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SUMMARY

Geological flows—from mudslides to volcanic eruptions—are often opaque and
consist of multiple interacting phases. Scaled laboratory geological experiments
using analog materials have often been limited to optical imaging of flow exte-
riors or ex situmeasurements. Geological flows often include internal phase tran-
sitions and chemical reactions that are difficult to image externally. Thus, many
physical mechanisms underlying geological flows remain unknown, hindering
model development. We propose using magnetic resonance imaging (MRI) to
enhance geosciences via non-invasive, in situ measurements of 3D flows. MRI is
currently used to characterize the interior dynamics of multiphase flows, distin-
guishing between different chemical species as well as gas, liquid, and solid
phases, while quantitatively measuring concentration, velocity, and diffusion
fields. This perspective describes the potential of MRI techniques to image dy-
namics within scaled geological flow experiments and the potential of technique
development for geological samples to be transferred to other disciplines utiliz-
ing MRI.

INTRODUCTION

Most people are familiar with the use of magnetic resonance imaging (MRI) to investigate the interior of the

human body for medical purposes; however, many scientists are unaware of the use of MRI to study flow

and reactions in analog chemical reactors. Physicists, chemists, and engineers currently use MRI to study

multiphase flows and chemical reactions. However, many of these MRI experts and users may not be fully

aware of the parallel systems found in geological flows, as well as the current open questions and tech-

niques used to study these flows. This perspective seeks to provide insights to geoscientists on the capa-

bilities of MRI to image opaquemultiphase flows and reactions in 3D as well as informMRI specialists on the

current gaps in techniques and knowledge in geological flows that can be addressed using MRI. We begin

with an overview of current measurement techniques used to study geological flows in the laboratory, high-

lighting knowledge gaps arising from limitations on penetration depth and contrast. We then provide

background on the fundamental science, capabilities, and limitations of MRI, to further familiarize geosci-

entists with MRI principles and procedures. The third section of the paper focuses on the current uses of

MRI to study multiphase flows and reactions, many aspects of which mirror capabilities needed to study

geological flows. We conclude with our perspective on how MRI has the potential to greatly enhance

the toolkit available for studying geological flows to, in conjunction with modeling and other experimental

techniques, generate new knowledge with important applications. Overall, we anticipate that not only will

MRI create new insights into geological flows but also the new and unique samples studied by geoscientists

will lead to MRI technique development that can be adopted by the medical, physics, chemistry, and en-

gineering communities.
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CURRENT MEASUREMENT TECHNIQUES USED TO STUDY GEOLOGICAL FLOWS

Many geological and natural environments involve multiphase flows. Magma, comprising solid particles,

gas bubbles, and liquid silicate melt, is a clear example of a three-phase suspension. Gas hydrates and sub-

marine gas seeps are another, as the gas bubbles interact with liquid water and the rock matrix. Two-phase

flows are even more ubiquitous, and solid-liquid, solid-gas, and liquid-gas scenarios are all common. Sed-

iments carried by rivers, and water, pollutants, and metallic ore concentrates percolating through a porous
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rock, are examples of geological solid-liquid interactions. The migration of melt through a partially molten

rock matrix to pool into high melt fraction reservoirs and potentially be extracted to the surface is a com-

plex reactive flow process involving chemical reactions and liquid-solid interactions. There are many exam-

ples of gas-solid interaction, for instance, clouds of aerosols such as volcanic ash, anthropogenic particu-

late matter, or dust interaction with the atmosphere. Geological sequestration of CO2, a potential tool for

reducing anthropogenic impact on climate, involves the reactive flow of gas through rocks and is impacted

by both chemical reactions and fluid mechanics. Hydrothermal systems such as geysers and submarine gas

chimneys exhibit gas-liquid interaction.

Geoscientists use analytical and numerical models to study the multiphase interactions at the particle or

bubble level as well as the system’s behavior at large. For example, forecasting volcanic eruptions relies

onmodels that capture the dynamics of magma ascending within a conduit, including its deformation, frag-

mentation, and bubble coalescence. Other models, used to forecast the impact of volcanic eruptions on

their surroundings, rely on understanding of lava dynamics at the microscale of bubbles and particles

and their impact on large-scale processes of channel formation, solidification, and inflation. Such models

must be tested and constrained by observations. However, the time and length scale of many geological

processes, and often their inaccessibility, make direct observation and measurements of these processes

impractical or impossible. It is, therefore, common practice in geoscience to use scaled (‘‘analog’’) labora-

tory experiments with materials and geometries analogous to the geological materials and processes (Ka-

vanagh et al., 2018). Sedimentologists often study deposition and erosion processes in a laboratory flume

(e.g., Baar et al., 2018; Pohl et al., 2020). Volcanologists use analog experiments to study all the various

components of themagmatic system, from themagma reservoir (Galland et al., 2014) and plumbing system

(Taisne et al., 2011) to eruptions and their products (Del Bello et al., 2017; Iverson et al., 2010; Lev et al.,

2019; Lube et al., 2015).

Geoscientists performing analog experiments pay special attention to how the experiments scale

compared with the natural phenomena of interest. This is commonly achieved by considering a set of

non-dimensional parameters that express the ratio between the forces and length- and timescales within

the analog and natural system. For instance, to study the emplacement of lava flows in the laboratory, sci-

entists use materials with viscosities and thermal properties that yield behavior within the same regime

(e.g., turbulent versus laminar, solidification dominated versus advection dominated) as the natural system

(e.g., Gregg and Fink, 2000; Kerr et al., 2006). Sugar-based syrups, clay slurries, silicone oil, and polyeth-

ylene glycol wax have all been utilized as analogs for lava and magma. To study processes such as tectonic

plate deformation or dyke intrusion, where elasticity plays a role, scientists choose materials that have a

similar relative importance of elastic and plastic behavior as that of the rocks or tectonic plates in which

they are interested. Geologists interested in reactive flows such as magma infiltration through the crust

have used analog systems such as salt (NaCl) and water (Kelemen et al., 1995) and discovered the flow fo-

cuses into channels. These findings have since been used in models of melt extraction under mid-oceanic

ridges (e.g., Spiegelman and Kelemen, 2003) and other reactive flows (e.g., Kang et al., 2010). Sediment

transport being studied in laboratory hydrographs uses materials similar to the natural system (water

and rock particles) and thus scaling to the natural system comes from selecting the appropriate length-

and timescales by adjusting slopes, thickness, and aspect ratio, and peak discharge rates (Yager et al.,

2015). Bubble behavior is scaled through the capillary number Ca, which expresses the ratio between shear

forces and surface tension forces (Manga et al., 1998; Truby et al., 2015), and the aim is to have a similar

regime (Ca > 1 or Ca < 1) in the laboratory as in the natural system being studied. Analog experiments

have also helped constrain the importance of parameters such as particle shape and size distribution by

mimicking, and also systematically expanding upon, natural systems (e.g., Cimarelli et al., 2011; Gomez,

1994; Moitra and Gonnermann, 2015).

Imaging is a critical component of analog experiments, as it provides the direct observations of what the

system is doing and how it responds to forcing. For some experiments, it is feasible to select analog ma-

terials and setups that are sufficiently transparent and allow imaging of the interior. However, for most sce-

narios this is not the case. Multiphase analogs, similar to the original geological suspensions they simulate,

are often opaque, a result of the suspended bubbles and particles. Scientists are thus limited in their ability

to directly witness the dynamics of flow. Many experiments, particularly of deformation and reactive flows,

are limited to measuring the products only at the end of the experiment (e.g., Kelemen et al., 1995; Liu

et al., 2012; Peuble et al., 2015). When opaque experiments are imaged from the outside, viewers are
2 iScience 23, 101534, September 25, 2020



Figure 1. Examples of Analog Experiments Simulating Geological Multiphase Flows, Showing Experimental

Setups and Resulting Images and Measurements

(A) Experimental setup of a flume experiment (Pohl et al., 2020), where a mixture of sediments and fresh water is released

into a water tank. Velocity is measured using an ultrasonic velocity probe (UVP) positioned above the flow. Flume

experiments are a common tool in the study of turbidity channels and river dynamics.

(B) Experimental setup and particle image velocimetry measurements from bubble injection experiments using a small-

gap parallel-plate geometry to study the development of permeable pathways in a particle-rich suspension with varying

particle fraction (Oppenheimer et al., 2015). Labels give particle concentration in percentages.

(C) Experimental setup and snapshots from conduit flow experiments where a gas slug rises within a vertical tube of

silicone oil and interacts with a particle-laden cap to simulate ascent of gas slugs in a magmatic conduit (Oppenheimer

et al., 2020).
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limited to observing only the part of the flow that interacts with the walls, which is not necessarily represen-

tative of the flow’s interior (see Figures 1A and 1C). Analysis of the velocity of the fluid using observations

from the outside is also limited, as only motion in the observed plane can be made, while inward and out-

ward components of the motion must be inferred. In many experiments, viewing of the entire flow volume

was achieved by making experimental setups quasi-two dimensional, for instance, Hele-Shaw cells (see

Figure 1B) or long and narrow tubes. Again, such experiments are heavily influenced by the interaction

of the fluids with the cell’s walls, and translation of the results to three-dimensional natural systems may

not be straight forward. When dynamics in the interior of the flow are the key observation to be made,

as is the case for sedimentological flume experiments, scientists use tools such as acoustic Doppler velocity

meters to measure velocity and sediment concentrations. Although useful, such tools provide only a local

measurement at a specific point and not a full picture of the entire flow.

A new and promising approach has been imaging multiphase experiments using X-ray micro-computer to-

mography (CT). This powerful imaging technique relies on density differences between the liquid, gas, and

solid in the experiment and can also detect cracks. However, experiments are limited in size to a few cen-

timeters, owing to scanner dimensions, and in the speed of flow they can capture. For instance, Zheng et al.

(2019) performed a reactive flow experiment in which water percolated through a porous rock sample (a

cylinder 5 mm in height an 2.3 mm in diameter) and the reaction induced fracturing of the sample. By per-

forming the experiment within a powerful synchrotron facility, they achieved high spatial resolution

(6.5 mm3 voxels) but each volumetric scan took 180 s. Pistone et al. (2015) used a synchrotron X-ray source
iScience 23, 101534, September 25, 2020 3



Figure 2. Schematic of Basic MRI Setup, Concepts and Capabilities

(A) Schematic of a sample in an NMR system (left) and pulse sequence to receive NMR signal (center) to achieve contrast

and images (right) from NMR. Pulse sequences for (B) MRI structural imaging and (C) MRI velocity imaging. Structural and

velocity images of gas bubbles rising through liquid are adapted from Tayler et al. (2012a).
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as well to study gas-driven melt segregation in magmatic mush. They achieved a spatial resolution of under

3 mm/pixel side, but it took 8 s to image the 1mm3 sample. Less powerful X-ray CT scanners have been used

to image faults in a deforming plate-boundary analog (Adam et al., 2013), where resolution and speed were

not as critical. A notable limitation of X-ray tomography is that it cannot directly measure the velocity of the

fluid, and that has to be calculated using post-processing tools such as voxel tracking or image correlation.

The promise of tomographic imaging in providing insights into geological flows and the limitations of X-ray

measurements create impetus to investigate the potential for MRI to study geological flows.
BACKGROUND ON MRI

MRI (Lauterbur, 1973; Mansfield, 1977) is a non-invasive imaging technique based on nuclear magnetic

resonance (NMR) (Bloch, 1946; Purcell, 1946). Broadly speaking, NMR measurements consist of placing a

sample in a static magnetic field and using radiofrequency (r.f.) pulses to produce an oscillating r.f. signal

from the sample with an amplitude that decays over time (see Figure 2A). The frequency of NMR signal can

be used to distinguish between the nuclei generating the signal as well as between chemical species with

the same active nuclei. The signal intensity can be used to distinguish between phases (gas, liquid, and

solid) as well as quantify concentration. The decay rates in NMR signal amplitude can be related to relax-

ation times, which can distinguish between chemical species and phases. MRI refers to the ability to distin-

guish between these NMR signals depending on where in 3D space they originate to non-invasively image

a 3D sample with the same contrast enabled by NMR. This imaging is enabled by applying spatial magnetic

field gradients to the static magnetic field (Figure 2B), enabling NMR signal acquisition in inverse or k-

space, which can be used to reconstruct an image in real space via a Fourier transform. Pulsing magnetic

field gradients in time and separating these pulses by a specified amount of time (Figure 2C) enables mea-

surement of velocity, velocity distribution, and diffusion in the sample (Callaghan, 1991). In such measure-

ments, the phase or intensity of NMR signal relates mathematically to the displacement a nucleus in the

sample has undergone in the period between the two pulsed gradients. The principles of flow measure-

ments can be combined with the principles of MRI spatial distinction and NMR contrast to achieve images

of flow and concentration that distinguish between phases and chemical species within a single measure-

ment. A variety of books (Callaghan, 1991; Levitt, 2008) and review articles (Britton, 2017; Fukushima, 1999;

Gladden and Sederman, 2017, 2013; M. Britton, 2010; V. Koptyug, 2014) provide more information on prin-

ciples of NMR and MRI, as well as the application of MRI to study chemical reactions and flow.

The temporal resolution ofMRImeasurements ranges from several milliseconds to several minutes, whereas the

spatial resolution ranges from tens of microns to a few millimeters. Sample sizes range from several millimeters

to hundreds of millimeters. There are trade-offs between achievable spatial resolution, temporal resolution,

contrast, and quantitative accuracy of MRI measurements. Thus, from a resolution standpoint, the capabilities
4 iScience 23, 101534, September 25, 2020
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of MRI are modest as compared with optical and X-ray techniques. The advantages of MRI as compared with

optical techniques come largely in non-invasive characterization of the interior of opaque 3D systems, whereas

the advantages as compared with X-ray techniques lie in contrast between chemical species and the quantifica-

tion of flow. MRI technology is highly flexible and can be tailored for a specific application. For example, Penn

et al. (2017) recently imaged particle velocity and concentration in a gas-solid flow system 190 mm in diameter

and 300 mm in height at 55 fps with a spatial resolution of 3 mm.

It is worth noting that NMR andMRI present a number of challenges beyond resolution. While the variety of

factors affecting NMR and MRI signal (e.g., relaxation times, motion within the sample, sample heteroge-

neity) make these techniques highly flexible, these factors also make it such that images from MRI can be

difficult to interpret and susceptible to artifacts. These difficulties often make MRI measurements non-

quantitative, although carefully designed experiments accounting the various factors impacting NMR

signal can enable quantitatively accurateMRImeasurements of concentration or flow. Sample size also pre-

sents a limitation on MRI measurements, since most superconducting magnet systems used for MRI of

multiphase flows have can only accommodate samples up to centimeters in length scale. Ways around

this sample size limitation include using medical MRI scanners or lower strength permanent magnets (Eid-

mann et al., 1996; Perlo et al., 2015); however, these methods often come with significant compromises in

spatial resolution and motion resolution. MRI also places constraints on the physical properties of the sam-

ple that can be measured. Samples with significant paramagnetic material can create hazards due to mag-

netic forces; electrically conductive materials, including highly ionic solutions, can lead to artifacts or an

inability to measure the interior of the sample. Sufficiently high concentration of non-zero magnetic spin

nuclei (e.g., 1H, 13C, 19F, 23Na, 31P) must be present in the sample in order to generate a reasonable

signal-to-noise ratio for MRI. Most liquids contain 1H nuclei in high-enough concentrations to produce

strong NMR signal, whereas gases usually do not. Although techniques exist for characterizing solids

directly (Griffin et al., 2016), these typically have a low signal-to-noise ratio and can require long image

acquisition times. Examples of ways of circumventing issues with sample properties include using gases

with many NMR-active nuclei per molecule (Prado et al., 1999) or using polarizing gases (Bowers and Wei-

tekamp, 1987; Pavlin et al., 2007) as well as using solid particles filled with liquid (Ehrichs et al., 1995) to char-

acterize granular flows. Conducting measurements at elevated temperature and pressure also presents is-

sues for MRI measurements, since high temperature and pressure pose hazards to potentially damage the

MRI hardware (V. Koptyug, 2014). These issues are typically circumvented by using thicker sample con-

tainers and active cooling systems (Han et al., 2011; V. Koptyug, 2014), and characterization of a chemical

reactor at temperatures up to 300�C and pressures up to 30 bar have been achieved (Gladden et al., 2010).
CURRENT USES OF MRI TO STUDY MULTIPHASE FLOW AND REACTIONS

Given the contrast capabilities ofNMR,one of themain advantages in usingMRI to characterizemultiphase flows

is the ability to image flow and concentration of multiple phases in the same system. In recent years, MRI has

emerged as a powerful tool for characterizing multiphase flow and reactions in the physics, chemistry, and en-

gineering fields. Figure 3 provides examples of ways inwhichMRI has been usedpreviously to characterizemulti-

phase flows. Most MRI measurements of flow have involved imaging liquid, since liquid has better signal-to-

noise ratio than gas andmore favorable and tunable relaxation times than solids.Measurements of flow in liquid

have included single phase flow in open pipes (Li et al., 1994), the human body (Joseph et al., 2020), and viscom-

eters (Serial et al., 2019); flow through porous media including rock cores (Mitchell et al., 2013) and multiphase

flows, such as droplets of water falling through air (Figure 3A) (Amar et al., 2010; Han et al., 2001); flow inducedby

gaseous bubbles rising through liquid (Tayler et al., 2012b), as well as gas-liquid (Figure 3E) (Sankey et al., 2009)

and liquid-liquid (Valiullin and Furó, 2001) flow through porous media. Flows have been measured in laminar

(Reci et al., 2018) and turbulent (Kose, 1991; Li et al., 1994) regimes, measuring averaged velocity (Sederman

et al., 2004), velocity distribution (Elkins andAlley, 2007), anddiffusion tensors (Kärger et al., 1988) as well as diffu-

sion of solutes (Bray et al., 2016). MRI of flow profiles in shearing cells has been used to provide insights on sam-

ple rheology; Newtonian fluids as well as shear-thinning (Rofe et al., 1994) and shear-thickening (Fall et al., 2010)

suspensions have been studied. Flow velocities measured have ranged from a few mm/s to 10 m/s (V. Koptyug,

2014), measurement of diffusion coefficients greater than 10�14 m2/s is standard (Gladden and Sederman, 2017)

and flow system sizes have ranged from hundreds of micrometers (Zhang and Balcom, 2010) to tens of centime-

ters (Penn et al., 2017).

Flow through porous media presents difficulties owing to magnetic susceptibility differences between

liquid and solids creating unwanted local gradients in themagnetic field (Cotts et al., 1989). However, these
iScience 23, 101534, September 25, 2020 5



Figure 3. Images Showing Capabilities of MRI to Study Multiphase Flows

(A) Arrows showing velocity of liquid in a droplet falling through gas relative to the falling velocity (Han et al., 2001).

(B) Quantification of concentration of gas in different phases in a system of granular particles suspended by upward gas flow (Pavlin et al., 2007).

(C) Probability density functions (PDFs) of (i) liquid velocity and (ii) particles in a system of granular particles suspended by upward liquid flow at different

liquid velocities (U) relative to that needed to suspend the particles (Umf) (Boyce et al., 2018).

(D) Images of horizontal (arrows) and vertical (colors) velocity of (i) continuous and (ii) dispersed phases in an immiscible liquid-liquid flow with the dispersed

phase rising through the continuous phase (Tayler et al., 2014).

(E) Image of vertical gas and liquid velocities through a cylinder packed with solid particles (black) (Sankey et al., 2009).
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issues have been addressed by designing and implementing pulse sequences (Boyce et al., 2016; Cotts

et al., 1989) that minimize these effects as well as using additives to match the magnetic susceptibility of

liquids and solids (Stoll and Majors, 1982). Acquisition times for many experiments have been in the range

of a few to several minutes, preventing temporal resolution of flow fields in unsteady flows. Various strate-

gies have been used to enable effectively instantaneous imaging of unsteady flow profiles. In one study,

droplets of liquid were released in a reproducible manner and this release was time-coordinated with

MRI measurements to image the flow in a series of identical droplets, ultimately producing an effectively

instantaneous image of the flow field in a single droplet (Figure 3A) (Han et al., 2001). In a different study,

a rising bubble was suspended in place by downward liquid flow and a rapid imaging pulse sequence was

used to generate images of the turbulent flow field at 62 frames per second (Tayler et al., 2012b).

Flow of granular particles is also important to a number of physics, chemistry, and engineering problems,

and thus techniques have been developed to image granular particles. MRI of granular flows generally in-

volves imaging solid particles containing liquid and receiving NMR signal from the liquid, rather than the

solid (Ehrichs et al., 1995). Particles studied include agricultural seeds (Savelsberg et al., 2002), porous par-

ticles soaked in liquid (Holland et al., 2010), or specially engineered particles containing liquid (Penn et al.,

2017). Experiments have been conducted to image local particle concentration in heterogeneous gas-solid

flows (Müller et al., 2006), particle velocity (Holland et al., 2008) and velocity distribution (Savelsberg et al.,

2002), local fluctuations in particle velocity (Holland et al., 2008), and diffusion coefficients (Seymour et al.,

2000) in fluidized particles. Some studies have also used one type of particles with liquid (‘‘MRI visible’’) and

another without (‘‘MRI invisible’’), so as to characterize mixing between different types of particles under

different flow conditions (Hill et al., 1997). Although temporal resolution for these measurements has often

been on the order of minutes and excluded insights into instantaneous particle dynamics, a number of so-

lutions have been developed. One study time coordinated the phase of vibration with MRI measurements

to characterize flow at a specific point in vibration (Huntley et al., 2007). Other studies have developed and

utilized rapid imaging pulse sequences to generate images of heterogeneous particle concentration at

acquisition rates as fast as 40 frames per second (Fabich et al., 2016; Müller et al., 2006). A recent study
6 iScience 23, 101534, September 25, 2020



Figure 4. Rapid MRI of Multiphase Flows using a Medical MRI Scanner

An experimental setup for studying multiphase flow utilizing (A) a specialized multi-channel r.f. coil placed around

cylindrical tank, which were then (B) placed within a medical MRI scanner.

(C) A diagram of the r.f. coil and cylinder with a slice showing the imaging plane (Penn et al., 2017).

A time series images of the particle concentration (D) and velocity (E) of two bubbles rising through grains and coalescing

(Boyce et al., 2019).
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utilized multiple radiofrequency receiver coils, under-sampling of k-space, and rapid imaging pulse se-

quences to image both particle velocity and concentration at acquisition rates of 55 frames per second

(Penn et al., 2017). Figure 4 shows the setup for placing a multi-channel r.f. receiver coil around this gas-

solid flow system (Figure 4A), placing this system in a medical MRI scanner (Figure 4B) and imaging particle

concentration in a central vertical slice through the cylindrical system (Figure 4C) (Penn et al., 2017). Fig-

ure 4D shows images of two gas voids rising through the particles and coalescing over time based on

MRI signal intensity imaging, and Figure 4E shows the corresponding particle velocity fields obtained using

phase contrast velocimetry (Boyce et al., 2019).

Gas flow has also been studied using MRI. Gases subject to certain types of polarization (e.g., hyperopo-

larized xenon [Pavlin et al., 2007] and propane subject to parahydrogen induced polarization [Bouchard

et al., 2008]) provide enough signal for MRI. Furthermore, gases containing many MRI-active nuclei per

molecule (e.g., sulfur hexafluoride) raised to elevated pressure (8 bar) can also provide significant signal

(Boyce et al., 2016; Sankey et al., 2009). Experiments have been conducted to extract time-averaged gas

velocity and gas concentration in different heterogeneous regions of a gas-solid flow (Figure 3B) (Pavlin

et al., 2007). Measurements have provided insights into gas flow through rock cores (Wang et al., 2005),

packed particles (Sankey et al., 2009), and fluidized particles (Boyce et al., 2016) as well as turbulent gas

flow around obstacles (Gauthier and Newling, 2018; Newling et al., 2004).

Many natural and industrial processes involve multiphase flows coupled with chemical reactions, and the

ability of NMR to distinguish between chemical species makes MRI a powerful tool for characterizing
iScience 23, 101534, September 25, 2020 7
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such systems. Prior studies have used MRI to image spatial heterogeneities in reaction and changes in re-

action extent over time in liquid reactions flowing through porous media based on chemical shift contrast

(Gladden et al., 2010). Other studies have investigated propagating chemical species wave fronts in liquid-

phase autocatalytic reactions subject to different flow conditions based on changes in relaxation times of

different species and pulse sequences designed to distinguish between relaxation times of the different

chemical species (Britton, 2006; Koptyug et al., 2003; Serial et al., 2018). Gas-phase reactions catalyzed

by solid catalysts have also been imaged utilizing parahydrogen induced polarization, a phenomenon in

which hyperpolarized hydrogen reacts with an alkene to produce an alkane, and the alkane product has

high MRI signal, yet the reactants have insignificant MRI signal (Bouchard et al., 2008). Furthermore,

methods have been developed to use MRI to image local temperature in reacting systems (Zhivonitko

et al., 2007).
POTENTIAL FOR MRI CHARACTERIZATION OF ANALOG GEOLOGICAL FLOWS

NMR spectroscopy has been utilized extensively in geochemistry and geophysics to detect phase changes

and chemical reactions (e.g., Le Losq et al., 2015; Liu et al., 1988; Maekawa and Yokokawa, 1997; Schaller

et al., 1992). In situ characterization of rock formations and their fluid contents using NMR (‘‘NMR logging’’)

has been routine for the past few decades in geological exploration of fossil fuels, where it is used to quan-

tify matrix porosity and permeability and to differentiate between types of oil, gas, and water (e.g., Coates

et al., 1999). In contrast, MRI, and its spatial imaging power, has seen limited use in geology, with a notable

exception of the study of the formation and dissociation of gas hydrates (e.g., Bagherzadeh et al., 2011;

Ersland et al., 2010). Aussillous et al. (2006) used MRI’s ability to measure simultaneously the concentration,

phase, and flow velocity of a sugar-water solution to capture the solidification of a mushy layer cooled from

above, an analog for planetary core formation, magma reservoir evolution, and sea ice freezing. Following,

Galley et al. (2015) usedMRI to capture static images of chimneys and brine inclusions in samples of sea ice.

Using a spraying setup within anMRI scanner, Wilbur et al. (2020) imaged the freezing of sea spray, a hazard

for off-shore structures and vessels in cold regions. Here, we focus on the potential of flow MRI to study

intricate details of laboratory analogs of geological flows, rather than coarser and static measurements

in the field.

We postulate that MRI has the potential of enriching and improving our understanding of geological multi-

phase flows by providing direct observations of the spatial distribution of multiple flow constituents at

length scales and timescales that are convenient for scaling between analog experiments and natural flows.

For example, experiments examining ascent of a multiphase magma analog in a conduit and performed

within an MRI scanner would be able to study a highly vesicular suspension, relevant to many volcanoes,

without being limited by its optical opacity. These experiments will be able to approach and investigate

the ascent conditions just prior to magma fragmentation and explosion as the MRI will image the fluid

speed and concentration at sufficiently fast rates. Conduit shapes in experiments will also not be limited

by the need to allow for visual observation from the outside through the conduit wall, and can be made

more complex, perhaps more realistic. Such experiments will then be used to test and inform models of

volcanic eruptions. Experiments of multiphase gravity currents such as three-phase lava flows, pyroclastic

flows, turbidity currents, and mud flows can all benefit from being imaged using MRI. As discussed earlier,

natural examples of these flows are difficult to study in situ during activity and scaled experiments are often

limited to external observations or point measurements internally. MRI will provide unparalleled informa-

tion on the spatial distribution of phases during the flow at a relevant rate, scanning significant volumes of

each flow at rates comparable with flow and circulation speeds. For reactive flows, MRI has the unique po-

wer to image the spatial and temporal evolution of the reaction front and the flow velocity at the same time.

This can be powerful for analog simulations of magma transport through the crust, and for analog, and even

natural, rock-gas compositions, experiments capturing CO2 percolating through and reacting with a host

rock and enriched liquids migrating through veins and depositing ore metals.

Magma dynamics is a specific application where MRI can provide great insights. The spatial and temporal

distribution of bubbles and particles within a magma can change its rheological properties and impact its

flow behavior (e.g., Mader et al., 2013; Truby et al., 2015). Yet models of magma ascent in a conduit or of

lava flow in a channel usually assume a uniform or a simplified distribution of the three phases through the

fluid (e.g., Aravena et al., 2017). These modeled distributions are based on limited experimental data, as

described above, or on post-flow observations of the frozen or emptied channels. Models that do not cap-

ture magma rheology accurately may miscalculate the eruption volumetric flux, and derived intensity, in
8 iScience 23, 101534, September 25, 2020



Figure 5. Schematic of Vision for (i) the Medical Community, (ii) the Physics, Chemistry, and Engineering

Community, and (iii) the Geosciences Community to Develop Reciprocal Relationships in which MRI Techniques

Developed Based on Applications of One Community Are Adopted by Another and Vice Versa

Bottom left: Blood flow in the brain imaged by Fathi et al. (2018). Bottom right: Motion and coalescence of bubbles in a

granular media imaged by Boyce et al. (2019). Top: Aerial photo of channelized lava flows during the 2018 eruption of

Kilauea, Hawai’i, imaged by the USGS. The dish of each channel ranges from 30–100 m, and the lava is approximately 60%

vesicular.
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response to a given overpressure of the magma chamber, or misestimate the time it will take a lava flow to

reach a community downslope. Particularly for lava flows, the interaction of bubbles and solid particles may

be different depending on the relative concentrations, and there are likely to be spatial gradients in con-

centrations as the flow evolves. These interactions, in turn, impact flow evolution, and MRI can provide

insight into these processes. Direct measurements of multi-phase spatial distribution through experi-

mental flows analogous to magmatic and other geological flows will thus help improve models and have

direct societal impact.

Currently, MRI technique developments in the medical community can be applied to the physical sciences

community and vice versa, and thus the efforts of both sub-communities strengthen the entire field. The

relevance of MRI to solving geological flows could allow for geosciences to become a third sub-community

that contributes to overall MRI technique development. For instance, the importance of studying liquid-

solid suspensions in geological flows could enable signal enhancement and relaxation time optimization

in liquid-solid flows via developing and implementing magnetic susceptibility matching techniques across

a range of liquid-solid mixtures. Furthermore, the relevance of flows with multiple types of particles and

multiple types of liquids in geosciences could drive the development of rapid, high-fidelity techniques

that can distinguish between multiple types of particles and liquids. The reciprocal ways in which different

scientific fields with different applications can help each other in MRI technique development are further

emphasized in Figure 5. This model has already been seen in the medical and physical sciences commu-

nities in which flow and contrast techniques in physical science studies have enabled better measurement

of blood flow, whereas temporal resolution development for medical applications have been adopted for

faster measurements of gas-solid flows in engineering. We anticipate that this model can be furthered by

adding geosciences as a third pillar of applications driving MRI technique development. For example,
iScience 23, 101534, September 25, 2020 9
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large-bore magnet development for human anatomy studies in medicine can be used to make better mea-

surements of analog geological flows. Complex, multiphase samples in geological flows will require

improvement of magnetic susceptibility matching, which can be used to improve medical studies. Further-

more, development of MRI of chemical reactions in chemistry can be integrated into studies of geological

flows. The emphasis of field studies and the wide range of relevant dynamical regimes in geosciences can

lead to development of MRI equipment suitable for field studies, which could be applied to MRI studies at

engineering plants and a wider range of physics studies.

Overall, we view the capabilities of flow characterization and distinction between phases in 4D of MRI as

potentially revolutionary for studying geological flows, and owing to this utility, the geoscience community

in turn has an opportunity to push the development of critical newMRI techniques relevant to medicine and

physical sciences.
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