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Abstract Proxy records of seawater radiocarbon (14C/C) provide strong constraints on how changes in
ocean ventilation contributed to the increase in atmospheric CO2 during the termination of the last ice age
(≈18,000‐to‐12,000 years ago). One outstanding problem, however, is the existence of anomalously low
deglacial benthic foraminiferal 14C/C in the intermediate‐depth Eastern Tropical North Pacific (ETNP) near the
Gulf of California (GoC). This deglacial ETNP 14C/C anomaly is hypothesized to reflect either (a) an artifact of
the proxy record, (b) the advection of low 14C/C seawater, or (c) the input of 14C/C‐depleted geologic carbon
related to local seafloor volcanism. To test these hypotheses, we first use new sediment‐trap and seaweed 14C/C
to establish a new baseline understanding of ETNP seawater 14C/C, which suggest that anomalously low 14C/C
is upwelled in themodern GoC. We then apply new geochemical experiments to test and ultimately validate the
utility of the benthic foraminiferal 14C/C as a proxy for seawater 14C/C. Finally, we present a compilation of
published and new glacial‐interglacial benthic foraminiferal 14C/C records, specifically developed to map the
spatial and temporal variability of the intermediate‐depth water mass containing the deglacial ETNP 14C/C
anomaly. These results clearly show that the ETNP deglacial 14C/C anomaly develops near the GoC mouth,
concomitant with local hydrothermal systems. Considering these results and those of our companion paper
(Green et al., 2026, https://doi.org/10.1029/2025pa005217), we argue that the input of pH‐neutral geologic
carbon from hydrothermal vents near and within the GoC could explain the anomalous intermediate‐depth 14C/
C values both during the deglaciation and today.

Plain Language Summary Climate scientists and oceanographers reconstruct past ocean and
climate conditions using a variety of indirect observations or “proxies,” and a key tool in this work is the
geochemistry of marine microfossils. Here, we examine a well‐known mystery in ocean carbon chemistry in the
Eastern Tropical North Pacific (ETNP), involving extremely low seawater radiocarbon content (14C/C) after
the last ice age. We first present new proxy measurements of modern ETNP seawater 14C/C using seaweed and
sediment trap‐collected planktic foraminifera, to provide a baseline for interpreting the much older proxy
measurements. We then develop and apply several new tests of the benthic foraminiferal 14C/C proxy, which
show that the proxy is robust and truly recording the deglacial seawater 14C/C anomalies. We then produce a
regional map of eastern North Pacific subsurface seawater since the last ice age with 5 new and 7 published
benthic foraminiferal radiocarbon records. These new sites were chosen to exploit known subsurface currents,
thereby enabling us to observe the spatial and temporal variability of 14C/C in this water mass. We find that the
deglacial ETNP seawater 14C/C anomaly develops as subsurface waters move over areas of known seafloor
volcanism. We propose that this variability may be related to increased carbon flux that does not affect seawater
acidity.

RESEARCH ARTICLE
10.1029/2025PA005265

Key Points:
• We created a glacial‐deglacial map

tracing the subsurface changes in
Eastern Tropical North Pacific (ETNP)
radiocarbon content

• Very low radiocarbon anomalies
develop at ETNP hydrothermal vents,
with no radiocarbon anomalies
upstream and diluted anomalies
downstream

• The proxy records appear robust and
therefore may record an increased flux
of pH‐neutral geologic carbon during
the deglaciation

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
P. A. Rafter,
prafter@usf.edu

Citation:
Rafter, P. A., Hain, M. P., Arellano‐Torres,
E., Thirumalai, K., Tappa, E. J.,
Machain‐Castillo, M. L., et al. (2026).
Spatial and temporal variability of eastern
Pacific radiocarbon and carbon chemistry
from the ice age to today.
Paleoceanography and Paleoclimatology,
41, e2025PA005265. https://doi.org/10.
1029/2025PA005265

Received 4 AUG 2025
Accepted 10 MAR 2026

Author Contributions:
Conceptualization: Patrick A. Rafter,
Mathis P. Hain
Data curation: Patrick A. Rafter
Formal analysis: Patrick A. Rafter,
Mathis P. Hain, Kaustubh Thirumalai,
Ryan A. Green, Frank Pavia, James
W. B. Rae, John R. Southon
Funding acquisition: Patrick A. Rafter
Investigation: Patrick A. Rafter, Mathis
P. Hain, JamesW. B. Rae, John R. Southon
Methodology: Patrick A. Rafter, Mathis
P. Hain

© 2026. The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution‐NonCommercial‐NoDerivs
License, which permits use and
distribution in any medium, provided the
original work is properly cited, the use is
non‐commercial and no modifications or
adaptations are made.

RAFTER ET AL. 1 of 24

https://orcid.org/0000-0002-6352-7593
https://orcid.org/0000-0002-8478-1857
https://orcid.org/0000-0001-5237-8636
https://orcid.org/0000-0002-7875-4182
https://orcid.org/0000-0002-2142-5820
https://orcid.org/0000-0002-4973-4967
https://orcid.org/0000-0001-7584-3684
https://orcid.org/0000-0002-7771-9430
https://orcid.org/0000-0001-8305-6752
https://orcid.org/0000-0001-8335-2607
https://orcid.org/0000-0001-5608-7836
https://orcid.org/0000-0002-2411-8025
https://orcid.org/0000-0003-3627-0179
https://orcid.org/0000-0003-3904-2526
https://orcid.org/0000-0001-6168-6235
https://doi.org/10.1029/2025pa005217
mailto:prafter@usf.edu
https://doi.org/10.1029/2025PA005265
https://doi.org/10.1029/2025PA005265
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025PA005265&domain=pdf&date_stamp=2026-05-06


1. Introduction
The ocean's ability to store and release the greenhouse gas carbon dioxide (CO2) is widely considered the
principal driver of the rise and fall of atmospheric CO2 during Pleistocene ice‐age climate cycles (Broecker, 1982;
Hain & Sigman, 2024). Efficient glacial carbon storage in the deep sea could be achieved by slowing deep‐ocean
circulation, alongside continued remineralization of organic carbon at depth (the biological carbon pump)
(Francois et al., 1997; Sarmiento & Toggweiler, 1984). This more efficiently stored carbon could have been
released by an acceleration of Southern Ocean overturning of deep water masses during the termination of the last
ice age (the “deglaciation”) (Rae et al., 2018; Rafter et al., 2022), likely driving deep ocean carbon release and
concurrent atmospheric CO2 rise (Anderson et al., 2009; Sigman et al., 2010).

However, alternate explanations for the rise of atmospheric CO2 during the deglaciation exist, including increased
CO2 emissions from “geologic” carbon sources (i.e., from solid‐Earth processes). For example, a lagged response
to lower sea levels could lead to increased CO2 emissions via mantle decompression melting (Huybers &
Langmuir, 2017; Tolstoy, 2015) and/or a change in fluid‐rock reaction temperatures (Coogan et al., 2019).
Similarly, it has been proposed that rising sea level and deep‐sea temperatures could release sediment‐bound
CO2‐hydrates (Stott & Timmermann, 2011). The evidence supporting these geologic carbon sources includes
variations in mid‐ocean ridge seafloor bathymetry (Crowley et al., 2015; Huybers et al., 2022), sedimentation
alongside hydrothermal vents (Lund &Asimow, 2011; Lund et al., 2016, 2019), as well as proxy measurements of
rare earth elements and the radioactive isotope of carbon (14C) (Rafter et al., 2019; Stott, Davy, et al., 2019).

The Gulf of California (GoC; Figure 1a; Star #1) provides a useful location for exploring these different in-
fluences on seawater 14C/C during the deglaciation. The modern GoC hosts anomalously old surface water 14C/C
(Berger et al., 1966), previously explained as the direct upwelling of low 14C/C Pacific waters from depths below
2,000 m (Goodfriend & Flessa, 1997). The region also hosts hydrothermal venting associated with the East
Pacific Rise seafloor spreading center (circles in Figure 1b indicate known modern hydrothermal activity asso-
ciated with the East Pacific Rise). Available measurements of GoC hydrothermal vent fluids indicate that some
vents emit 14C‐depleted carbon (Pearson et al., 2005) at pH levels that are “nearly neutral” (Paduan et al., 2018).

During the deglaciation, the intermediate‐depth waters of this same region appear to have experienced one of the
sharpest declines in seawater 14C/C (Lindsay et al., 2016; Marchitto et al., 2007; Rafter et al., 2018). These
seawater proxy 14C/C data (shown in Figure 1c) are based on measurements of marine microfossil benthic
foraminifera and show large depletions (>200‰ or ≈1,800 14C years) relative to the contemporary atmosphere
(narrow gray line, top of panel c) as well as intermediate‐depth ETNP seawater, here estimated using Ocean
Circulation InverseModel (OCIM) (dotted black line in panel c; seeMaterials andMethods for details). Later tests
of these deglacial ETNP 14C/C anomalies found that the intermediate‐depth ETNP proxy seawater 14C/C records
were not biased by age model assumptions, species selection, or sedimentary bioturbation (Rafter et al., 2018).

One interpretation of these extremely low deglacial 14C/C records is that they reflect a “smoking gun” of
increased global ocean overturning after the last ice age (Broecker, 2009; Marchitto et al., 2007). This “global
advection” explanation requires upwelling of the 14C‐depleted deep Pacific waters along a similar density surface
in the Southern Ocean, subduction during mode/intermediate water formation (Herraiz‐Borreguero & Rin-
toul, 2011), transit around the South Pacific gyre, leakage across the equator within the Equatorial Pacific current
system, and finally northward advection within the intermediate‐depth Mexican Coastal Current (MCC) (Figures
1a and 1b) (Duran, 2019; Gómez‐Valdivia et al., 2015; Kessler, 2006; Lavín & Marinone, 2003; López‐Aviles
et al., 2024; Rafter et al., 2012, 2013; Talley, 2013).

Another interpretation of these anomalous 14C/C data is that they result from the “local production” or input of
14C‐free geologic carbon released from CO2 hydrates destabilized by rising seawater temperature (Stott &
Timmermann, 2011) or alongside enhanced hydrothermal venting (Stott, Davy, et al., 2019). Another explanation
for the deglacial 14C/C anomalies is that benthic foraminiferal 14C/C records may not be robustly representative of
past seawater conditions (Wycech et al., 2016), although more recent tests support the fidelity of these mea-
surements (Rafter et al., 2018).

Support for the global advection hypothesis comes from deglacial 14C/C anomalies observed in both the
intermediate‐depth Eastern Equatorial Pacific (Stott et al., 2009) and western Arabian Sea (Bryan et al., 2010).
However, this interpretation has been challenged by observations (De Pol‐Holz et al., 2010) and by modeling
results showing that deglacial 14C/C anomalies in the intermediate‐depth ocean cannot be explained by the
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advection of a sequestered abyssal reservoir, because such anomalies dissi-
pate with advection (Hain et al., 2011). Instead, recent modeling work sup-
ports a local source for the deglacial 14C/C anomalies (Green et al., 2024),
although the practicality of this local production hypothesis depends critically
on the carbon source. For example, adding 14C‐depleted CO2 will magnify the
seawater 14C/C anomaly (lowering the 14C/C value), but it will also lower
seawater pH and dissolve the calcitic foraminifera which are in fact preserved
(i.e., they exist and record the low‐14C/C anomaly) (Green et al., 2024). It has
been speculated that these observations and modeling results can be recon-
ciled by allowing for an equimolar release of alkalinity via the reduction of
sulfate within sedimentary porewaters (Rafter et al., 2019) and the dissolution
of subsurface carbonates (Green et al., 2024) (both studies arguing for the
release of 14C‐depleted HCO3

− ). This scenario was recently demonstrated
using inverse modeling, showing that the local release of neutralized geologic
carbon can explain deglacial ETNP 14C/C anomalies with little impact on pH
or atmospheric pCO2 (Green et al., 2024, 2026).

Overall, even though pulses of 14C‐depleted neutralized carbon during the last
deglaciation plausibly explain the Δ14C anomalies in Figure 1c, the existing
observations poorly define the spatial footprint of the deglacial ETNP 14C/C
anomalies. In other words, are the deglacial 14C/C anomalies present
throughout the intermediate‐depth ETNP—consistent with the global
advection hypothesis? Or do they develop close to the GoC, as would be
predicted by the local production hypothesis? To help distinguish between
these competing hypotheses, we present new 14C/C measurements of modern
ETNP surface waters (Figure 2) as well as glacial‐deglacial ETNP
intermediate‐depth waters (Figures 3–5). We complement these new degla-
cial 14C/C records by performing several new tests to improve confidence in
the fidelity of the benthic foraminiferal 14C/C proxy (Figures 3 and 6).

Key to this study is that the new glacial‐deglacial 14C/C measurements pre-
sented here were selected to reflect the 14C/C of the same water mass as it
moves northward (see arrows in Figure 1a). This subsurface circulation system
begins in the intermediate‐depth ETNP with the MCC (Gómez‐Valdivia
et al., 2015), which later feeds into the inflowing subsurface GoC. Some
portion of these inflowing subsurface GoC waters upwell to the surface in the

Figure 1.

Figure 1. Sediment core records of Eastern Tropical North Pacific (ETNP) benthic
foraminiferal radiocarbon records are bathed in poleward subsurface waters and
show anomalously low seawater Δ14C after the last ice age. (a) The sites of published
benthic foraminiferal Δ14C records are shown as a red diamond (the MV99 sediment
cores (Lindsay et al., 2016; Marchitto et al., 2007)) and a brown circle (the LPAZ‐
21P and ET97‐7T sediment cores (Rafter et al., 2018). More details in Table 1.
Arrows show the general circulation at the depths of the cores (see text). Within (a) is
a magnified view of these sediment core sites and Gulf of California bathymetry
(gray lines), which are, from thickest to thinnest lines: 3,000, 2,000, 1,000, and
500 m (also shown in panel b). Stars in (a) indicate map locations discussed in the
text. Known, active hydrothermal vents and their depths (see lines in panel b) are
shown as white circles shown in (b) (Beaulieu & Szafranski, 2019)). Panel (c) shows
the glacial‐interglacial benthic foraminiferal Δ14C for the MV99 sites (red line), the
LPAZ‐21P site (brown ine), and the ET97‐7T site (brown circles). The latter two age
models are constructed using terrestrial wood 14C/C (brown triangles). Note the
LPAZ‐21P age model has been adjusted from its original age model between ≈23‐
kyr and ≈20‐kyr BP; more on this in the text. Dashed lines connect measurements
with a poor age model constraints. These proxy records are shown alongside
atmosphere Δ14C (narrow gray line, top of panel c) and intermediate‐depth ETNP
seawater Δ14C, estimated using Ocean Circulation Inverse Model (dotted black line
in C; see text for details).
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Guaymas Basin (Lavín & Marinone, 2003). Another portion of these inflowing GoC deep waters returns to the
Pacific Ocean as the California Undercurrent, which retains this name and transports waters with lower latitude
characteristics as far north as theGulf ofAlaska (Castro et al., 2001;Duran, 2019; López‐Aviles et al., 2024). These
nearly 1,000 m deep currents (Castro et al., 2001; Duran, 2019; López‐Aviles et al., 2024; Thomson & Kras-
sovski, 2010) cross over hydrothermally‐active seafloor (white circles shown in Figure 1b) (Beaulieu & Sza-
franski, 2019);) before bathing the benthic foraminiferal 14C/C results shown in Figure 1c.

A select distribution of new and published benthic foraminiferal 14C/C measurements (shown in Figure 5 and
listed in Table 1) provides several advantages for understanding ETNP carbon chemistry from the last ice age to

Figure 2. Modern estimates of Eastern Tropical North Pacific (ETNP) seawater 14C using planktic foraminifera and seaweed.
Planktic foraminifera G. bulloides 14C/C from (a) Gulf of California (GoC) sediment traps (from 1995 to 1998; at #1 Star in
panel c) estimate seawater 14C ages ranging from 0 to 1,000 years old, even as atmospheric 14C ages averaged
− 782 ± 47 years (negative because of the addition of “bomb” 14C) (Reimer, 2004). Values in parentheses are 14C/C in Δ14C
notation. The 14C/C measurements are new to this study and the oxygen isotope measurements (δ18O) are from (Davis
et al., 2019). The 14C age analytical error (1 sigma) is shown by the vertical lines. Time periods of stronger winter/spring
upwelling are marked by higher δ18O and older 14C ages. The Guaymas G. bulloides 14C measurements contrast with
measurements of planktic foraminifera G. bulloides 14C from (b) Gulf of Tehuantepec in 2006 (at #2 Star in panel d), which
show values declining from ≈0 14C years in boreal winter to nearly − 400 14C years in the spring. The 14C age of GoC
seaweed samples acquired between 2008 and 2014 (c) show some of the regional distribution of surface seawater 14C ages,
with the oldest ages found near the Guaymas Basin along the central Baja California peninsula (see purple colors; numbers
showing the average seaweed 14C age in the regions defined in (Velázquez‐Ochoa et al., 2022)). Finally, in (d) we show the
data from panels (a) and (b) (magenta squares and yellow diamonds, respectively) overlapping the meridional distribution of
modern global upper 100 m ocean 14C ages (black circles; n = 5,094) (Lauvset et al., 2023). The widespread negative 14C
ages of the surface ocean—influenced by atmospheric thermonuclear weapons testing—is observed in nearly all regions
except the North Pacific >60°N and the Southern Ocean (<40°S). The #3 Star (in panel c) is the site of the only available
coastal dissolved inorganic carbon and Δ14C measurements in the ETNP (Lauvset et al., 2023).
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today. First, it allows us to easily identify whether the deglacial 14C/C anomalies are caused by the global
advection or the local production hypothesis. The test for this hypothesis is clear: if benthic foraminiferal 14C/C
from the upstream sediment cores (off southern Mexico) are not anomalously low during the deglaciation (as
observed at the GoC mouth in Figure 1c), our new results would support the local production hypothesis. Placing
the proxy records within this subsurface circulation system also allows us to make reasonable assumptions to
quantify and compare potential and modeled glacial‐deglacial ETNP carbon fluxes available in our companion
study (Green et al., 2026).

2. Materials and Methods
Radiocarbon (14C) measurements were first used to constrain the rate of modern deep ocean circulation nearly
75 years ago (Craig, 1957). The radioactive isotope of carbon or radiocarbon (14C) is produced in the atmosphere,
enters the ocean as CO2, and radioactive decay decreases the ratio of

14C to total carbon (14C/C) as this water mass
moves away from the initial area of ventilation. Radiocarbon notation refers to 14C/C as either a decay‐corrected
Δ14C (in units of permil) or a 14C age (in years referenced to 1950CommonEra (CE)). In contrast to the input of 14C
to the ocean via air‐sea mixing, another potential influence on seawater 14C/C is the addition of 14C‐depleted
carbon, such as the flux of “geologic carbon” from the solid Earth interior to the surface carbon cycle (Hain
et al., 2025).

The 14C/C ratio of glacial‐interglacial seawater is reconstructed using marine fossils (Adkins et al., 1998; Andree
et al., 1984; Broecker et al., 1984; Rafter et al., 2022; Skinner & Bard, 2022) and because atmospheric 14C/C

Figure 3. New measurements and tests of glacial‐deglacial 14C/C near the mouth of the Gulf of California (GoC). In addition
to updating the age model from sites near the mouth of the GoC (see Figure 1c), our study added new “unsorted” benthic
foraminiferal Δ14C measurements as well as select “glassy” benthic foraminiferal Δ14C measurements (see text for details).
In (a), we compare the unsorted Δ14C measurements of the epifaunal benthic foraminifera Planulina ariminensis (same as in
Figure 1c and Figure S1 in Supporting Information S1; brown lines for LPAZ‐21P and gold circles for ALAR‐1P) with
unsorted measurements of the infaunal benthic foraminifera Uvigerina spp. Δ14C measurements from LPAZ‐21P (blue
lines). In (b), we compare unsorted P. ariminensis with “glassy” P. ariminensis Δ14C (circles). In (c), we compare the
unsorted Uvigerina spp. With glassy Uvigerina spp. Δ14C (diamonds). See Figure S1 in Supporting Information S1 for
examples of glassy foraminifera, which are presumed less biased by post‐depositional processes such as authigenic carbonate
precipitation. Panel (d) shows published Δ14C from LPAZ‐21P (see panel b) alongside new “unsorted” and select “glassy”
epifaunal benthic Δ14C plus wood Δ14C from nearby sediment core ALAR‐1P (see Table 1).
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changes with time, all glacial‐deglacial proxy records are expressed as either a decay‐corrected Δ14C or 14C
ventilation age (the 14C age differenced from the 14C age of the contemporary atmosphere). As such, the inter-
pretation of both Δ14C and 14C ventilation age critically depends on the calendar age, and these proxy records are
therefore susceptible to underlying age model assumptions (Adkins & Boyle, 1997; Cook & Keigwin, 2015;
Davies‐Walczak et al., 2014). In Figure 1c and throughout this study, the 14C/C anomalies are quantified either by
its ventilation age—relationship to the atmospheric record (top gray line, from IntCal20 (Reimer et al., 2020))—
or relative to modeled intermediate‐depth northeastern Pacific seawater Δ14C (dotted line) estimated using the
Ocean Circulation Inverse Model (OCIM; see below).

2.1. Radiocarbon (14C) Measurements

All new radiocarbon (14C) measurements were made on an NEC 500‐kV peloton Accelerator Mass Spectrometry
(AMS) system at the Keck Carbon Cycle AMS Laboratory at the University of California, Irvine (Southon
et al., 2004). Sediment trap carbonate microfossil samples were not leached before 14C/C analyses, assuming
negligible alteration of the primary foraminiferal carbonate has occurred. In contrast, all carbonate foraminifera
tests recovered from sediments were leached 10% (i.e., enough HCl is added to dissolve 10% of the sample mass),
which aims to remove secondary/authigenic carbonate precipitates and other extraneous debris before hydrolysis
and graphitization (Santos et al., 2007).

For organic matter samples—such as modern seaweed and sediment‐recovered terrestrial plant materials—Keck
Carbon Cycle AMS Lab protocol applies an Acid‐Base‐Acid (ABA) pre‐treatment, to clean the sample of any
extraneous material: 1N acid (HCl), 1N base (NaOH), and 1N HCl (rinse after each step with Milli‐Q water).
These organic samples were combusted to CO2 before graphitization and run with internationally recognized
organic matter standards (e.g., Two Creeks wood). All inorganic or organic sample measurements were
normalized with OX‐1 primary standards with quality control via various secondary standards (e.g., FIRI‐C for
deglacial‐aged carbonate microfossils). Wherever possible, we report the 14C/C measurements as both a 14C age

Figure 4. The observed 14C ventilation of Eastern North Pacific and Gulf of California waters during the last deglaciation (18‐
to‐12‐kyr Before Present “BP”). Arrows illustrate the subsurface water flow of waters bathing the eastern margin down to
≈1,000 m. Colors show the Δ14C difference from the atmosphere/the 14C ventilation age for the deglaciation. Colored
symbols with solid black outlines have the most robust age model constraints (e.g., terrestrial wood 14C/C calibrated to the
atmosphere). The age models for dashed outline symbols is considered less robust. Square and diamond symbols are
previously published ((Barron et al., 2003; Keigwin, 2002; Lindsay et al., 2016; Marchitto et al., 2007; McKay et al., 2005;
Mix et al., 1999; Rafter et al., 2018; van Geen et al., 1996); see Table 1). See Table 1 for values and Figure 5 and Figure S2 in
Supporting Information S1 for full glacial‐interglacial benthic foraminiferal Δ14C values.
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Figure 5. Glacial‐interglacial benthic foraminiferal Δ14C from the Eastern Tropical North Pacific to the Northeastern Pacific.
All data are shown relative to atmospheric Δ14C (gray line) and OCIM‐estimated seawater Δ14C (dotted line). Panels (a–c)
show published Δ14C records from the Northeast Pacific (McKay et al., 2005; Mix et al., 1999; van Geen et al., 1996) and we
compare these with both published (d) (Keigwin, 2002) and new (e) benthic foraminiferal Δ14C measurements from inside
the Gulf of California (GoC). We consider different age models (and more) for these sites (and others) in Figure S2 in
Supporting Information S1. The Δ14C records near the GoC mouth (f) and (g) are as published (Marchitto et al., 2007; Rafter
et al., 2018) with new data shown in Figure S2 in Supporting Information S1. We use arrows to illustrate the (f) and (g) panel
data as “upstream” of the NE Pacific sites (a)–(c) and potentially downstream of the GoC sites (d) and (e). Lastly, three new
benthic foraminiferal Δ14Cmeasurements off the mainlandMexicanMargin shown in panels (h)–(j) are considered upstream
of all the other sites. Details for all core sites are provided in Table 1 and full examinations of each of the measurements
shown above are provided in Figure S2 in Supporting Information S1.
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(in units of years before 1950 or “BP”) or as the calendar age‐corrected Δ14C
(e.g., see equation 49 in (Stenström et al., 2011)).

New 14C/C measurements of recent (1996–2014 CE) GoC and Gulf of
Tehuantepec (GoT) surface waters presented in Figure 3 use seaweed and
planktic foraminifera 14C/C measurements recovered from sediment traps.
These measurements build on and complement pre‐existing sediment trap
(Davis et al., 2019; Gibson et al., 2016; McConnell & Thunell, 2005; Thunell
et al., 1994, 1996; Wejnert et al., 2010) and seaweed sampling programs
(Velázquez‐Ochoa et al., 2022).

We measured the 14C age of planktic foraminifera G. bulloides recovered
in sediment traps from the GoC's Guaymas Basin (Figure 2a; station
located at 27.9°N, 111.7°W at Star #1 in Figures 1a and 2c) at a monthly
resolution from years 1995 to 1997. Davis et al. (2019) provide details on
the Guaymas Basin sediment trap deployment, recovery, and the analysis
of G. bulloides δ18O, also shown in Figure 2a (both 14C/C and δ18O were
measured on the same sediment trap sampling). GoC seaweed 14C/C is
presented in Figure 2c. Sampling of GoC surface seaweed occurred pri-
marily in the dry season (November‐May), although select eastern basin
samples were sampled during the wet season (June–October 2014). More
details on sample recovery are found in Velázquez‐Ochoa et al. (2022).
Another new series of sediment‐trap planktic foraminifera G. bulloides
14C/C measurements was made further south in the ETNP, from the GoT
(Figure 2b; Star #2 in Figure 2c), located at 15.6°N and 95.3°W. We
measured these surface‐dwelling foraminifera for samples recovered dur-
ing early to mid‐2006 from both the “shallow trap” at 520 m depth and
the “deeper trap” was at 620 m depth. The seafloor was 800 m for both
GoT traps and see Gibson et al. (2016) for trap deployment and other
details.

Benthic foraminiferal species were hand selected from sediment samples
that were first dried at 50°C and washed with de‐ionized water over a
63 μm sieve. Epifaunal species (e.g., Planulina ariminensis) were preferred
as they better record bottom water conditions (see (Keigwin, 2002; Rafter
et al., 2018)), but mixed benthic species of Uvigerina spp., Bolivina spp.,
and others were also measured for 14C/C. The only benthic species not
included in “benthic mix” 14C/C measurements were the infaunal benthic
T. bradyi and Miliolid foraminifera as they may not be providing
consistent proxy measurements of bottom water conditions (see (Clemens
et al., 2023; Ezat et al., 2019; Rafter et al., 2018)). Where available, im-
ages of foraminifera measured for 14C/C are included as metadata for the
14C/C data set. These mixed benthic foraminiferal 14C/C measurements are
referred to as “unsorted” measurements in the text.

In contrast to the unsorted benthic foraminiferal 14C/Cmeasurements, we also
selected “glassy” benthic foraminifera to test for post‐deposition alteration of
the microfossil test. As per guidance in prior work (Sexton et al., 2006;
Wycech et al., 2016), we selected and measured the 14C/C of epifaunal
benthic foraminifera P. ariminensis and the shallow infaunal Uvigerina spp.
with a non‐matte texture, most of which also appeared to have a “whiter”
color. We provide examples of glassy P. ariminensis foraminifera in Sup-
plementary Figure S1B in Supporting Information S1.

Figure 6. Glacial‐deglacial plus Individual Foram Analysis of epifaunal
benthic foraminiferal stable oxygen and carbon isotopes in sediment core
LPAZ 21P. The stable isotopic composition of oxygen (δ18O) and carbon
(δ13C) for benthic foraminifera P. ariminensis is shown as both a continuous
30,000‐to‐10,000 years BP record (lines and circles) and individually
analyzed samples (squares) in panel (a) and (b), respectively. The
individually analyzed measurements are n = 9 for depth 71.5–72.5 cm
(13,873 ± 506 years BP) and n = 26 for 112–113 cm (26,978 ± 306 years
BP). Note that the range of the individually analyzed measurements are
beyond the mean “bulk” value for that same sample but are well within the
naturally observed range of seawater δ18O and δ13C. See text for more
discussion of these values. The individually analyzed δ18O and δ13C are
shown together in panel (c) alongside an arrow pointing to the expected
values caused by authigenic carbonate precipitation (with a δ13C range of − 5
to − 15‰ and δ18O range of 4–5‰ (Cook et al., 2011)). The ellipse
highlights the two lowest δ13C values (see text).
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Table 1
Listing of Core Sites Plus the Reconstructed Seafloor Ventilation Age (Years) Between 18,000 and 12,000 Years BP for Measurements Shown in Figures 4 and 5

Core sites
Latitude
(° north)

Latitude
(° East)

Water
depth
(m)

Seafloor 14C/C
ventilation age

(years)

Seafloor 14C/C
ventilation age stdev

(years)

Seafloor Δ14C
anomaly
(per mil)

Seafloor Δ14C anomaly
1 sigma stdev (per mil) Age model note

JT96‐09PC 49 − 127 920 2,261 520 − 303 52 planktic 14C/C: updated
to IntCal20

ODP1019C 42 − 125 980 2,247 488 − 305 61 planktic 14C/C: updated
to IntCal20

F2‐92‐P3 36 − 122 799 2,360 302 − 313 54 planktic 14C/C: updated
to IntCal20

AII125‐8
GGC55/
JPC56

28 − 112 818 1,431 226 − 209 32 Original: static benthic
14C/C anomaly

AII125‐8
GGC55/
JPC56

28 − 112 818 3,701 93 − 449 4 Updated: benthic δ18O
synchro. (Alt. 1)

AII125‐8
GGC55/
JPC56

28 − 112 818 3,626 90 − 441 4 Updated: planktic 14C/C
cal to IntCal20 (Alt. 2)

AII125‐8‐
20JPC

26 − 111 845 2,001 491 − 283 75 Original: organic matter
14C/C

AII125‐8‐
20JPC

26 − 111 845 3,811 2,224 − 430 159 benthic δ18O synchro

AII125‐8‐
20JPC

26 − 111 845 1,811 639 − 253 86 planktic 14C age
calibration

MV99‐MC17/
GC32/
PC10

24 − 112 430 1,272 686 − 175 86 Original: tuned to PC08

MV99‐MC19/
GC31/
PC08

24 − 112 705 2,631 930 − 347 105 Original: color synchro

MV99‐GC38 23 − 111 1,270 2,106 492 − 288 68 Original: tuned to PC08

LPAZ21P 23 − 110 624 4,040 795 − 494 69 terrestrial wood 14C/C:
updated to IntCal20

ALAR‐1P 23 − 109 659 3,438 891 − 437 94 terrestrial wood 14C/C
cal to IntCal20

ET97‐7T 23 − 110 640 3,064 517 − 397 37 terrestrial wood 14C/C:
updated to IntCal20

DSDP66 493* 16 − 99 645 1,233 282 − 179 38 terrestrial wood 14C/C
cal to IntCal20

VM32‐096PC 16 − 99 717 1,352 494 − 189 66 terrestrial wood 14C/C
cal to IntCal20

ME0005A03JC 16 − 95 740 1,344 191 − 192 26 terrestrial wood 14C/C
cal to IntCal20

OCIM NE
Pacific

see text see text 750 972 122 − 147 24 N/A

Note. Here, we list the average seafloor 14C age/Δ14C difference from the atmosphere for each site shown in Figure 4, sorted based on latitude with the lowest latitude
sites at the bottom. This sorting should also be considered analogous to the poleward flow of the Mexican Coastal Current waters, which feed into the subsurface GoC
and are also the source of the California Undercurrent. See Figure S5 in Supporting Information S1 for color‐coding of each 14C ventilation age/Δ14C anomaly (to the
same scaling in Figure 4). All age models use or were updated to the IntCal20 atmospheric 14C/C calibration. “Synchro” stands for synchronization to an established
time‐series. “Cal.” stands for calibration. “Planktic” and “benthic” refer to planktic and benthic foraminifera, respectively.
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In 4 of the 5 new benthic foraminiferal 14C/C records, the age model is built upon terrestrial plant detritus 14C/C
calibrated to the atmosphere (more detail in Section 2.4). All samples were recovered alongside foraminifera and
have undergone the ABA pre‐treatment described above.

2.2. Ocean Circulation Inverse Model (OCIM) Estimates of Seawater 14C/C

We used the circulation from a global OCIM (DeVries & Holzer, 2019; DeVries & Primeau, 2010) plus the
IntCal20 atmospheric 14C/C (Reimer et al., 2020) to estimate eastern North Pacific intermediate‐depth seawater
14C/C over the past 30‐kyr. The model was run with a constant circulation representing the modern ocean
(DeVries & Holzer, 2019), using a linearized gas transfer velocity (DeVries & Primeau, 2010) and representing
the 14C/C ratio as a single tracer. This formulation accounts for the changes in air‐sea carbon isotopic fractionation
associated with changing atmospheric pCO2 during the deglaciation (Bard, 1998; Galbraith et al., 2015).
Intermediate‐depth eastern North Pacific waters are averaged within 10°N to 40°N, 140°W to the North American
western margin, and between 200 and 1,100 m depth. We show this OCIM‐estimated value for seawater 14C/C in
delta notation (Δ14C) as a dotted line with a gray envelope (1 sigma error; representing a ±50‰ standard de-
viation of Δ14C in this region) in Figure 1c and elsewhere. Average deglacial 14C/C values for this OCIM estimate
give a 14C ventilation age of 972 ± 122 years, which is equivalent to a deglacial Δ14C difference from the at-
mosphere of − 147 ± 24‰ (shown in Table 1).

2.3. Benthic Foraminiferal δ18O and δ13C Measurements

All new benthic foraminiferal δ18O and δ13C measurements were performed on 2–5 individual specimens from
the >125 mm size fraction. These measurements were made on a Thermo Kiel IV Carbonate Device connected to
a ThermoMAT 253+ Isotope Ratio Mass Spectrometer at the Paleo2 Laboratory at the University of Arizona. The
δ13C data are reported in delta notation* in units of per mil relative to the Vienna Pee Dee Belemnite standard (‰,
VPDB). (*Delta notation for stable isotopic composition of oxygen is δ18O = [(18O/16O unknown)/(18O/16O
standard)] − 1, multiplied by 1,000 to give units in per mil scaled to the reference material. The same equation is
used for δ13C but with 13C/12C.) IAEA‐603 was analyzed (n = 40) as an external standard, and the 1σ precision
was 0.05‰ for 13C, which is consistent with the long‐term precision of this setup (±0.05‰; n > 1,500). The
overall error for these measurements is calculated via propagating this analytical uncertainty with the average
standard deviation of replicate bulk measurements (n = 12) as sampling uncertainty (see e.g., Prabhakar
et al., 2024; Thirumalai et al., 2013). This yields an uncertainty of 0.11‰ for δ18O and 0.19‰ for δ13C.

2.4. Age Model Construction

Alongside the sediment cores used in this study, Table 1 includes the assumptions and/or adjustments made to the
sediment core's age model. The strategies for constructing calendar ages on the sediment cores discussed here
include: no adjustment to the published age model; synchronization of benthic δ18O variability with a benchmark;
planktic foraminiferal 14C/C calibrated to the IntCal20 atmospheric record (Reimer et al., 2020) (assuming the
Marine20 surface 14C/C reservoir age (Heaton et al., 2020)); and wood 14C/C calibrated to the IntCal20 atmo-
spheric record (as in (Rafter et al., 2018, 2019; Zhao & Keigwin, 2018)). Examples of terrestrial wood recovered
from marine sediments for this study are shown in Supplementary Figure S1A in Supporting Information S1 and
this approach is discussed in more detail below and in the Text in Supporting Information S1.

The benthic foraminiferal 14C/C records from the northernmost sites are previously published (JT96‐09PC, ODP
1019A, and F2‐92‐P3; squares in Figure 4), but their age models are updated based on their published age model
assumptions—such as the surface ocean 14C reservoir age assumptions (i.e., the offset from the atmosphere)—and
calibrated to the more recently developed atmospheric 14C/C record (Reimer et al., 2020) using the Bayesian‐
based BACON application (Blaauw & Christen, 2011).

The benthic foraminiferal 14C/C records from the southernmost core sites (see Table 1) all use age models based
on 14C/C measurements of terrestrial detritus recovered from the marine sediments. Because terrestrial plants
grow in the atmosphere and record the contemporary 14C/C of the atmosphere, this material allows the user to
directly calibrate the age of sediment core depths to the atmospheric 14C/C record (Reimer et al., 2020).
Guidelines for using this method for constructing a sediment core age model are provided in (Rafter et al., 2018)
but can be summarized as follows: The wood 14C age must be younger than all other 14C ages dated in that
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sediment interval. This guideline aims to identify “relic” terrestrial material that grew before—and therefore is not
contemporary with—the marine sediment interval of interest. Wood 14C/C measurements older than marine‐
based fossil 14C/C have been identified previously (Rafter et al., 2018) and we apply the same guidelines to
this current study. Although here we also highlight the possibility that surface water 14C ages can be so old—or
the surface water Δ14C can be so low—that relic wood can unintentionally be included as an age model constraint.
A deeper discussion of relic wood along with “special considerations” of the age models used in this study is
provided in Supporting Information S1.

3. Results
The benthic foraminiferal 14C/C proxy records near the GoC mouth (Figure 1c) show significant depletions of
>200‰ or>1,800 14C years relative to the contemporary atmosphere that are anomalous relative to intermediate‐
depth ETNP seawater estimated using OCIM (dotted black line in Figure 1c; see Materials and Methods). Below,
we present: (a) new 14C/C measurements of seaweed and sediment traps (Figure 2); (b) new examinations of the
benthic foraminiferal 14C/C proxy (Figure 3); and (c) new glacial‐deglacial benthic foraminiferal Δ14C records
(Figures 4 and 5).

3.1. Gulf of California (GoC) and Gulf of Tehuantepec (GoT) Modern 14C/C

When interpreting radiocarbon content (14C/C) measurements post‐1950 CE, it is important to understand that
atmospheric thermonuclear weapons testing in the 1950s‐to‐1960s greatly increased atmospheric 14C/C to Δ14C
values greater than+800‰, thereby yielding 14C ages that are negative (Reimer, 2004). (Notably, this is also why
1950 is the year of 14C normalization (a Δ14C of 0‰ and a 14C age of 0 years) and any time before 1950 is “BP” or
“Before (thermonuclear) Physics”; see Skinner and Bard (2022) for a good review.) Thus, it is important to
consider our measurements as they are relevant to either “pre‐bomb” conditions (i.e., as they naturally occurred
before 1950 CE) of the greatly elevated post‐bomb atmospheric 14C/C conditions.

We provide a new view of recent seawater 14C ages along the GoC with seaweed 14C/C (colors in Figure 2c).
Using the same regional grouping of samples from Velázquez‐Ochoa et al. (2022), our new seaweed 14C/C
measurements indicate that GoC coastal water 14C ages range from − 20 14C years old in the southernmost region
(i.e., clearly including bomb 14C/C) to +700 14C years old west of the Guaymas Basin (Star #1 in Figure 2c).

For context, pre‐bomb marine shells collected from the coastal GoC near Guaymas Basin (north of 25°N and
south of 29°N) give an average 14C age of 840 ± 120 years BP (max = 1,001 years old, min = 635 years old;
n = 10) (Berger et al., 1966; Frantz et al., 2000; Goodfriend & Flessa, 1997; Ingram & Southon, 1996) (Sup-
plementary Table S1). A more recently published coral archive indicates that pre‐1950 surface seawater 14C ages
close to the GoC mouth has a similar surface water 14C age of 701 ± 15 years BP (Rafter et al., 2019). In contrast
to the estimated pre‐bomb GoC surface water 14C ages, atmospheric CO2

14C ages at the time of seaweed
sampling averaged − 220 ± 100 years (Reimer, 2004). These results indicate that mid‐to northern coastal GoC
surface waters have similar 14C/C values before and after the 1950 CE spike in atmospheric 14C/C. However,
neither the pre‐bomb 14C/C observations nor our new post‐bomb seaweed 14C/C measurements provide insight to
seasonality or surface water 14C/C away from the coastline.

From late 1995 to mid 1997, monthly‐resolved Guaymas Basin sediment trap planktic foraminifera G. bulloides
14C/C measurements provide a view of seasonal changes in surface seawater radiocarbon content away from the
GoC coastline. There were no G. bulloides tests available for 14C analysis during summer‐fall 1996 (thus the
straight line later in 1996 CE, in Figure 2a). These 0.1–1.2 mg sized samples varied from ≈0 to 1,000 years old
with the oldest ages in boreal winter‐to‐spring (Figure 2a; Δ14C values are given in parentheses). The older
sediment‐trap‐based 14C ages compare well with previously published pre‐bomb measurements of coastal
Guaymas and Carmen Basin surface‐water 14C/C (see above). These modern GoC proxy seawater 14C/C ob-
servations are also similar to modern (≈1970 CE) surface plankton tow and recent sedimentary organic matter
14C/C from the Carmen Basin of ≈750–800 14C years old (DeMaster & Turekian, 1987). This correspondence
between pre‐ and post‐bomb GoC surface water 14C/C is striking, given that at the time the planktic foraminifera
were recording Guaymas Basin surface water, post‐bomb atmospheric CO2

14C ages averaged − 782 ± 47 years
(Δ14C = +102 ± 6‰) (Reimer, 2004).
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The Guaymas Basin sediment‐trap results contrast with new GoT sediment‐trap G. bulloides 14C/C results in
Figure 2b, which are much younger/have higher 14C/C than in Guaymas, varying from a Δ14C of ≈0‰ to +51‰
from winter to late spring 2006, respectively (a 14C age change of ≈0 to − 400 years old). The contemporary
atmospheric CO2

14C/C during the sediment trap deployment was − 393 ± 13 years old (Δ14C = +50 ± 1‰)
(Reimer, 2004), which is effectively the same as the GoT surface water 14C/C during the reduced upwelling
period in the later spring.

Previous work suggests that secondary calcite precipitation on foraminiferal tests can elevate trace‐element
concentrations (Gibson et al., 2016). Although qualitative, the secondary calcite (as shown in Figure 4 of their
study) appears to constitute a small fraction of the primary calcite, such that, unlike trace‐elements, the added
carbon is unlikely to alter the overall 14C/C ratio significantly. Furthermore, a secondary calcite precipitation at
depth gives the expectation that lower 14C/C is added to the primary calcite—in contrast to our higher‐than‐
expected GoT 14C/C relative to the GoC sediment trap results. Based on the available data, secondary calcite
precipitation, if important, appears to have a much larger impact on trace element concentrations, whereas it has a
small or nominal effect on 14C.

In Figure 2d, we compare our sediment‐trap 14C/C results with global surface‐water dissolved inorganic carbon
(DIC) 14C/C (the upper 50 m) (compiled in Lauvset et al. (2023)). The Guaymas Basin sediment trap 14C/C
measurements (magenta squares) are significantly older than any tropical waters and, in fact, the oldest Guaymas
14C ages are only matched by the highest latitude Southern Ocean surface waters. In contrast, the GoT sediment‐
trap results (golden diamonds) all fall within the observed range of surface‐water 14C/C for that latitude.

Considering that the GoT and GoC are connected via a regional subsurface current system (arrows in Figure 1),
our new post‐bomb sediment trap 14C/C results demonstrate the existence of a modern meridional gradient in the
waters upwelling to our sediment trap sites. Although the sediment trap results are from different time‐period-
s—and therefore different post‐bomb atmospheric 14C/C levels—the lower atmospheric 14C/C at the time of the
GoT results would work to decrease the observed difference between the sites. In other words, assuming a similar
atmospheric 14C influence on the waters upwelling in the GoC and GoT, the atmospheric differences at the time of
sediment trap sampling would decrease meridional 14C difference. The observed meridional difference in ETNP
14C/C of up to 1,000 14C years (Δ14C of ≈–117‰) is therefore considered a conservative estimate.

One final note here is that, given the large 14C/C difference between GoT and GoC of up to 1,000 years, it is
surprising that the pre‐bomb difference between the GoT and GoC is less than 200 14C years (pre‐bomb GoT
surface waters are 650± 40 years (n = 2) compared to GoC values of 840± 120 years (Berger et al., 1966; Ingram
& Southon, 1996; Taylor & Berger, 1967)). This difference between the pre‐bomb and modern surface water 14C/
C meridional gradient is surprising since the atmosphere should have similar impacts on 14C/C in both regions.
We will explore these questions in more detail below.

3.2. Benthic Foraminiferal 14C/C Variability With Age Model Assumptions and Preservation

If care is not taken with age model assumptions and microfossil preservation, it is possible to produce anomalous
benthic foraminiferal 14C/C values relative to the atmosphere. All published age models using planktic forami-
nifera 14C/C calibrated to the atmosphere have been updated to the most recent compilation (IntCal20), and the
original age models are not shown. Other adjustments to published age models are clearly detailed in Table 1 and
shown alongside their published Δ14C values in Supplementary Figure S2 in Supporting Information S1.

In Figure 3a, we show the published and new benthic foraminiferal Δ14C measurements from GoC mouth sites
LPAZ‐21P (epifaunal species P. ariminensis in the brown line; shallow infaunal benthic Uvigerina spp. in the
dark blue line) and P. ariminensis from ET97‐7T (gold circles) (Rafter et al., 2019). The black dotted line is the
OCIM‐estimated Δ14C for the ETNP (see Materials and Methods). The triangles are the terrestrial wood Δ14C
values used to construct each site's age models. Note that the age model on LPAZ‐21P around 20‐kyr BP has been
adjusted from the published values as it has become apparent that there is no hiatus in the sedimentary record and
that, instead, the original age model included “relic”/non‐contemporary terrestrial wood 14C/C. We detail our
argument for excluding this non‐contemporary wood 14C/C measurement in the Text in Supporting Informa-
tion S1, and the changes in LPAZ‐21P Δ14C and sedimentation rate are illustrated in Supplementary Figure S4 in
Supporting Information S1. This figure shows (among other things) that the updated LPAZ‐21P age model has a
more stable sedimentation rate than previously published.
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New measurements in Figure 3 test for radiocarbon differences in differently preserved benthic foraminifera.
Prior work has shown that secondary/authigenic carbonate precipitation can be gleaned from changes to the color
and/or texture of the benthic foraminiferal test, altering it from a “glassy”/white color to a “frosty”/yellow color or
texture (Sexton et al., 2006; Wycech et al., 2016). The texture and color of benthic foraminifera in cores LPAZ‐
21P and ALAR‐1P (discussed below and Table 1) did not always show outstanding differences, but we show one
example of how we separate these microfossil types in Supplementary Figure S1B in Supporting Information S1
(for scale, the hole in both Figure S1 in Supporting Information S1 panels has a diameter of 12 mm). In Figure 3b,
we compare the unsorted epifaunal benthic foraminiferal Δ14C from Figure 3a with the “glassy” Δ14C (large
white circles). Similarly, in Figure 3c we compare the unsorted shallow infaunalUvigerina spp. Δ14C with glassy
benthic foraminiferal Δ14C.

Figure 3d includes an entirely new benthic foraminiferal Δ14C record from the GoC mouth (site ALAR‐1P) that
compares unsorted and glassy measurements of the epifaunal species P. ariminensis Δ14C. It is interesting to
point out that this site displays some variability—notably, younger 14C ages/higher Δ14C values after 15‐kyr BP
(Figure 3d and see the light blue line in Figure S2F in Supporting Information S1)—that was not observed at some
GoC mouth sites (Rafter et al., 2018), but is observed at others (Marchitto et al., 2007).

Qualitatively, there is no noticeable, consistent difference between the unsorted and glassy benthic foraminiferal
Δ14C shown in Figure 3b (for P. ariminensis from the LPAZ‐21P core) or in Figure 3c (for Uvigerina spp. From
the LPAZ‐21P core). Quantitatively, we observe similar results, with an average 14C age difference of
530± 510 years (n = 17) between unsorted and glassy samples. This difference is almost insignificant because of
the large 1‐sigma standard deviation, which encompasses a maximum 14C age difference of +1,290 years and a
minimum of − 590 years (i.e., the glassy was older than the unsorted). Both the epifaunal (P. ariminensis;
Figure 3b) and infaunal (Uvigerina spp.; Figure 3c) samples yielded similar unsorted minus glassy 14C age
differences, suggesting that sedimentary calcification habitat cannot explain these statistics.

3.3. Glacial‐Deglacial Δ14C for the Intermediate‐Depth ETNP

The location and deglacial average 14C ventilation age (18‐to‐12‐kyr BP) of all sites on select age models is color‐
coded in Figure 4 (values also listed in Table 1). The full glacial‐deglacial Δ14C observations on select age models
is shown in Figure 5, while Figure S2 in Supporting Information S1 shows the full glacial‐deglacial Δ14C on the
select and alternate age models. Arrows in Figure 5 are meant to illustrate the subsurface current system con-
necting the sites. The assumptions for each core site's age model—such as surface ocean reservoir ages, use of
wood versus planktic foraminifera 14C/C, and more—are listed in Table 1, briefly discussed in Materials and
Methods, and more thoroughly examined in the Text in Supporting Information S1.

The light blue color of the eastern north Pacific waters in Figure 4 relates to the average OCIM‐estimated 14C/C
value for the deglaciation (972 ± 122 years). An inset panel to Figure 4 shows a zoomed in view of the GoC.
Arrows in Figure 4 show the flow of subsurface waters, as in Figure 1. The large circle symbols in Figure 4 show
new benthic foraminiferal Δ14C measurements made in this study, squares show the average deglacial Δ14C for
existing studies, and diamonds show the previously published GoC mouth Δ14C records (Lindsay et al., 2016;
Marchitto et al., 2007). Symbol outlines detail our confidence in the age model, with solid outlines reflecting
higher confidence. Smaller white circles indicate the location of known hydrothermal vents (as in Figure 1a) and
see Figure 1b for average depths of these vents.

The three southernmost sediment core sites in Figure 4 give deglacial benthic foraminiferal 14C/C that are similar
to or slightly older than the OCIM‐estimated values, but all records north of the GoC mouth (≈20°N) give
significantly older deglacial 14C ages. Because of the ETNP subsurface circulation system (arrows in Figure 4),
we consider the three benthic foraminiferal 14C/C records south of 20°N to be “upstream” relative to the many
“downstream” records north of 20°N. This spatial view of the deglacial ETNP clearly shows a meridional dif-
ference, where core sites north of the GoC mouth have higher average deglacial 14C/C.

Other sites provide insight to seawater 14C/C both above and below the depths of the other sites shown in Figure 4.
The smaller, white‐edged diamonds in Figure 4 inset panel show the deglacial average 14C age for benthic
foraminifera at 430 m (site PC10) and 1,270 m (site GC38) (also see Table 1). The shallower record gives a
deglacial average 14C age very similar to the OCIM‐estimates, although it is important to note that this record does
not include the entire deglaciation (see black line in Supplementary Figure S2 panel g in Supporting
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Information S1) and has fewer deglacial 14C/C measurements (n = 13) relative to the 705 m record from Figure 1
(n = 23). In contrast, the deeper site (1,270 m) has an average deglacial benthic foraminiferal 14C age (site GC38
at 2,110 ± 490 years; n = 13) that overlaps with and is very similar to the shallower 705 m record with the
deglacial 14C/C anomaly (see Table 1).

3.4. Benthic Foraminiferal δ18O and δ13C Measurements

We augmented the existing LPAZ‐21P epifaunal benthic foraminifera P. ariminensis δ18O and δ13C record from
Rafter et al. (2018) with new measurements to increase the resolution and length (Figure 6 and Figure S3 in
Supporting Information S1). Given that this benthic foraminifera species directly records bottom water chemistry
(Herguera et al., 2010; Keigwin, 2002; Keigwin & Jones, 1990) and because the LPAZ‐21P age model is
anchored to wood 14C/C calibrated to the IntCal20 atmospheric record (Rafter et al., 2018; Reimer et al., 2020),
we use this now longer and higher resolution LPAZ‐21P benthic δ18O and δ13C as a regional benchmark for age
models in nearby sediment core sites (all shown in Figure S3 in Supporting Information S1). This benthic
foraminiferal δ18O benchmarking is used to synchronize the age models between the GoC mouth site to the
Guaymas Basin site (stable isotope measurements from (Keigwin & Jones, 1990)) and new δ18Omeasurements of
the benthic foraminifera Bolivina spp. in the Carmen Basin (Figure S3 in Supporting Information S1).

3.5. Individual Foram Analysis of Benthic Foraminiferal δ18O and δ13C in Core LPAZ‐21P

Measurements of individual benthic foraminiferal δ18O and δ13C—widely known as “Individual Foram Analysis
(IFA)” (Babineaux et al., 2025; Clemens et al., 2023; Fehrenbacher et al., 2024; Slowey & Curry, 1995)—were
made for select samples of the epifaunal benthic foraminifera P. ariminensis in sediment core LPAZ‐21P (squares
in Figure 6). While prior work has used IFA measurements to quantify interannual hydrographic variability
(Koutavas et al., 2006; Thirumalai et al., 2024), for the first time we are here employing IFA to look for pre-
dictable anomalies in δ18O and δ13C caused by the post‐depositional precipitation of secondary carbonates.

A study of foraminifera δ18O and δ13C in methane‐rich Subarctic Pacific sediments described how the precipi-
tation of secondary carbonates on foraminiferal microfossils overprints the primary values by lowering the δ13C
(to values <− 5 to − 15‰) and raising δ18O values (to values >4–5‰) (Cook et al., 2011). While bulk benthic
foraminiferal δ18O and δ13C measurements do not suggest the anomalies observed for secondary carbonate
biasing in the Subarctic Pacific, it is possible that including a few foraminiferal microfossils with secondary
carbonates could both have a minor impact on the bulk δ18O and δ13C measurement and a large effect on Δ14C.
This is because, while the secondary carbon adds a depleted δ13C as low as − 24.1‰ (Cook et al., 2011), the Δ14C
of the secondary carbonate is likely to be − 1,000‰ (completely depleted in 14C). The inclusion of some small
fraction of 14C‐depleted individuals to the bulk foraminifera measurements could therefore produce the deglacial
Δ14C anomaly.

Because we are currently unable to adequately measure single, deglacial‐aged foraminiferal 14C/C, we here apply
our newly developed IFA test for secondary carbonate precipitation on benthic foraminifera. This test uses depth
intervals from core LPAZ‐21P that are below/before the 14C/C anomaly (112–113 cm with a calendar age of
26,978 ± 306 years BP) and within/during the 14C/C anomaly (71.5–72.5 cm with a calendar age of
14,029 ± 548 years BP) (Figure 6). The average δ18O and δ13C for the IFA measurements—before or during the
deglacial 14C/C anomaly—was not significantly different than the bulk benthic foraminiferal δ18O and δ13C. The
non‐anomaly interval IFA δ18O and δ13C has an average δ18O of 3.1 ± 0.2‰ (max = 3.4‰; min = 2.8‰; n = 9)
and a δ13C of − 0.1 ± 0.2‰ (max = +0.3‰; min = − 0.5‰; n = 9), compared to bulk benthic foraminiferal
measurements of δ18O of 3.1‰ and δ13C of 0.0‰. The IFA measurements at the time of the deglacial 14C/C
anomaly have an average δ18O of 3.1 ± 0.2‰ (max = 3.3‰; min = 2.6‰; n = 26 measurements) and a δ13C of
− 0.2 ± 0.3‰ (max = 3.3‰; min = 2.6‰; n = 26 measurements) compared to the bulk epifaunal benthic
foraminifera of δ18O of 3.1‰ and δ13C of − 0.01‰.

We observe two individual outliers in benthic IFA‐δ13C (<− 0.6 per mil at the ≈14‐kyr BP in Figure 6b) that are
highlighted by the ellipse in panel (c) of Figure 6. Although relatively low, these δ13C values are far from the
expected δ18O and δ13C for the inclusion of secondary carbonate via methane (Babineaux et al., 2025). The arrow
in Figure 6c points to the stable isotope values expected for this authigenic carbonate precipitation (δ13C of
− 10‰ and δ18O of 4.5‰) based on the ranges provided in (Cook et al., 2011). Instead, these lower IFA δ13C
values are better described as a sign of bioturbation with shallower sediments (Stott & Tang, 1996). Bioturbation
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is consistent with the younger/shallower bulk benthic foraminiferal δ13C (line in Figure 6b) that have a similar
δ13C of ≈− 0.6‰. It is important to note that bioturbation with shallower sediments would work to reduce the
deglacial 14C/C anomalies by making the deglacial 14C age younger.

4. Discussion
Nearly 20 years ago, a glacial‐interglacial reconstruction of intermediate‐depth seawater in the ETNP suggested
there was anomalously low seawater 14C/C—with 14C ages >2,000 years older than the contemporary
atmosphere—after the last ice age (Figure 1c) (Marchitto et al., 2007). The observations presented here and in a
companion study by Green et al. (2026), provide a map of intermediate‐depth ETNP seawater 14C/C and carbon
chemistry, from the last ice age to today, that greatly expands our understanding of this deglacial “mystery”
(Broecker, 2009).

Below, we first examine a new view of pre‐ and post‐bomb ETNP surface water 14C/C, which underscores
modern GoC surface waters as a site of anomalously low 14C/C (old 14C ages) (Figure 2). New geochemical tests
affirm the fidelity of the benthic foraminiferal 14C/C proxy (Figure 3), allowing us to examine and track the spatial
changes in glacial‐deglacial ETNP seawater carbon chemistry as it moves from the tropics to the subarctic North
Pacific (Figures 4 and 5, and Figure S2 in Supporting Information S1). We find that the deglacial ETNP 14C/C
anomalies develop near the mouth of the GoC (Figure 4) and are not advected into the ETNP from outside the
region. The co‐occurrence of the subsurface 14C/C anomalies and seafloor hydrothermal activity (white circles in
Figure 1) and new seawater pH proxy results in Green et al. (2026) suggests an enhanced flux of pH‐neutral, 14C‐
depleted carbon to the water column during the deglaciation (Green et al., 2024, 2026; Rafter et al., 2019) that is
potentially relevant today (Figure 2).

4.1. Anomalously Low Pre‐ and Post‐Bomb GoC Surface Water 14C/C

Gulf of California surface water 14C/C in the Guaymas Basin is anomalously low, with 14C ages nearly
1,000 years old, both before and after the 1950’s artificial elevation of atmospheric 14C/C (Figure 2). With the
understanding that the same subsurface circulation feeds both sites (see arrows in Figure 1 and references above),
we can quantify this GoC surface water 14C/C anomaly by differencing the mid‐basin and/or Guaymas Basin
measurements (Star #1 in Figure 2) to the “upstream” waters of the GoT (Star #2 in Figure 2). This differencing
gives a surface 14C/C difference where Guaymas Basin is older by 190 ± 130 years old “pre‐bomb” and
676 ± 215 years post‐bomb (see Tables S1 and S2 in Supporting Information S1). This anomalously low GoC
surface‐water 14C/C was previously attributed to either upwelling of deep Pacific waters (below 1,500 m) or to
very low 14C/C contributions from the Colorado River (entering at the northernmost point of the GoC) (Berger
et al., 1966; Goodfriend & Flessa, 1997). However, we think the most sound explanation for older GoC surface
water 14C/C both pre‐ and post‐bomb is the supply of 14C‐depleted geologic carbon associated with the seafloor
volcanism (circles in Figure 1b) for several reasons.

First, a contribution of 14C‐depleted water from the Colorado River is an unlikely explanation, both because these
waters were diverted to agriculture in the early 1900s (and therefore cannot explain the post‐bomb observations)
but also because its DIC concentration is very low and will have a negligible impact on GoC DIC 14C/C
(Goodfriend & Flessa, 1997). Second, the upwelling of deep Pacific waters with 14C ages>1,000 years old would
need to occur from depths >1,500 m (Rafter et al., 2022), but the Guaymas Basin has much shallower sill depths
of ≈800 m (see Figure 1b). Although the depth of the waters upwelled to the Guaymas Basin surface is unknown,
typical ocean upwelling depths are <200 m (Wyrtki, 1981). Thus, neither Colorado River input nor upwelling of
>1,500 m Pacific deep waters are satisfactory explanations for the anomalously old pre‐bomb GoC surface water
14C/C.

Instead, the bulk of the evidence suggests that the addition of 14C‐depleted geologic carbon—possibly from, or
associated with, known hydrothermal venting along the East Pacific Rise—is a more likely explanation. First,
GoC hydrothermal fluids are known to be 14C‐depleted (Pearson et al., 2005) and, even though the depth of
modern GoC vent sites ranges from ≈1,800 to 3,600 m (Figure 1b), tracers of hydrothermal waters such as rare,
mantle‐derived helium isotopes are observed at all water column depths and at relatively high concentrations
(Lupton, 1979). Thus, while it would require a high‐resolution model to fully explore the water mass trans-
formations necessary to deliver the 14C‐depleted waters from the seafloor vents to the Guaymas Basin surface
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(possibly involving a warming‐induced increase in buoyancy) the various tracer evidence presented here solidly
links the GoC seafloor vent waters to the Guaymas Basin surface.

As for why the post‐bomb 14C difference is much larger between the sites (Figure 2), we can use the El Niño‐
Southern Oscillation index as a simple metric for large‐scale tropical Pacific air‐sea dynamical influences. We
find strong La Niña conditions for the first part of the Guaymas time‐series versus strong El Niño conditions for
the entirety of the GoT sediment trap (Rayner et al., 2003). These conditions at the time of the sediment trap
sampling likely accentuate the surface water 14C/C gradient between the sites by dampening upwelling for the
GoT time‐series and enhancing upwelling during the Guaymas Basin time‐series. Seasonal upwelling in the GoT
is controlled primarily by changes in sea‐level pressure at higher latitudes (Karnauskas, 2014) and could also
impact the sediment trap findings, but we lack constraints on this forcing. A longer sediment trap time‐series from
the sites could help resolve the larger post‐bomb difference in Guaymas and GoT surface water 14C/C.
Regardless, the persistence of low GoC surface water 14C/C points to the GoC being an anomaly with respect to
seawater carbon chemistry.

4.2. Fidelity Tests of the Benthic Foraminiferal 14C/C Proxy

The strong similarity in glacial‐deglacial benthic foraminiferal 14C/C records from 4 distinct sediment cores near
the mouth of the GoC (Figures 1c and 3)—each with independent age models and different sedimentation
rates—is a useful first‐order test of proxy fidelity. The additional geochemical measurements provided here
(Figures 3 and 6) allow us to purposefully examine the potential 14C/C biasing from: (a) mixed species mea-
surements; (b) inappropriate age model assumptions; (c) bioturbation and macrofaunal burrowing (Keigwin &
Guilderson, 2009; Stott, 2020, 2023); and (d) pore water precipitation of secondary carbonate (Cook et al., 2011).

The mixed benthic species and age model assumptions in (Lindsay et al., 2016; Marchitto et al., 2007) were
validated in later work using monospecies epifaunal measurements on an independent (and arguably more robust)
age model (Rafter et al., 2018). A fourth GoCmouth‐adjacent sediment core (ALAR‐1P; Table 1) measured in our
study provides a similar high‐quality age model and the epifaunal benthic foraminiferal 14C/C shows a nearly
identical deglacial anomaly (Figure 3d). One slight difference with this new ALAR‐1P record is that it reflects the
same upward shift of Δ14C at≈14.7‐kyr BP observed in the earlier Marchitto et al., records but not the later Rafter
et al. (2018) records (see Figure 1c). Thus, the mixed benthic species approach does not appear to grossly affect
the overall picture of glacial‐deglacial 14C/C, although the bulk of evidence suggests caution in interpreting
smaller‐scale foraminifera 14C/C variability as well as the use of certain species (e.g., T. bradyi (Rafter
et al., 2018) and Miliolida (Clemens et al., 2023)). In fact, some studies argue that mixed benthic foraminiferal
species 14C/C measurements will positively “convolve the effects” of bioturbation on the measured 14C/C (Roach
et al., 2013) and perhaps that explains some of the differences in the records. Regardless, based on the global
marine fossil 14C/C measurements compiled in Rafter et al. (2022), these 4 glacial‐deglacial benthic foraminiferal
14C/C records near the GoC mouth and between 600 and 700 m comprise the highest regional concentration of
independently measured proxy seawater 14C/C. The subtle differences between these records (e.g., where two
have mid‐deglaciation increases in Δ14C) should caution future users against over‐interpreting relatively small
14C/C variability.

Sedimentary bioturbation has predictable influences on benthic foraminiferal 14C/C, for example, by biasing
coretop sediments to older 14C ages (Broecker et al., 1999). However, it is essential to note that after the coretop
sediment is buried, it will then mix with shallower/younger 14C material downward—a symmetry of biasing
dependent on the sedimentation rate (e.g., see Figure 1 in (Hülse et al., 2022)). In fact, bioturbation of younger 14C
aged/shallower sediments would explain some of our IFA δ13C measurements (see text above and ellipse in
Figure 6). Logically, the impacts of bioturbation are therefore minimized at peak foraminiferal abundances
(Keigwin & Guilderson, 2009; Keigwin & Lehman, 2015), and earlier tests found that the ETNP deglacial 14C/C
anomalies persist even when only benthic foraminiferal abundance maxima 14C/C measurements are included
(Rafter et al., 2018). The regional similarity in benthic foraminiferal 14C/C, despite differences in sites, core
recovery, and sedimentation rates (e.g., the MV99 cores are nearly an order of magnitude higher than LPAZ‐21P
but show a similar benthic 14C/C), also speaks against the possibility of undiagnosed core‐artifacts biasing the
signal (Stott, 2020). Thus, the bulk of the evidence here suggests that the benthic 14C/C signal is not biased by age
model assumptions, species abundance, bioturbation, or core artifacts.
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Finally, in the Text in Supporting Information S1 we discuss in more detail how secondary/authigenic carbonate
precipitation cannot explain the deglacial benthic foraminiferal 14C/C anomalies by examining glassy benthic
foraminiferal 14C/C (Figure 2 and see Figure S1 in Supporting Information S1). These new 14C/C measurements
are only nominally different than the “unsorted” 14C/C (also see Table 2), indicating that secondary precipitation
is not driving the deglacial ETNP 14C/C anomaly. In the Text in Supporting Information S1, we also explore the
geochemical conditions that allow for secondary/authigenic carbonate precipitation. In short, the necessary
sediment porewater conditions for authigenic carbonate precipitation are much more likely to be related to the
depth below seafloor than the calendar age of the already‐buried benthic foraminiferal tests. As such, sediment
cores with nearly triple the sedimentation rate (e.g., the MV99 cores vs. the LPAZ‐21P core in Figure 1c) will
have a much deeper core depth for the deglacial 14C/C anomaly. The observation of the deglacial 14C/C anomaly
in multiple nearby cores with varying sedimentation rates but at the same time is therefore another indication that
the 14C/C measurements are primary and not artifacts of secondary carbonate precipitation.

4.3. Enhanced Geologic Carbon Flux Explains the Deglacial ETNP 14C/C Anomaly

Considering the results above and the new observations and calculations in our companion paper (Green
et al., 2026), our map of deglacial eastern North Pacific benthic foraminiferal 14C/C (Figure 4) clearly illustrates
that the deglacial ETNP 14C/C anomaly in Figure 1c (Broecker, 2009; Lindsay et al., 2016; Marchitto et al., 2007)
only develops as the subsurface MCC water mass moves past the GoC mouth. Although small changes in the
strength of the eastern North Pacific coastal current system (including the MCCwith the California Undercurrent)
likely occur on short timescales (i.e., interannual to interdecadal) (Bograd et al., 2019; Taylor et al., 2015), proxy
records suggest that this circulation has persisted (i.e., carrying tracers of low latitude seawater geochemistry to
the higher latitudes) for millions of years (Kienast et al., 2002; Liu et al., 2008). There is also no indication or
expectation that the physics driving this eastern boundary upwelling current system (Stewart et al., 2024) would
have been significantly different over the glacial‐deglacial timescales of interest here, but this is an important
assumption of our study. As such, Figure 4 is solid evidence that the anomaly is not advected to the original sites
near the GoCmouth (Figure 1c), but that—like our discussion of the pre‐ and post‐bomb ETNP surface water 14C/
C results above—the deglacial ETNP 14C/C anomaly is related to the flux of 14C‐depleted carbon via processes
associated with the East Pacific Rise spreading center near the GoC mouth (see white circles in Figure 1b).

To assess whether this proposed geologic carbon flux is reasonable, we can make some simple assumptions to
estimate the 14C‐depleted carbon flux required to explain the deglacial ETNP 14C/C anomaly. To estimate this
flux, we use a simple isotope mass‐balance equation and assume that geologic carbon is 14C‐depleted (i.e., has a
14C age >50,000 years and a 14C/12C of − 1,000‰). Without knowledge of the DIC contents of the deglacial
waters, we estimate the fraction of 14C‐depleted carbon necessary to change the “upstream” water Δ14C value of
− 190± 30‰ (the deglacial average of ME0005A‐03JC) to Δ14C of − 440± 70‰ near the mouth of the Gulf (the
deglacial average of the 4 sites at the GoC mouth) (Table 1). Assuming these values requires a 40% ± 10%
increase in 14C‐depleted DIC. To provide context for this calculation, we use the modern DIC concentrations of
the ETNP coastal margin between 500 and 800 m of 2,330± 10 μmol kg− 1 (from (Lauvset et al., 2023) at the Star
#3 in Figure 2, but also similar to observed in (Rodríguez‐Ibáñez et al., 2013)). With this assumption, our esti-
mated addition of 14C‐depleted carbon is equivalent to an additional 1,000 ± 200 μmol kg− 1 of DIC. If we further
assume an ETNP subsurface current system flow rate of 0.45 ± 0.1 Sv (Sverdrups; 1 × 106 m3 s− 1) (as used in
(Green et al., 2026; Rafter et al., 2019)), we estimate a deglacial average geologic carbon flux of about 0.18± 0.10
Pg C yr− 1 (1 Pg = 1 × 1012 g). This value, estimated independently and with different assumptions, is essentially

Table 2
Statistics for the Difference Between Unsorted and “Glassy” Benthic Foraminiferal Δ14C (Species in Parentheses)

ΔΔ14C of unsorted‐glassy (Uvigerina spp.) ΔΔ14C of unsorted‐glassy (P. ariminensis)

Average 404 578

1‐sigma standard deviation 613 477

Maximum value 1,020 1,290

Minimum value − 590 − 110

Number of observations 5 12

Paleoceanography and Paleoclimatology 10.1029/2025PA005265

RAFTER ET AL. 17 of 24

 25724525, 2026, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025PA

005265 by U
niv O

f C
alifornia Santa C

ruz - U
C

SC
, W

iley O
nline L

ibrary on [06/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



identical to calculations in (Green et al., 2026) and a geologic carbon flux averaging 0.16 Pg C yr− 1. (Although
surprisingly similar, some of the difference in estimates can be explained by the Green et al. assumption of a
− 200‰ vs. − 250‰ reduction in Δ14C). For context, terrestrial volcanic carbon flux could be as high as 0.15 Pg
C yr− 1 (as compiled in Fischer and Aiuppa (2020)) so we find our deglacial estimates for ETNP geologic carbon
flux to be within reason.

4.4. A pH‐Neutral Geologic Carbon Source of the Deglacial Anomaly?

Qualitatively, because the deglacial 14C/C anomaly is recorded in a carbonate archive, a geologic carbon source
must be both 14C‐depleted and approximately pH‐neutral. Quantitatively, we present in our companion study
(Green et al., 2026) new glacial‐deglacial measurements of benthic foraminiferal boron isotopes—a proxy for
seawater pH (Zeebe &Wolf‐Gladrow, 2007)—measured using the same epifaunal benthic foraminifera from the
same GoC mouth sediment core recording the deglacial 14C/C anomaly in Figure 1c (LPAZ‐21P). This glacial‐
deglacial seawater pH proxy record illustrates that, as the deglacial ETNP 14C/C anomaly develops near the GoC
mouth, there is a negligible change in seawater pH (Green et al., 2026).

When considering the carbon source (or sources) that could explain the deglacial ETNP 14C/C anomaly, there are
different types of geologic carbon sources to the ocean, and some are more closely aligned with our proxy records
than others. For example, basalt‐hosted, “sediment‐starved” hydrothermal vents typical of the open ocean have
lower carbon concentrations and much lower pH values (below 4) than ETNP waters (around 7.8) (Von Damm,
Edmond, Grant, et al., 1985). While these vent systems are inconsistent with the neutral pH requirements above,
there is extensive evidence based on the accumulation of rare, hydrothermally sourced metals that these vents
were much more active during the last deglaciation (Frank et al., 1994; Lund et al., 2016, 2019). The basalt‐hosted
vents (above) strongly contrast with the “sediment‐hosted” hydrothermal vents in the GoC, which have signif-
icantly higher carbon concentrations and also much higher pH (Paduan et al., 2018; Von Damm, Edmond,
Measures, & Grant, 1985)—fluid characteristics much closer to what we require for the deglacial 14C/C anomaly.
The higher carbon and pH values in sediment‐hosted hydrothermal vent fluids derive from a mixed contribution
of sedimentary carbonate and organic matter (Paduan et al., 2018).

Although sediment‐hosted hydrothermal‐sourced geologic carbon is the most similar to that proposed in
modeling studies (Green et al., 2024, 2026), the combination of organic carbon (with a δ13C around − 25‰) and
inorganic sedimentary carbon (δ13C of ∼0‰) produces hydrothermal fluid δ13C that is below − 10‰ (Paduan
et al., 2018). This observed hydrothermal fluid δ13C value is too low to be consistent with the relatively unre-
markable glacial‐deglacial records (Figure 6) of ∼0‰ with less than ±0.2‰ variability. Thus, while sediment‐
hosted hydrothermal systems observed in and near the modern GoC are the best explanation for the deglacial 14C/
C anomalies, the bulk of our proxy evidence necessarily requires a higher contribution from carbonate sediment to
both increase the pH closer to 7 and increase the δ13C closer to the observed benthic values (Figure 6).

The abundance of rare metals off the open ocean East Pacific rise increases during the deglaciation, suggestingmore
vigorous, but also lower‐pH hydrothermal fluid flux (Lund&Asimow, 2011; Lund et al., 2016, 2019). These results
contrast with the presumably higher pH GoC hydrothermal fluids necessary to explain the deglacial 14C/C anomaly
during the deglaciation. However, these similar responses in different regions can be reconciled if all are responding
to a shared forcing, such as a sea level‐induced hydrothermal activity (Coogan et al., 2019; Tolstoy, 2015). Similarly,
contributions from cooler, off‐axis, “diffuse” hydrothermal venting also contain higher carbon concentrations and
pH than on‐axis high temperature vents (Wheeler et al., 2024) and could contribute to the 14C‐depleted flux, although
this has not been explicitly measured for the East Pacific Rise or GoC. Alternatively, some studies suggest the
deglacial increase in 14C‐depleted geologic carbon flux as a CO2 hydrate release, potentially driven by rising deep‐
sea temperatures (Stott, Harazin,&Quintana‐Krupinski, 2019; Stott &Timmermann, 2011). There is evidence from
the western Pacific that past emissions of this geologic carbon could be pH‐neutral if associated with biogenic
carbonate dissolution, as shown for the western Pacific region (Stott, Davy, et al., 2019).

The ubiquity of hydrothermal fluid tracers throughout the modern GoC (discussed above and see (Lupton, 1979))
illustrates that vent activity below 2,000 m (Figure 1b) influences GoC seawater chemistry throughout the water
column (Figure 2a)—an observation connecting the deeper hydrothermal system fluids with the shallower
sediment core sites of our 14C/C records. Enhanced deglacial hydrothermal activity is therefore expected to have
an even larger regional impact, with the 14C‐depleted carbon entrained and subsequently transported within the
subsurface MCC waters, which mixes into the deepest GoC before moving northward along the Pacific margin of
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Baja California (see curving arrows in Figure 1, but also see Figure 6 in (Gómez‐Valdivia et al., 2017)). The
influence of hydrothermal sourced carbon on the waters bathing the GoC mouth sediment core sites was also
explored in (Green et al., 2026). With reasonable assumptions about mixing and the size of these “hydrody-
namically isolated” waters, Green et al. found that a reasonable flux of 14C‐depleted carbon can produce the
observed 14C/C anomalies. In the Text in Supporting Information S1, we explore the possibility that a glacial‐
interglacial neodymium isotope proxy record from the mouth of the GoC may be recording the advection of
GoC hydrothermal fluids rather than source‐water provenance (Basak et al., 2010).

We can further explore the transport of 14C‐depleted carbon from the deeper hydrothermal vents to shallower
sediment core sites using a depth‐transect of benthic foraminiferal 14C/C records near the GoC mouth (diamonds
in Figure 4) (Lindsay et al., 2016). While the flux of 14C‐depleted carbon from the seafloor gives the expectation
of more 14C‐depleted values with depth—an expectation we do not clearly observe with this dataset—the
deglacial average 14C/C from the deeper (1,270 m) site is not significantly different than the record from
705 m depth (Figure 4 and Table 1). However, the deeper record is also at a lower resolution (n = 13 deglacial
measurements at the 1,270 m site vs. n = 23 at the 705 m site; see Figure S2G in Supporting Information S1),
which may bias the difference in average deglacial 14C/C values (Table 1). Overall, while additional measure-
ments and higher‐resolution modeling work are necessary to thoroughly examine the movement and expected
pattern of geologic carbon flux from ETNP hydrothermal systems, the available data sets do not exclude a
significant influence from deeper hydrothermal fluids.

4.5. Downstream of the ETNP

One expectation when looking downstream of the deglacial ETNP subsurface water 14C/C anomalies is, if
additional geologic carbon was added to the inflowing subsurface waters, the downstream waters might have
larger 14C/C anomalies than the mouth sites. This would apply to the benthic 14C/C records within the GoC that,
although age‐model specific, are potentially much lower than observed at the GoCmouth (Figures 4 and 5). Thus,
it is possible that the interior GoC core sites are recording the continued addition of 14C‐depleted geologic carbon
as the inflowing subsurface waters move further into the basin.

Downstream of the ETNP, on the western North American margin, we do not observe larger benthic foraminiferal
deglacial 14C/C anomalies (Figure 4), but the deglacial average values are greater than those observed upstream of
the ETNP anomalies (off southern Mexico) (Table 1). These results support a large‐scale and perhaps partially
diluted northward advection of the deglacial 14C/C anomalies. This subsurface circulation system connects the
tropical Pacific to the Gulf of Alaska (Thomson & Krassovski, 2010) and, in fact, benthic foraminiferal 14C/C at
subarctic Pacific site U1419 (Walczak et al., 2020) (not shown) shows locally‐forced millennial variability over-
printing an anomalously low deglacial average 14C/C (Δ14C of − 240‰ and a 14C ventilation age of 1,640 years).

5. Conclusions
Bybuilding a spatial and temporalmapof intermediate‐depth seawater 14C/C in the easternNorth Pacific, this study
strengthens our understanding of carbon cycling in an interesting and possibly important (with respect to carbon
fluxes) part of the global ocean (Green et al., 2026). These results confirm that the deglacial ETNP 14C/C anomaly
does not originate from the global advection of 14C‐depleted abyssal waters (Hain et al., 2011). Instead, we showed
with proxy records of subsurface seawater 14C/C as it moves northward along the Pacific margin of North America
that the 14C/C anomaly is locally developed and plausibly related to local seafloor volcanism (Figure 4).

The deglacial timing of this probable increased geologic carbon flux is consistent with a proposed relationship
between sea level changes, mantle decompression, and enhanced seafloor volcanism (Stott & Timmer-
mann, 2011; Tolstoy, 2015). What's more, deglacial 14C/C anomalies in the intermediate‐depth ocean are also
observed in the eastern equatorial Pacific (Stott et al., 2009), the northwestern Arabian Sea (Bryan et al., 2010),
and the western Pacific (Stott, Davy, et al., 2019)—all sites that are near areas of active seafloor volcanism
(Beaulieu & Szafranski, 2019). Other sites of glacial‐deglacial 14C/C anomalies are less obviously placed near
hydrothermal vents, and are as yes unexplained by geologic carbon sources (Bharti et al., 2022; Ronge
et al., 2016; Umling et al., 2024; Wang et al., 2025). In addition to the hydrothermal rare metal flux records
discussed above (Lund & Asimow, 2011; Lund et al., 2016, 2019), there is independent proxy evidence for
climate‐related changes in seafloor spreading centers (Crowley et al., 2015; Huybers et al., 2016, 2022).
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Whatever the specific drivers of these other anomalous seawater 14C/C records, recent estimates show that, to be
consistent with atmospheric CO2 characteristics, the total geologic carbon flux to the ocean‐atmosphere over the
deglaciation can be no higher than ≈2,400 Pg C (Green et al., 2024). For context, our companion study suggests
that the total geologic carbon supplied to the ETNP during the last deglaciation may make up as much as 800 Pg C
(Green et al., 2026) or nearly the same as the highest total modern global terrestrial volcanic flux estimate (listed
in (Fischer & Aiuppa, 2020)). However, an important caveat here is that given the need for a pH‐neutral geologic
carbon flux—based on the persistence of carbonate sediments and new boron isotope pH proxy data (Green
et al., 2026)—this estimated deglacial geologic carbon flux would have a nominal impact on both the concen-
tration and isotopic composition of atmospheric CO2 (Green et al., 2024).

Finally, after applying various tests to the benthic foraminiferal 14C/C records in the ETNP, we found that the
published and new measurements in the region most likely represent a history of regional intermediate‐depth
seawater 14C/C. It is of particular interest for future research to explain why there are some disagreements be-
tween foraminifera 14C/C and deep‐sea coral‐based 14C/C records, the latter of which do not record similarly
anomalous 14C/C values (see data set from (Rafter et al., 2022)). In particular, the comparison of deep‐sea coral‐
and benthic foraminiferal 14C/C in the intermediate‐depth eastern equatorial Pacific benthic foraminiferal 14C/C
(Chen et al., 2020; Stott et al., 2009) would be a useful subject for future studies.
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