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ABSTRACT: We present a simple, quick, and high-resolution (approx.10 cm) method for calculating almost continuous calcium carbonate
(CaCOs) proxy records in deep-marine sediment cores based on the well-known dependence of NGR (natural gamma ray) on sediment clay
content. The method used in this study is based on the assumption that sediment composition along the SAT (South Atlantic Transect) con-
sists of two components: carbonate and clay. This assumption is reasonably accurate for the region under investigation. At carbonate-rich
Site U1583 (66-97 wt% CaCOs3), calculated CaCO5; wt% contents are within 4.18% at 1 standard deviation (o) of geochemical analyses of
the CaCO5 wt% contents of discrete samples (measured using a coulometer), while at the more lithologically variable Site U1557 (0.1-92 wt%
CaCO;), they are within 15.6% at 1. Results indicate good to excellent correlations between the NGR- and coulometry-derived data-
sets, supporting the use of this method for carbonate stratigraphy, paleoceanography, and paleoclimate reconstructions. We provide
an equation to derive CaCO5; wt% from NGR based on the SAT datasets. The procedure described below can be used to construct the
higher resolution proxy CaCO; records at other sites worldwide compared to discrete CaCOj5 values. This method can assist with
shipboard lithology determination and can guide core sampling.
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INTRODUCTION

Temporal variations in CaCOj; (calcium carbonate) records from
deep-sea sites provide essential insights into stratigraphy, paleocea-
nography, and paleoclimatology at both long and short timescales
throughout the Cenozoic Era (Dadey and Lyle 1995; Lindsey and
Schellenberg 2006; Mayer 1991). At abyssal depths, changes in the
CaCO; content of sediments may reflect changes in the depth of
the lysocline and CCD (carbonate compensation depth), which
may reflect changes in water masses, carbonate productivity, and/or
atmospheric CO, (e.g., Berger 1972; Dutkiewicz and Miiller 2021;
Farrell and Prell 1989; Lyle etal. 1988; Melguen 1978; Pedersen
1983; Van Andel 1975). The most extensive long-term records of
CaCOj; content have been developed from sediment samples col-
lected from 50+ years of scientific ocean drilling conducted by the
IODP (International Ocean Discovery Program) and its predeces-
sors (e.g., Becker etal. 2019). Solid-phase geochemical measure-
ments (CaCO; wt%) are typically conducted on discrete samples of
sediment cores that are taken shipboard and analyzed using a coul-
ometer either during the expedition or post-expedition. This work
destroys the sample and is both time-consuming and expensive,
and, as a result, shipboard geochemical analyses are usually low
resolution, normally 1-2 samples per core (i.e., every 5—10 m).

Lithologic descriptions of deep-ocean cores onboard the JOIDES
Resolution rely on macroscopic and microscopic observations to
establish the primary sediment types by the identification of major
and minor lithologies that often predominantly include biogenic
CaCO; and detrital clay (Marsaglia etal. 2013, 2015; Mazzullo
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and Graham 1988; Phillips and Littler 2022). Even though smear
slides allow the accurate identification of the major bioclastic com-
ponents of the sediments (e.g., nannofossils, foraminifers, diatoms),
the components of the clay-size fraction often cannot be properly
estimated (c.f. Phillips and Littler 2022). Such estimation errors
result from differing levels of expertise of the shipboard petrog-
raphers, the preponderance of very fine-grained bioclastic com-
ponents (e.g., nannofossils) which mask the clay particles, and
varying smear-slide preparation techniques, where thick nanno-
fossil ooze might resemble clay clumps (Marsaglia etal. 2015).
A reliable high-resolution estimate of carbonate content would
enable more precise lithological descriptions, especially of fine-
grained sediments.

In petrophysics, it is standard practice to use NGR (natural gamma
radiation) to estimate shale volume (synonymous with clay vol-
ume) (e.g., Section 1.1 in https://wiki.aapg.org/Standard
interpretation; Telford etal. 1976; Rider 1996). This method relies
on radioactive isotopes of K (potassium) and Th (thorium) that are
relatively common in clay minerals compared to most other major
rock-forming minerals: the greater the clay content, the higher the
NGR value. It also assumes that other sources of NGR are minor,
for example even though high NGR has been reported from phos-
phatic shell and bone material that has high U (uranium) content,
these occurrences are common in oceanic upwelling zones and off-
shore, but are not found in deep sea (Burnett etal. 1983; Kochenov
and Baturin 2002; Veeh etal. 1974). In sediments composed pre-
dominantly of two components (i.e., clay-carbonate sediments), the
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non-clay component is carbonate, thus can also be quantified: the
lower the NGR value, the higher the carbonate content. Where
CaCOj3; coulometer measurements from samples of the same cores
are available, the inverse of the NGR value can be scaled to esti-
mate the CaCO3% content.

On the JOIDES Resolution, NGR is measured in the physical
properties laboratory on a one-of-a-kind NGR measurement sys-
tem installed in 2009 with the large-scale renovation of the
ship as part of the Scientific Ocean Drilling Vessel (SODV)
project (Vasiliev etal. 2011), building on previous IODP (and
its predecessors) NGR instruments and paleoceanographic
applications (Rothwell and Rack 2006). NGR has been used
qualitatively on previous IODP expeditions either as a proxy
for CaCO; when inversely correlated to ICP-OES (Inductively
Coupled Plasma Optical Emission Spectroscopy)-determined
CaCOs; concentrations (Lindsey and Schellenberg 2006) or as a
proxy for clay using the downcore trends in NGR (Phillips and
Littler 2022). Other physical properties data collected on IODP
expeditions that have also been used as a proxy for clay and
CaCO; content include GRA (gamma-ray attenuation density;
Mayer 1991; Walczak etal. 2015), color reflectance (Millwood
etal. 2002), and RGB blue channel (Lamy etal. 2019). Moreover,
there have been a few attempts to calculate CaCO3 content onboard
IODP expeditions using a Schlumberger downhole active-source
gamma-ray spectrometry tool to obtain Ca concentrations (Dadey
and Lyle 1995; Pratson etal. 1992a, 1992b, 1993). The conversion
from elemental Ca to CaCO; was accomplished using oxide fac-
tors. However, the method produced results that were consistently
lower than the coulometry-derived CaCO3; measurements.

In all aforementioned physical property-based CaCO3 proxy

approaches, the data records are effectively continuous (compared
with discrete sample-based CaCO; measurements) and span the
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whole length of the borehole. Therefore, if a process can be
developed to convert NGR data to CaCOj3 content estimates with
minimal data processing, high-resolution CaCO; records could
be generated far more efficiently than through geochemical anal-
ysis. In previous attempts to calibrate physical property records
to CaCO; content, limitations arose in binary sedimentary sys-
tems (i.e., CaCO; and detrital terrigenous material) with high clay
concentrations and widely varying clay mineral types (Dadey and
Lyle 1995). The previous work was mostly used as a qualitative
measure of carbonate content or lithology. Surprisingly, to our
knowledge, there has not yet been a published method to derive
quantitative physical-property-based CaCOj; records from NGR
measurements, together with an error assessment and discussion
of which deep-sea sediments it can be applied to.

Here, we present a method of estimating CaCO; content by cali-
brating NGR data to laboratory measurements of CaCO; content
after converting to mass-normalized NGR values using GRA den-
sity measurements. The CaCOj; calibration can also potentially be
applied to downhole wireline logs for non-cored holes or holes
with poor core recovery (Dadey and Lyle 1995), permitting better
correlations between the holes of the same site or between various
sites in real time.

OCEANOGRAPHIC SETTING

IODP SAT (South Atlantic Transect) Expeditions 390C, 395E, 390,
and 393 obtained deep-ocean sediment cores at seven sites in water
depths ranging from approx. 3055 to 5006 m and forming a transect
at ~31°S, located 130-1250 km westward from the Mid-Atlantic
Ridge (text-figure 1, Table 1; Coggon etal. 2020, 2022a, 2022b; Estes
etal. 2020; Williams etal. 2021; Teagle etal. 2023). These expedi-
tions recovered sedimentary sections up to 564 m thick overly-
ing 6.6-61.2 Ma oceanic crust produced at slow to intermediate
spreading rates (Table 1; Estes etal. 2020; Williams etal. 2021,
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Bathymetric map of the study sites with the main tectonic features and drill sites of the SAT (South Atlantic Transect; white line) (Teagle et al., 2023).
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TABLE 1
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South Atlantic Transect (SAT) sites with coordinates, distance from the Mid-Atlantic Ridge, estimated crustal age (Ma), and water depth (m).

TIODP Site Hole Latitude,® Longitude,® Distance from Crustal age, Ma ‘Water depth, m
Mid-Atlantic Ridge, km
U1559 B 30°15.6336’S 15°2.0941'W 130 6.6 3055
Ul1560 B 30°24.2057'S 16°55.3702'W 315 15.2 3723
U1583 F 30°42.6175’S 20°26.0336'W 652 30.6 4210
U1558 D 30°53.7814’S 24°50.4822'W 1067 49.2 4334
Ul1557 D 30°56.4651'S 26°37.7892'W 1243 60.7 5011
U1556 B 30°56.5244’S 26°41.9472'W 1250 61.2 5002

Coggon etal. 2022b; Teagle etal. 2023). One of the main goals
of these expeditions was to reconstruct the history of deep water-
masses in the western South Atlantic Ocean over the past 61 My
(Coggon etal. 2020, 2022a). The development of a continuous
and high-resolution record of carbonate deposition is an essential
first step to studies of the CCD, microfossil preservation, and
how they all relate to global carbon cycling and ocean circulation.

METHODS

Soon after sediment cores were recovered from the ocean floor
using the APC (advanced piston corer) or the XCB (extended core
barrel) system and then curated, the whole-round core sections
were analyzed on the STMSL (Special-Task Multisensor Logger)
to obtain the GRA bulk density (g/cm®) and the NGRL (Natural
Gamma Ray Logger) to obtain the NGR readings (counts per second;

TABLE 2

Comparison of the effectiveness of the new method for South Atlantic
Transect (SAT) holes: p—average estimation error; M—median estima-
tion error; c—standard deviation of estimation error from coulometry-
derived CaCOs values.

Hole Metrics This study

UI556A 0.00
-1.25
11.88
—-1.42
—1.58
16.62
—4.51
-2.29
16.20
-0.54
-0.39

4.08

1.57

0.68

7.02
—-0.85
-1.03

2.25
-2.26
-0.37

1.43
-2.06
-2.57

4.18

U1556C

Ul1557B

UI558A

UI1558F

UI559A

UI560A

U1583C

agrag=ra=ag=rarraTragEaiE

cps). GRA measurements were taken every 2.5 cm during the SAT
expeditions. NGR measurements integrated gamma radiation from
an approx. 10 cm interval of core, because the sensors on the NGRL
are 10 cm wide, with the measurement assigned to the midpoint
depth of that 10 cm interval. Once the cores were split, the sedimen-
tologists chose 1-2 samples per core from the working half for
CaCOs; content analysis to capture variations in lithological composi-
tion. Traditionally, the CaCO; content of marine sediments is deter-
mined by pressure calcimeter or coulometric techniques (Chaney
etal. 1982; Engleman etal. 1985; Huffman 1977; Jones and Kaite-
ris 1983; Pimmel and Claypool 2001). These same techniques
were employed during the SAT expeditions to assess the CaCOs
content in the sediment samples. These coulometry-derived CaCO;
measurements were used as the standard against which all NGR-
based estimates were compared. All data processing was conducted
in Excel. The standard physical properties data (i.e., NGR in cps,
GRA, MAD (moisture and density)) and standard carbonate chemi-
cal data (i.e., CaCOj3 in wt%) vs. depth were downloaded and pre-
filtered (i.e., deleted measurements of repetitive runs, outlier values,
and gaps in core recovery) from the LIMS (Laboratory Information
Management Systems) Reports database.

Herein, we present two methods for estimating the CaCO; con-
tent using NGR data in sediment cores (in each case, 1 standard
deviation (o) of CaCO; contents was calculated using the differ-
ence between the CaCOj3 values obtained from onboard coulom-
etry and the high-resolution estimates of CaCOj3 from the linear
regression). The first method (Simple NGR Proxy) is simple
and quick, providing a good visual match to the coulometry-
derived CaCO; data in relatively homogenous sediments with
high CaCOj; content (>60%; e.g., Sites U1558, U1559, U1583,
U1560). When coulometry-derived CaCOs content (wt%) is
plotted vs. NGR (cps), an inverse, approximately linear relation-
ship is observed between the two data sets, and the NGR values
can be scaled to CaCO; accordingly. However, in this method,
NGR data are not corrected for downhole density changes due
to compaction or lithology. Neither are they corrected for the
geometry of the core (e.g., incompletely filled core liners, cracks,
and voids). The second method (Density-corrected NGR Proxy)
accounts for these changes, normalizing by GRA density, based
on the method described by Walczak etal. (2015). Similarly,
whenever there are sediment gaps or the cross-sectional area of
the sample changes much (as may be the case of a rotary drilled
core, XCB), normalization by GRA density compensates for this
to a certain extent.

SIMPLE NGR PROXY

CaCOj; content measurements tend to be sparse compared to NGR
measurements, which have a 10-cm spacing, hence, only a few
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data points are available for correlation. Therefore, the depth of an
NGR value often does not match the exact depth of a CaCO; con-
tent value. A simple method to account for this is to manually
assign CaCO; content to the NGR value that is closest to it in
depth (see text-figure 2A and 3A as examples for Sites U1583C
and U1557B). However, this method can introduce minor errors
as NGR values may be offset by up to 5 cm from the depths of
CaCOs; analyses and, thus, may have slightly different values from
where the CaCOj; content sample was collected. To account for
this, we used a modified method, where we interpolated between
adjacent NGR values to match the CaCO5 content sampling depths
using linear interpolation for untabulated points, i.e., the Excel
Forecast function (see Dagra Data Digitizer 2022). Linear interpo-
lation estimates the value of a property at a point intermediate to
two points with known values, assuming a linear trend between
them (Eq. 1):

(NGR, — NGR))

1) NGR = NGR D —-D)—————
(1) 1+ ( 1) D> — D)
where the interpolated NGR value at depth D is located between
adjacent NGR depths D; and D, with NGR values NGR; and
NGR,, respectively.

Upon obtaining the interpolated NGR values that match the
CaCOj3 content sampling depths, we plotted them against the
coulometry-derived CaCO; content data (see text-figures 2B, 3B
as examples for Sites U1583C and U1557B). The obtained linear
regression between the plotted values provided us with two
parameters: the linear trendline and R-squared value (R*- a
goodness-of-fit indicator for linear regression models: the closer
the value to 1, the better the fit). CaCO; content (see text-figures
2D-E for Site U1583C and text-figures 3D-E for Site U1557B)
was then calculated using the linear regression equation. Depend-
ing on the preferred method, a user can “feed” either 1) manually
matched NGR counts using Eq. 2a as an example for Site
U1583C (text-figure 2A) or Eq. 2b as an example for Site
U1557B (text-figure 3A) or 2) interpolated NGR counts using
Eq. 3a as an example for Site U1583C (text-figure 2B) or Eq. 3b
as an example for Site U1557B (text-figure 3B) to obtain the lin-
ear regression equation. These two variants of the Simple NGR
proxy give very similar results. Such CaCO; proxy data derived
from NGR data have a resolution of approx. 10 cm:

(2a) CaCO; = —2.6578"NGR + 100 (R? = 0.96)

(2b) CaCO; = —2.3967*NGR + 100 (R> = 0.73)

(3a) CaCO3 = —2.6116"NGR + 100 (R? = 0.95)

(3b) CaCO; = —2.4531"NGR + 100 (R? = 0.75)

where the CaCOj3 content is in wt%, and the NGR values are in cps.

DENSITY-CORRECTED NGR PROXY

To create a more accurate CaCO; content record using the NGR
data, the density-corrected NGR proxy method was implemented.
The need for this method arises from the fact that NGR data are col-
lected in counts per second (cps) over a constant volume, whereas
coulometry-derived CaCO; measurements are reported as standard
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carbonate chemical data in wt%. Given variations in the density of
the sediments, the two data types are not directly comparable.
Consequently, additional steps are needed to convert the NGR
data so that they are also reported relative to sediment mass,
rather than volume. This problem becomes more acute in cores
where the density varies widely. For example, in clay-rich sedi-
ment compositions (e.g., clay is >20% of the dry sediment),
more compacted sediments would have higher NGR values than
less compacted sediments because more tightly packed clays
contain more radiogenic elements per unit volume. In the con-
text of the SAT holes, the issue arises in binary systems (clay- or
carbonate-rich), where carbonate varies between low (<40 wt%)
and high (>97 wt%), resulting in bimodal sediment density. To
account for such highly varying lithologies, as is the case at SAT
Sites U1556 and U1557, where the sediments alternate between
almost pure clay and pure nannofossil ooze, we corrected for den-
sity changes by transforming the total NGR counts (cps) measured
per volume of sediment (cm®) into total NGR counts (cps) meas-
ured per dry sediment mass (g). To transform the NGR values
from cps to cps/g, we divided them by the dry bulk density, which
was calculated using the GRA-derived bulk density (g/cm®)
together with the grain density, calculated porosity, and dry bulk
density measured on discrete samples (see the procedure below).

First, we performed quality control on the GRA data, laboratory-
measured dry bulk density, grain density, calculated porosity, and
calculated dry bulk density measurements. We deleted any data
points associated with 1) double or triple measurements over the
same interval; 2) clasts of basement in the sediment section;
3) spurious bulk density values of <1.03 g/em®, which reflect
intervals with very little or no sediment that might be associated
with gaps in core recovery (e.g., at the ends of the 1.5-m-long
core sections, in cracks related to a drilling technique, or in the
core catcher section) and/or gas expansion; and 4) intervals with
intense drilling disturbance.

Second, the corrected total NGR counts per sediment mass (cps/g)
were calculated as follows:

1) we applied 5-point (10 cm) averaging to GRA data (i.e., simple
moving average smoothing) to make the resolution closer to the
NGR dataset and to reduce the variance in the data. Alternatively, a
user might apply a 20-cm Gaussian smoothing following Walczak
etal. (2015);

2) interpolated averaged GRA values to the NGR sampling depths
(i.e., approx. every 10 cm);

3) calculated the median grain density value (c,) for each hole
using the Excel function MEDIAN (grain densities are part of
the suite of “moisture and density” values measured on sediment
samples during the expedition (Coggon etal. 2022b; Teagle etal.
2023);

4) assumed the density of pore water (Gy). For this study, we
used 6, = 1.03 g/em’ to approximate the density of seawater;

5) calculated sediment porosity (®; Eq. 4), filtering out poten-
tially erroneous, averaged GRA bulk sediment densities of less
than 1.2 g/em’;

(4) d =100 — (100-M)

(g — Ow)
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(A—C) Cross-plots of coulometry-derived CaCO5 content (wt%) vs. NGR counts for Hole U1583C with linear regression equation and R? value.
(A) NGR in counts per second per volume (cps) manually assigned to the closest CaCO3 content analysis depth. (B) NGR in cps interpolated to
CaCOj; content analysis depths using the Excel Forecast function. (C) Calculated NGR in cps/g. (D-F) NGR-based CaCO; content (wt%) records syn-
thesized from the application of three different NGR—CaCOj3 content calibrations (A-C) to the approx. 10 cm resolution NGR record of Hole U1583C.
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where Gy, is the averaged GRA bulk sediment density (g/cm”) inter-
polated to NGR sampling depths (i.e., approx. every 10 cm); o, is
the median grain density (g/cm’) for each hole; and o, is the
assumed density of pore water (1.03 g/cm®). Note that this method
relies on the fact that the grain densities of calcite (2.71 g/cm?®)
and clay (a range, but average approx. 2.7 g/cm®) are similar to
each other. This method is not appropriate for intervals containing
components with other, radically different densities (e.g., biogenic
silica);

6) calculated dry bulk sediment density (g/cm’; Eq. 5) for the
core at NGR sampling depths (i.e., approx. every 10 cm):

(5) Gap = G+ <1 _ (%))

where G4, is the dry bulk sediment density (g/cm’); G and @ are
as above.

7) Finally, we calculated total NGR counts per mass (cps/g;
NGRd) as follows:

(6) NGRd = (NGRv/Vs)/(cap)

where NGRv is the total NGR counts per second per volume (cps);
Vs is the sample volume (for JOIDES Resolution cores analyzed in
the NGRL, Vs = 655 cm® (Vasiliev etal. 2011)); and o, is the dry
bulk sediment density (g/cm?) (Eq. 5).

Similarly to the Simple NGR Proxy method, we interpolated the
NGRd values to match the depths from which discrete samples
were taken for coulometry-derived CaCOs content analyses. Linear
regression between the NGR values (cps/g) and the coulometry-
derived CaCOs5 values (wWt%) provided linear trendlines described
by Eq. 7a and Eq. 7b (see text-figures 2C, 3C as examples for sites
U1583C and U1557B, respectively), whereas the correlation coeffi-
cient (R?) described the strength of the correlation between those
two variables. The linear regression equation was then used to
calculate the proxy CaCOs contents (in wt%) from NGR data
throughout each hole (approx. every 10 cm; see text-figures 2F,
3F for Sites U1583C and U1557B, respectively).

(7a) CaCO; = —1612.1"NGR + 100 (R? = 0.95)

(7b) CaCO; = —1539.3*'NGR + 100 (R? = 0.76)

where the CaCOj content is in wt%, and the NGR values are in
cps/g.

RESULTS AND INTERPRETATIONS

The methods described above were implemented to reconstruct
high-resolution CaCOj stratigraphy for seven IODP sites in the
South Atlantic Ocean at ~ 31°S (text-figure 1). The data from two
representative sites (U1583 and U1557) demonstrate the practical
application of this method (see Appendix for cross-plots of other
SAT holes). Both sites are located in the South Atlantic gyre and,
therefore, are characterized by low sedimentation rates (approx.
0.5-1.5 cm/kyr; Coggon etal. 2020, 2022b; Estes etal. 2020;
Teagle etal. 2023) and contrasting lithological trends and
total thicknesses (106 and 564 m, respectively). Site U1583,
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located on 30.6 Ma crust, remained above the CCD for its
entire history and is characterized by relatively homogenous
sediments comprising nannofossil ooze with varying amounts
of clay, where the CaCO; content does not fall below 70 wt%
(except one clay level with 0.64 wt% CaCOs;) and never goes
above 97 wt%. In contrast, Site U1557, located on 60.7 Ma
crust, was below the CCD for substantial portions of its his-
tory, and thus contains highly variable binary lithologies
ranging from nannofossil ooze/chalk, where the CaCO; con-
tent ranges from 92 wt% (calcareous ooze) to <1 wt% CaCO;

(clay).

By implementing the Simple NGR Proxy method in Hole U1583C
(i.e., without interpolation or density correction), we found excel-
lent data correlation when we manually picked the NGR values
closest to the CaCOj3 content depths (R2 =0.96; 16 of 4.19%, text-
figure 2A) or interzpolated NGR data to the coulometry-sampled
CaCO; depths (R® = 0.95; 1o of 4.41%; text-figure 2B). The
Density-corrected NGR Proxy method did not substantially
improve the correlation (R* = 0.95; 1o of 4.18%; text-figure 2C,
Table 2). Based on the linear regression (Eq. 7a), we constructed
high-resolution estimates of CaCOs; content through Hole
U1583C (text-figure 4A), which helped us separate lithology
into clay (>50% clay), clayey calcareous ooze (50%—-25%
clay), calcareous ooze with clay (25%—10% clay), and calca-
reous ooze (<10% clay).

In contrast, correcting for density changes in Hole U1557B allowed
us to more substantially increase the confidence of the correlation:
R? value changed from 0.73 (1o of 17.82%; text-figure 3A) when
we manually picked the NGR cps values (Simple NGR Proxy), to
0.75 (1o of 16.97%; text-figure 3B) with interpolated NGR cps
values (Simple NGR Proxy), and, finally, to 0.76 (1o of 16.20%;
text-figure 3C, Table 2) when sediment density and compaction
were taken into account (NGR cps/g; Density-corrected NGR
Proxy). Based on the linear regression (Eq. 7b), we constructed a
high-resolution proxy record of CaCO; content through Hole
U1557B (text-figure 4B). Like for U1583C, this record served
to enhance the accuracy of defining sediment lithology, ranging
from clay to calcareous ooze. Moreover, this record allowed a
more precise calibration of the CaCOj; content in smear slides.
The sediment component contents determined by shipboard
sedimentologists using smear slides from Holes U1557B (Exp.
390C) and U1583C (Exp. 393) were overestimated. On average,
they were overestimated by approx. 6% with a standard deviation
(1o) of 23.2% for Hole U1557B and underestimated by about
1% with a standard deviation (1c) of 3.9% for Hole U1583C
when compared to NGR-estimated values. However, occasion-
ally, where sediment was disturbed and the density values were
unreliable, the density correction resulted in outliers, especially
due to sediment loss, fracturing, biscuiting, expansion, and the
switch from APC to XCB drilling (sediment disturbances),
where there was a noticeable difference in the quality of fit/out-
lier frequency. Such disturbed intervals should be closely moni-
tored and excluded from the calculations. More often,
normalization by density compensates for irregularities and
porosity changes in the cores because both bulk density and
NGR are measured on the same core sections and the irregular-
ities cancel out (Walczak etal. 2015).

Based on all CaCO; data collected during Expeditions 390C,

395E, 390, and 393 (seven sites and 292 data points), we constructed
a cross-plot of coulometry-derived CaCO5 content vs NGR-based
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High-resolution NGR-based CaCOj; content (wt%) records for Holes U1583C (A) and U1557B (B) and criteria used shipboard during IODP
Expeditions 390 and 393 to identify clay content and classify the sediments (Clay: >50%, Clayey: 50%-25%, with clay (wClay): 25%-10%,
and no clay (Ooze): 10%—0%). Note different vertical scales in use for U1583C (A) and U1557B (B).
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CaCOs; content for marine sediments containing varying amounts
of calcareous ooze and clay along the SAT. Using linear regression
analysis of this data compilation, we derived the following equa-
tion for the SAT sediments (Eq. 8; text-figure 5):

(8) CaCO; = —1553"NGR + 100 (R? = 0.84)

where the CaCOj; proxy is in wt%, and the density-normalized
NGR values are in cps/g.

This is a preliminary calibration and should be tested exten-
sively with direct measurements of carbonate content. Eq. 8
only describes seven core sites along the SAT and should not be
directly applied to other deep-water IODP sites. Instead, a similar
approach can be applied to NGR, GRA, and porosity data represen-
tative of another location to derive a correlation similar to Eq. 8.

As a note of caution, other factors may need to be taken into
account when applying this composite regression. Some exam-
ples include percentages of different clay minerals in the terrige-
nous fraction, types of clay, other non-radioactive minerals in
the siliciclastic fraction, organic matter content, the presence of
biosilica, etc. The proposed method may not be suitable for cer-
tain oceanic environments due to various factors. These include
1) volcanic arcs and volcanic islands (hotspots) with the deposition
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of low-density sediments like ash, lapilli, tuff, tuffaceous mud,
pumice (e.g., Druitt etal. 2022); 2) depositional environments with
high organic matter productivity, such as sapropels and organic-
rich muds (e.g., Betzler etal. 2016; Druitt etal. 2022; Grant etal.
2022; Young etal. 2021); 3) intervals characterized by slope insta-
bility (extensive slumps); 4) sediments with abundant high-density
metallic particles or pyrite (e.g., Hodell etal. 2023); 5) thick
biosiliceous-rich units like radiolarian or diatom ooze and diatomite
(Gohl etal. 2019; McKay etal. 2018); and 6) studies correlating
different depositional environments or basins with variable posi-
tions of CCD or lysocline. Changes in sediment source and compo-
sition may also introduce errors in this proxy. This can relate to
distance from shore and shifts in fluvial vs. acolian flux (i.e., wet
vs. dry climate in the sediment source area). Furthermore, with
thorium (Th), uranium (U), and potassium (K) being primarily
responsible for the produced GR energy spectrum, various clay
minerals influence NGR readings differently. For example, illite is
more radioactive (250-300 gAPI) than montmorillonite (150—
200 gAPI), chlorite (180-250 gAPI), or kaolinite (80-130 gAPI),
because it contains more K (Schlumberger 1997). If the rock
matrix or formation fluids forming the clay were enriched in U or
the sediments containing abundant organics, then the NGR
readings would be substantially higher (Serra etal. 1980). In
other cases, high K content of muscovite (~270 gAPI), bio-
tite (~275 gAPI) (Schlumberger 1997), or other minerals (e.g.,
glauconite), could potentially affect the accuracy of the given
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TEXT-FIGURE 5

A compilation of representative data from IODP sites U1556A, U1556C, U1557B, U1558A, U1558F, U1559A, U1560A, and U1583C showing
coulometry-derived CaCO3 content (Wt%) vs NGR-based CaCOj5 content (cps/g). The linear regression has an R-squared of 0.84.
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equation (Eq. 8) and its applicability to other regions of the globe.
Indeed, in some depositional environments, K cannot be used to
quantify clay content, as it is carried by other minerals and this is
why some researchers prefer to use the combination of Th and U
to obtain clay content (Day-Stirrat et al. 2021).

CONCLUSIONS

We developed a method to calculate high-resolution records of
sediment CaCOj3 content based on NGR, GRA, and porosity data
obtained onboard the JOIDES Resolution. 1t is based on the long-
standing petrophysical observation that sedimentary clay content
can be estimated from NGR values and previous observations
that NGR is inversely related to carbonate content in deep-sea
drilling cores. We tested both Simple and Density-corrected NGR
Proxy approaches on sediment cores from the SAT (IODP Expe-
ditions 390, 390C, 393, and 395E) and generated a robust esti-
mate of CaCOj3; content both for homogenous lithologies at sites
where the CCD remained below the seabed depth and for varied
binary sediment types found at sites where the CCD fluctuated
above and below the seabed depth. This method can potentially
be used to improve the resolution of records of sediment CaCOj3
at other deep-ocean sites, and, hence, to refine reconstructions of
paleoenvironmental and climatic changes based on such records.
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APPENDIX

(A-C) Cross-plots of coulometry-derived CaCO; content (wt%) vs. cps/g. (D-F) NGR-based CaCOj; content (wt%) records synthesized
NRG counts (cps) for other IODP sites (U1556A, U1556C, from the application of three different NGR—CaCOj3 content cali-
U1558A, U1558F, U1559A, U1560A, and U1583C) with linear brations (A-C) to the approx. 10 cm resolution for other IODP sites
regression equations and R? values. In linear regression equations, y (U1556A, U1556C, U1558A, U1558F, U1559A, U1560A, and
is the CaCOj; content in wt%, and the NGR values are in cps or U1583C).
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A Closest in depth (Simple NGR proxy)
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B Interpolated NGR (Simple NGR proxy)
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A Closest in depth (Simple NGR proxy)
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B Interpolated NGR (Simple NGR proxy)
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B Interpolated NGR (Simple NGR proxy)
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A Closest in depth (Simple NGR proxy) B Interpolated NGR (Simple NGR proxy) C Density-corrected NGR proxy
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