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ABSTRACT

Editor: Edward Anthony

Continental shelves in arid tropical settings present particular challenges to 210Pb-based analysis of sedimentation
rates and surface mixing owing to the combination of coarse sediment, deep and year-round bioturbation, and
lower atmospheric flux of 210Pb. The modern continental shelf at the northern terminus of the hyper-arid Gulf of
Eilat/Aqaba (GOE) receives flood-runoff of siliciclastics, producing a mixed seabed with ~20% carbonate that is
dominated by larger benthic foraminifera and mollusks. Focusing analysis on only the fine-fraction of deep-penetrating cores (≥70 cm) from 15 to 40 m water depths yields reliable 210Pb profiles, in contrast to analysis of bulk
sediment (graphical abstract). Sedimentation rates increase offshore five-fold, from 0.01–0.04 cm/y in 15 m water
depth to 0.21–0.27 cm/y in 30–40 m depths, reflecting offshore redistribution of flood-delivered siliciclastic sediments away from the wadi mouth, a result also supported by an offshore increase in the inventory of excess
210
Pb. In contrast, the thickness of the surface mixed layer (SML) decreases from > 30 cm to ~20 cm with
proximity to anthropogenic stressors (channelized flood runoff, historic release of sewage and operation of fish
cages), which we attribute to the suppression of macrobenthic burrowers. The rate of sedimentation on the Gulf
shelf –away from dynamic bypassing in the 15 m shoreface – is comparable to other tropical carbonate shelves rich
in large benthic foraminifera, and is higher than rates documented on the adjacent slope, increasing confidence in
this approach to 210Pb analysis using only the fine fraction. Analysis of the fine fraction rather than bulk sediment
would be a useful adjustment to 210Pb methodology in any area with scarce fine-grained sediment.
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1. Introduction
Continental shelves in arid tropical settings can present particular
challenges to 210Pb-based analysis of sedimentation rates and surface
mixing. The atmospheric flux of 210Pb is generally lower in the tropics
than in mid-latitudes (e.g., ~160 Bq m−2 y−1 between 10 and 30°N, as
compiled globally by Preiss et al., 1996). Arid weathering further produces scant fine-grained siliciclastic particles, delivered only episodically
(along with sand) via floods, with potential to undercut assumptions of
constant sedimentation and 210Pb delivery. In addition, the complicating
effects of biogenic mixing on 210Pb profiles (e.g., Johannessen and
Macdonald, 2012) should be magnified in tropical seabeds. Bioturbators
capable of completely mixing the surface layer are active year-round
rather than seasonally, and deep non-diffusive burrowers such as callianassid shrimp are known to rework sediment from ≥100 cm below
the sediment-water interface as opposed to typically shallower depths in
⁎

temperate settings (Fishelson, 1971; Griffis and Suchanek, 1991),
creating potential for a zone of incomplete mixing below the surface
mixed layer (e.g. Walbran, 1996; Tomašových et al., 2019).
The Gulf of Eilat/Aqaba (GOE) is a northern extension of the tropical Red Sea (Fig. 1) that is surrounded by a hyper-arid desert with
high rates of evaporation (Ben-Sasson et al., 2009), making it an excellent setting for examining the use of 210Pb dating under extremely
arid and tropical conditions. The northern coast of the GOE has, in
addition, changed significantly within the last ~70 years under diverse
stressors associated with urbanization of the main watershed of Wadi
Arava. A 3.5 m-long radiocarbon-dated core from 16 m water depth on
the northern GOE shelf captured ~3ky of record (Goodman Tchernov
et al., 2016), but almost all 210Pb, core-based work so far has been on
the continental slope (240–800 m; Pittauerova et al., 2014; Steiner
et al., 2016). Concentrations of gamma-emitting radionuclides were
studied in short cores from 5 to 35 m deep seabeds along the Jordanian
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Fig. 1. Study area and coring sites in 15 and 30 m water depth near the Dan Hotel (DAN) and former fish farm (FF) area and in 40 m water depth near the historic
sewage input area (BIUV) on the continental shelf of the northern part of the Gulf of Eilat/Aqaba (GOE).

coast in order to establish a baseline of pollution levels (Ababneh et al.,
2010), but they found little variation with depth. There are thus no data
on sedimentation rates and mixing depths in the shallow-water shelf
that is likely most directly affected by human stressors.
Here, we use sediment cores from 15 to 40 m-deep seabeds on the
northern GOE shelf to acquire 210Pb profiles and estimate sedimentation and biological mixing rates. Special attention was taken to obtain
long cores (> 60 cm) that capture supported 210Pb levels. We also focused on only the fine fraction of the sediment, which best captures
210
Pb owing to the higher surface area to mass ratio of those grains.
This approach has been used elsewhere to overcome the complicating
effects of variable grain size through cores (e.g., Van den Bergh et al.,
2007), but here is used to overcome the low activity of dominantly
sand-sized sediment.

High diversity hermatypic-coral reefs fringe the western (Israeli)
and eastern (Jordanian) shorelines of the GOE and constitute the
northernmost coral communities of the Indo-Pacific coral reef
system (Bouchon et al., 1981; Reiss and Hottinger, 1984; Loya,
2004; Al-Horani et al., 2006; Kramer et al., 2019). Relict reefs are
encountered by bottom-sampling gear on the Eilat side of the
northern shelf (YEF pers. obs.) and seismic surveys suggest they
were extensive during lower, glacial sea levels (Hartman et al.,
2015). However, the modern shelf along the northern shoreline of
the GOE is otherwise exclusively covered with mobile sediments.
These sediments are sands that are a mixture of siliciclastic and
carbonate grains, with subordinate siliciclastic mud (≤25%) and a
variable carbonate gravel component. This carbonate gravel is
overwhelmingly dominated by symbiont-bearing larger benthic
foraminifera (LBF) and mollusks typical of tropical oligotrophic
conditions (Reiss and Hottinger, 1984; Perelis-Grossowicz et al.,
2008; Edelman-Furstenberg and Faershtein, 2010; Goodman
Tchernov et al., 2016; Gilad et al., 2018). A seagrass survey of the
western part of the shelf conducted before the fish cages were removed in 2008 (Winters et al., 2016) found abundant meadows in
waters 15–25 m depth, with the exception of barren and very low
grass density seabeds near the former fish farms and around the
mouth of the Kinnet Canal (Fig. 1).
Arid conditions restricted permanent settlement and other development in the area until the 1950s, when the coastal cities of Eilat
(Israel) and Aqaba (Jordan) were established. Since then, commercial
harbors were opened in both Eilat and Aqaba for the export of phosphate ore. Exponential population growth has been accompanied by
increased runoff from pavement and industrial land, sewage release
(until 1985 in Aqaba and 1995 in Eilat), and commercial fish cages
(1996–2008 in Eilat; e.g., Atkinson et al., 2001). The resulting increase
in nutrient load and other pollutants affected benthic foraminiferal
composition (Oron et al., 2014) on these soft-substrate seafloors, and a
loss of seagrass is evident in the shifted community structure of molluscan assemblages (Gilad et al., 2018).

2. Study area
The Gulf of Eilat (GOE; Gulf of Aqaba) is the northern-most extension
of the Red Sea and is part of the Syrian-African rift system (Fig. 1). The
GOE is a long (180 km) and narrow (average 18 km) semi-isolated body
(Ben-Avraham, 1985), whose only significant water input is from Red Sea
surface waters entering from the south (e.g., Biton and Gildor, 2011). The
continental shelf along the northern shoreline is much wider than that
along the eastern and western shores and has a shelf-slope break at 100 m
(Tibor et al., 2010). Surrounded by arid lands, water runoff is scarce and
limited to flash-floods. A series of exceptional floods from Wadi Arava in
2012 deposited ~5 cm-thick blankets of muddy sediment across much of
the northern shelf, with the fine-grained component resuspended biologically over subsequent months to years, permitting its transport offshore
to the slope for permanent deposition (Katz et al., 2015; Mathalon et al.,
2019). Before construction of the Kinnet Canal (Fig. 1) that anchored the
mouth of the wadi in the 1960s, flood waters would have debouched from
a broader segment of this shoreline (Katz et al., 2015). Dust is an additional important source of terrestrial sediment to the GOE and fluctuates
seasonally (Chen et al., 2007; Torfstein et al., 2017).
2
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Table 1
Summary of coring sites.

Latitude/longtitude
Sampling date
Water depth
Core inner diameter
Core length [before
compaction]
Top 5 cm of seabed type
Proximity to historic
stress points

FF17

FF30

BIUV40

DAN17

DAN30

29°32.50′N, 34°57.43′E
2.9.2013
15 m
5.3 cm
75 cm [80 cm]

29°32.45′ N, 34°57.27′E
23.5.2012
30 m
5.3 cm
68 cm [72 cm]

29°32.36′N, 34°58.10′E
18.8.2009
40 m
4.6 cm
30 cm [32 cm]

29°32.69′N, 34°57.83′E
4.12.2012
15 m
5.3 cm
84 cm [91 cm]

29°32.62′N, 34°57.72′E
20.6.2012
30 m
5.3 cm
83 cm [85 cm]

Low Halophila, 24% wt mud,
0.5%TOC
21.8%CaCO3
Former fish farm, proximal to
wadi mouth and historic
sewage outfall

Low Halophila, 8% wt mud,
0.4–0.5%TOC
20.3%CaCO3
Former fish farm, offshore of
wadi mouth and historic
sewage outfall

Low Halophila, 17% wt
mud, 0.3%TOC

Dense Halophila, 26% wt
mud, 0.4–0.5%TOC
21.5%CaCO3
Distal to all point
stressors

Moderate Halophila, 34%
wt mud, 0.3–0.5%TOC

3. Material and methods

Offshore of wadi mouth
and historic sewage
outfall

Distal to all point stressors

sieve, left to settle for 14 days, and then excess water decanted; the
remaining wet sediment was oven-dried in 50 °C to determine the wt-%
fines < 63 μm. Part of the fine fraction (1.5 to 8.5 g) was sent to NIOZ
(Royal Netherlands Institute for Sea Research) for 210Pb analysis, focusing on the smaller than 63 μm size fraction from every other 1-cm
increment down to ~50 cm and then every third increment. For the
BIUV40 core, a bulk sample of each increment was sent to NIOZ in
addition to a fine fraction sample.

3.1. Cores
Coring sites were positioned along the northern coastline in
shallow-water depths of 15 to 40 m along gradients in natural and
human stress (Fig. 1; Table 1). An initial core (BIUV40) was acquired in
August 2009 from 40 m water depth in order to test the potential for
210
Pb analysis in these relatively sandy sediments. The other cores were
acquired between May 2012 and September 2013 at four sites – FF15,
FF30, DAN15, and DAN30 – that are the same as those investigated by
Gilad et al. (2018) for live-dead discordance in molluscan assemblages.
Sites FF15 and FF30 are in 15 and 30 m water depth, respectively,
within the former fish farm area that was active between 1996 and
2008; these sites are ~300 m east of both the former sewage outfall that
was active between the 1980s and 1995 and the mouth of the Kinnet
Canal, which has focused storm waters from the increasingly urbanized
Wadi Arava watershed since the 1960s. Because longshore drift is
dominantly eastward (67% toward Aqaba; Katz et al., 2015), both FF15
and FF30 are considered to be proximal to point sources of both cultural
and natural stress. Site BIUV40 is from 40 m water depth and located
offshore of the historic sewage outfall. Sites DAN15 and DAN30 are
positioned in 15 and 30 m water depth offshore of the Dan Hotel and at
greatest distance (~600–900 m) and westward (upcurrent) of all three
point stressors. The two DAN sites are thus considered to be ‘distal’ but
not necessarily unaffected by stressors, and the BIUV40 site to be intermediate in position along the coastal stress gradient.
Cores from the shallow FF15 and DAN15 sites had a fluffy, easily
suspended brown surface layer of 6 and 1 cm-thickness, respectively, that
we attribute to having been collected only a few months after a series of
exceptional flash floods in 2012 (reported by Katz et al., 2015, who were
part of our coring team). The core from BIUV40, collected in 2009 after a
dry winter, lacked this layer, as did cores from the deeper FF30 and
DAN30 sites, which were collected in 2012 before the flash floods. Both
FF sites and BIUV40 were unvegetated or only very sparsely vegetated
with seagrass (Halophila) at the time of coring, whereas both (distal) DAN
sites supported moderate to dense populations of Halophila.
The BIUV40 site was cored using a 4.6 cm-diameter, 60 cm-long clear
acrylic tube that was pushed and hammered by hand into the seabed by
SCUBA divers. The FF and DAN sites were cored using a 5.3 cm-diameter,
100 cm-long tube. The core at BIUV40 recovered 30 cm of sediment and
the others 68–84 cm, with 2–8% compaction in each.

3.3. Alpha spectrometry of

210

Pb

In view of the expected low activity of 210Pb in the samples, we
chose to determine 210Pb through alpha spectrometry measurement of
its granddaughter isotope 210Po after chemical extraction from the sediment matrix. To this end, 0.5 g of freeze-dried and homogenized sediment sample contained in a Teflon reaction vessel was spiked with
1 ml of a standard solution of 209Po in 2 M HCl, and then leached for 6 h
in 10 ml of concentrated HCl, heated in a hotblock to 85 °C. After diluting the fluid with 45 ml of Milli-Q water and adding 5 ml of an
aqueous solution of ascorbic acid (40 g L−1), natural 210Po and added
209
Po were collected from the fluid by spontaneous electrochemical
deposition on silver plates, with the fluid kept at 75 °C in a hotblock for
16 h. For subsequent alpha-spectrometry, Canberra Passivated
Implanted Planar Silicon detectors were used. 210Pb activity was calculated from the measured 210Po activity, assuming secular equilibrium
and correcting for the time elapsed since collection of the samples.
3.4. Models of sedimentation rate and mixing
All five profiles of 210Pb activity display an upper layer with little or
no downward decrease in activity (excluding the surficial flood layer in
DAN15 and FF15), and a deeper layer in which 210Pb activity decreases
rapidly toward a stable background value (Figs. 2 and 3). This change
in slope can be interpreted as representing a change in sedimentation
regime. However, given abundant evidence of infaunal bioturbating
animals including bivalves and callianassid shrimp, we interpret it here
as the boundary between a completely bioturbated surface layer and a
deeper layer where bioturbation is absent. A two-layer constant flux
and constant sedimentation (CF/CS) model with surface mixed layer
(SML) as outlined by Boer et al. (2006) thus seems most appropriate
and is in fact the best fit model. The model describes the distribution of
total 210Pb activity with depth in the sediment as:

A z(tot) = A 0(xs) exp

3.2. Sediment processing

z

(1)

+ A (sup)
210

−1

where Az(tot) is the activity of total
Pb (mBq g ) at depth z, A0(xs) is
the activity of excess 210Pb (mBq g−1) delivered by sediment deposition
at the sediment-water interface, and A(sup) is the constant background
activity of supported 210Pb (mBq g−1) produced by radioactive decay of
234
U series isotopes in the sediment. Within the SML, the exponent α is
given by:

Cores were sampled in 1-cm increments within a few hours after
collection and immediately frozen. A total of 30–33 increments of each
push-core (12 increments for BIUV40) were weighed and then lyophilized for % water content. Approximately 25 g (0.75 of each increment)
was then wet-sieved with Milli-Q water (> 17 MΩ/cm) over a 63 μm
3
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approached zero; dbd and ff were extrapolated over that same interval
below the bottom of the core by using the average of values from
overlying increments.
Fine-fraction excess 210Pb flux (in mBq cm−2 yr−1) was calculated
by multiplying the inventory of excess 210Pb with the decay constant for
210
Pb (0.0311 yr−1).
4. Results
4.1. Comparison of
grain-size fraction

±

2

4 Db

(2)

2Db
−1

where ω is sediment accumulation rate (cm yr ), λ is the decay constant for 210Pb (0.0311 yr−1), and Db is the diffusive biological mixing
coefficient (cm−2 yr−1). Below the SML, A0(xs) in Eq. ((1)) is substituted
with the activity of excess 210Pb present at the base of the SML, and
exponent α is given by:

=

4.2. Depth profiles of

The strength of this model is that it describes the entire measured
profile of total 210Pb, including the biologically mixed surface layer,
allowing quantification of excess and supported 210Pb, sediment accumulation rate, and diffusive mixing rate at the same time. The basic
assumption of steady state, however, means that the model cannot
account for temporal changes in sedimentation or bioturbation regime,
nor episodic sedimentation events that exceed the normal range of
variability included in the sedimentary record. For this reason, we excluded (high-activity) samples from the ephemeral flood deposits that
were visually evident in the two shallowest-water sediment cores
(upper 1 and 6 cm of cores DAN15 and FF15, respectively) when fitting
the CF/CS + SML model on the 210Pb profiles (discussed further
below).
Mass accumulation rates were calculated by multiplying the modelgenerated sediment accumulation rate by the average dry bulk density,
on a core-by-core basis.
Inventory of excess 210Pb contained in the fine sediment fraction (in
mBq cm−2) was calculated by summing the fine-fraction excess 210Pb
content of all measured sediment increments from the sediment surface
down to the depth where excess 210Pb had decreased to zero, using
interpolation to estimate excess 210Pb for increments that were not
measured. Fine-fraction excess 210Pb content per increment (in
mBq cm−3) was calculated as:
210

210Pb

sup )

dbd

(4)

ff

210

Pbtot using the fine grain-size fraction

The two cores sampled in shallow water during and soon after a
series of major flash floods in 2012 (DAN15, FF15) had a surficial 1 to
6 cm-thick layer of brown, very fine and fluffy sediment (Fig. 3). This
surficial layer was absent in cores from the deeper 30–40 m sites, which
had all been sampled prior to those storms. The remainder of each core
was typically light gray and finer sands, with darker gray at depth
(> 25–30 cm at FF15 and FF30, and ≥70 cm at DAN15 and DAN30).
Water content was higher in surficial sediments (upper ~25 cm) but not
strongly so, probably because mud content was usually lower there than
in deeper increments.
Activities of 210Pbtot in the top sample ranged from 34 to
84 mBq g−1. The two distal DAN sites were relatively low
(34–39 mBq g−1), but note that the uppermost centimeter at DAN15,
which is part of the flash-flood layer there, is significantly higher
(39 mBq g−1) than deeper increments (Fig. 3; the sample from the
3 cm-increment is also relatively high, but not significantly so). Surficial activities of cores at the more proximal sites were higher:
~60 mBq g−1 at BIUV40 near the historic sewage outfall, ~45 at FF30,
and 84 at FF15 (Figs. 2 and 3). At FF15, this highest value was at the
top of the 6 cm-thick flash-flood layer there, but values are high
throughout that layer (> 67 mBq g−1) and down to 7 and 9 cm
(> 40 mBq g−1), significantly higher than deeper increments (Fig. 3C).
Using all data, the depth profiles of 210Pbtot were fit by the CF/CS
model with a surface mixed layer (SML; Table 2). The depth to the base
of the SML varies significantly, in part from the presence of a surficial
flash flood layer at the two shallow sites. At DAN15, excluding the data
point from the 1 cm-thick flood layer, a SML thickness of 34 cm is
observed (Fig. 3A). At FF15, excluding data points from the surficial
6 cm-thick flood layer evident from sediment color, a 26 cm-thick SML
estimate is returned by the model (Table 2; Fig. 3C). At the deeper
water sites, collected before the flash floods of 2012 and having no
visual or other evidence of flood deposits, the thickness of the SML
ranges from 31 cm at DAN30 to 18 cm at BIUV40 and 18 cm at FF30
(Fig. 2, Fig. 3B and D; Table 2).

(3)

( 210Pbtot

Pbtot activities using bulk sediment versus the fine

In core BIUV40, bulk sediment samples yielded vertical profiles at
very low levels (~20 mBq g−1; Fig. 2). The fine-fraction < 63 μm
showed a much higher initial 210Pb activity of 62 mBq g−1, with a
distinct and completely mixed SML (vertical profile) to ~18 cm core
depth and below that depth an exponential decline, reaching
~30 mBq g−1 at the bottom of the core at ~30 cm depth. From the
downcore trend of total 210Pb, this core appears to have been too short
to reach the depth where excess 210Pb is no longer detectable and only
background activity of supported 210Pb is present. Indeed, supported
210
Pb in the four longer cores collected later was between 21.1 and
25.5 mBq g−1, which is substantially lower than the 210Pb activity
measured at the bottom of BIUV40. The age-model for BIUV40 was thus
calculated assuming that 210Pb would reach a supported activity further
down.
Based on these results, we (a) acquired longer cores from the four FF
and DAN sites in order to reach the down-core limit of excess 210Pb in
the profile and (b) focused 210Pb analysis on the fine fraction.

Fig. 2. Depth profiles of 210Pbtot from core BIUV40, collected near the historic
sewage outfall in 40 m water depth. The sandy bulk sediment revealed no
down-core variation, whereas the fine-fraction reveals an 18 cm-thick surface
mixed layer (SML). The core was too short to reach the base of the excess 210Pb.
Black curve is best-fit model (CS/CF with SML). Error bars represent 1 sigma
counting uncertainty in alphaspectrometry measurements.

=

210

210

where
Pbsup is the supported
Pb derived from the CF/CS + SML
model fit on measured total 210Pb profiles, dbd is the dry bulk density
(g cm−3) of the increment, and ff is the weight fraction of < 63 μm
sediment of the increment. In the case of the relatively short core
BIUV40, the CF/CS + SML model was used to extrapolate the excess
210
Pb profile downward to the depth where excess 210Pb likely
4
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Fig. 3. Depth profiles of 210Pbtot based on the fine-fraction of sediment cores in 15 and 30 m water depth at FF sites proximal to stressors and at the more distant DAN
sites. Open icons in the FF15 and DAN15 cores are samples with elevated activity affected by recently deposited flash-flood sediments (6 and 1 cm-thick visually
apparent layers, respectively).
Table 2
210
Pb-based results using fine-fractions from cores, with sites categorized as proximal, intermediate, or distal to stressors per Table 1. Values in parentheses for FF15
and DAN15 are calculated having excluded the surficial flood deposits inferred from sediment color at DAN15 (1 cm thick) and FF15 (6 cm thick).

Variable (units)
Best fit model
Surface mixed layer (SML) thickness (cm)
Diffusive biological mixing rate, Db (cm−2 y−1)
Supported 210Pb (mBq g−1)
Depth where 210Pb activity reaches background
level (cm)
Sediment accumulation rate, ω (cm y−1)
Mass accumulation rate, ω (g cm−2 y−1) [bulk
density g cm−3]
Inventory of fine fraction excess 210Pb
(mBq cm−2)
Flux of fine fraction excess 210Pb (mBq
cm−2 yr−1)

DAN15 m

DAN30 m

BIUV40 m

FF15 m

FF30 m

Distal
CFCS + SML
34 (under a 1 cm-thick flood
cap)
(72.7)
(21.1)
(~35)

Distal
CFCS + SML
31

Intermediate
CFCS + SML
18

Proximal
CFCS + SML
18

76.3
22.7
~50

‘Infinity’ > 105
Assumed 25
No data

Proximal
CFCS + SML
26 (under a 6 cm-thick flood
cap)
(5.5)
(24.8)
(~25)

‘Infinity’ > 105
25.5
~60

0.04
0.06 [1.33 g cm−3]

0.27
0.36 [1.34 g cm−3]

0.21
0.30 [1.42 g cm−3]

0.01
0.02 [1.45 g cm−3]

0.21
0.32 [1.52 g cm−3]

90.9 (95.7 including flood
cap)
2.83 (2.98 including flood
cap)

138.3

282.1

87.7

3.04

7.59

80.0 (157.8 including flood
cap)
2.49 (4.91 including flood
cap)

5
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The 210Pb profiles contain few ‘anomalous’ (outlier) data points
other than at the high-activity data points associated with flood deposits at DAN15 and FF15, and two high values at the base of the SML
at FF30 (Fig. 3). Those latter are most likely injected by burrowers: for
example, an open, water-filled callianassid burrow was observed as
deep as ~50 cm at site DAN30.
Biological mixing coefficients (Db) vary by several orders of magnitude
among sites depending upon the completeness of mixing within each SML,
as implicit in the steepness of the 210Pbtot profile within the SML (Table 2;
Figs. 2 and 3). The highest estimated mixing rates are in the deeper water
sites (DAN30, FF30, and BIUV40), and the lowest rate is at FF15.
Sediment accumulation rates (net vertical aggradation) are very similar across the three deeper sites, ranging from 0.21 to 0.27 cm y−1,
whereas the model returns much lower rates of 0.04 and 0.01 cm y−1 for
the two shallow sites (DAN15, FF15; Table 2). These two low rates are
based on very few data points representing the interval between the SML
and the deeper part of the core where 210Pb is at background activity,
introducing greater uncertainty, although the narrow sloping interval in
the profile is itself consistent with slow sedimentation (Figs. 3).
Total inventories of fine-fraction excess 210Pb ranged from 80.0 and
90.9 mBq cm−2 in the two shallowest sites (FF15, DAN15; excluding
their 6 and 1 cm-thick flash-flood deposits) to 282.1 mBq cm−2 in the
deepest site BIUV40 near the historic sewage outfall, with intermediate
values in sites FF30 and DAN30 (87.7 and 138.3 mBq cm−2, respectively). If the flash flood deposits are included, the inventories at FF15
and DAN15 were substantially higher (157.8 and 95.7 mBq cm−2).
Fluxes of fine-fraction excess 210Pb, which are linearly proportional
to inventories, ranged from 2.49 to 3.04 mBq cm−2 yr−1 among the
four FF and DAN sites, with the deepest BIUV40 site much higher
(7.59 mBq cm−2 yr−1).

brownish sediment was visible in the core), which is very close to the
wadi mouth and was cored seven months after the final, fifth storm; the
surficial muddy layer was 1–3 cm thick at the more distal DAN15 (1 cm
visible in the core), acquired only 16 days after the third storm that
season. Katz et al. (2015) reported that the fines from these flood sediments were subsequently resuspended and exported to the slope over
months to years. The other three core sites (FF30, DAN30, BIUV40) were
sampled before the storms began and thus lack this surficial layer. The
seabed at these deeper sites was nonetheless still easily resuspended by
divers during coring, indicating the presence of some mud, but the
quantity was low and quickly settled, whereas resuspension was a major
challenge when coring the shallow sites, producing prolonged intervals of
high turbidity that required repeated breaks in work. The deep sites at the
time of our 210Pb coring thus reflected seabed conditions after prolonged
fairweather resuspension and winnowing of flood-delivered fines (as in
Katz et al., 2015), with the remaining fines having been fully or largely
admixed down into the profile by bioturbators. In contrast, the shallow
15 m sites reflect very recent burial of the seabed by a storm increment,
which still retained ~100% of its fines at the time of coring. Living animals were especially sparse in the top 5 cm at FF15 when sampled by
Gilad et al. (2018) soon after the flood (YEF, pers. obs.).
Fine-fraction excess 210Pb contained in the flash flood layer in the
two 15 m sites is substantial, accounting for more than half of the total
inventory in FF15 where the flood deposit is thickest. A different pattern becomes apparent when excluding the contribution from the flash
flood layer: inventory increases from shallow to deep sites (Table 2).
This bathymetric pattern is consistent with a process of long-term
winnowing of fines from the nearshore and their transport and deposition in deeper water further offshore. Erosion at the 15 m sites is
also indicated by the relatively shallow depth in the profile at which
210
Pb activity reaches background levels. Excluding the recent flood
deposits, this depth is ~40 cm at DAN15 and ~30 cm at FF15, where
the absence of seagrass probably permits greater sediment removal, in
contrast to a depth of 50–60 cm in the profiles at DAN30 and FF30
(Fig. 3). The much higher inventory of fine-fraction excess 210Pb at the
deepest water BIUV40 site fits the bathymetric trend, but might also in
part be a legacy of its proximity to the historic sewage outfall.
A surface mixed layer (SML), which is recognized in 210Pb profiles
as a surficial segment with relatively high activity and little or no downcore decrease in activity, signifies complete mixing (homogenization) of
the fine-grained, 210Pb-rich fraction of the seabed. A SML is present at
all five sites, although buried under a cap of recent flood sediments at
FF15 and DAN15. We attribute the thinner (18–26 cm) SMLs at the
wadi-proximal (FF and BIUV) sites to inhibition of burrowing macrobenthos there, most likely from more frequent pulses of sedimentation
(especially at FF15), requiring re-establishment of burrows, and/or
from urban runoff from the channelized wadi mouth (Kinnet Canal) and
legacy sewage outfall, leading to stunting of animals. The much thicker
SMLs (> 30 cm) at the more distal DAN sites indicate less inhibited
bioturbation, especially by deeply burrowing callianassid shrimp.
Callianassid shrimp and their burrow openings are commonly reported
from sandy, seagrass-rich seabeds in the northern Gulf (e.g., Mastaller,
1979). Winters et al. (2016) found little seagrass coverage in the area
adjacent and east of the Kinnet where our FF and BIUV cores were
collected, also consistent with disruption of benthic communities by
sediment and other high, episodic discharge from flash floods. The
deeper and less interrupted bioturbation at the distal sites also seems to
be reflected in the higher inventories and fluxes of fine fraction excess
210
Pb observed there compared to wadi-proximal sites, likely as a result
of more efficient incorporation of fine-grained sediment into deeper
sediment layers by burrowers. Seagrass at the distal sites should also
favor the preferential deposition, and retention, of fines in this area.
Spatial variation in profiles thus reflects variation in the tempo of
deposition and reworking and to the effects of it and cultural stressors
upon the macrobenthic community, i.e., the interruption or other
suppression of infaunal colonization and bioturbation. Sedimentation

4.3. Age-models for cores
Using the fine fraction, 210Pb results indicate that all cores succeeded in acquiring a sedimentary record extending back before the
start of urbanization in the 1950s. Using modeled sedimentation rates
(Table 2), the DAN15 core extends to ~100–200 CE, the FF15 core to
4200 BCE, the DAN30 and FF30 cores to ~1700 CE, and the relatively
short BIUV40 core is extrapolated to extend to 1900 CE.
5. Discussion
5.1. Power of fine-fraction-based

210

Pb analysis in mud-poor settings

Van den Bergh (2007) originally focused 210Pb analysis on just the
fine-grained fraction in order to overcome the complication of strongly
variable grain sizes (and thus inconstant 210Pb flux) in cores from a
storm-influenced subtropical prodelta. Our similarly positive results
from an arid tropical sand-dominated shelf in the Gulf of Eilat/Aqaba
(GOE) indicates that analysis of the fine-fraction rather than bulk sediment would be a useful adjustment to 210Pb methodology in any area
with scarce fine-grained sediment.
5.2. Variation in profiles across the study area: influence of disrupted
bioturbation
210

Pb profiles vary spatially in: (1) the presence at the two 15 m
sites of a 3–9 cm thick interval with high 210Pb activity, overlying a
layer with a lower 210Pb activity interpreted as a buried SML; and (2)
the thickness of the SML, which is thickest in the DAN sites most distal
to human stressors.
The surficial, high-activity layer encountered at FF15 and DAN15
almost certainly reflects the blankets of muddy sediments delivered to the
shelf by the exceptional flash floods of 2012–2013 described by Katz et al.
(2015), which were the worst in 20 years of flood reporting for Eilat. This
layer was observed by divers to be 5–10 cm thick at FF15 (6 cm of
6
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rates appear to be lower in both of the shallow water sites (Table 2)
than in the deeper sites, consistent with net bypassing of most siliciclastic sediment: after initial flood deposition, sediment is preferentially
removed from the shoreface/inner shelf. The bathymetric gradient in
sedimentation rate suggests relatively efficient redistribution of sandand mud-sized siliciclastics, whose deposition is initially thickest closest
to the wadi mouth (Katz et al., 2015): the shoreface and innermost shelf
is, like probably much of the lower reaches of the wadi itself, largely a
setting of dynamic bypass of siliciclastics on the decadal to centennial
scale discerned by 210Pb.

(2012) on the Great Barrier Reef. Those authors reported sedimentation
rates of 0.22–0.58 cm y−1 using 210Pb- and 137Cs-dating of 10 cm-thick
core increments from eight wave-protected back-reef sites in 6–8 m
water depths, comparable to our values of 0.21–0.27 cm y−1 in
30–40 m depths on an open shelf.
Sediment accumulation rates on the LBF-rich Eilat and Great Barrier
Reef shelves are, on the other hand, lower than rates from other carbonate-rich settings measured over 210Pb time scales. Rates are generally ≥0.5 cm y−1 on tropical shelves dominated by calcifying algae:
for example, 0.4–1.1 cm y−1 in Florida Bay (Rude and Aller, 1991;
Wachnicka et al., 2013), 0.7–1.1 cm y−1 in back-reef Caribbean Panama (6 m; Aronson et al., 2014), and > 1 cm y−1 from the Bahamas
Bank (Henderson et al., 1999 and references therein; but see
0.12–0.22 cm y−1 in a 4.5 m-deep pond on the Great Barrier Reef reported by Kosnik et al., 2015).

5.3. Comparison with other studies in the GOE
Sedimentation rates in cores from our shallowest-water sites (15 m) are
quite low, indicating considerable bypassing of flood-delivered sediments,
which settle more permanently on the part of the shelf sampled by our
cores in 30–40 m water depth. There, sedimentation rates range from 0.21
to 0.27 cm y−1 and mass accumulation rates from 0.30 to 0.36 g cm−2 y−1
(Table 2). These rates are higher than those usually documented using
210
Pb on continental slopes, including the slope of the northern GOE. In
water depths of 400 to ~800 m there, Steiner et al. (2016) reported mass
accumulation rates of 0.102–0.175 g cm2 y−1 using 210Pb (four cores), and
Al-Rousan et al. (2004) reported sedimentation rates of 0.054 cm y−1 using
AMS 14C (three cores). In contrast, Pittauerova et al. (2014) reported sedimentation rates (maximum estimates) of 0.105–0.35 cm y−1 at
240–705 m depth on the GOE slope (four cores). They were surprised by
rates this high, and postulated sedimentation from flood-delivered sediment out of the increasingly developed Wadi Arava and from earthquakemobilized turbidites, a particular hazard in this young ocean basin.
Surface mixed layers (SML) are also much thicker on the shallow
shelf, here ranging from 18 to 34 cm (Table 2) and apparently > 15 cm
in shallow Jordanian waters (5–35 m; Ababneh et al. (2010), in contrast
to attaining only a few cm maximum in waters ≥240 m (Pittauerova
et al., 2014; Steiner et al., 2016). The completeness of mixing
(~steepness of the initial 210Pb profile) is also higher in our shelf sites.
This completeness combined with thicker SMLs results in higher calculated rates of biological mixing (Db) in shelf sites: 5.5 to >
105 cm2 y−1 over decadal, 210Pb time-scales on the GOE shelf (Table 2)
contrasted with 0.4–4 cm2 y−1 or 0.5–2.5 cm2 y−1 in seabeds > 240 m
(Pittauerova et al., 2014; Steiner et al., 2016). This contrast is consistent with shelf-to-slope contrasts in biological mixing documented
using 210Pb in other regions, including other tropical carbonate systems
(e.g., Henderson et al.,1999; Pfitzner et al., 2004).
Our rates and depths of biogenic mixing are the first produced for the
GOE shelf using 210Pb geochronology. 14C-dating of foraminiferal shells
from a single, 3.5 m-long core collected in 16 m water depth near our
DAN15 site (Goodman Tchernov et al., 2016) yielded a quite low sedimentation rate of 0.13 cm y−1, which is typical using dating methods
with greater age reach (scaling effect of Sadler, 1981). However, two of
their 14C dates within the top 2 m are inverted, yielding alternative rates
of 0.19 and 0.80 cm y−1; using the age of the base of the core yields a
long-term sediment accumulation rate of 0.26 cm y−1, which is comparable to our 210Pb results at DAN30 (0.27 cm y−1). Mixing rates and
the thickness of the surface mixed layer cannot be extracted from these
14
C data, but the presence of a 251 year-old dated shell 1 m below a
530 year-old specimen implies considerable vertical mixing and timeaveraging. We are undertaking a program of extensive, 14C-calibrated
amino acid racemization dating of bivalve shells from cores at our FF and
DAN sites to determine the magnitude of time-averaging per increment
and the scale of between-increment mixing of shells.

5.5. Burial of Large Benthic Foraminifera (LBF) carbonate
LBF constitute ~15 wt% of bulk sediment in our cores: carbonate
constitutes 20% of bulk sediment (Table 1) and LBF are 50–80% of carbonate grains on the GOE shelf (Reiss, 1977). The mass accumulation
(burial, sequestration) rate of the LBF‑carbonate component on this shelf is
thus, to a first approximation, ~0.07 g cm−2 y−1, i.e., ~one-sixth of the
0.35–0.47 g cm−2 y−1 measured by 210Pb. This LBF-burial rate is lower
than but the same order-of-magnitude as the production rates of LBF in
other tropical settings, where production is calculated using the standing
population size and assuming only one generation per year, a conservative
approach. For example, on the Great Barrier Reef, LBF production rates
have been calculated as 0.1–0.3 g cm−2 y−1 (Uthicke et al., 2012; and see
0.18 g cm−2 y−1 by Dawson et al., 2014), similar to estimates from other
parts of the western Pacific (range 0.06 to 0.3 g cm−2 y−1 in studies cited
by Dawson et al., 2014). Thus a high proportion of LBF production on the
Eilat shelf is likely buried there, despite potential for some allochthonous
export to deeper waters and loss to other post-mortem processes. A closer
examination of the sedimentary budget of benthic carbonate production
and burial in the northern GOE would be worthwhile, taking advantage of
our sedimentation rate data for the shelf.
6. Conclusions
Focusing analysis on the fine-fraction of deep-penetrating cores
(≥70 cm) provides an effective means of acquiring reliable 210Pb profiles
from the relatively coarse-grained shelves that characterize arid settings,
even under tropical conditions where bioturbation is year-round and can
be especially deep. The low atmospheric rainout of 210Pb in the tropics
(Preiss et al., 1996) further complicates conditions, making our positive
results for the tropical, hyper-arid Gulf of Eilat shelf especially encouraging for 210Pb analysis in any settings with scarce fine-grained sediment.
210
Pb analysis of the GOE shelf using this approach revealed clear profiles
with distinct, 18 to 34 cm-thick surface mixed layers (SML) and bulk sedimentation rates of 0.21–0.27 cm yr−1 for this soft-sedimentary shelf,
where LBF and mollusks dominate the carbonate component.
Sedimentation rates are much lower at sites closest to shore (15 m water
depth; 0.01–0.04 cm yr−1), where flood-deposited siliciclastic sediments are
largely winnowed away from the wadi mouth. The thickness of the SML on
the shelf also varied significantly, but not with bathymetry, rather with
distance from anthropogenic stressors such as the mouth of the now-channelized wadi (the Kinnet Canal) and historic sites of sewage outfall and fish
cages. We thus attribute variation in the SML part of the 210Pb profile to
suppression of macrobenthic burrowers: the SML was thinner at the stressproximal FF and BIUV sites, most likely in response to more frequent depositional/winnowing events (requiring repeated re-establishment of benthos) and/or stunting of burrowers by contaminants. At the distal DAN sites,
the SML detected by 210Pb was quite thick (≥30 cm).
SML thicknesses, rates of biological mixing, and rates of sedimentation on the shelly, sandy GOE shelf are all significantly larger

5.4. Comparison with other tropical carbonate-rich shelves
Our rates of sedimentation are comparable to those documented by
the only other analysis, to our knowledge, focused on tropical shelves
rich in larger benthic foraminifera (LBF), namely by Uthicke et al.
7
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than those documented for muddy seabeds of the adjacent slope. Rates
of sedimentation are comparable to other tropical carbonate shelves
rich in LBFs. The calculated burial of LBF on the Gulf shelf is the same
order-of-magnitude as LBF production rates reported elsewhere, suggesting that a high proportion of LBF production on the Eilat shelf is
likely buried there.
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