
Cryptic evolved melts beneath monotonous basaltic shield volcanoes in the Galápagos 1 

Archipelago 2 

Michael J. Stock*1,2, Dennis Geist3,4, David A. Neave5, Matthew L.M. Gleeson2, Benjamin Bernard6, 3 

Keith A. Howard7, Iris Buisman2, John Maclennan2 4 

1 Department of Geology, Trinity College Dublin, Dublin, Ireland 5 

2 Department of Earth Sciences, University of Cambridge, Cambridge, UK 6 

3 Department of Geology, Colgate University, Hamilton, NY, USA 7 

4 Division of Earth Sciences, U.S. National Science Foundation, Alexandria, VA, USA 8 

5 Department of Earth and Environmental Sciences, The University of Manchester, Manchester, UK 9 

6 Instituto Geofísico, Escuela Politécnica Nacional, Quito, Ecuador 10 

7 United States Geological Survey, Menlo Park, CA, USA 11 

Abstract 12 

Many volcanoes erupt compositionally homogeneous magmas over timescales ranging from decades 13 

to millennia. This monotonous activity is thought to reflect a high degree of chemical homogeneity in 14 

their magmatic systems, leading to predictable eruptive behaviour. We combine petrological analyses 15 

of erupted crystals with new thermodynamic models to characterise the diversity of melts in magmatic 16 

systems beneath monotonous shield volcanoes in the Galápagos Archipelago (Wolf and Fernandina). 17 

In contrast with the uniform basaltic magmas erupted at the surface over long timescales, we find that 18 

the sub-volcanic systems contain extreme heterogeneity, with melts extending to rhyolitic 19 

compositions. Evolved melts are in low abundance and large volumes of basalt flushing through the 20 

crust from depth overprint their chemical signatures. This process will only maintain monotonous 21 

activity while the volume of melt entering the crust is high, raising the possibility of transitions to 22 

more silicic activity given a decrease in the crustal melt flux.  23 



Introduction 24 

Volcanoes are underlain by complex and dynamic magmatic systems that often span tens of 25 

kilometres of crust from the Moho to the near-surface1,2. As melts ascend through the lithosphere they 26 

undergo diverse processes, including crystallisation, volatile exsolution, assimilation of the 27 

surrounding country rock, mixing between different magma batches, and interaction with mush 28 

crystallized from previous magmas3-5. These processes modify magma compositions, creating 29 

significant diversity in the chemistry of igneous rocks observed at the Earth’s surface6. Despite this 30 

multitude of sub-surface processes, many magmatic systems exhibit remarkably monotonous volcanic 31 

behaviour, erupting chemically homogeneous liquids over long timescales (several decades to 32 

millennia)7-14. The causes of monotonous volcanism are not currently well understood, but 33 

constraining the architecture and dynamics of monotonous systems is essential for determining their 34 

longevity and identifying the potential for future changes in eruptive behaviour that may result in 35 

more hazardous activity15. 36 

Current models for producing chemically monotonous eruption sequences typically involve: (1) 37 

uniformity by reactive filtration8, whereby distinct magma batches interact with surrounding gabbroic 38 

material to form chemically homogeneous products or (2) uniformity by processing, whereby 39 

successive batches of ascending magma evolve under the same P-T conditions16. The first model 40 

typically requires hot primitive melts to cool and react as they ascend through a super-solidus mush 41 

column, buffering their temperature and composition1,8,17,18. In many cases, however, the products of 42 

monotonous eruption series contain multiple macrocryst populations that record complex growth 43 

histories. Geophysical and geobarometric constraints on the crustal structure beneath monotonous 44 

volcanoes are also inconsistent with single large storage regions9,19-22. The second model often 45 

includes repeated recharge of upper crustal magma bodies by chemically consistent melts ascending 46 

from depth, maintaining the crustal system within a narrow temperature and compositional 47 

range7,10,11,23. In this case, monotonous activity necessitates an exact thermal balance between the heat 48 

supplied by ascending magma and the heat lost by advection and eruption. 49 



The western Galápagos Archipelago is an ideal location for studying compositionally monotonous 50 

volcanism because it hosts several volcanoes that have erupted near-homogeneous basaltic magmas 51 

for several millennia8,17,24,25. These include Fernandina volcano (on the island of the same name) and 52 

Wolf, Darwin, Ecuador, and Sierra Negra volcanoes on Isabela Island (Fig. 1a)8,26. All of the basalts 53 

emplaced during monotonous Galápagos eruptions have undergone extensive olivine, clinopyroxene 54 

and plagioclase crystallisation8,26,27. However, historic lavas at each individual centre have pre-55 

eruptive storage temperatures within a range of only ~22–30 °C17,28. Monotonous volcanoes on 56 

Fernandina and Isabela are located near the centre of the inferred Galápagos plume29. The prevailing 57 

hypothesis is that the uniformity in their erupted products is related to the flux of mantle-derived 58 

magma entering the crust; the volcanoes receive enough thermal input to sustain thick, 59 

thermochemically steady-state gabbroic mush zones in the mid-crust, which interact with ascending 60 

magmas, buffering their temperature and composition8. More compositionally diverse Galápagos 61 

volcanoes are thought to lack such large mush zones: Cerro Azul is also proximal to the inferred 62 

plume centre but erupts basalts with a greater range of MgO concentrations, likely because there has 63 

been insufficient magma input to the crust for a thermally stable magmatic system to develop30; 64 

Alcedo is downstream from the plume centre and has produced dacitic and rhyolitic eruptions, which 65 

may reflect the mush reaching a phase where melts entering the crust are able to cool and 66 

fractionate31. Harpp and Geist26 extend this geographic trend to volcanoes in the eastern archipelago, 67 

suggesting that their more primitive and compositionally variable eruptions reflect the absence of 68 

sustained magma plumbing systems and thus limited crustal processing. 69 

Recent Galápagos eruptions have afforded geophysical constraints on magma storage depths19,21,32,33, 70 

making them good targets for understanding the processes responsible for homogenising erupted 71 

liquids. In this study, we use detailed microanalyses of mineral phases to constrain magmatic 72 

processes at Wolf and Fernandina volcanoes (Fig. 1), which have erupted monotonous basaltic melts 73 

for several millennia (Fig. 2)8,17,24,25. We focus on integrating petrographic and geochemical 74 

observations of pre-eruptive compositional heterogeneity with thermodynamic models that reveal the 75 

range of magmas present in the sub-volcanic systems. This allows us to identify the sub-volcanic 76 



process that regulates the diversity of erupted liquids. By comparing Wolf and Fernandina with other 77 

Galápagos volcanoes, we identify controls on the transition between monotonous and more 78 

compositionally varied volcanism. 79 

Results and discussion 80 

Samples and petrography 81 

The samples used in this study include basaltic lava and reticulitic tephra from the 2015 Wolf eruption 82 

and gabbroic nodules from the 1968 Fernandina eruption (see Supplementary Note 1 for eruption 83 

chronologies). They were selected because they have existing petrological constraints that provide 84 

information on their storage depths within their respective sub-volcanic systems. The Wolf lavas are 85 

from the circumferential fissure phase of the eruption and contain ≳50 µm, euhedral–subhedral 86 

plagioclase (~5 vol.%), clinopyroxene (~2 vol.%) and olivine (<1 vol.%) macrocrysts within a 87 

microcrystalline groundmass. The macrocrysts occur in three distinct textural associations: (1) 88 

isolated phenocrysts surrounded by groundmass; (2) glomerocrystic aggregates containing plagioclase 89 

+ clinopyroxene ± olivine (Fig. 3a,b); (3) plagioclase aggregates attached by synneusis that share 90 

common rims. The Wolf tephra was produced during an initial explosion and contains the same 91 

macrocryst assemblage as the lava samples, except that anhedral quartz is also present in very low 92 

abundance (<<1 vol.%; Fig. 3c) and clinopyroxene crystals occasionally contain ilmenite inclusions 93 

(Fig. 3c–e). The Fernandina nodules were exhumed during a hydromagmatic paroxysm and have a 94 

phaneritic texture, indicating slow cooling, with a gabbroic mineral assemblage comprising euhedral 95 

plagioclase (60–70 vol.%), subhedral clinopyroxene (≤20 vol.%) and subhedral–anhedral olivine (2–96 

15 vol.%). Plagioclase occurs both as independent grains and as inclusions within earlier-crystallising 97 

phases (usually clinopyroxene). Miarolitic cavities (<2 mm diameter) are also present, with 98 

clinopyroxene lining many of the void walls. Hydrothermally altered samples exhibit secondary 99 

pyrite, iddingsite replacement of olivine and epidotisation of other primary magmatic minerals (Fig. 100 

3f–g). 101 

Homogeneous erupted liquids 102 



We compiled published whole-rock and matrix glass analyses from historic Wolf and Fernandina 103 

eruptions to evaluate the degree of variability in erupted liquid compositions (Fig. 2; see 104 

Supplementary Note 2 for data sources). The Mg#liq (Mg#liq = atomic Mg/[Mg + Fe2+]·100; see 105 

Methods) interquartile ranges of subaerial lavas from Wolf and Fernandina are only 4.85 (median = 106 

52.4) and 2.86 (median = 53.1), respectively. Some lavas from both volcanoes contain accumulated 107 

plagioclase, which slightly decreases their whole-rock Mg#liq, and a small number of lavas from 108 

Fernandina have accumulated olivine, which significantly increases their bulk Mg#liq
17,28,34. 109 

Additionally, a few spatially-restricted submarine lavas erupted on the southwest flank of Fernandina 110 

have more evolved (low MgO, high K2O; evolved series) compositions34; including submarine 111 

samples increases the Fernandina Mg#liq interquartile range to 5.56 (median = 52.8). Nevertheless, the 112 

Mg#liq interquartile ranges of historic eruptions at Wolf and Fernandina are extremely limited and 113 

reflect a remarkable degree of homogeneity (cf. Mg#liq interquartile ranges of 12.7 at Santa Cruz and 114 

21.4 at Santiago in the eastern Galápagos Archipelago8,26; Fig. 2), especially given that the lavas 115 

represent thousands of years of eruptive activity17,25. 116 

We analysed 18 whole-rock samples from the 2015 Wolf eruption (Fig. 2; ref. 19; Supplementary 117 

Dataset 1). These do not show any significant compositional variability outside of uncertainty, despite 118 

sampling lava flows that erupted at different times through the circumferential fissure phase of the 119 

eruption. The bulk samples have an average Mg#liq of 53.0 ±0.23 (1σ of all whole-rock analyses), 120 

which is higher than most previous measurements of the 2015 tephra glass (Mg#liq = 45.4 ±1.22 [1σ of 121 

all glass analyses]; Fig. 2a)19. Although there are fewer data for the 1968 Fernandina eruption, the 122 

scoria glass also has a lower Mg#liq than the bulk lava (Fig. 2b)28. These more evolved glass 123 

compositions likely reflect minor pre-eruptive crystallisation of the bulk magmas. Whole-rock 124 

analyses from the 2015 Wolf eruption have similar Al2O3 contents to the tephra glass and most 125 

historic erupted liquids, indicating that there was no significant plagioclase accumulation 126 

(Supplementary Fig. 1). In contrast, bulk lavas from the 1968 Fernandina eruption do have elevated 127 

Al2O3 concentrations, demonstrating that they have accumulated plagioclase (Supplementary Fig. 2). 128 



Both the matrix glass and whole-rock Mg#liq of material erupted in 2015 and 1968 fall within the 129 

interquartile ranges of liquids historically erupted from Wolf and Fernandina (Fig. 2). 130 

Heterogeneous mineral compositions 131 

We collected ~800 plagioclase and ~90 olivine analyses from the 2015 Wolf eruption (Fig. 4; 132 

Supplementary Datasets 2, 3), which we have integrated with ~500 clinopyroxene analyses from the 133 

same samples reported by Stock et al.19. We also collected ~160 plagioclase, ~100 clinopyroxene and 134 

~80 olivine analyses from 1968 Fernandina nodules (Fig. 4; Supplementary Datasets 4–6) and 135 

compare these with mineral analyses from historic Fernandina lavas28,35. In contrast with the 136 

monotony of erupted liquid compositions, these mineral analyses show striking compositional 137 

diversity. 138 

In the Wolf samples, plagioclase An# (An# = atomic Ca/[Na + Ca + K]·100) ranges from 48.8 to 139 

86.8. Tephra crystals and lava glomerocrysts extend to the lowest values (Fig. 4a). Regardless of 140 

textural association, plagioclase An# kernel density estimates (KDEs) are asymmetric, with the 141 

highest peaks at high anorthite contents (An# = 78–82) and long tails extending to lower An#. The 142 

Mg#cpx (Mg#cpx and Mg#ol = atomic Mg/[Mg + Fe*]·100, where Fe* is Fe2+ + Fe3+; see Methods) of 143 

phenocrystic and glomerocrystic clinopyroxene ranges from 71.8 to 84.6. The largest Mg#cpx KDE 144 

peak for the clinopyroxene phenocrysts is at 74.5, with a subsidiary peak at 82.3, whereas the largest 145 

peak for the glomerocrysts is at 82.5, with a short tail to lower Mg#cpx. The Mg#cpx KDE for 146 

clinopyroxene crystals from tephra samples is highly asymmetric, with a peak at 81.5 and crystal 147 

compositions extending down to Mg#cpx = 33.0 (Fig. 4c). Olivine crystals in the Wolf samples 148 

typically have high Mg#ol in the range 75.7–82.8; only two phenocryst analyses have lower Mg#ol 149 

(~72; Fig. 4e). 150 

In the Fernandina nodules, independent plagioclase grains (i.e. crystals that are not inclusions) have 151 

highly variable An# (33.7–83.0), with plagioclase inclusions and crystals bounding miarolitic cavities 152 

at intermediate compositions (54.8–76.5 and 57.4–69.8, respectively). Regardless of their textural 153 

association, plagioclase An# KDEs are non-Gaussian, with their largest peaks at similar An# (67.6–154 



68.8) and tails towards albitic compositions. Plagioclase crystals in historic Fernandina lavas have 155 

similarly diverse An# (43.5–89.7), with the largest KDE peak at 63.5. The Mg#cpx of clinopyroxene 156 

crystals in the 1968 Fernandina nodules and historic lavas typically range ~64–82, with the largest 157 

KDE peaks at similar values (81.0 and 79.9, respectively; Fig. 4d). Olivine crystals in the nodule 158 

samples are stoichiometric but have low Mg#ol (51.7–63.8) with the largest KDE peak at 54.7. Olivine 159 

crystals in historic Fernandina lavas have been identified with very low Mg#ol (>37.8) but most 160 

analyses are in the range 73.9–86.7, with the largest KDE peak at 86.1 (Fig. 4f)28,35. 161 

Plagioclase minor element concentrations in our samples vary systematically with An#. K2O 162 

concentrations range from below detection limit (~0.02 wt%) to 0.38 wt% in the Wolf samples and 163 

from 0.12 to 1.22 wt% in the Fernandina nodules. K2O correlates negatively with An# in both 164 

eruptions, but the gradient is significantly steeper in the Fernandina samples. Plagioclase crystals from 165 

historic Fernandina lavas typically have lower K2O concentrations than in the 1968 nodules but 166 

overlap with the Wolf lavas (Fig. 5a). Plagioclase TiO2 concentrations are 0.04–0.22 wt% and 0.09–167 

0.30 wt% in the Wolf samples and Fernandina nodules, respectively. In both cases, TiO2 correlates 168 

negatively with An# at high An# but positively with An# at low An#. In Wolf samples, the inflection 169 

occurs at An# ≈ 63 and TiO2 ≈ 0.19 wt%, whereas in Fernandina samples it is at lower An# (~57) and 170 

higher TiO2 (~0.25 wt%; Fig. 5b). FeO concentrations are typically highest at intermediate An#, with 171 

the lowest concentrations in the most albitic and anorthitic plagioclase analyses, although there is 172 

significant scatter (Fig. 5c). Plagioclase MgO concentrations in the Wolf samples define two 173 

populations, which each correlate negatively with An#: the first has high MgO concentrations (0.08–174 

0.28 wt%) and includes crystals in all textural associations from lava and tephra samples; the second 175 

has lower MgO concentrations (0.03–0.10 wt%) and includes only a sub-set of crystals from the 176 

tephra samples. Plagioclase crystals in the Fernandina nodules typically have lower MgO contents 177 

than the Wolf lavas; only a few analyses extend up to 0.08 wt%. In contrast, most plagioclase 178 

analyses from historic Fernandina lavas have higher MgO contents that correlate with the high-MgO 179 

Wolf population (Fig. 5d). 180 



In samples from the 2015 Wolf eruption, plagioclase crystals are typically either unzoned or show 181 

concentric oscillatory zoning. Some plagioclase glomerocrysts in lava samples have highly resorbed 182 

cores with very low An# and high K2O and MgO concentrations, overgrown by higher An# mantles 183 

(Figs. 3b, 6a). Additionally, a few crystals in the tephra samples have high-An# cores and normally 184 

zoned mantles that extend to low An# and high K2O; these crystals can have anorthite contents 185 

covering almost the full range identified in our Wolf samples (Fig. 6b). Some crystals in both lava and 186 

tephra samples have thin, normally zoned rims that show a small decrease in An#, accompanied by 187 

increases in K2O, MgO, FeO and TiO2 (Fig. 6a); other crystals have elevated FeO at their rims even at 188 

constant An#. Zoning in clinopyroxene crystals from the 2015 Wolf eruption was described by Stock 189 

et al.19, who identified rare patchy zoned crystals with low Mg#cpx and reverse zoned crystals with 190 

highly resorbed low-Mg#cpx cores in tephra samples. We have subsequently identified ilmenite 191 

inclusions within these crystals (Fig. 3d). However, most clinopyroxene crystals from the 2015 192 

eruption are either unzoned or oscillatory zoned, occasionally with slightly higher Mg#cpx cores and/or 193 

sector zoning (Fig. 3e). Olivine is typically unzoned, but some crystals show normal zoning with 194 

decreasing Mg#ol towards their rims. Most plagioclase crystals in nodule samples from the 1968 195 

Fernandina eruption show minor oscillatory zoning in An#, K2O, FeO and/or MgO, but a minority 196 

contain more significant normal and reverse zones. Many plagioclase grains have a normal zone at 197 

their rims, extending to low An# and high K2O (Fig. 6c) and FeO; these zones are typically thick 198 

(<100 µm) in isolated crystals. Clinopyroxene crystals are similarly unzoned or show slight 199 

oscillatory zoning and many have a thick (<250 µm) normally zoned rim, extending to low Mg#cpx. 200 

Olivine crystals in the Fernandina nodules are generally unzoned but, in contrast with other phases in 201 

our samples, some have reverse zoned rims, characterised by a small increase in Mg#ol. 202 

Evaluating crystal-liquid equilibria 203 

To investigate the degree of compositional heterogeneity in sub-volcanic melts, we calculated the 204 

composition of minerals that would be in equilibrium with their carrier liquids (represented by tephra 205 

glasses from each eruption) and compared these with the compositional distributions of our mineral 206 

analyses (Fig. 4; see Methods). For Wolf, the average equilibrium plagioclase An# is 64.1 ±1.7 (1σ of 207 



the range calculated from all available glass analyses), clinopyroxene Mg#cpx is 75.5 ±0.9 and olivine 208 

Mg#ol is 75.2 ±0.8. For Fernandina, the average equilibrium plagioclase An# is 63.3 (1σ cannot be 209 

determined as only one glass analysis is available), clinopyroxene Mg#cpx is 73.6 and olivine Mg#ol is 210 

73.1. Most of our mineral analyses from the 2015 Wolf and 1968 Fernandina samples have higher 211 

An# and Mg# than predicted to be in equilibrium with their carrier liquids (Fig. 4). This is typical of 212 

ocean island volcanoes globally, where magmas evolve through fractional crystallisation, 213 

precipitating minerals with progressively lower An# and Mg# until the ascending carrier liquid 214 

entrains earlier-formed crystals and brings them to the surface36. However, many of the mineral 215 

compositions in our samples extend to much lower An# and Mg# values than predicted to be in 216 

equilibrium with their carrier liquids. These highly evolved compositions are found in the interiors of 217 

plagioclase and clinopyroxene crystals from Wolf tephra, plagioclase glomerocrysts from Wolf lavas, 218 

and all mineral phases analysed in the Fernandina nodules. Evolved compositions have also been 219 

measured in rare olivine, plagioclase and clinopyroxene crystals from historic Fernandina lavas28. 220 

Typically, they form long tails in non-Gaussian An# and Mg# KDEs, suggesting that crystals grew or 221 

equilibrated with a range of variably evolved melts (Fig. 4). Hence, the crystal cargos of the 2015 and 222 

1968 eruptions record highly heterogeneous liquids in the Wolf and Fernandina sub-volcanic systems, 223 

despite the volcanoes erupting monotonous melts at the surface over long timescales. 224 

Characterising equilibrium melt compositions 225 

Diffusive re-equilibration of An# (i.e. CaAl–NaSi interdiffusion) and highly charged cations (e.g. 226 

Ti4+) is very slow in plagioclase, causing minerals to retain their original compositions over millennia, 227 

even at magmatic temperatures (insets Fig. 5)37,38. Hence, we interpret plagioclase TiO2 variations in 228 

our Wolf and Fernandina samples as reflecting compositional changes in their host liquids at the time 229 

of crystallisation. By comparing models of plagioclase TiO2 concentrations during fractional 230 

crystallisation with our analyses from Galápagos, we can constrain the composition of their 231 

equilibrium liquids and quantify the extent of heterogeneity in sub-volcanic melts39-41. Our modelling 232 

approach calculates plagioclase major element and residual liquid compositions during isobaric 233 

cooling and fractional crystallisation using Rhyolite-MELTS42, and computes equilibrium plagioclase 234 



TiO2 concentrations at each temperature step using the temperature- and anorthite-dependent 235 

partitioning model of Nielsen et al.43 (DTi = 0.03–0.10; Supplementary Dataset 7; see Methods). 236 

Comparing natural plagioclase analyses to the Rhyolite-MELTS outputs provides the major element 237 

composition, and hence an estimate of the physical characteristics (density and viscosity), of their 238 

equilibrium liquids. 239 

The trajectory of plagioclase TiO2 vs An# predicted by our models matches the compositional trend 240 

defined by crystals from Wolf and Fernandina (Figs. 7, 8). We ran the models over a range of 241 

pressures, guided by independent petrological and geophysical constraints on magma storage depths 242 

at Wolf and Fernandina19,21,32,34. The model outputs are relatively insensitive to pressure but taken at 243 

face value the best fits to the natural data are at 300 MPa for Wolf and 500 MPa for Fernandina, in 244 

agreement with previous estimates of the main pressures of magma storage19,34. Simulated crystal 245 

compositions underpredict the TiO2 content of our very lowest An# crystals from Fernandina, 246 

potentially due to a paucity of experimental data for these compositions43. Both Wolf and Fernandina 247 

models accurately predict the inflection where TiO2 transitions from correlating negatively with An# 248 

to correlating positively. In our models, these inflections occur when ilmenite comes onto the 249 

liquidus, suggesting that crystals with An# ≲57–63 grew from ilmenite-saturated melts, despite the 250 

absence of ilmenite as a phenocryst phase in any of the western Galápagos basaltic shield volcanoes. 251 

Ilmenite inclusions are, however, found within the most evolved (lowest Mg#cpx) clinopyroxene cores 252 

from the 2015 Wolf eruption (Fig. 3d), validating the model predictions. 253 

Our models suggest that the most evolved natural plagioclase crystals (i.e. lowest An#) from Wolf and 254 

Fernandina grew from plagioclase- and clinopyroxene-saturated basaltic trachy-andesitic melts with 255 

2.46 wt% MgO (Mg#liq = 37.5; at 300 MPa) and trachy-andesitic melts with 1.08 wt% MgO (Mg#liq = 256 

25.1; at 500 MPa), respectively (Figs. 7, 8). These melt compositions are substantially more evolved 257 

than any known eruptive rocks from Wolf or Fernandina (Fig. 2). In fact, the presence of resorbed 258 

quartz in tephra from the 2015 eruption suggests that our plagioclase data may not capture the full 259 

compositional range of sub-volcanic liquids because quartz does not saturate in our models until melts 260 

reach dacitic-to-rhyolitic compositions at low temperatures (<830 °C). Quartz is not a phenocryst or 261 



groundmass phase in the rhyodacites of Alcedo or Rabida volcanoes (or any other Galápagos lava that 262 

has been inspected)8,31, but it is present in Rabida crustal xenoliths44. Hence, our data suggest that 263 

Galápagos volcanoes that have erupted monotonous basaltic lava over millennial timescales contain 264 

highly evolved, silicic melts within their sub-volcanic systems that have not previously been 265 

identified from material erupted at the surface. 266 

Diffusive re-equilibration 267 

Iron and Mg diffuse faster than Ti in plagioclase, and initial crystal compositions for these elements 268 

are hence more likely to be overprinted by diffusive re-equilibration38,39. In our samples, Fe shows 269 

significant scatter (Fig. 5) and is often enriched at crystal rims where An# and other elements remain 270 

constant. We believe that these apparently high-Fe rims likely reflect secondary fluorescence induced 271 

during electron probe microanalysis (EPMA) and are not of geological significance45. 272 

Magnesium is negligibly affected by secondary fluorescence45 and if the Mg content of Wolf and 273 

Fernandina plagioclase were controlled by changes in melt chemistry during fractional crystallisation 274 

we would anticipate a positive correlation between An# and MgO (inset Fig. 5c). Our data, however, 275 

define three populations, each with nearly constant MgO or a negative correlation between An# and 276 

MgO (Fig. 5). This relationship is consistent with diffusive re-equilibration where MgO 277 

concentrations reflect lower solid-liquid Mg partition coefficients in more anorthitic plagioclase39,43. 278 

To determine the compositions of the liquids with which these plagioclases equilibrated, we modelled 279 

crystal compositions in equilibrium with liquids of varying MgO concentration, using temperatures 280 

from Rhyolite-MELTS and the MgO partitioning model of Nielsen et al.43 (DMg = 0.02–0.05). We find 281 

that most crystals from the 1968 Fernandina nodules are consistent with having re-equilibrated with 282 

melts containing 1–2 wt% MgO, similar to the most evolved magma predicted from our Ti modelling 283 

(Figs. 5d, 8). Although crystals from the 2015 Wolf eruption do not preserve an MgO fractional 284 

crystallisation trend, they are also not in equilibrium with any melt at fixed MgO (Fig. 5d). We 285 

interpret this as recording disequilibrium, whereby the higher MgO population have partially re-286 

equilibrated with melts analogous to the carrier liquid (>4 wt% MgO) and the tephra crystals with 287 

lower MgO contents are partially equilibrated with more evolved melts (~2–3 wt% MgO; Fig. 5d). 288 



Some crystals contain zones with slightly elevated MgO close to their rims, potentially due to 289 

intermittent growth from more primitive melts or boundary layer effects during rapid crystallisation 290 

(e.g. Fig. 6a,c)46. 291 

Olivine crystals in our Fernandina nodule samples have ubiquitously low Mg#ol, consistent with 292 

growth or re-equilibration with evolved liquids. They are typically unzoned, but a minority of crystals 293 

have reverse rims (in contrast with normal plagioclase and clinopyroxene rim zones). As Fe–Mg 294 

interdiffusion in olivine is geologically fast47, this could reflect either growth or diffusive re-295 

equilibration with more primitive liquids on very short pre-eruptive timescales. Although a sub-set of 296 

plagioclase crystals in Wolf tephra samples have similarly low MgO contents, no low-Mg#ol olivine 297 

has been identified in these samples. 298 

Storage depths and origin of Galápagos evolved liquids 299 

We find evidence for evolved liquids in different types of sample (lava, tephra, nodules) and crystal 300 

associations (e.g. tephra crystals, glomerocrysts) from Wolf and Fernandina volcanoes. In our Wolf 301 

lava samples, low-An# plagioclase crystals that grew from basaltic trachy-andesitic melts are in the 302 

same glomerocrystic aggregates as pyroxenes that crystallised at ~300 MPa (from clinopyroxene-melt 303 

barometry, ±140 MPa standard error of estimate)19; this is consistent with glomerocrysts being 304 

sourced from a magma storage region at >6.1–8.8 km19 and provides strong evidence for evolved 305 

liquids in the lower crust. However, albitic plagioclase, low-Mg#cpx pyroxenes and resorbed quartz 306 

crystals are also present in tephra from the 2015 eruption. Stock et al.19 interpret the tephra as deriving 307 

from an upper crustal storage region (identified geophysically at ~1 km depth), based on it being the 308 

first material to have erupted and having a crystal cargo distinct from that of later lavas. Similarly, the 309 

Fernandina nodules contain evolved olivine and feldspar crystals, as well as miarolitic cavities and 310 

evidence of alteration by an active hydrothermal system, which demonstrate that they formed in an 311 

upper crustal storage region, at a similar level to a shallow geophysical source at ~1 km depth21,48. 312 

Hence, our data qualitatively indicate that evolved liquids occur at a variety of depths beneath 313 

Galápagos volcanoes. 314 



Rhyolite-MELTS models show that the viscosity of Galápagos melts increases significantly after 315 

ilmenite saturation, accompanied by a reduction in density (Figs. 7b, 8b). Magma buoyancy alone is 316 

often insufficient to drive eruptions49, and the low H2O content of Galápagos primary melts50 would 317 

delay crystallisation-induced volatile saturation (i.e. second boiling) and the generation of volatile 318 

overpressure until very low melt fractions (e.g. refs. 51,52). Hence, we suggest that once ilmenite-319 

saturated magmas stall and stagnate in the crust beneath Galápagos volcanoes, they become highly 320 

viscous (due to their high melt viscosities and crystallinities) and are then unlikely to ascend further 321 

without external influence (e.g. mafic recharge)53 or until they have undergone substantial 322 

crystallisation. 323 

Basalt flushing beneath monotonous volcanoes 324 

Although crystal compositions provide unequivocal evidence of highly variable melts in Galápagos 325 

sub-volcanic systems, such heterogeneity is not reflected in the geochemistry of monotonous lavas 326 

erupted at the surface. To determine the fate of these magmas, we studied the petrographic contexts of 327 

evolved mineral zones. Plagioclase and clinopyroxene crystals in our samples have diverse textures, 328 

with crystals from Wolf lavas and tephra including both normal and reverse zoning (Figs. 3d,e, 6a,b), 329 

and crystals from Fernandina nodules containing oscillatory normal and reverse zones, often with the 330 

lowest An# and Mg#cpx at their rim. Although the scarcity of crystals with evolved zones inhibits 331 

robust characterisation of populations, these textures indicate open systems, with intermittent 332 

interactions between primitive and evolved melts54. Glomerocrysts in the 2015 Wolf eruption derive 333 

from disaggregated sub-volcanic mush19 and some glomerocrystic plagioclase grains contain evolved 334 

(low An#) cores enclosed by fully concentric primitive (high An#) mantles, consistent with mafic 335 

recharge before the crystals were incorporated into a cumulate pile (i.e. while they were surrounded 336 

by melt; Fig. 3b). Mush accumulation likely occurred over long timescales and this textural evidence, 337 

along with diffusive re-equilibration of plagioclase MgO contents, suggests that some mixing events 338 

recorded in zoned crystals significantly pre-date eruption. Furthermore, as clinopyroxene-melt 339 

barometry indicates that glomerocrysts are derived from the lower crust19, at least some of this mixing 340 

likely occurred at depth. 341 



Given the petrographic evidence for open-system behaviour, we constructed K2O/TiO2 vs Mg#liq 342 

mixing models to determine the proportions of primitive and evolved melts in the monotonous lavas 343 

erupted at Wolf and Fernandina (Fig. 9). This ratio is useful because it increases dramatically over a 344 

short crystallisation interval after ilmenite saturation and is unaffected by plagioclase accumulation. 345 

The evolved endmember in our models is taken as the melt calculated to be in equilibrium with our 346 

lowest An# plagioclase crystals from Wolf and Fernandina (from Rhyolite-MELTS) and the primitive 347 

end-members are the highest and lowest Mg#liq erupted liquid or melt inclusion from each volcano 348 

(some higher Mg#liq whole-rock analyses from Fernandina are excluded as they have accumulated 349 

olivine and are not true liquids; Supplementary Table 1). Figure 9 shows that all the liquids (whole-350 

rocks and glasses) erupted at Wolf have low K2O/TiO2 ratios, approximately along the liquid line of 351 

descent, and contain <10% of the evolved magma. Most liquids erupted at Fernandina also have low 352 

K2O/TiO2 ratios and contain <10% of the evolved endmember. However, Geist et al.34 identified a 353 

small number of submarine lavas on the southwest flank of the volcano that have more evolved 354 

compositions and are derived from the lower crustal storage region. These evolved series lavas have a 355 

restricted range of Mg#liq (~40–50), suggesting that their spatially-related vents were fed by 356 

compositionally similar primitive liquids ascending from depth, but have elevated K2O/TiO2 ratios 357 

and may contain up to ~50% of the evolved magma. Our estimates of the amount of evolved material 358 

in erupted magmas are probably maxima, as quartz crystals in our tephra samples suggest that 359 

magmas fractionated beyond the extent recorded by our plagioclase analyses; real evolved end-360 

member melts may have significantly higher K2O/TiO2 ratios than those in our models. 361 

Our petrological data and models show that evolved melts exist in Galápagos sub-volcanic systems 362 

and periodically mix with more primitive melts. However, they typically comprise <10% of the 363 

magma erupted at the surface. We thus suggest that their absence from the erupted record is due to 364 

mass-balance, whereby large volumes of basaltic magma ascending through the crust from a primitive 365 

lower crustal storage region interact with much smaller quantities of more evolved, heterogeneous 366 

magma at higher levels (Fig. 10). The liquids mix, but because of the disparity in their relative 367 

proportions, the basaltic component dominates the mass-balance and its composition remains almost 368 



unaltered; only evolved crystals that were not fully resorbed during the mixing event preserve a record 369 

of the earlier heterogeneity. Hence, monotonous activity does not reflect simplicity or chemical 370 

homogeneity in magmatic systems. Instead, just as CO2 flushing through the crust from depth can 371 

impact the composition of magmatic volatiles at higher levels55, we suggest that monotonous 372 

volcanism reflects large volumes of basalt flushing through the crust from depth reacting with and 373 

overwhelming smaller volumes of more evolved, heterogeneous material at shallower levels (Fig. 10). 374 

A large body of theory considers basaltic injections into silicic magma reservoirs, largely in the 375 

context of driving large-volume explosive eruptions (e.g. refs. 56,57). In contrast, the hybridised 376 

monotonous basalts of Galápagos erupt in a Hawaiian or Strombolian style, despite originating from 377 

mixing between basaltic and rhyolitic magmas. We note that the 2018 lower-rift zone eruption of 378 

Kīlauea volcano (Hawai‘i) also involved injection of basalt into a silicic crustal reservoir, yet the 379 

eruption was overwhelmingly effusive58. The critical factor in controlling mixing dynamics must 380 

therefore be the proportion of mafic and silicic magmas59: in both the Galápagos and Hawai‘i cases, 381 

the volumes of basalt were substantially greater than those of the resident silicic magmas. 382 

Basalt flushing will only be able to maintain monotonous eruptions while the melt flux from the lower 383 

crust is high. When the melt flux is lower or a thermally stable lower crustal storage region is yet to 384 

develop, there may be insufficient volumes of primitive melt moving through the crust to fully 385 

overprint heterogeneity at higher levels. Model results indicate that a magma flux >1·10-4 km3yr−1 is 386 

required to stabilise a super-solidus crustal mush zone60,61. This less than the long-term eruptive fluxes 387 

at Wolf (0.4–1·10-3 km3yr−1)17 and Fernandina (4.4·10-3 km3yr−1)25, but not in the eastern Galápagos 388 

Archipelago where eruptive fluxes are several orders of magnitude lower26. Hence, our findings 389 

support a model8 whereby the diversity of erupted products at Galápagos volcanoes is dictated by 390 

their position relative to the centre of the hotspot (and thus the melt flux). More broadly, our findings 391 

have implications for volcano monitoring, suggesting that even volcanoes that have reliably erupted 392 

basaltic lavas for millennia can contain evolved liquids in their sub-volcanic systems. Although basalt 393 

flushing can maintain monotonous eruptions over long timescales, external influences (e.g. changes in 394 

the regional stress field) or a decrease in the crustal melt flux (e.g. resulting in further fractionation 395 



and an increased likelihood of second boiling) might allow these melts to ascend, generating 396 

explosive silicic eruptions. 397 

Methods 398 

Sample selection and preparation 399 

Samples from the 2015 Wolf eruption include the lava and reticulitic tephra analysed by Stock et al.19, 400 

plus additional lava samples from the east flank of the volcano collected during fieldwork in June 401 

2017 (Fig. 1b). All the material was unaltered and lava samples were collected from dense flow 402 

interiors where possible. Samples from the 1968 Fernandina eruption are gabbroic nodules collected 403 

on the floor and rim of the caldera during fieldwork in July 1970 (Fig. 1c) and are described by 404 

Howard et al.48. Most of the nodules are fresh, but some show extensive hydrothermal modification48. 405 

The Wolf lava samples and Fernandina nodule samples were prepared as polished thin sections. 406 

Crystals in the Wolf tephra samples were separated from the 40–500 µm size fraction by heavy liquid 407 

and magnetic separation and mounted in epoxy along with the quenched glass. 408 

Analytical methods 409 

Whole-rock samples from the 2015 Wolf eruption were analysed by X-ray fluorescence spectrometry 410 

(XRF) for major and trace elements. Analyses were performed using a Philips PW 2404 instrument at 411 

the University of Edinburgh (UK) following the method of Fitton et al.62 with modifications by Fitton 412 

and Godard63. Analytical precision, encompassing errors associated with sample preparation and 413 

heterogeneity, was estimated by preparing and analysing three replicates of the same sample. Relative 414 

1σ precision is better than ±1% for major elements (>1 wt%) and better than ±2% for minor and trace 415 

elements (<1 wt%), except Th (±8%) and Pb (±20%). 416 

Mineral compositions were measured by EPMA using Cameca SX100 (for Wolf samples) and 417 

Cameca SXFive (for Fernandina samples) instruments in the Departments of Earth Sciences at the 418 

University of Cambridge (UK) and Syracuse University (USA), respectively. To ensure consistency 419 

across instruments and multiple analytical sessions, measurements were internally calibrated using 420 

appropriate Smithsonian Microbeam Standards64. Relative 1σ precision was monitored by repeat 421 



analysis of mineral standards on the Cambridge instrument and is assumed to be similar on the 422 

Syracuse instrument. This is better than ±2% for major elements and ±15% for minor elements, 423 

except MnO in clinopyroxene (±17%). Typical 1σ relative errors for each element analysed by XRF 424 

and EPMA are provided in Supplementary Datasets 1–6 and full details of the analytical methods are 425 

provided in the Supplementary Note 3. 426 

We assume a melt Fe2+/Fe* (Fe* = Fe2+ + Fe3+) value of 0.85 when calculating Mg#liq. This equates to 427 

an oxygen fugacity (fO2) near the quartz-fayalite-magnetite (QFM) buffer, as measured in Galápagos 428 

lavas by Peterson et al.65. We do not assume an Fe speciation for minerals, instead calculating the 429 

number of Fe2+ and Fe3+ ions per formula unit by stoichiometry and using the sum of these (Fe*) in 430 

our calculations of Mg#cpx and Mg#ol. We evaluate the distribution of our major element datasets 431 

using KDEs, with bandwidths calculated after Sheather and Jones66. 432 

Modelling crystal–liquid equilibria 433 

Equilibrium plagioclase, clinopyroxene and olivine compositions were calculated using the models of 434 

Namur et al.67, Putirka68, and Herzberg and O’Hara69, respectively, given pre-eruptive storage 435 

temperatures of 1160 °C for Wolf and 1130 °C for Fernandina19,28. The model of Namur et al.67 is 436 

calibrated for anhydrous melt compositions; H2O in the melt would increase the equilibrium An# but 437 

this effect is assumed to be negligible as Galápagos magmas have consistently low H2O contents 438 

(typically <1 wt%)35,50. 439 

Modelling TiO2 in plagioclase 440 

Plagioclase major element and residual liquid compositions were calculated during isobaric cooling 441 

and fractional crystallisation using Rhyolite-MELTS42. We use primitive whole-rock (W9562)17 and 442 

melt inclusion (D25C-2-34)35 compositions as our Wolf and Fernandina model starting liquids, 443 

respectively. Equilibrium plagioclase TiO2 concentrations were then calculated at each temperature 444 

step using the partitioning model of Nielsen et al.43 (Supplementary Dataset 7). By comparing 445 

modelled plagioclase An# and TiO2 concentrations with our natural mineral analyses, we can 446 

characterise their equilibrium melt compositions. This method of characterising mineral-melt 447 



relationships is preferable to that of Scruggs and Putirka70 where the eruptive record does not 448 

encompass the full range of melt compositions in a sub-volcanic system. 449 

Models were run at 50, 300 and 500 MPa, an fO2 at the QFM buffer and 0.15 wt% initial H2O, which 450 

approximate the range of storage conditions identified in previous studies19,27,28,50,65. The liquid lines 451 

of descent predicted by Rhyolite-MELTS fractional crystallisation models are generally a good fit to 452 

previously analysed whole-rock and glass data from Wolf and Fernandina (Supplementary Figs. 1, 2) 453 

and simulated clinopyroxene compositions also match natural crystal compositions (Supplementary 454 

Fig. 3). This validates our choice of intrinsic variables and suggests that assimilation of 455 

compositionally distinct wall rock material has a negligible impact on the compositional evolution of 456 

Galápagos magmas, in agreement with previous studies27. 457 

Data availability 458 

All compositional data collected in this study are available in the supplementary datasets. 459 

Code availability 460 

No custom computer codes or mathematical algorithms were used in this study. 461 

References 462 

1 Marsh, B. A magmatic mush column rosetta stone: the McMurdo Dry Valleys of Antarctica. Eos, 463 

Transactions American Geophysical Union 85, 497-502 (2004). 464 

2 Maclennan, J., McKenzie, D. M., Gronvöld, K. & Slater, L. Crustal accretion under northern 465 

Iceland. Earth and Planetary Science Letters 191, 295-310 (2001). 466 

3 Leeman, W. & Hawkesworth, C. Open magma systems: trace element and isotopic constraints. 467 

Journal of Geophysical Research: Solid Earth 91, 5901-5912 (1986). 468 

4 Grove, T. L. et al. Fractional crystallization and mantle-melting controls on calc-alkaline 469 

differentiation trends. Contributions to Mineralogy and Petrology 145, 515-533 (2003). 470 



5 Bohrson, W. A. & Spera, F. J. Energy-constrained open-system magmatic processes II: application 471 

of energy-constrained assimilation–fractional crystallization (EC-AFC) model to magmatic 472 

systems. Journal of Petrology 42, 1019-1041 (2001). 473 

6 Grove, T. L. & Brown, S. M. Magmatic processes leading to compositional diversity in igneous 474 

rocks: Bowen (1928) revisited. American Journal of Science 318, 1-28 (2018). 475 

7 Iverson, N. A., Kyle, P. R., Dunbar, N. W., McIntosh, W. C. & Pearce, N. J. Eruptive history and 476 

magmatic stability of Erebus volcano, Antarctica: Insights from englacial tephra. Geochemistry, 477 

Geophysics, Geosystems 15, 4180-4202 (2014). 478 

8 Geist, D. J., Bergantz, G. & Chadwick Jr, W. W. Galápagos Magma Chambers. In The Galapagos: 479 

A natural laboratory for the Earth sciences (eds Harpp, K. S., Mittelstaedt, E., d'Ozouville, N., & 480 

Graham, D. W.), Ch. 5, 55-69 (American Geophysical Union, Washington, DC, 2014). 481 

9 Neave, D. A., Maclennan, J., Thordarson, T. & Hartley, M. E. The evolution and storage of 482 

primitive melts in the Eastern Volcanic Zone of Iceland: the 10 ka Grímsvötn tephra series (i.e. the 483 

Saksunarvatn ash). Contributions to Mineralogy and Petrology 170, 21 (2015). 484 

10 Cashman, K. & Blundy, J. Petrological cannibalism: the chemical and textural consequences of 485 

incremental magma body growth. Contributions to Mineralogy and Petrology 166, 703-729 486 

(2013). 487 

11 Streck, M. J., Dungan, M. A., Bussy, F. & Malavassi, E. Mineral inventory of continuously 488 

erupting basaltic andesites at Arenal volcano, Costa Rica: implications for interpreting 489 

monotonous, crystal-rich, mafic arc stratigraphies. Journal of Volcanology and Geothermal 490 

Research 140, 133-155 (2005). 491 

12 Davidson, J. et al. The geology of Damavand volcano, Alborz Mountains, northern Iran. 492 

Geological Society of America Bulletin 116, 16-29 (2004). 493 

13 Dogan, A. U., Dogan, M., Peate, D. W. & Dogruel, Z. Textural and mineralogical diversity of 494 

compositionally homogeneous dacites from the summit of Mt. Erciyes, Central Anatolia, Turkey. 495 

Lithos 127, 387-400 (2011). 496 



14 Sigmarsson, O., Condomines, M., Grönvold, K. & Thordarson, T. Extreme magma homogeneity in 497 

the 1783–84 Lakagigar eruption: Origin of a large volume of evolved basalt in Iceland. 498 

Geophysical Research Letters 18, 2229-2232 (1991). 499 

15 Cassidy, M., Manga, M., Cashman, K. & Bachmann, O. Controls on explosive-effusive volcanic 500 

eruption styles. Nature Communications 9, 2839 (2018). 501 

16 Stolper, E. & Walker, D. Melt density and the average composition of basalt. Contributions to 502 

Mineralogy and Petrology 74, 7-12 (1980). 503 

17 Geist, D. J. et al. Wolf Volcano, Galápagos Archipelago: Melting and magmatic evolution at the 504 

margins of a mantle plume. Journal of Petrology 46, 2197-2224 (2005). 505 

18 Sinton, J. M. & Detrick, R. S. Mid‐ocean ridge magma chambers. Journal of Geophysical 506 

Research: Solid Earth 97, 197-216 (1992). 507 

19 Stock, M. J. et al. Integrated petrological and geophysical constraints on magma system 508 

architecture in the western Galápagos Archipelago: insights from Wolf volcano. Geochemistry, 509 

Geophysics, Geosystems 19, 4722-4743 (2018). 510 

20 Maclennan, J. Concurrent mixing and cooling of melts under Iceland. Journal of Petrology 49, 511 

1931-1953 (2008). 512 

21 Bagnardi, M. & Amelung, F. Space‐geodetic evidence for multiple magma reservoirs and 513 

subvolcanic lateral intrusions at Fernandina Volcano, Galápagos Islands. Journal of Geophysical 514 

Research: Solid Earth 117, B10406 (2012). 515 

22 Maclennan, J. Mafic tiers and transient mushes: evidence from Iceland. Philosophical 516 

Transactions of the Royal Society A 377, 20180021 (2019). 517 

23 Folkes, C. B., de Silva, S. L., Wright, H. M. & Cas, R. A. Geochemical homogeneity of a long-518 

lived, large silicic system; evidence from the Cerro Galán caldera, NW Argentina. Bulletin of 519 

Volcanology 73, 1455-1486 (2011). 520 

24 Kurz, M. D. & Geist, D. Dynamics of the Galapagos hotspot from helium isotope geochemistry. 521 

Geochimica et Cosmochimica Acta 63, 4139-4156 (1999). 522 

25 Kurz, M. D., Rowland, S., Curtice, J., Saal, A. & Naumann, T. Eruption rates for Fernandina 523 

volcano: a new chronology at the Galápagos hotspot center. In The Galapagos: A natural 524 



laboratory for the Earth sciences (eds Harpp, K. S., Mittelstaedt, E., d'Ozouville, N., & Graham, 525 

D. W.), Ch. 4, 41-54 (American Geophysical Union, Washington, DC, 2014). 526 

26 Harpp, K. S. & Geist, D. J. The Evolution of Galápagos Volcanoes: An Alternative Perspective. 527 

Frontiers in Earth Science 6, 50 (2018). 528 

27 Geist, D., Naumann, T. & Larson, P. Evolution of Galápagos magmas: Mantle and crustal 529 

fractionation without assimilation. Journal of Petrology 39, 953-971 (1998). 530 

28 Allan, J. F. & Simkin, T. Fernandina Volcano's evolved, well‐mixed basalts: Mineralogical and 531 

petrological constraints on the nature of the Galápagos plume. Journal of Geophysical Research: 532 

Solid Earth 105, 6017-6041 (2000). 533 

29 Villagómez, D. R., Toomey, D. R., Geist, D. J., Hooft, E. E. E. & Solomon, S. C. Mantle flow and 534 

multistage melting beneath the Galápagos hotspot revealed by seismic imaging. Nature 535 

Geoscience 7, 151-156 (2014). 536 

30 Naumann, T., Geist, D. & Kurz, M. Petrology and geochemistry of Volcan Cerro Azul: Petrologic 537 

diversity among the western Galápagos volcanoes. Journal of Petrology 43, 859-883 (2002). 538 

31 Geist, D., Howard, K. A. & Larson, P. The generation of oceanic rhyolites by crystal fractionation: 539 

the basalt-rhyolite association at Volcán Alcedo, Galápagos Archipelago. Journal of Petrology 36, 540 

965-982 (1995). 541 

32 Bagnardi, M., Amelung, F. & Poland, M. P. A new model for the growth of basaltic shields based 542 

on deformation of Fernandina volcano, Galápagos Islands. Earth and Planetary Science Letters 543 

377-378, 358-366 (2013). 544 

33 Xu, W., Jónsson, S., Ruch, J. & Aoki, Y. The 2015 Wolf volcano (Galápagos) eruption studied 545 

using Sentinel‐1 and ALOS‐2 data. Geophysical Research Letters 43, 9573-9580 (2016). 546 

34 Geist, D. J. et al. Submarine Fernandina: Magmatism at the leading edge of the Galápagos hot 547 

spot. Geochemistry, Geophysics, Geosystems 7, Q12007 (2006). 548 

35 Koleszar, A. et al. The volatile contents of the Galapagos plume; evidence for H2O and F open 549 

system behavior in melt inclusions. Earth and Planetary Science Letters 287, 442-452 (2009). 550 

36 Thomson, A. & Maclennan, J. The distribution of olivine compositions in Icelandic basalts and 551 

picrites. Journal of Petrology 54, 745-768 (2012). 552 



37 Grove, T. L., Baker, M. B. & Kinzler, R. J. Coupled CaAl-NaSi diffusion in plagioclase feldspar: 553 

Experiments and applications to cooling rate speedometry. Geochimica et Cosmochimica Acta 48, 554 

2113-2121 (1984). 555 

38 Cherniak, D. J. & Watson, E. B. Ti diffusion in feldspar. American Mineralogist (in press). 556 

39 Humphreys, M. C. Chemical evolution of intercumulus liquid, as recorded in plagioclase 557 

overgrowth rims from the Skaergaard intrusion. Journal of Petrology 50, 127-145 (2009). 558 

40 Humphreys, M. C. Silicate liquid immiscibility within the crystal mush: evidence from Ti in 559 

plagioclase from the Skaergaard intrusion. Journal of Petrology 52, 147-174 (2010). 560 

41 Neave, D. A., Passmore, E., Maclennan, J., Fitton, G. & Thordarson, T. Crystal–melt relationships 561 

and the record of deep mixing and crystallization in the ad 1783 Laki Eruption, Iceland. Journal of 562 

Petrology 54, 1661-1690 (2013). 563 

42 Gualda, G. A., Ghiorso, M. S., Lemons, R. V. & Carley, T. L. Rhyolite-MELTS: a modified 564 

calibration of MELTS optimized for silica-rich, fluid-bearing magmatic systems. Journal of 565 

Petrology 53, 875-890 (2012). 566 

43 Nielsen, R. L. et al. Trace element partitioning between plagioclase and melt: An investigation of 567 

the impact of experimental and analytical procedures. Geochemistry, Geophysics, Geosystems 18, 568 

3359-3384 (2017). 569 

44 McBirney, A. R. & Williams, H. Geology and petrology of the Galapagos Islands, Memoir 118.  570 

(Geological Society of America, Boulder, CO, 1969). 571 

45 Longhi, J., Walker, D. & Hays, J. F. Fe and Mg in plagioclase. In Proceedings of the 7th Lunar 572 

Science Conference   1281-1300 (Pergamon Press, New York, 1976). 573 

46 Honour, V. C. et al. Compositional boundary layers trigger liquid unmixing in a basaltic crystal 574 

mush. Nature Communications 10, 1-8 (2019). 575 

47 Dohmen, R., Faak, K. & Blundy, J. D. Chronometry and speedometry of magmatic processes 576 

using chemical diffusion in olivine, plagioclase and pyroxenes. Reviews in Mineralogy and 577 

Geochemistry 83, 535-575 (2017). 578 

48 Howard, K. A., Simkin, T., Geist, D. J., Merlen, G. & Nolf, B. Large hydromagmatic eruption 579 

related to Fernandina Volcano’s 1968 caldera collapse—Deposits, landforms, and ecosystem 580 



recovery. In Field Volcanology: A Tribute to the Distinguished Career of Don Swanson, Special 581 

Paper 538 (eds Poland, M., Garcia, M. O., Camp, V. E., & Grunder, A.),  385-408 (Geological 582 

Society of America, Boulder, CO, 2018). 583 

49 Gregg, P. M., Grosfils, E. B. & de Silva, S. L. Catastrophic caldera-forming eruptions II: The 584 

subordinate role of magma buoyancy as an eruption trigger. Journal of Volcanology and 585 

Geothermal Research 305, 100-113 (2015). 586 

50 Peterson, M. et al. Submarine basaltic glasses from the Galapagos Archipelago: determining the 587 

volatile budget of the mantle plume. Journal of Petrology 58, 1419-1450 (2017). 588 

51 Stock, M. J., Humphreys, M. C., Smith, V. C., Isaia, R. & Pyle, D. M. Late-stage volatile 589 

saturation as a potential trigger for explosive volcanic eruptions. Nature Geoscience 9, 249-254 590 

(2016). 591 

52 Tramontano, S., Gualda, G. A. & Ghiorso, M. S. Internal triggering of volcanic eruptions: 592 

Tracking overpressure regimes for giant magma bodies. Earth and Planetary Science Letters 472, 593 

142-151 (2017). 594 

53 Burgisser, A. & Bergantz, G. W. A rapid mechanism to remobilize and homogenize highly 595 

crystalline magma bodies. Nature 471, 212 (2011). 596 

54 Streck, M. J. Mineral textures and zoning as evidence for open system processes. Reviews in 597 

Mineralogy and Geochemistry 69, 595-622 (2008). 598 

55 Caricchi, L., Sheldrake, T. E. & Blundy, J. Modulation of magmatic processes by CO2 flushing. 599 

Earth and Planetary Science Letters 491, 160-171 (2018). 600 

56 Sparks, S. R. & Sigurdsson, H. Magma mixing: a mechanism for triggering acid explosive 601 

eruptions. Nature 267, 315-318 (1977). 602 

57 Pallister, J. S., Hoblitt, R. P. & Reyes, A. G. A basalt trigger for the 1991 eruptions of Pinatubo 603 

volcano? Nature 356, 426-428 (1992). 604 

58 Neal, C. et al. The 2018 rift eruption and summit collapse of Kīlauea Volcano. Science 363, 367-605 

374 (2019). 606 

59 Sparks, R. & Marshall, L. Thermal and mechanical constraints on mixing between mafic and 607 

silicic magmas. Journal of Volcanology and Geothermal Research 29, 99-124 (1986). 608 



60 Bachmann, O. & Huber, C. Silicic magma reservoirs in the Earth’s crust. American Mineralogist 609 

101, 2377-2404 (2016). 610 

61 Cooper, K. M. Time scales and temperatures of crystal storage in magma reservoirs: Implications 611 

for magma reservoir dynamics. Philosophical Transactions of the Royal Society A 377, 20180009 612 

(2019). 613 

62 Fitton, J., Saunders, A., Larsen, L., Hardarson, B. & Norry, M. Volcanic rocks from the southeast 614 

Greenland margin at 63°N: Composition, petrogenesis and mantle sources. In Proceedings of the 615 

Ocean Drilling Program, Scientific Results 152 (eds Saunders, A., Larsen, H. C., & Wise, S. W.),  616 

331-350 (College Station, TX, 1998). 617 

63 Fitton, J. G. & Godard, M. Origin and evolution of magmas on the Ontong Java Plateau. 618 

Geological Society, London, Special Publications 229, 151-178 (2004). 619 

64 Jarosewich, E., Nelen, J. A. & Norberg, J. A. Reference samples for electron microprobe analysis. 620 

Geostandards and Geoanalytical Research 4, 43-47 (1980). 621 

65 Peterson, M. E., Kelley, K. A., Cottrell, E., Saal, A. E. & Kurz, M. D. The oxidation state of Fe in 622 

glasses from the Galapagos Archipelago: Variable oxygen fugacity as a function of mantle source. 623 

AGU Fall Meeting 2015, #V23E-03 (2015). 624 

66 Sheather, S. J. & Jones, M. C. A reliable data-based bandwidth selection method for kernel density 625 

estimation. Journal of the Royal Statistical Society. Series B (Methodological) 53, 683-690 (1991). 626 

67 Namur, O., Charlier, B., Toplis, M. J. & Vander Auwera, J. Prediction of plagioclase-melt 627 

equilibria in anhydrous silicate melts at 1-atm. Contributions to Mineralogy and Petrology 163, 628 

133-150 (2012). 629 

68 Putirka, K. D. Thermometers and barometers for volcanic systems. Reviews in Mineralogy and 630 

Geochemistry 69, 61-120 (2008). 631 

69 Herzberg, C. & O’Hara, M. Plume-associated ultramafic magmas of Phanerozoic age. Journal of 632 

Petrology 43, 1857-1883 (2002). 633 

70 Scruggs, M. A. & Putirka, K. D. Eruption triggering by partial crystallization of mafic enclaves at 634 

Chaos Crags, Lassen Volcanic Center, California. American Mineralogist 103, 1575-1590 (2018). 635 



71 Bernard, B. et al. Chronology and phenomenology of the 1982 and 2015 Wolf volcano eruptions, 636 

Galápagos Archipelago. Journal of Volcanology and Geothermal Research 374, 26-38 (2019). 637 

Acknowledgments 638 

M.J.S. was supported by a Charles Darwin and Galápagos Islands Junior Research Fellowship at 639 

Christ's College, Cambridge. D.G.'s effort is based upon work while serving at the National Science 640 

Foundation and was initially funded by NSF grant EAR-1145271. D.A.N. was supported by a 641 

Presidential Fellowship at the University of Manchester and M.L.M.G. was supported by a NERC 642 

studentship (NE/L002507/1). Additional fieldwork funding was provided by the Jeremy Willson 643 

Charitable Trust (administered by the Geological Society of London) and the Mineralogical Society of 644 

Great Britain and Ireland. Maps in Figure 1 were created using JAXA ALOS imagery from 645 

http://www.eorc.jaxa.jp/. We thank Sally Gibson for her assistance with fieldwork and encouragement 646 

with this manuscript. We also acknowledge fieldwork support from the Charles Darwin Foundation, 647 

Galápagos National Park, Instituto Geofísico Escuela Politécnica Nacional and the crew of MV Pirata, 648 

in particular Wilson Villamar and Antonio Proaño, without whom this work would not have been 649 

possible. We thank Roel van Elsas for mineral separation, and Nic Odling and William Nachlas for 650 

technical assistance with XRF and EPMA analysis, respectively. 651 

Author contributions 652 

M.J.S. conceived the project with D.G., D.A.N. and M.L.M.G.; M.J.S., D.G., M.L.M.G., B.B., and 653 

K.A.H. collected the samples; M.J.S. prepared the samples for XRF analysis and M.J.S., D.G. and I.B. 654 

prepared and analysed the samples by EPMA; M.J.S. performed the modelling and analysed the data 655 

with help from D.G., D.A.N., M.L.M.G. and J.M.; M.J.S. wrote the first draft of the manuscript, 656 

which was revised by all authors. 657 

Competing interests 658 

The authors declare no competing interests. 659 

  660 



Figures 661 

 662 

Figure 1: Locations of Wolf and Fernandina volcanoes and the sampling sites in this study. (a) 663 

Regional map of the Galápagos Archipelago showing the different volcanic centres on Isabela Island. 664 

Boxes show the locations of maps b and c. (b) Detailed map of Wolf volcano showing the locations of 665 

the 2015 circumferential fissure and intra-caldera vent. The 2015 lava flow extent is in red, after 666 

Bernard et al.71. The sampling locations of the lavas and tephra analysed in this study are shown as 667 

green circles and blue diamonds, respectively. (c) Detailed map of Fernandina showing the extent of 668 

the pyroclastic flow (dashed line) and isopachs of the total tephra (in cm; dotted lines) produced 669 

during the 1968 eruption, after Howard et al.48. The sampling locations of the nodules analysed in this 670 

study are shown as dark red squares. Contours are 200 m.  671 



 672 

Figure 2: Erupted liquid compositions from the Galápagos Archipelago. TiO2 vs. Mg#liq of 673 

erupted liquids at (a) Wolf volcano and (b) Fernandina. The points show: whole-rock, tephra glass, 674 

submarine glass and melt inclusion literature data from all volcanoes in the western Galápagos 675 

Archipelago (excluding intrusive rocks and plagioclase-ultraphyric lavas); historic erupted liquids (i.e. 676 

whole-rocks, tephra glasses and submarine glasses) from Wolf and Fernandina; and whole-rock and 677 

tephra glass data from the 2015 Wolf and 1968 Fernandina eruptions (see legend). References for 678 

Wolf and Fernandina historic erupted liquids and literature data from all western Galápagos volcanoes 679 

are in Supplementary Note 2. Glass data for the 2015 Wolf eruption are from Stock et al.19 and whole-680 

rock data are from this study. Glass and whole-rock data for the 1968 Fernandina eruption are from 681 

Allan and Simkin28. Characteristic 2σ analytical uncertainties for our whole-rock analyses are less 682 

than the size of a data point. The black lines show liquid lines of descent calculated using Rhyolite-683 

MELTS at 50 MPa (solid line), 300 MPa (dashed line) and 500 MPa (dotted line). The kernel density 684 

estimates above each panel show the Mg#liq distribution of the historic erupted liquids from Wolf and 685 

Fernandina, the red points show their median Mg#liq, and the red bars show their Mg#liq interquartile 686 

range. The grey dotted bars above each panel show the Mg#liq interquartile range of historic lavas 687 

from Santiago26 (centred around the Wolf and Fernandina medians) for comparison.  688 



 689 

Figure 3: Petrographic evidence for heterogeneous liquids and multi-level magma storage. (a) 690 

Quantitative Evaluation of Minerals by SCANing electron microscopy (QEMSCAN) phase map and 691 

(b) Ca map of a glomerocryst in a 2015 Wolf lava sample. The values in (b) show the An# of 692 

plagioclase zones. (c,d,e) False colour backscattered electron (BSE) images of quartz and 693 

clinopyroxene crystals in tephra samples from the 2015 Wolf eruption (d and e are adapted from 694 

Stock et al.19). The values in (d) and (e) show the Mg#cpx of clinopyroxene zones. (f,g) False colour 695 

BSE images of nodule samples from the 1968 Fernandina eruption, showing the phaneritic texture, a 696 

miarolitic cavity and evidence of hydrothermal alteration. An# and Mg#cpx values in black and grey 697 

show averages from crystal cores and rims, respectively. Ol – olivine; Cpx – clinopyroxene; Pl – 698 

plagioclase; Qtz – quartz; Gl – glass; Ilm – ilmenite; Py – pyrite; MC – miarolitic cavity.  699 



 700 

Figure 4: Major element compositions of minerals from Wolf and Fernandina. (a,b) Plagioclase 701 

An#, (c,d) clinopyroxene Mg#cpx and (e,f) olivine Mg#ol in lava and tephra samples from the 2015 702 

Wolf eruption, nodule samples from the 1968 Fernandina eruption and lava samples from historic 703 

Fernandina eruptions. Crystals are classified according to their textural association (see legend). 704 

Crystal compositions from historic Fernandina lavas are from Allan and Simkin28 and Koleszar et 705 

al.35. Characteristic 2σ analytical uncertainties for our mineral analyses are either shown or are less 706 

than the size of a data point. The kernel density estimates above each panel show the distributions of 707 

the crystal compositions. The vertical grey lines show the compositions of crystals calculated to be in 708 

equilibrium with the 2015 Wolf tephra glass (solid lines – average composition; dashed lines – 1σ 709 

compositional range)19 and 1968 Fernandina scoria glass28. Equilibrium calculations were performed 710 

at 1160 °C for Wolf and 1130 °C for Fernandina (the approximate pre-eruptive crystallisation 711 

temperatures)19,28, using the models of Namur et al.67 for plagioclase, Putirka68 for clinopyroxene and 712 

Herzberg and O’Hara69 for olivine.  713 



 714 

Figure 5: Plagioclase minor element compositions from Wolf and Fernandina. Minor elements vs 715 

An# of plagioclase crystals in lava and tephra samples from the 2015 Wolf eruption (blue squares), 716 

nodule samples from the 1968 Fernandina eruption (red diamonds) and lava samples from historic 717 

Fernandina eruptions (open diamonds). Crystal compositions from historic Fernandina lavas are from 718 

Allan and Simkin28. Characteristic 2σ analytical uncertainties for our plagioclase analyses are shown 719 

or are less than the size of a data point. The lines in (d) show the MgO contents of plagioclase crystals 720 

calculated to be in equilibrium with liquids containing 1, 2, 4, 6 and 8 wt% MgO (at appropriate 721 

temperatures from Wolf Rhyolite-MELTS models at 300 MPa; black dashed lines) and with the 722 

average 2015 Wolf tephra glass at 1160 °C (the approximate pre-eruptive crystallisation temperature; 723 

solid grey line)19, using the MgO partitioning model of Nielsen et al.43. Insets show the general 724 

theoretical trends of crystal compositions during growth (i.e. fractional crystallisation; solid lines) and 725 

diffusive re-equilibration (dashed lines), after Humphreys39.   726 



 727 

Figure 6: Selected plagioclase zoning profiles. Core-to-rim zoning profiles across (a) a 728 

glomerocrystic plagioclase crystal from a 2015 Wolf lava sample, (b) a plagioclase crystal from a 729 

2015 Wolf tephra sample, and (c) a plagioclase crystal from a 1968 Fernandina nodule sample. MgO 730 

is typically below detection limit in c. Characteristic 2σ analytical uncertainties are shown or are less 731 

than the size of a data point.  732 



 733 

Figure 7: TiO2 in plagioclase model for the 2015 Wolf eruption. (a) Plagioclase TiO2 vs An# in 734 

lava and tephra samples from the 2015 Wolf eruption. Crystals are classified according to their 735 

textural association (see legend). Characteristic 2σ analytical uncertainty is shown for TiO2 and is less 736 

than the size of a data point for An#. The grey lines show the compositions of crystals calculated to be 737 

in equilibrium with the 2015 Wolf tephra glass (solid lines – average composition; dashed lines – 1σ 738 

compositional range)19, using the models of Namur et al.67 for An# and Nielsen et al.43 for TiO2 at 739 

1160 °C (the approximate pre-eruptive crystallisation temperature)19. The black lines show the 740 

trajectory of plagioclase compositional evolution calculated using Rhyolite-MELTS and the TiO2 741 

partitioning model of Nielsen et al.43 at 50 MPa (solid line), 300 MPa (dashed line) and 500 MPa 742 

(dotted line). Plagioclase comes onto the liquidus at 1214 °C, 1229 °C and 1244 °C in 50 MPa, 300 743 

MPa and 500 MPa models, respectively. The plots above show (b) the physical and (c) the 744 

compositional evolution of the liquid predicted by Rhyolite-MELTS at 300 MPa (the approximate 745 

crystallisation pressure of the main magma storage zone at Wolf)19.  746 



 747 

Figure 8: TiO2 in plagioclase model for the 1968 Fernandina eruption. (a) Plagioclase TiO2 vs 748 

An# in nodule samples from the 1968 Fernandina eruption and lava samples from historic Fernandina 749 

eruptions. Crystals are classified according to their textural association (see legend). Crystal 750 

compositions from historic Fernandina lavas are from Allan and Simkin28. Characteristic 2σ analytical 751 

uncertainty for our plagioclase analyses is shown for TiO2 and is less than the size of a data point for 752 

An#. The grey lines show the compositions of crystals calculated to be in equilibrium with the 1968 753 

Fernandina scoria glass28, using the models of Namur et al.67 for An# and Nielsen et al.43 for TiO2 at 754 

1130 °C (the approximate pre-eruptive crystallisation temperature)28. The black lines show the 755 

trajectory of plagioclase compositional evolution calculated using Rhyolite-MELTS and the TiO2 756 

partitioning model of Nielsen et al.43 at 50 MPa (solid line), 300 MPa (dashed line) and 500 MPa 757 

(dotted line). Plagioclase comes onto the liquidus at 1191 °C, 1207 °C and 1222 °C in 50 MPa, 300 758 

MPa and 500 MPa models, respectively. The plots above show (b) the physical and (c) the 759 

compositional evolution of the liquid predicted by Rhyolite-MELTS at 500 MPa (the approximate 760 

crystallisation pressure at Fernandina)34.  761 



 762 

Figure 9: Mixing models between evolved and primitive end-member liquids. K2O/TiO2 vs. 763 

Mg#liq of erupted liquids at (a) Wolf volcano and (b) Fernandina. The K2O/TiO2 ratio of evolving 764 

liquids increases significantly when ilmenite (ilm) comes onto the liquidus. The points show: whole-765 

rock, tephra glass, submarine glass and melt inclusion literature data from all volcanoes in the western 766 

Galápagos Archipelago (excluding intrusive rocks and plagioclase-ultraphyric lavas); historic erupted 767 

liquids (i.e. whole-rocks, tephra glasses and submarine glasses) from Wolf and Fernandina; and 768 

whole-rock and tephra glass data from the 2015 Wolf and 1968 Fernandina eruptions (see legend). 769 

References for Wolf and Fernandina historic erupted liquids and literature data from all western 770 



Galápagos volcanoes are in Supplementary Note 2. Glass data for the 2015 Wolf eruption are from 771 

Stock et al.19 and whole-rock data are from this study. Glass and whole-rock data for the 1968 772 

Fernandina eruption are from Allan and Simkin28. Characteristic 2σ analytical uncertainties for our 773 

whole-rock analyses are less than the size of a data point. The black lines show liquid lines of descent 774 

predicted by Rhyolite-MELTS at 50 MPa (solid line), 300 MPa (dashed line) and 500 MPa (dotted 775 

line). The solid grey lines show mixing models between evolved and primitive liquids, contoured by 776 

increasing proportions of the evolved endmember (dashed grey lines). For both volcanoes, the 777 

evolved (high K2O/TiO2) end-members are the liquids calculated to be in equilibrium with our lowest 778 

An# plagioclase crystals using Rhyolite-MELTS (at 300 MPa for Wolf and 500 MPa for Fernandina; 779 

Supplementary Table 1). The primitive (low K2O/TiO2) Wolf end-members are the highest (whole-780 

rock W9562) and lowest (glass D4A) Mg#liq liquids measured in historic eruptions by Geist et al.17. 781 

The primitive Fernandina end-members are the highest (melt inclusion D25C-2-34) and lowest (glass 782 

D30-A) Mg#liq normal series liquids (i.e. excluding whole-rock samples that include accumulated 783 

olivine) measured in historic eruptions by Koleszar et al.35 and Geist et al.34, respectively 784 

(Supplementary Table 1). 785 
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 787 

Figure 10: Cartoon summarising the architecture of the Wolf and Fernandina plumbing 788 

systems. The grey bars (left) show relative estimates of magma storage depths at Wolf and 789 

Fernandina from Interferometric Synthetic Aperture Radar (InSAR) inversions and petrological 790 

barometry19,21,32,33. Not to scale. (a) The volcanoes are underlain by large lower crustal magma storage 791 

regions and smaller shallow storage regions, which are recharged by new magma ascending from 792 

depth. Both regions contain compositionally heterogeneous melts. We cannot discount mid-crustal 793 

magma storage but there is no petrological or geophysical evidence from recent eruptions. At 794 

Fernandina, evolved series submarine eruptions are periodically fed by melts ascending directly from 795 

the deeper storage region. (b) Large volumes of basaltic melt periodically ascend from depth, flushing 796 

through the systems and mixing with liquids stored at shallower levels. Some sub-volcanic mush is 797 

entrained into the ascending liquids. As the volume of ascending basalt is much greater than the 798 

volume of evolved material at shallower levels, its composition remains almost unaltered; only 799 

crystals that were not fully resorbed during mixing preserve evidence of the earlier heterogeneity. 800 


