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Lavas erupted at hotspot volcanoes provide a glimpse into the composition of the otherwise 

inaccessible deep mantle52. The 0-14 Ma Galápagos basaltic volcanism53 is generated by a 

mantle plume located in the Pacific Ocean ca. 1000 km away from the nearest continent, South 

America54 (Fig. 1). For several million years prior to ~5 Ma, the Galápagos Spreading Center 

(GSC) and Galápagos plume were nearly superimposed55, yielding anomalously depleted lavas 

compared to more recent lavas of the main Archipelago54. The earliest history of the Galápagos 

hotspot can be found in the Ecuadorian-Colombian-Caribbean Large Igneous Province 

(ECCLIP), where it is traced back to the Cretaceous6,56,57 (main phase at ~89-90 Ma; with 

phases probably as early as 139 Ma). Mantle heterogeneities and recycled crust characterize 

part of this Cretaceous activity of the plume58,59.  

Our extensive sampling of several islands of the Archipelago reveals the presence of zircon 

grains in basaltic rocks and recent detrital sediments (beach sands, streambed and lava-tube 

deposits). Most of the zircon grains are young (less than 4 Ma and up to 168 Ma) defining the 

Galápagos Plume Array (GPA). The zircon grains have similar high positive εHf(t) and low 

δ18O(zircon). In addition, we also report the present of older zircon grains that range in age from 

Archaean (~ 3.45 Ga) to Triassic (~ 240 Ma), with isotopic signatures of continental crust, 

including negative εHf(t) and high δ18O(zircon). Unlike Mauritius and Iceland, where rare old 

zircon also has been found30,31, seismic studies preclude the presence of fragments of 

continental crust beneath the Galápagos Archipelago28. The source of these exotic non-GPA 

zircons may include a combination of processes, such as contamination of the asthenosphere 

by subducted material or magmatic assimilation of detrital oceanic sediments accumulated on 

the ocean floor since 14 Myr and before the volcanoes started to form. Other less likely sources 

might include Earth´s surface processes such as strong trans-oceanic atmospheric dust clouds 

from the continent60,61, subaqueous transport by ocean circulations, continent-derived far-

travelled volcanic pumice, dust clouds related to volcanic super-eruptions in the Andes (c.f.,62) 

and/or anthropogenic contamination of sands. Van der Does et al61discussed different transport 

agents to explain the occurrence of large dust particles of a few hundred microns (up to 450 

µm) in Atlantic Ocean sediment traps ~2400 and 3500 km away from their source in the Sahara. 
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However, such dust particles have a much lower density (quartz = 2.65 g/cm3) compared to 

zircon (4.71 g/cm3). Although transport, turbulence, uplift in convective systems, and electrical 

levitation of particles have been discussed as possible explanations, a definitive reconstruction 

of an aeolian transport pathway has not yet been found. Furthermore, the transport of large 

dense particles by ocean currents from South America to the Galápagos seems highly unlikely. 

The South Equatorial Current (SEC) does not exceed 0.8 m/s between the mainland and the 

archipelago. Based on a simplified Stokes formula of 63, a 100 µm zircon particle would sink at 

approximately 15 mm/s, meaning that it would reach a 4 km water depth after 74 h or 213 km 

from the coast at a seaward flow of 0.8 m/s.  

Analytical Procedures 

So far, we have collected 170 samples of beach sands and soils and 118 whole-rock samples 

(including xenoliths) (Fig. S1). Of them only 37 beach sand samples, 4 soils (streambed and 

lava tube deposits) and 8 rock samples contain zircons (Tabla S1). Sand and soil samples were 

collected and panned locally in beaches for heavy minerals in each island of the Galápagos 

Archipelago to avoid external potential contamination. Similar techniques have been applied 

successfully in other regions of the world, e.g. Mauritius64, Indonesia43 and Grenada44. The sand 

on each beach in Galápagos is unique in composition, colour and grain size and is the result of 

biological activity and the source rocks they came from (providing grains of olivine, pyroxene 

and magnetite), but also the result of coastal processes that modify the sand over long periods 

of time35 (Supplementary Figure S2). In addition, coral reefs located offshore largely contribute 

to the composition of beach sands.  

Approximately 4 kg of each whole-rock sample was crushed to a grain size of ~250 µm, using 

a jaw crusher and roller mill. A heavy mineral fraction was then produced using a Wilfley table 

and a Frantz magnetic separator at Mainz University. The final heavy mineral concentrate 

(mostly zircon) was obtained by panning with water and alcohol in the Beijing SHRIMP Centre, 

China. We employed the panning technique to exclude that any older (xenocristic) zircon found 

in the rocks was due to laboratory contamination as its source. Zircons for isotopic analysis 

were then handpicked during optical inspection under a binocular microscope and mounted in 

epoxy resin. About 100 g of the homogenized coarse material were powderized in a Siebtechnik 

tungsten carbide mill for chemical and whole-rock isotopic analysis. 

Major and trace element analysis 

Major element and Zr concentrations were determined by X-ray fluorescence spectrometry 

(XRF) on fused glass beads and pressed powder pellets at the Institute of Earth Sciences at 
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Mainz University. The XRF laboratory at Mainz utilizes a Panalytical MagiXPro spectrometer, 

including an automated sample changer. A Rh tube is used for excitation, maximum power is 

4 kW (60 kV, 126 mA). Trace elements, except Zr, were determined at the University of 

Granada (CIC) by ICP Mass Spectrometry (ICP-MS) after HNO3 + HF digestion of ~ 100 mg 

of sample powder in a Teflon lined vessel at ~ 180 °C and ~ 200 psi for 30 min, evaporation to 

dryness, and subsequent dissolution in 100 ml of 4 vol.% HNO3. Procedural blanks and 

international standards PMS, WSE, UBN, BEN, BR and AGV49 were run as unknowns during 

analytical sessions. Precision was better than ± 2% and ± 5% for analyte concentrations of 50 

and 5 ppm, respectively. 

Whole-rock Rb-Sr and Sm-Nd isotopic analysis 

The analyses were carried out at the CIC centre of the University of Granada, Spain65 and the 

analytical data are presented in Table S2. Samples for Sr and Nd isotope analysis (0.1000 g) 

were digested with HNO3 + HF in Teflon-lined vessels at 200 p.s.i. The elements were separated 

with ion-exchange resins, and the Sr and Nd isotopic ratios (87Sr/86Sr and 143Nd/144Nd) were 

determined by thermal ionization mass spectrometry (TIMS) in static mode on a Finnigan Mat 

262 instrument at CIC. All reagents were ultra-clean. Normalization values were 86Sr/88Sr = 

0.1194 and 146Nd/144Nd = 0.7219. Rb and Sm were measured by ICP-MS at CIC following the 

procedure of Montero and Bea (1998). Blanks were 0.6 and 0.09 ng for Sr and Nd. Blanks for 

Rb and Sm were not measured, because elemental ratios were determined by ICP-MS. The 

external precision (2σ), estimated by analyzing 10 replicates of the standard WS-E66, was better 

than 0.003 % for 87Sr/86Sr and 0.0015 % for 143Nd/144Nd. The 87Sr/86Sr ratio determined for the 

NIST 987 Sr reference material was 0.7102500±44 (2σ external, n = 106). Measurements of 

the La Jolla Nd standard yielded a 143Nd/144Nd ratio of 0.5118440±67 (2σ external, n = 49). 
87Rb/86Sr and 147Sm/144Nd ratios were determined directly by ICP-MS at the University of 

Granada, following the method of 65, with a precision better than 1.2 % and 0.9 % (2σ) 

respectively. 

Zircon U-Pb SHRIMP dating (Beijing) 

Zircons were mounted in epoxy resin together with standard M257 in the Beijing SHRIMP 

Centre, Chinese Academy of Geological Sciences, and the mount was then ground down to 

expose the interiors of the grains. Cathodoluminescence (CL) images were taken on a ZEISS 

Merlin Compact scanning electron microscope with a GATAN Mono CL4 tube (accelerating 

voltage 10 kV). 
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Zircon isotopic analyses (Supplementary Tables S2.1; S2.2) were performed on a SHRIMP II 

sensitive high-resolution ion-microprobe in the Beijing SHRIMP Centre, and the analytical 

procedures are detailed in67 and references therein. For data collection, five scans through the 

critical mass range were made. Primary beam intensity was between 3.2 and 3.5 nA, and a 

Köhler aperture of 100 µm diameter was used, giving a slightly elliptical spot size of about 25 

µm. Peak resolution at 1 % peak height was about 5000R, enabling clear separation of the 208Pb-

peak from the HfO peak. Sensitivity was between 20 and 25 cps/ppm/nA Pb on the standard. 

Analyses of samples and standards were alternated to allow assessment of Pb+/U+ fractionation. 

The 1-sigma error of the 206Pb/238U ratio during analysis of standard zircons during this study 

was between 1.0 and 1.4 %. Raw data reduction, error assessment and common Pb-correction 

followed methods described in67. Errors of individual analyses in the supplementary Tables 

S2.1; S2.2 are given at the 1-sigma level and are based on counting statistics and include the 

uncertainty in the U/Pb age of the standard, added in quadrature. Corrections for U-series 

disequilibrium and initial 230Th Data reduction of zircon grains younger than 2 Ma followed 

methods described in44.  

In addition, we checked on instrumental mass fractionation of 207Pb/206Pb of the SHRIMP II 

instrument by analysing 7 grains of zircon standard OG-1 during the course of this study. The 

recommended 207Pb/206Pb ratio and age for this standard are 0.29907 ± 11 and 3465 ± 1 Ma, 

respectively68. Our analyses yielded a weighted mean 207Pb/206Pb ratio and age of 0.29912 ± 41 

and 3466 ± 2 Ma, respectively, indistinguishable from the recommended values. 

A standard-sized (25 mm) SHRIMP mount previously used for U-Pb zircon dating was 

employed for O isotopic analyses. O-in-zircon was analysed on a SHRIMP IIe instrument of 

the Beijing SHRIMP Center. The analytical procedures and conditions were similar to those 

described by69,70. The intensity of the Cs+ primary ion beam was ∼3 nA, producing secondary 
16O− count rates of more than 109 cps. Spot diameters were ∼25 μm. The reference material 

used for calibration of instrumental mass fractionation (IMF) was M257 zircon71 (δ18O 13.9‰ 

VSMOW), which was mounted together with the unknowns. The standard was analysed 2 or 3 

times at the start of each analytical session, then after every 3 sample analyses. 

Hf in zircon analysis by LA-MC-ICP-MS (Frankfurt University) 

Hafnium isotopes was measured using a Thermo-Scientific Neptune+ multi collector ICP-MS 

at the Frankfurt Isotope & Element Research Center (FIERCE) of the Goethe-University 

Frankfurt coupled to a RESOLution-LR (Resonetics) 193 nm ArF excimer laser (CompexPro 

102, Coherent) following the method described by72,73. Spots of 33 µm in diameter were drilled 
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with a repetition rate of 6 Hz and an energy density of 6 J/cm2 during 40s of data acquisition. 

Laser spots were set directly ‘on top’ of the U–Pb spots, or immediately beside but within the 

same zone as determined by CL.  For calculation of ɛHf(t) values the decay constant of 1.867 × 

10−11 74,75 and the values for the chondritic uniform reservoir (CHUR, 176Lu/177Hf =0.0336, 
176Hf/177Hf = 0.282785) were used75,76. A two-stage depleted mantle Hf model age (TDM, in Ga) 

was calculated from the initial176Hf/177Hf of each zircon at the time of crystallization by 

using176Hf/177Hf = 0.28325 and176Lu/177Hf = 0.0384 for the bulk earth76 and 176Lu/177Hf = 

0.0113 for the average crust. 

All data were adjusted relative to the JMC475 of 176Hf/177Hf ratio = 0.282160 and quoted 

uncertainties are quadratic additions of the within run precision of each analysis and the 

reproducibility of the JMC475 (2SD = 0.0028%, n = 8). Accuracy and daily reproducibility of 

the method was verified by repeated analyses of reference zircon GJ-1 and Temora, which 

yielded a 176Hf/177Hf of 0.282009 ±0.000021 (2 SD, n=30) and 0.282670 ±0.000025 (n=23), 

respectively. This is in perfect agreement the LA-MC-ICPMS long-term average of GJ-1 

(0.282010 ±0.000025; n > 800) and Temora (0.282483 ±0.000023, n > 250) reference zircon at 

FIERCE. 

Hf-in-zircon analysis by LA-MC-ICP-MS (University of Hong Kong) 

Zircon spots previously analysed on SHRIMP II for U/Pb were analysed for their Hf isotopic 

composition in the Department of Earth Sciences, The University of Hong Kong, China (HKU) 

using a Nu Plasma HR MC-ICP-MS (Nu Instruments, UK), coupled to a 193 nm excimer laser 

ablation system (RESOlution M-50, Resonetics LLC, USA). 172Yb, 173Yb, 174Hf, 175Lu, 176(Hf 

+Yb + Lu), 177Hf, 178Hf and 179Hf were measured simultaneously in static-collection mode. A 

beam diameter of 55µm and a laser repetition rate of 6 Hz were used for the analyses. The 

instrumental settings are detailed in77, and the analytical procedure is summarized in67. External 

corrections were applied to all unknowns, and standard zircons 91500 and GJ were employed 

as external standards and were analysed twice before and after every 10 analyses. The precision 

and reproducibility (2SE) on Hf reference materials was: 91500 = 0.282307±10 (n = 24) and 

GJ-1 = 0.282007±10 (n = 18), which are close to the recommended values measured by the 

laser method of 0.282307 78 and 0.282015 ±19 79, respectively. 

The measured 176Lu/177Hf ratios and a 176Lu decay constant of 1.867 x 10−11a−1 74,75 were used 

to calculate initial 176Hf/177Hf ratios. Calculation of εHf values is based on the chondritic values 

of 176Hf/177Hf and 176Lu/177Hf as reported by76. Crustal model ages (Supplementary Table S3.1) 

were calculated using an average crustal 176Lu/177Hf ratio of 0.010, for explanation see Kroener 
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et al. (2013). The depleted mantle lines in Figs. 5 and 10 are defined by present-day 176Hf/177Hf 

= 0.283251 (εHf(t) = 16.48) and 176Lu/177Hf = 0.038459 and a CHUR-value at 4.56 Ga of 

0.279799 (εHf(t) = 0).  
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Supplementary Table S1. Summary of samples containing old zircon grains. 

Supplementary Table S2.1. SHRIMP II analytical data for spot analyses of young zircons 

from Galápagos. 
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Supplementary Table S2.2. Supplementary Table S2.2. SHRIMP II analytical data for spot 

analyses of zircon grains older than the age of the Galápagos Archipelago.  

Supplementary Table S3.1. LA-MC-ICPMS Lu-Hf isotope data of Galápagos zircons 

measured at Hong Kong University. Analytical uncertainties are quoted at 1 sigma. *Initial 
176Hf/177Hf and εHf calculated using the apparent zircon age, the CHUR parameters of 76 

(176Lu/177Hf = 0.0336 and 176Hf/177Hf = 0.282785) and 176Lu decay constant of 1.867 x 10-11 
74,75. †two stage model age in billion years using the measured 176Lu/177Lu of each spot (first 

stage = age of zircon), a value of 0.0113 for the average continental crust (second stage), and a 

juvenile crust (NC) 176Lu/177Lu and 176Hf/177Hf of 0.0384 and 0.28314, respectively. "two stage 

model age in billion years using the measured 176Lu/177Lu of each spot (first stage = age of 

zircon), a value of 0.0113 80 for the average continental crust (second stage), and a depleted 

mantel (DM81) of 176Lu/177Lu and 176Hf/177Hf of 0.03976 and 0.283238, respectively. 

Supplementary Table S3.2. Table S3.2. LA-MC-ICPMS Lu-Hf isotope data of Galápagos 

zircons measured at Frankfurt University. Quoted uncertainties (absolute) relate to the last 

quoted figure. The effect of the inter-element fractionation on the Lu/Hf was estimated to be 

about 6 % or less based on analyses of the GJ-1 zircon. Accuracy and reproducibility was 

checked by repeated analyses (n = 110 and 56, respectively) of reference zircon GJ-1 and 

Temora (data given as mean with 2 standard deviation uncertainties). *Initial 176Hf/177Hf and 

εHf calculated using the apparent zircon age, the CHUR parameters of 76 (176Lu/177Hf = 0.0336 

and 176Hf/177Hf = 0.282785) and 176Lu decay constant of 1.867 x 10-11 74,75. †two stage model 

age in billion years using the measured 176Lu/177Lu of each spot (first stage = age of zircon), a 

value of 0.0113 for the average continental crust (second stage), and a juvenile crust (NC) 
176Lu/177Lu and 176Hf/177Hf of 0.0384 and 0.28314, respectively. "two stage model age in billion 

years using the measured 176Lu/177Lu of each spot (first stage = age of zircon), a value of 0.0113 
80 for the average continental crust (second stage), and a depleted mantel (DM81) of 176Lu/177Lu 

and 176Hf/177Hf of 0.03976 and 0.283238, respectively. 

Supplementary Table S4. Oxygen isotope ratios for Galápagos zircons. 

Supplementary Table S5. Major and trace element concentrations for Galápagos samples. 

Major elements in wt. %, trace elements in ppm. Major elements were determined at Mainz 

University (Germany), while trace elements were determined at the University of Granada 

(Spain). 

Supplementary Table S6. Thermo-mechanical properties of the rock phase. (1) The pre-

exponential factor of the diffusion creep (Pa-1·s-1) has a different unit of measure of the 
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dislocation one (Pa-n·s-1) (2) The activation volume of the lithosphere has been fairly increased 

to simulate a dehydration (10·10-6) (3) These two phases are only for visualization, so they 

have the same properties of upper/lower mantle and plume (as a function of their depth). a) 

From82 b) From83. 

Supplementary Table S7. List of the numerical experiments. (1) Each timestep we collect all 

the eruption events, however not all the mantle involved into this eruption events retains the 

geochronological information. Therefore, to produce the histograms showed in Fig.3, Fig.S5, 

Fig. S6, we choose the eruption events that are representative of a mantle that has never cross 

the Reidite-Zircon phase transition. Here we list the total number of eruption event and the total 

amount of eruption event (Total Eruption Event) that effectively preserve the geochronological 

information (Total Preserved Zircon). (2) These experiments have been run for a considerable 

long timescale (i.e. 400 Myrs) to reach the state-state condition. The initial plume has not been 

prescribed and the plume spontaneously emerges due to the thermal boundary condition. 
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Figure captions Supplementary Material 

Supplementary Figure S1. The Galápagos Archipelago showing sample locations in the 

islands containing zircon grains and present position of the plume at 200 km depth. A) Beach 

sand sample GAL38 at Pinzón, was collected at the same location as sample GAL36 
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Supplementary Figure S2. Examples of contrasting Galápagos beach sands (A, B, C, D, E) 

and a lava tube deposit (F). See Table S1 for sample/beach coordinates. A) White sand beach 

from Playa Mansa at Tortuga Bay, south of Santa Cruz (GAL3), B) Green beach (Pirate 

cave), northeast of Floreana (FL8, GAL149), C) olivine beach north of Floreana. Coarse 

(rounded) grain beach, containing mostly mafic minerals (olivine and amphiboles) with a 

grain size of up to 3 mm. D) Red beach north of Rábida, contain many young zircon grains 

(GAL28). E) Las Bachas beach near canal de Itabaca, north of Santa Cruz (GAL17). Reddish 

beach containing many young zircon grains. F) Soil sample (GAL6) collected at Cascajo 

Cave. Lava tube located in south-central Santa Crúz.   

Supplementary Figure S3. Chemical composition of zircon-bearing rock samples shown in 

Figure 2. A) TAS classification diagram84. B) Zr/Ti vs. Nb/Y (85 modified from86). C) 

Chondrite (CI)-normalized88 REE abundances. D) Nb/Yb vs. Th/Yb87 including the MORB-

OIB array. In all diagrams, reference normal and enriched mid-ocean ridge basalts (N-

MORB and E-MORB, respectively) and ocean island basalt (OIB) after89 

Supplementary Figure S4.1. Cathodoluminiscence (CL) images of the most representative 

Galapagos Plume Array (GAP) zircon grains (<200 Ma). Red circles represent SHRIMP 

spots while green and yellow circles represent Hf and δ18O spots, respectively. Scale bars in 

white (100 µm). 

Supplementary Figure S4.2. Cathodoluminiscence (CL) images of the most representative 

older zircon grains (>200 Ma). Red circles represent SHRIMP spots while green and yellow 

circles represent Hf and δ18O spots, respectively. Scale bars in white (100 µm). 

Supplementary Figure S5. All the experiments feature a plate velocity of 5 cm/yrs. The left 

panel is depicting an experiment featuring 15 Myrs of initial plate age, while the right one is 

featuring an experiment with 40 Myrs as initial plate age. Each panel are composed of three 

representative time steps of the simulations, while at the bottom there are two histograms 

showing the age distribution of the zircons and the number of eruptions with the real 

simulation time.  

Supplementary Figure S6. All the histogram associated with the age of the zircon for each 

experiment performed. At the top right of each plot, the relevant parameter of these 

simulation is listed.  

Supplementary Figure S7. We performed additional experiments without introducing the 

initial thermos-compositional anomaly at the bottom of the simulation. All the numerical 
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experiments have a constant plate velocity of 5 cm/yrs. Each of the panel represents 4 

representative timesteps. The leftmost panel depicts the experiment featuring a plate age of 

15 Myrs, while the central and the right ones feature a plate age of 30 Myrs and 40 Myrs 

respectively. These experiments run until they reach the steady state condition, therefore the 

plate manifest an age gradient from left to the right. All the histograms of these experiment 

are plotted in Figure S6, and the age is always taken from the first occurrence of melt. 
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