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Abstract The emergence of high-amplitude, low-frequency glacial-interglacial cycles during the
mid-Pleistocene climate transition (MPT; 800-1,200 ka) is associated with global cooling. In the eastern
equatorial Pacific, sea surface temperatures cooled, and the upwelling-induced cold tongue expanded
significantly during the MPT. Here we use sedimentary records of iron, biogenic silica, and nutrient-nitrogen
consumption to evaluate biogeochemical changes hypothesized to accompany the cold tongue expansion.
Our results suggest that the eastern equatorial Pacific of the MPT hosted surface waters with higher nitrate
contents and biogenic silica production relative to the last 600 ka. Increased production occurred despite
low iron supply. We attribute this to enhanced upwelling and nutrient enrichment of thermocline waters,
both likely related to the northward migration of Southern Ocean fronts. The return of these fronts to
their southward positions after the MPT may be associated with stronger drawdown of nutrients and,
potentially, atmospheric CO, in the Southern Ocean.

Plain Language Summary As the Earth's climate cooled, it also experienced a change in the
frequency of ice ages around a million years ago. Ice ages became more intense and longer. In the
equatorial Pacific, the transition between these two climate states is marked by a temporary expansion of
cold surface water that winds deliver from below. Here we use sedimentary records to show that the
expanded cold region also hosted higher nutrient concentrations and boosted biological production. The
reconstructed increase in nutrient concentrations is interpreted as both an increase in the rate of nutrient
supply, likely related to stronger winds, and delivery of waters bearing a higher overall nutrient
concentration. Together, this implies a short-term redistribution of nutrients in the ocean. These data also
suggest that the equatorial Pacific that we think of today as cool and nutrient rich relative to the rest of the
tropical Pacific is small relative to ~900,000 years ago as a result of this shift in the climate.

1. Introduction

The mid-Pleistocene climate transition (MPT; 800-1,200 ka) represents a change to the pacing of Earth's cli-
mate, where the orbital frequencies of glacial cycles shifted from dominantly 41-kyr obliquity paced cycles to
quasi-100-kyr cycles caused by a response to internal climate system forcings or feedbacks (Chalk et al.,
2017; Clark et al., 2006; McClymont et al., 2013). The MPT is marked by global climate changes, including
expansion of large polar ice sheets (Lisiecki & Raymo, 2005) and the extent of the polar oceans (Martinez-
Garcia et al., 2010), cooling of sea surface temperatures (SSTs; Herbert et al., 2010; McClymont et al.,
2013), increased aridity (Schefuss et al., 2003), and a marked weakening of glacial meridional overturning
circulation (MOC) at ~900 ka (Pena & Goldstein, 2014). In the tropical Pacific, the MPT is characterized
by cooling, an expanded cold tongue, and intensification of the zonal SST gradient across the Pacific between
1,000 and 800 ka (Dyez et al., 2016; Dyez & Ravelo, 2014; Lawrence et al., 2006; Liu & Herbert, 2004;
McClymont & Rosell-Melé, 2005). At the termination of the MPT, the meridional SST gradient expanded,
and a modern-sized cold tongue was established in the eastern equatorial Pacific (EEP) around 700 ka
(Dyez et al., 2016).

The EEP is one of the most biologically productive regions on Earth (Pennington et al., 2006). The interplay
of climatic variables, including local tropical atmospheric dynamics, high-latitude ice sheet expansion, and
global greenhouse gas forcing, drives the physics associated with upwelling and controls the ultimate source
and nutrient content of upwelled waters. Today, the nutrient-rich cold tongue (Figure 1) is sustained by
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Figure 1. Maps of annual mean (a) and upwelling season (July-September) (b) surface nitrate (color scale, in uM) and sea surface temperature (contours, °C) in the
eastern equatorial Pacific. A global map of mean annual sea surface temperature (c) highlights positions of all sites discussed in the text, including Ocean
Drilling Program Sites 1090 and 882, located outside of the eastern equatorial Pacific. Data are from WOA13 (Garcia et al., 2014; Locarnini et al., 2013). In panels
(a) and (b), surface ocean current locations, based on Kessler (2006), are shown in black arrows (SEC = South Equatorial Current; NECC = North Equatorial
Counter Current; PC = Peru Current). The dashed black line marks the approximate position of the equatorial front (EF), while the broad dashed green line marks
the winter Intertropical Convergence Zone (ITCZ) location, and the broad dashed red line marks the summer ITCZ location.

equatorial and coastal wind-driven upwelling. The strength of upwelling is regulated by the pole-to-equator
temperature gradient, which is related to heat transport across the equator and the strength of the trade
winds (Marshall et al., 2014; Mitchell & Wallace, 1992).

The modern Intertropical Convergence Zone (ITCZ) shifts seasonally, moving to its northernmost position
during the boreal summer. The northward position is associated with the strongest cross-equatorial winds,
intense upwelling, and cooling of the sea surface (Chelton et al., 2001). The east-west tilt of the thermocline
(shoaling to the east) allows the upwelling systems to tap into cooler, nutrient rich waters that originate in
the Southern Ocean (Lehmann et al., 2018; Toggweiler et al., 1991) and are modified, in terms of nutrient
content and nitrogen isotopes, in route to the equator (Rafter et al., 2012, 2013). In the modern surface ocean,
consumption of nitrate (the most abundant form of nutrient-nitrogen in the EEP) is limited by the availabil-
ity of iron, both externally supplied and recycled, yet the degree of drawdown varies with upwelling strength
(Rafter et al., 2017). Published sedimentary nitrogen isotope records from EEP Ocean Drilling Program
(ODP) Sites 849, 1239, and 1240 show lower values, on average, during the MPT relative to the last 1 Ma
(Etourneau et al., 2013; Rafter et al., 2012). These records generally are interpreted as recorders of changes
in nutrient consumption associated with equatorial upwelling strength, which is suggested to track local
insolation changes (Etourneau et al., 2013; Rafter & Charles, 2012). Here we present these existing records
with new biogenic silica and sedimentary nitrogen isotope data from ODP Site 846 to ask whether the
expanded cold tongue was associated with regional nutrient supply and demand changes across the MPT.
The data suggest a potentially significant shift in upwelling and nutrient delivery to the EEP during this
climate transition.

2. Methods
2.1. Study Sites and Materials

We present 310 new nitrogen isotope measurements and calibrated scanning X-ray fluorescence (XRF) sili-
con (Si) and iron (Fe) data from ODP Site 846 (3.1°S, 90.8°W, 3,000-m depth), located in the heart of the
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Figure 2. Eastern equatorial Pacific (EEP) records of nutrient consumption
and Ocean Drilling Program (ODP) Site 846 biogenic silica and Fe,03
records are compared to regional and global paleoclimate and paleoceano-
graphic reconstructions. (a) Sea surface temperature (SST) at ODP Sites 1239
(purple) and 846 (red; Dyez et al., 2016; Etourneau et al., 2010); (b) bulk
sedimentary 815N from ODP Sites 1239 (purple; Etourneau et al., 2013),
846 (red), 849 (green; Rafter et al., 2012), and 1242 (gray; Robinson et al.,
2014). Bold lines reflect 3-pt running mean of each record after resampling
at 5-kyr spacing. (c) Corrected 8N records from ODP Sites 1239 (purple),
846 (red), and 849 (green; see the supporting information for correction
details). (d) Calibrated scanning X-ray fluorescence SiO, and (e) Fe,03
(wt %) from ODP 846; (f) pole to equator SST gradients between subpolar
North Pacific Site 882 and EEP Site 846 (dashed) and Subantarctic Site 1090
and EEP Site 846 (solid gray) line from Martinez-Garcia et al. (2010).

(g) ODP Site 1090 biogenic silica (wt%; blue line) from Martinez-Garcia et al.
(2011) and (h) LR04 global benthic oxygen isotope stack (Lisiecki & Raymo,
2005). The mid-Pleistocene climate transition interval of enhanced nutrient
supply and export production to the EEP is highlighted by the yellow bar.

modern nitrate-rich, cold tongue, to study nutrient supply and demand
dynamics and productivity, respectively (Figure 2). Site 846 data are pre-
sented on the Lawrence et al. (2006) age model. Age resolution of the
nitrogen isotope record is approximately 4 kyr, while XRF measurements,
taken at ~0.5-cm steps, provide subkiloyear resolution.

2.2. Discrete Measurements

Sedimentary nitrogen isotope values (as 8"°N, where 8'°N = 'SN/
14Nsample/ 15N/ *Ngtandara—1 and the universal standard is air) were deter-
mined on dried and ground sediment using a Costech 4010 Elemental
Analyzer coupled to a Thermo Delta V isotope ratio mass spectrometer.
8'°N values are calibrated to the air reference value using reference mate-
rials IAEA N1 and N2 and an in-house aminocaproic acid standard.
Precision was generally better than 0.3%. (1o value). Discrete measure-
ments of biogenic silica for calibration of the XRF SiO, data were made
using the molybdate blue colorimetric method (Mortlock & Froelich,
1989) after biogenic silica from ~25 mg of dried ground sediment was dis-
solved in 0.5-M sodium hydroxide and heated to 80 °C for 4 hr (Figure S1).
Approximately 50% of the samples were measured at least twice, and these
replicates were within +3% of each other.

Inductively coupled plasma-mass spectrometry (ICP-MS) analyses were
conducted to determine concentrations of Al,O3, BaSO,, CaCOs;, TiO,,
MnO, and Fe,Oj3 in approximately 150 discrete samples for use in XRF
calibration (Kelley et al., 2003). Briefly, dried ground sediment samples
and standards were dissolved in nitric acid to dissolve CaCOs;.
Remaining solids were dissolved successively in a 3:1 mixture of nitric
acid and concentrated hydrofluoric acid, hydrochloric acid, and peroxides
before 500,000 dilution in 5% nitric acid. Dilute samples were measured
on a Thermo Quadrupole ICP-MS for trace metals in the Kelley
Laboratory at the University of Rhode Island.

2.3. Scanning XRF Measurements and Calibration

Archive halves of sediment cores from ODP site 846 were measured for
bulk composition on an Avaatech XRF Core Scanner at the IODP Gulf
Coast Repository, College Station, Texas. Each core was scanned at
10 kV (800 uA, no filter, 20-s count time) for the lighter components
(Al, Si, Ca, Ti, Mn, and Fe). Although only calibrated Si and Fe data are
shown here, the six elements were used in the calibration. We applied a
log-ratio calibration of the scanning XRF data, which accounts for matrix
effects and nonlinear responses and incorporates a constant-sum con-
straint (Weltje & Tjallingii, 2008). For each possible pair of elements,
reduced major axis regression was used to relate the log ratio of intensities
of the element pair to the log ratio of ICP-MS standards of the element
pair. Subsequently, the regression was used to calculate predicted log
ratios for the standards from their matched XRF data. Goodness of fit
for each element pair was assessed based on log-ratio residuals, and the
element that reduced the median log-ratio standard deviation for all other
elements was used as the common elemental ratio denominator. Finally,

the regression that minimized residuals for each element was applied to the full XRF data set. Log ratios
were converted to concentration by assuming full sediment component measurement (i.e., a constant-sum
constraint) and normalizing to 100%. Weight percent (wt%) data may be biased because XRF cannot account
for organic material (Lowemark et al., 2011; Weltje & Tjallingii, 2008); however, since the highest recorded
organic carbon content in the last 1.5 Ma was 2% by weight (Shipboard-Scientific-Party, 1992), any overes-
timation for Site 846 is likely slight. Comparison of both weight percent and calculated mass
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accumulation rate of discrete biogenic silica measurements (Figure S1 in the supporting information)
supports interpretation of the high-resolution SiO, wt% record as a good measure of biogenic silica produc-
tion. Moreover, the distinct pattern of Fe,03, with overall lower values when SiO, is high, indicates that the
SiO, is not siliciclastic in nature (Figure 2). Biogenic silica does not appear to be strongly influenced by
variations in sediment accumulation rate either (Figure S1).

3. Results and Discussion
3.1. High-Resolution Nitrogen Isotope and Scanning XRF Data From ODP 846

The new ODP Site 846 records show relatively low sedimentary §"°N and elevated biogenic silica accumula-
tion centered around 900 ka, with low-frequency variability about the mean (Figure 2b, red line).
Subsequently, 8'°N values progressively increased, and biogenic silica deposition decreased (Figure 2;
Dyez et al., 2016). These data imply that EEP surface waters were nutrient rich and supported relatively high
production of biogenic silica during the MPT followed by a transition toward lower nutrient and export con-
ditions that persist today (Figure 2). This suggests that the expansion of the cold tongue was accompanied by
significant biogeochemical changes during the MPT.

3.2. Nutrient Utilization Across the EEP

Compiling the Site 846 5'°N data with other published sedimentary 8'°N records from the region—ODP
Sites 849 (Rafter et al., 2012) and 1239 (Etourneau et al., 2013), presented on their published age models
—implies that nutrient enrichment occurred throughout the EEP during the MPT (Figures 1 and 2).
Before deeply interpreting the 8'°N data, they must be corrected for changes in the isotopic composition
of nitrate in the source waters (Galbraith et al., 2008; Rafter & Charles, 2012; Robinson et al., 2009).
Subsurface waters of the EEP are impacted by exchange with partially denitrified waters from within the
eastern tropical Pacific oxygen minimum zone, and this exchange elevates the regional subsurface §'°N
value (Rafter et al., 2012; Robinson et al., 2009; Toggweiler et al., 1991). It has also been shown that the
extent of pelagic denitrification varied in the past (Galbraith et al., 2013; Robinson et al., 2014). The sedimen-
tary 8'°N record from ODP Site 1242, recovered from the eastern tropical north Pacific oxygen minimum
zone, is a good monitor of the regional denitrification overprint (Robinson et al., 2009, 2014). We used the
deviation from the 1,200-kyr mean 8"°N value at Site 1242 as an estimate of §'°N variability attributable
to pelagic denitrification. All records were smoothed and resampled at a 5-kyr interval. The measured bulk
sedimentary 5'°N data from Sites 846, 849, and 1239 were corrected by subtracting the difference between
the Site 1242 measured value at a given time step and the ODP Site 1242 1,200-kyr mean 8"°N value
(6.2%0) from the 8'°N value at that same time step in the EEP records (see the supporting information for
more details on the correction). With the variation in source removed, the corrected 815N values reflect
changes in nutrient utilization in the nutrient rich EEP, where higher 8'°N values reflect more extensive
consumption of the nitrate pool during photosynthesis as recorded by the resulting organic matter
(Figure 2c). The corrected data for Site 846 show an amplification of the overall trend from lower 5'°N values
during the MPT toward higher values centered around 500 ka. The correction increases the amplitude of the
MPT to late Pleistocene difference in mean 8'°N by ~0.8%. (Figures 2c and S2). Because all of the EEP data
were treated identically, gradients between the sites are not impacted by the correction. A spatial 5'°N gra-
dient did not emerge with the expanding SST gradient around 800 ka.

The corrected 8'°N data from ODP Sites 846, 849, and 1239 indicate that nitrate consumption across the EEP
was significantly reduced between 700 and 1,200 ka when biogenic silica deposition at Site 846 was elevated
(Figure 2d). While lower eolian Fe supply and associated Fe limitation of nitrate uptake could explain the
lower 8"°N values during the MPT (Figure 2e; Winckler et al., 2005), it is unlikely. The increase in biogenic
silica production requires that there was an increase in surface nutrient supply, since silicic acid is typically
limiting to biogenic silica production the EEP (Brzezinski et al., 2011). The reduction in relative nutrient
consumption reflected in the §'°N data implies that the increase in nutrient supply must have exceeded
the increase in demand indicated by biogenic silica peaks. The inferred increase in nutrient supply co-occurs
with a regional SST decrease and a reduced meridional SST gradient in the EEP (Figure 2a; Dyez et al., 2016),
indicating that the EEP hosted an expanded, nutrient-rich cold tongue during the MPT.

ROBINSON ET AL.

2190

3SUS0 | SUOWILLIOD dAIERID a|qeat|dde a3 Aq pausenoh ale sapiie YO ‘8sn Jo Sa|nJ o) ArigiT auluQ AS|IA UO (SUOTIPUOD-PUR-SWIBYW0D AS 1M Ae.q 1)U 1 UO//SNY) SUO I} IPUOD pUe SWiS | 83U} 88S * [7202/90/90] U0 AfiqiT auljuQ A1 ‘8oueld aueiyood AQ STET80 T198T0Z/620T OT/I0p/wod As|m Ariqipuljuosgndnfe//sdny woJj pepeojumoq ‘v ‘6T0Z ‘L008Y6T



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2018GL081315

3.3. Causes of Higher Nutrient Supply During the MPT

Dyez et al. (2016) concluded that the increase of the meridional SST gradient after the MPT between ODP
Sites 846 and 1239 was not related to changes in the intensity of upwelling but rather to warming at ODP
Site 1239. Site 1239 lies very close to the modern equatorial front (EF; Figure 1), the boundary between
the warm, nutrient-poor waters of the North Equatorial Counter Current (NECC) and the cold tongue.
Because the NECC is nutrient poor, it contributes little nitrate relative to what is advected northward by
the equatorial upwelling cells and does not have an impact on the §'°N value of nitrate in the sea surface
over Site 1239 or change the 8'°N gradient between Sites 846 and 1239. While a southward migration of
the EF would warm and lower the nutrient content of the waters over Site 1239, it would not cause the
increase in 8'°N observed at 700 ka. In addition, if a shift in the EF was the only cause of the expanding
SST gradient, then productivity and nutrient supply should remain constant at ODP Site 846. However,
the observed variations in biogenic silica production and nitrate supply associated with the SST fluctuations
require changes in either the amount of upwelling or in the nutrient content of the upwelled water.

The position of the ITCZ and the intensity of upwelling have been mechanistically related to the MOC,
through its net northward advection of heat and the compensating southward atmospheric heat transport
by the southern Hadley cell (Donohoe et al., 2013; Marshall et al., 2014). The upwelling-inducing
southeasterly trades are the lower limb of this Hadley cell, and they intensify as the ITCZ shifts northward
(Donohoe et al., 2013). Thus, a weakening of the glacial MOC around 900 ka (Pena & Goldstein, 2014)
should have resulted in reduced equatorial upwelling (Donohoe et al., 2013). This scenario is, however,
difficult to reconcile with our new records, showing that nutrient supply and biogenic silica productivity
instead peaked around 900 ka and remained relatively high throughout the MPT until ~700 ka.

Upwelling can also be enhanced by increased zonal temperature gradients and the resulting atmospheric
circulation (i.e., strengthening of Walker Circulation). Previous studies suggest that the zonal temperature
gradients in the EEP expanded to their present extent across the MPT (Dyez & Ravelo, 2014; Etourneau
et al., 2010; McClymont & Rosell-Melé, 2005). This should progressively intensify upwelling post-MPT,
opposite of our observations.

SST reconstructions from the EEP, together with western equatorial Pacific dust accumulation and source
data, suggest a far northerly position of the ITCZ between 1,200 and 900 ka with a transition to its modern
position between 900 and 700 ka (Dyez et al., 2016; Seo et al., 2015). Higher overall productivity and nutrient
supply between 700 and 1,200 ka are consistent with enhanced, upwelling favorable, southeasterly trades
during the MPT. A documented shift of meridional temperature gradients suggests that the pole-to-equator
SST gradient was at its maximum around 900 ka; after which, it relaxed steadily until around 400 ka
(Martinez-Garcia et al., 2010; Figure 2). The enhanced large-scale gradients are also consistent with
enhanced upwelling. We note here that upwelling intensity is inherently difficult to reconstruct. It is funda-
mentally a wind-driven process that results in cooling of the sea surface and enhanced nutrient supply, two
characteristics that are not uniquely related to upwelling. Here we provide evidence for both cooling and
increased nutrient supply but acknowledge that evidence for enhanced winds (i.e., upwelling favorable
winds) is lacking.

Nutrient supply to the EEP, and therefore productivity, is linked to the extra tropics by the thermocline
(Loubere, 2000; Pena et al., 2008; Robinson et al., 2009; Spero & Lea, 2002). A decrease in the zonal tilt,
the mean depth, or the nutrient content of the thermocline causes variation in nutrient supply to the
EEP. As mentioned, the zonal temperature gradient, a manifestation of the zonal tilt of the thermocline,
expanded toward its modern configuration during the MPT, and this gradient was maintained (Dyez &
Ravelo, 2014; Etourneau et al., 2010; McClymont & Rosell-Melé, 2005). This implies that upwelling intensi-
fied after the MPT and that the nutricline was closer to the surface, potentially enriching the nutrient con-
tent of upwelled water. The post-MPT decrease in production that we observe, however, does not fit with
this shift.

The mean depth of the thermocline is thought to shoal with an expansion of the polar oceans and contrac-
tion of the subtropics (Lawrence et al., 2013; Philander & Fedorov, 2003). The shift in the pole-to-equator
temperature gradients (Martinez-Garcia et al., 2010), as well as the shifting of Southern Ocean fronts equa-
torward (Becquey & Gersonde, 2002; Kemp et al., 2010), implies that a contraction of low latitudes occurred

ROBINSON ET AL.

2191

3SUS0 | SUOWILLIOD dAIERID a|qeat|dde a3 Aq pausenoh ale sapiie YO ‘8sn Jo Sa|nJ o) ArigiT auluQ AS|IA UO (SUOTIPUOD-PUR-SWIBYW0D AS 1M Ae.q 1)U 1 UO//SNY) SUO I} IPUOD pUe SWiS | 83U} 88S * [7202/90/90] U0 AfiqiT auljuQ A1 ‘8oueld aueiyood AQ STET80 T198T0Z/620T OT/I0p/wod As|m Ariqipuljuosgndnfe//sdny woJj pepeojumoq ‘v ‘6T0Z ‘L008Y6T



Geophysical Research Letters

10.1029/2018GL081315

615N (%o v. air)
o
|

5 ]
1 i X MPT |
0 _l T T T | T T T T I ﬂ-’ T T T I 1
0 5 10 15
[NO3 ] uM
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846 between the late Pleistocene (LP) and the mid-Pleistocene climate
transition (MPT), based on the relative change in 515Ncorrected, assuming a
closed, Rayleigh-like fractionation of nitrate isotopes. Estimated [NO3™ ] are
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MPT max cases. The red star marks mean annual [NO3™ | above ODP Site
846, the outlined red star marks [NO5™ | during boreal summer, the
seasonal upwelling period. The ~2.0 + 1.0%0 decrease in mean 8N values
between the LP and MPT cases is depicted by a dashed vertical line
between the solid black circle and the horizontal bar and it implies a mean
increase in [NO3 ™ | of approximately 3-9 uM (dashed horizonal

arrows =+ gray shading to blue box). The estimated MPT [NO3™ ] bracket the
upwelling season [NO3™ | above ODP Site 846 (outlined red star). The
maximum estimated [NO3 ™ | is at least 16 uM, close to the assumed
upwelling source (15.8 + 2.2 uM). Estimates are based on the modern
[NO5 ] and the relative changes in sedimentary 8'°N rather than the
mean 8N values for a given time period. This is because we cannot account
for sedimentary alteration of the 8N (Altabet & Francois, 1994;

Robinson et al., 2012).

between 1.5 and 1.2 Ma and reached a minimum around 800-900 ka
(Figure 2; Martinez-Garcia et al., 2010). The changes in pole-to-equator
temperature gradients are consistent not only with enhanced upwelling
but also with a shallow thermocline during the MPT, potentially resulting
in the upwelling of water with a higher overall nutrient content.

The nutrient content of subsurface waters during the MPT may have been
enriched relative to the present day. Nutrients available to the upwelling
circulation in the EEP are largely from Subantarctic Mode Water, which
is ultimately sourced in the Southern Ocean (Kessler, 2006; Sarmiento
et al., 2004; Toggweiler et al., 1991). Higher opal burial at ODP Site
1090, in the Subantarctic Zone of the Southern Ocean between 1,200
and 700 ka, indicates that major nutrients, including silicic acid in the
region of mode water formation, at the southern edge of the
Subantarctic Zone and south of the Site 1090, were elevated during gla-
cials between 1,200 and 700 ka (Figure 2; Martinez-Garcia et al., 2011).
Micropaleontological-based reconstructions indicate a equatorward
migration of the Southern Ocean fronts during the MPT that likely ush-
ered higher nutrient content waters northward (Becquey & Gersonde,
2002; Flores & Sierro, 2007; Kemp et al., 2010), making them available
for export to the low latitudes. An increase in the relative contributions
of North Pacific intermediate water (NPIW), a secondary source of nutri-
ents to the equatorial upwelling system, could also have increased the
nutrient content of upwelled waters, and because NPIW is relatively sili-
cate rich, this would explain the shift toward enhanced biogenic silica bur-
ial (Sarmiento et al., 2004). However, 85N records from the Subarctic
Pacific where NPIW is formed suggest that the nutrient content of
NPIW was likely lower as a result of enhanced utilization during the
MPT, while ventilation was at least slightly weaker than post-MPT
(Knudson & Ravelo, 2015a, 2015b).

3.4. Surface Nitrate Concentrations During the MPT

The 8'°N data present a regional picture of a very nitrate-rich EEP during

the MPT. The nitrogen isotope data can be used to make first-order estimates of surface nitrate concentra-
tions. Assuming a simple Rayleigh approximation of nutrient consumption, based on an integrated product
formulation, a constant source of nitrate (~16 uM with 8'°N = 7.1 + 0.3%o), a constant isotope effect (epsilon
[e] = 6%o; Rafter et al., 2017), and the integrated product formulation of Mariotti et al. (1981), we estimate
that the ~2%o difference in 8'°N values between the late Pleistocene mean 8'°N at ODP Site 846
(4.9 + 0.5%0, 0-250 ka) and the mean 8'°N value during the MPT (2.9 + 1%o, 700-1200 ka) implies mean
nitrate concentrations at ODP Sites 846 during the MPT > 10 uM (Figure 3). Concentrations above 10 uM
occur in the modern boreal summer during peak upwelling season (Figures 1 and 3). The lowest values, from
900 ka, imply a much greater increase in surface nitrate (to ~16 uM). This implies almost no nitrate depletion
in the face of exceptionally high opal production if the upwelling concentrations remained the same.
Although the enhanced meridional SST gradients likely intensified upwelling, the magnitude of the §'°N
shift may even require an increase in the nutrient content of the upwelled water.

4. Implications and Conclusions

Sedimentary 8'°N records from the EEP, with an accompanying high-resolution XRF record of biogenic
silica, demonstrate significant nutrient enrichment of the cold tongue during the MPT. Nutrient enrichment
of the surface ocean, despite significant nutrient requirements associated with high productivity, was driven
by intensified upwelling and an increase in the nutrient content of the thermocline. Published time series
analysis of the ODP Site 849 nutrient utilization record suggests that EEP upwelling was a near-linear
response to insolation over the last million years. It diverges from its typical linear relation to insolation
during the MPT, when insolation shows high-amplitude variability, but the nutrient utilization record
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does not (Rafter et al., 2012). The transient reorganization of nutrient distributions that elevated nutrient
supply to the EEP during the MPT disrupted the predictable insolation-driven variability of the
equatorial ecosystem.

The expanded, nutrient-enriched cold tongue during the MPT also implies that the modern EEP cold tongue
is diminished relative to the early Pleistocene and the contraction of this oceanic system occurs with the shift
to the 100 kyr, high-amplitude glacial cycles. The expansion and subsequent contraction of this ecosystem
were due, at least in part, to a spatial redistribution of nutrients, both vertically and horizontally, in the
global ocean. These changes have implications for the global carbon cycle and are likely linked to the
changing climate across the MPT.

The available reconstructions indicate that atmospheric CO, concentrations during glacial periods
decreased after the MPT (Chalk et al., 2017; Honisch et al., 2009). During the MPT, the weak nutrient con-
sumption implied by the 8'°N records presented here suggests that despite high biogenic silica burial, the
EEP was a local source of CO, to the atmosphere. More importantly for the global air-sea CO, balance
(Marinov et al., 2006; Sigman et al., 2010), the inference of higher nutrient supply to the low latitudes
suggests that the biological pump south of the Polar Front was relatively weak during the MPT. After the
MPT, the reduction in pCO, is attributed to an enhanced Southern Ocean biological pump stimulated by
enhanced Fe availability as a result of the increased aridity and dustiness of the atmosphere (Chalk et al.,
2017; Martinez-Garcia et al., 2011). The decrease in nutrient supply to low latitudes suggests that nutrient
drawdown in the polar Antarctic ramped up across the MPT, consistent with the inferred Fe fertilization
of the post-MPT polar oceans (Chalk et al., 2017). Downstream in the EEP, the diminished supply of nutri-
ents from the Southern Ocean and the contraction of the cold tongue (Dyez et al., 2016) resulted in the
carbonate-dominated ecosystem that exists today.
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