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SAMMANFATTNING (SUMMARY IN SWEDISH) 

 
Arsenikförorening i dricksvatten är ett världsomfattande problem. Arsenikens 
(As) naturliga ursprung, dess rörlighet och transport är av stort intresse i det 
Bolivianska Altiplano (nedre Katari-bassängen: LKB och södra Poopó-
bassängen: SPB) på grund av närvaron av mineral malmer, saltsjöar, varma 
vattenkällor och vulkaniska bergarter. Hydrogeokemiska undersökningar av 
rumslig och tidsmässig variabilitet tillämpades på grundvatten, ytvatten och 
sediment med en statistisk metod för att bättre förstå den rumsliga förekomsten 
av As, stora joner och spårelement, och utvärdera källorna till upplösta ämnen 
och belysa processerna som styr utvecklingen av naturligt vatten i LKB. 
Resultaten indikerar höga halter av As, bor (B), antimon (Sb), mangan (Mn) och 
hög salthalt i grunda brunnar i det undersökta LKB, som överskrider riktvärdena 
för dricksvatten i den bolivianska förordningen (NB-512) och WHO, vilket gör 
vattnet olämpligt att dricka. Den säsongsmässiga variationen och dess påverkan 
på vattenmängden utöver belastningen av fasta ämnen och avloppsvatten 
(Pallina-floden) medför en betydande negativ hälsoeffekt för samhällen vid 
Katari-floden. Den första utvärderingen av den hydrogeologiska studien 
indikerar att grundvattenflödet observerades i riktningen sydost - nordväst (SE 
- NW), vilket visas i sektorerna med interaktion mellan grundvatten och ytvatten. 
Den rumsliga förekomsten av As varierar avsevärt på grund av geologiska 
egenskaper i området såväl som på grund av de heterogent fördelade 
evaporitavlagringar i sedimenten (i LKB och SPB), men de högsta 
koncentrationerna av As finns i de alluviala sedimenten i norra regionen. 
Sekventiell extraktion av sediment tillsammans med geokemisk modellering 
(mineralmättnadsindex) indikerar att järn (Fe) och aluminium (Al) oxider och 
hydroxider är de viktigaste mineralerna som adsorberar As i den centrala och 
södra regionen av LKB. Båda grund- och ytvattenkemin i LKB och SPB 
påverkas starkt av interaktionen med sedimentbeståndsdelarna och de rumsliga-
temporära variationerna. Resultaten från den rumsliga analysen indikerar att 
trots outliers finns det en stark autokorrelation mellan As, B och Sb, eftersom 
Morans I-värdena är positiva. Den globala rumsliga beroendeanalysen 
indikerade en positiv och statistiskt signifikant rumslig autokorrelation (SA) för 
alla fall och att TEs är inte slumpmässigt fördelade på 99% konfidensnivå. 
  
Nyckelord: arsenik, spårelement, multivariat analys, rumslig variabilitet, 
hydrogeologi, spatio-temporär variation, Nedre Katari-bassängen, Bolivian 
Altiplano, alluviala sediment 
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RESUMEN (SUMMARY IN SPANISH) 

 
Los metales pesados y sus diferentes alótropos distribuidos en minerales y menas 
son reconocidos como contaminantes ambientales teniendo en cuenta su nivel 
de toxicidad, existencia en el medio ambiente y potencial para contaminar la bio-
geosfera. En general, los patrones espaciales y las tendencias de dispersión son 
estadísticamente diferentes de los patrones aleatorios de elementos traza (ET), 
considerando diferentes factores ambientales (actividad natural/antropogénica) 
y condiciones geológicas. El sistema del Lago Titicaca - Río Desaguadero - Lago 
Poopó - Salar de Coipasa (TDPS) es una cuenca endorreica en el Altiplano 
Peruano y Boliviano. Se encuentra entre la Cordillera Oriental y Occidental 
desde 3,600 y 4,500 metros sobre el nivel del mar (m s.n.m.). El lago Titicaca es 
el lago navegable más alto del mundo con 3,810 m s.n.m. El Lago Titicaca ha 
sido contaminado por metales pesados, nutrientes (eutrofización) y agentes 
microbianos, que llegan a la Bahía de Cohana y la convierten en el sitio más 
contaminado en la parte Boliviana. Esta contaminación se debe principalmente 
a la descarga no tratada de las aguas residuales urbanas e industriales de las 
ciudades de El Alto y Viacha, así como a las descargas de las áreas con actividad 
minera en la región de Milluni (El Alto) aguas arriba de la Cuenca Bajo Katari 
(LKB). Los ríos Seque, Seco y Pallina están conectados a la Bahía de Cohana a 
través del Río Katari que transporta los contaminantes. La demanda de agua en 
centros urbanos como El Alto, Viacha y Laja está aumentando, mientras que 
muchas comunidades pequeñas carecen de servicios adecuados de agua y 
saneamiento, especialmente en LKB. 
Este trabajo de investigación enfatizó un enfoque más multidisciplinario 
aplicando herramientas hidroquímicas (evolución química), herramientas 
geoquímicas (modelado geoquímico), herramientas estadísticas (análisis 
multivariado), herramientas espaciales (sistemas de información geográfica) y 
herramientas geoestadísticas (autocorrelación espacial). Este enfoque permite 
evaluar el problema de una manera más integral y a partir de esto, generar un 
amplio conocimiento científico que servirá de base para que las instituciones que 
toman decisiones lleven a cabo actividades de mitigación en las áreas afectadas.  
Este estudio se centró en caracterizar la geoquímica del agua subterránea (GW), 
agua superficial (SW), sedimentos de piezómetros (CS) y sedimentos de ríos 
(RS), con la ambición de evaluar las fuentes de especies disueltas y dilucidar los 
procesos que rigen la evolución de la química del agua [Paper I]. A través de 
este estudio, se tiene como objetivo determinar la variabilidad espacial de ET 
como el arsénico (As), el boro (B) y el antimonio (Sb) mediante el análisis 
multivariado con análisis de componente principal (PCA) y análisis jerárquico de 
conglomerados (HCA), análisis geoquímico utilizando el software de modelado 
geoquímico PHREEQC con la base de datos MINTEQ y herramientas de 
análisis espacial utilizando la estadística I de Moran con los Indicadores Locales 
de Asociación Espacial (LISA) [Paper II]. Además, se estudió la variabilidad 
espacio-temporal de As y otros ET en GW y SW, considerando la hidrogeología 
del GW sub-superficial en LKB [Paper III]. Finalmente se comparó dos 
cuencas separadas espacialmente en las regiones norte y sur del sistema TDPS, 
como son la Cuencas Bajo Katari (Lago Titicaca) y la Cuenca Sur Poopó (SPB) 
(Lago Poopó), con el objetivo de evaluar los procesos geoquímicos de la 
movilización de As [Paper IV]. 
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La contaminación por As en el agua potable es un problema mundial. El origen 
natural de As, su movilidad y transporte son de gran interés en el Altiplano 
Boliviano (LKB y SPB) debido a la presencia de depósitos minerales, salmueras, 
aguas termales y rocas volcánicas. Los resultados revelan altos niveles de As, 
boro (B), antimonio (Sb), manganeso (Mn) y alta salinidad en algunos pozos 
poco profundos de agua potable, que exceden los valores de referencia de la 
regulación boliviana (NB-512) y la OMS, que hacen que el agua no sea apta para 
beber. La variación estacional y su impacto en la cantidad de agua, además de la 
carga de sólidos y líquidos de origen residual (Río Pallina) tienen un impacto 
negativo significativo en la salud de las comunidades ubicadas a las orillas del 
Río Katari. La primera evaluación del estudio hidrogeológico indica que el flujo 
de aguas subterráneas tiene la dirección sureste - noroeste (SE - NO), a su vez 
se observan algunos sectores con probable interacción entre las GW y SW. La 
distribución espacial de As varía considerablemente debido a las características 
geológicas del área, así como a las evaporitas heterogéneamente distribuidas en 
los sedimentos (en LKB y SPB), sin embargo, las concentraciones más altas de 
As se encuentran en los sedimentos aluviales de la región norte. La extracción 
secuencial de sedimentos junto con el modelado geoquímico (Indices de 
Saturación mineral) indica que los óxidos de hierro (Fe) y aluminio (Al), así como 
sus hidróxidos, son los minerales adsorbentes más importantes de As en la 
región central y sur de LKB. La química de los cuerpos de agua en LKB y SPB 
está fuertemente influenciada por la interacción con el sedimento y por las 
variaciones espacio-temporales. Los resultados del análisis espacial indican que, 
a pesar de los valores atípicos, existe una buena autocorrelación espacial (SA) 
para As, B y Sb, ya que los valores de I de Moran son positivos. El análisis de 
dependencia espacial global indicó una SA positiva y estadísticamente 
significativa para todos los casos, indicando que los ET no se distribuyen 
aleatoriamente con un nivel de confianza del 99%. 
Como consecuencia de este estudio, se estableció una red de monitoreo de 
cuerpos de agua y sedimentos, que fueron muy útiles para evaluar la calidad y 
cantidad de agua en los acuíferos poco profundos y los ríos circundantes. El 
conocimiento generado ahora sirve para sugerir posibles opciones de mitigación 
que pueden ser adoptadas por las comunidades locales, así como otras partes 
interesadas en la mitigación de la contaminación del agua (las entidades que 
toman decisiones en las políticas de gestión del agua como el Ministerio del 
Agua, los gobiernos municipales y los comités de agua). A partir de la 
identificación del problema (contaminación por As y otros ET) se evidenció el 
estado deteriorado actual del agua potable en algunas regiones de LKB and SPB. 
Se proponen áreas con mayor aptitud para uso como una fuente de agua potable, 
teniendo en cuenta la cuantificación temprana de la contaminación por As, así 
como la identificación de sus fuentes naturales y los procesos de movilización y 
disponibilidad ambiental. Como resultado de la investigación, se identificaron 
regiones dentro del área de estudio (LKB) que tendrían acuíferos As-seguros 
(este, sureste, oeste y suroeste), donde se podrían perforar pozos locales poco 
profundos, utilizando tecnología disponible localmente y a bajo costo. Aunque 
el estudio se centró en el problema del As en la fase líquido-sólido (agua - 
sedimento), el B y Sb también son elementos de mucha preocupación, aunque 
su toxicidad es menor a la del As, sus altas concentraciones generan la necesidad 
de ser estudiados con mayor detalle. 
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 ABSTRACT 

 
Arsenic (As) contamination in drinking water is a world-wide problem. The 
natural origin of As, its mobility and transport are of great interest in Bolivian 
Altiplano (Lower Katari Basin: LKB and Sothern Poopó Basin: SPB) due to 
presence of mineral ore deposits, brines, hot springs and volcanic rocks. 
Hydrogeochemical spatio-temporal and spatial variability investigations were 
applied to groundwater, surface water and sediments with a statistical approach 
to better understand the spatial distribution of As, major ions and trace elements, 
and evaluate the sources of dissolved species and elucidate the processes that 
govern the evolution of natural water in the LKB. The result reveal high levels 
of As, boron (B), antimony (Sb), manganese (Mn) and salinity in shallow wells, 
which exceeds the guideline values of the Bolivian regulation (NB-512) and 
World Health Organization (WHO). The seasonal variation and its impact on 
the water quantity, on top of the solids and liquid residual (origin Pallina River) 
poses significant negative health risk for the community at the banks of the 
Katari River. The first evaluation of the hydrogeological study indicates that the 
groundwater flow was observed in the direction southeast - northwest (SE - 
NW), and there is an interaction between groundwater and surface water. The 
spatial distribution of As varies considerably due to geological characteristics of 
the area as well as due to the heterogeneously distributed evaporites in the 
sediments (in LKB and SPB). However, the highest concentrations of As are 
found in the alluvial sediments of the northern region. Sequential extraction of 
sediment along with geochemical modeling (mineral saturation indices) indicates 
that the iron (Fe) and aluminum (Al) oxides as well as their hydroxides are most 
important adsorbent minerals of As in central and southern region of LKB. The 
chemistry of water bodies in LKB and SPB is strongly influenced by the 
interaction with the sediment constituents and by the spatial-temporal variations. 
The results of spatial analysis indicate that despite of the outliers there is a good 
autocorrelation for As, B and Sb, since Moran's I values are positive. The global 
spatial dependence analysis indicated a positive and statistically significant spatial 
autocorrelation (SA) for all cases and TEs are not randomly distributed at 99% 
confidence level. 

Keywords: arsenic, trace elements, multivariate analysis, spatial 
variability, hydrogeology, spatio-temporal variability, Lower Katari Basin, 
Bolivian Altiplano, alluvial sediments.

1. INTRODUCTION 

The water bodies of Lake Titicaca, 
Desaguadero River, Uru Uru and Poopó 
Lakes (TDP system) are the most important 
source of fresh water in the Bolivian 
Altiplano region. It also carries major 
ecological, economic and cultural importance 
to a population of ca. 2.5 million. Despite all 
their importance they are subjected to an 
increasing anthropogenic pressure by the 
growing water demand and in particular due 

to the contamination from mining industries, 
the agricultural runoff, and untreated 
wastewater effluents. 
The TDP system in the Altiplano region is a 
unique set of aquatic ecosystems in the world. 
(Fig. 1) It is an enclosed system situated at 
elevation of more than 3500 m above the sea 
level with a progressive process of natural 
and anthropogenic desiccation and 
salinization. 







Israel Quino Lima TRITA-ABE-DLT-2018 

 

4 

wastewater discharge has resulted in the most 
serious threats for water quality in the region 
(Fig. 1). In fact, mining, industrial and 
domestic wastewater are discharged mostly 
untreated to water bodies agricultural runoff, 
together with inadequate management of the 
TDP system are considered as the main threat 
for maintaining safe water supply. This in 
turn also negatively affects the overall quality 
and quantity of agricultural production, 
aquatic biodiversity causing ultimate pressure 
on food safety and economic development of 
the region. 
Hundreds of thousands of people depends 
directly on the health of the system as well as 
the fate of several endangered and endemic 
species. Despite such relevance, the system is 
one of the most contaminated in the world 
and water treatment facilities are always 
postponing due to their costs and the 
Bolivian economic limitations. 
The Lake Titicaca is the main regulatory 
element of the TDPS system, with an area of 
8,400 km² (ALT, 2017), is the highest 
navigable lake in the world (3,810 m a.s.l. 
average altitude) (Martinez et al., 2007). 
Lake Titicaca differs notably from other 
lakes, due to its large depth (mean depth: 135 
m) (ORSTOM, 1991; ALT, 2005) and 
volume (903 km3) (Pillco et al., 2019), high 
elevation (3,810 m a.s.l.) and its geographical 
location (tropical latitude) (Pillco et al., 2019). 
The sub-basins Katari, Coata, Huancané, 
Huaycho, Ilave, Illpa, Keka-Achacachi, 
Ramis and Suchez are part of the Lake 
Titicaca basin (Pillco et al., 2019; Martínez et 
al., 2007). 
The aquatic system of the Katari Basin 
(including the Lower Katari Basin) and its 
tributaries (Seque, Seco, Pallina and Katari 
rivers) as well as Cohana Bay (Fig. 2), are 
highly affected due to the infux of heavy 
metals, nutrient elements and microbial 
inputs causing widespread water pollution, 
and accentuated due to limited actions at all 
levels (municipal, departmental and national 
governments) to solve the problem. 
 

1.1. Background 
Arsenic (As), antimony (Sb), boron (B) and 
other trace elements with different allotropes 
are widely distributed in minerals and ores 
(Bundschuh et al., 2017; Bundschuh and 
Maity, 2015; Ramos et al., 2012, 2014).  
Generally, As, Sb, B and other trace elements 
(TEs) are mobilized by natural weathering 
process, biological activity, geochemical 
interactions, volcanic eruptions, and 
anthropogenic activities (Mukherjee et al., 
2019, Maity et al., 2017; Herath et al., 2016; 
Muñoz et al., 2015; Islam et al., 2013; 
Ormachea et al.,  2010, 2012, 2013, 2016). 
The TEs and toxic elemental contamination 
represent very important risk to human 
health related to the consumption of TEs and 
toxic elements through food and drinking of 
contaminated groundwater worldwide 
(Bolivia, México, Nicaragua, Ecuador, Chile, 
Argentina, Perú, Brazil, Uruguay, India, 
Bangladesh, China, Vietnam, Japan, 
Mongolia, Taiwan, Spain, Portugal and 
Hungary) during last few decades (Maity et 
al., 2019, 2012, 2011a, 2011b; Bundschuh et 
al., 2012; Duwig et al., 2014; Islam et al., 2013; 
Samal et al., 2013; Bhattacharya et al., 2011). 
The Lake Titicaca has been impacted by 
heavy metals, nutrient elements and microbial 
inputs which reach the Cohana Bay (Ribera, 
2010). The Cohana Bay (5 - 10 m, depth) 
(ORSTOM, 1991) is considered as the most 
contaminated site of the Bolivian part of the 
Lake Titicaca (Ribera, 2008). These problems 
were caused probably due to the discharge of 
the urban and industrial wastewater from El 
Alto and Viacha cities without proper 
treatment as well as the discharges from the 
areas of intense mining activities in the region 
of Milluni (El Alto) upstream of Katari Basin 
(Fig. 3). The pollutants are transported by 
Seque (located at upstream of the basin), Seco 
and Pallina rivers which are connected to the 
Cohana Bay through the Katari River (Fig. 3). 
The demands for water in urban centers (El 
Alto, Viacha and Laja) are increasing while 
many small communities lack of adequate 
water and sanitation services (Lower Katari 
Basin).  
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1.3. Spatial Variability 
The geological conditions could be an 
important source of TEs in the shallow GW, 
which affect the water quality of domestic 
wells (Quino et al., 2019). It is important to 
understand how TEs are distributed, how 
their concentrations are varying in time and 
space, as well as how they are related to the 
specific geochemical environment, their 
spatial patterns and the trends of their 
clustering or dispersing that are statistically 
different from the random patterns (Lee and 
Li, 2017). 
The spatial dependence between 
observations and spatial autocorrelation 
coefficients provide quantitative assessments 
of spatial dependencies in data describing 
geographic objects or events (Griffith, 2005; 
Lesage and Pace, 2009; Lee and Li, 2017). 
One of the widely used indices is the Moran 
index (Moran's I), which is a parameter that 
measures the degree to which geographic 
objects or events are clustered, dispersed or 
simply randomly distributed in an area 
(Moran, 1950; Lee and Li, 2017). The spatial 
autocorrelation (SA) is a measure of the 
systematic concentration or dispersion of the 
values of a variable on a map. In other words, 
it is a pattern in the behavior of a variable 
according to its geographical location 
(Celemín, 2009). The SA value is positive 
when neighboring spatial units have similar 
values (grouping tendency). If the 
neighboring spatial units present very 
different values, the SA value (dispersion 
tendency) is negative, and finally if neither of 
the previous two cases occurs, there is no SA, 
i.e., there is randomness (Celemín, 2009; 
Lavado, 2015). 
A number of studies have used the 
combination of spatial and geostatistical 
methods, linked to the concentrations of 
chemical elements and other parameter in 
GW (Chaudhuri and Ale, 2014; Lee and Li, 
2017; McGrory et al., 2017). The Moran 
index used to determine the SA and the 
localized index for spatial association have 
been widely applied in different research 
fields to explore and evaluate spatial 
dependence in a set of geographic data (Lee 

and Li, 2017). The combination of spatial and 
geostatistical methods such as inverse 
distance weighting interpolation (IDW) and 
local indicator of spatial association (LISA) 
were used to determine  the spatial 
distribution of As in the Republic of Ireland 
in order to identify potential As clusters 
through the spatial mapping techniques 
(McGrory et al., 2017). In Texas, it was used 
in a study of trends in GW levels and for 
identification of spatial patterns by applying 
different statistical hierarchical clustering 
analysis (HCA) and geospatial techniques 
(Moran's I and LISA) (Chaudhuri and Ale, 
2014). 
  
Table 1. Comparison of selected parameters 
between World Health Organization (WHO) 
(WHO, 2011) and Bolivian standard for drinking 
water (NB 512) (IBNORCA, 2004). 

Parameter Unit 

WHO  NB - 512 

Guideline  Maximun  

value acceptable 

pH -  - 6.5 - 9.0 
EC  - 1500 

  -  1000 
Ca2+  - 200 

Na+  - 200 

Mg2+  - 150 
Cl   - 250 

4   - 400 

NO3   50 45 
F   1.5 1.5 

Al   - 0.1 

As  10 10 
B  500 300 

Fe   - 300 

  20 5 
Mn  - 100 

Cd  3 5 

Cr  50 50 
Pb  10 10 

Zn  -  5000 

Cu  2000 1000 
  10 10 

Ni  20 50 

U  15 - 

 

2. RESEARCH OBJECTIVES 

2.1. General objective 
The main objective of this study was to 
improve the understanding on the 
occurrence of As and other TEs in GW 
(shallow aquifer) and SW with special 
emphasis on geogenic As in the southeastern 
part of Lake Titicaca in Bolivian Altiplano. 
The identification and spatial distribution of 
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principal geogenic sources was very 
significant to determine the different 
geochemical processes that release and 
mobilize As in GW and SW and the 
interaction between them. For this, the spatial 
correlation of the various hydrogeochemical 
parameters and their link with geological and 
anthropogenic sources and processes was 
determined. In addition, to perform the 
physicochemical characterization and 
assessment of drinking water quality focused 
on geogenic As in the LKB (rural area) 
located within the Bolivian Altiplano. 
 

2.2. Specific objectives 
The specific objectives of the study were to: 

i. Investigate the geochemistry of GW 
and SW, to evaluate the sources of 
dissolved species and to elucidate the 
processes that govern the evolution 
of water chemistry in the LKB near 
the Cohana Bay (Lake Titicaca) 
(Paper I). 

ii. Determine the spatial variability of 
selected TEs (As, Al, B, F, Mn, and 
Sb) in shallow GW of the LKB, using 
multivariate analysis (PCA and 
HCA), geochemical modeling 
(PHREEQC, MINTEQ) and spatial 
analysis (IDW interpolation, spatial 
autocorrelation with Moran's I and 
LISA), considering the use of 
community consumption wells 
(Paper II). 

iii. Determine the geochemical of As and 
TEs in GW-SW-Core sediments-
River sediments; the natural 
distribution of As in LKB, the spatial-
seasonal variability of As in SW and 
GW; and lastly the hydrogeology of 
shallow GW in LKB (Paper III). 

iv. Compare the geochemical processes 
for the mobilization of As in the 
Lower Katari Basin (Lake Titicaca) 
and Southern Poopo Basin (Lake 
Poopó), considering conditions 
climatic and hydrological regimes, 
thus generating scientific 
understanding that can improve the 
efficiency of the management of 

drinking water supplies from 
groundwater sources in these 
polluted areas (Paper IV). 

 

3. STUDY AREA  

3.1. General description 
The TDPS system (Lake Titicaca – 
Desaguadero River – Lake Poopó - Salt Flat 
of Coipasa) (Fig. 1) is a closed basin between 
Peruvian and Bolivian Altiplano, comprising 
the watershed of Lake Titicaca (39%), 
Desaguadero River and Lake Poopó (38%), 
and de Salt Flat of Coipasa (23%) 
(CMPRALT, 2014). The TDPS system is 
located between Eastern and Western 
Cordillera from 3,600 and 4,500 m a.s.l. 
(OSRTOM, 1991). The maximum height is 
the Sajama mountain (6,542 m a.s.l.), while 
the minimum height corresponds to the Salt 
Flat of Coipasa (3,653 m a.s.l.) (CMPRALT, 
2014). The Lake Titicaca basin is located in 
the central Bolivian Altiplano and is part of 
the TDPS.  
The LKB is located in the southeastern part 
of the Lake Titicaca, within the Katari Basin 
in the Bolivian Altiplano and is a part of the 
Cohana Bay (CB) with an area of 484 km2, 
with an elevation range between 3,800 to 
4,200 m a.s.l. (Fig. 3). According to the 2012 
census the area had 37,781 inhabitants 
distributed in rural communities (INE, 2017). 
It is part of four municipalities: Pucarani, 
Laja, Puerto Perez, and Tiahuanacu. El Alto 
and Viacha are the most important cities 
close to the study area, with more than 
848,840 and 80,388 inhabitants, respectively 
(INE, 2017). The inhabitants of these rural 
regions use GW from excavated and some 
drilled wells (depths <10 m), normally the 
wells are in dwellings, but a whole village uses 
others, in a few locations there are deep wells 
with pumps installed. In general, the water 
from these wells is primarily used for human 
consumption, but is also used for the purpose 
of irrigation in some areas. 
The climate is characterized by dry winter and 
mild summer, and is mainly determined by 
the seasonal movement of the Inter Tropical 
Convergence Zone (ITCZ) and its high 
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elevation (>3800 m a.s.l.) (MMAyA, 2010). 
The mean annual rainfall of the LKB is 
509.86 mm, the rainiest months are 
December-January-February-March (89.03 
mm; mean monthly) and the driest months 
are May-June-July (5.82 mm; mean monthly) 
(MMAyA, 2010). The mean annual 
temperature is 7.7 °C (Tiwanaku station) and 
solar radiation (El Alto station) has a high 
level of ultraviolet radiation (533 
cal/cm2/day; mean annual), due to the low 
atmospheric density and a diaphanous 
atmosphere (IIS, 2013). 
 

3.2. Geology and hydrogeology  
The study area is characterized by variable 
topography, with mountainous areas with 
high slopes (range of 45 to 66% on mean and 
some cases greater than 100%) (maximum 
elevation of 4,198 m a.s.l. and minimum 
elevation of 3,811 m a.s.l.) and plains of 
relatively low slope (mean slope 3.8%) as well 
as with the presence of isolated hills. It is 
formed by scattered hills with sandstones, 
lutites and siltstones which belonging to the 
Devonian period, and conglomerates, 
sandstones, arcilites, marlstones, with 
volcanic rocks, as tuff, interspersed lava and 
diapirs of the Neogene period (Tertiary). 
Surface geology is dominated by alluvial, 
fluvial lacustrine, fluvioglacial, colluvial, 
lacustrine, moraine and dune deposits from 
Quaternary period (MMAyA, 2010) (Fig. 2). 
In different places of southern and eastern 
shores in the Lake Titicaca, there are terraces 
that could correspond to the period of the 
Lake Minchin (paleolake 10,000 BP) 
(Martínez and Roncal, 2007; Mukherjee et al., 
2019). 
Lacustrine sediments overlap and are 
interspersed with fluvial sediments forming 
confining layers as well as consequently 
produce artesian conditions (Quaternary 
fluviolacustrine deposits) (IIS, 2013). 
Lacustrine sediments originated from the 
Pleistocene era until around 10,000 B.P. 
(Servant-Vildary, 1993).  The lacustrine plains 
(3,800 m a.s.l.) have uniform deposition 
surfaces and do not reflect differentiated 
climatic events; their surface reflects traces of 

flood areas in rainy seasons, due to the 
remains of salt in different areas, left by 
temporary lagoons (MMAyA, 2010). 
The mountainous surfaces (4,100 - 4,400 m 
a.s.l.) are represented among others by the 
volcanic hills with rounded shapes and 
medium slopes (MMAyA, 2010). The 
structural surfaces with relatively flat surface 
relief, which are composed of rocky 
outcrops, have an origin often related to the 
development of tabular geological 
formations, composed of volcanic-clastic 
spills, mostly of ignimbritic nature of whitish 
tones, slightly compact, associated with the 
volcanism of plio-pleistocene (MMAyA, 
2010) (Fig. 2). 
Three distinctive belts of orogenic gold (Au) 
and/or Sb deposits are recognized along the 
Eastern Cordillera in the Bolivian Altiplano, 
(Tistl, 1985; Lehrberger, 1992; Arce-Burgoa 
and Godfarb, 2009). One of them is the 
northwest trending belt in the Apolobamba 
district (La Paz Bolivia) near the Bolivian-
Peruvian border (around the Lake Titicaca). 
This belt is present only in the middle of the 
northern half of the Bolivian Eastern 
Cordillera (Arce-Burgoa and Goldfarb, 
2009). The Eastern Cordillera in Bolivia 
contains more than 500 known deposits of Sb 
and Au, which are characterized as the 
Kharma deposit type (Dill et al., 1995). The 
Kharma deposit consists of fissure veins 
dominated by stibnite (Sb2S3) with 
subordinate amounts of other sulphides and 
sulfosalts and smaller amounts of 
aurostibnite (Dill et al., 1995; Seal et al., 
2017). 
The basins in the Peruvian-Bolivian TDPS 
system are endorheic. The GW levels 
generally vary from close to the surface down 
to a depth of 2 meters and are influenced by 
the topographic irregularities resulting from 
differential compactions during the post 
depositional processes. The GW flows 
towards the direction of water reservoirs 
from the recharge areas into Lake Titicaca 
with hydraulic gradients mean of 0.1 to 1% 
and the total volume of GW recharging the 
system does not exceed 3 m3/s (Martínez and 
Roncal, 2007). 
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4. MATERIALS AND METHODS  

4.1. Field investigations  

44.1.1. Groundwater and surface water 
sampling    

i. Water samples from thirty one wells 
and six samples from rivers (one 
lake), were collected between 
December 2014 and March 2015 to 
assess the hydrogeochemical 
characteristics of ground and surface 
water within the LKB (Paper I).  

ii. Six SW samples and thirty two GW 
samples were collected during May 
2015 to investigate the spatial 
variability of selected TEs in the LKB 
(Paper II). 

iii. Four water sampling campaigns were 
carried out, two during rainy season 
(February 2016 and March 2017) and 
other two in dry season (October 
2016 and August 2017) and a total of 
206 GW samples were collected from 
domestic wells and piezometers to 
determine the natural distribution of 
As in LKB, the spatio-temporal 
variability of As and other TEs in SW 
and GW and the hydrogeochemistry 
of the shallow GW in LKB (Papers 
III and IV). The sampling in rainy 
season (RASE) had two campaigns, 
with collection of 46 samples during 
February 2016 (FEB16GW) and 59 
samples during March 2017 
(MAR17GW). For seasonal 
comparison, in dry season (DRSE) 43 
samples were collected during 
October 2016 (OCT16GW) and 58 
samples in August 2017 
(AUG17GW). During the RASE, 9 
SW samples were collected in each 
campaign, during February 2016 
(FEB16SW) and March 2017 
(MAR17SW). During the DRSE, 8 
SW samples were taken in October 
2016 (OCT16SW) and 11 samples in 
August 2017 (AUG17SW) from the 
same site and some additional sites 
for seasonal comparison.  

iv. The sampling campaign was carried 
in Southern Poopó Basin (SPB), the 

sampling campaign was carried out 
during dry season (November 2009) 
(19 GW samples and 1 SW sample) 
(Paper IV). 

Geographical coordinates were taken at each 
sampling site with a handheld Garmin 
GPS12TM equipment. The water parameters 
such as pH, temperature (T), electrical 
conductivity (EC), redox potential (Eh), total 
dissolved solids (TDS) were measured in the 
field with a multiparameter meter HANNA - 
HI 9828. Eh values were corrected for the 
standard hydrogen electrode (Appelo and 
Postma, 2005). The portable instrument was 
calibrated daily using standard solutions, all 
equipment in contact with water was rinsed 
three times with deionized water. Alkalinity 
(HCO3

-) was determined in the field by 
titration with 0.1 N H2SO4 until the color 
change of a mixed acid-base indicator to 
approximately a pH of 4, using a West 
Systems Hi Tech Devices RGD 
microdosimeter (portable titrator) (Papers I, 
II, III and IV). 
Groundwater samples were taken with a 
bucket or pump, depending on the type of 
well. Bucket was rinsed with well water 
before collection of water samples. The 
piezometers were purged continuously for at 
least ten minutes to stabilize field parameters. 
Depth of ‘well’ and water column were 
measured in the field with a water level meter 
(Solinst 101) (where possible), both 
measurements were made on all piezometers 
and wells. The depth, type of construction 
and characteristics of the wells were obtained 
from the well owners. Surface water samples 
were taken in the middle of river channel 
where possible, using a plastic bucket 
following the same procedure as for GW 
sampling. River flow was measured at each 
sampling point, as well as other hydrological 
data such as, cross section (width, maximum 
depth, wet section, and wet perimeter) and 
mean flow using flow meter. 
Water samples were collected for laboratory 
analysis following the procedure described in 
Bhattacharya et al. (2002b). Samples were 
filtered using Sartorius 0.45 μm filters and the 
water samples were collected in three 
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replicates from each site, three bottles of 80 
mL for anions, cations (trace elements), and 
As speciation. The samples for the cation 
(TEs) analysis and As speciation were 
acidified using 1% v/v HNO3. Arsenic 
speciation was carried out in the field using 
the Disposable Cartridge® (MetalSoft Center, 
USA), following the methodology described 
by Meng et al. (2001) for As (III) analyses 
(Papers I and III). All samples were stored 
in a refrigerator at 4 °C until laboratory 
analyses. 
 

44.1.2. River sediment sampling    
A total of 17 sediment samples (8 in March 
2017 and 9 in August 2017) were collected at 
a same sampling site as river water samples to 
compare water and sediment chemistry (Fig 
2). The samples were taken with a shovel 
from riverbed in the middle of the stream 
flow at a depth of 0.3 m and were stored in 
plastic zip-lock bags (Paper III). 
 

4.1.3. Core sediment sampling  
Core sediments samples were collected from 
the unconsolidated Quaternary sediments at 
the flat plain area in LKB. A total of 54 core-
sediment samples were collected from 
nineteen piezometers to estimate the log 
profiles of piezometers. An auger drill was 
used to collect the sediments from 
representative depths up to 5 m. Continuous 
sediment cores were collected during drilling 
at each site. Two to four sediment samples 
were obtained at each profile. The sediment 
samples were characterized by color, grain 
size and texture, and were stored in zip-lock 
bags to transport for subsequent laboratory 
analysis. Core samples were divided for 
physicochemical analysis, total and sequential 
extraction (Paper III). Sixteen sediment 
samples were taken from two piezometers 
installed in the SPB (Paper IV) (Fig. 2).  
 

4.2. Laboratory analysis 

4.2.1. Water analysis 
Major anions (Cl-, NO3

- and SO4
2-) were 

analyzed by ion chromatography instrument 

(Dionex - ICS 1100) at the Environmental 
Chemistry Laboratory at the Universidad 
Mayor de San Andrés (UMSA) in La Paz, 
Bolivia (Papers I, II, III and IV).  
Major cations (Na+, K+, Ca2+, Mg2+), As and 
TEs (As, Cu, Fe, Mn, Pb, Cd, and Zn) were 
analyzed in the filtered acidified water 
samples using a Flame Atomic Absorption 
Spectrometer (FAAS) (Perkin Elmer 
AAnalyst 200) with Graphite Furnace 
Atomic Absorption Spectrometry (GFAAS) 
at the Hydrochemistry Laboratory of the 
Universidad Mayor de San Andres (UMSA) 
in La Paz Bolivia (Paper I). 
For Paper II, major cations and TEs (Si, As, 
Al, F, B, Br, Cu, Fe, Li, Mn, Pb, Sb, Sr, and 
Zn) were determined by inductively coupled 
plasma-mass spectrometry (ICP-MS) at the 
Mineral Laboratories Canada of the Bureau 
Veritas Commodities Canada Ltd., in 
Vancouver, Canada. Finaly for Papers III 
and IV, major cations and TEs (Si, As, Al, B, 
Br, Cu, Fe, Li, Mn, Pb, Sr, Cr, Ba and Zn) 
including As were determined by inductively 
coupled optical emission spectrometry (ICP-
OES; Varian Instruments, model Varian 
Vista Pro Ax) at the laboratory of the 
Department of Geology Sciences, Stockholm 
University, Sweden. 
 

4.2.2. River and core sediment analysis  
The determination of physical and chemical 
parameter in river bed and borehole 
piezometer sediments were determinate at 
the Hydrochemistry Laboratory - IIQ at the 
Universidad Mayor de San Andrés (UMSA) 
in La Paz, Bolivia. A total of 71 sediment 
samples (54 boreholes and 17 riverbeds) were 
analyzed for grain size, differentiated in grain 
size categories of coarse sand, fine sand, 
medium sand, silt and clay. For the pseudo-
total digestion, 71 sediment samples were 
digested using a digester VELP DK-20 (open 
digestion system) to quantify the total content 
of TEs. Sediment extracts were analyzed with 
an ICP-OES, at the Department of 
Geological Sciences, Stockholm University, 
Sweden. 
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Sequential extraction was performed on 54 
sediment core samples using the BCR 
(Community Bureau of Reference, 
superseded by the Standards, Measurements 
and Testing Programme of the European 
Community) method (Ure et al., 1993). This 
procedure was however amended for 
concentration, pH and volume of the 
reagents according to the procedure 
developed by Caceres et al. (2013) to identify 
the potential As host phases in the aquifer 
sediment. Details on the sequential extraction 
procedure are given in Paper III. The 
extracts were later analyzed using an atomic 
absorption spectrometer Perkin Elmer 
AAnalyst 200 with flame atomization 
(air/acetylene) for high element content and 
an electrothermal atomization in graphite 
furnace HGA 800 for lower concentrations at 
the Hydrochemistry Laboratory of the 
Universidad Mayor de San Andrés in La Paz, 
Bolivia (Paper III).  
In case of SPB, the sequential extraction was 
used to investigate the different phase 
associations and their potential for leaching 
of As, which were performed on a sediment 
core sample from Condo K and a sediment 
core sample from the lower terrain close to 
Quillacas (for more details see Paper IV). 
 
44.2.3. Quality control 
The precision and accuracy of water analysis 
were tested by the internal quality control of 
the laboratory. The quality assurance of major 
ion analyses was ensured through the 
estimation of charge balance error (CBE), 
most samples were in an acceptable CBE of 
±10%. Field blanks and reagent blanks were 
prepared and analyzed. Certified reference 
material (NIST SRM 1640a - Trace Elements 
in Natural Water) was used to check the 
accuracy. Replicate analyses were carried out 
to check the precision of the results, accuracy 
and precision indicated variations within the 
range of ±10% (Papers I, II, III and IV). 
The accuracy and precision of sediment 
analysis were also tested by internal quality 
control of the laboratory. Reference material 
(MR-C17-2 of CAEAL stands for Canadian 
Association for Environmental Analytical 

Laboratories) was used to check the accuracy, 
and duplicate analyses were carried out to 
check the precision of the results. The 
accuracy and precision indicated variations 
within the range of ±15 % with some 
exceptions (Papers III and IV). 
 

4.3. Data analysis 
Values of variables that were below detection 
limit, (bdl) or "<DL", were changed to the 
values divided by two, with the following 
expression "DL/2" for their treatment in all 
calculations, according to methodology 
suggested by Farnham et al. (2002) (Papers 
I, II, III and IV). 
 

4.3.1. Hydrochemical data analysis  
The Diagrammes software 6.59 (Laboratory 
Hydrogeochemistry, Université d'Avignon, 
1999) was used to create the Piper plots 
(Pipers III and IV), Aqueachem software 
4.0.264 (Waterloo Hydrogeologic Inc, 2003) 
was used to create the Stiff and Box and 
Whisker plots and to determine water type 
(Papers I, II, III and IV). The 
hydrochemical facies nomenclature was used 
according to the methodology suggested by 
Gimenez-Forcada (2010) (Paper I). 
 

4.3.2. Multivariate analysis  
The multivariate analyses were applied to the 
data with the hierarchical cluster analysis 
(HCA) and principal component analysis 
(PCA) using the statistics software InfoStat 
(Balzarini et al., 2008). The HCA and PCA 
were used to classify water samples into 
different groups based on their 
hydrochemical characteristics and for pattern 
recognition that attempts to explain the 
variance in large set of inter-correlated 
variables and to transform them into a 
smaller set of independent variables 
[principal components (PC)] (Davies et al., 
2002). (Papers I and II). 
 

4.3.3. Geochemical modeling  
The aqueous As speciation, with saturation 
indices (SI) and distribution of species in 
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water samples was calculated using the 
geochemical modeling software PHREEQC 
(Parkhurst and Appelo, 1990), using the 
MINTEQ database (minteq.dat) which 
includes thermodynamic database for As 
(Papers I, II, III and IV). 
 
44.3.4. Solid phase characterization  
Lithological characteristics of the sediments 
at different level taken during the drilling of 
the monitoring wells (piezometers) and on 
the riverbed sediments were characterized. 
 

4.3.5. Spatial analysis  
The spatial data used in the spatial analysis of 
Paper I corresponds to the concentrations of 
the parameters measured in samples collected 
in December 2014 (31 GW) and March 2015 
(6 SW). The spatial data for Paper II was 
collected in May 2015 (32 GWs and 6 SW), 
for Paper III was collected in February 2016 
(46 GW and 9 SW), October 2016 (43 GW 
and 8 SW), March 2017 (59 GW and 9 SW) 
and August 2017 (58 GW and 11 SW). Finally 
the spatial data used for Paper IV was 
collected in August 2017 (58 GW and 11 SW) 
and November 2009 (19 GW and 1 SW). 
The base shapefiles such as geology and 
digital elevation model (DEM) were obtained 
from the database of the Aquatic Pollution 
and Remediation Project from SIDA-UMSA 
program (Aquatic Pollution and 
Remediation, 2014-2020) and from Ministry 
of Environment and Water of the 
Plurinational State of Bolivia (MMAyA, 
2010). The river courses, basin boundaries 
were digitized using the images based on 
Google Maps. 
Geographic Information Systems (GIS) tools 
were applied in spatial analysis, the 
parameters were directly spatialized for SW 
samples for spatial visualization of data 
(Papers I, II, III and IV) and the Inverse 
Distance Weighting (IDW) interpolation was 
used for GW samples to create a continuous 
surface (or prediction map) from sample 
point values (ESRI, 2016) (Papers I and II).  
An advanced geostatistical analysis (Kriging 
interpolation, ESRI, 2016) was carrid out on 

ArcGIS 10.2.2 software using the 
hydrogeochemical data as well as the 
geospatial coordinates of the groundwater 
sampling points (Paper III). 
The mean values of the prediction maps were 
assigned to each community (91) of LKB and 
then the global and local spatial 
autocorrelation indicators such as: the global 
spatial dependence analysis (Global Moran's 
I statistical test), the significant spatial test 
(LISA Significance Map) and the local spatial 
dependence (LISA Cluster Map) were 
determined using the GeoDa 1.12.01 
software (Anselin, 2006). To study trends 
(spatial autocorrelation) of the different 
measured parameters in GW applying a 
statistical approach and to identify spatial 
patterns through spatial mapping techniques 
(Paper II). 
 

5. RESULTS AND DISCUSSION 

5.1. Groundwater and surface water 
chemistry 

5.1.1. Groundwater 
Summary statistics of water quality 
parameters and concentrations in GW and 
SW and their comparison with WHO (WHO, 
2011) and NB-512 (IBNORCA, 2004) 
guideline values (see Paper I, II, III, IV).  
The pH is slightly alkaline (6.4-9.2 in RASE 
and 6.6-9.6 in DRSE). The field measured Eh 
values revealed slightly oxidized conditions in 
most locations, but in some samples lower 
Eh values reflected slightly reduced 
conditions (155–537 mV in RASE and 235–
275 mV in DRSE) (Fig 4). Groundwater EC 
is generally high, and varies considerably 
within RASE and 111 

DRSE. Higher EC values 
are mostly due to the salinity derived from the 
sediments of lacustrine origin. The Lower 
Katari Basin is located in a region, where the 
paleolakes and their associated salt deposits 
together with the evaporative enrichment of 
the dissolved solutes are responsible for high 
EC values in the region (Ormachea et al., 
2013; Ramos et al., 2012, 2014). 
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TTable 2. Principal component loading calculated 
by principal component analysis (PCA) after 
rotation for the maximum variance, for groundwater 
samples. 

Variables PC 1  PC 2  
pH 0.09 -0.34 
EC 0.99 0.02 

Eh 0.13 -0.27 

T -0.31 -0.07 
 0.99 0.02 

HCO3
- 0.27 -0.16 

Cl- 0.93 0.1 

NO3
- -0.04 0.66 

4
2- 0.92 -0.21 

PO4
3- -0.29 0.55 

Ca2+ 0.87 0.22 

Mg2+ 0.95 0.13 
Na+ 0.94 -0.21 

K+ 0.12 0.46 

 0.11 0.79 
As 0.22 0.03 

Al 0.28 -0.07 

F -0.44 -0.17 
B 0.62 -0.14 

Br 0.63 0.23 

Cu 0.78 -0.15 
Fe -0.14 -0.51 

 0.79 0.01 

Mn 0.26 -0.47 
Pb 0.8 -0.07 

 0.07 0.16 

  0.94 0.15 
Zn -0.13 -0.16 

Eigenvalues 11 1 

% Variance explained 37 47 

% Cumulative variance 37 84 

 
The associations between the parameters in 
the second major HCA group are more 
complex. These parameters were classified 
into two subgroups: first one includes SO4 , 
HCO3 , Ca2

+ and Na+, which are the 
dominant ions according to the median and 
mean values of the measurements (Paper II) 
(Fig. 7 and Table 2).  
In addition, there are lithophile elements (Cl , 
Br , and F ) according to the Goldschmidt 
classification (Goldschmidt, 1937). Finally, 
second subgroup includes TEs (Sb, Li, Mn, 
Fe, Pb, Cu, and Zn) and parameters related to 
human activities (NO3  and PO4 ) (Paper 
II). 
Two PCs were extracted using the Kaiser 
criterion (Kaiser, 1960) and they explain 84% 
of the total variance in the data set (Table 2). 
The component loadings higher than 0.5 are 
considered important contributors to the 
total variance. Based on PC loadings, 28 
selected parameters were grouped into two 
PCs that were consistent with the results of 

HCA: PC1 from PCA comprising the first 
major group (yellow color, Fig. 7) and the 
first subgroup (blue color, Fig. 7) from HCA 
and mix of PC1 and PC2 from PCA 
comprising the second subgroup (red color, 
Fig. 7) from HCA (Paper II). 
The parameters with higher positive loading 
in PC1 (EC, TDS, Cl , SO4 , Ca2+, Mg2+, Na+ 
and B) (Table 2) represent the major ions 
contributing to salinity and anthropogenic 
sources (in the case of B), such as agriculture, 
suggesting their influence on the quality of 
GW. Boron concentration is increased in 
shallow GW due to anthropogenic processes 
(Vengosh et al., 1994; Leenhouts et al., 1998; 
Molina et al., 2001). The explanation for high 
salinity in GW is the dissolution and/or 
evaporation of salts deposited around the 
paleolakes (Ramos Ramos et al., 2012; Ramos 
Ramos et al., 2014), while in PC2, the 
parameters with high positive loading 
especially NO3  and PO4  are due to urban 
and agriculture pollutants (Paper II). 
The scatter plot (Fig. 8) for the first two 
components (PC1 vs PC2) is the first factorial 
plan (47% of the total variance). This plot 
shows how the variables group together 
along the new axes which now contain the 
most important information about the 
variation in the dataset (Balzarini et al., 2008) 
(Paper I). 
The Fig. 8 shows 47% of the total variance in 
data set. In this figure, four groups are clearly 
visible and there are many similarities with 
the HCA. The first group (G1): PUJP1, 
ISKP1, CAVP3 and CAGP2 has elevated 
salinity which is related to EC, TDS, and also 
SO4

2- and in minor magnitude to Cl-, HCO3
-, 

Na+, Ca2+, and Mg2+. The second group (G2): 
PAR1, KOP1, TIRP2 and KAR3 is related to 
the third group (G3): CUAP1 and IQUP1. 
The groups G2 and G3 are predominantly 
characterized by the presence of TEs, such as 
As, Fe and Mn besides Zn and Cu, as well as 
HCO3

-. Both groups have redox sensitive 
elements and are therefore strongly related to 
the Eh.  
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hypothesis (Ho) is rejected and the alternative 
hypothesis is accepted (Ha), which indicates 
that the spatial distribution of the data does 
not occur randomly for all the elements. 
Figure 22 shows the values of probability 
error of 0.001, 0.01 and 0.05 for each TE, as 
seen in the different green colors and the rest 
white color predominates, indicating the 
absence of significance. In the significance 
map for As, the probabilities of the 
relationship of contiguity (adjacency) 
occurring in a random way are shown in 
Figure 22, where 56 significant communities 
are highlighted for As, 52 for B and 33 for Sb 
(Paper II). 
The different levels of significance of the 
local spatial association statistic of ‘Moran's I’ 
are presented in the Cluster Map (Fig. 23). 
There are 23 High-High type communities 
(21–
communities with high concentrations for As 
(Fig. 23a), 16 for B (449–
23b), and 13 for Sb (23– 23c). 
There also are 27 communities of Low- Low 
type, which are communities with low As 
concentrations that are surrounded by 
communities of low concentration of As (Fig. 
23a), for B are 27 (Fig. 23b) and 15 for Sb 
(Fig. 23c). The spatial patterns of the three 
studied TEs can be observed in Fig. 23.  
The communities with significant positive SA 
(High-High) in red color indicate that the 
concentrations of each TE are high and have 
neighbors with high values of TEs. The 
communities in blue color show that there is 
also a significant positive SA (Low-Low), but 
in this case the concentrations are low and 
have neighbors with low values of TE. The 
communities with pink (High-Low) and pale 
blue (Low-High) colors indicate a negative 
SA with scattered concentrations of TEs and 
finally the gray color communities are not 
significant. Therefore, communities with red 
and blue colors are those that contribute 
significantly to a positive global SA, while 
communities with pink and pale blue colors 
contribute significantly to a negative SA 
(Paper II). 
 

55.6.4. Sources of  As, B and Sb  
The spatial autocorrelation of As shows 
significant positive (High- High) SA values 
(red color) towards northwestern part 
(Cohana Bay) of the study area (Fig. 23a) 
(approximately 7402 inhabitants) (INE, 
2017), close to the Lake Titicaca in the 
Cohana Bay region. The wells of Huacullani, 
Chojasivi and Lacaya exhibits low water level 
depth (about 0.6 m), where a mean As 

Cohana Bay, the As concentrations above the 
WHO guidelines for drinking water are 
noticed (Archundia et al., 2017).  
The proximity of these wells to the Lake 
Titicaca and their shallow water level depth 
could indicate a possible interaction between 
SW and GW in this region, which could be a 
source of As in the wells around the Cohana 
Bay (Paper II). 

Korila well reflect a natural source of As, 
since this well is located close to the volcanic 
formations (tuff and interspersed lava of the 
Neogene period). Korila, Huacullani, 
Chojasivi and Lacaya are found near Lake 
Titicaca, in turn they are also found in the 
limits of a mountain range of the Neogene 
age, with the presence of conglomerates, 
sandstones, arcilites, gypsums, marlstones, 
tuff (volcanic igneous rock), interspersed lava 
(volcanic rock), and diapirs (see Fig. 2).  
In general, the occurrence of As could be 
attributed to the dissolution of volcanic 
rocks, as a source of natural contamination of 
GW (Ormachea et al., 2010, 2012; Ormachea 
Muñoz et al., 2013). However, Neogene 
volcanic rocks are thought to be the main 
source of As in the Altiplano-Puna Region, 
and the As-bearing minerals have not been 
properly identified so far (Tapia et al., 2019) 
(Paper II). 
The SA of As shows significant positive 
(Low- Low) SA values (mean As: 
(blue color) in the south and southeast region 
(Fig. 23a), in the wells of Quellani, Chacalleta, 
Machacamarca, Caicoma, Caleria, Masaya, 
Quenapampa and Tircani, at the confluence 
of the Pallina and Katari rivers. The present 
results  can  be  interpreted  considering  the 





Hydrogeochemistry and spatial variability of arsenic and other trace elements in the Lower Katari Basin 
around Lake Titicaca, Bolivian Altiplano 

 

29 

output of hydrochemical modeling which is 
suggesting (Fig. 9) the precipitation and 
stability of Fe (III) phases adsorbing As such 

-FeO(OH)]. The adsorption of 
As onto Fe oxides is a process that is 
controlling themobility of As in natural 
waters (Bhattacharya et al., 2002a; Sracek et 
al., 2004; Tapia and Audry, 2013) and seems 
to be the prevailing process in the south and 
southeast of the study area. This may further 
explain why the wells in this region have low 
concentrations of As (Paper II). 
The SA value for B is significant positive 
(High-High) in southeastern part of the study 
area (red color), along the confluence of the 
Pallina and Katari rivers (alluvial, colluvio - 
fluvial deposits) (Fig. 23b), with 
approximately 1506 inhabitants (INE, 2017). 
In shallow aquifers the contamination is likely 
to occur due to anthropogenic activities such 
as intensive agriculture (Molina et al., 2001) as 
observed and consistent with high PC1 
loading (Table 2) in the confluence area of 
Pallina and Katari rivers (Fig. 23b). The 
agricultural runoff is themain anthropogenic 
sources of B, since B is a minor component 
of fertilizers and pesticides. Furthermore, 
wastewater effluents are another 
anthropogenic source of B due to its presence 
in detergents (Vengosh et al., 1994; 
Leenhouts et al., 1998; Helvaci, 2005; Voutsa 
et al., 2009). The source of contamination of 
B in these areas (Chacalleta, Huancarani, 
Machacamarca, Caicoma, Masaya, 
Quenapampa, Tircani, Pujri, Iskacaspa and 
Quellani) could be mainly due to the use of 
fertilizers used in agricultural activities 
together with contamination by wastewater. 
Borate was not identified in the LKB, but 
these minerals are not discarded as sources of 
B, more data on B species is needed in the 
waters of the area to corroborate this (Paper 
II). 
The lower concentrations of B in the wells in 
north and northwest regions (blue color 
points, Fig. 23b) are related to low salinity of 
GW. There is also a direct relationship 
between B concentration and salinity (EC) of 
the GW, especially at deepest levels; probably 
in relation to the presence of evaporites 
(Molina et al., 2001).  

Results for Sb show significant positive SA 
values (High-High) in northeastern part of 
the study area (red color, Fig. 23c), with 
approximately 2576 inhabitants (INE, 2017), 
where Devonian rocks (Fig. 2) present. This 
is the part of the Bolivian Sb belt of the 
Eastern Cordillera (Arce-Burgoa and 
Goldfarb, 2009), which are present in the 
villages of Iquiaca, Coachijo Mucuna, Caje 
and Caicoma. The occurrence of Sb in SW (n 

could be due by rock weathering, soil runoff, 
and anthropogenic sources (Seal II et al., 
2017). 
Sb sources in GW cannot be identified due to 
the absence of data on Sb levels in rock 
samples and surface soil around basin. 
Information about Sb mineral deposits is 
available that occur in geological 
environments with a thick sequence of 
siliciclastic sedimentary rocks in areas with 
significant fault and fracture systems (Seal II 
et al., 2017) that could be the source of Sb in 
this basin. The principal source of Sb in GW 
could be the weathering of carbonate rocks 
of Devonian age (Fig. 2), due to character of 
the minerals that greatly influence water 
chemistry. The minerals are usually 
predominantly stibnite and quartz, with 
subordinate amounts of calcite, pyrite, 
arsenopyrite, and native antimony, housed 
primarily by siliciclastic or carbonate 
sedimentary rocks (Wu, 1993; Seal II et al., 
2017). Some studies suggest that the 
behaviors of both As and Sb are closely 
linked to the biogeochemical cycle of Fe and 
Mn in soil (Mitsunobu et al., 2006; Willis et 
al., 2011). However, this is not evident in the 
northeastern part of the study area (red color, 
positive – High-High SA) because in the 
region where the concentrations of Sb are 
high, the concentrations of As are low (Fig. 
23c), with the only exception of IQUP1 
(Iquiaca Grande). It seems that the impact of 
Sb-source, i.e., dissolution of stibnite 
predominates here. The process is generally 
faster compared to the dissolution of As-
minerals such as arsenopyrite (Flakova et al., 
2012). The re-absorption of As and Sb on Fe 
oxides/oxyhydroxides could be limiting the 
concentrations of both metalloids in regions 
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further south of the study area (blue color, 
positive – Low-Low SA) (Paper II). 
 

5.7. Sediment-water interaction   
The concentrations of As in study area shows 
a progressions of As enrichment; however 
these are located in specific regions such as 
flood area, which indicates the distribution of 
As is not homogeneous in the basin. The 
northern region (flood area), specifically the 
flat region, has the highest As concentration, 
this indicates that sediments are the most 
important sources of As. The concentrations 
of As in sediments are slightly higher than the 
global mean estimated 1-5 mg/kg 
(Bhattacharya et al., 2002; Ravenscroft et al., 
2009, Ormachea Muñoz et al., 2013), because 
alluvial sediments are the predominant 
scenario for GW enriched in As such as in 
many places of the world (Bhattacharya et al., 
2002) (Paper III). The As concentrations in 
the sediments are varied according to the 
depth, as the second (2-3.5 m) and the third 
level (3.5-4.5 m) where have clays, silts and 
fine sands, and which have sediments of 
lacustrine origin (As: 63-84 mg/kg maximum 
values). There are considerable variations of 
As concentration in between/or different 
strata, which leads to indicate a high spatial 
variety in the characteristics of the sediments. 
The high variability in As concentrations 
could be explained as a consequence of the 
alluvial processes from the Paleo lakes and 
the subsequent wind processes that would 
have redistributed the material over the entire 
Altiplano, making the sediments more 
heterogeneous (Ormachea Muñoz et al. 
2013). The evaporites (sedimentary rocks that 
are formed by crystallization of dissolved 
salts in lakes) intermingle with the sediments 
found in places that have high As contents, 
which makes their distribution irregular 
(Banks et al, 2004) (Paper III). 
The direct effect of volcanic rocks on water 
quality in the northwest region near Lake 
Titicaca is limited, since As concentrations 
are lower compared to those in the northern 
region where lacustrine sediments 
predominate. The volcanic rock weathering, 
despite its moderate As content, is considered 

in many studies as an important source of As 
(Smedley and Kinniburgh, 2002; Banks et al., 
2004; Schnoor, 1996; Ormachea Muñoz et al. 
2013, 2016). Higher values of pH (>8.5) and 
Na+ indicate these rocks (Smedley and 
Kinniburgh, 2002) would affect that GW 
(Paper III). 
The Tiwanaku, Coniri and Kollu-Kollu 
geological formations of the Tertiary and 
Quaternary age (Martínez et al., 2007) in the 
study area, have a significant influence on the 
general water chemistry in particular of the 
northwestern region. The As and B are 
elements occurring in volcanic deposits 
(northwest region), exhibit a correlation with 
the salinity of GW (EC vs As: R2=0.36; EC 
vs B: R2=0.65). Due to this characteristic, 
they could be expected to persist in SW and 
accumulate in GW (Ormachea Muñoz et al., 
2013). 
The salinity of the northern plain in semi-arid 
climate, the evaporation could mobilize some 
types of exchangeable As present towards the 
GW. On the contrary, the low concentrations 
of As in the central and southern plains of the 
study area, having waters enrichment in Ca2+ 
and HCO3

-, could indicate that As is linked to 
CaCO3 minerals that are insoluble, especially 
at high pH (Stollenwerk et al., 2002) (Paper 
III). 
Sediments consist of a dominant texture class 
clay-sandy-loam and have good drainage 
capacity and probably good aeration. The 
amount of extracted As in different depth 
levels has a certain correlation with the type 
of sediment material in the second (1.5-2.5 m) 
and third (2.5-3.2 m) level, which are 
composed of finer materials (sandy-clay-
loam). This would reflect the greater 
weathering of fine sediments due to their 
greater reactive surface area (Gustafsson et 
al., 2006; Ormachea Muñoz et al., 2013). 
Since, most of the As is found in the residual 
fraction (F4 = 84%) in the sediments of the 
central region of the plain, the role of 
refractory primary minerals (Fe, Al) is 
essential. Although the As has a reduced 
mobility in the sediments, its high 
concentration indicates that in the long term 
they could be a very important source of As 
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contamination for the environment, being 
able to develop the dissolution of minerals 
with high As content (Paper III). 
High pH values together with the oxic 
characteristic of the terrain are conducive to 
the increase in As concentrations (Smedley 
and Kinniburgh, 2002; Bhattacharya et al., 
2006), due to the decrease in As adsorption 
to the oxides and hydroxides of Fe and Al, 
which vary according to the pH (Appelo and 
Postma, 2005). Under such circumstances, 
even a small increase in pH could generate a 
significant increase in As concentration in 
GW. This is evidenced in the pH values in the 
northern plain (RASE mean: pH = 7.3; 
DRSE mean pH = 7.9). The adsorption of As 
to oxides and hydroxides of Fe and Al 
decreases under oxidizing condition, in 
addition to high pH values, with a reduction 
in adsorption and stability of AsO4

3- 
(Stollenwerk et al., 2002). 
The interchangeable fraction (F1 = 5%) in 
the region of the central and southern plains 
could indicate that the As in sediments can be 
better mobilized at higher pH values, 
however, being low (only 5 %) in relation to 
the other fractions suggests that the pH has a 
low impact on the release of As in this region. 
The adsorption of As due to the oxides and 
hydroxides of Fe, Al and Mn which is one of 
the most studied processes regarding the 
mobility of As in natural waters (Bhattacharya 
et al., 2006), represents the second most 
important fraction of the study (F2 = 9%). 
The insignificant correlation was exhibited 
between As and Fe concentrations in GW 
samples throughout the region (R2=0.27–
0.52) except in the northern plain region 
(R2=0.93–0.94). The lack of a correlation 
between these two elements indicates that the 
reducing dissolution is not important in the 
region, corroborated with the values of Eh 
(slightly oxidizing medium). The Fe and As 
are released and dissolved in aqueous phases 
under reducing conditions (Gustafsson et al., 
2006), and leads to the elevated concentration 
of As in groundwater (Bhattacharya et al. 
2002a; 2006). This process explains the good 
correlation between As and Fe (R2=0.93–
0.94) in the northern plain region. 

Geochemical modeling indicates the 
probable precipitation of oxides and 
hydroxides of Fe and Al in the study area with 
the exception of the north and northeast 
region, which confirms the As adsorbents. 
There are several minerals that according to 
the SI would be responsible for the low As 
values, such as hematite [Fe2O3 -
FeOOH], gibbsite [Al (OH)3], K-mica 
[KAl3Si3O10(OH)2] and kaolinite 
[Al2Si2O5(OH)4] (Paper III). 
Possible evaporation conditions could be an 
important factor for the high concentration 
of As in GW (Bhattacharya et al., 2006), 
considering that the GW levels are shallow in 
the northern region (0.6-0.8 m) and northeast 
(1.1-0.9) of the study area. The Si is an 
important element that could be competing 
for adsorption spaces in minerals, because it 
has significant concentrations in the north 
(8.4-8 mg/L) and northwest (13.1-12.5 
mg/L) regions, where As concentrations are 
also high. It is known that high Si values (10 
mg/L) and an elevated pH could decrease As 
adsorption (Stollenwerk et al., 2002; Davis et 
al., 2001; Ormachea Muñoz et a., 2013). 
 

5.8. Hydrogeochemical contrasts in 
shallow aquifer systems of Lower 
Katari Basin and Southern Poopó 
Basin   
Water sources for human consumption in 
regions such as the southeast of Lake Titicaca 
(LKB) and the south of Lake Poopó (SPB) 
have high concentrations of As (>10 μg/L). 
These regions belong to the Bolivian 
Altiplano (Fig. 1) and characterized by a 
semiarid climate, slow hydrological flow, with 
geological formations of volcanic origin, in 
addition to brines and other mineral deposits. 
The As (LKB: 0.8-288 μg/L and SPB: 2.6-207 
μg/L), B (LKB: 96-2473 μg/L and SPB: 507-
4359 μg/L), Mn (LKB: 0.6-7259 μg/L) (Fig. 
24) and high salinity (LKB: 125-11740 
μS/cm) were found to be higher than the 
WHO guideline (Table 1), which is a serious 
concerns about deterioration of GW quality 
and unsafe for human consumption. The 
dissolution and exchange of bases are the 
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hydroxides are the most predominant mineral 
phases as potential sorbent of As. 
The oxidant conditions (Eh), in addition to 
high pH values are common in areas rich in 
As (Smedley and Kinniburgh, 2002; 
Bhattacharya et al., 2006), due to the decrease 
in the adsorption of As in the oxides and 
hydroxides of Fe and Al that vary according 
to pH (Appelo and Postma, 2005). Due to the 
high content of As in the sediments, a small 
increase in pH could cause an increase in the 
concentration of As in the GW. These 
characteristics are present in some regions of 
both basins, for example, in the northern 
plain of LKB (range pH = 7.3 - 7.9) and in 
the plain of SPB (mean pH = 7.7) (Fig. 25). 
Accordingly, the pH levels govern the As 
concentration in GW and simultenously 
control the adsorption of As on oxides and 
hydroxides of Fe and Al (Bhattacharya et al., 
2006; Sracek et al., 2004) 
The result of the acetate extraction of the 
SPB sediments indicates the importance of 
carbonates in controlling the As levels in 
GW. Although this characteristic in the GW 
is not entirely clear,  the geochemical model 
the SI indicate that the GW is not saturated 
or it is in equilibrium with respect to the 
calcite in some wells of both basins, but the 
presence of carbonate in sediments they 
could interact with As. The adsorption of As 
in calcite or clay minerals could be one of the 
most important driver of the process of  As 
immobilization in areas with a pH range of 7-
9 (Stollenwerk et al., 2002; Romero et al., 
2004; Ormachea Muñoz et al., 2013). 
Another study indicates that carbonates have 
a negative effect on the adsorption of oxides 
from As to Fe (Claesson et al., 2003; 
Stollenwerk et al., 2002; Ormachea Muñoz et 
al., 2013). 
The adsorption of As on oxides and 
hydroxides of Fe, Al and Mn surfaces, which 
is one of the most studied processes 
regarding the mobility of As in natural waters 
(Bhattacharya et al., 2006). This phenomenon 
is present in the second most important 
fraction of the sequential extraction of 
sediments in LKB (reducible fraction with 
hydroxylamine hydrochloride). Likewise, the 

extraction with oxalate [(NH4)2C2O4)] in SPB, 
confirms the important association between 
As and the oxides and hydroxides of Fe, Al 
and Mn surfaces. During the oxalate 
extraction phase, oxides of Fe (III) are 
dissolved and the adsorbed As are released. 
The oxalate extraction step simulates the 
natural reducing conditions when both Fe 
(II) and As are released (Gustafsson et al., 
2006), and results in high concentration of As 
(Bhattacharya et al., 2006). A good 
correlation between As and Fe is observed in 
the northern plain of LKB (Fig. 25a), 
although at high pH levels, as in some sectors 
of both basins, the As is desorbed under 
oxidizing conditions. 
Being shallow GW, evaporation conditions 
could be an important generation of As-rich 
water in some sectors of both basins 
(Bhattacharya et al., 2006). The high 
concentrations of Si, suggest that it could be 
competing for adsorption spaces in minerals 
with As, this is observed in the sectors where 
there is a greater concentration of As in both 
basins. It is well known that high Si values (10 
mg/L) and high pH could decrease As 
adsorption sites (Stollenwerk et al., 2002; 
Davis et al., 2001; Ormachea Muñoz et al., 
2013). 
 

5.9. Groundwater managment 
As a consequence of this study, a monitoring 
network of water bodies and sediments was 
established, which were very useful to 
evaluate the quality and quantity of the water 
in the shallow aquifers and the surrounding 
rivers. The knowledge generated now serves 
to suggest possible mitigation options that 
can be adopted by local communities, as well 
as other interested parts in mitigation of 
water pollution (decision makers in water 
management policies such as the Ministry of 
Water, municipal governments, and water 
committees). From the identification of the 
problem (As contamination and other trace 
metals) the current deteriorated state of 
drinking water in some regions of the basin 
was evidenced. Areas with major suitability 
for use as a source of drinking water are 
proposed, taking into account the early 
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quantification of As contamination, as well as 
the identification of its natural sources and 
the processes of mobilization and 
environmental availability. 
As a result of the investigation, regions within 
the study area that would have As-safe 
aquifers were identified (east, southeast, west 
and southwest), where local shallow wells 
could be drilled, using locally available 
technology and at low cost.  
Although the study was focused on the 
problem of As in the liquid-solid phase (water 
- sediment), B and Sb are also a concern, 
although their toxicity is less than that of As, 
currently they are not considered with the 
same priority 
  

6. CONCLUSIONS AND FUTURE 

OUTLOOK 

In the plains of Lower Katari Basin, the 
dissolution of evaporites of lacustrine origin 
(paleolakes) is causing high salinity in GW. 
The shallow depth of water table (<10 m) and 
anthropogenic activities on the surrounding 
are affecting GW quality (NO3 , PO4 and B) 
as suggested by multivariate statistical analysis 
(HCA and PCA). 
The lack of good quality water (according 
NB-512/WHO) for consumption in the 
northwest, north, east and the right side of 
Katari River in the plain area is due to the low 
rainfall (semi-arid climate) and high salinity 
(salt evaporation). Both GW and SW in the 
LKB are affected by the  presence of elevated 
As, B, Sb, Mn and NO3

-, this problem 
remains despite the fact that the SW presents 
dilution in its salt and mineral contents after 
the confluence of Pallina and Katari rivers. 
The highest concentrations of As in GW are 
found downstream of the basin (northwest 
area) and could be associated with alluvial 
sediments enriched with As. It was observed 
that due to the low slope (3.8 %) the GW 
would have a slow movement and along with 
the large surface area of fine-grained 
sediments, would be facilitating the release of 
As. In RASE, there is a decrease in As 
concentrations because the flow of water 

increases, simultaneously the contact time 
between water and sediment is reduced.  
The large temporal variation in the volume of 
water has a direct influence on the quality of 
GW quality and a larger scale also the SWs are 
affected.  The solid waste materials coming 
from the wastewater represents a significant 
negative impact for LKB and in particular for 
the health of the populations of the lower 
part. The general trend in the direction of 
GW flow is from southeast to northwest, has 
evidential interaction between SW and GW.  
Sequential extraction of sediment and 
geochemical modeling indicate that As is 
associated with the oxides and hydroxides of 
Fe and Al, which are probably the most 
important adsorbents of As in the sediments. 
The low mobility of As in the central and 
southern region of the basin would be due to 
calcium carbonates (e.g. calcite) which would 
be another important mineral for the 
adsorption of As. Although the mobility of 
As in the sediments of these areas is reduced, 
its high concentration indicates that in the 
long term it could be a great source of water 
contamination. 
The considerable heterogeneity of spatial 
distribution generated by the application of 
IDW interpolation method to each TE 
contrasts with good results of SA according 
to the Moran's I value for TEs (B >As>Sb). 
The outcome of global spatial dependence 
analysis indicates a positive and statistically 
significant autocorrelation for As, B and Sb 
and, in addition, there is statistical evidence 
that the spatial configuration of the TEs does 
not occur randomly according to the 
significance indices (p-values and z-scores) in 
LISA at 99% confidence level. 
The southeastern Lake Titicaca (LKB) and 
the south Lake Poopó (SPB) regions have 
lack of good quality water. While the north-
east regions of the LKB and the entire SPB, 
have a severe water shortage due to low 
rainfall (semi-arid areas), high evaporation 
rates (salinity), and solid waste carried by SW 
(LKB). Water resources (both GW and SW) 
are affected by the presence of high levels of 
As– B-salinity (in both basins). 
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Arsenic concentrations are highest in regions 
where alluvial sediments are enriched with As 
(north in LKB and PACK belt in SPB). The 
slow movement of GW facilitates the As 
release, probably due to the low surface slope 
and the large area of fine-grained sediments. 
The low As mobility in the central and 
southern regions of both basins is due to Ca 
carbonates (e.g. calcite), which would be 
another important adsorbent mineral. 
The continual monitoring of wells, increasing 
the number of sampling points, study of the 
river sediments, the installation of 
piezometers and their monitoring are 
required for better understanding of the 
spatial distribution and mobilization of As in 
this area. 
The analysis and interpretation of the 
environmental isotopes are required. It is also 
considered important to be able to obtain 
information on the hydraulic parameters of 
the deep aquifer units (recharge zones).  
In other shallow wells, it could be assumed 
that they are the first free aquifers, it would 
not be strange if there was also the presence 
of semi-confined aquifers, and this can only 
be corroborated by a more detailed 
geophysical and hydrogeological analysis. 
Continuation of the monitoring of water 
bodies in both regions, and increasing the 
number of deeper sampling wells 
(piezometers), are essential aspects for a 
detailed understanding and evaluation of the 
spatial distribution of As. Since, the 
characteristics of the aquifers in deeper layers 
are still unknown, the future research should 
focus on exploring its potential as a safe 
drinking water resource for the both regions. 
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