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Abstract Samples collected from a lava channel active
at Kı̄lauea Volcano during May 1997 are used to con-
strain rates of lava cooling and crystallization during
early stages of flow. Lava erupted at near-liquidus tem-
peratures (F1150 7C) cooled and crystallized rapidly in
upper parts of the channel. Glass geothermometry indi-
cates cooling by 12–14 7C over the first 2 km of trans-
port. At flow velocities of 1–2 m/s, this translates to
cooling rates of 22–50 7C/h. Cooling rates this high can
be explained by radiative cooling of a well-stirred flow,
consistent with observations of non-steady flow in
proximal regions of the channel. Crystallization of plag-
ioclase and pyroxene microlites occurred in response to
cooling, with crystallization rates of 20–50% per hour.
Crystallization proceeded primarily by nucleation of
new crystals, and nucleation rates of F104/cm3s are
similar to those measured in the 1984 open channel
flow from Mauna Loa Volcano. There is no evidence
for the large nucleation delays commonly assumed for
plagioclase crystallization in basaltic melts, possibly a
reflection of enhanced nucleation due to stirring of the
flow. The transition of the flow surface morphology
from pāhoehoe to ‘a‘ā occurred at a distance of 1.9 km
from the vent. At this point, the flow was thermally
stratified, with an interior temperature of F1137 7C
and crystallinity of F15%, and a flow surface tempera-
ture of F1100 7C and crystallinity of F45%. ‘A‘ā for-
mation initiated along channel margins, where crust
was continuously disrupted, and involved tearing and
clotting of the flow surface. Both observations suggest

that the transition involved crossing of a rheological
threshold. We suggest this threshold to be the develop-
ment of a lava yield strength sufficient to prevent vis-
cous flow of lava at the channel margin. We use this
concept to propose that ‘a‘ā formation in open chan-
nels requires both sufficiently high strain rates for con-
tinued disruption of surface crusts and sufficient
groundmass crystallinity to generate a yield strength
equivalent to the imposed stress. In Hawai‘i, where lava
is typically microlite poor on eruption, these combined
requirements help to explain two common observations
on ‘a‘ā formation: (a) ‘a‘ā flow fields are generated
when effusion rates are high (thus promoting crustal
disruption); and (b) under most eruption conditions,
lava issues from the vent as pāhoehoe and changes to
‘a‘ā only after flowing some distance, thus permitting
sufficient crystallization.

Key words Kı̄lauea 7 Basalt crystallization 7
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Introduction

Basaltic lava flows are emplaced under a wide range of
conditions, yet, as noted by early observers of active
lava flows in both Italy (e.g., Scrope 1856; Gemmellaro
1858) and Hawai‘i (e.g., Dana 1849; Alexander 1859),
they can be categorized as one of three lava types: pā-
hoehoe, ‘a‘ā, or blocky. The words “pāhoehoe” and
“‘a‘ā” are adopted from the Hawaiian language and
first appeared in the scientific literature in Dana’s
(1849) U.S. Exploring Expedition report (Wright and
Takahashi 1989, 1998). Numerous observations and hy-
potheses about the origin of these two lava types filled
the literature for the subsequent century, but it was not
until Macdonald’s (1953) summary paper that an expli-
cit link was made between flow surface morphology
and the mechanism of flow emplacement. The past
20 years have seen increasing attempts to link processes
of basaltic lava flow advance, cooling, and crystalliza-
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tion to development of flow surface morphology for im-
proved prediction of lava flow behavior during effusive
eruptions (e.g., Swanson 1973; Pinkerton and Sparks
1976; Peterson and Tilling 1980; Kilburn 1981, 1990,
1993, 1996; Lipman and Banks 1987; Fink and Griffiths
1990, 1992; Rowland and Walker 1990; Griffiths and
Fink 1992a, 1992b, 1993; Crisp et al. 1994; Gregg and
Fink 1995).

Basaltic lava flow fields may be classified as either
pāhoehoe or ‘a‘ā based on the dominant flow morpho-
logy. Pāhoehoe flow fields are fed by robust tube sys-
tems that allow lava transport over long distances with
very little cooling (e.g., Swanson 1973; Greeley 1987;
Cashman et al. 1994; Peterson et al. 1994; Helz et al.
1995; Keszthelyi 1995; Kauahikaua et al. 1998). Pāhoe-
hoe flows advance initially as thin sheets or lobes, sur-
face crusts form rapidly, and flows may subsequently
inflate if slopes are sufficiently low (Hon et al. 1994).
Flow interiors cool by conduction through the enclos-
ing crust, and solidified flow textures are correspond-
ingly finer grained at flow surfaces than in flow inter-
iors (Katz 1997). Vesicles are commonly spherical, and
their concentration in the upper parts of flows (e.g.,
Macdonald 1953; Aubele et al. 1988) reflects extensive
syn-emplacement crustal growth accompanying flow in-
flation (Cashman and Kauahikaua 1997). In contrast,
‘a‘ā flow fields form where lava is transported through
open channels, most common when eruption rates are
high (Macdonald 1953; Pinkerton and Sparks 1976;
Rowland and Walker 1990). Channel geometries
evolve down flow from narrow and leveed in proximal
regions to wide and non-leveed near the thickened flow
front (Lipman and Banks 1987; Kilburn and Guest
1993). Flow surfaces change from smooth to rough with
increasing distance of transport (e.g., Wolfe et al. 1988;
Kilburn 1990), and flow fronts are thick and advance
steadily (Kilburn 1993). Solidified flows are aphanitic,
and textures are uniform throughout thick flows (Mac-
donald 1953; Katz 1997). Vesicles, where present, are
highly deformed (Polacci and Papale 1997; Polacci et al.
1999), and re-entrained crust is common near upper
flow surfaces (Crisp and Baloga 1994).

Morphologic and dynamic differences between lava
flow types can be related to variations in the rheology
of flow interiors and the strength and thickness of sur-
face crusts. ‘A‘ā crusts are weak and fail continuously,
whereas pāhoehoe crusts are relatively strong and fail
episodically (Kilburn 1990, 1993). The smooth surfaces
and thin initiation of pāhoehoe flows suggest that fluid
flow cores have Newtonian rheologies (e.g., Hon et al.
1994), and the greater thickness of ‘a‘ā flows suggests
flow interiors that possess a substantial yield strength
(e.g., Robson 1967; Walker 1967; Hulme 1974). Predict-
ing changes in both lava rheology and crustal thickness
during flow emplacement is thus critical to accurate
modeling of lava flow behavior (e.g., Dragoni 1989,
1993; Dragoni and Tallarico 1994; Miyamoto and Sasa-
ki 1998). Differences in both the mechanical behavior
of flow crusts and the rheological behavior of flow in-

teriors reflect contrasting histories of flow cooling and
crystallization during emplacement. Consequently, elu-
cidation of the specific conditions under which pāhoe-
hoe transforms to ‘a‘ā should improve our general un-
derstanding of the parameters controlling lava flow em-
placement.

Herein we review the history of field-based observa-
tions on the pāhoehoe-‘a‘ā transition as a framework
for interpreting new data on lava cooling and crystalli-
zation across the transition in a small open channel
flow from Kı̄lauea Volcano, Hawai‘i.

Early qualitative observations of the pāhoehoe-‘a‘ā
transition

Early observations of pāhoehoe and ‘a‘ā flow emplace-
ment in Hawai‘i are summarized in an annotated bi-
bliography of Hawaiian volcanology (Wright and Taka-
hashi 1989). As early as 1849, Dana recognized that
both flow surface morphologies could be produced dur-
ing a single eruptive episode. He interpreted ‘a‘ā for-
mation to be a consequence of solidification and subse-
quent crustal breakage at the flow front and later hypo-
thesized that the size of ‘a‘ā clinkers reflected the thick-
ness of cooled crust at the time of their formation
(Dana 1888). Alexander’s (1859) interpretation of the
pāhoehoe-‘a‘ā transition went a step further, because
he differentiated the “complete fusion” of pāhoehoe
streams from the “less fluid” nature of ‘a‘ā, “being full
of solid points, or centers of cooling ... [and thus] the aa
stream grains like sugar.” By the end of the century,
observers had documented that the transition was re-
lated to the slope over which the lava flowed (Alexan-
der 1886) and was independent of chemical composi-
tion (Dutton 1884; Dana 1888). ‘A‘ā flows were ob-
served to move with a cooled surface carried over a
molten core (Oleson 1880) and to be thicker than pā-
hoehoe flows. These physical features were attributed
to more extensive gas loss (Jaggar 1920) and higher vis-
cosity (Daly 1911; Emerson 1926) of the ‘a‘ā. Lava crys-
tallinity was recognized as the primary physical differ-
ence between the two flow types (Washington 1923),
and dynamic crystallization experiments (Emerson
1926) suggested that stirring, in addition to simple cool-
ing, might explain the high rates of crystallization ob-
served in ‘a‘ā (e.g., Finch 1926; Chang 1930; Jaggar
1930). The combination of gas loss and melt crystalliza-
tion was seen to be consistent with the observed irrev-
ersibility of the transition (Stearns and Clark 1930).

Recent quantification of the pāhoehoe-‘a‘ā transition

Modern views of pāhoehoe and ‘a‘ā start with Macdon-
ald’s (1953) classic paper. Macdonald observed that ‘a‘ā
flows are common early in eruptive sequences when
eruption rates are high, whereas long duration, low-ef-
fusion-rate eruptions produce pāhoehoe flow fields. He
viewed the transition from pāhoehoe to ‘a‘ā to be con-
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trolled by viscosity increases resulting from flow cool-
ing, gas loss and crystallization, and suggested the tran-
sition to represent a critical relationship between flow
viscosity and the amount of “internal disturbance” re-
sulting from flow.

Recent observations of active flows at Kı̄lauea and
Mauna Loa, Hawai‘i, and Mt. Etna, Sicily, have pro-
vided new qualitative and quantitative data on the tran-
sition of pāhoehoe to ‘a‘ā (e.g., Swanson 1973; Pinker-
ton and Sparks 1976, 1978; Peterson and Tilling 1980;
Kilburn 1981, 1990, 1993; Guest et al. 1987; Lipman and
Banks 1987; Rowland and Walker 1987, 1990; Wolfe et
al. 1988; Kilburn and Guest 1993; Jurado-Chichay and
Rowland 1995; Calvari and Pinkerton 1998). Under
conditions of open-channel flow, stable channels devel-
op as fluid lava is focused between confining levees and
gradually transforms into ‘a‘ā through a sequence of
textural changes. Slabby pāhoehoe forms when smooth
crust from the central channel is broken into plates that
collide and are disrupted on the flow surface. Farther
down channel, clots of spinose lava form at flow mar-
gins and aggregate to create a crust of spinose (cauli-
flower) ‘a‘ā clinkers. With increasing transport dis-
tance, the clinkers round as they grind against one an-
other during flow. Transitional surface morphologies,
such as pasty pāhoehoe, typify small breakouts from
‘a‘ā channels, particularly on low-gradient slopes.

What conditions determine the style of lava flow
field emplacement? Pinkerton and Sparks (1976) first
defined physical conditions leading to generation of a
specific flow type with their observations that channe-
lized ‘a‘ā flows were common at Mt. Etna only for effu-
sion rates in excess of 2!10–3 m3/s. A much higher av-
erage effusion rate is apparently required for formation
of ‘a‘ā flows in Hawai‘i (F5–10 m3/s; Rowland and
Walker 1990), most likely a consequence of both shal-
lower slopes and lower initial viscosities of Hawaiian
lava (Kilburn 1993). A theoretical framework for the
pāhoehoe-to-‘a‘ā transition was provided by Peterson
and Tilling (1980), who formalized Macdonald’s (1953)
observations by describing the transition as an ex-
ceeded threshold in shear strain rate–viscosity space
(Fig. 1). This threshold has been interpreted as a failure
envelope for flow crusts under conditions of continuous
deformation (Kilburn 1990), although the transition
also appears to be accompanied by an increase in the
effective viscosity of flow interiors due to increasing
flow crystallinity (Swanson 1973; Crisp et al. 1994).
Rates of crystallization are enhanced by stirring, as
shown by recent experimental data (Kouchi et al. 1986;
Sato 1995), confirming Emerson’s (1926) original hypo-
thesis. Crystallinity increases will also change the rheo-
logy of lava through development of yield strength
(Sparks and Pinkerton 1978). All of these factors prob-
ably play a role in the pāhoehoe-‘a‘ā transition, but the
most widely accepted model remains one of a threshold
in viscosity–strain rate space.

Finally, an emerging body of work on the more gen-
eral topic of flow surface morphology provides a frame-
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Fig. 1 Diagram of commonly accepted viscosity-strain rate dia-
gram illustrating the conversion of pāhoehoe to ‘a‘ā. (Modified
from Peterson and Tilling 1980)

work for linking the dynamics of flow to flow cooling.
These studies show that many aspects of flow morpho-
logy can be predicted by a single dimensionless param-
eter C, which represents the relative importance of
quenching (ts) and advection (ta) time scales (Fink and
Griffiths 1990, 1992; Griffiths and Fink 1993). For lami-
nar flow conditions, C represents the distance (mea-
sured in flow depths) a flow travels prior to surface
crust formation (F102 s; equivalent to the chilling time
scale of Kilburn 1993, 1996). In wax experiments, low C
values, where the rates of crust formation are high rela-
tive to rates of flow advance, produce lobate flows with
flow front advance modulated by pressure build-up and
crustal rupture. In contrast, high C values, where ad-
vection is much more rapid than crust formation, pro-
duce fluid flows with solid crust confined to the vicinity
of the flow front. While useful for interpretation of flow
morphologies in planetary and submarine environ-
ments (Griffiths and Fink 1992a, 1992b), the direct ap-
plication of C to terrestrial flows is limited by the lami-
nar flow constraint, because open-channel flows, al-
though not strictly turbulent, are commonly well stir-
red. Any realistic definition of C must also include ef-
fects of slope (Gregg and Fink 1995) and yield strength
(Griffiths and Fink 1997; Fink and Griffiths 1998).

Questions remaining

Despite the proposed link between crystallization and
the transition to ‘a‘ā, surprisingly few data exist on
rates of cooling and crystallization during lava flow un-
der different transport conditions. Also lacking are
flow velocity profiles and depth measurements neces-
sary for down-flow strain rate estimates, with the ex-
ception of the 1984 lava flow from Mauna Loa (e.g.,
Lipman and Banks 1987; Moore 1987; Crisp et al. 1994;
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Crisp and Baloga 1994). Finally, lava crystallinity–rheo-
logy relations are poorly defined. All of these paramet-
ers must be constrained for application of thermal mod-
els (Crisp and Baloga 1994) and scaling relations (Grif-
fiths and Fink 1993) to predictions of rates and styles of
flow advance. Moreover, although it is generally agreed
that cooling, crystallization, and consequent increases
in viscosity are necessary to produce ‘a‘ā, no attempts
have been made to quantify the critical viscosity–strain
rate threshold hypothesized by Peterson and Tilling
(1980). Here we combine analyses of quenched lava
textures and glass compositions with flow velocity and
channel depth measurements of a single channelized
flow, active at Kı̄lauea Volcano in May 1997, to deter-
mine rates of cooling, crystallization, and changes in
surface morphology in the proximal regions of this par-
ticular lava channel. We then place these observational
data in the larger context of conditions required for ‘a‘ā
formation.

Sample collection and measurement methods

The 1997 activity at Kı̄ilauea Volcano

Favorable patterns of eruptive activity at Kı̄lauea Vol-
cano during the spring of 1997 afforded an unusual op-
portunity for sampling an active ‘a‘ā channel. At the
end of January 1997, after 4 years of relatively stable
eruptive conditions, the 15-year-long Pu‘u ‘Ō‘ō Kūpaia-
naha eruption entered a new stage of activity (Thorn-
ber et al. 1997). The 1993 through 1996 eruptive inter-
val (episode 53) was characterized by steady effusion
from a vent on the west flank of the Pu‘u ‘Ō‘ō cone,
effusion that transported lava to the coast through an
11-km-long tube system (Fig. 2a). On 29 January lava
feeding the Pu‘u ‘Ō‘ō vent area was diverted abruptly
to an intrusion up-rift, culminating in a fissure eruption
in Napau Crater (episode 54). After a month-long hia-
tus, lava reappeared in the Pu‘u ‘Ō‘ō crater (onset of
episode 55), and by late March new vents on the west
and southwest flanks of Pu‘u ‘Ō‘ō began to issue lava.
During April and May of 1997, lava effusion alternated
among four flank vents. Numerous flows from these
vents traveled 1–4 km, with further advance prevented
by interruptions in lava input to the system. All flows
had pāhoehoe morphologies near the vent and flow
fronts of ‘a‘ā morphology. In the time period leading
up to our sampling date, eruptive pauses occurred on
10, 11, 12, and 14 May, and lasted from 5 to 8 h. New
lava flows issued from Pu‘u ‘Ō‘ō flank vents after each
pause (Fig. 2b). Integrated flow volumes suggest that
average effusion rates over this time period were
F3 m3/s. These effusion rates are similar to those of
‘a‘ā flows that formed from tube breakouts during the
eruption of Mauna Ulu, Kı̄lauea Volcano (Swanson
1973), although slightly below the minimum rates com-
monly assumed necessary for ‘a‘ā formation (e.g., Row-
land and Walker 1990).

The 15–16 May flow (Fig. 2b) began after the 14
May pause and contained the 16 May flow channel that
we sampled. This flow was fed sporadically during a
slow restart on 14 May, and extended less than 1 km
from the vent by the afternoon of the 15 May. An in-
crease in eruptive vigor late in the day produced a
channelized ‘a‘ā flow that traveled 4 km from the vent.
By the morning of 16 May this flow had stagnated at its
terminus, and a second channelized flow (the 16 May
flow) from the same vent had advanced nearly 3 km
along the eastern margin of the 15 May flow. The 16
May flow channel was typically 5–10 m wide with broad
(50 m) outer ‘a‘ā levees and inner levees of thin pāhoe-
hoe spillovers. On the basis of later measurements of
drained channels, we estimate that the channel depth
during emplacement was no more than 3 m. Lava
flowed through the channel at a velocity of 1–2 m/s and
was generally laminar (Reynolds numbers F50–80). In
proximal areas, incipient crust was efficiently recycled
by rotational flow through sinuous channels and at the
base of small lava falls (e.g., Kauahikaua et al. 1998)
and by mechanical mixing as large blocks spalled off
channel walls. Channel overflows were most common
within 1 km of the vent region, where they produced
flows of smooth pāhoehoe. Breakouts from under ‘a‘ā
crusts in more distal portions of the channel had sur-
faces with slabby (transitional) pāhoehoe morpholog-
ies.

Sample collection, 16 May 1997

Lava from the 16 May channel was sampled from
F1 km of its 4 km extent. Sample locations are shown
in Fig. 2b and summarized in Table 1. Sampling of the
active channel was complicated by unstable marginal
levees, channel overflows, and breakouts and was lim-
ited to three locations (1.7, 1.8, and 1.9 km from the
vent) that spanned the surface transition from pāhoe-
hoe to ‘a‘ā. The first two channel samples (KE55–1885
and 1886) were recovered from stretches of the active
channel with smooth, thin, discontinuous surface crusts.
To collect samples, we used a steel hammer head sus-
pended in the channel by a cable. This technique al-
lowed sampling through F1 m of the flow, and samples
are representative of the flow interior. Samples
KE55–1885 and KE55–1886 were collected, respective-
ly, from above and below a small (F5 m high) lava
falls. There was no apparent change in flow surface tex-
ture resulting from the elevation drop, indicating that
this break in slope alone was insufficient to convert the
channelized pāhoehoe to ‘a‘ā. Sample KE55–1888 was
retrieved by a hammer dipped into the active channel
margin just below the point where the flow surface de-
veloped a spinose ‘a‘ā morphology. This sample is re-
presentative of the ‘a‘ā surface, not of the flow inter-
ior.

The sample suite was extended through limited
hammer-dip sampling of active overflows and break-
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Fig. 2a Map of all flows em-
placed during the 1983 to
Present eruption of Kı̄lauea
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from which samples were col-
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lava flow

outs from the main channel 0.9 km (KE55–1890),
1.85 km (KE55–1887) and 2.1 km (KE55–1889) from
the vent. All secondary flows were sampled within
50–100 m of the active channel, and all samples (includ-
ing those from the channel) were water quenched im-
mediately after collection for optimal glass preserva-
tion. The secondary flow sample closest to the active
vent was an overflow created by temporary blockage of
the channel. It had a smooth silvery pāhoehoe surface,
and its advancing flow lobes were thin (10–20 cm). The
two samples collected farther down the flow were brea-

kouts from the active channel, emerging from beneath
the already present spinose ‘a‘ā surface crust. Both
breakouts advanced slowly and were transitional in sur-
face morphology. Flow fronts were thicker than those
in the true pāhoehoe (20–30 cm high), and the flow sur-
face was rough and typically broken into slabs during
flow advance. Due to the inaccessibility of the vent it-
self on 16 May, we use a pāhoehoe cable-dip sample
(KE55–1884) collected 2 days earlier from the base of
the same vent as representative of lava erupted on 16
May.
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Table 1 Glass analyses for all samples (all sample numbers have the prefix KE55-; last four numbers only are listed)

1884
vent
phh
0.05 km

1885
channel
phh
1.7 km

1886
channel
phh
1.8 km

1887
breakouttrans.
phh
1.85 km

1888
channel
‘a‘ā
1.9 km

1889
breakout
trans.phh
2.1 km

1890
breakout
phh
0.9 km

SiO2 51.76 (0.26) 51.18 (0.27) 51.52 (0.17) 51.80 (0.35) 50.87 (0.38) 51.60 (0.31) 51.57 (0.15)
A12O3 13.72 (0.11) 13.62 (0.08) 13.38 (0.09) 13.07 (0.16) 12.83 (0.56) 13.26 (0.14) 13.67 (0.07)
FeO 10.92 (0.15) 11.63 (0.29) 11.71 (0.15) 12.15 (0.54) 15.03 (0.57) 12.35 (0.27) 11.33(0.12)
MgO 6.76 (0.08) 6.40 (0.18) 6.27 (0.05) 6.06 (0.09) 4.25 (0.28) 6.18 (0.06) 6.66 (0.05)
CaO 10.69 (0.09) 10.95 (0.16) 10.35 (0.05) 10.35 (0.12) 9.11 (0.32) 10.49 (0.12) 10.34 (0.10)
Na2O 2.31 (0.08) 2.30 (0.09) 2.42 (0.03) 2.37 (0.06) 2.37 (0.12) 2.38 (0.06) 2.48 (0.06)
TiO2 2.44 (0.02) 2.60 (0.21) 2.70 (0.02) 2.86 (0.22) 3.49 (0.30) 2.80 (0.17) 2.57 (0.03)
MnO 0.16 (0.02) 0.16 (0.05) 0.17 (0.03) 0.18 (0.05) 0.22 (0.05) 0.19 (0.03) 0.18 (0.02)
K2O 0.43 (0.01) 0.44 (0.03) 0.49 (0.01) 0.50 (0.03) 0.68 (0.06) 0.52 (0.03) 0.45 (0.01)
P2O5 0.24 (0.02) NA 0.27 (0.02) NA NA NA 0.26 (0.04)
Total 99.19 99.26 99.11 99.34 98.84 99.77 99.66
MgOT ( 7C) 1150 1142 1140 1136 1099 1138 1148
Glass 1.0 0.91 0.88 0.84 0.55 0.86 0.93
Pyroxene tr 0.05 0.06 0.07 0.26 0.07 0.04
Plagioclase tr 0.04 0.06 0.09 0.22 0.07 0.03
Olivine ~0.01 ~0.01 ~0.01 ~0.01 ~0.01 ~0.01 ~0.01

Standard deviation on ten spot analyses given in parentheses;
USGS analyses include P2O5, University of Oregon analyses do
not. Glass temperatures are calculated using MgO content (Helz

and Thornber 1987) and phase proportions are calculated using
phase compositions (from C.R. Thornber database) and mass bal-
ance

Analytical techniques

Electron probe microanalyzer (EPMA) glass composi-
tions were analyzed at the University of Oregon on a
Cameca SX-50 EPMA using 15 keV accelerating vol-
tage, 10 nA beam current, and a ZAF data reduction
routine. Glass and microlite compositions determined
at the U.S. Geological Survey Denver Microbeam Fa-
cility were analyzed using a JEOL 8900 electron micro-
probe operating at 15 keV, 20 nA beam current, and a
Phi-Rho-Zed data reduction routine. Alkali loss was
minimized by use of a defocused (10–20 mm) beam. All
reported glass compositions are averages of ten ana-
lyses, were collected from microlite-free regions, and
were measured on the edge (best-quenched) portion of
each sample. Analytical uncertainty in the MgO ana-
lyses used for glass geothermometry was
0.06–0.28 wt.%. These uncertainties led to uncertainties
in calculated temperatures (using Helz and Thornber
1987) of 1.3–5.7 7C, respectively. Mass balance calcula-
tions used glass analyses from this study and microlite
compositions from C.R. Thornber’s database at HVO.
Groundmass crystallinities for all samples were calcu-
lated using a weighted mass balance program (Table 1;
M.B. Baker, pers. commun.), where the microlite-free
vent glass was assumed to represent the initial melt
composition for microlite crystallization of the channel
samples.

Back-scattered electron imaging and textural analysis

Back-scattered electron (BSE) images were collected
for all samples using a JEOL 6300V scanning electron
microscope (SEM) at 10 keV, 5 nA beam current, and

15 mm working distance. Four to eight images were col-
lected per sample from well-quenched areas of each
thin section at magnifications of!25 (for examination
of vesicles),!200, and!500 and analyzed using NIH
Image 1.59. More images were used where crystal dis-
tribution was spatially heterogeneous (more common
in poorly crystalline samples).

Plagioclase has a large atomic number contrast with
the Fe-rich glass, allowing automated analysis of plagio-
clase area fraction and crystal number density (per
area). Pyroxene number densities were analyzed by
marking each crystal with a point followed by automat-
ed counting of those points. Total crystallinity (f) was
determined by point counting the BSE images, assum-
ing that the measured area fraction of crystals is equi-
valent to the volume fraction. Direct comparison of
plagioclase content determined by image analysis (area
fraction) and mass balance (volume fraction) indicates
that our method of imaging provides representative
sample coverage (Fig. 3), despite obvious spatial heter-
ogeneity in crystal distribution.

Measured areal number density (Na) and f values
can be used to determine average crystal size (dpk7

;(f/Na), where k is a shape factor). Volumetric number
density (Nv) can then be calculated as NvpNa/d (Un-
derwood 1970). We use this approximation rather than
the more exact unfolding operations suggested by oth-
ers (e.g., Higgins 1994; Pareschi et al. 1990; Peterson
1996; Sahagian and Proussevitch 1998), because other
methods require full crystal size distribution measure-
ments for all phases. We report both measured (two di-
mensional, Na) and calculated (three dimensional, Nv)
number density data for clarity and for ease of compar-
ison with related studies (Table 2).
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Table 2 Textural data for samples listed in Table 1

pl N
(mm–3)

d
(mm)

pl
Nv!10–8

(cm–3)

px
Na(mm–3)

d
(mm)

px
Nv!10–8

(cm–3)

Jpl!10–5

(cm3s)
Jpx!10–5

(cm3s)

1885 478 (74) 0.009 0.53 2259 (572) 0.005 4.52 0.31 2.66
1886 1660 (80) 0.006 2.77 2729 (357) 0.005 5.46 1.54 3.03
1887 1560 (72) 0.007 2.20 2881 (264) 0.005 5.76 1.19 3.11
1888 4003 (621) 0.007 5.70 5515 (426) 0.006 9.19
1889 1572 (60) 0.007 2.20 3252 (300) 0.005 6.51 1.05 3.10
1890 621 (98) 0.007 8.70 1561 (337) 0.005 3.12 0.97 3.47

Data given are measured plagioclase (pl) and pyroxene (px) areal
number density (Na), average linear size (dp(f/Na)21/2), where f
for each phase is that calculated by mass balance and listed in

Table 1; volumetric number density (Nv), calculated as Na/d and
converted to no./cm3, and nucleation rate (J), calculated assuming
an average flow velocity of 1 m/s
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Fig. 3 Comparison of plagioclase abundance measured by imag-
ing (area %) and by mass balance (volume %). Squares represent
the channel sequence, circles the breakout sequence. Measure-
ments were used to insure that images collected were representa-
tive of the sample as a whole

Observations of cooling and crystallization during flow
through open channels

Qualitative description of sample textures

Vent samples are highly vesicular and nearly aphyric,
characterized by minor (~1%) olivine phenocrysts in a
clear brown glass. Vent samples also have rare (~~1%)
small (~10 mm) plagioclase and clinopyroxene micro-
lites (Fig. 4a), indicating that the lava temperature and
composition were located near the plagioclase–pyrox-
ene cotectic at the time of eruption. Cooling and crys-
tallization during flow generate abundant microlites of
plagioclase and clinopyroxene in all flow samples
(Fig. 4b). Plagioclase microlites are typically acicular in
two-dimensional cross section, indicating their true
form to be thin tablets (Higgins 1994). Pyroxene micro-
lites are smaller, more numerous, and more equant (in
two dimensions) than plagioclase microlites, reflecting
prismatic shapes in three dimensions. Pyroxene crystals
commonly nucleate on plagioclase microlites and on
vesicle walls (Fig. 4c). In less crystalline samples, the

spatial distribution of crystals is heterogeneous, with
microphyric aggregates of intergrown plagioclase and
pyroxene separated by larger pockets of glass. Also
common are intricate intergrowths of plagioclase and
pyroxene (Fig. 4d) that resemble crystal habits typical
of high cooling rates (Lofgren 1980; Lesher et al., in
press).

All samples show an increase in crystallinity with in-
creasing distance from the vent (Fig. 5). Channel sam-
ple KE55–1885, collected 1.7 km from the vent, is poor-
ly crystalline (9%; Table 1), and microlites are spatially
heterogeneous, with plagioclase and pyroxene microlite
aggregates in otherwise crystal-free glass (Fig. 5a).
Sample KE55–1886, collected 100 m down channel
from KE55–1885 and directly below a small lava falls,
has a somewhat higher crystallinity (12%; Fig. 5b), with
both plagioclase and pyroxene microlites more abun-
dant. The ‘a‘ā channel sample is highly crystalline
(45–50%), with intergrown laths of plagioclase and py-
roxene forming a spatially homogeneous crystalline
texture (Fig. 5c). Samples collected from channel over-
flows and breakouts also increase in crystallinity with
distance from the vent (Fig. 5d–f). The most proximal
sample in the suite (Fig. 5d), collected F1 km from the
vent, is highly vesicular and sparsely crystalline (F7%).
Samples collected from channel breakouts immediately
above (Fig. 5e) and 200 m below (Fig. 5f) the pāhoe-
hoe-‘a‘ā transition are similar in texture to each other
and to the channel sample collected 1.8 km from the
vent (Fig. 5b), with crystallinities of F15%. Thus, the
channel breakout 2.1 km from the vent (Fig. 5f) is sub-
stantially less crystalline than the surface ‘a‘ā sample
collected at 1.9 km (Fig. 5c). The breakout provides a
sample of the flow interior, so its low crystallinity rela-
tive to that of the flow surface indicates a change in
thermal structure from homogeneous (well stirred) in
the proximal channel to thermally stratified in medial
to distal areas (e.g., Crisp and Baloga 1990; Kilburn
1996).

All channel and breakout samples are highly vesicu-
lar. Vesicles in pāhoehoe are distinct from those in ‘a‘ā,
however, in both shape and interior roughness. Pāhoe-
hoe vesicles are spherical to ellipsoidal (Fig. 6a) and
show little interconnection. ‘a‘ā vesicles are highly ir-
regular in shape, extensively interconnected, and have
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Fig. 4a Back-scattered electron (BSE) image of vent sample
KE55–1884. Labeled are vesicles (v, black), plagioclase (pl or
plag, dark gray), pyroxene (px, medium gray), and glass (gl, light
gray). b Typical texture of downflow samples as illustrated by
KE55–1889. Scale is same as in a. c Illustration of nucleation of
pyroxene on vesicle walls, as seen in KE55–1890. d Plagio-
clase–pyroxene aggregates (pl-px) in KE55–1889. Scale is same as
in c

rough interfaces as a consequence of abundant micro-
lites (Fig. 6b). These vesicle characteristics are consis-
tent with other descriptions of pāhoehoe and ‘a‘ā flow
textures (Macdonald 1953; Walker 1989; Crisp et al.
1994; Cashman et al. 1994; Polacci and Papale 1997),
and reflect the high viscosity (long bubble relaxation
times) of ‘a‘ā lavas (Polacci et al. 1999).

Analysis of sample textures and phase compositions

Glass geothermometry and sample crystallinity The
composition of glass quenched during lava sampling
provides a direct measure of sample temperature and,
when referenced to an initial bulk composition, sample

crystallinity. In particular, the MgO content of basaltic
melt decreases linearly with temperature throughout
much of the crystallization interval as a consequence of
preferential incorporation of MgO into growing olivine
or pyroxene. MgO thus provides an effective measure
of the temperature to which a lava is equilibrated by
crystallization prior to quenching (Helz and Thornber
1987; Montierth et al. 1995). These experimental cali-
brations have been tested using samples from active
flows of known temperatures (Helz et al. 1995; Mon-
tierth et al. 1995). Calculated temperatures are within
10 7C of temperatures determined in the field, except
where the erupted magma is volatile rich and effective-
ly undercooled relative to atmospheric conditions (e.g.,
Lipman and Banks 1987; Montierth et al. 1995). There
may be a small kinetic lag time between cooling and
crystallization in response to that cooling, so that glass
geothermometry temperatures are considered to yield
maximum temperatures (and thus minimum cooling
rates) for lava samples.

All 16 May samples have bulk compositions similar
to those of samples collected during intervals of steady



314

Fig. 5 Typical BSE images illustrating a–c textural changes in
channel and d–f breakout sample sequences. Scale bar shown in d
is 100 mm and is the same for all images. a KE55–1885; b
KE55–1886; c KE55–1888; d KE55–1890; e KE55–1887; f
KE55–1889



315

Fig. 6 Typical vesicle textures for a pāhoehoe (KE55–1890) and
b ‘a‘ā (KE55–1888) samples. Scale bar is the same for both
images. Note both the irregularity and the connectivity of the ves-
icles in the ‘a‘ā sample
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Fig. 7a Changes in sample crystallinity (open symbols) and glass
temperature (filled symbols) with increasing distance from the
vent. b Change in glass temperature (calculated using wt.% MgO)
with sample crystallinity (calculated using mass balance of all ma-
jor elements). In both a and b, squares represent the channel se-
quence, circles the breakout sequence

activity in episodes 48 through 53 (e.g., Helz et al. 1991;
Mangan et al. 1995; Thornber et al. 1996; Heliker et al.
1998). The glass composition of the vent sample indi-
cates that the eruption temperature was also similar to
those of previous episodes. Vent glass from May 1997
has an average MgO content of 6.75 wt.% (equivalent
to an eruption temperature of 1149 7C using the calibra-
tion of Helz and Thornber 1987). This MgO-based tem-
perature is comparable to average values for episode 53
(6.9 wt.% MgO; 1153 7C), episodes 50–52 (6.94 wt.%
MgO; 1153.5 7C), and episode 49 (6.82 wt % MgO;
1151 7C).

With flow, sample crystallinities increase and glass
temperatures decrease (Fig. 7a). Channel pāhoehoe
samples 1.7 and 1.8 km from the vent have average
temperatures of 1142 and 1140 7C. These temperatures
are identical within analytical error (B1.30 7C), but the
clear difference in crystallinity between these samples
(volume fraction fp0.09 and 0.12, respectively;

Fig. 5a,b) demonstrates that the glass geothermometer
provides a reasonable estimate of relative quench tem-
peratures among samples. Consistent with its high crys-
tallinity (fp0.45), the ‘a‘ā sample has a much lower
glass-based temperature of 1099 7C. Overflow and
breakout samples have glass temperatures of 1148 7C at
a distance of 0.9 km from the vent, and 1136–1138 7C at
distances of 1.85–2.1 km from the vent, and corre-
sponding crystallinities of 0.07, 0.16, and 0.14, respec-
tively. These are minimum temperatures (maximum
crystallinities), because we cannot discount the possibil-
ity that some cooling and crystallization occurred dur-
ing flow from the channel to the sampling location.
However, the close correlation between channel and
breakout samples indicates that extensive crystalliza-
tion did not occur over the short (~100 m) distances of
surface flow.

MgO-based temperatures and sample crystallinities
are compared in Fig. 7b. The approximately linear rela-
tionship between lava temperature and crystallinity is
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consistent with that suggested by Shaw (1969) based on
his experiments and with cotectic precipitation of plag-
ioclase and pyroxene. This linear relationship breaks
down at higher crystallinities (lower temperatures), as
ilmenite and magnetite join the crystallizing assemblage
(Wright and Okamura 1977).

Rates of cooling and crystallization

Rates of flow cooling and crystallization can be esti-
mated by combining measured down-channel changes
in flow temperature and crystallinity with observed
flow velocities. For these estimates, breakout samples
are assumed to represent channel lava at an equivalent
distance from the vent. Cooling rates of 4.4–6.8 7C/km
characterize flow through the proximal portion of the
channel. These rates translate to 0.004–0.014 7C/s (Ta-
ble 2), assuming an average flow velocity of 1–2 m/s.
Rates of bulk crystallinity increase are 0.05–0.08 vol-
ume fraction per kilometer (0.5–0.8!10–4 f/s for an av-
erage channel velocity of 1 m/s). The ‘a‘ā sample was
omitted from these calculations, because we did not
measure channel-margin velocities; however, we can es-
timate margin velocities using the rates determined
above. To achieve the observed ‘a‘ā temperature of
1099 7C and crystallinity of 0.45 (Table 1), the average
flow velocity along the channel margins must have been
F0.34–0.5 m/s, less than half the centerline channel vel-
ocity.

Our estimates can be compared with rates of cooling
and crystallization measured in the much larger ‘a‘ā
flows produced during the 1984 eruption of Mauna Loa
(Lipman and Banks 1987; Crisp et al. 1994). Here trans-
port of lava through stable channels (calculated for two
separate days, 31 March and 6 April 1984) led to a
5–7 7C drop in temperature over 10–11 km of transport.
This yields a cooling rate of 0.004 7C/s, assuming aver-
age flow rates of 5 m/s (records from stations along the
channel show velocities to drop from 15 m/s at the vent
to 2 m/s at a distance of 10 km). Crystallization rates for
the same samples were 0.01–0.04 volume fraction f/km,
or 0.4–1.0!10–4 f/s, also comparable to rates deter-
mined for the Kı̄lauea channel. Thus, rates (per time)
of cooling and crystallization are similar in the small
Kı̄lauea 1997 flow (effusion rates F3–4 m3/s) and the
large Mauna Loa 1984 flow (effusion rates F100 m3/s)
despite different channel velocities. This similarity sug-
gests that observed cooling rates of F0.005 7C/s and
crystallization rates F0.5!10–4 f/s may be typical of
most proximal to medial open-channel Hawaiian flows
(particularly those erupted at near-cotectic tempera-
tures). In contrast, cooling rates of F1 7C/km typify
flow through lava tubes (Peterson and Swanson 1974;
Cashman et al. 1994). These rates translate to cooling
rates of 0.001–0.002 7C/s for assumed average flow velo-
cities of 1–2 m/s (e.g., Kauahikaua et al. 1998), two to
four times lower than cooling rates of open-channel
flows.

Modes of crystallization

Crystallization can occur through nucleation of new
crystals, by growth on existing nuclei, or through a
combination of the two processes. In general, nuclea-
tion is assumed to dominate when supersaturations are
high, whereas crystal growth is considered more impor-
tant in systems experiencing only small deviations from
equilibrium. However, measurement of supersaturation
is difficult in multi-component systems. Thus textural
data (crystal size, number density, and abundance) pro-
vide unique information on conditions of crystalliza-
tion.

The number of both plagioclase and pyroxene mi-
crolites increases steadily down channel (Fig. 8a). This
steady increase implies a constant rate of both plagio-
clase and pyroxene nucleation through time, if flow vel-
ocities were constant. Nucleation rates estimated from
Fig. 8a are F1.5–3!105/cm3s for pyroxene and
0.3–1.5!105/cm3 s for plagioclase, when calculated as-
suming an average channel velocity of 1–2 m/s (Ta-
ble 2). For comparison, crystal nucleation rates esti-
mated from textural measurements on samples from
the Mauna Loa 1984 flow (Crisp et al. 1994) are
0.84–3.4!105/cm3s for pyroxene and 0.1–0.5!105/cm3s
for plagioclase.

Neither the 1984 Mauna Loa nor the 1997 Kı̄lauea
sample suite show evidence for the F104 s crystalliza-
tion delay commonly assumed for plagioclase crystalli-
zation in basaltic melts at moderate cooling rates (Uhl-
mann et al. 1979). However, the plagioclase data sug-
gest a small delay in plagioclase nucleation relative to
that of pyroxene. A linear fit to the data in Fig. 8a
shows that plagioclase number densities intersect the x-
axis at F0.4 km, implying a delay in plagioclase nuclea-
tion of ~400 s, despite the rare plagioclase microlites in
the vent sample (Fig. 4a). This delay is comparable to
nucleation delays achieved under very high rates of
cooling in experiments on comparable compositions
(F1000 7C/h; Lesher et al., in press). The apparent de-
crease in plagioclase incubation time relative to static
experiments confirms the importance of dynamical ef-
fects (stirring) on crystal nucleation (e.g., Kouchi et al.
1986).

On a plot of Na vs f (Fig. 8b), straight lines through
the origin connect samples with a constant average
crystal size (area) and indicate that crystal nucleation is
largely responsible for the overall increase in sample
crystallinity. Nucleation-dominated crystallization typ-
ifies both plagioclase and pyroxene formation in all pā-
hoehoe samples (Fig. 8b), although average plagioclase
crystal areas of 48 mm2 are twice those of pyroxene
(F23 mm2) in the same samples. High plagioclase and
pyroxene number densities in the ‘a‘ā sample demon-
strate the continued importance of nucleation in the
crystallization of both phases, although the observed
doubling of the average pyroxene size (to 47 mm2) re-
flects the increasing importance of crystal growth.
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Fig. 8a Changes in plagioclase (circles) and pyroxene (squares)
crystal number density (Na) with increasing distance from the
vent. Filled symbols are pāhoehoe samples, open symbols ‘a‘ā. b
Number density (Na) vs phase crystallinity (f) for both plagio-
clase and pyroxene. Solid line shows best fit to pāhoehoe plagio-
clase data and represents an average crystal area of 40 mm2.
Dashed line shows best fit to pāhoehoe pyroxene data and repre-
sents an average crystal area of 28 mm2

Plagioclase number densities 11000 mm–3 have
been reported for other ‘a‘ā surface and flow interior
samples (e.g., Crisp et al. 1994; Polacci et al. 1999). In
fact, high crystal number densities appear characteristic
of ‘a‘ā emplacement styles and contrast with the consis-
tently low number densities that typify fully crystallized
pāhoehoe flows (^102/mm2; Sato 1995; Katz 1997).
Based on the data reported above, we suggest that high
crystal number densities are the direct result of high
rates of cooling (and crystal nucleation) in proximal
‘a‘ā channels.

Discussion

Data presented herein can be used to constrain param-
eters used in models of lava flow cooling during trans-

port through open channels and to extend existing
models for the pāhoehoe-‘a‘ā transition.

Rates of cooling and crystallization

Cooling rates
Measured rates of cooling during flow through the 16
May channel can be compared with model predictions.
We use the heat balance proposed by Crisp and Baloga
(1994) to calculate cooling rates of the flow interior.
The flow was well stirred, and entrained crust was of
negligible thickness in proximal regions of the channel;
thus, we simplify that heat balance as

dT/dtp(L/Cp)(df/dt)P(εs f T4)/rCph (1)

by assuming perfect mixing and neglecting the effects
of entrainment and assimilation, where L is the latent
heat of crystallization (350,000 J kg–1), Cp is the heat
capacity (1200 Jkg–1K–1), df/dt is the crystallization
rate (0.5–0.9!10–4/s for a channel velocity of 1 m/s, as
shown above), ε is emissivity (0.9), s is the Stefan-
Boltzmann constant (5.67!10–8 Jm–2s–1K–4), f is the
fraction of core exposed, T is the lava temperature in
degrees Kelvin (K), r is lava density (2000 kg m–3 as-
sumed based on observed sample vesicularity), and h is
flow thickness. Equation (1) can be integrated to solve
for time (in seconds) to reach a given T (in K) as

tp[k/2a]7{(0.5)ln[(Tck)/(T–k)]ctan–1(T/k)}cA, (2)

where ap(L/Cp)(df/dt), kp(–a/b)1/4, with bp–εsf/
Cph, and A is a constant of integration calculated for
the initial condition tp0,Tp1422 K.

Rates of cooling with distance traveled may be cal-
culated if time (calculated from Eq. 2) is converted to
distance by assuming a flow velocity (here chosen as
1 m/s). The results of such calculations are shown in
Fig. 9 for reasonable parameter values for the variables
f, h, and df/dt. Observed cooling rates can be matched
for a flow depth h of 3 m (the maximum allowed by
field observations) for the conditions df/dtp0.5!10–4/
s and fp0.7, or df/dtp0.7!10–4/s and fp0.9 (curve C;
Fig. 9). For a shallower flow depth (2 m), bracketing
crystallization rates of 0.5!10–4/s and 0.9!10–4/s re-
quire, respectively, crustal coverage f of 0.5 and 0.7
(curves D and B). High crystallization rates and small
fractions of exposed core generate too much heat for
adequate flow cooling (e.g., curve A), whereas lower
crystallization rates, smaller flow depths, or high values
of f predict too much cooling (e.g., curve E).

These calculations are only approximate but provide
an adequate match to high rates of cooling
(0.004–0.007 7C/s, or 14–25 7C/h, for an assumed veloci-
ty of 1 m/s) measured during flow through the proximal
channel. Thus, we suggest that, for early stages of flow
through an open channel, cooling rates of flow interiors
approach those of purely radiative heat loss from per-
fectly mixed flows. That all of our measured tempera-
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Fig. 9 Cooling times calculated using Eq. (2) and converted to
distance traveled assuming an average flow velocity of 1 m/s (data
from Fig. 7a shown for comparison) Curves calculated under the
following conditions: A hp3 and either df/dtp0.5!10–4, fp0.6
or df/dtp0.7!10–4, fp0.8; B hp2, df/dtp0.9!10–4, fp0.7; C
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fp0.9; D hp2, df/dtp0.5!10–4, fp0.5; E hp3 and either df/
dtp0.5!10–4, fp0.8 or df/dtp0.7!10–4, fp1

tures do not follow a single curve in Fig. 9 probably re-
flects both decreasing flow velocities and increasing
crustal coverage down channel.

Crystallization rates

Cooling leads to crystallization. Thus, the 16 May sam-
ple suite allows us to determine the effects of high cool-
ing rates on the kinetics of crystallization. In general,
rapid cooling is expected to result in high rates of crys-
tal nucleation (e.g., Cashman 1993), consistent with the
high observed crystal number densities in all samples.
Are nucleation rates greater than anticipated from rap-
id cooling alone, as suggested by experimental results
of Emerson (1926), Kouchi et al. (1986), and Sato
(1995)? Plagioclase number density (Nv) and cooling
rate (CR) can be related empirically as

logNv (cm–3)p0.94 logCR(7C/hr)c6.7 (3)

using textural data from small basaltic dikes (e.g., Cash-
man 1993). This calibration (Eq. 3) works well for relat-
ing measured plagioclase number densities (Nv) to
cooling rates in pāhoehoe flows, where cooling of the
flow interior is dominated by conduction (Montierth
and Cashman 1996). However, based on this calibra-
tion, plagioclase number densities (Na) in ‘a‘ā of
F4000 mm–2 (NvF6.3!108 cm–3) imply average cool-
ing rates of F170 7C/h, 3.5 times the maximum cooling
rate measured for the 16 May flow (and nearly eight
times the average). This discrepancy supports experi-
mental evidence that physical aspects of flow stirring
act to enhance rates of crystal nucleation. In industrial

crystallization, this phenomenon is referred to as “sec-
ondary nucleation” and may be a consequence of either
mechanical or physico-chemical processes (e.g., Mullin
1976).

Thermal structure of ‘a‘ā flow interiors

High rates of cooling and crystallization should lead to
rapid solidification (in F104 s). That ‘a‘ā flows persist
over times greatly in excess of a few hours and generate
flow lengths of tens of kilometers shows that these very
high rates of cooling are not maintained. In fact, ‘a‘ā
flow models commonly assume a thermal structure that
involves two components: a crust that cools by radia-
tion and thickens with time, and an isothermal core
(e.g., Crisp and Baloga 1990). This thermal structure
leads to a flow with two mechanically distinct compo-
nents (Kilburn 1996).

In the 1997 Kı̄lauea flow, the pāhoehoe-‘a‘ā transi-
tion marked the location where the thermal structure of
the flow changed from well mixed to thermally stratif-
ied. Above the transition, stirring of lava in the channel
became less vigorous below a lava falls F1.75 km from
the vent, allowing a thin crust to form over the central
part of the channel. Below 1.9 km, the location of the
pāhoehoe-‘a‘ā transition, most of the flow surface was
covered by a spinose ‘a‘ā crust. Thermal stratification is
illustrated by the similarity in both temperature and
crystallinity between breakouts from the flow interior
sampled above and below the transition, and by the dis-
parity between these samples and the overlying ‘a‘ā
crust. Thus, a critical component of any lava flow mod-
el must be the parameterization of changes in the ther-
mal structure of the flow from well mixed to thermally
stratified.

Once thermally stratified, ‘a‘ā flow interiors cool
slowly. As a consequence, breakouts from flow inter-
iors commonly have transitional pāhoehoe surface mor-
phologies (Wolfe et al. 1988; Kilburn 1990; Jurado-Chi-
chay and Rowland 1995) and nearly constant tempera-
tures (e.g., Neal et al. 1988; Calvari et al. 1994; Calvari
and Pinkerton 1998). Sampling such breakouts may be
the best way to track core temperatures with distance,
thus providing a means of obtaining flow tempera-
ture–distance relations necessary for the application of
flow cooling models and for predicting lengths of active
flows (e.g., Pinkerton and Wilson 1994).

Transitions in flow surface morphology

The surface morphology of ‘a‘ā flows changes with in-
creasing distance traveled (e.g., Macdonald 1953). Our
data suggest that these changes (from smooth pāhoe-
hoe to transitional pāhoehoe to ‘a‘ā) are correlated
with increases in lava crystallinity, as the addition of
crystals to a melt will change the lava rheology and may
ultimately inhibit viscous flow. Examination of this cor-
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Fig. 10a,b Illustration of rheological changes occurring with in-
creasing crystallinity, based on Eq. (4). a Changes in relative vis-
cosity (hs/h) with increasing crystallinity (f). Curves 1 and 2 are
from data in Zhou et al. (1995) for a suspension of silica powder
in aqueous glycerine and are presented as an example of the ef-
fect of applied stress (t) on the packing limits of a suspension.
Curve 1 : tp3.3 Pa; fmp0.383; [h]fmp0.92. Curve 2 : tp700 Pa;
fmp0.529; [h]fmp2.10. Curve 3 shows the commonly used Ros-
coe-Einstein formulation for viscosity, with fmp0.6 and
[h]fmp2.5. b Illustration of the relation between crystallinity (f)
and shear stress (t) in determining the onset of Bingham flow be-
havior (after Zhou et al. 1995). fm,0 is the lowest crystallinity for a
given particle population at which the suspension exhibits a yield
strength (low stress limit); fm,e 

is the maximum packing at which
viscous flow is possible under any applied stress. The suspension
exhibits Bingham behavior over crystallinities of
fm,0 1fm1fm,e

relation requires a brief review of the effect of particles
on the rheology of fluids.

Suspension rheology

The particle volume fraction at which maximum pack-
ing (fm) is achieved controls the change from fluid to
solid behavior. At f~fm a particle-melt suspension
has a viscosity that increases with increasing f. The in-
crease in suspension viscosity (hs) relative to the liquid
viscosity (h) with increasing particle volume fraction
(f) is scaled to fm as

hs/hp(1–(f/fm))–[h]fm, (4)

where [h] is the intrinsic viscosity and [h]fm reflects the
extent to which particles interact (Krieger and Dough-
erty 1959). In geologic applications, [h]fm is commonly
assumed to be 2.5 (the Roscoe-Einstein equation) and
fm is considered to be a geometric constant of 0.6 (e.g.,
Marsh 1981; Pinkerton and Stevenson 1992). However,
experimental studies show that both [h] and fm may
vary with crystal shape, resulting in variations in the ex-
ponent [h]fm from, e.g., 1.31 for glass fibers to 3.77 for
glass plates (Barnes et al. 1989). Exact values of fm will
also vary with changes in particle size distribution, as a
range of particle sizes often permits more efficient
packing (higher fm) than possible for uniform particle
populations (e.g., Barnes et al. 1989; Probstein et al.
1994). Finally, fm may vary with increases in applied
stress, which will affect the orientation and packing of
non-equant crystals (Fig. 10a; Wildemuth and Williams
1984, 1985).

The addition of particles to a suspension will also
lead to non-Newtonian behavior, particularly Bingham
flow. A fluid shows Bingham behavior when a mini-
mum stress (the yield strength, ty) must be exceeded
for viscous flow to occur. A yield strength develops
when particles in a suspension form a “touching frame-
work” (Kerr and Lister 1991), and the yield strength is
measured by the stress required to disrupt that frame-
work. In suspensions, two particle volume fractions
(fm,0 and fm,e) bracket conditions for Bingham flow.

At fm,0, the minimum f at which a suspension first ex-
hibits yield strength behavior, very small applied
stresses are sufficient to disrupt the incipient particle
network and permit viscous flow (i.e., ty approaches 0;
Fig. 10b). In contrast, fm,e 

designates the maximum
packing possible for a specific collection of particle
sizes and shapes under any applied stress and repre-
sents the f above which the suspension will not flow
under any external force (Fig. 10b; Zhou et al. 1995). A
suspension will exhibit Bingham behavior for the con-
dition fm,0~fm~fm,e. Both fm,0 and fm,e 

will be de-
termined by the viscosity of the suspending medium,
the specific particle size and shape distribution, and the
form of applied stress (compression vs shear).

Yield strength and the transition to ‘a‘ā

There is general agreement in the geological literature
that basaltic crystal-melt suspensions start to exhibit
non-Newtonian (Bingham) behavior at minimum crys-
tallinities (fm,0) of 0.25–0.30, that most possess a yield
strength when crystallinities exceed F0.4, and that vis-
cous flow is impossible for f(pfm,e)10.6 (Shaw et al.
1968; Shaw 1969; Pinkerton and Stevenson 1992; Le-
jeune and Richet 1995; Pinkerton and Norton 1995;



320

C
ru

s
ta

l 
d
e
fo

rm
a
ti
o
n
 p

a
ra

m
e
te

r 
(Ψ

') Open channel flow

No crust
Crust

Smooth
pahoehoe

Transitional
pahoehoe

'a'a

0 1

Rheological parameter ( / )φ φm,∞

M
a
xi

m
u
m

 li
m

it 
o
f 
vi

sc
o
u
s 

flo
w

Fig. 11 Rheological and dynamic classification of basaltic lava
flow morphologies. Both axes are dimensionless. Transitions in
flow morphology are shown in the context of a crustal deforma-
tion parameter (here viewed as analogous to the C parameter of
Fink and Griffiths 1992; termed C’) and a rheological parameter
(shown here as f/fm,e). C’ determines conditions for stable crust
formation (and thus pāhoehoe formation); f/fm,edetermines the
flow surface response to deformation and thus surface roughness.
All boundaries are schematic but incorporate limited existing
data that indicate flow transitions over a range of both crystallin-
ity and strain rate

Hallot et al. 1996; Smith 1997; Philpotts et al. 1998). To
what extent do these rheological thresholds control the
pāhoehoe-‘a‘ā transition?

Maximum groundmass crystallinities measured in
‘a‘ā range from F0.45 (our data) to 0.53–0.59 (Crisp et
al. 1994). The common description of ‘a‘ā formation by
“tearing” of the flow surface implies a response to de-
formation that does not involve viscous flow. On the
basis of these data and the shear stress (t)-crystallinity
(f) relations illustrated in Fig. 10b, we suggest that ‘a‘ā
forms as the crystallinity of the flow surface approaches
fm for the local conditions of applied stress. Here the
initial tearing of the flow surface results when microlite
crystallinity is sufficient to inhibit continuous flow in re-
sponse to shear. For the moderate to high shear stresses
expected in open channel flows, this condition can oc-
cur only for moderately high crystallinities (e.g., above
the bend in the ty–f curve of Fig. 10b).

The association of ‘a‘ā flow behavior with that of a
fluid possessing a yield strength is not new. Robson
(1967) and Walker (1967) first made this observation
by noting that Etnean flows thickened with increasing
distance from eruptive vents. Since this time, measure-
ments of flow rheologies (e.g., Pinkerton and Sparks
1978; Fink and Zimbelman 1986, 1990; Moore 1987;
Pinkerton and Norton 1995) have confirmed non-New-
tonian behavior of some basaltic lava flows, and flow
models assuming Bingham behavior have been devel-
oped (e.g., Hulme 1974; Dragoni 1989; Dragoni and
Tallarico 1994). Additionally, both Peterson and Tilling
(1980) and Kilburn (1990) allow for Bingham behavior
in basing their strain rate–viscosity models (Fig. 1) on
observed increases in the apparent viscosity of the lava,
a statement that encompasses a wide range of true fluid
rheologies. Defining the pāhoehoe-‘a‘ā transition in the
context of fm, the yield strength dictating limits to vis-
cous flow, is thus a logical extension of previous models
(Fig. 1; e.g., Peterson and Tilling 1980; Kilburn 1981,
1990, 1993, 1996). Such a definition also provides a phy-
sical explanation for the threshold nature of the transi-
tion.

Toward a general model for transitions in flow
morphology

Transformation of the 16 May flow surface to ‘a‘ā ap-
parently required both flow stirring that was sufficient-
ly vigorous to prevent extensive surface crust formation
and crystal–crystal interactions that were sufficiently
strong to prohibit viscous deformation of the flow sur-
face under the applied shear stress. Are these necessary
conditions for ‘a‘ā formation, are they sufficient to gua-
rantee ‘a‘ā formation, and can they be generalized?

If the answers to the first two questions are affirma-
tive, we can start to develop a general framework for
predicting basaltic lava flow behavior. In laminar flow
experiments, crustal stability may be represented by a
single dimensionless parameter C, a ratio of relative

time scales of flow surface cooling (ts) and flow advec-
tion (ta; Fink and Griffiths 1990, 1992; Griffiths and
Fink 1993). While not directly applicable to well-stirred
open channel flows, a parameterization of this form
(Cb) could potentially define limiting conditions for
stable crust formation. Rates of crustal recycling, in
turn, control the rates at which flow interiors cool and
crystallize. Flow crystallinity (f) determines flow rheo-
logy, and is most usefully defined with reference to spe-
cific rheological transitions (e.g., f/fm,

e
).

Figure 11 presents a schematic illustration of condi-
tions leading to pāhoehoe and ‘a‘ā flow surface forma-
tion using the dimensionless parameters suggested pre-
viously. Smooth pāhoehoe forms when fluid yield
strengths are negligible and rates of crustal recycling
are low, so that crust formation dominates emplace-
ment (low Cb). The pāhoehoe has a rough, transitional
surface when crystallinities are moderate and yield
strengths are sufficiently large to prevent relaxation of
small-scale surface roughness over short chilling times
(F102 s). ‘A‘ā surface formation requires that C’ is suf-
ficiently high to prevent continuous crust formation
and that yield strength is sufficiently high to prevent
viscous flow. Thus, ‘a‘ā will probably be restricted to a
relatively small crystallinity range (f1F0.7fm,e?).
Morphologic transitions will necessarily occur over a
range of crystallinities that will be controlled by both
the specifics of the crystal population (size and shape
distributions) and conditions of local stress. This pa-
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rameterization of basaltic lava facies transitions is equi-
valent to, but more specific than, the “thermal maturi-
ty” categorization of Naranjo et al. (1992).

Finally, we can use our observations to define condi-
tions that lead to lava flow fields of predominantly pā-
hoehoe or ‘a‘ā morphologies. We suggest that the dom-
inant emplacement style is determined early in a flow’s
history and depends on the extent to which crust is per-
mitted to form during early stages of flow. Early crust
formation insulates flow interiors, allowing slow cool-
ing by conductive heat transfer through the growing
crust and promoting pāhoehoe flow field development.
In contrast, continuous crustal disruption characteristic
of open channel flows allows rapid, radiative cooling of
flow interiors, consequent rapid crystallization (with
nucleation aided by stirring), down-channel transitions
to ‘a‘ā, and flow interiors that behave as Bingham
fluids. The latter condition will be promoted by high
rates of effusion (e.g., Rowland and Walker 1990),
steep slopes, and eruption of initially microlite-rich lava
(e.g., through degassing-induced crystallization; Pinker-
ton and Sparks 1978; Lipman and Banks 1987).

Conclusion

The 16 May 1997 channelized ‘a‘ā flow from Kı̄lauea
cooled and crystallized rapidly over the first 2 km of
transport away from the vent. Stirring of the flow re-
sulted in continued crustal disruption and cooling
throughout the entire flow thickness, as indicated by
measured channel flow and overflow glass tempera-
tures and crystallinities. A channel overflow F1 km
from the vent had a crystallinity of 7% and developed a
smooth pāhoehoe surface. Channel samples and break-
outs from the medial channel had F15% crystallinity,
and breakouts had transitional pāhoehoe morpholog-
ies. Textural measurements indicate that crystallization
occurred through both crystal nucleation and growth,
with nucleation predominating. Nucleation rates were
high (1104 cm–3s–1) and likely enhanced by energetic
stirring of the flow.

Transformation to ‘a‘ā surface morphology initiated
along channel margins and occurred 1.9 km from the
vent, where the channel had a uniform gradient, rather
than 1.75 km from the vent, where lava flowed over a
small lava falls. Thus, the transition was not triggered
by an increase in either strain rate or imposed stress.
The quenched ‘a‘ā sample has a glass temperature of
1099 7C and a crystallinity of F45%. Both crystallinity
and crystal number densities are similar to ‘a‘ā samples
from other active and solidified Hawaiian lava flows.
This similarity suggests that maximum rates of cooling
and crystallization are limited by rates of radiative cool-
ing with near-perfect mixing. We emphasize that crys-
tallinity plays a critical role in the pāhoehoe-‘a‘ā transi-
tion, a view essentially that suggested by Alexander
(1859) and popular throughout the late nineteenth and
early twentieth century. However, we link these early

observations to more recent descriptions of the transi-
tion (Swanson 1973; Peterson and Tilling 1980; Kilburn
1981, 1990; Rowland and Walker 1987, 1990) by recog-
nizing the importance of both rheological changes in
the fluid (particularly the onset of yield strength gener-
ated by crystallinity increases during flow) and relative
rates of crust formation and disruption (a strain rate
threshold). This view of the transition, involving both
crustal stability and rheological changes in the lava,
links local requirements for the pāhoehoe-‘a‘ā transi-
tion to general conditions for pāhoehoe and ‘a‘ā flow
formation.
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