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RHEOLOGY OF CRYSTALLIZING BASALTS FROM 

NYIRAGONGO AND NYAMURAGIRA VOLCANOES, D.R.C. 

Abstract 

Nyiragongo, a stratovolcano located within the Virunga Volcanic Province on the 

western branch of the East African Rift, is known for its persistent lava lake activity as 

well as devastating eruptions in 1977 and 2002. The 2002 eruption caused a humanitarian 

crisis when channelized lava flows entered the nearby city of Goma killing 170 people 

and displacing ~350,000 others. These lavas have unusually low silica contents (39-42 

wt.% SiO2) and are very fluid, allowing flows to move rapidly down the volcano’s flanks. 

The rheology of lavas from Nyiragongo was measured using a concentric cylinder 

viscometer over a range of temperatures between 1221°C and 1145°C. The viscosity is 

~33 Pa s at the liquidus temperature of ~1213°C, similar to Hawaiian lavas (30 Pa s near 

their liquidus temperature of ~1230°C), increasing gradually to ~708 Pa s at 1145˚C. 

Over this temperature range, the crystal fraction remains very low (φc  ≤ 0.02) until 

~50°C undercooled and is still only ~0.05 at 1145˚C, where the viscosity of the starting 

bulk melt would be ~123 Pa s and that of the interstitial melt is ~1323 Pa s. 

Consequently, the change in viscosity is due primarily to cooling effects rather than the 

physical or chemical effects of crystallization. The data were collected at strain rates 

between ~0.4 and 46.3s-1, and are well reproduced using a power-law model with 

exponents decreasing from 0.96 (1221°C) to ~0.78 (1145°C) and no detectable yield 

strength. Crystal fraction and lava viscosity both increase rapidly below 1145˚C, 

preventing further experiments.  
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Lavas from the neighboring shield volcano, Nyamuragira, show significant 

crystallization at temperatures much closer to the liquidus and so pseudo-plastic behavior 

is observed much closer to the liquidus as well. Data are again well reproduced by a 

power-law fit with flow indices ranging from between 0.89 (1255°C) and ~0.42 

(1154°C). While still fairly fluid, having a liquid viscosity of ~46 Pa s, it is more viscous 

than Nyiragongo lavas and also crystallizes more rapidly upon undercooling, reaching an 

effective viscosity of ~1110 Pa s at 1154˚C.  

In recent years, the steep-sided stratovolcano Nyiragongo has erupted lava that is 

more fluid than erupted by the nearby shield volcano, Nyamuragira, producing fast-

moving flows that pose imminent danger to the inhabitants of Goma. Consequently, lava 

flow inundation hazard cannot be predicted solely by the morphology of the volcanoes 

from which the flows erupt. 
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Introduction 

Lava flows are usually regarded as relatively modest volcanic hazards when 

compared to the faster and farther reaching hazards (i.e. pyroclastic density currents, 

lahars, or debris flows). Yet, hot, fluid, mafic lavas are capable of advancing rapidly and 

are particularly hazardous when human settlements encroach on steep volcanic flanks. 

While the Hawaiian volcanoes (Kilauea and Mauna Loa) may be the first to come to 

mind, other pertinent examples of this would be Nyiragongo and Nyamuragira volcanoes: 

the two most active volcanoes in the Virunga Volcanic Province (VVP) of east-central 

Africa (Figure 1). 

The East African Rift System (EARS) runs for over 2000 km through the eastern 

African continent from the Red Sea to Mozambique (Chakrabarti et al., 2009a). East 

African Rift volcanism spans the entire range from felsic to ultramafic compositions 

(Andersen et al., 2012). The northern region is typified by voluminous flood basalt 

eruptions approximately 30 Mya related to the Afar mantle plume (Schilling et al., 1992; 

Chakrabarti et al., 2009a). Further south, the rift system breaks into an eastern branch 

running through Ethiopia, Kenya, and parts of Tanzania, and a western branch running 

through Rwanda, the Democratic Republic of Congo and parts of Uganda. The EARS has 

been suggested to divide into these two branches around a microplate centered on the 

Tanzanian Craton (Calais et al., 2006; Saria et al., 2014). Within the western branch of 

this division lies the VVP, located mainly in the Democratic Republic of the Congo 

(D.R.C.) near the border of Uganda and Rwanda. This province contains eight volcanoes 

only two of which are active (Demant et al., 1994): Nyamuragira (commonly: 

Nyamulagira) and Nyiragongo, with the former being the most active volcano in Africa 
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Figure 1: (a) Nyiragongo and Nyamuragira volcanoes located in the western Virunga Volcanic 

Province. These volcanoes lie in the active, NNE-SSW trending Albert Rift which is a part of the 

western branch of the EARS. The city of Goma lies just on the southern flank of Nyiragongo. (b) 

Topographic model showing different volcano morphologies of Nyiragongo and Nyamuragira 

based on data from Landsat and Shuttle Radar Topography Mission. Vertical exaggeration of 

1.5x, credit to NASA/JPL/NIMA. Further information: Photo ID: PIA03337, Public Domain, 

https://commons.wikimedia.org/w/index.php?curid=3253747 

(a) 

(b) 
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 (Coppola and Cigolini, 2013) and the latter erupting some of the lowest viscosity silicate 

lavas on Earth (Giordano et al., 2007; Chakrabarti et al., 2009a; Chakrabarti et al., 

2009b). While these two volcanoes are separated by only 15 km, they produce very 

different lavas suggesting the volcanoes sample different sources or have different 

degrees of differentiation (Chakrabarti et al., 2009a; Andersen et al., 2012). 

 Nyiragongo 

Nyiragongo is a stratovolcano (Figure 1) rising approximately 3470 m above sea 

level, located 15 km north of Lake Kivu in eastern D.R.C. near the border of Uganda and 

Rwanda. This volcano has been widely known for its persistent lava lake activity as well 

as its unique composition (Platz et al., 2004; Tedesco et al., 2007; Andersen et al., 2012). 

The main crater is roughly 1.3 km in diameter with a lava lake approximately 200 m 

across making it the largest persistent lava lake in the world (Sawyer et al., 2008). 

Nyiragongo lavas are mafic, foiditic (39.61 wt% SiO2), ultra-alkaline (5.47 wt% Na2O; 

5.14 wt% K2O) lavas (Chakrabarti et al., 2009a, 2009b) which form extremely low 

viscosity flows (Figure 2). Giordano et al. (2007) report thermal and rheological 

properties for 2002 Nyiragongo lavas. Flow speeds (from eye witness accounts) and 

thermal diffusivities were assumed; viscosities and flow thicknesses were measured; and 

eruptive temperatures were calculated. Their experiments suggest these lavas have the 

lowest viscosity of any terrestrial silicate lava, with only carbonatite lavas being more 

fluid (Dawson et al., 1990). The volcanic system itself is composed of the main cone of 

Nyiragongo as well as several extinct cones to the north (Baruta) and south (Shaheru) 

(Andersen et al., 2012).  
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There have been only two recorded eruptions (activity occurring outside the 

caldera) since Nyiragongo was first described in 1896 (Von Gotzen, 1896). During the 

1977 eruption, the city of Goma had a population of around 50,000 (Tedesco et al., 

2007). Subsequently, the city expanded northward toward the volcano growing into a city 

of over 500,000 people due to the influx of refugees from neighboring Rwanda and the 

civil unrest wracking nearby countries. This set the stage for the eruption in January of 

2002 to be one of the most devastating eruptions to human life in recent history. A very 

thorough chronology of the 2002 eruption is compiled in Tedesco et al. (2007). 

 

Figure 2. TAS diagram plotting compositions of this study (NYI and NYA) in relation to other key 

basaltic compositions [Hawaii: Sehlke et al., (2014); Mercury-Enstatite Basalt (EB) and 

Northern Volcanic Plains (NVP): Sehlke et al., (2015); Pacaya: Soldati et al., (2015); Picrite: 

Ryerson et al., (1988); Fuji: Ishibashi and Sato (2010); Ishibashi and Sato (2007)]. 
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On the southern flank of Nyiragongo (Shaheru region), activity is driven mainly 

by drainage of the partially solidified, degassed, lava lake and conduit inside the main 

Nyiragongo crater. While some studies disagree about the early historical activity 

(Tazieff, 1984; Demant et al., 1994; Simkin and Siebert, 1994), most of the literature 

does agree that persistent lava lake activity occurred from 1928 until the 1977 eruption 

that drained the caldera. Lava lakes returned in 1982 and 1994 before civil unrest in the 

region made observation impractical. A roughly north-south oriented fracture system 

(Munigi Fissure) propagates from the main summit crater through the city of Goma and 

into Lake Kivu. This system developed during the 1977 eruption and further propagated 

in 2002 facilitating the erupted lava’s infiltration into the city (Tazieff, 1977; Carn, 2002; 

Sawyer et al., 2008). Lavas erupted from this fracture system are gas-rich, driving 

fountaining processes, in contrast to the relatively degassed lava lake in the main crater. 

Nyiragongo garnered international attention during its 2002 eruption. The city of 

Goma rests on the edge of Lake Kivu and the southern flank of the volcano with a 

population of around 500,000 (Tedesco et al., 2007). During this eruption, the extremely 

low viscosity lavas rapidly infiltrated the town killing 170 people and displacing nearly 

350,000 others. A major contributing factor to this humanitarian crisis was the formation 

of a fracture system that propagated into the city allowing for the rapid infiltration of the 

already fast flowing lava (Carn, 2002; Acocella and Neri, 2009). Potential hazards 

increased due to the influx of Rwandan refugees to the area as well as SO2 emissions 

occurring in downtown Goma (Carn, 2002; Tedesco et al., 2007). This development 

coupled with a lack of adequate warning or preparation proved devastating to its 

inhabitants. Due to the geopolitical climate in the region, few scientific studies had been 
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accomplished by the time of the eruption. The conflicts led to vandalization of several 

seismometers monitoring Nyiragongo leaving only two in working order to forecast an 

event (Tedesco et al., 2007; Wafula et al., n.d.; Smets et al., 2014). 

 Nyamuragira 

Nyamuragira is a shield volcano (Figure 1) approximately 3058 m above sea 

level, 25 km north of Lake Kivu in eastern D.R.C. and only 15 km northwest of 

Nyiragongo. This volcano has been erupting approximately once every two years, with 

38 major eruptions since the 1900s (Coppola and Cigolini, 2013), making it the currently, 

most active African volcano. Generally, lavas from Nyamuragira are alkali basalts, 

hawaiites, basanites and tephrites (Figure 2) with a range of silica content from 43-56 

wt.% (Aoki et al., 1985). These lavas are also characteristically high in sulfur content. 

Remote sensing studies of SO2 emissions indicate a strong excess of sulfur from effusive 

activity (Carn and Bluth 2003; Bluth and Carn 2008; Head et al., 2011), which 

contradicts many petrologic models that project significantly smaller S contents than 

observed (Wallace, 2001; Sharma et al., 2004; Shinohara, 2008). Maximum sulfur 

contents found in primitive melts are about 3700 ppm whereas those of evolved 

Nyamuragira melts would require nearly 5000 ppm to reconcile with the amount of 

erupted lavas (Head et al., 2011; Coppola and Cigolini, 2013). This requires pre-eruptive 

degassing and storage of a sulfur-rich gas phase to account for the excess sulfur 

concentrations observed by satellites (Sharma et al., 2004; Head et al., 2011). The 

mechanism driving this degassing is not well constrained due to the lack of field work 

achievable in the political climate of the region.  
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While Nyamuragira is one of the most active volcanoes in the world, civil unrest 

in the region has prevented the study of many eruptions between 1990 and 2010 (Wadge 

and Burt, 2011). Extent and duration of activity has mainly been determined by remote 

sensing and GVO (Goma Volcanological Observatory) reports in the Bulletin of the 

Global Volcanism Network. From 2010 onward, various satellites with more 

sophisticated imaging and detection equipment, including spectrometers, have been used 

to study the extent and duration of eruptive activity and volatile emissions. 

During the alternating episodes of Nyiragongo’s lava lake activity and 

quiescence, Nyamuragira has been erupting fairly regularly every 1-3 years with activity 

in: 1991-1993, 1994, 1996, 1998, 2000, 2001, 2002, 2004, 2006-7, 2010, 2011-12, 2014 

(Wadge and Burt, 2011; Coppola and Cigolini, 2013; Smets et al., 2015). Most eruptions 

at Nyamuragira are lateral flank eruptions that have a very abrupt and vigorous starting 

point that can be very well constrained temporally. However, activity at the end of an 

eruption diminishes gradually making an end date much more difficult to constrain. 

These regular eruptions are proposed to be fed by a shallow, pressurized magma chamber 

which sources magmas from depth (Burt et al., 1994). A later study by Wadge and Burt 

(2011) characterized two main types of eruptions: short-duration events (≤ 80 days) that 

source a shallow reservoir and long-duration events (≥ 80 days) fed by a deeper source 

(Wauthier et al., 2013). Lava lake activity is recorded from 1929 until draining in a 1938 

eruption that collapsed the caldera (Pouclet, 1976; Smets et al., 2015). Campion (2014) 

interpreted lava fountaining occurring in the caldera as lava lake activity but field work 

indicated that lava effusion rates were not high enough to maintain a molten lava basin 

(Smets et al., 2015). 
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This study attempts to quantify experimentally the rheological behavior of lavas 

from Nyiragongo and Nyamuragira, two volcanoes that pose a threat to the nearby city of 

Goma, D.R.C. Experiments were run at ambient atmospheric pressure with dry, volatile 

free compositions. The cooling paths and mineral assemblages of these lavas are used to 

determine what effect they have on viscosity and yield strength. The results show that 

Nyiragongo remains much more fluid over a much wider temperature range compared to 

nearby Nyamuragira. Compared to other basaltic compositions (Hawaii: Sehlke et al., 

2014; Pacaya: Soldati et al., 2015; Mercury: Sehlke et al., 2015; Picrite: Ryerson et al., 

1998), Nyiragongo displays much lower crystal fractions until ~50°C below the liquidus, 

resulting in lower viscosities and no detectable yield strength, which may facilitate fast 

moving lava flows. These results will contribute to the understanding of lava flow 

rheology and provide parameters for use in future hazard models for the city of Goma.



9 
 

Samples 

Samples from the 2002 and 1977 eruptions of Nyiragongo (1.645°S, 29.245°E; 

1.63576°S, 29.248°E respectively) and the 1948 eruption of Nyamuragira (1.6126°S, 

29.1262°E) were collected in 2007 by Matthieu Kervyn, Benoit Smets, and Sam Poppe 

from Vrije Universiteit Brussel, Belgium. Both samples from Nyiragongo were taken 

from just north of the city of Goma approximately 10 km south of the Shaheru vent (2 km 

west of the Rwandan border). The Nyamuragira samples were taken approximately 20 

km from the main vent near the edge of Lake Kivu, west of Goma. The bulk composition 

was then analyzed by electron probe micro-analyzer (EPMA) with results summarized in 

Table 1. Nyiragongo lavas plot as foidites (Figure 2) as they are very silica poor (39-42 

wt%), and have a high alkali content (6-12 total wt%). The Nyamuragira sample plots as 

a tephrite (Figure 2) with low silica (41-44 wt%) and moderate alkali content (4-9 total 

wt%). Both lava samples contain high amounts of iron (10-13 wt%). Thin sections of 

each sample were made for petrographic study (Figure 3). 

The 2002 Nyiragongo sample (labeled NYI-001) shows a porphyritic texture 

consisting of fairly euhedral plagioclase laths (~45%) in a matrix composed of 

dominantly plagioclase, nepheline and pyroxene microlites (~45%). This sample is fully 

crystallized with no glass observed. Vesicularity in this sample is ~10% as this lava flow 

was degassed significantly prior to eruption. Density of the remelted glass sample was 

calculated to be ~2883 ± 5 kg/m3. 

The 1977 Nyiragongo sample (labeled NYI-002) shows a finer-grained texture 

with fewer, smaller phenocrysts (~10%). The groundmass mostly consists of plagioclase  
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Table 1. Composition (in wt.%), iron oxidation, polymerization, density and liquid viscosity 

summaries. NYI-001 is the lava sample from the 2002 flow and NYI-002 is from the 1977 flow. 

NYI-002 was substituted for NYI-001 when sample material was exhausted. 

 

and nepheline (~80%) surrounding sparse, euhedral nepheline and plagioclase 

phenocrysts. There was no glass content observed in these slides. Vesicularity of this 

sample is similar to that of the 2002 eruption (~10%) since this lava flow resulted from 

the draining of the degassed lava lake. Density of this sample was calculated to be 

identical to the 2002 eruption sample within error. The two Nyiragongo samples are 

almost chemically identical, allowing for NYI-002 to substitute for NYI-001 when bulk 
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Figure 3. Photomicrographs of original bulk rock material for NYI-001, NYI-002, and NYA-001. 

(left) NYI-001 overview at (top) 2x optical magnification and (bottom) 4x optical magnification in 

plane-polarized light. (middle) NYI-002 overview at (top) 2x optical magnification and (bottom) 

4x optical magnification in plane-polarized light. (right) NYA-001 overview at (top) 2x optical 

magnification and (bottom) 4x optical magnification in plane-polarized light. 

material was exhausted. Due to this similar chemical composition, samples were used 

interchangeably between the 1977 and 2002 eruptions during experimentation as they are 

assumed to have the same behavior. 

The 1948 Nyamuragira sample (labeled NYA-001) shows another porphyritic 

texture. Phenocrysts are mainly subhedral plagioclase (~25%) in a groundmass of 

plagioclase and pyroxene microlites (~60%). No glass was observed in this sample. 

Vesicularity of this sample is slightly higher than in those of Nyiragongo (~15%). This is 

primarily due to the persistent lava lake in the caldera of Nyiragongo that allows more 

degassing to occur. Density of the Nyamuragira remelted glass sample was calculated to 

be ~2776 ± 5 kg/m3. 
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Experimental Methods 

Glass synthesis  

Samples were individually crushed in a steel shatter box for two minutes. The 

powder was then collected in a previously iron saturated Pt90-Rh10 crucible and placed 

in a muffle furnace where it was heated to 1600°C. To ensure homogenization, the melt 

was stirred regularly during the heating process. After two hours the melt was quenched 

on a copper plate and allowed to cool before remelting and requenching. 

Parallel-plate Viscometry 

Cylindrical cores (approximately 6 mm radius by 8 mm height) were drilled from 

the glass samples. A Theta Industries Rheotronic III parallel-plate viscometer was used to 

measure viscosity under uniaxial compression applied by a 1500 g load. This instrument 

is capable of viscosity measurements between ~108 and 1013 Pa s. A transducer is used to 

measure sample length to ± 0.1 μm and viscosity, η, is calculated using the relationship 

from Gent (1960) that assumes perfect slip, so that the sample remains cylindrical as it 

shortens: 

(1)       𝜂 =  
𝜎

3(𝜕𝜀/𝜕𝑡)
. 

where σ is the uniaxial stress and (𝜕𝜀/𝜕𝑡) is the longitudinal strain rate. The viscometer 

was calibrated using National Institute of Standards and Technology (NIST) standard 

glasses and verified to be accurate to within 0.06 log units, with a precision based on 

repeat measurements of better than 0.04 log units (Whittington et al., 2009).  
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Concentric Cylinder Viscometry 

A Theta Industries Rheotronic II Rotating Viscometer was used with a Brookfield 

DV3TRV Rheometer head for superliquidus experiments. This head has a spring torque 

value calibrated to 7.178x10-4 N m which in our setup is capable of measuring viscosities 

between 0.1 and 1000 Pa s. Instrument calibration was against Brookfield standard oils 

ranging from 10 to 100 Pa s. Samples were placed in a Pt90-Rh10 crucible 65 mm tall 

and with an internal radius of 16.075 mm. The crucible is then held by three alumina rods 

and lowered into a box furnace capable of operating to 1600°C. A Pt90-Rh10 sleeve with 

a hemispherical tip is attached to an alumina spindle, which is then lowered into the melt. 

The sleeve has a length of 65 mm and an external radius of 3.75 mm. A particular 

rotation rate is chosen and the torque required to achieve that rate is measured. Shear 

stress, σ, is then defined by: 

(2)      𝜎 =
𝜏

2𝜋(𝑅𝑏
2𝐿)

 

where 𝜏 is the torque on the spindle, 𝑅𝑏is the radius of the spindle, and L is the 

immersion depth of the spindle. Immersion depth is controlled by a micrometer and 

actual depth is measured directly by residual melt left on the Pt90-Rh10 sleeve after each 

experiment. With this setup, the assembly has a wide gap geometry such that the ratio of 

crucible radius (Rc) to spindle radius (Rb) is approximately 4.02. This allows for 

crystallizing phases with large aspect ratios, such as plagioclase, to align with the flow 

direction. The following equation is used to calculate shear strain rate (�̇�): 

(3)     �̇� =
2𝜔

𝑛(1−(𝑅𝑏/𝑅𝑐)2/𝑛)
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where 𝜔 is the angular velocity of the spindle and n is the flow index calculated by 

finding the slope of a linear regression of ln(𝜏) and ln(𝜔) (Stein and Spera, 1998). 

 Rheological constitutive relationships describe the relationship between applied 

stress and resulting strain rate. The simplest form of this relationship applicable to lavas 

is that of a Newtonian fluid: 

(4)         𝜎 = 𝜂�̇� 

where η is the viscosity and �̇� is the strain rate. Silicate melts behave as Newtonian fluids 

except at very high strain rates (Webb and Dingwell, 1990). Once crystals and/or gas 

bubbles are considered, experiments have shown that a linear relationship typically no 

longer holds (Giordano and Dingwell, 2003; Giordano et al., 2008; Sehlke et al., 2014; 

Sehlke et al., 2015). A more general constitutive relationship is the Herschel-Bulkley 

equation: 

(5)      𝜎 = 𝜎𝑦 + 𝐾�̇�𝑛 

where 𝜎𝑦 represents the initial yield strength that must be overcome before strain occurs, 

K is the consistency of the material (equivalent to the viscosity for a strain rate of 1 s-1), 

and n is the flow index or power-law exponent, which describes the deviation from 

linearly proportional (Newtonian) behavior. A flow index greater than one implies shear-

thickening behavior, and a flow index less than one implies shear-thinning behavior. 

Bingham materials are characterized by n = 1 but with a detectable yield strength. 

Subliquidus rheological experiments were performed at various crystal fractions 

using a Brookfield HBDV-III Ultra measuring head with a stronger spring constant of 

5.7496x10-7 N m. NIST standard glasses were used to check the accuracy of the 
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viscometer, which is better than 0.06 log units (Getson and Whittington, 2007). Samples 

were heated to 1450 °C at a rate of 5° C/min to ensure complete melting of all crystal 

phases. The spindle was then inserted and allowed to rotate at a constant angular velocity 

while the sample is cooled at 10° C/min to a target temperature below the liquidus. Once 

the target temperature was reached it was allowed to equilibrate overnight for 10-12 

hours, until the torque stabilized for at least four hours. After the equilibration period, the 

strain rate was varied by changing the angular velocity at regular intervals to measure 

over the widest range of torque values as possible, between 0.01 to 99.99% of total spring 

capacity. Each segment of a particular angular velocity lasted for 45 to 60 minutes to 

allow for equilibration, and data were collected for 10 to 20 minutes at each stabilized 

period of torque readings. After all programmed segments are complete, the crucible and 

spindle were quenched immediately in a water bath to prevent continuing crystallization. 

After reaching room temperature, glass cores were drilled from the crucible and sampled 

at varying depths from the top to approximately 3 cm depth. 

Density Determination 

 Densities were measured after each experiment using the Archimedean method. 

Sample mass was measured in air and while immersed in ethanol. Density of the sample 

can then be calculated using the two masses and the temperature corrected density of the 

ethanol. Five measurements were made on each sample as well as a standard quartz 

reference with a precision of ± 8.4 kg/m3 (2σ), or better than 0.4%. Data are reported in 

Table 2. 

 



 
1

6
 

Table 2. Crystal/glass fraction, aspect ratio, rheological parameters, density, and mineralogy data summary for each NYI and NYA 

subliquidus experiment. Yield strengths are given for Bingham (B), power-law at a strain rate of 0.01 s-1 (PL), and Herschel-Bulkley (HB) 

models. Crystal and glass fractions were determined from BSE images.  

 

�̅� 

�̅� 
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Chemical Analysis 

 Drilled glass cores, sampled from 2-3 cm depth in the crucible, were adhered to 

glass slides using a bonding agent. Two samples from each experiment were examined: 

one cross-sectional view (vertical/tangential, perpendicular to the flow direction) and one 

parallel view (horizontal/radial, parallel to the flow direction). Samples were then 

polished using a series of successively finer grit papers on a polishing wheel to create 

thin sections for microprobe analysis. The final polish was achieved with a 0.3 micron 

alumina paste. Chemical compositions of glass and crystals were analyzed using a JEOL 

JXA-8200 electron microprobe, equipped with five wavelength-dispersive spectrometers 

and a JEOL (e2v/Gresham) silicon-drift energy-dispersive spectrometer, located at 

Washington University at St. Louis. The apparatus was operating with a 15 kV 

accelerating potential and 25 nA probe current for all spot analyses. A 5 μm diameter 

electron beam was used for crystals and a 20 μm diameter electron beam was used for 

glasses. Silicate and oxide standards were used for calibration and data were corrected 

using CITZAF following Armstrong (1995). Approximately ten individual analyses are 

obtained for glasses and three for each crystal phase present. 

Fe-Redox 

 Long-duration subliquidus experiments could result in a change in sample 

oxidation state, which may have an effect on sample viscosity (e.g. Dingwell and Virgo, 

1988). We determined the redox state of Fe in the initial lava samples, the initial remelts, 

and the quenched products of each subliquidus experiment. Bulk iron oxidation state was 

measured using methods described by Wilson (1960) and Schuessler et al. (2008). A full 

description of our procedure can be found in Sehlke et al. (2014). Each run included 3-8 
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unknowns from the subliquidus experiments (a redundant measurement was made for 

each unknown sample), two USGS standards (BIR-1a basalt and W-2a Diabase), and a 

blank control. A duplicate vial was created for each sample and standard to improve the 

accuracy of the measurement. Between 10 and 20 mg of sample was measured into teflon 

vials. Each vial was filled with 2 mL of ammonium vanadate solution and 2 mL of a 

hydrofluoric and sulfuric acid mixture. Each vial was then heated overnight on a hotplate 

set at 70° C. After heating, each sample was placed in the ultrasonic bath for a 20 minutes 

to breakdown any solids that remain. Any Fe2+ in the samples was oxidized during this 

decomposition. Samples were then neutralized using 5 mL of hot boric acid which 

restored the ferrous iron content, and were then transferred into flasks containing 10 mL 

2:2’ bipyridine and 10 mL ammonium acetate. This produced a red-tinted complex 

containing only ferrous iron. 

Ultraviolet/Visible (UV/Vis) photo-spectrometry was carried out with a 

Nanodrop1000 UV/Vis spectrometer to determine the iron concentration. Absorption 

spectra were taken between 420 and 720 nm with a path length of 1 mm. The 700 nm 

background absorbance was then subtracted from the 523 nm absorbance peak of the Fe2+ 

complex. Standard solutions of known concentrations (ranging from 0 to 56 ppm) were 

then used to construct a calibration curve. The Beer-Lambert law was then applied to 

calculate the iron concentration in each sample solution. Ferrous iron concentrations that 

were originally in the samples is denoted as original Fe2+. Then, after ~10 mL of each 

solution has been separated and reduced by between 13-15 mg of hydroxylamine 

hydrochloride, all the ferric iron was converted to ferrous iron. This solution is analyzed 

in the Nanodrop1000 in the same way providing a measurement of the total iron content 
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in the sample, denoted as ΣFe2+. The difference between the total iron (ΣFe2+) and the 

ferrous iron in the sample (original Fe2+) reflects the concentration of ferric iron (Fe3+) in 

the sample. Two solutions were prepared for each subliquidus experiment and each 

solution was subsequently analyzed three times in the Nanodrop1000 for ferrous and 

ferric iron. Accuracy was checked against a blank and USGS standards BIR-1a (basalt) 

and W-2a (diabase) to an uncertainty of 0.20 wt% (2σ). 

Crystal Volume Fraction and Aspect Ratio 

 Several backscattered electron images (BSE) were taken of glass and crystals at 

magnifications of 40x, 180x, and 2000x. These images were processed by using Adobe 

Photoshop® to isolate single phases present in the sample. The number of pixels were 

counted for each phase using the histogram function and were averaged over three 

calculations, each using a slightly different tolerance. This average is to account for the 

inexact crystal boundaries formed by the pixels. This inexactitude may result in crystal 

fractions and melt fraction that do not sum to 1.0 but are still within a 2σ uncertainty. 

Processing images at different magnifications for the same sample provides a standard 

deviation of 2-4 vol.% for each crystal fraction.  

The freeware program ImageJ (http://imagej.nih.gov/ij/) was used to determine 

crystal aspect ratio by utilizing the automatic ellipse fitting procedure to the individual 

grain boundaries for each present phase. Each ellipse was subsequently checked for 

accuracy manually. Should the program be unable to adequately represent the aspect ratio 

with an ellipse, the following equation was used to calculate the aspect ratio by hand: 

(6)      �̅� =
𝛴𝑅𝑖𝜑𝑐

𝜑𝑐
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where 𝑅𝑖 is the apparent mean aspect ratio of each phase and 𝜑𝑐 is the crystal area 

fraction.
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Results 

Liquid viscosity 

 Compositional data of the quenched glasses analyzed by the microprobe are 

summarized in Table 1. Viscosities of the anhydrous, crystal-free liquids were measured 

using both concentric cylinder and parallel plate viscometers to span the range of low 

(100-105 Pa s) to high (108-1013 Pa s) viscosities respectively. These data are presented in 

Tables 3a and 3b and plotted on an Arrhenian diagram in Figure 4.  

Nyiragongo 

Backscattered electron (BSE) images for each subliquidus experiment are 

presented in Figure 5a. Table 2 compiles crystal fraction, aspect ratio, and mineralogical 

data for each image displayed. The first experiment was done at 1221°C and no crystals 

were observed. The next experiment was undertaken at 1205°C and produced the first 

iron-magnesium spinels [(Fe0.31Mg0.69)(Fe0.86Al0.13Ti0.02)2O4]; however, crystal fraction is 

only about 0.003 ± 0.02, so the liquidus is assumed at 1213 ± 7° C. Mean aspect ratio was 

calculated to be approximately 1.42 ± 0.42 (2σ). At 1190°C, the spinel composition 

remained with uncertainty of the previous experiment [(Fe0.29Mg0.71)(Fe0.86Al0.12Ti0.02)2] 

and no new phases formed. The crystal fraction and the mean aspect ratio did not change 

from the previous experiment: 0.003 and 1.42, respectively. The 1178°C experiment 

resulted in the spinel slightly decreasing in iron [(Fe0.25Mg0.75)(Fe0.86Al0.13Ti0.02)2] and a 

higher crystal fraction of approximately 0.01 ± 0.02. Again, no new phases formed and 

the mean aspect ratio falls within uncertainties of the previous experiments at 1.80 ± 
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Table 3a. Crystal free, liquid viscosity measurements at high temperature and near the glass 

transition for Nyiragongo bulk material. 

 

0.18. During the 1161°C experiment, spinel composition [(Fe0.25Mg0.75) 

(Fe0.86Al0.12Ti0.02)2] remained the same as the previous experiment; however, the crystal 

fraction increased to 0.02 ± 0.02. Mean aspect ratios were calculated to approximately 

1.91 ± 0.18. A subsequent experiment run at 1168°C resulted in a crystal fraction of 0.04 

± 0.04 and mean aspect ratios of approximately 1.71 ± 0.64. The 1153°C experiment 

resulted in another slight drop in iron content of the spinel [(Fe0.20Mg0.80) 

(Fe0.87Al0.12Ti0.01)2]. Spinel crystal fraction is calculated to be 0.04 ± 0.04 and mean 

aspect ratio is 1.79 ± 0.28. This experiment was where the first pyroxenes were observed. 
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Table 3b. Crystal free, liquid viscosity measurements at high temperature and near the glass 

transition for Nyamuragira bulk material. Red values were points omitted from the data fit due to 

insufficient deformation in the segment (<10 μm after relaxation). 

 

These are clinopyroxenes [(Ca0.54Mg0.20Fe0.26)SiO3] that form a crystal fraction of 0.01 ± 

0.02 and have a mean aspect ratio of 2.00 ± 0.20. The overall crystal fraction is 0.05 ± 

0.04 and the overall mean aspect ratio is 1.81 ± 0.28. The lowest temperature successful 

experiment was run at 1145°C resulting in an overall crystal fraction of 0.04 ± 0.02 and 

overall mean aspect ratio of 1.70 ± 0.18. The composition of the spinel is much higher in 

Fe2+ than spinels in previous experiments (Fe0.32Mg0.68)(Fe0.87Al0.11Ti0.02)2 with a crystal 

fraction of 0.04 ± 0.02 and mean aspect ratio of 1.69 ± 0.06. The pyroxene composition 

was almost unchanged (Ca0.54Mg0.21Fe0.25) which comprised a smaller crystal fraction 

than the previous experiment of 0.001 ± 0.002 and a mean aspect ratio of 1.96 ± 2.00. 
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Figure 4. Arrhenian diagram plotting viscosities for the bulk remelted material. Square points 

represent high temperature (superliquidus) data measured via concentric cylinder viscometry. 

Circles and diamonds represent low temperature (near glass transition) data measured via 

parallel plate viscometry. Solid curves are data from Table 3a and 3b fit using models from Vogel 

(1921). Dashed lines are predictions of the model from Giordano (2008). 

Nyamuragira 

 BSE images for each Nyamuragira experiment were also obtained and presented 

in Figure 5b. Table 2 compiles the crystal fraction, aspect ratio, and mineralogical data 

for these images. The first experiment was again at approximate liquidus conditions, 

which in this case is slightly above 1255°C. While this experiment resulted mostly in 

glass, a few iron-magnesium spinel crystals were found only amounting to a crystal 

fraction of 0.001 -0.001
+0.004

. These spinels are more iron-rich [(Fe0.57Mg0.43)  
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Figure 5a. Backscattered electron images of each subliquidus experiment for Nyiragongo. No 

significant crystallization occurs in these samples until ~50-60°C undercooled. Oxidizing 

conditions suppress olivine growth and facilitate crystallization of FeMg spinels (white). Augite 

(light gray) begins crystallizing at 1153°C but not abundantly until lower temperatures. Crystal 

fraction uncertainty ± 0.02. 
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Figure 5b. Backscattered electron images of each subliquidus experiment for Nyamuragira. 

Crystallization occurs over a much smaller degree of undercooling ~50-60°C undercooled. FeMg 

spinels (white) are the first phase to crystallize. Plagioclase (dark gray) begins crystallizing at 

1182°C but not abundantly until 1174°C. Crystal fraction uncertainty ± 0.02. 
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(Fe0.79Al0.17Ti0.04)2] than the Nyiragongo spinels and have a mean aspect ratio of 1.37 ± 

0.34. The next subliquidus experiment commenced at 1235°C where crystallization is 

observed at a crystal fraction of approximately 0.02 ± 0.02. The spinels drop slightly in 

iron-content [(Fe0.50Mg0.50)(Fe0.79Al0.16Ti0.05)2] and have a mean aspect ratio of 1.82 ± 

0.06. The next experiment at 1217°C, much like the previous, resulted in a crystal 

fraction of only 0.02 ± 0.02, a mean aspect ratio of 1.79 ± 0.22, and a spinel composition 

of (Fe0.48Mg0.52)(Fe0.79Al0.16Ti0.05)2O4. No new phases were detected in these samples. At 

1182°C, the overall crystal fraction and mean aspect ratio was 0.06 ± 0.06 and 1.91 ± 

0.40 respectively. This experiment resulted in the first appearance of plagioclase, with a 

crystal fraction of 0.01 -0.01
+0.04

, a mean aspect ratio of 4.81 ± 1.88, and composition of 

An71Ab26Or3. The spinel phase continues to drop in iron content [(Fe0.31Mg0.69) 

(Fe0.76Al0.21Ti0.03)2] producing a crystal fraction of 0.04 ± 0.04 and a mean aspect ratio of 

1.79 ± 0.12. In the successive experiment at 1178°C, the plagioclase phase is not 

observed. However, the spinel phase [(Fe0.39Mg0.61)(Fe0.77Al0.20Ti0.03)2] persists forming a 

crystal fraction of 0.03 ± 0.02 with a mean aspect ratio of 1.81 ± 0.14. Plagioclase 

reappeared in the 1174°C experiment with a similar composition to the previous 

experiments (An72Ab25Or3). The plagioclase forms a crystal fraction of about 0.04 ± 0.01 

with a mean aspect ratio of 3.33 ± 0.98. The spinel phase [(Fe0.36Mg0.64) 

(Fe0.77Al0.19Ti0.04)2] accounts for a crystal fraction of 0.03 ± 0.01 with a mean aspect ratio 

of 1.79 ± 0.10. The overall crystal fraction and mean aspect ratio were calculated to be 

0.08 ± 0.02 and 2.23 ± 0.18 respectively. The lowest temperature experiment successfully 

conducted was at 1154°C. The overall crystal fraction produced was 0.11 ± 0.02 with a 

mean aspect ratio of 2.49 ± 0.14. The compositions of both the spinel [(Fe0.40Mg0.60) 
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(Fe0.79Al0.16Ti0.04)2] and the plagioclase (An69Ab27Or4) did not vary significantly from the 

previous experiment. The spinel forms a crystal fraction of 0.05 ± 0.02 with a mean 

aspect ratio of 1.72 ± 0.04. The plagioclase forms a crystal fraction of 0.06 ± 0.02 with a 

mean aspect ratio of 3.88 ± 1.24. 

Melt chemistry and evolution 

 As experiments decrease in temperature, crystal fraction increases, melt fraction 

decreases, and the residual liquid composition becomes more silicic and less iron-rich 

(Figure 6). For both Nyiragongo and Nyamuragira samples, FeO content drops 

significantly in successive experiments of decreasing temperature. This is due to the iron 

in the spinels that form at the liquidus and continue crystallizing at higher crystal 

fractions. The iron content decreases more steeply at first as the spinel is the only phase 

forming but decreases more shallowly at lower temperatures as the spinel become less 

iron-rich. While magnesium is also incorporated into the spinels, the decrease is much 

less dramatic because of the smaller concentration of magnesium in the solid phase. The 

spinels do become slightly more magnesium-rich as temperature decreases. The more 

dramatic decrease seen in the Nyiragongo trend is due to the incoming clinopyroxene at 

the lower temperatures. In the CaO curves for each composition, a slight increase 

followed by a slight decrease is observed. The increase is due to the spinel formation 

which does not incorporate much Ca, effectively enriching the melt. The successive 

decrease is due to the formation of augite in the lower temperature Nyiragongo samples 

and a calcium-rich plagioclase phase in the Nyamuragira samples. The alkalis also show 

a steady increase with decreasing temperature as they are not highly incorporated in the 
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Figure 6. Melt chemistry evolution for Nyiragongo (circles) and Nyamuragira (triangles) 

compositions. (a) SiO2 (black) and Al2O3 (red), (b) CaO (blue), FeO (orange), and MgO (green); 

(c) Na2O (purple) and K2O (yellow).  In both cases, as temperature decreases: alkalis increase 

steadily, silica content increases gradually, MgO and FeO contents decrease steadily due to the 

crystallization of FeMg spinels, and CaO and Al2O3 contents slightly increase before beginning 

to decrease when a clinopyroxene (NYI) or plagioclase (NYA) phase begins to crystallize near the 

bottom of the experimental temperature range (marked by a bold arrow and narrow arrow 

respectively). 

crystallizing phases. Melt evolution for Nyiragongo and Nyamuragira show similar 

trends over the range of experimental temperatures. 

Two-phase rheological properties  

The flow index (n) was determined from the slope of a plot of ln(σ) versus ln(�̇�) 

for each subliquidus experiment (Figure 7). Linear regression parameters and error are 

reported in Table 4. Both compositions behave as Newtonian fluids (n = 0.98 ± 0.01) 

above the liquidus. As the liquidus is crossed and the first crystals begin to form, the flow 

index begins to decrease where a non-Newtonian, pseudo-plastic behavior (n < 0.95) is 

observed. Nyiragongo, however, continues to exhibit near-Newtonian behavior (n 

between 0.94-0.96) at nearly 50°C below the liquidus temperature due to the lack of 

significant crystallization over that temperature range. The exception to this is the 1168°C 

experiment which anomalously drops to n = 0.78 ± 0.08 with a crystal fraction of only 

0.04 ± 0.04. This experiment falls below the trend of the other experiments albeit by a 

small margin. The flow index jumps back up in the following experiment at 1153°C 

where the n = 0.89 ± 0.04. The decreasing trend observed in flow index over the lowest 
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two temperatures corresponds to the incoming clinopyroxene phase. At over 60°C 

undercooled, the crystal fraction still has not increased above 0.05 ± 0.02 achieved at the 

 

Figure 7. Flow curves of each isothermal, subliquidus experiment plotted for (a) Nyiragongo and 

(b) Nyamuragira. Power law fits were calculated using the equation 𝜎 = 𝐾�̇�𝑛. Parameters are 

listed in Table 4. 
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Table 4. Power law fluid parameters for Nyiragongo and Nyamuragira two-phase suspensions at 

each experimental temperature obtained by linear regression of ln(σ) and ln(�̇�). Flow curves are 

calculated by the equation σ = K(�̇�)n. 

 

lowest experimental temperature of 1145°C. The flow index only reached 0.82 ± 0.04 at 

this temperature, which was the limit of successful experiments before the surface crust 

formed.  

 Crystal fraction begins increasing much sooner with decreasing temperature for 

the Nyamuragira samples. At ~25°C below the liquidus the first significant crystallization 

occurs where FeMg-spinels account for almost 0.02 ± 0.02 crystal fraction. Pseudo-

plastic behavior is observed almost immediately (1255°C, n = 0.89 ± 0.02) without the 

period of near-Newtonian behavior observed in the Nyiragongo lavas. The flow index 

then decreases slightly at 1235°C (n = 0.85 ± 0.04) and remains stable within 

uncertainties over the next ~55°C. The flow index decreases significantly from 0.88 to 

0.42 over the range of 1178°C to 1154°C which corresponds to the same range where the 

plagioclase phase begins crystallizing. A much higher crystal fraction is attainable (0.11 
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± 0.02; about twice that of the highest Nyiragongo sample) with this lava before the 

limitations of the instrument are reached. 

Several attempts at lower temperatures were made with very limited success. 

While measuring at temperatures below ~1145°C is possible (down to at least 1112°C), 

the development of a crust on the melt surface at this temperature limits the quantifiable 

rheological results. This crust (~0.5-1 mm thick) forms a more rigid layer that does not 

flow in the same manner as the melt and thus, the measurement no longer accurately 

reflects the sample viscosity. The presence of surface lobate structures (Figure 8) show 

that this crust is still able to flow but it is no longer homogenous with the rest of the melt. 

When this surface layer interacts with the viscometer spindle (friction), the torque 

required to maintain the strain rate, and thus the viscosity readings, are artificially higher. 

Inversely, if there is any slip between this surface structure and the spindle (no 

interaction), the torque values and resulting viscosities will be artificially lower.  

 

Figure 8. Lobate surface structures observed in quenched concentric cylinder run products may 

suggest yield strength development. These surface structures are only observed at the lower 

temperature experiments. Examples are given above for structures found in both Nyiragongo 

(right, 1145°C) and Nyamuragira (left, 1165°C) compositions. 
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Alternatively, this crust can also attach to the spindle itself and rotate along with it. This 

changes the effective dimensions of the spindle as well as the geometry of the apparatus 

to where it is no longer a wide gap geometry. The resulting stress and strain rate data are 

severely scattered and do not form a flow curve making rheological interpretation 

impractical. 

Yield strength 

 No significant crystal framework was observed in any of the Nyiragongo 

experiments since only a small crystal fraction was achievable. However, lobate surface 

structures (not to be confused with the melt surface crust) were observed at 1145°C 

experiment (Figure 8), which have been correlated to yield strength development by 

Sehlke et al. (2014). In that study, surface structures were observed when crystal 

networks form at or above a crystal fraction 0.30. In the present work, it was found that 

these surface structures may form at much lower crystal fractions and with more sparse 

crystal networks. More crystallization is observed over the range of Nyamuragira 

experiments with a significant crystal framework of plagioclase and spinel developing 

near 1182°C (Figure 5b). This temperature is also where the plagioclase phase first begins 

to come in concurrently with the spinels. Surface structures were observed for this 

composition in the 1154°C experiment but were also found in several failed experiments 

between the temperatures of 1170°C and 1150°C. 

 Once a crystal network begins to form, a minimum stress (yield strength) may be 

required to overcome the resistance of this network to flow. This yield strength (σy) was 

estimated as the nonzero, y-intercept of the flow curve (Figure 7) on the stress axis (Kerr 
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and Lister, 1991). Due to the time constraints of making measurements at strain rates 

approaching 0 s-1, the line estimate function was used to extrapolate from the lowest data 

points. Because this linear fit represents a Bingham rheological behavior, yield strength 

estimates are maxima for each experiment. For the Nyiragongo lavas, Bingham yield 

strength estimates are all within error of zero with the exception of the 1168°C and 

1145°C experiments which resulted in estimates of 109 ± 20 Pa and 193 ± 170 Pa 

respectively (Figure 9). Similarly, the results for Nyamuragira lava are mostly within 

error of a zero yield strength or very nearly zero. The 1235°C experiment (φc = 0.02 ± 

0.02) has a slightly higher yield strength estimate (σy = 23 ± 2 Pa) than the surrounding 

experiments. The highest crystal fraction experiment (1154°C; φc = 0.11 ± 0.02) resulted 

in a yield strength estimate of 694 ± 298 Pa. Although a crystal network begins forming 

at ~1182°C, a yield strength does not seem to develop until higher crystal fractions are 

achieved (starting with 1174°C: 203 ± 137 Pa). Since the rheological behavior is much 

more pseudo-plastic than Newtonian or Bingham, yield strength estimates were also 

made by calculating the stress using a power law fit at low strain rates of 0.01 s-1. A 

similar approach was adopted by Sehlke et al. (2014), and is intended to represent the 

effective yield strength for a lava flow that is about to stop moving. For both lavas, at all 

investigated temperatures, values are much lower than Bingham estimates with only the 

highest crystal fraction (NYA 1154°C; φc = 0.11 ± 0.02) exceeding 20 Pa s (Figure 9). 

Yield strength estimates using a power law are reported in Tables 2a and 2b. 
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Figure 9. Yield strength estimates for Nyiragongo (blue circles) and Nyamuragira (orange 

triangles). (a) Linear estimation using a Bingham model; (b) effective yield strength estimated by 

power-law model at a strain rate of 0.01 s-1; (c) yield strength estimates using a Herschel-Bulkley 

model. Note changes in scale.
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Discussion 

Estimation of liquidus temperatures 

 From calorimetry data, the liquidus temperature for Nyiragongo was expected to 

be around 1220°C. Experimentally, the liquidus temperature is bracketed between 

experiments at 1221°C (completely glass) and the 1205°C (φc = 0.003 ± 0.003; visual 

confirmation of crystals from SEM images), thus, constraining the true liquidus to 

1213°C ± 8°C. Calorimetry data provided an expected liquidus of 1260°C for 

Nyamuragira. From our experiments we know the liquidus must be near, but above, 

1255°C from the minuscule crystal fraction observed (φc = 0.001 ± 0.004; visually 

confirmed from SEM images). The rhyolite-MELTS program (established by Ghiorso 

and Sack (1995), recalibrated by Gualda et al. (2012)) was used to model the liquidus of 

each composition. For oxygen fugacities (fO2) buffered at +7 NNO, the liquidi are both 

calculated at well over 2000°C. In this case, it is assumed that the material retains its 

reducing oxygen fugacity. Appropriate liquidi are calculated at fO2 of -0.68 and +0.75 

NNO for Nyiragongo and Nyamuragira respectively. 

Rhyolite-MELTS was also used to compare the observed crystallization 

characteristics (crystal fraction, and phase compositions) with those modeled by the 

program. Figure 10 shows the plots of calculated and observed cooling histories under 

“effective fO2” conditions. The program accurately portrays what is observed in the 

Nyiragongo samples. There is very little crystallization that takes place prior to between 

40 - 60°C of undercooling. Crystal fractions of about φc = 0.05 are achieved prior to the 

rheological measurement limit, which is clearly seen on these graphs as a sharp increase  
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Figure 10. Crystallization histories for Nyiragongo (circles) and Nyamuragira (triangles). The 

colored lines are the data calculated for NYI-001 (blue), NYI-002 (red), and NYA-001 (green) 

bulk material using the rhyolite-MELTS program (Gualda et al., (2012). Curves are constructed 

assuming an “effective fO2” of -0.68 and +0.75 NNO for Nyiragongo and Nyamuragira 

respectively. The black lines are the observed crystallization data from the subliquidus 

experiments. (a) Data plotted against temperature for calculated and observed values. (b) Data 

plotted against the amount of undercooling for a more direct comparison. 
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in slope. During this period, an iron-magnesium spinel is the only phase that forms (both 

in the lab and in the model). The experimental samples plot nicely along the calculated 

curves, terminating at the rapid influx of clinopyroxene where continued measurement 

was impractical. Augite crystals also are in good agreement compositionally between the 

observed and calculated values. The Nyamuragira samples follow the modeled trend just 

as well as the Nyiragongo sample (assuming the “effective fO2”). The calculated curve 

shows a dramatic increase in crystal fraction near the 100°C undercooling point (about 

the same order of magnitude as the rapid increase of clinopyroxenes in the Nyiragongo 

calculation). 

The experimental Nyamuragira samples follow the gradual increase in crystal 

fraction very nicely, right up until the rapid increase which signifies the limit of 

measurability. These samples crystallize to a very small degree over the temperature 

range of experiments (~100°C) yet about twice as much as the Nyiragongo samples. 

Again, iron-magnesium spinels are the first phase to form and show agreement in 

composition between observed and calculated values. However, the next phase expected 

to come in would be a clinopyroxene similar in composition to those found in 

Nyiragongo, but no augite crystals were observed in the subliquidus samples. Instead, 

plagioclase was the next phase observed while the calculation predicted the first 

plagioclase phase to form ~15°C after the augite first appears. 

With such a depolymerized composition as Nyiragongo, rapid crystallization 

might be expected. Taking into account the duration of the experiment (~10-12 hour 

equilibration period at target temperature followed by 10-12 hours of isothermal 

measurement), we assume that an equilibrium crystal fraction is achieved. The question 
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of crystal settling leads to the utilization of a mass balance calculation in order to 

corroborate the visual analysis done by SEM. Potassium concentrations are used for the 

calculation since K does not incorporate into the spinel phase and can be assumed to be 

perfectly incompatible. Table 5 shows that the calculated glass fractions are in agreement 

within error of visual observations (Figure 5a). Similarly, glass fractions calculated in this 

manner agree within error of those determine visually (Figure 5b) for Nyamuragira. The 

calculation breaks down, however, when the plagioclase phase appears and potassium is 

no longer perfectly incompatible.  

Table 5. Mass balance calculations of glass fraction compared to visual analysis of SEM imaging 

for Nyiragongo and Nyamuragira subliquidus experiments. The calculation was done using 

potassium concentrations in the melt. The calculations are not deemed to be accurate after the 

clinopyroxene and plagioclase phases form. 

 

Effect of redox state on sample properties 

 Iron may have different roles in the crystal structure depending on oxidation state. 

The usual assumption is that ferrous iron (Fe2+) acts as a network modifier while ferric 

iron (Fe3+) can act as a network former, although both ions can potentially adopt either 
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role (see review by Mysen and Richet, 2005). The different coordination numbers 

adopted by iron atoms will affect the magma viscosity differently and therefore, 

oxidation state becomes important in determining how viscosity changes as the melt 

chemistry evolves. However, Chevrel et al. (2014) found that the difference between 

liquid viscosities for alkalic iron-rich basalts measured in air and at low oxygen fugacities 

(ΔQFM -3) was only between 0.01 and 0.02 log units. These compositions are rather 

similar to those of the Nyiragongo and Nyamuragira lavas, and thus redox state is not 

expected to affect the melt viscosity significantly in these experiments. It may, however, 

affect both the temperature of crystallization and the crystallizing assemblage. Duration 

of the natural lava flows last on the order of several hours to over a day and our 

experiments remain at temperature for nearly 24 hours. Remaining at the experimental 

temperatures on a similar time scale as the actual lava flow should ensure that any effects 

from oxidation would be the same.  

 All oxidation state information is reported in Tables 1 and 6. The Nyiragongo 

bulk compositions (NYI-001 and NYI-002) show a marked dichotomy in oxidation state. 

This may be due to the persistent lava lake activity typical of Nyiragongo. The 1977 

eruption of Nyiragongo (NYI-002) drained the lava lake that had existed for decades. 

Being in contact with the air would have allowed these lavas to be much more oxidized 

than the lavas of the 2002 eruption (NYI-001). Both samples have similar FeO wt. % as 

measured by EPMA and UV/Vis spectroscopy varying by only ~0.50 wt. % (Table 1). 

However, the sample from the 1977 eruption (NYI-002) is significantly more oxidized 

(Fe2+/ΣFe: 0.29 ± 0.01) compared to the 2002 eruption (NYI-001; Fe2+/ΣFe: 0.82 ± 0.01). 

Nyamuragira has a similar Fe-content at 11.62 ± 0.10 wt.% and shares a similar oxidation 
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state as the 2002 Nyiragongo eruption (Fe2+/ΣFe ratio: 0.86 ± 0.01) showing a low 

amount of oxidation. 

The quenched experimental samples are all at least as oxidized as the bulk NYI-

002 material, although the total iron contents of the wet chemistry for many of the 

samples are much lower than observed in totals from EPMA analyses (Table 1). 

Table 6. Iron oxidation state for each subliquidus experiment calculated following Kress and 

Carmichael (1991). Fe2O3 is listed in wt.% Fe2O3, not in wt.% FeO. 

 

Consequently, no more details can be resolved regarding oxidation state without 

reanalysis of the wet chemistry. Instead, the redox state of each sample was calculated 

following the method of Kress and Carmichael (1991). Table 6 compiles the results of 

these calculations for each subliquidus experiment. 
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Magma flow laws and yield strength 

 The flow indices calculated for the Nyiragongo experiments are very close to 1.0 

(Newtonian behavior) for the first four subliquidus experiments covering ~60°C of 

undercooling (n ranging from 0.96 to 0.94). Successive subliquidus experiments show a 

more dominant pseudo-plastic behavior (n < 0.95) as temperature decreases and crystal 

fraction increases. Shear-thinning is exhibited in this rheological regime where higher 

strain rates produce lower apparent viscosities. The Herschel-Bulkley model (equation 5) 

is used as a best approximation of the flow curves (Figure 7) while still allowing for a 

yield strength. Yield strength estimates using the Herschel-Bulkley equation are reported 

in Table 2. Calculated yield strengths for Nyiragongo experiments were within 

uncertainty of zero, except for the 1178°C experiment, for which the best fit flow curve 

has a calculated yield strength of only 51 ± 37 Pa.  

The results for Nyamuragira are qualitatively similar, with the power law 

exponent always being lower than for Nyiragongo, but always remaining above 0.85 until 

1178˚C. For the lowest temperature experiments, n drops abruptly to 0.80 ± 0.08 at 

1174˚C and 0.42 ± 0.14 at 1154˚C. The large error bars arise from the very limited range 

of strain rates that could be achieved at the lowest temperature. Similarly, the calculated 

yield strength remained close to zero until the lowest temperature experiment, with 476 ± 

443 Pa at 1154˚C (Table 2). Again, a Bingham model produces a better fit quality for two 

lower temperature experiments. These data suggest that yield strengths are essentially 

undetectable (i.e. <<100 Pa) until higher crystal fractions are achieved at larger degrees 

of undercooling, and that lavas from both volcanoes remain very fluid for at least 50°C 

and perhaps 80-100˚C below their liquidus temperatures. 
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 In Figures 11 and 12, results are compared with those of previous experimental 

studies of other basaltic compositions. Figure 11 shows the flow index for these 

compositions plotted with those from other studies. For these compositions, flow index 

decreases as crystal fraction increases. In general, this holds true for Nyiragongo and 

Nyamuragira compositions as well. While Nyiragongo may not show this trend 

immediately upon undercooling, the trend can be observed once significant 

crystallization begins (albeit without a dramatic change since only low crystal fractions 

were achieved). Nyamuragira shows a more pseudo-plastic behavior but follows a similar 

trend of little variation until a rapid decrease of n near the experimental limit of 

measurement. 

 Estimations of yield strength are plotted in Figure 12 along with data from 

previous studies. At such low crystal fractions, all yield strength estimates are within a 2σ 

uncertainty of zero with exception for the highest crystal fraction Nyamuragira 

experiment. Yield strengths may, however, develop beyond the measurement limitations 

(higher crystal fractions and lower temperatures). Ishibashi and Sato (2010) analyzed 

subliquidus data on a basalt from Fuji using a Bingham model where the y-axis intercept 

is the yield strength. Alternatively, Sehlke et al. (2014) determined an “effective yield 

strength” for a power-law fit by calculating the stress at an arbitrary, low strain rate of 

0.01 s-1. Soldati et al. (2015) determined their data were fit best by a power-law equation 

with no yield strength. Yield strengths for analog suspensions have been plotted as well. 

Hoover et al. (2001) determined the effects of spherical or prismatic particles on yield 

strength development. The combined results of all these studies show that Bingham 
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Figure 11. (a) Flow index for Nyiragongo (blue circles) and Nyamuragira (orange diamonds) 

plotted along with flow indices from previous studies. The black triangles (Hawaii) are from 

Sehlke et al. (2014); the red squares (Pacaya) are from Soldati et al. (2015); the yellow circles 

(Picrite) are from Ryerson et al. (1988); the green asterisks (Fuji) are from Ishibashi (2009). (b) 

Data are also plotted from our study against temperature due to a small total crystal fraction 

narrowing the data range. 
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Figure 12. Yield strength estimates versus (a) crystal fraction and (b) temperature for 

Nyiragongo (blue circles) and Nyamuragira (orange diamonds) plotted with estimates of other 

studies. The black triangles (Hawaii) are from Sehlke et al. (2014); the red squares (Pacaya) are 

from Soldati et al. (2015); the yellow circles (Picrite) are from Ryerson et al. (1988); the purple 

rings and blue crosses are spherical and prismatic particles in an analog suspense from Hoover 

et al. (2001). 

(a) 

(b) 
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models usually over-estimate yield strength values for lavas and there is much better 

agreement between studies using power law models. This holds true for Nyiragongo and 

Nyamuragira lavas as well. At the low crystal fractions achieved, no detectable yield 

strength was observed which is in broad agreement with these other studies. Nyamuragira 

may begin to develop a yield strength at φc = 0.11 ± 0.02 (476 ± 443 Pa) but is still 

within error of detection limits due to the narrow range of strain rate measurable in this 

experiment. Flow curves show much better fit qualities using a power law at higher 

temperatures and lower crystal fractions. A Herschel-Bulkley model is ideal as it allows 

for a yield strength to exist and a power-law fit to be achieved. 

Physical effects of crystals on relative viscosity of magma 

By decreasing temperature in successive experiments, it is possible to determine 

how increasing crystal fraction affects rheological behavior, as long as the effects of 

changing residual melt composition are also accounted for (Getson and Whittington, 

2007). Relative viscosity (𝜂𝑟) is defined as: 

 (8)     𝜂𝑟 =  
𝜂𝑠

𝜂𝑙
 

where 𝜂𝑠 is the apparent viscosity of the suspension and 𝜂𝑙 is the viscosity of the 

coexisting, interstitial liquid at that temperature. The liquid viscosity can be determined 

from direct measurement or by calculation. As discussed in Sehlke et al. (2014) and 

Sehlke et al. (2015), the direct measurement of a synthesized interstitial melt composition 

is a much more reliable method due to the inaccuracies of calculations using models such 

as Hui and Zhang (2007) or Giordano et al. (2008). 
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Viscosity data for both evolved compositions are listed in Tables 7a and 7b. In the 

case of Nyiragongo, this method of determining relative viscosity is invalid due to the 

lack of crystallization and limited change in melt chemistry over the first ~50°C of 

undercooling. Figure 13 shows the modeled viscosity of the initial bulk liquid and the 

evolved melt composition with measured apparent viscosity data from each subliquidus 

experiment. Instead of the melt evolving in a linear fashion between the bulk and evolved 

liquids, the apparent viscosity data follow the bulk trend until a significant amount of 

crystallization occurs to begin changing the melt chemistry. This can be observed in the 

graphs of major oxide chemistry in Figure 6. Thus, it is assumed that the effect of crystals 

on the relative viscosity is ultimately negligible over this temperature range. Chemical 

analyses of the synthesized, evolved compositions compared to the subliquidus glass 

compositions are compiled in Table 8. In both cases, the synthesized, evolved 

compositions are slightly deficient in iron. This creates a more polymerized melt which 

results in a slightly higher viscosity. The additional uncertainty arising from the oxidation 

state of the melt may partially explain why the interstitial melt viscosity is higher than the 

viscosity of the melt/ crystal mixture, although within experimental uncertainty. 

Implications for volcanic hazards 

Giordano et al. (2007) looked at similar lava samples erupted from the Munigi 

Fissure during the 2002 Nyiragongo eruption. They conducted dynamic cooling 

experiments in which they determine a liquidus temperature by the departure from the 

pure liquid viscosity trend (~1100°C). This method severely underestimates the liquidus 

temperature that we determined by calorimetry (~1220°C) and by visual confirmation of 
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Table 7a. Crystal free, liquid viscosity measurements at high temperature and near the glass 

transition for the evolved Nyiragongo composition. Points listed in red were omitting from data 

fitting due to possible crystallization. 

 

crystals using BSE images. Figure 13 shows the apparent viscosity following the trend of 

the bulk liquid until significant crystallization occurs after ~50°C of undercooling. 

Giordano et al. (2007) may not have realized the liquidus had been crossed prior to the 

departure from the bulk liquid trend due to the very small crystal fraction that does not 

noticeably impact viscosity. They also argue for superliquidus eruption temperatures 
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Table 7b. Crystal free, liquid viscosity measurements at high temperature and near the glass 

transition for the evolved Nyamuragira composition. Points listed in red were omitted from data 

fitting due to insufficient deformation in the segment (<10 μm after relaxation). 

 

which is a key implication for this system. Should lavas be erupted at superliquidus 

conditions, or even near-liquidus conditions, the lava would remain fluid for much longer 

before crystal nucleation and growth begin increasing viscosity. 

Favalli et al. (2006) modeled future lava flows from Nyiragongo into the city of 

Goma. However, no attempt was made to incorporate rheological properties. In this 

study, a flow thickness of 2-4 m was taken from field observations of lava flows 
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Figure 13. Viscosity modeled for the bulk remelt (orange line) and the most evolved subliquidus 

melt composition (blue line). Points plotted are apparent viscosities of each successive 

subliquidus experiment. (a) Nyiragongo shows a non-linear crystallization path which prevents 

the viscosity estimation of intermediate compositions by linear interpolation. (b) Nyamuragira 

shows a more linear crystallization trend before deviating at the 1182°C experiment. 
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Table 8. Evolved interstitial glass compositions for Nyiragongo (eNYI) and Nyamuragira (eNYA). 

Compositions are listed alongside EPMA analysis for the glass composition to be synthesized. 

Both synthesized glasses are slightly deficient in iron which may introduce larger uncertainties 

on interpolated viscosities of the intermediate compositions. 

 

originating from the Munigi fissure. Flow thickness is directly proportional to yield 

strength parameters which can be calculated by the following equation from Hulme 

(1974): 

 (9)     ℎ𝑐 =  
𝜎𝑦

𝜌𝑔𝑡𝑎𝑛(𝛼)
 

where hc is the critical flow thickness required for flow advancement, σy is the yield 

strength, ρ is density, g is gravity, and α is the flow slope. Estimate of the effective yield 

strength range from the order of 102 Pa to 103 Pa depending on local slope estimates. 

Without the parameters of rheological behavior, like yield strength and viscosity 

(particularly the evolution of viscosity as stated above), an accurate depiction of lava 

flow paths cannot truly be realized. Other studies have attempted numerical simulations 
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of lava flow paths (Favalli et al., 2009; Chirico et al., 2009) which only take into account 

flows from the fracture system. However, parasitic cones that exist throughout the region, 

including downtown Goma (Tedesco et al., 2007; Chakrabarti et al., 2009a), are 

neglected. These possible vent locations pose as great of a threat to the people of Goma 

as lavas erupting from the fissures and should be considered in modeling. A truly 

accurate hazard model remains to exist that accounts for both the rheological evolution of 

the lava as well as the variation in vent location. 

Volcano Morphology 

Reconstructing the early building period of Nyiragongo has proven to be 

extremely difficult. Access to any deeper structures of the volcano are obscured due to 

lack of erosion coupled with the overlaying of new material from recent activity in the 

caldera and along the fissures (Demant et al., 1994; Chakrabarti et al., 2009a). Exposure 

in the caldera is only ~400 m which likely represents activity only as old as the Holocene 

(Demant et al., 1994). While the true evolution of erupted material will have to wait until 

pertinent field work can be undertaken, it can be speculated as to why such low viscosity, 

basaltic lavas erupt from a stratovolcano. 

The compositional distinction in volcanism between Nyiragongo and 

Nyamuragira over such a small spatial range can be explained by melting of 

compositionally distinct parts of a heterogeneous mantle plume (Ebinger et al., 1989; 

Hofmann et al., 1997; Chakrabarti et al., 2009b). During the initial building period of the 

Nyiragongo stratovolcano, lavas were most likely more silicic allowing for a steeper 

edifice to form. Influx of more primitive material may have subsequently changed the 

composition of lavas to the more mafic, foiditic material observed in recent eruptions. A 
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similar situation has been observed at Pacaya volcano in the Central American Volcanic 

Arc complex. Bardintzeff and Deniel (1992) describe an initial building phase of basalts 

followed by andesitic to dacitic dome emplacement followed again by basaltic lavas 

being erupted most recently. Compositions of the source material for Nyamuragira may 

not have had such dynamic changes as may have occurred at Nyiragongo. Lavas may 

have been mafic for the entirety of the volcano’s active history creating the gently sloping 

shield edifice that continues to be built upon with the most recent tephrite to basanite 

lavas.
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Conclusions 

 Despite their broad chemical similarity, lavas from Nyiragongo and Nyamuragira 

have very distinct rheological behaviors during cooling and crystallization. In this 

instance, the stratovolcano uncharacteristically erupts lower viscosity lavas than the 

nearby shield volcano most likely due to a heterogeneous mantle plume source. 

Nyiragongo lavas have a lower liquidus temperature and begin crystallizing after a larger 

degree of undercooling than those of Nyamuragira. There is little crystallization that 

occurs over the range of experimental temperatures in either composition (NYI 1145°C, 

φc = 0.05 ± 0.02; NYA 1154°C, φc = 0.11 ± 0.02) suggesting that the increase in 

viscosity is mainly due to cooling effects rather than any physical or chemical effects of 

crystallization. Near-Newtonian behavior continues to be observed with the Nyiragongo 

lavas until ~50-60°C undercooled where pseudo-plastic behavior becomes dominant. 

Nyamuragira begins demonstrating this pseudo-plastic behavior at temperatures much 

closer to the liquidus. Most previous studies of other basaltic compositions place the start 

of pseudo-plastic behavior at crystal fractions around 0.05-0.10 which is in agreement 

with our findings for Nyiragongo and Nyamuragira. No detectable yield strength was 

observed in either sample at the low crystal fractions which also agrees with many other 

studies suggesting yield strength development occurs at much higher crystal fractions 

than we were able to achieve. Nyiragongo, ultimately, has proven to produce deadly lava 

flows. They are particularly dangerous because of how fluid the lavas remain after 

eruption due to the lack of crystallization. Viscosity increase and yield strength 

development remain relatively unchanged over the range of undercooling before 

crystallization occurs. The lava crystallizes rapidly once this temperature threshold is 
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reached, so much so that experiments at these temperatures are beyond the limitations of 

the instrumentation available. This rheological threshold that occurs between 1160°C and 

1140°C means lava flow movement will quickly be inhibited shortly after reaching this 

temperature range. Thus far, hazard modeling has been insufficient to provide an all-

encompassing picture of the dangers posed by Nyiragongo to the city of Goma. There are 

few places in the world where a volcano poses such an imminent threat to a highly 

populated, urban area. With the influx of more people and refugees from the political 

instability of surrounding areas, the potential exists for a humanitarian crisis of even 

greater magnitude than that of the 2002 eruption. Continued work must be done to 

adequately prepare for and mitigate hazards facing the over 500,000 residents of Goma.
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