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Figure 3-11. Schematic structural profile in the SW sector of Silala River.
(SERNAGEOMIN (Chile), 2019).

3.4. Conclusions

The geology of the extended groundwater catchment of the Silala River is highly
complex. Clearly there has been a succession of volcanic pyroclastic flow events
over several million years with intervening erosive periods during which
sediments in the form of debris flows and minor fluvial deposits have been laid
down. The thickness of these ignimbrite deposits is unknown but likely to be

large, perhaps over 200 metres, but this has not been proven by drilling.

There are four main differences in the Chilean interpretation of the geology to that
in the DHI report (DHI, 2018), which have impacts on the hydrogeological
conceptual model that DHI, in their models, are attempting to represent

numerically.
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The first is the stratigraphic position of the two ignimbrite deposits recognized
along the Silala River in Chile. The contact relationships observed in Chile, as
discussed above, and the ages obtained (Table 1) are consistent with the schematic
cross-section at the International border shown in Figure 3-6 and the geological
cross-sections shown on Figures 3-8 (SERNAGEOMIN (Chile), 2019). This is
significantly different from the DHI, 2018 cross-section drawn to represent
schematically the geology along the same section across the Silala River ravine at
the international border. The DHI interpretation is not supported by the Chilean
data. This means that the layering incorporated in their models, which is used to
represent the hydrogeological configuration, is not supported by the Chilean
evidence. DHI have used the degree of welding in the ignimbrites and their
proposed fault system (see below) to determine their layering and parameter
distributions in their models, which include areas at the international border. The
likely effect of this is that the distribution of hydraulic parameters, both with
depth and laterally, will be wrong, thus affecting the groundwater flow regime
downstream and possibly upstream of the Bolivian wetlands. This would be
highly likely to affect spring flows and the driving groundwater heads in their

models.

The second is that there is no evidence for a major vertical fault running down the
line of the Silala ravine into Chile. DHI assume a vertical fault system, which
provides high hydraulic conductivities to great depth, and has an apparently
arbitrary width, approximately the same as the width of the Silala River ravine at
the international border. This is a major control on groundwater flows in their

model but, as noted, is unsupported by evidence.

The third is that although we recognize that the ignimbrite deposits, where seen at
outcrop in the Bolivian wetlands or in cores, may be highly fractured, and this
would be likely to provide high fracture permeability, the DHI modelling takes no

account of the vertical variability of permeability, as demonstrated by the artesian
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flowing conditions at Chilean borehole SPW-DQN, which implies a significant

confining layer.

Finally, DHI, in their models, do not consider the downstream Chilean geology,
including the controlling influence of the faulting or the presence of low
permeability Pliocene dacitic lavas overlying the Cabana Ignimbrite and

underlying the Chilean Silala Ignimbrite.

The numerical model constructed by DHI was used to make predictions of surface
water and groundwater flows so that they might understand what these flows
might have been before construction of the channels in the Bolivian wetlands. The
flaws in the representation of the hydrogeology by this model are clear. It does not
represent the geology correctly either stratigraphically or structurally and invokes
a fault system that is both unmapped and geometrically highly unlikely. Thus,
DHI assume in their model a distribution of high hydraulic conductivity in the

region of this assumed fault system that has no basis.

The effects of these flaws on the performance of a groundwater numerical model
are unknown but they would undoubtedly mean that actual groundwater flow
paths and the distribution of high and low hydraulic conductivity would be
significantly different to those modelled by DHI. Further evidence of an incorrect
understanding of the hydrogeology is provided by hydrogeochemistry, which is

discussed below in Section 4.

4 HYDROGEOCHEMISTRY OF THE SURFACE AND
GROUNDWATERS OF THE SILALA BASIN

In this section we discuss the importance of the interpretation of the
hydrogeochemistry data for understanding the origins of the groundwater feeding
the various springs in the Silala groundwater catchment and particularly

highlight the differences between the chemistry and isotopic compositions of
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Bolivia’s Cajones and Orientales spring waters. These indicate different origins,
which, though accepted by DHI in their report (BCM, Vol. 4, p. 94), have not

been represented in their modelling.

4.1 Introduction

The study of the chemical and isotopic evolution of surface and groundwaters can
contribute to the understanding of the complex interactions between the river and
the groundwater and the mechanisms of local and regional recharge to the river
flow, differentiating the origins of waters and the residence times that

groundwaters may have spent within the aquifers.

For instance, the chemistry of groundwaters depends on the flow path and the
chemistry of the rocks the water is flowing through. Groundwaters are usually
more mineralized than waters that have run off down a hillslope, reaching rivers
after flowing short distances overland within a short time frame. In the case of the
Silala catchment, the dominant origin for the surface water found in the Silala
River is from groundwater emerging from springs. Groundwaters may spend
many years flowing very slowly through an aquifer. If the spring water has its
origins in one particular aquifer or another, this will often be reflected in the
chemistry of the water. Additionally, groundwater recharge may have isotopic
signatures that reflect the elevation of the precipitation that generated the

recharge.

In this context, the hydrogeochemical study of groundwater has been an important
approach to understand the flow of groundwater and to validate or discard
hypotheses about the conceptual hydrogeological model. In the case of the Silala
basin the study of the hydrogeochemistry has assisted in determining two different
aquifer types and most importantly a differentiation between the spring water of

the Cajones and Orientales wetlands.
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Below we discuss the results of chemical analyses, including isotope studies, of
the Silala River water, spring water and groundwater samples in Chile. These are
presented in detail in Herrera and Aravena, 2019a and 2019b. The samples were
mainly collected over three sampling campaigns during 2016 and 2017 (Herrera
and Aravena, 2019a), to cover both wet and dry seasons. A further smaller
campaign of sampling and analysis of surface and groundwaters was carried out in
2018 in the Quebrada Negra wetland (Herrera and Aravena, 2019b), in which one
spring water, two surface water samples and four groundwater samples from
piezometers were analyzed for the main ion chemistry. There was insufficient

time to carry out isotope analyses on samples collected in this latter campaign.

The results cited by DHI in their report (DHI, 2018) in support of the BCM are
also used to establish the character and origins of the waters of the Silala basin.
The data provided in DHI (BCM, Vol. 4, pp. 89-94) comprise 14 chemical
analyses of water samples from springs and shallow groundwater (sampled from
piezometers) in the Silala River basin in Bolivia. No analyses were reported for
Silala River water. The samples were collected during campaigns carried out for
different studies between the years 2000-2001 and 2016-2017 (BCM, Vol. 4,
pp. 539-542).

Herrera and Aravena (2019a), only considered analyses that had less than 10%
ionic balance error (Custodio and Llamas, 1983). This is common practice for
quality control (Herrera and Aravena, 2019a) and so only 6 of the 14 Bolivian
analyses could be used for comparison with the Chilean data. These included

samples from the Cajones ravine and the Orientales area.

The spatial variation of the chemical composition of the waters can be visualized
using Stiff diagrams. These consist of a polygonal shape of three parallel
horizontal axes extending on either side of a vertical zero axis. Cations are plotted
in milliequivalents on the left side of the zero axes, one to each horizontal axis,

and anions are plotted on the right side. Stiff diagrams were plotted on Figure 4-1
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for all the chemical analyses of the dry season for Chile (the wet season data are

similar) and all Bolivian analyses with satisfactory ionic balance errors.
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Figure 4-1. Modified Stiff diagrams of the waters from Silala River area in Chile (rainy
season) and Bolivia (Herrera and Aravena, 2019b).

4.2 Discussion of chemistry analytical results

All the water analyses presented in Herrera and Aravena (2019a) have a relatively
low salinity, though there are significant salinity differences between different

waters.

Figure 4-1 shows that the waters from springs in the northern part of the Silala
River in the Bolivian territory (Cajones ravine and slopes of Cerro Inacaliri) are
characterized by low salinity, ranging between 113 and 129 uS/cm (Herrera and

Aravena, 2019a), similar to that of the springs located in the northern part of the
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Silala River in the Chilean territory. The groundwater in the Cajones ravine,
collected from shallow piezometers, also has a low salinity, similar to the spring
waters in Chile (Herrera and Aravena, 2019a). All these samples can be seen in

Figure 4-1 to be Na-Ca bicarbonate type.

In contrast, more saline spring waters, ranging between 254 and 394 uS/cm, are
found in the Orientales wetland in Bolivia (Herrera and Aravena 2019a).
Similarly, the groundwater in the Orientales wetland, collected from shallow
piezometers, has a relatively high salinity, similar to that of the Orientales springs.
It is notable that the Orientales spring waters have much higher salinity than the
springs in Chile or in the Cajones area of Bolivia and their conductivities are in
the same salinity range as the groundwater in Chile (including those groundwaters
from the Quebrada Negra wetland). These waters also tend to be Ca-bicarbonate

water type, as do the groundwaters sampled in the Chilean territory.

In Chile, the springs on the northern side of the Silala ravine show similar
chemistries to the river waters and are distinctly different from the deep
groundwater sampled in Chile or the spring water samples in the Orientales
wetland. Downstream of the confluence of the Quebrada Negra with the Silala
River, the river water chemistry has a significantly higher Magnesium content
(see Figure 4-1 and Herrera and Aravena, 2019b). This reflects the contribution of
Magnesium-rich waters found in groundwater samples from the Quebrada Negra
valley and is significantly different to the other waters, including the Bolivian
samples, indicating the extreme complexity of the hydrogeology and origins of

these waters.

Further inspection of Figure 4-1 shows that the spring waters and groundwaters of
the Cajones and slopes of Inacaliri have very similar Stiff diagram shapes, and
salinity, to those springs on the downstream northern side of the Silala River

ravine.
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4.3 Isotope analyses

This section focuses on the evaluation of environmental isotope data collected
from springs, river and wells in Chile in the Silala River topographic catchment.
The stable isotopes referred to in this section are 'O (Oxygen-18),
’H (Deuterium) and *C (Carbon-13), together with the radioactive isotope of
¢ (Carbon-14).

4.3.1. Interpretation of Oxygen-18 and Deuterium (5'°0 and 6°H) data

The methodology for the interpretation of the 8'*0 and &°H data (Oxygen-18 and
Deuterium) is explained in detail in Herrera and Aravena (2019a). The results are
shown in Figures 4-2 and 4-3, where data for rainy and dry seasons are plotted
with the global meteoric water line (GML) and the local meteoric water line

(LML).

A clear pattern can be seen in these plots. The springs located in the upper course
of the river in Chile (upstream of the junction of the Quebrada Negra with the
Silala River) have a different isotopic fingerprint from the springs located in the
northern part of the lower course of the river (downstream of the junction of the
Quebrada Negra with the Silala River). The data from the latter plot near the local
meteoric water line, which indicates local recharge, whereas the data from the
former plot below the local meteoric water line, indicating recharge from higher
elevations. The results also show that some springs located in the southern part of
the lower river course (downstream of the junction with the Quebrada Negra) in
Chile have a similar isotopic fingerprint to those from the upper river course. This
pattern suggests that these springs are part of the same (or similar)
hydrogeological system as that which feeds the springs in the upper course of the
river in Chile. This is important when the chemistry and isotope data are
integrated for Chile and Bolivia, in terms of the origins of the waters from the

Bolivian springs.
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Figure 4-2. Plot of 5'°0 and 6°H for river, spring water and wells water in
the rainy season (Herrera and Aravena, 2019a).
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Figure 4-3. Plot of 6"°0 and 6°H for river, spring water and wells water in
the dry season (Herrera and Aravena, 2019a).

Spring water from a Quebrada Negra spring, SP-SI-10, has an isotopic
composition in the range of the spring water issuing from the northern side of the

river course upstream of the junction with the Quebrada Negra.

The isotopic data for the groundwater in both seasons also have a similar
fingerprint, which suggests that all these waters are associated with recharge areas
at similar altitudes. However, in the dry season the group of groundwaters tends to
be somewhat separate from the spring waters, so it may be that the regional

aquifer is recharged at higher altitude than the river and springs in Chile.
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It is clear from these isotope data and the chemical analyses (Herrera and
Aravena, 2019a and 2019b) that both river water and springs in Chile upstream of
the Quebrada Negra are likely to be closely related. Electrical tomography
(Arcadis, 2017) has shown the likelihood of perched aquifers in the Alluvial
deposits (Herrera and Aravera, 2019a; Arcadis, 2017) on the southern side of
Cerro Inacaliri. It seems likely that recharge to these perched aquifers in the
Alluvial deposits, which overly the Chilean Silala Ignimbrite, and possibly the
Cabana Ignimbrite, supplies shallow groundwater to the Silala River springs in
Chile upstream of the Quebrada Negra. The alluvial deposits in which these
perched aquifers are found are undoubtedly contiguous with similar deposits in
Bolivia that would similarly be expected to support perched aquifers. Similarly,
perched aquifer(s) in the widespread andesitic lava flows (SERNAGEOMIN
(Chile), 2017) that outcrop in Bolivia to the north west of Cajones wetland and to
the north of the Orientales wetland are likely to supply the groundwater feeding

the springs in the Cajones and in part the Orientales wetlands in Bolivia.

4.3.2. Carbon-14 and Carbon-13 data

There is detailed discussion in Herrera and Aravena (2019a), of the basis for
Carbon-14 dating and the use of Carbon-13 in correcting for several complicating
features, namely carbon input to groundwater from the soil zone, dissolution of
carbonate minerals and from carbon dioxide from volcanic rocks. Because of the
complications and uncertainty attached to such corrections, Herrera and Aravena
restricted their interpretation of the '*C content of the groundwaters sampled in
the Silala River groundwater catchment area to the use of the percent modern
carbon (pMC) as a tracer to evaluate the river-groundwater interactions and river-
springs interactions. In general, the higher the pMC value the younger the water
will tend to be. The Bolivian dates (BCM, Vol. 4, Table 14, p. 92) are not

believed to be credible, because of these complications.
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The Chilean sampling sites and pMC data for the dry season are shown on

Figure 4-4 together with the Bolivian sites and data. The Bolivian data were taken

from DHI (BCM, Vol. 4, Table 14, p. 92).
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Figure 4-4. Distribution of "*C sampling points in the Silala River basin in Chile (in the
dry season) and Bolivia together with values of percent modern carbon (*C pMC)

(Herrera and Aravena, 2019a).

From a pMC value of 31.25 (Figure 4-4) at the international border, 'C increases

as the water flows downstream in the Silala River in Chile. This is attributed to

lateral groundwater contributions from the springs flowing into the river from the

north side of the ravine. Further down-gradient beyond the junction with the

Quebrada Negra, the '*C content of the river decreased to 18.1 pMC. This is

caused by a contribution from groundwater discharge from the artesian well,

sample SPW-DQN-SI-O17, which has a '*C content of 8.36 pMC, i.e. much older
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water (Figure 4-4). Downstream of this well, further groundwater contributions
from springs from perched aquifers cause an increase in pMC in the river. There

is no information on '*C from river samples given in DHI, 2018.

In contrast, much higher '*C values were found in samples from the springs to the
north of the ravine downstream of the Quebrada Negra in both the dry and rainy
seasons, ranging between 67.44 and 70.66 pMC. These values are comparable to
the "*C value of 86.29 pMC that was reported for a spring located in Bolivia,
supplying the Cajones wetland. Lower '*C values of 25.67 and 30.67 pMC,
similar to the springs in the Chilean sector, are observed in the springs located in
the Orientales wetland in Bolivia. These springs have higher salinity than the
northern (Cajones) wetland springs, similar to that of groundwaters sampled in
Chile, suggesting that the springs are associated with groundwater discharge of a
regional groundwater flow system. The spring located in the Quebrada Negra
(sample SP-SI-10-O17), which may represent discharge of a regional flow system,
perhaps recharged at higher altitude in Bolivia, has a pMC similar to those springs

in the Orientales wetlands.

The deep groundwaters sampled in Chile have much lower ¢ values (F igure 4-4)
than the springs, the Silala River or Bolivian samples. As noted above, the lowest
"C value of 8.36 pMC was obtained from groundwater discharging from the
artesian borehole, sample SPW-DQN-SI-O17. The groundwater flowing from this
borehole would normally be confined beneath the upper layers of the Chilean

Silala Ignimbrite.

DHI (BCM, Vol. 4, p. 103), based on the Bolivian '*C data, suggest an “old age in
the southern wetland (up to ~ 11,000 years) and a significantly younger age in
the northern wetland ( up to ~ 1,000 years)”. While it is certainly correct that
these waters have different origins and chemistries, as shown above, these age

estimates are not correct since they do not take into account the dilution effect due
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to dissolution of carbonates along the groundwater flow system and the potential

input of volcanic CO, (Herrera and Aravena, 2019a).

4.4 Conclusions concerning the origins of the spring waters in the Silala

groundwater catchment

Clearly, the Silala River water that crosses the International border is closely
related to the spring flows emerging from the Bolivian wetlands. Nevertheless, the
chemical and isotopic analyses reveal that the groundwater flow systems are
complex. The proposal of a perched aquifer or aquifers, which supply the springs
in the area to the north of the Silala River ravine, upstream of the junction with
the Quebrada Negra, is justified considering the difference between the chemistry
of the springs and the deep groundwaters and the fact that the deep groundwater
levels in Chile are well below the elevation of the river. The groundwaters and
surface waters that are found in the Quebrada Negra wetland present further
complexity. They are higher in magnesium than any other others analyzed in the
Silala River basin and seem to influence the chemistry of the Silala River
downstream of the junction with the Quebrada Negra ravine, but their high

salinity would indicate that they may be related to a regional deep aquifer.

The difference in salinity, major ion chemistry and "*C pMC values between the
Cajones spring waters and the Orientales spring waters are marked and indicate

different origins for the two sets of springs in Bolivia.

The chemical and isotope analyses of the spring waters in the Cajones area show
strong similarities to those of the springs found on the northern side of the Silala
River ravine, downstream of the junction with the Quebrada Negra. These latter

waters have §'°O and 8°H consistent with a locally recharged origin.

The chemical and isotope analyses of the spring and shallow groundwaters from

the Orientales wetland indicate a different origin, which seems likely to be a
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mixture of shallow, locally recharged groundwater (probably from the alluvial
deposits or Pleistocene lavas of the Inacaliri and Apagado) and groundwater from
a regional aquifer. Some of the samples showed great similarities to the deeper

groundwaters analyzed in Chile.

It is evident that the chemical character of the spring waters of Orientales and of
Cajones is distinctly different. However, in the DHI Near Field model no account
appears to have been taken of these differences and of the differing origins for the
two sets of spring discharges, so the performance of the model in representing the
spring discharges is likely to be flawed. Hence simulated scenarios to predict what
these spring flows might have been in a natural condition, without channelization
or with a restored wetland, are also likely to be flawed. The recharge to one set of
springs finds its way via groundwater flow paths that are distinctly different from
the other, and hence it is highly likely that the residence times for groundwaters
discharging from these springs would be quite different. Therefore, they cannot
sensibly be modelled as if they are the same and have the same recharge areas and
the same origins. This leads to the conclusion that the modelling is based on an
incorrect conceptual understanding of the groundwater flow regime and will

therefore produce flawed results and predictions.

5 SUMMARY OF THE HYDROGEOLOGY OF THE SILALA
GROUNDWATER CATCHMENT - AREAS OF AGREEMENT AND
DISAGREEMENT BETWEEN CHILE AND BOLIVIA

In this section we summarize the hydrogeology of the Silala groundwater
catchment and hence indicate the deficiencies in DHI’s modelling, which fails to
correctly represent the hydrogeology. This matters because unless the
hydrogeology is represented properly the results of various scenario predictions

are likely to be incorrect.
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In briefly describing the hydrogeology of the Silala basin we bring together the
evidence from the geological mapping, radiometric dating and drilling with the
interpretations of hydrogeochemical analyses in both Chile and Bolivia, which
provide convincing support to Chile’s hydrogeological understanding of the

groundwater flow regime in the Silala basin.

It is clear that there are at least two aquifer types that are active in the catchment

in Chile:

a. A perched aquifer system that is present in the alluvial deposits
overlying the bedrock volcanic formations found in the Silala basin
(Arcadis, 2017).

b. A regional aquifer system formed by a succession of ignimbrite
deposits that is interbedded with fluvial debris flow deposits in Bolivia
and Chile and is recharged from the Silala River groundwater

catchment (Arcadis, 2017; DHI, 2018).

It is also clear that recharge to the groundwater catchment, most of which lies in
Bolivia, that enters the ignimbrite regional aquifer either emerges at the Bolivia
wetland springs or flows within the ignimbrites (in Chile, the Chilean-named
Silala Ignimbrite or the Chilean-named Cabana Ignimbrite). There is a clear
groundwater level gradient to Chile from Bolivia in the ignimbrites (Arcadis,
2017), as agreed by the Bolivian experts. The only way that groundwater in the
regional aquifer provided by ignimbrite succession can reach Chile is either as
surface flow from springs in Bolivia’s Near Field area, in particular the Bolivian
Cajones and Orientales wetland springs, or by flowing as groundwater beneath the
area of the Bolivian Near Field model down the hydraulic gradient to Chile. There
is no other possible route for such groundwater flows because of the edifices of
Cerro Inacaliri and Volcan Apagado, whose roots are built upon low permeability

Miocene Volcanic deposits (SERNAGEOMIN (Chile), 2019).
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The hydrogeochemistry analyses have provided strong evidence to support the
existence of these two distinct aquifer systems, which, for the most part, are not
well connected (Arcadis, 2017; Herrera and Aravena, 2017; Herrera and Aravena,
2019a and 2019b). However, DHI do not include these as separate aquifer systems
in their Near Field model, even though they agree that '*C isotope data show
distinct differences between the waters of the Orientales wetlands and the Cajones
wetlands. The configuration of the geology and hydrogeology of the Silala
groundwater catchment, as developed with strong evidence by Chile, is not

incorporated into the DHI Near Field model.

Recharge from precipitation (both rainfall and snowmelt) infiltrates both aquifer
systems, and groundwater flows to a number of spring systems in Chile (some of
which support the Quebrada Negra wetland (Mufioz and Suérez, 2019) and in
Bolivia, where they support the Cajones and Orientales wetlands (Arcadis, 2017,
Muioz et al., 2017; DHI, 2018).

This recharge provides the flow to the spring and wetland systems. However, the
detail of the geology is highly complex (SERNAGEOMIN (Chile), 2019). This
means that the groundwater flow paths, the distribution of permeability and
origins of recharge to different spring systems are also complex and not precisely

known.

Although there is agreement between the experts on the existence of a regional
aquifer in ignimbrite rocks, the Bolivian interpretation of the three-dimensional

nature of this aquifer system has been shown to be incorrect in several respects:

. It is clear that the ignimbrite aquifer system identified in Chile (the
Chilean Silala and Cabana Ignimbrites), together with an interbedded
fluvial debris flow (section 3, above) has not been recognized by DHI

in their report (DHI, 2018), nor incorporated into their models.
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o The evidence presented shows that the existence of a major fault
system located beneath the Silala River ravine is wholly implausible.
DHI incorporate this fault system as a particular distribution of high
permeability in their Near Field model, which consequently is based on
an incorrect conceptual understanding of the geology and
hydrogeology.

o The DHI modelling takes no account of the vertical variability of
permeability in the regional ignimbrite aquifer, as clearly demonstrated
by the artesian flowing conditions at the Chilean borehole SPW-DQN,
which implies a significant confining layer.

o The impact on the groundwater flow system in the catchment due to
the faulting at the downstream end of the Silala topographic catchment
has not been considered by DHI in their modelling.

o Finally, the difference in origins of the recharge to the Bolivian
wetland spring systems has not been incorporated in DHI’s Near Field

model (section 4.4 above).

It is clear that the hydrogeology of the groundwater catchment is highly complex
and many of the features identified in Chile have not been taken into account by
DHI in their modelling. Given in particular the subtle nature of the changes
associated with the channelization in Bolivia, and lack of recognition of key
features of the hydrogeology, DHI’s scenario predictions must be seen as severely

flawed.
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6 DISCUSSION ON THE ENHANCEMENT OF SPRING FLOWS IN
THE CAJONES AND ORIENTALES WETLANDS BY THE USE OF
EXPLOSIVES

In this section we briefly discuss the assertion made in the BCM that explosives
were used to develop the spring sources in the Bolivian wetlands. We conclude
that enhancement of spring flows by explosives methods as described in the BCM

would not be possible.

Bolivia refers to the use of explosives to enhance spring discharges (‘Many of the
spring discharge points in Bolivia still clearly evidence the use of explosives’;

BCM, Vol. 1, p. 47).

The only evidence to substantiate this claim is a single photograph (BCM, Vol. 4,
p. 101, Figure 44), which includes the bracketed phrase “(precipitates on rock)”.
This is entirely insufficient for DHI to make the statement ‘Based on the rock
blasting in the area of the many of the springs, the current hydraulic gradients may
have been altered from natural conditions’ (BCM, Vol. 4, p. 101). If rock blasting
had been used to excavate the channels at the spring emergences, it is our opinion

that the effects on the hydraulic gradients would be insignificant.

While rock blasting has been used elsewhere to enhance pumped well yields, it is
in our opinion highly unlikely, given the long history of spring discharges (over
centuries and potentially millennia) and associated natural processes of erosion,
that any blasting, had it occurred, would have had a significant impact on spring
discharges. The BCM cites Driscoll, F.G., 1978 (BCM, Vol. 1, p. 47) as evidence
that blasting can enhance water flows by a factor of 6 to 20. The article they refer
to, concerns the development of deep borehole water supplies in poorly fractured
granites, quartzites and slates, not springs. These rocks are metamorphic and have
undergone considerable changes due to high pressure and temperature. They are

normally very poorly permeable. The ignimbrites of the Silala wetlands, by
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Bolivia’s own evidence, are highly fractured, and have major and minor jointing

(SERGEOMIN (Bolivia), 2017).

The deep (well over 100 metres) boreholes undergoing the cited blasting
development were plugged with sand to direct the blast horizontally. Significant
development of spring flow would not be possible using these methods. Bolivia’s
assertion that explosives have been used to enhance spring discharges is therefore

not credible.

7 CONCLUSIONS

(i) What new evidence has been produced, since Chile submitted its Memorial
in July 2017, concerning the understanding of the geology and hydrogeology of
the Silala River?

New investigations in the Silala River topographic catchment have included field
observation, re-logging of borehole drill cuttings, geological mapping and
radiometric dating of the Chilean-named Silala Ignimbrite and Pliocene lavas.
This new information has revealed a more detailed understanding of the
stratigraphy in Chile and the extensive presence of a debris flow that lies at the
base of the Chile-named Silala Ignimbrite and the upper boundary of the Chilean-
named Cabana Ignimbrite. It has also revealed a major fault in Chile, a few
hundred metres below the junction of the Silala River and the Quebrada Negra
tributary valley. The stratigraphy and this structure have not been considered in
the Bolivian hydrogeological conceptual understanding or incorporated into their
numerical models. DHI introduce a new fault system running through the Bolivian
wetlands and down the Silala River ravine into Chile (DHI, 2018), but no

evidence to support this has been found in Chile.

New hydrogeochemical investigations have revealed the distinct character of the

spring and groundwater of the Quebrada Negra. And in conjunction with the
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Chilean data, Bolivian chemical and isotopic analyses have revealed: a) the
distinctly different recharge origins of the spring water of the Bolivian wetlands,
Cajones (referred to in DHI, 2018 as the North Wetland or Bofedal) and
Orientales (referred to in DHI, 2018 as the South Wetland or Bofedal), and b) the
close similarities of the Chilean spring waters, recharged from perched aquifers,
to the spring and groundwaters of the Cajones wetland in Bolivia. As with the
geological structure and stratigraphy, above, this important difference in recharge

to the two Bolivian springs is not incorporated in DHI’s modelling.

(ii) Does the hydrogeological conceptual understanding and parameterisation
of the numerical models of Bolivia’s expert, the Danish Hydraulic Institute (DHI),
provide an adequate basis to quantify the effects of channelization on the surface

water and groundwater flows from Bolivia to Chile?

The DHI numerical models incorporate an incorrect stratigraphy and an
implausible fault system and take no account of the down-gradient Chilean
geological structure or the difference in origin of the Cajones and Orientales

springs waters. In particular,

a. The ignimbrite aquifer system identified in Chile (the Chilean Silala
and Cabana Ignimbrites), together with an interbedded fluvial debris
flow has not been recognized by DHI in their report (DHI, 2018), nor
incorporated into their models, neither has the vertical heterogeneity in
permeability. This will undoubtedly mean that the groundwater
flowpaths that they simulate as a result of their models’ permeability
distribution will be wrong.

b. The fault system that they propose will also affect the groundwater
flowpaths and the ease with which groundwater can move in their

invoked fault system region.
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c. The different origins of the Cajones and Orientales spring waters are
due to the two distinct aquifer systems identified by Chile (with
considerable supporting evidence (sections 3, 4 and 5), but these have
not been included in the DHI models.

d. The faulting mapped at outcrop downgradient in Chile and the
presence of Pliocene lavas (sections 3 and 5) between the two
(Chilean) ignimbrites (in Chile) which cause a decline in the
permeability of the Cabana and Silala Ignimbrites in Chile has

similarly not been considered.

We conclude that the DHI models do not simulate the groundwater system
properly and are unfit to quantify the effects of channelization in the Bolivian

wetlands or accurately represent the current hydrological system.

(iii)  Could the flow from groundwater fed springs in the Cajones and

Orientales springs have been significantly enhanced by the use of explosives?

The evidence for showing that the groundwater-fed springs of the Cajones and
Orientales wetland has been enhanced by explosives is flimsy and the reference to
development of deep borehole yields by explosive methods is inapplicable. The
springs could not have been developed significantly to increase yields by the

explosive methods suggested by Bolivia.

In summary, we have shown that the numerical modelling results that have been
presented by Bolivia to demonstrate the alleged effects of channelization in the
Bolivian wetlands are incorrect. Their models are based on a misrepresentation of
the current hydrological system and the proposed scenarios. In short, with this

conceptual basis, their models could only produce implausible predictions.
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Statement of Independence and Truth

1. The opinions I have expressed in my Reports represent my true and independent
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under my supervision by the Chilean scientific experts, or data supplied to me by the
Republic of Chile, I have noted that in my Report.

2. I understand that my overriding duty is to the Court, both in preparing the two
Expert Reports that accompany the Reply of the Republic of Chile and in giving oral
evidence, if required to give such evidence. I have complied and will continue to comply
with that duty.

3. I have done my best, in preparing the Reports, to be accurate and complete in
answering the questions posed by the Republic of Chile in the terms of reference which are
reproduced in the Reports. I consider that all the matters on which I have expressed an
opinion are within my field of expertise.

4. In preparing these Reports, I am not aware of any conflict of interest actual or
potential which might impact upon my ability to provide an independent expert opinion.

5. I confirm that I have not entered into any arrangement where the amount or
payment of my fees is in any way dependent on the outcome of this proceeding.

6. In respect of facts referred to which are not within my personal knowledge, I have
indicated the source of such information.

7. I have not, without forming an independent view, included anything which has
been suggested to me by others, including the technical team and those instructing me.

Dr. Howard Wheater
Hydrological Engineer

24 January 2019
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