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ON THE VARIABILITY OF 
EQUATORIAL PACIFIC NITRATE 
AND IRON UTILIZATION By Patrick A. Rafter

SPECIAL ISSUE ON TWENTY YEARS OF GEOTRACES

ABSTRACT. The tropical Pacific is one of the largest ocean regions on Earth where the trace element iron limits new primary pro-
duction and therefore the efficiency of carbon export to the deep sea. Although there is a long history of marine biogeochemical 
research in the tropical Pacific, recent advancements using GEOTRACES key parameters such as iron and nitrate isotopes (nitrate 
δ15N and δ18O) make this a good time to review the current understanding of tropical Pacific nitrate dynamics—how both regional 
subsurface nitrate characteristics and surface ocean nitrate utilization change with time. While this article provides a comprehen-
sive overview of the biological, chemical, and physical processes shaping equatorial Pacific subsurface-to-surface nutrients, it prin-
cipally explores the findings from the first nitrate isotope time series in iron-limited high nutrient, low chlorophyll waters. Results 
indicate that the preferential recycling of bioavailable iron within the euphotic zone is required to explain even the lowest observed 
nitrate utilization in the eastern equatorial Pacific (EEP). Furthermore, because seasonal-to-interannual nitrate utilization variabil-
ity in the EEP cannot be driven by changes in iron supply, this work argues that iron recycling (and therefore bioavailable iron) is 
modulated by upwelling rate changes, creating a predicted and recently observed spectrum of iron limitation in the iron-limited 
EEP surface waters. In other words, upper ocean physics overwhelmingly dominates seasonal-to-interannual nitrate utilization in 
the iron- limited EEP. This new understanding of nitrate utilization in iron-limited waters helps to explain long-term changes in past 
equatorial Pacific nitrate utilization obtained via sedimentary proxy records and potentially complicates the efficacy of future iron 
fertilization of the equatorial Pacific.

Global nitrate δ15N data visualization. From Rafter et al. (2019)
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INTRODUCTION
Marine primary production is tradi-
tionally separated into “new produc-
tion” fueled by nitrogen delivered to the 
euphotic zone and “regenerated produc-
tion” fueled by ammonium produced 
after organic matter remineralization 
(Dugdale and Goering, 1967). The “new” 
nitrogen could be either dissolved N2 
or nitrate (NO3

–) that is upwelled to the 
euphotic zone. The latter is the focus of 
this article. Distinguishing between new 
and regenerated production provides a 
practical method for quantifying net car-
bon export from the global surface ocean. 
The simple, yet effective assumption in 
Eppley and Peterson (1979) is that a mass 
balance of upper ocean elements requires 
nitrate- fueled new production (i.e., “new” 
nutrient utilization) to be “quantitatively 
equivalent to the organic matter that can 
be exported in the euphotic zone without 
the production system running down.” 
Consequently, incomplete utilization 
of nitrate in many parts of the surface 
ocean can be considered a missed oppor-
tunity for phytoplankton to fix inor-
ganic carbon, build biomass, and—via 
export to the deep sea—sequester carbon 
(i.e., CO2) from the atmosphere (e.g., see 

Ito and Follows, 2005; Hain et  al., 2010; 
Sigman et al., 2010). 

At the global scale, nitrate persists in 
high nutrient, low chlorophyll (HNLC) 
regions because phytoplankton growth, 
nitrate utilization, and organic carbon 
fixation and export are limited by iron 
(Coale et  al., 1996; J.K. Moore et  al., 
2001; C.M. Moore et  al., 2013). Ocean 
regions with surface ocean nitrate con-
centrations >1 µmol kg–1 are colored pink 
in Figure 1a to illustrate surface waters 
where iron limitation reduces nitrate uti-
lization and new primary production. 
Accordingly, relieving the iron limitation 
of HNLC waters is invoked to explain 
past changes in the atmospheric con-
centrations of the greenhouse gas CO2 
and therefore climate (Martin, 1990; 
Hain et al., 2010; Martinez-Garcia et al., 
2014; Sigman and Boyle, 2000). A more 
complete understanding of marine iron 
cycling is also critical for a wide range 
of applications, such as predicting future 
changes in higher tropic level biomass 
(Tagliabue et  al., 2020) and the deliber-
ate iron fertilization of HNLC regions to 
enhance marine carbon dioxide removal 
(NASEM, 2021).

A particular area of ongoing marine 

iron cycling research concerns its relation-
ship to nitrate utilization in HNLC waters 
(Tagliabue et al., 2014, 2016), with some 
studies complicating the historic under-
standing that new production (i.e., fueled 
by nitrate) is based on “new nutrients” 
upwelled from below (Rafter et al., 2017).

This article provides a thorough 
assessment of nitrate dynamics in the 
iron- limited tropical Pacific, moving 
from the “upstream” influences on sub-
surface nutrients to the temporal vari-
ability of nitrate utilization and its rela-
tionship to iron in EEP surface waters. 
The tropical Pacific is an excellent natu-
ral laboratory for investigating the tem-
poral variability of nitrate and iron uti-
lization (Chavez et  al., 1999; Murray 
et  al., 1994; Strutton et  al., 2008, 2011) 
because of its long history of biogeo-
chemical research (e.g.,  the JGOFS and 
EB04 cruises; Murray et al., 1997; Nelson 
and Landry, 2011) and the large, predict-
able, seasonal- to- interannual changes in 
tropical Pacific upwelling strength and 
thermocline depth (Wyrtki, 1981; Xie, 
1994). Although tropical Pacific bio-
geochemistry is relatively well studied 
(Martin et  al., 1994; Chai et  al., 1996; 
Coale et  al., 1996; Fitzwater et  al., 1996; 

FIGURE 1. While the characteristics of tropical Pacific thermocline nitrate depend on global processes, they also reflect local physics. (a) Global sur-
face nitrate concentrations greater than 1 μmol kg–1 (Garcia et al., 2019) are colored pink to indicate the primary limitation of phytoplankton growth (and 
nitrate utilization) by iron (see Coale et al., 1996; J.K. Moore and Doney, 2007; C.M. Moore et al., 2013). The arrows in (a) indicate the higher latitude 
resupply routes of equatorial Pacific nitrate (and other nutrients) as described in the literature (Toggweiler et al., 1991; Palter et al., 2010; Rafter et al., 
2012, 2013), with arrow size qualitatively representing the hemispheric contributions to the Equatorial Undercurrent (as estimated by Lehmann et al., 
2018). See text for description of processes (steps) indicated by underlined numbers. (b) Equatorial Pacific nitrate concentrations with depth (isolines) 
closely correspond to temperatures (colors) toward the surface, illustrating the shared influence of upper ocean physics (i.e.,  Chavez et  al., 1999; 
Rafter and Sigman, 2016). The location of the data in (b) is shown by the dotted line in (a). Ovals in (b) demark some of the calculated depths for waters 
upwelled to the surface in Rafter and Sigman (2016).
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Chavez et al., 1999; Gorgues et al., 2010; 
Kaupp et  al., 2011; Strutton et  al., 2011; 
Saito et al., 2020; Browning et al., 2023), 
fundamental aspects of nitrate supply and 
uptake have only recently been addressed. 
Specifically, the following questions are 
considered here: (1) What is the biogeo-
chemical history of the nitrate (and other 
nutrients) that resupply the low latitude 
Pacific surface waters? (2) How are these 
waters/ nutrients moved to the equatorial 
Pacific surface? (3) What is the temporal 
variability of nitrate utilization in tropical 
Pacific surface waters? (4) What does the 
variability of EEP nitrate utilization tell 
us about iron cycling and the controls of 
new production in this HNLC? (5) What 
are the implications of these findings for 
interpreting past and predicting future 
changes in iron and nitrate dynamics 
in HNLC waters?

This review addresses these questions by 
considering a wide range of research that 
includes biological, geological, chemical, 
and physical oceanography in addition 
to seasonal-to- interannual climate vari-
ability (Xie, 1994; Trenberth et al., 1998; 
Wang and Fiedler, 2006). In particular, 

this text places a strong emphasis on the 
scientific insights gleaned from nitrogen 
isotopic measurements of both seawater 
nitrate and marine sediment (e.g., Rafter 
and Charles, 2012; Rafter and Sigman, 
2016). As is the case for the GEOTRACES 
program, the application of these sea-
water- and sedimentary- based measure-
ments aim to inform our understand-
ing of marine biogeochemistry today 
and in the past (by proxy) (GEOTRACES 
Planning Group, 2006). While only 
some of the results described here are 
products of the GEOTRACES program 
(e.g.,  Peters et  al., 2017), the insights 
into EEP nitrate and iron dynamics pro-
vide testable predictions for other HNLC 
waters, which future work can explore, 
thanks to GEOTRACES.

Note that readers who are not isotope 
specialists have been carefully considered 
in this text, so that the insights gleaned 
from the nitrate isotope measurements 
about nitrate and iron dynamics in an 
HNLC region can be more widely under-
stood. For a more advanced treatment of 
nitrate isotopes, please see the work of 
Casciotti et al. (2024, in this issue).

NITRATE ISOTOPES: A UNIQUE 
GEOCHEMICAL TOOLKIT
The N and O isotopic compositions of 
nitrate can, together, provide insight to a 
variety of processes such as the consump-
tion and production of nitrate (Altabet 
and François, 1994; Casciotti et al., 2002; 
Granger et  al., 2008). Because of mass- 
dependent effects, the lighter isotopes 
of both N and O (14N and 16O, respec-
tively) are utilized by phytoplankton 
in preference to their heavier isotopes 
(e.g.,  15N and 18O). This preferential iso-
topic utilization increases 15N/14N and 
nitrate 18O/16O as nitrate is utilized and 
as nitrate concentrations decline (to the 
left of the red circles in Figure 2). The N 
and O isotopic composition is reported 
as delta (δ) values via these equations: 

 δ15N = [(15N/14Nunknown) /
 (15N/14Nstandard)] – 1  

(1)

(standardized to atmospheric N2 and 
multiplied by 1,000 to give units of 
per mil) and

 
δ18O = [(18O/16O unknown)/

 (18O/16Ostandard)] – 1 
 

(2)

(standardized to standard mean ocean 
water [SMOW] and multiplied by 1,000 
to give units of per mil).

The curved red line in Figure 2 shows 
the predicted nitrate concentration and 
nitrate δ15N and δ18O with a “closed 
system” isotopic fractionation and 
a fixed isotope effect (as detailed in 
(Altabet and François, 1994; Sigman and 
Casciotti, 2001):

 
δ15Nreactant or δ18Oreactant = 

 δ15Ninitial or δ18Oinitial – ε {ln(f)}
 

(3)

(closed system approximation by Mariotti 
et al., 1981), where “reactant” is the resid-
ual nitrate, “initial” is the subsurface 
source of nitrate (i.e.,  before nitrate uti-
lization in the euphotic zone has altered 
the nitrate characteristics), epsilon (ε) is 
the isotope effect and “f ” is the fraction 
of nitrate remaining (relative to the ini-
tial, subsurface source nitrate concentra-
tion). This “Rayleigh” or “closed system” 
model (Equation 3) assumes no mixing 

FIGURE 2. Observations of nitrate concentration and nitrate δ15N and δ18O from the eastern equa-
torial Pacific. These observations (symbols) are from a time series of measurements in the upper 
200 m at 0°N, 110°W (first shown in Rafter and Sigman, 2016). Moving from the deepest measure-
ments (on the right; higher nitrate concentration) to the surface (left), there is a reduction in nitrate 
concentration from ≈30 to 15 µmol kg–1 with negligible changes in nitrate δ15N and δ18O. At approx-
imately 15 µmol kg–1 (circle), nitrate concentrations decline alongside increases in nitrate δ15N and 
δ18O. The curved red arrows represent a Rayleigh (i.e.,  a “closed system”) isotopic fractionation 
alongside nitrate utilization by phytoplankton (for more details, see Mariotti et al., 1981; Sigman and 
Casciotti, 2001) that is only informed by the nitrate characteristics in the circle ([NO3

–] = 15.8 µmol kg–1, 
nitrate δ15N = 7.1‰, and nitrate δ18O = 3.0‰). The solid red arrows fit the data much better than the 
“steady state” isotopic fractionation represented by the dashed red arrows (see statistics in Rafter 
and Sigman 2016), indicating that nitrate—and all equatorial thermocline water—is upwelled to the 
surface without significant mixing with the subsurface source. In other words, equatorial Pacific 
nitrate isotopes indicate that upwelling occurs as a parcel of water with limited mixing with the 
deeper thermocline.
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with nitrate outside of this system, such 
as with the higher nitrate concentrations 
of the subsurface source. This contrasts 
with a “steady state” or “open system” 
model, which allows for mixing between 
the surface and subsurface alongside 
nitrate utilization, calculated with the fol-
lowing equation:

 
δ15Nreactant or δ18Oreactant = 

 δ15Ninitial or δ18Oinitial + ε (1–f).
 

(4)

The straight dashed lines in Figure 2 illus-
trate the predicted nitrate concentration 
and nitrate concentrations versus δ15N 
and δ18O for the open system model using 
the same initial nitrate δ15N and δ18O and 
nitrate concentration as the closed system 
model (solid, curved lines in Figure 2). 

These models for nitrate utilization 
can be used to estimate the subsurface 
source water nitrate characteristics and 
therefore all the initial characteristics of 
upwelled water before they are altered by 
primary production—an insight that is 
only provided by the “nitrate isotope tool-
kit.” By finding the model parameter val-
ues in Equations 3 and 4 that best fit the 
measured nitrate concentration and iso-
topes (Rafter and Sigman, 2016), such as 
with a five-year time series of EEP sta-
tion occupations in Figure 2, the subsur-
face source or “initial conditions” of EEP 
upwelling water are revealed (the red cir-
cles in Figure 2). This method assumes 
that upwelled nitrate concentrations are 
only lowered by utilization (versus dilu-
tion), but this is likely a sound assumption 
in upwelling regions (e.g., see the discus-
sion of the equatorial Pacific steady state 
nitrate conservation equation in Rafter 
and Sigman, 2016). The addition of nitrate 
via organic matter remineralization/ 
nitrification (Casciotti and Buchwald, 
2012; Granger et al., 2013; Sigman et al., 
2005, 2009; Wankel et al., 2007) can also 
impact this calculation, but the differ-
ential isotopic impact from nitrification 
is not observed in the tropical Pacific 
euphotic zone (Rafter and Sigman, 2016). 
See Casciotti et  al. (2024, in this issue) 
for more information, as well as Casciotti 
et al. (2002) and Granger et al. (2009).

HIGH- TO LOW-LATITUDE 
INFLUENCES ON TROPICAL 
PACIFIC NUTRIENT 
CHARACTERISTICS 
Primary production in the surface ocean 
converts nutrients and carbon to organic 
matter, much of which sinks out of the 
surface layer. Therefore, over time, all 
upper ocean waters require that nutri-
ents be resupplied. At the global scale, 
upper ocean nutrients are resupplied 
by organic matter remineralization/ 
oxidation at depth followed by their 
physical transport to shallower depths via 
global ocean overturning (Fripiat et  al., 
2021). For most of the global ocean, this 
resupply pathway entails the upwelling 
of nutrient-rich waters in the Southern 
Ocean and their equatorward move-
ment in mode and intermediate waters 
(Sarmiento et  al., 2004; Palter et  al., 
2010; see arrows in Figure 1a). Similarly, 
Toggweiler et  al. (1991) and Toggweiler 
and Carson (1995) used nutrient concen-
trations and other geochemical parame-
ters to explore the large-scale relationship 
between Southern Ocean upwelling and 
the tropical Pacific, while Tsuchiya (1981) 
linked tropical Pacific nutrients to advec-
tion within the complicated local sub-
surface zonal jets.

The use of nitrate isotopes provides 
even more detail on the higher latitude 
processes determining tropical Pacific 
nutrient characteristics and therefore the 
potential drivers of nutrient variability 
throughout the region (Rafter et al., 2012, 
2013). Figure 1a outlines the sequence 
for resupplying, and therefore influenc-
ing, tropical Pacific nutrients (see under-
lined numbers): (Step  1) Circumpolar 
Deep Water is delivered along shoaling 
isopycnals to the Southern Ocean surface 
(Talley, 2013). Nitrate isotopes clearly 
show that nutrients in these high nutri-
ent Southern Ocean surface waters are 
partially consumed by phytoplankton, 
which lowers nitrate concentration, and 
discrimination of the lighter N isotope 
increases nitrate δ15N by about 1 per mil 
(1‰). (The deep-sea weighted-average 
nitrate δ15N is estimated at 5.0 ± 0.3‰ 

[Rafter et al., 2019] and increases to ≈6‰ 
in subantarctic surface waters [Sigman 
et  al., 1999; DiFiore et  al., 2006; Rafter 
et  al., 2013].) Ekman transport moves 
these waters equatorward, where sea-
sonal mixing/stratification leads to the 
formation of Subantarctic Mode Water 
(SAMW) >500 m below the surface 
(e.g., see Figure 1 in Rafter et al., 2013). 

As SAMW moves equatorward and 
then westward at depth (>500 m) within 
the South Pacific gyre circulation (Step 2 
in Figure 1a), lowering of oxygen and 
increasing nitrate and phosphate concen-
trations indicate organic matter reminer-
alization along the way. However, one key 
piece of information only provided by the 
nitrate isotopes is that the organic mat-
ter remineralized at depth must have rel-
atively elevated δ15N values (Rafter et al., 
2013). Peters et  al. (2017) later clarified 
that this organic matter must be pro-
duced within the eastern tropical South 
Pacific, where extreme nitrate isotope 
fractionation occurs as marine microbes 
“breathe” using nitrate during denitrifi-
cation. Similarly, the very high δ15N pro-
duced in the oxygen-deficient waters of 
the eastern tropical South Pacific can 
influence the high- to low-latitude mov-
ing nitrate via (Step  3) eddy-diffusive 
mixing (Johnson and McTaggart, 2010; 
see Figure 6 in Rafter et  al., 2012, for 
more details). Altogether, the processes 
occurring between the Southern Ocean 
and the tropical Pacific further increase 
SAMW nitrate δ15N another 1‰ (a 2‰ 
increase from the deep sea; Sigman et al., 
2000; Rafter et al., 2019).

Resupplying the Equatorial 
Pacific Thermocline
The density surface of SAMW moves from 
breaching the surface in the subantarctic 
Southern Ocean to >500 m in the equa-
torial Pacific—depths where these nutri-
ents can only resupply the local thermo-
cline (see Figure 3 in Rafter et al., 2012) 
through diapycnal mixing (Toggweiler 
et al., 1991; Step 4 in Figure 1a). In fact, 
Rafter et al. (2013) argue that subtropical- 
to-tropical changes in SAMW-depth 
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nitrate concentrations, nitrate δ15N and 
δ18O, and salinity can be explained by 
diapycnal mixing between the deeper 
SAMW-derived waters and the shallower 
nitrate-deplete South Pacific gyre waters 
(Step 4). This diapycnal mixing is consis-
tent with the “single process of thermo-
cline ventilation” (Toggweiler et al., 1991) 
and is similar to diapcynal mixing of 
nutrients in the North Atlantic (Jenkins 
and Doney, 2003). Although speculative, 
the South Pacific gyre diapycnal mix-
ing may occur as these gyre waters move 
through the many Polynesian islands 
(similar to island-induced mixing in the 
North Pacific; Nishioka et al., 2013). After 
these formerly SAMW-based nutrients 
are mixed to shallow density surfaces, 
the proto-equatorial Pacific thermo-
cline waters follow a well- established 
pathway (Step 5) through the west-
ern tropical Pacific, contributing 70% or 
more of the equatorial Pacific thermo-
cline water, with the residual coming 
from North Pacific Intermediate Waters 
(Lehmann et al., 2018). 

NITRATE ISOTOPES ANSWER 
THE QUESTION: WHAT IS THE 
SOURCE OF EQUATORIAL 
PACIFIC UPWELLING?
There are a variety of complications 
when estimating the subsurface source of 
upwelled waters, but nitrate isotopes pro-
vide a solid, theory-based approach. The 
equatorial Pacific is particularly difficult 
in this respect because the trade winds 
force both the thermocline and the nitra-
cline to shoal toward the east (Figure 1b). 
Note that both equatorial Pacific nitrate 
concentrations (contours) and tem-
peratures (colors) are effectively paral-
lel with depth, illustrating that the same 
air-sea dynamics drive both subsurface 
temperatures and nutrient concentra-
tions (Figure 1b). 

As discussed above, the equations for 
nitrate isotope fractionation during utili-
zation (Equations 3 and 4) can be rear-
ranged to solve for the initial nitrate 
concentrations through an iterative 
process— solving for multiple unknowns 

to find the best fit to the observations. 
Applying the nitrate isotope approach 
along the equatorial Pacific (ovals in 
Figure 1b) shows that the subsurface 
source of western equatorial Pacific 
(WEP) surface waters is deeper and has 
slightly lower nitrate concentrations than 
the east. However, all equatorial Pacific 
subsurface source waters have essen-
tially the same nitrate δ15N (with an aver-
age of 7.1 ± 0.2‰) and nitrate δ18O (with 
an average of 3.0 ± 0.3‰) (Rafter and 
Sigman, 2016). We can explain this dis-
crepancy as follows. First, the spatial con-
sistency of subsurface source water nitrate 
δ15N and nitrate δ18O speaks to the lasting 
impact of diapycnal mixing in the South 
Pacific outlined in Step 4 of Figure 1a and 
the section above on Resupplying the 
equatorial Pacific thermocline. Second, 
the spatial consistency of subsurface 
nitrate δ15N and nitrate δ18O speaks to 
minimal impact from nitrification—the 
microbially mediated two-step oxidation 
of organic matter to nitrate—which has a 
predictable, differential impact on these 
isotopes (Sigman et al., 2009). This neg-
ligible impact from nitrification under-
neath the >10,000 km of relatively pro-
ductive equatorial Pacific surface waters 
might be surprising, but the subsurface 
source waters are also clearly related to 
the very quick (>50 cm s–1) eastward, 
thermocline-bound jet known as the 
Equatorial Undercurrent (EUC; Johnson 
et  al., 2001). Thus, the fact that there is 
effectively no change in equatorial Pacific 
subsurface source water nitrate δ15N 
and δ18O is probably best explained by 
the rapidity with which the waters are 
transported across the basin. Finally, 
Rafter and Sigman (2016) lay out addi-
tional lines of evidence supporting the 
EUC as the subsurface source (assumed 
as far back as Wyrtki, 1981) and that, via 
upwelling, these subsurface waters are 
the dominant source of equatorial Pacific 
surface waters. 

Dissolved and particulate iron are also 
advected within EUC waters to the east-
ern equatorial Pacific, possibly picked up 
as EUC source waters brush past Papua 

New Guinea (Gordon et  al., 1997). The 
variability of dissolved iron concentra-
tions in western and central equatorial 
Pacific EUC waters is explored in Rafter 
et al. (2017), but dissolved iron is expected 
to be uniformly low in the EEP because 
of a productivity-scavenging feedback. 
For example, if dissolved iron were high 
in the EUC, it would be expected to drive 
increased nitrate utilization, new primary 
production, and sinking organic mat-
ter in the western and central equatorial 
Pacific—the subsequent increase in sink-
ing organic matter would then scavenge 
or strip out the residual dissolved iron 
(Gorgues et al., 2005; Kaupp et al., 2011). 
Thus, even though there are various influ-
ences on nitrate (and presumably phos-
phate), the productivity-scavenging feed-
back argues for consistently low dissolved 
iron as the EUC subsurface source waters 
approach the eastern equatorial Pacific.

QUANTIFYING EQUATORIAL 
PACIFIC NITRATE UTILIZATION
The capability to estimate subsurface 
source water nitrate (and other) charac-
teristics plus the physics of the equatorial 
Pacific upwelling (see discussion begin-
ning on page 25 in Rafter and Sigman, 
2016) permits quantification of nitrate 
utilization at all equatorial Pacific sites 
with a simple vertical profile of nitrate 
isotopes. Accordingly, Rafter and Sigman 
(2016) utilized samples acquired along-
side the biannual NOAA Tropical-Ocean-
Atmosphere program (small symbols in 
Figure 3a) to quantify the spatial and 
temporal variability of equatorial Pacific 
subsurface source waters and surface 
nitrate utilization. This sampling allowed 
for multiple occupations of the same sta-
tions from the western to the eastern 
tropical Pacific. An example of a repeated 
station occupation is shown in Figure 2 
for 0°N, 110°W. Here, the nitrate charac-
teristics of water upwelled from the esti-
mated subsurface source (red circle)— 
and across several seasons—closely 
follow the model for nitrate uptake in a 
closed system (curved red arrow). This 
closed system model contrasts with 
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the steady state model for nitrate isoto-
pic fractionation (red, dashed arrows in 
Figure 2), which is a model that allows 
for mixing with the subsurface source. In 
fact, the nitrate characteristics of upwell-
ing equatorial Pacific waters best fit the 
closed system model at nearly all of the 
35 stations measured over five years and 
across the basin (see Table 1 in Rafter 
and Sigman, 2016). 

The close fit of the nitrate concentra-
tion and isotope measurements to the 
closed system model in Figure 2 pro-
vides several important observations for 
equatorial Pacific marine biogeochemis-
try. First, it reveals that upwelled waters 
undergo minimal mixing as they rise to 
the surface. Far from an arbitrary obser-
vation, the way that equatorial Pacific 

waters upwell is important because 
ocean general circulation models and 
other models typically employ equato-
rial Pacific upwelling that assumes an 
open system/continuous supply to the 
surface (e.g.,  Chai et  al., 1996). Second, 
it indicates that as waters upwell to the 
equatorial Pacific surface from their 
subsurface source in the EUC, phyto-
plankton utilization drives essentially all 
changes in nitrate characteristics (Rafter 
and Sigman, 2016).

Given these discussions of equato-
rial upwelling and nitrate characteris-
tics, equatorial Pacific nitrate utilization 
by phytoplankton can be simply calcu-
lated by taking the difference between 
the subsurface source nitrate concentra-
tion and the surface mixed layer nitrate. 

Lateral input to equatorial surface water 
will be negligible because the physics of 
Ekman divergence—the poleward move-
ment of upwelled waters once they’ve 
reached the equatorial surface—limits 
the lateral input of water along the equa-
tor. This is because equatorial upwelling 
is roughly balanced by divergence at the 
surface, mostly in the meridional direc-
tion (Johnson et  al., 2001), and despite 
strong zonal flows, the average meridio-
nal surface water flow causes an upwelled 
water mass to move from the equator to 
1° latitude within a few weeks (Rafter 
and Sigman, 2016). In other words, 
even though the zonal gradient in trop-
ical Pacific surface nitrate appears con-
sistent with westward advection of sur-
face waters by the easterly trade winds 
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FIGURE 3. The seasonal variability of equatorial Pacific surface nitrate from 2003 to 2008 shown here is not caused by changes in the subsurface 
source, but rather by changes in nitrate utilization. Seasonal surface nitrate concentrations are highest (contours in a and b) and sea surface tempera-
tures (SST) are lowest (c and d) in the eastern equatorial Pacific during boreal fall, which is also the annual peak period in wind-induced equatorial upwell-
ing (Xie, 1994). Smaller symbols in (a) and (b) represent the locations of nitrate isotope measurements from 2003 to 2008 (Rafter et al., 2012; Rafter and 
Sigman, 2016), and larger symbols represent the sites of 1-million-year-long sedimentary δ15N records (square: Ocean Drilling Program [ODP] Site 806; 
diamond: ODP Site 849; Rafter and Charles, 2012). (e) This graph displays a direct comparison of surface mixed layer nitrate concentrations and tem-
peratures from the sites in (a) and (b), indicating a strong, linear correlation with warmer western SST associated with lower surface nitrate concentra-
tions—a correlation that provides no insight to the causation. However, (f) shows that this lowering of nitrate concentrations with warmer SST coincides 
with another strongly correlated, linear increase in nitrate δ15N, which is diagnostic of increased nitrate utilization alongside the same upper ocean phys-
ics that drive changes in equatorial Pacific SST.
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(Figure 1a), Ekman upwelling and sur-
face divergence make purely zonal sur-
face water advection along the equator 
physically impossible (see further discus-
sion in Rafter and Sigman, 2016). 

Equatorial Pacific Surface 
Nitrate Utilization and Links 
to Air-Sea Dynamics
Chavez et  al. (1999) elegantly show the 
interface between equatorial Pacific 
chemistry and interannual global cli-
mate variability, where lowering/ 
depletion of surface nutrient concentra-
tions in the EEP occurred alongside the 
warmer sea surface temperature (SST) 
El Niño phase of the El Niño-Southern 
Oscillation (ENSO). However, measure-
ments of nitrate concentration changes 
are not diagnostic of what is driving these 
changes; they cannot tell us if the lower 
surface nitrate concentrations during 
El Niño events were caused by changes 
in subsurface source water nutrients and/
or changes in nitrate utilization. Seasonal 
changes in equatorial Pacific upwell-
ing offer a similar view to ENSO vari-
ability, where the springtime weaken-
ing of cross-equatorial trade winds (Xie, 
1994) also weakens upwelling and coin-
cides with lower EEP surface nitrate con-
centrations and warmer SSTs (analo-
gous to an El Niño state) (Figure 3a–d). 
(In fact, seasonal variance of EEP SST is 
significantly larger than ENSO-induced 
variance, as shown in Wang and Fiedler, 
2006; see also Figure 1 in Rafter and 
Sigman, 2016, for updated calculations.) 
The warm SST and low nitrate concen-
tration relationship observed by Chavez 
et al. (1999) for El Niño events is also evi-
dent for seasonal variability in the Rafter 
and Sigman (2016) dataset (Figure 3e), 
showing a linear relationship between all 
equatorial Pacific mixed layer nitrate and 
temperature across the basin. 

One of the advantages of using nitrate 
isotopes is that they trace the bio-
geochemical history of nitrate—and 
Figure 3f shows that equatorial Pacific 
surface mixed layer nitrate δ15N also 
increases linearly with SST. Because 

equatorial Pacific nitrate isotopes are 
diagnostic of nitrate utilization (see text 
above), the relationship between SST and 
nitrate isotopes in Figure 3f suggests the 
upper ocean physics determining equa-
torial Pacific SST gradient is also influ-
encing nitrate utilization, where warmer 
SSTs coincide with increased nitrate uti-
lization. This relationship between upper 
equatorial Pacific physics and nitrate uti-
lization is also apparent in seasonal scale 
repeat measurements from the EEP (see 
colors in Figure 2; see Table 1 in Rafter 
and Sigman, 2016). There is clearly higher 
nitrate δ15N and δ18O, lower nitrate con-
centrations, and warmer SST during the 
weaker springtime upwelling season 
(Figures 2 and 3f)—results that indicate 
increased nitrate utilization rather than a 
lower concentration source of nitrate to 
surface waters. 

PREFERENTIAL CYCLING 
OF IRON NECESSARY 
FOR OBSERVED NITRATE 
UTILIZATION IN EEP
Considering that iron availability lim-
its nitrate utilization across the tropi-
cal Pacific (Martin et  al., 1994; Coale 
et  al., 1996; Fitzwater et  al., 1996), the 
relationship between upper equatorial 
Pacific physics and nitrate utilization 
(Figures 2 and 3f) was perplexing—the 
standard way of thinking about nutrient 
limitation in these iron-limited waters 
predicts that an increase in nitrate utili-
zation must be accompanied by a change 
in the iron supply. However, the variabil-
ity of iron within the EUC is small, and 
a productivity feedback “upstream”—
where enhanced productivity/parti-
cle flux would remove iron via scaveng-
ing—makes it unlikely to transmit higher 
source water iron composition to the EEP 
(Gorgues et al., 2010; Kaupp et al., 2011; 
also see discussion in Rafter et al., 2017). 
Observations of EUC iron variability are 
rare (Slemons et al., 2010; Michael et al., 
2021), but low iron concentration vari-
ability is expected, given its short res-
idence time (Black et  al., 2020; Hawco 
et  al., 2022). Accordingly, seasonal 

variability in source water iron concentra-
tions is unlikely to explain the observed 
pattern in equatorial Pacific nitrate uti-
lization. Considering non-marine iron 
sources, lithogenic (dust-borne) iron 
supply to the tropical Pacific is already 
relatively low (Mahowald et  al., 2005; 
Kaupp et al., 2011). Increased winds and 
therefore lithogenic iron supply during 
boreal fall would predict increased 
nitrate utilization when SSTs are gener-
ally colder, which is the opposite of what 
is observed (Figures 2 and 3). Similarly, 
although lithogenic iron supply can be 
much larger (arrow sizes in Figure 4 
relate to the fluxes), barring inordinate 
changes in lithogenic iron solubility 
(i.e., >10 times higher than observed; see 
Figure 2 in Rafter et  al., 2017), changes 
in lithogenic iron supply (curved dashed 
arrows in Figure 4) cannot explain the 
changes in nitrate utilization (see calcu-
lations in Rafter et al., 2017). Finally, rel-
atively recent sedimentary archives that 
are consistent with modern lithogenic Fe 
flux also suggest minimal dust variabil-
ity over the past several thousand years 
(calculated in Rafter et  al., 2017, from 
Winckler et al., 2008).

Without changes in the external sup-
ply of iron, changes in the internal sup-
ply of iron via the preferential reminer-
alization of bioavailable iron are needed 
to explain both the magnitude and the 
seasonal variability of EEP nitrate uti-
lization (Rafter et  al., 2017; Figure 4). 
A simple accounting of iron supply to 
the EEP and the nitrate isotope-enabled 
estimates of nitrate utilization allow us 
to examine the fundamental relation-
ship between nitrate uptake in iron-lim-
ited HNLC waters. For the EEP, Rafter 
et  al. (2017) found that—regardless of 
physiological requirements—at least an 
order of magnitude more iron was neces-
sary to explain even the smallest amount 
of nitrate utilization. By itself, the idea 
of iron recycling in the upper ocean is 
not new and has been suggested to sup-
port regenerated primary production 
(i.e.,  not fueled by nitrate) in the cen-
tral equatorial Pacific (Hutchins et  al., 
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1993), subantarctic waters (Boyd et  al., 
2005; Strzepek et  al., 2005), and indeed 
throughout the Southern Ocean (Sieber 
et al., 2021). Iron recycling was also sug-
gested to extend the lifespan of diatom 
blooms (Bowie et al., 2001). However, the 
Rafter et al. (2017) work using the nitrate 
isotope geochemical toolkit connects the 
preferential cycling and retention of iron 
in the upper ocean and nitrate utilization. 
Considering that nitrate utilization was 
described by early marine biogeochem-
ists as the key metric for new production 
and carbon export from the upper ocean 
(Dugdale and Goering, 1967; Eppley and 
Peterson, 1979), this link with the pref-
erential cycling of iron complicates the 
previously assumed segregation between 
new and regenerated nutrient utilization.

While the exact mechanisms of this 
preferential iron cycling are still being 
understood (Barbeau et  al., 1996; Boyd 
et  al., 2015, 2017; Bundy et  al., 2024; 
Pham et  al., 2022), there are clear signs 
that HNLC microbial communities work 
to retain iron in the system. For example, 
iron-stressed ecosystems can lower their 
Fe requirements (see Wiseman, 2023, 
and Wiseman et al., 2023, and references 
therein). Additionally, retention of much-
needed iron may occur by siderophore 
production (Boiteau et  al., 2016; Bundy 
et al., 2018; Manck et al., 2022), grazing, 

and viral lysates (Poorvin et  al., 2004; 
Sato et  al., 2007). Preferential cycling of 
iron may help diagnose the shortcomings 
of biogeochemical models and may be a 
critical component (along with microbial/ 
phytoplankton community changes) in 
predicting changes in primary produc-
tion throughout the tropical and subtrop-
ical Pacific (Browning et al., 2023). 

Modulation of Iron Cycling 
by Upwelling Variability and 
Future Tests
Explaining the strong relationship 
between surface nitrate utilization and 
seasonal upwelling (Figures 2 and 3) 
in iron- limited EEP waters requires a 
physico- biogeochemical driver linking 
increased nitrate utilization/iron recy-
cling with reduced upwelling during 
boreal spring. Model results in Rafter et al. 
(2017) suggest a link between upwell-
ing and nitrate utilization in iron- limited 
equatorial Pacific waters is possible if 
the residence time in the euphotic zone 
helps determine the extent of iron recy-
cling (i.e., the number of times iron cycles 
through the EEP biota; see circle with 
arrows in Figure 4). Figure 5 provides a 
schematic of this physico- biogeochemical 
relationship, which assumes no change in 
the phytoplankton community character-
istics or the depth of the euphotic zone. 

In this representation, weaker upwell-
ing (Figure 5a) allows more time for 
the microbial/ phytoplankton commu-
nity to recycle iron, thus retaining more 
of the externally supplied iron and utiliz-
ing more nitrate. This required iron recy-
cling likely continues once the equatorial 
waters reach the surface and are advected 
poleward, but our ability to quantify 
nitrate utilization off-equator is degraded 
when we cannot, with certainty, identify 
the initial nitrate concentrations.

The model for iron and nitrogen cycling 
in iron-limited EEP waters shown in 
Figure 4 and the physico- biogeochemical 
link between iron availability and upwell-
ing illustrated in Figure 5 make several 
testable predictions. First, the preferential 
cycling of iron relative to major nutrients 
like carbon and nitrogen predicts a large 
deficit in organic matter Fe/C and Fe/N, 
with exported biogenic material having 
much lower Fe/C and Fe/N than the liv-
ing euphotic zone biomass (see bottom of 
Figure 4). Although living euphotic zone 
algal Fe/C can be reasonably constrained 
(e.g., Twining et al., 2011), the biogenic Fe 
flux out of the euphotic zone will be small 
compared to the much higher lithogenic 
Fe flux—the latter can be as much as 97% 
of the total Fe flux (see the much larger, 
dashed red arrow in Figure 4; see also 
Frew et  al., 2006; Lamborg et  al., 2008; 

FIGURE 4. Schematic of nitrate and iron flux, utilization, and export 
in upper equatorial Pacific waters. As detailed in Rafter et al. (2017), 
the observed nitrate utilization in the iron-limited equatorial Pacific 
surface waters cannot be explained by the upwelling (solid arrow) 
or lithogenic/dust-borne (dashed arrows) deliveries of iron. Instead, 
EEP nitrate utilization must be explained by a differential cycling of 
iron relative to nitrogen (the circular red arrows), where iron is pref-
erentially cycled/retained and further utilized in the upper equatorial 
Pacific waters. This model predicts low Fe/C in organic matter sink-
ing out of the euphotic zone (black arrow) and a small loss of iron via 
scavenging by lithogenic material (very small dashed arrow leaving cir-
cular arrows). However, disentangling sinking biogenic Fe/C from the 
total sinking Fe/C is complicated by the considerably larger flux of high 
Fe/C lithogenic Fe (dashed arrows).
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Ohnemus et  al., 2019; Tagliabue et  al., 
2019). Further complications in estimat-
ing sinking biogenic Fe fluxes include the 
recycling and subsequent scavenging of 
sinking biogenic Fe, producing a relatively 
large “authigenic” particulate Fe phase in 
subsurface waters (Tagliabue et al., 2019). 
Perhaps the details of these processes can 
be disentangled with future work and 
constraints on iron isotope fractionation 
factors (Fitzsimmons and Conway, 2023; 
König and Tagliabue, 2023). 

A second testable prediction of pref-
erential Fe cycling involves its rela-
tionship with upwelling. The physico- 
biogeochemical relationship in Figure 5 
implies that iron limitation is not a binary 
condition of iron-limited systems but 
would be more correctly described as an 
iron limitation spectrum. In this case, the 
more times that one iron atom is recycled, 
the more likely some bioavailable iron 
will be lost, furthering the system along 
the iron limitation spectrum. Qualitative 
support for this iron limitation spectrum 
is shown by ship- and satellite- based 
observations that highlight iron- limited 
stress increases alongside the predicted 
increase in iron recycling through-
out the tropical and subtropical Pacific 

(Browning et al., 2023). 
Finally, it is likely that preferential 

iron cycling is a necessary part of marine 
biogeochemistry in all HNLC regions, 
although likely modified by local ecology. 
One testable prediction for the global dis-
tribution of preferential iron cycling in 
iron-limited waters is that the extent of 
iron recycling necessary to meet the com-
munity needs should be less in more iron-
rich regions, such as the HNLC waters of 
the subarctic Atlantic.

ANALOGS OF EQUATORIAL 
PACIFIC IRON FERTILIZATION
Although the dust-borne iron flux to the 
tropical Pacific is relatively small, during 
the last ice age the flux of iron-rich dust 
to the region was more than double 
(Winckler et al., 2008) and probably more 
soluble (Shoenfelt et al., 2017, 2018). The 
last ice age (and earlier glacial periods) 
can therefore serve as natural analogs for 
the purposeful iron fertilization of iron- 
limited waters to accelerate the biological 
carbon pump and lower atmospheric CO2 
(NASEM, 2021). However, there is strong 
evidence that the naturally elevated iron 
flux to equatorial Pacific surface waters 
during the last ice age (and earlier) did 

not strengthen nitrate utilization, new 
production, or the efficiency of carbon 
export to the deep sea (Costa et al., 2016; 
Winckler et al., 2016). Instead, despite a 
doubling of iron-rich dust flux during the 
Last Glacial Maximum, these paleocean-
ographic studies tell us that the utilization 
of nitrate and the strength of the biolog-
ical carbon pump were relatively weak—
as is observed today (Murray et al., 1994). 

More supporting evidence comes from 
a study that specifically addresses nitrate 
utilization in the EEP by using measure-
ments of sediment δ15N from the west-
ern equatorial Pacific (large red square 
in Figure 3a) and the eastern equatorial 
Pacific (large blue diamond in Figure 3a) 
(Rafter and Charles, 2012). In this study, 
EEP nitrate utilization is reconstructed 
by taking the difference between west-
ern and eastern sediment δ15N measure-
ments (Δδ15N; see red line in Figure 6), 
which constrains and removes changes in 
the equatorial Pacific subsurface source 
nitrate δ15N to provide a 1-million-year 
record of EEP nitrate utilization. In con-
trast to expectations for iron fertiliza-
tion of the EEP by iron-rich glacial dust 
(at 100,000-year timescales; bottom of 
Figure 6), EEP nitrate utilization over 
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FIGURE 5. Increased nitrate utilization in the iron-limited east-
ern equatorial Pacific waters can be linked to weaker upwell-
ing if longer residence times allow for more iron recycling. In 
this conceptual model, the easterly trade winds drive changes 
in the residence time of equatorial waters as they upwell 
through a euphotic zone (shown here with a fixed depth). 
(a) Reduced upwelling/increased residence time of upwelled 
waters during boreal spring allows for increased iron recycling 
(illustrated by color banding). (b) Enhanced upwelling/ reduced 
residence time of upwelled waters during boreal fall do not 
allow for as much iron recycling. This proposed relationship 
between upper ocean physics and marine biogeochemis-
try helps to explain both the observed seasonality of surface 
nitrate utilization in the iron-limited eastern equatorial Pacific 
(from nitrate δ15N and δ18O; see Figures 2 and 3) as well as 
the relationship between long-term changes in seasonal heat-
ing and 1-million- year records of sediment δ15N (see Figure 6).
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the past 1 million years is dominated by 
19,000–23,000-year cycles. These results, 
plus independent studies of equatorial 
Pacific primary production/nitrate utili-
zation (Costa et al., 2016; Winckler et al., 
2016), indicate a limited impact on EEP 
nitrate utilization from dust. Why these 
analogs for deliberate iron fertilization 
do not indicate increased nitrate utiliza-
tion or productivity is unknown, but this 
perhaps suggests a threshold for iron fer-
tilization that is above glacial increases 
in iron supply but below the deliberate 
iron addition experiments (Martin et al., 
1994; Coale et  al., 1996; Fitzwater et  al., 
1996). Regardless, these analogs suggest 
a potentially more complicated role for 
future iron fertilization in the region. 

Do Changes in Seasonality Affect 
EEP Iron Recycling?
Instead of dust-born iron fertilization, 
variability in iron recycling may drive 
both seasonal nitrate utilization (Rafter 
et  al., 2017; Figure 5) and the longer- 
term changes in EEP nitrate utiliza-
tion recorded in sediments (Figure 6). 
Rafter and Charles (2012) specifically 
argue that orbitally induced changes 
in seasonal heating and upwelling on 
19,000–23,000-year timescales can drive 
long- term changes in EEP upwelling rates, 
as predicted in Clement et al. (1999). In 
this model, when seasonal heating is weak 
during boreal fall, the equatorial Pacific’s 

“ocean dynamical thermostat” (Clement 
et al., 1996) works to amplify the already 
dominant boreal fall upwelling in the EEP 
(Xie, 1994) on 19,000–23,000-year time-
scales (Clement et  al., 1999). Strikingly, 
these orbitally induced changes in sea-
sonal heating/EEP upwelling are coher-
ent and in phase with the EEP nitrate 
utilization record in Figure 6 (see sta-
tistics in Rafter and Charles, 2012). Our 
developing understanding of iron recy-
cling in HNLC waters leads to the prop-
osition that orbitally induced changes 
in EEP upwelling also determine nitrate 
utilization via changes in the degree of 
iron recycling. These findings about past 
nitrate utilization in HNLC waters may 
also be important for considering future 
changes in marine biogeochemistry 
resulting from global warming (Richon 
and Tagliabue, 2021).

CONCLUDING THOUGHTS
The GEOTRACES logo reveals to us 
that there is more to this program than 
high-quality measurements of marine 
trace elements and isotopes. The logo 
shows an arrow moving to the left, but 
the arrow “wiggles” over planet Earth— 
symbolism that surely reflects the pro-
gram’s core interest in understanding how 
Earth systems “change” (the wiggles) with 
time (the arrow). In fact, the GEOTRACES 
planning document is full of change, with 
“climate change,” “past changes,” “future 

change,” and more appear 146 times 
(GEOTRACES Planning Group, 2006). 
Keeping with this aesthetic, the text above 
could be summarized by the following 
questions: How did the N and Fe rela-
tionship in the tropical Pacific change in 
the past? What do these past changes tell 
us about N and Fe cycling today? And, 
what can we learn from the past and the 
present to inform the future of N and Fe 
cycling in iron-limited waters? Far from 
being the final discussion on this matter, I 
hope my examination above will be chal-
lenged and, if wrong, that these findings 
will also change.

In my final note, I want to say that I 
was able to begin answering these ques-
tions by using time-series measurements 
from repeat hydrographic station occupa-
tions and sediment cores. Looking ahead, 
I hope that other researchers will iden-
tify the utility and the positive feedback 
that can occur when bringing together 
seawater measurements, sediment proxy 
records, and more. For example, in con-
trast to the flow of the text above, it was 
the paleoceanographic records developed 
in Rafter and Charles (2012) that insti-
gated the subsequent series of primarily 
seawater-based measurements.

I want to thank the GEOTRACES 
organizers and the National Science 
Foundation for their support as well as 
the editors of this volume for the invita-
tion to provide this perspective.

FIGURE 6. Orbital variability induces predictable changes in 
equatorial Pacific seasonal heating and upwelling that can help 
explain long-term (19,000 to 23,000 years) variability in east-
ern equatorial Pacific nitrate utilization. Changes in Earth’s orbit 
have minimal impacts on annual insolation in the tropics but 
can adjust the time of year when insolation is greatest (Laskar 
et al., 2004; note y-axis is flipped). The dashed line (top) shows 
changes in insolation at the equator during boreal fall, which is 
a time period suspected to influence millennial and longer-term 
changes in equatorial Pacific seasonality (Clement et al., 1999). 
The red line (middle) is the difference between western and 
eastern equatorial Pacific sediment δ15N (sites are shown in 
Figure 3a), which records changes in EEP nitrate utilization 
(Rafter and Charles, 2012). The bottom line is the dust record from 
the Antarctic icecore, showing the strong 100,000-year periodicity 
of iron-rich dust in the atmosphere (Petit et al., 1990).
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