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Abstract Magma mixing is common in the Earth.

Understanding the dynamics of the mixing process is

necessary for dealing with the likely consequences of

mixing events in the petrogenesis of igneous rocks and the

physics of volcanic eruptive triggers. Here, a new appara-

tus has been developed in order to perform chaotic mixing

experiments in systems of melts with high viscosity con-

trast. The apparatus consists of an outer and an inner cyl-

inder, which can be independently rotated at finite strains

to generate chaotic streamlines. The two cylinder axes are

offset. Experiments have been performed for ca. 2 h, at

1,400�C under laminar fluid dynamic conditions

(Re * 10-7). Two end-member silicate melt compositions

were synthesized: (1) a peralkaline haplogranite and (2) a

haplobasalt. The viscosity ratio between these two melts

was of the order of 103. Optical analysis of post-experi-

mental samples reveals a complex pattern of mingled

filaments forming a scale-invariant (i.e. fractal) distribution

down to the lm-scale, as commonly observed in natural

samples. This is due to the development in space and time

of stretching and folding of the two melts. Chemical

analysis shows strong non-linear correlations in inter-

elemental plots. The original end-member compositions

have nearly entirely disappeared from the filaments. The

generation of thin layers of widely compositionally con-

trasting interfaces strongly enhances chemical diffusion

producing a remarkable modulation of compositional fields

over a short-length scale. Notably, diffusive fractionation

generates highly heterogeneous pockets of melt, in which

depletion or enrichment of chemical elements occur,

depending on their potential to spread via chemical diffu-

sion within the magma mixing system. Results presented in

this work offer new insights into the complexity of pro-

cesses expected to be operating during magma mixing and

may have important petrological implications. In parti-

cular: (1) it is shown that, in contrast with current thinking,

rheologically contrasting magmas can mix (i.e. with large

proportions of felsic magmas and high viscosity ratios),

thus extending significantly the spectrum of geological

conditions under which magma mixing processes can occur

efficiently; (2) the mixing process cannot be modeled using

the classical linear two-end-member mixing model; and (3)

the chemical compositions on short-length scales represent

snapshots within the process of mixing and therefore may

not reflect the final composition of the magmatic system.

This study implies that microanalysis on short-length

scales may provide misleading information on the parental

composition of magmas.
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Introduction

Magma mixing is a geological process of undoubted

importance. Understanding its development, both in space

and time, as well as inferring its end-products (i.e. mixed

igneous rocks) is crucial for understanding such geological
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processes on Earth, both near its surface and in its deeper

interior. From a petrological point of view, studying the

interaction between mafic and felsic magmas is often

essential for deciphering the chemical composition of the

primary melts. Constraints on crustal accretion processes

greatly depend on recognition of the source regions for the

magmas involved in the mixing processes (e.g. Wilson

1989; Bateman 1995; Christofides et al. 2007). From a

volcanological point of view, the replenishment of a sub-

volcanic magma reservoir with less evolved magmas is

considered to be one of the processes commonly triggering

explosive eruptions (e.g. Sparks et al. 1977; Murphy et al.

1998; Leonard et al. 2002).

Since the first hypothesis for the origin of mixed igneous

rocks (e.g. Bunsen 1851), ample evidence of magma

mixing processes, in all tectonic environments, throughout

geological times, has been recorded (e.g. Eichelberger

1978, 1980; Blundy and Sparks 1992; Wiebe 1994; De

Campos et al. 2004a; Kratzmann et al. 2009). Field

observations have been followed by geochemical, numer-

ical, and low-temperature analogue models, using low-

viscosity fluids (e.g. Fourcade and Allègre 1981; Huppert

and Sparks 1984; Oldenburg et al. 1989; Snyder and Tait

1998; Jellinek et al. 1999; Bergantz 2000; Petrelli et al.

2006). These studies have provided an understanding of the

basic dynamics associated with magma mixing and its

potential in modulating geochemical variabilities in igne-

ous systems. At this stage, the interplay between the tur-

bulence of the system and the viscosity ratio between the

mixing magmas has emerged as a decisive constraint for

mixing efficiency (Jellinek et al. 1999). For the extreme

case of rheological contrast involving a basaltic and gra-

nitic melt (a common occurrence in nature), such a con-

straint should drive mixing efficiency toward zero (Jellinek

et al. 1999). As a consequence, petrologists generally

assume that mingling, rather than chemical mixing, dom-

inates the interaction between basaltic and granitic melts

(e.g. Sparks and Marshall 1986; Bateman 1995).

To date, only a handful of experimental studies have

focused on investigations with natural melts or magmas

(e.g. Kouchi and Sunagawa 1984; Bindeman and Davis

1999; De Campos et al. 2004b, 2008) partly due to the high

temperatures and high viscosities involved. Crucial in such

experiments is the definition of mixing protocols, which

should emulate real magma mixing scenarios under con-

ditions of full experimental control of the flow field.

A conceptual framework for studying magma mixing,

which is capable of addressing the complexity inherent to

this highly non-linear process, is the investigation of

mixing processes via chaos theory (e.g. Flinders and

Clemens 1996; Bergantz 2000; Perugini et al. 2003, 2008;

De Campos et al. 2010). These studies have revealed that

the mixing of magmas can be elucidated by considering it

as a chaotic process. Numerical models, based on chaos

theory, can be used to quantify and reproduce features

observed on natural outcrops (e.g. Perugini et al. 2003).

Here, we apply chaos theory to experimental magma

mixing. We have performed the first controlled mixing

experiment under chaotic dynamical conditions, using

high-temperature melts with a high-viscosity contrast. For

this purpose, a new experimental apparatus has been

designed and constructed. Basalt- and granite-analog multi-

component silicate melts were mixed together, under

controlled and reproducible chaotic conditions for

approximately 2 h at 1,400�C.

After a brief introduction to the fundamental principles

of chaotic mixing processes, we present our experimental

apparatus, describe the performed experiment in detail, and

discuss the results obtained in terms of mixing efficiency

and potential petrological implications.

Mixing and chaos: basic principles

Below we introduce some basic principles of mixing and

chaos which have influenced the development of our

experimental apparatus.

Stretching and folding: the recipe for ‘mixing’

and ‘chaos’

The fundamental physical process producing mechanical

mixing is the stretching and folding of two (or more) fluids

in space. The stretching and folding process is also the

basic dynamics leading to chaotic behavior. This in turn

implies in the development of chaotic dynamics, which is

therefore intrinsic to fluid mixing processes (e.g. Ottino

1989a; Aref and El Naschie 1995). For this reason, in the

past few years there has been an increasing attention on the

application of chaos theory to the study of fluid mixing

(e.g. Ottino 1989a,b; Liu et al. 1994; Aref and El Naschie

1995). To visualize this process, Fig. 1 illustrates a fluid

dynamic experiment, in which a black fluid is mixed with a

white fluid. As the mixing time increases (from Fig. 1b to

d), the original black square (Fig. 1a) is elongated and

subsequently folded over upon itself, generating complex

lamellar structures (or filaments; Fig. 1d). It is worth not-

ing that such structures can range over many length scales

producing scale-invariant ‘fractal’ patterns (e.g. Ottino

et al. 1988; Ott and Antonsen 1989). This is a typical

outcome, arising from the development, in space and time,

of a chaotic process. The generation of filaments produced

by mechanical stretching and folding of fluids, at several

length scales (down to the micron-length scale), is a pre-

requisite for efficient mixing. This is because the contact

area between fluids increases exponentially, resulting in
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enhanced chemical exchanges through chemical diffusion

processes (Fig. 1e, g).

Investigations into chaotic mixing of fluids

Much research has been carried out on chaotic mixing of

fluids. A number of numerical models have been proposed,

and many experiments have been carried out (e.g. Ottino

1989a; Liu et al. 1994; Aref and El Naschie 1995). In the

numerical models, a class of dynamical systems, involving

both advection (i.e. stretching and folding) and diffusion

are typically employed (e.g. Ottino 1989b; Liu et al. 1994;

Aref and El Naschie 1995). The use of these systems has

helped to unravel the basic processes associated with this

complex phenomenon and, in many cases, has provided the

basis for setting up experimental protocols for the study of

mixing processes using real fluids.

Several experiments have been developed to study

chaotic mixing processes. These include the Taylor-Couette

system (e.g. Akonur and Lueptow 2002), the cavity flow

apparatus (e.g. Liu et al. 1994), and the journal bearing

system (JBS; e.g. Swanson and Ottino 1990). The latter has

received particular attention, as it enables the study of fluid

mixing under careful control of the structure of flow fields

via defined mixing protocols (e.g. Swanson and Ottino 1990;

Galaktionov et al. 2002). We have therefore chosen the JBS

to perform experimental mixing between silicate melts. It is

perhaps worthwhile to describe the method here in some

detail. Its basic geometry is shown in Fig. 2a. It consists of

an outer cylinder, filled with the fluids of interest, and an

inner cylinder, which is located off center. The geometry of

the system is determined by two parameters: (a) the ratio of

the radii of the two cylinders, r = Rin/Rout = 1/3, and (b) the

eccentricity ratio to the outer cylinder e = d/Rout = 0.3,

where d is the distance between the centers of the inner and

outer cylinders (Rin and Rout). Rotating the cylinders in

opposite directions triggers the mixing process; this

dynamic protocol generates chaotic dynamics, since both

Fig. 1 a–e Stretching and

folding dynamics acting on a

black colored square element of

contrasting fluids (from

Welander 1955); the experiment

was performed in a rectangular
vessel of dimensions

50 9 30 9 30 cm filled with

water to half the depth. On the

water surface, a dark butanol

film, corresponding to the black
square, has been stirred by

moving a square grid to produce

the mixing pattern;

f, g hypothetical compositional

variation across the transects

shown in d and e assuming the

absence and presence of

chemical diffusion, respectively
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streamlines and velocity are time dependent (e.g. Swanson

and Ottino 1990; Galaktionov et al. 2002). Typical experi-

ments have been performed, at room temperature, by filling

the outer cylinder with glycerin and introducing a fluores-

cent tracer to follow the induced flow fields. Note that vis-

cosity ratio between fluids in this kind of experiment

typically attains values of the order of 1.0 (i.e. the fluids have

almost the same viscosity). Figure 2b displays a typical

outcome from a JBS experiment (Ottino 1989b), in which,

after a few rotations of the cylinders, a complex pattern of

intimately mingled filaments emerges, due to the combined

action of stretching and folding dynamics. The ability of the

JBS to produce such an efficient mixing pattern, by fully

controlling the mixing kinematics, makes it well suited

for the experimental investigation into magma mixing

processes.

Mixing of magmas

The study of several natural examples bearing evidence of

magma interaction phenomena have repeatedly led to the

inference that the magma mixing process can be defined as

a chaotic process (e.g. Flinders and Clemens 1996; De

Rosa et al. 2002; Poli and Perugini 2002; Perugini et al.

2003, 2006). From a kinematic point of view, the mixing of

magmas is governed by the same stretching and folding

processes which are responsible for (a) the development of

chaotic dynamics in fluid mixing systems (Fig. 2c) and (b)

the production of scale invariant (fractal) patterns, down to

the micron-length scale (Fig. 2d), as expected for a chaotic

process. The fact that magma mixing is a chaotic process

means that its investigation can be reduced to the study of

stretching and folding of those melts involved in the mix-

ing process and, subsequently, to the onset of chemical

diffusion. To date this approach has been undertaken

mostly using simple numerical models, which have taken

into consideration both advection (stretching and folding)

and diffusion. This has enabled the investigation of the

interplay between flow fields and the modulation of geo-

chemical composition in the mixing system (e.g. Perugini

et al. 2003, 2006). Despite the simplicity of such numerical

methods, they are capable of generating structures and

compositional patterns that mimic those observed in

natural rocks. This observation confirms that a system

Fig. 2 a The Journal Bearing

System geometry (JBS; e.g.

Swanson and Ottino 1990);

Xin and Xout are angular

velocities of inner and outer

cylinder, respectively; b Typical

outcome of a mixing pattern,

produced by the JBS (after

Ottino et al. 1988) consisting of

alternate rotations of both the

outer and inner cylinder by an

angular displacement of 270�
for a duration of ten periods;

host fluid is glycerin and the

mixing pattern is due to

stretching and folding processes

of a fluorescent dye; c, d display

of magma mixing structures

from the Lesvos lava flow

(Greece), at different length

scales, where chaotic dynamics

has been previously inferred

(e.g. Perugini et al. 2003)
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consisting of advection and diffusion contains much that is

necessary for replicating the magma mixing process. Thus,

irrespective of the specific processes responsible for

advection (e.g. convection, flow in conduits, etc.), chaotic

mixing of magmas is a very powerful conceptual tool for

addressing the complexity of this petrogenetic process.

Guided by this conceptual model, we have developed

the first experimental apparatus to reproduce experimen-

tally chaotic mixing processes using high temperature sili-

cate melts with strongly contrasting viscosities (i.e. similar

to natural magmas). The experimental system contains all

essential ingredients and fundamental building blocks to

replicate the magma mixing process, including the pro-

duction of stretching and folding processes between melts,

the generation of scale-invariant (i.e. fractal) patterns and

the onset of chemical diffusion processes. These properties

make this new experimental system an important step

toward an improved link between experiments and nature

relative to previous experimental studies.

Experimental setup

The experimental apparatus

The apparatus used in this work is designed to accom-

plish two key objectives. First, to enable independent

rotations of the inner and outer cylinder, at variable

speeds, directions and stirring protocols, as in a typical

JBS system and second, to place the apparatus in the hot

spot region of a well-calibrated high-temperature oven,

working at temperatures up to 1,700�C. In order to

prevent secondary advection processes, associated with

thermal convection, which could hinder the study of flow

fields generated during mixing, the thermal gradient in

the hot spot region did not vary by more than 0.5�C, at

1,400�C and P = 1.0 atm (i.e. the experimental

conditions).

The experimental apparatus is technically based on the

mechanically assisted equilibration technique (MAE)

(Dingwell et al. 1994), initially used in geochemical solu-

bility experiments and derived from concentric cylinder

viscometry experiments (Dingwell and Virgo 1987, 1988).

Earlier workers (e.g. Roeder 1974) used this method to

homogenize experimental melts by mixing with a spindle

rotated by an external motor at the top of the device

(Fig. 3a). In this work, the MAE symmetry has been

developed further to conform to the requirements of the

JBS apparatus. Adding a driving mechanism at the bottom

of the MAE device enables independent rotation of the

outer cylinder (Fig. 3b–d). In addition, the driving mecha-

nism of the spindle (i.e. the inner cylinder) at the top of the

MAE device is positioned off-center to satisfy the JBS

geometry (r = 1/3 and e = 0.3). A 3D-sketch model and a

Fig. 3 The experimental

apparatus: a oven overview;

b lower motor with the Al2O3-

rod and Pt80-Rh20 connection to

the outer cylinder (on the top);

c upper motor with connection

to the inner cylinder; d lower

part of the insertion of the outer

cylinder in the oven
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schematic cross section of the JBS used in this work are

shown in Fig. 4a, b, respectively.

The motors for both (inner and outer) cylinder move-

ments are controlled by a central mixing system, which

enables independent control of rotation direction, rotation

speed, and number of rotations. Prior to the start of an

experiment, a mixing protocol is programmed. Protocol

initiation starts the experiment (here at a constant tem-

perature of 1,400�C).

Sample preparation and end-member compositions

The starting end-member materials consist of: (1) a per-

alkaline haplogranite melt (HPG8N5K5, hereafter NK-HPG8;

Dingwell et al. 1998), and (2) a haplobasaltic melt compo-

sition corresponding to the 1-atm eutectic composition of the

Anorthite-Diopside (An-Di) binary system. These two

compositions are intended to act as analogs for the mixing of

granitic and basaltic magmas in nature. Calculated viscosity

values for the starting materials (after Giordano et al. 2008)

at 1,400�C) are: NK-HPG8 & 1,550 Pa s and An-Di &
1.4 Pa s, resulting in a viscosity ratio of approximately

1.1 9 103, i.e. over three orders of magnitude higher than

typical low-temperature JBS experiments (e.g. Swanson and

Ottino 1990). NK-HPG8 and An-Di calculated densities

(after Lange and Carmichael 1987) at 1,400�C are 2.26 and

2.52 g/cm3, respectively. Mass fractions of the felsic and

mafic melts for the experiment presented in this work are

94.5 and 5.5%, respectively.

For the preparation of the starting materials, oxides (for

Si and Al) and carbonates (for K, Na, Ca and Mg) were

used. Compositions of end-member glasses analyzed by

electron microprobe (see ‘‘Geochemical variations in the

mixing system’’ for analytical conditions) are given in

Table 1.

Our experiment started with two homogeneous con-

trasting multi-component silicate melts. With time, the

initial elemental concentrations in the end-members should

drift toward the hybrid of this system. The estimation of the

hybrid composition can be obtained by the classical two

end-member mixing equation (e.g. Langmuir et al. 1978):

Ci
H ¼ Ci

Axþ Ci
Bð1� xÞ ð1Þ

where Ci
H; Ci

A and Ci
B are the concentrations of a given

chemical element (i) in the hybrid, NK-HPG8 and An-Di,

respectively, and x is the mass fraction of NK-HPG8 in the

mixture. The concentration of the potential hybrid com-

position for each chemical element has been calculated by

considering the end-member compositions reported in

Table 1 and the original mass fractions of the two melts

(i.e. 94.5% of NK-HPG8 and 5.5% of An-Di). These

concentrations are a useful reference point in the discussion

of the relative mobility of the different chemical elements

during the mixing process.

Fig. 4 a, b Schematic 3D-

model and JBS cross section,

used to perform experimental

chaotic mixing of magmas;

Xin and Xout are the angular

velocities of inner and outer

cylinder, respectively; c top

view of the outer cylinder filled

with the NK-HPG8 glass

showing the location of the

inner cylinder hole and An-Di

glass; looking downwards, both

the Al2O3-rod (white color) and

lower motor can be seen

Table 1 Composition (in weight%) of starting materials analyzed by electron microprobe (see ‘‘Geochemical variations in the mixing system’’

for details on analytical conditions) and calculated theoretical hybrid composition

Sample SiO2 Al2O3 MgO CaO Na2O K2O

NK-HPG8 (felsic end-member) 70.28 ± 0.48 11.88 ± 0.18 b.d.l. b.d.l. 8.27 ± 0.40 9.52 ± 0.18

An-Di (mafic end-member) 48.29 ± 0.34 15.90 ± 0.18 11.54 ± 0.12 24.11 ± 0.25 b.d.l. b.d.l.

Theoretical hybrid composition 69.07 ± 0.46 12.10 ± 0.18 0.63 ± 0.03 1.33 ± 0.04 7.82 ± 0.38 9.00 ± 0.17

For the calculation of the hybrid composition element concentrations below detection limit (b.d.l.) are assumed to be zero. The range of

compositions due to analytical uncertainties is also reported for each element
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The experiment

Prior to the mixing experiment, NK-HPG8 and An-Di

starting mixtures were fused separately inside Pt80Rh20

crucibles with a radius of 13.0 mm inside a MoSi2-heated

box furnace. The resultant melts were homogenized at

1,600�C in air in a concentric cylinder viscometer for

7 days for the NK-HPG8 and, a couple of hours for An-Di.

Both crucibles were then removed from the furnace and

allowed to cool to room temperature.

Two cylinders were drilled out from the NK-HPG8

starting glass to obtain the required geometric configuration

for the experiment (Fig. 4): one cylinder (with a radius of

4.3 mm) was cored out at the position of the future spindle

(i.e. inner cylinder); a second cylinder (r = 3.0 mm) was

cored at the future initial position of the An-Di cylinder.

Prior to the experiment, a 50-mm (±1 mm)-long cylinder,

drilled from the An-Di glass, was inserted into the NK-

HPG8 glass (Fig. 4c). The crucible was then transferred into

a vertical muffle tube furnace. An Al2O3-pedestal, which

was connected to the motor below outside the furnace tube

(Fig. 3), was used to position the crucible in the center of the

hot spot region of the 1-atm gas-mixing furnace. The spindle

(inner cylinder) was made of an alumina (AL23) rod and was

sheathed at the lower end by a tight-fitting Pt foil. It was

inserted into the hole inside the NK-HPG8 glass, which had

already been transferred into the furnace. This inner cylinder

was then connected to the motor above and outside the oven

(Fig. 3c) and was located off-center, precisely at the

required position of the JBS.

The furnace was heated up to run temperature (1,400�C)

and held over approximately 45 min to allow NK-HPG8

and An-Di glasses to thermally relax. Then the experiment

was initiated by turning on the experimental mixing pro-

tocol. The computer-controlled mixing protocol consisted

of a combination of separated alternating rotations of the

outer and inner cylinders in the following sequence:

(1) two complete rotations of the outer cylinder in 36 min;

(2) six complete rotations of the inner cylinder in 18 min;

(3) two complete rotations of the outer cylinder in 36 min;

(4) six complete rotations of the inner cylinder in 18 min.

This combination of rotations ensures that chaotic

streamlines develop, throughout the entire experimental

system, leading to an efficient mixing without the forma-

tion of regular regions (Muzzio et al. 1992). The Reynolds

number was calculated using:

Re ¼ qVL=l ð2Þ

where V is characteristic velocity, V = |Vin| - |Vout|, with

Vin = XinRin and Vout = XoutRout; L is a characteristic

length L = Rout - Rin; q and l are the density and vis-

cosity and Xin and Xout are the angular velocities of inner

and outer cylinder, respectively.

During the experiment, Reynolds number was of the

order of 10-7 corresponding to laminar fluid-dynamic

conditions, as required by the JBS system (e.g. Ottino

1989b). After the complete mixing protocol was finished,

the experiment was terminated by switching off the power

supply of the furnace, allowing the melt to cool to room

temperature at an initial quench rate of ca. 80�C/min.

The crucible with the experimental charge was recov-

ered from the gas mixing furnace by disconnecting the

motor from the inner cylinder and extracting the outer

cylinder from the bottom of the oven with the spindle

(inner cylinder) still inside the sample. At room tempera-

ture, the alumina spindle could easily be removed from the

Pt sheath with the latter remaining inside the outer cylinder

within the experimental charge. The entire sample

(including the Pt sheath) was recovered by coring out a

cylinder with a radius of 11.0 mm from the crucible (outer

cylinder). This core was then sectioned perpendicular to its

long axis into 10 slices (Fig. 5a) for further analyses.

Results

Optical analyses

Figure 5b, c displays two representative sections (CD-25

and CD-26) collected by high-resolution transmitted light

optical scanning of samples. CD-25 (thickness ca. 4 mm) is

a section 20 mm above the lower end of the glass cylinder

and CD-26 (thickness ca. 5.0 mm) is positioned 5.0 mm

higher than the previous one (Fig. 5a).

Optical inspection of the sections confirms a crystal-free

state. Several structural features present in the samples are

worth discussing before moving to the illustration of

mixing patterns. The first one is the occurrence of a thick

and dark strip surrounding part of the inner cylinder

(indicated by a white arrow in Fig. 5b, c). This is a glass

fracture formed during quenching and removal of the

sample from the crucible. Since pictures have been

obtained by scanning thick samples, light diffracted along

this fracture produces a dark appearing shadow. Further-

more, both samples display the occurence of bubbles.

These bubbles constitute ca. 2% of the total sample volume

and occur for two reasons: (1) due to the air trapped in the

powdered samples during glass preparation (most of the

bubbles have been drained from the melts during melt

homogenization but some still remained in the final glass);

(2) they formed during the melting step before the begin-

ning of the experiment because of a thin film of air trapped

between the NK-HPG8 glass and the inner cylinder and the

An-Di glass. This is clearly indicated by the fact that many

of them are concentrated around the inner cylinder

(Fig. 5b, c). This occurrence is unavoidable due to the fact
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that the NK-HPG8 glass needs to be drilled for hosting the

inner cylinder and An-Di glass (Fig. 4c).

The presence of bubbles in the experimental system may

raise an additional question whether upward bubbles

migration may perturb the flow field generated by cylinder

rotation. To test this possibility, we calculated the distance

travelled by bubbles during the time-scale of the experi-

ment (i.e. 108 min). In particular, bubble ascent velocity

has been calculated using the Stokes law (e.g. Lautze and

Houghton 2007):

vb ¼
2

9
ðqm � qbÞgR2 1

gm

� �
ð3Þ

where vb is the bubble ascent velocity, g is the acceleration

due to gravity, R is the bubble radius; qb is the density of the

bubble (*0), qm is the melt density and gm is the bulk

magma viscosity. For these latter two parameters, we con-

sider the values of the NK-HPG8 melt (i.e. qb = 2.26 g/cm3

and gm = 1,550 Pa s) as it constitutes ca. 95% of the sam-

ple. We also consider a bubble diameter of 0.15 mm, i.e. the

average diameter of bubbles occurring in the sample. Results

indicate that for the time-scale of the experiment, an average

bubble would rise ca. 100 lm in the melt column. Taking

into account the filaments length produced by cylinder

rotation (of the order of several decimeters), the effect of

potential bubble induced mingling can be considered very

minimal. This is further supported by the observation that

bubbles are passively transported by flow fields as evidenced

by the fact that they are aligned along streamlines (Fig. 5b,

c). These calculations and observations indicate that the

impact of bubbles on the flow fields generated during this

experiment can be considered negligible.

Focussing on the mixing patterns obtained in the experi-

mental samples: they disclose a complex pattern of lamellar

structures, distributed throughout the mixed system. The

development of stretching and folding processes and, hence,

the development of chaotic dynamics, induced by the

eccentric cylindric geometry of the JBS, is evidenced by

vortex-like structures, consisting of alternations of filaments

from the two melts. Comparison between the patterns in

Fig. 5c, d and those produced by mixing of low-viscosity

fluids (Fig. 2b) clearly evidences a similarity of spatial

distribution of structures indicating that our chaotic mixing

experiment using high-viscosity melts under high tempera-

tures reproduces the general character of low-temperature

analog fluid experiments (i.e. the formation of a great

number of filaments of melts/fluids). When Fig. 5b is

compared to Fig. 5c, it seems that a greater amount of fila-

ments is present in Fig. 5c. This effect is only apparent and is

due to the lower thickness of Fig. 5b (4.0 mm) relative to

Fig. 5c (5.0 mm) which produced a different response of the

sample when crossed by the transmitted light used in the

image acquisition. The symmetry of the experiment does not

allow the production of different flow fields at different

depths (Swanson and Ottino 1990), but, on the contrary, the

flow field is maintained constant throughout the whole

length of the cylinder, with the exception of the very bottom

of the cylinder, a system portion lying far away from the

analyzed section and that, therefore, does not influence

results presented in this study.

Structural analysis

Given that filaments are the most evident structural feature

arising from the mixing process, we performed their

quantitative analysis. In particular, several authors indi-

cated that the thickness of filaments generated during

chaotic mixing processes (e.g. Allègre and Turcotte 1986;

Toramaru et al. 2001) is expected to follow a fractal scale-

invariant distribution of the form:

Fig. 5 a Schematic 3D-model of the experimental sample after

quenching, showing the approximate location of sections extracted for

further analyses; b, c transmitted light images of two representative

sections. The dark colored spots of variable size in the two samples

are vesicles. The white arrow in b and c indicates a dark strip

corresponding to a fracture in the experimental sample (see text for

details). The black rectangular region in c indicates the location of

the compositional transect reported in Fig. 7. The black square in b is

the approximate location of the chemical map presented in Fig. 11.

This is highlighted by a black arrow
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Nc ¼ d�b þ c ð4Þ

where Nc is the number of filaments with a thickness

greater than d, b is the power-law exponent and c is a

constant. Writing Eq. 4 in logarithmic form we obtain:

logðNcÞ ¼ �b logðdÞ þ logðcÞ ð5Þ

implying that, in order to obtain a scale-invariant distri-

bution, the cumulative frequency distribution of widths

(Nc) of filaments has to be linearly correlated with d in a

log–log plot, with b being the scaling exponent. The scale

invariant property of the experimental sample has been

investigated using the cumulative frequency distribution of

widths the mafic melt (i.e. An–Di). Filament thickness has

been measured by image analysis on a number of sample

sections, and Fig. 6 displays obtained results. The graph

shows that data points are aligned along a straight line,

clearly indicating that the chaotic advection protocol, used

in this work to promote mixing between the two melts,

generated a scale-invariant (i.e. fractal) distribution of

filaments. The scaling exponent b = -0.91 quantifies the

extent of scale invariance in the studied system.

Geochemical variations in the mixing system

In order to document the compositional variability pro-

duced by the mixing process, a transect through filaments

occurring in sample CD-26 (Figs. 5c, 7) has been investi-

gated. In addition, elemental maps have been collected in

sample CD-25 (Figs. 5b, 11) over an area of ca. 4.0 mm2,

in which a filament of An-Di was clearly visible. Chemical

compositions were measured with a Cameca SX100 (Earth

and Environment, LMU—Munich). The electron micro-

probe operating conditions were 15 kV acceleration volt-

age and 20 nA beam current. A defocused 10-lm beam

was used for all elements in order to avoid alkali loss.

Synthetic wollastonite (Ca, Si), periclase (Mg), corundum

(Al), natural orthoclase (K), and albite (Na) were used as

standards, and matrix correction was performed by PAP

procedure (Pouchou and Pichoir 1984). Standard devia-

tions were lower than 2.5% for all analyzed elements.

Operating conditions for the collection of elemental maps

were the same as above, using a dwell time of 0.4 s for all

elements.

Figure 7 displays the variation of major element con-

centrations along the transect running across the filaments

produced by the mixing process (i.e. across a diffusive

boundary layer). A flat pattern corresponds to the abun-

dances of elements in the felsic end-member. In contrast, in

the central part compositional jumps can be observed.

These are the resultant filaments originated from the

combined action of (1) stretching and thinning of compo-

sitional interfaces, which are produced by the mechanical

mixing and, (2) chemical diffusion. More detailed obser-

vations indicate that all analyzed elements share some

common features, which are related to the occurrence of

three main filaments, crossed by the transect (Fig. 7). The

behavior of the different elements is, however, individual,

with respect to modulation via this mixing pattern. Con-

sider SiO2 and Al2O3: since the An-Di end-member is

richer in Al2O3 and poorer in SiO2 relative to the NK-

HPG8, one would expect that these oxides would display

opposing fluxes. This is roughly the case along the profile

with the exception of the region around 1.0 mm, where the

first filament starts. Here, Al2O3 first decreases, defining an

uphill diffusion trend (e.g. Watson and Jurewicz 1984) and

then increases forming a first bell-shaped pattern reaching a

maximum at ca. 13.0% followed by a second and narrower

bell-shaped peak, with a maximum at ca. 14.5%. The SiO2-

variation pattern appears to be more coherent. All three

peaks point toward lower values (i.e. toward the mafic end-

member). However, in contrast to Al2O3, these peaks are

not sharply separated. They coalesce instead and partially

overlap. Na2O mimics the Al2O3-pattern, to some extent.

The major difference is a stronger uphill diffusion effect

emerging at both ends of the segment considered. Shape

and thickness of the second and third peaks for Na2O are

very similar to those displayed by Al2O3. The K2O-com-

positional-pattern appears noisier with the presence of the

three weak peaks pointing toward lower concentrations

(i.e. toward the mafic end-member) and resembles the

SiO2-pattern. CaO and MgO show very similar behavior.

However, CaO depicts a smoother pattern than MgO across

Fig. 6 Variation of the number of filaments (Nc) of the mafic melts

with a thickness greater than d as a function of d showing the scale-

invariant (i.e. fractal) nature of mixing structures produced by the

present chaotic mixing experiment
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the first two filaments that almost totally coalesce and are

not readily distinguishable. The third peak is evident for

both elements.

An important observation emerging from the plots in

Fig. 7 is that the original end-member compositions have

nearly entirely disappeared from the filaments. To better

appreciate this result, compositional histograms have been

constructed (Fig. 8) using compositional data from the

region where changes in composition were detected (i.e.

between 0.8 and 3.5 mm in Fig. 7). For comparison, the

original end-members, as well as the theoretical hybrid

composition, are reported in the histograms (Fig. 8). As

pointed out by Perugini et al. (2004), compositional his-

tograms for a mixing system undergoing chaotic advection/

diffusion processes should evolve from the original end-

member compositions (i.e. the compositional histogram is

constituted by two populations of concentrations, corre-

sponding to the two initial end-members) to a bell-shape,

whose maximum corresponds to the hybrid composition. If

the mixing process is eventually completed (i.e. a homo-

geneous volume of melt with the hybrid composition is

generated), the compositional spectrum collapses to a sin-

gle population, whose concentration coincides with the

hybrid composition. As can be seen in Fig. 8, there are no

traces of the initial composition of the mafic end-member

for any of the studied chemical elements. Also the com-

position of the felsic end-member is strongly shifted, with

only a few samples falling in the field of its original

composition. Most of the sample population exhibits

intermediate values between the two end-members, with

the different element distributions lying at different posi-

tions, relative to the theoretical hybrid. In particular, it can

be said that the distributions of CaO and MgO are those

lying farther away from the hybrid composition, followed

by SiO2 and Al2O3. Na2O and K2O, in contrast, display a

larger number of data points falling in the range of values

of the expected hybrid.

To better understand element variations in the studied

mixing system, inter-elemental binary plots have been

constructed with the same data set used in Fig. 8. They are

shown in Fig. 9. In particular, the plots on the left-side

display analyzed samples plus both end-members, whereas

on the right side a zoom into the area covered by data

points (gray area in the plots on the left side) is shown. A

classical conceptual model invoked when dealing with

magma mixing processes is that linear correlations must be

observed in any inter-elemental binary diagram, irrespec-

tive of the chosen couple of elements. This idea comes

from the application of Eq. 1, which predicts linear varia-

tions in inter-elemental plots. Observation of the plots in

Fig. 9 indicates that this is not clearly the case: element

Fig. 7 Variation of analyzed elements along a transect crossing

filaments in the experimental sample. The panel at the bottom of the

figure reports a zoom in the region marked by the black rectangle in

Fig. 5c and shows the exact location of the transect in the

experimental sample

c
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variations occur as complex curvilinear patterns that

strongly deviate from the mixing line connecting the end-

members. Therefore, although the experiment has been

performed by mixing two end-members, it did not generate

the linear correlations that would be expected by the

application of Eq. 1. On the contrary, inter-elemental cor-

relations display a very large variability at the same time

and in the same mixing system.

Fig. 8 Frequency histograms of compositional variability of ana-

lyzed chemical elements in the portion of the transect marked by a

shaded area, in the CaO plot of Fig. 7. In the histograms, the original

end-member as well as the theoretical hybrid composition is also

reported, as shaded areas, considering the uncertainties of the

microprobe analyses (Table 1). Element concentrations are given in

weight%
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A further feature, indicating deviation of our experi-

mental system from the classical concept of two end-mem-

ber mixing, is given by the application of the so-called

‘‘mixing test’’ proposed by Fourcade and Allègre (1981).

Such a test is commonly used to assess the occurrence of

magma mixing processes in petrology (e.g. Janoušek et al.

2000; Solgadi et al. 2007). The mixing test is performed by

plotting the difference in all chemical elements between the

most evolved (NK-HPG8) and least evolved (An-Di) end-

member (i.e. CA - CB) vs. the difference in all chemical

elements of a supposed hybrid composition and the least

evolved (An-Di) end-member (i.e. CH - CB). Linear

Fig. 9 Binary inter-elemental plots showing the geochemical variability in the experimental sample. Plots on the left side display analyzed

samples plus both end-members, whereas the right side is a zooming into the area covered by data points (gray area in the plots on the left side)
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interpolation of data points gives a twofold information: (1)

the correlation coefficient (r2), whose value indicates if the

supposed hybrid sample can be regarded as the product of

mixing—i.e. the larger the r2 value, the stronger the evidence

that the sample has a hybrid composition; (2) the slope of the

linear fitting (x), which gives the proportion of the most

evolved end-member in the mixture. The mixing test equa-

tion is derived from Eq. 1, by rearranging variables is such a

way that:

Ci
H � Ci

B ¼ x Ci
A � Ci

B

� �
: ð6Þ

Plotting Ci
A � Ci

B vs. Ci
H � Ci

B (for simplification

CA - CB vs. CH - CB) and performing a linear

interpolation of data gives the parameters of interest (i.e.

r2 and x). As reported above, application of this test

requires the choice of a sample which is supposed to have

attained the hybrid composition. The composition of the

two original end-members and their relative mass

proportions in the mixture are known and, therefore, the

theoretical hybrid composition for each element can be

calculated (Table 1). Then, from the available data set,

samples displaying the hybrid composition for a given

chemical element were selected. The choice of samples

containing elements with the hybrid composition has been

made considering the error associated with microprobe

analysis, implying that an element is considered to have

attained the hybrid composition if its concentration is in the

range ±2.5% with respect to the measured concentration.

Some representative plots resulting from the application of

the mixing test considering as reference the hybrid

concentrations of K2O, Al2O3, and CaO are reported on

left side of Fig. 10. Note that on CA - CB vs. CH - CB

diagrams, only a portion of the plot can be populated by

chemical elements for a two end-member mixing process;

this portion, represented in the white color in Fig. 10, is

bounded by the lines with slope x = 1.0 (i.e. the system is

totally constituted by end-member ‘A’) and x = 0.0 (i.e.

the system is totally constituted by end-member ‘B’).

These graphs indicate that all elements fall in the region

associated with a two end-member mixing process and that

the correlation coefficients are all very high. At first sight,

this result may indicate that the selected samples have

reached the hybrid compositions for all analyzed chemical

elements. However, more detailed observations indicate

that the estimated proportion of the least evolved end-

member ‘A’ (i.e. the slope x of the linear interpolation)

does not fit with the actual value (i.e. x = 0.945). In fact, it

is clear that the claimed end-member ‘A’ proportion,

considering as hybrid reference elements K2O, Al2O3,

and CaO, are x = 0.854, x = 0.862 and x = 0.871,

respectively. These estimates are different from the true

value (i.e. x = 0.945; dashed line in the plots) leading to

errors in the proportion estimation of end-member ‘A’ of

the order of 10%. Note that, although only some samples

are displayed in Fig. 10, this is the case for all samples in

which at least one element has reached the hybrid

composition.

The right side of Fig. 10 reports the fraction of end-

member ‘A’ claimed by each element. In other words, the

calculated x-value for each element, from the left-side

plots, is reported as a ‘‘spider diagram’’ on the right side.

These plots show a striking x-value variability for different

chemical elements. Values are shifted up to 20% with

respect to the actual value (marked in the plots by the

dashed line). This indicates that the sample suspected to be

a hybrid for one element (e.g. K2O, Al2O3 or CaO) does not

have a hybrid composition for most of the other elements.

Figure 11a displays a false color image of a curved

portion of another filament generated by stretching and

folding dynamics in the studied mixing system. Chemical

mapping has been performed on the an area of 2 mm vs

2 mm marked as a black quadrangle on sample CD-25 in

Fig. 5b. Figure 11b, c, and d, reports the compositional

variation in this portion of system for Mg, Ca and Na,

respectively. Compositional variation for these three ele-

ments is reported as 3D-graphs, where the x and y coordi-

nates represent the spatial dimensions of the mapped area

and the z coordinate reports the concentration of the con-

sidered element. Regarding Mg, the compositional field

describes a bell shape following the distribution of the

filament in the mapped area, as expected from a typical

diffusive process. Ca shows a slightly more complex pat-

tern, with a sharper bell-shaped distribution and an addi-

tional compositional valley. Uphill diffusion follows the

filament length along its middle path. The Na-pattern is

roughly symmetrical relative to Ca, with a larger bell-

shaped distribution at the center of the filament, which

gradually evolves into two uphill diffusion valleys, at the

external portions of the filament. Note that, also in the case

of a single filament, the original composition of both end-

members has been erased by chemical exchanges between

the two melts in the vicinity of the filament.

From the above discussion, four main conclusions may

be reached: (a) different chemical elements, although

roughly following the structures from the mixing system

(i.e. the filaments), define different compositional patterns;

(b) the mixing process does not generate linear correlations

as it should be expected from a typical two end-member

mixing processes; (c) uphill diffusion in this system is

experimentally confirmed during the mixing process and it

strongly enhances the formation of heterogeneities in the

system; (d) both original end-member compositions have

almost vanished from the mixing system, where intimate

mixing has occurred.
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Regarding the first three points, it must be kept in mind

that different chemical elements may have different

mobility in the same magmatic system (e.g. Hofmann

1980; Dingwell 1990; Baker 1990; Chakraborty 1995;

Chakraborty et al. 1995; Mungall and Dingwell 1997); this

effect can be amplified in multi-component systems, such

as those used as end-members in the present work due to

the nature of chemical diffusion. It is known for example

that alkalis (Na and K) tend to have a higher mobility

than other elements, because of their higher diffusivities

(Hofmann 1980; Dingwell 1990). This feature has also

been observed here. Compared to other elements, Na and K

Fig. 10 Left side representative plots resulting from the application

of the ‘‘mixing test’’ (Fourcade and Allègre 1981) considering as

reference the hybrid concentrations of K2O, Al2O3 and CaO; (right

side) plots displaying the fraction of end-member ‘A’ (x) claimed by

each element (see text for details)
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show a higher density of measured values close to the

hybrid composition (Fig. 8). This implies that not all ele-

ments attain the hybrid concentration at the same time

(Fig. 10), generating a diffusive fractionation of chemical

elements and producing complex non-linear patterns in

binary plots (Fig. 9). This feature depends on the ability of

each element to spread across the mixing system, as

already observed in numerical simulations and natural

samples (e.g. Perugini et al. 2008; De Campos et al. 2008).

In addition, the process of ‘‘differential’’ diffusion for

different chemical elements is superimposed to a complex

pattern of lamellar structures, generated by the chaotic

mixing process, which changes continuously with time, due

to the stretching and folding of different melts. The com-

bination of mechanical (stretching and folding) and

chemical (multi-component diffusion) processes enhances

the complexity of the process. Compositional fields in the

magmatic system are being continuously re-modulated,

strongly amplifying the effect of the different mobility of

elements, in producing highly heterogeneous volumes of

melts, even at short mixing times.

The further point worth highlighting is the disappear-

ance of the original end-member compositions in those

regions characterized by intimate mixing. Here, the pro-

duction of large amounts of interfacial areas between melts

via stretching and folding processes strongly enhances

chemical diffusion leading to a dramatic shift of end-

member compositions toward intermediate values.

Noteworthy is the fact that this process occurred in the

experimental system in less than 2 h, illustrating the

extremely high efficiency of chaotic dynamics in modu-

lating the compositional fields in the experimental system.

Fig. 11 a Color image of a curved portion of a filament (location of

the analyzed area in the experimental sample is indicate by the black

square in Fig. 5b; b–d compositional variability of Mg, Ca and Na,

reported as 3D-graphs, in which the x and y coordinate represent the

spatial dimensions of the mapped area a and the z coordinate reports

the concentration of each considered element
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Petrological implications

The first petrological implication arising from the pre-

sented experimental work regards the ability of melts to

mix even at high-viscosity ratios (of the order of 103). To

date, according to previous studies (e.g. Jellinek et al.

1999; Sparks and Marshall 1986; Bateman 1995), it was

thought that the ‘‘magmatological configuration’’ repli-

cated in our experiment would have been characterized by

null mixing efficiency, i.e. the viscosity ratio between the

two melts is too high to allow the melts to efficiently mix.

Results from our experiment clearly indicates that the

mixing process can occur even under high-viscosity con-

trast, thus extending significantly the spectrum of geolog-

ical conditions under which magma mixing processes can

operate.

The magma mixing experiment presented in this con-

tribution also offers new insights into the complex pro-

cesses operating during mixing of magmas. It is shown that

under fully chaotic dynamic conditions, the different

chemical elements may become highly non-correlated even

at short mixing timescales. This feature is tightly linked to

the coupled action of stretching and folding dynamics

between interacting magmas and the onset of complex

chemical diffusion processes, including uphill diffusion.

The formation of wide surface areas between different

silicate melt filaments (i.e. magmas) reduces the length

scale, diffusion becomes progressively more efficient.

Here, magma mixing is shown to be complex on short-

length scale (i.e. experiments are conducted on cm-scale).

But can the results be extended to natural magmatic sys-

tems? Although the possible applicability to natural magma

mixing systems may be not straightforward, recent studies

indicate that the magma mixing process is likely to gen-

erate fractal compositional patterns, independently of

length scales (Perugini et al. 2003; Petrelli et al. 2006). The

‘‘scale-invariance’’ of filament thickness distribution of

Fig. 6 also supports the conclusions of these studies:

structures generated by magma mixing occur as a non-

linear cascade of events generating compositional gradients

over a large range of scales, down to the micrometer length

scale. At such a length scale, chemical diffusion becomes

very efficient, triggering a feedback process that, starting

from the micro-scale, can amplify non-linearly the deve-

lopment of compositional heterogeneities up to the macro-

scale. It follows that, at least from a conceptual point of

view, the compositional variability observed in the magma

mixing experiment presented here may also be applied to

larger systems.

Thus, the mixing of magmas is a process that can vir-

tually occur at any stage in the life span of a magmatic

system and it does not necessarily require the presence of

end-members generated from different sources (e.g. mantle

and crustal derived melts; Fig. 12a). In fact, chaotic mixing

processes will take place whenever chemical and also

temperature gradients are present in the magmatic system.

This implies that petrological processes such as fractional

crystallization, assimilation and partial melting, which

inevitably cause both chemical and temperature gradients,

may be affected by chaotic mixing processes. Fractional

crystallization tends to occur along the cooler walls

(Fig. 12b) and depletes the magma in those elements

incorporated into the crystals. Assimilation of country

rocks (Fig. 12c) causes a chemical gradient from the core

to the edge region. Anatexis or partial melting of a solid

rock source similarly generates compositional and tem-

perature gradients (Fig. 12d) as well as melt migration in

fracture/channel networks (Fig. 12e). It is also possible that

all these processes may act together strongly amplifying

the interplay between mixing dynamics and chemical dif-

fusion, inducing a considerable inhomogeneity in mag-

matic systems.

Therefore, chaotic mixing can generate pockets of

magmas with highly heterogeneous geochemical compo-

sitions changing in space and time. The enrichment or

depletion of chemical elements is a function of both:

(1) their ability to spread within the mixing system and,

(2) mixing dynamics. This may pose serious problems to the

interpretation of petrogenetic processes and may under-

mine many classical geochemical models (e.g. magma

mixing, assimilation plus fractional crystallization, etc.),

widely used in petrological research. This is because most

of these models do not consider time and space. The

magmatic system is assumed to be completely homoge-

neous at any instant and everywhere during its evolution.

Our results clearly indicate that in the presence of com-

positional gradients (i.e. volumes of magmas with different

compositions), this is not the case and that highly hetero-

geneous volumes of melts, whose composition can be

strongly influenced by the mixing process, can coexist in

the same system in space and time.

The fact that chaotic mixing of magmas can trigger a

diffusive fractionation processes at short-length scale opens

an additional key question regarding the potential impli-

cation of such a process on small-scale petrological studies.

In this respect, diffusive fractionation may have conse-

quences regarding the reliability of analysis of small vol-

umes of ‘‘magmatic systems’’, such as, for instance, melt

inclusions hosted in minerals. Melt inclusions are unques-

tionably a new paradigm in modern igneous petrology, and

their applicability to igneous systems had a strong impact

on present understanding of magmatic processes. However,

our results indicate that, at the micrometric length scale,

small volumes of magmas are strongly influenced by the

coupled action of chemical diffusion and chaotic flow

fields and, hence, they may not represent magmas de facto
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present in the magmatic system. On the contrary, their

compositions may have experienced a diffusive fraction-

ation process. If such melts were trapped as inclusions,

they would provide misleading information about original

melt compositions. The same arguments may be also

applied to any case in which chemical element abundances

are measured on volcanic glasses by micro-analytical

techniques.

Conclusions

In this work, we presented a chaotic mixing experiment

performed using high viscosity and temperature melts, with

rheologic and physical properties similar to those of con-

trasting magmas. The experiment has been performed by

developing a new device, in which we have full control of

the flow fields developing in the mixing system.

Optical analysis of post-experimental samples reveals a

complex pattern of mingled filaments forming a scale-

invariant (i.e. fractal) distribution down to the lm-scale, as

commonly observed in natural samples. This is due to the

development in space and time of stretching and folding of

the two melts. Chemical analysis shows strong non-linear

correlations in inter-elemental plots. The original end-

member compositions have nearly entirely disappeared

from the filaments.

From a kinematic point of view, the experimental sys-

tem possesses all building blocks of real magma mixing

systems, including the development of chaotic dynamics

and the generation of mixing patterns down to the micro-

metric length scale. These features make our experimental

device a new reliable template for the study of magma

mixing processes, whose results may be directly extrapo-

lated to natural systems.

The results emerging from this first experiment highlight

the importance of chaotic mixing processes in modulating

the compositional fields of a mixing bimodal magmatic

system. This modulation is tightly connected to the dif-

ferent ability of chemical elements to spread across the

mixing system by chemical diffusion which, in turn, is

governed by the generation of compositional gradients at

different length scales. This phenomenon is associated with

the development of wide interfacial areas (i.e. filament-like

regions) in those regions of intricate mingling. The

development of this process in space and time triggers a

Fig. 12 Schematic drawing

of some processes that can

potentially generate

compositional gradients in

igneous systems and, thus,

induce the development of

chaotic mixing processes

among the different melts
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diffusive fractionation of the different elements. Generated

melt filaments are highly heterogeneous. In these filaments,

the original compositions of end-members taking part in

the mixing process are rapidly lost.

The observed compositional variability has been

obtained by performing a short time-scale experiment at

very low Re using melts with a high-viscosity ratio. This

indicates that chaotic mixing of magmas can be a very

efficient process in modulating the compositional fields in

igneous systems, even under extreme rheologic conditions

and absolutely laminar fluid-dynamic regime. It is worth

noting that the experiment presented in this work is an

‘extreme experiment’, since most of melt fraction is con-

stituted by a high-viscosity melt and only a small amount

of lower viscosity mafic melt is present. One of the reasons

for using this experimental configuration was motivated by

the fact that we wanted to test the ability of our device in

working under such conditions. The successful execution

of the experiment may open new frontiers in the study of

the complex behavior inherent to magma mixing processes,

in which the interplay between advection (i.e. stretching

and folding dynamics) and diffusion of multi-component

materials is to be expected and understood. Now this

complexity can be addressed in the laboratory.

Although in this contribution we utilized our experi-

mental device to study the onset of mixing processes

between completely different melts (i.e. felsic-mafic), it

can also be used to gain information in general about those

igneous processes, in which chemical gradients are gene-

rated and mixing processes are likely to occur (anatexis,

fractional crystallization, xenolith assimilation, etc.). Using

different volumes of melts, prepared according to the

compositions that would be expected to occur under dif-

ferent petrogenetic conditions and, mixing them with our

device, might provide the opportunity to study if and how

the development of chaotic mixing processes would influ-

ence the compositional fields in such systems.

The experiment presented in this work is hopefully the

first of a series in which different configurations will be

tested in order to understand how the variation of a number

of parameters can influence the development of mixing

processes. In particular, future work will be focused on

using different proportions of the felsic and mafic melts at

different mixing times and experimental protocols.
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