centimetres down to a few microns. Figure 2 is a plot 
of all the available sieve analyses of pyroclastic flow deposits on a Md,/o, diagram and 
illustrates the wide variation of both parameters in these rocks. The graph confirms 
previous studies (Murai, 1961 ; Walker, 1971), showing that most ignimbrites have 
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0, values greater than 2.0 and reveals a crude relation between the two parameters, 
with 0, tending to decrease as the median diameter falls. Individual ignimbrites can 
show wide variations within themselves (Sparks, 1975). 

The wide range of size characteristics can be related to several factors, of which 
probably the most important is the relative proportions of the three constituents, 
pumice, crystals and lithics. Samples with low lithic and crystal content have flat 
grain size distributions with no pronounced mode at any particular grain size. Crystals 
normally occupy a fairly restricted range of sizes usually in the medium fractions 
(2-I/8 mm). The size distributions for the crystals show low values of c, and a cluster- 
ing of Md, values at medium grain sizes (Fig. 2). There is some error in these values 
since the fractions finer than 1/8 mm are excluded. The low 0 values indicate the rela- 
tively small range of phenocryst sizes in the original magma. The result of a high 
crystal content is to lower the value of 0, in the bulk sample and to induce a marked 
peakedness in the medium fractions. Lithic debris can be derived by magmatic stoping, 
by fragmentation of the walls of the magma chamber and vent during the explosive 
eruptions and by the pyroclastic flow picking up loose surface debris during flow age. 
Lithic contents in ignimbrites can vary from zero to 50%. Lithic fractions from ignim- 
brites are less well sorted than crystal fractions, but better sorted than the whole 
ignimbrite (Fig. 2), although the exclusion of fractions finer than 1/8 mm causes some 
exaggeration of the differences. 

Fines are considered as those particles under 1/8 mm, a purely arbitrary limit due to 
the difficulty of separating out the three components to any reasonable accuracy beneath 
this size. In  nearly every example (Sparks, 1974) the proportions of both lithics and 
crystals beneath the + mm size class diminishes rapidly with decreasing grain size and 
suggests that the fine material (less than 1/8 mm) is likely to be largely composed of 
pumice debris (glass shards). The scarcity of fine lithic and crystal ash suggests that the 
size frequency curves of these components are not too inaccurate by exclusion of the 
less than 1/8 mm fractions. The preponderance of fine pumice dust in the fines is 
attributed to the much lower mechanical strength of pumice during eruption and 
flowage of the material (see also Walker, 1972). 

Vertical grading in ignimbrite flow units 
In Fig. 1 the main portion of an ignimbrite flow unit (layer 2b) commonly shows 

grading of large clasts. Reverse grading of pumice clasts has been observed in many 
ignimbrite fields in Italy, the Canary Islands, the Azores, Chile, the West Indies, 
Greece and Japan (Kuno, 1941; Self, 1972, 1973; Sparks, Self & Walker, 1973; 
Walker, personal communication). Likewise normal grading of lithic clasts has been 
observed in many places (Noble, 1967; Yokoyama, 1974; Sparks, Self & Walker, 
1973). Absence of grading is equally common. Normal grading of pumice has also 
been observed (Fisher, 1966; Fisher & Mattinson, 1968; Smith, 1960). The author has 
observed this in  some of the flow units of the Minoan ignimbrite, Santorini and in 
some Italian ignimbrites, though, in his experience, normal grading is rare. 

(a) Reverse grading of clasts is recognized in the field by the upward increase in the 
size of the maximum pumice clast. The average of the five largest pumice clasts were 
measured both at the top and towards the base of some ignimbrite flow units. The 
maximum pumice may be up to three times larger at the top of the flow unit (Fig. 3). 
Grading varies from a gradual increase in size upwards (Fig. 2, Sparks, Self & Walker, 
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Fig. 3. Comparison of the average diameter of the five largest lithic (a) and pumice (b) clasts at 
the base and top of ignimbrite flow units. 

1973) to  an extreme concentration of large pumice clasts in an upper zone of enrich- 
ment (see Fig. 3 in Sparks, Self & Walker, 1973). The thickness of these pumice rich 
zones varies from several centimetres to a few metres. In most examples of reversely 
graded units the cumulative curves of samples within a flow unit converge towards 
the finer grained factions (Fig. Sb and c and Figs S and 6, Sparks, Self & Walker, 1973) 
and both rs9 and Md, increase towards the top of the unit. Sparks, Self & Walker (1973) 
thought that the major grading processes were affecting only large clasts and that the 
ignimbrite ‘matrix’ (that part of the distribution finer than a certain cut-off value, Dc,) 
remained essentially homogeneous throughout the thickness of the flow unit. However, 
a few ignimbrite flow units depart from this behaviour and the cumulative curves do 
not converge, but remain parallel to one another (Fig. Sa). Here it is not possible to 
determine a critical diameter beneath which there is no particle segregation, the 
processes affecting a much wider range of clast sizes. 

The size distribution of pumice rich top is strongly bimodal or negatively skewed 
(Fig. 6) in contrast to the unimodal central part of the same flow unit. In nearly all 
cases the cumulative curves of the top and centre converged at the fine end, showing 
that only the coarse clasts are graded. To study this relationship it was assumed that 
the <+ mm size class remains essentially constant through the thickness of these flow 
units and grain size distributions of the pumice rich top and the central parts of a 
flow unit were then normalized to a standard value for the <+ mm size class. In each 
normalized size class the value of the central part of a flow unit was subtracted from 
that of the pumice rich top to produce a ‘residual’ distribution for the latter. These 
residual values were recalculated to 100% and plotted as cumulative curves (Fig. 7). 
These ‘residual’ curves represent the grain size distribution of the clasts that have con- 
centrated in the pumice rich top and caused their bimodality. The intersection of 
these curves with ‘ps9 (Fig. 7) varies between 16 and 4 mm, which is approximately 
equated with the values of D, in different ignimbrites. Beneath D, ( (pgg)  the top and 
centre of the flow unit have more or less identical grain size distributions. 
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Fig. 4. Top of flow unit of Ignimbrite B, Vulsini showing bimodal concentration of large pumice 
clasts in a thin upper zone. The ignimbrite is overlain by very fine grained air fall ash beds (layer 3) 
containing abundant accretionary lapilli. 

In some flow units the pumice rich top may be only a few centimetres thick. For 
example, in Tenerife the author observed a flow unit 10 m thick with a pumice rich 
top only one fragment thick (10 cm), but otherwise the unit was ungraded. Similar thin 
zones have been observed in flow units on Santorini and on Vulsini. Such thin zones 
are easy to erode because the upper parts of ignimbrites are often non-welded. In the 
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Fig. 6. Size frequency histograms of bimodal pumice rich tops of two ignimbrite flow units. Stippled, 
pumice; shaded, lithics; unshaded, crystals. (a) Ignimbrite b, Vulsini A1 10. (b) Minoan ignimbrite TI. 
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Fig. 7. Cumulative frequency curves of coarse secondary modes of pumice rich tops derived by 
methods described in text. 1, 3 and 4, Ignimbrite D, Vulsini; 2, Ignimbrite b, Vulsini. 

Minoan lgnimbrite well developed pumice rich tops occur, but much of the upper 
portions of this deposit have been removed, even though the deposit is only 3000 
years old, It is possible that many pumice rich zones which would indicate grading 
may have been removed. 

Grading was examined in greater detail in flow units where samples had been 
separated into their components. The value of the pumice/lithic ratio (P/L)  was calcu- 
lated for each size class in samples taken from flow units of the Minoan Ignimbrite, 
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lgnimbrite C and Ignimbrite D, Vulsini. In each flow unit the value of P / L  in  each size 
class was standardized to 1.0 for the lowermost sample. (P/L)* was then defined: 

(P/L)* = (P/L)  x I /(P/L)b 

where (P/L)b = pumice/lithic ratio of lowermost sample in section. 
(P/L)* then represents the increase in PIL upwards in the flow unit compared with 

the lowest sample. (P/L)* was calculated for each size class in each sample and plotted 
against height (Fig. 8). In Fig. 8 (P/L)* increases in each section with height only in the 
coarse size clases. The smaller the size class the less the relative increase in (P/L)* 
upwards and in the finer size classes (P/L)* remains fairly constant throughout the 
thickness. This demonstrates that the larger the particle the more susceptible it be- 
comes to the grading processes and that the fine matrix of an ignimbrite remains 
remarkably homogeneous throughout its thickness. In  Fig. 8 particles finer than 2 or 
1 mm are ungraded. 

The upwards increase in (PIL) may represent either an upward increase in pumice 
or a downward increase in lithics or some combination of both. In order to disen- 
tangle the effect of any variation in lithic content the pumice fraction was recalculated 
to 100 % (excluding fractions < 1 /8 mm). In every section the samples were normalized 
by assuming the (3 mm size class remains constant through the thickness of the flow 
unit at a standard value and thus a standardized pumice value ( S P )  could be defined 
in each size class as: 

sP( , ,= WP") IIWP(4, 

where SP,,, =standardized pumice value in the (r)  mm size class; 
WP(') =weight percent pumice in the ( r )  mm size class; 
WP,+, =weight percent of pumice in the <i mm size class. 

The lowermost sample in each section was taken as a reference and the Pumice 
Concentration (Pn) defined : 

where BSP(,, =standardized pumice value in the ( r )  mm size class in the lowermost 
sample. 

P n  then represents a measure of the increase of pumice in any given class size of 
any sample compared to the lowermost sample. In Fig. 9 Pn has been plotted against 
grain size for several ignimbrite flow units. By definition the lowermost sample has 
Pn= 1.0 in all grain sizes and all <+ mm Pn values = 1.0. In all examples the value of 
P, remains remarkably constant in the fine grain sizes, near to the value of 1.0 and 
demonstrates the homogeneity of these flow units in the fine grained matrix. The value 
of P n  increases dramatically in the coarsest size classes. The larger the diameter the 
greater the concentration of the pumice clasts upwards. 

D, can be accurately determined from Fig. 9. As the grain size decreases P n  de- 
creases until it is approximately equal to 1.0 defining D, and then remains approximately 
constant. In the examples D, varies from 16 to 2 mm. 

(b) Normal grading of lithic clasts is another common occurrence in ignimbrite 
flow units, ranging from an ill-defined downward increase in the size of the maximum 
lithic clasts to the occurrence of a distinctive lithic rich zone at the base of layer 2b. 



Grain size variations in ignimbrites 157 

I80 

I50 

- 
E 
u - 
2 IOC 
P 
I 

5c 

I I I I I 

... 
f 
P 
I 

100 50 10 5 I 

* ( P / L )  

Fig. 8. Plots of the normalized pumice/lithic ratio *(P /L)  against height in ignimbrite flow units for 
each grain size (shown in mm). The graphs have been further normalized by putting the value of 
*(P/L)=l.O for all size classes of the lowermost sample. (a) Minoan ignimbrite, Santorini, T59-762. 
(b) Ignimbrite D, Vulsini, A169-A171. (c) Ignimbrite C, Vulsini, A130-Al34. 
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Fig. 9. Plots of the pumice concentration (Pn) against grain size for samples of ignimbritecompared to 
the lowermost sample, which has an arbitrary value of P,= 1.0 for all size classes. Heights above the 
flow unit base are shown for each graph. a,  lgnimbrite C ,  Vulsini; b, Minoan Ignimbrite; c, Minoan 
Ignimbrite; d, Ignimbrite D, Vulsini. 

The average of the five largest lithic clasts at the base of a flow unit usually proves to 
be greater than the average at the top (Fig. 3a). 

In order to eliminate the effect of pumice grading a similar procedure to that al- 
ready described for the pumice component was adopted to quantify the increase in  
lithics downwards, normalizing the grain size distributions of lithics by assuming the 
<<+ mm size class to be constant. A standardized lithic value (LP) was defined : 

LP(r, = WL(r, x I /  WL(+) 

where LP(,) =standardized lithic value in the (Y) mm size class; 
WP(r) =weight percent lithics in the (Y) mm size class; 
WL(+) =weight percent of lithics in the 3 mni size class. 

The uppermost sample in each section was taken as a reference and the Lithic Con- 
centration (Ln) defined: 

L,n= LP(q / l/ULP(r) 

where ULP(,,=standardized lithic value in the (Y) mm size class of the uppermost 
sample. 

Ln represents a measure of the increase in lithics in any given size class of a sample 
compared to the uppermost sample in the flow unit. 
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Fig. 10. Plots of lithic concentration (L,)  against grain size for samples compared to uppermost 
sample in flow unit, which has a standard value of L,,=:l.O for all size classes. Sample heights are the 
same as in graphs of Fig. 9 (sections a, b, c, and d). a, Minoan Ignimbrite; b, Tgnimbrite C, Vulsini; 
c, Ignimbrite D, Vulsini; d, Minoan Ignimbrite; e, Minoan Ignimbrite. 

In Fig. 10 L, is plotted against grain size in several ignimbrite flow units. Similar 
relationships are found to the grading of pumice except that it is normal rather than 
reverse. Again the larger the clast and the lower it is in the section the greater the 
greater the value of L,. The value of Dc appears to be similar for both lithics and 
pumice in the same section, for example, Ignimbrite C (Fig. 9a and Fig. lob) in 
which D,=2 mm in both cases. In the Minoan Ignimbrite example Dc=2 mm for 
pumice (Fig. 9c) but Dc= 1 mm for lithics (Fig. 10a). 

Figure 1Od is a flow unit from the Minoan ignimbrite and is unusual as the lithics 
are reversely graded (the lowermost sample has been taken as reference in this case to 
determine Ln). This is the only example that the author has seen, except in unusually 
thin flow units, which are discussed later. 

(c) Absence ofgrading is also common and many ignimbrite flow units appear un- 
graded. Samples were taken up apparently ungraded units and the cumulative curves 
plotted (Fig. 5d). The absence of grading is confirmed by the similarity of the cumula- 
tive curves and the constant values of Md, and 0, through the thickness of these flow 
units, and they show fairly constant values of (PIL) in each size class against height. 

It has already been shown that graded flow units are characterized by a critical 
diameter D, beneath which grading is absent. In the examples studied Dc varied 
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considerably, from 32 to 2 mm between different flow units. Absence of grading may 
occur then in flow units where most or all of the clasts are smaller than D, which may 
perhaps have a value of several centimetres. 

(d) Causes of grading. Grading is generally characterized by (a) reverse grading of 
the low density pumice, (b) normal grading of the high density lithic material and (c) 
the degree of grading being a function of grain size, the larger the fragment, the more 
effective the grading. Therefore, it seems probable that the grading is largely the result 
of the density contrast of individual fragments within the pyroclastic flow. The matrix 
is invariably denser than the large pumice clasts (Sparks, 1975, Table 2) and it is con- 
cluded that flotation of the pumice is the major process causing reverse grading. 

Lithics, on the other hand, have much greater density than the matrix of the pyro- 
clastic flow and it is concluded that the principal mechanism of normal grading is 
gravitational settling. Although the erosion and introduction of surface debris can 
contribute to the concentration of lithic debris at the base, the similarity of the 
behaviour of lithics and pumice (in the opposite sense) is striking. Moreover, only 
large lithic clasts are concentrated at the base, whereas fine lithic material apparently 
remains constant in size distribution throughout the thickness. If material picked up 
by the flow were important then it would be expected that the flow would not discrimi- 
nate between fine and coarse material in such an exact way. Several studies have con- 
firmed that the maximum size of lithic clasts in ignimbrites decreases away from the 
source (Kuno et al., 1964; Fisher, 1966; Yokoyama, 1974; Sparks, 1975; Self, 1973). 
This lateral grading can also be explained by sinking of lithic clasts in a lower density 
flow. 

The basal layer (2a) 
The presence of a fine grained layer at the base of many ignimbrite flow units has 

been recognized by several workers (Smith, 1960; Fisher, 1966; Walker, 1971; Sparks, 
Self & Walker, 1973). There are three types of fine grained ‘layer’ that have been ob- 
served intimately associated with ignimbrite flow units. These are identified as layer 1, 
layer 2a and layer 3 in Fig. I ,  but layers 1 and 3 are not integral parts of the flow unit 
and have different characteristics and origins. Walker (1 971) originally defined the 
term ‘basal layer’, but included all three types of deposit. Sparks, Self & Walker (1973) 
restrict the term ‘basal layer’ to layer 2a, that is a basal fine grained layer which is an 
integral part of the flow unit, and this is the usage adhered to below. 

Most of the ignimbrite flow units that have been seen by the author have a basal 
layer (Figs I 1  and 14a). This portion of the deposit is reversely graded and the size of 
both the maximum lithic and pumice clasts increase upwards until they have the same 
value as the ignimbrite, at which point the basal layer is no longer distinguishable 
from the ignimbrite. The boundary between the basal layer and the main body of the 
flow unit is always transitional. The thickness of the basal layer generally ranges from 
a metre to a few centimetres. 

A basal layer always separates the flow unit from the ground surface irrespective of 
the slope of the ground. At Sorano and Pitigliano, Vulsini Volcano, ignimbrites have 
locally in-filled box canyons sculptured out of old ignimbrites (Sparks, 1975). In such 
situations a basal layer has been found at the vertical junction between two ignim- 
brites. This shows clearly that the basal layer is not a separate deposit, as it is commonly 
found on slopes much greater than the angle of repose of the material, but must be an 
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Fig. 11. Fine grained basal layer of Ignimbrite B, Vulsini. 
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Fig. 12. Md,!o, diagram of samples of basal layers (0) and surge deposits (0). The dashed lines 
enclose the area in which 95% of ignimbrites plot. Data taken from Walker (1971), Self (1973) and 
Sparks (1974). 

integral part of the flow unit and be the result of interaction of the flow with its boun- 
dary. Sometimes a basal layer in an area of irregular topography thickens in the bot- 
toms of valleys but it is uncertain how common this is. 

Basal layers generally have a lower median diameter and lower G, values than 
ignimbrites (Figs 5 and 6 c and e). However, they are still poorly sorted and usually 
plot within the lower half of the ignimbrite field on an Md,/u, diagram (Fig. 12). The 
values Md, and G, decrease towards the base of the basal layer. 

Most cumulative frequency curves of basal layers and their ignimbrite converge 
towards the finer grained end. If the grain size distribution of the ignimbrite finer than 
the y1 (the one percentile) value of a sample of its basal layer is recalculated to 100 %, 
the recalculated distribution is, in most examples, remarkably close to the distribution 
of the basal layer. An example of this is shown as dashed lines in Fig. 5e. This demon- 
strates that the main difference between an ignimbrite and its basal layer is that the 
basal layer lacks coarse particles present in the main body of the ignimbrite. Otherwise 
the particle sizes common to both samples have approximately the same size distribu- 
tion. Clasts above a critical diameter (Dcb) are absent in the basal layer. 

The value of the critical diameter (Dcb) evidently decreases downwards in the basal 
layer. In Fig. 13y, (Dcb) is plotted against height in sections where two or more samples 
have been taken from a basal layer, and the values of y1 decrease towards the base. 

Comparison of the LIP and C/P ratios in individual size classes of the ignimbrite 
and the basal layer show that the proportions of constituents are similar in each size 
class. However, there is a tendency in the finer fractions (usually the 114 and 1/8 mm 
size classes) for a slight enrichment in the proportion of pumice. This may explain 
why basal layers often have a slightly finer Md, value than the distributions estima- 
ted from the main ignimbrite (Fig. 5e). In many basal layers this effect is only small, but 
in others there are quite large increases in the proportions of pumice and in a few 
sections the proportion of pumice component increases downwards. 
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Fig. 13. Plot of rpl against height in basal layers. 0, Campanian Tuff, S. Italy; ., Ignimbrite D, 
Vulsini; 1 1,  Ignimbrite C, Vulsini; A, Ignimbrite B, Vulsini; A, Ignimbrite C, Vulsini. 

Another textural feature of the basal layer is that elongated particles are often 
aligned parallel to the ground surface. This is in contrast to ignimbrites where elonga- 
ted clasts are occasionally seen upended. Preliminary studies indicate that basal 
layers have a significantly higher proportion of flat clasts than the main ignimbrite. 

Fine ash deposits 
Many ignimbrites are associated with extremely fine grained deposits, shown as 

layer 3 in Fig. 1 .  These deposits are usually thin, well-bedded and mantle the topo- 
graphy uniformly (Figs 4 and 14a). They occur both below, above and within the 
ignimbrite and can be traced laterally into areas where the ignimbrite was not em- 
placed. These characteristics suggest an air fall origin, but their intimate relation with 
the ignimbrite indicates that they were formed in the same eruption. Sparks, Self & 
Walker (1973) discussed situations favourable to the preservation of these deposits. 

The grain size characteristics of layer 3 deposits are very distinctive (Fig. 5b, e and f) .  
In most at  least 70% of the deposit is finer than 1/8 mm and Md, is very fine (Table I) .  
Although the deposits are remarkably fine, many show a large range in clast sizes a t  
the coarse tail of the distribution. Cumulative frequency curves (Fig. 5f) show sharp 
breaks in slope which may indicate two modes, a coarse poorly sorted minor mode and 
a fine, better sorted major mode. 

Layer 3 deposits are largely composed of highly fragmented pumice (glass shards) 
and sparse crystals. The similarity between the pumice and crystals in the layer 3 
deposit and in the ignimbrite confirms that they are formed from the same juvenile 
magma. When the crystal/pumice (CjP) ratios are compared to those in associated 
ignimbrite, it is found that in each size class there is a large depletion in the proportions 
of crystals in the layer 3 deposit. Ignimbrites contain between three and eight times the 
amount of crystals and from three to eight times more lithics than the layer 3 deposit 
(Sparks, 1974). 
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Table 1. Grain size characteristics of fine air fall ash deposits (layer 3). 
The median terminal fall velocity of each sample is also shown 

Sample Ignimbrite %< 1/8 mm Md, Median terminal 
velocity (cm/s) 

A207 
A40 
A39 
A1 I8 
A135 
A156 
A185 
A186 
A198 
A230 
c 5  
T37 
T4 1 
T42 

~ 

Uncorrelated, Vulsini 
Ign. D, Vulsini 
Ign. A, Vulsini 
Ign. D, Vulsini 
Ign. C, Vulsini 
Ign. C, Vulsini 
Ign. C, Vulsini 
Ign. C, Vulsini 
lgn. B, Vulsini 
Campanian Tuff 
Old. Ign., Tenerife 
Minoan Ign. 
Minoan Ign. 
Minoan Ign. 

64.2 
65.4 
75.9 
70.1 
60.3 
61.5 
49.0 
72.3 
40.3 
46.8 
87.6 
60.0 
81.4 
79.6 

f 3 . 8 0  
f 3 . 8 5  
f 5 . 1 0  
f 4 . 3 5  
f 3 . 5 0  
f 3 . 6 0  
f 2 . 9 0  
f 4 . 2 5  
+ 2.35 
+ 2.70 
+ 5.40 
f 3 . 7 0  
f 4 . 9 5  
+4.60 

_ _  
7 .0  
1 .4  

10.0 
10.0 

5.0 
... 

0.8 
9.0 
2 .0  
4.0 

lgnimbrites show pronounced crystal concentration. Hay (1959) first demonstrated 
that, when pumice from an ignimbrite is gently crushed, the proportion of crystals to 
pumice in each size class is much greater in the ignimbrite than in the artificially 
crushed pumice. The concentration factors found by Walker (1972) varied from three 
to twenty-one in nine samples from widely separated areas. He suggested that the 
concentration is due to the contrast in mechanical strength and density of the two 
components during eruption and flow. Although the fine grained fractions are largely 
composed of shards and can account for some of the material apparently lost from 
the medium grained fractions, Walker estimates that the loss amounts to between one 
and five times the weight of the samples. The concentration of crystals in ignimbrite is 
thought to be complemented by the depletion of crystals in the layer 3 deposits and it 
is thought that much of the fine grained dust lost from a pyroclastic flow accumulates 
at a later stage to form layer 3. Many layer 3 deposits are believed to represent the 
deposits of the turbulent dust clouds observed above nuke ardentes (Sparks, Self & 
Walker, 1973). 

Many of the layer 3 deposits of Vulsini Volcano and some in Tenerife contain 
abundant accretionary lapilli (Fig. 4). Rain stoms during some eruptions may have 
flushed out the fine ash and contributed to the formation of these deposits. 

Pyroclastic surge deposits 
Many ignimbrites are associated with pyroclastic deposits that fluctuate in thick- 

ness and often show cross-bedding and dune-like structures. These deposits have been 
interpreted as the products of ground surges (Sparks, Self & Walker, 1973), and are 
designated layer 1 in Fig. I .  The term pyroclastic surge is preferred as it fits more logic- 
ally into the tripartite classification of pyroclastic rocks : pyroclastic fall, flow and 
surge. The commonest position to find them is at  the base of an ignimbrite. 

Some of the pyroclastic surge deposits consist of only relatively thin and coarse 
grained deposits which fluctuate in thickness over a distance of several metres (Fig. 
I4a). Sometimes internal bedding and cross-stratification can be detected, but in most 
cases it is rather poorly developed and sometimes cannot be observed, in which case 
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Fig. 14. (a) Coarse grained pyroclastic surge bed (1) occurs beneath Ignimbrite B, Vulsini and shows 
irregular thickness. The surge overlies fine ash fall bed (layer 3) and is overlain by basal layer (2a). 
(b) Climbing ripple structure in pyroclastic surge deposit associated with a pre-1470 BC ignimbrite 
and scoria fall deposit on Santorini. The current moved from left to right. 
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the deposit has the appearance of a single bed. In some examples the soil underneath 
the surge deposit is baked. These deposits have similarities to some of the nuCe 
ardente deposits of the 1902 and 1930 eruptions of Mont PelCe, West Indies (Walker, 
personal communication) and it is believed that the deposits had a high temperature. 

However, other ignimbrites such as the Minoan deposits are associated with low 
temperature, base surge deposits, formed during phreatomagmatic activity, which show 
much greater heterogeneity and very well developed cross-stratification. These de- 
posits mantle topography, but thicken in depressions and thin on high ground. Dune- 
like structures and low-angle (1 "-14") cross-stratification are both common structures 
(Fig. 14b). The lee sides of wave-forms radial to flow direction commonly contain 
coarse well sorted lenses which are interbedded with finer and more poorly sorted 
beds. Wave-lengths vary from several centimetres to several metres, but when the 
wavelength is large and the amplitude small the dune structures can be difficult to 
detect and the bedding appears planar. 

Sparks & Walker (1973) suggested that there are at least two types of ground 
surge (renamed pyroclastic surge in this study). One is a low temperature variety, the 
base surge caused by high level phreato-magmatic explosions. The other is a high 
temperature phenomenon involving magmatic gases rather than water or steam, 
such as the nuke ardente of the 1951 eruption of Mount Lamington (Taylor, 1958). 
Only high temperature varieties are considered as layer I in Fig. 1. Base surges are 
thought to be caused by an external influence (water) modifying the explosive be- 
haviour of the volcano. However, the relatively thin high temperature pyroclastic 
surges are believed to be the result of purely volcanic processes, unmodified by external 
conditions. 

The grain size characteristics of pyroclastic surge deposits vary considerably both 
between different deposits and within the same deposit (Fig. 12). In general these de- 
posits are much better sorted than ignimbrites, but nevertheless still ill-sorted when 
compared with fall deposits. oQ is invariably smaller in the surge deposit than in its 
associated ignimbrite, but Md, can be either greater or smaller than for the ignimbrite. 
The cumulative curves of surge deposits are again very variable, but they generally do 
not show a sympathetic relation to that of the ignimbrite (Fig. 5g; see also Sparks, 
Self & Walker, 1975, Fig. 5)  unlike the basal layer 2a. The single bed deposits are 
usually better sorted than deposits which show well developed cross-lamination. This 
may be a function of the difficulty of sampling heterogeneous deposits, where indivi- 
dual laminae may be only a few millimetres thick. 

The most significant characteristics of layer 1 deposits is that they show a pro- 
nounced crystal and lithic concentration over the ignimbrite. In Fig. 15 the enrich- 
ment of lithics and crystals in surges has been estimated in each class size by the 
following formulae: 

(L/f')su/(L/f')ig Le 
(C/f')su/(C/f')ig= Ce 

where L/P=lithic/pumice ratio; 
C/P= crystal/pumice ratio; 

L, = lithic enrichment; 
C, =crystal enrichment. 

Walker (1971, 1972) describes basal layers from ignimbrites in Chile, the Azores 
and Guatemala which show pronounced concentrations of lithics and crystals, These 
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Fig. 15. The crystal (a) and lithic (b) enrichment factors, L, and C,, as defined in the text, are plotted 
against grain size for samples of pyroclastic surge compared to  their associated ignimbrites. ., 
lgnimbrite B, Vulsini; , AIgnimbrite B, Vulsini; 0, Ignimbrite B, Vulsini; 0, Phonolitic ignimbrites, 
Tenerife; A, Andesite ignimbrite, Santorini; c, Povaocao Ignimbrite, Azores (Walker, 1971). 

deposits can show cross-stratification, for example the Vilama ignimbrite, Chile and 
it is now considered that these are in fact pyroclastic surge deposits (Walker, personal 
communication) and not basal layers. Walker (1972) found that the average density of 
pumice in any size class was considerably higher in the surge than in the ignimbrite. 
Self ( I  972) in  a study of cross-stratified surge deposits at the base of the Lajes Tgnim- 
brite, Terceira, Azores found similar enrichment in the heavy fractions. 

lgnimbrite flow units 
The existence of individual flow units in ignimbrites has been recognized for some 
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time (Smith, 1960 who gives criteria for their recognition). Sharp breaks in grain size 
such as that between pumice rich tops and basal layers or the presence of lithic rich 
basal zones are good indicators of flow unit boundaries. However, the most useful 
criterion is the basal layer which most flow units observed by the author possess. It is 
suggested that the existence of a basal layer is the best way of diagnosing a flow unit 
boundary. Using the basal layer as a criterion it is apparent that most ignimbrites are 
composed of many individual flow units. One section of the Minoan Ignimbrite for 
example is composed of over forty flow units. Welding. however, tends to obscure 
flow unit boundaries. 

One enigma is that of thin flow units. Many ignimbrites, for example the Grana- 
dilla ignimbrite, Tenerife; Ignimbrites D, E and B, Vulsini; the Minoan ignimbrite, 
Santorini ; ignimbrites of Terceira, Azores (Self, 1973) and the Moraba pyroclastic 
flow deposit, Japan (Minato et al., 1972), contain remarkably thin flow units, often 
only a few centimetres to a metre thick. These flow units may occur individually 
between larger flow units or in large groups which give the ignimbrite a stratified 
appearance (Fig. 16). Nevertheless each individual unit has many characteristics of 
the more common thick flow units. These units can be incipiently welded and even 
densely welded. In Ignimbrite D of Vulsini Volcano the boundary between sillar and 
non-welded ignimbrite cuts across the succession of thin units. 

The grain size distributions of the very thin flow units are similar to large ignim- 
brite units, plotting well within the ignimbrite field on a Md,/o, diagram. However, 
many of these deposits are distinctly bimodal (Fig. 5h). In thin flow units, pumice is 
invariably reversely graded, but lithic clasts can be either normally or reversely graded. 
Both Md, and og always increase upwards in these flow units (Fig. 5h). In the thin 
flow units of the Minoan Ignimbrite the lithics were all observed to be reversely 
graded and the flat clasts were strongly aligned parallel to the ground surface. These 
characteristics are similar to the basal layer of large ignimbrite flow units. Thus very 
thin ignimbrite flow units are largely or completely made of ignimbrite with basal layer 
characteristics. 

Thin ignimbrite flow units thin rapidly laterally. The grading of lithic and pumice 
is very similar to that found in thick flow units and the increases of P,  and L, with 
height (as defined previously) decrease with smaller grain size. As with large flow 
units the fine grained fractions are ungraded. 

There are several possible explanations for very thin flow units. Firstly they may be 
the thin lateral equivalents of much thicker flow units. This certainly is so in some 
isolated examples where a thin unit can be traced laterally into a thick unit infilling a 
depression. However, the grouping of large numbers (often several tens of units) of 
these units together, is incompatible with such an origin. Another possibility is that 
these units represent the generation of surface waves on the top of large flows. All 
fluids can generate surface waves which may travel either faster or slower than the flow. 
Waves could break repeatedly and form thick accumulations of thin units, for ex- 
ample, where a pyroclastic flow travels down a valley and the surface waves break 
over the side of that valley. This explanation has the advantage of accounting for the 
bimodality of many of these units as the surface waves would be composed of material 
at the top of the major flow, which may be enriched in pumice. A further alternative 
is that thin flow units may represent the thin smears of larger flow units. Pyroclastic 
flows have been observed to detach themselves from their source, because they cannot 
adhere to  steep slopes. As they pass over the steep slope only the basal portions may 
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Fig. 16. Parts of the Minoan Ignimbrite, Santorini show stratification due to the superimposition of 
tiiany extremely thin flow units. Each erosional bench in the upper part of the photo represents a 
slightly finer grained flow unit boundary. 
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adhere as a thin smear and successive flows would then build up a succession of thin 
deposits. This later explanation however, does not account for the occurrence of thin 
units in flat lying ground. 

FLOW AND DEPOSITION MECHANISMS 

General 
There is a considerable diversity of opinion on the mechanism by which ignim- 

brites are formed. Most workers accepbthat pyroclastic flows move under the influence 
of gravity along topographic depressions. Fenner (1920, 1923) and Smith (1960) 
outlined the main evidence in support of this view. However the mechanisms of flow 
and deposition are still obscure. 

The great distances to which pyroclastic flows can travel (more than 100 km) has 
convinced many workers that they must be highly mobile. Gas exsolved from the 
juvenile particles or air entrapped within the flow are thought to explain their apparent 
mobility (Fenner, 1923; MacTaggart, 1960, 1962). It is commonly believed that pyro- 
clastic flows are fluidized systems (Reynolds, 1954; MacTaggart, 1962; O’Keefe & 
Adams, 1965; Pai, Hsieh & O’Keefe, 1972; Yokoyama, 1974). The poor sorting and 
structureless nature of ignimbrite is attributed to fluid turbulence (Smith, 1960; 
Murai, 1961 ; Ross & Smith, 1961; Fisher, 1966; Koch & McLean, 1975). Fisher (1966) 
considers that the John Day Formation ignimbrite was built up layer by layer from a 
turbulent cloud of ash and gas. The ability of some pyroclastic flows to surmount 
substantial topographic barriers has led some workers to conclude that they are greatly 
expanded (Aramaki & Ui, 1966; Yokoyama, 1974). 

The grain size variations described in this paper must place considerable restric- 
tions on any model of pyroclastic flow. The view is adopted that ignimbrite is a sedi- 
ment deposited from a dispersion of hot gas and solid or liquid particles. The 
depositional structures, grading and sorting must be the result of similar processes to 
those controlling the formation of other sedimentary deposits. 

Fluidization 
When a bed of loose particles is placed in a tube with a porous base and a gas is 

passed through the system at increasing gas velocity ( U ) ,  it is found that at a certain 
critical velocity the bed of particles no longer acts as a coherent mass, but adopts a 
fluid-like appearance and is said to be fluidized. Fluidization occurs when the gas 
velocity is sufficiently great to support the weight of individual particles. 

For the geologist a very important property of a fluidized system is that it radically 
alters the mechanical behaviour of granular material. Granular systems behave like 
classes of non-Newtonian fluids which require a finite shear stress (the yield strength) 
to be applied before flow will take place. Fluidization of granular material removes its 
yield strength and consequently any shear rate will produce a strain rate. Botteril et al. 
( I  972) show that fluidized beds are not truly Newtonian, because of their shear rate/ 
strain rate relations are not constant (that is viscosity varies with shear rate). Verloop 
& Heertjes (1973) consider that fluidization occurs when inter-particle friction dis- 
appears and consequently when the angle of repose is zero. It is this property of 
fluidized systems which is thought to account for the mobility of pyroclastic flows. 
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One of the most important considerations in fluidization theory is the prediction 
of the Minimum Fluidization Velocity (Urn,), for a bed of particles. Kunii & Leven- 
spiel (1969) present a general solution known as the Ergun equation for the prediction 
of Umf: 

where: U m f =  minimum velocity of fluidization (cm/s); 
pg =density of gas (g/cm3); 
p5 =density of solid (g/cm3)); 
dp =mean particle diameter (cm); 
yC =sphericity of particle (dimensionless) (=surface area of sphere/ 

surface area of particle where sphere and particle have same 
volume) ; 

emf = voidage per unit volume at minimum fluidization state; 
p =viscosity of gas (poise). 

This equation has been found to  predict Umf for a very wide range of situations. 
However, equation ( 1 )  is only valid for particle assemblages having a limited 

size range where the diameter of the maximum particle is no more than twice that of 
the smallest particle and where d, is the mean grain size of the distribution. Reynolds 
( I  954), MacTaggart (1962), O'Keefe & Adams (1965) and Pai, Hsieh & O'Keefe ( 1  972) 
use formulae derived similarly to equation ( I )  to predict the fluidized behaviour of 
pyroclastic flows. All these studies choose small values of dp, but their analyses are 
unrealistic as they neglect the very wide range of particle sizes preient in a pyroclastic 
flow, where the largest particle may be 10*-106 times larger than the smallest. 

In a bed with a very wide size distribution the behaviour can be predicted by con- 
sidering the bed to be composed of a number of discrete narrow cuts (Levenspiel, 
Kunii & Fitzgerald, 1968). This view has been adopted in this study in order to 
assess the role of fluidization within a pyroclastic flow. Umf was calculated for a large 
range of particles sizes under conditions that are likely to occur within a pyroclastic 
flow. 

Umf is, for relatively small particles, a function of (dp)z and so it requires very small 
gas velocities to fluidize the fines of a pyroclastic flow, but enormous velocities to 
fluidize the coarse fractions (Fig. 17). The gas composition and temperature do not 
alter the position of the dp/mf line significantly. Departure from spherical shape can 
reduce Umf substantially for a given particle size. Most of the large clasts in a pyro- 
clastic flow are moderately well rounded. The values of 'ps were estimated for several 
samples by estimating the surface area of individual clasts and an equivalent volumed 
sphere in the 8 mm size class. Values ranged from 0.65 to 0.71 (Sparks, 1974) and are 
only slightly lower than for many sands ('ps=0.75). However, the very fine grained 
parts of an ignimbrite are often glass shards with very irregular shapes and their Umr 
may be very much smaller than predicted by ( I ) ,  for spheres of the same size. Increased 
void space per unit volume also increases the required gas velocity (Umf) for a given 
particle diameter. The theoretical voidage for random close packing of a very wide 
size distribution varies from 0.2 to 0.3 (Sohn & Moreland, 1968). Estimates for voidage 
were made on several samples by comparing the densities of the individual size 
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Gas velocity ( cm/s )  

Fig. 17. Theoretical curves of the relationship of Minimum Fluidization Velocity (&) and Terminal 
Fall Velocity (Ut)  and grain size in microns are shown. Curves are derived from equations (1)-(4) in 
the text and are calculated for spheres of density 1.0 g/cm3 in CO, with particle voidage of 0.45 a t  
500, 700 and 1000°C. The grain size /Vt curve is calculated at  700°C for CO,. 

fractions with the bulk density of the whole sample. Values ranged from 0.15 to 0.30. 
The voidage must be larger in the pyroclastic flow than in the compacted deposit. 

As the gas velocity in a fluidized bed is increased the bed expands (increasing the 
voidage proportionally) until the gas velocity becomes greater than the terminal fall 
velocity of the particles in the systems, at which point particles are entrained from the 
system by pneumatic transport. Kunii & Levenspiel (1969) give formulae for estima- 
tion of the Terminal Velocity (Ut) of a particle in a fluid : 

1 
4.(p, - pcr)”g‘ ) 4 225.pg.p 

u, = (3) (O.4tRr < 500) 
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I 

.d, ] (4) (Re>500) ( P s - P d 2  Ut= [ 34g. 
Pe 

where Re is the Reynolds Number. 

In a fluidized system of wide size distribution fine particles, for which Ut is less 
than the superficial gas velocity ( U )  of the system, are carried out by the gas. This 
process is called elutriation and is of importance in industrial processes where attrition 
produces fines which are lost by this process. 

Umf and Ut are plotted as a function of grain size for spherical particles with the 
voidage equal to 0.45, using equations (1)-(4) at 700°C and CO, gas (Fig. 17). These 
conditions may approximate to those in a pyroclastic flow. It is clearly impossible for 
all the fragments in a system with a wide size distribution to be fluidized simul- 
taneously. For any gas velocity it is only possible to fluidize a limited range of grain 
sizes, satisfying the condition Ut> U> Umf for the particle. Particles for which Umf> U 
will not be fluidized, whereas particles for Ut< U will be elutriated by the gas and taken 
from the system. It is therefore apparent that in pyroclastic flows where particles range 
from a few microns to nearly a metre there must always be three phases when gas is 
passing through, as shown in Fig. 17: the non-Fluidized Phase, the Fluidized Phase 
and the Entrained Phase. It has been shown that Ut/Uw,yvaries from 9 to 200 (Kunii 
& Levenspiel, 1969) and therefore the maximum extent of the fluidized phase can only 
cover about 3 phi units of grain size. Ignimbrites, however, generally cover 8-12 phi 
units. It is only possible to fluidize a portion of a pyroclastic flow and pyroclastic 
flows can therefore only be considered semi-fluidized. The fine particles within a pyro- 
clastic flow can be fluidized by exceedingly small gas velocities (10-1-10-2 cm/s) and 
so realistically some degree of fluidization must be envisaged (Fig. 17). 

Important evidence that pyroclastic flows are fluidized can be seen in photographs 
of historic pyroclastic flows which invariably show a turbulent mixture of gas and dust 
rising above the dense lower part of the flow, apparently resulting in many layer 3 
deposits (Sparks, Self & Walker, 1973). A plausible explanation of this dust cloud is 
that it represents the elutriated phase of a fluidized system caused by the gas passing 
up through the flow and flushing out fines, and resulting in crystal concentration in the 
ignim brite. 

If layer 3 deposits are the result of elutriation of fines within the flow, grain size 
distribution may give an indication of the order of magnitude of the gas velocity 
within these flows. The median terminal velocity (U,) of the particles in layer 3 de- 
posits can be estimated from their median diameters and the dp/ Ut curve in Fig. 17, 
using the data of Table 1. From the estimated gas velocity (Table 1) it is also possible 
to estimate the largest particle that can be fluidized at  that velocity from the dp/Umr 
curves (Fig. 17). In most ignimbrites between 30 % and 60 % of the clasts are larger 
than the largest particle which is likely to be fluidized. Because of the irregular shapes 
of fine grained ash particles the estimates are probably too high, but it is apparent 
that a considerable proportion of the large clasts would be non-fluidized and would act 
as dispersed particles in the system. In  real fluidized systems, particles with their 
terminal velocity greater than the gas velocity can still be thrown out of the upper 
surface of the system due to  bubble bursts or local fluctuations in gas velocity (Leva & 
Wen, 1971). These larger particles could account for the coarser, minor sub-population 



I74 R .  S.  J .  Sparks 

seen in layer 3 deposits (Figs. 5b, e, f ) .  Shearing at the flow head of a pyroclastic flow 
may also contribute coarser particles to the upper turbulent cloud. 

A corollary of the above interpretation is that the rate of production of fines by 
fragmentation within the flow must be larger than the rate of elutriation of fines by the 
gas. Hanesian & Rankell (1968) conducted experiments on the residence times of 
fines in systems with grains covering a range from 596 to 88 microns (ow= 1.3). 
Particles with their terminal velocity Ut considerably less than the gas velocity U ,  
can take several minutes before their concentration is reduced to 10% of the original. 
The smaller the value of Ut compared to U for a particle the shorter its residence 
period. The experiments were conducted in thin beds (54 cm) and it is likely that the 
residence time of small particles would be very much longer in a thick pyroclastic flow. 

If the order of magnitude of gas velocities indicated by Table I is realistic it must 
mean that the coarse particles (U, f>  U )  will act as the non-fluidized phase. Bicknell 
& Whitmore ( I  967) calculated the drag force acting on large solids immersed in a 
fluidized bed of finer particles. They showed that as the diameter of the immersed 
solid (Dp)  increases above the diameter of the fluidized particles (&) the effect of the 
superficial gas velocity ( U )  on the drag force diminishes. When 0,/~/,>3 the effect of 
U on the immersed solid becomes very small and can be neglected. The coarse non- 
fluidized phase can be treated as solids dispersed in a fluid. A fluidized pyroclastic 
flow can therefore be envisaged as a dispersion of large clasts in gas-fluidized fines, 
which acts as an interstitial lubricant between larger particles. 

Pyroclastic flows as high concentration dispersions 
The extreme conditions of temperature and velocity prohibit detailed direct ob- 

servations on the nature of pyroclastic flows and it is necessary to deduce the rheology 
to some extent from comparison with other forms or flow. One outstanding characteri- 
stic of ignimbrite is its extreme ill-sorted nature. I n  other natural solid/fluid systems, 
ill-sorted deposits are characteristic of high concentration disperions. Concentration 
can be defined as the ratio of solid dispersant to transporting fluid. Sediments formed 
from low concentration dispersions, where particles are large distances from one 
another, are generally well sorted and develop internal structures such as stratification 
and cross-bedding. However, as the concentration of particles increases, the particles 
become closer together, collisions between particles become more frequent, and 
movements under gravitational and fluid forces are inhibited resulting in  poor sorting. 
Debris flows and high concentration turbidity currents are examples of such fluids 
(Fisher, 1971 ; Middleton, 1967). 

lgnimbrites have many characteristics common to high concentration deposits such 
as mud-flows deposits and fluxoturbidite deposits (Fisher, 1971 ; Fisher & Mattinson, 
1968). Sparks, Self & Walker ( I  973) concluded that there was no textural or structural 
criterion at present available to distinguish satisfactorily between non-welded ignim- 
brite and cold pumiceous mud flows although studies of remnant magnetism can dis- 
tinguish the two. Mud-flows are always very poorly sorted (Murai, 1961), can often be 
reversely graded (Schniincke, 1967; Fisher, 1971) and can even occasionally possess 
a reversely graded fine basal layer (Fisher, 1971). Like pyroclastic flows, mud-flows can 
also travel very large distances over relatively low angle slopes. For example, the pre- 
historic mud-flows of Mount Rainier travelled 60-90 km (Crandell, 1971). 

Mud-flows can transport large blocks of dense rock many kilometres. Pyroclastic 
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flows can also transport large pumice blocks and lithic blocks of several ceiitimetres to 
considerable distances. It was once believed that mud-flows must be highly turbulent 
in order to suspend large blocks and to  produce poor sorting. However, it is now 
thought that mud-flows move in a laminar manner (Johnson, 1970; Hampton, 1972; 
Hutchingson & Brunsden, 1973). Their ability t o  transport large blocks is due to their 
particle concentration which results in the apparent viscosity of the flow being several 
orders of magnitude above that of water, the interstitial fluid. In addition field and 
laboratory studies indicate that mud-flows behave as Bingham fluids with a finite yield 
strength. The yield strength alone has been shown to be sufficient to support extremely 
large blocks (Johnson, 1970). It is suggested that it is the high particle concentration 
and not turbulence that gives ignimbrites the capacity to  carry large clasts and results 
in poor sorting. 

The similarities between mud-flow deposits and ignimbrite have been stressed. 
However, there are also certain differences, notably in the grading of lithic and pumice 
clasts. Flotation of pumice will occur only if the density of the flow is greater than that 
of the pumice. The density contrast between the matrix and pumice clasts suggests that 
i f  flotation is a viable mechanism these pyroclastic flows could not have been greatly 
expanded. The lateral and vertical grading of lithic clasts is also significantly different 
from that seen in many pumiceous mud-flows. Volcanic mud-flows composed pre- 
dominantly of pumice and ash were observed in Northern Tenerife, Santorini and 
Vesuvius and these carry dense lithic blocks of several metres yet grading is notice- 
ably abcent despite the low density nature of the surrounding material. Grading can 
occur in mud-flows (Schmincke, 1967; Fisher, 1971), but in pumiceous mud-flows 
pumice and lithic blocks are generally reversely graded. However, in ignimbrite large 
lithic blocks of comparable size are rarely seen except close to the vent and normal 
grading of lithic clasts of only several centimetrej size has been shown to  be common. 
For gravitational settling of lithics of 2-10 cm diameter to take place pyroclastic 
flows cannot have had a high yield strength. A consideration of the roles of the two 
postulated lubricants may explain this contrast. In debris flows the transporting fluid 
is a mixture of water, various clays and fine silt and it has been shown that such 
mixtures behave in a non-Newtonian manner and possess a finite yield strength 
(Hampton, 1972; Johnson, 1970). In mudflows water only accounts for 10-40% of the 
flow, the dispersed particles within the mudflow resulting in even larger yield strengths 
( 1O4-Io5 dynes/cm2, according to Johnson, 1970). I n  the pyroclastic flow, the lubricant 
is postulated by the author, to be fluidized fines. Fluidized granular material does not 
possess a yield strength. The effect of dispersant in fluidized material would be to raise 
the apparent viscosity, but the system may have little strength. 

The lateral grading of lithic clasts with increasing distance of travel (Fig. 10, 
Sparks, 1975) in ignimbrite imposes some restrictions on the rheology of pyroclastic 
flows. One approach is t o  assume that the lithic clasts are sinking through a homogene- 
ous viscous fluid and consequently the distance that lithic clasts of a givcn size can 
be transported before they reach the base of the flow will be a function of the average 
flow rate and average flow thickness. From distance/size curves it is possible to estimate 
the velocity a lithic clast would require to sink through the complete flow thickness t o  
reach the observed distance of travel. Velocitiez were calculated at several points on 
the distance/size curves of each ignimbrite for a wide range of average flow rates(l0-800 
km h-l). Thicknesses were estimated from the field measurements of flow units. The 
velocity estimates, clast diameters and density contrast with the surrounding flow 
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(taken as 1.6 g/cm3 for all calculations) were substituted into either equations (2) or 
( 3 )  (depending on the Reynolds number). Estimates of the apparent viscosity of the 
pyroclastic flows were derived. 

Figure 18 shows several lines relating the estimated apparent viscosity to the aver- 
age flow rate for three ignimbrites. At realistic flow rates (50-400 km h-I) the apparent 
viscosity estimates fall in the range 50-1000 P. 

k /  \ 

10 50 100 500 
Average velocity (km/h)  

Fig. 18. Estimates of the apparent viscosity of three ignimbrites from Vulsini as a function of average 
flow velocity. Estimates were made a t  several points on maximum lithic/distance curves (Sparks, 
1975) and the distance along the curve is shown for each viscosity/velocity line. The position of 
Reynolds Numbers of 2000 and 6000 are shown as dashed lines and the thickness of the flow used in 
the estimates is shown as T. 

Several criticisms can be made of the above approach. Firstly it is unrealistic to 
assume that the flow thickness, apparent viscosity, flow density and flow rate will re- 
main constant and indeed all are likely to vary considerably throughout the history of 
the flow. Secondly, it is extremely difficult to estimate the thickness of the flow, as 
the final thickness of the deposit may be considerably different to that during 
the flow. Thirdly, factors such as strength of the flow, the effect of turbulence, disper- 
sive boundary forces and lift forces, which may have important effects on the sinking 
of lithic clasts under certain conditions, have all been neglected. Despite these reser- 
\ations the calculations shown in Fig. 18 are believed to indicate the orders of magni- 
tude of viscosity that are realistic. The effect of a dispersant on a fluid is to increase its 
apparent viscosity in proportion to the concentration to the dispersant. The hypothesis 
that a pyroclastic flow is a high concentration dispersion of clasts in fluidized fines is 
consistent with the viscosity estimates in Fig. 18 which are between 1 and 3 orders of 
magnitude greater than that of fluidized granular materials alone: 1-30 P (Kunii & 
Levenspiel, 1969). 
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The question of whether pyroclastic flows are turbulent or not is not easy to solve. 
The onset of turbulence is related to the ratio of viscous to inertial forces given by the 
Reynolds Number for a wide channel. 

Where: V =flow velocity; 
p =flow density; 
p =flow viscosity; 
T =flow thickness. 

The lower critical Reynolds number above which turbulence can occur is usually 
taken as R,=2000. However, a pyroclastic flow is unlikely to  be truly Newtonian 
and also the flow properties will vary considerably from vent to position of emplace- 
ment. Hedstroin (1952) showed that for Bingham fluids the lower critical Reynolds 
number for the onset of turbulence increases as a function of yield strength. For the 
case of non-fluidized granular material a Reynolds Number of about 6000 is reason- 
able. In  Fig. 18 the positions of Reynolds numbers of 2000 and 6000 are shown for the 
Vulsini ignimbrites, calculated using flow thicknesses shown. The viscosity/flow rate 
curves intersect. with R = 2000 at fairly high velocities and indicate laminar flow may 
be equally important. Turbulence is most likely in the early stages of the flow where the 
flow may be highly inflated and travelling the fastest. As the flow deflates the increas- 
ing viscosity and strength and decreasing thickness and velocity will result in laminar 
flow developing. Schmincke & Swanson (1967) give detailed evidence of the onset of 
laminar viscous flowage during the late stages of emplacement of ignimbrites from the 
Canary Islands. Poor sorting characteristics of ignimbrites can be explained by high 
particle concentration rather than turbulence and many pyroclastic flows may be 
partly or entirely laminar in their movement. 

Grading and sorting mechanisms 
The ability of lithic and pumice clasts to grade has been shown to be a function 

of grain size, that is, the larger the clast the more susceptible it is to grading (Fig. 8). 
This type of grading is known as coarse-tail grading and in transport by water only 
occurs in high concentration dispersions. In coarse-tail grading only the coarsest 
few percentiles are graded and neither lateral nor vertical grading of the fine material 
occurs. 

The coarse-tail grading observed in ignimbrite flow units can be explained by 
considering the rate of movement of individual particles in a high concentration dis- 
persion. The force (Fg)  exerted by a spherical particle with density ps and diameter d 
in a fluid of density pf is: 

For pumice clasts Fg is negative and flotation would tend to occur. For lithic clasts 
Fg is positive and they would tend to sink. The larger the particle diameter the larger 
the force and so the greater its potential to segregate. However, whether a particle is 
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graded or not strongly depends on its rate of sedimentation which is both a function of 
the force (Fg) and the surrounding concentration of particles. The higher the particle 
concentration the slower will a particle of a given size move. Richardson (1971) 
relates the rate of sedimentation (average fall velocity) of a particle by the relation: 

where Y =fall velocity of particle in  dispersion (cmjs); 
Vt =Terminal fall velocity of particle in fluid phase only; 
E =voidage; volume of fluid in  unit volume of dispersion. 

The power n is a function of the Reynolds number of the particle in the fluid phase 
only : 

t7 =4.65 (Ret <0.2) (8) 

n = 4.4 Ret-').03(0.2 < Re1 <. I ) (9) 

where Ret is the Reynolds Number 

The model proposed in previous sections envisaged a dispersion of particles of 
contrasting density in a 'fluid' of gas fluidized fines. By substituting reasonable values 
into (7) the rates of movement of individual particles relative to the flow can be 
calculated. Richardson (written communication) has found that equation (7) does seem 
to apply over a wide range of conditions although initially it was developed essentially 
for spheres in liquids. 

The voidage function E is a measure of the expansion of the flow and the flow den- 
sity which can be approximately estimated by the relations: 

where: EeXF =excess voidage due to expansion; 
Efl 
E d t  =void space of deposit; 
pt-1 =density of flcw; 
pdt =bulk density of deposit. 

=total void space in flow; 

( I  1) and (12) are approximations because the fluidized fines are regarded by the 
model as the interstitial fluid and therefore their volume should be included in the 
value of EehF. However, there is no way of accurately predicting the variation of 
fluidization gas velocity and the expansion. The error, however, is not large because 
at reascnable gas velocities it is unlikely that the flow would be highly expanded. 

Vt and Ret were calculated using equations (4), (5) and (6). In order to estimate the 
magnitudes of V for various particle sizes and for different conditions three sets of 
conditions were chosen to cover the ranges of values of physical parameters that are 
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reasonable for pyroclastic flows. Fluidized systems have recorded apparent viscosities 
ranging from 1 to 30 P (Kunii & Levenspiel, 1969) and so values of V were calculated 
with pdt  taken at 0.8 g/cm3 for p=30 P, 1.0 g/cm3 for p=10 P and 1.8 g/cm3 for 
p = 2  P, pfl was calculated from (13) and (14) for values of Efl ranging from 0.3 to  
0.8. The voidage of the deposit, Edt was taken as 0.2 in all cases. In each case ppum 
was 0.6 g/cm3 and pith was 2-1 g/cm3. 

The relation for pumice clasts between V and particle diameter over the ranges of 
conditions selected, were estimated and the value of V increases rapidly with increasing 
grain size and density contrast and with decreasing viscosity. The distance travelled 
vertically by a pumice clast (Dg) is shown (Fig. 19) as a function of grain size for an 
average flow velocity of 30 m/s at a distance of 45 km, where: 

where: Dd =horizontal distance travelled by flow; 
W average flow rate. 

Flow unit thicknesses range from 50 cm to several tens of metres and it is apparent 
that grading cannot be detected if Dg is small. Thus particles that move a few centi- 
metres or less will not appear graded and particles above this size will show increasing 

10 I .o 0.1 
Grain s i ze  ( cm I 

Fig. 19. Theoretical relationship between the upward distance travelled by pumice (density0.6 g/cm3) 
and grain diameter in a flow of velocity 30 m/s after a distance of 45 km. The value of the voidage (I&) 
is shown for each curve. Three sets of curves are presented to cover a wide range of possible conditions 
( I )  viscosity of fluidized fines (p)-2 P, deposit density (p)-l .O g/cm3; (2) p=10 P, p=1.0g/cm3; 
(3) r i - -30  P, p-0-8 g/cm3. 
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segregation as the grain size increases. This theoretical behaviour agrees remarkably 
well with the real grading behaviour where particles beneath a critical cut-off diameter 
D, were found to be ungraded (Figs 9 and 10) and segregation increases with grain 
diameter. Dc was found to range from 2 to 32 mm in real examples, values which are 
similar to those predicted by assuming Dc is the particle diameter which can move 
upwards or downwards only 10 cm during the time of travel. 

Another feature of Fig. 19 is that for a pyroclastic flow of given thickness, velocity 
and distance from the source lithic and pumice clasts above a certain size will have 
travelled the complete thickness of the flow and would accumulate at the top of the 
flow in the case of pumice and at the base in the case of the lithic clasts. The predicted 
zones would be bimodal and it is proposed that the bimodal lithic and pumice rich 
zones found in some flow units (Fig. 6 )  are formed in this way. Neither lithic nor 
pumice clasts above a certain size are found in the centre of these flow units but are 
confined to the upper and lower concentration zones. These clasts represent the mini- 
mum size capable of travelling the complete thickness of the flow unit. 

It is possible by similar calculations to predict the rate of decrease in maximum 
lithic clast size with distance from the vent. It is probably a more realistic approach 
to that estimating viscosities from lithic segregation as it regards the pyroclastic flow 
as a gas/solid dispersion rather than a homogeneous fluid. Similar calculations of the 
theoretical rate of decrease of grain size with distance were made on the assumption 
that a large lithic clast has to sink through the complete thickness of the pyroclastic 
flow in order to deposit. Grain size/distance curves were calculated using equations 
(7), (ti), (9), and (10) and (2), (3) and (4) for a wide range of plausible conditions 
(Fig. 20) for pyroclastic flows of thicknesses 5 and 25 m, travelling at an average 
velocity of 30 m/s. The theoretical curves only coincide with the natural fall off rates 
for relatively dense, low voidage conditions (Fig. 20a, b and d) which supports the 
contention that pyroclastic flows are poorly expanded and have a high particle con- 
centration. The grain size/distance curves found in nature are steeper than the theoreti- 
cally derived ones, perhaps partly explained by assuming that the flow velocity de- 
creases with distance from the vent. 

Near Sorano, Vulsini, there is a flow unit of ignimbrite C which is 1350 cm thick, 
pdt is 1.55 g/cm3, distance from a possible source (Lake Bolsena) is 20-25 km and the 
flow unit has both a pumice rich bimodal top (clasts up to 30 cm) and a lithic rich 
zone (clasts up to 8 cm) towards the base. The maximum pumice outside the upper 
pumice rich top is 10.5 cm and the maximum lithic outside the lithic rich basal zone 
is 2.9 cm and clasts above these grain sizes are restricted to the concentration zones. 
The pumice density was measured at  1.00 g/cm3 and the lithic density is taken at 2.7 
g/cm3. If the pyroclastic flow is assumed to have had similar properties between base 
and top : 

V(pumice) = V(1ithic). (14) 

For the particular example equation (5 )  is applicable and as viscosity, gravity and 
flow density are assumed to be the same for both clasts the following equation is 
derived : 
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Distance (krn) 

Fig. 20. Theoretical maximum lithic size/distance curves calculated for pyroclastic flows with velocity 
of 30 m/s. Flow thicknesses of 5 m (a, c and e) and 25 m (b, d and f) are used. The value of the voidage 
(Fa) is shown for each curve. Each graph is calculated for a different set of conditions: a and b, 
viscosity of fluidized fines ( ~ ) = 3 0  P, density of deposit (p)=1.8 g/cm3; c and d, p=lO P, p=1.0 
g/cm3; e and f, p=2  P, p = 1.0 g/cm3. The shaded area shows the field of maximum lithic size/distance 
curves found in ignimbrites (Fig. 10, Sparks, 1975). 
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For the example equation (1 8) results in  a quadratic inpfl which gives two solutions: 
pfi = 1.22 g/cm3 and pf1=0.70 g/cm3. However, because pumice is reversely graded the 
smaller value must be invalid. The density of ignimbrite C at  this locality is 1-55 g/cm3 
and the estimated flow density of 1.22 g/cm3 indicates that the flow was only poorly 
expanded. 

The characteristics of basal layers (2a) are also explicable from consideration of the 
forces exerted at the base of a flow of a high concentration gas/solid dispersion. Both 
large pumice and lithic clasts, however, are reversely graded which is interpreted as 
forces acting normal to the flow boundary which are larger than the body forces (Fg)  
of the particles. Bagnold (1954, 1968) observed in gravity free dispersion of solids in  
fluids grain to grain collisions produced a net dispersive force (fd) normal and away 
from the rigid boundary : 

du 
dy 

F d =  (D)"(-)".K 

where D =grain diameter; 
K 
du/dy =velocity gradient normal to boundary. 

=function of particle concentration, shape and density; 

From inspection of (16) it is apparent that the dispersion force will be large at  a 
flow boundary, but will diminish rapidly away from the boundary. The experiments of 
Bagnold (1954) suggest that the dispersive force acting on lithic clasts may be larger 
than their downward body force near the base of pyroclastic flows. The lift force due 
to rotation caused by differences in velocity at the top and bottom of a clast is also a 
function of particle diameter and velocity gradient (Southard, 1971), but its magnitude 
is unknown. 

It is postulated that basal layers are the result of the action of boundary and dis- 
persive forces. As Fgudp3 and Fdudp2, the height at which Fd equals Fg will decrease as 
do becomes smaller. The downward decrease in  maximum clast size in the basal layer 
is consistent with the operation of such boundary forces. 

Mobility of pyroclastic flows 
Fluidization of a pyroclastic flow requires a supply of a gas capable of acting for 

several minutes. Exsolution of gas from the pyroclastic fragments, as originally sug- 
gested by Fenner (1923) and entrapment of air are the major potential sources of 
gas. Much gas is released during the explosive fragmentation of the magma before 
the pyroclastic flow is generated. Nevertheless, even very small residual quantities 
could generate relatively large volumes and significant gas velocities. 

MacTaggart (1960) conducted experiments on the mobility of flows of crushed 
andesite at varying temperatures. He demonstrated that the length they travelled 
increased rapidly as the temperature was increased. He suggested that the apparent 
mobility of nukes ardentes and the experimental flows was due to the engulfment of 
cold air at the flow front resulting in thermal expansion of the air and fluidization of 
the flow. However, his experiments were with relatively thin small volume flows which 
had a high porosity and therefore, high permeability. Shreve (1968) and Eden, 
McConnell & Allen (1967) point out that in a poorly sorted debris flow permeability 
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would be low and mixing would be more difficult to achieve. In both rock avalanches 
and many small pyroclastic flows a blast of air precedes the flow front. This blast often 
results in considerable damage several hundreds of metres beyond the limit of flow. 
These blasts are probably the result of air being pushed ahead of the flow, and indicate 
that appreciable quantities of air are pushed out of the way of the flow rather than 
mixed in with the flow. 

1 t IS  often stated that pyroclastic flows are highly mobile. Fig. 2 I shows a plot of the 
vertical height dropped ( v h )  against the horizontal distances of travel ( H h )  of several 
mass transport processes such as landslides, mud-flows, historic pyroclastic flow, and 
prehistoric ignimbrites. The ratio v h / f f h  is a measure of their mobility. Francis et a/ .  
( I  974) plotted a similar diagram and noticed that many nutes ardentes, formed by the 
collapse of lava domes (Merapi Types) and small pyroclastic flows, such as those 
generated by column collapse as in the 1968 eruption, Mayon, were no more mobile 
than landslide avalanche flows, despite their high temperature. This is an important 
observation that throws some doubt on the role of entrapped, heated air as proposed 
by MacTaggart (1 960). 

The transport of avalanches is still a controversial matter. Shreve (1968) con- 
siders that many dry rock debris flows move on a cushion of trapped, compressed 
air. Kent (1966) on the other hand considers fluidization of the debris could also play 
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Fig. 21. Relationship between the vertical height dropped (vh) and the horizontal distance of travel 
( H h )  for various types of massive debris flow. The V,, is difficult to  measure accurately and is usually 
taken as the reconstructed height of the caldera previous to collapse. Lines of equal l'h/ffII ratio are 
shown. Data from Hsii (1975), Francis et al. (1974) and Sparks (1974). 0, Cold rock avalanche: 
, hot rock avalanche; 11, dense pyroclastic flow; A ,  mud flow; 4, ignimbrite. 
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an important role. Hsii (1975) proposed that the fine grained debris in a rock flow may 
provide an uplifting stress during transport. He suggested that the occurrence of 
features interpreted as lunar landslides indicates air or gas played no role. It should be 
noted that impact cratering does provide a source of gas and furthermore the inter- 
pretation of features such as the Tsiolkosky example is questioned by some planetolo- 
gists (G. Fielder, personal communication). 

Figure 21 shows the position of ignimbrites, where v h  and Hh can be approxi- 
mately determined. Projection of the slopes outside caldera walls to a hypothetical 
summit can only be an approximation of v h  at best. Nevertheless, volcanoes rarely 
exceed 3000 m above their base level and inspection of Fig. 21 shows that these pyro- 
clastic flows were apparently very much more ‘mobile’ than dry debris avalanches. 

There are two possible explanations of the apparently increased mobility of 
pyroclastic flows. One is that the flows are lubricated by fluidized fines. Many lahars 
(Fig. 21) are apparently as mobile as pyroclastic flows. Hutchinson & Brunsden (1973) 
argued that the water in the interstices of a debris flow creates a high pore water 
pressure which effectively reduces the yield stress. The debris deposits when the 
water percolates out and the debris strength rapidly increases. In their view the Vh/ffh 

ratio of mud-flow is a function of the water content and the rate at  which it is lost. 
Pyroclastic flows may act in a similar way with gas-fluidized fines reducing the strength 
of the pyroclastic debris, with the Vh/Hh ratio being controlled by gas. When the gas 
supply is reduced the pyroclastic debris gains its inherent strength and deposition 
occurs. 

A second explanation for the mobility of large pyroclastic flows is that they are 
generated by gravitational collapse of an overloaded eruptive column. This pheno- 
menon has been observed in the 1968 eruption of Mayon (Moore & Melson, 1969) 
and was postulated for the 1902 eruption of St. Vincent (Hay, 1959). Smith (1960) 
considers that very large ash flows could be generated by a similar mechanism on a 
larger scale. If collapse of a column occurred at a great height above the vent then the 
value of v h  would be seriously underestimated. Inspection of Fig. 21 indicates that if 
collapse occurred at between 5 and 10 km above the vent the pyroclastic debris would 
still travel the required distances without the necessity of involving any special pro- 
perty such as fluidization. In all probability the truth may lie somewhere between 
these two alternatives. 

Another perplexing problem of some very large pyroclastic flows is their ability to 
travel over high mountain ranges. In Central Italy the Campanian Tuff is found within 
the Amalfi Basin and must have had to surmount a 600 m high mountain pass. The Ito 
pyroclastic flow (Japan; Yokoyama, 1974) must have surmounted passes at least 600 
m high at 60 km distance from its source. Two explanations are that this pyroclastic 
Aow must have been either highly expanded and thus capable of overflowing the 
mountain barriers (Yokoyama, 1974) or dense and poorly expanded, in which case it 
must have had sufficient momentum to climb over the barriers. Many landslides have 
been reported to climb up to considerable heights. The landslides of the Little Tahoma 
Peak, Mount Rainier believed to have been rock flows rather than rock slides (Cran- 
dell & Fahnestock, 1965) swayed from side to side when flowing down meandering 
valleys, moving up to 90 m (three times their thickness) up to the valley sides. The 
Frank landslide (Shreve, 1968) travelled into a valley and then 122 m up the other side. 
Similar phenomena have been observed in large snow avalanches. Thus the ability to 
surmount a large topographic depression or to leave ‘high water mark‘ deposits does 
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not necessarily imply high levels of expansion. The Ito and Campanian ignimbrites 
have volumes of the order of 1000 times that of the two landslides mentioned. The 
Little Tahoma Peak landslides had recorded speeds of up to 45 m/s. If loss of kinetic 
energy alone is considered a flow would have to have a velocity of 100 m/s to surmount 
a 600 m ridge. It is considered that these very large pyroclastic flows were dense, but 
travelling at high velocities. 

CONCLUSIONS 

In small volume pyroclastic flows formed from the gravitational collapse of an 
unstable lava dome (not strictly pyroclastic) or by the collapse of an eruptive column 
the debris is usually poorly vesiculated. These flows do not travel any further than 
cold avalanches, despite their high temperature and they form massive, thick structure- 
less deposits. They can transport enormous blocks, several metres in diameter, to 
considerable distances. Levtes and surface striations are commonly observed. All 
these features are characteristics of non-Newtonian fluids with a high yield stress. 
Flowage is likely to be by a combination of laminar and plug flow. 

The generally larger volume pyroclastic flows containing increasingly vesiculated 
material and which form ignimbrite exhibit contrasted features. These pyroclastic 
flows are considerably more mobile than simple debris avalanches, but cannot trans- 
port excessively large blocks to great distances. They still produce a poorly sorted, 
structureless deposit which indicates a high particle concentration and dense, massive 
flow. The grading of lithic and pumice clasts suggests that they could not have 
possessed a substantial yield strength and that the settling velocities of the large clasts 
are substantial enough to produce segregation. Levies are not as manifest; for ex- 
ample the Katmai deposit of 1912 is more or less flat and unstructured. These features 
indicate that the flows acted as a fluid with little or no yield strength, though not 
necessarily Newtonian. 

The observations above suggest an increasingly important role of gas in the larger 
flows containing vesicular material. In these flows sufficient gas is thought to be present 
to fluidize a substantial proportion of the fine grained ash, resulting in a high concen- 
tration dispersion of the larger clasts in a quasi-Newtonian medium. 

In medium volume pyroclastic flows, flow is likely to be predominantly laminar. 
Sorting of large clasts is thought to be controlled by hindered gravitational settling, 
producing normal grading of dense lithic clasts and rafting of large pumice clasts. 
Dispersive pressures due to shearing, boundary lift forces and Magnus-type forces 
act away from the base and are thought to produce reverse grading of both pumice 
and lithics in some thin flow units and in the basal layer. Normal grading of pumice 
has been reported in some ignimbrites and may indicate rather more expanded flows 
where the density of the pumice is greater than the flow. 

In very large pyroclastic flows the distance of travel can sometimes exceed 80 km, 
indicating high velocities. In these cases turbulent flow in the initial stages seems 
likely. However, as the flow deflates and decelerates laminar flowage would take over. 
Vertical changes in composition have been invoked as evidence of layer by layer de- 
position (Fisher, 1966). However other explanations of compositional changes are 
equally plausible. Rapid accumulation of many flow units tapping deeper levels of 
magma can produce such vertical changzs. Also in a very large flow the velocity 
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profile would also result in later batches of magma overtaking earlier batches as the 
flow progresses. Deposition in pyroclastic flows is not thought to occur layer by layer, 
but is considered to occur by en masse freezing of the debris, as is generally believed 
to be the case in other debris flows (Middleton, 1967; Johnson, 1970). The poor sorting 
of the deposits is attributed to high particle concentration not turbulence. 
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