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Abstract

Contourite activity in the Gulf of Cadiz (GoC) is dominated by the precession-driven,
~20 ka cyclicity of the Mediterranean circulation and Mediterranean Outflow Water (MOW).
Grain size distributions in contourites are strongly influenced by bottom current speed and
are therefore widely used in the GoC to trace past MOW strength changes. However, the
influence of sea level changes, driven by the expansion and retreat of ice sheets following
the “100 ka world”, is superimposed to some extent through variations in terrigenous
sediment supply. Despite the numerous high-resolution proxy records of MOW strength,
the influence of glacial-interglacial relative sea level (RSL) changes on these records remains
unclear. By analyzing the correlation between sortable silt grain size parameters at IODP
U1389, we isolated the grain size variability that is not controlled by bottom current (MOW)
sorting. This residual grain size variability closely follows the RSL curves and accounts for
the higher sortable silt content observed during RSL lowstands. We suggest that the RSL-
induced shoreline proximity contributes to a coarser terrigenous hemipelagic/suspended
load component in contourites, increasing silt content. Furthermore, we present novel
outflow proxy records based on the specific mineral components by using mica (allogenic)
and pyrite (authigenic) counts.

Keywords: continental slope; contourites; sediment plumes; glacial-interglacial changes;
IODP U1389; sediment supply

1. Introduction

Mediterranean Outflow Water (MOW) constitutes a contouritic current that has gener-
ated the most extensive contourite depositional system in the world [1]. The flow of MOW
along the Gulf of Cadiz (GoC), on the northeastern Atlantic margin (Figure 1), has generally
been reconstructed via grain size analyses of sediments deposited under the influence of
this contouritic current [2-5]. These sediments originate from markedly different sources:
the biogenic fraction is mainly composed of planktonic foraminifera and coccoliths; the de-
trital fraction mainly derives from terrestrial material supplied by rivers to the continental
shelf and upper slope [6,7], which is subsequently captured and transported alongslope by
MOW [4,8].

Under the influence of MOW on the middle slope of the GoC, sediment grain size dis-
tribution is strongly controlled by bottom current speed [5,8]. Since the middle Pleistocene,
sedimentation has been governed by two main processes: the settling of fine-grained sedi-
ments from suspension (dominant process during weak MOW periods) and the deposition
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of detrital grains mainly transported by saltation as bedload (dominant process during
strong MOW periods) [8,9]. Thus, contouritic sediments have a mixed origin, as reflected by
their usually bimodal grain size distributions [8]. Under weakened MOW), the fine-grained
hemipelagic background settling constitutes a significant fraction of the sediment [8]. This
hemipelagic component progressively decreases under increasing bottom current speed,
promoting the resuspension and winnowing of the fine-grained material [10,11]. Both via
grain sorting and via winnowing the fine-grained fraction, the MOW flow speed exerts the
major control on grain size distributions [8].

During glacial periods, terrigenous sediment supply generally increases as sea level
fall causes the shoreline and river mouths to migrate closer to the shelf edge [12] (Figure 1).
At IODP Site U1389, several proxies reflect this glacial (RSL lowstand) increase in sediment
supply, including overall higher sedimentation rates, increased natural gamma radiation,
and changes in clay mineral composition [6,10,11]. While MOW flow strength is mainly
controlled by changes in Mediterranean termohaline circulation, driven by precession-
related ~20 ka climate cycles, terrigenous clay-silt supply is mainly controlled by sea
level [6,12], governed by the 100 ka periodicity of glacial-interglacial cycles since the
Middle Pleistocene Transition [13,14], and climate [15]. However, the strong influence
of MOW strength on sediment grain size distributions is concomitantly superimposed
to the clay-silt supply signal, concealing the latter variable [10]. Outside the influence
of MOW, sedimentation on the adjacent continental shelf is indeed mainly controlled by
glacial-interglacial sea level changes, which enhance terrigenous supply and generate
regressive sequences during lowstands [12]. Sea level generally controls the partition
of riverine terrigenous material among the shelf, slope, and abyssal plain, increasing
sedimentation rates in the latter environments during lowstands [2,16]. Along the middle
slope, at intermediate depths, the reduced activity of the upper MOW branch during
glacial periods may also contribute to increased sedimentation rates through reduced
winnowing [4,17].

MOW flow speed proxy records at IODP Site U1389 have been obtained from a broad
range of grain size and sediment composition analyses. Regarding grain size, the proportion
of very fine sand [2,18,19], as well as that of sortable silt (grain size 10-63 um) [5,20], is
considered representative of the detrital fraction and thus proportional to the MOW flow
speed. Conversely, >150 um is mainly composed of foraminifera and other bioclasts [7],
whereas fine silt and clay predominantly comprise hemipelagic terrigenous material and
nanoplankton [11]. The mean size of sortable silt (SS) is considered proportional to the
bottom current speed [21], and it has been used to quantify MOW flow speed in absolute
terms [4,5]. The SS-SS% correlation is considered a current sorting index for paleoflow,
and timeseries running correlation is used to validate grain size data as records for flow
history [22]. Regarding composition, major element ratios derived from XRF analyses,
such as Zr/Al [23], Zr/Rb [4], and Zr/Ti ratios [11], have also been used to reconstruct
MOW strength. In these ratios, zirconium (Zr) represents the coarser terrigenous fraction
(heavy detrital minerals); K, Al, Rb, K, and eventually Ti are considered proxies for the finer
terrigenous fraction (fine silt—clay) [4,8,24], which arrives via river sediment plumes, aeolian
dust, and nepheloid layers and as suspended load [7,25,26]. Therefore, these ratios are
also affected by changes in terrigenous supply in addition to variations in MOW strength.
Several studies used these and other bottom current proxies to identify astronomical
cycles and to tune age models through correlation between MOW contourite activity
and astronomical curves [5,15]. One of the most significant features is the occurrence of
dominant hemipelagic sedimentation, indicative of very weak bottom current activity,
during periods of Eastern Mediterranean stagnation and sapropel deposition, around
precession minima [15,19,23].
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The IODP Site U1389 (36°25.515’ N, 7°16.683’ W, 640 mbsl), located on the middle slope
in the central GoC (Figure 1), has become a reference site for reconstructing MOW strength
over the last several glacial-interglacial cycles. This site was drilled into a sheeted-drift
deposit, whose high sedimentation rates (up to 100 cmxka~!) and stratigraphic continu-
ity enable high-resolution palaeoceanographic reconstructions [27,28]. The sedimentary
record at U1389 is characterized by the strong precession-related cyclicity described above
(~20 ka period), increasing the hemipelagic content (indicating reduced MOW strength)
during precession minima, coeval with Mediterranean sapropel deposition [2,23,29]. This
pronounced precession-driven cyclicity contrasts with the global climate variability since
the Middle Pleistocene Transition, characterized by the global expansion and retreat of
ice sheets, dominated by the eccentricity-driven glacial-interglacial cycles [13,14]. Dur-
ing glacial periods, millennial-scale variability is superimposed on orbital variability, in
which Greenland stadials (GSs) correspond to relatively high MOW speed and Greenland
interstadials (GIs) to relatively low MOW speed [18,19,30].

Strait of

Gibraltar ; .

Figure 1. The oceanographic setting of IODP Site U1389 (red star) in the middle slope of the Gulf of
Cadiz, ~150 km away from the Atlantic-Mediterranean gateway. White arrows: The Mediterranean
outflow pathway. The —120 m isobath is represented to illustrate the potential glacial-interglacial
shoreline displacement. Note that during glacial maxima, distance to the coast can reach half of that
of today. The main rivers of the GoC are represented in blue. Bathymetry data from [31].

Although the proportion of the detrital fraction and its mean grain size are commonly
assumed to be indicators of paleocurrent activity, factors other than bottom current speed
may also influence the final detrital content of the sediment [2,32]. In this study, we
analyzed the relationship between SS and SS% in response to glacial-interglacial relative
sea level changes and their influence on terrigenous sediment supply to the middle slope.
By this approach, we aim to successfully isolate the RSL influence on contouritic sediments.
Furthermore, we investigated the nature of the particles composing the sandy fraction of
contourite deposits at Site U1389 to explore new MOW strength proxies based on specific
mineral components.
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2. Materials and Methods
2.1. IODP Site U1389 Core Samples

For sediment composition visual analysis, 296 samples from the top 95 mcd (me-
ters composite depth) were analyzed (mean sampling rate = 17 cm). Approximately
12 cm3 of sediment was collected from each sample, freeze-dried, and weighted. The
samples were then disaggregated in water and wet-sieved at 62 um to remove the clay-
and silt-sized fractions. The >63 um residue was dried and sieved again at 150 um. Sandy
fractions and bulk sediment weights were published by [2]. The >150 um fraction was
divided into halves using a microsplitter until a representative subsample was obtained
(n > 300 particles; [33]) and subsequently examined under a binocular microscope. All
particles in the >150 um fraction were identified and counted (average n = 1463 parti-
cles/sample; total particles = 433,453). Particular attention was paid to the main authigenic
and allogenic minerals present in this fraction, which are pyrite and micas, respectively
(Figure 2). Particle contents were expressed as density (n particles > 150 um/g of bulk
sediment) and as percentages (n particles > 150 um/total particles > 150 pm). To eliminate
the effect of sediment dilution, particle content was also expressed as fluxes, obtained
as follows:

2 splits 19g  cm _ n particles

Flux = n counts x

bulk weight (g) “am® “ka | cm?xka

Figure 2. The >150 um fractions of two different samples. (A) A sample rich in allogenic mineral
particles, mainly mica flakes. (B) A sample rich in authigenic mineral particles (pyrite). A detailed
view shows the common framboid morphology of pyrite.

2.2. Age Model

The age model was adopted from [2] for the last 265 ka, which encompasses the
main period studied. This age model was established by using radiocarbon dating and by
tuning the high-resolution record of the 5'80 of planktic foraminifer Globigerina bulloides
(Figure 3G) to the Greenland §'80 synthetic records [34], according to the INTIMATE event
stratigraphy [35]. The age model is highly constrained by the combined stable isotope
event stratigraphy and correlations of physical properties and XRF data with some nearby
well-dated sites [23]. Below 265 ka BP (~130 mcd), the last age model published is from [5].
The latter age model was built by tuning grain size data to insolation curves, based on
the occurrence of Mediterranean sapropels during boreal summer insolation maxima. We
only used data below 265 ka to extend the record for spectral analyses, to achieve greater
robustness at longer astronomical periodicities (>100 ka).
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Figure 3. IODP Site U1389 MOW strength proxies. (A) The >150 pm mica content expressed as
flux (nxem~2xka=1). (B) The >150 pm mica concentration in sediment expressed as n/g (this
work). (C) The positive correlation between the very fine sand fraction and sandy mica flakes. The
gray-shaded area marks the 95% confidence interval. (D) The fine sand proportion [2]. (E) XRF
fine terrigenous/detrital content proxy Zr/Rb [24]. (F) Sortable silt mean size (SS) [5]. (G) The
planktic 5180 record from U1389 used for age model tuning [2]. Abbreviations refer to Mediterranean
sapropels (S-n), Greenland stadials (GSs, gray bands), Heinrich stadials (HSn) and Younger Dryas
(YD). Heinrich events 1 to 6 are marked with !.
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2.3. Grain Size Data and SS% Residuals

The complete grain size record was taken from [5,11], including the SS (mean size of
sortable silt fraction) and SS% (sortable silt proportion in the <63 pum fraction). We used
the top 130 mcd, which correspond to the last 260 ka (1 = 490; mean sampling rate = 27 cm;
mean temporal resolution ~ 0.5 ka). Carbonate particles (bioclasts) were not removed
before grain size measurements [11]; hence grain size data refers to bulk sediment, not
only the siliciclastic component. The validity of this dataset as a MOW strength record
was established by previous studies [5,11,29]. The strong SS-SS% correlation reported by
previous works indicates that the SS and SS% records are primarily controlled by bottom
current grain size sorting [5,22]. To test the validity of our approach, a subset of recently
published carbonate-free grain size measurements (1 = 48; 91-96 mcd) was taken from [9].

The SS% residuals were obtained from the linear regressions of SS vs. SS% of subsets
of samples under a limited RSL range. We used the Late Pleistocene-Holocene subset
of samples (last 129 ka), which includes the two periods of highstands of the studied
period, considering a highstand > —10 m. Sea level correspondence for each U1389 sample
was obtained by resampling the RSL curve from [36], usually considered a reference for
global sea level. Resampling was conducted according to the selected age model. SS%
residuals were then calculated as observed SS% minus predicted SS% from the regression
of highstand samples. SS5% residuals were also calculated from lowstand regression,
considering a lowstand RSL < —90 m.

The S5% residuals of the whole subset were compared to RSL correspondence. Shore-
line displacement due to RSL changes was calculated from a bathymetric profile from the
studied site perpendicular to the coast, based on GEBCO bathymetry data [31] (Figure 1).
Considering the nonlinear relationship between shoreline displacement and RSL due to
gradual slope changes, the potential dependence of SS% residuals on RSL was estimated us-
ing a 2-degree polynomial fit. The SS% residuals of carbonate-free samples were calculated
from the linear regression of the complete dataset due to its limited number of samples.

The timeseries of SS% residuals were compared to RSL curves for the last 260 ka. All
variables were represented as the running averages of 9 points (mean window = 4.5 ka) to
reduce noise at glacial-interglacial timescales. Additionally, an SS-S5% running correlation
record was obtained (9 points; mean window = 4.5 ka) to test the validity of the size record,
following [22].

Complete grain size distributions from [5,11] were analyzed to aid in the interpretation
of the results. Samples with similar SS and significant RSL differences were examined to
identify the origin of SS% residuals. The identification of hemipelagites and different types
of contourites was made according to the contourite facies model and representative grain
size density curves from [11].

2.4. Spectral Analyses

To corroborate the orbital periodicities of SS, SS% and SS% residuals, both simple
and evolutionary spectral analyses were performed using Acycle 2.8 [37]. A red noise test
was performed to test the robustness of analyses. For the evolutionary spectral analyses, a
moving window of 120 ka was used (between 2 and 4 times the mean astronomical cycles),
following the recommendations for the LAH-FFT method applied [38].

3. Results
3.1. Allogenic and Authigenic Mineral Counts

Mica flake content (>150 pm particles/g of dry bulk sediment) shows strong correlation
with the proportion of fine sand (r = 0.87 vs. % fine sand) (Figure 3B-D). As for the rest of
MOW strength proxies, mica content exhibits relative maxima during Greenland stadial
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(GS) periods, relative minima during Greenland interstadial (GI) periods, absolute minima
during Mediterranean sapropels and the absolute maximum at the Younger Dryas (YD,
~12 ka BP). During Heinrich stadials, mica content exhibits a three-phase structure, in
which an event of weaker MOW interrupts the relatively strong MOW stadials (Figure 4C).
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Figure 4. (A) Pyrite content in sediment expressed as Log[n particles/g]. Note that the y-axis is
inverted. (B) Mica content in sediment expressed as Log[n/g]. (C) An expanded interval showing
stadial-interstadial variability and Log[mica/pyrite]. Numbers refer to Greenland stadials (GSs,
gray bands) and Heinrich stadials (HSn), and white intervals correspond to Greenland interstadials

(interstadial n comes before stadial ).
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Framboidal pyrite content shows an overall inverse correlation with MOW strength
proxies and mica flakes. It exhibits relative minima during GSs and relative maxima during
GlIs and Mediterranean sapropels (Figure 4A).

3.2. Sortable Silt Residuals

SS shows strong correlation with SS% for the Late Pleistocene (r = 0.96; Figure 5A).
When representing RSL correspondence for each sample, lowstands display higher SS% for
a given SS. Linear regression for Late Pleistocene highstands is as follows:

SS% = 2.19755 — 13.937 (r = 0.99; p < 0.0001;n = 28) (Figure 5A)
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Figure 5. (A) S5-SS% correlation (sorting proxy) for the last 129 ka. Linear regressions for RSL
highstand (>—10 m) and lowstand (<—90 m) samples are shown. Gray bands indicate 95% confidence
intervals for regressions. (B) The distribution of S5% residuals from the highstand linear regression
of A with respect to RSL (scatter). The 2-degree polynomial fitting of SS% residuals—RSL (black
line and 95% confidence level in gray). Shoreline displacement due to sea level according to present
bathymetry is indicated in light blue and the right Y axis.

Linear regression for the Late Pleistocene lowstand (LGM) is as follows:
SS% = 2.519SS — 14.311 (r = 0.98; p < 0.0001;n = 46) (Figure 5A)

S5% residuals from highstand linear regression are compared to the coeval RSL and re-
lated shoreline migration (Figure 4B). The 2-degree polynomial fitting for the S5% residuals
vs. RSL scatter is as follows:

SS% = 0.08153 — 0.11136RSL — 0.00045RSL? (R* = 0.67; p < 0.0001) (Figure 5B)

The timeseries of SS5% residuals from highstand regression correlate with the RSL
curve [36] over the last 260 ka (Figure 6D,E), marking all the correspondent Marine Isotopic
Stages (MISs) and substages as defined by [39]. Glacial maxima (lowstands) are character-
ized by an 55% excess of approximately 8% with respect to the highstand regression from
Figure 5A. SS% residuals from the lowstand regression in Figure 5A exhibit similar trends
(Figure A1). The 9-sample running correlation of SS-SS% is >0.5 throughout the record,
displaying lower values during lowstands (even MISs) (Figure 6C). SS% residuals display
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maximum values of ~10% during MIS 6e (~180-190 ka BP), corresponding to the minimum
running SS-SS5% correlation (Figure 6C).
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Figure 6. (A) Running average (9 pts) of S5% record [5] for last 260 ka (orange). (B) Running average
(9 pts) of sortable silt mean size (SS [5] (black). Y axes are scaled proportional to highstand linear
regression values from Figure 5A; therefore, distance between curves (gray-shadowed) represents
SS% residulas. (C) SS-SS% 9-sample running correlation as a sorting proxy as defined by [22]; dashed
line marks 0.5 threshold. (D) Running average (9 pts) of SS residuals (%) from highstand regression
(orange) and individual sample data points (gray). Main Marine Isotopic Stages (MISs) and substages,
labeled in black (definition by [39]). Note that Y axis is descending. (E) RSL curve with 95% confidence
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interval [36] (blue). (F) SS% residuals from regression of carbonate-free samples from [9]. Running
average in black. (G) Planktic §'80 record from U1389 used for age model tuning [2]. LGM: Last
Glacial Maximum; LIG: Last Interglacial.

The SS% residuals of the carbonate-free dataset spans from MIS 7a to MIS 7b (~195-210 ka
BP [39]) and exhibit a decreasing trend with ASS% = 4% (Figure 6F), similar to that observed
in non-carbonate-free residuals over the same period.

3.3. Spectral Analyses

The SS5% record from [5] exhibits a dominant and significant 20 ka cyclicity (power
above the 99% AR significance level) over the last 360 ka, as previously reported by [5].
The SS% residuals after highstand regression from Figure 5A exhibit dominant, significant
100 ka periodicity (power > AR 95%) over the last 360 ka (Figure 7). Evolutionary spectral
analysis indicates that these cyclicities are consistent throughout the record. Spectral
analysis for the last 265 ka (age model from [2]) exhibits significant periodicities at 23 ka
(precession), 40 ka (obliquity) and 100-120 ka (eccentricity) (Figure A2).
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Figure 7. Spectral and evolutionary spectral analyses of SS% (left) and SS% residuals from highstand
regression (right). Note that this interval includes the age model from [5].

4. Discussion
4.1. Allogenic and Authigenic Minerals as MOW Strength Proxies

Strong correlation between >150 pm mica content, the >63 pum fraction, and the rest
of MOW strength proxies (Figure 3) highlights the sensitivity of these particles to bottom
current activity. The latter property is well known, as micas and other platy particles
have been used to identify current-influenced depositional environments [40]. Owing
to their platy shape (Figure 2), mica flakes serve as proxies for finer grain size fractions,
exhibiting hydrodynamic drag equivalent to that of a quartz grain approximately ten
times smaller in size [41]. Therefore, the concentration of sand-sized mica flakes would be
proportional to the sortable silt fraction. Mica content may be biased by the diluting effect
of major sediment components (primary productivity, terrigenous supply). Mica flakes, as
individual counting features, can be expressed in flux units thanks to the well-constrained
age model, thereby minimizing the effects of sediment dilution (Figure 3A).
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The high sensitivity of mica abundance to bottom current activity makes micas a
valuable proxy that records subtle changes during periods of weak bottom current activity,
such as those associated with Mediterranean sapropel events. During Mediterranean
sapropel S3 (~83 ka BP), the minimum mica content is more pronounced than that observed
in the fine sand fraction and coincides with the minimum Ln[Zr/Rb], an established MOW
strength proxy [4] (Figure 3E). Mica flakes, as a detrital component of unique hydrodynamic
behavior, may also bias the grain size distribution. Most silty contourite samples exhibit a
subtle peak in the sand size range, located approximately one order of magnitude above
the sorted component peak, which may be attributed to the presence of mica flakes (and
bioclasts) (Figure 8B).
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Figure 8. The grain size distribution of several pairs of samples with equal sortable silt mean size
(indicated as SS in pm). Grain size data from [5,8]. Orange curves represent the relatively high RSL
sample, blue curves the relatively low RSL. Diamonds indicate the modal size of the fine-grained
component. Note that the fine-grained mode is similar regardless of bottom current speed. (A) Silty
contourites with SS = 22 um. The possible decomposition of curves is shown on the right. (B) Fine
sandy contourites with SS = 24.5 pm. (C) Hemipelagites corresponding to Mediterranean sapropel
periods with SS = 16.5 um and sandy contourite with SS = 25.8 um; the fine-grained, hemipelagic
component of the sediment is shifted to the right during lowstands, adding coarser (sortable silt)
particles. The lowstand shift in the hemipelagic component to coarser values can explain the S5%
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residuals and the strong correlation to the RSL curve. (D) A partial explanation of SS5% residual
changes between highstand and lowstand periods through river sediment plume grain size. The
satellite image from 14 February 2026 illustrates the sediment plumes of the Guadalquivir river
approaching the U1389 site (red star) (Sentinel-2; Copernicus EO browser) https://apps.sentinel-hub.
com/eo-browser/ (accessed on 16 April 2026).

Pyrite, as an authigenic mineral, is not directly related to bottom current strength. The
precipitation of this iron sulfide is controlled by a complex combination of variables on the
seafloor. Authigenic pyrite is generally induced by the biogenic reduction of sulfates under
euxinic, anoxic or dysoxic conditions within the upper centimeters of sediment [42]. Hence,
organic matter flux and preservation, dissolved oxygen, temperature, Fe availability, grain
size distribution and other variables interact to promote pyrite precipitation [43]. At IODP
Site U1389, several variables that promote pyrite precipitation are inversely correlated
to MOW strength: the bottom current activity of MOW winnows fresh organic matter
from export productivity and fine particles, as evidenced from the massive accumulation
of coccoliths occurring only during sapropel periods [2], despite relatively low surface
productivity [44]; MOW strength is closely linked to Mediterranean ventilation, and there-
fore dissolved oxygen, which inhibits pyrite formation, is expected to be proportional
to MOW strength; and MOW strength, via grain size sorting and winnowing, promotes
coarse-grained sediments, with connected pore-waters that inhibit oxygen depletion and
pyrite formation.

Rising pyrite content is also a common feature in the Eastern Mediterranean during
sapropel deposition [43,45]. Nevertheless, previous studies highlighted that Mediterranean
ventilation influences not only pyrite concentration but also its grain size and morphology.
A detailed interpretation of the pyrite content record, attending to its formation conditions,
remains beyond the scope of this study. Our results indicate that pyrite content is, overall,
inversely correlated with MOW strength, although this relationship may arise through
different mechanisms. Pyrite registers certain changes with apparent high precision, such
as the three phases described for Heinrich stadials [2], in which a relatively low-MOW-
strength event disrupts the relatively high MOW strength characteristic of Greenland
stadials (Figure 4C).

Since mica and pyrite concentration (n/g) may be affected by dilution from other
sediment components, while fluxes (nxcm 2 xka~!) depend on sedimentation rates and
thus the accuracy of age models, we propose the authigenic/allogenic (mica/pyrite) ratio.
As discussed above, the correlation between mica and MOW strength is as straightforward
as with the rest of detrital content, and the pyrite-MOW correlation appears to be more
complex. The proposed mica/pyrite ratio combines two mineral components that are
independent of the biogenic fraction and are related to MOW activity. The use of ratios is
intended to minimize the influence of dilution and age model uncertainties, following a sim-
ilar approach to that commonly used for XRF major element ratios. Thus, the mica/pyrite
ratio may provide a complementary proxy for MOW strength variability, subject to further
validation through studies in other locations.

4.2. The RSL Imprint on Grain Size Distribution

Previous studies suggested that RSL influences MOW strength by varying sill depth
at SoG, which increases density contrast between Mediterranean and Atlantic water
masses [5,46] and hampers the water mass exchange [47]. This RSL control on MOW
strength would result in an increase of 1 um in SS for every 20 m drop in RSL, superim-
posed on the main SS precessional variability [5]. However, this possible RSL influence on
MOW strength would affect grain size sorting in terms of the rest of MOW strength vari-
ability, following the SS-5S% correlation [22,29], without explaining the observed S5-55%
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dispersion. Our results show higher SS% values under similar SS during lowstands. The
so-called “source effect” in SS [20] could explain the observed SS-SS% dispersion by in-
creasing the availability of coarse sortable silt on the middle slope during lowstands, due
to the greater proximity of the shoreline to the shelf edge [20,48]. The source effect in SS
would lead to an underestimation of flow speed with further sediment sources due to the
lower availability of coarse silt [20]. However, from S5-55% dispersion, the source effect
does not play a significant role in SS, since SS is relatively higher for a given S5% during
highstands (Figure 5A). By contrast, shorter sediment source distance is associated with
higher sortable silt fractions. Next, we explain how RSL not only may influence MOW
strength by changing the SoG section but also biases the grain size fractions.

Throughout the last 260 ka, SS% residuals are inversely correlated with RSL
(Figure 6D-F), which controls the distance between the studied site and Guadalquivir
river mouth, the main sediment source of the study area [6,7] (see sediment plume in
Figure 8D). Sea level controls the partition of riverine terrigenous material for deposition on
the shelf, slope, and abyssal plain, increasing sedimentation rates in the latter environments
during lowstands [16]. The increase in terrigenous supply during lowstands is consistent
with the relatively high sedimentation rates described in the study area for the last glacial
periods [2,11,32], mineral clay composition [6] and the dominance of terrestrial organic
matter in U1389 sediments during glacial periods [9].

Mean grain size in river sediment plumes decreases with increasing distance from
the river mouth, which has been demonstrated in Mediterranean rivers of comparable
size to the Guadalquivir [49]. Differences in grain size distributions between highstand
and lowstand samples suggest that the right tail of the fine-grained component of the
sedimentation adds extra weight to the sortable silt fraction during lowstands (Figure 8),
likely leading to the obtained SS5% residuals following the RSL. According to previous stud-
ies, the fine-grained component of sedimentation at U1389 is originated from suspended
load up to 50 pm, and below 20 pm it mainly corresponds to the background hemipelagic
settling dominant in the study area [11]. Considering the potential amplitude of RSL-driven
Guadalquivir river mouth migration, we suggest that the terrigenous, hemipelagic compo-
nent of the sediment shifts toward coarser grain sizes during lowstands, as observed in the
proximal areas of sediment plumes. This fine-grained sediment may also arrive to U1389
transported by the MOW from upstream or via nepheloid layers from the shelf edge [50].
Regardless of its origin, the deposition of the fine-grained fraction is subject to MOW
(winnowing) weakening. The higher mean grain size of the hemipelagic component and
suspended load would lead to the higher contribution of this component to sedimentation
under similar MOW speed, which would also contribute to higher sedimentation rates.

The predominantly hemipelagic origin of the SS% residuals is supported by the
consistency of the signal throughout the record, even during hemipelagite intervals (as
defined by [11]) corresponding to Mediterranean sapropels. During glacial period MIS6
(low RSL), a sapropel deposition occurred in the Eastern Mediterranean, known as “glacial
sapropel” S6 [51], leading to a minimum in MOW strength at U1389 [19]. The grain size
distributions of samples corresponding to this hemipelagic interval were compared with
those of hemipelagite samples of similar SS from the previous sapropel S5, which occurred
during a highstand period (Figure 8C). S5% residual differences were consistent with RSL
differences between hemipelagite samples.

Despite the consistent correlation between SS% residuals and RSL, a contribution
from either a lowstand-enhanced pelagic biogenic component (particularly calcareous
nanoplankton), aeolian dust or river discharge variability to this proxy cannot be ruled out.
S5% residuals from the carbonate-free dataset showed similar trends to those in the bulk
sediment SS% residuals (Figure 6F), suggesting that carbonate dilution does not substan-
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tially influence S5% residuals. To further explore the possible bias from export productivity,
we compared the SS% residuals to the XRF Ca/Ti record, which represents carbonate
production vs. terrigenous input [11], and to Br/Ti, which serves as a proxy of marine
organic matter accumulation [11,51]. These ratios showed no covariance with the S5%
residuals (Figure A3). Regarding aeolian dust, 55% residuals are coherent with RSL across
MIS-5, despite marked African humid/dry phases, which were accompanied by pulses of
aeolian dust [51]. These African humid periods were almost coeval to the Mediterranean
humid periods that affected the Guadalquivir basin [52] and would have been translated
into a sediment supply increase. However, coherence across MIS-5 (Figure 6C) suggests
that climate (river discharge variability) exerts minor control in SS% residuals compared to
RSL. According to the polynomial fitting from SS% residuals vs. RSL (R? = 0.67; Figure 5B),
RSL explains a substantial proportion of the SS-SS% dispersion.

Once the potential influence of RSL on contourite grain size has been better con-
strained, future studies could investigate whether variability in river discharge or aeolian
input may also influence grain size distributions. The utility of a variable (S5% residuals)
that correlates with global sea level curves may extend beyond the interpretation of MOW
strength proxies, with potential chronostratigraphic or paleogeographic applications. Ap-
plying this approach to other oceanographic settings may provide further insights into its
utility and potential broader applicability.

5. Conclusions

Allogenic (mica flakes) content within sandy fractions at IODP Site U1389 shows
strong correlation with Mediterranean outflow strength proxies. As a count variable, mica
can be used as a MOW strength proxy than can be expressed in flux units. This proxy is
based on the laminar grain shape of micas, which makes them proportional to finer detrital
fractions. Authigenic (pyrite) content in sediment is overall inversely correlated to MOW
strength and can be used in combination with micas to obtain the mica/pyrite ratio, which
is presented as a complementary MOW strength proxy.

Sortable silt SS% residuals from SS5/S5% regression may represent RSL-induced sedi-
ment supply variability. SS% residuals can be correlated with global RSL curves, displaying
an excess of SS% ~ 8 during glacial maxima. The suggested mechanism underlying
55%—RSL correlation is the relatively coarser terrigenous supply during lowstands that
would bring extra sortable silt to the suspended load and the hemipelagic settling. These re-
sults may help to interpret past changes in terrigenous supply related to glacial-interglacial
sea level changes and the potential influence of these changes on MOW strength records.
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Appendix A
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Figure Al. Comparison of SS% residuals from highstand and lowstand regressions: SS% residuals
from highstand regression (Orange) and SS% residuals from Lowstand regression (black). Both
highstand and lowstand residuals behave similar regardin RSL variability (in blue; [35]) over the last
260 ka. This similarity is subject to the similar slope of both linear regressions.
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Figure A2. Periodogram of S5% residuals for the last 265 ka BP according to the age model from [2].
All orbital periodicities (eccentricity 100-120 ka; obliquity 40 ka and precession 23 ka) are represented.
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Figure A3. Comparison between S5% residuals and carbonate-export productivity proxies for IODP
Site U1389. (A) Br/Ti, proxy for Marine OM accumulation [9,24] (green); (B) Ca/Ti, proxy for
carbonate accumulation and principal component of XRF data [9,24] (black); (C) SS% residuals 9 point
running average (orange) and data points (gray); (D) Relative Sea Level [36] (blue); (E) Planktic 5180
record from U1389 used for age model tuning [2].
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