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HIGHLIGHTS

GRAPHICAL ABSTRACT

Unincorporated communities in the U.S.
lack basic water infrastructure.

Many colonias rely on water-wells and
septic/cesspool systems not built
to code.

Well-water quality varies seasonally be-
tween arsenic and bacterial contamina-
tion.

Seasonal contamination was dependent
on the amount of rainfall.

Nationwide analysis indicates similar
water issues are likely throughout
the US.

Well-water in Nueces County colonias cycles between arsenic and bacterial
contamination and is dependent on the amount of rainfall, leaving such unin-
corporated communities vulnerable to health risks throughout the year.
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Many of the six million residents of unincorporated communities in the United States depend on well-water to
meet their needs. One group of unincorporated communities is the colonias, located primarily in several south-
western U.S. states. Texas is home to the largest number of these self-built communities, of mostly low-income
families, lacking basic infrastructure. While some states have regulations that mandate minimum infrastructure
for these communities, water and sewage systems are still lacking for many of their residents. Unprotected wells
and self-built septic/cesspool systems serve as the primary infrastructure for many such colonias. This research
was designed to probe how wells and septic/cesspool systems are influenced by heavy rainfall events. Such
events are hypothesized to impact water quality with regard to human health. Inorganic and microbiological
water quality of the wells in nine colonias located in Nueces County, Texas, were evaluated during dry and wet
periods. Nueces County was selected as an example based on its flooding history and the fact that many colonias
there depend entirely on well-water and septic/cesspool systems. The results demonstrate that well-water qual-
ity in these communities varies seasonally with respect to arsenic (up to 35 pg/L) and bacterial contamination
(Escherichia coli), dependent on the amount of rainfall, which leaves this population vulnerable to health risks
during both wet and dry periods. Microbial community analyses were also conducted on selected samples. To ex-
plore similar seasonal contamination of well-water, an analysis of unincorporated communities, flooding
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frequency, and arsenic contamination in wells was conducted by county throughout the United States. This na-
tionwide analysis indicates that unincorporated communities elsewhere in the United States are likely
experiencing comparable challenges for potable water access because of a confluence of socioeconomic, infra-

structural, and policy realities.

© 2020 Published by Elsevier B.V.

1. Introduction

Millions of Americans live in unincorporated peri-urban communi-
ties (i.e., communities that are located outside the city limits but are in
commuting proximity) (Durst and Sullivan, 2019). The colonias are un-
incorporated communities along the United States-Mexico border in
Texas and elsewhere in several other U.S. states. According to the Hous-
ing Assistance Council, there are >1800 colonias in Texas, 142 in New
Mexico, 86 in Arizona, and 15 in California (Housing Assistance
Council, 2012). Many such unincorporated peri-urban communities
and their demographics and relative environmental poverty have
remained largely unidentified or “invisible” across the nation (Ward,
2014; Ward and Peters, 2007). In these communities, land is acquired
informally, and dwellings are either self-built or are manufactured
homes, often with self-built additions. Compared with typical suburbs,
these communities have minimal levels of physical infrastructure,
e.g., unpaved roads, no piped water or sewage, and inadequate drainage
and lighting, which lead to poor environmental conditions and environ-
mental poverty (Durst et al., 2014). The colonias were originally devel-
oped as low-density neighborhoods with no infrastructure but have
become more densely populated with some basic infrastructure built
out of necessity (not to code) (Durst et al., 2014). When the socio-
economic conditions of these communities are overlaid on these factors,
lack of access to resources becomes even more severe. Most of the 5.5
million colonias residents in the U.S. are low-income families (Housing
Assistance Council, 2012). These compounding factors have reduced
residents’ access to potable water. Untreated, off-the-grid water from
household and community wells is the only resource available to
many of these residents, but evaluation of water quality in these com-
munities is nearly non-existent.

Though the ‘Safe Drinking Water Act’ in the United States has im-
proved water quality for many Americans since 1974, these regulations
do not safeguard water systems that serve 25 people or less (United
States Environmental Protection Agency, 2004). Colonias residents
often construct wells to meet their water supply needs but pay little
or no attention to drinking water standards. Thus, most of these wells
are shallow and unprotected (Pritchard et al., 2008), which has led to
waterborne disease outbreaks (e.g., cholera outbreaks in several
colonias in the 1990s) (Knab, 2016). Substandard “septic” systems in
the colonias have been correlated with gastrointestinal illnesses, respi-
ratory problems, and skin infections (Rios and Meyer, 2009). Addition-
ally, chemicals of concern can occur in groundwater in the colonias. The
states that are home to the colonias (i.e., Texas, New Mexico, Arizona,
and California) have hotspots of naturally occurring arsenic in the
groundwater (Ryker, 2001). For instance, Texas, the state with the
highest number of colonias, has groundwater in some areas
(i.e., western Texas near El Paso and the Gulf of Mexico coast) that is
known to contain arsenic as well as other potentially toxic compounds
(e.g., nitrate, boron, vanadium) (Glenn and Lester, 2010; Hargrove
etal, 2015). While little has been done to study or mitigate arsenic con-
tamination in the colonias, the occurrence of microbial waterborne dis-
eases prompted government restrictions on such settlements (Knab,
2016; U.S. Department of Health and Human Services, 2000). Forced im-
provements to housing infrastructure have made an apparent enhance-
ment in the living conditions (Durst et al., 2014; Durst and Ward, 2016;
Latin American Housing Network, 2009), but these efforts have been in-
sufficient to provide potable water and improved sanitation.

Microbial waterborne diseases in unincorporated communities can
be exacerbated by flooding events that have the potential to transport
fecal pathogens from poorly built septic systems to the groundwater
supply (Cooper et al., 2016; Fong et al., 2007; Gowrisankar et al.,
2017). One area, with a number of colonias, that is prone to severe
flooding due to its close proximity to the Gulf of Mexico, is Nueces
County, Texas. Many colonias in this region lack piped water supply, so
household wells are commonly utilized as the primary water source.
Nueces County can be considered as an example for a large number of
unincorporated communities throughout the U.S. that are likely to ex-
perience seasonal variation in water quality due to heavy rainfall events
and poor water and sanitation infrastructure. While groundwater con-
tamination in unincorporated communities has the potential to vary be-
tween metals (dry periods) and fecal pathogens (wet periods), no study
to date has carefully explored this issue.

The influence of extreme weather events on water quality is well-
known (Martinez et al., 2014; Park et al., 2010). In western Spain, for ex-
ample, arsenic levels in wells increased during a drought due to reduced
groundwater flows (Garcia-Prieto et al., 2012). Similar results were re-
ported in Australia, where a decrease in the water table caused an ex-
treme arsenic spike (up to 7000 ng/L) (Appleyard et al., 2006). In
West Africa, where seasonal variation in rainfall is common, fluoride
concentration in groundwater (determined from boreholes) has been
reported to be inversely correlated to monthly rainfall over an eight-
month period (Alfredo et al.,, 2014). On the other hand, several studies
have found that long-term flooding (e.g., monsoon season in Southeast
Asia) can mobilize arsenic from the topsoil (Burton et al., 2014),
whereas non-flooded soils can accumulate arsenic (Roberts et al.,
2009; Takahashi et al., 2004). Overall, arsenic mobilization from soil or
bedrock can be initiated by anoxic or anaerobic conditions, which lead
to reductive dissolution (Burton et al., 2008; Stroud et al., 2011;
Weber et al., 2010) or microbial reduction (Burton et al., 2014).
Hydrogeological conditions also have been observed to influence the
levels of arsenic and E. coli in groundwater wells in Bangladesh (Leber
et al,, 2011); wells with more permeable soils have exhibited lower ar-
senic concentrations but a higher concentration of E. coli in wet seasons
as compared to wells with less permeable soils (Leber et al., 2011).
These reports highlight the importance of contaminants varying in
groundwater, particularly in areas where hydrogeologic conditions
can change drastically over a short period of time. The heavy rainfall
events commonly experienced in Nueces County, Texas, combined
with the lack of infrastructure in the informal colonias, make the
groundwater wells susceptible to contamination throughout the year.

This study is one of the first to systematically investigate seasonal
variation of groundwater quality from wells in unincorporated commu-
nities in the U.S., and our main objective is to probe the potential for
contaminant variation as a function of rainfall in this low-lying, coastal,
and flood-prone area. The colonias in Texas are representative of similar
unincorporated communities across the U.S., which are likely suscepti-
ble to a similar confluence of factors. A comprehensive assessment of
the chemical and biological water quality (i.e., metal concentrations
and microbial community structure) is completed during wet and dry
periods. Because the colonias are comparable to informal housing else-
where in Texas and beyond, the findings of this study will shed light
on water quality challenges for a much larger low-income population
in the U.S. To that end, an analysis of the confluence of factors,
i.e., arsenic contamination of groundwater, flooding, and mobile home
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distribution (as a surrogate of low-income, unincorporated communi-
ties), across the U.S. is presented, which identifies areas that might ex-
perience similar water quality issues.

2. Material and methods
2.1. Study area selection criteria and water sampling details

The area selected for this study, Nueces County, Texas (Fig. S1), is
near the coast and has a long flooding history. A database from The At-
torney General of Texas lists Nueces County as having 26 colonias but a
non-profit, South Texas Colonia Initiative (STCI, 2018), estimates the
number to be >150 (The Attorney General of Texas, n.d.). This discrep-
ancy could be due to the fact that the state only tracks colonias that
were developed in the pre-1990 era. Hundreds of new subdivisions,
most of which rely on septic/cesspool systems, have been developed
since the early 1990s (Durst and Ward, 2016). Nearly two-thirds of
the residents in Nueces County colonias are living below the poverty
line (yearly income < $18,840/household), according to a 2009 study
(Rios and Meyer, 2009). Many of the colonias use community or house-
hold wells, although some have access to a treated and piped water sup-
ply (Fig. S1). Water samples were collected from nine colonias in Nueces
County; these colonias were chosen based on socioeconomic status and
prior knowledge of arsenic contamination (guided by STCI). The
colonias in this county lack a central sanitary sewer and rely on septic/
cesspool systems for handling of domestic wastewater. A cesspool is
an underground pit that is constructed of stone, brick, or concrete and
it usually drains directly onto the surrounding soil. These cesspool sys-
tems, which do not meet the waste management standards, lack the
ability to physically and biologically treat waste, unlike septic systems.
Many of the domestic waste handling processes in the colonias are leg-
acy systems, i.e., these are built by previous occupants of the dwelling;
thus the exact type and construction standards followed are largely un-
known by the current occupants.

Samples were collected directly at the well-head where possible
(details included in Table S1). Water samples were collected from 14 in-
dividual household wells, two households on the same community well
(Cyndie Park), one household with treated piped water, and one house-
hold that collects treated piped water and stores it in 50-gallon drums.
Except for the Cyndie Park community well, which is quite deep, all
others well that were samples were self-built and therefore shallow.
The sampling events were chosen to capture the impact of a heavy rain-
fall event and a dry spell: June 2018 after a major rain event (i.e.,>38 cm
over three days) and March 2019 during a dry period (i.e., <5 cm over
eight weeks prior to sampling) (NOAA, 2019). One sample was collected
from each location during both the wet and dry periods. During each
sampling campaign, separate bottles were used for a range of water
quality analyses. For growth-based microbial analyses, one 250-mL
sample was collected in a polypropylene container at all sampling loca-
tions. At selected sampling locations, 2-L water samples were collected
in sterile polypropylene containers for microbial community analyses.
At each sampling location, part of a 50-mL sample was used for on-
site measurements, and the remainder was stored on ice until analysis
at UT Austin within 48 h.

2.2. Water quality analyses

On-site measurements included conductivity, pH, and temperature
(Myron L Ultrameter III; Carlsbad, CA). Arsenic was measured with
Quick Arsenic II test kits, a United States Environmental Protection
Agency (US EPA) verified method (Industrial Test Systems Inc.; Rock
Hill, SC). A comprehensive metals analysis (i.e., aluminum, barium, cal-
cium, cadmium, chromium, cobalt, copper, iron, potassium, magnesium,
sodium, nickel, lead, selenium, strontium, and zinc) was conducted with
an Agilent 710-ES Inductively Coupled Plasma Optical Emission Spec-
trometer (Agilent Technologies; Santa Clara, CA). For preservation,

samples were acidified to 5% (v/v) with trace metal grade nitric acid,
and National Institute of Standards and Technology (NIST)-certified
standards were used for analyses. Heterotrophic plate counts (HPC)
and total coliforms/Escherichia coli were measured with HPC and
Colilert, respectively, in Quanti-2000 Trays (IDEXX; Westbrook, ME)
per the manufacturer's instructions. These bacterial enumeration
methods are US EPA approved and yield most probable number
(MPN) for the bacteria of interest. Statistical analysis of the water qual-
ity data in wet and dry periods was conducted in R. Initially, a multivar-
iate analysis of variance was utilized to test for a significant difference in
contaminants between the periods. Then pairwise t-tests (o = 0.05)
were used to test for significant differences in specific contaminants be-
tween the periods.

2.3. DNA extraction and microbial community analysis

DNA was extracted with a DNeasy PowerWater Kit (Qiagen; Ger-
mantown, MD). Details of the sequencing and processing are provided
in the SI (Section S1) and follow the procedure as previously described
(Rowles Ill et al,, 2019). In brief, DNA sequencing was completed by MR
DNA (Molecular Research LP; Shallowater, TX) where the 16S rRNA
gene V4 variable region was amplified with PCR primers 515F
(GTGYCAGCMGCCGCGGTAA) and 926R (CCGYCAATTYMTTTRAGTTT),
with barcode on the forward primer. Generated operational taxonomic
units (OTUs) were defined by clustering at 97% similarity. OTUs were
classified using Basic Local Alignment Search Tool Nucleotide against a
curated database derived from the National Center for Biotechnology In-
formation (NCBI, 2019) and Ribosomal Database Project (RDP, 2016).
The OTU and taxonomy tables were imported into R (SI Section S2)
and combined into a phylogenetic tree with Phyloseq (McMurdie and
Holmes, 2013) and Ape (Didier et al., 2019). The package GUniFrac
(Chen, 2018) was then used to calculate Generalized UniFrac distances
(Lozupone and Knight, 2005), which were used to conduct a principal
coordinate analysis (PCoA) with Vegan (Oksanen et al., 2019).

2.4. Nationwide assessment of unincorporated communities with arsenic
and flooding

To assess the location of unincorporated communities that could be
experiencing similar shifts in water quality, a nationwide analysis of
counties with arsenic, flooding, and mobile homes was completed. For
the location of wells with naturally occurring arsenic, a study from the
U.S. Geological Survey was utilized. In this study, arsenic concentration
in 31,000 samples from several state and national databases was uti-
lized to show counties with arsenic >5 pg/L in at least 25% of the wells
(Ryker, 2001). For frequency of flooding, data from Federal Emergency
Management Agency was utilized, i.e., counties with >20 floods from
1996 to 2013 (FEMA, 2015). When exploring the location of unincorpo-
rated communities, mobile homes can be a good surrogate measure be-
cause these communities usually consist of 10-50% mobile homes so
counties with >2500 mobile homes were analyzed (Durst, 2019).
Counties with all three of these factors (e.g., arsenic, flooding, and mo-
bile homes) denote areas that could be experiencing similar shifts in
water quality like those in the colonias of Nueces County.

3. Results and discussion
3.1. Elevated arsenic levels in well waters during dry period

Arsenic concentrations were >1 yg/L in all sampled wells, with the
exception of Poenish Acres, during both sampling periods (Fig. 1a).
The treated piped water sampled from two households did not contain
any measurable arsenic. During the wet period, one sample from Prima-
vera and both samples from Tierra Grande contained arsenic at the US
EPA maximum contaminant level (MCL, 10 pg/L). During the dry period,
14 samples from all of the colonias except Petronila Estates and Poenish
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Fig. 1. Results from wet and dry periods of (a) arsenic concentration with color-coded scale established with respect to the US EPA primary maximum contaminant level (MCL) for drinking
water, (b) heterotrophic plate count (HPC) and (c) total coliforms with E. coli concentration noted by red-checkered pattern in most probable number (MPN). Samples with microbial
counts below the detection limit, i.e., non-detect, are listed as ND, and samples too numerous to count are denoted with an asterisk (*). Colonias are Country Club (CC), The Ranch
(TR), Cyndie Park (CP), Railroad (RR), Fiesta Ranch (FR), Primavera (PRIM), Petronila Estates (PET), Tierra Grande (TG), and Poenish Acres (PA). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Acres contained arsenic at alarming levels, well over the MCL (as high as
35 pg/L), which presents a direct health risk to the residents. It is notable
that Cyndie Park's community well is regulated by the US EPA and is a
serious violator for continued exceedance of the arsenic MCL along
with failure to monitor/report other pollutants (US EPA, n.d.). The vari-
ation in arsenic concentration based on rainfall was apparent;
i.e.,, during the dry period, arsenic concentrations were much higher at
each site than their counterpart concentration during the wet period
(p-value < 0.001). The underlying cause of such concentration variation
is intriguing. A positive correlation between concentration of aqueous
iron and arsenic, due to arsenic's interaction with iron hydroxides
(Appleyard et al., 2006), was explored; a statistically significant differ-
ence was not observed between wet and dry periods for a co-presence
of aqueous iron and arsenic. These results suggest that an alternative
mechanism is likely responsible for elevated arsenic levels during the
dry period. Future sampling efforts should measure the oxidation/re-
duction potential to investigate anoxic/anaerobic conditions (Stroud
et al., 2011) and reductive dissolution (Burton et al., 2008; Weber
et al,, 2010). All other measured metal concentrations are shown in
Tables S2 and S3.

The underlying causes of arsenic concentration variation seem to be
related to the amount of rainfall. The elevated arsenic concentration in
the dry period is likely due to loss of porewater from the natural drying
process during an extended period without rain. Intentional withdrawal
of water, in some cases over-withdrawal, has known to have caused
similar concentration increase due to water table subsidence as re-
ported by Smith et al. for a number of California groundwater wells
(Smith et al., 2018). Similarly, Muehe et al. reported that an increase
in seasonal temperature (claimed to have been caused by climate
change) increased soil arsenic concentration in controlled experimental
settings (Muehe et al., 2019). On the other hand, decreased arsenic
levels during the wet period could be due to dilution from major rain
events. Seasonal variation has been shown to modulate arsenic concen-
tration where the amount of rainfall and hydrogeology can be key fac-
tors. In New England, elevated arsenic levels have been reported
during dry months likely due to lowering of the water table (Ayotte
et al,, 2015). Conversely, groundwater recharge events (similar to
those experienced in the sample area during the wet period) have
shown to decrease arsenic concentration due to dilution by oxygenated
water (Ayotte et al., 2015; Bondu et al., 2016). A three-year study of 20
wells in Bangladesh found that the concentration of arsenic in shallow
wells (<10 m) varied greatly due to seasonal precipitation (Cheng

et al., 2005). Regional hydrogeology also can influence the arsenic con-
centration in wells. In Mexico, the concentration of arsenic in an uncon-
fined aquifer of fractured limestone (where rainfall can quickly
infiltrate) was found to be inversely related to the amount of monthly
rainfall, in contrast to confined aquifers where arsenic concentrations
were constant (Rodriguez et al., 2004). In Nueces County, the sampled
wells are contained within the Holocene epoch, and the geology is
mostly composed of alluvium, a loose unconfined soil, which can be
substantially affected by rainfall (Glenn and Lester, 2010). The (lack
of) depth in the wells and their soil composition in the Nueces County
colonias seem to be responsible for the dilution of arsenic after major
rainfall.

3.2. Seasonal microbial contamination of wells

The microbial results on the collected samples are also shown in
Fig. 1. The relationship between HPCs and sampling time (i.e., wet or
dry period) is not statistically significant with a p-value >0.05
(Fig. 1b). However, the total coliform concentrations detected during
the wet period were significantly greater (p-value 0.012) than those
during the dry period (Fig. 1c). During the wet period, wells in The
Ranch and Poenish Acres contained E. coli, which is a fecal indicator bac-
terium; this finding suggests possible contamination of these household
wells from septic/cesspool systems during the heavy rainfall event
(Arnade, 1999; Raina et al., 1999). Interestingly, the samples collected
from the deeper Cyndie Park well showed no significant seasonal varia-
tion and contained lower HPCs and total coliform counts compared to
the household (shallower) wells.

The impact of heavy rain on shallow groundwater wells is well doc-
umented. Heavy rainfall caused an increase in E. coli (Van Geen et al.,
2011) and total coliform (Bennett et al., 2010) levels in shallow wells
in Bangladesh and Cambodia, respectively. The US EPA requires at
least 50 ft. (15.2 m) spacing between the septic system and groundwa-
ter wells, and Texas law requires a lot size of 20,000 ft> (1858 m?) for
new septic systems to be installed (Texas Administrative Code, 1976).
These requirements are to protect water sources because contamination
of wells with coliforms can occur if septic tanks are positioned too close
to the wells (Hynds et al., 2012; Pang et al., 2004; Won et al., 2013).
However, nearly all of colonias lots are smaller than required, since
they have been illegally subdivided, and the septic/cesspool systems
in these lots have not been constructed to code. Additionally, fecal con-
tamination of wells has also been found to increase significantly during
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the wet period from on-site sanitation or poor construction
(e.g., shallow or uncovered) (Kostyla et al.,, 2015; Msilimba and
Wanda, 2013; Pritchard et al., 2007). The seasonal contamination of
the shallow household wells in the colonias with coliforms and, in
some cases, E. coli likely has been caused by flooding of the septic/cess-
pool systems.

3.3. Microbial ecology reveals location specific impacts of flooding

Analysis of the bacterial communities in the sampled wells reveals
distinct differences between the wet and dry periods for all locations ex-
cept Cyndie Park. PCoA shows distinct clustering between the wet and
dry periods in Cyndie Park with the two points nearly identical
(Fig. S2). Further analyses with UniFrac distances (Table S4) can be
used to assess pair-wise differences in microbial community composi-
tion (‘0’ means samples are identical and ‘1’ means the samples do not
share any branches in the phylogenetic tree). Comparing wet and dry
periods by sample location and in order of increasing dissimilarity, the
UniFrac distances were Cyndie Park 0.093, Tierra Grande 0.286, Country
Club 0.399, and Poenish Acres 0.501. These results suggest that the mi-
crobial community of Cyndie Park is the least impacted from rain
events, while Poenish Acres is most impacted. Interestingly, the diver-
sity within each sample, i.e., alpha diversity (Table S5), is less in the
wet period for Poenish Acres and Country Club as compared to that in
the dry period. The reduction in diversity could be due to the dominance
of the floodwater microbial community in the wells.

At the phylum level (Fig. 2), the bacterial community is dominated
by Proteobacteria for both wet and dry periods with a relative abun-
dance of 49%-95%. Proteobacteria, which includes beneficial and patho-
genic Gram-negative bacteria (Garrity et al., 2002), are common in
groundwater (Kim et al.,, 2015). When comparing the microbial com-
munity between wet and dry periods at a single location, significant
shifts in the predominant phyla were observed at all locations except
for Cyndie Park, which has a deeper well than the other sites. Further
exploring contamination associated with sewage (i.e., on-site septic/
cesspool systems), several distinct microorganisms were present during
the wet period. At Poenish Acres, Firmicutes was the second most dom-
inant phylum. This phylum includes the genus Carboxydothermus (an
endospore-forming and thermophilic group) (Whitman, 2009), which
accounts for 25.8% of the total relative abundance during the wet period.
Endospore-forming bacteria have been found to increase in number in
soil after flooding (Casteel et al., 2006). At Country Club, the phylum
Chloroflexi corresponding to the genus Ornatilinea (an obligate anaero-
bic mesophile found in wastewater) was present in the wet sample pe-
riod (Bian et al., 2018; Podosokorskaya et al., 2013), and the phylum
Planctomycetes corresponding to the genus Candidatus Kuenenia (an
anammox bacterium found in septic tanks) was present during the

sample time:
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Fig. 2. Relative abundance of bacterial phyla from select locations during dry and wet
periods. Colonias are Poenish Acres (PA), Tierra Grande (TG), Cyndie Park (CP), and
Country Club (CC). Only operational taxonomic units comprising 0.5% or greater are
shown.

dry period (Jin et al., 2018). The presence of these organisms in Poenish
Acres and Country Club suggest that septic/cesspool systems likely in-
fluenced the groundwater quality in these unincorporated communi-
ties; a correlation between septic systems and elevated microbial
concentrations in groundwater during floods has been reported previ-
ously (Gowrisankar et al., 2017). Also, septic tanks have been found to
release fecal coliforms, causing shifts in the surrounding microbial com-
munities after major rain events (Cooper et al., 2016). In Ohio, massive
microbial groundwater contamination was released from septic tanks
due to a rise in the water table (Fong et al., 2007). In future studies, do-
mestic waste as a source of the contamination in the groundwater could
be probed by assessing the presence compounds that originate from the
household, e.g., caffeine or laundry brighteners. Presence of these com-
pounds in water gives direct evidence of contamination from domestic
waste, as caffeine and brighteners are used in nearly all households.
(Allevi et al.,, 2013; Meays et al., 2004)

3.4. Nationwide analysis of arsenic and flooding in unincorporated areas

The implications of seasonal water contamination are not limited to
the example communities studied herein, i.e., those located in Nueces
County. Fig. 3 shows a nationwide analysis of counties with arsenic,
flooding, and mobile homes and provides a national insight into com-
munities that possibly face similar issues to those found in the Nueces
County colonias. Similar analyses could be performed for other natural
inorganic contaminants, but arsenic was chosen because of its chronic
toxicity and widespread occurrence. Naturally occurring arsenic can
be found in wells throughout the U.S. with the exception of the south-
east (Fig. 3a) (Ryker, 2001). Data from 1996 to 2013 reveals that
flooding was more frequent in southern, northeastern, and central U.S.
(Fig. 3b) (FEMA, 2015). Counties with >2500 mobile homes can be
found throughout the country with the exception of the Midwest
(Fig. 3c); the high number of mobile residences in these counties is
interpreted to mean that these counties likely contain informal subdivi-
sions similar to colonias or mobile home parks (Durst, 2019), both of
which often lack adequate and affordable potable water (Chen et al.,
2010; Pierce and Gonzalez, 2017). More broadly, however, informal
subdivisions and mobile home parks exist in large numbers across unin-
corporated parts of the country and these suffer from distinct chal-
lenges, including high rates of poverty, exposure to concentrated
unwanted land uses (e.g., landfills, industrial plants), and limited or
poor-quality infrastructure and service provision (Anderson, 2008;
Durst, 2019; MacTavish, 2007). Both types of communities are particu-
larly vulnerable to storm damage due to poor-quality housing and infra-
structure conditions (Collins, 2009; Fothergill and Peek, 2004;
Kusenbach et al., 2010). Residents in these communities also experience
greater tenure insecurity than those in formal neighborhoods (Olmedo
and Ward, 2016; Sullivan, 2018). As illustrated in Fig. 3, the confluence
of all the three factors (i.e., arsenic, flooding, and mobile homes) pro-
vides insight on possible locations of communities that might face sim-
ilar issues to those found in the colonias of Nueces County.

Hotspots are identified with the overlapping factors of arsenic con-
centration, flooding, and mobile home density; the highest density of
such areas has been found in Texas, New Mexico, Arizona, California,
Nevada, and Maine (Fig. 3d). Interestingly, the border region with
Mexico (i.e., Texas, New Mexico, Arizona, and California) is home to
many colonias (Housing Assistance Council, 2012). Although states
with colonias are shown to have the highest concentration of these
hotpots, the counties identified in Maine and several others in the Mid-
west and Northeast also unexpectedly show an overlap in the probed
factors. Given the similarities in financial conditions, types of dwellings,
and life-style in other unincorporated communities or informal home-
stead subdivisions in these identified counties, these areas will likely
face water contamination issues similar to those found in the colonias
in Nueces County, Texas.
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Fig. 3. Maps of the contiguous United States by county with (a) arsenic >5 pg/L in at least 25% of wells, (b) >20 floods from 1996 to 2013, (c) >2500 mobile homes, and (d) confluence of all

three factors.

4. Conclusions

This research is one of the first reports on seasonal variations
(i.e., during floods vs. dry season) of water quality in colonias-type unin-
corporated communities. These communities exhibit conditions similar
to developing countries and have been overlooked by many. As per the
United Nations Sustainable Development Goal 6 (i.e., clean water and
sanitation for all), these marginalized communities in the developed
countries should not be ignored. The water quality assessed in the
colonias located at Nueces County, Texas, reveals that these communi-
ties are exposed to arsenic and microbial contamination throughout
the year with seasonal variation. As one of the first reports of water con-
tamination in the colonias, these findings bring the spotlight to the esti-
mated 400,000 colonias residents in Texas. However, they are not just a
singular case located in Texas. Nearly six million people reside in such
unincorporated communities across the United States. A nationwide
analysis of reported arsenic concentration, flooding frequency, and den-
sity of mobile homes (which are the most common type of unincorpo-
rated housing) identifies regions where confluence of these factors is
likely. This analysis indicates that communities in a number of states
are vulnerable to water contamination challenges. Unincorporated
communities or informal homestead subdivisions in the identified
counties likely face similar socioeconomic and infrastructural issues.
When hydrogeological factors combine with the lack of proper infra-
structure, groundwater contamination issues that vary as a function of
rain events become plausible. Thus, the results presented herein are
not a local phenomenon, but rather a nationwide disparity in access to
safe water in informal communities.
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