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Abstract Organic‐rich sapropel layers punctuate the eastern Mediterranean sedimentary sequence,
recording deep‐sea anoxic events. The timing of sapropel deposition coincides with precession minima,
which are associated with the northward migration of the monsoon rain belt over North Africa. The
resultant increase in monsoon precipitation over the Sahara caused an increase in low‐δ18O freshwater
runoff into eastern Mediterranean surface waters, which is reflected by negative δ18O anomalies in the
records of planktic foraminiferal calcite. However, despite extensive research on sapropels, the magnitude
of monsoon intensification and freshwater runoff, along with its influence on δ18O, remains elusive. Here,
we present a quantification of African monsoon freshwater runoff into the eastern Mediterranean for the
period of deposition of last interglacial sapropel S5 (~128.3–121.5 ka). Our method uses a box model of the
Mediterranean Sea, which represents different water masses, and has been calibrated using δ18O from
planktic foraminiferal species of different depth and seasonal habitats. The model was constrained with
existing records of sea level and sea surface temperature then inverted to deconvolve the δ18O signal of the
surface‐dwelling foraminiferal species Globigerinoides ruber (w) and calculate the freshwater runoff volume.
Our calculated African monsoon runoff suggests large increases in freshwater discharge to the eastern
Mediterranean (up to ~8.8 times the modern pre‐Aswan Nile discharge). Rapid onset of S5 deposition
following the estimated increase in runoff strongly suggests a preconditioning of the eastern Mediterranean
for sapropel deposition. Our study also provides insight into the stratification and warming of eastern
Mediterranean surface waters during the S5 interval.

1. Introduction

Sapropels are dark, organic‐rich layers that are common in eastern Mediterranean sediments. The timing of
sapropel deposition is associated with precession minima, when Northern Hemisphere summer insolation
maxima caused northward migration of the monsoon rain belt over North Africa (e.g., Hilgen, 1991;
Lourens et al., 1996; Emeis, Sakamoto, et al., 2000). The resultant increase in precipitation north of the cen-
tral Saharan watershed at ~21°N fuelled an increase in monsoon‐derived, low‐δ18O freshwater runoff into
the predominantly eastern Mediterranean basin (Larrasoaña, Roberts, Rohling, et al., 2003; Marino et al.,
2009; Rodríguez‐Sanz et al., 2017; Rohling et al., 2002). This freshening of eastern Mediterranean surface
waters enhanced stratification of the water column and reduced deep water overturning, inhibiting ventila-
tion of bottom waters. This led to oxygen depletion and eventual anoxia at depth, which enabled the preser-
vation of organic matter (e.g., Vergnaud‐Grazzini et al., 1977; Rossignol‐Strick et al., 1982; Rohling, 1994;
Jorissen, 1999; Emeis, Sakamoto, et al., 2000; Larrasoaña, Roberts, Stoner, et al., 2003; Rohling et al.,
2015, and references within). In addition, enhanced productivity increased the organic carbon export to bot-
tom waters (e.g., Calvert et al., 1992; de Lange & ten Haven, 1983; Thomson et al., 1999; van Helmond et al.,
2015; Weldeab et al., 2003).

The African monsoon freshwater runoff was channeled into the eastern Mediterranean not only via the Nile
but also along the wider North African margin via paleoriver systems that were activated during Green
Sahara periods (Coulthard et al., 2013; Drake et al., 2013; Grant et al., 2017; Larrasoaña et al., 2013;
Larrasoaña, Roberts, Stoner, et al., 2003; Marino et al., 2007; Osborne et al., 2008; Rohling et al., 2002;
Scrivner et al., 2004). While other potential freshwater sources, including increased outflow of fresher waters
from the Black Sea (Lane‐Serff et al., 1997; Olausson, 1991) and increased winter precipitation along the
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northern borderlands of the eastern Mediterranean (e.g., Kotthoff et al., 2008; Kutzbach et al., 2014; Milner
et al., 2012), cannot be discounted, African monsoon‐fuelled runoff is generally accepted as the main source
of freshwater to the Mediterranean during times of sapropel deposition (e.g., Hennekam et al., 2014;
Larrasoaña, Roberts, Stoner, et al., 2003; Lourens et al., 2001; Osborne et al., 2008, 2010; Rohling et al.,
2004, 2015; Rossignol‐Strick, 1985).

Freshwater from monsoon‐type rainfall has especially negative δ18O values (Beuning et al., 2002; Gasse,
2000; Hoelzmann, 2000; Sonntag et al., 1979). The addition of large volumes of this isotopically light fresh-
water to Mediterranean surface waters is reflected in low δ18O anomalies in planktic foraminiferal calcite
δ18O (δ18Opf) of eastern Mediterranean records (e.g., Thunell & Williams, 1983; Tang & Stott, 1993;
Emeis, Struck, et al., 2000; Emeis et al., 2003; Rohling et al., 2004). These low δ18Opf anomalies, or sapropel
imprints, hold information regarding the source and volume of the freshwater influx to Mediterranean sur-
face waters during sapropel events. However, the sapropel imprint on δ18Opf has yet to be separated from the
background climatic signal, and freshwater runoff from Africa into the eastern Mediterranean during sapro-
pel events remains largely unquantified.

Here we use a box modeling approach to deconvolve δ18Opf data and provide a quantification of African
monsoon runoff for last interglacial sapropel S5 (~128.3–121.5 ka; Grant et al., 2016). S5 is an especially
well‐developed sapropel that stands out as a strong anomaly in δ18Opf records (e.g., Cane et al., 2002;
Emeis et al., 2003; Rohling et al., 2002, 2004). Moreover, previousMediterranean studies over this time inter-
val provide important paleoenvironmental information with which to constrain the box model (Marino
et al., 2007; Rodríguez‐Sanz et al., 2017; Rohling et al., 2004).

2. Approach

Quantification of the sapropel imprint on Mediterranean δ18Opf is complicated by spatial differences in the
freshwater influence throughout the Mediterranean basin during sapropel events. This is reflected in differ-
ent δ18O anomalies recorded for the same sapropel event, depending on species and core (location) used. To
address this, we use four spatially distributed cores from the easternMediterranean (Figure 1 and Table 1) to
compile multispecies planktic foraminiferal stable isotope datasets for S5. The six species selected have been
shown previously to exhibit stable isotopic signals characteristic of different Mediterranean water masses
that extend from surface to intermediate depth (Rohling et al., 2004). Therefore, their δ18O reflects the iso-
topic composition and temperature of seawater for different seasons and depths in the water column.
Globigerinoides ruber (white), Orbulina universa, and Globigerinoides sacculifer are known to be summer
mixed layer (SML) species. However, G. ruber (w) has a high tolerance to low salinity and can opportunisti-
cally occupy fresher water habitats at the top of the water column during sapropel events (Rohling et al.,
2004; Schiebel & Hemleben, 2017). This makes G. ruber (w) ideal for identifying sources of freshwater and
tracing its circulation in surface waters. Globigerinella siphonifera represents the winter mixed layer, which
develops when the more thermally stratified summer surface water masses are mixed into a single surface
water mass. Neogloboquadrina pachyderma (dextral) and Globorotalia scitula inhabit intermediate waters,
which lie below the surface waters at approximately 150–600 m depth in the eastern Mediterranean
(Rohling et al., 2004).

High‐resolution stable oxygen and carbon isotope analyses on multiple planktic foraminiferal species over
S5 have been previously published for core KS205 (Figure 2;Cane et al., 2002 ; Rohling et al., 2004). To enable
comparison with other eastern Mediterranean sites, the present study adds stable isotope data sets for a full
suite of the key species over S5 in core LC21 and Ocean Drilling Program (ODP) Site 967 (ODP 967; Figures 1
and 2). The LC21 data set includes previously published G. ruber (w) and N. pachyderma (d) data (Grant
et al., 2012; Marino et al., 2007, 2015). In addition, previously published data for core ODP 971 for G. ruber
(w), N. pachyderma (d), and G. scitula over S5 (Cane et al., 2002; Rohling et al., 2004) have been included
here to extend the comparison to a fourth site in the basin (Figure 2).

To quantitatively investigate the Mediterranean δ18Opf signals for sapropel S5, we have adapted and
improved the Mediterranean box model introduced by Rohling et al. (2004, 2014) to make it run as a time
series through the study interval, constrained by proxy records for sea level and sea‐surface temperature
(SST) (section 3.6). The model output provides estimates of the expected foraminiferal calcite δ18O for the
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different Mediterranean surface and intermediate water masses under a variety of prescribed African
monsoon runoff conditions. The multispecies planktic δ18O data compiled for S5 are compared directly
with the model‐calculated δ18O of calcifiers residing in the corresponding Mediterranean water masses.

Figure 1. Map of Mediterranean Sea with locations of cores used in study. (a) Mediterranean bathymetry and (b) sea sur-
face circulation schematic (arrows; based on Pinardi et al., 2015, and Rohling et al., 2015), current drainage system (blue),
and potential North African paleodrainage networks (cyan; Vörösmarty et al., 2000; Pachur, 2001; Rohling et al., 2002;
Osborne et al., 2008; Paillou et al., 2009; Coulthard et al., 2013; Wu et al., 2017). Plot generated with Ocean Data View
(Schlitzer, 2016).

Table 1
Details of Cores Used in Study (Cane et al., 2002; Shipboard Scientific Party, 1996b, 1996a)

Core Hole Latitude Longitude Water depth

KS205 ‐ 38°12′N 18°08′E 2,384 m
LC21 ‐ 35°40′N 26°35′E 1,522 m
ODP 967 B 34°04′N 32°43′E 2,554 m
ODP 971 A 33°43′N 24°41′E 2,026 m
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Figure 2. Stable isotope measurements and probabilistic assessments for cores (a) ODP 967, (b) LC21, (c) KS205, and (d) ODP 971. Different species measurements
for each core are indicated by colored symbol: G. ruber (w; black cross), O. universa (dark blue diamond), G. sacculifer (light blue triangle), G. siphonifera (green
circle), N. pachyderma (d; red square), and G. scitula (orange star). Probability maximum (solid lines), 95% confidence limits (shaded envelopes). Visible extent
of the S5 sapropel layer (gray shaded bands). Previously published data are used for KS205 and ODP 971 (Cane et al., 2002; Rohling et al., 2004) and LC21 G. ruber
(w) and N. pachyderma (d; Marino et al., 2007, 2015; Grant et al., 2012).
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Using this data‐model comparison, a series of experiments is designed to diagnose (a) the best SST proxies
to constrain temperature in the model and (b) temporal changes in surface stratification during the study
interval.

Following confirmation through data‐model comparison that the Mediterranean box model reasonably
approximates the Mediterranean system during the S5 study interval, amount and δ18O of African monsoon
freshwater runoff are the only parameters that remain unquantified. This enables us to invert the box model
(section 6.1) and use proxy records of sea level and SST for the S5 interval as inputs, along with the δ18O
record for G. ruber (w) (δ18Oruber) from the S5 data set. The inverted box model then calculates a time series
of the monsoon freshwater volume required to produce the observed eastern Mediterranean δ18Opf anomaly
throughout S5.

3. Materials and Methods
3.1. Marine cores

The four S5 sapropels included in this study are from core sites ODP 967 (eastern Levantine Sea), LC21
(southern Aegean Sea), KS205 (northwestern Ionian Sea), and ODP 971 (central eastern Mediterranean;
Table 1 and Figure 1). These sites provide a broad spatial coverage of the eastern Mediterranean for investi-
gating hydrographic changes over a sapropel event. Data for cores KS205 and ODP 971 are presented at
0.5‐cm downcore resolution, ODP 967 data at 1‐cm resolution, and LC21 data at 1–2‐cm resolution.

3.2. Stable Isotopes

For stable isotope analysis, approximately 2 cm3 of bulk sediment was washed through a 63‐μm sieve using
reversed osmosis (RO) water. The >63‐μm fraction was then oven‐dried overnight at 45 °C before being
sieved through 150‐ and 300‐μm meshes. Globigerinoides ruber (white), Orbulina universa, Globigerinoides
sacculifer (trilobus type), and Globigerinella siphonifera were picked from the >300‐μm fraction, and
Neogloboquadrina pachyderma (dextral) and Globorotalia scitulawere picked from the 150–300‐μm fraction.
All species were picked according to a strict morphology andwithin a narrow (35–50 μm) size range (G. ruber
[w] and O. universa, 325–375 μm; G. sacculifer, 375–425 μm; G. siphonifera, 475–525 μm; N. pachyderma (d),
200–235 μm; and G. scitula, 235–270 μm). Prior to analysis, foraminiferal tests were crushed and then
cleaned by brief ultrasonication in methanol. Stable isotope measurements were performed using a
Thermo Scientific DELTA V Isotope Ratio Mass Spectrometer coupled with a KIEL IV Carbonate Device.
Results are reported in per mil deviations from Vienna PeeDee Belemnite using NBS‐19 (δ18O = −2.20‰,
δ13C = 1.95‰) and NBS‐18 (δ18O = −23.20‰, δ13C = −5.014‰) carbonate standards. An internal standard
(ANU‐M2) was run alongside the samples and yielded average values of δ18O=−7.40 ± 0.09‰ (1σ) and δ13C
= 2.83 ± 0.04‰ (1σ).

3.3. Probabilistic Assessments

Probabilistic assessments of uncertainties in depth and δ18O or δ13C were performed for the stable isotope
data sets of all four cores. Confidence levels for δ18O and δ13C signals of different species were calculated tak-
ing into account uncertainties for isotopic measurements (analytic and natural variability, 1σ uncertainty
range ± 0.1‰) and downcore depths (3σ uncertainty range equals sampling resolution for individual cores,
i.e., ±0.25 cm for KS205 and ODP 971, ±0.5 cm for ODP 967, and ±1 cm for LC21). Individual data points
were randomly sampled 10,000 times within their uncertainties in Monte Carlo‐style simulations using
MATLAB, following previous studies (e.g., Grant et al., 2012; Marino et al., 2015; Rohling et al., 2014;
Thirumalai et al., 2016). The probability maximum was calculated from the modal value of the 10,000
Monte Carlo simulations at each depth step. Percentiles taken from the distribution of the simulations at
each depth step enabled determination of the 68% (16th to 84th percentile) and 95% (2.5th to 97.5th percen-
tile) probability intervals. All results were then interpolated and smoothed to suppress noise and short‐term
variability using a Gaussian filter with defined depth windows: 0.25 cm for KS205 and ODP 971 and 0.5 cm
for ODP 967 and LC21 (i.e., half of the maximum sampling resolution).

3.4. Stratigraphic Correlation

All S5 intervals were aligned on a common depth scale, based on Cane et al.'s (2002) stratigraphic correlation
framework for the same cores. Cane et al. (2002) placed KS205 on an ODP 971A‐equivalent depth using
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distinct events in planktic foraminiferal abundance and isotope observations as correlation markers and
then fitting both linear and polynomial fits through the markers. The polynomial fit was then used to
map the core onto the ODP 971A depth scale. The method has since been applied to S5 in LC21 (Marino
et al., 2007) and is here applied to S5 in ODP 967B (Supporting Information Table S1 and Figure S1).

The precision of the depth assignments for the correlation markers in ODP 967B was restricted by its sample
spacing of 1 cm. A hiatus, identified in ODP 967C by Cane et al. (2002), was not discernible in our investiga-
tion of ODP 967B. We fitted the correlation markers for ODP 971A and ODP 967B with linear (y= 0.0134x+
5.8356 withN= 14 and R2 = 0.95, RMSE = 0.025) and polynomial fits (y= 0.0922 × 103x2 + 0.0038x+ 6.0805
with N = 14 and R2 = 0.95, RMSE = 0.024). However, one primary correlation marker (faunal marker f7,
Table S1) had a deviation of ~5 cm from both the linear and polynomial regressions (Figure S1).
Excluding this marker significantly improved both the linear (y = 0.0132x + 5.8449 with N = 13 and R2 =
0.97, RMSE = 0.021) and polynomial fits (y = 0.1257 × 103x2 + 0.0147 × 103x + 6.1796 with N = 13 and
R2 = 0.97, RMSE = 0.019). Hence, this correlation marker was discarded as an outlier. While the polynomial
fit is not statistically better, it has a lower RMSE and provides a better visual fit, and so was used to map ODP
967B onto the ODP 971A depth scale.

The Cane et al. (2002) stratigraphic model relies on markers that are all based closely around the main S5
interval (primary markers are between 39.25 and 65.25 cm on ODP 971A depth; Table S1 and Figure S1).
Extending the multisite correlation in an unconstrained manner to sections outside of the stratigraphic
model would be unreliable because it would not account for potential changes in sediment accumulation
rates, which have been observed for eastern Mediterranean cores (Larrasoaña, Roberts, Stoner, et al.,
2003; Revel et al., 2010). Hence, the ODP 967, LC21, and KS205 data sets presented on this depth scale do
not have the full extents of their presapropel records included. Regardless, the ODP 971A‐equivalent depth
scale provides a good intersite comparison of the actual S5 signals (Figure 3).

3.5. Age Model

The ODP 971A‐equivalent depth scale does not have an associated age model. However, an age model has
been developed for core LC21 using correlation of LC21 G. ruber δ18O to the U‐Th dated Soreq Cave spe-
leothem δ18O record (Bar‐Matthews et al., 2000; Grant et al., 2012). Using the stratigraphic correlation
between cores ODP 971A and LC21 (Cane et al., 2002; Marino et al., 2007), the ODP 971A depth scale can
be transferred to the LC21 age model.

Figure 3. Probabilistic assessments of stable oxygen isotope measurements for species (a) G. ruber (w), (b) O. universa, (c) G. sacculifer, (d) G. siphonifera, (e) N.
pachyderma (d), and (f) G. scitula on ODP 971A‐equivalent depth scale. Data from different cores are indicated by color: ODP 967 (green), LC21 (red), KS205
(blue), and ODP 971 (black). Probability maximum (solid lines), 95% confidence limits (shaded envelopes). Visible extent of the S5 sapropel layer in ODP 971 (grey
shaded band).
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3.6. Mediterranean Box Model
3.6.1. Model Adaptation
The Mediterranean box model used here is an adapted version (in MATLAB) of the Rohling et al. (2014)
model, which in turn drew on that of Rohling et al. (2004). The latter was a seasonally separated version
of an earlier box model of the Mediterranean (Rohling, 1999) coupled to a model of exchange transport with
the Atlantic at the Strait of Gibraltar (Bryden & Kinder, 1991). The model was further developed by Rohling
et al. (2014), but unquantified monsoon influences during sapropel events caused those authors to exclude
these intervals (and the model'smonsoon box) from their study. For our study, the monsoon box of Rohling
et al. (2004) was reinstated. The monsoon box allows excess monsoon freshwater associated with sapropel
events to be input into the surface waters of the model during a 2‐monthmonsoon season. This implies that
during times of increased freshwater influx, the SML stratifies into a fresher upper summer mixed layer
(USML) and a lower summer mixed layer (LSML) underlying it. This allows for the fresher, more buoyant
waters to remain, more realistically, at the top of the water column during the monsoon season, instead
of being immediately mixed throughout the full depth of the SML. The USML effectively represents the
uppermost layer that is affected by freshwater input into the basin in the form of freshwater layers or lenses
(Rohling et al., 2004). The depth of this freshwater‐diluted USML is unknown, but approximations are
explored in diagnostic experiments (section 5.2).

The model also required further development to run in a continuous mode throughout the S5 time interval.
We ran the model for a series of progressive 25 year step intervals from 134.6 to 116.7 ka, with the model
iterating 25 times at each step to correspond to the number of annual cycles represented. The 25‐year inter-
val is substantially longer than the residence time for the surface mixed layer during sapropel events (~11
years, as calculated by the model). Hence, we assume that for each age step at which the model is run, the
different water masses in the basin reach a steady state.
3.6.2. Inputs
The Red Sea sea level record of Grant et al. (2012) was used to force sea level in the box model, as it is a con-
tinuous, highly resolved and independently dated (i.e., radiometrically assessed) record that is closely corre-
lated to the Mediterranean records (Grant et al., 2012) and that covers sapropel S5.

Eastern Mediterranean SST records based on both the alkenone unsaturation index (UK’
37; Rohling et al.,

2002; Marino et al., 2007) and carbonate clumped isotope thermometry (Δ47) for G. ruber (w; Rodríguez‐
Sanz et al., 2017) are used as inputs for the Mediterranean box model in this study (see section 5.1).
UK’

37‐based SST reconstructions exist for the S5 interval at all four of the eastern Mediterranean sites
included in this study (Marino et al., 2007; Rohling et al., 2002, 2004). Each SST record was transferred onto
the ODP 971A‐equivalent depth scale as described in section 3.4. An eastern Mediterranean UK’

37‐based SST
stack of the four records was created using aMonte Carlo simulation, which was run 10,000 times, each time
sampling the data points from all four cores from within their 3σ uncertainty ranges (Figure 4a). The resul-
tant outputs from the simulation were used to calculate the 2.5th, 16th, 50th, 84th, and 97.5th percentiles of
the probability distribution. From this we obtained the median, along with 68% (16th to 84th percentile) and
95% (2.5th to 97.5th percentile) probability envelopes of the stack, which were then mapped onto the LC21
age scale (section 3.5), and smoothed using a Gaussian filter with a 2‐kyr window, which is the age uncer-
tainty of the age model for this interval (Grant et al., 2012). Δ47‐based SST records have been constructed
using G. ruber (w) for sites LC21 and ODP 967 over the S5 time interval (Rodríguez‐Sanz et al., 2017). The
Δ47‐based SST eastern Mediterranean stack has been created from the two records using the nontraditional
data analysis method described in Rodríguez‐Sanz et al. (2017). This follows the same philosophy as
described above for the UK’

37‐based SST stack but incorporates Δ47 to temperature conversion and transfer
onto the age model in the Monte Carlo simulations, before smoothing using a 5‐kyr Gaussian
filter (Figure 4b).
3.6.3. Uncertainty Propagation Through the Model
Each input variable and prescribed parameter within the model has an associated uncertainty or range of
possible values (Table S2). These are defined in the model as probability distribution functions. To fully
account for these uncertainties, they need to be propagated through the model. This was done using a
Monte Carlo‐style approach in which the model is run 10,000 times, each time sampling the different para-
meters from within their uncertainties. The resultant 10,000 model outputs from all the model runs were
then used to calculate the 2.5th, 16th, 50th, 84th, and 97.5th percentiles of the probability distributions for
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each output parameter. This allowed the median and 68% (16th to 84th percentile) and 95% (2.5th to 97.5th
percentile) probability envelopes of all the calculated output parameters to be defined.

4. Stable Isotope Results

Below the visible S5 interval in each core, there is a simultaneous δ18O decrease of 1‰ or more in all species
where present (at 6.94 mbsf in ODP 967, 10.35m in LC21, 525 cm in KS205, and 73 cm in ODP 971; Figure 2).
G. sacculifer and G. siphonifera were not observed in any of the study cores until just below the S5 layer.
Within S5, all species included in this study display shifts to more negative δ18O (Figure 3), albeit to different

Figure 4. Eastern Mediterranean temperature stacks for (a) UK’
37 and (b) Δ47‐G. ruber (w) paleothermometers. Medians (solid lines), 68% and 95% confidence

limits (shaded envelopes). Individual data points from different cores are indicated by color: ODP 967 (green), LC21 (red), KS205 (blue), and ODP 971 (black).
Records have been transferred onto LC21 age model via ODP 971A‐equivalent depth scale, to which LC21 is stratigraphically correlated.
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extents. Minimum amplitude change is ~1‰ in G. scitula, and maximum change is greater than 3‰ in ODP
971 G. ruber (w). Abrupt δ18O decreases mark the start of S5, while more gradual δ18O increases occur at the
end of the sapropel. Shifts to lower δ13C during S5 are also evident across all records, with amplitude changes
varying greatly between species, from ~0.5‰ in O. universa and G. sacculifer, up to ~2.5‰ in N. pachyderma
(d; Figure 2).

Of all the species in our study, δ18Oruber displays the greatest negative excursions and also the greatest spatial
and temporal variability (Figure 3). For each core, the δ18Oruber anomaly ismost pronounced at the start of S5,
from the base of the sapropel layer at 62.5 cm up to approximately 55 cm on the ODP 971A‐equivalent depth
scale; this clearly defined interval of S5 is referred to as the lower lobe (Rohling et al., 2004). ODP 971A has the
most negative δ18Oruber signal over the lower lobe, reaching −2.5‰ at 59 cm. ODP 967 and KS205 display
similar amplitude excursions, both reaching approximately −2‰ at 52 cm, while LC21 shows the smallest
amplitude change in δ18Oruber. ODP 971A andKS205 display a very clear positive excursion in δ18Oruber above
the lower lobe (i.e., an interruption in the freshwater signal), before returning to amore negative δ18Oruber for
the upper lobe from ~51 cm up to 41 cm (although not as negative as within the lower lobe).

The interruption in the S5 δ18Oruber signal has been reported by several previous studies (e.g., Rohling et al.,
2002, 2004; Scrivner et al., 2004). The duration of the interruption is longer in KS205 (~56 to 50 cm on the
ODP 971A‐equivalent depth scale) than in ODP 971 (~56 to 52 cm). ODP 967 and LC21 do not show an inter-
ruption but instead display an increase in δ18Oruber above the lower lobe to approximately −1‰, which is
maintained for the remainder of the sapropel interval. Similar to the lower lobe, ODP 971 also reaches the
most negative δ18Oruber of all cores in the upper lobe. There are some fluctuations in the signals, but over
the upper lobe ODP 967, LC21, and KS205 have comparable δ18Oruber.

No records exist for O. universa, G. sacculifer, and G. siphonifera over S5 for core ODP 971, and no samples
were available to generate them for this study. In the other three cores, signals for O. universa, G. sacculifer,
and G. siphonifera are harder to compare than other species because these species are not continuously pre-
sent throughout the entire study interval, in particular prior to the start of S5 (Figure 3). The lack of a pre-
sapropel record makes it difficult to discern amplitude changes for these species. Despite this, there are O.
universa, G. sacculifer, and G. siphonifera records for the sapropel itself. While O. universa δ18O signals
(δ18Ouniversa) appear to closely covary in ODP 967 and KS205, they show heavier values in LC21, with differ-
ent variability throughout the sapropel. KS205 δ18Ouniversa shows evidence of the freshwater signal interrup-
tion that was also observed in δ18Oruber. G. sacculifer records across S5 are discontinuous and highly variable
between cores. Notably, δ18Osacculifer reaches values as low as −2‰ within S5 in KS205, where it is the only
δ18O signal to exceed −1‰ other than that of G. ruber. In ODP 967 and LC21, δ18Osacculifer remains around
−0.5‰. G. siphonifera δ18O values (δ18Osiphonifera) are relatively similar in all three cores, with the signals
over S5 largely remaining between 0 and 1‰ during S5.

N. pachyderma (d) δ18O records (δ18Opachyderma) for ODP 967, KS205, and ODP 971 are virtually indistin-
guishable during S5 within errors, and LC21 δ18Opachyderma is only slightly lower (by less than 1‰), particu-
larly at the beginning and end of S5 (Figure 3). N. pachyderma (d) shows the least δ18O variability within S5
of all species in this study. Amplitude changes in δ13C are greatest forN. pachyderma (d) of all species, with a
very rapid decrease in δ13Cpachyderma at the start of S5 (Figure 2). There is also a distinct negative
δ13Cpachyderma peak at the end of S5 in all cores.

G. scitula is mostly absent during S5, with the exception of core LC21, but, where present, it shows good
coherence in δ18O between sites (Figure 3).G. scitula δ18O values (δ18Oscitula) closely follow those ofN. pachy-
derma before S5. However, δ18Oscitula has a smaller amplitude of change than δ18Opachyderma associated with
S5. A smaller amplitude of change is also observed in δ13Cscitula compared with δ13Cpachyderma (Figure 2).

5. Box Model Diagnostic Experiments

The followingMediterranean box model experiments are designed to investigate and refine our constraint of
two key parameters in the model: (a) SST (section 5.1) and (b) thickness of the USML (section 5.2).

Both ice volume/sea level and temperature proxies are used as inputs to constrain the Mediterranean model
(Figure 5). To constrain sea level we use the record of Grant et al. (2012) as it is highly resolved over our study
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interval and is validated within the uncertainties of several other reconstructions (e.g., Elderfield et al., 2012;
Hibbert et al., 2016; Kopp et al., 2009; Rohling et al., 2008). Temperature, on the other hand, is more difficult
to constrain because it is site, season, and depth specific, hence the SST diagnostics (section 5.1).

The study interval for all diagnostics includes times before and after sapropel S5, when there is no evidence
of excess freshwater input from an enhanced African monsoon. In addition, there is an interruption interval
within S5, where excess freshwater influx is thought to have diminished, if not completely ceased (Cane
et al., 2002; Rohling et al., 2002, 2004; Scrivner et al., 2004). To model both sapropel‐forming conditions
and normal conditions, different stages were defined within the study interval (Table 2). These stages
were identified by the visible sapropel layers in the sediment cores and features observed in the δ18O data
set (section 4). The different stages were set to have the excess monsoon freshwater input switched to either
an on or offmode, similar to the approach of Rohling et al. (2004). In the onmode, excess freshwater runoff is
input into the surface USML box during the 2‐month monsoon season. In the off mode, excess freshwater
runoff input is set to 0, and the SML remains as one homogeneous layer throughout the six‐month
summer season.

The as‐yet unquantified parameters of volume and δ18O of the excess monsoon freshwater runoff to the
Mediterranean during the sapropel intervals are set to account for a range of possible values. Rohling
et al. (2004) provided estimates of the volume of monsoon freshwater runoff for S5, suggesting increases
in total runoff of 160–300% during the earlier (lower) lobe of S5 and of 120–200% during the later (upper)
lobe. Therefore, in these experiments, excess freshwater runoff volume is defined as a factor increase of
the normal present‐day (pre‐Aswan damming) total runoff input volume (0.45 × 1012 m3/year; Carter,
1956; Schink, 1967; Garrett et al., 1993). In addition, several studies (Al Faitouri & Sanford, 2015; Beuning
et al., 2002; Hoelzmann, 2000; McKenzie, 1993; Rodrigues et al., 2000; Thorweihe et al., 1990) indicate that
the monsoon freshwater that affected regions of North Africa that are today covered by the Saharan desert
was isotopically very light, with δ18O between ~ −8‰ and −12‰. These estimates are used as initial con-
straints to monsoon runoff volume and its δ18O. The model accounts for the ranges of estimates in the same
way that uncertainties are accounted for with other input parameters. The monsoon parameters are defined
as a median value with a 3 standard deviation range corresponding to the known range of possible values for
the parameter in question (see Table 2).

5.1. SST Diagnostics

Here, we use temperature records from the two different proxies available across S5; the clumped isotopes
(Δ47) and alkenone (U

K’
37) paleothermometers, which we compile into eastern Mediterranean stacks to pro-

vide representative temperature approximations for the basin‐mean state (Figure 4; section 3.6; Rohling
et al., 2002, 2004; Marino et al., 2007; Rodríguez‐Sanz et al., 2017). The Δ47‐based SST reconstruction is mea-
sured onG. ruber (w) and hence is a specific record of temperature forG. ruber (w)'s habitat, that is, the SML,
or freshwater lenses/USML during the monsoon season (Emeis et al., 2003; Rodríguez‐Sanz et al., 2017;
Rohling et al., 2004). Previously, the Rohling et al. (2004) model used UK’

37‐based SST as representative of
annual mean SST, with a superimposed seasonal deviation of ±3 °C applied for summer/winter (after
Stanev et al., 1989). While this seasonal deviation is based on modern observations, we maintain this season-
ality in our study as Mediterranean SST paleoseasonality is not well understood and remains unconstrained
for the study interval. However, UK’

37‐based reconstructions represent temperatures during the season of
maximum haptophyte production, which in the eastern Mediterranean is typically observed during winter
and spring (Castañeda et al., 2010; Goudeau et al., 2014; Leider et al., 2010). Therefore, the UK’

37‐based
SST reconstructions are biased toward winter SSTs, although the extent of this is not well quantified. As
the G. ruber‐Δ47 temperature reconstruction should reflect SML SST, the seasonal offset we apply to UK’

37

to represent summer SST should not exceed that of Δ47‐based SST. UK’
37‐based SST + 5 °C is greater than

Δ47‐based SST from 124.35 ka onward, indicating that a summer offset of 5 °C is too large. UK’
37‐based

SST + 4 °C is greater than Δ47‐based SST for a short interval from 118.65 to 116.7 ka, but both SST records
over this interval are constructed from relatively few data points and have large uncertainties (Figure 4).
Therefore, to both satisfy this constraint and reflect the winter bias of UK’

37, we suggest a summer/winter
deviation of around +4/−2 °C is most appropriate for the UK’

37‐based SST. The different information pro-
vided by both the Δ47 and UK’

37 SST proxies is exploited to test seasonal SST constraints in our model.

10.1029/2019PA003652Paleoceanography and Paleoclimatology

AMIES ET AL. 1496



Figure 5. Proxy inputs for Mediterranean box model: (a) Red Sea sea level record (Grant et al., 2012), (b) eastern
Mediterranean stacks for UK’

37‐based SST (orange; original data from Rohling et al., 2002, 2004; Marino et al., 2007)
and G. ruber (w) Δ47‐based SST record (red; original data from Rodríguez‐Sanz et al., 2017), (c) difference between the
Δ47‐based and UK’

37‐based (+4 °C summer deviation) SST records (ΔT). Medians (solid lines), 68% and 95% confidence
limits (shaded envelopes). S5 interval (gray shaded band).

Table 2
Different Stages in the Study Interval and Associated Monsoonal Parameters as set in the Mediterranean Box Model for Diagnostic Experiments

Interval Age (ka)

Excess monsoonal
freshwater input

On/off

Monsoonal runoff parameters

Volume δ18O

Presapropel >128.6 Off 0 N/a
S5 lower lobe 128.6–126.9 On 1.6–3.0 x total present‐day runoff −8 to −12‰
Freshwater runoff interruption 126.9–125.8 Off 0 N/a
S5 upper lobe 125.8–122.5 On 1.2–2.0 x total present‐day runoff −8 to −12‰
Postsapropel <122.5 Off 0 N/a
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5.1.1. Experimental Setup
To test which SST records are best for constraining summer SST in the model, we run the model with three
different summer SST scenarios, while all other inputs are kept constant (experiments SST_A, SST_B, and
SST_C; Table 3). Experiments SST_A and SST_B constrain summer temperatures using the UK’

37‐based
SST record and Δ47‐based SST records, respectively. Experiment SST_C explores the scenario that the
Δ47‐based SST record is not representative of the temperature of the entire SML but was instead specifically
recording temperatures in the freshwater‐stratified USML, where G. ruber (w) is thought to have preferen-
tially resided during sapropel events (Emeis et al., 2003; Rohling et al., 2004). It has been proposed that this
layer is susceptible to a temperature concentration effect, where solar insolation excessively warms thin, iso-
lated surface layers (Emeis et al., 2003). This inference is supported by the difference between the Δ47‐G.
ruber (w) and the UK’

37‐based SST reconstructions (Figure 5; Rodríguez‐Sanz et al., 2017). Hence, experi-
ment SST_C constrains 4 months of normal summer using the UK’

37‐based SST record and the summer's last
2‐month monsoon season using the Δ47‐based SST record (Table 3). As the Δ47‐based and UK’

37‐based (with
+4 °C summer deviation) SST records are different even outside of S5 (Figure 5), it is implicitly assumed in
this experiment thatG. ruber (w)'s depth habitat may have been skewed toward shallower depths in the SML
at all times, not only when there are less saline surface waters during enhanced monsoon runoff events. To
reflect this in the model, for SST_C the USML is considered throughout the study interval, not only during
S5. However, during normal times (outside of S5), the USML receives only its normal share of annual runoff,
as opposed to receiving additional excess runoff, which during the sapropel interval accounts for increased
monsoon freshwater input to the basin. In doing this, the USML represents a shallower depth habitat of
G. ruber (w) within the SML. The other SML dwellers (O. universa and G. sacculifer) are assumed to be con-
tinuously homogeneously distributed throughout the depth of the entire SML. For the SST diagnostic experi-
ments, the depth of the USML is set to a basin‐mean value of 5 m, following Rohling et al. (2004).
5.1.2. Results
To identify the best SST scenario, the SST diagnostic model results for expected foraminiferal δ18O of the
freshwater‐diluted USML and the main body of the SML are compared with the actual δ18O data for G. ruber
(w), O. universa, and G. sacculifer. To approximate basin‐mean records for these species, the S5 δ18O records
from cores ODP 967, LC21, KS205, and ODP 971 (Figure 3) were first stacked using a Monte Carlo‐style
probabilistic assessment (Figure 6; method as described for the UK’

37‐based SST stack, section 3.6).

We first consider experiment SST_A (Figure 7a). δ18O outputs from the model are much heavier than the
data, particularly during S5 from 128.3 to 123 ka. The δ18Ouniversa and δ18Osacculifer records are at the edge
of the 95% bounds, which represents the most extreme monsoon runoff parameters considered, and the
amplitude change in observed δ18Oruber during S5 is far greater than the model output envelope, by more

Table 3
Constraints for Diagnostic Experiments

SST diagnostic experiments

Experiment SST constraint Depth of USML (m)

SST_A 6‐month summer: UK’
37‐based SST record (+4 °C summer deviation) 5 m

6‐month winter: UK’
37‐based SST record (−2 °C winter deviation)

SST_B 6‐month summer: Δ47‐based SST record 5 m

6‐month winter: UK’
37‐based SST record (−2 °C winter deviation)

SST_C 4‐month summer: UK’
37‐based SST record (+4 °C summer deviation) 5 m

2‐month monsoon season: Δ47‐based SST record
6‐month winter: UK’

37‐based SST record (−2 °C winter deviation)
Depth of USML diagnostic experiments

Experiment
Summer SST
constraint

Minimum depth of USML
(m) ΔT = 6.79 °C

Maximum depth of USML
(m) ΔT ≤ 0 °C Equation

zUSML_A As for SST_C 1.5 30 zUSML = −5.000 ΔT + 30
zUSML_B As for SST_C 5 30 zUSML = −4.386 ΔT + 30
zUSML_C As for SST_C 10 30 zUSML = −3.509 ΔT + 30
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than 1‰ in the lower lobe of S5. Not much difference exists between the modeled δ18O for the freshwater‐
diluted USML and the main body of the SML, especially in the upper lobe of S5 where they cannot be
differentiated. Thus, experiment SST_A suggests that use of only the UK

’37‐based SST record (+4 °C) is
inconsistent with the δ18O observations in summer species and that it underestimates SSTs across S5.

Experiment SST_B is forced by the Δ47‐based SST record for the entire summer 6 months (Figure 7b).
Overall, this represents the δ18O of SML species much better than experiment SST_A. δ18Ouniversa and
δ18Osacculifer fall largely within the 95% probability envelope throughout, except at the start of S5, from
130.5 to 128.3 ka, where δ18Osacculifer is heavier than the model. δ18Oruber is mostly captured except for its
most negative values ~127.3 ka in the lower lobe and at ~124 and 123 ka in the upper lobe of S5.
However, as for experiment SST_A, the large amplitude change in δ18Oruber at the start of S5 is still not
reflected in the model output. Also, in common with experiment SST_A, estimates of SML species δ18O from
experiment SST_B fail to capture the difference in amplitude change between δ18Ouniversa and δ18Oruber

within S5. Moreover, no distinction is found in the model output between the USML and the main body
of the SML in the upper lobe. Neither SST_A nor SST_B exhibits a defined δ18O signal interruption, despite
monsoon freshwater runoff being switched off entirely in the model between 126.9 and 125.8 ka.

Figure 6. Eastern Mediterranean δ18O stacks for (a) G. ruber (w), (b) O. universa, and (c) G. sacculifer. Medians (solid
lines), 68% and 95% confidence limits (shaded envelopes). Individual data points from different cores are indicated by
color: ODP 967 (green), LC21 (red), KS205 (blue), and ODP 971 (black). Note that the G. sacculifer δ18O stack was cal-
culated from records for ODP 967 and LC21 only because KS205 results were anomalous for this species. Records have
been transferred onto LC21 age model via ODP 971A‐equivalent depth scale, to which LC21 is stratigraphically correlated.
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The Δ47‐forced model of experiment SST_B clearly yields an improved model‐data fit relative to UK’
37‐based

SST forced experiment SST_A, but there remain some principal features observed in the δ18O records that
are not captured by the model. Critically, the model outputs for the freshwater‐diluted USML and the main
body of the SML in both experiments SST_A and SST_B fail to capture the differences observed between G.
ruber (w) and other SML species. This suggests that the monsoon freshwater contribution alone is not
enough to cause the observed differences between species residing throughout the full depth of the SML
(O. universa and G. sacculifer) and G. ruber (w), which preferentially inhabits fresher surface waters
(Rohling et al., 2004). We therefore consider that using a single SST record for the entire summer 6

Figure 7. Results of SST diagnostic experiments (a) SST_A, (b) SST_B, and (c) SST_C. Model‐predicted δ18O of calcifiers
for the USML (light gray) and the entire depth of the SML (dark gray). The dashed lines represent probability maxima and
the shaded envelopes display the 95% probability envelopes. Model results are compared with medians of eastern
Mediterranean δ18O stacks forG. ruber (w) (blue),O. universa (magenta), andG. sacculifer (purple), as calculated from our
compiled dataset and normalized to the last 3 kyr. (Note that G. sacculifer δ18O was calculated from records for ODP 967
and LC21 only because KS205 results were anomalous for this species; see Figure 3c.)
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months in the model does not adequately represent summer SST behavior in the eastern Mediterranean.
Considering that the shallower depth habitat of G. ruber (w) during sapropel events is characterized by an
increased freshwater contribution, which increases stratification of the SML, it would follow that the heat
gained in surface waters at this time may not be mixed down through the water column to the same extent
as under normal (nonmonsoon) summer conditions. Instead, concentrated warming of the freshwater‐
stratified USML may have caused amplification of the δ18Oruber signal (Emeis et al., 2003).

To account for this hypothesis about summer SST differentiation, experiment SST_C uses the UK’
37‐based

SST record (+4 °C) to set SST of the SML over the normal 4months of summer, and theΔ47‐based SST record
to control the temperature of the USML during the 2 months representing the monsoon season (i.e., in the
monsoon box; Figure 7c). This means that G. ruber (w)'s habitat is represented by the Δ47 measured directly
on the species itself, while the remainder of the SML species are controlled by the UK’

37‐based SST record
(+4 °C). As explained in the experimental setup, this SST forcing requires G. ruber (w) to be forced by a dif-
ferent SST to other species even when there are no enhanced African monsoon/sapropel conditions.
Experiment SST_B shows that the Δ47‐based SST better explains presapropel and postsapropel δ18Oruber,
which suggests that G. ruber (w) may indeed always reside at shallower depths in the water column than
other SML species and hence be more susceptible to warming.

Experiment SST_C strongly improves the model's representation of the difference between G. ruber (w) and
O. universa in the model outputs for the freshwater‐diluted USML and the main body of the SML (Figure 7).
Studied individually, experiment SST_B agrees better with the δ18Ouniversa than experiment SST_C in terms
of absolute values. However, amplitude changes between species are more reliable to examine in this study
than absolute δ18O values, and relative amplitude variations are better represented by experiment SST_C.
Experiment SST_C better captures the sudden δ18Oruber shift to low values at the start of S5, although mod-
eled δ18O still does not reach the full extent of δ18O depletion exhibited by G. ruber (w). In fact, all of the
model runs presented so far fail to capture the full amplitude change observed in δ18Oruber over S5, which
suggests that monsoon freshwater inputs during S5 may have been underestimated in the model. Still, these
experiments were about diagnosing which SST approach to take, not about quantifying monsoon intensifi-
cation (that will be done in section 6).

5.2. USML Depth Diagnostics

In the box model, the impact of excess freshwater runoff input during S5 relates to both the volume and δ18O
of monsoon runoff. Moreover, the influence on the δ18O of the surface layer depends on the set depth of the
USML (i.e., the volume into which freshwater input is initially mixed). The resultant seawater δ18O and SST
during the monsoon season (i.e., the temperature of the USML) are then used to calculate the expected δ18O
for calcifiers in the USML (i.e., G. ruber (w)). In the model, the excess freshwater runoff, SST, and depth of
the USML during the monsoon season are distinct, separately defined parameters. However, in the real
world, these parameters would be considerably interrelated. Of these, SST is the only parameter indepen-
dently measured for S5, while monsoon runoff volume and depth of the USML have only been roughly
approximated using a simpler, earlier version of the model applied here (Rohling et al., 2004). Using obser-
vations made during our SST diagnostics, we can now refine some of the relationships between
these parameters.

The SST diagnostics suggest that the Δ47‐G. ruber (w) SST record reflects the SST of the USML, while the
UK’

37‐based SST with a superimposed seasonal deviation (+4 °C) reasonably reflects the temperature of
the main body of the SML. Building on this concept of surface water stratification during S5, we calculate
the difference between the Δ47‐based and UK’

37‐based (+4 °C) SST records over the study interval (ΔT;
Figure 5), to approximate the temperature difference between the USML and LSML.

We then set up a correlation between ΔT and the depth of the USML to estimate the USML depth through-
out S5 from the SST data. This relationship assumes that if ΔT = 0, when both the Δ47 and UK’

37 records
show the same SST, there is no separation of the SML into an USML and LSML. In that case, the assumption
is thatG. ruber (w) no longer has the fresher surface water niche to exploit and is residing in themain body of
the SML. Hence, when ΔT = 0, the depth of the USML is set to 30 m (the full SML depth; D'Ortenzio et al.,
2005). On the other hand, as ΔT increases, we interpret this as a greater temperature concentration effect in
the USML; that is, there is a thinner, fresher, more stratified layer over which insolation warming is

10.1029/2019PA003652Paleoceanography and Paleoclimatology

AMIES ET AL. 1501



concentrated. To represent this increase in stratification, we decrease the depth of the USMLwith increasing
ΔT, which concentrates the freshwater influences. The minimum stratification depth for the USML is
unknown, and different scenarios are explored in the following set of experiments. A linear relationship is
then assumed between the two end‐members.
5.2.1. Experimental Setup
We set up three experiments to test the validity of the above concept that the depth of the USML may be
approximated fromΔT in theMediterranean boxmodel (experiments zUSML_A, zUSML_B, and zUSML_C;
Table 3). Each experiment is set up with a different minimum USML stratification depth when ΔT is at the
maximum observed during the S5 interval (5.7 °C; Figure 5). We then establish equations for each experi-
ment, which define the linear increase in USML depth from the prescribed minimum to a maximum of
30 m, as ΔT decreases from 5.7 to 0 °C (Table 3). All other parameters in these experiments were kept con-
stant, as defined in experiment SST_C. This isolates the impacts of changing the USML depth withΔT on the
simulated δ18O profiles.

Experiment zUSML_A uses a minimum USML depth of 1.5 m. This draws on calculations by Rohling et al.
(2004) that 1.5 m is the shallowest USML depth before salinity becomes too low to be able to sustain forami-
niferal life (~22 p.s.u). In the present model, salinities do not fall this low for an USML depth of 1.5 m
because evaporation over a thin, very warm surface layer removes much of the freshwater. However, redu-
cing USML depths to less than 1.5 m causes the model's evaporation‐precipitation‐runoff balance to become
unstable and produce singularities in the δ18O estimates. Therefore, 1.5 m is still used as the shallowest mini-
mum USML depth. Experiment zUSML_B has a minimum USML depth of 5 m, which corresponds to the
initial depth suggested by Rohling et al. (2004) and which was used throughout the entire sapropel interval
in our SST diagnostic experiments. Lastly, experiment zUSML_C uses a deeper minimum USML depth of
10 m.

The results of these experiments are compared with the S5 δ18Oruber data alongside the results of SST diag-
nostics experiment SST_C, which is identically constrained except that the depth of the USML is set at a con-
stant 5 m throughout (Table 3). This will determine if varying the depth of the USML with ΔT offers an
improvement to the simulated δ18Oruber.
5.2.2. Results
The expected δ18O for calcifiers in the USML in experiments zUSML_A, zUSML_B, and zUSML_C are vir-
tually identical throughout the study interval, with differences only discernible in the lower lobe of S5 from
129 to 127.5 ka (Figure 8). In the lower lobe, zUSML_A simulates the most negative δ18O anomaly, reaching
−1.7‰ at the onset of S5 at 128.3 ka, which corresponds to the time of greatestΔT. The simulated δ18O of the
lower lobe is more positive in zUSML_B, and even more so in zUSML_C. However, overall, the three experi-
ments vary by less than 0.3‰ at their maximum, well within uncertainties, indicating a stability of the sys-
tem with regard to changes in depth of the USML. The greatest differences are seen over the lower lobe of S5
because ΔT is greatest over this interval, and USML depth in each experiment approaches its respective
minimum value (Figure 8a). As ΔT decreases toward 0, the estimated USML depths for all experiments
attenuate to 30 m. Furthermore, as the depth of the USML increases, the effect of surface hydrological pro-
cesses is increasingly diluted (e.g., a difference between 1.5 and 5 m in USML depth more than triples the
volume into which freshwater is added, whereas a difference of 3.5 m at greater depths makes a proportion-
ally smaller difference).

Overall, the calculated δ18O changes for G. ruber (w) in experiments zUSML_A, zUSML_B, and zUSML_C
are very similar to those of SST_C (Figure 8b). The greatest difference is observed over nonsapropel intervals
(i.e., pre‐S5, the freshwater runoff interruption, and post‐S5). In SST_C, the depth of the USML remains at 5
m throughout the study interval. As the Mediterranean is an evaporative basin, under normal conditions
there is an excess of evaporation over precipitation runoff. Therefore, in SST_C when the enhanced mon-
soon runoff is switched off during nonsapropel intervals, the net evaporative loss is still concentrated over
a thin surface layer, without any offset from increased freshwater input. This excess evaporation preferen-
tially removes light 16O, increasing the δ18O of the USML. The calculated δ18O from experiments
zUSML_A, zUSML_B, and zUSML_C generally shows better visual agreement than SST_C with the
δ18Oruber data, implying that an USML depth that is set to vary with ΔT somewhat better captures the con-
ditions in the eastern Mediterranean basin during S5.
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6. Calculation of African Monsoon Runoff
6.1. Box Model Inversion

Our modeling of the Mediterranean system in the diagnostic experiments (section 5) was restricted over
sapropel intervals by the limited resolution of monsoon runoff, which was simplified to an on/off switch
from a normal state to an intensified African monsoon state. In reality, the volume of monsoon runoff is
likely variable and transitions more gradual than the on/off switch. However, by using ΔT to define the
USML depth in the model (section 5.2), the only remaining major unquantified parameter that exerts a con-
trol over the expected δ18O of calcifiers in the USML is the actual volume of monsoon freshwater runoff.
Therefore, it becomes possible to invert the boxmodel and for the volume of monsoon freshwater runoff into
the Mediterranean to become the calculated output.

The inverted model uses the easternMediterranean δ18Oruber stack with its full probability distribution as an
input to constrain the δ18O of USML calcifiers. Other paleoproxy records used as model inputs (i.e., sea level
and SST records) were kept the same as for experiment SST_C and the zUSML experiments (Table 3). The
δ18O of excess monsoon freshwater runoff during S5 is again varied randomly within its range of possible
values (−8% to −12‰), as before (section 5). The relationship between ΔT and the depth of the USML

Figure 8. Results of depth of USML diagnostic experiments. Depth constraints of USML and model‐predicted δ18O of cal-
cifiers for the USML for diagnostic experiments zUSML_A (red), zUSML_B (orange), zUSML_C (yellow), and SST_C
(dashed black). Medians (solid lines/heavy dashed), 95% confidence limits (shaded envelopes/light dashed). Model results
are compared with eastern Mediterranean δ18O stack for G. ruber (w) (blue), median (solid line), and 68% and 95% con-
fidence limits (shaded envelopes). S5 interval (gray shaded band).
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could not be definitively defined through diagnostic experiments (section 5.2), so a randomizer is used to
allow for a range of possible relationships to be considered in the model, (i.e., at maximum ΔT, minimum
depth of the USML varies between 1.5 and 10 m).

While the structure of the box model remains very similar, some equations within the inverted model have
been rearranged to correspond to the new inputs and outputs of the model. To enable this, two parameters
previously calculated by the model needed to be simplified. First, the residence time of the LSML is taken to
be the same as calculated by the original box model (set up as for experiment SST_C; section 5.1). The resi-
dence time of the LSML varies predominantly with sea level, which does not change between different
model runs; hence, this is a valid approximation. Second, shoaling of the pycnocline (which separates the
surface and intermediate waters) during sapropel deposition (Rohling, 1991; Rohling & Gieskes, 1989) is
simplified according to ΔT. When ΔT > 0 (based on our working hypothesis that this marks freshwater‐
induced stratification), the depth of the winter mixed layer is set to ~100 m (after Rohling, 1991; Rohling
et al., 2004). When ΔT ≤ 0 (SML is not split into USML and LSML, and basin conditions are normal), the
depth of these layers is set to ~150 m, which is the normal depth of the winter mixed layer during the present
day (Nykjaer, 2009; Rohling, 1991). The depth of the summer subthermocline and winter mixed layers does
not affect calculations of the monsoon freshwater runoff volume, so this approximation is acceptable for the
purpose of quantifying African monsoon runoff in this study.

6.2. Atlantic Freshwater Influence During Heinrich Stadial 11

In the Mediterranean box model, the seawater δ18O of Atlantic inflow to the Mediterranean is calculated
according to sea level using a function of the present inflow value to account for glacial enrichment of ocean
δ18O (Figure 9b). However, prior to sapropel event S5, flow of Atlantic water into the Mediterranean is
thought to have been significantly increased in association with North Atlantic cold event Heinrich
Stadial 11 (HS11, ~135–130 ka; Sierro et al., 2005; Jiménez‐Amat & Zahn, 2015; Marino et al., 2015; Grant
et al., 2016; Rodríguez‐Sanz et al., 2017). HS11 coincided with a deglacial meltwater pulse, adding isotopi-
cally light freshwater into the subpolar North Atlantic, which was likely circulated toward the Gulf of
Cadiz by the Canary Current (Swingedouw et al., 2013). Isotopic depletions have been detected in the
δ18O of western Mediterranean surface waters for the HS11 interval, indicating the influence of fresher
Atlantic waters at this time (Jiménez‐Amat & Zahn, 2015; Marino et al., 2015; Rodríguez‐Sanz et al., 2017;
Sierro et al., 2005). If the isotopically light surface waters reached the eastern Mediterranean, this may influ-
ence the δ18Oruber signals in the basin and would need to be accounted for in order to avoid biasing the
African monsoon runoff calculation.

In the first model run, African monsoon runoff is calculated without consideration of an Atlantic freshwater
influence during HS11. In the second model run, we constrained the seawater δ18O of Atlantic inflow in the
Mediterranean box model over the HS11 interval (Figure 9b). We restricted the prescribed HS11 Atlantic
inflow to theMediterranean to 135 (±1) to 130 (±2) ka, as negative seawater δ18O and SST cooling anomalies
have been observed during this interval in western Mediterranean sites, which have been tuned to the same
age model as used here (Marino et al., 2015; Martrat et al., 2014; Rodríguez‐Sanz et al., 2017). To constrain
the Atlantic δ18O during this interval, we used a seawater δ18O record from site MD01‐2444 on the Iberian
margin, which is located on the path of the Canary current (Figure 9b, Skinner & Shackleton, 2006). Due to
mixing of surface waters, straight use of an isotopic depletion from the Iberian Margin most likely overesti-
mates the isotopic influence of Atlantic freshwater on the Mediterranean during HS11. However, this pro-
vides an extreme case of HS11 influence to compare with the original model run, which has no imposed
isotopic anomaly in Atlantic inflow. Uncertainties in both seawater δ18O of Atlantic inflow and age con-
straints are included and propagated through the model (see section 3.6).

6.3. Results

Our calculated African monsoon runoff is presented both in terms of total monsoon runoff volume and of a
monsoon intensification factor relative to present‐day African runoff (Figure 9c). Present‐day African runoff
is almost entirely derived from the Nile (Struglia et al., 2004), which here is taken to be 1.5 × 1011 m3/year,
based on modern Nile River discharge in a high‐flood year, prior to Aswan damming (Rohling et al., 2015).

Prior to S5, the calculated monsoon runoff median is low, generally at or below the volume of present‐day
runoff. At ~134 ka, the calculated monsoon runoff median is less than 0 m3, reaching a minimum of ~
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Figure 9. African monsoonal runoff and other regional proxy records. (a) Insolation in mid‐July at 65°N and precession index (Berger & Loutre, 1991), (b) Atlantic
inflow δ18O used in inverted model as calculated according to sea level (solid), and with HS11‐associated negative δ18O anomaly (dashed; Skinner & Shackleton,
2006; age constraints: Jiménez‐Amat & Zahn, 2015; Marino et al., 2015), 68% and 95% confidence intervals (shaded envelopes), (c) African monsoonal runoff estimate
(blue), median (solid line), 68% and 95% confidence intervals (shaded envelopes). African monsoonal runoff estimate when accounting for HS11 with Atlantic
freshwater addition (dark blue), median (solid line), 68% and 95% confidence intervals (dotted lines), yellow band indicates modern range of pre‐Awan Nile runoff
volume (based on Rohling et al., 2015), (d) δ18Oruber for ODP 967 (green), LC21 (red), KS205 (blue) and ODP 971 (black), median (solid line), 95% confidence intervals
(shaded envelopes), (e) percent F. profunda in LC21 (purple; Grelaud et al., 2012), (f) weight percent organic carbon in LC21 (Corg; gray; Marino et al., 2007),
Isorenieratene concentration in LC21 (orange; Marino et al., 2007), (g) total tree‐pollen taxa record from Tenaghi Philippon in Greece (dark green; Milner et al., 2012,
2016;Wulf et al., 2018), (h) Ti/Al record fromODP967/968 (orange; Konijnendijk et al., 2014), IRM0.9T@AF120mT record fromODP 967 (dark red; Larrasoaña, Roberts,
Rohling et al., 2003), (i) wet‐dry index from ODP 967 (Grant et al., 2017). S5 interval (gray‐shaded band), timing of HS11 (blue shaded band; Marino et al., 2015).
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−3.3 × 1011 m3 (Figure 9c). Thereafter, from ~131.3 to 129 ka, there is a distinct interval of reduced monsoon
runoff to less than the present day, reaching a minimum at ~130.4 ka. In the additional model run, which
switches on an isotopically light Atlantic freshwater inflow associated with HS11 (from 135 ± 1 to 130 ± 2
ka), the monsoon runoff estimate over this interval is even further decreased, with negative median mon-
soon runoff volumes throughout almost all the HS11 interval (Figure 9c). Potential explanations for these
negative monsoon runoff estimates are discussed in section 7.3.

Estimated African monsoon runoff during S5 indicates two main intervals of elevated freshwater runoff into
the Mediterranean at 128.5–126.5 ka and 125.7–122.8 ka, which correspond to the lower and upper lobes in
the S5 δ18Oruber records, respectively (Figures 9c and 9d). The onset of S5 at 128.3 ka (as defined by Grant
et al., 2016) immediately follows a sharp increase in monsoon runoff volume, which reaches a peak at
~8.8 times the total present‐day runoff (~1.3 × 1012 m3) at 127.4 ka. Following this peak, monsoon runoff
decreases to a temporary minimum at 126.5–125.7 ka, when median runoff volume approximates the
present‐day value. This interval corresponds to the interruption observed in δ18Oruber records for ODP 971
and KS205 (Figure 9d) and noted by previous studies (e.g., Rohling et al., 2002, 2004; Scrivner et al.,
2004). Monsoon runoff then increases into the upper lobe, where median values fluctuate between ~1.6
and 4 times monsoon intensification (2.4–6.1 × 1011 m3) relative to the present day. At 122.8 ka, the median
monsoon runoff decreases to present‐day equivalent values, approximately 1.2 kyr before the end of S5
deposition at 121.5 ka.

7. Discussion
7.1. δ18O Sapropel Imprint
7.1.1. Freshwater Source
African monsoonal runoff is widely acknowledged as a source of isotopically light freshwater to the eastern
Mediterranean during sapropel events (e.g., Hennekam et al., 2014; Larrasoaña, Roberts, Stoner, et al., 2003;
Lourens et al., 2001; Osborne et al., 2008, 2010; Rohling et al., 2004, 2015; Rossignol‐Strick, 1985). However,
increased outflow of fresher waters from the Black Sea (Lane‐Serff et al., 1997; Olausson, 1991) and increased
winter precipitation along the northern borderlands of the eastern Mediterranean (e.g., Kotthoff et al., 2008;
Kutzbach et al., 2014; Milner et al., 2012) have been proposed as potential additional freshwater sources.

Our δ18Opf data sets compiled from four eastern Mediterranean core sites (Figures 1 and 3) are well located
to monitor the source location, and subsequent circulation, of freshwater inputs to the basin during the S5
interval. Of the four cores included in this study, the most negative δ18Oruber signal for S5 is in ODP Site 971
(Figure 9d), which is the closest site to the African margin. The present‐day antiestuarine circulation of the
Mediterranean is thought to have been maintained during sapropel events, including S5 (Incarbona et al.,
2011; Myers et al., 1998; Rohling, 1994). Consequently, anticlockwise surface circulation in the eastern
Mediterranean would have been similar to the present (Figure 1b). Therefore, assuming that there were
no major freshwater sources in the western Mediterranean, a freshwater signal at ODP 971 would have to
originate from the African margin. This suggests that the greatest freshwater input to the eastern basin dur-
ing S5 entered the basin via paleoriver systems along the North African margin, rather than from the Nile.
ODP 967 is located close to Nile outflow (Figure 1b) and shows the second greatest depletion in δ18Oruber

(Figure 9d). While a large part of the freshwater signal in ODP 967 may be sourced from the Nile, as this site
lies in the path of surface water circulation traveling eastward, it would also receive some isotopically light
freshwater originating from drainage along the wider African margin.

Currently, the Po has the greatest river discharge from Europe into the easternMediterranean (Ludwig et al.,
2009). Increased winter precipitation over the northern borderlands would be expected to have increased the
runoff from the Po into the Adriatic. Core site KS205 is located just south of the Adriatic, so it would poten-
tially record freshwater influences as surface circulation transports the fresher, more buoyant water into the
main basin (Figure 1). However, there is no evidence of a greater freshwater influence in the winter mixed
layer at KS205, with δ18Osiphonifera virtually the same for all core sites included in the study (Figure 3d).
δ18Osacculifer is more negative in KS205 than any other core, but this is not the case in δ18Oruber and
δ18Ouniversa, so there is also no evidence of greater freshwater influence in the SML (Figures 3a–3c).
Likewise, we would expect an increased outflow of fresher waters from the Black Sea to be evidenced by
low anomalies in δ18Opf in LC21, which is located in the southern Aegean (Figure (1). However, LC21
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does not exhibit more negative δ18O in any surface mixed layer species compared to the other eastern
Mediterranean cores (Figures 3a–3d). Therefore, while we cannot exclude freshwater contributions from
the Black Sea or European borderlands, our multisite comparison shows no evidence of major contributions
from these sources and instead supports previous observations (Osborne et al., 2010) that these were negli-
gible in comparison to the African‐sourced freshwater during the development of S5.
7.1.2. Temperature Versus Freshwater Influence on δ18Oruber

The eastern Mediterranean Δ47‐G. ruber (w) SST stack indicates SSTs higher by up to 5.7 °C than summer
temperatures inferred from the UK’

37‐based SST stack during the study interval (Figure 5). The model can
only reproduce the observed δ18O difference between G. ruber (w), which opportunistically shifts into lower
salinity surface waters during periods of monsoon flooding, and other SML species that remain in the main
body of the SML, when accounting for a higher SST forG. ruber (w; i.e., the Δ47‐based SST record). This indi-
cates that both stratification of the SML and a temperature concentration effect within the surface layer (cf.
Emeis et al., 2003 ; Rodríguez‐Sanz et al., 2017) are necessary to describe the amplified depletion of δ18Oruber

relative to other planktic species during S5.

Besides this temperature concentration effect, the freshwater influence on planktic δ18O during sapropels is
also clearly important. Simulated δ18O in the SST diagnostics were not low enough to replicate the δ18Oruber

observations (Figure 7), which indicates that previous estimates of freshwater runoff volumes during S5
(Rohling et al., 2004) were too low. Rohling et al. (2004) suggested a monsoon intensification equivalent
to 160–300% of the total present‐day runoff into the Mediterranean for the lower lobe and 120–200% the
present‐day runoff for the upper lobe. In this study we report monsoon intensification as a factor of the
present‐day Nile discharge (see section 6.3), rather than total runoff, which would bring the Rohling et al.
(2004) estimates to 2.4–6.6 and 1.2–3.6 African monsoon intensification for the lower and upper lobes,
respectively. Our calculated African monsoon runoff from the inverted model approach is considerably
higher (Figure 9c), with our most probable monsoon intensification estimates reaching 8.8 times the present
day in the lower lobe and 1.6–4 times the present day in the upper lobe. Rohling et al.'s (2004) estimates were
likely lower than ours because they were based on the δ18Oruber record from KS205, while this study
accounts for KS205 together with three additional easternMediterranean cores. The multisite δ18Oruber com-
parison (Figure 9d) shows that KS205 δ18Oruber anomaly is smaller than those in cores ODP 967 and ODP
971. This highlights the advantage of using multiple sites to provide a more comprehensive insight to the
easternMediterranean. The eastward circulation of surface waters along the African coast gives us assurance
that any freshwater entering the eastern Mediterranean from Africa will be recorded to some extent in the
δ18Oruber signals of ODP 971, ODP 967, and even the cores further along the circulation pathway. With
our core sites located at key points for surface circulation around the eastern Mediterranean (Figure 1b),
we are confident in a good overall representation of the basin.

Our stacked eastern Mediterranean δ18Oruber and SST records from spatially distributed sites are taken to
represent basin averages. Likewise, our box model differentiates Mediterranean water masses by depth
and season, but they remain horizontally homogeneous. However, δ18Oruber can differ quite substantially
through S5 at the four sites considered here (Figure 9d). These differences reflect both differences in fresh-
water influence and SST at the individual sites. If SST could be accounted for separately for each eastern
Mediterranean site, then the freshwater influence on δ18Oruber could be isolated for each. This would provide
further information on the circulation and attenuation of freshwater within the eastern basin. UK’

37‐based
SST reconstructions are available for all the sites included in this study and show little spatial variation
(Marino et al., 2007; Rohling et al., 2002, 2004). However, the Δ47‐G. ruber (w) SST reconstructions are only
available for ODP 967 and LC21 and show larger differences (Rodríguez‐Sanz et al., 2017). ODP 967 and LC21
are the two easternmost sites in the study (Figure 1), so we may expect the other two sites (ODP 971 and
KS205) to show even greater Δ47‐G. ruber (w) SST differences, given the present‐day Mediterranean SST gra-
dient (Locarnini et al., 2010). Greater spatial coverage with Δ47‐G. ruber (w) records will help with better
quantification ofmixing and freshwater circulation and of monsoon freshwater input locations and volumes.

7.2. African Monsoon Runoff

The calculated African monsoon runoff presented here (Figure 9c) represents the first continuous record of
quantified excess freshwater influx into the eastern Mediterranean during S5 deposition. All features of the
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African monsoon runoff reconstruction over the S5 interval are responses solely to the input records. We
compared these results with an additional model run in which an isotopically depleted Atlantic inflow
was imposed in the model from 135 (±1) to 130 (±2) ka to account for Atlantic freshwater entering the
Mediterranean during HS11 (section 6.2). We discuss the various results in the following sections. The gen-
erously calculated monsoon runoff uncertainty accounts for full propagation of errors from the multiple
inputs and parameters in the model, and the signal determined in the monsoon runoff reconstruction is
robust relative to these uncertainties. There is a large spike increase in the 95% confidence envelope of the
calculated African monsoon runoff at ~129 ka (Figure 9c), which corresponds to two features in the input
records, which increase uncertainty: (a) the interval of largest uncertainty in the δ18Oruber stack
(Figure 6a) and (b) the greatest ΔT (Figure 5c), which is associated with the thinnest USML through the
defined relationship in the model (where small differences in USML thickness arising from Monte Carlo
sampling would make the greatest difference proportionally; section 5.2).
7.2.1. Sapropel Onset
The clearly defined increase in monsoon intensity from ~128.5 ka (Figure 9c), corroborated by rapid
increases in terrigenous supply in the Nile outflow region (Dirksen et al., 2019), is some 200 years before
the start of S5 deposition at ~128.3 ka (Grant et al., 2016). This indicates a very rapid development of basin
conditions to enable sapropel preservation following increased freshwater influx to Mediterranean surface
waters. However, the median ΔT is greater than 0 °C from the start of the study interval at ~135 ka
(Figure 5c), which, according to our working hypothesis, indicates SML stratification and formation of the
USML. This suggests that eastern Mediterranean surface water stratification increased from ~6.7 kyr before
the increase in monsoon freshwater influx into the basin. Prior to Holocene sapropel S1, stratification was
likely encouraged by Mediterranean surface water freshening due to both rapid sea level rise and freshening
of Atlantic inflow and concomitant glacial to interglacial SST increases (Grant et al., 2016; Grimm et al.,
2015; Matthiesen & Haines, 2003). Similarly, before S5, an increase in stratification may have been driven
by Atlantic freshening associated with HS11, as well as rapid sea level rise and increasing SSTs associated
with Termination II, which accelerated ~133 ka (Figure 5; Grant et al., 2012), following an onset as early
as 135 ka (Marino et al., 2015). Cold, salty glacial waters would have filled the Mediterranean basin prior
to the start of the glacial termination, enhancing the potential for stratification during these events due to
the density contrast with fresher incoming surface waters (Emeis et al., 2003). Increased stratification before
the onset of S5 is also supported by an increasing abundance of the lower photic zone coccolithophore
Florisphaera profunda in LC21 from ~130 ka until the start of the S5 interval (Figure 9e; Grelaud et al.,
2012, using Grant et al., 2012, LC21 age model). F. profunda indicates the development of a deep chlorophyll
maximum (DCM), which is associated with pycnocline shoaling and increasing stratification. Total organic
carbon (Corg) preserved in LC21 increases from ~129.5 ka (Figure 9f; Marino et al., 2007, using Grant et al.,
2012, LC21 age model), which may evidence an increase in export production fuelled by a DCM before the
onset of S5. Together, this evidence for an increase in stratification and productivity prior to the start of the
calculated African monsoon runoff suggests a considerable sequence of preconditioning of the eastern
Mediterranean for the development of anoxic conditions.

During S5, euxinic conditions extended up to the base of the photic zone, reaching an estimated ~200 m in
the Aegean Sea at ~127.9 ka (Marino et al., 2007, using Grant et al., 2012, LC21 age model). This is evidenced
by high concentrations of isorenieratene (Figure 9f), which indicates the presence of anaerobic, photo-
trophic green sulphur bacteria (Chlorobiaceae), which require both sulphide and light (Koopmans et al.,
1996; Passier et al., 1999; Repeta et al., 1989; Rohling et al., 2006). Based on modern oxygen utilization rates,
consumption of all oxygen below 500‐m depth is estimated to take 640 years following a collapse of deep
water formation (Rohling, 1994). However, during S5, oxygen below ~200 m is consumed just 600 years after
the calculated African monsoon runoff starts to increase, and exceeds present‐day volumes. With the same
oxygen utilization as the present day, these timings require an abrupt cessation of deep water formation
immediately following the increase in monsoon freshwater influx to the basin. Higher levels of productivity
would have aided a rapid oxygen utilization and extension of euxinic conditions in the eastern
Mediterranean following a collapse of deep water formation, which may explain the rapid onset of sapropel
deposition observed. However, modeling studies for S1 indicate that even with enhanced production (3x
increase in nutrient influx) and strong density stratification, deep water anoxia takes at least 3.4 kyr to
develop in the eastern Mediterranean (Grimm et al., 2015). This suggests the above estimates of complete
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oxygen consumption below the photic zone in <1,000 years may be greatly underestimated and supports a
preconditioning of the eastern Mediterranean as a requirement for the observed onset of S5 deposition.
7.2.2. African Monsoon Runoff Interruption
During the δ18Oruber signal interruption (126.5–125.7 ka), the median calculated African monsoon runoff is
the same as the present‐day (pre‐Aswan) Nile runoff into the Mediterranean (Figure 9c). This reduction in
runoff volume during the interruption could be explained by a southward shift in the summer Intertropical
Convergence Zone (ITCZ) midway through S5, to a position south of the Saharan watershed. A prominent
North Atlantic cooling event associated with a meltwater event off of Greenland has been identified ~126.5–
125 ka and may be responsible (Irvalı et al., 2012; Salonen et al., 2018; Zhuravleva et al., 2017). This ITCZ
shift may have prevented the African monsoon from penetrating the Saharan watershed and caused a shut-
down of the paleodrainage systems along the wider African margin, as all the runoff during this interval can
be accounted for by a Nile outflow similar to the present day (pre‐Aswan). When African monsoon runoff
increased again, ending the interruption at ~125.7 ka, the δ18Oruber in ODP 971 started to decrease
(Figure 9d), suggesting a reactivation of the paleodrainage systems along the North African margin.
However, ODP 967 δ18Oruber does not decrease again until ~124 ka, which suggests that Nile discharge
stayed at the same levels as during the interruption. Furthermore, eastward surface circulation would be
expected to transport freshwater from the African margin to ODP 967 (Figure 1b), but there is no evidence
of this in ODP 967 δ18Oruber. However, as seen in the SST diagnostic experiments (section 5.1), temperature
also has an important influence on δ18Oruber, in particular during S5 when a temperature concentration
effect is observed for the thin, freshwater‐diluted USML. The Δ47‐based SST, which is measured directly
on G. ruber (w), indicates a lower temperature for the latter half of S5 (Figure 5b), and in particular, SST
for ODP 967 is 1–3 °C lower than for LC21 from 126 to 121.5 ka (Rodríguez‐Sanz et al., 2017). This partly
explains the observations of δ18Oruber for ODP 967. Again, this emphasizes the importance of considering
temperature when studying δ18Oruber over sapropel events and in particular highlights the value of targeting
future Δ47‐based SST reconstructions on sites in close proximity to ODP 971 for tracing freshwater circula-
tion within the basin.

Interestingly, of the four cores in this study KS205 displays the most pronounced δ18Oruber signal interrup-
tion from 126.5 to 125.7 ka (Figure 9d), despite being the farthest site from African runoff sources. This
may indicate that during this interval, when African runoff decreased to volumes similar to the present
day, the freshwater influx was not enough to circulate the eastern Mediterranean and reach KS205 as a dis-
tinct surface signal but is instead attenuated into the water column before reaching the north Ionian Sea
(Figure 1b). In this case, stratification of the SML in the northern Ionian may have broken down, with
δ18Oruber reflecting the δ

18O of the entire SML rather than just the USML. However, KS205 δ18Ouniversa over
this interval also increases (Figure 3b), suggesting that the increase in δ18Oruber is not only due to a mixing
down of the USML, but at least partly due to other influences. KS205 may have undergone a regional cooling
associated with the North Atlantic cooling event; although if there was a regional SST decrease at this time, it
appears to be restricted to summer, as neither the UK’

37‐based SST nor δ18Osiphonifera for KS205 show any
significant change during the interruption interval (Figures 3d and 4a). As discussed previously, precipita-
tion over the northern borderlands and associated runoff cannot be excluded as an influence over this period
(section 7.1.1.) but without further constraint is difficult to account for. Again, aG. ruber‐Δ47 SST reconstruc-
tion would be valuable for the North Ionian region of KS205, not only to investigate a possible summer cool-
ing over this interval but also to study the site‐specific ΔT to deduce the regional state of SML stratification
through S5.

7.3. Mediterranean Aridity/Humidity

Estimated Africanmonsoon runoff for the pre‐S5 interval is mostly below present‐day levels (Figure 9c), sug-
gesting more arid conditions over North Africa and a reduction in Nile outflow. A negative medianmonsoon
runoff volume is calculated for ~134 ka and ~131–129 ka in the model run without an imposed Atlantic
freshening, and throughout almost the entire HS11 interval in the additional model run with an imposed
Atlantic freshening. While negative runoff is not physically possible, it does not immediately invalidate
the results. The model assumes that runoff from non‐African rivers (~3.7 × 1011 m3/year) remains the same
proportionally to precipitation. While a relative decrease in non‐African runoff could compensate for part of
the negative runoff calculated during HS11, it cannot fully account for the negative median volume in either
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Figure 10. Modeled eastern Mediterranean hydrological balance during monsoon season for (a) HS11 (130.5 ka) and (b)
S5 upper and lower lobes (124.8 and 127.3 ka). Different P:E ratios have been imposed on the Mediterranean box model to
simulate different aridity/humidity conditions in the region. Volume fluxes for different components are shown as
freshwater additions (positive) or removals (negative) to the basin system: evaporation (orange), precipitation (purple),
Black Sea input (dark blue), non‐African runoff (green), and African monsoonal runoff (blue).
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model run (Figure 10a). This suggests that a climatic feature is captured in the data, which is not accounted
for in the model, possibly an exceptionally evaporative period.

There is evidence of exceptionally arid conditions over North Africa and the Mediterranean during Heinrich
stadials over the past 70 kyr (Collins et al., 2013; Combourieu Nebout et al., 2002; Niedermeyer et al., 2009;
Torfstein et al., 2018). Pollen records from Southern Europe also suggest aridity during HS11, with drier,
more open vegetation, and large expansion of interglacial vegetation occurring only after 130 ka (Figure 9g;
e.g., Sánchez Goñi et al., 1999; Tzedakis et al., 2003; Brauer et al., 2007; Milner et al., 2012, 2016; Wulf et al.,
2018). However, two independent Saharan dust proxies, one based on Ti/Al (Konijnendijk et al., 2014) and
the other based on environmental magnetism (IRM0.9T@AF120mT; Larrasoaña, Roberts, Stoner, et al., 2003),
as well as an aridity/humidity index for North Africa (Grant et al., 2017), imply a reduced influx of Saharan
dust to the far easternMediterranean during HS11 (Figures 9h and 9i). This appears to suggest that HS11 was
not as arid as is implied by our African monsoon runoff estimate. However, the weathering and erosion that
produces Saharan dust requires, at least intermittently, humid conditions (Ehrmann et al., 2017; Kocurek,
1998). Therefore, a prolonged arid episode prior to HS11 may have depleted the Saharan dust available for
aeolian transport (Kocurek, 1998). In particular, greater dust transport from Africa to the eastern
Mediterranean resulting from increased cyclogenesis would be expected for the preceding glacial
(Kuhlemann et al., 2008; Larrasoaña, Roberts, Stoner, et al., 2003). A reduced availability and/or transport
of Saharan dust to the eastern Mediterranean would affect all of the aforementioned dust flux proxies, pos-
sibly masking an arid interval during HS11 in these records. Saharan lacustrine deposits potentially provide
timing for North African humid intervals in a manner independent of Saharan dust (e.g., Drake et al., 2013;
Geyh & Thiedig, 2008; Szabo et al., 1995), yet age uncertainties for these records are typically large and often
span both S5 and HS11; therefore, unfortunately, such data cannot be used to resolve the issue.

Given that HS11 may have been a more arid period, we need to consider how this would affect the model
results. The calculated runoff is essentially the difference in the Mediterranean evaporation‐precipitation‐
runoff balance relative to that of the (pre‐Aswan) present day. The model estimates the precipitation (over
the sea), evaporation, and nonmonsoon runoff components, and the remainder is accounted for by a change
in African monsoon runoff. Hence, an unquantified change in the past Mediterranean hydrological balance
may not be fully accounted for in the model andmay thus be falsely assigned as a change in monsoon runoff.
As a result, negative monsoon runoff calculated during HS11may reflect particularly enhanced aridity and a
decreased precipitation to evaporation ratio (P:E) throughout the Mediterranean basin at this time. The P:E
ratio in our box model was set to 0.4 ± 0.1 to allow variation from the present‐day balance (0.4 ± 0.05;
Mariotti et al., 2002). P:E was not set to change temporally through the study interval as this would require
assumptions of past changes in aridity/humidity, and so far, quantitative paleoestimates of evaporation and
precipitation over the Mediterranean remain elusive. A decrease in P:E to 0.29 avoids negative values for the
median monsoon runoff volume from 131 to 129 ka in the model run without imposed HS11 Atlantic fresh-
ening (Figure 10a). However, for the additional model run with an imposed Atlantic freshening, P:E needs to
be reduced to less than 0.2. This strongly suggests that the Atlantic freshening during HS11 imposed in this
run has been overestimated.

On the other hand, the S5 interval is associated with an African humid period. This might be accompanied
by greater humidity over the Mediterranean (greater P:E). For an increase in the box model P:E to 0.5 (from
0.4), the median African monsoon runoff is reduced to a maximum of ~1.1 × 1012 m3 for the lower lobe of S5
(monsoonal intensification of ~7.3, down from ~8.8), and ~3.6 × 1011 m3 for the upper lobe (monsoonal
intensification of ~2.4, down from ~4; Figure 10b). While these are well within the 68% probability envelope
of our calculated African monsoon runoff (Figure 9c), this indicates how quantification of past changes in
the hydrological balance of the Mediterranean would help refine our estimates.

8. Conclusions

We have deconvolved Mediterranean δ18Opf to calculate African monsoon runoff history over the period of
deposition of sapropel S5 (~128.3–121.5 ka). This was achieved using a box model of the Mediterranean,
which was constrained with existing records of sea level and SST. Our calculations provide the first quanti-
tative time series estimate of the extent of North African monsoon intensification, which is widely accepted
as a major cause of eastern Mediterranean sapropels. Our estimated African monsoon runoff volume
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suggests that large increases in freshwater runoff into the eastern Mediterranean (up to ~8.8 times the mod-
ern pre‐Aswan Nile discharge) are required to account for the δ18Oruber signals during sapropel S5 deposi-
tion, while remaining consistent with the δ18O profiles of other planktic foraminifera species. The method
also indicates that SST increase (≤5.7 °C) via a temperature concentration effect accounts for a large part
of the sapropel imprint on δ18Oruber and cannot be ignored. Our experiments suggest that ΔT, the difference
between the UK’

37 (+4 °C) and the Δ47‐G. ruber (w) summer temperature reconstructions, reflects the tem-
perature concentration effect and hence the extent of freshwater‐induced and temperature‐enforced strati-
fication in the SML during the S5 interval.

The calculated increase in African monsoon runoff first exceeds modern pre‐Aswan values at 128.5 ka, only
~200 years before the onset of S5. Previously published data suggest an enhanced stratification in the eastern
Mediterranean before S5, likely related to Termination II sea level rise or HS11 Atlantic freshening, which
may have preconditioned the basin for the rapid onset of sapropel deposition following the increase in mon-
soon freshwater influx. Two main intervals of increased African runoff are identified over the interval of S5
deposition, the lower lobe (128.5–126.5 ka; peak median runoff volume of ~1.3 × 1012 m3/year), and the
upper lobe (125.7–122.8 ka; runoff volume ~2.4–6.1 × 1011 m3/year). In between these two intervals, runoff
decreases to volumes similar to the pre‐Aswanmodern values. Improvements in constraining past variations
in the Mediterranean P:E balance would refine our median estimates of African monsoon runoff, although
such differences remain well within our 68% probability intervals.

The method developed here provides a more detailed insight into the hydrological conditions in the eastern
Mediterranean (and North Africa) during the last interglacial, and there is potential to apply the method to
other intervals of sapropel deposition. Furthermore, the ability to deconvolve δ18Oruber and isolate the fresh-
water component during sapropel events is a step towards reconstructing sea levels over sapropel events
using the Mediterranean marginal‐basin sea‐level method (Rohling et al., 2014).
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