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1. Introduction

It is well recognized that half the countries in the world will face significant
fresh water shortages in the next 20 years, due largely tc growing populations
and increased agricultural and industrial demands (Gleick, 1997). These
shortages will significantly limit economic growth, decrease the quality of life
and human health for billions of people, and could poteritially lead to violence
and conflict over securing scarce supplies of water. In the Middle East,
groundwater represents an important part of water supply in most locations,
yet it is the least understood and one of the most fragile components of the
entire water resource system. The occurrence of water underground
contributes to the illusion of an infinite resource that is immune to
anthropogenic activities. Nevertheless, as has been learned in the West, it can
become highly impaired through the actions of man — through the disposal of
human, animal, or industrial wastes, from excessive irrigation and fertilization
practices in agriculture, or from simple overproduction and overexploitation -
and can remain so for decades or even centuries.

Finding solutions to groundwater resource and quality problems can be
complex, time consuming, and costly. As is the case in many places in the
world, but especially in the Middle East, there is a large ¢gap between
professionals, policy makers, and the general population with respect to their
understanding of groundwater, its abundance, distribution, movement, and
pollution. In a region where water supply and quality problems can be
extremely acute, it becomes that much more necessary to protect and
preserve the water that does exist. To sustain groundwater as a long-term
reliable resource, increased understanding of factors affecting both the
quality and quantity of groundwater must be better understood by all aspects
of society.

This report describes the outcome of a collaborative project between
Lawrence Livermore National Laboratory (LLNL) in the US and the Jordan

University of Science and Technology (JUST), the Ministry of Water and



Irrigation (MWI), and the Royal Society for the Conservation of Nature (RSCN),
all in Jordan. The project was funded by the United States Information Agency
(now known and the Bureau of Educational and Cultural Affairs of the US
Department of State) and the Lawrence Livermore National Laboratory,
University of California. It was designed to develop, utilize, and distribute a
series of educational tools across a wide spectrum of the population in Jordan
to illustrate the impact of human activities and policies on the use and
preservation of groundwater as an increasingly precious resource.

The educational tools involved (1) portable, two-dimensional physical
groundwater models for use in educating primary-aged children, laypersons,
academic, government, other technical professionals, and farming
communities on basic groundwater issues, and (2) computer-based simulation
software, which can be used to assess the accrual and movement of
groundwater in actual geologic formations, as well as the fate of contaminants
that reach and dissolve within groundwater. These tools have an uncommon
capacity to illustrate the impact of human activities and policies to a broad
spectrum of the population that includes school children, college and post-
graduate students, government officials, civic groups, professional
organizations, and all citizens.

We regard this partnership as the first step in a regional program that we
hope to broaden beyond Jordan in the future. The project was developed and
implemented along three principal thrust or activity areas that will be
explained further below. In the first, we developed, delivered and '
demonstrated a series of prototype physical models with our Jordanian
partners, and begamn the development of an educational curriculum for further
demonstrations of the prototype (and successive models) in Jordan. In the
second activity, a series of technical exchanges, primarily between LLNL,
JUST and MWI, were rleveloped regarding the use and application of new
LLNL groundwater computer models in Jordan. In the final activity, the partner

organizations developed a plan to broaden or expand this activity into Syria.







2. Scaled Physical Groundwater Models

Our first activity involved a series of educational activities centered upoﬁ a
scaled, physical model of groundwater flow and contaminant transport. As
part of this activity, an older model was initially introduced and demonstrated
to the Jordanian partners (RSCN, MWI, JUST) during an LLNL visit to Amman
(Figure 1) and during a Jordanian visit (MWI, JUST) to LLNL, both in 2001.
Appendix A shows several photographs of an older model and provides a
brief review of its operation. It is notable that, on the initial visit of LLNL to
. Jordan in 2001, we were also able to show t_he model to Ms. Hanan Kurdi in the
( Royal Palace, for possible consideration as an element of a proposed
'.Children’s Museum. in Amman. There is still some possibility fort his to
happen, but a much larger model would be :equired, ahd interactions

continue with JUST on this matter.

Figure 1. Demonstration of an older physical groundwater model to
representatives of RSCN during an initial LLNL visit to Jordan (February
2001).
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‘Following the initial visit to Jordan, LLNL began the design and
construction of a new physical groundwater model based upon the solicited -
input of RSCN and JUST. The new model was intended to be more appropriate
for »]ordan-spéCific: lessons in the sense that a hydraulically separateloWer :
aquifer unit was included as a way to demonstrate the role and impactsiof
fossil water — often highly saline — that can be drawn ~i‘ntbesha=llower aquifers:

and contaminate drinking water wells. Appendix B shows some schematics of

the new model developed in this project.

Flgure 2 Demonstratton of the new Physu:al Groundwater Model to
students at]‘ , ST (Apnl 2002)

and dehvered it to RSCN Itv was lmtlally demonstrated to a university class at

JUST (Figure 2) and was later brought to the "Azraq"WetlaLn.ds Visitors center




(operated by RSCN) for a demonstration to a group of teachers and primary-

aged children (Figure 3 and Appendix C). The schoolchildren were

remarkably interested in the model, despite the language barrier (the

: present»ationwas‘ translated into Arabic). As shown in Figure 3, they were also

given an opportunity to operate the model themselves. They were also

quizzed on the presentation and asked very intelligent questions

XFigure 3 Demo:mmtmtmn of the new Physmal Groun‘ \ ater Model by A.

For example there was a group of boys who were members ;f a b1rd
watchmg club They asked how birds are affected by groundwater.: Two
example lessons were provided in response: (@) Birds come to the wetlands
for water, as they have been doiné“"so for theusands of years. Excessive
pumping of groundwater for delivery to Amman has lowered the water table
and drained most of the wetlands (shown in the physical.model) I it were not
for the small, restored ponds maintained by RSCN outside of the Visitors ..

Center, there would be no birds to watch at all. (2) A story relevant to the US




was also provided. Near LLNL is a large agricultural region in California in
which'irrfgation»is primarily used to water crops. Once applied to the ground
surface, the irrigation water eventuallv drains out of the grcund into several
surface waterways that flow naturally to a similar type of wetland area. This
area s known as the Kesterson Wetlands In thlS case Kesterson d1d not dry

up However several veas ago many of the f1sh and waterfowl d1ed as a result

nium Wf-a.naturally occurrmg element 1n the so1ls
underlylng the iy Lgated crops’ leached out 1nto solutlon in the
dramlng 1rr1gat10n water Selemu ' Ahen accumulates m the wetlands and

even though the water evaporate ‘ elen1um remams in the water a’ | 'her -

and hlgherconcentratlons Eventual b it polsoned the flsh and blrds More

recentlv, thef]ordaman partners are beglnnlng to use the.:,e models along

w1th prellmr 1 rr 1cula materlal for further teachmg demonstrauons

As part of th1 proj ct : RSCl\T and. ]UST have dev oped a l1st of secondary

schools and second 501 jteachers that w1ll form‘ ‘the core of a broader

soutreach team wh o ng 5aught on the use of the model and the lessons

t-hat c‘an:eiiplainecjlzwith, it;, 'Ourpartner’s at IUST are"in]the' ’ ocess of bu1ld1ng

addltlonal vers1ons of these models on thelr own to suppe th1s effort In

]anuary 2003 LLNL brought two more physwal models to jo an, one belng an

addltlonal un1t for RSCN (Figure 4), and the other belng dehvered to MWI.

The model prov1ded to MWI is for use in the1r outreach activities. In Flgure
5, the model is bemg presented to the M1n1ster Hazu:n El N'tser and MWI
project member Khair Al Hadidi. The Minister was extremely happy. Not only
that, he invited us to bring a physical model to his session at the recent World
Water forum in Kyoto in March 2003 (we were unable to attend). He discussed
his desire to develop his own water museum (different from the Queen's
Children’s museum discussed above) and his i 1mpressmn that the model
would fit well in it. The Minister also dlscussed his Red-[lead sea pl’O]eCt and

challenged us to bu11d a phystcal model to descrlbe its opelat;on (he needs 1t,




we said we'd look into it)!. Later in this visit, the model'was demonstratedin

the Minister’s conference room, and the demonstration was videotaped for the

benefit of MWI, RSCN, and JUST.

Figure 4: New ’Ph.y:‘s‘ig:al Groundwatér Model being 'presentéd to (L to R)
Omar Abu-Eid, Osama Hasan, and Manal Al-Fogaha of RSCN (January

2003).

! Briefly, the Red-Dead sea projectis a proposed Israeli/Jordanian venture designed to pump
sea water from the Red Sea to the Dead Sea that will (1) arrest declining Dead Sea elevations
and (2) provide power generation opportunities — for desalination — because the Dead Sea is
400 m lower in elevation that the Red Sea. The chief roadblock to the project is in securing the
initial capital to build it and lingering concerns about its environmental impact.
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(seated L) to th«e Iordaman Water M1n1ster, I-Iaz:m ElN aser (seated R),
Khair Al Hadidi (standing, L), and Moh’d Al-Awamleh (standing, second
P fromR)




3. Groundwatex Computer SaEiEh

The secc { d aspect c»if 1the pIOJect mvolved more techmcally or1ented

. TDetween LLNL ]UST and MWL, regarding the use of new

fLLNL, roundwate wu:y puter 51m1 on models (Tompson et al 1998) In th1s

| he project a dele atle‘n of partlmpants from ]ordan (spec1f1ca11y,

In the first portlon of the workshop, Engr. Ali Subah and Dr. Khair Al Hadidi
made a palr of presentatlons entltled “Water Resources Management in
]ordan and “Groundwater Manage:ment in Azraq Basin”. In these semmai‘s
the criticality of water supply in ]ordan was revealed and the strategy of the
MWI for meeting future needs through the next 20 years was reviewed.
Impoftant aspects of the first presentation included a discussion of the roles of
surface water and groundwater, conservation practices, water treatment and
reuse issues, illegal wells, and management of water supplies affected or

controlled by the Jordan-Israeli peace treaty.

In the second presentation, the groundwater resources of the Azraq Basin
(Figure 6) and their overall importance to the water supply of Jordan were
discussed. The Azrag Basin underlies the central part of Jordan and its
extremities reach into parts of Syria and Saudi Arabia. Groundwater is
normally recharged from precipitation over the basin (yet concentrated in the

higher areas around its perimeter) and tends to move in several underground

10
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aquifer units towards lower areas near the basin center. Historically,
‘groundwater collecting at the basin center has up welled from the upper
aquifer unit into the Azraq Oasis, a,v@et}a‘nds area that has been ,in.existen;ce
for thousands of years (RSCN, 1998). More recently, however, excessive
pumping has effectively lowered the water table a»nd dried many of the
wetland areas, with the exception of a small portion being restored by the
RSCN. Excessive pumping has also produced, in places, older and highly
saline waters that aré not par.t of the norm-al recharge cycle. The MWI

presentation focused on computer simulations that;havebeen completed to

date as a means for more effectlvely managmg the water cmd salt balance in

%f///’/ﬁo

Figure 6: Location of the Azraq Groundwater Basin in Jordan. The
Oasis is located in the central part of the shaded area.




Overall, it was ultimately decided by the group that the Azraq Basin would
form an excellent location for application of the LLNL groundwater model
PARFLOW. It was recognized by the MWI, JUST, and LLNL teams that PARFLOW
has a greater capacity to represent and resolve much of the complicated
geologic structure of the Azraq aquifers. Over time, the use of PARFLOW could
offer a number of new approaches for managing the water extractions and
track the migration and origin of saline and other recharged waters,

especially if coupled with a number of other chemical and isotopic

_characterization techniques utilized at LLNL.

Figure 7. Hands-on groundwater modeling activity at the LLNL
Groundwater Modeling Workshop, held September 2001. Standing (L to
R): Wa'il Abu-El-Sha’r (JUST), Reed Maxwell (LLNL), and Khair Al Hadidi
(MWI). Seated (L to R): Jehan Rihani (JUST), Ali Subah (MWI), and

Mohammad Al-Awamleh (MWI).

12




During the reminder of the workshop, PARFLOW was formally introduced to
the group in a series of hands on working sessions (Figure 7). As an exercise,
the group began to develop an initial application of Parflow for the Azraq
Basin. The effort utilized characterization data that MWI brought to LLNL, and
paralleled the conceptualization ﬁtilized in the existing MWI groundwater
model. The group agreed th-at completion of such an effort, with suitable
comparisons to the existing model, would represent an immportant first step in
a longer-term effort to utilize Parflow to explore more complicated
groundwater flow and grouxidwa*ter quality management gquestions at Azraq.
Ultimately, it was agreed that completion of this initial effort would comprise
the Master’s Degree Work‘of']ehanRihahi at JUST over the next year, and that
Reed Maxwell of LLNL and Khair Al-Hadidi of MWI would serve as members of

her fhe ommlttee In thls fashlon the mterests of MW][ would be served

advanced by Dr Maxwell of LLNL
In P;ebrugl;y zoozj-:during an LEN

~to apply for‘a‘Fu]brlght Fellovvshlp to support this effort.
]anua:ry 2003 LLNL agam traveled to ]ordan prlma:n 111] to allow for Reed

Maxwell to attend Ms. Rihani’s thesis presentatlon and defense, but also to

13
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deliver additional Physical Groundwater Models to RSCN and MWI (see
above and Figure 4). Ms. Rihani’s thesis, entitled, “Application of The High
Performance Computing Techniques of PARFLOW Simulator to Model
Groundwater Flow at Azrag Besin (Rihani,; 2008) is described briefly in
Appendix E. Her work now sets ‘thfe stage for another phase of -PARFLdW, usein
Jordan. Ms. Rihani completed her defense (and thesis) successfully. Later in

the year, she learned that she was to be awarded a Fulbright Fellowship for

jfjdoctoral study in Environmental Engineering at the UniversityofCaIifornie,

erkeley, where she will begin her work in earnest in August 2003. During

er studies in Berkeley, Jehan's proximity to LLNL would allow her to continue

interactions with the LLNL team as part of her doctoral studies.

Figure 8. ]ehan Rihani (seated at computer) workmg w1th PARI'LOW at the
. Iordaman MWI in Apnl 2002. ' :

14




Figure 8. Reed Maxwell (LLNL) descri 1ng PARFLOW at IUSTW
colloqulum, April 2002. = .

Durmg the last LLNL v1s1t to ]ordan in ]anua:ry 2003 bmth the LLl\T L and ]UST
teams also traveled to Damascus Syrla for a ser1es of meetmgs w1th vanous
Mmtstry and Educatlonal off1c1als rega:rdmg the p0551b1e expansmn of th1s ‘
pIOJect (v1a anew and separate proposal) mto Syrla Further detalls on th1s

visit are proytded, in the next section.

15




4. Project Expansion into Syria

A f1na1 a.spect of the ¢ urrent pI‘O]eCt 1nvolved the development of poss1b111t1es

’and contacts for exp' ) dmg cur educatmnal ‘ rogram to other parts ofthe

,M"’ddleEast and m pa.rtlcular Syr1a In_ nuary 2003 Andrew T mpso,

extremely so 1n some cases, ‘and we left w1th all groups wantlng to partlcrpatet .
and all write letters of support. :

' There‘ were some differences in the people we met and the overall kind of
Mt i At the'Ministry ef Edncatton we met the Director of
‘Cu.ltural Relations and a number of mlmstenal employees who are in charge
of env1ronmenta1, smence soc1ology, and geography ed_ucatlon inthe

secondary school sy.:-tem and also hlgher education system in Syrla (see i
Appendix F). We also met Adel Awad, a professor of environmental
engineering at Tishreen University in Latakia. Prof. Awad was invited at our
request because he Wss.recommended by Wa’il Abu El Sha'r, and has had a
previous introduction to our project. He expressed a strong interest in

participating in our new project.

16




Flgure 10: Visits and dlscussmns at the Syrlan Mlmstry of Education
(upper L), Ministry of Irrigation (upper R), Ministry « of Environment
(lower L), and Syrian Environmental Association at the Un:versu'y of

Damascus (lower R) in ]anuary 2003, with Physical Groundwater Model
bemg shown.

| At the Mlnlstry of irrigation we met the Deputy Minister of Technioal
Affairs (who is also on the Facu]ty of Sc1ence at the Umversrty of Damascus)
We also met the Dlrectors of Technlcal Affalrs and Plannmg As we were told
this ministry is in charge of all water 1n Syrla although it seemed that they
referred prlmarlly to large mfrastructure proj; jects, Slll'faf"lk‘-" Water d1str1but10n "
systems and agrlculture There seemed to be less emphasls on groundwater
(although some srmple modellng Work was dlscussed) and 11tt1e emphas1s on
water quahty prohlems Although the Mmlstr'y d1d not seem to foster ;
s1gn1f1cant outreach programs, they were 1ntr1gued and mterested 1n our

/ proposed work and wanted to remain in contact.

17
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nvironment seems fc

discussed the importance of outreach an‘d‘;pu

work. There was speq:i_fic interest invgrourtdwaterquality and cont

; and Vice Dean fo c1ent1flc Affalrs Dr Barmada

also heads ‘up t he S"yrran Ehv1ronmenta.l Assoc1atlon and was agam i
extremely interested in our proposedprcuect Upon hearmg of the other
mmlstrles that we visited that day, she was extremel‘y concerned about who :
locally w111 be coordmatmg the work, 1f funded and stressed how fundmg
may now be sent dlr'ec:tly to the Umversuy of Damascus We were also

pleased by her qumff: Jtnterest 1n movmg forward and her recogmtlon of

pro]ect coordmatmrl over the 1ong haul,

Ultlmately, what n eeds to be done is for the groups to assmulate more
prec1sely what we w:mt to do (e g Append.tx G) suggest in wrltmg what they
are 1nterested m (arn ° “9 what we dlscussed) and for us to craft a more -
exactmg proposal qumed to specrflcs we heard there We kept all groups

m.formed as to whcrm we met w1th Dr Abu El Sha it was very helpful m G

18




expressing the importance of a team approach and for the groups to possibly
confer together and with the Jordan team. The importance of education as a
goal of this project was reemphasized - knowing that US aid to Syria is very
restricted - and the need to grow the new project out of our Jordan work
through continued regional cooperation. More communications were
promised to follow.

Prior to the Ministerial meetings, LLNL and JUST also had an informal
meeting with another water specialist, Dr. Jean Khouri, whose name was
provided a contact provided to A. Tompson by a colleague back in the US.
Dr. Khouri spent the last 30 years in ACSAD (the Arab Center for the Study of
Arid and Dry Lands, part of the Arab League), most recently as director of the
water resources division. Prior to that, he was head of the Syrian groundwater
bureau for 10 years, and prior to that, he established the first hydrogeology
program at the University of Damascus. He liked our project very much;
thought it was a great idea, and was very supportive. He suggested that,
among other things, water data was poorly organized, not fully developed or
nonexistent in many parts of Syria (e.g., hydrogeologic data, water quality
data, stream flow data, etc.) and that work in this area could lead to longer
term improvements in the water sector in Syria. Moreover, he noted that
concern for groundwater pollution and mass transport was not well
developed, appreciated, or understood in much of Syria, and that
improvements in education and public awareness of these issues would go a
long way. By way of example, Dr. Khouri reviewed the water supply story of
Damascus. Most water has traditionally been developed from karst springs in
the nearby Anti Lebanon Mountains that have been in use for centuries.
Increased population and drought have forced the development of several
well fields in Damascus and the plains to the east of Damascus, and these have
revealed significant pollution from sewage and wastewater discharges as well
as chemicals from local textile industries. Much of the sewage in Damascus

has only recently been connected to wastewater treatment plants and some

19



portions of the city still discharge raw sewage into nearby watercourses,

including the well-known Barada River.

Dr. Khouri wanted to stay in the loop or our efforts, so we will keep him

abreast of our work as it progresses.

20
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5. Summary

‘ Th1s pro;ect 1nvolved two mam act1v1t1es that were coordmated among four
pr1nc1pa1 partners the Lawrence L1vermore Natlonal Laboratory, Umversuy of
Callforma (LLNL) the ]ordan Unlversu'y of Sc1ence and Technology (_IU ST) the

Royal Society for the Conservatlon of Nature (RSCN) and the ]ordaman

Ministry of Water and Irrigation (MWI).

successfully 1n1t1ate=d through the tra1n1ng of a new graduate student at IUST

Her work was well recelved and she wa ultim ‘ely‘ a“ Tarded a Fulbrlght

Fellowshlp for further graduate stud . at the ,,;nlversny of Callfornla LLNL and
JUST were energlzed by a frultfu] exploratory v1s1t to Syrra where a future

phase of this work may begin soon.

There is a broader purpose for this work, of course, and that is to begin
forge important and lasting relationships with our new colleagues in the

Middle East, making meaningful scientific oontributions along the way,

21




especially in troubled regions where such relationships and contributions
albeit small can m’mm a blg difference. We were all struck by a pos1t1ve

cooperatlve team spir ]Lt that developed in this pro;ect (F1gure 11) and the fact

tl"us sp1r1t was mark edll—y remforced durmg the LLNL modelmg Workshop -

held comcndently, du:rmg the Week of the 9/11 terronst attacks

Figure 11: Project team lunch i in Apnl 2003 (L to R) A Tompson (LLNL), J.
Richardson (LLNL}, A. Al Zoubi (RSCN), R. Maxwell (LLNL), K. Al Hadidi
(MWT), J. Rihani (JUST), O. Abu-Eid (RSCN), W. Abu El Sha’r (JUST), A
Subah (MWI) and R. Hayyaneh (RSCN).
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Rosenberg and Steve Carle back at LLNL. Carl Boro and Randy Gibson were
master craftsman when it came time to build the “Ant Farms”. It wouldn’t have
happened otherwise. And, of course, the LLNL team would have really been
stuck in mud the whole time without the rapid and efficient expertise of Carol
Slichter and Adrienne Ridolfi.

This work was conducted under the auspices of the US Department of Energy

by the University of California, Lawrence Livermore National Laboratory
under contract W-7405-Eng-48.
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Appendix A. Operation of the Physica}l Groundwater Model

This Appendrx prov1des a brlef review of the purpose and operatlon of the
Physrcal Groundwater Model shown i in Frgure Al and fol_lows some of the
basic lessons demonstrated w1th the rnodel durmg v1srts in ]ordan Further

detarls will be provrded ina future document “Teachmg '\mth Phys1cal

Groundwater Models”

described below can be seen here.




Al. What is Groundwater? 2kl o aniteie

Water that occupres the pore spaces of underground soﬂs and rocks 1s ca]led

1nf11trate mto the ground and collect in deeper saturated zones where the

openings, fractures and pore spaces soils or rocks are completely f111ed W’lth

er. The water “surface” beneath which the soil or rock is saturated is

alle ' the Water fable
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- Figure A2. Natural hydrologic cycle.

Even in dry areas, the water table may be found ciose to the ground surface,
especially in low-lying valleys or basins. In some cases, the water table may -
actually “cross” the ground surface at locations where there are surface lakes
~ orrivers (see Figure 2). This was historically the case in Jordan’s Azraq basin,
where these ponds and lakes assembled to form the Azraq Oasis, a large area
of surface wetlands, with a rich diversity of plants and animals that came to

grow or rely on this water.

/ Tegend
e “% .

———  ioternationa! Boundary.

——— 950 Palestine Coordinates

, 4 om

_Figure A3: Location of the Azraqg Groundwater~Bas§im in Jordan. The
Oasis is located in the central part of the shaded area.

 CGroundwater will actually flow or seep underground from areas where the
water table is high to areas where it is low. Groundwater typically moves at

about 10 to 100 meters per year. In the Azraq Basin of Jordan, Syria, and Saudi
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Arabia, for example, groundwater flows from the higher areas at the
perimeter of the basin near Syria and Saudi Arabia (Figure A3), where it is has
been recharged from precipitation, to the basin center, where it may move
into the wetlands, evaporate, or be transpired by the roots of plants and trees.
Shallower groundwater is usually “younger” than deeper groundwater. By
this, we mean that it has only been underground for a relatively short period
of time (say less than 100 years) during is movement through the hydrologic

cycle. Some deep groundwater is very old, often more that a 1,000 years, and

. has been “locked” underground, away from the hydrelogic cycle, for this

entire time. In the United States, some deep groundwater dates back to the
time when glaciers melted. Old groundwater can be salty and taste bad, in
some case, owing to the fact that it has had plenty of time to dissolve salts and
other minerals during its long underground residence. This can be the case in

some parts of Jordan.

A2. Why is Groundwatex Important?

Groundwater makes up an important source of domestic drinking water
throughout the world. It is usually pumped from wells, or captured in so-
called “Artesian” or naturally flowing wells. Wells may be sunk to different

depths to tap different water supplies from different soil formations.

A3. Groundwater Contamination

As rernote as it may seem, groundwater is not isolated from what happens on
the earth’s surface. Groundwater may flow into or out of rivers and lakes.
Groundwater is replenished from rain and melting snow via seepage through
. e G i ol i _
Unfortunately, any kind of hazardous liquids or materials poured on the
ground, buried beneath the ground surface in leaky containers or introduced
down a well may find 1Lhe1r way. 1nto groundwater just as the ram and

snowmelt do. Hence groundwater may become conta.mlnated in some places
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The best way clean-up groundwater is to never let it get polluted in the
first place. This is an important message that can be demonstrated with a

Physical Groundwater Model.

A5. Some Simple Examples =
The following figures illustrate how a Physical Groundwater Model can be
presented and demonstrated. These figures pertain to an older model

(different from that in Figure Al) that was taken to Jordan for initial”

‘demonstration and project organization purposes (as in Figure 1 of the main

text).

Figure A4. A generic picture of an older Physical Groundwater Model
that was taken to Jordan for demonstrations.




Flgure A4. shows is a generlc photograph, 1 hYSlcal Uro ‘ -

Shslel o glesen
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Figure AS5. inj@cz’kioﬁ 61’ a i:ulse of blué dve fhrough ak hidcien i‘njév’c‘tion“
well on the left side of the model. -

In Figure A6, the blue dye has moved a bit. In addition, some red dye is
now introduced into the “landfill”, just above the water table. This can be
used to demonstrate the discharge of sewage, wastewater or pollutants on the
ground surface or the over-application of pesticides or fertilizers in

agriculture.







l

’ |

In Figure A7, the blue dye has movedkmore,and the red dye tracks along ,
‘the in»térface between the gravel and sand, towards the lake, along the edge J
of the water table. . . . : |
| |

|

|

!

Figure A7. The blue dye has moved more and the red dye tracks along
_the interface between the gravel and sand, towards the lake, along the
edge of the water table.




In Figure A8, the blue dye has moved to the well, in response to pumping.
The well is now contaminated. The concentration of dye in the pumping

syringe is lower than that of the dye originally injected because of diffusion

phenomena and the fact that clean water is mixed with the dye in the well.

Alternatively, the well may be considered as a remediation well that attempts

to extract contaminants from the system.




* InFigure A9, the red dye has reached the lake in this close up. Surprise,
Where did that come from? Note, also; the bubble in the small “funnel” placed
in the Artesian well, neat the “shore” of the lake. This indicates water wanting
to flow upwards under pressure from the gravel at the bottom of the tank
(Figure A8) through a hidderrt‘well.-’We would call this an Artesian well since it

flows under its own pressure (after Artois in France, where many such wells

‘were originally expleited). If the hidden well were a natural fissure instead,

we would call this flowing water a “spring”. l




an elongated, dispersed profile. Note the red dye has moved out of the lake,

under natural conditions.

;Figﬁre A10. The blue dye,has'movéd Weil away ftom the sdﬁrce and has
| an elongated, dispersed profile.




Appendix B. Parts and Related De51gn Criteria for the Physical
Groundwater Model

Bl. Basic Plan

The basic frammg plan of the new physmal model is shown in Flgure Bl The ;

model has dual 1nput and dramage reservonrs on both ends so that pressure

and flow conditions in upper and lower aqu1fer reglons can be controlled“ :

more mdependent]y There is also a drain on the back51de to allow for the

- pond” (not shown h@re see Ponds_and La.ke Plan below) to act as a “nve

@L
_IIIIH

o

BASIC PLAN.. .

Figure Bl: Basic framing plan for the Physical Groundwater Model
Parts List

Al and A2. Front and rear panels, PMMA acrylic, 32” x 16” x 3/8”, beveled
outside edges. Rear panel has two 1/2” threaded holes for screw-in drain
tubes (1 piece each).

Bl and BZ. Left and right side walls, PMMA acrylic, 151/2” x1” x 1/2”,
beveled top edges. Right side wall has a 1/2” threaded hole for an
additional screw-in drain tube (1 piece each).
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c Bottom element, PMMA acrylic, 32” x 1” x 1/2”, beveled bottom
edges (1 piece). f . .
D1 and D2. Left and right side middle 1nternal reserv01r boundanes PMMA
acrylic, 15 1/2” x 1> x 3/8, perforated for flow on bottom 4 3/4”
(left) or 2 1/4” (right) (l p1ece each) Perforatmn technzque
_ discussed below . -

E. . 'Insrde mternal reservotr boundarles PMMA ac'ryllc 15 1/2>x1”
. x 3/8”, perforated for flow over entire length (2 pieces).
Perforation techmque discussed below.

F. Reservoir bridge for separatmg 1nternal and m1ddle 1nternal reservoir
boundaries, PMMA acrylic, 17 x 7/8” x 3/8”, non-perforated (2 pieces). .

1 1/2” grooved holes for screw-in drain tubes (3 instances).

Comrnents

A Parts to be glued or fused together vvlth add1t1onal screw connections at
. joints for 1ncreased durabllrty

B. Perforatton technique to be used onD and E to include drilled holes or
. slots and water permeable tape or related,materral slots.

BZ Ponds and Well Plan
The Ponds and Well Plan of the new physical model is shown in Figure B2.

From left to right are an “agricultural basin”, a “landflll”, and a “lake”, whtch
may also be operated as a river if the drain on the backside is engaged. The
Wells ‘may etther be attached to the front panel (blue) or in the center of the
model (yellow) where they wﬂl not be v1stble when the ge,ologuc matertals
are inserted. The well entering the bottom of the lake is to be operateglas an .

artesian well or spring. i

Parts List

Jl to J7 1/4” outer diameter (OD) tubes to be used as internally- or wall-
- mounted wells, various lengths and numbers. The bottom 1” of
each tube will be replaced by a porous, 1 47 OD frttted mckel
. tube, fused shut at the bottom wluch W111 at,t asa “well screen”

1A long (2 pteces)
J2, 8” long (1 piece)
J3, 13” long (1 piece)
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J4, 97 long (2 pieces)

J5. 5 1/2” long (2 pieces)
J6, 14” long (2 pieces)
]2, 12 1/2” long (1 piece)

Kl to K3 1/8” p@l’forated barriers, PMMA acrylic, for lining the bottoms of
the lake and recharge basins (1 basin, 1 lake. 1 lake/river). The
barriers will be covered by water permeable tape.

PONDS. AND WELLS PLAN

Figure B2: Ponds and well plan for the Phyéical Groundwater Model.

Comments:

A. Wall-mounted wells to be glued into place before model has been loaded
with geologic materials.

B. Internally mounted wells to be inserted into place with the loading of the

geologic materials. Glue carefully the three internal wells passing through
the agncultural basin (on the left) to the basin frame.

C. Lake and pond barriers to be glued into place between face and rear
plates durmg or immediately after has been loaded with geologic materials.

D. Protection of the top and bottom (exposed) portion of the well tubes may
include covering with permeable tape and / or strengthening with thin
metal cap or cylinder. ‘
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B3. Geology Plan
The Geology Plan of the new physical model is shown in Figure B3. Three

7 prmcrpal types of geologrc materlals wrll be used. The darlc brown areas
correspond to low permeablhty clays that w111 be used to separate the three
more permeable aqulfer umts 1n whlte The upper yellow area corresponds to
a very permeable layer of pea gravel Pea gravel mrght also be used in the
lower-most aquifer unit. The clays that defme the boundarles of the aquifer
units must be placed carefully. It is ‘envisioned that the lower-most aquifer unit
can be operated asa “fossﬂ” or “salme” aqurfer whose water (colored for
example) may be drawn into the upper aqulfers (through a small gap in the ”
clays) if the pumping stresses are sufficiently large o if the system 18 dramed
only through the rlght-most dram reserv01r A completed model partlally 4

unpacked from its case, is shown in Flgu:re Al in Appendtx A

| inewes . GEOEOGY PEBN.

Figure B3: Geology plan for the Physical Groundwater Model
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Parts List

Clay : MIX a small amount of dry Bentomte clay (available at ceramics ‘

stores) with moist fine-grained sand or soil using aloose 1:5 or
1:10 volume ratio. Mix well and keep moist during emplacement
into the model. Keep well packed during emplacement ‘

Sand Use a ("'].F"d.n white silica sand (e.g., ASTM 20-30 uniform white

silica sand conforming to ASTM C778).

Pea Gravel Use a 1/8” to 1/4” pea gravel (available at landscape supply

stores)

,Packmg tools, such as a small ta.rnpmg block, bent shirt hanger and various

funnels.

Comments

A,

Packmg the mou.nl can be tricky, espec:ally when burymg 1nterna11y
mounted wells. Only add and distribute small amounts at a time. Carefully
tamp the clay layers before proceeding, and moisten if necessary. Try to
not bury well screens in clay.

Distribution of clay materials (as the locations shown) is critical for
defining the leaky three-aquifer system and for hydraulically separating
the pairs of input and drainage reservoirs.

The choice of geologic materials and their distribution can be altered if
necessary.

B4. Additional Required Elements

~ Several additional elements will be required for successful use of the model,

but are not discussed in detail here. These include:

A.

3'”!7"1

Model support stand / apparatus. . :

B. Threaded, screw-in drain tubes.
C.
D. Water input devices, pumps, plastic bottles, plastic syringes, syrmge

Drain hoses and water storage vessels

needles, food coloring, and so forth (see in Figure Al).
Transportable case (as in Figure Al).
A more detailed Instruction and operation manual.
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Appendix C: Physical Model Demonstration ”‘erkshop, RSCN
Azraq Wetlands Visitors Center, Azraq, Jordan, April 10, 2002

The Royal Society for the Conservation of Nature
Reserves Section + Public Awareness Section

Work Shop
Demonstration of Azraq Water Model

Wednesday 10™ April 2002

Azraq Wet Land V.c
Time Activities
8,00 - 8,30 Short meeting At the Hotel
8,30 Leaving to Azraq
10,00 Arrival to Azraq
10,00-10,15 Coffee Break ,
10,15-10,30 Welcoming 3y
10,30-11,30 Presentation about Azraq Water
Model
+ Demonstration for the mode]
11,30-12,00 Discussion with the Educators+
v Students +RSCN project team
12,00-1.00 Meeting with the team project
1,00- 2,00 Site seeing in Azraq Wet Land
Reserve
2,00- 3,00 Lunch Break

RSCN team project:

Omar Abu- Eid / Reserves Section Manager

Leena Al -Faiz / Azraq Wet Land Reserve Manager
Manal Al- Fogaha / Public Awareness Section

Rani Haiook / Azraq Visitor Center

Ahmad Al Zoubi / Educational Officer

Anwar Al Halah / Educational Officer
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Appendix D: LLNL Groundwater Modeling Workshop,
September 2001

The workshop agenda and photos are included below.

Lawrence Livermore National Laboratory

AGERDA
Gropndwater Medeliog Workabop

*Experientizl Eduestion in Grovndwatsr Hydrology
* Bridging the Teehnical ~ Policy - Populace Cap™

&, Infwrmation Ageney, Deparinwest of State
Lawrence Livermore Mativnal Laboratery
Jeftery Richardson

Ay ks
Resd

Engr. Al Mobanined Ali Subsh
Mahtl Hasan Bo
T, Ebair Hasaen Youse! Al Hadids

Jovdan University of
Foef. Dr. ¥ 3k
e Feluwy F. Bibani

eree and Techinotogy

Bumiay, Seplomber B, 2061
Arrival, ‘wl Ej'“.e’amcism Adeport {1E0% and 1425 (Wil Teansfer to hotel
Evenang Prew, difmer on N, teet fie.

Bouday, September 18
Tds Teassport to Laboratery from Hotel and badging

W15 Weeloose amd Introduction (B3, RITEL ¥ Richurdson
A, Tonpson

ERREE Bemovrces Muanagement it ko

z {0t k)
2. Al Bubul and Da. Khair A

i

PE00 “Chrondwater Managersenl in Aeraq Bagzin® {0t i Ly

At Bebuh and T Khaie AL Baduds

rsermidseatse Adndefine Wrabchorn & ol Bupgoneaduer 1007 MDY
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Lawrence Livermore National Laboratory

J2:00 Lunck af West Caftain

overviews of LLNL povandaater projects

3 Diiscussion and o ieation of next d ATy

pron of 4k
&0 Transier o hotel
E00  Dinnes with I Richardenn' . Tompsaon

Tuesday, September 11

F:45  Frapsport tom Holel to Labosatoey (B4

soan Booend

win Working et

g A, Teawgpaon o1 al.

{200 Luneh ot West Cafeteria Ao b ally

100 Working mesting
g2
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Fwening: Free, dinnes (0 own

Wednesiday, September 12

b |

4

L

Transpous frovn Hotel to Labosstory (B1478, Pranciseas Boony)
P00 Working mectings A Tonngpsody o al

1200 Bunch st West Cafeteria e o sl

R0 Working meetings A Tompson et al
00 TFransfer s hotsl
Evamung: Free, difiter o6 05810

Thursday, September 13
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l.awrence Livermore National Laboratory

w00 Workbng neetings A Tormpson of al,
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Paul THekinsan

Evendng Free, dinmer on own

Fridav, September 14
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00 W

A, Tompson ot al.

PLAM B

&0 Tramsport from hotel lo UC Offices In Oukland
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Figures D1 (top) and D2 (bottom). Participants at the LLNL Groundwater
Modeling Workshop, held September 2001. Top (L to R): Khair Al Hadidi
(MWI), Steve Carle (LLNL), Mohammad Al-Awamleh (MWI), Ali Subah
(MW]I), Jehan Rihani (JUST), Andrew Tompson (LLNL), Wa'il Abu-El-Sha’r
(JUST), and Reed Maxwell (LLNL). Bottom (L to R): Khair Al Hadidi
(MWI), Ali Subah (MWI), Jehan Rihani (JUST), Jeffery Richardson (LLNL),
Mohammad Al-Awamleh (MWI), and Wa'il Abu-El-Sha’r (JUST).
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Appendix E: Abstract of Master’s Thesis of J. Rihani (Rihani,
2003)

Application of The High Performance Computing
Techniques of Parflow Simulator to Model

Groundwater Flow at Azraq Basin

By: Eng. Jehan Fouad Farhan Rihani
Supervised by: Dr. Wail Y. Abu-El-Sha'r

ABSTRACT

Being one of the largest groundwater basins in Jordan, the Azraq
basin has been considered by many investigative, assessment, and modeling
studies ever since the early 1960s. The basin's current situation can be
summed up as being highly exploited with serious salinity problems at some
of its parts. This is where assessment studies equipped with the proper
modeling Tools come into the picture. The highly advanced groundwater
model, ParFlow, was utilized in this thesis in order to model groundwater
flow in the basin. ParFlow employs the latest numerical techniques along with
the massive power of parallel computing to utilize three-dimensional
heterogeneity in groundwater flow modeling. This was tested against the
homogeneous assumptions employed in more commonly used models such as

Processing Modflow. Modeling results were compared to similar results
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produced by the PM5 modeling study conducted by the water group of the
Higher Council for Science and Technology project, namely "Jordan Badia
Research and Development Program: Integrated Studies of Azraq Basin for
Optimum Utilization of the Natural Resources” (Al-Hadidi and Subah, 2001).
Groundwater flow in The Upper and Middle aquifer systems was modeled via
ParFlow. The model parameters were calibrated within an unstressed (steady
state) modeling process. The calibrated head was matched to the initial head
of the basin. The calibrated hydraulic conductivities ranged between 1.2 and
75 m/day for the upper aquifer, and between 0.35 and 70 m/day for the
middle aquifer. The confining layer between them (aquitard) had a
conductivity value of 0.01 m/day. The system’'s water balance for the year
1998 showed that the total inflow info the basin was 34.3 MCM/year while
the total outflow added up o 59.1 MCM/year, which is way above the
aquifer's safe yield. The calibrated flow model was used to predict the
aquifer system's response o a pumpage scheme of 55.5 MCM/year. The
results showed that the maximum drawdown predicted by ParFlow (35.8
meters) was greater than the amount predicted by Modflow for the same
pumping scheme. One of the causes of this difference in predictions may be
aftributed to the fact that ParFlow gives a general, more comprehensive
picture of the system at hand, as opposed to the point dependent results
obtained via Modflow. Such comprehensiveness in modeling results is of
great importance when it comes to the role of decision-makers in maintaining
our water resources from pollution and overexploitation. In the end, only
proper management of the basin's groundwater extraction will revive the
basin's water situation into the beautiful Oasis that once existed in the

heart of the desert.
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Appendix F: Agenda for Ministry Visits, Damascus, January
23, 2003

Schedule for Environmental Specialists
Andrew Thompson and Reed Maxwell
Lawrence Livermore MNational Laboratories
Damascus: January 22-23, 2003

QOpemnet: Doc schedBrviTeam
© Raouf: 01/22/03

Wednesday, January 22, 2003
Arrive Damascus

Thursday, Januarv 23

09:00 Peter and Raouf proceeds to the Motorpoeol to take a van to the Sheraton Haotel
09:15 Pick us the team and proceed 1o the Directorate of Cultural Relation of the Mimstry of

Education in Adawi

09:30 Meet with Isam Diab, Director of Cuitural Aftfairs. Following inspectors will atiend:
- Mr. Muhammad Adnan Al-Mahdi, Senior Inspector of Environment and Science Educ:
- Dr. Omar Abu Own, Sentor Inspector of Environment BEducaiion
- Mr. Walid Shbeeb, Head of Environment Education Sector
- Mr. Safwar Qabagqibi, Deputy of Environmment Education Sector
- Ms. Tahani Makhloof, Deputy of Environment Bducation Sect
- Mr, Ahmad Al-Ghadhban, Senior Inspector of Sociology and Geography Education.

10:40 Proceed 1o the Ministry of Irrigation
11:00 _ Meet with Dr.-Solaiman Rammah, Deputy Minister and the following water specialists:

- Engincer Taher Haij Hasan, Director of Technical Affairs
- Mr. Atef Dech, Director of Planning

12:45 Procecd o the Ministry of Environment

13:06 Meet with Ms. Reem Abed Rabo, Direclor of Water Protection Affairs and the
following walter specialists:
- Ms. Sawsan Arafeh, Environmental Engineer
- Ms. Rania Shamseen, Environmental Engineer
- Ms. Leen Abed Rabo, Environmental Engineer

14:15 Lunch

15:15 Proceed to Directorate of Cultural Relations, Damascus University
15:30 Meet with the Director of Cultural Relations at Damascus University
Departing Damascus for.. ..



Appendix G: Proposed Project Program in Syria

As a result of our vigit o Syria in January 2003, we are now proposing to
involve six organizations in the US, Jordan, and Syria in a new, yet expanded
project, entitled, loosely, “Regional Cooperation on Water Resource
Education in the Midle East: Syria and Jordan”. In no particular order, these

organizations (with particular points of contact) are:

* Lawrence Livermore National Laboratory (LLNL), University of
California, Livermore, California USA (Dr. Andrew F. B. Tompson)

* Jordan University of Science and Technology (JUST), Irbid, Jordan
(Prof. Wa’il Abu El Sha’r)

e Syrian Ministry of Education (SME), Damascus, Syria (Mr. Issam Diab)
* Syrian Ministry of Irrigation (SMI), Damascus, Syria (Dr. Sleman
Rammah)

* Syrian Ministry of the Environment (SMEnv), Damascus, Syria (Ms.
Reem Abed-Rabboh)

* Tishreen University (TU), Lattakia, Syria (Prof. Adel Awad)

* Syrian Environmental Association (SEA) at Damascus University,
Damascus, Syria (Dr. Warka Barmada)

During a return visit to Damascus in June 2003,Wa’il Abu El Sha’r and Paul
Malik presented and proposed the following tasks to these organizations for

discussion:

(1) Develop criteria for the design and fabrication of approximately 5
prototype physical groundwater models to be delivered to Syria (SME,
SMI, MEnv, TU, and SEA). These criteria will be developed from a mutual
assessment of important groundwater issues in Syria by all Syrian
partner organizations (possibly focusing on Damascus where
groundwater is becoming important and where groundwater
contamination is becoming recognized as a problem). The criteria will
be eventually be used to formulate a teaching curriculum for use and

demonstration of the physical models by all Syrian partner organizations.

(2) Identify and train a group of educators as an intermediary between the
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water resource professionals and the general community. These
educators may include (a) teachers in primary or secondary schools, (b)
professors or instructors in the university system, or {¢) other interested
professionals associated with important ministries, miseums, or other
non-government organizations. LLNL and JUST will first train and
demonstrate the physical models to members of the Syrian partners
(SME, SMI, SMEnv, TU, and SEA) using the preliminary curriculum. The
Syrian partners will then modify the curriculum, as needed, and identify
and train other educators in the use of the models. Particular schools,
universities, museums, or outreach organizations of the Syrian ministries
will be identified for continued, sustained demonstrations. JUST and the
Syrian partner organizations will develop a plan to fabricate additional
physical models in Jordan or Syria to support this endeavor over the long
term. These future water resource educators will be fully incorporated
into all aspects of the project. In addition, we suggest that physical
models be permanently placed within selected Syrian organizations to

optimize their use and accessibility to reach the widest audience.

(3) Identify a professor and one or more undergraduate or graduate
students (at TU, for example) to define one or more critical groundwater
problems in Syria as a basis for an extended scientific study, in
collaboration with LLNL and JUST, and in collaboration with one or more
of the other Syrian partners (SME, SMI, SMEnv, and/or SEA). The
scientific study will involve training of students and/or professors on the
use and application of computer-based groundwater simulation models
(which are an analog to the physical models) as a means to develop
insights in to the behavior of a real and important groundwater problem
in Syria (as identified in Task 1) and as a means to develop technical
solutions or new policies related to management of groundwater in Syria.
This task may involve travel to Jordan or the US for a short period as part

of this training. It is expected that a link will be developed between this
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phase of the project and the broader educational outreach programs

under Taslk 2.

(4) The fourth phase of the project will be is to jointly compile the lessons
learned from these efforts, modify the approach as needed, and then
expand the consortium to other regional states. These may include
Lebanon, for example, which shares common problems in water
resource management. In this way, we can both achieve sustainable
progress in each country while slowly building a regional network of
special water educators. Water knows no political boundaries and our
special educators can facilitate solution of these regional problems on a

regional scale.
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