HIARY SOHVME HIMOT IHL NO

LE66L HIE0L00

SHYH 4O SLIVAN THL J0 NOLLYIHLUNYND

LON OLOVIQL L1HOSTY OOVIIN

YIARY SOMYMS HIMOT FHL NO

slajoweied Ajifend) Jojem
2)eJ UoneAeoxa
MO| poob yoseasay s,buissoy 8uou(WnuUue / Lulenuue Buiupy pues
gjelapoLu poob Alaa UORELWIOMUI YAND auou L[| Ayoede) weq pYooddoyems
ajelapolu poob auou W pbuae| pjely ebieyosay
Jojoey) uononpal
ybiy poob sanjeA papusjul Jo pajoadxg wJoiun efu|Ayigeswlad aAoeyg Jeweg
ajelapol poob synoAe| ubisep |enydeocuon) auou T Aoeden weg ueyy
MO| poob AisA sinoAe| ubisep [emdeouo) auou L Uole4 weq ueyy
Safjsusjaesey) jeampangs
80BlNS WOJJ
uoneiodesns pue Bupuod
ajelapolu lie} swbpnr uuojiun wloy anp 10| Jayem jo ydeQg
aberols vorssaidag
Jeaf suo Jano Aup ued
sjelapolu Jood swbpnpe wojiun wlyoiym pues jam pues yideg
uonesodena
MO| Jood swbpnpe wojiun WNWd Joy Jojpped  uononpay
MO| poob eiqilen jo dew uoljeiodes] auou| wnuue/w uonelodead [Bnuue Ueajy
safgsuajoriey) uoneiodenz
umouyun wnuue/a|qe)}
[@smuayjo ‘uonenyis lajem 0} pesodxe
MO|[Jusuind o} poob yoJeasal s buissoy wJojiun Jlsayoussy Jo Eealy |BjOL
sofpsuRlIRIRYD Jid PUBS /YIuBi]
Mmo|4 Jajempunols) se|
MO| Jood Maa ssang Loyun on(sauengu] Buusiug 4YIN %
MO| poob sdepy ajewi|D Wojiun| WnUue/w dvW
s)nsaJ
jepow o3 Jejewesed
_mc Ausrnisuss jjesano sonjea Jajawered
ol JO JUBLISSOSSY|ipm pajejaosse pajjddy adAL
aAlejijeny) souspyuos  Jo  [aAsT gjeq Jo 82inos| uopnqLysIq SHunN Jejaliesed [spo
SHIINIONT TYLNTWNOHIANT OSvLIH gg abed

LBBL ¥390100 SHYH S0 SLIVANI THL S0 NOLLYINALNYTE LON QLOVA0L L1HOS3Y 0OVLTH
sauengu |
MO| poob sdew Q0o 0S 'L auou Lo  eale Juswyoje) |ejol
safsueoesey Aiepngrij
Ajoeded UMOop MEID 8|qeASIlYoE
ajesepow Jood suouU(xew Jo 9%|/e|qemo|e wnwiuiw
[1PunoD umo| punwdoyems
pue  Buissoy  ‘vaa@  Buipnjoul w ajey
MO| Jiej|saainos snouea Aq palddns uonewou| Wwiojlun| nuue/ Ly|uonoensqy sjoyaiog [enuuy
suofoeysqy sjoyatog
salug Jayjo
Joj Jood ‘sydesBojoyd sojoyd Jie paznbip
molljo swn Joj poobijuo peseq uonewlojul  sBuissgy Lwojun L SpUEjIaM JO Baly
spuepem
Mo| Jood uoneuloul ¥ISD wuojiun| wnuuefwiwoy  aey uonelodenay
spuefpsm
MO| Jojoej uonelqien auou %| (uoneiqies) wnwixe Jo 9%
sianly doyems pue ueyy suy
ul Ayusuep uoneyeBen sy jo yolessal
sbuissoy ‘sejes  uonendsuenodess 1] gjel uonesdsuenodeay
ybiy Jood|uo Yoieasal s,Bim|jeH Wwojlun| nuue/ Win|ejo | NN
sapsueoeleys uogelebap
s|eusjew juswipas
MO| pooBlie|iiis  Joj}  synsal  pejusWNIO] wuoun WN|pelsodaq Jo) (9) oney plop
saAljejuasaldal
abeiane uue) BUO||WANQ  UUM  SUOISSNOSIP R  SPJoday
e 1o} poob jng spoojjjuoneyis weq yooddoyems ‘Buissoy awnjoa uswipas ull
mol(lenpinpul  Joy  Jood|Ag pajonpuod sise)l AojelogeT pajwin wuoyiun|Ag 9% |uonoely azis is Jo uoipodoid
sjnsel
pow 0} Jeyewesed
_N. Ayrnisueg [jesano sonea sajawesed
O} 0 . WBWISSOSSY \yym pajeisosse payjddy adA 1
8AfJeIIEND [pouBpyYU0D  JO  [ART Bjeq jo 82inos| uognquysia syun Jajawiesed (apoj

LG ebeq

SHIINION T TYINIWNOBIANT OOV



Page 59

MEeTAGO ENVIRONMENTAL ENGINEERS

ﬂ

o
£°3
53
58
EEEL
SENE
o= D
= g2
3 EE%;; 3
3233833 |3 |33 |3
25
Q
c 3
& S
S ¥ 3
S 3 g
S 5
583 € |3
T ollsls 3
Eu = E Q| = —
:g sl |& |c|ls |B
@ Ol = [ e] (=]
-] M ol 3 = [=: =N [=1
| |
o |6 |o
a |a |4&a
|2 |2
e | |
el | |®|©o
E_U Q Ol g
m Jil]
g o[B8 [B |[Blg
- e [t |El¥ |E
@ @ @) on i)
@ Ole | |g|& a
§ ol | |og»
3 SHENERERRE
] —|= o S|k =
52
5 ele [ |gle [e
58 sls |2 |glg |
- | = | | =
Q= 3|3 =1 3|3 3
ole |o |olo
9 EE |5 |52 |
= 3o | |glo [E
=] ElE E E|IE |[=
w k] w
a |e a |5
[ = - |E
m -
=
z |8 =|®
T |2 T 0|2
3 3|&
N o> o | |2£|°
@ ol |Oo Saol®
@ Fle |[F |o®cl2
E e | M= 0 G:
[ = Z |E| =|E
5 S8 |2 Blo
a =" _|E2 58 E 8l
] Tz 00550 3|0
§ ﬂlmNmUﬂm:
E-Emmm'c‘:ﬂ-gg
= L€ oim @[ ol

OCTOBER 1957

QUANTIFICATION OF THE IMPACTS OF KARS

MEeTAGO REPORT 107070 Nol

ON THE LOWER SWAKOP RIVER

Page 60 METAGO ENVIRONMENTAL ENGINEERS

The TDS in each aquifer reach is strongly influenced by the evapotranspiration rate.
Since the evapotranspiration rate is one of the more difficult parameter values to
estimate, the evapotranspiration rate has been used as a means to calibrate the
model. There is very little data available regarding the TDS of tributary aquifers. This
is particularly important in the reach between Swakoppoort dam and Dorstrivier.

Errorl Reference source not found. shows the predicted flood volume at
Swakopmund and observed flood record (based on Stengel's records for
Swakopmund).  Although many of the flood predictions compare favourably with
Stengel's flood records, it is clear that there is a significant error in certain years.
Attempts to improve the calibration of the model by adjusting infiltration parameters
have proved unsuccessful and do not result in an owverall improvement in the
predictions. Since the synthetic flood record is based on a combination of a rainfall
/runoff model and Stengel's record, it is likely that the rainfall runoff model predictions,
particularly those affecting the seasonal flood records at Dorstriviér, largely accoﬁnt
for the error. Since the synthetic flood record at Dorstrivier appears at times to be
greater and at other times less than the actual flow at Dorstrivigr, the emor is not
considered to result in a significant effect on the predictions and conclusions drawn

from this model.
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Figure 16 :Comparison of Predicted and Recorded Flood Volumes
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9. MODEL RESULTS

9.1 Cases Simulated

Three cases have been simulated as follows :

Page 61

. Case 1. This case represents the situation prior to any significant development

along the Khan or Swakop Rivers. The simulation has been carried out with the

assumption that there are no dams or well fields along the Khan or Swakop

Rivers.

5 Case 2 : This case represents the situation assuming that the KARS scheme is

never constructed but that the existing infrastructure is present.

= Case 3 : This case represents the situation with the existing infrastructure plus

the proposed KARS scheme including the aquifer barriers downstream of the

mine front aquifer reach.

9.2 Effect of Developments on Flood Frequency

The effect of the developments on flood frequencies at the farms zones, as predicted

by the simulation model, are summarised in Table 11.

Table 11: Effect on Flood Frequency

Frequency Interval Case 1 Case 2 Case 3

F(V=0 pMm’ fannum) 17:6,9 22:7,5 24:7.7
f(0<V<10Mm® fannum) 207 20,9151 19.9:57
f(10<V<100Mm? fannum) 2516 23,2+5,5 226152
f(100<VMm? fannum) 7:0,7 3,00,3 2,9:0,3

9.3 The Relative Contributions to Inflows and Outflows from the Alluvial Aquifer

Figures 18 and 19 illustrate the annual contributions to inflows and outflows in each

reach. From these figures it is clear that overall, recharge of the aquifer by flood

waters is the most significant contributor to inflow, and evapotranspiration due to trees

and shrubs is the most significant natural outflow.

Evaporation from wetlands,

borehole abstractions, sand mining etc. have a less significant overall effect. In
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specific reaches however, base inflow or outflow may be a more significant factor than

recharge or evapotranspiration.

Mm3
[ O % TR O o T &
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CONTRIBUTION TO INFLOWS FOR EACH AQUIFER
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Figure 17: Typical Contribution to Inflows
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CONTRIBUTIONS TO OUTFLOWFROM EACH
AQUIFER REACH
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Figure 18 : Typical Contributions to Outflows

The relative significance of base flow, evapotranspiration and recharge are illustrated
by the results of simulations conducted for Case 1 as summarised in Table 12, which
gives the mean annual contributions at the farming zone. It should be noted that within
the farming zone, recharge by flood water is a more important contributor to inflows
than base inflow. Likewise, the total quantity of groundwater lost from the aquifer
through evapotranspiration exceeds the base outflow from the lower end of the
aquifer.

Table 12 : Comparison of Inflows and Outflows at the Farming Zone

Page 64 METAGO ENVIRONMENTAL ENGINEERS

Swakoppoort Dams. This corresponds to a 37% reduction in flood volumes. This
reduction is illustrated on the trend diagram shown as Figure 20.

Trend Chart
Flood Volumes : Farm Zone : Case 2
7000 - _

' 50%

] e
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Certainties Centered on Means

Figure 19 : Trend Diagram : Flood Volumes

Comparison of the results of case 2 with case 3 predicts a reduction in the mean
seasonal flood volume of 0,30 + 0,38 Mm® . This represents a 2,3% reduction in the

mean seasonai flood volume from the current value which is attributable to KARS.

Inflow (Mm® /annum) Outflow (Mm’ /annum) 9.5 Sediment Load
Base Inflow 1,25:0,13 Base Outflow 1,25 0,13 The results of the simulations for sediment loads are summarised in Table 13 below.
Recharge (floods) 1,75 0,42 Evapotranspiration 1,54+0,29 Table 13: Sediment Load Simulation Results
Others 0,21 Mean +Standard | Sediment Load | Proportion of
Deviati wakop Delta Sediment from
9.4 Flood Hydrology s s P )
Khan River
Comparison of the results of case 2 with the results of case 1 reveals a reduction of Case 1 179:0.56 17 1127 4%
on average 16 +12,7 Mm*/annum as a result of the construction of Von Bach and
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Case 2 1,09:0,30 25,7+9,9%
Case 3 1,01:0,30 23,7+9,6%

Comparison of the results of case 2 with case 1 reveals that Swakoppoort and
Von Bach dams are likely to have resulted in a reduction in the sediment load of
0,7 Mm*/annum on average. This corresponds to a 39,1% reduction in the total
sediment volume. KARS is expected to cause a further reduction of 4,5% over the life

of the scheme.

The results of case 3 show that development of KARS is likely to increase the silt size
fraction of the sediment downstream of the Khan Dam. The silt content of the
sediment in the Swakop River is however not expected to increase by more than 6%
measured at the Swakop delta. On closure of the Khan dam, the silt content is

expected to revert to approximately the pre- Khan dam level.

9.6 Water Table Depths in the Farming Zone

Observations of boreholes levels in the farming zone of the Swakop River have
revealed a drop in the level of the water table from 1970 to the present of
approximately 3,0m. The model predicts a drop in the average level of the water
table in the farming zone of 2,81 m over the same period. Since the Von Bach and
Swakoppoort dams were constructed during this period, the drop could be ascribed to
the development of these dams. However, the results of case 1 predict that even
without the development of these dams, a drop in the water table of approximately
2,56+ 0,51m would probably have been observed. This drop is ascribed to the
relatively dry period between 1976 and 1985 compared to the previous wetter period
between 1944 and 1976.

In order to check this conclusion, the simulation was repeated but the starting date for
the synthetic flood record was chosen at random from 1925 onwards. This analysis
removes any bias in the results which might have been caused by climatic variations
over the period of concern. The results for case 1 revealed that as might be
expected, there is no significant change in the depth to the water table for case 1 over
the same periods.
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Case 2 showed a drop of 0,76+1,49m after construction of Von Bach and
Swakoppoort Dams. It is therefore reasoned that 0,76+1,49 m of the observed drop
in the level of the water table may be attributed to Von Bach and Swakoppoort Dams
and the remainder to climatic factors.

The results of case 3 predicted a further drop in the mean depth to the water table of
0,10 to 0,4 m. This prediction was obtained using a randomly generated start point
for the synthetic flood record thus eliminating any bias due to climatic factors. The
significance of this change on borehole users in the farming zone falls outside the

scope of this investigation but needs to be evaluated.

The average percentage fullness of the aquifer over different reaches is summarised
in Table 14 for each case.
Table 14: Effect of Developments on Aquifer Fullness

Case 1 Case 2 Case 3
Khan River
Ameib - Usakos 94,9 94,6 94,8
Usakos - Khan Dam 81,4 81,2 81,3
Khan Dam - Mine Front 77,4 77,0 35,4
Mine Front - Confluence 79,0 78,8 62,1
Swakop River
Swakoppoort - Dorstrivier 75,7 454 45,8
Dorstrivier - Confluence 81,9 74,5 74,3
Confluence - Farm Zone 75,7 71,8 70,2
Farm Zone 52,8 43,5 42,2

9.7 Water Quality

9.7.1 Dilution Effect of the Khan River

The model predicts that the Khan alluvial aquifer provides some dilution capacity to
the water in the aquifer downstream of the confluence. The predicted TDS in the
aquifers upstream of the <confluence are summarised below

METAGD REFORT 107/010 No1 QUANTIFICATION OF THE IMPACTS OF KARS Qcroscr 1987
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Table 15 : Comparison of Case 2 and Case 3 TDS Predictions at the

Case 2 _ Case 3
Khan Aquifer TDS 1619 + 273 1541 + 291
Swakop Aquifer TDS (midway 3587 + 1224
between Dorstrivier and confluence)
Swakop aquifer - after confluence 2114 +£ 323 2116 + 321

9.7.2 Mine Front Aquifer

The model predicts a reduction in the average TDS in the mine front aquifer due to the
additional recharge of the aquifer by KARS. The predicted TDS in the mine front
aquifer changed from an average of 2 585 £ 103 to 1 604 % 122 mg/litre for case 2
and case 3 respectively. The reduction in TDS values is ascribed to the increased

ratio between recharge and evapotranspiration as a result of the scheme.

9.7.3 Farm Zone

The simulations conducted using actual flood records between 1925 and 1985 and a
randomly selected start point thereafter, predicted an increase in the TDS as
summarised in Table 16.

Table 16 : Predicted TDS values : With Climatic Bias

Farm Zone TDS Case 1 Case 2 Case 3

Mean + St. dev. 6069 + 1106mg/l 9911 £ 3750 mg/l | 11 334 + 3565 mg/l

The simulation conducted without climatic bias predicted an insignificant difference in
the average TDS values in the farm zone but an increase in the variability of the TDS
as a result of the implementation of KARS. The simulations conducted without climatic
bias indicated an increase in the TDS in the farm zone attributable to KARS of less
than 1% from case 2 to case 3. Swakoppoort and Von Bach Dams are believed to
have resulted in a significant increase in TDS values in the farm zone of up to 51%.
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CONCLUSIONS

The following conclusions may be drawn from this study :

L ]

The model developed to date is believed to represent the physical operation of
the Khan and Swakop River and alluvial aquifer system with a reasonable
degree of reliability. Although idealised cross sections and long sections have
been applied to model the river systems, the model provides the most reliable
available basis on which to predict trends in the aquifers caused by
developments on both river systems. The resolution of the model is however
not sufficiently fine to predict absolute changes at specific locations within each
reach. The prediction of water qualities is at this stage considered to be less
reliable and the model should be used with caution for the prediction of water

qualities in the alluvial aquifers.

The model predicts with a high degree of reliability that the reduction in flood
volumes downstream of the confluence, as a direct result of the KARS scheme
is of the order of 2 %. This is considered insignificant in terms of the behaviour
of the sand dunes and the potential for the sand dunes at Swakopmund to
migrate across the river. The model has however shown that the impact of the
Von Bach and Swakoppoort Dams is significant and is likely to have resulted in
a 37% reduction the mean annual flood volume.

The reduced flood volume is expected to give rise to a proportional reduction in
the total sediment load measured at the farm zone of less than 1% due to
KARS, from the current value. This reduction is not considered significant in
terms of the role that floods play in replenishing beach sand or re-filling of pits

excavated for sand mining.

The sediment load could become slightly finer with time as the dams upstream
of the farm zone tend to pass only the finer silt size fraction of sediment during
spill events. The increase in the proportion of the silt size fraction of sediment is
unlikely to increase by more than 4% over the current value. This change in
sediment composition is not likely to have any significant effect on the behaviour
of the aquifer downstream of KARS.
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*  The observed drop in the level of the water table from that of pre-1970 is of 1,20m (median value) in the level of the water table in the farming zone, and
considered to be attributable to both the impact of Von Bach and Swakoppoort a reduction of as much as 30% in the TDS value. The extent to which the

Dams and reduced flood frequencies experienced over this period, as a result of evapotranspiration losses can be reduced by such a programme needs to be

climatic factors. Von Bach and Swakoppoort dams are believed to be investigated further.
responsible for approximately 1m of the observed 3m drop. The KARS project
is likely to result in a further drop of between 0,1 and 0,4 m in the average level.
Expressed differently, KARS is expected to reduce the % fullness of the farm

zone aquifer from 43,4% to 42,2%. This may be compared with the effect of 2 i'_

Swakoppoort and Von Bach Dams which are estimated to have caused a
pp A R JAMES Pr Eng

reduction in the average percentage fullness of the farm zone aquifer from . .
Metago Environmental Engineers cc

52,8% to 43,5% before and after the dam construction.

. The timing of the effect is expected to be relatively rapid given that the bulk of
the inflow to the aquifer reach is through recharge from flood events rather than

base flow.

. KARS is likely to give rise to a reduction in the TDS in the mine front aquifer.
The variability in the TDS is not likely to change significantly from the current
level of variability.

. It is unlikely that KARS will have any significant effect on the TDS of the aquifer
water within the farm zone. The effect of climatic change on the TDS values
must be taken into consideration as this tends to be more significant than the

effect of the dams.

. Based on the model results, the effect of Von Bach and Swakoppoort Dams
would be observed shortly after the construction of the dams since the main
contributor to inflows to each reach is recharge from flood waters. The reduction
in the base flow component as a result of the dams is not a significant factor in
determining water levels in the aquifers in the lower Swakop River. Likewise the
effect of the proposed KARS scheme will be observable shortly after

implementation of the scheme.

. A reduction in the evapotranspiration losses from trees along both the Khan and
Swakop Rivers is likely to give rise to a significant increase in the volume of
water in the farming zone and an improvement in the groundwater quality. The
model indicates that a reduction of 20% of the evaporation losses, which might
be achieved by removing exotic species, is expected to give rise to an increase
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