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Figure S1: Regional tectonic setting of the central-eastern Pacific Ocean and southern CAM. (a) 
Galápagos islands (black areas) and main hotspot tracks (blue areas, Cocos ridge, Coiba ridge, Mapelo 
ridge and Carnegie ridge). Four tectonic plates are represented: the Cocos plate, Nazca plate, Caribbean 
plate and Panama micro-plate (PmP). At the transform–trench–trench triple junction between the Cocos 
plate, Nazca plate and overriding Panama microplate (the Panama Triple Junction, PTJ), the dextral 
Panama Fracture Zone (PFZ) subducts beneath the Caribbean plate along the Middle America Trench 
(MAT). As a result, the PFZ juxtaposes near-orthogonal subduction of the young and buoyant Cocos 
plate to its West, against oblique subduction of the Nazca plate to its East(1)(2). The Cocos–Caribbean 
convergence also involves subduction of the prominent aseismic Cocos Ridge, a ∼200 km wide paleo-
Galápagos Hotspot track that lies >1500m above the surrounding seafloor(3)(4). One prominent and 
puzzling feature of the southern CAM is the cessation of typical calc-alkaline arc volcanism at ~5 Ma(5). 
This cannot be explained by near-horizontal subduction of the Cocos Ridge resulting in the displacement 
of the asthenospheric wedge(6)(7), because the Cocos Ridge (i) did not begin to subduct until 2-3 Ma, 
i.e., after calc-alkaline volcanism cessation(5)(8)(9)(10), and (ii) the Cocos plate currently subducts at a 
steep angle(11). (b) and (c) expansion of the rectangle in (a) show locations of our hydrothermal fluids 
(springs, seeps and wells; blue circles) and gas (orange diamonds) relative to the volcanic fronts in Costa 
Rica (black triangles) and Panama (white triangles). (c) Age migration of volcanism in the back-arc units 
from (12). MAT: Middle America Trench; PFZ: Panama fracture zone; PTJ: Panama triple junction.   



 
 
Figure S2: Figure 1 from main text with color-coding based on the year of sample collection. 
Helium isotope composition of deeply sourced hydrothermal fluid (a) and gas (b) samples collected in 
Costa Rica and Panama is shown a function of longitude. Color-coding is based on the year of sample 
collection, from 2005 to 2018, with previous data from(13) being reported in grey. Hydrothermal sites that 
have been sampled several times over the last 15 years show good agreement between replicate 
measurements, hence providing strong validation that high 3He/4He signal is a stable geochemical feature 
of central Panama. In contrast to Costa Rica, the lack of low 3He/4He (i.e., 0.05-4 RA) in the volcanically 
dormant region of central Panama could potentially reflect the absence of radiogenic He contribution from 
the subducting slab, in agreement with the purported absence of a slab beneath the region(14)(15)(16).  
  



 
 
Figure  S3: Compilation of literature data for the helium isotopic composition of volcanic gases in 
arcs, after (17)(18)(19)(20). The color-coding of circles refers to the maximum air-corrected 3He/4He 
(Rc/RA) of corresponding arc volcanic regions. The black circle labeled with an asterisk corresponds to the 
highest 3He/4He ever measured along the Americas volcanic arc chain (prior to our study), from high‐
temperature (≥ 300°C) crater fumaroles of Galeras volcano (Colombia) before the 1992 explosive 
eruption (8.84±0.63Ra(21)). Helium data from this study (Costa Rica and Panama, zoomed in panel) are 
reported as diamonds in the inset. The coordinates of two points are given as cross marks to help 
localization.  
 
  



 
 
Figure S4: Crustal thickness accross CAM from the GEMMA model(22), highlighting a generally 
constant thickness (inset) along a transect (red line) in the sampled region (yellow dots). Distance in inset 
is from west to east in the transect (red line). 
  



 
 
Figure S5: Comparison of crustal He contributions in central Panama geothermal fluids <70°C and 
hot (>70°C) crater fumaroles from Costa Rica and Nicaragua, in the framework of scenario 1 
(Figure 1). In this scenario, we explore the possibility for the the elevated 3He/4He observed in central 
Panama (CP) to be explained by magma upwelling from the upper mantle, with limited crustal 
contribution. We assume a homogeneous upper mantle source 3He/4He of 9 RA across southern CAM 
(i.e., at the upper end of the canonical upper mantle range (R/RA=8±1(23))) and compute the fractions of 
crustal He (% crustal He) required to explain the maximum 3He/4He measured for geothermal fluids in 
central Panama (8.9 RA (purple circle) ± 0.44 RA (purple area)) and crater fumaroles (triangles) from 
Turrialba (8.1 RA), Poás (7.6 RA), Irazú (7.2 RA) volcanoes in Costa Rica and Mombacho volcano (7.6 RA) 
in Nicaragua(24)(25)(26). Invariably, this scenario requires the crustal He contribution in geothermal fluids 
<70°C in central Panama to be lower than for high temperature fumaroles from active craters of CAM. 
This is however highly unlikely due to the the absence of active volcanism in central Panama since late 
Miocene(5) and inherent addition of crustal He in geothermal fluids that are remote from volcanic active 
centers(17)(13)(27)(28)(29)(30)(31). Furthermore, the absence of significant crustal He contribution in 
central Panama is inconsistent with the roughly constant continental crust thickness (~35 km) accross the 
southern CAM (Figure S4), implying that significant crustal He contributions as observed in cold 
geothermal fluids of Costa Rica(13)(24) should also be expected in central Panama. For these reasons, 
we favor scenario 2 (Figure 2, Figures S6-8), which requires the existence of a 3He-rich mantle source 
beneath central Panama. 
  



Supplementary text 1: Estimating of the mantle source 3He/4He in central Panama (scenario 2). 

 
 Geochemical heterogeneities identified in the source of lavas erupted in CAM over the last 

~5 Myr are considered to reflect magma source heterogeneities associated with the recycling of slab-

derived Galápagos hotspot track material(12)(32)(33)(8). Because subducted He likely does not reach 

depths of arc magma generation(34), most – if not all – of the initial budget of predominantly radiogenic 

He in the slab must be readily lost to the forearc, regardless of the age of the slab(17). Hence, crustal He 

contributions to geothermal fluids in subduction zones are primarily controled by contributions from the 

underlying continental crust. Given that the crustal thickness in southern CAM is roughly constant(22) 

(Figure S4), the widespread occurence of crustal He in geothermal fluids <70°C of Costa Rica(13)(24) 

indicates that crustal He is also likely present in geothermal fluids <70°C of central Panama.  

 

Figure S4 illustrates how the 3He/4He of the mantle source in central Panama can be estimated 

using plausible crustal He fractions (%) derived for typical geothermal fluids <70°C from Costa Rica 

(where the potential influence of Galápagos mantle influx is expected to be negligible, Figure 2c). The 

maximum and average air-corrected 3He/4He in geothermal fluids <70°C from Costa Rica 

(maximum = 6.88 Ra, average = 2.77 Ra) are used to derive minimum and average estimates of crustal 

He contribution in southern CAM (minimum = 14%, average = 66%; Figure S6). These crustal He 

contribution estimates are then used to derive the minimum (10.3 RA) and average (26 RA) 3He/4He of the 

mantle source in central Panama, as implied by the detection of 3He/4He = 8.9 RA in geothermal fluids 

<70°C. Note that these estimates are derived by considering that 3He/4He in geothermal fluids <70°C 

from Costa Rica reflect a binary mixture between known upper mantle (8 RA) and crustal (0.05 RA) 

sources. Considering a higher mantle source 3He/4He in Costa Rica (up to 9 RA) would increase our 

estimates of crustal He contribution in southern CAM (Figure S7) and produce higher estimates of mantle 

source 3He/4He in central Panama, therefore reinforcing the requirement for a 3He-rich mantle source 

beneath the region. 

 

Note that our minimum estimate for the 3He/4He of the mantle source in central Panama (10.3 RA) 

is obtained by considering the minimum correction for crustal He contribution (i.e., the maximum 3He/4He 

of a typical geothermal fluids <70°C from Costa Rica: 6.88 RA, Figure S4). However, this 3He/4He of 

6.88 RA has been reported in the vicinity (i.e., within 8 km) of Rincón de la Vieja volcano(13), where the 

crustal He contribution is expected to be lower than in central Panama, hundreds of kilometers away from 

any active volcanic center. This suggests that actual crustal He contributions in central Panama could be 

markedely higher than inferred here using the 3He/4He of 6.88 RA, implying that the 3He/4He of the mantle 

source in central Panama could be >>10.3 RA, potentially as high as 26 RA (Figure S6). It is also 

noteworthy that He is extracted more efficiently than other elements during mantle upwelling(35), implying 

that pristine He could be (at least partially) lost during upwelling in the mantle flow. Furthermore, the 



Galápagos Archipelago is highly heterogeneous with magmatic 3He/4He ranging from 6.9 to 27 RA(36), so 

a mantle source 3He/4He as high as 26 RA may not be expected in CAM. 

 

 

 
Figure S6: Estimating the 3He/4He of the mantle source in central Panama using plausible crustal 
He fractions (%) derived for typical geothermal fluids <70°C from Costa Rica. (a) The maximum 
(6.88 RA, [1]) and average (2.77 RA, [2]) 3He/4He in Costa Rica are used to derive minimum (14%) and 
average (66%) estimates of crustal He contribution in southern CAM. (b) These crustal He contribution 
estimates are then used in to derive the minimum (10.3 RA, [1]) and average (26 RA, [2]) 3He/4He of the 
mantle source in central Panama implied by the detection of 3He/4He = 8.9 RA. The two formulas used 
here to estimate the crustal He contribution in southern CAM (% crustal He) and mantle source 3He/4He 
in central Panama are given in panels a and b, respectively.  



 
 

Figure S7: Testing the sensitivity of the 3He/4He of the estimated mantle source in central Panama 
(CP) to the assumed 3He/4He of the mantle source in Costa Rica (CR). (a) Our minimum estimate for 
the 3He/4He of the mantle source in central Panama is obtained by considering the minimum correction 
for crustal He contribution (i.e., the maximum 3He/4He of a typical geothermal fluids <70°C from Costa 
Rica: 6.88 RA, Figure S4). Increasing the assumed 3He/4He of the mantle source in Costa Rica from 8 RA 
to 9 RA (i.e., up to the upper end of the canonical upper mantle range (R/RA=8±1(23))) raises the 
minimum estimate of crustal He contribution in southern CAM from 14% up to 24%. This higher crustal 
He contribution estimate raises the minimum 3He/4He of the mantle source in central Panama (3He/4HeCP) 
from 10.3 RA up to 11.6 RA (b). The difference between the mantle source 3He/4He in central Panama and 
Costa Rica (∆3He/4HeCP-CR = 3He/4HeCP - 3He/4HeCR, where 3He/4HeCR is the assumed 3He/4He of the 
mantle source in Costa Rica) also increases from 2.35 to 2.65 RA (c).  



 
 

Figure S8: Summary cartoon of He systematics in Costa Rica (left) and central Panama (right). In 

volcanic settings, 3He/4He of hydrothermal fluids are typically observed to be highest close to eruptive 

vents and rapidly decrease toward radiogenic values (3He/4He < 1 RA) away from volcanic centers, due to 

reduced mantle input and enhanced contribution from the underlying continental 

crust(17)(30)(28)(31)(13)(27). The roughly constant continental crust thickness (~35 km) accross the 

southern CAM (Figure S4) implies that significant crustal He contributions as observed in cold 

geothermal fluids of Costa Rica(13)(24) should also be expected in central Panama, where 3He/4He up to 

8.9 RA are yet measured in low temperature geothermal fluids. Hence, we consider that the high 3He/4He 

in the volcanically-dormant region of central Panama are best explained by the presence of a 3He-rich 

mantle source beneath the region, with a 3He/4He arguably greater than 10.3 RA and potentially as high 

as 26 RA (Figure S6, S7).  
  



Supplementary text 2: Carbon isotopes systematics.  

 

It is noteworthy that there is no obvious reason why the lack of significant C isotope 

fractionation due to calcite precipitation in the Panama samples would preclude a significant 

contribution of crustal He in low temperature geothermal samples. For the two samples with DIC 

~60 mmol.l-1 (Figure S10) in central Panama (sample sites “El Salao Campollano” and “Los 

Bajos Correra”), measured Ca, Mg and SO4 concentrations in the fluids can be used to calculate 

DIC derived from in situ dissolution of carbonates (Cdiss_carb), following Cdiss_carb = [Ca + Mg − 

SO4]. Assuming that (i) measured DIC values are the sum of dissolved carbonate and external 

C sources from the mantle wedge (Cext) (i.e.,  Cext = DIC − Cdiss_carb), and (ii) carbonate and 

sulfate minerals contributes the vast majority of Ca and Mg (i.e., Ca + Mg contributions from 

water-rock interaction with silicates are of secondary importance), we find that >75% and >97% 

of the DIC at “El Salao Campollano” and “Los Bajos Correra”, respectively, originates from the 

deep mantle wedge and not in situ carbonate dissolution. As described in the main text, high C 

concentrations in fluids from central Panama could be explained by substantial contributions 

from mantle-derived and/or recycled carbonates components – a significant contribution from 

sediments being unlikely here as these are characterized by largely negative δ13C, around -

30‰ (Figure S9). The volcanic gas sampled at “Los Bajos Correra” corresponds to the blue 

diamond on Figure S9, which plots next to the pure carbonate end-member, with an extremely 

high CO2/3He of ~5 x1014.  

 

Isotope fractionation modelling 

  

Helium–carbon studies in volcanic arc settings(24)(37)(29)(38)(13) have coupled He and 

C isotopes to distinguish carbon from different provenances using a three-component mixing 

model (Figure 3b). In such acidic settings, volcanic activity has been suggested to release 

previously sequestered CO2 (18)(39)(40)(41), which mixes with slab/mantle carbon and results 

in the characteristic signatures. In summary, carbon is released from the slab/mantle and reacts 

with shallow groundwater forming an initial pool of dissolved carbon (DC). An isotopic 

fractionation factor between DC and calcite is calculated on the basis of the best fit to the 

observed data by varying the temperature iteratively. The starting δ13C of DC is considered to 

range between +0.5‰ and +5.0‰(13), presumably controlled by different slab inputs. Here, 

data from the 2018 field campaign require a starting δ13C of DC at +2‰ (Figure S10). The 

presumed slab inputs are consistent with positive isotope values measured in carbonate 



sediments off the coast of CAM(42). As assumed in (13), starting δ13C input conditions are 

considered to be the same for the forearc, backarc and arc regions. As the Rayleigh 

fractionation progresses, calcite is precipitated and the isotope composition of residual DC 

reflects open system (Rayleigh) fractionation processes. Rayleigh distillation curves are 

computed following: 

 

 δ13CDC,f ~ (δ13CDC,i + 1000) × Fα-1 - 1000 

with α = (-8.91×108×T-3 + 8.56×106×T-2 - 1.88×104×T-1 + 8.27 

 

where F is the fraction of DC remaining in the fluid,  δ13CDC,f is the C isotope composition of DC 

at F, δ13CDC,i is the initial C isotope composition of DC, α is the fractionation factor between DC 

and calcite at a given temperature T (in K). 

  



 
 

Figure S9: CO2/3He versus δ13CO2 relationships for hydrothermal fluid and gas samples. Color-
coding is based on the year of sample collection, from 2005 to 2018, with previous data from (13) being 
reported in grey. Mantle and subduction-related end-member compositions (organic sediments and 
carbonates) are given along with mixing lines after (37). Predicted calcite fractionation model trends at 
25°C, 75°C, 125°C and 290°C are also shown, with maximum considered fractions of C lost (%) shown 
as black stars. Fluid samples with δ13CO2>0 are most consistent with either (i) calcite precipitation at high 
temperature (up to ~290°C), (ii) biologically induced carbon fixation resulting in kinetic fractionation of C 
isotopes preferentially removing 12C from CO2(43), or (iii) equilibrium isotopic fractionation (EF, black 
arrow) associated with dissolution of CO2 gas into aqueous fluids(44). Interestingly, we find that CO2/3He 
for water samples are generally lower (and associated with more negative δ13CO2) than for gas samples, 
which is the opposite of what is commonly observed for hydrothermal degassing and/or solubility-
controlled phase separation(45) whereby higher CO2/3He for the water phase are due to greater solubility 
of CO2 in aqueous solution relative to He. This further supports our interpretation that C sequestration via 
calcite precipitation from aqueous C (i.e. DIC) is the dominant process controlling CO2/3He variations in 
Costa Rica and Panama. In addition, we measured δ13C in DIC for 19 hydrothermal fluid samples 
collected during our most recent field campaign in 2018 (Figure S10).  



 
 

Figure S10: Carbon isotopes as a function of DIC concentrations from the 2018 field expedition. 
(a) Rayleigh fractionation curves associated with calcite precipitation (fraction of C sequestered as calcite 
given as percentage) are shown as dotted lines. δ13C composition of DIC (b) and total DIC (c) as a 
function of longitude, from the 2018 field expedition, suggesting an along-arc progressive increase of δ13C 
DIC (i.e., lower effect of calcite precipitation) towards central Panama (blue arrow). Vertical dashed lines 
correspond to the approximate longitude of the border between Costa Rica and Panama (Figure S1). Y-
axis is shown on a logarithmic scale for (c).  



 
Figure S11. Age-corrected Pb isotopes systematics for the magmas of southern Central America. 
Data are from (33)(12) and this study. This diagram shows that our new data from La Providencia do not 
plot on the trends of mixing towards Galápagos end-members, indicating that their 206Pb/204Pb 
composition, at the upper end of the MORB range (Figure 2a), reflects minimal (if any) contribution from 
Galápagos-derived material. Conversely, we note that even arc front volcanoes in southern Nicaragua do 
show evidence of mixing with Galapagos slab-derived northern domain material, as previously shown 
from 206Pb/204Pb vs. 208Pb/204Pb and 143Nd/144Nd isotope diagrams (33). Symbol shapes are the same as 
Figure 2 of the main text.  
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Figure S12. Central America convergent margin earthquake distribution. Bottom: Map showing 
seismicity from the USGS-ANSS catalog (1960–2020) as small circles. Circle size is proportional to 
earthquake magnitude while color denotes earthquake depth. Offshore dark gray line shows the location 
of the trench from (46). Top: longitude projection of the depth of the earthquakes showing the lack of 
deep seismicity beneath west Panama, where the presence of a slab window is inferred.  



 
 
Figure S13: SLAB2 model(47) of slab contours in central America (coloured lines), and trench 
locations (magenta lines) from (46). Sample locations from this study are yellow circles, and 
volcanoes extracted from the Global Volcanism Program database(48) are red triangles. The 
location of the surface projection of the slab window contours broadly matches the locations of 
the borders between Panama and Costa Rica to the North-West, and between Panama and 
Columbia to the South-East. This ~600 km wide slab opening allows for the influx of Galápagos-
derived material that directly affects the geochemistry of volcanism in southern CAM (i.e., He 
isotopes of geothermal fluids (Figure 1) and Pb isotope-Ce/Pb-Nb/U systematics of lavas 
(Figure 2)).  
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Figure S14: Cross sections of seismic tomography of the mantle beneath CAM highlighting the presence 
of a) subducting slab materia (blue material), and b) a slab window (red/brown material) beneath 
Panama. The P-wave tomography MIT-P09 from Li et al. (2008) [top panels] and UU-P07 from van der 
Meer et al. (2017) [bottom panels] are extracted along vertical profiles that include the Galápagos plume 
(approx. 10° arc distance along the profile) and the central American continental terranes. Earthquakes 
with magnitudes greater than 4 (green points on map) from the ANSS catalogue (USGS 2017) are also 
extracted within 200 km of the vertical profiles (red points on map, and white points on cross-section), and 
the SLAB2 (Hayes et al. 2018) structure is also plotted (green line on cross-sections). X-axis is great 
circle arc distance along profile.  



 
 

Figure S15: Cross sections of seismic tomography of the mantle beneath CAM line of arc volcanoes 
extracted from the Global Volcanism Program database(48). The P-wave tomography MIT-P09 from (49) 
(top panel) and UU-P07 from (50) (bottom panel). Earthquakes with magnitudes greater than 4 (green 
points on map) from the ANSS catalogue (USGS 2017) are also extracted within 200 km of the vertical 
profiles (red points on map, and white points on cross-section), and the SLAB2(47) structure is also 
plotted (green line on cross-sections). X-axis is great circle arc distance along profile.  



 
 
Figure S16: Depth slices through the P-wave tomography MIT-P09 from (49) (left panels) and UU-P07 
from (50) (right panels), highlighting the spatial association between the slabs (blue regions on maps) and 
trench locations (green line) from (46). 
 



 
 
Figure S17: Screenshots of the plate tectonic reconstruction provided as Supplemental video. 
Plate reconstructions of central America embedded in a GPlates (www.gplates.org) global plate 
motion model(51) show the eastward subduction of the Farallon Plate beneath North, Central, 
and South America that splits into the Cocos (north) and Nazca (south) plates by ~23 Ma. The 
contemporary Galapagos Plume trail emerges from ~17 Ma with eruptions that build the 
diverging trail of oceanic plateaus. The plate reconstructions indicate that the Cocos-Nazca 
spreading ridge starts interacting with the Panama segment of the Central American convergent 
margin from ~23 Ma, resulting in a slab window that evolves to the present day. Present-day 



continental topography is reconstructed through time, and the seafloor age-grid is plotted in the 
oceanic regions. Mid oceanic ridges and transforms are plotted as thick black lines, while 
subduction zones are plotted as teethed magenta lines. Plate velocities are plotted as arrows, 
and mantle plume volcanic products are plotted as dark grey polygons. Two motions paths, 
plotted in red (yellow dots every 1 Myr), represent the motion of the Nazca and Cocos plates 
with respect to the Galapagos Plume, with the plume position (red triangle) set at 17 Ma when 
the contemporary preserved portions of the plume trail appear.  
 
 
Dataset Legends 
 
Dataset S1: Helium and carbon isotope and concentration data for water and gas samples. 
 
Dataset S2: New geochemical data for La Providencia. 
 
Dataset S3: Geochemical data compilation for lavas of CAM. 
 
 
Movie Legends 
 
Supplemental Movie: Plate reconstructions of central America for the last 25 Myr, embedded 
in a GPlates (www.gplates.org) global plate motion model(51).  
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