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Abstract

This paper presents a first integrated survey on the occurrence and distribution of geogenic
contaminants in groundwater resources of Western Amazonia in Peru. An increasing number of
groundwater wells have been constructed for drinking water purposes in the last decades; however,
the chemical quality of the groundwater resources in the Amazon region is poorly studied. We
collected groundwater from the regions of Iquitos and Pucallpa to analyze the hydrochemical
characteristics, including trace elements. The source aquifer of each well was determined by
interpretation of the available geological information, which identified four different aquifer types
with distinct hydrochemical properties. The majority of the wells in two of the aquifer types tap
groundwater enriched in aluminum, arsenic, or manganese at levels harmful to human health.
Holocene alluvial aquifers along the main Amazon tributaries with anoxic, near pH-neutral
groundwater contained high concentrations of arsenic (up to 700 pg/L) and manganese (up to 4
mg/L). Around Iquitos, the acidic groundwater (4.2 < pH < 5.5) from unconfined aquifers composed
of pure sand had dissolved aluminum concentrations of up to 3.3 mg/L. Groundwater from older or
deeper aquifers generally was of good chemical quality. The high concentrations of toxic elements

highlight the urgent need to assess the groundwater quality throughout Western Amazonia.
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1. Introduction

The Amazon Basin is one of the largest, but also most poorly understood, hydrological regions on
Earth. It covers about 40% of the South American continent and contains a human population of
around 30 million. More than half of this population lives in urban centers and both people living in
rural and urban areas partially rely on groundwater as a source of safe drinking water (UNEP, 2004).
In the last decades, an increasing number of tube wells have been constructed for drinking water
purposes in cities and in rural communities of Western Amazonia. Groundwater forms an essential
alternative to surface water, which is subject to microbial and anthropogenic contamination as well
as to seasonal fluctuations in availability and accessibility (UNEP, 2004). At present, the chemical
quality of the groundwater resources in Western Amazonia are not well studied. This is of particular
concern because of the indication that groundwater in this region might be naturally contaminated

by arsenic under reducing aquifer conditions (Amini et al., 2008; Ravenscroft et al., 2009).

Arsenic is highly toxic, causing ailments ranging from skin lesions and cardiovascular disease to
different types of cancer (Kapaj et al., 2006). Current global estimates indicate that some 150 million
people consume groundwater containing arsenic concentrations above the WHO-limit of 10 pg/L
(Ravenscroft et al., 2009), including in many places in South America (Bundschuh et al., 2012). One of
the main processes identified for mobilization of arsenic in groundwater is reductive dissolution of Fe
(hydr)oxides in reducing aquifer environments (McArthur et al, 2004; Smedley & Kinniburgh, 2002).
Geogenic (natural) arsenic contamination of reducing aquifers has been recognized in many river
basins and deltas around the world (Smedley & Kinniburgh, 2002; Ravenscroft et al.,, 2009). For
example, the Bengal Basin and the Mekong and Red River deltas in South and Southeast Asia are
some of the most widely known cases (Berg et al., 2001; Buschmann et al., 2008; Nickson et al., 1998;
Smith et al., 2000; Stiiben et al., 2003). The contaminated groundwater in these areas is mainly found
in Holocene aquifers that are poorly drained and that contain reactive organic matter (Buschmann et
al., 2007; McArthur et al., 2004; Meharg et al., 2006; Postma et al., 2012; Ravenscroft et al., 2001;

Smedley & Kinniburgh, 2002; Winkel et al., 2008).
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Western Amazonia shares some of the same features as these As-affected deltas and river basins.
The main tributaries of the Amazon River originate in the relatively young, tectonically active Andean
mountains and are known as whitewater or Andean rivers (Junk et al., 2011; Sioli, 1956). They carry
substantial sediment loads (Kalliola et al., 1993; Mora et al., 2010; Syvitski et al., 2014) that are
deposited in the sub-Andean basins of Western Amazonia (Rdsdnen et al., 1992; Roddaz et al., 2010)
along with abundant natural organic matter (NOM). Recent neotectonic studies indicate that the
Amazon region has been a dynamic depositional environment throughout the late Quaternary (Mora
et al., 2010; Rossetti, 2014, and references therein). Large areas of Western Amazonia are therefore

covered by Late-Pleistocene to Holocene deposits, mostly in fluvial terraces.

=
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Fig. 1. Geographical locations of the study regions in the Peruvian part of the Amazon catchment.
The squares in the right panel indicate (a) the region of Iquitos and (b) the region of Pucallpa.
Amazonian tributaries originating in the Andes deposit large amounts of sediments in the floodplains
of Western Amazonia. In the Holocene alluvial sediments, the probability for natural reducing aquifer
conditions that can trigger mobilization of redox-sensitive trace elements such as arsenic and
manganese, is high. Map sources: digital elevation model (DEM) from the Shuttle Radar Topographic
Mission (SRTM) available from the U.S. Geological Survey; Mapa Geoldgico del Perd Escala 1:1 000
000 (INGEMMET, 1999).

The floodplains are seasonally inundated, resulting in the deposition of a fine silt-layer, and are
poorly drained (Junk et al., 2011). Hence, in the floodplains of the main rivers (Figure 1) reducing

4
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subsurface conditions that might trigger reductive dissolution of Fe(hydr)oxides in the aquifers are to
be expected. However, at the present time, little information is available regarding whether, where,
and to what extent this leads to the enrichment of arsenic and of other redox-sensitive elements
(e.g., manganese) in groundwater at concentrations harmful to human health. Groundwater
contaminants have been poorly investigated, with only a couple of studies reporting elevated
concentrations of As in water from tube wells in the Peruvian Amazon (e.g., Guzman & Nufiez,

1998a; Rebata-H et al., 2009).

Not all tributaries of the Amazon River originate in the Andes and carry high loads of sediments. In
Western Amazonia, the topographically elevated areas outside the floodplains of the whitewater
rivers are composed of older sediments of mainly Neogene age (Hoorn et al., 2010; Mora et al.,
2010). The blackwater rivers that originate in these areas (Kalliola et al., 1993; Klinge, 1967; Sioli,
1956) are characterized by low amounts of suspended material and low hardness, but high
concentrations of humic acids that give the acidic waters their typical dark brown color (Kalliola et
al., 1993; Junk et al., 2011; Sioli, 1956). The groundwater chemistry in areas drained by blackwater

rivers is expected to differ from that of whitewater basins.

In this study, we present a first comprehensive survey of groundwater quality in Western Amazonia
(Peru). We are aiming to verify the hypothesis that arsenic and other redox sensitive elements are
mobilized in reducing aquifers in recent sediments of the whitewater rivers. We also investigate the
presence of trace elements in aquifers in the vicinity of blackwater rivers. We further compare
groundwater in these young sediments with groundwater in older sediments. Finally, we discuss the

implications for the use of groundwater as a drinking water resource.

2. Study regions and geology

Figure 2 shows the two study regions we selected in the Amazon catchment of Peru, namely, the
areas of lquitos and Pucallpa, the two largest cities in Western Amazonia. The geographical and

geological settings of both study regions are summarized below.
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102 Fig. 2. Geological maps with indication of sampled wells of (a) study region Iquitos and (b) study

103 region Pucallpa. See Figure 1 for their locations. The indicated geological transects (A-A’, B-B’, and C-

104 C’) are shown in Figure 3. Note that in panel (a) the division between Holocene (present floodplain)

105 and Late-Pleistocene alluvial deposits (terraces lying above the present-day flood level) is based on

106 geomorphology, with the latter age based on one determination by Dumont et al. (1988). Geological

107 maps adapted after De la Cruz (1997a,b), De La Cruz & Raymundo (1997), Guzman & Nuiez (1998b),

108 Martinez & Morales (1999 a,b), Monge & Valencia (1999 a,b,c,d), Romero & Raymundo (1999

109 a,b,c,d), and Sanchez et al. (1999 b,c).
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2.1. Study region Iquitos

The study region of about 100 x 110 km’ around the city of Iquitos (department of Loreto) was
chosen because it covers various geological settings (Figure 2a). Iquitos is located on a Pleistocene
terrace at the confluence of the main Amazon River and the Nanay River (Flores-P et al., 1998). The
Nanay River is a small blackwater tributary that originates northwest of the study area, on Neogene
sediments (Kalliola et al., 1993; Martinez et al., 1999; Puhakka et al., 1992). Hence, within a short
distance, this area features both recent alluvial deposits from a whitewater river and a blackwater

environment.

The population of lquitos is about 440,000 (in 2015; INEI, 2012). Smaller settlements are scattered
along the road connecting Iquitos and Nauta, a small town southwest of Iquitos (Figure 2a). Riverine
communities are located both on the floodplains and on the higher lying areas. The climate is
tropical, with an average yearly rainfall of ~2900 mm, and has no distinct dry season (Marengo,
1998). River levels rise and fall annually, thereby inundating parts of lquitos and the riverine
communities during the months of March—May (Sanchez et al., 1999a). The public water supply of
the city of Iquitos draws water from the Nanay River for drinking water production (INRENA, 2006).
However, many private and public institutions in Iquitos and in Nauta, as well as rural communities,

use groundwater from shallow (5-45 m deep) tube wells as a drinking water resource.

The lquitos study region covers four main geological formations (Figure 2a). The floodplains of the
Marafion, Ucayali, and Amazon Rivers contain alluvial and fluvial sediments, with alternating clays,
silts, and sandy silts deposited in a dynamic river system. We refer to these sediments as “modern
river deposits.” The thickness of the deposits is variable and reaches several tens of meters. The age
of the sediments spans from recent (Holocene) for the present floodplains to probably Late
Pleistocene for deeper deposits and terraces above the yearly flooding level (Dumont et al., 1988;
Sanchez et al.,, 1999a). The soils developed in exposed sediments of this formation are poorly
drained, and are fertile due to the annual deposition of fresh silt (Paredes-G. A., 1998; Sanchez et al.,

1999a).
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The lquitos Formation (Fm.), covering the terrace between the Nanay and the Itaya River (Figure 2a),
consists mainly of pure white quartz sands alternating with grey silty clays. The base can contain
conglomerates with silicified trunks and branches (Sanchez et al., 1999a). Some of the basal
conglomerates and sandy layers are reddish due to iron oxide cement. The thickness of the Iquitos
Fm. varies from about 10 to 50 m. These deposits, likely of Pleistocene age, form the elevated parts
of the region and fill up paleoreliefs in the underlying formations. These sediments were interpreted
as reworked highly weathered sands from Neogene sediments by the paleo-Nanay River (Rdsanen et
al., 1998; Sanchez et al., 1999a). The soils developed in exposed sediments of this formation have
signs of strong tropical weathering, with podsolization to 10 m deep and the presence of alumina-
minerals such as gibbsite and kaolinite (Kauffman et al., 1998). In the floodplains of the Nanay River
and the Amazon River, the Iquitos Fm. is covered by recent alluvium. The sands and conglomerates
of the Iquitos Fm. form the main aquifer of the city of lquitos (INRENA, 2006; Riiegg & Rosenzweig,
1949). The lower base of the aquifer corresponds to the contact of the Iquitos Fm. with the

impermeable clay layers of the underlying Pebas Fm.

The Nauta Fm. (Figure 2a) consists mainly of alternations of typically reddish or sometimes yellowish
coarse-grained sands and clays that fill up channels. The base of the sequences sometimes contain
gravel. The sediments are some 50 m thick and are generally highly weathered. Whether these
deposits are of Miocene age is subject to debate, as are its depositional environment and
geographical spread (Martinez et al.,, 1999; Rebata-H et al., 2006). Exposed sediments show strong

tropical weathering and kaolinite and Al-chloride are present (Martinez et al., 1999).

The Pebas Fm. (Figure 2a) is characterized by blue-grey to grey silty clays, alternating with some grey
and brown sandstones, carbonic layers, and shell layers. The most carbon-rich layers contain
botryoidal pyrite. At the top, red mudstones have been locally described (Sanchez et al., 1999a). The
sediments contain fossils that have been dated as Middle to Upper Miocene (Radsdnen et al.,, 1998
and references therein). The geological map in Figure 2a distinguishes between the Ipururo Fm. and

the Pebas Fm. The lpururo Fm. consists of 20—40 m thick, mainly grey, brown, and green sands, with
8
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some silty and silty-clay layers and small calcareous concretions. The silts may be blackish due to
organic carbon and may contain pyrites. The lpururo Fm. mainly differs from the underlying Pebas
Fm. by the absence of lignite layers and the presence of coarser grained material. The sediments of
the Pebas and the Ipururo formations originated from the uplifting Andean mountain chain and were
deposited in a fluvio-lacustrine environment with sporadic marine incursions from the north (Hoorn
et al.,, 2010 and ref. therein; Rebata-H et al.,, 2006). Soils in these formations are mainly poorly

developed (Kauffman et al., 1998; Sanchez et al., 1999a).

2.2. Study region Pucallpa

This study region of about 65 x 85 km? around the city of Pucallpa (department of Ucayali) is located
on the large river plain formed by the Ucayali River, east of the Andes (see Figures 1 and 2b). Here,
we verify the hypothesis of mobilization of arsenic in reducing aquifers in recent alluvial sediments
deposited by a whitewater river. The population of Pucallpa is about 210,000 (in 2015; INEI, 2012).
Rural communities and small towns are located along the rivers and lakes and along the main road
connecting Pucallpa with Lima. The climate is tropical, with a yearly rainfall of ~1700 mm and a
distinctly drier season from May to September (De La Cruz et al.,, 1997b). Part of the city and the
riverine communities get annually flooded by the Ucayali River during February to April (De La Cruz
et al., 1997b). In the city of Pucallpa, the public water supply distributes both surface water from the
Ucayali River and groundwater from several deep wells (>100 m deep) (INRENA, 1998). Many other
urban areas and rural communities use groundwater from their own mainly 60-100 m deep tube

wells.

In this study region, three main geological formations are of interest to our study. More than half of
the area is covered by recent alluvial and fluvial sediments deposited by the Ucayali River (see Figure
2b). The sediments consist of layers of dark silty sands and grey clays containing dispersed remains of
trees and branches. The current alluvium is mainly composed of fine alternating layers of silts and
clays. The sediments are Holocene in age and their thicknesses vary from several meters at the

outskirts up to 50 meters in the actual floodplain (De La Cruz et al., 1997a,b).
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These modern river deposits cover a thick clay formation, the so-called Ucayali Formation, which is
composed of a sequence of mainly black, brown, and olive green clays with fossilized plant remnants
and gastropods, alternating with some 4 to 5 m thick coarse sand layers with cross stratification (De
La Cruz et al., 1997a,b). The base may show subhorizontal conglomeratic layers. The sand layers form
the deeper productive aquifers in Pucallpa (INRENA, 1998). This formation is interpreted as Plio-
Pleistocene in age and is about 50—-100 m thick (De La Cruz et al., 1997a). In exposed sections, a thick

soil layer has developed on top (De La Cruz et al., 1997a).

The Ipururo Formation (Figure2b) is characterized by fine grained grey or brown sandstones, with
some hard iron sandstone concretions and dark shale layers. Layers of lignite, carbonized wood, and
vertebrate fossils are present (De La Cruz et al., 1997a). The upper part is about 145 m thick and of
Miocene to Pliocene age. Note that the Pebas and Ipururo Formations in the region of Iquitos

correspond to the upper part of the Ipururo Fm. in the region of Pucallpa (De La Cruz et al., 1997b).

3. Materials and methods
3.1. Groundwater sampling

In both study regions, groundwater samples were collected from tube wells during a two-week
sampling campaign in November 2016. Thirty-one samples were obtained from the Iquitos region
and 26 samples from the Pucallpa region (see Fig. 2). Our aim was to obtain samples from
throughout each field area, evenly distributed across each sedimentary unit. In practice, the sampling

was strongly influenced by the availability and accessibility of the groundwater wells.

At each well, physico-chemical parameters (pH, T, O,, EC, and Eh) were measured using a portable
multi-analyzer (WTW Multi 340), with reported Eh values (mV) corrected against the standard
hydrogen electrode. Water was pumped from tube wells with the available hand pump or electric
pump. Using a hose, water was continuously pumped through a bucket in which the sensors were
placed. The presence of any pronounced odors, such as hydrogen sulfide, were recorded. Where

available, information on the depth of the well and the year of construction was provided by the well

10
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owners. Fresh groundwater samples were taken from the outflow of the bucket after stabilization of
EC and O,, which required at least 10 minutes of pumping. Three aliquots per well were collected in
PET flasks. One aliquot (30 mL) for analysis of major cations, trace elements, P and NH," was filtered
on-site through disposable 0.45 um nylon filters and acidified with supra pure 10 M HNO; to reach a
pH of 1-2. A second aliquot (30 mL) was additionally passed through cartridges for arsenic speciation
(Meng & Wang, 2008), between the filtration and acidification steps. The third aliquot (250 mL), for
analysis of anions, alkalinity, total hardness, dissolved organic carbon (DOC), and total organic carbon
(TOC), was collected unfiltered and non-acidified. The flasks were transported by airplane to our lab
in Switzerland. Whenever possible, the samples were kept cooled and stored at 4°C in the dark prior

to analysis.

3.2. Chemical analysis and quality assurance

The complete list of analyzed elements is available as Supplementary Information (Table SI1). The
concentrations of major cations and trace elements were measured by inductively coupled plasma
mass spectrometry (ICP-MS). Concentrations of NH,', total P, and silicic acid were determined by
photometry; CI, SO,~, and NO;” were measured with ion chromatography; total inorganic nitrogen
was quantified with chemo luminescence; DOC and TOC were measured with a carbon-analyzer by
catalytic combustion at 720 °C; and alkalinity and total hardness were determined by titration.
Samples with measured total As concentrations greater than 1 pg/L were analyzed for As(lll)
concentrations by ICP-MS in the aliquot filtered for As speciation. The robustness of the ICP-MS
element analysis was assured by intermittent measurement of groundwater reference samples from
interlaboratory quality evaluations (i.e., ARS29 and 163F). These repetitive analyses agreed within
5% of the known concentrations. In addition, cross-evaluation between ICP-MS and ion
chromatography, carried out for the cations Na, K, Ca, and Mg, showed excellent agreement with
coefficients of determination (r?) 20.98. Calibration curves were r* >0.999. Standard deviations of

triplicates were always <5%. The limits of quantification (LOQ, 10 x standard deviation of noise) are

11
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listed in the Supplementary Table SI1 and were 0.5 pg/L for As and Mn, and 5 pg/L for Al. For more

details on quality assurance and data validation see Berg et al. (2008) and Winkel et al. (2011).

3.3. Grouping of the aquifers based on interpretation of geology

The sampled groundwater wells were grouped based on the geological formation that they tap.
Therefore, the source aquifer for each well was interpreted based on the depth of the well, its
location, and available geological information. The geological cross-sections (Figure 3) were
constructed using the following data — topography: digital elevation model (DEM) from the Shuttle
Radar Topographic Mission (SRTM) available from the U.S. Geological Survey; surface geology:
National geological maps of Peru at a scale 1:100.000 from INGEMMET (see references in Figure 2),
and for the geology at depth: the geological explicative notes of the geological maps (De la Cruz et
al., 1997a,b; Guzman & Nufez, 1998a; Martinez et al., 1999; Sanchez et al., 1999a), and geological

sections in Rdsdnen et al. (1998), as well as field observations.

4. Results
4.1. Aquifer types

We were able to distinguish the following four aquifer types. Shallow tube wells (mainly <35 m deep)
located on the floodplains of the Amazon, Marafion and Ucayali Rivers in both study regions tap
groundwater from Aquifer Type 1, which corresponds to silty and sandy layers in the recent alluvial
sediments (Figure 3). The deeper tube wells (*60-100 m deep) in the study region of Pucallpa,
located in the floodplain and on the lowest terrace of the Ucayali River, tap groundwater from
Aquifer Type 2. Based on the well depth, the description of the aquifers in INRENA (1998), and the
geology (De La Cruz et al., 1997b), these wells pump groundwater from sandy layers of the
underlying Ucayali Fm. (Figure 3c). Aquifer Type 3 consists of the white sands of the Iquitos Fm. The
majority of the wells (5-28 m deep) located in the city of Iquitos and in the area between the Nanay
and the Itaya Rivers tap water from this unconfined aquifer (Figures 2a, 3a and 3b). Aquifer Type 4
groups the sandy and silty layers of the Neogene Nauta, lpururo, and Pebas formations that are

tapped by tube wells in both study regions. Tube wells tapping groundwater from these aquifers

12



265 comprise both shallow and deeper wells on the terraces, as well as deeper wells on the floodplains of

266 the main rivers (Figure 3).
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268 Fig. 3. Geological cross-sections with a selection of sampled groundwater wells along the transects in
269 Figures 2a and 2b. The studied wells tap groundwater from four aquifer types. Aquifer Type 1
270 corresponds to the unconfined aquifers of the Modern river deposits in the floodplains of the
271 Marainon, Ucayali and Amazon Rivers. Aquifer Type 2 includes sandy layers in the otherwise clayey
272 Ucayali Formation. The white sands of the Iquitos Formation form Aquifer Type 3. In Aquifer Type 4

273 we grouped the sandy sediments of the Nauta, Ipururo and Pebas Formations. The pie-charts
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illustrate the relative abundance (meq/L) of major anions and cations in the groundwater. The size of

the pie-charts is tied to the electrical conductivity (range: <50; 50-150; 150-500; 500-1000; >1000

usS/cm).

4.2. Hydrochemistry

A summary of the chemical composition of groundwater from each aquifer type is given in Table 1.
The complete data set of the 47 measured parameters is provided as supplementary information

(Table SI1).

Table 1: Summary of the chemical composition of groundwater of each aquifer type.
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Aquifer Type 1 Aquifer Type 2 Aquifer Type 3 Aquifer Type 4
Parameter min. max. median min. max. median min. max. median min. max. median
T(°C) 25.8 27.7 26.9 25.8 27.6 26.2 271 28.9 27.5 25.4 29.3 27.4
pH 6.4 7.1 6.8 6.4 8.1 7.8 4.2 5.5 4.6 4.8 7.6 6.1
Eh (mV) 64 196 109 46 295 109 146 598 555 119 626 409
Ec (uS/cm) 248 1226 494 219 1967 349 29 397 111 16 886 118
Al (pg/L) <5 <5 <5 <5 16 <5 17 3330 270 <5 58 <5
As (ug/L) 3 715 27 <0.5 35 2 <0.5 2 <0.5 <0.5 10 1
B (ug/L) <10 50 <10 <10 61 10 <10 22 <10 <10 180 <10
Ba (ug/L) 144 454 251 72 462 168 8 114 27 15 842 117
Ca (mg/L) 16 201 43 7 38 17 0 22 3 0 91 7
Cd (pg/L) <0.05 <005 <0.05] <005 <005 <0.05] <0.05 0.2 0.1 <0.05 0.2 0.1
Ce (ug/L) <05 <05 <0.5 <05 <05 <05 <05 49 2 <05 5 <05
CI' (mg/L) 0.5 5.6 2.2 0.3 506 0.4 0.4 53 16 0.1 62 0.4
Co (ug/L) <0.1 1.8 0.1 <0.1 0.3 <0.1 <0.1 7.4 0.3 <0.1 1.8 0.7
Cr (ug/L) <01 0.8 < 0.1 <0.1 0.2 <01 <0.1 0.3 <01 <0.1 1.4 <01
Cu (ug/L) <02 3.6 <0.2 <0.2 8.6 <0.2 <0.2 3.4 1.1 <0.2 6.2 0.4
DOC (mg/L) 0.5 16.4 2.6 <0.5 1.1 0.6 <0.5 1.8 0.8 <0.5 2.0 <0.5
Fe (mg/L) 2.2 18.3 8.5 0.0 1.1 0.0 0.0 5.2 0.1 0.0 6.8 0.0
HCOs (mg/L)*| 137 808 277 140 385 226 0 24 0 13 543 58
K (mg/L) 2.2 10.4 5.0 0.5 1.5 0.8 0.3 13.7 1.9 0.4 9.3 2.2
La (ug/L) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 27.5 0.6 <0.5 21 <0.5
Li (ug/L) 2.3 10 6.8 1.9 16.1 3.8 <05 1.6 0.6 1 26.3 6.1
Mg (mg/L) 8 29 14 1 6 3 0 2 1 0 25 1
Mn (pg/L) 348 3689 1499 6 501 78 3 271 27 8 450 41
Mo (ug/L) 0.3 8.8 1 0.3 16.4 4.1 <0.1 <0.1 <01 < 0.1 0.7 0.1
Na (mg/L) 7 40 12 17 327 66 1 36 11 0 71 7
NHs-N (mg/L) | < 0.1 6.1 1.8 <0.1 0.9 0.2 <0.1 1 <01 < 0.1 1.2 <01
Ni (ug/L) <0.1 23 0.1 <01 0.6 <0.1 <01 1.2 0.4 0.1 1.4 0.9
NOs-N (mg/L) | <0.05 <0.05 <0.05 | <0.05 0.2 <0.05 | <0.05 16.6 2.1 <0.05 10.6 0.1
N-tot (mg/L) <0.5 5.9 1.8 <0.5 1.1 <0.5 <0.5 17.6 2.5 <0.5 10.8 <0.5
P (tot) (ug/L) 151 4003 931 <25 447 156 <25 <25 <25 <25 200 <25
Pb (ug/L) <02 <0.2 <0.2 <0.2 0.7 <0.2 <0.2 5.0 0.5 <0.2 0.7 <0.2
Sb (ug/L) 0.1 1.0 0.1 0.1 0.2 0.1 0.1 0.2 0.1 0.1 1.2 0.1
Se (pg/L) <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <01 1.4 <0.1 <0.1 0.4 <0.1
Si (mg/L) 17 49 43 7 27 9 2 5 3 4 29 13
SO~ (mg/L) <05 221 <0.5 <05 3.4 <05 <05 28.8 1.9 <0.5 19.1 0.8
Sr (ug/L) 120 1369 296 55 305 85 2 72 11 2 951 40
Tl (ug/L) <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 0.3 <0.2 <0.2 <0.2 <0.2
TOC (mg/L) 0.8 17.3 3.1 0.0 2.1 0.7 0.0 1.9 1.0 0.0 3.7 0.0
V (ug/L) 0.3 2.8 0.4 0.2 25 0.2 0.2 1.1 0.4 0.2 1.3 0.4
W (pg/L) <0.2 1.4 0.4 <0.2 4.2 0.5 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Zn (ug/L) 4 174 8 1 252 3 7 182 14 3 172 23

The concentrations of Sn (< 0.5 ug/L), Th (< 0.05 pg/L), U (< 0.05ug/L) were below detection limit for all samples.

*HCOs™ concentrations were calculated based on alkalinity measured in non-acidified and non-filtered samples.
Note that the Eh values are corrected against the standard hydrogen electrode.
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4.2.1. Major elements

@ Aquifer Type 1
B Aquifer Type 2

O Aquifer Type 3
A Aquifer Type 4

Ca** Na*+K* HCO, Cr

Fig. 4. Main groundwater chemistry presented in a Piper diagram. Groundwater of Aquifer Type 1 is
mainly of Ca-Mg-HCO;™ type. Groundwater of Aquifer Type 2 is mainly of Na-Ca-HCO;™ type, showing
a linear trend towards the Na-K pole. Some samples of Aquifer Type 2 are of Na-Cl type. Aquifer Type
3 shows the same trend as groundwater from Aquifer Type 2, but with CI" and SO,> as main anions

instead of HCO3". The samples from Aquifer Type 4 are mainly Na/Ca-HCO3 waters.

There was a large range of values of the hydrochemical parameters of the studied groundwater, but
distinct groups can be identified when considering the aquifer types separately. The different aquifer
types can be distinguished by the main cation and anion ternary plots in Figure 4, and by the Eh-pH
diagram in Figure 5. Groundwater of Aquifer Type 1 had mainly reducing, slightly acidic, Ca-Mg-HCO3
properties within a pH range of 6.4 to 7.1. Aside from significant variability in Ca/Mg ratios (see

Figure 4), groundwater of Aquifer Type 1 was quite homogeneous in its main chemical
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characteristics. Samples from both Aquifer Types 2 and 3 showed a trend in the main cation
distribution from Ca towards Na+K waters (Figure 4a). Samples from Aquifer Type 2 were mainly ion-
rich waters (with EC between 200 and 2000 uS/cm; see Table 1), plotting on the HCO;3™ - Cl tie-line,
whereas samples from Aquifer Type 3 are mainly ion-poor waters (with EC between 20 and 400
uS/cm; see Table 1), plotting towards the SO,”-Cl” tie-line (Figures 3 and 4). Both aquifer types were
also clearly distinguished in the Eh-pH plot in Figure 5. Aquifer Type 2 was mostly reducing, with a pH
ranging from 6.5 to 8.1., whereas groundwater from Aquifer Type 3 had a redox potential > 200mV
and a pH ranging from 4.2 to 5.5. The largest range of values was observed for the samples of Aquifer
Type 4, which is a heterogeneous group, ranging from acidic, oxidizing to slightly alkaline, reducing

waters (Figure 5). This water type varies from Ca-Mg-HCO; to Na-Cl.
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Fig. 5. Eh-pH diagram with sampled wells according to the aquifer type.

4.2.2. Trace elements

An overview of the trace element concentrations for each aquifer type is given in Table 1. Of all the
elements analyzed, arsenic, manganese, and aluminum were detected in concentrations of concern
to human health [i.e., exceeding the WHO-guideline or health based values of 10 ug/L (As), 400 pg/L

(Mn) and 900 pg/L (Al)] (WHO, 2011). Arsenic concentrations varied significantly, from less than 0.5
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pug/L to a maximum of 715 ug/L; Mn-concentrations ranged from 3 pg/L to a max. of 4 mg/L and Al

from less than 5 ug/L to a max. of 3.3 mg/L (see Table 1).

In general, distinct differences were seen between the aquifer types (Figure 6). The majority of the
groundwater samples from Aquifer Type 1 had As concentrations above 10 pg/L, with one third
exceeding 50 pg/L. At least 86% of the As was present as As(lll) (see Table SI1). The Mn-
concentrations exceeded 300 pg/L, with two thirds of the groundwater samples exceeding 1 mg/L.
Groundwater of Aquifer Type 1 was further characterized by elevated concentrations of Fe, DOC, P,
NH,", and Si, when compared to the other waters in our dataset (see Figures 6 and 7). Ammonium
showed a positive relation with As-concentrations >10 pg/L (Figure 7c). No such relation was
observed for As with Fe or Mn (see Figures 7a and b), while sulfate and As associated negatively (see
Fig. 7d). The Sr and Ba concentrations were generally higher in groundwater samples from Aquifer

Type 1 than in the other aquifer types (see Table 1).
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Fig. 6. Boxplot diagrams (Min.-Q1-Median-Q3-Max.) of selected elements. The samples are grouped
per Aquifer Type. Number of samples: Aquifer Type 1 (11); Aquifer Type 2 (19); Aquifer Type 3 (15);
Aquifer Type 4 (11).

With one exception, the groundwater of Aquifer Type 2 had As-concentrations below 6 pg/L. One
third of the groundwater had Mn-concentrations above 200 pug/L, with a maximum concentration of
500 pg/L. The concentrations of P, DOC, and especially of Fe and NH," were also significantly lower
than in Aquifer Type 1 (see Figures 6 and 7). The Mo-concentrations, with measured values up to 16

ug/L, were clearly higher than in the samples from the other aquifer types (see Figure 6).
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Fig. 7. Relationships between selected elements. (a, b) Mn, resp. Fe versus As in groundwater from

Aquifers Types 1,2 and 4. Note that high As concentrations were accompanied by both high Fe and
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high Mn concentrations. (c) NH," versus As in groundwater from Aquifer Types 1, 2 and 4. Note the
positive relation between NH," and As for samples from Aquifer Type 1. (d) SO, versus As in
groundwater from Aquifer Types 1, 2 and 4. No sulfate was detected for As concentrations >12 pg/L.
(e) Al versus pH in groundwater from Aquifer Type 3. Note the negative relation between Al and pH,
with a buffering of the pH at 4.2. (f) Ammonium versus nitrate. In Aquifer Types 1 and 2, all dissolved
nitrogen was present as ammonium, whereas in Aquifer Type 3 nitrogen was mainly present as

nitrate, except for the groundwater from wells in the area affected by flooding of the Amazon River.

The concentration of aluminum in groundwater from Aquifer Type 3 varied between <0.05 and 3.3
mg/L. In more than half of the groundwater samples, Al-concentrations exceeded 200 pg/L, and one
third exceeded 900 pg/L (i.e., the WHO-health based value for drinking water) (WHO, 2011). A
negative exponential correlation was noted with pH, with a maximum pH of 4.2 (Figure 7e). The
samples were further characterized by low As, Mn, Fe, P, DOC, and Si concentrations. Nitrate
concentrations ranged from below the detection limit to 17 mg NOs-N/L (Figures 6 and 7), that is
exceeding the WHO-guideline value of 11 mg NO3z-N/L (WHO, 2011). Groundwater of Aquifer Type 3
is slightly enriched in the elements La and Ce, and in the metals Pb and Cu, when compared with the
other aquifer types (see Table 1). Three samples from wells in an area affected by flooding of the
Amazon River differed by their lower redox potential (0 to 300 mV). They also displayed higher Fe
(1.0-5.2 mg/L) and Mn (20-270 pg/L) and lower N (£0.5 mg/L) concentrations when compared to the

other samples from Aquifer Type 3.

Heterogeneity of the main hydrogeochemical characteristics was also observed for the trace element
concentrations of Aquifer Type 4. Two wells tapping Aquifer Type 4 showed concentrations of Mn or
As that slightly exceeded the WHO-guideline values. Groundwater containing ammonium generally
had higher As, Fe, or Mn concentrations, and lower Eh-values. Nitrate was only present in
groundwater with Eh-values >200 mV. We note that one sample had a concentration of Ba slightly

exceeding the WHO-guideline value of 700 pg/L (WHO, 2011) (Table SI1).

5. Discussion
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Table 2 presents an overview of the main characteristics of the four aquifer types and associated
geogenic contaminants. Elevated concentrations of arsenic and manganese were detected in
reducing, near-neutral pH groundwater mainly from Aquifer Type 1 (Figure 8a and 8b) [i.e., in the
recent sediments from whitewater rivers]. Elevated Al concentrations were only found in the oxic,

acidic groundwater from Aquifer Type 3 (Figure 8c) [i.e., in the sandy deposits of the Iquitos Fm.].
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Table 2. Summary table with the main characteristics of the four aquifer types and associated
geogenic contaminants

Aquifer Type Geological Formation Hydrochemistry Geogenic contaminants
Ca-Mg-HCO3
. . As
. Recent alluvial deposits .
1
Aquifer Type of white water rivers Reducing Mn
pH slightly acidic - neutral
Na-Ca-HCO3 Na-CI-HCO3
Aquifer Type 2 Ucayali Fm. Reducing Sporadic Mn, As
pH neutral to slightly alkaline
Na-Cl
Aquifer Type 3 Iquitos Fm. Oxidizing Al
pH acidic
Na-Ca-HCO3
Nauta Fm. Sporadic Al
Aquifer Type 4 Oxidizing-reducing
Ipururo/Pebas Fm. Sporadic As, Mn
pH acidic to neutral

5.1. Groundwater arsenic and manganese enrichment

5.1.1. Aquifer Type 1

The hydrochemistry of Aquifer Type 1 points to reductive dissolution of Fe-(hydr)oxides as the main
process leading to groundwater arsenic enrichment. The pH, the redox potential (Figure 8a), and the
elevated concentrations of As, HCO5, Fe, PO,, NH,", and DOC are typical for As-rich groundwater,
such as that found, for example, in South and South-East Asia (Berg et al.,, 2008; McArthur et al.,
2008; Smedley & Kinniburgh, 2002; Winkel et al., 2011), where this association has been related to
As-release by microbially driven reductive dissolution of iron-(hydr)oxides (Fendorf et al, 2010; Islam

et al., 2004; Mc Arthur et al., 2004).

The sandy layers of Aquifer Type 1 correspond to the uppermost alluvial floodplain aquifers of the
Ucayali, Marafion, and Amazon Rivers. A high load of sediments of Andean origin has been deposited

by these whitewater rivers throughout the late Quaternary, with elevated subsidence rates resulting
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in the rapid burial of sediments. The young alluvial sediments and the infiltrating river water are rich
in NOM (Ertel et al., 1986) that fuels the reductive conditions in the subsurface. The poor drainage
enhances anoxic conditions in the aquifers. Indications of Fe-reducing subsurface conditions can
actually be observed after heavy rainfalls, when orange-colored groundwater ex-filtrates at the
riverbanks, indicating oxidation of iron-rich water. The riverbanks are used for agriculture, so
investigations are needed to determine if the ex-filtrating groundwater is also enriched in As, and to
what extent uptake by the rice plants and other crops occurs (Ravenscroft et al., 2009; Williams et

al., 2005).

Groundwater from Aquifer Type 1 had Mn =400 pg/L (Figure 8b), and some samples with Eh values
reaching 200 mV were only enriched in Mn but not in As (see Fig. 8a and 8b). This concurs with
reductive dissolution of Mn-oxides starting before reduction of Fe-oxides (McArthur et al., 2012;

Winkel et al., 2011).

Samples of two wells with low As-concentrations (< 5 pg/L) contained 10-20 mg/L sulfate and are
within a distance of less than 200m from a high-As well. Neighboring As-contaminated and As-non
contaminated wells are typical for As-affected basins in S-SE-Asia (e.g., Berg et al.,2008; Buschmann
et al., 2007; McArthur et al., 2004). This irregular pattern has been explained by local heterogeneity
in the subsurface (Hoque et al.,, 2012; McArthur et al., 2008). In our study, the wells tapping Fe-
reducing aquifers all showed a clearly visible orange-brown stain on the well platform caused by the
precipitation of Fe-(hydr)oxides. This characteristic feature has been reported in Bangladesh (Biswas
et al.,, 2012; McArthur et al.,, 2011,2012) and is presently seen as a widespread indicator of As

contaminated wells.

Hence, our study demonstrates that arsenic and manganese are mobilized in the unconfined aquifers

in the recent sediments of the floodplains of the white water rivers in Western Amazonia in Peru.
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Fig. 8. Eh-pH diagram. Symbols correspond to the aquifer type, color and size of the symbols indicate
concentration ranges. (a, b) High As and Mn concentrations were found in reducing groundwater of
pH between 6 and 7.2, mainly in Aquifer Type 1, but also in Aquifer Types 2 and 4. (c) High

concentrations of Al were detected in acidic groundwater at pH below 5 in Aquifer Type 3.
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5.1.2. Aquifer Type 2

Most wells located in the region of Pucallpa on the floodplain of the Ucayali River produce
groundwater with As and Mn concentrations below 10 pg/L and 400 ug/L, respectively, even though
they are situated within Holocene alluvial deposits (Figure 9b). This is because most of these wells
are deep and tap groundwater from Aquifer Type 2, as can be seen in the cross-section of Figure 3c.
We interpret Aquifer Type 2 to consist of sandy layers of the Ucayali Fm. (see Section 4.1). The redox
potential and the presence of NH," indicate reducing aquifer conditions. The pH was generally higher
for groundwater from Aquifer Type 2 than from Aquifer Type 1 (Figure 5). The cations in
groundwater of this aquifer type indicate evolved waters (Figure 4), thereby pointing to an increased
maturity of the aquifers, with increasing Na/K and Na+K/(Ca+Mg+Na+K) ratios correlating with
increasing pH. The wells located east of the Ucayali River produce saline, Na-Cl waters. Here, possible
explanations for the observed shift towards Na-Cl waters (Figure 4) are an inflow of salty water from
older formations, where gypsum and salt have been described (De La Cruz et al., 1997a,b; Guzman &

Nufiez, 1998a) or dissolution of hitherto undescribed evaporate minerals in the Ucayali Fm.

Within Aquifer Type 2, we observe a pronounced change in Mn and Fe-concentrations (Figures 7a
and 7b) at pH ~7.5 (see Figure 8b). Groundwater with pH values above this value had Mn <200 pg/L
and Fe-concentrations <0.1 mg/L, whereas groundwater of pH <7.5 had Mn- and Fe-concentrations
up to 500 pug Mn/L and 1.1 mg Fe/L, indicating Mn and Fe-reduction, but resulting in lower dissolved
Fe and Mn concentrations than in groundwater from Aquifer Type 1. Groundwater from Aquifer Type
2 had clearly lower concentrations of N and DOC when compared to groundwater of Aquifer Type 1
(Figure 6). The several-meters-thick clay layers that are described in the Ucayali Fm. might hinder the
inflow of NOM (electron donor) that is crucial for triggering reductive dissolution of Fe and
Mn(hydr)oxides (Lovley & Chapelle, 1995; McArthur et al., 2004; Petrunic et al., 2005). Some wells
emitted a rotten egg smell of hydrogen sulfide from freshly pumped groundwater, which is an
indication for sulfate reduction taking place in at least part of Aquifer Type 2. Interestingly, samples

of Aquifer Type 2 contained significantly higher Mo concentrations when compared to the other
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aquifer types (Figure 6), with the highest concentrations (Mo >6 pg/L) corresponding to the samples
with pH >7.5, and hence with the lower Fe concentrations. This differs from observations made
previously, for example in West Bengal, where elevated concentrations of Mo have been related to

elevated concentrations of As and Fe (Hoque et al.,2012).

Fe(lll) reduction and sulfate reduction depend on pH and the stability of the Fe phases (Postma &
Jacobsen, 1996), and both might occur concurrently in the same aquifer. Determining which

processes are dominant in this aquifer type lies beyond the scope of this paper.

5.1.3. Aquifer Type 4

All aquifers of the older formations are grouped in Aquifer Type 4. These sedimentary formations are
heterogeneous (see section 4.1), which is also reflected in the hydrochemistry. In our study, the As
and Mn concentrations did not exceed 10 pg As/L and 450 pug Mn/L. Slightly higher concentrations of
up to 26 ug As/L and 560 pg Mn/L were reported by Rebata-H et al. (2009). Mobilization of As and
Mn in groundwater is limited to parts of the Pebas and lpururo Formations. Reducing conditions at
near neutral pH prevail in the aquifers that are embedded in the blue-colored clay layers of the Pebas
or Ipururo Fm., where lignite and carbonate-rich layers are present (see sections 2.1 and 2.2). These
aquifer conditions can lead to mobilization of redox-sensitive elements, such as Fe, Mn, and As, by
similar processes as occur in the young alluvial aquifers (i.e., Aquifer Type 1). Oxidation of Fe-sulfides,
related to seasonally moving groundwater tables, might also lead to mobilization of As and Fe in

sediments containing reduced Fe minerals (Ravenscroft et al., 2009), such as pyrite in the Pebas Fm.

5.2. Groundwater aluminum enrichment (Aquifer Type 3)

High concentrations of Al were only observed in groundwater of Aquifer Type 3, which is an
unconfined aquifer in the Iquitos Fm. that consists of almost pure quartz sands (Rdsdnen et al., 1998;
Sanchez et al., 1999a). No buffering of the pH can occur when acidic water infiltrates a pure sand
aquifer in which carbonaceous minerals are scarce, such that the groundwater remains acidic

(Edmunds et al., 1992). The solubility of Al increases with increasing acidity (Hansen & Postma, 1995).
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Dissolution of Al-rich minerals, such as gibbsite and kaolinite, results in an increase of Al in
groundwater and in pH buffering (Nordstrom & Ball, 1986). In our samples, buffering resulted in a
minimum pH of 4.2 (see Figures 7e and 8c). Groundwater aluminum enrichment in podzols or pure
sand aquifers is well known and has been described in the Amazon region (e.g., Lucas et al., 2012)
and elsewhere in the world (e.g., Edmunds et al., 1992, Kjoller et al., 2004). Acid rain and/or
infiltration of surface water enriched in humic acids are generally the sources of initial acidity

(Edmunds et al., 1992).

The presence of acidic, Al-rich groundwater is hence not only related to the Iquitos Fm., but also to
pure sand sediments or podzolic soils in which blackwater rivers, such as the Nanay River, originate.
Unconfined aquifers in the Nauta Fm. (Aquifer Type 4) might also be vulnerable to Al enrichment. Al-
rich minerals, such as kaolinite and Al-chlorite, have been described in sands of the Nauta Fm.,
indicating that parts of the Nauta Fm. are highly weathered (Kauffman et al., 1998; Martinez et al.,
1999). In our survey, groundwater from Aquifer Type 4 had a minimum pH of 4.8 and Al-
concentrations of max. 60 pg/L, although Rebata-H et al. (2009) observed concentrations of up to

600 pg/L at a pH of 4.2.

Groundwater from wells tapping the Iquitos Fm., but located in the actual flooding zone of the
Amazon River, have different characteristics. Here, an annually deposited fresh layer of silt from the
Amazon River acts as a buffer to infiltrating water, resulting in more reducing groundwater with a
higher pH and subsequent mobilization of Fe and Mn. The possible co-mobilization of As requires

further investigation.
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488 Fig. 9. Maps highlighting Al, As, and Mn concentrations above the WHO guideline values in a) the
489 region of Iquitos, and b) the region of Pucallpa. The groundwaters exceeding the WHO health-based
490  value (WHO, 2011) of 900 ug/L for Al are all from Aquifer Type 3 of the Iquitos Fm. (Figure a). Wells
491  with samples exceeding the WHO-guideline values (WHO, 2011) of 10 pg/L for As or 400 pg/L for Mn
492 are mainly located on the recent alluvial deposits of the white water rivers (Modern river deposits).

493 References are according to Figure 2.
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5.3. Implications for the use of groundwater as drinking water resource in Western Amazonia

In more than one third of the studied groundwater samples, the concentrations of Al, As, and/or Mn
exceeded the WHO-guideline or health based values (WHO, 2011). Chronic arsenic exposure can lead
to skin lesions, hyperkeratosis, melanosis, skin cancer, and internal organ cancer (Hughes, 2002;
Kapaj et al., 2006; Smith et al., 2000; Yoshida et al., 2004). Case studies have indicated that chronic
exposure to elevated concentrations of Mn may lead to neurotoxicity, especially in young children
(Bouchard et al., 2011; Wasserman et al., 2006). Ljung and Vahter (2007) argued that the health-
based guideline of 400 pg/L set by the WHO is outdated and should be revised to a lower value.
Chronic uptake of Al through drinking water has been linked with Alzheimer’s disease and other
neurological disorders, although this is still a matter of debate (for an overview, see Bondy, 2016;

Walton, 2014).

Hence, the presence of geogenic contaminants points to an urgent need to assess the groundwater
quality throughout Western Amazonia. Mitigation measures are required, including raising the
awareness of well owners and the authorities and NGOs in charge of well construction. Groundwater
quality testing should include the analysis of the trace elements Al, As, and Mn. Contaminated
groundwater clearly needs treatment before consumption, however solutions can be adapted to
local conditions. We recommend an investigation of the potential negative health effects of chronic
intake of the contaminated water, taking into account local dietary habits, which can help mitigate or

exacerbate health impacts.

Our study highlights the vulnerability of two types of aquifers to geogenic groundwater
contamination in Western Amazonia (Table 2). The first type includes the aquifers in the Modern
river deposits of the floodplains of the whitewater rivers (Aquifer Type 1), where As and Mn are
mobilized by reductive dissolution. The second type comprises the unconfined pure sand aquifers
(Aquifer Type 3), where aluminum is enriched due to acidic groundwater conditions. These

conditions are not only limited to the white sands of the Iquitos Fm., but also occur in similar highly
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weathered or pure sand formations throughout the Amazon Basin and especially in the catchments

of blackwater rivers.

The deeper or older aquifers (Aquifer Types 2 and 4, Table 2) were rarely affected by geogenic
groundwater contamination. The wells tapping the aquifers of the Ucayali Fm. mainly produce
groundwater of good quality, however the detection of As >10 pg/L and Mn concentrations >200
ug/L highlights that wells in this formation should be monitored. Our study also showed that
groundwater from aquifers of the Miocene Pebas and lpururo formations may occasionally have
elevated concentrations of Mn and As. Linking water quality with specific parts of the sedimentary
formations grouped in Aquifer Type 4 will need further research. The wells of larger settlements and
cities tap groundwater from Aquifer Type 4, which therefore represents important drinking water
resources in Western Amazonia. Hence, to avoid aquifers with geogenic contaminants, an important
future step will be the determination of the minimal and maximal depths corresponding to non-

contaminated aquifers.

6. Conclusion

Our study raises an initial awareness of the presence of geogenic contaminants in the groundwater
resources of Western Amazonia. We show that the hydrogeochemical characteristics of groundwater
in the Peruvian Western Amazonia are related to the river type and the sedimentary unit. The data
demonstrate arsenic and manganese contamination under reducing conditions in unconfined
aquifers of the young floodplains of the whitewater rivers, whereas acidic groundwater in sandy
deposits in the catchments of blackwater rivers contain high concentrations of aluminum. The
health-threatening concentrations of arsenic, manganese, and aluminum detected in almost half of
the groundwater samples call for a thorough investigation of groundwater quality throughout the

whole region.
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