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2.4. Socioeconomic value of the Punata alluvial fan 

According to the National Institute of Statistics of Bolivia (INE, 2012) in 2012 the 
population in the Punata alluvial fan region was approximately 50000 inhabitants. 
Around 65% of the total population is dedicated to agriculture or related activities.  

Natural hazards such as flooding and droughts, with the latter as the most likely to 
occur, affect drastically the welfare of the local population. In 2016 within the 
department of Cochabamba, 30 out of 47 municipalities were affected by droughts. In 
the Punata region around 700 families were affected and more than 2400 ha of crops 
were lost. 

The losses in agricultural production affects dramatically not only local actors, but also 
have repercussions in important urban centers like Cochabamba and Santa Cruz cities. 
For instance, before 2016 a kilogram of potatoes had a price of approximately 0.4 
USD, but after the drought the price was around 0.7 USD. The rise in the cost of living 
affects many low income families whit a monthly salary less than 300 USD (the 
minimum national salary in 2017 was around 285 USD). 

2.5. Water law and regulations 

Bolivia does not have an updated national water legislation, and the current Water Law 
was enacted in 1906, and it is outdated in terms of groundwater exploration, 
management and protection. The lack of water law leads to inefficient water 
management, with negative consequences such as over-exploitation of many aquifers. 
One clear example is the current situation in the Punata aquifers, where groundwater 
is over-exploited and drilling of new wells are done without any planning. 

One aspect that must be pointed out, is that new laws and regulations should take into 
account the involvement of different stakeholders. This becomes more important in 
rural areas where villagers have ancient traditions for water use. For instance, in the 
Pucara system there are old agreements about who and how water can be used, and 
non-compliance might end in social conflicts. On the other hand, it is also important 
to include an adequate training of human and technical resources, which can guide the 
development of sustainable water management and protection plans. 

  























4.2.1. Electrical Resistivity Tomography 



4.2.2. Induced Polarization 
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Figure 11 Time Domain Induced Polarization measurement. a) Current injection and alternation of time-on and 
time off. b) Gating of the voltage decaying curve. 

A common parameter used to quantify TDIP measurements is the chargeability, which 
is expressed as the ratio of the measured voltage during the off-time over the measured 
voltage during the on-time. In other words, the measured parameter in the TDIP, is 
defined as the ratio of the secondary potential, i.e. ‘𝑉௧’ area under the decay curve at 
different time intervals ‘𝑡ଵ’ and ‘𝑡ଶ’ (refer to Figure 11.b), divided by the primary 
potential of the transmitted current ‘𝑉ை’ (Slater and Lesmes, 2002).  The timing setup 
used for the ERT and IP surveys in this study applied a current-on of 1 s (with an 
acquisition delay time of 0.4 s and an acquisition time of 0.6 s) and a current-off of 1 
s. The IP delay time was set on 10 ms. A total of eight time windows were measured, 
where each window time is a multiple period time of 20 ms in order to suppress any 
power line noise.  

4.2.3. Transient Electromagnetics 

The principle of the TEM method is that a controlled current is transmitted in a cable 
loop and alternately turned on and off (Figure 12.a). The induced current will produce 
a primary magnetic field. When changes occur in the magnitude of magnetic field an 
electromotive force (emf) is induced (Figure 12.b). The propagation of the emf into 
the ground will induce eddy currents (Figure 12.d), which at the same time produce a 
secondary magnetic field (Figure 12.c). The secondary magnetic field amplitude 
decreases with time and depends on the ground resistivity. Soils with high resistivity 
will yield magnetic fields with high initial amplitudes and quick decays; while soils 
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with low resistivity will have an opposite behaviour (Christiansen et al., 2009, Guérin 
et al., 2001, Fitterman and Stewart, 1986). 

 
Figure 12 a) Transmitter wave form. b) Induced electromotive forces after the primary magnetic field. c) Receiver 
wave forms. d) Schematic TEM field setup. 

Figure 12.d displays the most common way for retrieving TEM data, which is by 
placing a square transmitter coil on the ground. After the electrical current is induced, 
the secondary magnetic field (b) is measured by a receiver coil. These measurements 
are conducted in discrete time intervals (db/dt) after transmitted current termination. 
With longer acquisition time (i.e. late gates) information from deeper formations is 
retrieved, while with the early times (i.e. early gates) information of layers close to the 
surface is retrieved (Christiansen et al., 2009, Mills et al., 1988).  According to many 
authors, e.g. Christiansen et al. (2009), Vereecken et al. (2006), and Fitterman and 
Stewart (1986), the depth of penetration in the TEM method might be affected by three 
factors: the resistivity of the different geological formations, the intensity of the 
background noise, and the moment of the transmitter. Hence the only practical way for 
increasing the depth of penetration is often by increasing the moment of the transmitter.  

A central loop layout was used in the Punata alluvial fan. The transmitter loop was 
50x50 m, while the two central receiver coils were 0.5x0.5 m (RC-5), and 10x10 m 
(RC-200). Both receiver antennas measure the high moments (HM) and the low 
moments (LM). The HM allows one to retrieve information from deeper levels with 
poor resolution near to the surface, while the LM allows one to retrieve information 
with good resolution in shallower levels, but with a poor depth of penetration.  



4.2.4. Groundwater vulnerability 















5.2.1. Surface and groundwater quality assessment 

5.2.2. Weathering process and ion chemistry 



5.2.3. Stable isotopes 

5.2.4. Data collection  
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