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1 EXECUTIVE SUMMARY
1.1 Preamble and Objectives Of the report

1.1.1 Preamble: the salt body within lonakhsh Fault

This Phase 0 report deals with the specific issues created by the detected presence of salt
within the lonakhsh Fault, which is cutting Rogun dam site in a roughly NE-SW direction, in
the upstream part of the dam axis (cf. Figure 1-1).

v
Hidnim
ﬁ
AKamng

/dQy  pownstream
| boundaries of

Boundaries |
of final dam |

Figure 1-1: Dam site geological map with lonakhsh Fault and other main faults; limits of Stage
1 dam are highlighted (in blue), limits of final dam (in black).

The geometry of the salt body within the lonakhsh Fault has been extensively investigated
since the first studies carried out on Rogun project. From the investigation campaigns, it
appears that the salt body has a wedge shape, the top of which having, at the maximum
elevation, a variable width from 1.5-2 m within the left bank to up to 12 m in the right bank. It
was also evidenced that the thickness of the salt wedge is increasing with depth, with an
average 15 m increase every 100 m depth. Considering these features, we will refer in
continuation to the salt wedge of lonakhsh Fault.

1.1.2 Objectives of the report

This chapter is the outcome of the thorough analysis of the hydrogeological phenomena, and
an assessment of the existing numerical models. Independent models have been carried out
by TEAS consultant to properly assess the reliability of existing studies.

Specific hydrogeological conditions at lonakhsh Fault are put in the more general context of
the site hydrogeological conditions, with special focus over prevailing conditions around the
top of the salt wedge, in the so-called cap aquifer. Results and interpretation of a pumping
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test in the cap aquifer recommended by TEAS Consultant in 2012 are analysed to feed the
overall assessment.

This report also encloses the description of mitigation measures proposed by previous
designers. New alternatives are also recommended by TEAS consultant based on up to date
technologies. The efficiency of the recommended mitigation measures to reduce leaching is
assessed in a sensitivity analysis and the Consultant indicates recommendations for
monitoring of the project by predictive modelling. Cost of the corresponding works is derived
to be included in the overall cost of the project.

1.2 Site hydrogeological conditions

The general site hydrogeological conditions are described based on a complete review of
available investigations works and a field survey carried out by the Consultant. The different
aquifers are identified, their natural behaviour described. The different physical
characteristics to be inserted in the model are derived from the results of tests from previous
campaigns, and where found insufficient, have been complemented by new tests carried out
in 2012 under the supervision of TEAS Consultant. For example, at the dam site itself
18 boreholes were equipped in observation wells and monitored in 2012 by TEAS
Consultant. This was to ensure that the key inputs of the hydrogeological modeling are
representative of the real site conditions, by using reliable records.

1.3 Dissolution phenomena and Modeling Principles

1.3.1 Dissolution processes characterization

Dissolution is the process by which water forms a solution in contact with a soluble material
acting as solute. This complex process is described in details by analysing each main
component of the phenomenon, namely the soluble material characteristics, the solvent
(water) characteristics and the different transport phenomena of the solute to be envisaged
(advection/convection, diffusion, gravitational convection). The Péclet number has been
evaluated for the different scenarios envisaged to understand which transport process is
predominant.

1.3.2 Geometry and characteristics of lonakhsh Fault:

The model is based on a thorough evaluation of all documentation available since 1978
design up to 2012, when a new pumping dissolution test was carried out by TEAS. This gives
accurate location and delimitation of the salt wedge within lonakhsh fault, detailed lithological
composition of the hemming rock, detailed nature and composition of the dissolved rock
residues around the salt wedge — mostly made of halite and anhydrite, hydraulic conductivity,
solubility of the studied material.

The lonakhsh Fault is bordered with salt extruded from a deep evaporitic layer. It is capped
on its top with clay and gypsum. The width of the salt zone increases with depth from 1 to 8
m at the top to 40-60 m at a depth of 200 m. Further down to a depth of 2-3 km, the
thickness of the salt increases by about 15 m, every 100 m depth. The top of the salt wedge
in the banks is located at elevation 956 to 970. There is no salt above this elevation; it has
been leached.

August 2014 8
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Under the compressive horizontal tectonic forces the salt is creeping, resulting in a salt
wedge rise that was estimated at about 2.5 cm/year in previous studies. As no recent records
have been found on this rate of rising, a sensitivity analysis has been carried out on this
crucial parameter in the model.

All previous studies assume that the depth of the un-dissolved top of the salt wedge below
the Vakhsh River does not vary with time, which means that there is equilibrium between
dissolution and salt wedge rising. This is a fundamental assumption in model calibration.

Lithological conditions around the salt wedge are presented in the following figure. The
hemming rock is gypsum coated argillite of Gaurdak Formation on the downstream side and
sandstone interbedded with aleurolites on the upstream side. This figure shows the typical
sequence as evidenced by boreholes and investigations.

UPSTREAM SIDE DOWNSTREAM SIDE

Siltstone,Clay,Aleurolite

Clay-3m Breccia,gypsum,some

clay,waterbearing

Breccia,anhydrite,clay,
impermeable

e~ e o~ e N
P

~~~~~
~~~~~

Salt wedge

~~~~~
~~~~~~

A ae s A ae A Ak
uuuuuu

Figure 1-2: Lithological conditions above the salt wedge
1.3.3 Pumping dissolution test of end 2012, results interpretation

A pumping test has been performed from November 16th to December 10™ 2012 for which a
48 m deep borehole has been drilled with a 10” diameter. This borehole was drilled in the
limited portion of the bank where the fault has not yet been grouted. During the test, the
following parameters have been measured: discharge, drawdown, electric conductivity of
water, total mineral content at the well itself. In addition drawdown at a neighboring
piezometer was followed.

This large scale pumping dissolution test allowed deriving transmissivity and hydraulic
conductivity values of the cap aquifer that are fundamental inputs for the different models.
Analysis of the results allowed better understanding of the aquifer behavior in the present
conditions. This pumping dissolution test allowed to some extent to confirm the order of
magnitude of the salt dome rising rate, based on an analysis of the salt content over time.
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The hydraulic conductivity derived from this test was used to derive the Péclet number for the
different conditions considered, showing that the transport process is slow and diffusion
contributes moderately to the process in the present conditions.

1.4 Mathematical modelling of the dissolution process; analysis

1.4.1 Assessment of current HPl model

The model is calibrated on the natural conditions before the grouting of lonakhsh Fault,
which now extends almost all along the dam site, except for the Vakhsh River bed and a part
of the left bank.

The calibration process is based on the equilibrium between the assumed 2.5 cm/year rate of
uplift of the salt wedge, and the dissolution process leaching the salt at the same rate. The
model results give a similarity at an acceptable level between the observed salt
concentration distribution inside the lonakhsh Fault hemming rock and the calculated one.

The transport laws used in the model, including the gravity convection process, represent as
best as possible the reality. Unfortunately, the input value for the hydraulic conductivity,
which is one of the most crucial parameters, is not conservative. An overestimation of the
kinematic porosity seems not conservative, since it slows down the transport process. The
adopted value results from the consideration of several water tests performed in the vicinity
of the wedge cap, but no pumping test allowing determination of realistic values for the
hydraulic conductivity of the wedge cap aquifer was performed.

Using the parameters deduced from the 2012 pumping test, with the 50 to 75% of clay
coating of the HPI model, would lead to a simulated leaching that could be ten times higher
than assessed by the HPI model, requiring a 25 cm salt dome yearly rise for equilibrium in
the actual conditions. There are until now no field evidences of such a high rising rate of the
salt wedge within the lonakhsh Fault, thereby showing the limitations of the calibration of the
present model.

All the scenarios were analysed with parameterization of the hydraulic conductivity of the
grouted cap, assuming the wedge cap is covered by clay over 50% and 75% of its surface.

The whole model liability is very sensitive depending upon

» The percentage of the surface of the top of the salt wedge assumed to be clay-
coated,

» The effective natural rising rate of the salt wedge within lonakhsh Fault.

HPI model seems likely to be reliable, but the choice of the input parameters has to be
enhanced following the results of tests and observation data (in particular the recent
pumping-dissolution test carried out).

1.4.2 TEAS Models

The Consultant has built its own model in order to assess independently the model prepared
by HPI, but has also used a parametric analysis to assess scenarios and extreme conditions
which were not considered by the existing models. This provides a wider range of sensitivity
analysis to be included in the overall risk assessment of the dissolution phenomenon.

August 2014 10
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The Consultant model is less sophisticated than the HPI model and is meant to be a tool for
overall assessment and decision making at the feasibility stage.

The whole leaching process is simulated by three separated sub-models which are used
sequentially:

» Sub-model 1 - Groundwater flow model: that simulates the groundwater flow
around the salt wedge for various natural conditions, different project stages,
mitigation works and different levels of mitigation efficiencies,

» Sub-model 2 - Leaching process model: it models the maximum leaching
ability inside the part of the salt wedge subject to dissolution. A salt wedge
thickness subject to leaching has to be introduced, the introduced gradient at
the salt wedge results from submodell,

» Sub-model 3 - Transport model: it represents the transport processes:
diffusion and advection/convection. The gravity convection is not modelled. In
this model the exact analytical formula (advection, diffusion) are used. The
results of the pumping test: hydraulic conductivity and kinematic porosity are
introduced. The introduced groundwater gradients are the results of sub-
model 1. The model is calibrated on the observation that the leaching is equal
to the salt wedge rise.

Sensitivity analyses indicate that the most sensible parameters are the hydraulic
conductivity, the groundwater gradient, the wedge uplift and the clay coating. There is no or
only limited uncertainty regarding the hydraulic conductivity but could be significant for the
clay coating and the rate of rising of the wedge.

Different scenarios for various wedge rising rates are considered for stage 1 and 2
conditions, taking into consideration the period of exposure of each situation.

It was considered that the maximal geometrical size of cavity to be generated without
damage to the dam, considering quite conservative assumptions is estimated to 25 m. This is
basically a theoretical value, based on geometric considerations. Immediate interpretation of
data from the planned monitoring is to be performed to enable timely rectification measures
if needed.

Mitigation measures considered were:
- Cap grouting, or grouting of the rock all around the top of the salt wedge,
- Implementation of a hydraulic barrier, which consists in maintaining in a series of
holes on the downstream side of the salt wedge the reservoir pressure, such as to
minimise the water gradient between both sides of the salt wedge.

The following scenarios were therefore considered:

- Conditions before any work, for the model calibration based on an observed natural
equilibrium between salt leaching and salt wedge rising,

- The “No remedial measures” option after construction of Stage 1 dam: no mitigation
measures are implemented.

August 2014 11
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In such a case, the calculations results are:
» 10 year duration for the stage 1 dam: decametric cavity generation for large
wedge rising rates, or in case of a leaching rate larger than the wedge rise,
appearing as early as Stage 1,

> In case of Stage 1 dam lasting 40 years: in almost all cases, decametric cavity
generation in stage 1 and stage 2,

- The following mitigation measures were modeled for the three different elevations:

» Grouting of the cap alone,
Harmed grouting of the cap alone (i.e. long term loss of efficiency of grouting),
Hydraulic barrier alone,

Hydraulic barrier and cap grouting,

YV VvV V VY

Hydraulic barrier and harmed cap grouting.

In all cases, the height of the generated cavity is always lower than 3 m, or the salt wedge
penetrates the dam body.

One specific “worst case” scenario, considering a reduced hydraulic barrier efficiency,
harmed grouting and loss of clay coating of the salt wedge, for a 40 year stage 1 duration
has been studied. In this case, the cavity generation might exceed 5 m.

There is no significant groundwater gradient difference at the salt wedge for the three dam
alternatives for stage 2.

15 Main Model Conclusions

The Consortium model conclusions are:

> “No remedial measures” option at lonakhsh Fault, i.e. dam constructed without
any mitigation measure against salt dissolution: this is not acceptable for
scenarios with high wedge rising rate or an extended duration before the
completion of stage 2, since with time, leaching could lead to large cavities
which could affect the water retaining function or even dam integrity,

» The most effective combination of mitigating actions is grouting, and hydraulic
barrier. In that case, and even considering the most pessimistic values of
porosity and hydraulic conductivity, no significant leaching or cavity formations
are observed. In most cases, with time, the salt wedge will intrude the dam
body,

» The brine curtain (brine injection into the cap aquifer) would still reduce the
leaching process. Unfortunately, previous trials proved the brine curtain
technique to be not reliable, because of clogging phenomena and because of
the enormous quantities of salt required for its operation. The model shows
that the brine curtain appears to be superfluous,
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» All results are closely depending upon the part of the wedge cap surface
covered with clay. The clay-coating is very favorable, since it inhibits the
dissolution process. There is no doubt that the top of the salt wedge is coated
with clay, since evaporites have a significant clay content and this clay-coating
is generally observed worldwide on extruding diapirs,

» The combination of hydraulic barrier and grouting should lead to an
acceptable leaching rate always lower than the salt wedge rise. The grouting
operations of the top of the salt wedge, actually almost completed, and even if
the achieved hydraulic conductivity is less than 10 LU (an approximate
hydraulic conductivity of 10°m/s), should be sufficient to reduce the
dissolution rate to an acceptable level,

» Using only a hydraulic barrier could be sufficient, but in case of significant loss
of efficiency, the situation would turn into the “no remedial measures”
scenario, which is not safe. The same conclusion is drawn in case of only cap
rock grouting. It is therefore required to implement these two mitigation
methods, grouting of the cap rock and hydraulic barrier.

Taking into consideration the inaccuracy of some input parameters (the rate of salt wedge
rising being the most crucial) the scenarios results have to be considered with a safety factor
of 3 to 5. The safety factor corresponds to the ratio of size of the cavity for each scenario
(less than 8 m) divided by the maximum size of the cavity acceptable (25 m). The safety
factor of 3 relates to standard engineering practice. Except for one scenario, they all show
that there is no risk that the leaching could generate unacceptable cavities.

The only critical scenario is that of a 40 years delay before the completion of stage 2 dam,
with degradation of the hydraulic barrier, loss of efficiency of grouting and removal of the clay
cap. This would imply that during that time, no monitoring and/or no maintenance of the
barriers were implemented.

Given the experience of the Tajik competent authorities in the monitoring of the downstream
located Nurek dam during several decades, the risk of monitoring failure or/and maintenance

abandonment is expected to be low but shall be still considered in the overall risk analysis of
the project.

1.6 Recommendations

1.6.1 Monitoring

Accurate monitoring of the salt dome rise has to start immediately. This value is crucial for
the dissolution rate prediction and models reliability. It should consist of:

» measurement of the displacements within the salt wedge and the embedding
rock,

» follow-up of the deformations within the salt body by series of clinometers.
For this purpose, we would recommend five profiles made each one of three boreholes of at

least 100 m depth, penetrating into the salt rock and distributed along the whole of the
grouted lonakhsh Fault.
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In order to monitor potential salt leaching, the following systems are proposed:

» groundwater head monitoring, in order to check the hydraulic barrier efficiency
(boreholes and pressure cells),

» water conductivity monitoring to check the model reliability and the on-going
leaching process if any (boreholes and conductivity cells),

» microgravity in order to check the salt rising rate at lonakhsh Fault and
potential cavity generation (one campaign every six months during stage 1
phase),

» regular sonar inspection of the dam face once impounded, to detect any
abnormal deformation of the upstream face.

1.6.2 Follow-up and maintenance

The dissolution numerical model made by HPI is to be enhanced and recalibrated with more
accurate values of hydraulic conductivity and kinematic porosity of the cap aquifer. Further
investigations may still improve our knowledge on the input parameters. Especially the rate
of salt rising within the fault is required to be thoroughly assessed and measurements shall
resume at the earliest. This model would be a useful predictive tool which is to be
permanently fed back by data from the work site, and be maintained operational during the
whole life of the scheme.

If large cavities were to happen, (which would be detected by microgravity monitoring for
example), intervention must be ensured in a timely manner.

If the two mitigation measures would happen to fail or lose their efficiency, the grouting and
hydraulic barrier would have to be re-implemented. Some measures shall be foreseen to
intervene and restore these two processes. During or at the end of stage 1, which is the
stage with the highest risk, the re-grouting and reinstallation of the hydraulic barrier can be
performed from the crest of the stage 1 dam.

At stage 2, the only option for re-grouting and hydraulic barrier restoration while keeping the
reservoir full, would then be to operate from the banks, above the reservoir water level. This
could be implemented only using directional boring. This goes in favor of implementing a
sub-horizontal hydraulic barrier through directional drilling.

1.7 Conclusions

From the here above different assumptions, and because the risk of failure of one of these
two mitigation measures exists — espec