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It is well established that mantle plumes are the main conduits for
upwelling geochemically enriched material from Earth's deep inte-
rior. The fashion and extent to which lateral flow processes at shal-
low depths may disperse enriched mantle material far (>1,000 km)
from vertical plume conduits, however, remain poorly constrained.
Here, we report He and C isotope data from 65 hydrothermal fluids
from the southern Central America Margin (CAM) which reveal
strikingly high He/*He (up to 8.9R,) in low-temperature (<50 °C)
geothermal springs of central Panama that are not associated with
active volcanism. Following radiogenic correction, these data imply
a mantle source 3He/*He >10.3R, (and potentially up to 26R,, simi-
lar to Galapagos hotspot lavas) markedly greater than the upper
mantle range (8 + 1R,). Lava geochemistry (Pb isotopes, Nb/U, and
Ce/Pb) and geophysical constraints show that high >He/*He values
in central Panama are likely derived from the infiltration of a
Galapagos plume-like mantle through a slab window that opened
~8 Mya. Two potential transport mechanisms can explain the con-
nection between the Galapagos plume and the slab window: 1)
sublithospheric transport of Galapagos plume material channeled
by lithosphere thinning along the Panama Fracture Zone or 2)
active upwelling of Galapagos plume material blown by a “mantle
wind” toward the CAM. We present a model of global mantle flow
that supports the second mechanism, whereby most of the east-
ward transport of Galapagos plume material occurs in the shallow
asthenosphere. These findings underscore the potential for lateral
mantle flow to transport mantle geochemical heterogeneities
thousands of kilometers away from plume conduits.
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he geochemical composition of the upper mantle is highly

heterogeneous, even on a subkilometer scale (e.g., refs. 1
and 2). Plate tectonics controls the global chemical cycling
between mantle and crustal reservoirs, with subduction being
considered as the main driver for the reintroduction of incom-
patible element-rich components into the mantle (3, 4), espe-
cially into the source region of mantle plumes (5). Importantly,
enriched magma sources are widespread in the upper mantle
and sporadically observed both on- and off-axis at midocean
ridges (see ref. 6 and the references therein). Although their
origin was originally attributed to plume-ridge interactions (7)
or small plumes randomly dispersed as small-scale heterogene-
ities in the mantle source of midocean ridge basalts (MORBs)
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(8), more recent studies, for instance, suggest fractionation dur-
ing melting or metasomatic events (see refs. 3 and 6 and the
references therein). More globally, “plume-like” geochemical
signatures—also referred to as “geochemically enriched sig-
natures” with respect to both trace elements and isotopic com-
positions—are observed in a wide range of geological settings
including isolated seamounts (e.g., ref. 9), subduction zones
(e.g., ref. 10), and intraplate continental regions (e.g., ref. 11).

Significance

We report the discovery of anomalously high 3He/*He in
“cold” geothermal fluids of central Panama, far from any
active volcanoes. Combined with independent constraints
from lava geochemistry, mantle source geochemical anoma-
lies in Central America require a Galapagos plume contribu-
tion that is not derived from hotspot track recycling.
Instead, these signals likely originate from large-scale trans-
port of Galapagos plume material at sublithospheric depths.
Mantle flow modeling and geophysical observations further
indicate these geochemical anomalies could result from a
Galapagos plume-influenced asthenospheric “mantle wind”
that is actively “blowing” through a slab window beneath
central Panama. The lateral transport of plume material rep-
resents a potentially widespread yet underappreciated
mechanism that scatters enriched geochemical signatures in
mantle domains far from plumes.
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The extent and distribution of certain mantle geochemical
heterogeneities are complicated by a large number of compet-
ing processes taking place throughout Earth history. However,
coherent mantle geochemical anomalies have been related to
patterns of mantle flow (7), thereby providing insights into
mantle geodynamics. The buoyancy-driven lateral transport of
plume material by local pressure gradients at sublithospheric
depths has previously been described (12-14). While this pro-
cess may explain local transport of plume material, its lateral
extent is too limited to account for the large-scale dispersal of
plume material across the upper mantle. Additional studies
have suggested the potential for “distal plume-ridge inter-
actions” and far-field influence of plumes beyond the classically
considered length scale of a plume’s lateral spreading radius
(15, 16). Because buoyant plumes tend to flow toward regions
where the lithosphere is thinner, variations in lithospheric
thickness along rifting and seafloor spreading axes could poten-
tially channelize the lateral flow of mantle plume material and
act as a conduit for its lateral transport over long distances (i.e.,
>1,000 km) (12, 17). However, the global frequency and extent
of lateral plume material movement at sublithospheric depths
remain poorly understood because of inherent difficulties asso-
ciated with the observation and quantification of the underlying
processes.

In the southern segment of the Central America Margin
(CAM), geographically restricted lavas with plume-like geo-
chemical signatures formed over the last ~5 My (10). Their ori-
gin remains actively debated, potentially reflecting magma
source heterogeneities associated with the recycling of sub-
ducted Galapagos hotspot track material (SI Appendix, Fig.
S1), direct contribution from a mantle plume source, or a com-
bination of both (10, 18-21). The absence of a Wadati-Benioff
zone associated with subduction from southeastern Costa Rica
through Panama has been interpreted to reflect the presence of
a slab window (22), potentially allowing the influx of hot
asthenosphere beneath Central America (10, 18). Although the
absence of a subducting slab as a fluid reservoir is a reasonable
explanation for the lack of active arc volcanism in the region
(23), the potential connection between the absence of deep
seismicity and the emergence of plume geochemical signatures
in the arc remains enigmatic. To identify the sources of volca-
nism in the southern CAM, helium and carbon isotopes were
measured in deeply sourced hydrothermal fluid (n = 43) and
gas (n = 22) samples collected in Costa Rica and Panama
between 2005 and 2018. These results are combined with lava
geochemistry systematics in the CAM, for which we present
1) 2°%°Pb/2%Pb, Ce/Pb, and Nb/U data for lavas collected at La
Providencia in the back-arc region of the CAM and 2) an
updated compilation of literature data for the entire CAM.
Taken together with independent constraints from geophysics
and a global mantle flow model (24), these geochemical data
support lateral transport of enriched plume material at subli-
thospheric depths from the Galapagos plume to the CAM.

Results

Helium Isotope Systematics. Despite the general geochemical het-
erogeneity of the upper mantle (7, 8), the *He/*He of MORBs
is remarkably uniform [R/Rpn = 8 + 1 (25), in which R =
*He/*Hegmpie and R = °“He/*He,;,] compared to plume-
sourced volcanism (R/R, in the range ~4 to 40) (25). At sub-
duction zones, gases discharged from arc volcanoes have He
isotope compositions intermediate between the convecting upper
mantle sampled by MORBs and continental crust [R/Ra = ~0.01
(25)], with a global mean of 5.4 + 1.9 Rx (26, 27). Here, He iso-
tope data from hydrothermal waters, collected over 15 y and ana-
lyzed in three different laboratories (SI Appendix), reveal an
along-arc (southeastward) increase from 1 to 7 R in Costa Rica
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Fig. 1. Longitudinal evolution of geothermal fluid (circles) and gas (dia-
monds) 3He/*He in the southern CAM and estimation of the mantle source
3He/*He beneath central Panama. Previous data from P.H. Barry et al. (27)
are reported in gray. BVF: Behind the Volcanic Front, in Costa Rica. Ba:
Baru volcano in Panama. CP: central Panama. (Inset) General location of
our study area. Mantle source >He/*He estimates for scenarios one and
two correspond to cases of 1) magma upwelling from the upper mantle
with no crustal contribution and 2) mixing between crustal He and a high
3He/*He mantle source, respectively. We favor the second scenario which
implies a mantle source 3He/*He > 10.3 R, and potentially up to ~26 Ra in
central Panama (see last paragraph of the section Insights from Lava Geo-
chemistry in the CAM and S/ Appendix, Figs. S5-57).

and up to ~9 R, in Panama (Fig. 1). The highest *He/*He of 8.
86 + 0.44 R, was measured in a “cold” (50 °C) spring in the vol-
canically dormant region of central Panama, which is a unique
and puzzling discovery. Notably, very few similarly high *He/*He
values have been reported in samples from other arc segments,
and they all come from 1) >100°C summit volcanic fumaroles
from the Lesser Antilles, Papua New Guinea, and Java (26,
28-30) or 2) >300°C crater fumaroles of Galeras volcano
(Colombia) during a brief high-*He/*He event preceding the
1992 explosive eruption [8.84 + 0.63Ra (31); SI Appendix, Fig.
S3]. In both cases, they are interpreted to reflect pure upper
mantle He signatures with no or limited crustal He contribution.
The 8.86 + 0.44 Ry measurement from central Panama is excep-
tional, as it is the highest value ever measured in a geothermal
spring far from an active volcano.

Carbon Isotope Systematics. Similar to He, CO, emitted in sub-
duction zones typically represents a mixture between mantle
and crustal components (32). Here, the covariations of 8'*C
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versus Vienna Pee Dee Belemnite of inorganic C (noted
8'3C0,) and CO,/*He for fluid and gas samples (SI Appendix,
Figs. S9 and S10) require mixing between deep mantle fluids
and slab-derived components followed by isotope fractionation
associated with calcite precipitation at temperatures ranging
from 25 to 125°C (SI Appendix, Fig. S9). Data from the 2018
field campaign also show increasingly negative §'°C with
decreasing dissolved inorganic carbon (DIC) content following
steep Rayleigh fractionation curves at low &°C values (81
Appendix, Fig. S10). These data follow predictions for calcite
precipitation at ~65 °C, starting from a §'°C of +29, and an ini-
tial DIC of 60 mmol/L™" (SI Appendix, Fig. S10). We estimate
that >75% of the DIC within the fluids with high DIC ~60
mmol.I"! originates from the mantle wedge rather than in situ
carbonate dissolution (SI Appendix). The positive 5'°C for the
starting composition of DIC, significantly higher than the range
of 8"*C for gas samples (-5 to —1 %,, SI Appendix, Fig. S9), is
interpreted to reflect equilibrium isotopic fractionation [~+7%,
(33)] during partial dissolution of pure mantle CO, gas [-5%,
(32)] into aqueous fluids (27). Overall, these data support the
recent finding (27) that calcite precipitation within the crust is a
significant sink of C in subduction zones. When reported against
longitude, 8"*C of DIC suggests a progressive increase from low
values in the west (Costa Rica)—indicative of extensive C seques-
tration because of calcite precipitation—toward positive 5°C
(~+29%,) and high DIC in the east (central Panama), approach-
ing the mantle wedge value (SI Appendix, Fig. S10).

Discussion

Origin of High *He/*He in Central Panama. The elevated *He/*He
observed in central Panama requires that either 1) the fluids
are derived directly from upwelling magma without incorpora-
tion of any crustal He (scenario one) or 2) He in the fluids rep-
resents a mixture of crustal He and a mantle source with higher
SHe/*He than that of the convecting upper mantle (scenario
two). In volcanic settings, *He/*He of hydrothermal fluids are
typically observed to be highest close to eruptive vents and rap-
idly decrease toward radiogenic values (*He/*He < 1 Rp) away
from volcanic centers because of reduced mantle input and
enhanced contribution from the underlying crust (26, 27, 34).
The highest *He/*He values measured in crater fumaroles
(>70°C) along the CAM are from the Turrialba (8.1 R,), Pods
(7.6 Rp), and Irazu (7.2 Rp) volcanoes in Costa Rica and the
Mombacho volcano (7.6 Ra) in Nicaragua (35-37), all mark-
edly lower than the 8.9 R, value reported here from cold
springs in central Panama. Assuming a homogeneous upper
mantle source with *He/*He of 9 R, across the southern CAM,
scenario one suggests a very low crustal He contribution in the
geothermal fluids of central Panama (<1%), lower than that of
high-temperature fumaroles (>10%) (SI Appendix, Fig. SS5).
This scenario seems highly unlikely, given that the high
*He/*He cold springs are hundreds of kilometers away from
currently active volcanic centers. This interpretation is sup-
ported by 1) the absence of active volcanism in central Panama
during the Holocene (38) and 2) the roughly constant continen-
tal crust thickness (~35 km) across the southern CAM (S/
Appendix, Fig. S4), implying that significant crustal He contri-
butions, as observed in the cold geothermal fluids of Costa
Rica (27, 35), should also be widespread in central Panama.
While the suggestion that the high *He/*He values in central
Panama instead reflect the existence of a *He-rich mantle
source beneath the region (scenario two) may be equally
remarkable, this scenario is supported by observations of lava
geochemistry and geodynamic constraints.

Insights from Lava Geochemistry in the CAM. To clucidate the ori-
gin of the high *He/*He in the southern CAM, we compare
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geochemical systematics of typical arc lavas from El Salvador,
Honduras, and Nicaragua to the volumetrically minor lavas that
have formed over the last 5 My in regions where the highest
*He/*He values are observed (Fig. 1), namely 1) in central Pan-
ama, 2) near the adakitic Baru volcano, and 3) alkaline basaltic
volcanism behind the volcanic front (BVF) in Costa Rica (10,
18, 21, 39, 40) (SI Appendix, Fig. S1C). While the adakites are
generally considered to reflect the recycling of Galdpagos hot-
spot track material from the subducting slab, the origins of the
alkaline geochemical signatures are less clear (10, 20, 21). To
disentangle mantle- versus slab-derived plume signatures, Pb
isotopes (*”°Pb/*?*Pb) were combined with Nb/U and Ce/Pb
data across the CAM (Fig. 2). Pb isotopes are particularly use-
ful because the signatures of the different Galdpagos domains
are distinct from MORBs (41-43). Ce/Pb systematics, on the
other hand, discriminate between mantle- and slab-derived
components, with oceanic mantle sources being characterized
by high and relatively constant Ce/Pb [>20 (44)], whereas
subduction-related magmas show distinctly lower Ce/Pb
because of the low Ce/Pb of sediments and the preferential
addition of Pb relative to Ce bg/ slab-derived fluids and hydrous
melts (45, 46). Combining *°Pb/***Pb and Ce/Pb systematics
can therefore indicate if Galdpagos plume material has infil-
trated the subarc mantle and identify the source (mantle versus
slab) of this component.

Arc-front lavas from El Salvador to Nicaragua and BVF lavas
from Honduras demonstrate mixing between t}/pical MORB-like
mantle (***Pb/**Pb~18.8) and slab (**°Pb/***Pb~18.5) compo-
nents that are unrelated to the Galdpagos plume (Fig. 24).
Notably, adakites and alkaline lavas in central Panama and BVF
in Costa Rica (19, 47) span a similar range of Ce/Pb values from
the low slab-controlled range (i.e., adakites) up to the pure oce-
anic mantle values (alkaline basalts). However, the adakites and
alkaline lavas maintain Galapagos-like 2°°Pb/***Pb values at both
high and low Ce/Pb values (Fig. 24). Whereas the high
205pp294PY signals associated with low Ce/Pb values likely reflect
recycling of subducted hotspot track material, the alkaline lavas
with high Ce/Pb and Galapagos-like 2°Pb/***Pb must derive
from Galapagos-type plume material not associated with hotspot
track recycling. This indicates that plume-like signatures in the
CAM cannot be solely accounted for by the recycling of slab-
derived hotspot track material but require an influx of mantle
material carrying a high °Pb/***Pb signature similar to
Galapagos Central Domain lavas. The existence of distinct mix-
ing trends in Ce/Pb versus Nb/U space supports this interpreta-
tion (Fig. 2B), requiring contribution from a slab component
and two distinct mantle domains (MORB-like and Galapagos-
like). Notably, *°Pb/***Pb—Ce/Pb-Nb/U data from La Providen-
cia lavas, which exhibit no evidence of slab influence, confirm
that the typical mantle behind the arc (prior to the infiltration of
slab material) resembles the MORB mantle (Fig. 2) as observed
for back-arc lavas from Honduras (Utila and Yohoa). The dimin-
ishing Galapagos mantle signature in back-arc lavas going from
Costa Rica to Nicaragua to La Providencia therefore indicates
that the influx of Galapagos-like 2*°Pb/***Pb mantle recorded in
alkaline lavas does not originate from the Caribbean basin and
must instead be connected with the Galapagos plume.

The most straightforward explanation for the sudden emer-
gence (~5 Mya) of enriched lavas in the CAM back arc is that
a slab window opened ~8 Mya (18, 22), allowing hot astheno-
sphere to flow into the mantle wedge beneath the back arc
(10). The location of adakites (near the Baru volcano) (Fig. 2)
spatially coincides with the purported edge of the slab window,
suggesting that their strong slab signature (i.e., low Ce/Pb and
Nb/U, Fig. 24) represents melting of the slab edge during the
influx of hot asthenosphere. The Galapagos Central Domain,
which matches the 2°°Pb/?**Pb composition of enriched lavas in
the CAM (43), reflects the primitive plume composition with
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Fig. 2. 2°®Pb/?°*Pb-Nb/U-Ce/Pb systematics in the CAM. 2°°Pb/>**Pb—Ce/Pb
(A) and Nb/U-Ce/Pb (B) diagrams showing that alkaline lavas in central
Panama (CP) and BVF in Costa Rica contain Galdpagos geochemical signa-
tures (high 2°°Pb/2%Pb) inherited from both a slab component (low Nb/U
and Ce/Pb) and an oceanic mantle source end member (high Nb/U and Ce/
Pb). High Ce/Pb in alkaline magmas show direct evidence for a Galapagos-
like mantle component in their Pb isotopes (21, 47), whereas adakites
have low Ce/Pb indicative of strong slab contributions. (C) Map of the
CAM representing lava sample locations with symbol size and color refer-
ring to Ce/Pb and 2°°Pb/2°%Pb, respectively. Symbol shapes correspond to
sample localities detailed in the legend of A. The gray arrow materializes
the purported direction of the mantle influx from the Galapagos plume
oceanic domain (Fig. 3). Manifestations of this Galapagos mantle compo-
nent (CP and BVF) spatially coincide with high mantle potential tempera-
tures (Tp, up to 1,450°C versus ~1,350°C in the upper mantle) (10) as well
as high *He/*He in hydrothermal fluids and gas (Fig. 1), suggesting that all
of these features are consistent with a Galdpagos mantle component.

*He/*He up to 30 R, (48). The high *He/*He detected in geo-
thermal fluids <70°C BVF in Costa Rica and central Panama
(Fig. 1) are thus most consistent with an influx of Galapagos
mantle (scenario two). A compilation of He isotope data for all
geothermal fluids <70°C reported to date in Costa Rica (S
Appendix) shows only one location (BVF) that exhibits *He/*He
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>7 Ra (up to 7.8 Ry; Fig. 1). All the other geothermal fluids
<70°C from Costa Rica (n = 68) have an average *He/*He of
2.77 + 1.88 R, with a maximum value of 6.88 R within 8 km
of the Rincén de la Vieja volcano (27). In the first paragraph in
the Discussion section, we argued that the ~9 R, values in cen-
tral Panama are unlikely to represent direct sampling of an
upper mantle source given that the *He/*He of the high-
temperature crater fumaroles require some mixing with crustal
He. Using a similar logic, we can estimate the range of
*He/*He that is likely to represent the mantle source beneath
central Panama (*He/*Hecp). For example, considering that the
mantle beneath Costa Rica (*He/*Hecr) has a *He/*He >
8 Ra, the maximum (6.88 R,) and average (2.77 Rnp) 3He/*He
values in geothermal fluids <70 °C require crustal He contribu-
tions of >14 and >66%, respectively (SI Appendix, Figs. S6 and
S7). If crustal He contributions are similar in Costa Rica and
central Panama (which would be consistent with the roughly
constant crustal thickness across the CAM, scenario two; SI
Appendix, Fig. S4), then the *He/*Hecp must be >10.3 Ra
(assuming 14% crustal He) and potentially up to ~26 Ru
(assuming 66% crustal He), similar to the Galdpagos Central
Domain (48) (Fig. 1 and SI Appendix, Figs. S6 and S7). Our
result that *He/*Hecp > *He/*Hecr+2.3R 4 is satisfied through-
out the entire range of plausible *He/*Hecr values (S1
Appendix, Fig. S7), further supporting the existence of a *He-
rich mantle source beneath central Panama. Importantly, a
slab-derived origin of the high *He/*He in the CAM is highly
implausible because, 1) unlike other elements, He is lost from
the slab to the surface during the earliest stages of subduction,
and it does not accumulate or laterally migrate beneath the arc,
and 2) no known hotspot track component subducts directly
beneath central Panama (see plate tectonic reconstruction,
Movie S1). As such, we argue that the *He-rich mantle source
beneath central Panama likely represents direct evidence for
the influx of Galdpagos mantle through the Panama slab win-
dow (49).

Origin of the Plume-Like Oceanic Mantle Component in the CAM.
Geochemical constraints (e.g., high Ce/Pb and **°Pb/***Pb val-
ues; Fig. 2) require the presence of Galdpagos plume-like
material that is not derived from hotspot track recycling in the
mantle source of the CAM. In principle, this observation could
arise from “random” geochemical heterogeneities dispersed
throughout the upper mantle (1). However, this scenario would
not explain the northwest migration in the back-arc alkaline
lavas and observed increase in mantle potential temperature
(10) or the systematic Galdpagos plume signature associated
with high Ce/Pb lavas of the CAM (Fig. 2).

An alternative explanation for the occurrence of Galapagos
plume-like material in the mantle source of the CAM volca-
nism is lateral transport of geochemically enriched material
from the Galapagos plume. The age (and thus the thickness) of
the oceanic lithosphere increases toward the CAM (see plate
tectonic reconstruction, Movie S1). To overcome the thickening
of the lithosphere and transport plume material over such long
distances (~1,400 km) requires a combination of sufficiently
large plume buoyancy and efficient channeling of the plume
material flow at the base of the lithosphere (50). The Panama
Fracture Zone (PFZ), which represents the transform plate
boundary between the Cocos and the Nazca plates and con-
nects the Galapagos plume domain to the CAM (SI Appendix,
Fig. S1 and Fig. 3), could constitute a zone of thinned litho-
sphere that acts as a channel for the lateral flow of Galdpagos
plume material. This scenario is in line with significant
plume-ridge interaction in the Galdpagos region (43, 51) at
sublithospheric to asthenospheric depths (52), potentially
requiring high melt fractions (as opposed to solid-state mantle
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Latitude (°)

Latitude (°)

Cocos
ridge

Fig. 3. A 1,400 km-long upwelling mantle flow connects the Galapagos plume to the Panama slab window. Asthenospheric mantle flow of the eastern
Pacific mantle as predicted from global viscous flow modeling (24). Slices through the upper mantle shown at depths of 100 km (A), 200 km (B), and 300
km (C). Contours of emerged lands are reported in green with the Galapagos islands being denoted by a red circle (A-C). Black arrows depict horizontal
velocity vectors. Colors show vertical components of mantle flow velocity with blue and red corresponding to downwelling and upwelling flow, respec-
tively. D shows a three-dimensional representation of the mantle flow connecting the oceanic domain around the Galapagos plume and the central Pan-
ama slab window. Once the “plume” material flows through the slab window, the direction of mantle flow would deviate northward because of the
toroidal flow field around the edge of the slab (60). The arc-parallel mantle flow then moves up and spreads out in the direction of thinner lithosphere
to the bottom of the overriding plate away from the Talamanca Mountain (positive topography shown in brown color) root. This influx of Galapagos
plume-enriched asthenosphere accounts for the observation of mantle plume geochemical signatures (e.g., high *He/*He) in the volcanically dormant
region of central Panama and BVF in Costa Rica. CP: Central Panama. BVF: Behind the Volcanic front. GP: Galapagos Plume mantle. SW: Slab Window.

PFZ: Panama Fracture Zone.

flow) for the plume material channeling to be sustained over
>1,000 km (17) toward the CAM.

The lateral transport of plume material can also be facili-
tated by large-scale mantle flow. To test this mechanism, we use
a global mantle flow model (24) that combines flow driven by
relative plate motions, mantle density structures, and westward
lithosphere rotation. While this flow model does not take the
existence of a slab window under central Panama into account,
it does include the effects of a stiff oceanic lithosphere that
thickens with age. These simulations show a clear eastward-
upwelling “mantle wind” in the shallow asthenosphere that
connects the oceanic domain around the Galapagos plume to
the southern CAM (Fig. 3 A and B). At greater depths, where
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the influence of plate motion becomes less prominent, the
upwelling and lateral flow velocities decrease, and the general
direction of flow progressively deviates toward Colombia (Fig.
3 B and C). Overall, our model is consistent with eastward dis-
persal of Galdpagos plume material at depth, which could help
explain the surprising lack of high *He/*He along the
Galapagos spreading center (53). Age dating further shows that
young (<2 My old) volcanism with Galapagos Central Domain-
type composition occurs along the Cocos Ridge to within
300 km of Costa Rica and volcanism as young as 5 My old exists
on the Coiba Ridge offshore of western Panama, consistent with
the presence of plume material in the upper mantle beneath the
hotspot tracks (54, 55). The sense of shear predicted by our
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simulations also agrees with teleseismic observations of shear-
wave splitting in southern Costa Rica (56), which bolsters the
scenario of a Pacific to Caribbean mantle flow.

The prediction that Galapagos plume material is being trans-
ported in the upper asthenosphere toward central Panama
(from global mantle flow field simulations) provides a straight-
forward explanation for the Galdpagos plume-like mantle com-
ponent detected in the CAM. Specifically, the decompression
of Galdpagos plume mantle as it flows through the central Pan-
ama slab window would promote melting and the emplacement
of magma [as witnessed over the last 5 My; Fig. 2 (10, 18, 21)],
effectively releasing Galdpagos plume—derived He under cen-
tral Panama. This upwelling mantle He component then inter-
acts with the ~35-km thick continental crust, where it gets
diluted with crustal He to produce the He isotope signatures
observed in surface fluids of the CAM (Fig. 1). It is noteworthy
that the anomalously high values of DIC measured in central
Panama could be explained by substantial contributions from
mantle-derived and recycled components. However, a signifi-
cant contribution from sediments is unlikely, as these are char-
acterized by largely negative 8'°C, around —30%,, which is much
lighter than the 8°CO, values measured here for gas samples
(in the range —5 to 0%,; SI Appendix, Fig. S9). A bimodal origin
of carbon from both the mantle and recycled carbonates is in
agreement with Pb isotope-Ce/Pb-Nb/U systematics (Fig. 2)
pointing to the existence of both recycled and primitive compo-
nents in the source of adakites and alkaline basalts in the south-
ern CAM.

Implications. From Mexico to Patagonia, subducting oceanic
lithosphere and thick continental keels in the overriding plate
form a nearly continuous barrier impeding the flow of the
upper mantle. The formation of a slab window in the eastern
Pacific (18, 22) is consistent with the large-scale view of mantle
dynamics, whereby material from the shrinking Pacific basin is
transferred to the growing mantle reservoir beneath the open-
ing Atlantic basin through the subducting Cocos—Nazca Plates
(57). Interestingly, plate tectonic reconstruction models (Movie
S1) indicate that the breakup of the Farallon plate and initia-
tion of the Cocos—Nazca spreading occurred ~23 Ma. Assum-
ing a typical mantle flow velocity of ~8 cm/y as inferred from
our numerical simulations (Fig. 3), ~18 My would be needed
for the plume material entrained in the mantle wind to reach
the CAM, hence providing a plausible explanation for the
emergence of Galdpagos plume signatures in the CAM at ~5
Ma (10) and young volcanism along most of the Cocos Ridge
hotspot track, for example Cocos Island (54). While future
work is required to constrain the relative roles of the large-
scale mantle wind versus channeling along the PFZ, the cross-
disciplinary evidence presented in this study argues that the
Galapagos plume mantle has been laterally transported at shal-
low mantle depths over 1,400 km. These results underscore the
Eotential for enriched geochemical anomalies (including high
He/*He ratios) to be disseminated away from plume conduits.
This mechanism is likely applicable to many plume localities
worldwide, whereby high *He/*He mantle domains are
observed at a distance from the actual plume centers (ge.g., ref.
58). Globally, this finding may also explain why high *He/*He
worldwide is not geographically confined to regions overlying
large low shear-wave velocity provinces (e.g., ref. 59), suggest-
ing that the nature and extent of plume-ridge-mantle flow
interactions may be key to explaining some of the enriched,
plume-like geochemical signatures observed in upper mantle
domains far from plumes.

Materials and Methods

Fluid and Gas Sample Collection and Analysis. In 2018, fluid and gas samples
were collected across Costa Rica and Panama (Fig. 1), with pH ranging from
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3.0 to 10.0 and temperatures in the range 26 to 60 °C. Fluid and gas samples
were collected in evacuated glass flasks and copper (Cu) tubes using standard
collection procedures (61) whereby precautions were taken to minimize any
possible air contamination (62). Gas and fluid samples (n = 25) from 2018 are
accompanied by additional (n = 40) samples collected during reconnaissance
field campaigns in 2005 (n = 5), 2008 (n = 1), 2010 (n = 11), 2012 (n = 6), 2013
(n = 15), and 2017 (n = 2). He and C isotope data from the initial reconnais-
sance field campaigns were produced in the Fluids and Volatiles Laboratory at
Scripps Institution of Oceanography (SIO), whereas data from 2017 and 2018
are from the University of Oxford (He isotopes), the US Geological Survey
Noble Gas Laboratory [He isotopes (63)], and the Tokyo Institute for Technol-
ogy (C isotopes). Gas and water samples from previous campaigns were ana-
lyzed at the SIO for helium and carbon isotopes using instrumentation and
protocols described previously (35, 64, 65). All samples were extracted on a
dedicated preparation line with a fraction of the noncondensable gas (con-
taining He and Ne) captured in a 1720 glass breakseal. All CO, was condensed
into a Pyrex breakseal following separation from water vapor, noninert gases
(N3, CO, and CH), and heavy noble gases (Ar, Kr, and Xe). Helium and neon
analyses were carried out on a MAP-215 noble gas mass spectrometer at the
SIO. First, the gas was released from the breakseal and prepared for analysis
using a series of active gas getters and traps held at liquid nitrogen tempera-
ture. Helium was separated from neon using a helium-cooled refrigeration
stage interfaced to a trap lined with activated charcoal. All sample *He/*He
ratios were normalized to standard aliquots of air processed and analyzed
under identical conditions. When considering the reproducibility of He iso-
tope measurements, it is essential to consider the amount of air contamina-
tion in a given sample, which is estimated using the relative amount of He and
Ne, expressed as the X value [*He/*°Ne normalized to air (27, 66, 67)].

Carbon dioxide was purified at the SIO on a dedicated line using a variable
temperature trap designed to separate CO, from sulfur-bearing species. Fol-
lowing cleanup, the amount of CO, was measured using a capacitance gauge
manometer in a calibrated volume before freezing an aliquot of the CO, in a
Pyrex breakseal. For isotope analysis, the CO, aliquot was inlet into a Thermo-
Finnigan Delta XPPlus isotope ratio mass spectrometer. Carbon isotopes on
gas samples from the 2017 and 2018 campaign were analyzed at the Universi-
dad Nacional on a Picarro G2201-I by acidification of NaOH solutions extracted
from Giggenbach bottle samples. 5'3Cyppg Values were calibrated against a set
of eight standards with values ranging from +2.42 to —37.21%,, including
internationally accepted standards NBS19 Limestone and Carrara Marble.
Reported 8'3C values have uncertainties of <0.1%, based on repeat analyses of
standards and samples.

Noble gas analysis was also conducted in the Noble Laboratory at the Uni-
versity of Oxford (the 2017 and 2018 samples) using a dual mass spectrometer
setup interfaced to a dedicated extraction and purification system (68). Gases
were collected in Cu tubes and then transferred to the extraction and purifica-
tion line where reactive gases were removed by exposing gases to a titanium
sponge held at 950 °C. The titanium sponge was cooled for 15 min to room
temperature (20 °C) before gases were expanded to a dual hot (SAES GP-50)
and cold (SAES NP-10) getter system held at 250 °C and room temperature,
respectively. A small aliquot of gases was segregated for preliminary analysis
on a Hiden Analytical HAL-200 quadrupole mass spectrometer. All noble gases
were then concentrated using a series of cryogenic traps; heavy noble gases
(Ar, Kr, and Xe) were frozen down at 15 K on an all stainless steel finger (a
stem of the vacuum line), and the He and Ne were frozen down at 19 K on a
cold finger filled with charcoal. The temperature on the charcoal finger was
then raised to 34 K to release only He, which was inlet into a Helix SFT™ Split
Flight Tube Noble Gas mass spectrometer. Following the He analysis, the tem-
perature on the charcoal cryogenic trap was raised to 90 K to release Ne,
which was inlet into an ARGUS VI mass spectrometer.

Water samples for carbon isotope analysis (2017 and 2018 samples) of DIC
and dissolved organic carbon (DOC) were collected by 50-mL syringes and fil-
tered through a 0.22-um filter (DISMIC-25AS; Advantec Toyo Kaisha) and
directly injected into a prevacuumed 50-mL serum bottle sealed with butyl
rubber septa and an aluminum crimp. DIC concentrations and their 5'>C values
were measured using CO, in the headspace of glass vials after a 1-h reaction
with injected 0.5 mL H3PO4. DOC were also measured from CO, in the head-
space after the reaction of carbonate-free residue with 0.2 g sodium persul-
fate. The amount of CO, and the isotopic values were measured using an Agi-
lent 6890N gas chromatograph attached to a Thermo-Finnigan Delta XPPlus.
Two international standards (5'3C = —13.90 and 2.529,) were used for stan-
dardization, and the SDs were obtained from more than three measurements.

Materials and Methods for the La Providencia Samples. As verified by petro-

graphic studies, samples with no visible weathering were crushed in an alu-
mina jaw crusher and washed with deionized water in an ultrasonic bath.
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Alteration-free rock chips (e.g., those free of oxides, veins, and zeolites) were
selected under a stereoscopic microscope and powdered in an alumina mill.
Homogenous glass disks were produced at Michigan State University by fusing
each powdered sample with lithium tetraborate (Li,B40;). The glass disks
were then analyzed for major elements and selected trace elements (e.g., Cr,
Cu, Ni, Sr, Rb, Zr, and Zn) by X-ray fluorescence in a Bruker S4 Pioneer. Trace
elements were obtained in the same glass disks by laser ablation inductively
coupled plasma mass spectrometry (ICP-MS) in a Micromass Platform ICP-MS
with a Cetac LSX 200+ Nd:YAG laser (266 nm). The details of methods and pre-
cision for this laboratory are reported by ref. 69.

Sr-Nd-Pb isotope measurements were carried out on whole rock powders.
About 100 mg sample was weighed into a Teflon beaker and then dissolved
for 2.d in a 5:1 mixture of HF and HNOs at 150 °C. Sample dissolution and ele-
ment chromatography were carried out at Institut flir Meereswissenschaften
(IFM)-GEOMAR in Kiel in Class 1000 clean rooms equipped with Class 100 lami-
nar flow hoods. All reagents used were either double distilled in a PicoTrace
Teflon distillery (HCI and HNO3) or certified ultra-pure hydrofluoric acid (HF)
and hydrobromic acid (HBr) acids from SEASTAR©. An ELGA" purifying sys-
tem provided 18.2 MQ water.

The ion chromatography followed established standard procedures (e.g.,
ref. 70). These included a two-pass Pb separation and cleanup using 100-pl
Teflon microcolumns filled with BIORAD“ AG 1 x 8 (100 to 200 mesh) resin
that equilibrated with 1 M HBr for highest Pb retention and from which Pb is
released with 1 mL 6N HCl. The rest of the sample collected during Pb chroma-
tography was then loaded in 2.5N HCl into 6-mL quartz glass columns filled
with BIORAD® AG50W-X8 (100 to 200 mesh) resin to separate Sr. The rare
earth elements (REE) were obtained in 6 mL 6N HCl at the final washout of
the Sr columns. The REE collection was then loaded in 0.25N HCl and then
placed into 4-mL quartz glass columns filled with EICHROM® Ln-Spec resin
(100 to 150 pm) to obtain the Nd fraction.

Isotopic ratios were determined by thermal ionization mass spectrometry
(TIMS) at IFM-GEOMAR on a TRITON (Sr and Nd) and MAT262 RPQ** TIMS
(Pb). Both instruments operated in static multicollection mode. Sr and Nd iso-
topic ratios are normalized within each run to #sr/®®r = 0.1194 and
148Nd/"4Nd = 0.7219, respectively, and all errors are reported as 2 sigma of
the mean. The reference material measured along with the samples were nor-
malized and gave #sr/sr = 0.710250 + 0.000008 (n = 13) for NBS 981 and
143Nd/"*4Nd = 0.511850 + 0.000006 (n = 8) for La Jolla. Sr-Nd replicate analyses
of sample JK117 were within the external errors of the reference material.
The long-term reproducibility of NBS 981 (n = 197) is 2°°Pb/?°*Pb = 16.899 +
0.008, 2°’Pb/?**Pb = 15.437 + 0.009, and 2°®Pb/***Pb = 36.525 + 0.029. Pb iso-
tope ratios are normalized to NBS 981 values of ref. 71. Pb replicate analyses
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of sample JK117 is better than 0.01%/amu. Total chemistry blanks are <50 pg
for Sr-Nd and Pb and thus are considered negligible.

Mantle Flow Modeling. To calculate mantle flow, we use the global viscous
flow model of ref. 24, which incorporates the effects of 1) plate motions, 2)
mantle density structure, and 3) net rotation of the Earth’s lithosphere. Plate
motions were imposed from the NUVEL-1A model (72) for 13 plates in the no-
net-rotation (NNR) reference frame. Mantle density structure was derived by
converting seismic velocities anomalies to density anomalies using the
S20RTSb seismic tomography model (73) and a constant scaling factor of 0.15
g - cm 3/km.s~" (74). Net rotation of the lithosphere was imposed from the
HS3 model (75) but with the magnitude of the rotation scaled by the dimen-
sionless factor (a) ranging from 0 (consistent with NNR) to 1 [consistent with
HS3 (75)]. Mantle flow was calculated using the finite element code CitcomS
(76, 77) and a grid with 157-km horizontal resolution and vertical resolution
varying from 150 km (lower mantle) to 25 km (above 350-km depth). Calcula-
tions assume a base viscosity structure that consists of four layers: lithosphere
(1,000 x 10?" Pa.s), asthenosphere (0.1 x 10%' Pa.s), upper mantle (1.0 x 10*'
Pa.s), and lower mantle (50 x 10?" Pa.s), which are scaled by a constant factor
(B). The scaling factors a = 0.2 and p = 0.5 were determined by fitting the
model to a global dataset of shear-wave splitting data (24).

Data Availability. All study data are included in the article and/or supporting
information.
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