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Abstract Biological productivity in the ocean directly influences the partitioning of carbon between
the atmosphere and ocean interior. Through this carbon cycle feedback, changing ocean productivity
has long been hypothesized as a key pathway for modulating past atmospheric carbon dioxide levels and
hence global climate. Because phytoplankton preferentially assimilate the light isotopes of carbon and
the major nutrients nitrate and silicic acid, stable isotopes of carbon (C), nitrogen (N), and silicon (Si) in
seawater and marine sediments can inform on ocean carbon and nutrient cycling, and by extension the
relationship with biological productivity and global climate. Here, we compile water column C, N, and

Si stable isotopes from GEOTRACES-era data in four key ocean regions to review geochemical proxies of
oceanic carbon and nutrient cycling based on the C, N, and Si isotopic composition of marine sediments.
External sources and sinks as well as internal cycling (including assimilation, particulate matter export,
and regeneration) are discussed as likely drivers of observed C, N, and Si isotope distributions in the
ocean. The potential for C, N, and Si isotope measurements in sedimentary archives to record aspects of
past ocean C and nutrient cycling is evaluated, along with key uncertainties and limitations associated
with each proxy. Constraints on ocean C and nutrient cycling during late Quaternary glacial-interglacial
cycles and over the Cenozoic are examined. This review highlights opportunities for future research using
multielement stable isotope proxy applications and emphasizes the importance of such applications to
reconstructing past changes in the oceans and climate system.

Plain Language Summary The ability of marine phytoplankton to fix carbon—and hence
influence the air-sea partitioning of the greenhouse gas carbon dioxide—highlights the potential for these
organisms to influence global climate in the past and future. In addition to C, phytoplankton require
nutrients including inorganic N and for certain groups, Si. Because nutrients fuel phytoplankton growth,
tracing past nutrient uptake can inform on important aspects of past biological production. Phytoplankton
preferentially incorporate the light isotopes of C, N, and Si into their cells and metabolic products. These
isotopic signatures can be preserved in marine sediments, providing a means to reconstruct past changes
in biological activity. Here we use new data to illuminate processes driving the stable isotopic composition
of C, N, and Si in the water column and in marine sediments. We evaluate the processes that lead to
changes in the concentration of these elements and their isotopes in the ocean. We discuss scientific
caveats and the extent of uncertainty relevant for interpreting past records of these isotopes. We then
discuss examples of representative geochemical reconstructions using sediment records from the last ice
age and over the last 70 million years. We use this knowledge to highlight directions for future research.
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1. Introduction

Within the sunlit surface ocean, photoautotrophs (“phytoplankton”) use sunlight to assimilate C via photo-
synthesis, acquire nutrients, and convert these inorganic constituents to biogenic material (organic matter
and biogenic minerals). This biogenic material, which forms the base of the oceanic food web, is either
regenerated (“recycled” via microbial respiration or mineral dissolution) to release dissolved inorganic el-
ements within the shallow surface ocean or sinks and is exported to depths below the mixed layer. In the
deep ocean, exported biogenic material is largely (but not wholly) regenerated, and the resulting regener-
ated inorganic elements eventually return to the surface ocean via upwelling and mixing. The remaining
biogenic material that is not regenerated in the water column will be removed via burial into surface sedi-
ments, where regeneration will continue and only a small fraction will be preserved. This interplay of inor-
ganic element supply, biological assimilation, recycling, export, and burial defines what we call the “wheel”
of ocean productivity (Box 1; see Sigman & Hain, 2012).

The ocean productivity “wheel” has long been recognized to impact the stable isotopic composition of
many bioactive elements in seawater and in marine sediments (e.g., Abelson & Hoering, 1961; De La Rocha
et al., 1997; Fogel & Cifuentes, 1993; Tappan, 1968; Wada, 1980). Conceptually, phytoplankton preferentially
assimilate the light isotope of many dissolved bioactive elements. This preference leads to higher concentra-
tions of the heavy isotope in the residual dissolved element pools, which consequently become isotopically
heavy (Figure 1). At the same time, the newly formed biogenic material is depleted in the heavy isotope of
these bioactive elements, that is, the biogenic material is isotopically lighter. Regeneration of biogenic ma-
terial in the deep ocean contributes to an isotopically light deep ocean pool of dissolved bioactive elements
(Figure 1). The fraction of this exported biogenic material that is buried in the sediments retains its light
isotopic signature. At steady state, the loss of biogenic material into the sediments must be counterbalanced
by external supply of new bioactive elements to the ocean (Figure 1).
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Figure 1. Schematic summary of processes affecting the isotopic composition of dissolved C, N, and Si (dCNS;i).
Processes related to biological productivity are outlined in the orange box. Gas exchange processes are indicated by
dotted arrows; uptake and regeneration follow dashed arrows. Solid arrows indicate dissolved element transport due
to ocean circulation or sinking, or the residual dissolved element pool resulting from incomplete consumption during
uptake. Red/blue/gray/italicized elements denote a relative decrease/increase/minor/uncertain change to the isotopic
composition (§-value) of the element resulting from the associated process. Basemap modified after Hain et al. (2014).
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Box 1. Surface Ocean Productivity, Deep Ocean Nutrients, and Paleoproductivity

Several terms define the magnitude of different components of ocean productivity (Bender
et al., 1987; Sigman & Hain, 2012). Net primary production (NPP) refers to the rate of production
by photoautotrophs minus their metabolic requirements (or their respiration); it is effectively the
rate at which phytoplankton produce new biomass (green curve in euphotic zone of Figure 2).
Net ecosystem production (NEP) is NPP minus the total (ecosystem) respiration. When function-
ally constrained to the euphotic zone, at steady state, NEP equates to export production; that is,
NEP equates to the removal of organic material from the euphotic zone (undulating green line
in Figure 2). Hereafter, we will use NEP and export production interchangeably. Integrated over
the entire ocean and on sufficiently long timescales, at steady state NEP (i.e., removal) must equal
the biological uptake of new nutrients in the surface ocean (delivered via upwelling, mixing, and
external sources).

NEP is of profound interest to paleoclimate research, as NEP provides a mechanism to remove
C from the surface ocean and thus away from direct contact with the atmosphere. C export from
the surface ocean prevents C regeneration in the euphotic zone, which in turn lowers the con-
centration of CO, in the surface ocean. This increases CO, solubility and thus lowers the partial
pressure of atmospheric carbon dioxide (pCO,). This process, termed the biological pump (Volk
& Hoffert, 1985), acts to reduce pCO, over time intervals ranging from the mixing timescale of
the intermediate and deep ocean (decades to millennia) at minimum, to geologic timescales for
exported carbon preserved in the sediments (millennia to millions of years).

Regarding the biological pump’s ability to impact pCO,, two parameters are of primary impor-
tance: (a) the efficiency of the biological pump and (b) nutrient utilization rates. An understanding
of these parameters requires assessing the origins of nutrients in the deep ocean. In the deep
ocean, nutrients are present as either regenerated from (largely microbial) decomposition of bio-
genic material (brown arrow in Figure 2) or preformed from the sinking and transport of surface
waters with unused nutrient concentrations via deep ocean thermohaline circulation (yellow ar-
row in Figure 2). The strength of the biological pump is simply the average concentration of re-
generated nutrients in the deep ocean (Hain et al., 2014). A stronger biological pump is one with
higher C transport to the deep ocean (i.e., NEP is higher). The regeneration of this transported
organic C at depth leads to a greater abundance of C and regenerated nutrients in the deep ocean.

However, a stronger biological pump in isolation does not necessarily lower pCO,. Instead, the
operative term for pCO, is the efficiency of the biological pump. This efficiency is defined by the
ratio of regenerated to preformed nutrients in the deep ocean. In ocean biogeochemical models,
a greater fraction of regenerated nutrients in the deep ocean indicates a more efficient biological
pump and is associated with lower pCO, (Ito & Follows, 2005; Marinov et al., 2006; Matsumoto,
2007). The efficiency of the biological pump is intimately related to the nutrient status of surface
waters in deep water formation regions because these regions set the balance of preformed and
regenerated nutrients in the deep ocean (Figure 2). The term nutrient utilization defines this nu-
trient status as the fractional biological assimilation of available nutrients relative to their supply
to the euphotic zone (annually integrated).

Note that nutrient utilization is not necessarily coupled to NEP. Consider three cases motivated
by studies of the Southern Ocean over glacial-interglacial cycles (Section 7.1): an initial case with
low nutrient utilization and low NEP, and two alterations of this initial case where nutrient utili-
zation increases (Figure 2). In the first altered case, higher nutrient utilization occurs because of
greater biological assimilation of the same nutrient supply (Figure 2b). This could happen because
of alleviation of a micronutrient limitation (for instance, from greater iron input). In this scenar-
io, NEP would increase, and the biological pump would be more efficient. However, consider a
second altered case where nutrient utilization increases because of a reduction in nutrient supply
(Figure 2c¢), for instance, due to reduced vertical exchange (e.g., a more stratified ocean). In this
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second case, NEP could either stay the same or even decrease, but the biological pump
would still be more efficient. For these reasons, knowledge of past changes in NEP and nu-
trient utilization in the high latitude oceans are critical to testing hypotheses of changes in pCO,
(Berger et al., 1989; Broecker, 1982; Galbraith & Jaccard, 2015; Galbraith & Skinner, 2020; Hain et
al., 2014; Paytan, 2009; Sigman et al., 2010).

Much as biological productivity serves as an overarching concept including multiple key vari-
ables, paleoproductivity is a similarly broad concept encompassing reconstructions of multiple
parameters relevant to biological productivity. These include, but are not limited to, proxies for the
accumulation of organic debris within sediments (Paytan, 2009), flux normalization tools (Costa
et al., 2020), and sedimentary redox conditions (Tribovillard et al., 2006). Here, our focus lies on
nutrient isotope tracers. As described in Section 3, these tools are sensitive to past nutrient utili-
zation and thus inform on past partitioning between preformed and regenerated nutrient pools.

This conceptual framework has motivated numerous studies on the stable isotopes of carbon and major
nutrients—particularly nitrogen (N) isotopes of nitrate and silicon (Si) isotopes of silicic acid—as tracers
related to ocean biological processes. Phosphate is also a critical major nutrient, but aside from oxygen
isotopes in phosphate (e.g., Paytan & McLaughlin, 2011), phosphorous has only one stable isotope and is
not discussed here. There are numerous pathways, both internal and external, that influence the isotopic
composition of C, N, and Si in the ocean (Figure 1). Furthermore, the distributions of C, N, and Si isotopes
in their dominant dissolved inorganic forms are incompletely sampled in today's ocean and are only acces-
sible in past oceans through proxies in marine sediments. Thus, deciphering information on past biological
activity in the ocean requires understanding both the processes controlling the distribution and isotopic
composition of dissolved inorganic C, N, and Si, and how signatures of these processes are preserved in
marine sediments.

Here we review the primary controls on C, N, and Si stable isotopes in the water column and in marine sed-
iments. Although these isotope systems have been utilized by the paleoceanographic community for dec-
ades, a timely review is warranted given the expanded number of water column isotope profiles (especially
for N and Si) alongside new developments in the analysis and interpretation of marine sediment archives.
Our work relies on new data collected by the GEOTRACES program, an international survey of the marine

a) Initial case: low utilization, low NEP b) Case 1: high utilization, high NEP c) Case 2: high utilization, low NEP
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Figure 2. Three hypothetical cases linking surface ocean productivity with deep ocean nutrients. Light blue color indicates the euphotic zone; dark blue
indicates the deep ocean. In the initial case (a), most of the new nutrient supply is subducted without being used. NEP is low, deep ocean preformed nutrients
are high, regenerated nutrients are low, and the biological pump is inefficient. In case 1 (b), most of the new nutrient supply goes to NEP. NEP is high, deep
ocean preformed nutrients are low, regenerated nutrients are high, and the biological pump is more efficient. In case 2 (c), the new nutrient supply is lower,
and the same quantity of NEP occurs as in the initial case. Here NEP is low, but deep ocean preformed nutrients are also low, regenerated nutrients are high,
and the biological pump is more efficient. For simplicity, the recycling and burial fluxes are assumed constant in all scenarios. Figure inspired by Sigman &
Hain (2012). NEP, net ecosystem production; NPP, net primary production.
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Figure 3. Interpolated spline fits to Antarctic Zone water column data for 8" Cpyc (a, diamonds), [NO,™ + NO;™] §"°N
(b, circles), and dSi 6°°Si (c, triangles). Data sources: (a) CLIVAR P16S (Feely et al., 2008), (b) CLIVAR P16S (Rafter
et al., 2013), (c) GEOTRACES GIPY04 stations 57, 62, 72, and 78 (Fripiat et al., 2012).

biogeochemical cycling of elements and their isotopes (Anderson, 2020), and particularly the GEOTRAC-
ES 2017 Intermediate Data Product (IDP2017, Schlitzer et al., 2018) that includes isotope data of many
dissolved constituents in seawater from 39 cruises collected between 2007 and 2014. We focus specifically
on C, N, and Si, while a synthesis of bioactive trace elements and their isotopes is provided in a companion
manuscript (Horner et al., 2021).

The manuscript is outlined as follows. Section 2 provides background on isotope notation and data sources
used throughout. Section 3 defines common processes affecting C, N, and Si isotopes. Sections 4-6 review
the modern water column distribution, driving processes, sediment archives, and sources of uncertainty for
paleo reconstructions from C, N, and Si isotopes, respectively. Section 7 presents two case studies where C,
N, and Si isotopes provide foundational constraints for understanding past C and nutrient cycling on short
(glacial-interglacial) and long (Cenozoic) timescales.

2. Data Notations and Sources
2.1. Reporting of Isotope Ratios

Isotope ratios are reported in & notation, expressing the deviation in sample isotope ratio relative to accepted
international standards of known isotopic composition (Coplen, 2011):

5|3C — ( BC/IZC )sample _( ISC/IZC )VPDB (1)
( '3C/'2C)
VPDB
. ( SN/M4N )Sample _( ISN/M4N )aier o
( SN /4N ) ‘
air Ny
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( 305i/ s )wmpIe —( 0gi/28si )

NBS28
3)
(30Si/2851 )

5%Si =

NBS28

where VPBD (Coplen et al., 2006), air N, (Mariotti, 1983), and NBS28 (Coplen et al., 2002) are the accepted
international standards for C, N, and Si isotopes, respectively. By convention, & values are multiplied by 10°
and reported in parts-per-thousand (%o).

2.2. Data Sources

Seawater data presented here are sourced from four oceanographic regions of distinct hydrography, bio-
geochemistry, and export production: The North Atlantic Subtropical Gyre (hereafter NASTG), the east-
ern tropical South Pacific (hereafter ETSP), the central tropical South Pacific (hereafter CTSP), and the
Southern Ocean. Southern Ocean data are further subdivided into the Subantarctic Zone (hereafter SAZ),
between the Subtropical Front and the Subantarctic Front, the Polar Frontal Zone (hereafter PFZ), between
the Subantarctic Front and the Polar Front, and the Antarctic Zone (hereafter AZ), south of the Polar Front.
Data were principally sourced from the GEOTRACES IDP2017 (Schlitzer et al., 2018) complemented with
additional data sets to address data gaps as described below.

Carbon isotopes in dissolved inorganic carbon (DIC) were collected along GEOTRACES sections GA03
(Quay & Wu, 2015) and GP16 (P. Quay, unpublished data available in IDP2017, Schlitzer et al., 2018).
Nitrogen isotopes of dissolved nitrate plus nitrite were collected on GEOTRACES section GA03 (Mar-
coni et al.,, 2015) and GP16 (Peters et al., 2018). As no Southern Ocean DIC or nitrate isotope data are
available in GEOTRACES IDP2017, CLIVAR P16S DIC carbon isotopes (Feely et al., 2008, accessed from
GLODAPv2.2020, Olsen et al., 2020), and nitrogen isotopes of nitrate plus nitrite (Rafter et al., 2013) were
included. Silicon isotopes in dissolved silicic acid were collected along GEOTRACES section GA03 (Brzez-
inski & Jones, 2015) and GIPY04 (Fripiat et al., 2012).

Available data from each region (typically representing 3-10 hydrographic stations) were fit with a spline in
MATLAB (function “smoothingspline”) using a smoothing parameter (p) of 1 x 107 to 1 x 1075, The exact
value of p was chosen to minimize root mean square error and depict regional-scale water column features
while diminishing local variability (Figure 3). The spline was then interpolated onto 33 standardized depth
intervals following GLODAP mapping protocols (Lauvset et al., 2016).

3. Common Processes

Phytoplankton typically uptake and assimilate elements with a preference for the lighter isotope (Figure 1).
The kinetic isotopic effect of assimilation is determined by the ratio of the rates at which each reactant

isotope is converted to product:
i+n
k
e=1-|— 4
[ m ] €))

where ¢ represents the isotope fractionation expressed in %o and ' * "k and 'k are the reaction rates for the
reactant bearing the heavy and light isotope, respectively. Observed values of ¢ in marine phytoplankton
are ~19%o for C (e.g., "*C is assimilated over *C by ~19 parts per thousand) (Degens et al., 1968; Sackett
et al., 1965), and 4%.—7%. for N (Fripiat et al., 2019; Waser et al., 1998). Diatoms, the most common auto-
trophic silicifying organisms, exhibit a similar preference for isotopically lighter dissolved Si by ~1%o. (e.g.,
De la Rocha et al., 1997; Sutton et al., 2013).

Simple quantitative models relate the isotopic composition of the nutrient (or C) supply and the degree of
biological nutrient (or C) utilization to the isotopic composition of biogenic production (Mariotti et al., 1981;
Sigman & Fripiat, 2019). Broadly, these models follow closed system (“Rayleigh”) or open system (“steady-
state”) pathways:

FARMER ET AL.

6 of 28



AN . .
AV Global Biogeochemical Cycles 10.1029/2020GB006775

ADVANCING EARTH
AND SPACE SCIENCE

Figure 4. Water column profiles of major element isotope ratios. (a) Global data assimilation model of net export production calculated as C flux at the base of
the euphotic zone (DeVries & Weber, 2017). Colored boxes denote regions and cruises of water column element concentration and isotope data. (b) C isotopes
in dissolved inorganic carbon (DIC), (c) N isotopes in nitrate + nitrite, (d) Si isotopes in silicic acid versus depth. Lines are smoothed spline fits to water column
data (Figure 3). In the Southern Ocean, solid red line indicates data from the southernmost Antarctic Zone (AZ), dashed red line includes data from the

Polar Frontal Zone (PFZ), and dotted red line includes data from the northernmost Subantarctic Zone (SAZ). Blue line is from the North Atlantic Subtropical
Gyre (NASTG), solid yellow line is from the Eastern Tropical South Pacific (ETSP), and dashed yellow line is from Central Tropical South Pacific (CTSP). See
Section 2.2 for data sources.

5

(6)

where for a given element X, 6Xpuient supply 1S the isotopic composition of the nutrient (or carbon) supply, € is
the isotopic fractionation during assimilation (Equation 4), and f'is the fraction of the nutrient supply used
(0-1 or 0%-100%). In the Rayleigh model (Equation 5), the accumulated biogenic production derives from
a nutrient pool that is “closed” from resupply or loss (aside from uptake) during biogenic production. In the

FARMER ET AL. 7 of 28


































































	1

