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Blending as the best compliance option for the
management of radioactivity in drinking water supplied
from the deep sandstone aquifer in Southern Jordan
Hazim K. El-Naser, Barry Smith, Susan Kilani, Ismail Abdeldin,
Barry Howarth and Bassam Saleh

ABSTRACT
This paper describes management options and interventions taken by the Government of Jordan to
ensure that the quality of drinking water supplied to consumers via the Disi Water Conveyance
Project (DWCP) meets Jordanian drinking water standards and WHO guidelines for drinking water
quality in respect of their radiological composition. Results from an initial survey of radioactivity
present in water abstracted from each of the 55 wells (which comprise the operational well ﬁeld)
indicated an average radiological dose of 0.8 milliSieverts per year (mSv/y) would be accrued by
members of the population if consuming water directly from the well head. During full scale
operation, the estimated accrued dose from the well ﬁeld as a whole decreased to an average of
0.7 mSv/y which was still approximately 1.4 times the Jordanian reference radiological limit for
drinking water (0.5 mSv/y). Following assessment of treatment options by relevant health and water
authorities, blending prior to distribution into the consumer network was identiﬁed as the most
practicable remedial option. Results from monthly sampling undertaken after inline blending support
the adoption of this approach, and indicate a reduction in the committed effective dose to 0.4 mSv/y,
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INTRODUCTION
Jordan is facing a future of very limited water resources. In

for most population centers of Jordan, but aquifers are

2010, these equated to a per capita share of water of

already exploited above their safe yields (Humpal et al.

3

<147 m per year (Jaber & Mousa ; Humpal et al.

). In response to this situation, Jordan has adopted a

) whilst current data from the Jordanian Ministry of

strategy of extending its current small-scale abstraction of

Water and Irrigation (MWI) indicate a per capita share of

fossil groundwater from the Ram aquifer, which has been

130 m3/y. These per capita shares are in the lowest quartile

projected to be able to provide 100–125 million m3/y of

of worldwide country speciﬁc water resources. If this supply

high-quality water over the next 50 years (El-Naser ;

remains constant, the yearly per capita domestic consump-

Humpal et al. ).

tion is projected to fall to approximately 90 m3 by 2025,

The Ram aquifer system (also commonly referred to as

putting Jordan in the category of having an absolute water

the Disi aquifer system in Jordan and the Saq aquifer

shortage that will constrain economic growth and poten-

system in Saudi Arabia) is a transnational aquifer exploited

tially endanger public health (Mousa ; El-Naser ).

by the Kingdom of Jordan in the east and Kingdom of

Groundwater is the major domestic water supply source

Saudi Arabia to the west (Figure 1). It is principally
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Regional map showing the extents of the conﬁned and unconﬁned Ram aquifer (adapted from: UN-ESCWA and BGR, 2013. Inventory of shared water resources in Western Asia,
Beirut, Lebanon).

comprised of the Ram aquifer, which is distributed through-

of this paper). It has been used as a local source of water in

out the Umm Sham, Disi and Umm Ishrin sandstones

Jordan for the past 30 years, during which approximately 20

(Supplementary Figure S1, available with the online version

million m3/y has been used to meet the water demand in the
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Aqaba Zone of southern Jordan and about 60 million m3/y

increased international awareness of the abundance of natu-

has until recently been used for agricultural activities and

rally occurring radioactive substances (radionuclides) in

the supply of local settlements. However, in 2014 the Gov-

groundwater (Cothern ; Smith et al. ; Tayyeb et al.

ernment of Jordan (GoJ) made a decision to curtail the use

), from the Amman Zarqa basin (Gedeon et al. a,

of Disi water by agriculture to protect the aquifer from over-

b; Powell & Smith ) and the publishing of the Jorda-

exploitation and to secure drinking water for the coming

nian drinking water standards during 2001 (JS ) led the

generations. As a result of these changes, the total abstrac-

Water Authority of Jordan (WAJ) and the Jordanian MWI to

tion of Disi water for irrigation and local settlements was

investigate the presence of radioactivity in waters from the

3

brought down from 60 to 12 million m /y.

Ram aquifer as part of the DWCP.

Despite being of fossil origin (i.e. being derived from

Upon detection of elevated levels of natural radioactivity

recharge occurring between 7,000 years before present (BP)

in the Ram Aquifer during the development phase of the

in the unconﬁned part of the aquifer and 30,000 years BP in

DWCP, the GoJ requested technical and normative guidance

the conﬁned areas) surveys of water quality within the Ram

from the World Health Organization (WHO) through letters

aquifer during these phases of abstraction and early well

sent by the Minister of Health and the Minister of Water and

ﬁeld development have demonstrated the water to be of

Irrigation between 2006 and 2007 to the WHO Regional

high potable quality (El-Naser ). The excellent water qual-

Centre for Environmental Health Action (CEHA), exchanging

ity is considered to be a function of the depth of the aquifer,

the results of investigations performed in 2003 and 2005 and

the chemical purity of the host rock and current land use,

means of managing the elevated levels of radioactivity

all of which prevent and/or reduce contamination by patho-

(MWI/WAJ/MoH ). Data reported included the analysis

genic bacteria, viruses and human activities.

of gross alpha and gross beta activities of well-head samples,

The main beneﬁciaries of the Disi Water Conveyance

and showed a wide range of activities (Table 1). Comparison

Project (DWCP) project are the capital Amman and the

with the Jordanian standard at that time (JS ) showed

Zarqa Governorate, which traditionally have been the coun-

that over 85% of the samples exceeded the gross alpha and

try’s most water-stressed regions. Already, as a direct result

beta reference limits (0.5 Bq/l and 1.0 Bq/l, respectively).

of the DWCP, complaints regarding water supply (i.e. insuf-

Measured gross alpha and gross beta activities were con-

ﬁcient quantity) in these governorates have been reduced by

sistent with activities of 226Ra determined in waters from the

over 80% and the duration of supply to domestic properties

Ram aquifer which ranged from 0.11 to 0.98 Bq/l. These

in the Amman increased from about 30 to 60 hours per

data correspond to a yearly dose from 0.02 to 0.20 mSv/y

week. It is also predicted that the supply of Ram aquifer

based solely on the activity of

water to these governorates will similarly lead to improved

had been consumed at the point of sampling). A parallel

water quality and quantity. Other governorates such as

unpublished study also reported to WHO via CEHA investi-

Madaba and Karak that originally supplied large quantities

gated the contribution made by individual radionuclides to

of water to Amman can now reallocate these volumes to

the total estimated radiological dose incurred by an adult

226

Ra (assuming the water

meet high demand during the summer months within their
own areas. Within the coming two years, it is envisaged

Table 1

|

that the necessary trans-governorate transmission lines will

Concentrations of gross alpha and beta activity in sampled well waters from
boreholes abstracting water from the Ram aquifer measured by WAJ/MWI
during 2005

be completed, where additional amounts of improved local
resources in Zarqa and Mafraq will be available for blending
with the Ram aquifer water, making the DWCP a truly

Gross alpha
(Bq/l)

Gross beta
(Bq/l)

national water conveyor of safe drinking water from the

Maximum

7.1

5.6

south west through Amman and then to the north of

Minimum

0.10

0.16

Jordan (El-Naser ).

Average

1.9

2.3

% exceeding Jordanian drinking water
guidelines (JS )

98%

85%

Whilst the quality of water from the Ram Aquifer has
been proven to be of good biological and chemical quality,
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investigation is required into the radionuclide compo-

drinking such water. During the period of this study, analysis for

Journal of Water and Health

•

sition of the water.
WAJ estimate the annual contribution of 228Ra and 226Ra
to be about 0.6 mSv/y (in the well ﬁeld); this should be

and AEA Technology Plc (UK)). The results from the study

compared to the normal background levels from all

indicated that the greatest contributors to overall estimated

internal and external sources of radiation exposure,

dose were

228

Ra followed by

226

Ra and then

210

which typically range from 1 to 10 mSv/y. This therefore,

Pb.

On the basis of these data, which demonstrated excee-

does not represent a signiﬁcant increase in overall health

dance of the JS  and the WHO Guidelines for Drinking

risk from radiation exposure. This conclusion would not

Water Quality (WHO ), the WAJ/MWI report to
WHO/CEHA concluded that corrective measures should
be considered for the drinking water supplied from the Ram

•

aquifer (or indeed any other waters containing elevated con-

justify immediate corrective action.
Raising the effective screening dose in Jordan from 0.1 to
0.5 mSv/y is based on a conviction that the potential
health risks brought about are tolerable and that the net

centrations of naturally occurring radionuclides). These

health beneﬁts outweigh the potential health risks. The

measures included but were not limited to the following:

MWI/WAJ approach to the issue is quite reasonable,

•

and not in contradiction with the guidance provided in

•
•

Conducting further studies and investigations regarding

the WHO guidelines for drinking water quality regarding

radiological water quality in the Ram aquifer.
Conducting health assessment studies.
Cost–beneﬁt analysis of treatment options including but
not limited to blending with other water sources and

•

the radioactivity guideline values.
The remaining procedures described under the recommendations seem appropriate and logical.

active treatment using reverse osmosis and lime
softening.

•

Performing investigations into the viable waste manage-

•

Evaluating if the existing Jordanian Drinking Water Stan-

ment of radioactive residue from active treatment.
dard for radioactivity could be revised to better enable
appropriate authorities to manage situations where elevated levels of radioactivity are encountered in drinking
water.
WHO/CEHA, in its response to the MWI/WAJ (WHO/

CEHA ), presented the outcomes of WHO’s review of
the results of the radiological quality of water abstracted
from the Ram aquifer and the national interventions
planned by WAJ/MWI. The observations were as follows:

•
•
•

More recent independent investigations (BRGM ;
Vengosh et al. ) and subsequent press articles (Becker
; Wardam ) have caused a high degree of public concern and debate in Jordan, with the potentially frightening
conclusions that the water in the Ram aquifer in Jordan contains combined

228

Ra and

226

Ra concentrations up to

2,000% higher than international drinking water standards
and that the water if consumed would be detrimental to
human health and may directly lead to severe health effects,
including many forms of cancer, and that remedial measures
would be inadequate. These conclusions, as this paper will
demonstrate, were overly pessimistic.
To follow up their conclusions from previous investigations, and in the light of the more recent studies (e.g.

WHO guidelines for drinking water quality are advisory

Schubert et al. ) and those highlighted above, WAJ/

and not mandatory. Countries are encouraged to develop

MWI have undertaken additional studies to: (a) better quan-

their own standards based on careful review of the pre-

tify the presence of natural series radionuclides in Ram

vailing environmental, social and economic conditions.

aquifer waters; (b) deﬁne appropriate mitigation strategies;

The choice of national approach to managing a speciﬁc

and (c) join with the appropriate health protection and regu-

risk in drinking water quality is entirely a national decision.

latory bodies in Jordan in interpreting Jordanian regulatory

Exceeding the screening level 0.1 mSv/y does not necess-

standards for the presence of naturally occurring radioele-

arily mean the water is unsafe for drinking, but further

ments in drinking water.
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Disi sandstones) (Supplementary Figure S3; Powell et al.

and provides an assessment of the following:

) which exhibit a high total gamma response indicative

•

of the presence of elevated concentrations of the naturally

•
•

Naturally occurring radionuclide concentrations in 55
water supply and nine aquifer monitoring wells associated with the DWCP prior to and during active operation.

occurring radioactive elements (U, Th, and K) and members
of their decay chains. The situation appears to be more com-

Proposed mitigation options from the perspective of

plex when the aquifer begins to be conﬁned, with elevated

actual measured outcomes.

levels of total gamma response being observed throughout

Compliance against Jordanian standards for drinking

the Upper and Lower Hiswa (both mudstone and sandstone

water quality both at the well-head and as close as prac-

facies) and, to a more limited extent, within the Dubaidab

ticable to the point of actual public consumption.

formation, which is the host rock to the Khreym aquifer
group. It has been surmised that these formations, which
have been observed to contain abundant thorium-enriched
heavy mineral aggregations, may be the source of the radio-

METHODOLOGY

active elements found in the deeper Ram aquifer, although
this still remains a conjecture. An equally plausible expla-

The well ﬁeld

nation for the presence of bands of enhanced gamma
emission and the presence of radioactivity in the waters of

In Jordan, the unconﬁned portion of the Ram aquifer covers a
2

the Ram aquifer includes the presence of marine shales

total area of over 3,000 km under the southern desert (Lloyd

that formed during brief estuarine incursions into the Ram

& Pim ; Schubert et al. ). In contrast, the conﬁned aqui-

group (Powell, pers. comm. ).

fer extends under the majority of the country to the north and

Production wells (Table 2 and Supplementary Figure S2)

east of the DWCP well ﬁeld, where it is overlain by Hiswa,

were typically drilled to depths between 450 and 550 m

Dubaidab and Holocene shales and sediments (Figure 1 and

below ground level (bgl) and completed with casing to

Supplementary Figure S1; all Supplementary Figures and

around 300 m bgl on average. The producing portions (typi-

Tables are available with the online version of this paper).

cally >300 m bgl) of the wells were either screened or left

The DWCP well ﬁeld (Supplementary Figure S2)
2

open hole depending on the prevailing aquifer properties.

occupies an approximate area of 400 km in the Disi and

Following drilling and casing, the wells were developed by

Mudawara districts of Jordan and abstracts water from the

airlift/backwashing and jetting and then a combination of

conﬁned and unconﬁned Ram aquifer. The aquifer water con-

high rate pumping, step drawdown and constant rate pump-

veyed to Northern Jordan is the subject of this work. The main

ing tests for over 24 hours. At the beginning and end of the

geological formations underlying the well ﬁeld (Supplemen-

constant rate pumping, samples were taken for hydrochemi-

tary Figures S1 and S3) and forming the aquifer are the

cal analysis (non-radiological). At the end of well

Cambro-Ordovician sandstone of the Umm Sahm, Disi and

development, each production well (with the exception of

Umm Ishrin sandstone formations of the Ram group in

ﬁve low productivity wells) had a ﬁnal sustainable pro-

Jordan (Lloyd & Pim ; Buckle ). In Saudi Arabia,

duction rate of >70 l/s. To date, production wells in the

these geological features correspond to the Saq formation

well ﬁeld have typically been pumping at a rate of between

(Lloyd & Pim ; BRGM ; Powell et al. ).

70 and 80 l/s. This yields a total potential well ﬁeld pro-

Examination of siliciclastic aquifer host rocks of the

duction rate of approximately 4,000 l/s or 132 million m3/y.

Ram aquifer at outcrop, in drill cuttings and by down hole
gamma logging (Supplementary Figure S3) reveals that

Sampling

these host rocks exhibit on average a comparatively low
level of total gamma response when unconﬁned. However,

Sampling of the well ﬁeld for the purposes of establishing

superimposed on this overall picture are a series of narrow

levels of radioactive substances was initially undertaken

(typically <5 m) horizons in the lower, middle and upper

between 2011 and 2013 during well ﬁeld construction and
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Results of the 55 wells for the radiological parameters of concern from the initial pre-commissioning survey of wells contributing to the DWCP
Gross α (Bq/l)

Gross β (Bq/l)

226

Ra (Bq/l)

228

Ra (Bq/l)

210

Pb (Bq/l)

Estimated uncertainty (Supplementary Table S2)
Well name

Operating ﬂow
rate (m3/hr)

Total well
depth (m)

1

P1

289

530

0.87

4.53

0.40

1.87

0.02

2

P2

274

550

2.73

5.90

0.64

3.06

0.05

3

P3

259

550

1.20

2.47

0.51

2.02

0.12

4

P4

285

550

1.95

3.47

0.40

2.46

0.10

5

P5

290

560

0.45

1.83

0.47

1.87

0.06

6

P6

291

551

0.58

2.03

0.51

2.10

0.10

7

P7

290

550

3.17

5.27

0.64

2.78

0.10

8

P8

289

550

2.30

4.34

0.61

1.56

0.01

9

W1

288

532

1.57

3.10

0.67

1.32

0.03

10

W2

232

556

2.95

4.99

0.61

1.44

0.10

11

W3

268

501

1.49

2.40

0.24

0.40

0.30

12

W4

289

550

1.26

2.49

0.43

1.60

0.03

13

W5

289

500

1.54

2.70

0.37

1.07

0.06

14

W6

288

415

1.02

2.33

0.20

0.75

0.02

15

W7

287

550

3.13

2.97

0.15

0.99

0.01

16

W8

245

551

1.56

3.86

0.53

2.34

0.15

17

W9A

216

560

5.15

6.46

0.92

2.63

0.03

18

W10

283

550

4.70

5.57

0.22

2.17

0.05

19

W11

288

550

2.46

5.47

0.27

1.86

0.14

20

W12

262

557

5.21

4.21

0.08

1.20

<0.007

21

W21

288

500

5.77

3.44

0.50

0.99

0.06

22

W22

289

394

1.00

1.44

0.36

1.04

0.15

23

W23

290

528

2.86

1.82

0.45

1.28

0.07

24

W24

288

485

4.70

4.05

0.48

1.60

0.12

25

W25

284

525

1.09

4.02

0.57

2.18

0.10

26

W26

285

502

3.32

5.24

0.32

1.39

0.04

27

W27

100

575

2.59

0.91

0.25

0.91

0.02

28

W28A

289

503

3.60

4.44

0.08

1.08

0.17

29

W29

288

535

3.70

5.18

0.27

1.40

0.10

30

W30

291

515

2.66

2.64

0.12

0.67

0.04

31

W31

288

560

3.74

2.39

0.24

1.19

0.03

32

W32

289

530

0.30

0.63

0.45

0.51

0.03

33

W33

290

502

0.46

1.36

0.07

0.35

0.05

34

W34

288

520

2.48

3.23

0.15

0.96

0.02

35

W35

288

553

0.65

1.60

0.04

0.17

0.02

36

W36

292

550

3.24

3.49

0.24

1.14

<0.007

37

W37

287

510

1.09

1.94

0.35

1.48

0.14

5.8%

7.94%

9.39%

16.0%

5.60%

(continued)
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continued
Gross α (Bq/l)

Gross β (Bq/l)

226

Ra (Bq/l)

228

Ra (Bq/l)

210

Pb (Bq/l)

Estimated uncertainty (Supplementary Table S2)
Well name

Operating ﬂow
rate (m3/hr)

Total well
depth (m)

38

W38

289

500

2.31

4.16

0.37

1.70

0.14

39

W39

291

550

0.50

3.63

0.40

0.78

0.10

40

W40A

290

501

1.96

2.55

0.34

1.09

0.10

41

W41

287

478

2.91

5.14

0.24

1.47

0.09

42

W42

288

502

2.23

5.11

0.17

0.91

0.03

43

W43

288

500

2.47

6.28

0.60

1.62

0.02

44

W44

291

500

3.05

2.40

0.14

0.64

0.05

45

W45A

289

500

3.90

4.93

0.36

1.39

0.15

46

W46

260

553

1.42

1.94

0.11

0.64

0.02

47

W47A

265

526

2.31

3.21

0.33

1.39

0.02

48

W48

266

501

3.21

4.80

0.29

1.44

0.04

49

W49A

265

575

4.05

3.33

0.42

1.38

0.14

50

W50

265

550

3.12

3.13

0.29

1.20

0.09

51

W51

288

560

2.14

<0.28

0.50

0.09

0.20

52

W52

285

600

4.03

2.11

0.38

1.06

0.19

53

W53

285

575

2.92

2.93

0.37

1.32

0.37

54

W54

120

555

2.28

2.78

0.43

1.39

0.02

55

W55

190

560

1.72

2.95

0.65

1.20

0.01

5.8%

7.94%

0.11

9.39%

0.28

16.0%

0.02

5.60%

Detection limit

NA

NA

Exceeding guideline

NA

NA

52

52

0

40

0.08

0

0.007

Samples <detection limit

NA

NA

0

1

0

0

2

Average

273

530

2.49

3.36

0.37

1.35

0.08

Minimum

100

394

0.30

<0.28

0.04

0.09

<0.007

Maximum

292

600

5.77

6.46

0.92

3.06

0.37

Interquartile range

271–289

502–552

1.47–3.22

2.38–4.53

0.24–0.50

0.98–1.61

0.03–0.12

commissioning, and then monitored on a systematic basis

acidiﬁed to a pH of <2 in the laboratory using 70% HNO3

for two years. To ensure the collection of representative

(Fluka >69% Grade). Samples for gross alpha and gross

groundwater samples, well water was systematically col-

beta analysis were collected in virgin, acid-washed polyethy-

lected following purging of the well for at least three well

lene or glass bottles and acidiﬁed to a pH of <2 in the

volumes. Each unﬁltered sample (23 litres with typically

laboratory using 37% HCl (Analar Normapur). Each

<2 mg/l suspended solids) was used to provide three sub-

sample was allowed to stand for at least 24 hours prior to

samples: 8 litres for
210

228

Ra, 1 litre for

226

Ra, 1 litre for

Pb analysis and 1 litre for gross alpha and gross beta

analysis. The remaining volume was retained to facilitate
228

Ra,

226

entered solution.
After sampling of the well ﬁeld had been completed, and
water supply from the Ram aquifer system to Amman com-

repeat analysis if required.
Samples for

chemical analysis to ensure that all acid-soluble substances

Ra and

210

Pb analysis were col-

lected in virgin acid-washed polyethylene containers and

Downloaded from https://iwaponline.com/jwh/article-pdf/14/3/528/394378/jwh0140528.pdf
by guest
on 16 October 2018

menced, additional sampling started to allow the systematic
determination of

226

Ra,

228

Ra and

210

Pb in the supply

535

H. K. El-Naser et al.

|

Radioactivity in drinking water from Southern Jordan and its treatment

Journal of Water and Health

|

14.3

|

2016

infrastructure and supplied households. Households in

activity in high total dissolved solids (TDS) waters

Amman typically receive pumped water on rotation on a

(Sanchez-Cabeza & Pujol ; Lopes et al. ), it is

three-in-seven day basis. Samples were collected only from

acknowledged that this methodology tends to overestimate

distribution systems in areas which were being supplied

reported levels in comparison to techniques based on the

with pumped water at that time. A similar sample collection

more traditional evaporation and gas proportional counting.

and preservation routine was employed to that used during

As a consequence, care must be used when comparing gross

preliminary investigations of the well ﬁeld.

alpha and beta activities determined by different analytical
methodologies ( Jobbagy et al. ). In the Middle East,

Analytical methods

where the majority of waters are high TDS, and the radioactivity

present

predominantly

due

to

natural

series

All analysis was undertaken at the joint Isotope Laboratory

radionuclides, the method’s overestimation of activity and

of the WAJ/MWI. This laboratory is accredited to ISO-

high precision is considered to produce reproducible, con-

17025:2005 and is recognized as a centre of excellence in

servative data on which to (a) trigger further assessments

the region for stable and radiological isotope analysis by

of radiological quality and (b) establish the success of

the International Atomic Energy Agency (IAEA). The lab-

water quality management.

oratory has been undertaking stable and radiogenic
isotope analysis since the late 1980s, and undertakes

Determination of

228

Ra

annual proﬁciency testing among accredited national and
international laboratories for radionuclides in a potable

An 8-litre acidiﬁed sample was evaporated to a ﬁnal volume

water matrix. Inter-laboratory proﬁciency testing conﬁrms

of 1 litre. The residue was then placed in a high resolution

that the laboratory performance is good in terms of pre-

gamma spectrometer (Canberra Low Level High Purity Ger-

cision and accuracy (Supplementary Table S1). These data

manium BE 5030 detector with 0.3 mm carbon window).

and analytical performance data (Supplementary Table S2)

This spectrometer has an efﬁciency of 50% and high resol-

indicate that the methods used for the routine determination

ution FWHM (full width at half maximum) of 2.2 at 1,332

of the radioactive substances outlined in this report are ﬁt

keV. The methodology relies on measuring the emission of

for purpose and compliant with the most recent Jordanian

228

drinking water standards ( JS ).

low detection limit (0.08 Bq/l) and is validated and accre-

Ra through

228

AC at 911 keV. This method provides a

dited to ISO 17025:2005 in the WAJ/MWI laboratories for
Determination of gross alpha and gross beta activity

the determination of

228

Ra in drinking water with a com-

bined uncertainty of 16%.
Gross alpha and gross beta analysis were performed via evaporative enrichment and liquid scintillation counting (LSC)

Determination of

226

Ra

using a Canberra Packard 3100TR liquid scintillation
analyser equipped with alpha discriminator (pulse decay

Three hundred and ﬁfty millilitres of sample was evaporated

analysis). This methodology was developed in house, and

at 80 C to reduce the volume to about 10 ml and then quan-

has been validated for the determination of gross alpha

titatively transferred to the radon bubbler, where the ﬁnal

and beta radioactivity by laboratory quality control schemes

sample volume was 30 ml, and the bubbler closed and

and accredited to ISO 17025:2005 in the WAJ/MWI labora-

stored for 1 month to allow equilibration with ingrowing

tories. The quoted detection limits (0.11 Bq/l and 0.28 Bq/l,

222

respectively) and combined uncertainty for these method-

RA1005 Radon Degassing Unit and Lucas cell. This

ologies (5.80% and 7.94%, respectively) are given in

method is modiﬁed from Standard Methods 20th edition

Supplementary Table S2.

7500 Ra (A&C) and has been validated and accredited to

Whilst this method of analysis is gaining increasing recognition for the determination of gross alpha and beta
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detection limit of 0.02 Bq/l with a combined uncertainty

enforcement. This approach allows for a strategy to be devel-

of 9.4%.

oped for reducing exposures via drinking water within the
context of overall exposures to naturally occurring radio-

Determination of

210

active substances from within the workplace, food chain

Pb

and local environment of the respective country and/or
210

Pb was determined using the methodology described by

exposed population.

Eichrom Technologies, Inc. (OTW01 Rev. 1.8) modiﬁed

In addition, within arid environments, whilst the protec-

from Standard Methods 20th edition 7500 Ra (A&C) and

tion of public health always remains of paramount

has been validated and ISO accredited. The puriﬁed Pb frac-

importance, it is also important that the costs and beneﬁts

210

Bi to ingrow, and the

of the remediation and/or intervention action be justiﬁed

activity of the ingrown isotope was determined using a

against the wider beneﬁts to public health that result from

Quantulus 1220 LSC. This method provided a detection

having a reliable supply of domestic water. As a conse-

limit of 0.007 Bq/l with an uncertainty of 5.6%.

quence, local conditions, i.e. scarce water resources,

tion was collected after allowing

overall exposure to radiation from the different sources
Quantiﬁcation of detection limits and methodological
uncertainties

and the type of radiation were all taken into account
during the development of the ﬁfth edition of the Jordanian
Drinking Water Standard (JS ) which sets a reference

Performance criteria for the analytical methodologies

radiological limit (RRL) based on an effective committed

employed in this work are given in the above paragraphs

dose of 0.5 mSv/y and an action limit (AL) of 1.0 mSv/y.

and summarized in Supplementary Table S2. These data

These standards are similar in terms of maximum permitted

demonstrate that analytical methodologies employed by

dose to those developed in Australia which, like Jordan, is

WAJ/MWI for individual radionuclides are ﬁt for purpose

highly dependent on fossil groundwater for drinking pur-

(i.e. the analytical detection limit is more than a factor of

poses and as a result has had to balance the potential

ten below the guidance values).

health impacts of radioactivity in drinking water sources

The analytical detection limits for gross alpha and gross

against the need for drinking water (ADWG ). Both

beta are less ﬁt for purpose, being only a factor of 4–5 below

the WHO (WHO ) and Jordanian standards for drinking

the established reference levels for these measurements (JS

water ( JS ) exclude any contributions to the annual

, ; WHO , ). Whilst this is not ideal, the

radiological effective dose (AED) from ingestion of naturally

methodological difﬁculties in measuring low levels of gross

occurring

alpha and gross beta in groundwater are internationally

human body, and inhalation and ingestion of

acknowledged.

is considered separately.

Assessment of data in relation to drinking water standards

exposures vary widely across the Earth from an average of

40

K, which is homo-statically regulated in the
222

Rn, which

According to the WHO and ICRP, background radiation
about 2.6 mSv/y in the UK (NRPB ) to a maximum in
The guidelines for assessing hazards posed by the presence

the order of 260 mSv/y in Iran, without any detectable

of radionuclides in drinking water adopted by most

increased health risks from population studies (Ghiassi-

countries including Jordan are derived from methodologies

nejad et al. ). In addition to background sources of

and practices outlined in the WHO guidelines for drinking

radioactivity, signiﬁcant additional exposure to radioactivity

water quality (WHO , , ). These in turn rely

routinely result from medical exposures, especially due to

on the International Commission on Radiological Protec-

the increasing of computed tomography scans, and typical

tion

standards

doses derived from these sources in the USA exceed

recommendations (ICRP ; IAEA , ), with differ-

(ICRP)

and

IAEA

basic

safety

3 mSv/y (Brenner & Hall ). According to ﬁgures from

ences in their approaches to calculation or assignment of an

the Jordanian Nuclear Regulatory Commission, the annual

action value or maximum permissible dose for local

background radiation exposure in Jordan is 1.8 mSv,

Downloaded from https://iwaponline.com/jwh/article-pdf/14/3/528/394378/jwh0140528.pdf
by guest
on 16 October 2018

537

|

H. K. El-Naser et al.

Radioactivity in drinking water from Southern Jordan and its treatment

|

Journal of Water and Health

14.3

|

2016

excluding the city of Aqaba. This is almost four times the

MWI investigations on a more limited subset of wells (Table 1).

national AL for radioactivity as outlined in JS ().

Amongst the individual determined isotopes,

228

Ra accounts

for the greatest proportion of total activity in the individual
Estimation of radiological dose from drinking water

wells, and by inference the collective water from the Disi
basin that is supplied, via the conveyance system, to Amman.

Methodologies for the calculation of an individual’s annual

For the purposes of statistical calculations, activities corre-

radiological effective committed dose from the consumption

sponding to the isotopes’ detection limit have been

of naturally occurring and man-made radionuclides via the

substituted where the result was below the analytical detection

drinking water pathway, and/or the concentration of a speciﬁc

limit. The impact of this conservative assumption (Helsel )

radionuclide in drinking water that would result in a dose that

on the data set as a whole is small, given that this rule had to be

exceeds a speciﬁc individual dose criterion, are laid out in the

used only three times out of 324 individual analyses.

WHO and Jordanian standards for drinking water quality

Since this initial assessment performed in early 2013, a

(WHO , , ). In these calculations (Supplementary

further round of sampling and radiochemical analysis has

Table S4) Jordanian regulations (JS ) require the use of

been performed on samples from all operating wells

an adult drinking water consumption rate of 730 l/y, an individ-

within the well ﬁeld, and a second additional round of analy-

ual dose criterion of 0.5 mSv/y and the use of dose coefﬁcients

sis is almost complete. Results from these further analyses,

listed in Supplementary Table S3 (as derived from WHO ,

summarized in Table 3 and displayed graphically in Sup-

, ). When more than one of these radionuclides are pre-

plementary Figures S4 and S5, respectively, conﬁrm the

sent, the resulting AED represents a summation of AED

relative importance of

equivalents from each of the radioelements present.

data (Table 2). In the second sampling round, the number

Based on data from previous studies of groundwater from

228

Ra established from initial survey

of wells exceeding the guidance levels for

228

Ra decreased

the Ram aquifer, radionuclides that are the highest contribu-

from 40 to 31. Whilst the average and maximum activities

tors to radiological dose through the consumption of Disi

of 226Ra and 228Ra have remained constant within analytical

water directly at the well head are 228Ra, 226Ra and 210Pb.

uncertainty, the interquartile range has widened.

The dose coefﬁcients used (Supplementary Table S3) are

Yearly analysis of blending waters from Zara-Ma’en and

those for an adult, as both the 2008 and 2011 WHO drinking

Zai treatment plants from August 2012 through January

water standards state that there are insufﬁcient data to allow

2014 for gross alpha, gross beta,

for the calculation of an effective committed dose for age

below the respective methods’ analytical detection limits

groups such as young adults and children (WHO , ).

(Supplementary Table S2; all Supplementary Figures and

However, both this work and calculations made by others

Tables are available with the online version of this paper).

226

Ra and

228

R were all

(Dababneh pers. comm. ; Vengosh et al. ) indicate
there is a need for further research and studies to better understand the radiological dose received by non-adults and its

DISCUSSION

potential effects over the longer term.
Pre-commissioning data for the Disi and Mudawara well ﬁeld
(Tables 2 and 3) show that almost all the 55 wells exceed the

RESULTS

screening values for gross alpha and gross beta activities

The results from the initial pre-commissioning survey of gross

). Fifty-two wells exceeded the gross alpha standard

speciﬁed in the Jordanian Drinking Water Standard ( JS
alpha, gross beta,

226

Ra,

228

Ra and

210

Pb in waters from the

and 52 wells exceeded the gross beta standard. This is clearly

Disi and Mudawara well ﬁeld that supplies water to the

demonstrated in Figure 2, where gross alpha and gross beta

DWCP are presented and summarized in Table 2. These results

activity for each individual well (Table 2) are plotted against

indicate generally elevated gross alpha and beta activities in all

each other with error bars representing combined analytical

the 55 wells sampled, and generally agree with previous WAJ/

uncertainties
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Summarized data for well ﬁeld sampling rounds undertaken following 0, 6 and 12 months’ abstraction from the well ﬁeld and calculated radiological dose assuming water consumption at individual boreholes

Measured radiological activity (Bq/l)
0 months’ abstraction

6 months’ abstraction

12 months’ abstraction

55 out of 56 wells sampled

50 out of 56 wells sampled

54 out of 56 wells sampled

Isotope

226

228

226

228

226

228

Detection limit

0.02

0.08

0.02

0.08

0.02

0.08

Ra

Ra

Ra

Ra

Ra

Ra

Number exceeding guideline

0

40

0

33

0

37

Samples
<detection limit

0

0

0

0

0

0

Average

0.37

1.35

0.38

1.29

0.40

1.31

Minimum

0.04

0.09

0.06

0.18

0.10

0.24

Maximum

0.92

3.06

0.85

2.44

0.92

2.72

Interquartile range

0.24–0.50

0.98–1.61

0.19–0.56

0.78–1.75

0.20–0.54

0.97–1.73

Average calculated radiological dose (mSv/y) based on measurements from individual boreholes
Minimum

Average

Maximum

25th percentile

25th percentile

75th percentile

226

Ra 0 months

0.01

0.08

0.19

0.05

0.10

0.08

228

Ra 0 months

0.05

0.68

1.54

0.49

0.81

0.68

210

Pb 0 months

<0.04

0.04

0.19

<0.04

0.06

0.04

Total 0 months

0.06

0.80

1.92

0.56

0.97

0.80

226

Ra 6 months

0.01

0.08

0.17

0.04

0.11

0.08

228

Ra 6 months

0.09

0.65

1.23

0.39

0.88

0.65

210

Pb 6 monthsa

<0.04

0.04

0.19

<0.02

0.06

0.04

Total 6 months

0.10

0.77

1.59

0.45

1.06

0.77

226

Ra 12 months

0.02

0.08

0.19

<0.04

0.11

0.08

228

Ra 12 months

0.12

0.66

1.37

0.49

0.87

0.66

210

Pb 12 monthsa

<0.04

0.04

0.19

0.04

0.06

0.04

Total 12 months

0.10

0.78

1.75

0.52

1.02

0.78

Overall average total

0.09

0.78

1.75

0.51

1.02

0.78

a210

Pb not determined in 6 and 12 monthly rounds. Data for initial round therefore supplemented in calculation of total dose for 6 and 12 month sampling rounds.

distributions of gross alpha and gross beta activity are broadly

although limited results from some wells in the approximate

similar, and consistent with normally distributed data sets

vicinity of the geologic faults indicate correlations may exist.

(Supplementary Figure S6; all Supplementary Figures and

A degree of correlation is also observable between levels of

Tables are available with the online version of this paper).

dissolved radioelement content and the type of formations

A discernible break into two identiﬁable distributions

transected by an individual borehole.

appears to occur when gross alpha activities lie below 1 Bq/

Measurements of activity in the second and third rounds

l (wells W32, W33, W35, W39, P1, P5 and P6). This break

of sampling broadly conﬁrm the spatial distribution of radio-

is not observed within the gross beta data set.

activity seen in the initial survey of the well ﬁeld. Although

The downhole natural gamma ray logging of selected

the mean output concentrations of 226Ra and 228Ra from the

boreholes (Supplementary Figure S3) shows no direct corre-

well ﬁeld remain approximately constant on a well-by-well

lation between observed activities and well depth (Table 2),

basis, it can be seen that some wells are increasing in
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Plot of gross alpha and gross beta activity for the 54 well water samples. Shaded areas represent Jordanian action levels for gross alpha and gross beta activity.

Ra and

226

Ra whilst others are decreasing (Supplemen-

head). The results of this comparison for pre-commissioning

tary Figures S4 and S5). Further sampling rounds are

well ﬁeld data are shown in Supplementary Figure S7, from

planned to monitor the radiological characteristics of each

which it can be deduced that individual guidance levels are

well, thereby allowing comparison of a total of four

only exceeded in the case of 228Ra, where the guidance level

sampling rounds over two years of continuous abstraction

lies at the lower quartile (25th percentile) of the measure-

from the well ﬁeld. After the initial two years of monitoring,

ments listed in Table 2.

well head radionuclide concentrations will continue to be
monitored on a yearly basis over the lifetime of the project.

Secondly, in line with the Jordanian standard and WHO
guidelines, the AED was calculated individually for
228

Ra and

226

Ra,

210

Pb as set out in ‘Estimation of radiological

dose from drinking water section’ (see Methodology) and
Estimation of effective dose at the well head

Supplementary Table S4. In undertaking these calculations,
no allowance has been made for the presence of

Despite the fact that water from the Ram aquifer is typically
being consumed >300 km from the well ﬁeld (equating to a
transit time of between 2 and 3 days) and subjected to

228

•

mixing with other more local water sources during blending,
Vengosh et al. ; Mott MacDonald ) to compare
the derived AED at the well head of each of the boreholes
in the well ﬁeld as part of the commissioning process.
Firstly, the individual activities of contributing radionuclides (226Ra,

228

Ra, and

210

Pb) were compared against

action levels (Supplementary Table S3) for these individual

•

Ra and

Ra daughter products as:
their respective contribution to the dose was low compared to that of their parents (226Ra and

228

Ra);

222

furthermore gaseous daughters like

it was considered prudent, based on previous studies (e.g.

226

Rn are excluded

from the calculation of the AED (JS ; WHO );
due to a combination of their chemical and radiological
properties, the presence of these daughter products had
only been detected at very low levels in this and previous
unpublished studies on groundwater from the Disi and
Mudawara well ﬁelds (210Pb and

210

Po).

radionuclides (i.e. conservatively assuming that the water

The results of these calculations are summarized in

from each well was consumed by an adult at the well

Table 3 and Supplementary Figure S8 with the total
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calculated total AED for all these radionuclides. The results

from the well ﬁeld clearly demonstrate that such waters, if

shown re-emphasize the dominant contribution made by

they were to be supplied directly without dilution (blending)

228

Ra to the total AED of well waters from this aquifer.

would result in consumers being exposed to AEDs exceed-

On a sample-by-sample basis, the contribution of radioac-

ing the Jordanian RRL of 0.5 mSv/y. However, even at the

228

Ra to the total AED exceeds 70% with the

full abstraction rate combined water from the well ﬁeld

exception of two samples (W3 and W51) where the contri-

(based on weighting the wells’ AED according to each

tivity from

butions from

228

Ra to the total estimated dose were

wells’ yield) would be below the Jordanian standards AL
of 1 mSv/y. Additionally none of the calculated doses

signiﬁcantly lower (28% and 50%, respectively).
Comparison of these calculated total AED values

exceeded the estimated radiological dose from all natural

(Table 3), derived from data in Table 2, to an RRL of

sources in Jordan (1.8 mSv/y, excluding the city of Aqaba),

0.5 mSv/y indicate on an individual basis that only 9 of

although the average estimated dose is approximately 45%

the 55 sampled wells meet Jordanian water quality guide-

of this ﬁgure if all wells are pumped, or approximately

lines if they were to be consumed at source for a full year.

36% if pumping from the well ﬁeld is optimized to minimize

The highest ‘at source’ AED in the pre-commissioning data

the effective dose from abstracted water.

set was estimated to be 1.70 mSv/y on the basis of
226

210

228

Ra,

On a well-by-well basis, approximately 75% of the sampled

Pb, whilst the average total dose for all individ-

waters were below the Australian AED standard for drinking

ual wells was 0.82 mSv/y. The calculated radiological dose

water (1.0 mSv/y) and ICRP recommendations for a single

from the combined discharge of the well ﬁeld calculated

consumed commodity of 1.0 mSv/y (ADWS ; IAEA ).

Ra and

by weighting the individual well head doses by the potential

As a direct result of the initial ﬁndings and ongoing con-

contribution of each well to the total water yield of the well

ﬁrmatory work, WAJ/MWI and the DWCP Company

ﬁeld is 0.80 mSv/y. This is close to the mean and median of

investigated a range of intervention measures and treatment

the individual wells (0.81 mSv/y, Table 3).

options to reduce the potential radioactive dose received by

The measured total dose of the combined discharge

Jordanian consumers at the actual point of consumption to

during the full period of the operation phase (0–12 months

as low a level as possible, below the Jordanian action level

is 0.78 mSv/y). However, whilst the total production poten-

of 0.5 mSv. At the same time, a sampling and analysis pro-

tial of the well ﬁeld is 132 million m3/y only 100 million m3/y

gramme was established to:

is currently contracted to be delivered to WAJ/MWI. Conse-

•

quently, if total well production is limited to 100 million m3/y
and wells whose waters contain the highest concentrations
of radioactivity were to be excluded from the abstraction
process then the estimated effective dose from the combined
well ﬁeld output would be lower (calculated to be approximately 0.64 mSv/y). This option is being considered by
WAJ/MWI and the DWCP Company. During the oper-

•

monitor any changes of radioactivity levels in the Disi
and Mudawara well ﬁeld (the preliminary results for
this program to date have been discussed above);
inform and test the effectiveness of intervention and treatment options.
The development of intervention options and associated

activities are discussed in the following sections.

ational phases of the project, the average calculated
radiological dose assuming consumption of water at the

Intervention and treatment options

entry point of each of the mixing reservoirs was 0.72 ±
0.05 mSv/y (Table 4). Whilst this average is slightly lower

Initial intervention and treatment options began to be devel-

than the theoretical dose calculated from the contribution

oped during 2003, prompted by preliminary surveys of water

from individual wells (Table 3), data from the individual

quality undertaken by MWI/WAJ. The options were focused

wells and entry into the mixing reservoirs lie within the

on a variety of potential ‘passive’ and ‘active’ remediation

measured monthly range (±0.05 mSv/y (1 Sigma)).

options aimed at reducing the worst case scenario dose of

When compared to the Jordanian standard, the calcu-

approximately 0.8 mSv/y. These options were reviewed

lated AEDs for individual wells, and the combined ﬂow

again following international concerns in respect of the
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Blending ratios and calculated AED dose for the Dabouk and Abu Alanda networks

Month

Zai water amount
(m3/month)

Disi water amount to Dabouk
(m3/month)

Blending ratio (Zai/Disi)

AEDa Disi water
(mSv/y)

AED Dabouk
network (mSv/y)

Jul-13

4,500,543

2,618,167

1.72

0.82

0.34

Aug-13

6,262,195

4,605,195

1.36

0.81

0.34

Sep-13

5,703,455

4,447,934

1.28

0.65

0.27

Oct-13

5,161,015

4,446,410

1.16

0.76

0.32

Nov-13

3,472,324

4,732,380

0.73

0.70

0.40

Dec-13

3,593,514

4,657,914

0.77

0.73

0.38

Jan-14

3,634,844

5,283,963

0.69

0.73

0.50

Feb-14

3,252,400

4,950,419

0.66

0.68

0.43

Mar-14

3,447,677

5,768,280

0.60

0.73

0.43

Apr-14

3,926,622

5,509,420

0.71

0.69

0.49

May-14

4,215,636

5,804,439

0.73

0.72

0.40

Jun-14

4,045,449

5,626,131

0.72

0.62

0.40

Jul-14

5,614,981

5,924,196

0.95

0.67

0.36

Total

56,830,655

64,374,848

–

–

-

Average

–

–

0.88

0.72

0.39

Blending ratio (Zara/Disi)

AEDa Disi water

AED Abu Alanda

m3/month

(mSv/y)

network (mSv/y)

Abu Alanda
Zara-Ma’en amount
Month

m3/month

Disi water amount to Abu Alanda

Jul-13

Not in Operation

Aug-13

398,360

97,022

4.11

0.81

nm

Sep-13

1,116,000

625,854

1.78

0.65

0.34

Oct-13

2,232,000

685,397

3.26

0.76

nm

Nov-13

2,160,000

1,714,467

1.26

0.70

0.43

Dec-13

2,232,000

2,309,966

0.97

0.73

0.42

Jan-14

2,631,599

2,874,795

0.92

0.73

0.50

Feb-14

2,107,703

2,734,577

0.77

0.68

0.37

Mar-14

1,456,433

3,216,956

0.45

0.73

0.73

Apr-14

2,321,351

2,558,113

0.91

0.69

0.36

May-14

2,230,767

2,623,942

0.85

0.72

0.37

Jun-14

2,068,924

2,601,492

0.80

0.62

nm

Jul-14

2,394,167

2,622,680

0.91

0.67

0.41

Total

20,955,137

22,042,581

0.95

0.72

0.44

Average

Average

Average

a

Data based on measurement of radioactivity present at the inﬂow to each mixing reservoir.

radiological quality of water drawn from the Ram aquifer

terms of individual exposures to naturally occurring radio-

system (Mott MacDonald ; Vengosh et al. ; Schu-

nuclides (i.e. achieving a net beneﬁt and the ALARA (as

bert et al. ). The underlying principle used in the

low as reasonably achievable) principle (IAEA )) and

selection of remedial measures was that any option lowering

(b) should be economically and environmentally sustainable

radiation exposure should (a) do more good than harm in

(USEPA ; WHO ).
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After carefully considering a number of active treatment
options for treating the 100 million m3/y abstraction from
the well ﬁeld, such as reverse osmosis, nano-ﬁltration and
lime softening, via environmental and cost–beneﬁt analysis,
it was decided that the most practicable and sustainable
option for Jordan would be to blend waters from the Disi

•
•

This judgment was made on the basis of the following:

•
•
•
•

|

14.3

|

2016

Cost effectiveness in terms of the cost of a treatment facility and the corresponding cost of waste handling,
transport and disposal.
Long-term ﬂexibility, allowing for future treatment and
water conveyance planning to further optimize the use
of water from the Disi and Mudawara well ﬁeld.

and Mudawara well ﬁeld with other groundwater, and preferably surface water resources (when and where available).

Journal of Water and Health

The case for using a blending approach was further
strengthened by the presence of existing infrastructure
such as the storage and mixing facilities at Dabouk and

The availability of a sufﬁcient quantity of water, with a

Abu Alanda. In these facilities (lying on the outskirts of

low radionuclide content, for blending.

Amman), it is feasible to mix transported water from the

The need to improve the chemical and biological quality

Disi and Mudawara well ﬁeld with water derived from the

of water currently supplied to Amman.

Zai water treatment plant (annual yield 85–90 million m3/y)

Beneﬁts to the population where the Jordanian water

and Zara Ma’en water supply system (annual yield 40–45

quality standards (JS ) can be achieved with limited

million m3/y). As stated previously, radiochemical analysis

additional cost, thereby allowing resources to be better

of these sources typically showed activities of
210

226

Ra,

228

Ra

focused.

and

Beneﬁts to the environment, as there is no generated

(Supplementary Table S2) and indicate that both of these

waste that requires national and local waste management

waters, which are principally derived from surface water

strategies and guidelines.

bodies, have an AED of <0.02 mSv/y. On this basis,

Figure 3

|

Pb to be below the methodological detection limits

Simpliﬁed schematic diagram of the well ﬁeld and associated infrastructure put in place to allow blending on the outskirts of Amman.
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WAJ/MWI planned and commissioned a system for blend-

show the actual mixing ratios obtained since the system was

ing Disi and Mudawara well ﬁeld water with water from

commissioned in July 2013 along with calculated AED

the Zai and Zara Ma’en plants. The system put in place

(mSv/y) associated with measurements of

for undertaking this dilution process is shown schematically

before and after blending (Figures 4 and 5). The calculated

in Figure 3, and a partial delivery arrangement with DWCP

AED in the customers’ network (i.e. the point at which

started supply to Amman in July 2013.

water enters the consumers’ premises) corresponds to an

228

Ra and

226

Ra

On the basis of available blending water and the concen-

annual average of 0.39 mSv/y in the Dabouk Reservoir net-

tration of radioactivity in water from the Disi and Mudawara

work and 0.44 mSv/y in the Abu Alanda Reservoir network.

well ﬁeld, a blending ratio of 1 part Disi to 1 part Zara/Zai was

Over the year, both systems have managed to reduce the

theoretically possible, resulting in a 50% decrease in the con-

potential effective dose received from drinking water by

centration of radioactivity entering the water supply system.

approximately 40%, a reduction that achieved full compli-

However, as water demand and supply vary seasonally, it

ance with the requirements of the Jordanian Drinking

was accepted that this theoretical mixing ratio could not be

Water Standard for radiological parameters (RLL 0.5 mSv/y).

absolutely guaranteed, especially given that both Zai and

Whilst WAJ/MWI are constrained by contract with

Zara Ma’en treatment plants are subject to disruption

DWCP to continue to monitor the well ﬁeld on a systematic

during periodic ﬂooding and severe rain events. Table 4

basis and blending on a monthly basis by the collection of

Figure 4

|

Concentration of

228

Ra from the Disi well ﬁeld and that entering the public distribution network via Dabouk.

Downloaded from https://iwaponline.com/jwh/article-pdf/14/3/528/394378/jwh0140528.pdf
by guest
on 16 October 2018

544

Figure 5

H. K. El-Naser et al.

|

Concentration of

|

228

Radioactivity in drinking water from Southern Jordan and its treatment

Journal of Water and Health

|

14.3

|

2016

Ra from the Disi well ﬁeld and that entering the public distribution network via Abu Alanda.

single point samples, WAJ/MWI are investigating the possi-

‘Insufﬁcient evidence was found to introduce separate gui-

bility of employing a combination of continuous online

dance levels for different age groups. Although infants and

monitoring and composite sampling to provide more

children consume a lower mean volume of drinking-water,

reliable and timely information on levels of radioactivity

the age-dependent dose coefﬁcients for children are higher

entering the distribution system. It is hoped that this more

than those for adults, accounting for higher uptake or meta-

timely information will lead to improved management of

bolic rates. In the case of prolonged contamination of the

the abstraction and supply of Disi water to Amman.

water source, an assessment of doses to infants and children
may be considered.’
In order to test these assumptions WAJ/MWI used:

Emerging issues and investigations
Recent publications (Vengosh et al. ) and international
guidance (ICRP ; WHO , ) highlight the need
to consider lifetime exposure, and exposure to younger age
groups, when evaluating impacts from radioactive substances in drinking water. However, whilst considering the
feasibility of this approach, WHO () cautions that
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ICRP and USEPA data to provide bio-kinetic and effective dose conversion data for newborn, 1yr, 5yr, 10yr,
15yr and adults (USEPA ; ICRP );
data for water consumption within the same age groups
from the USA (Ershow & Cantor );
an assumed average lifetime of 70 years (i.e. duration of
exposure).
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When combined with measured concentrations of 226Ra

the drilling of new wells in areas proven to be lower in

228

radionuclide content; and

Ra in the water distribution network, these data (Sup-

plementary Table S5) allowed the cumulative effective dose

•

the quantity of local water low in radioactivity made

over a 70-year lifetime to be calculated and for this to be

available for blending along the extent of the national

compared

carrier allowed greater dilution ratios to be utilized on a

ommended

against

estimates

approaches

based

(WHO

on

)

industry
and

rec-

more frequent basis.

Jordanian

standards (JS ) to be made. The results of these calculations (Table 5) indicate that the approach recommended
in the 3rd and 4th editions of the WHO drinking water
guidelines (WHO , ) and used in local standards
(JS ) is conservative in terms of estimating the cumulative dose received from drinking blended Disi water,
although it could be argued that the difference between
the age-group-related approach and the use of a constant

At the same time, WAJ/MWI are working with other
bodies involved in setting national and international drinking water standards to better constrain dose estimates
through developing a better national picture of water consumption amongst children and young adults, and to
convey the basis behind their decisions to members of the
public (i.e. improve risk communication).

adult dose conversion factor lies within the levels of uncertainty associated with the age group related data sets. Using
either approach, results estimated levels of lifetime accrued
dose that are around 25% of the estimated total lifetime

CONCLUSIONS

cumulative dose from all radiation sources in Jordan
Results of our work to date have indicated that the initial

(excluding Aqaba).
In line with the ALARA principle over the next two

mean committed effective dose of each of the 55 wells due

years, WAJ/MWI will continue to put in place measures

to natural radioactivity at the well head during the construc-

with the aim of reducing concentrations of radioactivity

tion phase of the project was 0.80 mSv/y and reached

228

Ra) in the blended water output from

0.78 mSv/y during the subsequent operational phases. How-

Disi and other water sources in the Kingdom. Measures cur-

ever, this is not the water directly consumed by the public.

rently being considered include, but are not limited to,

The majority of the effective dose at source and follow-

(dominantly from

reducing:

ing conveyance was identiﬁed as being due to the presence

•

of

228

Ra, a member of the thorium decay chain. Radium-

levels of radioactivity leaving the well ﬁeld by prioritizing

226 was also observed but did not constitute the major com-

abstraction from wells with the lowest levels of 228Ra and

ponent in terms of effective dose. Uranium, thorium and
other major members of their decay chain such as
224

Table 5

|

Estimated cumulative lifetime dose (mSv) based on concentrations of 226Ra and
228

Ra as measured in blended Disi water

Ra and

210

Pb,

210

Po were present at low concentrations, and

as such did not contribute to >5% of the calculated effective
dose.

226

Ra (0.23 Bq/l)

Scenario

228

Ra (0.76 Bq/l)

Constant water consumption and adult dose
conversion factor (WHO ; JS )

35 mSv

Age dependent water consumption and dose
conversion factors (Supplementary Table S5)
DCF and water consumption (Supplementary
Table S5)

29 mSv

Blending was identiﬁed as the most practicable option
to reduce the potential radiological dose received by consumers by the relevant water and health authorities in Jordan
after careful considerations of the costs and beneﬁts of possible

management

options

and

actions.

Theoretical

calculations of the impact of mixing on the activities of
226

Ra, 228Ra and 210Pb in the distribution system and consu-

Lifetime dose at RRL ( JS )

35 mSv

mers’ taps, and the estimated dose to consumers, indicated

Lifetime dose from background radiation in
Jordan (1.8 mSv/y)

126 mSv

that the approach would allow the supply of tap water com-
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Results from monthly sampling rounds undertaken by

As is the case for all nationally strategic water resources,

collecting water from consumers’ dwellings whilst blending

WAJ/MWI will continue to monitor the radioactivity pre-

was in full-scale operation were 0.39 mSv/y in Dabouk

sent in the raw water and blended water as per the

Reservoir network and 0.44 mSv/y in Abu Alanda Reservoir

requirements of the national standards and pertaining

network.

water sector strategy.

These data support the adoption of this approach and
indicate that: (a) radionuclide levels reaching the consumer
fully comply with Jordanian standards for water quality in
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between effective committed radiological dose and potential
health detriment.
The WAJ/MWI is considering lowering the predicted
effective dose present at the consumers’ point of supply
even further by optimization of the well ﬁeld pumping
regime to achieve 0.64 mSv/y as raw Disi water, i.e. attaining a potential reduction of 28% from the initial dose
during construction phase.
Furthermore, WAJ/MWI envisages putting in place
measures to maximize the amounts of water blending after
the construction of the national water conveyor and the reallocation of the water supply along the extension of the
conveyor from south to north.
In conclusion, WAJ/MWI and others in Jordan are
aware of radioactivity in water from Disi and indeed many
other waters from the country and its neighbours. In developing the Disi resource, they have put in place mitigation
measures that allow this valuable groundwater resource to
be exploited and at the same time meet the sometimes competing needs for both water quality and water quantity in
relation to human health and environmental quality.
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