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Abstract
Magma mingling and mixing are common processes at basaltic volcanoes and play a fundamental role in magma petrogen-
esis and eruption dynamics. Mingling occurs most commonly when hot primitive magma is introduced into cooler magma. 
Here, we investigate a scenario whereby cool, partially degassed lava is drained back into a conduit, where it mingles with 
hotter, less degassed magma. The 1959 eruption of Kīlauea Iki, Hawaiʻi involved 16 high fountaining episodes. During each 
episode, fountains fed a lava lake in a pit crater, which then partially drained back into the conduit during and after each 
episode. We infer highly crystalline tachylite inclusions and streaks in the erupted crystal-poor scoria to be the result of the 
recycling of this drain-back lava. The crystal phases present are dendrites of plagioclase, augite and magnetite/ilmenite, at 
sizes of up to 10 µm. Host sideromelane glass contains 7–8 wt% MgO and the tachylite glass (up to 0.5% by area) contains 
2.5–6 wt% MgO. The vesicle population in the tachylite is depleted in the smallest size classes (< 0.5 mm) and has overall 
lower vesicle number densities and a higher degree of vesicle coalescence than the sideromelane component. The tachylite 
exhibits increasingly complex ‘stretching and folding’ mingling textures through the episodes, with discrete blocky tachylite 
inclusions in episodes 1 and 3 giving way to complex, folded, thin filaments of tachylite in pyroclasts erupted in episodes 15 
and 16. We calculate that a lava lake crust 8–35 cm thick may have formed in the repose times between episodes, and then 
foundered and been entrained into the conduit during drain-back. The recycled fragments of crust would have been reheated 
in the conduit, inducing glass devitrification and crystallisation of pyroxene, magnetite and plagioclase dendrites and even-
tually undergoing ductile flow as the temperature of the fragments approached the host magma temperature. We use simple 
models of magma mingling to establish that stretching and folding of recycled, ductile lava could involve thinning of the 
clasts by up to a factor of 10 during the timescale of the eruption, consistent with observations of streaks and filaments of 
tachylite erupted during episodes 15 and 16, which may have undergone multiple cycles of eruption, drain-back and reheating.
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Introduction

Magma mixing and mingling are ubiquitous processes in 
magmatic systems (Lynn et al. 2017; Murphy et al. 1998; 
Neave et al. 2013; Perugini et al. 2003; Plail et al. 2018; 
Ruprecht et al. 2008; Schleicher et al. 2016; Sides et al. 
2014a; Sparks and Marshall 1986; Sparks et al. 1977; Vic-
caro et  al. 2006; Woods and Cowan 2009). The widely 
accepted definition of mingling is the physical interaction 
between two magma types, which results in compositional 
heterogeneities (Bateman 1995; Perugini and Poli 2012; 
Sparks and Marshall 1986)). Mingling is distinct from 
magma mixing, the latter of which involves chemical diffu-
sion and the production of a homogeneous magma of inter-
mediate composition from two or more end members (Jarvis 
et al. 2021). The extent to which magmas can mix, rather 
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than mingle, is controlled by the contrasts in their rheologi-
cal properties, such as viscosity and density (Sparks and 
Marshall 1986). Mingling may give rise to streaks and band-
ing or sharply-bounded inclusions or enclaves (Andrews and 
Manga 2014; Sparks and Marshall 1986) in volcanic and 
plutonic rocks. The textures of some mingled lavas have 
been simulated successfully using models of ‘stretching and 
folding’, whereby mingling textures are preserved up to the 
point at which chemical diffusion is able to homogenise the 
increasingly smaller heterogeneities present in the magma 
(Perugini et  al. 2002, 2003). In many cases of magma 
mingling a hot, more primitive magma is inferred to have 
intruded a more silicic, cooler one, in a reservoir or conduit. 
In this contribution, however, we focus on a contrasting case: 
here we document the mingling of cooler into hotter magma 
facilitated by lava drain-back during an eruption of Kīlauea 
Volcano, Hawaiʻi.

Basaltic pyroclasts may contain sideromelane (brown, 
translucent glass) and occasionally, tachylite (microlite-
rich and dark in colour) (Deardorff and Cashman 2017; 
Heiken 1978). Sideromelane and tachylite are often found 
together, in a single deposit, or even within a single clast. 
Tachylite has been found in erupted products from a large 
number of volcanoes: Etna (Andronico et al. 2009; Pompilio 
et al. 2017; Taddeucci et al. 2004), Stromboli (Lautze and 
Houghton 2005) and Vesuvius (Italy) (D’Oriano et  al. 
2011), Yasur, Vanuatu (Kremers et al. 2012), Katla, Iceland 
(Owen et al. 2019), Cinder Cone, California (Heiken 1978) 
and Parícutin, Mexico (Pioli et al. 2008). The origin of this 
texture is not well understood yet has significant implica-
tions for the interpretation of eruption dynamics. Tachylite 
has previously been interpreted as arising from extensive 
degassing-induced crystallisation of sluggish magma either 

along conduit margins (Cimarelli et al. 2010; Lautze and 
Houghton 2007; Taddeucci et al. 2004) or in shallow storage 
areas (Pioli et al. 2008); or the reheating and devitrification 
of recycled clasts (Burkhard 2001; D'Oriano et al. 2014; 
Deardorff and Cashman 2017).

Here we examine basaltic pyroclasts from the 1959 
eruption of Kīlauea Iki, Hawaiʻi, for evidence of magma 
mingling related to the process of lava drain-back into the 
source vent. The Kīlauea Iki eruption, famous for the highest 
recorded episodes of lava fountaining at Kilauea, occurred 
on the side wall of a pit crater just outside the eastern rim 
of Kīlauea’s summit caldera (Fig. 1). The eruption began 
on 14 November 1959 and lasted until 20 December 1959 
and comprised a sequence of 16 closely spaced, moderate 
to high fountaining episodes (Eaton et al. 1987; Richter 
et al. 1970; Stovall et al. 2012, 2011; Wright 1973). The 
high fountaining produced a prominent, proximal 50-m high 
scoria cone, as well as a distal tephra blanket that can be 
mapped at least 4 km to the southwest (Fig. 1b). Owing 
to the eruption in a confined pit crater, much of the ejecta 
fell into a fountain-fed lava lake during each episode, 
which proceeded to drain partially back into the conduit, 
at the end of each episode (Eaton et al. 1987; Richter et al. 
1970; Sides et al. 2014a; Stovall et al. 2012, 2011; Wallace 
and Anderson 1998). Each episode of fountaining was 
documented in detail, with observations such as fountain 
height, lava lake level and the timing of drain-back being 
recorded (Richter et al. 1970). Measurements of ground tilt 
during the eruptions, one of the first such records at any 
volcano, allowed the generation of a model of the magma 
budget, which provides estimates of magma supply rate from 
depth, as well as lava volume erupted, and drain-back lava 
volume (Eaton et al. 1987) (Fig. 2).

Fig. 1  Map to show the location of Kīlauea Iki, Hawaiʻi, and the sam-
pling sites (Sides et al. 2014b; Stovall 2009). a Map to show the loca-
tion of Kīlauea Iki crater and the 1959 vent on the eastern edge of 
the summit caldera. Kīlauea Volcano is located on the southern flank 
of the larger Mauna Loa volcano on the island of Hawaiʻi. b Shaded 

relief map to show the locations of the sampling sites KI-07–07, 
KI-06–16 and KI-06–13. Isopachs for the downwind tephra blanket 
arising from the 1959 eruption are shown, with tephra thickness in 
cm (Stovall 2009)
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Studies of the products of Kīlauea Iki and their 
progressive cooling and crystallisation in the lava lake that 
remained at the end of the eruption (Helz and Thornber 
1987) allowed the generation of a widely used olivine-liquid 
thermometer (Helz and Thornber 1987). Lavas erupted 
from Kīlauea Iki reached a temperature of 1215 °C, the 
highest in Kīlauea’s history (Helz 1987). Eruption samples 
contained up to 17–20 wt% (on average) of olivine (Wright 
1973). The olivines erupted had forsterite contents of 
84–88 mol%, which did not vary in any systematic way 
through the eruption (Helz 1987, 2022). The olivines are 
too primitive to be in equilibrium with the matrix glass 
(Sides et al. 2014a). Matrix glass compositions ranged from 
6.35 to 10.16 wt% through the eruption (with most falling 
between 8 and 9 wt%), with the most magnesian glasses 
produced during episode 1 (Helz 2022). The compositions 
of the erupted lavas were proposed to be the result of pre-
eruptive mixing of two end-member magmas, S1 and S2, 
which may have been distinct magma batches, together with 
variable amounts of olivine (Helz 2022). S1 was proposed 
to have come directly from the mantle (Helz 1987, 2022), 
perhaps linked to the August 1959 earthquake swarm 
(Eaton 1962), and may have continued to be intruded into 
the system up to ~ episode 9 (Helz 1987, 2022). The S2 
component was inferred to be more evolved, stored magma 
(Helz 1987, 2022).

Melt inclusions hosted by olivine have been analysed for 
volatiles (Anderson and Brown 1993; Sides et al. 2014a; 
Wallace and Anderson 1998) and trace elements (Sides 
et al. 2014a). Trace element ratios in the olivine-hosted melt 
inclusions vary to a much larger degree than in the matrix 
glasses, consistent either with the mixing of heterogeneous 
melts coming from the mantle (Sides et al. 2014a) or with 

the harvesting of a diverse olivine population (of varying 
‘ages’ and geochemistries) from a sub-caldera mush (Wieser 
et al. 2019). The water concentrations of melt inclusions 
decrease systematically through the eruption, from ~ 0.6 wt% 
for episode 1 to 0.1 to 0.4 wt% for episodes 15 and 16 (Sides 
et al. 2014a; Wallace and Anderson 1998). The decrease 
in meltwater contents has been proposed to be due to the 
mixing of drained back, outgassed melt from the lava lake 
with primitive, undegassed melt (Sides et al. 2014a; Wallace 
and Anderson 1998). The water contents of the mixed melts 
are consistent with the magma budget proposed by Eaton 
et al. (1987).

Here we examine thin sections of scoria from the long-
est or most intense episodes, 1, 3, 15 and 16, in order to 
understand the physical mechanisms of mingling between 
drained-back lava and undegassed magma in the conduit. 
We describe and quantify textural evidence for mingling in 
the erupted products, using optical and scanning electron 
microscope imagery, combined with image analysis tech-
niques. We present geochemical data for the glass com-
ponent of erupted pyroclasts for a range of textural types. 
We evaluate whether there is a change in the textural char-
acteristics of the erupted products due to drain-back and 
mingling over time through the eruption and whether there 
are differences in the vesicle population in the recycled 
component relative to undegassed magma. We develop a 
simple thermal model that allows us to constrain the ori-
gin of the tachylite, and models to describe the reheating 
and mingling processes responsible for its final form in 
erupted scoria.

Samples and methods

Sampling and microanalysis

Samples were collected from tephra pits downwind from the 
scoria cone of Kīlauea Iki. Samples of juvenile lapilli and 
small bombs were collected from pits KI-07–14, KI-06–16 
and KI-06–13 (documented by Stovall et al. 2011, 2012). 
A complete listing of sample names can be found in the 
supplementary material. Material was selected from the 
middle to upper portions of each episode bed. An image 
of the tephra pit KI-06–13 is shown in Fig. 3, along with 
a description of the tephra stratigraphy and clast types. 
The deposits varied significantly in character: episode 1 
tephra is dominated by black, glassy achneliths (Walker 
and Croasdale 1971), including Pele’s tears, small glass 
spheres, shards and rods and fluidal clasts with shiny 
external surfaces which show flow lines and vesicular 
interiors with mm- to cm-sized vesicles. Deposits produced 
by the highest fountains (3, 15 and 16) are characterised by 
a coarser average grain size of several cm, with dense spatter 

Fig. 2  Volumes of lava erupted and drained back for each episode, 
calculated using observations of lava lake height combined with tilt 
data (Eaton et al. 1987; Richter et al. 1970)



 Bulletin of Volcanology (2024) 86:5757 Page 4 of 13

bombs up to 25 cm in length and ragged, highly vesicular, 
golden to light brown pumice. Episodes of intermediate 
height produced tephra with varying proportions of pumice, 
fluidal clasts and achneliths. Detailed textural and density 
analyses of clasts from episodes 1, 15 and 16 are presented 
by Stovall et al. (2011, 2012).

Samples were field-sieved to select at least 100 clasts 
in the 16–32  mm size fraction (Houghton and Wilson 
1989), which were dried in an oven at 122 °C for 24 h 
to remove water. Polished thin sections were made of a 
representative set of clasts. The thin sections were scanned 
optically using a flatbed scanner (CANON  CanoScan 
LiDE 300 Flatbed Scanner) at a resolution of 3200 d.p.i. 
A Quanta 650F SEM at the University of Cambridge, with 
a high vacuum and 10 keV accelerating voltage, was used 
to acquire backscattered electron images of portions of 
interest of the thin sections, at pixel sizes ranging from 
0.01 to 12 µm. Glass compositions were measured using 
a Cameca SX100 electron probe microanalyser at the 
University of Cambridge, using a defocused 10 µm beam 
and an accelerating voltage of 15 kV and beam current 20 
nA. Repeated analysis of internal glass standards was used 
to estimate precision and accuracy for major elements, 
which are in general better than 5%.

Image processing and vesicle size distributions

Optical scans and SEM images were processed using 
ImageJ (Abràmoff et al. 2004). The scans were converted 
to 8-bit images and cropped to remove the edges of each 
clast. The images all contain varying degrees and forms of 
a dark-coloured basalt, with high crystallinity, hereafter 
termed ‘tachylite’ enclosed in crystal-poor brown glass. 
The thresholding tool in ImageJ was used to isolate the 
tachylite component and to calculate its area fraction in the 

image. Vesicles were highlighted using the thresholding 
tool. There was some overlap between the greyscale of the 
vesicles and that of the olivines. A third thresholded image 
for olivines was generated by adjusting the upper threshold, 
which allowed for elimination of the olivines in the area 
fraction calculation of the vesicularity by subtracting one 
from the other. There remained a small region of greyscale 
overlap for which it was difficult to correct for we estimate 
that this could account for up to 5% error on the calculated 
bulk vesicularities. The ‘analyse particles’ tool was used to 
calculate the pixel area and the circularity of each vesicle, 
as well as other information such as the perimeter length, 
and the minor and major axes lengths.

These data were used to generate effective radii for 
each vesicle, then vesicle diameters, using the scaling 
factor derived from the pixel size in each image. Vesicle 
sizes were binned using a geometric size factor of  100.1 
(Sahagian and Proussevitch 1998). A bulk vesicle number 
density (vesicles per unit area of the image, in  mm−2) was 
calculated for each image and for each size class. In some 
cases, images were further subcropped to isolate tachylite-
dominated regions, to obtain vesicle number densities 
to compare to those from regions with no tachylite. For 
pure tachylite and sideromelane ‘end member’ textures, a 
sequence of nested SEM images was obtained to combine 
with the optical scan data in order to produce plots of 
vesicle number density across a range of size bins. In these 
cases, two nested SEM images, of 12 and 7 µm resolution, 
were analysed in the same way as described above, in 
ImageJ. Vesicle number density plots are generated by 
combining the three hierarchies of data: the optical scan 
number densities are used for vesicle size bins > 0.5 mm; 
and data from two nested SEM images (with pixel sizes of 
12 and 7 µm) for bin sizes 0.25–0.4 mm and < 0.25 mm, 
respectively, after Stovall et al. (2011).

Fig. 3  Tephra pit KI-06–13 
from which samples were 
acquired, at Kīlauea Iki scoria 
cone. Samples from episodes 3, 
15 and 16 were obtained from 
the labelled units. The weaker 
episodes 5 to 14 have not been 
clearly separated in this section 
and appear as a condensed unit. 
The section is dominated by 
deposits from high-fountaining 
episodes (3, 15 and 16), which 
is reflected in both the thickness 
of the subunits and dominance 
of both highly vesicular pumice 
and large bombs
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Results

Mingling textures in tephra clasts

A representative selection of optical scans of thin sec-
tions showing the mingling textures observed in the 
tephra clasts from the 1959 Kīlauea Iki eruption is shown 
in Fig. 4. The tachylite component is dark in colour and 
contrasts with the lighter brown sideromelane. There is 
a significant change in the form of the mingled tachylite 

with time through the eruption. In pyroclasts erupted dur-
ing episodes 1 and 3, tachylite tends to form discrete inclu-
sions, often taking up most of the volume of the clast. In 
most clasts, the tachylite inclusions have sharp margins. 
Scans of samples erupted during episodes 15 and 16 show 
rather different textural features. In these samples, drawn-
out streaks and filaments of tachylite are more common, 
although discrete inclusions do occur (see Fig. 4m, o). 
There is evidence of multiple forms (filaments and inclu-
sions) in the same section.

Fig. 4  Optical scans of thin sections of samples erupted during 
episodes 1, 3, 15 and 16 of the 1959 Kīlauea Iki, showing mingled 
tachylite components (dark in colour). Episode 1, samples are (from 
left to right) KI-07–07-ρ20-T10, KI07-07-ρ02-F7, KI07-07-ρ11-F16, 
KI07-07-ρ17-F1; Episode 3, KI06-13–14-F14, KI06-13–14-T24, 

KI06-13–14-T17; Episode 15, KI06-13-ρ07, KI06-13-ρ07-T1, KI06-
13-ρ07-T5, KI06-13-ρ09-T42, KI06-13-ρ09-T58; Episode 16, KI06-
13-ρ01-T19, KI06-13-ρ03-T8, KI06-13-ρ03-T59, KI06-13-ρ05-T4, 
KI06-13-ρ05-T14, KI06-13-ρ09-T9
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Crystal and glass composition and morphology

The sideromelane component is characterised by clear brown 
glass, rounded vesicles and the presence of one crystal 
phase–olivine phenocrysts up to 5 mm in size. The tachylite 
component is finely crystalline, overall dark in colour, with 
small microlites of plagioclase, augite and magnetite/ilmen-
ite in the groundmass (Fig. 5). Crystal morphologies include 
high-aspect ratio rods and swallow-tail crystals of plagioclase 
and dendritic augite and magnetite/ilmenite (Fig. 5), with 
magnetite commonly nucleating on the ends of augite crystals.

Single spot electron probe analyses of both types of 
groundmass glass are shown in Fig. 6 for three representa-
tive samples from episode 3 (data may be found in the sup-
plementary material). Also shown are matrix glasses from 
Helz (2022) for episodes 1, 3, 15 and 16. Sideromelane 
glass contains ~ 6.9 to 7.5 wt% MgO, consistent with previ-
ous studies (Helz 1987, 2022; Sides et al. 2014a). Analyses 

of glass from variably crystalline tachylite extend to lower 
MgO (down to 2.92 wt%), higher  K2O and lower CaO and 
CaO/Al2O3 than the sideromelane component.

Vesicle populations in the sideromelane 
and tachylite components

Vesicle populations in the tachylite are clearly distinct from 
those in the sideromelane component (Fig. 7). Vesicles in 
the sideromelane portions show a greater density of small 
vesicles (Figs. 7, 8a), and they are rounder. Vesicles in the 
tachylite are more uniform in size, containing fewer small 
vesicles, and are more irregular in shape, often with convo-
lute or ragged edges, caused by the vesicles being bounded 
by interlocked crystal edges (Fig. 8b–d).

Vesicle number densities were measured (vesicles per 
unit area,  NA,  mm−2) in the scans and nested SEM images, 
and the data were combined (as described in the ‘Samples 

Fig. 5  Scanning electron 
microscope images of crystal 
types and morphologies in 
the tachylite component. a, b 
KI07-07-ρ20-F1 (episode 1). c 
KI06-13–14-T24 (episode 3). d 
KI06-13-ρ03-T59 (episode 16)

Fig. 6  Electron microprobe data for glasses in three episode 3 sam-
ples: KI06-13–14-T17, KI06-13–02-P32, and 20-A-2–1. Plots show 
MgO (wt%) versus  K2O (wt%) (a); CaO (wt%) (b); and CaO/Al2O3 
(c), showing a tight cluster of sideromelane glasses at ~ 7.2 + / − 0.4 

wt% MgO, with a spread of glasses in the tachylite extending to lower 
MgO contents. Data may be found in the supplementary material. 
Also shown, marked with the asterisk ‘*’ in the legend, are episodes 
1, 3, 15, and 16 matrix glasses published by Helz (2022)
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and methods’ section) and shown in Fig. 9 and in the supple-
mentary material. The sideromelane vesicle number densi-
ties reach their highest values (2–30  mm−2) for vesicle sizes 
0.1–0.2 mm. The tachylite data are noisier, owing to the lower 
number of vesicles in the tachylite clasts and the smaller area 
fractions available for analysis. However, it is apparent that 

the tachylite component lacks the large number densities of 
small bubbles < 0.65 mm and has a higher number densities of 
larger vesicles > 1 mm, which may indicate a higher degree of 
bubble coalescence. These features of the tachylite component 
vesicle population are also obvious from visual inspection of 
the scan and SEM images (Figs. 7, 8).

Fig. 7  Scanning electron microscope (SEM) images of portions 
of the thin section KI06-13–14-T17, erupted during episode 3. The 
tachylite portion is outlined in red dashed lines in the SEM images. 
The SEM images are located within the thin section using the opti-

cal scan (with black squares showing the location of the SEM image), 
shown in the middle. In the SEM images, vesicles appear black and 
groundmass (glass and crystals) grey. Scale for surrounding image are 
marked on the top left image

Fig. 8  Scanning electron 
microscope images of vesi-
cle textures in erupted clasts 
containing tachylite. a An 
olivine phenocryst in pristine 
sideromelane glass from sample 
KI06-13-ρ01-T19 (episode 
16). b–d Vesicle textures in the 
tachylite component of sample 
KI06-13-ρ03-T59 (episode 16). 
c Image shows how vesicle 
texture changes sharply across a 
tachylite-sideromelane contact
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Discussion

Here we discuss the likely origin of the tachylite compo-
nent and the nature of the mingling process after drain-back: 
the formation of a degassed, cool crystallised lava crust on 
the surface of the lava lake; the initiation of chaotic magma 
flow in the conduit as a consequence of drain-back of denser 
degassed lava; and the effect of the chaotic flow on the devel-
opment of magma mingling textures.

The formation of a lava lake crust

A simple thermal model involving conductive heat 
loss from the top of the lava lake into the atmosphere 
(neglecting convection within the interior of the lava lake) 
allows us to estimate the likely thickness of a crust that 
might have developed between episodes. We acknowledge 
this is an over-simplification: it was documented that at 
times, new lava flowed under the crust remaining from 
previous episodes, and at other times, it formed a new layer 
over the old crust (Richter et al. 1970). We assume a fixed 
and constant initial lava lake temperature, which is well 
constrained by the mean MgO content in the sideromelane 
glass, of 1160 °C (Helz and Thornber 1987). As the lateral 
dimensions of the lake are greater than its depth (1 km 
versus 125 m) (Richter and Moore 1966), we consider a 
1-D model (Fig. 11). As heat is extracted from the upper 
surface of the lake, a crust that is comprised of glass 

and crystals is formed. In the absence of convection, the 
thermal balance governing the thickness of the crust is 
between the transfer of heat by conduction to the upper 

Fig. 9  Vesicles per unit area  (NA) for sideromelane from episode 1 
*(Stovall et  al. 2011) and episode 3 (sample KI06-13–14-T17) and 
tachylite from episode 1 (sample KI07-07-ρ11-Tv1) and episode 3 
(KI06-13–14-T17). The plots are generated by combining three hier-
archies of data: the optical scan number densities are used for vesi-
cle size bins > 0.5 mm; and data from two nested SEM images (with 
pixel sizes of 12 and 7 µm) for bin sizes 0.25–0.4 mm and < 0.25 mm 
respectively, after Stovall et al. (2011)

Fig. 10  a A thermal model to predict the thickness of a lava lake 
crust with base temperatures of 690 and 1070  °C with time, based 
on the balance between conductive heat loss to the upper layer of the 
lake and latent heat of crystallisation (Worster et al. 1993) in a crust 
at the top of the lava lake. In b and c, we show the frequency distribu-
tion of repose times between episodes (x axis as in a), and crust thick-
nesses calculated using repose times and thermal model, respectively, 
(y axis as in a)

Fig. 11  Top, the process of progressive stretching and folding of 
magma blobs within another magma host is proposed to produce 
commonly observed magma mingling textures (sketches at the top 
from Petrelli et al. 2011). Bottom, the application of a simple dimen-
sionless model to understand how the width of an entrained magma 
blob may decrease with time during chaotic magma flow shows that, 
when translated to real dimensions the width of a 10-mm blob can 
decrease to ~ 1  mm over around 10.6  s, or ~ 12  days. The timings of 
episodes 1–16 are marked on the top of the plot; episodes 1, 3, 15, 
and 16 are labelled (see text for the detail of the model)
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boundary and the loss of latent heat of crystallisation 
(Worster et al. 1993):

where h is the thickness of the crust in metres, Tg is the tem-
perature at the base of the crust (°C), Ta is the temperature 
of the air (°C), Cp is the specific heat of basalt  (Jkg−1  K−1), 
� is the thermal diffusivity  (m2/s), L is the latent heat  (Jkg−1) 
and t is the time in seconds.

We use a range of temperatures for the base of the crust: 
690 °C is the glass transition temperature for Kīlauea basalt 
(Giordano et al. 2005); and 1070 °C corresponds to a lock-
up crystallinity of ~ 50 vol% (estimated by noting from Fig. 6 
that the  K2O content of the episode 3 sideromelane is 0.6 
wt% and increases to 1.2 wt% on cooling to ~ 1070 °C, i.e. 
after ~ 50% of the liquid crystallised). These two temperatures 
give a range of length scales: for a thin glassy crust and an 
extensively crystallised rigid lava lid (Fig. 10). Our model 
yields crust thicknesses of 10 to 40 cm for the cooling periods 
defined by the typical intervals between episodes (4–52 h; 
Richter et al. 1970). We note that this thickness represents a 
minimum thickness for a partially crystalline, brittle glassy 
layer. We note that cooling times may have been much shorter 
(and crust thicknesses much less), as the lake was filling 
throughout the episode and perhaps resurfacing during that 
time (Richter et al. 1970; Stovall et al. 2009a, 2009b).

The crust thickness of 8–35 cm and the maximum depth 
of the lake during and between episodes of 125 m (Eaton 
et al 1987) yield a volume proportion of 0.06 to 0.28 vol% 
of cooler brittle crust compared to the sub-crustal hot basalt 
that drained back into the conduit during and after the end 
of each episode. We have not carried out a systematic analy-
sis of tachylite volume proportions and clast size on hand 
specimen scales, but qualitative observations of randomly 
generated thin sections suggest that the volume proportion 
of tachylite in the erupted scoria is low (< < 1%). Our sim-
ple analysis serves to demonstrate that lava lake crust frag-
ments of a size like the re-erupted tachylite clasts may have 
been formed by quenching at the lava lake surface during the 
intervals between fountaining episodes and that the observed 
volume fraction of these fragments is approximately consist-
ent with a cooled lava lake crust origin.

Overturn of the lava lake crust occurred repeatedly 
throughout the eruption, taking place both during the fill-
ing and draining of the lake (Richter et al. 1970). Local-
ised events often led to ‘wholescale foundering’ of the crust 
(Richter et al. 1970). A foundering event preserved in place 
near the end of the eruption allowed these mechanisms to 
be constrained in more detail (Stovall et al. 2009b): the crust 
may have destabilised when the lava beneath drained away, 
then become overrun by fresh advancing lava of a lower 

(1)h ∼
(

(Tg−Ta)Cp�∕L

) 1∕
2

t
1∕

2

density, causing the relatively dense, gas-poor solid crust to 
sink (Stovall et al. 2019b).

Textural modification of recycled clasts 
during reheating

The dimensions of the recycled fragments of lava lake crust 
are in the range 0.01–1 m (from observation at outcrop scale) 
which, when considered alongside the value for thermal dif-
fusivity for basalt (1 ×  10−6  m2/s), yields approximate time-
scales of thermal homogenisation in the conduit on the order 
of 0.4 min for 1 cm fragments to 42 min for 10 cm fragments to 
69 h for metre-scale fragments, i.e. similar to the repose times 
between eruption episodes (4–52 h; Fig. 10). This analysis sug-
gests that recycled clasts will undergo significant heating above 
their glass transition temperature, which may induce devitrifi-
cation and further crystallisation (Burkhard 2001; Deardorff 
and Cashman 2017), and overprint any crystallisation textures 
formed during quench cooling in the lava lake crust.

The textural and petrological features of the tachylite 
are consistent with those observed after reheating basaltic 
sideromelane glass-rich samples in experiments (Burkhard 
2001; D'Oriano et al. 2014; D’Oriano et al. 2013; Deardorff 
and Cashman 2017). Crystallisation in magmas is usually 
prompted by cooling or degassing, but reheating glassy 
basalt to temperatures above the glass transition, which 
is ~ 690 °C for basalt (Giordano et al. 2005), but below the 
liquidus temperature, can induce extensive crystallisation 
(devitrification) and oxidation (Burkhard 2001; D’Oriano 
et al. 2013; Deardorff and Cashman 2017). The dark colour 
of the tachylite component is a consequence of the high 
proportion of microlites of magnetite and augite present 
(Fig.  5) (Deardorff and Cashman (2017) observed the 
appearance of diffusion-controlled dendritic pyroxene and 
oxides at temperatures > 690 °C) in heating experiments 
on natural samples of quenched, glassy sideromelane 
from Parícutin (Mexico), starting at room temperature and 
atmospheric pressure. Plagioclase appears at temperatures 
of 900 °C, with elongate lath morphologies (Deardorff and 
Cashman 2017), similar to those we observe in the Kīlauea 
samples (Fig. 5). Reheating experiments carried out on glassy 
Kilauea basalt samples in air showed that at below 840 °C, 
pyroxene dendrites grew with Fe-Ti oxides at their apices 
(Burkhard 2001), remarkably similar in texture to the tachylite 
in this study (Fig. 5). In the experiments, there is initially an 
increase in crystallinity, as the temperature is raised above the 
glass transition, then a decrease as the temperature approaches 
(to within 30 °C) the liquidus for Parícutin basalt samples 
(Deardorff and Cashman 2017). We propose that the ragged 
edges to vesicles observed in the tachylite (Fig. 8) are evidence 
that crystal growth occurred post-vesiculation in these clasts, 
with originally smooth and rounded vesicle walls becoming 
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disrupted by crystal growth in an increasingly ductile melt. 
As the temperature was increased to temperatures > 1100 °C 
in the experiments, the glass began to flow, forming streaks. 
In our samples, streaks and filaments are more common in 
the products of the later episodes of the eruption, suggesting 
that these clasts have been held and heated in the hot magma 
for longer, perhaps over multiple eruption drain-back cycles.

Magma mingling during chaotic flow in the conduit

Drain-back of degassed lava may be expected to induce 
convection in the conduit, with the denser, degassed 
component sinking relative to the hotter, more gas-rich 
component. Convection may lead to chaotic flow, which may 
promote mingling, i.e. stretching and folding (Morgavi et al. 
2022; Oldenburg et al. 1989; Petrelli et al. 2011). Magma 
convection driven by density differences caused by degassing 
has been invoked to be taking place beneath lava lakes over 
a length-scale of ~ 1 km at Kīlauea Volcano summit during 
2008–2023, based on observations of glass geochemistry, lake 
level, gas fluxes and gravity anomalies (Carbone and Poland 
2012; Edmonds et al. 2013; Patrick et al. 2015, 2016).

The density difference between drained-back and conduit 
magma would be controlled principally by the differences in 
the exsolved gas content, which will influence bulk magma 
density to a large degree and to a lesser degree by differences 
in dissolved water (Wallace and Anderson 1998; Sides 
et al. 2014a). Using the partial molar volume for dissolved 
water of 22.9606  cm3/mol at 1000 °C and 1 bar of pressure 
(Ochs and Lange 1999), we calculate a density difference of 
20 kg/m3 based on loss of 1 wt% water on eruption. Stovall 
et al. (2009a) studied the differences in density between a 
lava lake crust and underlying ‘squeeze up’ pahoehoe at the 
Kīlauea Iki lava lake and found a bulk density difference of 
737 kg/m3, due to the contrasting vesicularities caused by 
variable degrees of outgassing from the lava lake surface.

We can calculate the Rayleigh number (Ra) for the system 
of dense degassed magma draining back into hot vesiculat-
ing magma in the conduit to assess whether there is a suf-
ficient density heterogeneity to set up a chaotic flow, which 
has potential to mingle the two magmas and deform clasts 
of lava crust. Ra is given by:

where l is the length scale of mingling (we use 5–10 m as an 
estimate of conduit diameter), Δ� is the density difference 
between water-bearing basalt and degassed basalt (estimated 
to be 20–737 kg/m3), g is acceleration due to gravity, � is 
viscosity of the water-bearing hot basalt (10–100 Pas) and � 
is the thermal diffusivity (1 ×  10−6  m2/s). We estimate Ra to 

(2)Ra =
Δ�l3g

��

lie in the range  109 to  1010, which would be consistent with 
chaotic magma flow due to the density contrasts.

A range of numerical models have been developed to under-
stand the onset of chaotic mingling and mixing in magma reser-
voirs (Petrelli et al. 2011; others). It has been proposed that min-
gling textures develop through repeated stretching and folding 
that take place at high Rayleigh numbers (>  107; Oldenburg et 
al. 1989; Petrelli et al. 2011). The timescale for the stretching 
of mingled magma enclaves or parcels of magma enclosed in 
a second magma host is primarily governed by a characteristic 
rate of stretching of a blob of magma, which has been shown 
to be remarkably constant in dimensionless terms over a range 
of buoyancy and viscosity contrasts between the two magmas 
(Petrelli et al. 2011), with the form:

where d
0
′ is the dimensionless width of an initial magma 

blob inside a different host magma, equal to the ratio between 
the size of the blob and the dimension of the host magma 
‘cell’ enclosing it, approximated as 0.001 for this system 
(equivalent to a 1 cm recycled lava blob inside a 10 m dimen-
sion volume of host magma). The term � is a constant equal 
to the rate of decrease in filament width per unit of dimen-
sionless time, here taken as 0.02 (from Petrelli et al. 2011) 
multiplied by a constant a (equal to  104). Dimensionless time, 
t′ , is given by the ratio �

/

d2 , where � is the thermal diffusivity 
 (m2/s) and d is the dimension of the magma host ‘cell’. This 
model shows that filament thickness for these length scales is 
predicted to decrease from 10 to 8 mm in 30 h and to 1 mm 
over approximately 12 days (Fig. 11). The timings of the 16 
episodes of the eruption are marked in Fig. 11. This analysis 
suggests that if recycled clasts are re-erupted rapidly then 
they will undergo only minor stretching and folding, if they 
are drained back and re-erupted over many episodes, then 
they have the potential to become highly stretched (by a fac-
tor of ~ 10) and folded. This analysis may explain why scoria 
from the later episodes (15 and 16) contain a greater propor-
tion of tachylite filaments and streaks relative to episodes 
1 and 3 (Fig. 4). We note that as well as chaotic flow due 
to buoyancy contrasts, there will also be lateral flow of the 
magma related to eruption, lava lake filling and drain-back, 
which will contribute to the mingling process.

Conclusions

Glassy basaltic scoria erupted during the 1959 Kīlauea Iki 
(Hawaiʻi) eruption contains extensive and pervasive evi-
dence of mingling of the co-erupted magma in the form of 
inclusions and streaks of tachylite. The tachylite is dark with 
high crystallinity, comprised of < 10 µm dendrites of plagio-
clase, augite and magnetite–ilmenite. The vesicle population 

(3)d� = d�
0
e(−at

�)
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of the tachylite is distinct from the host glassy basalt: it is 
missing the smallest vesicle size fraction and has overall 
fewer and larger and more irregularly-shaped vesicles, with 
evidence of micron-scale, local, ductile deformation on 
the vesicle walls. Mingling textures became more complex 
through the eruption, with tephra from episodes 15 and 16 
showing complex mingling, with more abundant streaks and 
filaments of the tachylite component.

We infer that the tachylite component in this case repre-
sents recycled lava derived from the chilled skin of the lava 
lake, which was transported back into the conduit during 
drain-back at the end of each episode. We construct thermal 
models to establish that a lava lake crust could develop on the 
timescale of episode repose times and that crust fragments of 
these dimensions would undergo partial or complete thermal 
homogenisation in the conduit over hours to days. Heating of 
the recycled fragments would have triggered devitrification 
and crystallisation of dendrites. Due to the density difference 
between drained back and conduit magma, convective cha-
otic flow would have developed in the conduit, providing a 
means to stretch and fold these recycled, reheated crust frag-
ments. We propose that some of these fragments may have 
been erupted and drained back during multiple episode cycles, 
resulting in a higher proportion of thin tachylite filaments 
being observed in products of the later episodes.
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