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Clay mineral analyses 

The description of the method is reproduced from Ehrmann and Schmiedl, 2021: “We treated freeze-
dried bulk sediment samples with 3% hydrogen peroxide and 10% acetic acid in order to remove organic 
and calcareous components, and then separated the clay (<2 µm) from the coarse fraction in settling 
tubes. 40 mg of suspended clay was mixed with 1 ml of a 0.04% MoS2 suspension and filtered through 
a membrane filter with 0.20 µm pore width. We dried the filter cakes at 60°C and mounted them on 
aluminium tiles. The mounts were exposed to ethylene-glycol vapour at a temperature of 60°C for at 
least 18 hours immediately before the measurements. XRD analyses were conducted on a diffractometer 
system Rigaku Miniflex with CoKa radiation (30 kV, 15 mA) in the range 3–40°2Q (step size 0.02°2Q, 
measuring time 2 sec/step). Additionally, we measured the range 27.5–30.6°2Q in higher resolution (step 
size 0.01°2Q, measuring time 4 sec/step) in order to better resolve the (002) peak of kaolinite and the 
(004) peak of chlorite. We evaluated the X-ray diffractograms using the interactive “MacDiff” software 
(Petschick, 2001). After adjusting the diffractograms to the MoS2 peak at 6.15 Å, we identified the main 
clay minerals by their basal reflections at 17 Å (smectite), 10 and 5 Å (illite), 14.2, 7, 4.72 and 3.54 Å 
(chlorite), 7 and 3.58 Å (kaolinite), and 10.5 Å (palygorskite). We deconvoluted the peak doublets 
smectite/chlorite (17/14 Å), palygorskite/illite (10.5/10 Å) and kaolinite/chlorite (3.58/3.54 Å). Semi-
quantitative evaluations of the clay mineral assemblages were performed on the integrated peak areas, 
using empirically estimated weighting factors (Biscaye, 1964, 1965; Weaver and Beck, 1977).” 

Grain size analyses 

Freeze-dried bulk sediment samples were treated with 10% acetic acid and 3% hydrogen peroxide to 
remove carbonate and organic carbon, respectively. Grain size analyses were performed using a Laser 
Particle Sizer (Analysette 22, Fritsch GmbH). For each sample, we made four consecutive measurements 
of their grain size distributions and calculated their mean. The percentages of clay, silt and sand were 
calculated, as well as the mean grain size of each sample. 

XRF core scanning 

Prior to scanning, the core was smoothed and covered with a 4-μm-thick Ultralene® X-ray transmission 
foil in order to avoid potential contamination and desiccation of the sediment. We measured major and 
trace elements of KL23 at the Leibniz-Institut für Ostseeforschung, Warnemünde, Germany, with an 
ITRAX (Cox Analytical Systems) X-ray fluorescence (XRF) core scanner, equipped with a Cr-tube 
running with a tube voltage of 30 kV and a tube current of 55 mA. The exposure time was 5 ms per 
measurement and the scanning interval was 0.2 cm. No data for calibrating and correcting for water 
content were available. 
  



Analyses of radiogenic isotopes 

We treated our samples to remove all authigenic marine contaminants from the isotope fingerprint of 
the terrigenous fraction (carbonate, authigenic Fe-Mn oxyhydroxide coatings, organic carbon and 
marine barite) using the method of Jewell et al. (2022). That study demonstrated that small quantities of 
marine barite can have a large contaminating effect on the isotopic composition of the terrigenous 
fraction, especially for Sr. To remove marine barite, samples were leached with 0.2 M diethylene 
triamine pentaacetic acid (DTPA) in 2.5 M NaOH and left in a water bath set to 80 °C for 30 minutes. 
Following the recommended treatment protocol in Jewell et al. (2022), we repeated this step four times 
on three test samples to determine how many treatments were optimal for complete barite removal at 
this site. Marine sediments were considered free of marine barite when there was no appreciable 
decrease in Sr or Ba concentration, and no further change in measured 87Sr / 86Sr of the silicate fraction 
with additional DTPA-NaOH treatment. Based on our test samples, we employed one DTPA-NaOH 
treatment (following the removal of all other marine phases). 
 
Our column chemistry procedure followed Jewell et al. (2022). Major element concentrations of sample 
residues were determined using a ThermoFisher iCAP6500 dual view inductively coupled plasma 
optical emission spectrometer (ICP-OES). Trace element concentrations were measured using 
quadrupole inductively coupled plasma mass spectrometer (ICP-MS Thermo Fisher Scientific XSeries 
2). A suite of international rock standards was used for calibration (JB-1a, JGb-1, JB-2, JB-3, BHVO2, 
AGV-2, BCR-2, BIR-1), plus a spike of 5 ppb In, 5 ppb Re & 20 ppb Be as an internal standard. The 
precision for all measurements was <5.6 %.  
 
After column separation, the Sr fraction was dried down and loaded onto an outgassed tantalum filament 
with 1ml of a tantalum activator solution. The samples were analysed using a Thermo Fisher Scientific 
Triton Thermal Ionisation Mass Spectrometer using a multidynamic procedure and an 88Sr beam of 2V. 
Fractionation was corrected using an exponential correction normalised to 86Sr / 88Sr = 0.1194. NIST987 
was run as a standard in each turret and over the course of this study 87Sr / 86Sr = 0.710241 ± 0.000008 
(2sd; n = 20). The long-term average for NIST987 on this instrument is 0.710242 ± 0.000021 (2sd; n = 
531). 
 
Nd-isotope ratios were measured using a multi-collector ICP-MS (MC-ICP-MS, Thermo Fisher 
Scientific Neptune). Nd isotopic compositions were corrected following the method of Vance and 
Thirlwall (2002) through adjustment to a 146Nd / 144Nd ratio of 0.7219 and a secondary normalisation to 
142Nd / 144Nd = 1.141876. For convenience the Nd isotope ratios are reported in epsilon notation (εNd), 
where 143Nd / 144NdCHUR represents the Chondrite Uniform Reservoir (CHUR) value of 0.512638 
(Jacobsen and Wasserburg, 1980), following Eq. (1): 
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Figure S1. Age / depth plot with calculated sedimentation rates for sediment core KL23. The age 
model of the interval from 0 to 920 cm (blue line) is based on the correlation of the planktic 
foraminiferal and Soreq speleothem d18O records and integration of eight AMS radiocarbon dates 
(Hartman et al., 2020). The age model of the interval from 920 to 1260 cm (red line) is based on 
the benthic foraminiferal d18O record (Geiselhart, 1998) and the Red Sea sea-level record (Grant 
et al., 2014). 

  



 
 

Figure S2. Clay mineral composition of sediments from core KL23. Marine isotope stages (MIS) 
are indicated at the top. 

  



 
 

Figure S3. Grain size data from the terrigenous sediment components of core KL23: percentages 
of clay (<2 μm), silt (2–63 μm), and sand (>63 μm), and mean grain size (μm). Marine isotope 
stages (MIS) are indicated at the top. 

 
  



 
 

Figure S4. XRF sediment geochemistry from core KL23 (five-point running average). Terr / Ca 
gives the ratio between the sum of terrigenous elements and Ca. Ti, K, and Al were normalized 
by calculating their portion on the terrigenous elements. Marine isotope stages (MIS) are indicated 
at the top. 

 
  



 
 
Figure S5. Ti / K ratios from XRF core scanning along a N–S core transect in the northern Red 
Sea. Data from GeoB cores are from Arz et al. (2001). XRF data are stored in the Pangaea data 
base (https://doi.org/10.1594/PANGAEA.90845; https://doi.org/10.1594/PANGAEA.90846, and 
https://doi.org/10.1594/PANGAEA. 90848). The age models of the GeoB cores have been tuned 
to KL23 starting with the initial stratigraphies as provided in Arz et al. (2001) and performing 
subsequent graphical finetuning of the XRF Ti / K ratios with QAnalySeries (Kotov and Pälike, 
2018). Marine isotope stages (MIS) are indicated at the top.  



 
 

Figure S6. Smectite concentrations in core KL23 from the northern Red Sea and KL11 from the 
central Red Sea for intervals including AHP5 (left) and AHP7 (right). The AHPs are marked by 
green shading, the peak humid phases by a green line. Data for KL11 are from Ehrmann et al. 
(2024). The different timing of the AHPs is probably due to inconsistencies in the age models. 
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