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13 Abstract

14 Lead concentrations [Pb] and isotope ratios (206Pb/207Pb, 208Pb/207Pb) have been measured in 

15 samples of total suspended particulate (TSP) aerosols, seawater, and suspended and sinking 

16 particles in the Gulf of Aqaba (GOA), Red Sea. Isotope ratios of Pb in seawater and in the 

17 soluble fraction of Pb in atmospheric TSP were similar suggesting TSP is an important source of 

18 Pb in this area. Pb concentrations in seawater measured in this study (max. 76.8 pmol kg-1) were 

19 much lower than those recorded at the same location in 2003 – 2004 (up to 1000 pmol kg-1). 

20 Changes in Pb isotope ratios in TSP depositing in these years indicate that leaded gasoline was 

21 responsible for the high dissolved Pb in GOA more than a decade ago and that recent regulation 

22 reduced Pb contamination. The similarity in Pb isotope ratios in suspended and sinking particles 

23 implies close interactions between these two size fractions. This study demonstrates the effect of 

24 phasing out of leaded gasoline on TSP and seawater Pb chemistry in the Northern GOA; the rate 

25 of change in dissolved Pb concentrations in the GOA is faster than that reported for the open 

26 ocean possibly due to higher particle scavenging and the relatively short residence time of deep 

27 water in the Basin. 
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29 Introduction

30 Atmospheric deposition is an important external source of trace metals to the ocean and 

31 can affect seawater chemistry and phytoplankton dynamics in the surface ocean.1-5 Atmospheric 

32 deposition also provides particles to the ocean that can serve as ballast or aggregation nuclei and 

33 enhance the biological pump.6, 7 Sinking mineral dust from atmospheric deposition can thus play 

34 an important role as a medium that transports elements from surface to the deep ocean.

35 Lead (Pb) is a toxic metal at high concentrations and is usually abounded in air pollution, 

36 and Pb isotope ratios can be used to identify and trace pollution sources.8-11 Pb isotopes have also 

37 been used to shed light on Pb exchange between dissolved and particulate pools in the water 

38 column,12, 13 which is an important factor that determines the residence time of Pb and its 

39 distributions in the ocean. Although Pb concentrations in aerosols and in seawater rarely 

40 approach toxic levels that can affect human health, incorporation of Pb in sediment and 

41 biological tissue can negatively impact marine life through bioaccumulation in the food chain.14, 

42 15 The Gulf of Aqaba (GOA) harbors a unique ecosystem including the north most extend of reef 

43 building coral with species that have a high tolerance to high temperature16 and divers fisheries 

44 and recreational diving sites on which the local populations depend. However, increasing human 

45 activities have contributed pollutions and threaten the ecosystem in the GOA. A previous study 

46 in the Northern GOA has shown high variation of dissolved Pb concentrations [Pb] in near shore 

47 surface seawater, suggesting highly localized sources such as smelting operations, shipping, port 

48 activity and fossil fuel emissions.17 This may be particularly important during the summer 

49 months when the water column in the GOA is stratified,18 increasing the possibility of Pb 

50 accumulation in the surface and allowing Pb to reach high concentrations. More importantly, Pb 

51 was commonly used as an additive to gasoline worldwide in the mid-20th century. Although 

52 leaded gasoline was phased out in many western countries in the 1980s, it was still in use in early 

53 2000s in many places in Asia and specifically in Jordan, close to our study site. It is important to 

54 understand how the effect of banning leaded gasoline is manifested in natural system with 

55 different circulation dynamics and ecosystems. Previous studies depicting how [Pb] decreased 

56 over time were primarily done in offshore open ocean settings19, 20 and not in more coastal 

57 oligotrophic settings such as the GOA. We collected atmospheric total suspended particle (TSP) 

58 samples as well as water and particulate matter samples in August 2015 to assess possible 

59 sources of Pb to the GOA and dynamics of Pb in these different pools. These data were 
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60 compared to previously published measurements from 2003-2005 to assess changes in sources 

61 and shed light on associated processes. Specifically, TSP deposited on arid lands around the 

62 GOA may be transported to the adjacent water bodies over may years after initial deposition. 

63 This kind of secondary settlement in general is expected to prolong the effect of anthropogenic 

64 inputs particularly in arid coastal environments.21, 22 While we aim to understand the overall 

65 status of current Pb distribution in the GOA and why it was so high, we can also evaluate the 

66 effects of the secondary settlement in the GOA.     

67 In this study, we report [Pb] and Pb isotopic compositions (206Pb/204Pb, 206Pb/207Pb, and 

68 208Pb/207Pb ratios) together with some other trace metal concentrations in the GOA water column 

69 and in TSP from the surrounding area. We discuss the change in [Pb] concentrations since the 

70 early 2000s, following a ban in leaded gasoline in the region, changes in Pb sources to the GOA 

71 and the processes involved in controlling [Pb] and isotope ratios in the water column.

72

73 Materials and Methods

74 Sampling Sites

75 The GOA, a narrow northeastern extension of the Red Sea, is known for its steep shelf. 

76 At our study location, a water depth of 700 m is reached within 5 km offshore. The GOA is 

77 located within the rift valley at the plate boundary that connects seafloor spreading in the Red 

78 Sea with the Sagros‐Taurus zone of continental collision.23 It is surrounded by Egypt, Israel, 

79 Jordon and Saudi Arabia. Eilat in Israel and Aqaba in Jordon are the two major cities on the 

80 Northern GOA coast. The prevailing winds in the region generally blow along the axis of the 

81 Gulf from north to south.24 There are no rivers flowing into the GOA and annual precipitation is 

82 very low, hence the majority of external Pb input is via dry atmospheric deposition or related to 

83 marine activities (shipping). The GOA is an oligotrophic basin with low productivity and it is 

84 characterized by stable stratification during the summer and deep convective mixing in the 

85 winter.18, 25 The area receives relatively high aerosol deposition throughout the year and high 

86 deposition dust events occur frequently due to proximity to the Saharan and Arabian deserts.26 

87 Hence, it is an ideal place to study the impacts of atmospheric deposition on seawater Pb 

88 dynamics.  

89

90 TSP Collection 
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91 Aerosol samples were collected with a TSP sampler attached to a five-meter-long pole 

92 located on the roof at the Interuniversity Institute for Marine Sciences (IUI) building in Eilat, 

93 Israel about 10 m from the coast. Three TSP samples were collected during the summer of 2015, 

94 the first representing atmospheric aerosols between July 21 and 28, the second between July 28 

95 and August 6, and the third from August 6 to August 17. These samples were collected on acid-

96 cleaned 47 mm polycarbonate membrane filters (IsoporeTM). Weights of the aerosol samples 

97 were obtained from the weight difference of the filter before and after sample collection. Half of 

98 each TSP sample was then used for soluble and non-soluble (residual) Pb concentration and 

99 isotope ratio analyses, respectively. TSP loads between January and August in 2015 were 

100 determined from samples collected by an identical second TSP collector located at the same site 

101 which was equipped with a Gelman flow meter, as described elsewhere.27

102

103 Seawater and Particulate Matter Collection 

104 Seawater samples were collected along a depth profile at station A (29°28'01.2"N 

105 34°55'43.8"E; Fig. 1) on August 18 in 2015. Station A is located away from the narrow 

106 continental shelf (not affected by costal pollution processes) and is presentative of open water 

107 conditions in the GOA which enter the basin from the Red Sea via the straits of Tiran.17, 28, 29 

108 This is also a long terms monitoring sites in which many marine biogeochemical studies have 

109 been carried out over the years, allowing for assessment of temporal changes.17, 28-30 Water 

110 samples were collected with Niskin bottles mounted on a rosette (SeaBird) during monthly water 

111 sampling cruises on the Inter University Institute (IUI) research vessel (http://www.iui-

112 eilat.ac.il/Research/NMPAbout.aspx). Temperature, salinity and density were obtained with a 

113 CTD (SeaBird) attached to the rosette, additional hydrographic data collected between April and 

114 July 2015 was also obtained and are shown in Fig. S1. Samples were filtered in-line through acid 

115 washed and sample rinsed 0.2 m cartridge filters (AcroPak™ 200 Capsules with Supor® 

116 Membrane) and collected in acid washed sample rinsed one litter LDPE bottles. The LDPE 

117 bottles were double bagged and stored in coolers for transportation to the clean lab, where 

118 seawater samples were acidified to pH of ~1.9 with double distilled concentrated nitric acid. To 

119 collect suspended particles in the water, three to five liters of unfiltered seawater from the same 

120 Niskin bottles were collected into plastic bottles rinsed thoroughly with sample water and 

121 suspended particles were collected via filtration on 0.45 m polycarbonate filters. Sinking 
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122 particles were collected using sediment traps deployed just north of station A31 on July 14 at 

123 water depths of 124, 226, 462 and 580 m and the traps were retrieved on August 18 (~ 1-month 

124 deployment). The sinking particulate material was split, freeze dried, weighted and preserved in 

125 plastic vials for later treatments. A surface sediment sample (2.5 cm deep, core top) from the sea 

126 floor at this site was retrieved using an MC-400 four-barrel multi-corer (Ocean Instruments, San 

127 Diego, CA) deployed from the IUI R/V Sam Rothberg. The surface sediment was processed in 

128 the same manner as the sinking particles described above. Note that the water column suspended 

129 particles were collected using Niskin bottles and hence could also include some large size 

130 particles while the particles collected in the sediment traps represent preferentially the largest 

131 size fraction of particles in the water, those that have efficient downward movement (sinking 

132 particles). 

133 In addition, surface seawater (Fig. 1) was collected from ~0.5 m water depth at 14 sites in 

134 the northern GOA on August 11th using a peristaltic pump with acid cleaned Teflon tubing on a 

135 fiberglass speed boat. Surface water was filtered and stored in the same way as water collected 

136 from the depth profile.

137

138 Sample Pretreatments and Chemical Analyses

139 Details of sample pretreatments and chemical analyses can be found in supporting 

140 information. Briefly, we have applied different column chemistries for trace metal and Pb 

141 isotope analyses.32, 33 Trace metal concentrations were analyzed by ICP-MS (Agilent 7500cx) 

142 and Pb isotopic compositions were analyzed by a multi collector inductively coupled mass 

143 spectrometer (MC-ICP-MS Neptune) at the Institute of Earth Sciences, Hebrew University of 

144 Jerusalem. Based on 36 NIST SRM-981 analyses, average and one standard deviation of 

145 206Pb/204Pb, 206Pb/207Pb and 208Pb/207Pb are 16.9298  0.0056, 1.0936  0.0001 and 2.3684  

146 0.0002, respectively (Table S2).

147 The Pb enrichment factor (EF) was also calculated using Equation 1:

148

149 𝐸𝐹 =
(Pb/Al)𝑠𝑎𝑚𝑝𝑙𝑒

(Pb/Al)𝑢𝑝𝑝𝑒𝑟 𝑐𝑟𝑢𝑠𝑡
                                                          (1) 

150
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151 where (Pb/Al)sample is Pb to Al ratio in our TSP (soluble and non-soluble fractions), particulate 

152 matter, and seawater samples. (Pb/Al)upper crust is Pb to Al ratio in the average upper continental 

153 crust.34 We use the average continental crust normalization and not local dust ratios for 

154 consistency with other studies.  

155

156 Results

157 Pb in GOA TSP 

158 TSP loads were 33.4, 38.6 and 41.4 g m-3 for the three samples collected between July 

159 21 and 28, July 28 and August 6, and from August 6 to August 17, respectively. Bulk Pb 

160 concentrations were 60, 167 and 99 ppm, respectively (calculated from the sum of soluble and 

161 non-soluble Pb fractions). The fraction of soluble Pb in these three samples was 84.2%, 85.5% 

162 and 82.9%, respectively. The EFs for Pb in the non-soluble fractions were low at 2.9, 5.3 and 

163 2.3, respectively. TSP total EFs calculated from the soluble and non-soluble data were 18, 36 and 

164 13 in the three samples, respectively. Pb isotope ratios of the soluble fraction in the three samples 

165 were 1.169, 1.157 and 1.161 for 206Pb/207Pb and 2.443, 2.432 and 2.435 for 208Pb/207Pb, 

166 respectively. The non-soluble fraction Pb in the first TSP sample was lost during measurement, 

167 the second and third samples had ratios of 1.170 and 1.180 for 206Pb/207Pb and 2.442 and 2.452 

168 for 208Pb/207Pb, respectively (Table S1).  

169 Pb distribution in the GOA

170 In August 2015, the GOA was well stratified, as can be seen in temperature, salinity and 

171 density profiles (Fig. S1). Dissolved [Pb] in the upper seawater layer (defined here as the upper 

172 100 m based on the density profile at station A in August) ranged from 51.3 to 76.8 pmol kg-1 

173 with an average of 61 pmol kg-1. The concentrations in deeper water were lower than in the 

174 surface ranging from 35.9 to 58.3 pmol kg-1 (Fig. 2A). Dissolved Pb isotope ratios at station A 

175 ranged from 1.166 to 1.173 for 206Pb/207Pb and 2.433 to 2.442 for 208Pb/207Pb. Pb isotope ratios 

176 were similar throughout the whole water column (Fig. 2B). 

177 Upper layer suspended particulate matter [Pb] at station A ranged from 3.8 to 5.5 pmol 

178 kg-1 with an average of 4.8 pmol kg-1 (Fig. 2A). The concentrations in deeper water suspended 

179 particulate matter were higher than in the surface, ranging from 4.5 to 12.0 pmol kg-1. Pb 
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180 concentrations in sinking particles were 31, 23, 28 and 23 ppm at 124, 226, 462 and 580 m, 

181 respectively. Suspended particles Pb isotope ratios in the upper layer ranged from 1.166 to 1.173 

182 for 206Pb/207Pb and 2.433 to 2.437 for 208Pb/207Pb (Fig. 2B and table S1). Below 400 m, 

183 206Pb/207Pb shifted from 1.174 at 400 m to 1.184 at 700 m and 208Pb/207Pb shifted from 2.440 to 

184 2.450. In sinking particles, 206Pb/207Pb ranged from 1.172 to 1.180 and 208Pb/207Pb from 2.439 to 

185 2.446 (Fig. 2B and table S1). Pb isotope ratios in surface sediment were 1.223 and 2.483 for 

186 206Pb/207Pb and 206Pb/207Pb, respectively.

187

188 Discussion

189 Pb input to the GOA from atmospheric deposition of TSP 

190 Previous studies reported that the dominant air masses over the GOA originate from 

191 European and Mediterranean Sea sources for the majority of time (69%) and that the TSP load 

192 associated with these air masses ranges between 20 and 40 g m-3.26 During winter and spring air 

193 masses originating from the Sahara Desert, Arabian Peninsula and from local sources become 

194 more prevalent and these air masses carry higher TSP load (> 60 g m-3).26, 27 TSP load levels 

195 between January and August in 2015 (Fig. S2) were consistent with the previously reported 

196 range. However, higher TSP loads were found during February and March while there were only 

197 few small dust events between April and August 2015. These data suggest that while overall 

198 average annual TSP levels are similar between years the seasonal distribution of dust events can 

199 vary considerably between years.

200 The total TSP EFs for Pb in our samples ranged from 13 to 36, which is within the range 

201 of 2.5 to 230 (average 28) reported in a previous study for this area.26 This EF is above the 

202 average upper crust value, indicating that anthropogenic inputs contribute to the Pb in TSP. The 

203 non-soluble fraction of Pb in TSP has an average EFs of 3.5 which is within the range of 

204 expected concentrations for mineral dust (<10). The higher EF in total TSP implies that the 

205 anthropogenic component of Pb in TSP is substantially more soluble and readily released from 

206 the bulk aerosol sample than Pb associated with the mineral dust component. 

207 Anthropogenic sources of Pb in Israel including those originating locally and arriving 

208 from neighboring foreign countries typically ranges from 1.115 to 1.160 in 206Pb/207Pb,35 while 

209 natural Pb in the soil has 206Pb/207Pb that ranges from 1.206 to 1.219.36 Typically, the seawater 
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210 soluble fraction of aerosol tends to have a more anthropogenic Pb isotopic signature than the 

211 non-soluble fraction.37 This behavior can also be found in our samples where 206Pb/207Pb in the 

212 soluble fraction ranges from 1.157 to 1.167, while it ranged from 1.170 to 1.180 in the non-

213 soluble fraction, shifting towards the natural soil Pb values of 1.206 to 1.219.

214

215 Seawater Pb concentrations in the GOA 

216 Despite the overall high atmospheric deposition in the GOA, compared to other oceanic 

217 settings, the [Pb] we measured in the water column are not particularly high and are in fact at the 

218 very low range of values previously measured for this location.17 The reported Pb concentrations 

219 measured in 2004-2005 ranged from 45 to 1000 pmol kg-1 with an average of 300 pmol kg-1 in 

220 the surface water at the same sampling location as those collected in our study (station A). 

221 Specifically, in our study, at station A, [Pb] ranged between 51.3 and 76.8 pmol kg-1 in the upper 

222 layer of the water column (0 – 100 m) and concentrations were lower ranging between 35.9 and 

223 58.3 pmol kg-1 at depth (Fig. 2A). These low concentrations are comparable to those reported for 

224 open waters of the Atlantic19 and Indian38 ocean’s surface water, and are even lower than 

225 reported [Pb] for surface water in the North Pacific.33, 39

226 To understand why [Pb] has decreased over the last decade and why the concentrations 

227 are low, it is important to (1) estimate the contribution of TSP deposition to the seawater Pb, 

228 since TSP is the major source of trace metals including Pb and (2) to shed light on internal Pb 

229 cycling within the water column after deposition. To calculate the contribution of Pb from TSP 

230 deposition we assume that the upper water column in the GOA is well mixed during winter, 

231 homogenizing [Pb] and setting the concentration to the values seen in deep water (42.9 pmol kg-

232 1); we also assume that stratification started in mid-April and was maintained until the early fall, 

233 as evident from our CTD data (Fig. S1). We further assume that atmospheric TSP adds soluble 

234 Pb immediately upon deposition into the surface water; this is supported by a previous 

235 dissolution study that showed most of TSP soluble Pb dissolved into seawater after 10 mins of 

236 seawater exposure.40 Under these conditions the soluble Pb accumulates in the stratified layer 

237 and only particles sink into the deep water (Fig. 3). The contribution of Pb from TSP deposition 
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238 (Pbd (pmol)) can then be calculated by documenting changes in surface seawater Pb 

239 concentration ( Pbsw (pmol kg-1)) during the stratified months using the following equation: ∆

240  ∆Pb𝑠𝑤 =  
Pb𝑑

𝑀𝑎𝑠𝑠𝑠𝑤
 =  

Pb𝑎 ×  Pb𝑠 ×  𝑉𝑑 ×  𝑇 
𝑀𝐿𝐷𝑠𝑤 ×  𝐷𝑠𝑤

                                      (2)

241

242 Where Pba (pmol m-3) and Pbs (pmol pmol-1) are Pb concentration in the air and solubility 

243 of the TSP, Vd (m s-1) is the deposition velocity of TSP and T (s) stands for the period of TSP 

244 deposition. The product of these values, Pbd, stands for the amount of soluble Pb from TSP 

245 deposition per unit area, integrated over a certain period. MLDsw (m) is the mixed layer depth 

246 and Dsw (kg m-3) is seawater density. The product, Masssw (kg), is the seawater mass per unit area 

247 in the mixed layer. Note that this equation calculates Pbsw due to TSP deposition and does not ∆

248 account for Pb removal processes in the water column such as scavenging by particles. Since we 

249 collected seawater samples on the 18th of August, we assumed that the Pb increase in the surface 

250 layer represents the integrated effect of deposition over the 4 months between the onset of 

251 stratification and our sampling. We use the average TSP loads from mid-April to mid-August 

252 (39.8 g m-3, Fig. S2), and average concentration and solubility of Pb in the samples we 

253 collected for the calculation. Based on the [Pb] profile at station A that shows higher [Pb] in the 

254 upper 100 m, we use this depth as the water depth affected by TSP Pb input. Using 1028 kg m-3 

255 as seawater density and a deposition velocity at 0.02 m s-1 for mineral dust,1 we determined that 

256 TSP deposition can account for a 36.1 pmol kg-1 increase in seawater [Pb] in the upper 100 m 

257 layer from mid-April to mid-August, which is about double of the observed 18.1 pmol kg-1 

258 increase we recorded, based on the average [Pb] difference between the upper layer (0 – 100 m) 

259 and the deep layer (below 100 m) (i.e.: observed ∆Pb = [Pb in the upper layer] – [Pb in the deep 

260 layer]). In addition, this is only the contributions from TSP and did not account for other local 

261 inputs such as ship activity, which means the difference between observed [Pb] and total Pb flux 

262 could be even larger. One possible reason for this inconsistency can be due to an over estimation 

263 of the deposition rate, although similar deposition rates were observed at other locations in 

264 Israel41 and are used regularly. If we assume that the soluble Pb is associated with the 

265 anthropogenic fraction which is preferentially present in the fine mode (<2 m)42 and use a 

266 deposition velocity of 0.0036 m s-1,26 in other word, assume all soluble Pb is in fine mode, we get 

267 a 6.4 pmol kg-1 increase in [Pb]. Alternatively, the observed 18.1 pmol kg-1 increase in the upper 
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268 layer could be achieved at a TSP deposition velocity of 0.0102 m s-1. Based on the deposition 

269 velocities for mineral dust (0.02 m s-1) and for find mode (0.0036 m s-1), at this velocity 60% of 

270 the Pb would be in the fine mode. Another potential explanation for the lower [Pb] that expected 

271 based on the calculation using a sinking velocity of 0.02 m s-1 could be high scavenging rates of 

272 Pb in the GOA.  In contrast to the low concentration of Pb in seawater, suspended particles Pb 

273 concentrations were high when compared to other systems, ranging from 3.8 to 12 pmol kg-1, 

274 which based on the suspended particulate matter concentration in the water column can account 

275 for 6 to 27% of the total Pb in seawater. For example, in the north Atlantic Ocean suspended Pb 

276 concentrations were typically ≤ 3 pmol kg-1 and constituted about 1 to 15% of total seawater Pb 

277 concentration.12, 43 Hence, higher particle content and higher scavenging rates of Pb onto these 

278 particles can not only explain the lower than expected increase in surface Pb concentrations we 

279 observed, but it also explains the overall low Pb concentration in the GOA.

280 Phasing Out of Leaded Gasoline.

281 Although high scavenging can explain the low [Pb] recorded in 2015, it does not answer 

282 the question why [Pb] were much higher a decade before (2003 - 2005) at the very same 

283 location.17 During 2003 to 2005, seawater at station A was collected and analyzed with similar 

284 sampling technique and analytical processes used here, and the authors reported very low 

285 contamination and validated their data using reference materials.17 However, the reported [Pb] 

286 reached up to 1000 pmol kg-1 in 2003, while the highest value we observed in 2015 was only 

287 76.8 pmol kg-1 (Fig. 4). Average TSP loads were 54.7 g m-3 from Aug 2003 to Nov 200426 

288 which is only ~26% higher than the average value of 40.6 g m-3 measured between April and 

289 Aug in 2015, thus differences in Pb deposition from atmospheric TSP cannot explain the large 

290 difference in seawater [Pb] between these records. 

291 We suggest that the change can be attributed to differences in local input of Pb from 

292 fossil fuel use. Surface water [Pb] in the north-western corner of the GOA within Israel’s waters 

293 in August of 2015 (Fig. 1B) ranged from 37.4 to 93.4 pmol kg-1, with the highest values 

294 observed at the northern coastal sites. This is where the city of Eilat is located with a larger 

295 density of population and hotels compared to other coastal sites along the GOA and the main 

296 harbors of Eilat, thus this area is more likely to be affected from higher local anthropogenic 

297 sources of Pb. The higher [Pb] are associated with higher 206Pb/207Pb and 206Pb/204Pb ratios, 
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298 reaching 1.189 and 18.58, respectively, while the sites further south and offshore have ratios 

299 around 1.180 and 18.4. Although higher [Pb] typically indicate higher anthropogenic inputs the 

300 higher 206Pb/207Pb ratio of these samples suggest a natural signature. Since the northern coastal 

301 area is much shallower (<50 m), groundwater inputs typically are higher within these sites and 

302 can contribute more Pb.44 While some spatial variability is seen, surface concentrations of Al, 

303 Mn, Co, Zn and Cd were also higher in the north part of the GOA (Fig. S3). A local input from 

304 contaminated groundwater or other urban activity related point sources can also explain why the 

305 local higher Pb “hot-spots” are confined to the most north part of the GOA and do not affect sites 

306 that are away from the coast including offshore locations such as station A (Fig. 1B).  Figure S4 

307 shows concentration profiles of Al, Mn, Co, Zn and Cd at station A and they are very similar to 

308 those measured more than a decade ago.17 This offset in temporal trends between Pb and the 

309 other metals suggests that the observed decline in [Pb] particularly offshore cannot be attributed 

310 to changes in local contaminant inputs of Pb, because such contaminations are usually also 

311 associate with high levels of other metals such as Zn and Cd.45, 46 Hence a reduction in a source 

312 that preferentially affects Pb is a more likely explanation. 

313 We use the Pb isotope data to identify possible sources of [Pb] that could explain the 

314 reduction in Pb concentration. Figure 5 is a triple Pb isotope plot (208Pb/207Pb vs. 206Pb/207Pb) and 

315 it includes the published ratios associated with different sources of Pb including mineral brine, 

316 soil, aerosol (TSP), leaded gasoline as well as seawater dissolved and particulate Pb from this 

317 study (Fig. 5B). The Pb isotope ratios associated with TSP collected in 2015 (avg. 206Pb/207Pb = 

318 1.167, 208Pb/207Pb = 2.437) are very different from those collected between 1994 to 1998 in Israel 

319 and nearby countries (avg. 206Pb/207Pb = 1.138, 208Pb/207Pb = 2.412).35, 47 Samples collected in 

320 the 1990s were largely impacted by leaded gasoline (avg. 206Pb/207Pb = 1.109, 208Pb/207Pb = 

321 2.384).35 Samples collected during 2001 to 200348 had a high variation in Pb isotope ratios, 

322 206Pb/207Pb ranged from 1.131 to 1.188 and 208Pb/207Pb from 2.402 to 2.472 for the acid leach 

323 fraction, and in the residue 206Pb/207Pb ranged from 1.126 to 1.193 and 208Pb/207Pb from 2.400 to 

324 2.477 (Fig. 5). This indicates that both the acid leach and residual fractions were contaminated 

325 by leaded gasoline, but the overall ratios were already shifted slightly away from the leaded 

326 gasoline value itself, this reflects the onset of banning leaded gasoline in 1994 in Israel and the 

327 following decrease of Pb contaminations. As of 2005 leaded gasoline was still in use in Egypt 

328 and Jordan and although in Israel phasing out started in 1994, it was not fully phased out until 
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329 2004,49 we argue that the high soluble Pb found in the GOA during 2003 to 2005 was due to high 

330 Pb input from leaded gasoline that was transported via atmospheric TSP to the region. At 

331 present, leaded gasoline is already phased out in all countries surrounding the GOA and in most 

332 of the countries in west Asia and Africa,50 hence the impact of gasoline use on Pb in TSP, and 

333 hence in seawater in the GOA, is expected to be significantly lower than prior to this phase-out. 

334 The low [Pb] in the GOA also suggests that although transport of Pb contaminated particles that 

335 were previously deposited on land cannot be ruled out and is expected in arid areas, this process 

336 contributes at present much less Pb to seawater in the GOA than the combined inputs from 

337 leaded gasoline more than a decade ago.

338 Interestingly, we found that Pb isotope ratios in the Arabian Sea seawater collected 

339 between 2009 and 2010 (avg. 206Pb/207Pb = 1.145, 208Pb/207Pb = 2.426, 0 – 200 m at stations 5, 6, 

340 7 and 8 in Lee et al. 2015), falls closer to those of leaded gasoline than what we recorded in the 

341 northern GOA in 2015 (Fig. 5). It is possible that because the samples from the Indian Ocean 

342 were collected more than five years earlier than our samples, they still contained a higher 

343 signature from leaded gasoline. Alternatively, it is also possible that higher removal rates of Pb 

344 in the GOA eliminated the leaded gasoline signature faster than in the Indian Ocean. The deep 

345 mixing that occurs in the GOA and the relatively short residence time of water in the GOA also 

346 contribute to signal dilution and fast removal, respectively, in the GOA.51 This also explains the 

347 large temporal variability in the GOA data set from 2003 -2005 which includes some periods 

348 with low [Pb] which could be explained by different contributions form TSP and particle 

349 transport from land and annual differences in both TSP deposition and mixing depth (Fig. 4).

350 Change over time of seawater Pb isotope ratios has been studied using Pb in coral 

351 skeletons.52-57 In the north Atlantic, a dramatic shift in Pb isotope ratios has been recorded post 

352 leaded gasoline banning in North America.53-55 Seawater Pb concentrations also decreased from 

353 about 200 pmol kg-1 in mid 1970s to 40 pmol kg-1 in the end of the 20th.54 This change is slower 

354 than that observed in the GOA, likely because Pb removal processes other than particle 

355 scavenging (deep water column missing and relatively fast water exchange in the GOA) are not 

356 operating in the open ocean.

357

358 Particles dynamic in the GOA

359 Figure 5 demonstrates that Pb isotopes in seawater and in particulate matters in the GOA 
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360 are likely attributed to a mixture of Pb originating from TSP and Pb originating from natural 

361 local sources such as soil. Figure 2 shows that in the upper water layer, Pb isotopes ratios in 

362 suspended particles and those of Pb dissolved in seawater are similar to each other although the 

363 isotope ratios of the soluble and non-soluble fractions of TSP are distinct. The similarity between 

364 the dissolved and suspended Pb isotopes suggest that there is fast exchange between these two 

365 fractions (through adsorption and desorption processes onto/off particle surfaces) and that Pb has 

366 reached equilibrium.58 Since the water during our sampling in August 2015 has been stratified 

367 for a few months the similarity sets an upper limit of the exchange/equilibrium rate. Below 400 

368 m, the Pb isotope ratios in suspended particles deviated from those in seawater. In the bottom 

369 layer between 400 m and 700 m, 206Pb/207Pb in suspended particles shift from 1.174 to 1.184 and 

370 208Pb/207Pb shifted from 2.440 to 2.450. (Fig. 2B). One explanation could be that due to 

371 resuspension of sediments at the bottom or lateral particle transport from the steep slope of the 

372 GOA introduce new particles to the water column. Sediment resuspension contributed 20% of 

373 the suspended particles at 700 m (206Pb/207Pb = 1.184) based on a simple mixture of 206Pb/207Pb 

374 ratios between the particles at 400 m (206Pb/207Pb = 1.174) and those in the surface sediments 

375 (206Pb/207Pb = 1.223). However, the suspended particle concentrations at these depths were not 

376 higher than those at other depths (Fig. 2A) and did not indicate new particle sources, however, a 

377 shorter residence time of the particles due to a higher removal rate could reconcile the 

378 divergence of concentrations and isotopes profiles (Fig. 2). The deviation in isotope signature 

379 between the dissolved and suspended particle Pb isotope ratios implies a short residence time of 

380 these resuspended particles (less than the stratification time) since they did reach equilibrium 

381 with seawater dissolved Pb in the upper layer. Alternatively, it may be that the resuspended 

382 particles have different surface characteristics with adsorption/desorption rates that differ from 

383 suspended particles in the shallower section.  

384 Pb isotope ratios in sinking particles are similar to those in suspended particles, common 

385 sources and constant aggregation and disaggregation resulting in close interaction between 

386 different particle size groups can explain these observations. It is also possible that the Pb 

387 isotopes of both particles sources is similar, whether the source is from sediment resuspension or 

388 lateral transportation. 
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389 In this study based on Pb mass balance calculations, EFs, and the similarity in Pb 

390 isotopes between the soluble fraction of Pb in TSP and dissolved [Pb] in seawater we suggest 

391 that atmospheric deposition of TSP is an important source of dissolved Pb to the GOA.  

392 Evidence of changes in [Pb] in surface waters between 2005 and 2015, coupled with Pb isotope 

393 signatures of potential sources of Pb in the region suggests that leaded gasoline transported via 

394 TSP was a major source Pb in the GOA. This is the reason that while TSP loads in 2015 are 

395 similar to those in 2003 to 2005, [Pb] were much lower and less variable in 2015 after leaded 

396 gasoline use in the region was phased-out. Further, Pb isotopes in dissolved and suspended 

397 particles indicate that scavenging rate of Pb by particles and adsorption/desorption processes, 

398 particularly in the upper water column, are high in the GOA. 
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411 Figure 1. Location of samples collected in the northern GOA (A) and Pb concentration (B) and 

412 206Pb/207Pb (C) in surface water at the study area. Black dots mark the surface sampling sites, 

413 open square station A depth profile, and open circle the TSP sampling site. Figure 1 was 

414 prepared with Ocean Data View.59
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416 Figure 2. Pb concentrations (A) and isotope ratios (B) in seawater, suspended and sinking 

417 particles collected in August 2015. Note that the arrows in the concentration figure point 

418 seawater and suspended particles to different scales.
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420 Figure 3. A schematic diagram showing how TSP contributes dissolved Pb to the upper layer of 

421 the water column in the GOA and the particle dynamics in the water column. Numbers in 

422 brackets are [Pb] concentrations in the upper mixed layer and deep layer.
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424 Figure 4. Pb profiles at station A in GOA collected in 2015 (solid circle, this study) and during 

425 2003 to 2005 during different seasons.17
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427 Figure 5. A triple Pb isotope plot for dissolved Pb in in seawater, suspended and sinking 
428 particles, surface sediments (2.5 cm deep), soluble and non-soluble fraction of TSP in this study, 
429 mineral brine in the Red Sea region,60 soil acid leach and residue fractions,35 Indian Ocean 
430 seawater (0 – 200 m at stations 5, 6, 7 and 8),61 aerosol collected in Israel and nearby countries, 
431 47 aerosols and leaded gasoline collected in Israel in 1995 and aerosol in 2001-2003.35, 48  
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