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ABSTRACT

MÓNICA CRISTINA RESTO-FERNÁNDEZ
WATER QUALITY AT MOUNTAIN SPRINGS USED FOR DRINKING WATER IN
THE EL CERCADO AREA, DOMINICAN REPUBLIC
Under the direction of MICHAEL F. MACCARTHY, PhD

Globally, many hundreds of millions of people living in developing rural
mountainous areas are believed to lack access to a safely managed drinking water source.
Typically, this population subset is sustained by groundwater emerging at mountain
springs, which previous studies in three different world regions have found to be
commonly contaminated with E. coli.
The presented research focuses on water quality of mountain springs in a rural
area of western Dominican Republic. Initial preliminary investigations established
understanding of study-area-wide topography and geography. Thirty-seven mountain
springs throughout the study area were assessed qualitatively (for land use, geology,
infrastructure, and biota)
xi

and quantitatively (for pH, temperature, electrical conductance [EC], total dissolved
solids [TDS], nitrate, alkalinity, and E. coli) at 109 sampling points during three field
research trips in 2017 and 2018.
The study area is comprised of a high percentage of developed and agropastoral
land. The mountains which surround the study area are underlain by highly fractured
carbonate rock. A majority of springs were located near or in a river/streambed and had
up-slope agropastoral land. Generally, a decrease in elevation of mountain springs was
related to a decrease in water pH, and an increase in temperature, EC, TDS, and alkalinity
for springs in the same general mountain area.
E. coli concentrations of emerging groundwater were compared to water collected
from the likely points of user collection (LPUC; e.g., spring box, spring pool, pipes) and
results show that a higher percentage of LPUC samples were considered Unsafe, while a
higher percentage of groundwater upwelling samples were considered Low Risk/Safe:
35% for upwelling and 40% for LPUCs.
Water at springs was commonly contaminated with Intermediate to Unsafe levels
of E. coli: >70% and >65% of springs sampled at the upwelling and spring box,
respectively. E. coli was present even at springs “protected” by spring boxes, indicating
that this infrastructure does not prevent contamination of spring water.
Recommended future work includes using relatively low-cost, portable rockcoring machines to drill wells at mountain springs for studying the extent of bacterial and
nitrate contamination by accessing safe groundwater tens of meters below ground for
community water supply.
xii

CHAPTER 1
INTRODUCTION
Motivations
Large segments of the global population remain without access to a safely
managed drinking water source; an estimated 615 million urban and 1.6 billion rural
dwellers live with this basic need unmet (WHO, 2019). Hundreds of millions of these
rural dwellers live in mountainous areas (Messerli et al., 2004) and get their drinking
water from springs and seeps. The water emerging from these sources is typically
collected on-site in containers or captured and piped down-slope to communities and
homes.
Goal and Objectives
The goal of the overall research project is to improve the environmental health of
rural mountain dwellers by improving the quality of water that they have access to for
drinking. The presented research contributes to this goal by conducting field research to
develop an understanding of groundwater quality at mountain springs and of other biotic
and abiotic factors likely affecting these water sources in a study area near El Cercado,
Dominican Republic.
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The objectives of the presented research are: (1) to conduct a preliminary study of
the El Cercado area to understand the topographical, land use, and geological context; (2)
to assess geology, land use, infrastructure, and biota in the surrounding and up-slope
zones of springs in the study area; and (3) to initially characterize water quality at
mountain springs. The presented field research was conducted in the rural mountain
communities surrounding the town of El Cercado, located close to the border with Haiti.
To the author’s knowledge, a study of this scope had not previously been conducted to
investigate mountain springs in the Caribbean.
Overarching Project
There is a need to address and solve the water quality issues impacting millions
worldwide who rely on mountain spring water for drinking in the efforts to achieve
Sustainable Development Goal 6, target 1: “universal and equitable access to safe and
affordable drinking water for all” (UN, 2018). These water quality issues will likely not
be achieved without geological and hydrogeological studies aimed at improving the
understanding of both how groundwater flows to emerge at mountain springs and the
associated levels of pathogenic contamination of this water. On flat, accessible terrain,
these types of studies have been achieved using conventional drilling machines. This is
not feasible in regions of the world with steep, overgrown, ecologically sensitive, and
difficult-to-access mountain terrain. Recently, low-cost, portable rock-coring systems
produced for mineral exploration have been used for drilling rock coreholes and installing
monitoring wells in sandstone and dolostone in California and Ontario, respectively
(Pierce et al., 2018). While these drills have yet to be successfully used for studying

mountain spring hydrogeology within the context of drinking water supplies, they offer
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considerable potential for accessing mountain groundwater for monitoring and drinking.
The research goal of the overarching project is to determine the path of entry of
bacterial contamination and nitrate at mountain springs and whether deeper groundwater
flow to springs yields safer drinking water. The overarching project involves
investigating how groundwater flows to springs and how pathogens and nitrate enter the
spring domain. This domain includes the spring, the adjacent and up-slope area
generating surficial runoff to the spring (spring catchment), and the presumed area of
recharge for the groundwater discharging at the spring. This investigation will be
accomplished by utilizing portable rock-corers to drill into bedrock to substantial depths
for installation of conventional monitoring wells and new types of monitoring devices
best suited for investigating subsurface flow. The research presented herein is a baseline
assessment of land use, topography, geology, water quality, and biota at mountain springs
in a study area in western Dominican Republic, as a first step towards the overarching
research project.

CHAPTER 2
BACKGROUND
In this chapter, information is provided describing the study area and context
related to the presented research.
Study Area
Twenty-seven nations make up the West Indies, a group of islands that extend
between the Yucatán and Florida peninsulas and the northeast corner of South America
(The Editors, 2016). This group of nations is subdivided into the Greater and Lesser
Antilles and The Bahamas (Clarke & Brereton, 2018). The Dominican Republic (D.R.)
and Haiti share the island of Hispaniola and make up the Greater Antilles along with
three other nations (Figure 1).
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Figure 1. The presented research was conducted in a rural region of the Dominican
Republic (D.R.), shown in the center of the map east of Cuba and west of Puerto Rico.
The D.R. and the Republic of Haiti occupy the island of Hispaniola, which is a part of the
Greater Antilles islands within the West Indies. Inset map shows the position of the
region within the western hemisphere. (Sources: Google Earth Pro and 123RF [Image ID:
48880946])
Geographically, the island of Hispaniola (the second-largest island in the
Caribbean) is approximately 650 kilometers in length and 241 kilometers in width. It is
divided topographically into a series of alternating lowland plains and mountain ranges
which span most of the island from northwest to southeast.
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These ranges influence precipitation levels and climate for the two countries. The D.R.,
which occupies the eastern two-thirds of the island, tends to have a more tropical climate,
whereas Haiti’s climate is relatively more arid.
The population of the Dominican Republic in 2015 was estimated at over 9.98
million, with 1 million living in the national district (ONE, 2016). The Dominican
Republic is divided into 10 administrative regions, 31 provinces and one (1) national
district, 154 municipalities and 231 municipal districts, 1,179 sections, 9,937 parajes, and
2,631 communities (ONE, 2015b; ONE, 2016). Water access statistics for the country
show that 96% and 90% of the urban and rural populations, respectively, have access to a
basic drinking water service. It is expected that these figures decrease given the relatively
recent change in how drinking water services are evaluated.
The San Juan province is located in the southwestern part of the country in the El
Valle region. The population was estimated at 231,000 in 2012 (ONE, 2016). A
governmental report by the Dominican Republic Ministry of Economy, Planning, and
Development states that in 2010, 63% of households in the province of San Juan were
considered to be in moderate poverty (almost 23% greater than the national average) and
25% were deemed to be in extreme poverty (MEPD, 2014). In the Dominican Republic,
provinces close to or bordering Haiti are characterized as having a higher percentage of
households in moderate to extreme poverty (represented by the darker colors in Figure
2).
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Mapa 00.2.2. Porcentaje de Hogares Pobres por Provincias, 2010

Atlas Pobreza 2010 República Dominicana

23

Figure 2. This map shows the percentage of impoverished homes in each province,
grouped into six different ranges. The San Juan province (outlined in black) is
characterized as having between 60.1% – 70% of homes considered impoverished
(MEPD, 2014).
The study area ranges between 18°48’18”N to 18°38’36”N latitude to
71°24’00”W to 71°36’40”W longitude and encompasses the municipality of El Cercado
(Figure 3, outlined in blue), located in the southwest part of the San Juan province. The
majority of the estimated 16,000 people living in the El Cercado municipality are of low
socioeconomic status. El Cercado is ranked among the 10% (16th place) of the mostimpoverished municipalities in the country (16th of 154 municipalities) and is the most
impoverished municipality in the province (of 6 municipalities) (MEPD, 2014).
Approximately 85% of rural and 65% of urban households are considered to be
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moderately to extremely poor in the municipality of El Cercado (MEPD, 2014). Survey
data collected by the Catholic parish in 2017 shows that approximately 16% of children
ages 7 to 13 do not attend school, 15% of those 14 years and older cannot read or write,
and 3% of individuals surveyed were not declared (meaning they did not have residency
due to being undeclared at birth in the D.R. [not having a birth certificate] or because of
their status as Haitian immigrants).

Figure 3. The municipality of El Cercado (outlined in blue) is located in the southwestern
part of the San Juan province and is comprised of two municipal districts, various urban
zones, and many rural sections (ONE, 2015a).
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There are several democratically elected mayors in the study area, who each
govern the town or one of several of the larger municipal districts and sections. The local
Catholic parish serves in a community development/organizational capacity, managing
and organizing services in various sectors for all communities in the area (faith-based
community groups; economic development; sustainable farming, forestry and gardening;
child and maternal health; education; care of the elderly and disabled persons; and water
supply). More than fifty springs provide water for the residents of the municipality,
which includes the town and many small surrounding communities (general locations
shown in Appendix A1).
The town of El Cercado in the Dominican Republic was chosen for this
hydrological investigation due to the reliance on mountain spring water for drinking
water supplies, the presence of many springs in the study area, and the relationships
established with communities by research project collaborators for over a decade
(Schweitzer, 2009).
Springs and Seeps
Springs are formed where an aquifer, more specifically the piezometric water
surface, intersects the surface of the ground (Smith, 1982). The National Groundwater
Association describes a spring succinctly as “groundwater becoming surface water”
(NGWA, n.d.). These sources may provide water year-round or appear only after periods
of heavy rainfall when the aquifer is filled to capacity and spills out onto the land (USGS,
n.d.). Springs typically discharge water from a single or several well-defined points.
Seeps exist due to the same hydrogeologic conditions as springs but have a lower flow
rate (The springs, n.d.).
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Although the defining characteristics of springs and seeps are quite general, it is
certain that they can present themselves in a wide range of geologic and topographic
settings worldwide. For example, the United States has a diverse array of springs, located
in varying subsurface contexts throughout the country. Kansas has the lowest density of
springs per square kilometer, 0.0001, in contrast to Arizona which has 0.017 springs/km2
(Springer et al., 2008). This generality in definition, but variety in manifestations has
made spring categorization a challenging endeavor taken on by numerous researchers
over the past century.
Contamination of Spring Water
Springs often produce water with desirable aesthetic characteristics (i.e., cool
temperature, low turbidity) which make it palatable and commonly perceived as free of
contamination. This perception may be held by villagers and WASH sector
professionals/organizations alike and is problematic if spring-fed water supply projects
for homes and communities do not include water quality testing because of these
preconceived notions that spring water is clean (Lifewater, 2016). Researchers have been
motivated to study fecal contamination of spring water given its vitality to communities
worldwide (e.g.; Mengesha et al., 2004; Misati et al., 2017), but few studies have been
published for springs located in mountainous areas. With spring water quality degrading
worldwide in recent decades (discussed at the International Association of Hydrological
Sciences Headwater ’98 conference; Kovar, 1998), it is critical to assess the degree of
contamination at these mountain spring sources that provide water for hundreds of
millions worldwide living in rural communities.
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Three previous studies of bacteriological contamination at mountain spring
sources have been conducted in different regions of the world. Studies by Chitwood
(2006, 2007) in four mountainous areas of southwest China found that development and
agropastoral activities (pertaining to both growing food and raising animals as livestock)
immediately adjacent to mountain springs are likely the sources of significant levels of
bacterial contamination. At many of these sources, community members collect water
directly from spring boxes or cisterns. A study of water collected from forty spring boxes
in the mountains of western Panama showed 67 out of 69 water samples to have E. coli
concentrations that surpass the Panamanian government drinking water standard of 0
CFU/100mL (Miller, 2017). Analysis of drinking water samples collected primarily from
groundwater-fed springs in the Sagarmatha National Park, Mt. Everest region of Nepal
shows that 23 water samples (most collected from groundwater-fed spring water) of 31
contained coliform concentrations ranging between 1 and >100 CFU/100mL (Nicholson
et al., 2018). Most samples collected from lower elevations for this study did not meet
Nepali National Drinking Water Quality Standards.
Groundwater Flow to Springs
Improving understanding of the pathogen contamination profile at different
depths below ground surface at mountain springs would require water quality testing of
both spring water and groundwater prior to its emergence. As compared to the body of
knowledge established on the development of mountains, there is much less information
and research on how groundwater flows to emerge at mountain springs. Spring discharge
is thought to be comprised of both shallow and deep groundwater flowing through rock
fractures (joints and fissures) (Cherry et al., 2013). Shallow flows are theorized to be
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comprised of rainfall infiltrating up-slope near springs, while deeper groundwater is
believed to originate from aquifers recharged at higher elevations where there is less
human and animal presence.
The pathogen concentrations for these two flow paths have been studied and
findings indicate that longer groundwater flow paths supplied by high-mountain
reservoirs have lower pathogen concentrations than shallow groundwater flow paths
(Page et al., 2012). In contrast, shallow flow paths and surface runoff to springs are likely
contaminated since coliform bacteria prefer warm temperatures and thus live closest to
earth's surface (Vendrell et al., 2013). Investigations at mountain springs are limited by
the difficulty of studying the subsurface, geology and groundwater alike, on mountains
due to hard subsurface geology, steep terrain, ecologically sensitive areas, overgrown
environments, and difficulty in accessing sites; these challenges make it difficult to drill
wells using conventional drilling machines.
Spring-Fed Water Systems
Rural mountain dwellers access water for drinking from spring sources using two
strategies. In communities that have already been established close to/around a spring,
people walk to springs and fill containers, which are then carried back to the point of use.
To make this task easier at undeveloped springs, incremental improvements are often
made by using large leaves or piping (Figure 4) to channel the flow or by constructing
cisterns around sources that pool spring water. A more advanced and costly option for
communities not established near spring sources is to design and construct spring-fed,
gravity flow water systems (GFWS; schematic shown in Appendix A2) which capture
and channel spring water for transport to end-users. In the El Cercado area, directivas are
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formed to manage these community water supply systems (Schweitzer, 2009). They are
typically comprised of seven or more elected persons responsible for individual roles
(e.g., president, secretary, treasurer, and plumber).

Figure 4. At this spring source (located 1,100 meters above mean sea level [amsl] at the
bank of a dry streambed near El Cercado, Dominican Republic), the community has
installed a white PVC pipe to channel flow, making it more convenient to fill water
containers on-site.
Spring boxes (also referred to as spring captures or collection boxes) allow for the
collection and transport of spring water through GFWSs to end-users and eliminate the
need for fetching water, a chore primarily burdening women and girls worldwide
(UNICEF, 2016). They are typically designed and constructed of concrete, fiberglass,
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galvanized steel, pretreated wood, or other materials (U.S. Forest Service, n.d.; USDA &
NRCS, 2012). When properly constructed, spring boxes are effective in capturing water,
but do not necessarily protect spring water from potentially contaminated surface runoff
and shallow groundwater flow (Resto et al., 2018). Researchers, especially those
conducting mountain spring water quality research, are challenging the notion that spring
boxes provide adequate protection from contamination and recommend water quality
testing of spring water to assess levels of contamination (Miller, 2017).
Water Quality Parameters
Spring water quality was tested for parameters that elucidate information
regarding the safety of water for human consumption, the level of human
development/activities impacting water quality, and the nature of water flow beneath
ground surface.
Biological Parameter
Bacteriological contamination of water samples in the presented field research
study was measured by estimating the count of E. coli (Escherichia coli) in water
samples. This bacterium is typically found in food, water, and the digestive system of
some animals. Therefore, sources of E. coli are generally related to human/animal waste,
such as improperly functioning wastewater treatment plants, leaking septic systems,
storm water runoff, animal carcasses, and runoff from animal manure and manure storage
areas (EPA, n.d.-c). According to the World Health Organization (WHO; 1997), water
with any level of E. coli poses a risk to human health.
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Physicochemical Parameters
The degree to which groundwater is acidic or basic can have a direct impact on
water system components and an indirect impact on human health. Groundwater with pH
values falling outside of the typical range of 6 to 9 can leach metals from subsurface
geological units. This degrades water quality (posing a human health threat) and in water
distribution systems creates scale that builds up on pipes and valves (damaging water
system components) (Freeze & Cherry, 1979; USGS, 1999). The U.S. Environmental
Protection Agency (EPA) has set secondary maximum contaminant levels (SMCLs) for
pH of between 6.5 and 8.5 to curb negative aesthetic effects due to odor and taste in
drinking water (EPA, 2017).
The temperature of groundwater is important for characterizing subsurface flow
(i.e., since temperature gradients cause water to flow) and for understanding aqueous
geochemistry (Freeze & Cherry, 1979). Some scientists and hydrologists use temperature
as a basis for classifying springs, therefore measurement of temperature for this study
allowed for the possibility of performing these comparisons (Spechler & Schiffer, 2007).
Typically, groundwater temperature is equal to the mean air temperature above land
surface at a given location (Smith, 1982). Humboldt’s work, presented by Davis (1999),
concludes that if spring water temperature is lower than the mean annual ambient air
temperature at the spring location, then the discharging water is likely composed to a
greater percentage by rainfall infiltration from higher elevations.
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Electrical conductivity (EC) is defined as an object’s ability to transfer energy at a
certain rate (Abdolbaqi et al., 2016). Typically, this parameter decreases as the purity of a
substance increases; for this reason, pure water has a lower EC value than natural surface
water sources. The optimal range for electrical conductivity in freshwater sources is 0.150.50 milli Siemens per centimeter (mS/cm) (EPA, n.d.-b).
Total dissolved solids (TDS) concentration in water is dependent on the number
of inorganic particles in a solution (Thirumalini et al., 2009). The World Health
Organization (2003) states that typical natural water sources have TDS concentrations
less than 500 parts per million (ppm), although some sources may have up to 6,000 ppm
TDS. Since TDS concentrations in water do not have associated negative health
consequences, the EPA (2017) stipulates a secondary maximum contaminant level of 500
ppm to curb negative aesthetic perceptions due to color of water resulting from high
solids concentrations.
Nitrate is an important indicator of human activity in groundwater systems and a
harmful water constituent for humans. This contaminant can originate from agricultural
products (namely fertilizers and manure), deposition of atmospheric nitrogen onto land,
septic systems, and domestic animals in residential areas (Nolan et al., 1998). A study
conducted by the U.S. Geological Survey (USGS) concluded that nitrate water
concentrations were found to be higher closer to the earth’s surface and where subsurface
conditions permit relatively rapid movement of groundwater (e.g., well drained substrate,
carbonate bedrock, gravel) (Mueller et al., 1995). As for typical values in groundwater,
two separate studies determined that thresholds of 3 mg/L and 1 mg/L indicate
contamination and human activity, respectively (Madison, 1984; Dubrovsky et al., 2010).
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Nitrate levels greater than the maximum contaminant level (MCL) of 10 mg/L as
nitrogen set by the EPA (n.d.-a) can cause serious health issues in babies and infants
(methemoglobinemia or “blue baby syndrome”) and in pregnant and nursing women
(reducing their oxygen-carrying capacity) (Central Coast Regional, 2013).
Alkalinity is defined as the capacity for a substance to neutralize acids to maintain
a stable pH (Sawyer et al., 2007). A naturally occurring and common source of alkalinity
in natural waters is calcium carbonate (CaCO3) (Leurs et al., 2010). There is no specific
regulation limiting alkalinity in surface water (WHO, 2011). Levels of alkalinity lower
than 150 mg/L are more likely to be corrosive, and those higher than 150 mg/L could
contribute to scaling (Shaw et al., n.d.).
Lastly, samples were collected for future testing of the groundwater isotopes
deuterium, tritium, and oxygen-18. Analysis of the presence and concentrations of these
isotopes can help to determine the average length and approximate age of groundwater
flow paths supplying mountain springs.

CHAPTER 3
METHODS AND MATERIALS
The presented research data was collected during three field campaigns: 3 weeks
in May-June of 2017, one week in January 2018, and 3 weeks in May-June of 2018. The
research components were focused on five different investigative scopes (Figure 5). The
first two scopes were the broadest and were initially explored as part of research
objective 1 through the preliminary study. The narrower scopes investigated to achieve
research objectives 2 and 3 were studied at a greater depth during the baseline
hydrogeological assessment. Images in this document are presented in color.
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Figure 5. Five scopes of investigation were studied for two research components: the
preliminary study (research objective 1) and the baseline hydrogeological assessment
(research objectives 2 and 3). The depth of study was increased with a narrowing of
scope; thus, the springs were studied more in-depth than the study area.
General details for the preliminary study and baseline hydrogeological assessment
are provided in the sampling and analysis plan (SAP; Figure 6). The preliminary study of
the El Cercado area was accomplished through a review of secondary sources (i.e.,
literature, government reports) and through informal interviews with locals in the study
area. Assessments of water quality, land use, infrastructure, and biota in the mountain

spring domains for springs in the study area were achieved through qualitative and
quantitative data collection.

Figure 6. The presented research was organized into three components: preliminary
investigation, qualitative observation of the mountain spring domain, and quantitative
water quality study of mountain spring water.
The work was completed over three trips to the study area by a team comprised
of: an environmental and civil engineering faculty member, a graduate lead field
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researcher (hereafter referred to as the lead researcher), several undergraduate water
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quality specialists, and numerous other undergraduate students. In-country partner team
members included the community organizer, local logistics coordinator and driver, water
systems technician, local assistants (locals that were trained in data collection methods
and assisted with research activities), and local guides (individuals who lived in
communities near sources and guided the research team to springs). The presented
research was supported by Mercer University’s international research and service
program, Mercer On Mission, as well as Mercer’s Engineering for Development Program
(MacCarthy & Lackey, 2016).
Preliminary Investigation
The preliminary study was conducted to better understand the geographically and
topographically complex study area. These activities served as the foundation for the
presented research and were necessary for analysis of spring domains and water quality
results.
Topography and Land Use
Topography, land use, and livelihoods are intertwined in mountain communities.
Human development occurs on mountains where resources for survival exist or can be
created; this means that humans tend to congregate near water sources and use land for
raising animals and growing food. All three of these types of activities (development,
animal husbandry, and agricultural) have unique challenges when established on
mountainous terrain, and uniquely impact the spring catchment (up-slope land producing
rainfall runoff or groundwater flow to the spring). It was important to pair mountain

spring hydrology studies with investigations of the topography and land use at and up-
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slope of springs.
The town of El Cercado is situated in a local valley between the Sierra de Neiba
mountain range, the Dominican extension of the Haitian Montagnes Noire (Black
Mountains), and a few additional highland regions (Figure 7). This topographic
complexity was important to understand for various reasons. An improved understanding
of mountains in the study area was essential for determining patterns in characteristics of
bedrock outcropping. An investigation of mountain resources was necessary for
identification of community locations with respect to mountains and springs in order to
better understand their GFWS. An in-depth analysis of water quality parameters was
accomplished by approximating the positions of springs on their respective
mountainsides.
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Figure 7. Dominican Republic has five major mountain ranges. The Noires Mts. (Haiti)
and Sierra de Neiba (D.R.) are present within the study area (approx. location outlined in
red; source: Encyclopædia Britannica).
The mountains in the study area were defined using three strategies involving inperson observations and computing software. While driving through the study area,
information was gathered on the locations of individual communities, major and minor
roads/paths, and mountainsides and peaks by informally interviewing residents of El
Cercado familiar with these aspects.
The Google Earth Pro software was used to generally delineate mountain ranges
in the study area (using the “Add Polygon” feature, zoom, pan, and through viewing of
the land surface from ground level; Figure 8). This graphical analysis allowed for pairing
of aerial imagery with field observations.
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Figure 8. Methods to delineate mountains in the study area (green shapes) using Google
Earth Pro software assisted in developing an understanding of the locations and extent of
each mountain with respect to communities and other points of interest. Red lines mark
some of the major and minor roads. Red dots denote spring sources (source: Google
Earth Pro).
During an 11-hour exploratory expedition (traversing more than 14 miles on the
Sierra de Neiba mountain range), knowledgeable local agronomists provided information
on the viewing area, individual communities, and important places. These points were
noted onto landscape sketches and field notes and captured with photography. After the
field campaigns, the landscape sketches and field notes were transferred to the digital
media (Appendix A3).
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A more in-depth understanding of topographical resources was achieved using the
OpenStreetMap Map cycling online route software (developed as a free, open access
route planner for cyclists worldwide). An 800-meter threshold was determined (after
completion of spring assessments) to differentiate highlands from lowlands. (For
comparison, the city center is located at 725 meters above mean sea level [amsl].) This
800-meter benchmark was used to inventory each mountain in the study area, numbered
arbitrarily from northwest to southeast (Figure 9).

Figure 9. Mountains in the study area were inventoried based on an 800-meter amsl
benchmark (© OpenStreetMap contributors).
Use of land was observed throughout the study area. Post-trip data analysis
included the differentiation of the observed land uses into types.
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Geology
A basic understanding of area subsurface geology was used initially to improve
understanding of geochemical water quality results at springs and was necessary for
future proposed work. The United States Geological Survey (USGS) has, through the
World Energy Project, mapped Geology, Oil and Gas Fields, and Geological Provinces
for eight economic regions of the world (French & Schenk, 2004). Maps of surface

geology and geological provinces for Region 6, which encompasses the Caribbean area,
Central America, and South America, were overlain by Google Earth aerial imagery in
Microsoft PowerPoint to determine the surface geology present in the study area
(Appendix A4).
Mean Ambient Air Temperatures
A similar analysis was conducted to determine the mean ambient air temperatures
for the study area. The values were sourced from the ArcGIS Web Map titled Mean
Annual Temperature, derived from the WorldClim bioclimatic variables (BIO1) (Hijmans
et al., 2005). This online, interactive map shows the mean annual ambient air temperature
for areas around the globe using data from 1950-2000 at 1-kilometer resolution. This map
area was overlain with Google Earth aerial imagery to determine mean temperature for
the study area (Appendix A5).
Qualitative Spring Assessments
Qualitative investigation of biotic and abiotic factors in the spring domain was
accomplished to improve understanding of how these factors may influence spring water
quality.

Land Use, Topography, & Geology

27

Use of land was described at each spring site for the area within three meters of
the upwelling and the area up-slope within fifty meters of the spring and matched. Land
use types were assigned post-trip during data processing. Observations of topographical
features at springs (e.g., up-slope and down-slope directions, escarpments, steeps slopes,
ditches, gullies) were noted on site sketches and captured through digital media.
Geological samples were collected from exposed bedrock outcroppings for future
analysis in North America with trained geologists. Sampling locations were noted on the
site sketch. Two rock samples collected during the first trip were tested using
hydrochloric acid to determine if they were composed of carbonate minerals.
Infrastructure and Hydrology
Components of the spring-fed GFWS present at a spring were assessed and
described in their current state. This included observations of: the internal and external
conditions of the spring box; the pipes at the spring box; hatch doors and padlocks
securing the spring box; and fencing protecting the spring area.
With respect to qualitative hydrological data, observations were made of the water
emerging at the spring and of surface water sources in the area. Data was collected on
water clarity, flow, direction, and seasonal variation for springs and surface water
sources. These observations were especially important for comparison of spring sources
from year-to-year.
Local guides and assistants were informally interviewed to understanding the
history of the site with respect to all biotic and abiotic aspects. These interviews included

questions about: the construction of spring box and other infrastructural components;
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operations, maintenance, and rehabilitation work; historical and seasonal water flow; and
change in tree cover or topography of the site.
Biota
Within the context of the presented research, biota refers to flora and fauna; these
were described for each spring. Flora was described generally, using terms such as ferns,
shrubs, weeds, vines, and trees. On occasion, the local guides or assistants provided the
common name of species. Assessment of flora included listing the types found at and upslope of the spring and noting any large trees in the area on the site sketch. Presence of
animals or evidence of animal activity were described.
Organization of Collected Data
A site assessment data collection worksheet was developed to organize the data
and ensure that data collection procedures were adhered to at each spring. These
worksheets were input into a spreadsheet at the end of each trip.
Aspects of the qualitative site assessments were documented in detail using
photography, videography, and virtual reality panoramic imaging at springs. This work
included documenting the site extent, inside and outside of the spring box, deterioration
of the infrastructure, bedrock outcroppings, peculiar findings, and biota. Upon return, this
media was processed and stored electronically in a folder for each spring source.

Quantitative Spring Assessments

29

The water quality testing campaign was designed to make use of low-cost,
portable, and relatively simple water quality testing technologies which minimized the
need for a formal laboratory setting, did not require state-of-the-art equipment, and did
not limit the scope of the testing when considering post-collection travel time restrictions
(considering that samples had to be kept chilled). Water samples were collected on-site at
springs, natural surface water sources (rivers and streams), and man-made water access
points (tanks, pipes, and taps). On-site testing was prioritized for those parameters that
degrade with post-collection transport to the laboratory. Additional testing was conducted
in the evening at the local lodging. Water samples were also collected for future testing of
major ions and groundwater isotopes in a North American laboratory.
Sampling Locations and Protocol
In order to obtain spring water samples most representative of groundwater, water
was collected from as close to the groundwater upwelling (in Spanish, borbollón) as
possible, often requiring the use of a 100-mL plastic syringe to access water from the
cavity where it was discharging (Figure 10).
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Figure 10. A 100-mL plastic syringe, shown top left lying on the rock outcropping, was
typically used to sample the water bubbling up from crevices and fill sampling containers
and bags during water quality testing at mountain springs.
If the upwelling was inaccessible, then another sampling point was chosen which
was further removed from being representative of the emerging groundwater (Figure 11).
Water was sampled from the spring box by dipping the collection bottles into the pool of
water. At some springs where the inside of the box was inaccessible, the samples were
taken from an overflow/cleanout pipe by disconnecting the pipe downstream of the spring
box. If none of these points were accessible, then the sample was collected from the
spring stream or pool at a point closest to the spring box.

31

Figure 11. Prioritization scheme for collection of samples at each mountain spring
source.

For sites having more than one accessible spring box, water was collected from
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each of the boxes. At each spring, several more points of interest were designated as
additional sampling locations: downstream, spring pool, or seep near spring. This
methodical sampling plan yielded rich data, with several sampling points at most springs,
and opportunity for spatiotemporal comparison of water testing results in space (GPS
coordinates, elevation above sea level, position on the mountainside) and time (from one
field research trip to another). It also resulted in varying numbers of sampling points for
the assessed springs, making data analysis a challenging task.
The timing of sampling was also important and depended on test-specific protocol
and the additional aim of collecting all water at one sampling point as close together in
time as possible. This meant that the collection of approximately 1,300-mL of water (two
500-mL Nalgene bottles, one 100-mL Nalgene bottle, one Whirl-Pak sample bag [100mL], and a plastic syringe [100-mL, filled several times over]) was done sequentially.
Floating leaves and debris were avoided when collecting samples because these could
affect the various water quality tests.
To minimize sample bias and contamination, all sample bottles and syringes were
rinsed with deionized water before on-site collection and after testing was completed at
the end of each evening. Additionally, bottles and syringes were pre-rinsed with sample
water (which was then discarded away from the sample point) prior to collecting water
samples. It was not possible to sterilize or disinfect the bottles and syringes with alcohol
or other laboratory equipment because all research was conducted in a non-laboratory
setting.
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It was not logistically feasible to import large laboratory equipment to the local lodging,
nor was it appropriate to dump chemicals on-site at springs given their cultural
significance and the presence of local bystanders.
On-Site Sampling and Analysis Plan
The Hanna Portable pH/EC/TDS/ ̊C Meter (HI9813-5; Appendix A6) and probe
were used for estimation of temperature, TDS, electrical conductance, and pH. The probe
was inserted into a water sample collected in a 500-mL Nalgene bottle or a 100-mL
plastic syringe.
The Whirl-Pak sample bag (part of the Aquagenx® E. coli test kit; Appendix A7)
was filled a few milliliters above the 100-mL line with sample water. Bags were secured
by doubling rolling, tucking in the metal tabs, and using a plastic bag clip (sold by
Aquagenx®) to ensure that they did not leak in backpacks during post-collection
transport.
Two 500-mL Nalgene bottles were filled for off-site testing of E. coli, nitrate, and
alkalinity. This bottle was stored in a cooler with ice packs to keep it chilled, per
guidelines detailed in the Hach Alkalinity Test Kit manual (DOC316.53.01166). Lastly, a
100-mL Nalgene bottle was filled with sample water for laboratory testing in North
America of major ions and isotopes.
All samples were collected and handled in accordance with quality control/
assurance guidelines (e.g., bottle rinsing between uses, minimization of contamination
with hands, use of gloves, refrigeration, preservation, limiting sample agitation) for field

research. All testing was completed in accordance with procedures outlined in the
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manuals and instructions provided by manufacturers for each test.
Off-Site Analysis
The Hach Alkalinity Test Kit (AL-DT) and Digital Titrator (which is more
efficient, easy-to-read, portable, and economical than a burette; SWAMP, 2010) were
used to estimate the alkalinity concentration of each sample. Nitrate testing was
conducted using the Hach Nitrate/Nitrite Test kit (Model NI-12), performed at local
lodging via the methodology provided in the user manual, and prioritized for completion
before nightfall because the color comparison was best performed in natural lighting.
The Aquagenx® CBT kit was used to measure the most probable number (MPN)
of E. coli in each sample. The steps generally involved adding a test bud to the sample in
the Whirl-Pak and pouring the sample into a compartment bag. The sample was
incubated for the period stipulated in the procedures and results were read after the
incubation period using the table provided by the manufacturer. Each compartment bag
result was compared to the table provided by the manufacturer and assigned a MPN, 95th
percentile value, and health risk category. The MPN is a probabilistic technique used
often in microbiology and based mathematically on the “frequency of occurrence or a
series of positive results most likely to occur when given numbers of bacteria are present
in a sample” (Oblinger & Koburger, 1975). The 95th percentile value is based on
confidence limits assigned given the particular calibration of this test method in a
laboratory during development and is typically normally distributed but not centered
about its associated MPN. The health risk category is adapted from a WHO drinking
water guidelines report where Low Risk means that no action is necessary to ameliorate a

drinking water source, and urgency of action increases with Intermediate Risk, High
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Risk, and Unsafe water samples.
E. coli concentration of water was also estimated using the Coliscan Membrane
Filtration kit (Appendix A8). All soaking pads in the petri dishes, three per water sample,
were soaked with growth medium. The water was added to the sterilized cup and pulled
through the membrane filter and support pad using the provided syringe. Between water
samples, the cup and tweezers were rinsed with deionized water and disinfected with an
alcohol prep pad.
Water Deionization System
To produce deionized water, and with help from thesis committee members and
other advisors, a portable, relatively low-cost water deionization system was designed
and assembled to produce water for rinsing materials/equipment and for diluting water
samples during testing (Appendix A9).
The system was comprised of a transfer pump which forces water through a
granular activated carbon filter and then a deionization resin cartridge. Purified bottled
water, purchased in-country in 5-gallon containers, was utilized as the input water source.
Deionized water was produced on an as-needed basis and bottled in the same 500-mL
Nalgene bottles throughout each field campaign. Quality control and assurance was
documented in-country after setup of the system to test total dissolved solids, electrical
conductance, and E. coli concentrations, and confirmed a high-quality deionized water
product.

CHAPTER 4
RESULTS AND DISCUSSION
Results are presented for various aspects of the preliminary investigation, and for
the qualitative and quantitative assessments of mountain spring domains. Points of
discussion for the results and comments on related future work are also included.
Preliminary Study
The study area was estimated to be approximately 300 square kilometers in size
and encompassed the town of El Cercado and surrounding communities (Figure 12).
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Figure 12. The study area encompassed El Cercado and surrounding rural communities
located in the interior southwestern region of the Dominican Republic (blue square of
inset). Topography was determined to bed hilly/mountainous, as evidenced by the section
profile and the wavy look of some part of the study area, especially apparent below the
inset. (Source: Google Earth Pro)
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Topography
Using the topographical analysis methods and Google Earth Pro and Open Street
Map software, it was determined that the town center lies in an intra-mountain valley at
approximately 725 meters amsl. The elevation of surrounding communities was
estimated to range from 600 to 1,050 meters amsl. Some of these surrounding
communities were shown to lie in the valley due east/northeast of the town center. Other
communities were situated on the mountain foothills and highlands south, southeast, and
northeast of the town center. The average elevation of the entire study area was theorized
to decrease from southeast to northwest, where it was assumed that all river water left the
study area and entered the next province.
Mountain eighteen (Figure 9), named Sierra de Neiba, is the largest mountain
range in the study area in extent and elevation. It extends into Haiti and has communities
located in some of the lower-elevation foothills. The residents of El Cercado are
dependent on revenue generated by selling of onions, beans, and pigeon peas grown
throughout almost the entire elevation span in some parts of the range. The highest area
on the mountain range is protected by a national park, but regulatory enforcement and
protection of the natural forests was anecdotally described as weak; each year, more
forested area is thought to be destroyed in order to grow cash crops.
The Sierra de Neiba range is characterized as having very wide, white, highelevation riverbeds and streambeds (Figure 13). These features did not have observed
surface water flow and were determined to be topographical features called arroyos,
described as seasonally active creeks or dry riverbeds with vertical walls that fill and
become active after substantial rain (World Land Forms, n.d.). Anecdotal evidence
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gathered during site assessments suggests that flash floods descending the mountain in
these arroyos have caused damage and loss of life. Such events were described to have
buried multiple spring boxes, damaged fencing, farmland, and water system piping, and
caused washouts or small landslides in some parts of the mountain. In the face of a
changing climate, an increase in intensity and duration of precipitation events and an
increase in conversion of land from forest to farmland could result in an increase in
frequency of flash flood events and of negative impacts.
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Figure 13. Wide, high-elevation rivers/streams on the Sierra de Neiba mountain
(southern boundary of the study area) were determined to be arroyos. These
topographical features have surface flow during intense rainfall events, often manifesting
as flash floods which damage infrastructure, agropastoral land, and homes. Bottom
photograph taken by author at 1,400 meters amsl.
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Land Use
Land use throughout the area was categorized as one of the following types:
forest, agropastoral, river/stream, or developed. Forested land was typically densely
overgrown and shady, comprised of most stratification categories (undergrowth,
understory, canopy, and emergent layers), and did not seem to be used for cultivating
agricultural products. Agropastoral land was observed to have been previously or
currently used for growing crops and/or raising livestock. River/stream land was either
presently dry (in which case rainy periods could trigger surface flow) or was observed to
have water flowing year-round. Lastly, development broadly covered that land which was
observed to have homes, businesses, industry, social services, and cultural artifacts.
The predominant land use types in the study area were believed to be developed
and agropastoral. The low socioeconomic status of residents and the agricultural-based
economy has resulted in increasing areas of forest being consumed for cultivation. This
has led to significant issues with deforestation (and associated negative health and
environmental impacts), often resulting from slash-and-burn agricultural techniques.
The top of the Sierra de Neiba mountain range, which separates the El Cercado
area from the next province to the south, was determined to be protected by a national
park managed by the national environmental ministry. Anecdotal evidence suggests that,
in spite of this designation, a lack of monitoring and enforcement of land use restrictions
has resulted in conversion of forest into agropastoral land. Out-of-control, improperly
managed fires on farmlands have caused environmental damage to adjacent forests.
Community action to condemn this harmful practice has not been sustained, nor has it
resulted in cessation of slash-and-burn techniques.
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The major river in the study area was identified as the Rio Vallejuelo (Figure 14)
which originates at the spring source named Los Hinojos and flows through the town
center. The source from which it originates supplies water to more than 3,000 people intown. The river flow upstream of town was observed to be clear and cool in temperature.
On the contrary, anecdotal evidences suggests that river flow downstream of town was
comprised of spring stream water, hospital blackwater, agropastoral stormwater runoff,
and trash. The river downstream of town was observed to have higher turbidity, greater
volume, and warmer temperature, and exits into the next province at the northwest corner
of the study area. Other named rivers and streams in the study area included río Caño,
arroyo del Gato, río de la Rancha, río Sonador, and arroyo Damaya. The rivers and
streams were only differentiated in type by their given name. Hydrologic studies to
classify these surface water sources as rivers or streams based on flow rate may be
included in future work.
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Figure 14. Rio Vallejuelo was identified to be the most significant (likely the highest
volume) river flowing through the study area. Anecdotal evidence suggests that it
originates at the Los Hinojos spring (pictured [a] at 1,300 meters amsl). It flows through
town (pictured [b] at 830 meters amsl) and northwest towards the city of El Llano in the
Elías Piña province.
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Additionally, many high-volume agricultural channels were observed flowing
through La Colonia zone (the most agriculturally productive zone in the study area) and
were presumed to discharge into the various rivers and streams. Agricultural channels
typically had faster moving waters that were perceived to have a higher turbidity. These
channels were noted to be extensively connected in nature. Diversion gates appeared to
control the flow to individual plots where bananas, plantains, corn, and other cash crops
were cultivated. Future work should include identification of all major and minor
rivers/streams and major agricultural channels using aerial mapping and analysis of water
quality of this entire surface water system at different points in the study area.
Developed land in the study area was observed to be typically occupied by homes
and businesses (oftentimes both subtypes existed within the same structure). The highest
population density was found in-town and generally decreased with an increase in land
elevation amsl and an increase in distance from the town center. Of the more than 80
communities listed by the Catholic parish, shown in Appendix A1, some were assumed to
have been abandoned or moved due to loss in population. Anecdotal evidence suggests
reasons behind this phenomenon to be: a lack of resources (i.e., water, electricity),
decreased economic opportunity, and unfavorable proximity to town (the most isolated
communities in this region had the highest rates of poverty).
With respect to industry and manufacturing, at least one company was observed
to be located within the high-density El Cercado town limits: Induban coffee. Other
social services and businesses that exist in town include: a hospital, several bar/ liquor
stores, a hotel, numerous restaurants, several print shops, clothing stores, and schools.
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Major roads, minor paths, and bridges have been evaluated because of their
influence on the accessibility of springs and were included as part of the development
land use type. Roadways connecting the town of El Cercado with neighboring towns,
cities, and provinces were observed to be typically paved and two-laned. Most other
roads connecting small and large communities were noted as unpaved and typically
ungraded. Observations during times of rain concluded that the action of water typically
caused large ditches on either side of the roads and exposed large rocks. This
deterioration in condition was noted to be more significant on steep roads. Anecdotal
evidence suggests that these seasonal periods of heavy precipitation also damage or
destroy some bridges in the study area, cutting off entire river crossings for days or weeks
at a time. Commonly, work to restore or rehabilitate the damaged roads and bridges was
described as infrequent, delayed, or nonexistent.
Geology and Overburden
Preliminary investigation using the USGS report indicated that surface geology
was characterized as sedimentary rock deposits of Eocene and(or) Paleocene marine
strata and Post-Eocene marine strata. Observed bedrock outcroppings in the area fell into
two categories, which have been described below.
The first category of bedrock outcroppings was noted to have large, fractured
white/beige rock (Figure 15, a & b). The fractures at these outcroppings were regular and
consistent. At some outcroppings, the outer rocks seemed to be brittle and crumbly,
which indicated weathering by the action of water. This type of outcropping was typically
observed on the up-slope side of walking paths in the mountains. These white rocks were
described as similar in appearance to the large, smooth, white rocks found in
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rivers/streams and the jagged and angular rocks found in high-mountain arroyos.
Anecdotal evidence suggests that locals believe that heavy precipitation events carry
enough force to move large rocks and boulders down the mountain and into
river/streambeds in the lowlands, while less intense rainfall events were believed to carry
smaller rocks and stones.
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Figure 15. Bedrock outcroppings in the study were categorized into two types. The first
type (a [1,770 meters amsl] & b [1,300 meters amsl]) was described being of lighter color
and having regular fractures. The second outcropping type (c [1,070 meters amsl] & d
[1,020 meters amsl]) was distinguished by a darker color and smooth, water-washed
texture.
The second type of bedrock outcropping in the study area was observed to have
large segments of rock dark grey in color which appeared to be smooth in texture (Figure
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15, c & d). These outcroppings were observed to look weathered by water, but in a
manner which had created dissolution paths, crevices, and channels that were not as
ordered as fractures in the first type of outcropping. These apparently weathered
outcroppings tended to be located near or where water was flowing. Rock samples taken
from these outcroppings required greater force with the geology hammer to remove.
The composition of overburden was observed at escarpments (Figure 16). These
soil profiles were described as having distinguishable layers. Some were lighter in color.
Darker soil types were seen closest to land surface, providing nutrients and support for
plants and trees. Unconsolidated soil layers sometimes contained rock fragments and
stones; relatively thin layers of hard-packed, unconsolidated material (soil or rock) were
also observed.

Figure 16. Escarpments (similar to the one pictured at 900 meters amsl) were observed in
the study area near walking paths, and revealed profiles of the subsurface showing
organic material, light-colored substrate, and weathered unconsolidated rock layers.
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Mean Annual Ambient Air Temperature
Only two mean annual ambient air temperatures ranges were identified for the
study area because of the low resolution of the data. The highland areas on the
southernmost mountain range had values falling between 15.1 and 20.0 ºC. The lowland
regions of the study area had mean annual ambient air temperatures ranging between 20.1
and 25.0 ºC. Due to the low-resolution data and imagery, mean ambient air temperature
values were not assigned to each spring source.
Qualitative Spring Assessments
Thirty-seven spring sources were assessed during three field research trips to El
Cercado, Dominican Republic.
Land Use
Land use was recorded during site assessments for the land in the immediate
vicinity of each spring and the area up-slope of each spring within eyesight or a couple of
minutes’ walk (approximately 50-meters distance). Field findings conclude that a high
percentage of springs in the study area are primarily located near or on a
riverbed/streambed and have up-slope agropastoral land (Table 1).
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Table 1. Most springs in the study area are located at or adjacent to river/ stream land.
The dominating land type use up-slope of springs was determined to be agropastoral.

Infrastructure
Infrastructure found at developed mountain springs in the study area typically
included spring boxes, air release pipes, overflow pipes, cleanout pipes, and community
water supply pipes. One GFWS was observed to have an animal watering trough located
near the spring box. Another GFWS had a watering trough component several hundreds
of meters away from the spring box.
Most spring boxes were observed to be constructed of reinforced concrete and a
few to be constructed of stone masonry (Figure 17, a). Some boxes were built with an
opening for cleanout and maintenance covered by a metal hatch door that could be
secured with a padlock. At several of the spring boxes, the securement was faulty,
broken, or nonexistent. Others were noted to have hardened concrete bags covering the
spring box (Figure 17, b). Some of the containment structures were not boxes, but instead
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resembled the cisterns described by Chitwood (2007) in the mountains of western China
where water was captured simply with stone or concrete walls built up on the soil at a
spring site with no foundation or reinforcement. One such box had a zinc panel covering
the opening (Figure 17, c).
Only one of the spring boxes assessed in the study area was in good condition.
This particular spring box had been recently constructed with a large stone retaining wall
on the slope where the spring water was discharging (Figure 17, d). The other boxes were
found to be aged and deteriorated (e.g., crumbling concrete, rusted rebar). Several
systems were damaged beyond repair or buried when flash flooding brought massive
quantities of white rocks down arroyos. None of the spring boxes were regularly
maintained or cleaned; anecdotal evidence shows that some had not received a
maintenance visit in years.
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Figure 17. Various spring intake structures in the study area showed: (a) stone masonry
construction; (b) hardened concrete bag covering the spring box; (c) a zinc roof panel
covering a spring box damaged during flash flooding; and (d) a large stone retaining wall
inside of a spring box.
All of the aforementioned infrastructural components were assessed through
observation, and the conditions were noted on data collection sheets and recorded using
digital photography and videography. The viewing of this digital media has allowed for
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analysis of degradation or improvement from one field research trip to the next, and has
provided local water committees, on a few occasions, with information on possible points
of improvement for their water supply systems. Future work should include compilation
of infrastructure quality over the study period for each water system, to inform local
water committees.
Site history was investigated through informal interviews with the local guides
and assistants. When possible, they provided information on the history of the water
systems, spring sources, and surrounding environment. One challenge faced during data
collection was the inability of some local guides to recall timing (e.g. frequency of
disinfecting the spring box) and dates of construction.
Biota
Observations have indicated that the presence of groundwater seems to attract
plants and animals (biota) alike to spring sources in the study area. Sixteen of the thirtyseven springs assessed were characterized as having at least one large tree (greater than
twelve meters in height) located exactly at the point of discharge (Figure 18). Of the
spring source subset without large trees at the upwelling (20 total), seven had large trees
in the surrounding area within eyesight. It is theorized that being so large, these trees
likely require a lot of water to thrive, making their location near springs optimal. Local
residents believe that some of these trees are greater than one hundred years in age and
many of them were considered to be sacred cultural artifacts. Anecdotal information
provided by locals suggests that these trees are thought to be protected by “reyes del
agua”, animals such as large toads or freshwater crabs living at the spring. When
possible, local assistants and guides provided common names for some of these trees:
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higo/jigo, cupey, calle/caye, cabirma. Future work could include investigation of the
scientific names and characteristics of the trees to better understand the land at the
surface and subsurface of a spring. Future work geared towards determining whether the
tree or the spring first came to be would be interesting for understanding mountain forest
ecology and groundwater hydrology.
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Figure 18. Massive trees were frequently found on-site or nearby to springs: (a [1,160
meters amsl] & b [1,070 meters amsl]) at the groundwater upwelling; and/or (c [960
meters amsl]) within fifty meters of the upwelling.
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Animal presence (observed or evidenced by animal excrement) was commonly
found at or near spring sources. Anecdotal evidence suggests that farmers took cattle and
horses to drink water from spring streams and pools (Figure 19). Since springs were
typically located at higher elevations on the mountain, away from development and close
to farms, animals were commonly observed tied to trees or grazing freely in spaces close
to springs. Some communities had taken measures to enclose the spring and some of the
up-mountain recharge area with fencing to prevent the use of the spring by farmers for
their animals (Figure 19, b). Only two GFWS were observed to have watering troughs for
providing water for animals away from spring sources (Figure 19, c).
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Figure 19. Some spring sources were observed to have animals present or evidence of
animal activity (a). Fencing (b) and watering troughs (c) have been constructed at some
sources to prevent animals from encroaching on the area around springs. Freshwater crab
(d) were believed to cause damage to spring boxes.
Local water committee leaders described a nuisance problem at spring boxes:
freshwater crabs burrowing around and into built spring boxes damage the infrastructure
and establish points-of-entry for spring water to escape the spring box and contaminated
surface runoff to enter. Although none were observed during assessments at spring
sources, the size of such crabs (Figure 19, d) matched burrow hole sizes present around
some spring boxes in the study area.
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Accessibility of Springs
Assessment of spring accessibility was based on drive time to the last accessible
point before reaching a spring, and hike time and difficulty. Time spent in a car ranged
from 5 to 50 minutes. On some roads, especially those on the Sierra de Neiba mountain,
four-wheel drive was necessary and avoided several hours of additional, strenuous
hiking. Oftentimes, road conditions worsened with increasing distance from the nearest
main road, and this negatively impacted driving time.
Physical stamina and skill were often required to hike to springs due to difficult
conditions (steep and rocky paths, rivers crossing, overgrown forest conditions, and
boggy mud). Hike lengths ranged from 0 to 140 minutes and could be as long as 4
kilometers with more than 200 meters in elevation gain.
The conditions described above were worsened during rainy seasons when
precipitation could potentially erode roads and hiking paths, wash out sections of the
mountain (small landslides), prevent passage to entire communities or sections of the
study area due to failed bridges, and cause flash floods in dry arroyos. These factors were
considered and factored into a binary analysis of whether travel to springs was difficult or
not. Results have showed that 43% of spring sources were accessed by difficult hikes
during dry conditions; this percentage increased to 86% during wet conditions.
Spring Types
Site assessments at many types of sites elucidated trends in biotic, abiotic, and
hydrologic conditions. Springs were categorized into five types (Appendix A10),
described below.
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Water at hillside/outcropping springs emerged from fractured bedrock
outcroppings and/or the sides of hills or mountainsides. Some of these springs had
observed exposed bedrock present on-site. Although these were not located next to a
river/stream, they often formed one from their discharge volume.
Springs of the riverside/streamside type were observed to be located next to a
flowing river or stream and would in some cases be observed to contribute to the surface
water flow. The water was observed discharging at these springs from an up-slope
direction different than the up-stream direction; in other words, these did not appear to be
river/stream seepage points along the bank.
The third type of spring was observed to have both hillside/outcropping and
riverside/streamside characteristics.
The fourth type of springs was observed to be located in a riverbed/streambed.
Anecdotal evidence suggests that some of these rivers/streams were dry, and other were
observed to have a flow year-round. Some of these river/streambed springs were
observed to be located in a deep gully at a higher elevation on the mountain, while others
were located at lower elevations. These springs were observed to have an up-slope and
upstream direction which were the same.
The last spring category was established as open-field; springs that were observed
to have no topographic or hydrologic features nearby were placed in this category.
Historical and Observed Spring Flow
Water flow was observed and described qualitatively during site assessments at
spring sources. Generally, spring sources had discharge volumes which ranged from
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almost imperceptible to high. The range in size of the area where the discharge was
observed was estimated to be between a dozen centimeters in diameter to an area greater
than three square meters in size.
The spring sources with the highest observed or presumed discharge volumes
were located at higher elevations on the Sierra de Neiba mountain and seemed to produce
streams or rivers down-slope from the sites. Notably, during assessment of some of these
high-mountain springs, a roaring sound was observed at some riverbed/streambed-type
springs. This sound was assumed to be that large volumes of flowing subsurface
groundwater. Anecdotal evidence provided by local residents (farmers that frequently
visit the sources due to their farm location) and site assessment guides/assistants suggests
that the observed discharge volumes at many springs in the area have decreased
significantly over the last decade. Site assessment data from several spring sources
suggest that spring discharge has decreased over the study period. Notably, one spring
assessed in Summer 2017 was observed to have no flow in Summer 2018.
Quantitative Spring Assessments
One hundred and nine total water samples were collected for testing during
Summer 2017, Winter 2017, and Summer 2018 trips to the study area near El Cercado,
Dominican Republic. These samples were classified into three major types describing
where they were taken: spring sources, surface water sources, and water systems. Within
these categories, the samples were further divided into subgroups. Table 2 shows this
categorization and the corresponding number of unique sources represented by the
samples. Water quality results were analyzed through four analytical schemes: by sample
point type, by comparison of groundwater and drinking water, by comparison of springs
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located in the same area on mountainsides, and comparison of values to typical
groundwater values and drinking water guidelines/standards.
Table 2. Water samples categorized by source type and subcategorized by sample point
type. (The number of sources under each subcategory may exceed the total value as at
many springs, samples were taken at more than one location.)

Groundwater Upwellings
Upwelling samples were collected at springs where the water was observed to be
bubbling out of the ground. These thirty-two upwelling samples corresponded to 23
springs (Table 3) and were concluded to be diluted (low TDS and EC), pH-buffered, and
alkaline.
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Table 3. Water quality results for 32 samples taken at upwellings of 23 springs.

During qualitative site assessments, spring water temperature at higher elevation
sites appeared to be cooler in temperature than lower elevation spring water. A
comparison of these two parameters showed that, in general, the temperature of water
emerging at springs decreased as the elevation amsl of the spring sources decreased
(Figure 20). Future work involves improving understanding of the temperature of
emerging spring water with consideration of its relative position on the mountain, which
would involve determining the maximum elevation of each individual spring catchment.
This may adjust the trendline if there are springs with a lower absolute elevation above
sea level, but a higher relative elevation on the mountain.
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Figure 20. Comparison of elevation versus temperature for all water spring upwelling
samples showed that spring water generally increased with a decrease in spring elevation
amsl. The blue line delineates the cut off for mean annual ambient air temperature of
highlands and lowlands for the study area.
The low-resolution mean ambient air temperature data was deemed insufficient
for comparison to each individual spring source temperature value. A binary evaluation
was conducted to determine whether groundwater upwelling temperatures fell into the
highlands mean temperature range, or the lowlands. As shown in Figure 20, only six
samples had temperature in the range designated for highlands, and these sources had
relatively high elevations. The remaining 26 water samples had water which was between
20.1 and 25 degrees Celsius. Future work could involve accessing higher-resolution data
for mean ambient air temperature so that these values at individual spring sources are
compared to upwelling temperature values.
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This could shed light on whether groundwater is significantly colder than the
mean, indicating recharge from higher elevations on the mountain.
All nitrate concentrations of upwelling samples indicated at least human activity
except one that did not indicate contamination or human activity (see nitrate Background
section for explanation of criteria) and which was found to be highly contaminated with
E. coli (Figure 21); this source happened to be located in the foothills of mountain range
number 18 (Sierra de Neiba). Seven water samples were found to have measured
concentrations of nitrate indicating at least human presence but with Low Risk levels of
E. coli. The remaining 12 samples (of 20) were found to have nitrate levels that at least
indicated human activity in the spring domain and Intermediate to Unsafe levels of E.
coli at the groundwater upwelling. This comparison showed that for groundwater
upwelling samples tested for these two parameters, there were no apparent trends
between nitrate and E. coli, two parameters which can indicate human/animal
contamination.
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Figure 21. Nitrate and E. coli were both measured at the groundwater upwelling of 17
spring sources.
Alkalinity concentrations of water discharging from springs were found to be
directly related to water temperature (Figure 22). This is an interesting finding in that
groundwater with a higher temperature, determined previously to likely be discharging
from a lower-elevation spring, tended to have a higher pH buffering capacity. Alkalinity
in groundwater partly originates from dissolution of ions from subsurface fractured rock
units, and this finding could indicate that water discharging from lower elevations has
longer groundwater flow paths than higher elevation groundwater. Alternately, this may
indicate that the aquifer supplying the spring water has been contaminated with more
alkaline surface water or another source of alkalinity. Future work should compare the
composition of subsurface geological units for springs at higher and lower elevations, to
better understand this trend in alkalinity.
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Figure 22. For spring samples taken at the groundwater upwelling, in general, samples
with higher water temperatures were found to also have higher alkalinity.
Bacteriological testing for E. coli was conducted for 23 upwelling samples (at 18
springs) and showed a health risk category of Intermediate to Unsafe counts for 61% of
upwelling samples, corresponding to more than 70% of sampled springs (Figure 23).
This may indicate that prior to emerging from ground surface, spring water was likely
contaminated. This is notable because contamination is typically perceived to originate
from surface runoff. Spring boxes and other protective infrastructure (e.g., fencing,
drainage ditches) are constructed to prevent contaminated surface water from entering the
piped water system. These results have indicated that contamination was present in the
subsurface.
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Figure 23. Sixty-one percent of upwelling samples collected at springs that were tested
for E. coli were found to pose Intermediate to Unsafe Risk to human health.
Spring Boxes
Twenty-one water samples were collected at fourteen sites from spring boxes.
Results for water quality testing (Table 4) show water which is, on average, lower in pH
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and higher for all other parameters as compared to samples tested at the groundwater
upwelling.
Table 4. Water quality results for 21 samples collected from spring boxes at 14 spring
sources.

E. coli measurements of 18 spring box samples collected from 12 different
springs indicated contamination deemed to be of Intermediate to Unsafe risk for 67% of
the samples corresponding to 75% of the sampled spring boxes (Figure 24). Only three
spring boxes that were tested for E. coli had water determined to be of Low Risk for all
three field research trips.
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Figure 24. Sixty-seven percent of water samples collected from spring boxes were found
to have E. coli contamination associated with Intermediate to Unsafe Risk to human
health.
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Spring Source Water Access Points
Two water samples were collected at spring sources from the overflow spring box
pipes or by disconnecting the outflow pipe sending water to communities. Water quality
results (Table 5) indicated physicochemical quality that was more similar to the
groundwater upwelling samples than spring box samples. These water points were not
tested for E. coli.
Table 5. Water quality results for two samples collected from the pipe outflows of two
springs.

Spring Pools
At some springs, qualitative site observations suggested that minimal on-site
elevation gradients and favorable geologic and soil conditions around the spring were
conducive to the creation of spring pools adjacent to the spring box or covering the
groundwater upwelling. The water quality results for samples collected from spring pools
indicate higher pH, TDS, and alkalinity values than those measured for groundwater
upwelling samples (Table 6). This finding could be explained by the theory that spring
pool water was composed mostly of groundwater that had been exposed to the
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atmosphere for a longer period of time; TDS would therefore have increased in
concentration, as compared to the groundwater upwelling samples, since some spring
pool water had evaporated into the atmosphere.
Table 6. Water quality results for 9 samples collected at the spring pool of 8 sites.

This atmospheric influence on spring pools could also explain why the average
temperature of spring pool water samples was higher than the average for groundwater
upwellings. The higher ambient air temperature could have warmed the spring pool
water, while the sun-less subsurface would have kept the emerging groundwater cooler.
The fact that nitrate concentration for spring pools were on-average lower than that for
upwellings is interesting given the possibility of spring pools to have collected rainwater
runoff laden with pesticides and fertilizers. Future work could involve investigating the
trends in concentration and sources of nitrate in the spring domain.
All seven of the spring pools tested for E. coli had High Risk to Unsafe
concentrations. Anecdotal evidence collected during field assessments suggests that
numerous people still drink water from the pools given their spiritual/cultural value and
relatively close proximity to communities. For at least one individual, spring pools were
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the sole source of water in the community. Future work in this community should include
finding safer drinking water sources for those who rely on spring pools for consumption.
Rivers and Streams
Survey data collected during the summer 2017 trip to El Cercado showed that in
the absence of a drinking water point at the home or nearby or in the event of a water
system failure, households were more likely to use water from streams and rivers for
household consumption (MacCarthy et al., 2018). Due in part to this finding, surface
water sources were included in the water sampling and testing plan for the presented
research.
Water quality testing of 30 samples from 22 rivers, streams, and agricultural
channels characterized the surface water as having higher average values for all
parameters except nitrate and alkalinity than average groundwater upwelling samples
(Table 7). Again, similar to the spring pool analysis, it is interesting that average nitrate
values for rivers, streams, and agricultural irrigation channels are lower than for
groundwater upwellings since these surface water bodies have higher percentages of
water flow coming from agropastoral lands. This should be a point of future study,
considering that at least two of the field research trips were taken during unseasonably
dry periods of the year, and given the possibility of higher nitrate concentrations during
the rainy season.
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Table 7. Water quality results for 30 samples collected from 22 rivers/streams/
agricultural channels.

E. coli was measured for seven samples and results ranged in health category
from High Risk/Possibly Unsafe to Unsafe. The concentration of E. coli in surface water
tended to increase from southeast to northwest, which corresponded with the direction of
average decrease in elevation for the entire study area. This testing corroborated the
understanding that consumption of water from surface water sources pose great risk to
human health. These trends are shown on aerial imagery of the study area in Figure 25.
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Figure 25. Seven surface water bodies (of 22 assessed) were tested for E. coli. Boxes
indicate the health risk category associated with measured E. coli concentration, ranging
from High Risk/Possibly Unsafe (yellow) to Unsafe (red). Red markers indicate samples
from spring streams and blue markers indicated samples at rivers/streams/agricultural
channels not near springs.
Comparisons Between Water Quality Parameters
Water quality results were analyzed using three additional analytical schemes:
comparison of drinking water to emerging water, investigation of water samples
according to their positions on mountains, and comparison of values to typical
groundwater and drinking water guidelines.
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Upwelling and Likely Point of User Collection
Emerging groundwater was compared to drinking water. The representative
samples for groundwater were those collected from the upwellings. Likely points of user
collection (LPUC) were defined as the direct or indirect source of water for people for a
given spring source.
All water samples not collected from the spring upwelling were evaluated for
their possible use as a LPUC. In total, 33 water samples from 28 sources were considered
LPUCs (Figure 26).
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Figure 26. Likely points of user collection were categorized by sample point type.
E. coli Health Risk Category for water samples taken at the upwelling were
compared to those collected at the LPUCs (Figure 27). Results of this comparison show
that a higher percentage of LPUC samples were considered Unsafe, while a higher
percentage of groundwater upwelling samples were considered Low Risk/Safe. The result
that, on average, a higher percentage of samples from LPUCs are considered of
Intermediate to Unsafe Risk (all samples not Low Risk) is expected; the water in spring
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boxes, pools, and pipes is at greater risk of contamination. The notable finding is that a
higher proportion of upwelling samples fall into the Intermediate to High Risk categories
than do LPUC samples.

Figure 27. Comparison of sample Health Risk between upwelling samples and those
collected at the likely point of user collection [LPUC].
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Mountainside Investigations
Using the OpenStreetMap mountain inventory, springs were categorized by their
location on mountains in the study area and subcategorized by their position on their
respective mountain (Table 7). All springs located on the same side of a mountain, or all
springs on the same mountain if there were only a few, were then analyzed as a whole
with respect to topography and water quality characteristics. A discussion of field
findings for each mountainside proceeds.
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Table 8. Spring sources were grouped by their location on the mountain ranges. Mountain
numbers referred back to the Open Street Map analysis and the letter next to each site
identification number indicated the cardinal direction of the mountainside where each
spring is located.
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Mountain number one was located on the western side of the study area; two
springs assessed for this research were located 130 meters apart in elevation, and 700
meters away from each other in the same ravine on the mountain range which extends
from the Montagnes Noires in Haiti (Figure 28). In general, the pH decreased with
decreasing elevation. Temperature, alkalinity, electrical conductance, and total dissolved
solids increased with decreasing elevation. This level of analysis was completed for all
mountains which had multiple assessed springs.

Figure 28. Two springs located in the same ravine of mountain number one were each
sampled at the groundwater upwelling. Water quality results showed a decrease in pH
and increase in temperature, TDS, EC, and alkalinity with decreased spring elevation.
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There were two sources located on mountainside number two approximately 5.5
kilometers apart in distance and 50 meters in elevation. The topography between the two
sources was characterized by a series of peaks which were higher in elevation than either
two sources. Both springs were located on the southern side of the northernmost
mountain range in the study area. Although pH values were equal, the spring lower in
elevation (and likely at a lower relative elevation when accounting for the maximum
height in its individual watershed) had lower alkalinity and E. coli values, and higher EC
and TDS. Conclusions from this comparison of water quality results may indicate that the
spring located at a slightly lower elevation was fed by cooler groundwater moving
through the mountain from a higher relative peak.
Mountain number four, located on the eastern side of the study area, appeared to
be hydro-geologically active since it had at least three clusters of spring sources. The first
cluster on the north/northwest side had four assessed groundwater upwellings that were
located within a 500-meter distance and 40-meter elevational difference. Acidity and
groundwater temperature increased with decreasing elevations. Spring pool water was
found to be generally warmer than upwelling samples. Source elevation was inversely
related to pH, which decreased with increasing spring elevation amsl. There were no
apparent trends in EC or TDS with respect to changes in elevation; however, three of
these sources were assessed during two trips to the study area and generally, TDS and EC
increased from 2017 to 2018. These specific results may indicate a strong reliance on
seasonal rains and shallow subsurface flows for spring discharge, i.e., the strong drought
in 2017 and 2018 could have resulted in water having a higher concentration of dissolved
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ions. Future work could involve a more frequent sampling scheme within the span of a
year to elucidate trends between precipitation seasons.
The second cluster on mountain number four (northeast side) was described as
three upwelling areas located in three consecutive forested ravines. The distance between
the first and third ravine was about one kilometer and the lowest and highest springs were
approximately seventy meters apart in elevation. Spring water at these sources was found
to be of neutral pH for all but one sample. Groundwater upwellings at all sites had lower
TDS and EC than the spring pool samples. Nitrate and alkalinity measurements for all
water samples were directly related to each other. Although not all samples at these sites
were tested for E. coli, those that were tested (for spring pool water) had higher
concentrations than upwelling samples.
The final cluster on the fourth mountain was comprised of two springs differing in
elevation by 90 meters and located two kilometers apart. Trends at these two springs
indicate an increase in pH, nitrate, and alkalinity, and a decrease in EC and TDS, with
increasing spring elevation amsl. Future work could include investigations at springs not
yet assessed on the mountainsides with fewest sources, to augment the number of
sampling points and sites and make analysis more robust.
Mountain range number eighteen was also found to be hydro-geologically
productive. High and low volume springs were dispersed at varying elevations and
locations throughout the extent of this range (Figure 29). On the western side of the
mountain were two major spring sources (fifty meters apart in elevation) that were
assessed during one trip. These springs were the highest in elevation within the study
area. The approximately three-kilometer distance between the sources was characterized
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as having three different ravine/mountainside-undulations, and the sources themselves
were located in forested ravines. Aqueous geochemistry on this mountain trended more
clearly with respect to elevation. Acidity decreased with a decrease in elevation of
source, while the parameters temperature, TDS, EC, alkalinity, E. coli, and nitrate were
inversely related to elevation.
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Figure 29. Aerial imagery showed locations of all springs on mountain number 18, Sierra
de Neiba. Cross-sectional profiles depicted ravine/mountainside-undulations from east to
west. Investigation of springs on this mountain was divided geographically into those
high-elevation springs on the west end (42 and 31), the central springs, and springs on the
eastern side (5, 11, 13, 36, 37, and 38).
Six springs located towards the center of the range within the study area were
separated by a 6-kilometer distance and by 400 meters in elevation. Similarly to the
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western set of springs, there were a few sets of ravine/mountainside-undulations between
the two furthest sources in this cluster. Notably, the widest mountain arroyos were
located in this area. Temperature, TDS, and alkalinity were indirectly related to elevation
while pH of sampled water decreased down the mountainside. E. coli was measured at all
but two sources and only found at higher concentrations at two lower-elevation spring
boxes.
The last cluster of assessed springs on Sierra de Neiba was located on the eastern
side, separated in distance by less than three kilometers and in elevation by about one
hundred meters. There were no apparent trends in E. coli and nitrate values with respect
to elevation, spring type, or spring source. The lowest elevation spring was characterized
as having water with the highest temperature, nitrate, E. coli, TDS, EC, and alkalinity.
Several parameters were found to be somewhat directly related to elevation of the spring
sources: alkalinity, EC, and TDS.
In summary, this method of investigating springs located in the same area on a
mountain was successful in “teasing out” trends that were not apparent for all values or
for different sample types and sites. This must indicate that the different conditions on
each mountain resulted in varying water quality results and trends. Generally, pH
throughout the study area decreased with decreasing elevation. Future work could involve
investigation of the reasoning behind this trend. Temperature, alkalinity, EC, and TDS
were commonly found to be indirectly related to elevation. This indicated that cooler,
purer (less dissolved ions) water with a lower buffering capacity was found to be
discharging from higher-elevation, higher-volume springs in the study area.
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Future work related to this mountainside investigation could include determining
trends in water quality parameters with respect to the relative elevation of each spring
within its spring watershed. The springs could also be assessed by their elevation above
sea level or relative elevation on the mountainsides.
Comparison to Typical Groundwater Values and Drinking Water Guidelines
Water quality results were compared to drinking water quality primary and
secondary standards and guidelines; upwelling samples were compared to typical
groundwater values (Table 9). Notably, all sample types had pH and nitrate values that
were evaluated to be compliant with allowable levels set by the EPA.
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Table 9. All water samples taken during trips of the study area were compared to typical
groundwater values and to drinking water quality standards/guidelines set forth by the
EPA and WHO.

On average, alkalinity of upwelling water samples could lead to scaling, but lower
measured values of alkalinity could be corrosive for pipes. The average EC value was
found to be outside of the range for groundwater. TDS values measured for upwelling
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samples, on average, did not fall into the range given by the US EPA for freshwater
sources. Fourteen (of 23) upwelling samples did not meet the WHO safe drinking water
guideline for E. coli concentration. Nitrate values, on average, indicated human activity.
Higher values surpassed the contamination threshold value.
Water samples collected from inside spring boxes tended to have high alkalinity
values which could contribute to scaling. On average, TDS values were lower than EPA
guidelines, but higher measured values surpassed the 500-ppm SMCL. On average,
samples collected from inside spring boxes did not meet WHO guidelines for E. coli
concentration.
Water access points (spigots and outgoing pipes at spring boxes) and spring pools
met the TDS guidelines and surpassed the threshold for scaling capacity with respect to
alkalinity for all water samples. The samples for water access points were not tested for
E. coli concentration. All spring pools samples had E. coli concentrations surpassing the
0 mg/L guideline.
Rivers/streams/ agricultural channels water samples were the only type to have
values at the highest end of the pH drinking water guideline. Although higher values
surpassed the guideline, the TDS average was within the 500-ppm threshold. Alkalinity
in these sources tended towards scaling in general, but lower values did have the potential
to corrode pipes. Lastly, all measured E. coli concentrations for these samples were above
the WHO guideline limit.

89
Equipment and Materials
Evaluation of the field performance of the equipment and materials was
conducted in order to determine their economy, portability, and usage simplicity. The
Hanna 3-in-1 meter and probe proved to meet all three criteria. One issue arose prior to a
subsequent (Summer 2019) field data collection campaign: the meter was not accurately
reading pH and stopped reading both TDS and electrical conductance. These issues may
have resulted from significant wear of the probe cord and buildup on the probe tip with
repeated uses. They were resolved by deep cleaning the probe tip using agricultural
cleaning solution, ensuring that no strain was placed on the probe cord, and elevating the
meter during use.
Electrical conductivity and total dissolved solids were measured with the
aforementioned meter and probe. As a means of verifying this equipment, total dissolved
solids and electrical conductance were plotted on a graph (Figure 30). A direct
correlation and high R2 value indicate that the probe was working as intended and
calibrations were successful.
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Figure 30. The direct correlation between electrical conductivity and total dissolved
solids for all water samples measured for these two parameters had a high R2 value,
indicating that the probe had functioned well throughout the field research campaigns.
The kit for measuring nitrate in water samples was easy-to-use and appropriate for
a field laboratory setting. Although it was not taken to sites during assessments, use back
at local lodging was characterized as efficient.
Alkalinity was measured using a portable kit and digital titrator manufactured by
Hach. The only issue encountered during testing was related to the need to select a titrant
cartridge based on the presumed sample alkalinity. Additionally, acid from cartridges
melted the digital titrator, rendering it useless after the Summer 2018 data campaign. A
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limiting factor for this testing method was the cost of the digital titrator, though it may be
worth the investment given the testing efficiency. Other advantages over a traditional
titration included the reduction in materials needed, since acids were contained in small
cartridges, and the portability of the titrator as compared to a traditional burette.
The E. coli test using the Coliscan Membrane Filtration (MF) kit worked very
well for field testing of spring water in an informal lab setting. However, upon entry and
verification of results, it was evident that the values differed from those estimated using
the Compartment Bag Test. Given the differences in E. coli results measured using the
MF kit and CBT, membrane filtration results were not analyzed for this research. Future
work will include determining the statistical differences between E. coli concentration
estimated using both methods and analyzing water parameters in comparison to MF
results.
Lastly, the Compartment Bag Test for E. Coli was an efficient, field-ready
alternative to membrane filtration testing kits requiring incubation, petri dishes, and
chilled nutrient liquid. Although this method does not require incubators, for this research
they were useful given the large number of water samples being processed on some days
and the potentially chilly nights in mountainous western Dominican Republic (without
the incubators the samples may not have been kept above the required ambient air
temperature required for incubation).

CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
Primary conclusions are summarized. Future work is recommended, and details of
the overarching research project are provided.
Conclusions
Many hundreds of millions of people worldwide living in mountainous
developing communities rely on spring water for their survival and economic livelihoods.
Previous studies in China, Panama, and Nepal have found E. coli contamination of spring
water to be common. This pathogenic contamination is thought to be constrained to
shallow groundwater flow paths and surface runoff.
The research presented was conducted to understand the extent of water quality
issues, especially bacterial contamination, in a part of the world not yet studied. Data
were collected for mountain springs in a rural part of western Dominican Republic where
a majority of the population living near the town of El Cercado relies on spring-fed water
systems for drinking.
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A preliminary investigation was accomplished to establish baseline information
on study area topography, geography, land use, and geology. Qualitative data were
collected at mountain springs to better understand possible factors affecting spring water
quality, which was characterized through measurement of seven parameters (pH,
temperature, electrical conductance [EC], total dissolved solids [TDS], E. coli, nitrate,
and alkalinity). All three sets of data from the preliminary investigation and the
qualitative and quantitative assessments at springs were processed and analyzed to
establish field findings and conclusions on the state of spring water in the study area,
trends amongst different sources, and possible influential factors related to human
activity, geology, and topography.
The following primary conclusions relate to the three research objectives that
were discussed previously (i.e.; [1] to conduct a preliminary study of the El Cercado area
to understand the topographical, land use, and geological context; [2] to assess geology,
land use, infrastructure, and biota in the surrounding and up-slope zones of springs in the
study area; and [3] to initially characterize water quality at mountain springs).
•

The most common land use types around El Cercado were
observed to be developed and agropastoral.

•

Subsurface geology likely influencing aqueous geochemistry of
spring water was characterized as highly fractured carbonate rock.

•

River/stream/ agricultural channel. The E. coli concentrations
corresponding to water samples from these surface water sources
were found to pose High Risk to human health. Additionally, these
water samples were described as being less pure and of higher
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temperature than groundwater sampled in the area. This finding is
significant because collected anecdotal information suggests that
these sources are sometimes used for drinking when water systems
failed.
•

The majority of springs were found near or in
riverbeds/streambeds and had up-slope agropastoral land.

•

Results of the mountainside investigation analytical scheme have
indicated that pH decreases, and temperature, alkalinity, TDS, and
EC decrease with a decrease in elevation of spring sources.

•

Water at mountain springs was found to be commonly
contaminated with Intermediate to Unsafe levels of E. coli even at
springs with “protective infrastructure” (spring boxes).

•

Nitrate contamination of spring and surface water has showed
indications of human activity and contamination throughout the
study area.
Recommendations

Several courses of action could be pursued to improve community water supplies
for rural mountain dwellers including in-line chlorination or household water treatment.
The latter option has previously been implemented in the El Cercado area with minimal
success. Ceramic filters at households are commonly unused and individuals do not
typically take measures to disinfect or boil the tap water prior to consumption. Dislike of
the taste of chlorinated water and the inconsistency with which in-line chlorinators are
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used and properly managed in the study area make these options likely less-effective for
reduction in occurrence of waterborne diseases.
A third option may be to drill small-diameter, small-yield wells at mountain
springs, vertically or diagonally (Figure 31), using the methods designed and
demonstrated by Pierce et al. (2018) and proposed conceptually by Cherry et al. (2013;
2017) based on the results of Chitwood (2006; 2007). In the El Cercado basin, there are
generally no roads leading to springs which are in suitable condition to support a well
drilling rig. As supported by the field findings of the presented research, a large minority
of springs are difficult to access during dry conditions, and the percentage of hard-toaccess spring increases substantially during rainy seasons. Consequently, drilling of wells
will be achieved with portable drills that can be carried up the mountains.
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Figure 31. The ‘drilled spring’ option features a small-diameter, small-yield well drilled
with a portable drilling machine to a depth bypassing contaminated groundwater flow
paths. The annulus is sealed with a novel grouting system to prevent groundwater bias
and cross-contamination across the entire well length. Secondary drilled spring wells will
be installed with multilevel monitoring systems to sample for pathogens and nitrate at
discrete depths.
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The proposed research methodology for this option requires: (1) portable rock
drills that can drill holes deep enough to avoid contamination; (2) a procedure to reliably
seal the well casing along its length, so that surface contaminants do not enter the well
intake at the bottom of the casing; and (3) knowledge of fractured rock hydrogeology.
These three requirements have been advanced substantially by field research into the
nature of fracture networks, groundwater flow, and contaminant transport and fate,
conducted by the G360 Institute for Groundwater Research at the University of Guelph,
Canada (Parker et al., 2012; Pierce et al., 2018).
The premise of this proposed research, involving the use of portable drills to
construct wells, is that the bottom segment of the drill hole will encounter fractures that
are part of the active groundwater flow system in the network of nearly ubiquitous rock
fractures. The fact that the springs exist means that there are fracture networks
conducting substantial volumes of groundwater and therefore the aim of the drilling is to
tap into this network. The studied springs in the El Cercado area were used by
communities year-round, and thus are theorized to be comprised significantly of deep
groundwater flows. Pierce et al. (2018) have shown that portable drills can be used for
drilling in bedrock to approximately 15 meters below ground surface through installation
of monitoring wells with reliable seals at sites in California and Canada to delineate
contamination in bedrock. This methodology may be feasibly implemented for the
purpose of making water supply wells in mountainous developing communities.
It is presumed that these small-yield wells at mountain springs will be drilled deep
enough to bypass the contaminated shallow groundwater flow and tap into the cleaner,
deeper groundwater flow, 10- to 20-meters below ground surface. This deeper
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groundwater is believed to originate as rainfall and runoff recharged at higher elevations
where there are fewer animals and human activities (Parker et al., 2011).
The drilled spring well would be connected to the existing gravity flow water
system. This source of water coming from greater depth would be delivered to homes and
communities, replacing the current source, spring water emerging into spring boxes,
which has been shown to be commonly contaminated. This work will advance
geoscientific knowledge on groundwater flow though fracture networks to mountain
springs, and serve to potentially improve water quality for millions of people living in
mountainous developing communities, thereby helping to achieve Sustainable
Development Goal 6, Target 1, “universal and equitable access to safe and affordable
drinking water for all” (UN, 2018).
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APPENDIX B
Data Tables
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Table B1. Water quality data analyzed for this research.
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