
1. Introduction
Intercalated marls and organic-rich sapropel layers in sedimentary sequences have provided crucial insights into 
the evolution of the Mediterranean Sea and the North African monsoon (see Cramp & O'Sullivan, 1999; Emeis 
& Weissert, 2009; Rohling, 1994; Rohling et al., 2015 for reviews). During orbital precession minima (Northern 
Hemisphere insolation maxima), the mean position of the North African monsoon front (Figure 1) migrated 
northwards (Rohling et al., 2002; Rossignol-Strick, 1983), resulting in so-called Green Sahara Periods (GSPs) 
that supported increased vegetation and potentially a more hospitable environment for hominin populations 
(Larrasoaña, 2021; Larrasoaña et al., 2013). Furthermore, the northward shift of the monsoon rain belt increased 
freshwater runoff into the Mediterranean Sea via the Nile and paleoriver systems along the wider North African 
margin (Rohling et al., 2002, 2015; Rossignol-Strick, 1985). High monsoon runoff increased the flux of nutri-
ents into the Mediterranean Sea and induced water column stratification due to the formation of a buoyant low 
salinity surface layer. These conditions would induce deep-sea anoxia and the formation of organic-rich sapropels 
(Rohling et  al.,  2002,  2015; Rossignol-Strick et  al.,  1982). Furthermore, water column stratification resulted 
in preferential warming of the relatively fresh surface layer, a process referred to as the temperature concen-
tration effect (Emeis et al., 2003). Not all precession minima resulted in sapropels, rather sapropels are found 
typically in clusters during periods when eccentricity modulation resulting in high amplitude precession cycles 
(Hilgen, 1991a, 1991b; Hilgen et al., 1993, 1995; Lourens et al., 1996, 2001; Rohling et al., 2015).

Abstract Sapropels are dark, organic-rich layers found in Mediterranean sediments that formed during 
periods of bottom water anoxia. While various mechanisms have been proposed to have caused anoxic 
conditions, a primary factor is considered to be water column stratification induced by freshwater runoff related 
to intensified North African monsoon precipitation during precession minima. Monsoon intensification also 
induced Green Sahara Periods that may have impacted North African hominin dispersal. In this study, we 
present a novel regression-based deconvolution of a high-resolution planktonic foraminiferal oxygen isotope 
record to estimate the combination of freshwater runoff reaching the eastern Mediterranean and associated 
surface warming of the water column over the past 5 million years. Sapropels are known to occur in clusters 
associated with periods of high orbital eccentricity. Our analysis reveals a consistent influence of orbital 
eccentricity in modulating the North African monsoon, and a possible shift in runoff source area induced by the 
initiation of Northern Hemisphere ice sheets. Our findings provide important insights into the role of the North 
African monsoon in shaping Mediterranean environmental changes over the past 5 million years.

Plain Language Summary We investigate long-term changes in monsoon rains over North Africa, 
which annually result in freshwater flowing into the Mediterranean Sea. Over geological time, Earth's orbital 
variations have played a significant role in shaping the monsoon and, consequently, the quantity of freshwater 
entering the Mediterranean. Foraminifera, small marine organisms, record the oxygen isotope composition of 
their environment in their shells. Notably, the oxygen isotope balance in North African monsoon rains and the 
Mediterranean Sea differ, but eventually mix upon the freshwater entering into the Mediterranean. Our research 
combines a statistical analysis of oxygen isotope data preserved in foraminifera shells with a numerical model 
of the Mediterranean Sea, enabling us to estimate changes in monsoon freshwater input into the Mediterranean 
over the past 5 million years. This information not only enhances our understanding of monsoon evolution 
but also provides insights into the potential for hominin migrations in a more lush North African landscape 
characterized by higher rainfall than today.
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Monsoon runoff waters are characterized by strongly negative δ 18O values (Amies et  al.,  2019; Rohling 
et al., 2015, and references therein). Therefore, δ 18O of calcitic planktonic foraminifera tests (δ 18Opf) preserved 
in sapropels has the potential to provide information concerning runoff into the Mediterranean Sea and the long-
term evolution of the North African monsoon (Amies et al., 2019; Emeis et al., 2003). For example, an ability to 
reconstruct changes in North African runoff reaching the Mediterranean Sea will enable inferences to be made 
concerning the strength of the monsoon and potential occurrence of GSPs during the Plio-Pleistocene, which was 
a key time interval for hominin evolution and dispersion (Larrasoaña, 2021; Larrasoaña et al., 2013).

We combine quantile regression (Koenker, 2005) and a Mediterranean Sea box model (Rohling, 1999; Rohling 
et al., 2004, 2014) to deconvolve an orbitally-tuned high-resolution δ 18Opf record from eastern Mediterranean 
Ocean Drilling Program (ODP) Site 967 (Figure 1). Using box model derived sensitivities of δ 18Opf to different 
forcings, we estimate the flux of North African monsoon freshwater runoff reaching the Mediterranean Sea 
and its associated surface water temperature concentration effect over the last 5 million years. These estimates 
are used to infer long-term (e.g., 400-Kyr eccentricity) orbitally-controlled changes in North African monsoon 
runoff.

2. Materials and Methods
Our approach is based on deconvolving long-term changes in δ 18Opf to quantify the influence of North African 
monsoon runoff on the Mediterranean Sea. The deconvolution is underpinned by published records of Medi-
terranean δ 18Opf and sea-level, and an established box model used to simulate changes in δ 18Opf under different 
forcing scenarios. A flowchart provided in Figure 2 summarizes our proposed approach in a step-by-step fashion.

The ODP Site 967 G. ruber (w) δ 18O record of Grant et al. (2022) is adopted to represent δ 18Opf. Relative sea-level 
changes at Gibraltar (RSLGib) driven by variations in global mean (eustatic) sea level (ESL) were estimated from 
the ESL reconstruction of Rohling et al. (2021). Specifically, ESL driven change in RSLGib was obtained via the 
empirical relationship; RSLGib = ESL/1.23 estimated by Rohling et al. (2014) from an ensemble of glacial isostatic 
adjustment models relating ESL to depth of the Camarinal Sill (the critical location of water-exchange control 
for the Strait of Gibraltar). Importantly, the ESL to RSLGib conversion provides a representation of how RSLGib 
is expected to vary in response to ESL without associated changes in North African monsoon freshwater fluxes 

Figure 1. Map showing the Nile river and location of Ocean Drilling Program (ODP) Site 967 in the eastern Mediterranean 
Sea. Basemap colors indicate modern vegetated areas versus desert regions. The approximate positions of the modern 
boreal winter and summer Intertropical Convergence Zones (ITCZ) are show by the dotted and dashed lines, respectively 
(Larrasoaña et al., 2013). Monsoon rainfall over the Sahel occurs during boreal summer as the ITCZ penetrates northwards.
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(FWF). Rohling et al. (2014) validated the RSLGib to ESL relationship by using it to deconvolve global deep-sea 
temperature since 5.3  Ma, and demonstrating that the resulting estimates were consistent with Mg/Ca-based 
temperatures. Following Rohling et al. (2014), we assume that RSLGib = ESL/1.23 provides a robust first-order 
approximation over the past 5 Myr.

The chronologies of the ODP Site 967 δ 18Opf record of Grant et  al.  (2022) and the ESL record of Rohling 
et al.  (2021) differ sufficiently that the intervals representing sapropel and marls are inconsistent. As will be 
shown, our deconvolution approach relies on separating records into sapropel and marl intervals, and requires that 
the proxies involved have a consistent age model. The Medstack composite δ 18Opf record of Wang et al. (2010) is 
selected as the basis for a common chronology. Importantly, sapropel and marl age intervals are provided within 
the Medstack framework, facilitating our deconvolution approach. The ESL chronology of Rohling et al. (2021) is 
consistent with Medstack and did not require modification. Retuning the ODP Site 967 δ 18Opf of Grant et al. (2022) 
to Medstack requires age adjustments of less than ±20 Kyr (Figure S1 in Supporting Information S1). To estimate 
variability in the North African monsoon related to 100-Kyr eccentricity cycles would require precession-scale 
accuracy when comparing δ 18Opf and RSLGib. Because we cannot guarantee such age model accuracy, we focus 
on >400-Kyr eccentricity, which modulates both 100-Kyr eccentricity and precession. Medstack is tuned to 
the orbital solution of Laskar et al. (2004) and may differ slightly from more recently developed astronomical 
chronologies, such as CENOGRID (Westerhold et al., 2020), that are tuned to Laskar et al. (2010). However, our 
deconvolution is focused on long-term (>400-Kyr) variability. Therefore, systematic differences in the Medstack 

Figure 2. Flowchart of the proposed δ 18Opf deconvolution procedure including references to the figures where each step is 
illustrated. Abbreviations used in the flowchart are defined at appropriate points in the text.
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and CENOGRID chronologies will be unimportant unless they are on the scale of hundreds of thousands of years. 
Importantly, systematic differences in the Laskar et al. (2004 and 2010) orbital solutions on which the Medstack 
and CENOGRID chronologies are based, are minor for the age interval under consideration.

2.1. Winter-Summer Box Model

Long-term average Mediterranean Sea δ 18O is controlled by a broad range of parameters, which include evap-
oration, precipitation and runoff, Atlantic inflow, water residence time in the basin, and global ice volume. To 
approximate the unknown relationship between δ 18O and different forcings, Rohling (1999) developed a Medi-
terranean basin box model that included summer and winter mixed-layer separation. This box model employed 
parameterizations for the key forcing processes. Rohling et al. (2014) reduced many aspects of the forcing, such 
as summer and winter sea surface temperatures (SSTs and SSTw, respectively) to functions of RSLGib. Parameter-
ized SSTs and SSTw (in °C) were subsequently updated by Amies et al. (2019) based on a comparison of multiple 
SST proxies to:

SSTs = 22 +
5.0RSLGib

120
, (1)

and

SSTw = 17 +
3.5RSLGib

120
, (2)

where positive values of RSLGib correspond to sea-levels above modern. G. ruber (w) calcification is assumed 
to occur in summer, and yields a δ 18Opf according to the relationship of O'Neil (1969) with adjustments for the 
difference between values versus Standard Mean Ocean Water for water and versus Pee Dee Belemnite for calcite 
(Rohling, 1999):

𝛿𝛿
18Opf =

2.78 × 106

(SSTs + 273.15)
2
+

𝛿𝛿18Osml − 30.92

1.03092
− 3.39, (3)

where δ 18Osml is the δ 18O of the model box representing the summer mixed water layer. For compactness, we 
abbreviate Equation 3 to the general form; δ 18Opf = fc(δ 18O, SST).

2.2. Winter-Summer-Monsoon Box Model

Rohling et  al.  (2004) extended the Mediterranean basin model to include an intermittent surface “monsoon 
box” to represent the influence of freshwater runoff from the North African monsoon. Such FWF have been 
hypothesized to be the key drivers of water column stratification in the Mediterranean during precession minima, 
inducing increased productivity, sapropel formation, and negative δ 18O anomalies (Amies et al., 2019; Emeis 
et al., 2003; Rohling et al., 2015; Rossignol-Strick, 1985; Rossignol-Strick et al., 1982). Based on a collection of 
numerical experiments aimed at simulating observed δ 18Opf anomalies across sapropel S5, Amies et al. (2019) 
parameterized the depth of the box representing the monsoon-induced upper summer mixed layer (USML) as 
−3.509ΔT + 30. For planktonic foraminifera, such as G. ruber (w), expected to reside in the USML:

𝛿𝛿
18Opf = 𝑓𝑓𝑐𝑐

(

𝛿𝛿
18Ousml(FWF), SSTs + ΔT(FWF)

)

, (4)

where both δ 18Ousml and the temperature concentration effect (ΔT) depend on FWF. While ΔT is related to 
monsoon FWF, the form of this relationship is unknown. Therefore, Equation 3 is part of an under-identified 
system and it is not feasible to estimate changes in FWF (ΔFWF) and ΔT separately without additional constraints.

2.3. Box Model Sensitivities

To estimate the influence of large-scale RSLGib changes on δ 18Opf, we employ the Winter-Summer box model of 
Rohling (1999), with the RSLGib-based forcing parameterizations of Rohling et al. (2014), including the seasonal 
SST adjustments of Amies et al. (2019). In addition to determining a continuous relationship between RSLGib and 
δ 18Opf, we consider the sensitivity of δ 18Opf to changes in RSLGib by determining ∂δ 18Opf/∂RSLGib numerically 
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using the Winter-Summer box model (Figure S2a in Supporting Information S1). To estimate the influence of 
ΔFWF and ΔT, we employ the Winter-Summer-Monsoon box model with the USML depth parameterization of 
Amies et al. (2019). Sensitivities ∂δ 18Opf/∂ΔFWF and ∂δ 18Opf/∂ΔT were estimated numerically from this model 
as a function of RSLGib (Figures S2b and S2c in Supporting Information S1, respectively). Sensitivity uncer-
tainties were estimated using the Monte Carlo approach of Rohling et al. (2014), whereby for a given RSLGib an 
ensemble of 500 models was generated by sampling randomly the forcing parameter distributions. The resulting 
sensitivities are approximately Gaussian, therefore their standard error is used to represent uncertainty at a given 
RSLGib. Changes in monsoon FWF represented by ΔFWF are scaled according to model estimates of the prein-
dustrial annual Nile river runoff (Colleoni et al., 2015). Therefore, ΔFWF = 1 represents a monsoon FWF equal 
to the preindustrial annual Nile river runoff, ΔFWF = 2 corresponds to a monsoon FWF of twice the preindustrial 
annual Nile river runoff, etc.

2.4. Deconvolution of North African Freshwater Flux

As discussed, freshening of surface waters due to enhanced ΔFWF is hypothesized to have induced water column 
stratification. During these intervals, negative δ 18Opf anomalies reflect both isotopically depleted surface waters 
and temperature concentration effects (Equation 4). Therefore, estimating the magnitude of the δ 18Opf anomaly 
combined with box model estimates of δ 18Opf sensitivities provides an approach to assess ΔFWF and ΔT in 
combination.

Estimation of δ 18Opf anomalies in sapropel intervals requires interpolating non-sapropelic δ 18Opf across the sapro-
pel in a physically meaningful way. For example, within the sapropel interval δ 18Opf may have been influenced by 
a number of factors, such as insolation driven changes in RSLGib and SSTs, that are not related directly to ΔFWF 
and ΔT. Therefore, given the δ 18Opf observations, it is necessary to estimate δ 18Opf across the sapropel interval 
in a form consistent with ΔFWF and ΔT being zero. The difference between this estimate and the observations 
corresponds to the monsoon-related δ 18Opf anomaly (𝐴𝐴 Δ𝛿𝛿18Omon

pf
 ) resulting from FWF and temperature concentra-

tion effects. The required ΔFWF and ΔT to obtain such an anomaly can then be estimated via ∂δ 18Opf/∂ΔFWF 
and ∂δ 18Opf/∂ΔT sensitivities obtained from the Winter-Summer-Monsoon box model (Figure 2).

As explained above, our aim is to reconstruct long-term (400-Kyr eccentricity and longer) variations in ΔFWF and 
ΔT. Therefore, while not all sapropel intervals may conform purely with a North African monsoon FWF forcing 
scenario (Rohling et al., 2015), it is considered that this will be the primary process driving long-term changes in 
sapropel δ 18Opf anomalies. To assess long-term trends in δ 18Opf, both within sapropel peaks and in the portions of 
marls with low δ 18Opf preceding and following sapropels, we employ quantile regression (Koenker, 2005). Quan-
tile regression provides estimates of conditional quantiles, in contrast to traditional regression which estimates the 
conditional mean of a dependent variable. Quantile regression estimates are obtained by minimizing the difference 
between observed quantiles and those predicted using a parametric regression function. We utilize a smoothing 
cubic spline to obtain quantile regression estimates, with the degrees of freedom (dof) of the spline controlling 
its smoothness. Quantile spline fits were obtained using the statsmodel package (Seabold & Perktold, 2010). The 
uncertainty associated with a quantile spline fit at given age point is Gaussian  (Koenker, 2005). Therefore, a 95% 
confidence interval can be obtained at each age point as ±1.96SE, where SE is the standard error of the fit at that 
point as provided by the statsmodel algorithm. Analytical uncertainties on each δ 18Opf point are assumed to be 
negligible and are therefore not considered in the quantile spline fitting procedure.

To represent the evolution of sapropel minimum δ 18Opf values, a smoothing cubic spline (dof = 50) was fit to 
the 0.1 quantile of ODP Site 967 δ 18Opf observations within sapropel intervals (𝐴𝐴 𝐴𝐴

𝛿𝛿18Opf

0.1
(𝑆𝑆) ). Correspondingly, 

a second cubic spline (dof  =  50) was fit to the 0.1 quantile of the δ 18Opf in the marl intervals (𝐴𝐴 𝐴𝐴
𝛿𝛿18Opf

0.1
(𝑀𝑀) , 

Figure 3a). The spline dof was selected based on its numerically-estimated frequency response (Figure S3 in 
Supporting Information  S1), which includes the 400-Kyr eccentricity cycle that modulates the amplitude of 
precession and sapropel formation. As discussed earlier, the frequency response of the spline means that while 
the chronologies of the employed proxy records must be internally consistent, systematic differences between 
available age models (e.g., Medstack vs. CENOGRID) will be unimportant.

The fitted splines provide an estimate of the difference in δ 18Opf minima between marls and sapropels; however, 
they do not consider the effect of non-monsoon dependent forcings, such as RSLGib, that influence δ 18Opf in 
sapropels independently of ΔFWF and ΔT. To assess this influence, cubic splines (dof = 50) were fitted to the 
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0.9 quantiles of RSLGib for the sapropel and marl intervals (𝐴𝐴 𝐴𝐴
RSLGib

0.9
(𝑆𝑆) , and 𝐴𝐴 𝐴𝐴

RSLGib

0.9
(𝑀𝑀) , respectively, Figure 3b). 

The mean (𝐴𝐴 RSLGib ) and difference (ΔRSLGib) in the RSLGib quantiles can be expressed as:

RSLGib =
𝑄𝑄

RSLGib

0.9
(𝑆𝑆) +𝑄𝑄

RSLGib

0.9
(𝑀𝑀)

2
, (5)

and

ΔRSLGib = 𝑄𝑄
RSLGib

0.9
(𝑆𝑆) −𝑄𝑄

RSLGib

0.9
(𝑀𝑀). (6)

Figure  4 demonstrates that ΔRSLGib increased markedly with the onset of the Mid-Pleistocene Transition 
(∼1.2 Ma) when the contrast between glacials characterized by large ice sheets and interglacials increased (Chalk 
et al., 2017).

As discussed in Section  2.1, the Winter-Summer box model parameterizes forcing as a function of RSLGib 
(Rohling et al., 2014). Therefore box-model derived ∂δ 18Opf/∂RSLGib sensitivity provides an estimate of the δ 18Opf 
contribution within sapropels that is not related to ΔFWF and ΔT (Figure S2a in Supporting Information S1). 
Once this RSLGib-related contribution is accounted for, the difference in δ 18Opf 0.1 quantiles between the sapropel 
and marl intervals yields an estimate of Δδ 18𝐴𝐴 Omon

pf
 (Figure 2). Specifically, within a sapropel the anomaly due to 

changes in forcing parameterized as a function of RSLGib is given by (Figures 2 and 5):

Δ𝛿𝛿18O
RSL𝐺𝐺𝐺𝐺𝐺𝐺

pf
= ΔRSL𝐺𝐺𝐺𝐺𝐺𝐺

𝜕𝜕𝛿𝛿18O𝑝𝑝𝑝𝑝

𝜕𝜕RSLGib

, (7)

where the value of ∂δ 18Opf/∂RSLGib (Figure S2a in Supporting Information  S1) is set according to 𝐴𝐴 RSLGib 
(Figure 4). The final anomaly is then (Figures 2 and 6a):

Δ𝛿𝛿18Omon
pf

= 𝑄𝑄
𝛿𝛿18Opf

0.1
(𝑆𝑆) −𝑄𝑄

𝛿𝛿18Opf

0.1
(𝑀𝑀) − Δ𝛿𝛿18O

RSL𝐺𝐺𝐺𝐺𝐺𝐺

pf
. (8)

Figure 3. (a) Quantile regression of the Ocean Drilling Program Site 967 δ 18Opf record. Marl and sapropel samples are 
shown in gray and black, respectively. Blue and orange represent the 0.1 quantiles for the marls (𝐴𝐴 𝐴𝐴

𝛿𝛿18Opf

0.1
(𝑀𝑀) ) and sapropels 

(𝐴𝐴 𝐴𝐴
𝛿𝛿18Opf

0.1
(𝑆𝑆) ), respectively, with the width of the bands corresponding to their 95% confidence intervals. (b) Quantile 

regression of the RSLGib sea-level reconstruction. Blue and orange represent the 0.9 quantiles for the marls (𝐴𝐴 𝐴𝐴
RSLGib

0.9
(𝑀𝑀) ) and 

sapropels (𝐴𝐴 𝐴𝐴
RSLGib

0.9
(𝑆𝑆) ), respectively, with the width of the bands corresponding to their 95% confidence interval. Negative 

RSLGib values indicate sea-levels below modern.
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Estimates of ∂δ 18Opf/∂ΔFWF and ∂δ 18Opf/∂ΔT enable estimation of the maximum ΔFWF or ΔT that could be 
responsible for the estimated Δδ 18𝐴𝐴 Omon

pf
 sapropel anomalies. As shown in Figures S2b and S2c in Supporting 

Information S1, ∂δ 18Opf/∂ΔFWF and ∂δ 18Opf/∂ΔT are not independent of RSLGib. Therefore, ∂δ 18Opf/∂ΔFWF and 
∂δ 18Opf/∂ΔT values are selected as a function of 𝐴𝐴 RSLGib .

As shown in Figure 2, our proposed deconvolution only requires basic arithmetic operations (addition, subtrac-
tion, division, and multiplication). Therefore, the Gaussian distributed uncertainties associated with the quantile 
spline fits and box-model sensitivities were propagated using the variance formula (Taylor, 1997):

𝛿𝛿𝛿𝛿 =

√

(

𝜕𝜕𝛿𝛿

𝜕𝜕𝜕𝜕
𝛿𝛿𝜕𝜕

)2

+⋯ +

(

𝜕𝜕𝛿𝛿

𝜕𝜕𝜕𝜕
𝛿𝛿𝜕𝜕

)2

 (9)

where q is a function of several variables x, …, z with uncertainties δx, …, δz. Estimated standard errors were 
converted to 95% confidence intervals via multiplication with a factor of ±1.96.

Figure 4. (a) Estimated mean RSLGib through sapropel intervals based on the mean of 𝐴𝐴 𝐴𝐴
RSLGib

0.9
(𝑆𝑆) and 𝐴𝐴 𝐴𝐴

RSLGib

0.9
(𝑀𝑀) . The 

width of the band corresponds to the 95% confidence interval. (b) Estimated difference in RSLGib between marl and sapropel 
intervals based on the difference between 𝐴𝐴 𝐴𝐴RSL

0.9
(𝑆𝑆) and 𝐴𝐴 𝐴𝐴RSL

0.9
(𝑀𝑀) . The width of the band corresponds to the 95% confidence 

interval.

Figure 5. As in Figure 3a, with the addition of the estimated RSLGib forced contribution to the marl 0.1 δ 18Opf quantile (red).
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3. Results and Discussion
Our approach provides an estimate of the Δδ 18Opf anomaly due to monsoon-related freshwater runoff from the 
North African margin and Nile river (Figure 6a). Based on ∂δ 18Opf/∂ΔFWF and ∂δ 18Opf/∂ΔT sensitivities (Figures 
S2b and S2c in Supporting Information S1, respectively), estimated anomalies can be converted into ΔFWF and 
ΔT anomalies (Figures 6b and 6c, respectively). As highlighted in Equation 4, because Δδ 18𝐴𝐴 Omon

pf
 is based on 

a single species, it is not feasible to estimate ΔFWF and ΔT simultaneously without additional constraints. 

Figure 6. (a) Estimated Δδ 18𝐴𝐴 Omon
pf

 anomaly due to (b) monsoon freshwater fluxes (FWF) and (c) temperature concentration 
effects. Shading represents the 95% confidence interval. Dotted lines show the region of the reconstruction where the quantile 
regression cubic splines may have been unduly influenced by gaps in the Ocean Drilling Program Site 967 δ 18Opf record 
(Figure 3a). Solid black lines represent long-term means between 3–5 and 0–2 Ma. (d) Orbital eccentricity (blue) from the 
astronomical solution of Laskar et al. (2004). A 0.5 quantile regression with a dof = 50 smoothing cubic spline is shown in 
orange to emphasize the 400-Kyr eccentricity cycle.
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Therefore, the ΔFWF and ΔT anomalies are not independent of each other (the temperature concentration effect 
responsible for ΔT is a result of water column stratification induced by ΔFWF). The anomaly estimates, thus, 
represent the ΔFWF and ΔT required individually, not in combination, to explain Δδ 18𝐴𝐴 Omon

pf
 . At 5 Ma, for exam-

ple, Δδ 18𝐴𝐴 Omon
pf

≈ −0.6‰ corresponding to either ΔFWF ≈ 2 or ΔT ≈ 2.5°C. These anomalies must be interpreted 
as end-member scenarios, and the actual ΔFWF and ΔT anomalies will be some, potentially nonlinear, mixture of 
those end-members. Therefore, ΔFWF and ΔT should be interpreted as an indicative range of potential anomalies 
rather than a quantitative estimate of actual anomalies.

Within estimated uncertainties, Δδ 18𝐴𝐴 Omon
pf

 ranges from ∼0‰, corresponding to minimal addition of monsoon 
freshwater in the sapropel intervals, through to an extreme of ∼−2‰. Longer period variability in Δδ 18𝐴𝐴 Omon

pf
 

follows the 400-Kyr cycle in eccentricity (Figure 6d). This is to be expected given that the 400-Kyr eccentricity 
cycle modulates the amplitude of the 100-Kyr eccentricity cycle, which in-turn modulates precession and there-
fore insolation (Laskar et al., 2004). While such a pattern cannot be used to infer the existence of specific GSPs, 
it indicates that monsoon conditions conducive to GSPs occurred persistently over the last 5 Ma during peaks in 
the 400-Kyr eccentricity cycle.

Amies et al. (2019) employed a multi-species reconstruction to estimate that the G. ruber (w) δ 18Opf anomaly 
associated with sapropel S5 (∼128.3–121.5 ka, Grant et  al.,  2016) was ∼−2‰ at ODP Site 967. Based on 
high-resolution mean annual SST (alkenone unsaturation index, 𝐴𝐴 UK′

37
 (Marino et al., 2007; Rohling et al., 2002)) 

and summer SST estimates (carbonate clumped isotope thermometry, Δ47 (Rodríguez-Sanz et al., 2017)), Amies 
et al. (2019) were able to parameterize the temperature concentration effect through S5 and make an independent 
estimate of ΔFWF. Specifically, based on an inverse box model and data from a collection of Mediterranean sites, 
Amies et al. (2019) attributed the S5 δ 18Opf anomaly to an ≤8.8 times increase in Nile FWF (relative to modern 
pre-Aswan discharge) and a temperature concentration effect of ≤5.7°C. These values are broadly consistent with 
our estimated Δδ 18𝐴𝐴 Omon

pf
 if they are considered separately (i.e., an ≤8.8 times increase in Nile FWF, or a temper-

ature concentration effect of ≤5.7°C), but not in combination. For example, based on the sensitivities in Figures 
S2b and S2c in Supporting Information S1, a ΔFWF of 8.8 and ΔT of 5.7°C would yield an anomaly of ∼−3.5‰. 
Importantly, without high-quality SST estimates through the ODP Site 967 record, construction of independent 
estimates of temperature concentration is not feasible. For example, existing Mediterranean SST records for the 
Plio-Pleistocene (Herbert et al., 2015) have 95% confidence intervals of ±2.9°C (Müller et al., 1998), which is 
greater than the amplitude of the estimated ODP Site 967 long eccentricity temperature concentration cycles 
(Figure 6c). This demonstrates the challenges associated with making long duration quantitative reconstructions 
of past monsoon activity when the physical relationship between ΔFWF and ΔT is understood poorly.

At ∼2.6 Ma, there is a shift in Δδ 18𝐴𝐴 Omon
pf

 toward more negative values and larger amplitude cycles, implying poten-
tially larger ΔFWF and/or ΔT that cannot be explained by eccentricity changes alone (Figure 6). The shift in the 
mean was assessed by estimating long-term Δδ 18𝐴𝐴 Omon

pf
 averages (before 3 Ma and after 2 Ma) and has a magnitude 

of ∼−0.25‰. Such a shift in the mean Δδ 18𝐴𝐴 Omon
pf

 is opposite to previously hypothesized forcing mechanisms 
inferred from the analysis of proxy reconstructions and climate model simulations. For example, based on a suite 
of preindustrial and Pliocene simulations, Colleoni et al. (2015) inferred that freshwater flux into the Mediterra-
nean Sea from the North African margin and Nile river was ∼40% higher during the Pliocene. Their simulations 
did not consider monsoon anomalies in sapropels specifically, but their work indicates a more active hydrological 
system during the Pliocene. Based on high-resolution elemental ratios and δ 18Opf records, it has been hypothe-
sized that at 3.2 Ma, when the gradual evolution to modern North African aridity commenced, monsoon-related 
freshwater flux remained relatively constant (Grant et al., 2022).

On the basis of atmospheric general circulation models, Colleoni et al. (2015) hypothesized that the pattern of 
freshwater runoff around the Mediterranean changed across the Plio-Pleistocene transition. They concluded that 
evolution of atmospheric circulation over the Mediterranean began at ∼3 Ma and long-range teleconnections 
achieved their present-day configuration by ∼1.8 Ma. As mentioned above, Pliocene simulations by Colleoni 
et al. (2015) revealed a more active hydrological network in North Africa, a feature interpreted to result from 
the descending branch of the Hadley cell reaching further north. These simulations highlight that although the 
magnitude of freshwater flux reaching the Mediterranean from North Africa was higher during the Pliocene, 
the configuration of the hydrological network was also different. Given the available observational (Grant 
et al., 2022) and modeling (Colleoni et al., 2015) constraints, it is apparent that a shift to more negative Δδ 18𝐴𝐴 Omon

pf
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values and larger amplitude cycles at ∼2.6 Ma cannot be attributed unequivocally to a larger and more variable 
freshwater flux in the Pleistocene.

Using the CLIMBER-2 Earth-system model, de Boer et al. (2021) investigated the impact of the African monsoon 
on the Mediterranean between 3.2 and 2.3 Ma. Based on simulated changes in the North African hydrological 
network combined with proxy records for continental runoff, they estimated that prior to ∼2.8 Ma the contribu-
tion of runoff originating from the Sahara region was dominant over runoff originating from the Sahel (Figure 1). 
After ∼2.8 Ma and the onset of global cooling and inception of North Hemisphere glaciations, a scenario with 
approximately equal runoff contributions from the Sahara and Sahel regions is most consistent with proxy infor-
mation. As highlighted by Amies et al. (2019) and Rohling et al. (2015), the δ 18O of freshwater during monsoon 
maxima in areas of North Africa that are currently covered by the Saharan desert is between −8 and −12‰. 
Therefore, the Winter-Summer-Monsoon box model was used to determine the sensitivity; ∂δ 18Opf/∂δ 18Omon, 
where δ 18Omon is the δ 18O composition of the monsoon FWF (Figure 2). Based on the Δδ 18𝐴𝐴 Omon

pf
 anomalies in 

Figure 6a, ∂δ 18Opf/∂δ 18Omon was estimated for ΔFWF = 4 (Figure S4 in Supporting Information S1). The sensi-
tivity of δ 18Opf to changes in δ 18Omon implies that the observed change in Δδ 18𝐴𝐴 Omon

pf
 can be explained readily by 

a shift in δ 18O of monsoon FWF of ∼−3‰ within the expected −8 and −12‰ interval. While this hypothesis 
will require more detailed investigation in future studies, it indicates the magnitude of the influence FWF δ 18O 
composition may have Mediterranean δ 18Opf.

4. Conclusions
Through a combination of high-resolution proxy data, box model derived sensitivities, and quantile regression, 
we have estimated δ 18Opf anomalies associated with North African monsoon runoff into the Mediterranean Sea. 
Based on these anomalies, estimated North African monsoon activity has followed eccentricity modulation of 
precession throughout the last 5 Ma, which is a pattern consistent with known orbital drivers of sapropel forma-
tion. During peaks in the 400-Kyr eccentricity cycle, Δδ 18𝐴𝐴 Omon

pf
 anomalies are consistent with a FWF increase 

corresponding to ∼7 times the preindustrial annual output of the Nile river, or a temperature concentration effect 
of ∼8°C. Such a long-term pattern in monsoon FWF variability, and thus Mediterranean Sea stratification, is 
consistent with the occurrence of sapropels in the Mediterranean since the Miocene (Hilgen et al., 1995).

A negative shift in the background value of Δδ 18𝐴𝐴 Omon
pf

 anomalies occurs around the onset of Northern Hemisphere 
glaciations. Based on box model sensitivities, this shift corresponds to a change in δ 18Omon of ∼−3‰. Given 
uncertainties in δ 18Omon through time (Amies et al., 2019; Rohling et al., 2015) and Earth-system model results 
indicating a change in monsoon freshwater source area coincident with the inception of Northern Hemisphere 
ice sheets (de Boer et al., 2021), we hypothesize that the reconstructed shift may be attributed to a change in the 
source area and/or composition of FWF entering the Mediterranean Sea. We have demonstrated that this hypoth-
esis is feasible and it should be tested in the future.

Finally, based on the estimated monsoon FWF reaching the Mediterranean Sea over the last 5 Ma, the potential 
for conditions conducive to the occurrence of GSPs is clear. Given that monsoon FWF is modulated strongly by 
eccentricity, this provides an indication during which precession minima GSPs may have occurred.

Data Availability Statement
Jupyter notebooks, associated Python and Julia code, and data files to recreate the calculations presented in this 
work are available at Heslop (2023).
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