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A B S T R A C T

Sedimentary nitrogen isotopic ratios are used as a proxy for ancient biogeochemical cycles on Earth’s surface. It
is generally accepted that sediment hole tops record primary signatures because organic nitrogen (ON) is pre-
dominant in this part of the hole. In contrast to such early to middle diagenetic stages, it is well known that
heavier nitrogen isotope 15N tends to enrich in sedimentary rocks during later diagenetic and metamorphic
stages. However, there are some critical gaps in our understanding of nitrogen isotopic alteration associated with
abiotic processes during early-middle diagenesis. In this study, we examined the isotope ratios of ammonium
nitrogen in interstitial water (IW) and total nitrogen (TN), including exchangeable ammonium and mineral ni-
trogen, in the solid-phase of organic-rich-sediment recovered by International Ocean Discovery Program (IODP)
Expedition 385 cores drilled in the Guaymas Basin, Gulf of California, that contained ammonium-rich IW. The
isotopic ratios (δ15N value) of TN are the most variable with depth compared to any other type of nitrogen. This
variation can be interpreted as reflecting changes in the water mass environment in the basin caused by gla-
cial–interglacial climate changes, modifying the δ15N values of the marine primary producers. Thus, the δ15N
value of TN is a proxy for environmental change in the basin, while each component of TN shows different
trends. The δ15N values of IW and exchangeable ammonium did not exhibit significant changes with depth, but
the latter values are about 3 ‰ enriched in 15N. This may be due to advective transport of solute into adjacent
layers followed by the formation of an isotopic equilibrium between IW and exchangeable ammonium in the case
of fast sediment accumulation rate. The δ15N value of exchangeable ammonium is the highest among the other
types of nitrogen with one exception, where the δ15N value of TN is the highest. The calculated δ15N values of ON
based on mass balance are almost the same as those of associated TN in the shallow sediment layers (< 150 m
below seafloor), but the difference in the δ15N values of TN and ON are significant in the deeper layers, where
proportions of ON contents are <50%. In particular, in the layer where the δ15N value of TN is the highest, that of
ON shows an even higher value and the difference reaches 3.5‰. The δ15N values of mineral nitrogen are similar
to that of IW ammonium except the surface layers. Under such conditions, when δ15N value of TN is intermediate
between those of mineral nitrogen and exchangeable ammonium, calculated δ15N value of ON is close to that of
TN. On the other hand, if δ15N value of TN is out of the range between mineral nitrogen and exchangeable
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ammonium, it causes further difference in δ15N value of ON. It means that the fluctuation of δ15N values of TN is
reduced relative to those of ON through depth. It has been considered that δ15N value of TN in sediment is similar
to that of ON, and changes in the δ15N value of TN due to diagenesis are limited, but in such environment ON
fluctuations over depth may be slightly underestimated.

1. Introduction

Nitrogen is an essential element for life and makes up most of the
atmosphere as molecular nitrogen (dinitrogen N2), thus, existing in
huge amounts on the Earth’s surface. Nitrogen has two isotopes: 14N
and 15N. Their ratio in the atmospheric dinitrogen has been used as an
international standard for conventional δ notation (δ15N). Because of
the huge reservoir of atmospheric dinitrogen the nitrogen isotope ratio
has not changed significantly over geological time (Sano et al., 1998).
Through biological processes, nitrogen continuously cycles in the
atmosphere–biosphere–hydrosphere system and surface sediment at
various redox states, i.e., from the most oxidized state nitrate (NO3

− ) to
the most reduced state ammonium (NH4

+). Those biologically mediated
processes, called nitrogen biogeochemical cycle, have been traced
using nitrogen isotope ratios and, consequently, produced a lot of
literature.

Sedimentary rocks contain a considerable amount of fixed nitrogen
(Holloway and Dahlgren, 2002). Such N is primarily derived from the
burial of organic matter in marine and freshwater sediments, where it is
incorporated into unconsolidated and consolidated rock as organic N or
as ammonium in silicate minerals because mineral cations are replaced
with ammonium ions, or ammonium gets incorporated into crystal
structures. These ammonium-bearing rocks become exposed on the
Earth’s surface through the rock cycle, and, as they are weathered and
eroded, and eventually they release the fixed ammonium (i.e., native
fixed ammonium) into the environment (Nieder et al., 2011, Morford
et al., 2011). Release of ammonium from minerals is used by plants as a
nutrient and benefits human society as fertilizer for increasing food
production (Steffens and Sparks, 1999,Morford et al., 2011).
Conversely, the cycling of nitrogen between the Earth’s interior and the
surface is associated with plate subduction and degassing via volcanism
(e.g., Mysen, 2019). Such non-biologically mediated cycle, including the
rock cycle, is called geochemical cycle.

However, our understanding of ammonium (or ammonia) associated
with mineral–fluid interactions during early diagenesis, a part of the

geochemical cycle, is limited. Although isotopic alteration of δ15N signal
in the sinking particles and surface sediment associated with biological
processes have been studied well (e.g., Robinson et al., 2012), the
behavior of nitrogen isotopes in anoxic deeper sediments where abio-
genic processes (e.g., interaction of ammonium between solid and fluid
phases) prevail in addition to chemoautotrophic microbial activity is not
well documented (e.g., Freudenthal et al., 2001). Nitrogen initially
bound to various organic materials is transferred to silicate minerals
during burial andmetamorphism, typically as NH4

+ substituting for K+ in
sheet silicates (clays and micas) and feldspars because of their similar
ionic radii (Honma and Itihara, 1981). A schematic model of the
ammonium incorporation into expandable layer silicates and fixation
processes during the early diagenetic stage is shown in Fig. 1. Organic
nitrogen (ON) is transformed principally by bacterial activity into
inorganic nitrogen species during mineralization in sediment, yielding
ammonium (NH4

+) as the final product (Schidlowski et al., 1983). Alta-
bet et al. (1999) and Pride et al. (1999) found no evidence of diagenetic
alteration in the δ15N values of preserved organic matter in the Cali-
fornia margin basins (USA) and in the Gulf of California (Mexico).
Prokopenko et al. (2006) also reported that the isotopic ratio of
ammonium–nitrogen dissolved in the interstitial water (IW) squeezed
from deepmarine sediments (~ 250m below seafloor) was similar to the
associated organic matter within the range of 0.4 ‰. Thus, isotopic
fractionation was concluded to be negligible during early diagenesis.
However, these studies measured only total nitrogen (TN) in sediments
or dissolved ammonium in interstitial water together with TN. There-
fore, there is a lack of systematic analysis of all nitrogen species in
marine sediment. These species encompass the components of TN –
organic nitrogen, mineral nitrogen (MN), and exchangeable ammonium
in interlayer space of sheet silicates (clay minerals) – as well as IW
ammonium and dissolved organic nitrogen as those nitrogen species
contained in fluids. Here, we report results obtained from six of the eight
sites drilled in the Guaymas Basin in the Gulf of California during In-
ternational Ocean Discovery Program (IODP) Expedition 385 (Fig. 2).
The basin marks a young spreading center to the north of the northern

Fig. 1. Expected ammonium behavior associated with mineral–fluid interactions at early-middle diagenetic stage. In an ammonium-rich environment, cations
adsorbed in the interlayers of smectite (expandable layer silicate) exchange with ammonium in ambient fluid (interstitial water: IW), and the cations are then fixed in
the interlayer as mineral nitrogen (MN) with increasing burial depth.
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tip of the East Pacific Rise spreading ridge that is filled with organic-rich
sediment composed of mainly diatom ooze and characterized by high
heat flow as well as on- and off-axis magmatism in the form of sill in-
trusions into sediments (Teske et al., 2021a). Jo et al. (2018) suggested
that a high-ammonium environment associated with hydrothermal ac-
tivity is expected to enhance the formation of ammonium-bearing clay
minerals, and then MN possibly preserves the δ15N value of the ambient
IW ammonium. The IW squeezed from the recovered cores during the
expedition contained significantly high concentrations of ammonium
(~38 mM). Thus, the cores provided an opportunity to study all the
types of nitrogen mentioned above except for dissolved organic nitro-
gen. In this study, dissolved organic nitrogen could not be measured due
to a small amount of samples. The main purpose of this study is to un-
derstand the distribution of each nitrogen type in deep marine sediments
and the nitrogen isotope fractionation among them. This study provides
some clues to understand the behavior of individual nitrogen isotopes in
ammonium during water-rock interaction and fate of ammonium asso-
ciated with diagenesis.

2. Materials and Methods

2.1. Sampling methods and lithology of sediment cores

IODP Expedition 385 drilled eight sites in the Guaymas Basin, Gulf of
California (Fig. 2). Each site was drilled in multiple holes (each hole at a
site is maximum ~50 m apart from each other) using the advanced
piston corer (APC), half-length APC (HLAPC), extended core barrel
(XCB), and rotary core barrel (RCB) systems through drill pipes lowered
from the derrick of R/V JOIDES Resolution to the subseafloor as
described by Teske et al. (2021b). The sediment samples and the

physical property data used in this study were obtained from the first
hole (Hole A) or fourth hole (Hole D) drilled at each site (Table 1).

The sediments recovered during the expedition from each site are
mainly composed of diatom ooze and clay-rich diatom ooze. Downhole
changes in lithology of all the cores were not significant enough to
require a division of the site into more than one lithostratigraphic unit
(Unit I), while the presence of minor yet significant downhole lithologic
changes and/or changes in sediment induration and physical properties
prompted the division of Unit I into four subunits (IA–ID) (Teske et al.,
2021a). Lithostratigraphic columns of each site are shown in Fig. S1.
These differences arise mainly from different degrees and types of
diagenetic processes and overprinting that have resulted in the forma-
tion of authigenic minerals (e.g., micrite in Subunit IB) and/or the se-
lective dissolution of sedimentary particles (e.g., dissolution of diatoms
during opal-A to opal-CT phase transformation in Subunits IC and ID)
except for Sites U1549 and U1552, where no major diagenetic changes
were observed. In addition to those sediments, thin (< 1 m thick) and
thick (~80 m) igneous rock layers (sills) were identified in the cores
obtained from Sites U1545 and U1546, respectively, but all samples
provided for this study were recovered from above the intersected sills
as shown in Fig. S1. Only the sediments recovered at Site U1551 are rich
in terrigenous clastic particles, which are composed of two parts: diatom
ooze and clay with significant amount of silt- to sand-sized siliciclastic
particles at upper interval (<90 meters below seafloor, mbsf) and pre-
dominantly terrigenous unconsolidated sandy particles at lower inter-
val. A comprehensive report detailing the characteristics of each site is
provided by Teske et al. (2021a).

Fig. 2. Bathymetry of the Guaymas Basin with Baja California in the southwest and the Sonora margin in the northeast, showing International Ocean Discovery
Program (IODP) Expedition 385 sites (U1545 – U1552) drilled in the area (modified from Teske et al., 2021a). The six sites analyzed in this study are indicated by red
stars. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.2. Onboard processing of sediment cores

IW extraction was conducted aboard the R/V JOIDES Resolution using
a titanium squeezer (Manheim and Sayles, 1974) according to the
following procedure described by Teske et al. (2021b). Squeezed IWwas
collected in a precleaned (10% HCl) high-density polyethylene (HDPE)
syringe attached to the squeezing assembly and subsequently filtered
through a polyethersulfone membrane disposable filter (pore size = 0.2
μm). The residual sediment in the squeezer (so-called squeezed cake)
was divided into several parts and immediately stored in the freezer (c.

–20 ◦C).
The IW samples were analyzed on board following the protocols

outlined by Gieskes et al. (1991), Murray et al. (2000), and the IODP
user manuals for shipboard instrumentation (http://iodp.tamu.edu
/labs/documentation), which were updated during Expedition 385.
According to the methods in these protocols, ammonium concentrations
in the IW samples were measured using the indophenol method and
colorimetric analysis. For more details on IW inorganic geochemistry see
the IODP Expedition 385 methods (Teske et al., 2021b).

For onshore analyses, the IW samples were quickly frozen in a deep

Table 1
Core sample information for this study.

Site Hole Latitude (N) Longitude (W) Water depth (m below sea level) Total penetration (m) Core recovered (m) Recovery (%)

U1545 A 27◦38.23′ 111◦53.34′ 1593.5 503.3 389.0 77.3
U1546 D 27◦37.89′ 111◦52.78′ 1585.9 300.1 314.7 104.9
U1548 D 27◦30.53′ 111◦41.39′ 1729.3 110.0 120.5 109.6
U1549 A 27◦28.33′ 111◦28.78′ 1840.1 168.0 166.9 99.3
U1551 A 27◦12.39′ 111◦13.19′ 1844.1 120.3 122.1 101.5
U1552 A 27◦33.29′ 111◦32.97′ 1841.6 107.5 73.9 68.7

Fig. 3. Downhole profiles of the concentrations (mM) in ammonium (open circle) and potassium (filled square) dissolved in interstitial water samples and TOC (filled
circle) and TN (open diamond) contents (wt%) in sediment samples from the six holes studied, shown with lithostratigraphic subunits. Small arrows in the
ammonium profile of Hole U1545A indicate the six selected samples provided for further analyses. Gray horizontal lines indicate sulfate–methane transition
zones (SMTZ).

T. Yamanaka et al.
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freezer at − 80 ◦C on board and stored in a freezer at − 30 ◦C until just
before analyses took place.

2.3. Mineralogical and geochemical analyses of sediment samples

TN and total organic carbon (TOC) contents as well as their nitrogen
and carbon isotope ratios (δ15NTN and δ13CTOC) in the bulk sediment
samples (squeezed cakes), respectively, were measured using an
elemental analyzer coupled with an isotope ratio mass spectrometer
(EA/irMS), GV Instruments IsoPrime EA at the Tokyo University of
Marine Science and Technology (TUMSAT). For TOC analysis, sediment
samples were weighed and placed into silver capsules, then spiked 6 N
HCl for digestion of inorganic carbon minerals (carbonates). The flash
combustion method, i.e., short-time burning in an elemental analyzer,
has turned out to yield insufficient amounts of nitrogen in highly
consolidated silicate minerals, especially in low nitrogen-content sam-
ples (Bräuer and Hahne, 2005). However, the samples provided for this
study were unconsolidated and contained sufficient amount of nitrogen
(≥ 600 ppm). Therefore, it is expected that at least 90% yielding of ni-
trogen and analytical error for nitrogen isotopic ratio is lower than ±1
‰.

In addition to the bulk analyses, the clay fraction (≤2 μm) was
separated from the six selected sediment samples (squeezed cakes) ob-
tained from the Hole U1545A core material through gravity sedimen-
tation, i.e., the recovered suspension load up to a depth of 10 cm from
suspending bulk samples in distilled water after 8 h according to Stokes’
law. The positions of six samples indicated in Fig. 3 show that at least
one sample was taken from each lithostratigraphic unit. The recovered
clay fractions underwent a rigorous treatment process, including three
successive exposures to a warm 30% hydrogen peroxide solution and
finally to an alkaline potassium hypobromite (KOBr–KCl) solution, to
eliminate organic matter from the fractions (Black et al., 1965; Silva,
1964; Silva and Bremner, 1966). Black and his colleagues established a
method for separately purifying inorganic nitrogen contained in soil and
sediment in the 1960s (Black et al., 1965), and no new methods have
been developed since then. The KOBr–KCl solution is a suitable reagent
for eliminating ON compounds without affecting MN in clay minerals
(Black et al., 1965). The residual nitrogen in the sample after the
treatment is defined as MN (Liang et al., 1999), which is expected to be
mostly fixed ammonium in the interlayers of 2:1 type clay minerals.
Non-clay fraction (>2 μm) was also eliminated ON in the same manner.
The nitrogen content of MN and its isotopic ratio were determined using
an elemental analyzer coupled with isotope-ratio mass spectrometer
(EA/irMS).

Minerals in the clay fractions were identified by X-ray diffraction
(XRD), using a Rigaku Ultima IV at TUMSAT. XRD measurements were
performed at 40 kV and 40 mA using Ni-filtered Cu-Kα (λ = 1.5418 Å)
radiation. Step-scan XRD analysis was performed on the bulk powder
(random) samples (2◦–70◦ 2θ, 0.02◦ 2θ step width, 10 s/step) and clay
fraction samples (2◦–40◦ 2θ, 0.02◦ 2θ step width, 10 s/step) oriented on
glass slides after Mg2+ and ethylene glycol treatment. Measurement of
crystallinity of illite and relative amount of clay minerals were made by
using decomposition procedure of X-ray diffraction (XRD) patterns
described by Kuwahara et al. (2001).

Fourier-transform infrared spectroscopy (FT-IR) analysis was per-
formed on the bulk and clay fraction samples. The spectra of the powder
samples were recorded in the region ranging from 4000 to 600 cm− 1

with a resolution of 4 cm− 1, and averaged over 32 scans using JASCO
FT/IR-6100 at TUMSAT. Subsequently, the spectral data were inter-
preted using Spectragryph ver.1.2.16, an optical spectroscopy software.
Baseline correction was applied equally to all samples.

EX ammonium in the squeezed cakes was extracted using a 2-M KCl
solution on a shaker overnight. The concentration of the extracted
ammonium–nitrogen was measured using the steam distillation tech-
nique originally described by Bremner and Edwards (1965) using a

gas-tight container, followed by volumetric titration using a methyl red
and bromocresol green mixture as a color indicator. The method for
measuring the nitrogen isotopic ratio is described below.

According to the above descriptions, the terms used in this study are
defined as follows:

IW ammonium: dissolved ammonium in IW squeezed from the core
sediment immediately after recovered on deck. Its nitrogen isotopic
ratio is expressed in δ15NIW-amm.

EX ammonium: exchangeable ammonium extracted from the sedi-
ment after squeezing IW using KCl solution by shaking overnight. Its
nitrogen isotopic ratio is expressed as δ15NEX-amm.

MN: mineral nitrogen, which is the residual nitrogen in the sediment
after the KOBr–KCl treatment. Its nitrogen isotopic ratio as expressed as
δ15NMN.

ON: organic nitrogen, which is a solid in the squeezed cake and can
be removed by KOBr–KCl treatment. Its nitrogen isotopic ratio as
expressed as δ15NON.

The overall analytical reproducibility during the aforementioned
processes is estimated to be ±0.5% for quantitative analyses and better
than ±0.3‰ for isotope ratio analyses. In this study, all isotopic values
are expressed in the common δ15N and δ13C notations, per mil deviation
relative to international standards, atmospheric dinitrogen and Vienna-
Pee Dee Belemnite, respectively.

2.4. Chemical and isotopic analyses of fluid samples

Aliquots of ammonium-rich fluid (IW) samples (≥1 mM and ≥ 4 ml)
were subject to shore-based nitrogen isotopic ratio analysis for ammo-
nium. IW ammonium was recovered by the steam distillation technique
using a gas-tight container as mentioned above and finally converted
into ammonium sulfate [(NH4)2SO4] (Mizota et al., 2007). As a common
knowledge of stable isotope geochemistry of light elements, evaporation
followed by condensation accompanies a distinctive isotopic fraction-
ation. The process is well known for penguin colony in Antarctica
(Mizutani et al., 1985). During the microbial-mediated transformation
of uric acid in fecal droppings on the ground, residual fractions tend to
be enriched in 15N, whereas emitted NH3 tends to be enriched in 14N.
Based on the evidence, we were sufficiently careful to determine the
precious isotopic ratios of ammonium. Ammonium in the distillates was
trapped by presence of excess H2SO4 where no further modification of
the isotopic signature of the intrinsic ammonium in sample materials
occurs. Higher than 98% recovery of ammonium was confirmed by
distillation of standard solution (1 ml of 16 mM (NH4)2SO4 solution),
testing every day before run of sample distillation. The ammonium
sulfate solution was concentrated by gentle evaporation on a hot plate
(~75 ◦C). Then the solution was soaked using a small piece of glass fiber
filter and dried in an oven at 60 ◦C. The pieces of the filter were installed
in the EA/irMS to determine the nitrogen isotopic ratio (δ15NIW-amm).
Analytical reproducibility is estimated to be ±0.5% for quantitative
analysis and better than ±0.3‰ for isotope ratio analysis.

2.5. Calculations of contents and nitrogen isotopic ratios of ON in the
sediment and terminologies employed in this study

As described above, we measured four types of nitrogen, i.e., TN,
MN, and EX ammonium in clay minerals and dissolved ammonium in
IW. Organic compounds, such as protein (amino acids), nucleobase and
porphyrin, are considered to be the major carrier of sedimentary nitro-
gen in solid phase (excluding IW ammonium). Here we assume that
sedimentary nitrogen comprises ON, MN, and EX ammonium. There-
fore, the ON content is calculated as follows:

[ON] = [TN]–([MN] + [EX ammonium] ) (unit : μg N/g dry sediment)

Following the above assumption, the δ15NON value is calculated
based on the basis of the mass balance equation:

T. Yamanaka et al.
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δ15NTN = a× δ15NON + b× δ15Nex− amm + c× δ15NMN

where a, b, and c represent the relative abundance of each type of
sedimentary nitrogen (a + b + c = 1). After the calculation, errors of the
ON contents and δ15NON values are estimated using the law of error
propagation, 1% and 0.6 ‰, respectively.

In this study, diverse forms of nitrogen in both solid and fluid phases
are delineated. The term “content” is employed to indicate the amount
of nitrogen per unit mass of solid (e.g., MN content in a gram of dry
sediment; g N/g dry sediment, in the case of TN and TOC, referring to wt
%). By contrast, the term “concentration” indicates the amount of ni-
trogen per unit volume of fluid (e.g., ammonium concentration in IW;
mol/L or M). Subsequently, the IW ammonium content is calculated as
follows:

where wet and dry densities of the sediment are obtained from the IODP
shipboard data available online (Laboratory Information Management
System (LIMS) Online Reports; https://web.iodp.tamu.edu/LORE/).
The factor 1.024 refers to the density of seawater in g/cm3.

3. Analytical results

3.1. Ammonium concentrations dissolved in IW and lithology of the
sediment cores

Table 2 displays both onboard and onshore analytical data of the six
sites studied. This table also shows the associated lithostratigraphic
units as defined by the shipboard lithological and mineralogical studies
reported by Teske et al. (2021a).

Although the depths that reached maximum concentrations of IW
ammonium in each hole are different, ranging from 40 to 300 mbsf,
these concentrations increase downhole until the middle or bottom of
the Unit IC, and then decrease downhole as shown in Fig. 3. The
maximum concentrations of IW ammonium reach up to 38 mM and vary
from 7.9 to 38 mM among the holes.

3.2. Contents of TOC, TN, EX ammonium, and MN in the core sediments

The TOC and TN contents in the sediment samples (squeezed cake)
and the IW ammonium dissolved in squeezed IW for all holes studied are
shown in Table 2. The vertical profiles of those data are shown in Fig. 3.
The highest values of TOC and TN in each hole (3–5 wt% and 0.3–0.7 wt
%, respectively) were measured in the shallowest samples of each hole
and show a rapid decrease in the concentrations to a depth of 50 m from
the seafloor. Further downhole, the concentrations are virtually con-
stant, especially with respect to TN values except for TOC in the Hole
U1551A. In Table 2, the atomic TOC/TN values (C/N values) are also
shown. The minimum and maximum average C/N value of each hole is
6.4 for U1552A cores and 12.7 for U1551A cores. The standard devia-
tion (S.D.) of C/N values for each hole is <1.6 except for Hole U1551A
(S.D. = 3).

In addition to TOC and TN contents, the EX ammonium extracted

from the squeezed cake samples and the MN content in the clay and non-
clay fractions of the selected six samples in Hole U1545A are summa-
rized in Table 3 and plotted as vertical profiles in Fig. 4, along with the
content of IW ammonium involved in a 1-g dry sediment. TN is the most
abundant in this hole while the other types of nitrogen are one or two
orders of magnitude lower than TN. Although the contents of TN show
very small variation except for the shallow layer (Fig. 3), variations of
the other types of nitrogen are much more pronounced (Fig. 5). The IW
and EX ammonium contents increase downhole to a depth of 100 mbsf,
below which they remain almost constant to the depth of 300 mbsf.
Below this depth, the IW ammonium content significantly decreases,
whereas the EX ammonium content dose not vary significantly.
Although the contents of MN in clay and non-clay fractions are low
compared with the other types of nitrogen, they show elevated values,
correlating with the decrease of IW ammonium, in the bottom layers of

Hole U1545A. Especially in the deepest layer the sum of both MN con-
tents accounts for 54% of TN.

3.3. δ13C and δ15N values of TOC, TN, IW ammonium in the sediments

The δ13C and δ15N values of TOC, TN, and IW ammonium are sum-
marized in Table 2. Their downhole profiles are shown in Fig. 5. The
δ13CTOC and δ15NIW-amm values in each core vary within very narrow
ranges (S.D.< 1‰) and those averages are − 21.3 to − 22.0‰ and+ 7.1
to +10.5 ‰, respectively, except for δ13CTOC in Holes U1551A and
U1552A (S.D. = 1.3 and 1.2 ‰, respectively) and δ15NIW-amm in Hole
U1552A (S.D. = 1.3‰) as shown in Table 2. On the other hand, δ15NTN
values vary widely from +7.3 to +16.5 ‰ with an average range of
+10.0 to +13.1‰.

3.4. δ15N values of EX ammonium, MN, and ON in the Hole U1545A
sediments

The vertical profiles of δ15N values for EX ammonium, MN, and ON
in the six selected samples of Hole U1545A are summarized in Table 3
and plotted as vertical profiles in Fig. 4. The δ15N values of TN and IW
ammonium in the same layers are also plotted. The average δ15NMN
values in clay and non-clay fractions are lower than those of the other
types of nitrogen (+9.2 and+ 8.6‰, respectively; Table 3). The profiles
of these δ15N values are similar to each other and increase downhole
until 300 mbsf. On the other hand, the average δ15NEX-amm value is
+13.5 ‰, being the highest value among the six types of nitrogen
(Table 3). These δ15N values do not vary with depth; thus, the S.D. is
only 0.3 ‰.

The calculated δ15NON values at each layer are very similar to those
of TN until the depth of 150 mbsf, because ON is the most abundant
nitrogen species in each sediment sample. However, the δ15NON values
are distinguishable from those of TN in the deeper layers, where ON
contents are <50%.

IW volume
(
cm3) in 1 − cm3 bulk wet sediment = (wet density–dry density)

/
1.024 = V

IW ammonium content (μg N/g dry sediment)
= concentration of IW ammonium (μmol/L)×V − cm3 ×mass number of N ( = 14.01)

/
dry density

(
g dry weight

/
bulk 1 cm3)

T. Yamanaka et al.

https://web.iodp.tamu.edu/LORE/


Chemical Geology 666 (2024) 122203

7

Table 2
Quantitative and isotopic data of TN, TOC, and IW ammonium obtained from the six holes studied.

Site Hole Sample ID Depth
(mbsf)

Lithostratigraphic
(Sub)unit

TN IW NH4
+ TOC TOC/TN

content
(wt%)

δ15N
(‰)

conc.
(mM)

δ15N
(‰)

content
(wt%)

δ13C
(‰)

atomic
ratio

U1545 A 1H_2_IW_145–150 2.97 IA 0.435 +10.7 0.56 +9.1 3.905 − 20.4 10.48
2H_1_IW_145–150 5.95 0.350 +10.9 0.53 +10.7 3.300 − 20.6 11.01
3H_1_IW_145–150 15.45 0.286 +13.4 0.86 +10.6 3.009 − 21.0 12.27
4H_1_IW_146–151 24.96 0.253 +8.4 3.53 +10.4 2.621 − 20.8 12.10
5H_1_IW_145–150 34.45 0.289 +9.3 6.58 +10.1 2.886 − 20.0 11.64
6H_1_IW_145–150 43.95 0.286 +9.9 8.17 +10.5 2.691 − 20.5 10.98
7H_1_IW_145–150 53.45 0.239 +11.8 11.03 +10.3 2.247 − 21.1 10.98
8H_1_IW_146–151 62.96 IB 0.254 +12.2 8.79 +11.6 2.622 − 21.5 12.04
9H_1_IW_136–141 72.36 0.214 +12.7 12.83 +10.8 2.389 − 21.0 13.01
10H_1_IW_136–141 81.86 0.212 +13.2 15.09 +10.8 2.278 − 21.5 12.54
11H_2_IW_134–139 91.59 0.272 +10.6 17.25 +10.2 2.626 − 20.9 11.27
14H_3_IW_123–128 122.39 0.212 +11.1 17.55 +10.4 2.152 − 21.7 11.83
17F_2_IW_141–146 141.41 0.224 +11.0 20.39 +9.5 2.277 − 21.2 11.84
23F_2_IW_135–140 165.92 0.261 +11.7 20.11 +9.6 2.518 − 21.8 11.25
29F_3_IW_121–126 191.28 0.244 +12.8 22.07 +10.4 2.413 − 22.2 11.52
34F_1_IW_110–115 218.20 0.205 +14.1 25.45 +10.9 2.251 − 22.5 12.82
41F_1_IW_145–150 245.85 IC 0.220 +15.3 29.32 +9.6 2.040 − 21.7 10.80
47F_2_IW_107–112 274.71 0.210 +16.5 34.21 +10.3 2.268 − 22.4 12.58
51X_1_IW_122–127 285.82 0.241 +10.7 30.94 +10.0 1.772 − 22.2 8.58
55X_3_IW_129–144 326.73 0.242 +13.4 28.47 +9.8 2.572 − 22.7 12.38
55X_5_IW_125–145 329.62 0.262 +12.9 – +10.0 2.554 − 21.7 11.38
62X_1_IW_135–150 392.85 ID 0.270 +9.9 17.96 +10.2 1.891 − 22.2 8.18
65X_5_IW_115–130 395.50 0.223 +10.9 – +11.0 2.097 − 21.3 10.95
69X_3_IW_136–151 463.97 0.248 +9.7 – +10.5 1.819 − 21.3 8.55
72X_1_IW_124–139 485.34 0.223 +10.0 – +10.3 1.274 − 21.1 6.67
74X_3_IW_125–145 502.76 0.247 +10.1 – +10.1 1.711 − 22.3 8.07

Av. 0.25 +11.7 +10.3 2.39 − 21.5 11.0
S.D. 0.05 1.9 0.5 0.53 0.7 1.6
p value* c n.a. n.a. a b a a

U1546 D 1H_2_IW_100–120 2.51 IA 0.685 +11.3 0.26 +10.6 4.409 − 20.3 7.51
2H_4_IW_100–120 9.51 0.410 +12.0 0.37 +11.1 2.859 − 21.7 8.08
4H_3_IW_120–140 27.16 0.330 +8.6 1.22 +10.4 2.463 − 21.2 8.74
6H_2_IW_90–110 44.40 IB 0.260 +11.0 3.00 +11.3 1.975 − 21.4 8.74
8H_2_IW_90–110 63.41 0.300 +12.4 5.00 +11.4 2.330 − 20.9 9.15
10H_5_IW_30–50 86.12 0.270 +9.0 7.05 +10.6 1.956 − 21.7 8.47
14H_2_IW_120–140 104.70 0.265 +10.7 7.29 +10.1 2.061 − 21.1 9.08
16H_3_IW_45–65 124.46 0.265 +11.9 8.24 +9.7 2.141 − 22.1 9.42
18H_3_IW_102–122 144.04 0.315 +10.0 4.48 +9.8 2.338 − 21.5 8.65
21H_3_IW_30–50 171.77 0.240 +14.2 9.33 +9.9 2.166 − 21.9 10.50
23H_3_IW_70–90 191.12 0.310 +10.3 10.47 – 2.431 − 21.8 9.10
27H_3_IW_35–55 213.41 IC 0.320 +13.1 11.24 – 2.296 − 22.8 8.40
35F_2_IW_110–130 252.11 0.290 +13.0 – – 2.133 − 22.5 8.58
37F_3_IW_40–60 262.09 0.285 +12.1 13.58 – 2.216 − 21.9 9.06

Av. 0.32 +11.4 +10.5 2.41 − 21.6 8.8
S.D. 0.11 1.6 0.6 0.62 0.6 0.7
p value* b n.a. n.a. a b a b

U1548 D 1H_2_IW_141–151 2.92 IA 0.493 +10.4 0.31 – 5.075 − 22.3 9.48
2H_2_IW_136–146 9.16 0.371 +11.8 0.14 – 3.355 − 22.2 10.56
3H_2_IW_135–145 18.65 0.257 +8.8 0.87 – 2.371 − 20.5 10.78
4H_2_IW_135–145 28.16 0.260 +7.9 2.26 – 2.457 − 20.5 11.01
5H_2_IW_135–145 37.66 0.246 +10.2 4.05 +8.2 2.359 − 20.8 11.17
6H_2_IW_126–136 47.06 0.218 +11.2 5.99 +9.3 2.441 − 21.0 13.08
6H_5_IW_135–145 51.56 0.198 +11.7 6.11 +8.9 2.189 − 21.6 12.88
7H_2_IW_135–145 56.65 0.241 +10.4 6.10 +9.7 1.425 − 21.0 12.55
7H_5_IW_141–151 61.03 0.285 +12.1 7.41 +10.5 2.775 − 20.9 11.35
8H_2_IW_135–145 66.15 IB 0.203 +12.3 7.11 +10.0 2.277 − 21.1 13.07
8H_5_IW_135–145 70.57 0.214 +9.8 6.74 +10.9 2.106 − 21.9 11.46
9H_2_IW_135–145 75.61 0.209 +7.3 8.33 +10.1 1.940 − 21.5 10.84
9H_5_IW_135–145 80.03 0.222 +9.1 7.85 +9.2 2.179 − 21.5 11.46
10H_2_IW_136–146 85.12 0.234 +9.1 8.29 +9.6 2.542 − 21.3 12.67
10H_5_IW_135–145 89.54 0.209 +10.0 8.32 +9.4 2.385 − 20.8 13.28
11H_2_IW_135–145 94.66 0.199 +9.4 8.38 +9.4 2.131 − 21.5 12.50
12H_2_IW_132–142 99.08 0.246 +8.9 9.59 +9.8 2.403 − 21.4 11.38
11H_5_IW_136–146 99.09 0.229 +11.0 8.74 +9.1 2.474 − 21.5 12.59
12H_5_IW_131–141 103.48 0.252 +9.2 9.18 +12.0 2.526 − 21.6 11.71
13F_2_IW_130–140 108.56 0.212 +9.7 9.04 +10.2 2.374 − 21.5 13.07

Av. 0.25 +10.0 +9.8 2.49 − 21.3 11.8
S.D. 0.07 1.4 0.9 0.71 0.5 1.1
p value* cd n.a. n.a. a b a a

(continued on next page)
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3.5. Mineral compositions of the sediment samples from U1545A cores

XRD patterns of the clay fractions (≤ 2 μm) obtained from the six
selected samples of the Hole U1545A are shown in supplementary Fig.
S2. The assemblages of identified clay minerals in the sediment samples
are shown in Table 4. The sediments are rich in clay minerals, especially
smectite (≥ 32 wt%), followed by illite (≥ 26 wt%). Illite and smectite
mixed layer (I/S) minerals (≤ 8 wt%), chlorite (≤ 12 wt%), and kaolinite
(≤ 10 wt%) were also detected in all samples. Quartz and albite were
also detected in the clay and non-clay fractions of all samples.

The clay contents in the samples increase downhole (Table 4). The
proportion of smectite shows an increasing trend downhole, whereas the
proportions of illite, chlorite, and kaolinite show an decreasing trend
downhole. The modified Lanson index (MLI: Kuwahara et al., 2001) is
also shown in Table 4. The values are very low (~0.03) throughout the

hole. MLI values refer to a method for evaluating the crystallinity of illite
(Kuwahara et al., 2001), i.e., low MLI indicates low crystallinity of illite.
The crystallinity of illite is an indication for weathering and/or hydro-
lysis of parent material (generally land masses) (Kuwahara et al., 2001)
or evolution of diagenetic processes (Lanson, 1997). Throughout Hole
U1545A, the MLI is lower than 0.1, indicating quite low crystallinity of
illite (Table 4).

3.6. FT-IR analysis

The FT-IR spectra of the bulk sediment and clay fractions (after
treatment with KOBr–KCl solution) in the six selected samples from Hole
U1545A are shown in supplementary Figs. S3 and S4, respectively. The
absorption of ammonium in all of the samples was detected through
weak vibration around 1400–1500 cm− 1 within an ammonium-bend

Table 2 (continued )

Site Hole Sample ID Depth
(mbsf)

Lithostratigraphic
(Sub)unit

TN IW NH4
+ TOC TOC/TN

content
(wt%)

δ15N
(‰)

conc.
(mM)

δ15N
(‰)

content
(wt%)

δ13C
(‰)

atomic
ratio

U1549 A 1H_2_IW_145–150 2.95 I 0.436 +10.9 0.37 – 3.782 − 21.0 10.13
2H_2_IW_145–150 9.45 0.340 +11.0 0.92 – 3.279 − 20.9 11.25
3H_2_IW_145–150 18.96 0.267 +12.4 3.61 +10.4 2.621 − 22.0 11.44
4H_2_IW_145–150 28.45 0.269 +10.7 5.96 +10.6 2.341 − 21.5 10.16
5H_2_IW_150–155 38.01 0.168 +11.2 7.85 +9.7 1.476 − 22.0 10.24
6H_2_IW_137–141 47.24 0.273 +11.4 9.36 +10.6 2.325 − 21.2 9.95
7H_3_IW_145–150 57.71 0.223 +9.3 13.17 +8.2 1.705 − 21.2 8.93
8H_3_IW_139–144 66.65 0.226 +13.2 16.70 +9.9 1.986 − 21.5 10.24
9H_3_IW_146–151 76.73 0.172 +13.7 14.66 +10.0 1.637 − 21.8 11.13
10H_3_IW_144–149 85.67 0.247 +13.3 14.19 +10.4 2.385 − 21.1 11.26
11H_2_IW_145–150 93.74 0.237 +12.5 16.79 +10.2 2.285 − 20.8 11.24
12H_2_IW_145–150 104.46 0.190 +14.6 14.68 +10.6 1.877 − 21.5 11.55
13H_3_IW_138–143 114.22 0.199 +10.9 15.58 – 1.781 − 21.7 10.47
15H_3_IW_141–146 133.57 0.238 +12.1 14.70 – 2.377 − 22.5 11.68
17H_3_IW_146–151 152.45 0.194 +13.7 16.03 – 2.324 − 23.2 13.95

Av. 0.25 +12.1 +10.1 2.28 − 21.6 10.6
S.D. 0.07 1.4 0.7 0.61 0.6 0.8
p value* cd n.a. n.a. a b a a

U1551 A 1H_1_IW_145–150 1.45 IA 0.312 +10.8 0.07 – 2.982 − 20.8 11.17
2H_2_IW_146–151 5.56 0.433 +11.1 1.06 – 4.411 − 20.9 5.92
3H_2_IW_145–150 15.05 IB 0.088 +6.9 3.38 – 1.255 − 23.1 16.60
4H_2_IW_145–150 24.55 0.069 +7.9 6.04 +5.5 0.915 − 22.4 15.53
5H_3_IW_145–150 35.48 0.064 +12.6 7.91 +7.2 0.576 − 25.0 10.42
6H_2_IW_145–150 40.00 0.096 +12.1 7.70 +7.0 1.069 − 23.2 13.00
10H_3_IW_140–150 65.54 IC 0.170 +12.9 5.67 +7.9 1.824 − 21.7 12.49
11H_2_IW_140–150 73.71 0.233 +11.1 5.39 +7.0 2.691 − 20.7 13.49
12H_4_IW_140–150 85.87 0.133 +9.1 4.84 +7.5 1.491 − 22.1 13.11
13H_2_IW_141–151 92.71 ID 0.213 +8.7 6.01 +7.7 2.090 − 21.2 11.43
19F_2_IW_140–150 118.81 0.112 +7.0 5.67 +6.9 1.531 − 20.8 16.01

Av. 0.17 +10.0 +7.1 1.89 − 22.0 12.7
S.D. 0.12 2.2 0.7 1.11 1.3 3.0
p value* d n.a. n.a. b b a a

U1552 A 1H_1_IW_139–149 1.39 I 0.478 +9.9 0.18 – 4.664 − 22.0 11.39
2H_2_IW_140–150 5.90 0.875 +11.3 2.47 – 4.356 − 22.3 5.81
2H_5_IW_141–151 10.41 0.926 +12.3 4.93 – 4.817 − 22.5 6.07
3H_3_IW_140–150 16.48 0.389 +11.2 8.78 +9.4 2.721 − 25.8 8.15
3H_5_IW_136–146 19.40 0.652 +12.9 9.34 +9.8 3.577 − 23.0 6.41
5H_2_IW_99–109 33.99 0.661 +12.4 28.73 +7.5 3.525 − 25.3 6.23
6H_2_IW_128–138 43.78 0.630 +12.6 29.65 +7.6 3.321 − 24.2 6.15
7H_2_IW_92–102 52.55 0.599 +13.2 34.66 +9.8 3.318 − 24.2 6.47
9H_2_IW_123–133 72.00 0.618 +13.1 29.51 +11.6 3.411 − 24.7 6.44
10H_3_IW_120–130 82.02 0.575 +14.1 34.61 +9.0 3.092 − 23.7 6.27
11H_2_IW_116–126 91.07 0.443 +16.3 28.17 +8.8 2.374 − 24.7 6.25
12H_3_IW_105–115 101.00 0.575 +14.6 38.18 – 3.090 − 24.2 6.27

Av. 0.63 +12.8 +9.2 3.42 − 23.9 6.41
S.D. 0.16 1.6 1.3 0.77 1.2 1.62
p value* a n.a. n.a. a a b c

–; not measured.
n.a.; no analysis.
Sample IDs in bold are the selected samples provided for further analyses.
* The different letters indicate significant differences (p < 0.05) between the values of each hole according to the Steel-Dwass test.
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Table 3
Quantitative and isotopic data of TN, ON, MN, and EX ammonium in the selected six samples from Hole U1545A.

Solid phase Fluid phase

TN exchangeable-
NH4

+

MN (clay
fraction)

MN (non-clay
fraction)

MN (total) Organic-N** IW-NH4
+

Core,
Section

Interval
(cm)

Depth
(mbsf)

conc.
(μg
N/g*)

δ15N
(‰)

conc.
(μg
N*/g)

δ15N
(‰)

conc.
(μg
N/g)*

δ15N
(‰)

conc.
(μg
N/g)*

δ15N
(‰)

conc.
(μg N/
g*)

δ15N
(‰)

conc.
(μg
N*/g)

δ15N
(‰)

conc.
(μg
N***/
g)

δ15N
(‰)

U1545A-
4H1 146–151 25.0 2529 +8.4 110.71 +13.9 145.1 +7.3 113.1 +6.5 258.2 +7.0 2160 +8.3 89.85 +10.4
8H1 146–151 63.0 2543 +12.2 553.50 +13.1 142.5 +8.0 162.9 +7.0 305.4 +7.5 1684 +12.7 378.6 +11.6
17F2 141–146 141.4 2243 +11.0 423.83 +13.4 160.5 +8.5 109.1 +9.8 269.6 +9.0 1550 +10.7 368.2 +9.5
47F2 107–112 274.7 2103 +16.5 689.87 +13.9 219.6 +11.1 130.9 +9.6 350.5 +10.5 1062 +20.1 565.0 +10.3
55X3 129–144 326.7 2423 +13.4 582.87 +13.5 343.6 +10.6 138.3 +9.5 482.0 +10.3 1358 +14.5 282.7 +9.8
62X1 135–150 392.9 2696 +9.9 450.64 +13.4 759.2 +9.4 747.8 +9.4 1507.0 +9.4 738 +8.9 86.26 +10.2

Average +11.9 +13.5 +9.2 +8.6 +8.9 +12.5 +10.3
S.D. 2.6 0.3 1.3 1.4 1.3 4.0 0.6

* Concentrations of each N in 1 g dry sediment.
** Organic -N contents and δ15N values were calculated from the other three data of solid phase nitrogen (see text).
*** Calculate the amount of IW fluid contained in 1 g dry sediment using the dry- and wet-density data from the online database, LIMS Reports of IODP (https://web.

iodp.tamu.edu/LORE/).

Fig. 4. Downhole profiles for the nitrogen contents (μg N/g dry sediment) and their δ15N values of TN, ON, IW, MN, and EX ammonium in the six selected samples
from Hole U1545A. Contents and δ15N values of ON were calculated from the nitrogen contents and mass balance of TN, MN, and EX ammonium. See the text
for details.

T. Yamanaka et al.
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Fig. 5. Downhole profiles for the δ15N values of TN (filled circle) and IW ammonium (open circle) and δ13C values of TOC (open diamond) from the six holes studied.
Right Ma scales are tentative age models based on microfossil records observed onboard (Teske et al., 2021a). Each analytical error was smaller than the size of
each symbol.

Table 4
Clay mineral compositions and the modified Lanson index of the clay fractions (< 2 μm) in the selected six sediment samples from Hole U1545A obtained by XRD
analysis.

wt% wt% in clay fraction (total 100%)

Core, Section Depth (mbsf) clay content* smectite I-S illite chlorite kaolinite MLI**

U1545A-
4H1 25.0 38.2 32 5 43 11 9 0.009
8H1 63.0 35.6 36 5 40 12 8 0.022
17F2 141.4 40.7 36 4 43 7 9 0.025
47F2 274.7 38.6 55 8 31 3 3 0.031
55X3 326.7 48.2 61 4 30 1 4 0.021
62X1 392.9 49.6 61 7 26 1 5 0.020

* Clay contents in the bulk sediment (squeezed cake).
** MLI (Modified Lanson Index) are calculated followed by Kuwahara et al. (2001).

T. Yamanaka et al.
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region (Petit et al., 2006; Stuart, 2004). Also, the wavenumber of N-H
stretching was detected within 2800–3200 cm− 1 (Petit et al., 1999; Petit
et al., 2006; Stuart, 2004). The clay fraction samples contain only small
amounts of MN in the interlayers, as mentioned above. However, there
were trace levels of absorption with a wide range of weak vibrations
within the ammonium-region, suggesting that the MN in the clay frac-
tion is possibly ammonium-fixed in the interlayers of the clay minerals.
The other major absorption, such as around 3600–3650 cm− 1, is
considered to be attributed to O-H stretching, which is associated with
the hydroxyl group in clay minerals. The O-H stretching region for clay
minerals has been reported to have a wide range (from 3800 to 3400
cm− 1), and there is a number of bands observed (Stuart, 2004). Differ-
ences in the wavenumber of O-H stretching are often seen in clay min-
erals containing Mg (II) or Fe (II) in an octahedral sheet (Stuart, 2004;
Vaculíková and Pelevová, 2005; Wang et al., 2017) and are also affected
by crystallinity (Decarreau et al., 2008; Vedder, 1964).

4. Discussion

4.1. Cause of the fluctuation for δ15NTN and δ13CTOC values

Among the proxies of nitrogen measured in this study, only δ15NTN
varies significantly. The variability of this parameter is interpreted to
reflect almost entirely the variability of ON. Hence, δ15NTN fluctuations
are inferred to be caused by changes in δ15N from primary producers, i.
e., phytoplankton such as marine diatoms.

In the central Gulf of California, abrupt shifts in δ15NOM value
coincide with global climatic changes during deglaciation and gradual
Holocene changes (Pride et al., 1999). According to the reported data by
Pride et al. (1999), characteristically high δ15N values (> +14‰) with
higher opal accumulation rates were observed in the laminated sedi-
ments deposited in the two deglacial stages, the Bølling-Allerød and
Preboreal intervals after the Last Glacial Maximum. These abrupt
changes have been attributed to the expansion and persistence of sub-
oxic subsurface waters from the entrance of the gulf to Guaymas Basin or
further north, which enhance denitrification and lead to enrichment in
15N of nitrate assimilated by primary producers in the gulf (Altabet et al.,
1999). The extent is caused by variations in upwelling, vertical mixing,
and/or the latitudinal position of the intertropical convergence zone
(Pride et al., 1999). Although the published data could only go back to

17 ka, a similar situation may have continued to operate in the central
gulf during the Holocene.

A rough estimation of the sedimentation rates for each hole have
been proposed based on micropaleontological records (Teske et al.,
2021a). Accordingly, in the case of Hole U1545A, which refers to a
sedimentation rate of 863 m/Myr, the peak of δ15NTN value at 15 mbsf
may correspond to the Bølling-Allerød warm period (c. 14 ka) and the
other peaks at 80 and 275 mbsf may correspond to marine isotope stage
(MIS) 5 and 9 (c. 0.12 and 0.31 Ma), respectively. Concerning the other
holes, the depths of c. 60 and c. 40 mbsf in the Holes U1548D (>524 m/
Myr) and U1551A (>410 m/Myr), respectively, possibly correspond to
Bølling-Allerød warm period. Thus, these significant fluctuations of
δ15NTN values are most likely to reflect the variation of the δ15N values
of primary produces, which coincide with glacial–interglacial climatic
changes. Detailed age models for this IODP expedition will be published
elsewhere.

In addition to changes that are common throughout all the holes, the
differences in C/N and δ13CTOC values among the holes possibly reflect a
variation of source organic matters because those values have been used
as proxies for source organic matter (Emerson and Hedges, 1988;
Meyers, 1994). Low C/N values (e.g., <10), along with high δ13CTOC
(around − 22 ‰) suggest predominance of primary input, i.e., phyto-
plankton which has the Redfield ratio (C/N value= 106/16= 6.63). The
average δ13CTOC values of each hole studied are − 22.0 to − 21.3‰ with
one exception in Hole U1552Awhose average δ13CTOC value is − 23.9‰.
The organic matter concentration in samples from Hole U1552A, which
are depleted in 13C, is higher (average 3.42 wt%) than that in the other
holes (1.89–2.49 wt%). The average C/N value (~6.4) is lower in Hole
U1552A than in the other holes (8.8–12.7) and terrigenous plants (C/N
value >20; Emerson and Hedges, 1988; Meyers, 1994). Site U1552 also
is a location of active hydrocarbon gas (mainly methane) advection
(Teske et al., 2021a), therefore chemosynthetic microbial activities,
especially thioautotrophs, may affect the δ13CTOC signature, since the
carbon isotopic ratios of thioautotrophic microbes that use the Calvin
cycle involving RuBisCO (ribulose 1,5-bisphosphate carboxylase/oxy-
genase) for carbon fixation have a relatively narrow range of δ13C
values, namely − 35 ± 5‰ (e.g., Nelson and Fisher, 1995). The low C/N
value detected in this hole also supports this idea because microbe
biome has a low C/N value of 4.2–4.7 (Fagerbakke et al., 1996). If the
δ13C and C/N values can be explained by a two end-member mixing

Fig. 6. Stacked (A) and percentage (B) bar charts for the contents of ON, IW, MN and EX ammonium in the six selected samples from Hole U1545A.
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model (one end-member is phytoplankton: − 22 ‰ and 6.6, respec-
tively), the contributions of thioautotrophic production can be reason-
ably estimated as c. 10–30% and c. 10–24%, respectively. On the other
hand, the average C/N value of Hole U1551A is the highest (12.7)
among all holes drilled. This may be due to the relatively high input of
sandy clastic particles which contain terrigenous organic matter docu-
mented for this site by Teske et al. (Teske et al., 2018; Teske et al.,
2021a).

4.2. Distribution of nitrogen in deep sediments of Hole U1545A

The total content of nitrogen (sum of TN and IW ammonium con-
tained in 1-g dry sediment) in the sediments of Hole U1545A range from
2612 to 2921 μg N/g dry sediment (Table 3 and Fig. 6A) and did not
show a significant difference among the samples. On the other hand, the
contents of ON (calculated from the other solid phase nitrogen con-
tents), MN and IW ammonium exhibit noticeable changes (Fig. 6). The
contents of MN in the clay and non-clay fractions are relatively low to
the depth of 274.7 mbsf, but the deepest sample (392.9 mbsf) contains a
significant amount of MN (54% and 1.5 mg N/g dry sediment). This
depth corresponds to the lithostratigraphic subunit ID, that is recognized
by the start of illitization. Thus, the rapid increase of MN contents re-
flects an increase of fixed ammonium in the interlayer space of clay
minerals. Although the calculated crystallinity of illite (MLI) in Table 4
is very low (< 0.1) throughout the hole, fixation of ammonium into illite
and other minerals is expected to enhance with advancing diagenesis.
The lithostratigraphic subunit ID likely corresponds to the middle
diagenetic stage.

Although the proportion of EX ammonium in the shallowest sample
of Hole U1545A (25 mbsf) is relatively low (< 5%), at other depths, it
accounts for 16–26% of the solid-phase of nitrogen, reaching a
maximum at 274.7 mbsf, the same depth at which the content of IW
ammonium also reaches a maximum (Fig. 3; Teske et al., 2021a). All the
six samples of Hole U1545A are rich in smectite (Table 4), whereas the
IW ammonium content in the shallowest sample is very low. Therefore,
the low proportion of EX ammonium in the shallowest sample reflect the
low release of ammonium from associated organic matter, while the
samples deeper than 50 mbsf can adsorb abundant ammonium in
smectite interlayers from IW rich in ammonium. The FT-IR spectra also
indicate the existence of EX ammonium as a small signal of N-H
stretching at 3400–2800 cm− 1 wavenumber (Pironon et al., 2003) in all
the six samples.

The content of IW ammonium in the deeper layers sharply decreases
downhole below 300 mbsf (Table 3 and Figs. 3 and 4). This decrease is
generally interpreted as resulting from adsorption of ammonium by clay
minerals (Müller, 1977; Itihara, 1992), and a decrease in the concen-
tration of potassium in IW (Fig. 3), suggesting the adsorption of these
anions by clay minerals (Teske et al., 2021a). However, the decrease in
IW ammonium contained in 1 g of dry sediment may be also due to a
decrease in IW itself because of compaction. The IW contents of Hole
U1545A cores decreased almost linearly until 300 mbsf, but below this
depth the contents dropped sharply (Teske et al., 2021a). The fate of IW
in the deep sediments is unknown, but migration of water may be
plausible. Vertical migration is not so significant to homogenize the
concentrations with depth and do not show a convex profile for each
dissolved ion in IW (Teske et al., 2021a), but dissolved ions probably mix
with adjacent layers by advective transport of solute at the fast accu-
mulation rate in the basin (≈ 2 × 10− 6 m/day; Prokopenko et al., 2006).
In addition to the vertical mixing, horizontal migration along the strata
is possible. The phase transformation of opal-A into opal-CT occurs be-
tween the lithostratigraphic subunits IC and ID. Opal-A contains up to
17% weight of structural water (Hurd and Theyer, 1977) that is released
during the stepwise dissolution–reprecipitation process of converting
opal-A into metastable opal-CT and finally into stable quartz. Addi-
tionally, the released structural water of smectite may lead to the
compaction of about 10–15% of the bulk volume (Burst, 1969). The

released water can be identified as clear depletion of chloride ions at
around 300 mbsf in Hole U1545A (Teske et al., 2019). As a result of the
transformation and compaction, silica diagenesis is likely to induce fluid
flow by the collapse of pore space (Eichhubl and Behl, 1998). Such a
partial increase of permeability in the layer is expected to induce lateral
migration of IW. The latter may eventually ascend to the seafloor along
faults, fissures, or mafic intrusions.

4.3. Source of MN and nitrogen isotope fractionation of ammonium
between solid and fluid phases

The δ15NMN values are lower (~4‰) than those of the other species
of nitrogen in sections close to the surface (~100 mbsf) or almost the
same (+9 − +11‰) as those of IW ammonium (c. +10‰) in the deeper
interval (>100 mbsf) in Hole U1545A (Fig. 4). Such homogenized
δ15NIW-amm values in the deeper interval may be due to mixing of the IW
ammonium by advection through the sediment column (Prokopenko
et al., 2006). On the other hand, the lower δ15NMN values closer to the
surface (< 100 mbsf), where the MN contents are lower than those in the
deeper interval, may suggest that the minerals containing MN are
detrital clays and the source of the nitrogen in the minerals possibly is
decomposition product from terrigenous organic matter, since the δ15N
values of terrigenous plants are close to 0‰ (Wada and Hattori, 1976).
The shallowest sample in Hole U1545A showed a significant amount of
illite, which indicates that detrital illite has been continuously supplied
to the site. Although occurrence of microbially induced smectite-to-illite
reaction has been proposed at diagenetic temperatures of up to 80 ◦C
(Kim et al., 2019), it is expected that detrital illite and other
nitrogen-bearing minerals possibly incorporated 15N-depleted ammo-
nium on land and transported it to the drilled site of deposition as
mentioned by Müller (1977). At the deeper intervals, ammonium-fixed
authigenic minerals such as illite, which are enriched in 15N, are
considered to occur in addition to the detrital illite, leading to increased
δ15NMN values. If the δ15NMN values of each layer can be explained by a
two end-member mixing model, one is detrital (δ15N=+6.5‰, which is
minimum δ15NMN value in Table 3) and the other is EX ammonium
(δ15N = +13.5‰, which is the average δ15NEX-amm value), contribution
of the detrital minerals is about 80% or less (37–63%) at the deeper
intervals.

The δ15NEX-amm values are higher than those of the other types of
nitrogen in each layer of the cored sedimentary succession in Hole
U1545A while those of IW ammonium are about 3.5‰ lower except for
one sample at 63 mbsf where the difference in δ15N values is small (1.6
‰) and IW ammonium content is the second highest in the U1545A
cores. The δ15NEX-amm value at this depth may be affected by IW
ammonium that is relatively depleted in 15N. The equilibrium isotope
fractionation factors of nitrogen between mineral and fluid have been
calculated using first-principle methods established by Li et al. (2021),
suggesting that ammonium in the natural ammonium-bearing clay
minerals including tobelite (ammoniummica) are 1.5–2.3‰ enriched in
15N relative to fluid phase ammonium at the low-temperature condition
(≤100 ◦C). Another laboratory study showed slightly higher fraction-
ation (~3‰) during ammonium adsorption by clay colloids (Karamanos
and Rennie, 1978). Although, in this study, the differences in δ15N value
(~3.9 ‰) between mineral (EX ammonium) and IW ammonium in
marine sediments are slightly higher than those reported by previous
studies except for the one data point at the depth of 63 mbsf in Hole
U1545A. On the other hand, the isotope fractionation factor between
ammonium-bearing clay and fluid-phase ammonium is expected to
depend on the equilibrium temperature (1.66 at 20 ◦C and 1.23 at 80 ◦C;
Li et al., 2021), but our result suggests that the change in fractionation
factor (3.2–3.9 with ±0.3 analytical error and one exception 1.6 ± 0.3
at 63 mbsf) with increasing burial depth (~100 ◦C) is insignificant.
Further examination is required to understand the isotope fractionation
of ammonium-bound N between solid and fluid phases during authi-
genesis of illite and subsequent diagenesis.
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4.4. Possible alteration of δ15NTN values as a proxy for δ15NON during
early to middle diagenetic stages and behavior of deep burial ammonium

In the deeper interval, corresponding to the lithostratigraphic sub-
unit IC and ID (> 220 mbsf), the ON contents are lower than 50%. In the
same interval, the difference in δ15N values between TN and ON be-
comes significant (≥ 1 ‰) over the analytical error range (±0.3 ‰).
Although we cannot unveil why the δ15NMN values are close to δ15NIW-

amm instead of δ15NEX-amm, the calculated δ15NON based on mass balance
is constrained by δ15N values of MN and/or EX ammonium under the
minor ON condition. It means, if δ15NTN is an intermediate value be-
tween δ15NEX-amm and δ15NMN, the resulting δ15NON value is close to
δ15NTN, while the higher δ15NTN value relative to δ15NEX-amm is caused
by more enriched δ15NON. Conversely, lower δ15NTN value relative to
δ15NMN leads to more depleted δ15NON. Thus, the homogenous δ15NIW-

amm and δ15NEX-amm values with a certain difference (up to 3.9‰ in this
study) may contribute to reduced fluctuation of the δ15NTN with depth
after proportion of ON decreases significantly with increasing depth. But
it should be noted that the primary δ15NON value established on the
seafloor is also possibly altered according to the increase of burial depth
due to proceeding biodegradation and mineralization (e.g., Robinson
et al., 2012, Freudenthal et al., 2001). So, this study does not refute that
δ15NTN value as a proxy of primary δ15NON value is still valid.

During diagenesis, the proportion of MN in sediments generally in-
creases together with phase transformation of clay mineral smectite to
illite via I/S minerals (e.g., Itihara, 1992). As a result, nitrogen in
sedimentary rocks deposited during the Eocene and older epochs is
dominated by MN (>50% of TN; Itihara, 1992). In this study the MN
contents suddenly increase >50% at the deepest layer (392.9 mbsf),
where they correspond to lithostratigraphic subunit ID and smectite to
illite transformation (Teske et al., 2021a). The formation age of the layer
of about 0.45 Ma (Fig. 5) is very young for significant amount of MN to
occur relative to the previous study mentioned above, but a high
geothermal gradient in the basin (225 ◦C/km at Site U1545, Teske et al.,
2021a) possibly enhances diagenesis, i.e., the subunit ID reaches middle
diagenetic stage. At late diagenetic stage, the sediment is ultimately
lithified to sedimentary rock, where IW is almost gone. If EX ammonium
is fixed in authigenic clay as MN during diagenesis without apparent
isotope fractionation as previously suggested, our results indicate that it
is not significantly changed. Instead the δ15NTN value was possibly
altered within a few per mil (‰), probably enriched in 15N relative to
ON, after IW that contained 15N-depleted ammonium was expelled from
the layer as discussed in the previous section.

A part of EX ammonium in the interlayer of smectite is thought to be
expelled into pore spaces during illitization together with water. Those
components expelled from the solid phase during diagenesis can be
expected to fertilize the deep subseafloor environment, sustaining mi-
crobes in deep subsurface biosphere. Clay minerals, especially smectite,
play an important role in transporting substances to sustain deep sub-
surface life. In order to support such speculations, the datasets from only
six layers are too sparse, so higher-resolution data and the deeper
samples will be required.

In this study, we discussed only ammonium derived from organic
matter in the associated sediments. However, ammonium can migrate
from the deep-subsurface by volcanic and hydrothermal activities (Jo
et al., 2018). Therefore, further studies about the interaction between
solid and fluid during ammonium fixation contribute to understand the
geochemical cycle of nitrogen through the lithosphere.

5. Conclusion

The δ15NTN values in the six IODP Expedition 385 holes studied show
significant variation with depth, with higher δ15NTN values possibly
corresponding to the Bølling-Allerød warm period (c. 14 ka) as well as
MIS 5 and 9 (c. 0.12 and 0.31 Ma, respectively) interglacial periods
based on the estimated sedimentation rates. On the other hand, as noted

by a previous Ocean Drilling Program report (Prokopenko et al., 2006)
and some other studies, there is no noticeable isotopic difference
between IW ammonium and TN in marine sediments, whereas the
variation in δ15NIW-amm is small compared with the δ15NTN values of
each hole. This suggests that because of the advective transport of IW
ammonium through the sedimentary layers, the δ15NIW-amm values
smooth with depth. Also, in Hole U1545A cores the variation in
δ15NEX-amm is small and approximately 3 ‰ higher than δ15NIW-amm
values, suggesting that δ15N values of ammonium are considered to
reach an isotopic equilibrium between solid and fluid phases at each
layer. The proportions of ON decrease with depth and drop below 50%
in this deeper interval (>270 mbsf). In this interval, differences between
δ15NON and δ15NTN become significant (≥ 1‰) and, thus, are expected
to reduce the range of fluctuation in δ15NTN relative to that of δ15NON
through the interval. With advancing diagenesis further ammonium is
fixed in clay minerals, contributing to an increasing proportion of MN as
part of TN as observed at the deepest layer (MN > 50%), suggesting that
the δ15NTN in deep marine sediments may be altered within a few ‰
relative to the δ15NON.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemgeo.2024.122203.
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