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SANEE I

ABSTRACT

This study evaluated soil and plant contamination by heavy metals (Fe, Cu, Zn, Mn) in the Sana’a Basin,
Yemen, resulting from irrigation with well water located near three pollution sources: (A) the municipal
landfill in Al-Azragain, (B) sewage effluents in Bani Al-Harith, and (C) stormwater runoff in Al-Rawdah.
Four wells were sampled per site, and a pot experiment using radish (Raphanus sativus L.) was conducted
during the spring season (February—April) to assess enrichment, transfer, and bioaccumulation factors.
Results revealed that Fe and Mn were most concentrated in wells near the landfill (A), likely due to
ferrous and metallic waste, while Cu was highest in Bani Al-Harith (B), possibly linked to copper-
containing materials and pipelines. Zn levels peaked in Al-Rawdah (C), attributed to stormwater transport
across agricultural soils treated with Zn-containing fertilizers and pesticides. Although none of the
detected concentrations exceeded permissible irrigation water limits, soil contents of Fe and Mn increased
substantially after cultivation (279% and 245% of initial values, respectively), whereas Cu and Zn rose by
32% and 59%.

Enrichment factor (EF) analysis indicated Cu accumulation in soils irrigated with water from all wells.
Pollution sources significantly influenced Mn concentrations in both shoots and roots, Fe in roots only,
and Zn variably between shoots and roots depending on the site. Radish exhibited effective Zn
accumulation in both shoots and roots under irrigation with water from site B, but only in roots under site
A, suggesting its potential as a bioindicator for Zn-contaminated soils.

Translocation factor (TF) results showed that radish efficiently absorbed and translocated Cu from roots to
shoots at site A, but not at sites B or C. Bioaccumulation factor (BAF) values in radish roots followed the
order Zn (1.18) > Cu (0.14) > Mn (0.13) > Fe (0.04). The findings highlight a potential human health risk
associated with heavy metal accumulation in edible plants and their entry into the food chain.
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0.07 o 1 BusY (B puainl) 38 5 A
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(3Ll

Ao paall 5 1) LT olaa Baga &l y&ise Correlations bl ¥ Jalaa 1 (1) gala

Zn Cu Fe RSC |adj.SAR| SAR Cl CO3 | HCO3 K Na Mg Ca EC TDS Hf'ﬂ‘ alaa
mg/I mg/I mg/l | meg/l | meg/l | meg/l | meg/l | meg/l | meg/l | meg/l | meg/l | meg/l | meg/l | ds/m mg/l pH Ii—Pearson
S=Spearman
-0.104 | -.610* | 0.294 | .747** | -0.054 | 0.149 |-.782**| -0.292 |-.746**| -0.332 | -0.459 | -.629* | -.705* | -.621* | -.621* | 1.000 pH
0.074 | 0.557 | -0.067 |-.951**| 0.564 | 0.354 | .698* | .837** | .625* | 0.565 | .925** [ .799** | .937** |1.000**| 1.000 TDS mg/l
0.074 | 0.557 | -0.067 |-.951**| 0.564 | 0.354 | .698* | .837** | .625* | 0.565 | .925** | .799** | .937** | 1.000 EC ds/m
-0.014 | .658* | -0.166 |-.965**| 0.305 | 0.063 [ .790** | .778** | .779** | 0.459 | .774** | .802** | 1.000 Ca meq/I
-0.248 | .692* | -0.073 |-.869**| 0.368 | 0.246 | 0.531 | .695* | 0.559 | .692* | .758** | 1.000 Mg meqg/I
0.069 | 0.457 | -0.030 |-.813**| .811** | .644* | .581* | .884** | 0.489 | .706* | 1.000 Na meq/I
0.183 | 0.116 | -0.468 | -0.498 | 0.506 | 0.419 | 0.475 | .701* | 0.482 | 1.000 K meg/I
0.153 | 0.508 | -.605* | -.705* | 0.047 | -0.260 | .936** | 0.568 | 1.000 HCO meq/l
-0.046 | 0.360 | -0.188 |-.746**| .640* | 0.463 | 0.569 | 1.000 CO3 meg/I
0.248 | 0.464 | -0.574 |-.715**| 0.219 | -0.096 | 1.000 Cl meq/l
-0.014 | 0.014 | 0.329 | -0.137 | .926** | 1.000 SAR meg/I
10002 | 0.208 | 0.196 | -0.364 | 1.000 a‘r’r{;ﬁR
0.077 | -.709**| 0.064 | 1.000 RSC meg/I
-0.481 | 0.254 | 1.000 Fe mg/l
-0.573 | 1.000 Cu mg/l
1.000 Zn mg/l
. Correlation is significant at the 0.05 level (2-tailed). .(hY AE) 0.05 s sira s siua dis s Y) *
. Correlation is significant at the 0.01 level (2-tailed). .(J:) (ALE) 0.01 (s 5 5 ginaa dis Ll Y **
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glad) s Ao add o (g glacall (paa Jll Ae deaa e J

Sl g 4y 1) g olaal) A s g3 g ALEY pualiall Ly i Correlations Bl Y Jalaa 1(2) (@ala
Mn Zn Cu Fe Mn Zn Cu Fe Dl Y Jalza
Mn Zn Cu Fe ot e . . s ot . . s Mn Zn Cu Fe Mn Zn Cu Fe N
i | G | e [ e | S| 98| as ) e | el | el oo | R T T ] e | s | el | e | PoPearson
o | g | o | o g | s | gl | gad S=Spearman
-0.662 | -0.185| -0.264 | -0.053 || -.791* | -0.316 | -.697* | -0.264 | 0.425 | 0.450 | 0.582 | 0.158 | -0.105 | -0.053 | -0.369 | -0.422 |1.000**|-1.000**| 0.500 | 1.000 Selx Fe
-.767* | 0.106 | 0.105 | 0.527 | -0.474 | 0.000 | -0.429 | 0.580 |-0.186| 0.423 | 0.370 | 0.316 | -0.053 | -.738* | 0.211 | -0.369 | 0.500 | -0.500 | 1.000 Sel Cu
0.662 | 0.185 | 0.264 | 0.053 | .791* | 0.316 | .697* | 0.264 | -0.425 |-0.450 | -0.582 | -0.158 | 0.105 | 0.053 | 0.369 | 0.422 1060** 1.000 Sel Zn
-0.662 | -0.185|-0.264 | -0.053 | -.791* | -0.316 | -.697* |-0.264 | 0.425 | 0.450 | 0.582 | 0.158 | -0.105 | -0.053 | -0.369 | -0.422 | 1.000 Sele M
0.243 |-0.300| 0.528 | 0.234 | 0.002 |-0.109| 0.170 | 0.010 | 0.361 |-0.343| 0.092 | 0.302 | 0.597 | 0.483 | -0.195| 1 P4y 5 Fe
0.099 |.821**| 0.470 | -0.293| 0.160 | 0.639 | 0.237 | 0.178 | -0.319| 0.441 | 0.100 |-0.481| 0.426 |-0.567| 1 Pa 45 Cu
0.234 |-0.393| 0.033 | -0.350 -0.200 | -0.133| 0.068 |-0.600 | .714* |-0.536 | -0.008 | 0.050 | 0.050 | 1.000 S@ &5 Zn
0.037 | 0.391 | .671* | 0.103 | -0.170 | 0.173 | -0.186 | 0.025 | 0.244 | 0.401 | 0.519 | 0.121 1 P45 Mn
N
-0.192 | -0.242 | -0.042 [ .923**| 0.031 |-0.301| -0.593 | 0.384 | 0.218 | 0.035 | 0.460 1 Puwii
-0.290 | 0.496 | 0.234 | 0.025 | -0.561 | 0.234 | -.792* |-0.151| 0.591 | 0.571 | 1.000 ; Cu
g
el
-0.162 | 0.499 | 0.209 | 0.015 | -0.121 |-0.112 | -0.443 | -0.027 | -0.080| 1 P. Zn
gras
<li Mn
-0.224 | -0.105| 0.160 |-0.218 | -.706* | 0.084 | -0.385 | -0.496 | 1.000 o
Sgrad
-0.215 | 0.000 | -0.009 | .709* | 0.336 | 0.019 | -0.034 1 Py ol Fe
0.298 |-0.272| 0.237 |-0.322| 0.509 | 0.000 | 1.000 S i Cu
0.261 |.805**| 0.091 |-0.222| 0.128 1 Pt &l Zn
<l Mn
* ~ c
.760* | 0.039 |-0.262| 0.164 1 Pes i
-0.236 |-0.184|-0.036| 1 Pels Fe
-0.169 | 0.204 1 Pl Cu
0.131 1 Pl Zn
1 Pl Mn

. Correlation is significant at the 0.05 level (2-tailed). .(3: AZ) 0,05 ¢ sira (5 sina ic Jal NI*
. Correlation is significant at the 0.01 level (2-tailed). (L A5 0.01 s sira (s giea dis Jals ) **
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adl ali g lily gai Sfudiag dugptall LY sl Sfpdfay Aéll jalinl] yor G Correlations bL5yY) Jeles :(3) (iale

TE|RE[ T |33 |3 |5 |43 [9<]3 < |z <| _<|e=<lsg | .=l o= | .=
Da | S| I 3 Sl 2 ldd 28| w S ISl S R= £35S | T 85| @ S| 5| 25| =% ;
13|37 |15|a5| 25|35 495 32| 3|58 58| #E| 25| §E|oF|BE| 85| «F|2F| TE|0F| 8 | B | e
Bl ¢ ) 4 il '3 ) :% Y| -7 3 Sl .3 g 2 7 g 2 = S=Spearman

5 5 = Py —~ — 3 ~

0. 0. - 0. 0. - 7 0. 0. - - 0. - - 0. - 0. - - - 0. - - Fom i P
067 | 150 | 0050 | 383 | 317 | 0.083 | 33* | 583 | 250 | 0220 | 0.186 | 369 | 0.369 | 0422 | 053 | 0.369 | 053 | 0.369 | 0.369 | 0.369 | 053 | 0.369 | 0.053 "

- - - 0. - 0. 0. 0. 0. - - - 0. - 0. 0. 0. 0. 0. 0. 0. 0. - Cusis 5P
0.583 | 0.367 | 0.217 | 200 | 0050 | 033 | 350 | 150 | 517 | 0153 | 0220 | 0211 | 211 | 0369 | 580 | 211 | 580 | 211 | 211 | 211 | 580 | 211 | 0580 -

8 6 0. 0. 0. 0. - - - 0. - 7 - - - - - - - - - - 6 Zemig S
00** | 83* | 600 | 350 | 650 | 317 | 0.033 | 0133 | 0.017 | 525 | 0.305 | 38* | 738* | 0.053 | .685* | 738* | .685* | 738* | .738* | 738* | 685* | .738* | 85 -

- 0. 0. 0. 0. 0. 0. 0. 0. - - 0. - - 0. - 0. - - - 0. - - Mnses 5P
0.050 | 067 | 067 | 400 | 250 | 250 | 633 | 533 | 483 | 0136 | 0119 | 053 | 0.053 | 0105 | 053 | 0053 | 053 | 0.053 | 0.053 | 0.053 | 053 | 0.053 | 0.053 -

- 0. - - - 0. 0. 0. 0. - 0. - 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. - Fecs pind i P
0.017 | 167 | 0.233 | 0.067 | 0.300 | 083 | 367 | 467 | 167 | 0475 | 458 | 0316 | 316 | 158 | 158 | 316 | 158 | 316 | 316 | 316 | 158 | 316 | 0.158 R

0. 0. 0. 0. - 7 0. - 0. 0. 0. - 0. 0. - 0. - 0. 0. 0. - 0. 0. Cu i
142 | 192 | 293 | 017 | 0100 | 36* | 117 | 0.033 | 427 | 119 | 340 | 0370 | 370 | 582 | 0212 | 370 | 0212 | 370 | 370 | 370 | 0212 | 370 | 212 3

- - 0. - - 0. 0. 0. 0. - 0. - 0. 0. - 0. - 0. 0. 0. - 0. 0. Zn <l
0.360 | 0418 | 025 | 0.167 | 0301 | 192 | 167 | 117 | 167 | 0.060 | 204 | 0423 | 423 | 450 | 0.026 | 423 | 0.026 | 423 | 423 | 423 | 0026 | 423 | 026 g s

0. 0. 0. 0. 0. 0. - - 0. 0. 0. 0. - 0. - - - - - - - - 0. Mn ol
597 | 429 | 571 | 101 | 244 | 647 | 0008 | 0311 | 143 | 436 | 068 | 186 | 0186 | 425 | 0611 | 0.186 | 0.611 | 0.186 | 0186 | 0.186 | 0.611 | 0186 | 611 g paaS

- - - - - - 0. 0. 0. - 0. - 0. - 8 0. 8 0. 0. 0. 8 0. ; Fegs s <l P
0.650 | 0500 | .750* | 0.083 | 0.550 | 0.483 | 467 | 567 | 117 | .966**| 203 | 0580 | 580 | 0.264 | 43** | 580 | 43*% | 580 | 580 | 580 | 43** | 580 | .843** i

- - - - 0. - 0. - - 0. - 0. - - 0. - 0. - - - 0. - - sy S
0.305 | 0.271 | 0322 | 0068 | 136 | 0.661 | 051 | 0.051 | 0.322 | 086 | 0.276 | 429 | 0429 | .697* | 268 | 0429 | 268 | 0.429 | 0.429 | 0.429 | 268 | 0.429 | 0.268 T

- 0. 0. 0. 0. 0. 0. 0. 7 0. - 0. 0. - 0. 0. 0. 0. 0. 0. 0. 0. - Zrs e s
0.067 | 150 | 167 | 533 | 283 | 450 | 267 | 067 | 50* | 017 | 0407 | 000 | 000 | 0316 | 316 | 000 | 316 | 000 | 000 | 000 | 316 | 000 | 0.316 T

- 0. - 0. 0. - 0. 0. 0. - - 0. - - 0. - 0. - - - 0. - - Mn ol
0.233 | 017 | 0100 | 500 | 417 | 0.367 | 350 | 550 | 283 | 0.119 | 0.627 | 474 | 0474 | 791* | 316 | 0474 | 316 | 0474 | 0474 | 0474 | 316 | 0.474 | 0316 P

- - - - - - 0. 0. 0. - 0. - 0. - 0. 0. 0. 0. 0. 0. 0. 0. - Focis?
0.417 | 0.300 | 0567 | 0.133 | 0567 | 0.317 | 433 | 533 | 100 | .881**| 322 | 0527 | 527 | 0053 | 580 | 527 | 580 | 527 | 527 | 527 | 580 | 527 | 0580 ‘

- - - - - - 0. 0. 0. - 0. - 0. - 0. 0. 0. 0. 0. 0. 0. 0. - Cucis®
0.383 | 0.200 | 0.467 | 0150 | 0.167 | 0233 | 517 | 317 | 017 | 0.237 | 339 | 0105 | 105 | 0264 | 369 | 105 | 369 | 105 | 105 | 105 | 369 | 105 | 0.369 '

- 0. 0. 0. 0. 0. 0. 0. 8 0. - - 0. - 0. 0. 0. 0. 0. 0. 0. 0. - Zneis
0218 | 109 | 159 | 477 | 192 | 502 | 360 | 285 | 45%* | 009 | 0.272 | 0106 | 106 | 0485 | 291 | 106 | 291 | 106 | 106 | 106 | 291 | 106 | 0.291 '

0. 0. 0. 7 7 0. 0. 0. 0. 0. - 7 - - - - - - - - - - 0. Min i ?
167 | 360 | 368 | 36* | 28* | 042 | 402 | 477 | 494 | 204 | .800**| 67* | .767* | 0.662 | 0.106 | 767* | 0.106 | 767* | 767* | .767* | 0.106 | .767* | 106 ‘

. Correlation is significant at the 0.05 level (2-tailed). .(J: AE) 0.05 ¢ sira 5 siun dic bl YI*
.Correlation is significant at the 0.01 level (2-tailed) . (2 ALE) 0.01 5 sira (s sima ic Jal )
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