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Abstract  

Before making attempts to enhance and manage the quality of water, a thorough 

understanding of these processes is necessary since the chemical quality of groundwater is 

impacted by a number of linked processes. This would be more important in arid and semiarid 

regions like the southern part of California where more rely on groundwater for agriculture and 

drinking water uses than the other states.  As a result, fundamental knowledge of the governing 

processes of groundwater chemistry is required for effective water resource management. Thus, 

this study is primarily concerned with three aspects in Mojave, Tulare, and San Joaquin aquifers: 

The first step is chemical properties of groundwater with respect to hydrogeochemical aspects and 

salinity. Without different managerial approaches, irrigation with poor-quality water can have a 

variety of adverse effects, such as increased soil salinity/sodicity, poor penetration, soil hardening, 

and/or plant-specific ion toxicity. Together, these variables inhibit crop growth and, eventually, a 

crop's economic output. Numerous indices have been proposed and are often employed in 

groundwater for this purpose, including Na%, SAR (sodium adsorption ratio), RSC (residual 

sodium carbonate), MH (magnesium hazard), PI (permeability index), and PS (potential salinity). 

In the second section, we go into more detail about the levels of heavy metals in groundwater and 

how pollution indices like HPI (heavy metal pollution index), HEI (heavy metal evaluation index), 

and CI (contamination index) can be used to evaluate the health risks of consuming groundwater 

that is overly contaminated with these heavy metals. The concentration of nitrate in the aquifers is 

the third factor. The multi-isotope systematics (δ15N- and δ18O-NO3) method is highlighted in this 

study, along with typical δ15N- and δ18O-NO3 ranges of known NO3 sources, as well as many other 

parameters, including the effects of pH, EC, reduction-oxidation, and other elements/ions on 

nitrate concentration and δ15N- and δ18O-NO3 determination. In addition, this paper covers how to 



map water quality indicators in the Mojave, Tulare, and San Joaquin aquifers using a GIS 

(geographical information system) based on water quality information system and spatial analysis 

with IDW (inverse distance weighted) interpolation. 
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Chapter 1: Introduction 

Having access to clean freshwater would be one of the most threatening issues in regard to 

global resources in a near future. As living standards increase and the human population continues 

to grow, the need for freshwater is growing. As a result, the preservation of groundwater as a 

natural resource is a critical environmental concern. Although surface waters supply a substantial 

volume of drinking water, groundwater is often desired, particularly in developing countries, since 

it requires less treatment and has a greater bacteriological purity, which helps to avoid the spread 

of water-borne diseases such as cholera (Appelo and Postma, 2005; Giordano, 2009). In addition, 

due to limited precipitation and surface water supplies and the effects of climate change, 

groundwater is getting more valuable for human existence, agricultural demands, industry and 

production development particularly in dry and semi-arid locations (Megdal, 2018). About 95% 

of the rural population receives their drinking water from groundwater, which is the primary source 

of water for 40 to 50% of the world's population (EPA, 1977). According to Dennehy et al. (2015), 

groundwater provides all or a portion of the water for around 75% of American towns, and the 

dependence on groundwater in California is much greater. Irrigation and industrial supply water 

also rely to a large extent on groundwater. Increasing agricultural activities and industrial demand 

due to an increase on human population and predicted dryness due to the climate change are just a 

few examples among all factors contributing to increase our reliance over groundwaters in the 

future.  

California is the United States' greatest groundwater consumer and 10% of the nation's total 

groundwater pumping for agricultural and drinking water is distributed among eight counties in 

the San Joaquin Valley. The development of water resources in California has a lengthy and 

distinguished history. From the Gold Rush to the twenty-first century, the state's expanding 
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population and economy have always depended on water. Since the establishment of irrigation 

districts in the 1880s to the present with vast metropolitan zones, the state has battled to deliver 

appropriate fresh water for home usage, agriculture, and the environment. The legacy of 

infrastructure and legislation is changing as California cities get more and more involved with new 

urban water infrastructure. Cities in arid and semiarid regions all across the world are learning 

from this revolution how to satisfy future water demands more sustainably than in the past. (2015) 

(Lassiter). 

The topography and population of California helped shape the state's existing water 

infrastructure. Two-thirds of the state's annual precipitation falls in the north, whereas much of 

southern California has desert terrain. The majority of the state's agricultural production is located 

in the parched Central Valley, where around 70% of the state's population lives in large coastal 

cities (Department of Water Resources, 2014). Both surface water and groundwater are used to 

supply water in California, although groundwater is more important for the state's environmental, 

social, and economic health. Groundwater provides around 38% of the state's total water supply in 

an average year, and up to 46% (or possibly more) during drought years (DWR, 2019). 

Groundwater is also essential to California's $46 billion agriculture industry (Mehta et al., 2018). 

Many small towns and rural areas only get their water from the ground (DWR, 2019). While 

groundwater use varies by place and over time, it has consistently increased from over 11 km3 (9 

million acre-feet) in 1947 to nearly 24 km3 (20 MAF) year between 2005 and 2009. (Mehta et al., 

2018). When droughts hit California, groundwater plays a crucial role in mitigating their harshest 

impacts, making up as much as 46% (or maybe more) of the state's annual supply (Lund et al., 

2018). The capacity to lessen these effects, however, has wide-ranging effects, including hurting 

groundwater-dependent ecosystems, severe overdraft, decreased long-term water supply 
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dependability, increases in groundwater pumping costs, and infrastructure damage (Mehta et al., 

2018). 

California's Central Valley, which has a land area of around 52,000 km2 and a population 

of 6.5 million, grows more than 250 different kinds of crops and is in charge of more than 70% of 

the state's groundwater supply. Droughts increased the burden on the aquifer systems that supply 

the area as groundwater levels across the region declined significantly as a result of over-drafting 

and insufficient rates of natural recharge (Ojha et al., 2018). The aquifers system in the Central 

Valley is made up of "unconfined, semi-confined, and confined aquifers" that are mostly found in 

the top 300 meters of alluvial deposits deposited by streams draining the nearby "Sierra Nevada 

and Coast Ranges". Contrary to the Coast Ranges' shale-rich composition, which results in finer-

grained sediments on the valley's western side, the Sierra Nevada's crystalline composition 

provides a greater source of coarse material to the Central Valley (Faunt et al., 2010). The Central 

Valley is one of the most lucrative agricultural regions in the world, with more than $40 billion in 

earnings in 2013. Agriculture is the predominant land use in the region (Great Valley Center, 2014; 

USDA, 2012). 

During normal climatological years, groundwater resources in the central valley are 

exploited to fulfill water demands, and withdrawals are increased during droughts to make up for 

decreases in surface water supplies (Thomas and Famiglietti, 2015). While surface water reservoirs 

and soil moisture storage can be swiftly replenished after a storm or by an increase in snowfall 

over the season, groundwater droughts often continue longer (Mishra and Singh, 2010). According 

to Thomas et al. (2017), groundwater drought frequently occurs after drought is indicated by soil 

moisture and precipitation indicators. The central valley has seen severe, ongoing drought 
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conditions in recent years, which have transformed the role of groundwater and made it the primary 

supply of water.  The present drought in California has caused a 30% decrease in the amount of 

surface water that is available for agriculture (Medelln-Azuara et al., 2015). Pumping groundwater 

has been widely employed to make up for the lack of surface water needed for agricultural 

irrigation. But because of the unsustainable level of groundwater extraction (Scanlon et al., 2012), 

the Central Valley aquifer has been ranked as one of the most stressed aquifers in the world 

(Famiglietti, 2014). Groundwater-dependent surface ecosystems, infrastructure degradation from 

land subsidence, and poor groundwater quality are all indirect effects of excessive groundwater 

use (Howard and Merrifield, 2010). 

Tens of thousands of synthetic chemicals are utilized today, raising the risk of 

contaminating water supplies. There are a number of various methods for these organic and 

inorganic contaminants to infiltrate the aquatic environment, including direct discharge through 

wastewater treatment facilities, landfills, and land application of human and animal waste to 

agriculture (Zabala et al., 2016; Kurwadkar, 2014). Since the industrial revolution, groundwater 

pollution has received a lot of attention as a well-known issue (Heyden and New, 2004). An aquifer 

may become useless for decades if it is contaminated with dangerous pollutants. The duration of 

the contaminants' residence in groundwater bodies can range from weeks to decades, depending 

on their physico-chemical properties and the surrounding environment (Freitas et al., 2015). In 

addition, the effects of groundwater contamination go beyond the loss of well water access. 

Contamination from dump or spill sites may move to nearby lakes and rivers as water moves 

through the hydrologic cycle (Conant et al., 2004). 
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In order to prevent salinization of soil and decreased agricultural production, it is crucial 

to evaluate the quality of any groundwater that may be utilized for irrigation (Arslan, 2012). 

Salinity is the most common issue with irrigation water, and groundwater is categorized as salinity 

when the amount of dissolved solids in terms of concentration exceeds a specified limit (Total 

Dissolved Solid (TDS) higher than 1,000 mg/L) (Brady, 2002). Since more than 2,000 years ago, 

salinity and waterlogging have reduced the agricultural output in dry regions, causing an annual 

loss of land of roughly 10 million hectares (Suresh and Nagesh, 2015). In California's San Joaquin 

Valley, salinity and drainage issues have also grown to be quite difficult (Wichelns and Qadir, 

2015). In addition to California's geological structures, which results in high salinity in most of the 

groundwater and soil naturally, human activities have a substantial impact on groundwater salinity 

(USEPA, 2010). So that Agricultural operations, urban run-off, and imported water sources in 

Southern California alone produce almost 600,000 tons of salt each year (See, 2000). High saline 

levels are an issue throughout the southern coast of California, as well as in the Central Valley.); 

hence, that groundwater meet the minimal irrigation quality criteria before it can be utilized for 

irrigation. Otherwise, it might have detrimental effects on the soil and the plant. Therefore, 

assessing the quality of groundwater for irrigation is an essential duty (Brady, 2002).  

Urbanization, agriculture, the use of fertilizers, the application of wastewater, and other 

human activities can all result in the production of a range of pollutants that have a detrimental 

effect on groundwater quality. Nitrate, heavy metals, and metalloids are the three most prevalent 

dangerous pollutants in groundwater, all of which are environmentally dangerous (Salman et al., 

2019). Scientific research and water planning agencies throughout the world are heavily focused 

on the issue of nitrate pollution of groundwater. The main causes of nitrate pollution are 

wastewater discharges and extensive use of synthetic and organic fertilizers (Hernández-Del Amo 
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et al., 2018). Nitrate has been utilized as a substitute indicator to determine how susceptible 

groundwater resources are to contamination and is an important parameter for monitoring diffuse 

groundwater pollution (Fabro et al., 2015). High nitrate levels in water can result in a number of 

health issues, such as methemoglobinemia and blue baby syndrome, as well as increase the risk of 

cancers such as colorectal, stomach, and lymphoma (Huang et al., 2011). One of the greatest 

challenges to aquatic ecology is rising nitrate levels in groundwater, which also produce algal 

blooms and eutrophication in sources of surface water (Kumar et al., 2014). Many studies have 

found a connection between CV's (central valley) land use practices and nitrate pollution in 

groundwater. A high groundwater nitrate sensitive region in the nation has previously been 

discovered in parts of CV. According to data from 2007, 6.7 million acres of irrigated farmland in 

California received 740,000 tons of nitrogen fertilizer (Harter, 2009). Farmland's extra nitrogen is 

swiftly leached into the groundwater, contaminating it. Shallow wells are particularly susceptible 

because nitrate takes longer to seep into the deeper aquifer. The EPA's MCL has been found to be 

exceeded in a number of wells in the Central Valley's Sacramento Valley, San Joaquin Basin, and 

Tulare Basin (Shrestha and Luo, 2017). Along with land use, lithology, slope, recharge rate, 

precipitation, permeability, and groundwater geochemical conditions, there are other factors that 

can affect how much nitrate gets transferred into groundwater. Shrestha and Luo (2017) assert that 

no study has been done to quantify how these factors' interconnections affect transportation, 

despite the fact that they naturally interact to either increase or reduce mobility. There have also 

been few studies for the entire aquifer, despite the fact that there have been several local level 

research in the Central Valley (Harter et al., 2012; Lockhart et al., 2013). Central Valley include 

the most major aquifers in the united stated; hence, aquifer level assessments are essential to create 

regional-scale policies and preserve the aquifer's long-term health (Shrestha and Luo, 2017). 
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In comparison to household wells, typical public supply wells have longer screens and 

access to deeper aquifer systems, making them more resilient to supply failure during drought 

(Voss et al., 2019). Water quality degradation is a significant and potentially expensive issue for 

providers of drinking water in the Central Valley, where legacy agricultural recharge with elevated 

concentrations of nitrate, fumigants, salinity, and uranium has penetrated to depths commonly 

exploited for public drinking water supply (Hansen et al., 2018). In comparison to conditions 

before to development, intensive irrigation and pumpage from production wells have hastened the 

movement of agricultural recharge to depth over the Central Valley, leading to a sixfold increase 

in downward vertical seepage rates (Faunt, 2009). Public supply wells (PSWs) may temporarily 

be invaded by nitrate-rich groundwater from shallower depth zones due to seasonal pumpage 

fluctuations, but the long-term effects of overdraft on groundwater quality have not been 

thoroughly researched (Bexfield and Jurgens, 2014). 

Evaluation of aquifers’ groundwater quality is a critical part in groundwater management 

and preservation (Shand et al., 2007). Because groundwater pollution detection, monitoring and 

treatment are relatively expensive, groundwater quality management has focused on resource 

protection. On the other hand, protection strategies must be concentrated so that resources like 

manpower, money, and technology may be directed toward the areas that are most susceptible 

(Merchant, 1994). Targeting must be based on precise predictions of the threat of groundwater 

contamination based on a variety of future climatic, socioeconomic, and land-use scenarios, it is 

commonly recognised today (Twarakavi and Kaluarachchi, 2006). California has been 

manipulating the natural water resources in order to meet its rising population demands and to 

maintain the world's fifth biggest economy. However, the past approaches—groundwater 
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overdraft, stream depletion, and increasing imports—to fulfill California's urban water needs won't 

be sufficient to meet 21st-century expectations (Luthy et al., 2020). 

Hydrogeological and geochemical research are essential for assessing groundwater quality 

and managing groundwater resources. Polluted groundwater treatment is a time-consuming and 

often difficult task. As a result, the best and most successful method is to prevent pollution from 

entering this vital resource. One of the most significant hydrogeological investigations is 

determining the amount of groundwater pollution, and in this case, identifying vulnerable regions 

and assessing aquifer vulnerability is critical. A good quality indication for healthy drinking water 

should be present (such as physical and chemical properties). One of these signs is the amount of 

main ions in the water (Norouzi and Asghari Moghaddam, 2020). Indicators of water quality have 

been created to collect data on water quality in a manner that is both efficiently comprehensible 

and justifiable (Saeedi et al., 2010). Nature's water quality is impacted by five different risk 

categories: salinity, permeation or porousness risk, specific harmful ions, trace element pollution 

of a water source, and various affects on crops that are sensitive and in a risky category. This 

method of classifying irrigation waters into three suitability levels yields the IWQ index by linearly 

adding these danger categories. It should be stressed that numerous risks or negative effects might 

manifest simultaneously, making it more challenging to conduct water analyses (Simsek and 

Gunduz, 2007). As a result, in order to properly evaluate the quality of irrigation water, each of 

these factors must be taken into account (Simsek and Gunduz, 2007). 

Heavy metal contamination in the environment has recently increased dramatically, 

causing disaster effects, particularly in farming lands, by accumulating in the soil and absorbing 

by plants in (Toth et al., 2016). Many heavy metals are required in small amounts for the healthy 
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development of biological cycles, but they become hazardous in excessive doses. Heavy metals 

are released into the environment as a result of both natural events and human activities such waste 

disposal, transportation, and agriculture (Samuding et al., 2009). Heavy metals are very persistent 

and hazardous contaminants in the environment. Using polluted water with heavy metals has 

increased mortality and morbidity rates in the world and has long-term and short-term impacts, 

including decreased immunity, oxidative stress, gastrointestinal ulcers, as well as cancer (Kim et 

al., 2017). Therefore, the heavy-metals pollution index (HPI), heavy-metal evaluation index (HEI), 

and contamination index (CD) also gauge the general heavy metal quality of water (Singh and 

Kamal, 2017). In terms of heavy metals, both HEI and HPI provide an overall assessment of water 

quality (WHO 2011). The HPI is created in two parts, the first of which is creating a rating scale 

for each parameter (heavy metal) chosen, and the second of which is choosing the parameter for 

the pollutant on which the index will be based. The HPI is based on "the weighted arithmetic 

quality means" technique. The rating scale is a numeric value between 0 and 1, and the choice of 

that value is based on the relative relevance of each quality concern. Alternatively, the rating scale 

may be evaluated by producing inverse values in accordance with the recommended standard for 

the pertinent parameter (Horton, 1965). The combined effects of a variety of quality parameters 

that are regarded to be dangerous for drinking water are summed up by the contamination index 

(CD). It considers both number of parameters exceeding the upper allowable limit and the 

concentration of these parameters that exceed these limit values (Kwaya et al., 2019).  

Anthropogenic high nitrate sources in aquatic settings are likely to include the overuse of 

chemical fertilizers, discharge of home and industrial wastewaters, leakage of human and animal 

waste, and modification of nitrogen-fixing plants (Chen et al., 2021). Although the use of fertilizers 

has increased agricultural yields, excessive fertilizer applications that are not fully absorbed by the 
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crop and irrigation return flow have led to rising NO3
– levels in surface water and groundwater 

(Torres-Martnez et al., 2020). As a result, the biogeochemical cycle system's nitrogen allocation 

ratios change, with detrimental effects on the environment and human health. The dual isotopes 

technique (δ15N-NO3
– and δ18O-NO3

–) has been utilized extensively for the analysis of NO3
– 

pollution sources due to the overlapping ranges of isotope characteristic values in different 

pollution sources. 

The aim of this research is to measure groundwater quality with the application of weighted 

arithmetic WQI method, heavy metals evaluation indices, and salinity assessment based on 

chemical parameters. The main focus of these indices is the classification of groundwater quality 

for drinking water and irrigation uses and identify hydro-geochemical characteristics of 

groundwater in terms of these parameters. The other aspect of this study is to examine nitrate 

contamination in groundwater and stable isotopes application to identify its potential sources, and 

the effects of several chemical parameters on nitrate concentration, nitrification and denitrification. 

Also, the application of ArcGIS maps and their connection with hydro-chemical parameters of 

groundwater has been discussed.  

The overall research goal is groundwater evaluation of San Joaquin, Tulare, and Mojave 

aquifers located in the southern part of California in the last two decades. The identified 

information of these aquifers will help us to answer: What is the quality of aquifers for agriculture 

and drinking purposes in terms of the anions, cations, heavy metals, and nitrate concentration, and 

the accumulated impacts of these parameters in the aquifers, special in arid and semiarid regions? 

What are the potential sources and mechanisms impacting NO3
- concentration in aquifers based 

on stable isotopes (δ15N, δ18O)? What is the spatial distribution of pollutants and their variations 
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in polluted areas? This information will be extremely useful to individuals who rely on the aquifers 

for drinking water, as well as many others who utilize the studied aquifers for other purposes such 

as agriculture and industrial purposes. 

"The National Water Information System (NWIS) of the U.S. Geological Survey (USGS)" 

(https://waterdata.usgs.gov/nwis/qw) is a complete distributed program that allows the collection, 

processing, and long-term archiving of water data. The publicly accessible NWIS portal contains 

data from 1899 to the present that comes from all 50 states, as well as border and territory sites. 

The majority of the more than 1.5 million sites providing NWIS data are for wells, but there are 

also numerous sites with atmospheric data, such as precipitation, and 10,900 of the sites provide 

data on present conditions. Although the types of information in NWIS vary, in general, this 

website offers both recent and old data. Data are obtained by geographic area and classified into 

surface water, groundwater, or water quality. This information is accessible to the general public, 

State and local governments, public and private utilities, and other Federal organizations involved 

in water resources assessment. 

 In the tutorial part of this website (https://help.waterdata.usgs.gov/tutorials/water-quality-

data/how-do-i-access-real-time-water-quality-data) the steps to access water quality data have been 

explained. These steps " start at http://waterdata.usgs.gov” 1. select the bottom of " field/lab samples" 

2. Choice of the state (California) 3. Click the " Show sites on a map" to see the exact location of 

sampled wells in the study areas, then export the water quality data of each studied well.  As a result, 

to the evaluation of the Mojave, Tulare, and San Joaquin aquifers, data were compiled from "The U.S. 

Geological Survey's (USGS) National Water Information System (NWIS)" taken from 154 domestic 

and public supply wells in San Joaquin aquifer, 48 domestic wells and 11 monitoring wells screened 

in Mojave aquifers, and 95 domestic wells in Tulare and Kings Counties. 

https://waterdata.usgs.gov/nwis/qw
https://help.waterdata.usgs.gov/tutorials/water-quality-data/how-do-i-access-real-time-water-quality-data
https://help.waterdata.usgs.gov/tutorials/water-quality-data/how-do-i-access-real-time-water-quality-data
http://waterdata.usgs.gov/
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Chapter 2: Mojave Aquifer 

The Mojave Desert may be found in southeastern and central California, southern Nevada, 

south-western Utah, and northwest Arizona in the United States. A growing demand for freshwater 

resources has been created by the Mojave Desert's rapidly increasing population, low humidity, 

high summer temperatures, and lack of precipitation (100-140 mm/year). Surface water is limited 

to ephemeral flow during the winter and spring rain seasons. The two main groundwater basins in 

the southern Mojave Desert (MGB) have been recognized as the Mojave River Groundwater Basin 

(MRGB) and the Morongo Groundwater Basin (fig 1). While runoff and groundwater flow from 

the San Bernardino Mountains, which are nearby, melt snowpack in the southern portions of the 

MRGB and MGB, the northern and central portions of the basin are primarily refilled by 

groundwater and surface flow from neighboring mountain ranges like the Cougar Buttes and 

Granite Mountains, as well as infiltration through the Mojave River floodplain aquifer (Stamos et 

al., 2001). Different effects have been seen throughout the basin as a result of increased 

groundwater extraction from the MRGB and MRB. Water levels in the MRGB's central sections 

decreased steadily over time (20 m from 1950 to 1986), but just little or not at all in the areas close 

to the mountains. 

The Mojave River groundwater basin contains the Mojave River floodplain aquifer. The 

less productive regional aquifer lies underneath and surrounds it. The Mojave River drainage basin 

include both. The Mojave Desert has an arid climate with minimal precipitation (150 mm or less 

per year), low humidity, and hot summer temperatures. The majority of precipitation falls between 

November and March, with higher amounts (over 1,000 mm in some years) sometimes falling 

close to the Cajon Pass, which separates the two mountain ranges, and in the Mojave River's 

headwaters at higher elevations of the San Bernardino and San Gabriel Mountains (Izbicki et al., 
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2007). 

The deposition of salt in groundwater basins is another possible water quality concern for 

MWA. It is uncommon to remove salt from imported reclaimed wastewater and State Water 

Project (SWP) supplies since the Mojave River Basin and the Morongo Basin/Johnson Valley are 

closed basins. About 8,400 acre-feet of State Water Project water is imported each year, while 

about 5,400 acre-feet of recovered wastewater from outside the MWA is discharged into it 

(Regional Water management Plan, 2004). 

The groundwater basin of the Mojave River covers 3,626 km2 and can hold around 5 

million acre-feet of water in total. The Mojave Basin is essentially closed, with little any 

groundwater entering or leaving. However, there is groundwater movement inside the basin, as 

well as exchanges between subareas, surface water, and the atmosphere. The major methods for 

releasing groundwater from the basin include well pumping, evaporation via the soil, transpiration 

by plants, seepage into dry lakes where stored water evaporates, and seepage into the Mojave 

River. Sedimentary alluvial basins bordered by igneous and metamorphic mountain ranges and 

uplands define the geology of the Mojave Basin Area. The main water-bearing elements are gravel, 

sand, silt, and clay produced by the nearby mountains (Dawson and Belitz, 2012).  

The Mojave River, which provides the majority of the region's surface water because of 

the dry local climate, is an inconsistent source of water. As a result, the primary supply of water 

for drinking, agriculture, and municipal needs in this area is groundwater (USGS, 2018). In this 

location, the household drinking water wells are shallower than the public supply wells. In the 

examined wells, the average depth to the completed zone's top (measured in feet below LSD) is 

186 feet, and the average depth to the completed zone's bottom (measured in feet below LSD) is 

roughly 283 feet. They are more vulnerable to pollution since they are at lower depths (Groover et 
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al., 2019). 

Groundwater is the only guaranteed supply of water for the rapidly growing population in 

the Mojave Basin, yet when compared to the amount of water extracted, ground-water recharge is 

negligible (John et al., 2004). A growing requirement to comprehend groundwater quality exists 

as a result of the fact that water levels are dropping as a result of an increasing population and 

water demand (Mendez and Christensen, 1997). 

https://ca.water.usgs.gov/mojave/gen_location.html 

Fig.1. Mojave shallow aquifer location in south California 

At southern California, one-third of the wells' water supplies had at least one chemical 

parameter in excessive concentration compared to health guidelines. The most prevalent 

contaminants in this area are total dissolved solids (TDS), nitrate (NO3), and volatile organic 

compounds (VOC) (Williams et al., 1998). Nitrate is the most pervasive of these contaminants in 

California's drinking water systems (Harter et al., 2017; Burow et al., 2008). Because it can cause 

methemoglobinemia in newborns and has been linked to cancer in some instances, nitrate is 

classified as a contaminant in drinking water (Spalding and Exner 1993; Ward et al., 2005).  

As a result, there are rising worries in California about groundwater quality and the effect 

of contamination on the availability of this resource. Due to the identification of some pollutants 



15 
 

like nitrate, and some heavy metals, over 8,000 public groundwater drinking water sources have 

been shut down since the 1980s (GAMA, 2016; Dennehy et al., 2015).  

 

2.1 Water Quality Assessment for Irrigation 
 

Elevated chemical element concentrations in groundwater have an impact on both soils and 

plants as a result of water loss from evaporation and falling groundwater levels, particularly in the 

summer. This is a significant problem in many semi-arid rock-dominated regions all over the 

world. High salt and sodium content in the water, which results in salinity in the soil and the 

formation of alkaline soil, are the main issues. When it comes to using groundwater for irrigation, 

the most crucial characteristics to consider are salinity and sodium risks (FAO, 2011). 

One of the most important direct effects on groundwater quality is an increase in "irrigation 

return flow (IRF)" salinity. To fulfill crop water needs and remove salts from the soil, more 

irrigation water is regularly given (FAO, 2011). The fraction of water eventually reaching the 

water table (recharge) will typically show an increase in salinity relative to the applied irrigation 

water "because of concentration by crops transpiration and evaporation or mobilization of salts 

accumulated in soil and the unsaturated zone," according to research (Scanlon et al., 2010). This 

can cause return flows to have salt levels that are one to 10 times higher than they would be with 

only applied water. 

The salt content of IRFs is affected by a number of factors, including the quality, quantity, 

and rate of applied water, the climate, the soils, the depth of the water table, the type of aquifer, 

and particular agricultural, drainage, and irrigation management techniques (Merchan et al., 2015). 

The degree of groundwater salinization will be significantly influenced by the quality of irrigation 

water, which might vary greatly depending on the source from fresh to salty. Because groundwater 

(particularly deep or ancient groundwater) has a higher salinity than surface water, irrigation 
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effects on groundwater quality will differ depending on whether groundwater or surface water is 

used for irrigation (Bohlke, 2002). Solute recycling from irrigation in groundwater-fed irrigation 

systems can also cause aquifer salinization (Milnes and Renard, 2004). Due to less salt leaching, 

lower irrigation rates (such as drip irrigation) lessen IRF's detrimental effects on aquifer salinity, 

but they also tend to speed up the salinization of soil and shallow groundwater (Scanlon et al., 

2010). The primary salt concentration factor in the crop root zone will thus be determined by 

irrigation application rates in relation to crop evapotranspiration. IRFs are particularly problematic 

in dry and semi-arid areas since there is little precipitation there and there is frequently 

considerable evapotranspiration and salt content in the soil. Large stocks of soluble salts naturally 

exist in soils and the unsaturated zone throughout vast parts of the planet with dry and semi-arid 

climates. 

Soil characteristics can also affect how much salt accumulates. Clayey to loamy sandy soils 

have higher salt levels than coarser textures due to longer residence times and more time for 

evapotranspiration (Scanlon et al., 2010). The salinization process is typically more intensive in 

irrigated areas with shallow groundwater, particularly those with high rates of evaporation. 

Shallow groundwater evaporation can increase as groundwater moves deeper into the soil's non-

saturated region as a result of capillary rise (up to about 1.5 m; Van Weert et al., 2009). The 

primary cause of soil and groundwater salinization in irrigated desert regions with shallow 

groundwater levels has been identified as upward capillary water flow (Northey et al., 2006). The 

main human-made action causing soil salinization is the persistent dry spells have resulted in water 

with low quality being used for agricultural irrigation, and excessive poisons (Pena et al., 2020). 

Isidoro and Grattan (2011) used a model to anticipate the salinity of rootzone under various 

irrigation techniques and various soil types, with equal rainfall but differing monthly distributions. 
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Eight scenarios were used to calculate a rootzone daily water and salt balance: two different soil 

types (coarse vs. fine grained) in two different multi-year series with two different irrigation 

techniques. During the growth season, all elements impacted the rootzone's mean electrical 

conductivity (EC): Surface irrigation resulted in lower EC than spray irrigation; winter-

concentrated rainfall resulted in lower EC than rainfall dispersed evenly throughout the year; and 

coarser-textured soil resulted in lower EC than finer-textured soil (fig. 2). The method of irrigation, 

the pattern of rainfall, and the water-retentiveness of the soil are all factors that affect the electric 

conductivity. In determining the required amount of leaching and the permitted salinity of 

irrigation water for crop protection, taking these site-specific factors into account may be helpful. 

The qualities of irrigation water are impacted by temperature, pH, salinity, and alkalinity. 

Since the temperature and pH of groundwater significantly impact irrigation water requirements, 

the water quality for irrigation water is often assessed using salt and alkali damage. "Increased 

salinity of groundwater increases kinematic viscosity, leading to an increase in friction resistance". 

As a result, Lower agricultural yields occur from a reduction in seepage speed and permeability 

coefficient that prevents water from reaching plant branches and leaves. Salt builds up in soils 

during irrigation with highly salinized water, which leads to secondary salinization and changes in 

the chemical make-up of soil solutions. This impacts the growth of plant roots and the movement 

of water through the soil, diminishing the stability of the overall soil structure and causing the 

physical characteristics of the soil to deteriorate. When groundwater is very alkaline, soil organic 

matter content decreases, soil nutrient conditions worsen, and plant growth is hampered (Syed et 

al., 2021). 

Table 3 displays the determined water quality parameters for irrigation. The following 

chemically significant indices are used to assess irrigation water quality: 
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All water samples are alkaline with a pH range from 7 to 9.4, and a mean of 8. With a mean 

of 907 µs/cm, the electrical conductivity values were in the range between 193 and 3,990 µs/cm. 

This wide range of EC, ranging from a more natural level (680 µs/cm) to an increased one (3,990 

µs/cm, likely anthropogenic), is proof that both geogenic and human processes are influencing the 

hydrogeochemistry of the studied region. 

Fig. 2. Average EC of the saturated paste extract for the simulated years in the 8 scenarios 

throughout the growth season (Isidoro and Grattan, 2011) 

"Piper trilinear diagram (Piper 1953)" is using to classify samples and to determine the 

chemical type of water. The proportion of ions indicated on the side triangles and the matching 

points on the side of the triangles will display on the middle lozenge. The total number of anions 

and cations is taken to be 100. Finally, a Piper diagram is utilized to evaluate the type of water's 

quality in relation to the region that is being focused on. According to this categorization, water is 

divided into three phases: bicarbonate, calcium bicarbonate, and sodium bicarbonate, as well as 

bicarbonate, sulfate, and chloride types. 

The Piper diagram plotting of the water data reveals that the dominating anions are HCO3
– 

+ SO4
2– and the primary cations are Na+ or Ca2+. Indeed, water type in 20 samples (N=41) is Na+K-

SO4
2-, in14 samples is Na+K-HCO3, and in 6 samples is Ca-HCO3 type. The groundwater pumped 
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from the Mojave aquifer, known locally as the floodplain aquifer are from alluvial deposits of 

recent Quaternary and Pleistocene nonmarine sediments. The water type of this regions mostly is 

alkaline with the dominance of Na-HCO3
2-. However, almost all of the groundwater is pumped 

from alluvial aquifers made of weathered granitic and metamorphic rock from the San Bernardino 

Mountains, which are in the southern part of the study area, and weathered granitic, metamorphic, 

and volcanic rock from smaller mountains farther to the east of the Mojave River. The water types 

range from alkaline to weak acids, with Na and SO4
2- as the dominant elements (fig. 3). 

 

Fig. 3. Water types in the research region depicted in a Piper diagram. 

2.1.1 Salinity Index and Salinity Hazard 
 

According to Ravikumar et al. 2011, one of the most used quality metrics, the EC value, 

exhibits a strong association with the concentrations of soluble salts in water. 

The water quality of the examined wells varied from medium to extremely high salinity based on 

the EC values, with the exception of two samples (Table 1). 90% of samples are classified as 

having medium to high water salinity. 
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Table 1) EC-based classification of water salinity (Handa1969) 

The overall concentration of soluble salts in irrigation water, or salinity danger, is 

categorized into four groups based on electrical conductivity (EC) measurements calculated in this 

area (Table 2). Groundwaters of the C1 class may be used to irrigate the majority of crops and 

soils (low-salinity hazard). If just a little amount of leaching occurs, groundwater of the C2 class 

(medium-salinity danger) can be utilized for irrigation. Although plants with a high resistance to 

salt may benefit from water with a moderately high salinity (C3 class), it should not be used for 

normal irrigation, especially in soils with poor drainage. High salinity water (C4) cannot be utilized 

with soils with poor drainage (Ravikumar et al. 2011). Two samples are classified as being of 

outstanding quality class C1, 26 samples as being of good quality class C2, 18 samples as being 

of uncertain class C3, and the other 8 samples are classified as being of C4 and unsuitable for 

irrigation (Table 2). 

Table 2) Water categorization for the research region based on salinity risk 

EC (µS/cm) Water salinity EC range (no. of sample) Percent 

0-250 Low (excellent quality) 230 (1 sample) 2 

251-750 Medium (good quality) 192-751 (27 samples) 54 

751-2,250 High (permissible quality) 774-1,420 (18 samples) 36 

2,251-6,000 Very high 2,690-3,990 (4 samples) 8 

6,001-10,000 Extensively high - - 

10,001-20,000 Brine weak concentration - - 

20,001-50,000 Brine moderate concentration  - - 

50,001-100,000 Brine high concentration - - 

>100,000 Brine extremely high concentration - - 
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Table 3) Groundwater samples from the Mojave River Basin aquifer and irrigation water quality 

characteristics 

 

Salinity hazard class EC (µS/cm)  Quality  range (no. of sample) Percent 

C1 100-250 Excellent 192-230 (2 sample) 4 

C2 250-750 Good 275-715 (26 samples) 52 

C3 750-2,250 Medium 774-1,420 (18 samples) 36 

C4 >2,250 Unsuitable 2,690-3,990 (4 samples) 8 

 

Na% PS MH SAR PI RSC

56.89 3.86 44.74 2.78 86.89 -0.17

63.56 0.70 19.02 2.44 127.56 1.66

76.50 1.07 15.78 3.76 57.98 -1.83

42.44 3.33 22.61 2.02 62.27 -2.23

39.73 1.86 32.31 2.02 79.26 -0.20

26.74 3.80 18.09 1.14 57.36 -2.27

46.11 3.54 24.03 2.27 68.29 -1.43

54.03 2.22 18.09 2.72 98.78 0.49

37.53 3.62 17.96 1.90 80.08 -0.29

48.81 2.72 22.51 2.32 57.29 -1.66

53.82 0.52 29.18 1.83 36.17 -28.98

55.58 2.12 18.55 2.88 64.29 -1.98

32.84 2.63 18.27 1.40 56.54 -6.86

34.12 21.66 19.79 3.97 65.04 -1.14

47.45 3.34 24.59 2.31 82.38 -0.05

55.04 1.85 19.27 2.67 68.69 -1.43

41.52 3.75 27.46 2.26 58.46 -3.51

66.56 17.71 40.76 8.87 99.23 0.36

48.53 9.64 21.22 3.47 58.98 -3.87

95.00 0.18 6.66 8.43 76.97 -1.66

37.23 21.69 25.51 4.49 69.49 -2.29

37.09 0.74 22.67 1.32 89.81 0.32

37.73 0.88 18.67 1.11 60.95 -1.42

49.00 2.70 21.86 2.24 53.59 -4.84

45.99 6.19 20.64 2.74 96.28 0.78

75.30 1.69 20.31 4.59 63.96 -5.25

46.85 7.44 20.28 3.01 77.26 -0.99

56.96 2.93 26.91 2.98 69.86 -1.50

68.71 6.20 34.14 5.97 70.97 -2.15

57.02 5.26 20.85 3.49 94.38 1.38

53.57 0.85 29.87 2.05 67.40 -1.58

37.57 1.57 34.73 1.44 90.38 -0.30

44.77 7.64 20.50 2.77 59.01 -2.14

48.86 0.44 40.52 1.62 84.89 0.37

55.65 8.84 23.74 4.84 79.15 -0.87

57.91 2.38 17.93 2.85 60.25 -3.76

57.09 0.57 32.93 2.09 68.99 -1.33

49.37 6.15 21.91 3.12 74.15 -0.93

57.84 4.93 23.23 3.64 87.59 0.56

75.82 3.08 24.17 6.79 55.90 -11.29

50.80 3.34 28.64 2.63 72.02 -0.75

71.86 2.00 30.47 4.72

40.77 4.73 22.46 1.76

62.20 3.11 14.21 3.87

63.87 5.81 18.22 4.85

47.81 5.70 31.45 3.29

49.60 3.80 24.04 2.82

54.47 2.34 28.58 3.05

54.21 1.32 20.56 2.42

52.93 21.12 24.05 5.48

40.86 1.51 20.80 1.45
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2.1.2 Sodium Absorption Ratio (SAR) and Sodium Percent (%Na) 

Another crucial factor for water quality is sodium percent, which relates to Na+ interacting 

with the soil and restricting its permeability (Ravikumar et al., 2011). Because minerals are soluble 

in water and additional elements are present, the Na% is computed as follows: 

"Na%= (Na+ + K+)*100/ (Ca2+ + Mg2+ + Na+ + K+) "

where all values in meq/L. 

High Na+ concentrations in irrigation fluids have a tendency to absorb clay particles, 

dislodging Mg2+ and Ca2+ ions in the process. Soil loses permeability when soluble Na+ is 

exchanged for Ca2+ and Mg2+, which finally results in inadequate internal drainage. When air and 

water flow are impeded under wet conditions, soil becomes firmer after drying (Xu et al., 2020). 

The categorization of water samples according to salt percent is shown in Table 4. Accordingly, 

the results show that 16% of the samples fall into the "Good" group, 64% are legal, and 20% are 

in the "relatively Unsuitable" category. 

The spatial map made using GIS and "inverse distance weighted (IDW) interpolation" 

techniques demonstrated the progressive behavior of physico-chemical pollutants that had already 

been identified and evaluated in the characterization analysis as well as the decreasing and 

increasing pollutants values from the various selected sites. The harmful zone was shown in red 

and the safe area in green in the interpolation technique for the geographical distribution of the 

different pollutants. The quality of the water in the Mojave aquifer steadily altered each hue. 

Figures 4 and 6 show the geographical distribution of SAR and Na% in the Mojave aquifer. 

According to the map, the north is where the majority of the aquifer's wells with Na% and SAR 

are located. In the map, wells with Na% and SAR are mostly located on north part of the aquifer. 

These contaminants wells are drilled in alluvium Pleistocene nonmarine sediment. Also, wells 

located on the cities of Barstow, Helendal, and Victorville have the most concentration showing 
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the effect of anthropogenic sources on salinity beside the geological formation of Mojave aquifer. 

 

Table 4) Classification of water depending on "salt percent" (Wilcox,1955) 

 

A soil's permeability is reduced by an excessive sodium content as compared to calcium 

and magnesium, which consequently prevents the crops from getting the water they need to grow. 

SAR evaluates the surplus sodium and computes it as follows (Davraz and Ozdemir, 2014): 

SAR= 
𝑁𝑎+

√𝐶𝑎2++ 𝑀𝑔2+

2

 

where all values in meq/L. 

Table 5 presents the SAR classification of the groundwater samples from the Mojave 

aquifer. All samples fall into the S1 (good) class of sodium hazard rating for irrigation since their 

salt absorption ratios are less than 10. 

Table 5) water danger classes based on "USSL classification" and sodium hazard classes based 

on SAR values (Ravikumar et al., 2011) 

 

 
 

"Sodium (%)" "Water class" "Range (no. of sample)" Percent 

<20 Excellent -  -  

20-40 Good 26-39 (8 samples) 16 

40-60 Permissible 40.8-57(32 samples) 64 

60-80 Doubtful 62-76 (9 samples) 18 

>80 Unsuitable 95(one sample) 2 

 

"SAR values" "Sodium hazard class" Quality Range Percent 

<10 S1 Excellent 1.1-8.8 100 

10-18 S2 Good -  -  

19-26 S3 Doubtful -  -  

>26 S4 and S5 Unsuitable -  -  
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Fig. 4. spatial distribution of Na% in Mojave aquifer 

Plotting the electrical conductivity and sodium absorption ratio (Fig. 5) data on the "U.S. 

Salinity Laboratory (USSL) diagram" allows for a more thorough investigation of the suitability 

of the water for irrigation. The two factors taken into account in this classification are the EC and 

the salt absorption ratio. The C1S1 category of waters has the best irrigation qualities, while the 

C4S4 category has the poorest. As a result, waters are categorized into 16 categories. 

According to the "Wilcox diagram", 35.3% of samples fall in C3S1 with saline water, 51% 

in C2S1 with slightly saline, and 9.8% of the samples are very saline. Furthermore, the graph 

indicates that while sodium threat is quite low, groundwater is enriched in salinity and deteriorate 

in poorly drained soils.  
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Fig. 5. Groundwater in the Mojave Aquifer is categorized using a diagram of sodium adsorption 

ratio and salinity for irrigation usage 

 

 

Fig. 6. spatial distribution of sodium adsorption ration (SAR) in Mojave aquifer 
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2.1.3 Residual Sodium Carbonate  
 

In addition to SAR and Na%, the amount of carbonate and bicarbonate in groundwater that 

is more than the amount of calcium and magnesium has an influence on the quality of groundwater 

for irrigation (Xiao et al., 2014). 

Because sodium bicarbonate and carbonate encourage the dissolution of organic matter in 

the soil, which results in a black stain on the soil surface as it dries, their high concentrations are 

believed to be detrimental to the physical properties of soil (Kumar et al., 2007). 

The RSC is determined by deducting the alkaline earths concentration from the carbonate’s 

concentration, as demonstrated below, with all concentrations represented in milliequivalents per 

liter: 

RSC= (CO3
2- + HCO3

-) – (Ca2+ + Mg2+)         

Positive RSC readings indicate that the sodium content in the soil is high and that the bulk 

of the calcium and magnesium in the soil have precipitated out. It also shows the high 

concentration of bicarbonate which causes a higher pH. As a result of the higher pH levels, organic 

matter precipitates (Hopkins et al., 2007). Based on the RSC measurements, the water can be 

classified as acceptable, slightly appropriate, and unsuitable if the RSC is less than 1.25 meq/L, 

between 1.25 and 2.5 meq/L, and greater than 2.5 meq/L respectively (Rao et al., 2012). 

Long-term use of high RSC water leads salt to accumulate in the soil, altering its physical 

and chemical properties. The electrical conductivity is a good indicator of salinity, but the sodium 

adsorption ratio (SAR) is an excellent indicator of irrigation water's sodicity risk. It has been 

discovered that waters with high RSC values are more dangerous than waters with low RSC but 

the same SAR (Murtaza et al., 2021). If some CO3
2- and HCO3

- precipitates as CaCO3 (or) MgCO3, 

the RSC in irrigation waters is high. By removing Ca2+ and Mg2+ from irrigation water, solubility 

of Na+ is increased. Depending on the soil texture, crops, soil organic matter, and farmer 
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management skills, high Na+ concentrations coupled with low Ca2+ concentrations in irrigation 

fluids, including river waters, often generate variable degrees of soil permeability challenges 

(Ghafoor et al., 2004). In other words, this situation raises the SAR of soil solution by increasing 

the amount of Na+ in the solution and stimulating the precipitation of CaCO3 in soils. "Long-term 

irrigation water usage affects soil permeability, which is influenced by the soil's Na+, Ca2+, Mg2+, 

and HCO3
- concentrations". High RSC also hinders the growth of plants by upsetting their 

nutritional balance and/or damaging the physical condition of the soil (Murtaza et al., 2021). Six 

rice and wheat crops were irrigated in rotation with high RSC waters, and Ghafoor et al. (2011) 

examined the growth response of these crops. High RSC irrigation fluids (14.9 mmol/L) had a 

negative impact on the first rice crop's grain filling at site 1, whereas site 2's development was 

successful with relatively low RSC (8.98 mmol/L) water (fig. 7). According to the RSC values, 

the examined groundwaters were divided into categories (Table 6). Approximately 95.12% of the 

water samples tested had RSC values under 1.25, making them safe for irrigation. 

Table 6) Based on RSC, the quality of groundwater 

 

The regional distribution of residual sodium carbonate (RSC) in the Mojave aquifer is 

shown in Fig. 7. It reveals that while the best water quality values were discovered in the study 

area's eastern region, where wells are situated on Miocene volcanic and Mesozoic granitic rocks, 

the lowest WQI values were found there. 

"RSC" Quality Range Percent 

<1.25 Good -28.9-0.78 (39samples) 95.12 

1.25-2.5 Doubtful 1.38-1.66 (2 samples) 4.87 

>2.5 Unsuitable -  -  
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Fig. 7. "spatial distribution of residual sodium carbonate (RSC)" in Mojave aquifer 

 

2.1.4 Magnesium Hazard 
 

Water is divided into three categories: Safe, Intermediate, and Dangerous based on the 

Mg2+/Ca2+ ratio (Ravikumar et al. 2011). Ca2+ and Mg2+ typically maintain an equilibrium state in 

most fluids, however they behave differently in soil systems. Magnesium degrades soil structure, 

particularly in waters that are highly salinized and Na+-predominant. Because of the availability 

of exchangeable Na+ in irrigated soils, there is a high Mg2+ concentration. Increased Mg2+ levels 

in water will, in equilibrium, have a detrimental effect on soil quality and lead it to become 

alkaline, which will negatively affect crop production (Ravikumar et al., 2011). 

In order to assess if water quality is appropriate for agricultural usage, Szaboles and Darab 

(1964) established the magnesium hazard (MH). If the MH value is greater than 50, groundwater 

cannot be used for irrigation. 

MR= [Mg2+/(Mg2+ + Ca2+)]*100   

where all values in meq/L. 
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As the soils grow more alkaline, magnesium hazard (MH) levels more than 50% would 

have a negative impact on crop output. MH values ranged from 14.2 to 44.8 in the study region. 

All examined samples had MH values below 50 and may be used for irrigation (fig. 8). 

 

Fig. 8. Spatial distribution of Magnesium hazard (MH) in Mojave aquifer 

2.1.5 Permeability Index 

The permeability of the soil is significantly impacted by prolonged irrigation with water 

that is mineral-rich (Ca2+, Mg2+, Na+, HCO3
-). The permeability index controls the degradation of 

agricultural soil. Utilizing irrigation water that is mineral-rich over an extended period of time 

reduces soil aeration, making it difficult to plow and delaying seedling emergence. Doneen (1964) 

created standards for classifying water based on the Permeability Index value. Three categories—

I, II, and III—were used to group these requirements. Class I and II soils that have permeability 

indices of 75 or above are thought to be acceptable for irrigation. Water classified as Class III and 

having a permeability index of 25 or less is not recommended for irrigation (Rao et al., 2012). As 

a result, Doneen (1964) developed a standard based on the Permeability Index (PI) calculation for 

assessing the suitability of groundwater for irrigation: 
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PI= (Na+ + √ HCO3
-) × 100/ (Ca 2+ + Mg2+ + Na+)                 

In the Mojave Aquifer, 39% of the samples are classified as Class I (PI > 75%) and 61% 

as Class II (PI = 25-75%), indicating that the influence of the examined groundwater is a limit on 

soil permeability (fig. 9). According to the aforementioned calculation, the high permeability index 

values might be attributed to the water samples' high Na+ and HCO3
- contents. 

 

Fig. 9. "Spatial distribution of permeability index (PI)" in Mojave aquifer 

2.1.6 Potential Salinity 

Another indicator of the quality of the water is potential salinity (PS). The following 

equation, which assesses the risk of excessive salt concentration caused by Cl- and SO4
2 -, is used 

to represent it (Khanoranga and Khalid, 2019). Compared to Cl salts, SO4
2- salts are substantially 

less hazardous. So, half of the SO4
2- salt is taken into account when estimating potential salinity 

(Sutradhar and Mondal, 2021). Three categories of water are determined by this parameter: 

appropriate (PS3 meq/L), medium (3–15 meq/L), and unsuitable (>15 meq/L) (Delgado et al., 

2010). 

PS= Cl- + SO4
2-/2            
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Table 7) "The groundwater classification based on potential salinity" 

 

The range of possible salinity in the examined water samples is 0.18 to 21.7 meq/L. About 

47% of the water samples are in the "excellent to good class", 25.5%  of samples are  in the class 

of " good to injurious", whereas 27.5% of the samples fall into "injurious to unsatisfactory" 

category (Table 7). Wells located in the cities of Victorville, Helendale, and Barstow are based on 

the geographical distribution map of potential salinity. Sulphate and chloride are utilized 

economically, primarily in the various chemical industries, and are naturally present in a variety 

of minerals (fig.10). Although they are released into the environment by air deposition and 

industrial waste, the greatest concentrations in groundwater are often caused by natural sources. 

Ammonium sulphate may also be present in groundwater that has been contaminated by fertilizer 

and industrial waste. 

 

Fig. 10. "Spatial distribution of potential salinity (PS)" in Mojave aquifer 

Potential Salinity Water class Range Percent 

<3.0 Excellent to Good 0.18-2.93(24samples)  47 

3.0-5.0 Good to Injurious  3.1-4.93 (13samples) 25.5 

>5.0 Injurious to Unsatisfactory 5.26-21.69(14samples) 27.46 
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2.2 Nitrate Assessment in the Mojave Aquifer 

Although it can originate from natural sources, nitrate is one of the most prevalent 

contaminants in California's groundwater and is mostly over the MCL (maximum concentration 

limit) as a result of human activities (Brown et al., 2020). 

A thorough scientific knowledge of N species transit and change in the subsurface is 

needed to address the concerns of nitrogen species contamination in groundwater. This is a 

challenging task, though, as various aquifers may be impacted by many sources of pollution at 

once and be identified by the presence of "diverse N-cycle activities" along groundwater flow 

paths. Investigation of subsurface N fluxes in agricultural regions may appear even more difficult 

due to the predominance of diffusive N pollution, which makes estimating the entire pollutant 

intake into aquifers difficult. It may be very difficult to comprehend pollutant transmission across 

various aquifer regions and between various environmental compartments within a given 

catchment, such as sediment, soil, the atmosphere, groundwater, surface water, and biota, in such 

a situation (Nikolenko et al., 2018). Stable isotope analysis is used by many environmental 

researchers to learn more about the source, movement, and alteration of nitrogen in groundwater. 

Understanding N migration and mixing from various sources, identifying various chemical and 

biological processes involving N species, and investigating the dynamics and effects of reactions 

that take place are all made easier with the help of this strategy (Kaushal et al., 2011). 

"δ14N and δ15N are two naturally occurring stable isotopes of nitrogen, with natural 

abundances of 99.633 percent and 0.366 percent, respectively". δ16O (99.757%), δ17O (0.038%), 

and δ18O (0.205%) are also the three stable isotopes of oxygen. Nitrogen and oxygen are involved 

in a variety of physical and chemical reactions in the natural world. The stable isotope composition 

is often expressed in terms of the appropriate international standards using per mil notation and 
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delta units: 

"δ (‰) = [(R sample -R standard)/R standard-1] *1000 "         

where "(15N/14N or 18O/16O) R" is the ratio of heavy to light isotopes. The positive and 

negative results represent, respectively, an enrichment and a depletion of heavy isotopes in the test 

sample as compared to the reference sample. In contrast to N2 (air) and "Vienna Standard Mean 

Ocean Water (V-SMOW)", the nitrogen and oxygen isotope ratios (R) are represented as a 

percentage deviation from the 15N/14N or 18O/16O ratios, respectively (Zhang et al., 2019). The 

microbial denitrifier method, which uses denitrifying microorganisms to produce nitrous oxide 

(N2O) from nitrate, is used to evaluate the isotopes of nitrate (snow et al., 2018). 

N isotope measurements in groundwater have been used for decades in denitrification 

investigations to identify the source of N pollution and calculate its attenuation. The method of N 

stable isotope analysis is currently being utilized more often in studies of N2O transport and 

production/consumption in the subsurface due to the growing interest in climate change. 

Applications of this approach in this field are anticipated to improve quantification of N2O fluxes, 

identify areas vulnerable to such emissions, and aid in the understanding of mechanisms governing 

indirect N2O emissions via groundwater pathways. These outcomes will all help to improve the 

constraint and more realistic delineation of N budget and GHG emission on a regional and global 

scale (Nikolenko et al., 2018). Interpreting the experimental data can be challenging even though 

changes in stable N isotope ratios (15N/14N) may possibly reveal important information about N 

fluxes in agro-ecosystems. The observed patterns of isotopic enrichment factor of N species are 

significantly influenced by shifting dynamics of various microbiological (denitrification) 

processes, in addition to the continuous simultaneous mixing of N species derived from various N 

pools, such as atmospheric precipitation, soil organic matter, synthetic fertilizers, and manure 



34 
 

characterized by different isotope compositions (Kendall, 1998). Therefore, it is crucial for proper 

interpretation of isotope signature variability to comprehend the factors and processes that may 

contribute to such variability, take into account the likely magnitude of potential alterations, 

confirm the findings of observations across a variety of ecosystems with various environmental 

settings, and support the interpretation of observed 15N values with findings from other 

experimental methods (Hosono et al., 2013). 

The reported intake of nitrogen into groundwater in agricultural areas comes from a variety 

of sources, including inorganic and organic fertilizers, soil organic N, manure, sewage, and 

atmospheric precipitation. Each source of nitrogen has distinct periods of δ15N-NO3 enrichment 

values that may be used to identify the source of the NO3 and calculate how much of the 

groundwater's content each source of NO3 contributes. Organic and inorganic fertilizers have been 

shown to have different isotopic signatures, which may be accounted for by how they were made. 

However, due to N isotope fractionation during various physicochemical or biochemical processes 

(such as NH3 volatilization, nitrification, or denitrification), the typical isotopic composition of 

inorganic fertilizers in groundwater periodically fluctuates (Xue et al., 2016). On the other hand, 

compared to inorganic fertilizers, organic fertilizers, such as plant compost and liquid and solid 

animal manure, have higher starting δ15N values and a wider range of isotopic composition (+6 ‰ 

to +30 ‰). This is explained by mechanisms occurring in animal wastes, such as isotopically light 

N excretion in urine, the accumulation of heavy δ15N isotope in leftover waste, and the 

volatilization of δ15N -deficient ammonia with subsequent oxidation of leftover waste (Sharp, 

2007). Due to the significant enrichment of δ15N caused by the volatilization of NH3 during 

storage, treatment, and application, and the majority of this NH4
+ being subsequently oxidized to 

δ15N -enriched NO3, NO3 produced by nitrification of manure-N has a higher δ15N -NO3 than both 
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organic and inorganic fertilizers (Widory et al., 2004). 

Bacterial decomposition of organic materials derived from the degradation of plant and 

animal manure results in soil organic-generated NO3. The " δ15N -NO3" of soil NO3 can range from 

+3‰ to +8‰. The likely mixing of nitrogen (N) from fertilizer inputs and N mineralized from soil 

organic matter, which might not be taken up by crops if their needs are already satisfied, must also 

be taken into consideration in fertilizer-polluted groundwater (Li et al., 2007). For instance, 

Danielescu and MacQuarrie (2013) discovered that 72% of the surface and groundwater samples 

from the Trout catchment were within the overlapped range of +3‰ to +5‰. This suggests that 

the reported levels may be related to the use of NH4
+ fertilizers or the presence of NO3 generated 

from organic materials in the soil. Contact with soil N frequently has less of an effect on the 

isotopic signature of NO3 coming from animal or sewage waste since the distribution of waste is 

typically restricted at point sources with high concentrations. 

The amount of nitrogen in atmospheric precipitation is influenced by a number of 

processes, including NH3 volatilization, nitrification and denitrification in soils, and the effects of 

several anthropogenic sources. According to Bedard-Haughn et al. (2003), rain generally contains 

more δ15N-NO3 than the co-existing δ15N -NH4
+. The sources of NO3 pollution are distinguished 

by somewhat diverse δ15N-NO3 isotope ranges, as seen in this overview: "Rainwater – 12 to +11 

‰, inorganic fertilizers – 8 to +7 ‰, organic fertilizers + 6 to +30 ‰, soil organic matter + 3 to 

+8 ‰, manure +5 to +35 ‰, and household sewage + 3 to +25 ‰". The lowest values are for 

inorganic fertilizers, followed by the highest values, which may overlap, for NO3 produced from 

soil organic matter and manure. However, the isotopic composition of NO3 from various sources 

may be susceptible to considerable variations because of fractionation processes occurring during 

certain biochemical or physicochemical events during migration to or within the aquifer (Clark, 
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2015). 

The ambient characteristics of hydrogeological systems where nitrification and 

denitrification occur, such as the availability of electron donors, dissolved oxygen content, 

temperature, pH, residence duration, and other factors, have an impact on the amplitude of the 

reactions (Böttcher et al., 1990). When discussing the impacts of fractionation caused by 

denitrification, the availability of electron donors is typically taken into account. In general, it is 

suggested that when there are few electron donors, denitrification may not have a substantial 

impact on increasing the δ15N of NO3 (Choi et al., 2003). The microbial oxidation of organic C or 

reduced S that may be present in the water might provide the denitrification process with the 

electrons needed. The amounts of dissolved oxygen (DO) in hydrogeological systems can also 

have a sizable impact on the NO3 isotope signatures. It could affect the kinds of N biochemical 

processes that take place, which might lead to changes in the δ15N of NO3 that are either positive 

or negative. Low oxygen levels and denitrification processes, which raise δ15N-NO3, are typically 

linked. On the other hand, nitrification reactions usually include higher oxygen levels, which leads 

to low δ15N-NO3 ratios. Any seasonal changes could affect the δ15N-NO3, resulting in higher 

isotopic enrichment in aquifers where denitrification occurs in the summer or lower values in 

groundwater influenced by nitrification activity in the winter. This is because water temperature 

influences microbial activity and, as a result, DO content in groundwater. Evidence of the impact 

of water temperature is still not obvious, yet, since other articles contend that seasonal fluctuations 

in δ15N–NO3 levels are not present (Danielescu and MacQuarrie, 2013). To better understand NO3 

production/consumption mechanisms and the impact of temperature on their dynamics, it is 

essential to look at microbial communities and the distribution of possible denitrifying species 

(Hernández-del Amo et al., 2018). The pH range is another important factor that controls the 
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intensity of microbiological activities and the degree of fractionation impact. It has been 

discovered that the optimal pH range for nitrification is between 6.5 and 8, with reaction rates 

anticipated to be significantly decreased below pH 6.0 and above pH 8.5. The ideal pH is site-

specific, however denitrification processes often take place in a range of 5.5 to 8 due to the effects 

of adaptation on microbial populations (Tomaszewski et al., 2017). The extent of confined and 

unconfined zones in the subsurface system, their connection, and the location of recharge areas 

along the aquifer are a few examples of the hydrogeological characteristics that should be 

thoroughly examined in conjunction with a thorough examination of the distribution of δ15N-NO3 

in groundwater (Nikolenko et al., 2018). 

Different human sources and atmospheric and terrestrial NO3 sources may be distinguished 

using both the δ18O and δ15N of NO3 (Xue et al., 2016). Additionally, the difference between N2O 

produced by nitrification and N2O produced by denitrification may be determined using oxygen 

isotope ratios (Jin et al., 2015). It may be possible to discriminate between NO3 inflows coming 

from fertilizer application and other sources, such as nitrification of NH4
+ or organic N, using the 

isotopic signature δ18O-NO3 in particular. The δ18O value of synthetic NO3 fertilizers, which are 

produced from atmospheric N2, is around +23.5‰ in the atmosphere (Moore et al., 2006). Because 

NO3 from nitrification processes only includes one δ18O atom from dissolved air O2 and the 

remaining two atoms from water, NO3 from other sources has a lower δ18O value (Kendall and 

Aravena, 2000). The isotopic signature of nitrified δ18O-NO3 may be calculated using the 

following equation: 

"δ18ONO3
-= 1/3*δ18OO2+2/3*δ18OH2O" 

Nitrification has been associated with δ18O-NO3 levels that are near to zero (Böhlke et al., 

2006) or between -2‰ and +6‰ (Liu et al., 2006). However, a number of mechanisms that might 
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alter those numbers affect the isotopic composition of NO3 produced during nitrification: 1) 

Evaporation may enrich H2O in δ18O isotopes (Hoefs and Hoefs, 2015), 2) In contrast to air O2, O 

isotope fractionation during respiration can increase the soil's 18O value, 3) "the ratio of O 

incorporation from H2O and O2 is not exactly 2:1 (e.g. more O2 may be derived from atmospheric 

O2 when NH4
+ is limiting)" (Kool et al., 2011), 4) Nitrification may be suppressed by low pH 

conditions that promote the growth of another microbial activity that consumes more ambient O2 

than nitrification (Xue et al., 2016) , and 5) "oxygen isotope exchange of intermediates 

(particularly NO2) with natural water"  (Granger and Wankel, 2016).  

Furthermore, atmospheric precipitation may have an impact on "the isotopic expression of 

δ18O-NO3" in groundwater. Its δ18O range is from +30 to +70‰ (Barnes et al., 2010). A seasonal 

variation was identified in atmospheric NO3 deposition of δ18O-NO3 by Williard et al (2001). They 

connected atmospheric NO3 with δ18O in the range of 52.5‰ to 73.4‰. However, such high δ18O 

concentrations are uncommon in agricultural regions like the southern portion of California and 

are frequently found in groundwater beneath forest ecosystems that have not had significant 

anthropogenic impact. The typical δ18O values of NO3 derived from nitrification are significantly 

lower than those of NO3 derived from precipitation and NO3 derived from fertilizer application 

(including δ18O values of NO3 derived from NH4
+ in fertilizers and precipitation, NO3 derived 

from soil N, and NO3 derived from manure and sewage). Constant ratios can be used to identify 

the simultaneous enrichment of residual NO3 with δ18O and δ15N isotopes caused by 

denitrification. Therefore, combining N and O isotope measurements with O isotope analysis can 

aid in the understanding of the nature of the δ15N variation in groundwater (Zhang, et al., 2019). 

2.2.1 The Correlation Between Nitrate and Various Factors in Mojave Aquifer 
 

The concentration of nitrate in the Mojave aquifer varied from 1.36 to 21.8 mg/L, with a 
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mean value of 4.5 mg/L. (fig.11). All water samples, with the exception of one well in the 

southwest corner of the Mojave basin aquifer, had nitrate concentrations below the Maximum 

Contaminant Level (MCL) established by the Environmental Protection Agency (fig.12). The 

mean level of nitrate in the aquifer is around 4.2 mg/L, however 30% of the examined wells have 

nitrate concentrations greater than 3 mg/L. The so-called "human influenced value" is the nitrate 

concentration in groundwater that exceeds the 3 mg/L NO3
--N threshold and is deemed 

contaminated as a result of human activity (Babiker et al., 2004). According to the graph (fig. 12), 

the years from 2007 to 2009 had the highest concentration of nitrate. The California Department 

of Water Resources (2010) has estimated that this period (2007-2009) has been " the 12th driest 

period in recorded climatic history" in southern part of California.  

 

Fig.11. Spatial distribution of nitrate in Mojave aquifer 

According to Jutglar et al (2021), Increasing the intensity and durations of wet-dry cycles, 

which may result in higher groundwater nitrate concentrations due to nitrate flushes after drought 

termination, are one primary factor in high nitrate values. 

The amount of nitrate that is available for leaching from soil is the key factor affecting the 
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nitrate content of groundwater in shallow groundwater where oxygen is typically present. In the 

top 30 m of an aquifer in the Mojave, nitrate levels dropped with depth. In many circumstances, it 

is challenging to forecast the time needed for nitrate to flow through the soil into ground water 

because of various factors such as application rate, the soil type and the depth to the water table 

(Mike Nugent et al., 1993). (Mike Nugent et al., 1993). The relation between nitrate content and 

well depth is inverse, as seen in Fig. 13. In the research location, the top 50 m of groundwater 

typically has high nitrate values. Nitrate content reduces with depth below 50 m. No definitive 

conclusions can be drawn regarding the vertical nitrate profile in groundwater, despite the 

possibility that land cover, soil type, and groundwater recharge all have a significant influence on 

nitrate concentrations. The typical statistical characteristics of nitrate levels relative to well depth 

are provided in Fig. 14 and table 8 in order to more clearly illustrate how nitrate content varies 

with depth. 

 

Fig. 12. nitrate concentration of Mojave aquifer in the range date of 2000-2018 (the average 

value of all sampled well in each year) 

 

The result demonstrates that nitrate concentration reaches its peak between 0 and 30 meters 

below the surface. The denitrification process, which occurs when nitrate is reduced chemically or 

biologically in the presence of organic carbon and denitrifying bacteria, is likely the cause of 
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certain wells' nitrate concentrations in the 30–50 m range being lower than those in the >50 m 

range (Majumder et al., 2008). The characteristics of nitrate's horizontal and vertical distribution 

in groundwater point to a surface source of nitrate contamination. 

 

Fig. 13. Vertical distribution of nitrate contents in Mojave aquifer 

 

Fig. 14. The max, min, and mean value of nitrate in 

different depths 

 

 

 

Table.8) Nitrate concentration in different depths 

 

 

Additionally, in this study the spearman correlation between main factors such as well 

depth, EC, SO4, Ca, Mg and K may affect the nitrate concentration in the groundwater is evaluated 

using bivariate plots against NO3 (fig.15). A rise in NO3 with an increase in the ionic strength of 

the groundwater in the Mojave aquifer was shown by a positive relation between EC and nitrate 
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(Fig 6). This demonstrates that nitrate and major ions might be generated from the same source(s).  

 

 

 

 

 

 

  

 

 

 

Fig. 15. The graphs showing correlation between nitrate and major ions in the Mojave aquifer 

2.2.2 Evaluation of Nitrate Sources Using Stable Isotopes 
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In the Mojave aquifer the δ15N-NO3 ranged from +1.0 to +11.5‰, while δ18O-NO3 ranged 

from -1.7 to 7.8‰ respectively from 2005 to 2019 (Fig. 16), (table 9). However, the δ15N-NO3 and 

δ18O-NO3 in one well located on Fort Irwin (the north part of Mojave Desert) is +18.5 and +11.1‰ 

respectively. This well is located in urban area with a shallow depth of 3.2 feet showing the effect 

of manure and septic wastewater on nitrate concentration in the groundwater. Hence, according to 

the typical end-members ranges of nitrate isotopes (Kendall, 1998) in the studied wells, the most 

samples fall the overlapped ranges between soil organic matter (from +3‰ to +8‰), manure (from 

+5‰ to +25‰), and of chemical fertilizers (from -6‰ to +6‰) and Mixing of different sources 

could also provide the general trend observed in the data (fig. 16). Therefore, the ratios of δ15N-

NO3
-and δ18O-NO3 were mostly spread among the chemical fertilizer, soil and organic matter, and 

manure whereas the ratios of δ15N-NO3
-and δ18O-NO3

-were moderately scattered, suggesting that 

the nitrate contamination was brought on by the three sources together. It is challenging to 

determine which of the sources is prominent due to the overlap. 

Manure is the most likely source of NO3
- in the polluted wells because active agricultural 

regions, urban areas, and a small number of dairy farms are all present. The NO3
- pollution may 

result from manure being used as fertilizer to agricultural lands or from direct contamination of 

urban wastewater. 

The enrichment ratios of δ15N and δ18O are positively associated by a factor ranging from 

1.3:1 to 2.1:1, and the nitrification raises the values of δ15N and δ18O nitrate. This demonstrates 

that even if isotope fractionation via denitrification occurs, the initial isotope composition may still 

be inferred by knowing the enrichment factor. However, it seems that denitrification doesn’t the 

only factor affecting nitrate concentration in the Mojave aquifer. if denitrification was responsible 

for the increasing  values, the wells with heavier values would have a lower nitrate concentration.  
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This does not appear to be the case as the wells with heavier  values also have a higher nitrate 

concentration (Fig. 16).  

 

 

Fig. 16 "Expected δ15N–NO3 versus δ18O–NO3 ranges for natural and anthropogenic nitrate 

sources. (The ranges of isotopic composition of various sources including atmosphere 

deposition, Chemical NO3− fertilizer, chemical nitrogen fertilizer, soil organic nitrogen and 

manure & sewage in the diagram were based on Kendall (1998)" 

 

The correlation between the well depths and nitrate concentration indicated that NO3
- 

contamination is most prevalent in about 70% (n=110) of shallower wells of the Mojave aquifer 

demonstrating how NO3
- travels from the surface to the aquifer system. or through advection and 

dispersion, flows through the aquifer system. On the other hand, 30% of the studied wells with 

depth more than 100 m have nitrate concentration more than 3 mg/L and the mean value of 15.7 

mg/L. Most likely, the pollution was brought on by irrigation water that had come into contact 

with manure over a period of time that may have spanned many years. Isotopic data can be used 

to assess the infiltration of irrigation water polluted with NO3. The enriched δ H and δ18O values 

in wells with high NO3
- concentrations (Fig. 17) (table 9) suggest that either groundwater is 

pumped from the enriched water of all the examined wells or that groundwater is refilled by 
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irrigation canals. 

 

Fig. 17. "The global meteoric water line (GMWL) compared to the local meteoric water line" in 

the study area 

 

Table 9) the nitrate and stable isotopes values in the studied wells-Mojave aquifer 

 

To distinguish between denitrification and simple mixing, plots of the δ15N-NO3 
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nitrate" (Fig. 18) does not indicate the drop in NO3 concentration caused by the " δ15N-NO3 

enrichment" to imply fractionation by denitrification (Yin et al., 2020). Additionally, the lack of a 

link between the inverse nitrate concentration and the δ15N-NO3 indicates the role that 

denitrification played in the Mojave aquifer's nitrate pollution. 

 

a) 

 

b) 

c)  

Fig.18. a) Nitrate versus δ15N –NO3, b) natural log of nitrate concentration versus δ15N –NO3, 

and c) inverse nitrate concentration (1/NO3N) versus δ15N -NO3 

 

2.3 Heavy Metals Evaluation in Groundwater 
 

Because of the world's rising population and economic growth, heavy metal pollution in 

groundwater has become a severe problem, with metals entering through a variety of natural and 
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manmade processes. In contrast to human sources, such as mining and mineral extraction, 

household, agricultural, and industrial wastes, natural processes include the weathering of rocks 

and soils, the decomposition of living things, and the influence of the atmosphere (Kabir et al., 

2020; Singh et al., 2017; Dede, 2016). Micronutrients that are classified as heavy metals can be 

hazardous to human health if their concentration exceeds the set limits. As a result, it is crucial to 

assess the presence of heavy metals with a relatively high concentration in groundwaters in dry 

and semiarid regions like southern California, which is the major emphasis of this research. For 

instance, more than 13 million Americans, mostly in Western states, are exposed to arsenic in 

drinking water at quantities more than 10 µg/L. (Adeloju et al., 2021). As a result, monitoring them 

in groundwater used for drinking purposes is critical for human health (Singh et al., 2014). 

According to Musgrove (2021), strontium (Sr) distribution and abundance data from 

groundwater samples taken from 32 major aquifers (PAs) in the United States were used to 

examine factors that impact the concentration of Sr. The common trace element strontium was 

detected in 99.8% of groundwater samples (n = 4,824; median = 225 µg/L), and it is present in 

soils, rocks, and water. Concentrations in 2.3 percent of the samples above the 4,000 µg/L health-

based screening threshold. The groundwater type has a role in determining the proportionate 

influence of regulating variables on Sr concentration, which is regionally variable. As it has a 

relatively high concentration in the Mojave aquifer in the southern part of California due to the 

carbonate water type of this aquifer, the majority of high concentrations (>4,000 µg/L) in drinking-

water supply wells were observed in samples from carbonate aquifers that were the result of 

"water-rock interaction with Sr-bearing rocks and minerals" (Hassanvand and Hays, 2022). High 

Sr concentrations from monitoring wells were more common in unconsolidated sand and gravel 

aquifers in dry or semi-arid regions where shallow groundwater is affected by irrigation and 
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evaporative concentration of dissolved elements together with lithologic or applied Sr sources. A 

high concentration of total dissolved solids always denotes a high Sr content. With 86 percent 

reliant on carbonate aquifers, an estimated 2.2 million people in the southeast of the United States 

may receive their water from public supply wells with high Sr concentrations. 

As a result, there are several indices available to measure the quantity of heavy metals in 

groundwater. WQI could only examine physical characteristics and major ion chemistry; it does 

not include all potential contaminants, such as heavy metal and trace element toxicity (Sahoo and 

Khaoash, 2020). However, the Heavy metals Pollution Index (HPI), Heavy Metals Evaluation 

Index (HEI), and Cd (Contamination Index) indices are frequently used to define the general 

condition of water quality with regard to heavy metals and to evaluate the quality of water for 

drinking and irrigation uses (Kabir et al., 2020). (table 11). 

HPI evaluates the combined impact of individual heavy metals on overall water quality. Its 

calculation method is based on a rating system (value ranges between 0 and 1) that can be used to 

rank particular heavy metals according to how important quality concerns they are to society as a 

whole. It can also be used to calculate values that are inversely proportional to the maximum 

permissible (Si) and maximum desirable limits (Ii) for each heavy metal. The amount of heavy 

metal ions present and their concentrations in relation to the permitted water quality criteria are 

the two elements that define the HPI in water (Prasanna et al., 2012). 

HPI is represented by following equation, where "n" is the number of evaluated elements, 

and Qi is the sub-index of each parameter. It is calculated by following equation: 

HPI=
∑ 𝑊𝑖𝑄𝑖𝑛

𝑖=1

∑ 𝑊𝑖𝑛
𝑖=1

                       

Qi=∑
|𝑀𝑖−𝐼𝑖|

𝑆𝑖−𝐼𝑖
× 100𝑛

𝑖=1            

"Ii is the ideal value of the ith parameter, and Mi is the monitored value of heavy metal for 



49 
 

that parameter" (Herojeet et al, 2015). 

HEI index represents an"overall quality of the water" in terms of heavy metals 

concentration. It is calculated as the equation (Prasanna et al., 2012): 

HEI=∑
𝑀𝑖

𝑆𝑖

𝑛
𝑖=1                     

Where Mi and Si are the monitored value and maximum concentration permissible of the 

ith parameter (heavy metal). High concentrations of metal compared to Si value indicate poor 

water quality. The contamination index (Cd) computes the combined effects of many aspects of 

water quality that are regarded as potentially dangerous components for drinking water (Prasanna 

et al., 2012; Backman et al., 1998). It is written as the equation below: 

Cd=∑ 𝑐𝑓𝑖𝑛
𝑖=1                

Cfi=
𝐶𝑎𝑖

𝐶𝑛𝑖
− 1                

Where "Cfi is the contamination factor, Cai is the analytical value, and Cni is the upper 

permissible concentration of the ith parameter (heavy metal)". These indices are used for As, B, 

Cr, Fe, Mn, and Sr in Mojave aquifer (table 10). 

Table 10) values used to HPE, HEI, and Cd indices  

 

Table 11) Indices for groundwater assessment for drinking water use 

Heavy metals "W" "S" "I" "MAC" 

As 0.02 50 10 50 

B 0.002 500 0 500 

Cr 0.02 50 50 50 

Fe 0.005 300 200 200 

Mn 0.02 100 500 50 

Sr 0.0003 4000 0 4000 
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Indices Formula Category Ranges 

Heavy metals pollution index 

Parsad (2001) 

 

HPI=
∑ 𝑊𝑖𝑄𝑖𝑛

𝑖=1

∑ 𝑊𝑖𝑛
𝑖=1

 

Qi=∑
|𝑀𝑖−𝐼𝑖|

𝑆𝑖−𝐼𝑖
× 100𝑛

𝑖=1  

Suitable 

Threshold risk 

unsuitable 

<100 

=100 

>100 

 

Heavy metals evaluation index 

Edet and Offiong (2002) 

 

HEI=∑
𝑀𝑖

𝑆𝑖

𝑛
𝑖=1  

Low 

High 

<1 

>1 

 

Contamination index 

Al-Ami et al. 1987 

Cd=∑ 𝑐𝑓𝑖𝑛
𝑖=1  

Cfi=
𝐶𝑎𝑖

𝐶𝑛𝑖
− 1 

Low 

Medium 

High 

1< 

1-3 

>3 

 

Trace elements' distribution and existence in groundwater are based on their degree of 

weathering and movement. The pH of the aquifer is one of the factors that regulates metal 

solubility there. Metal solubility is reduced by a high pH, resulting in a low concentration in the 

water. On the other hand, a low pH or acidic condition in the water makes metals from the rock or 

soil more soluble, resulting in a high metal load in the water. 110 wells analyzed from 2000 to 

2019 had water with a pH range of 7 to 9.4 that is neutral to alkaline in character. The sequence of 

the mean metals is as follows: Sr>B>Fe>Mn>As>Cr. With a mean of 10.14, the Sr concentration 

varies from 0.0047 to 12.9 µg/l. Seven wells (n=87) exhibit Sr pollution and their results are more 

than 4 mg/L when compared to EPA/WHO regulations. In nature, strontium is often found as the 

Sr2+ cation and exhibits geochemical behavior akin to that of Ca2+. The main factor limiting Sr2+ 

mobility in the subsurface at neutral to alkaline pH ranges is sorption to clay particles and iron 

oxide minerals. Sr2+ mobility rises as ionic strength rises because strontium bound by outer sphere 

sorption is susceptible to remobilization by ion exchange reactions with Ca2+ and Mg2+ (Wallace 
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et al., 2012). Interestingly, despite the considerable capacity of phosphate biominerals to sorb Sr2+ 

as outer sphere complexes, certain tests have shown that sorbed strontium is susceptible to 

remobilization in high ionic strength environments (Handley-Sidhu et al., 2014). Despite this, at 

high pH conditions or high phosphate concentrations, Sr2+ may be absorbed into calcium-carrying 

minerals like calcite (CaCO3) and Ca-phosphate minerals like hydroxyapatite (Ca5(PO4)3OH) 

(Thorpe et al., 2012). 

With a mean of 0.3 mg/L, the boron content varies from 0.008 to 5.7 mg/L. According to 

the EPA, 0.5 mg/L of boron is the maximum permitted level, hence 47% of the 108 wells that were 

analyzed contain boron pollution. Increases in hazardous components like boron are typically seen 

in groundwater with high salt levels. There are several plausible explanations for the coexistence 

of this pollutant, including the salt effect, competing adsorption for the active sites on the 

adsorbent, microbiological activity, and cation exchange (Li et al., 2020). Therefore, the Mojave 

aquifer's comparatively high salinity may provide a conducive environment for boron (B) 

solubility. Additionally, boron and SO4
2- show a high association, suggesting a geogenic origin, 

and SO4
2- is shown to be a prominent anion in the investigated wells. The range of the Fe content 

is 0.022 to 0.771 mg/L (average 0.22 mg/L). The Fe content is larger than the preferred limit (0.3 

mg/L) of the EPA/WHO among the examined wells (n=70), showing the influence of weathered 

granitic and metamorphic rock as a potential source. These three wells had Fe concentrations of 

0.4, 0.42, and 0.7 mg/L. The range of arsenic in the sample is 0.001 to 0.17 mg/L (average: 0.00629 

mg/L). Nevertheless, arsenic contamination is present in 17 wells, with a mean value of 0.0538 

and a value more than 0.001 mg/L. These wells are mostly found in the Mojave River drainage 

basin, which contains a largely coarse granitic river channel, as well as in the area surrounding the 

floodplain, which contains alluvium formed from older stream deposits, locally derived alluvial 
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fans, playa lake deposits, and fractured bedrock. 

Inorganic arsenic (iAs) found in groundwater and some foods is very hazardous, with well-

documented health impacts. Recent studies of arsenic's great sensitivity to pH, redox conditions, 

and co-occurring elements in groundwater reveal a more complicated geochemical scenario for its 

formation and toxicity (Ali et al., 2019). According to Ali et al (2019) higher concentration of 

"sulfates (SO 4
2-), chloride (Cl-), and carbonate (CO 3

2-)", as well as elevated EC and pH, and 

increased presence of arsenic species, were all indicators of oxidizing conditions in groundwater. 

Arsenic may be mobilized at pH 6.5–8.5, a common pH range in groundwater, under 

oxidizing and reducing circumstances. On the other side, common anthropogenic sources include 

agriculture, livestock, and industrial manufacturing. It has been proposed that the presence of 

nitrate in groundwater may play a significant role in the oxidation of arsenic to aspartate (V). It is 

more frequent for nitrate to act as a final electron acceptor in anoxic conditions (Adeloju et al., 

2021). 

With mean concentrations of 114 for 6 heavy metals (As, Sr, Fe, Mn, B, Cr) in 110 

groundwater sample years between 2000 and 2019, the Mojave basin aquifer's HPI varies from 95 

to 132. It is implied that all groundwater samples, with the exception of one well, are over the 

threshold value of 100 and are thus unsuitable for human consumption.  

The rang value and mean concentrations of HPI for the Mojave basin aquifer deviates from 

96 to 132 and 114 respectively for 6 heavy metals (As, Sr, Fe, Mn, B, Cr) in 110 groundwater 

samples years between 2000-2019. It is inferred that, except on well, all the groundwater samples 

are above the critical value of 100, hence unfit for human consumption.   

 

HEI has also been evaluated to gain a better knowledge of the pollutant loads; its range is 
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0.2 to 14.2, with a mean value of 2.0. where the monitored value and the maximum allowable 

concentration of the ith parameter, respectively, are Mi (heavy metal concentration) and Si 

(standard value) (heavy metal). When compared to Si values, high metal concentrations imply 

poor water quality. This index states that this water cannot be used if the concentration of each 

element is more than the standards' maximum allowable value (the Mi/Si ratio is greater than 1). 

As a result, the HEI index defines a value of "one" as the threshold for pollution risk (Seifi and 

Riahi, 2018). As a result, nine out of the 70 studied wells have HEI values more than 1, making 

them unsuitable for home usage. 

To determine the degree of metal pollution, the contamination index (Cd) is also used. The 

mean and range of Cd readings are -5.9-8.2 and -3.92, respectively, and 4 wells (n=70) are 

classified as having substantial pollution. Surface runoff-derived heavy metal buildup in polluted 

wells mostly impacts samples that are positioned in the direction of the flow. 

Alfalfa, small grains (for hay), onions, carrots, peaches, pears, and nectarines are the main 

crops in the study region. Farmers use a variety of chemical fertilizers, insecticides, fungicides, 

and weedicides extensively to increase crop productivity. Since intensive agriculture has been 

practiced for a long time, leaching mechanisms have sustained the metal buildup. 

 

a) 
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c)   

Fig. 19. Scatter plot of a) HPI versus HEI b) HEI versus Cd c) HPI versus Cd indices and their 

correlation of determination in the Mojave aquifer 

 

Different indices indicate various risk classifications. As a result, a scatter plot of HPI, 

HEI, and Cd against one another has been created and is displayed in Fig. 19, table 12, for more 

information. The scatter figure clearly shows a substantial association between HEI and Cd with a 

correlation coefficient value of R2 = 1, while only weak correlations between HPI and HEI and 

between Cd and HPI are shown (R2 = 0.39 and 0.39, respectively). As a result, choosing between 

the HEI and Cd indices, or using both, may be a preferable alternative for classifying samples. 

Additionally, Fig. 20 illustrates the geographical distribution of these indices in the research region 

to visually identify the contaminated areas. It clearly shows the link between Cd and EHI, and the 

majority of the contaminated wells are in the cities of Helendale and Victorville. 

Table 12) Spearman correlation between indices , studies heavy metal, nitrate, pH and Eh 

 

R² = 0.9945
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HPI HEI Cd As Boron Cr Fe Sr Mn NO3 ph EC

HPI 1

HEI 0.63 1.00

Cd 0.63 1.00 1.00

As 0.33 0.15 0.15 1.00

Boron 0.18 0.08 0.08 0.44 1.00

Cr -0.11 -0.11 -0.11 -0.19 -0.18 1.00

Fe 0.02 0.02 0.02 0.31 0.02 -0.21 1.00

Sr 0.19 0.04 0.04 0.02 0.55 -0.20 0.00 1.00

Mn 0.29 0.02 0.02 -0.05 -0.02 -0.11 -0.02 0.62 1.00

NO3 0.06 0.05 0.05 -0.09 -0.10 0.13 -0.05 -0.11 -0.05 1.00

ph 0.01 -0.16 -0.16 0.02 0.20 0.06 -0.21 0.14 0.10 -0.11 1.00

EC 0.22 0.77 0.77 0.16 0.00 -0.17 0.03 -0.02 -0.06 0.02 -0.38 1.00
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a) 

 

b) 
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c) 

Fig. 20. "Geographical distribution of studied parameters in the Mojave aquifer: a) HPI b) CD c) 

EHI" 

 

Chapter 3: Central Valley-San Joaquin Valley- Tulare Basin  

The aquifer system of the Central Valley is composed of unconfined, semi-confined, and 

confined aquifers that are mostly found in the upper 300 meters of alluvial deposits deposited by 

streams draining the nearby Sierra Nevada and Coast Ranges. The upper 300 meters of the deposits 

are where the majority of the groundwater in the Central Valley is found. However, groundwater 

with dissolved solids less than 2000 mg/L can be found at depths greater than 900 m in the southern 

San Joaquin Valley and in the alluvial deposits that fill the structural troughs along the west side 

of the Sacramento Valley (Faunt, 2009). Under these depths, thick marine sedimentary rocks trap 

saline water (Planert and Williams, 1995). The Central Valley aquifer's sediments are varied, with 

a range of 30% to 70% coarse-grained texture across the valley (Burow et al., 2013). In the western 

portion of the San Joaquin Valley, the Corcoran Clay, a geographically limiting unit, divides the 
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groundwater flow system into two zones: upper semiconfined and lower confined (Burow et al., 

2004). The Sierra Nevada and Coast Ranges' respective source materials have different 

compositions, as shown by the aquifer's shifting texture from east to west. Contrary to the Coast 

Ranges' shale-rich composition, which results in finer-grained sediments on the valley's western 

side, the Sierra Nevada's crystalline composition provides a greater source of coarse material to 

the Central Valley (Faunt et al., 2010). 

Agriculture is the Central Valley's main land use, making it one of the most profitable 

agricultural regions in the world with more than $40 billion in earnings in 2013. (Great Valley 

Center, 2014; USDA, 2012). An extensive network of canals transports the water needed for 

agriculture from reservoirs in the Sierra Nevada and foothills (Faunt, 2009). Wells in the Central 

Valley are reportedly drying up because groundwater levels are dropping, according to Jasechko 

and Perrone (2020). Their investigation provided information on the southern Central Valley, 

where groundwater use and depletion were significant, and the study of dry wells was limited by 

the availability of well-constructed data. There are less groundwater supplies in many, but not all, 

of the areas where wells are drying up because those areas are classed as critically over drafted 

basins. By balancing groundwater recharge and losses in certain locations, either by supply 

augmentation or pumping reductions, the number of wells that run dry in the future can be 

decreased. Alarming rates of well drying are occurring in the home. 

Two basins—the San Joaquin Basin in the north and the Tulare Basin in the south—make 

up the San Joaquin Valley, which makes up the southern two-thirds of the Central Valley (Fig. 

21). Arid to semi-arid Mediterranean climate characterizes the San Joaquin Valley, with mean 

annual precipitation ranging from 15 to 20 inches between 1911 and 1960. (Gronberg et al., 1998). 
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"https://ca.water.usgs.gov/projects/central-valley/about-central-valley.html" 

Fig. 21. The location of San Joaquin valley (San Joaquin & Tulare Basin aquifers) 

 

The San Joaquin Valley's southernmost region includes the internally drained Tulare Basin, 

which is surrounded by mountains on three sides. The Tulare Basin was separated from the San 

Joaquin Basin's southern end by the convergence of alluvial fans to the east and west (Faunt, 2009). 

The Tulare Basin is home to Tulare Lake, which was formerly the largest freshwater lake west of 

the Mississippi River and the second largest lake in terms of surface area in the United States 

(Moore et al., 1990). The Tulare Basin aquifer's textures show that fine- and coarse-grained 

material predominates in the top 230 m and the ancient Tulare Lake-bed, respectively, northwest 

of the Corcoran clay (Faunt, 2009). 

One of the most productive agricultural areas in the country is where Tulare County is 

situated. This county's main economic activity is agriculture, which contributes 35% of the state's 

total agricultural economy. With an estimated $3.5 billion in yearly agricultural income, Tulare 

https://ca.water.usgs.gov/projects/central-valley/about-central-valley.html
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County is the most economically successful county in the United States. Tulare has been the 

leading milk-producing county in the US since 2003. (California State Water Resources Control 

Board Groundwater Protection Section, 2016). 

The Tulare Shallow Aquifer covers around 6,008.8 km2 and is situated in the southern San 

Joaquin Valley (fig. 22) and the close-by Sierra Nevada mountains (Bennett et al., 2017). The 

alluvial and fluvial deposits from the Sierra Nevada to the east, which date to the Quaternary, make 

up the freshwater aquifer system in the groundwater basins. It has two zones, with The Corcoran 

Clay in the bottom zone and an upper zone with a clay-rich lacustrine unit (Faunt, 2009). 

Groundwater recharge in this aquifer is influenced by the Sierra Nevada snowfall, precipitation, 

river and stream seepage, irrigation water percolation, canal seepage, and intentional recharge 

(California, Department of Water Resource) (DWR, 2004). 

The principal aquifer's boundaries are defined by the eastern alluvial fan’s region in the 

eastern Tulare basin, which has been heavily farmed and irrigated since the early 1900s. The 

central and western portions of the Tulare Basin contain the nonmarine Tulare Formation, which 

is made up of relatively permeable unconsolidated layers of clay, silt, sand, and gravel that are 

mostly from the Coast Range, which marks the western edge of the basin. 
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Fig. 22. The location of Tulare aquifer and studies wells in California 

 

3.1 Water Quality Assessment for Irrigation in Tulare Aquifer 
 

The sustainability of irrigated agriculture in many arid and semiarid regions of the world 

is under jeopardy owing to a combination of various connected issues, including a lack of fresh 

water, inadequate drainage, the presence of high-water tables, and the salinization of soil and 

groundwater supplies. In the San Joaquin Valley, more than anyplace else in the country, these 

issues are evident. A detailed understanding of salinization processes at regional spatial and 

decadal time scales is required to evaluate the sustainability of irrigated agriculture (Schoups et 

al., 2005). 

Accordingly, the quality of Tulare aquifer has been evaluated based on salinity indices in 
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years from 2001to 2020 (table 13), to identify the groundwater classification for agricultural uses.  

Table 13) water quality parameters in Tulare aquifer for irrigation uses years 2000 to 2020 

 

The pH range of the local groundwater samples is 6.1 to 9.6, with a mean of 7.7, indicating 

alkaline conditions. The average pH in 20 wells (n=143) is 6.6, however. As can be observed in 

Fig. 23, the majority of the water samples that have been investigated are situated in the Ca2+–

Mg2+–HCO3
− section where carbonate minerals might potentially impact them. In reality, the plot 

demonstrates that the majority of the groundwater samples fall into the category of alkaline earth 

metals (Ca2+, Mg2+), which predominate over alkalies (Na+, K+), and weak acids (CO3
2-, HCO3

-), 

which outweigh strong acids (Cl-, SO4
2-). However, 12 wells (HLS02, HLS09, HLS14, KAW03, 

KAW04, KAW05, KAW07, KAW08, KAW09, KAW10, KAW11, KAW12) located on the east 

parameter  Unit Maximum Minimum Mean 

Ca2+ Mg/L 570 1.0 50.2 

Mg2+ Mg/L 128 0.02 11.0 

Na+ Mg/L 442 1.9 71.9 

K+ Mg/L 8.54 0.08 1.9 

Cl- Mg/L 517 0.3 46.5 

SO4
2- Mg/L 1730 0.2 61.6 

HCO3
- Mg/L 848 56 233 

CO3
2- Mg/L 19 0.001 1.2 

EC µS/cm 2970 35 637.5 

pH  - 9.6 6.1 7.7 

Na% % 98.4 5.9 48.8 

SAR -  24.2 0.09 3.6 

RSC meq/L 11.5 -15.2 0.2 

MH % 88.9 0.9 21.9 

PI % 141.4 29.8 79.2 

PS meq/L 20.6 0.02 1.9 
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and central part of Tulare aquifer are Na+K type (fig. 23). "The freshwater aquifer system in the 

groundwater basins is composed of Quaternary-age alluvial and fluvial sediments primarily 

derived from the Sierra Nevada to the east and is divided into upper and lower zones by a clay-

rich lacustrine unit, the Corcoran Clay" (Faunt, 2009). The granitic rocks from the Mesozoic era 

make up the majority of the fractured rock aquifers in the highlands. Overall, ion exchange, 

evaporation, and concentration mostly impacted the hydrochemical facies of Tulare aquifer 

samples. 

 

Fig.23. Piper diagram showing water type in the Tulare aquifer 

 

3.1.1 Salinity Index and Salinity Hazard 
 

The number of dissolved solids in the water has a strong correlation with its electrical 

conductivity (EC), a critical component in categorizing the utility of water. 

With the exception of one well in the east section of the aquifer, where the electrical 
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conductivity was 38 µs/cm, the electrical conductivity values varied from 120 to 2,670 µs/cm, with 

a mean of 641.9 µs/cm (table 14). 

Table 14) Classification of water salinity based on EC (Handa1969) 

 

Approximately 9.95% of the total groundwater samples (n=181) had low EC and high 

quality for irrigation, as determined by the EC classification. 23.8% had high salinity, 65.16 

percent have medium salt enrichment, and 1.11 percent of the samples have extremely high 

salinity. The central and western portions of the Tulare aquifer are where more than 90% of 

examined wells with EC greater than 750 µs/cm are found. Alluvial and river deposits from the 

Sierra Nevada make up the majority of the geological formations in these regions, which date to 

the Quaternary. 

Groundwater salinization assessment is critical in the assessment of water quality for 

irrigation purposes because salinization may result in the loss of soil productivity. It is crucial to 

express the total amount of dissolved salts in irrigation water in terms of the electrical conductivity 

of water for diagnostic and categorization reasons. Water samples are divided into four categories 

based on their electrical conductivity (table 15). 

 

EC (µS/cm) Water salinity EC range (no. of sample) Percent 

0-250 Low (excellent quality) 120-246 (18 samples) 9.9 

251-750 Medium (good quality) 256-743 (118 samples) 65.1 

751-2,250 High (permissible quality) 751-2,040 (43 samples) 23.8 

2,251-6,000 Very high 2,650-2,970 (2 samples) 1.2 

6,001-10,000 Extensively high -   - 

10,001-20,000 Brine weak concentration -  -  

20001-50000 Brine moderate concentration  - -  

50001-100000 Brine high concentration -  -  

>100000 Brine extremely high concentration  -  - 
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Table 15: Water categorization for the research region based on salinity risk 

 

In the groundwater of the Tulare aquifer, 135 samples, or 75% of all samples, are 

appropriate for irrigation, whereas 43 samples, or 23.8% of all samples, have questionable water 

quality. 

3.1.2 "Sodium Percent (%Na) and Sodium Absorption Ratio (SAR)" 
 

Since the mineralization of the water and its effects on plants and soil determine whether 

groundwater is suitable for irrigation, Wilcox's (1955) classification and understanding techniques 

were applied to categorize and understand the fundamental chemical characteristics of 

groundwater. When irrigation water contains a lot of sodium, the soil's clay particles take up the 

sodium and push out the Mg2+ and Ca2+ ions, which reduces soil permeability and internal 

drainage. Due to this, air and water flow are constrained in wet conditions, and these soils harden 

when they are dried (Ravikumar et al. 2011). Based on the percent levels of sodium, groundwater 

samples from the area are categorized into five categories (table 16). 

The categorization of water samples according to salt percent is shown in Table 16. 

Accordingly, the results show that 18.4% of the samples are acceptable, 20.33 % are "dubious", 

and 15.39 % are "inappropriate". 

 

Table 16) "Water classification based on the sodium percent (Wilcox,1955)" 

Salinity hazard class EC (µS/cm)  Quality  range (no. of sample) Percent 

C1 100-250 Excellent 120-246 (18 samples) 9.9 

C2 250-750 Good 256-743 (118 samples) 65.1 

C3 750-2,250 Medium  751-2,040 (43 samples) 23.8 

C4 >2,250 Unsuitable 2,650-2,970 (2 samples) 1.2 
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The relation between soluble Na+ and soluble divalent cations (Ca2+ and Mg2+) is described 

by the sodium adsorption ratio (SAR). A quantitative chemical analysis of the water in contact 

with the soil yields a measurement of its salt levels. 

Table 16 presents the SAR classification of the groundwater samples from the Tulare 

aquifer. In the salt danger classification for irrigation, 91.76% of the water samples have sodium 

absorption ratios lower than 10 and are classified as S1 (Excellent) classes, 5.5% as good and 

classified as S2, and 2.75% (5 samples) as S3 with questionable quality. 

To classify the water samples in the Tulare aquifer according to their irrigational suitability 

quotient, SAR is plotted against EC on the US salinity map (fig. 25). Accordingly, the majority of 

water samples with somewhat salinity to salinity are in the C2S1, C3S1, C2S2, and C3S2 classes, 

according to the Wilcox diagram. But 7 of the water samples fall into the category of being 

extremely salty and unfit for agriculture (table 17). 

Table 17) water danger classes based on USSL classification and sodium hazard classes based on 

SAR values (Ravikumar et al., 2011) 

 

"SAR values" "Sodium hazard class" Quality Range Percent 

<10 S1 "Excellent" 0.09-9.3 (167 samples) 91.8 

10-18 S2 "Good" 10.4-17.4(10 samples)  5.5 

19-26 S3 "Doubtful" 19.5-24.1(5 samples) 2.7  

>26 S4 and S5 "Unsuitable" -  -  

 

 

"Sodium (%)" "Water class" Range  Percent 

<20 "Excellent" 5.9-19.6 (24 samples) 13.2  

20-40 "Good" 20.2-38.6 (60 samples) 32.9 

40-60 "Permissible" 40.2-59.7 (33 samples) 18.1 

60-80 "Doubtful" 60.3-79.7 (37 samples) 20.4 

>80 Unsuitable 80.9-98.4 (28 samples) 15.4 
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Fig. 23 "Spatial distribution of sodium percent (Na%)" in Tulare aquifer 

 

Fig. 25. Groundwater in the Tulare Aquifer is classified according to salinity and sodium 

adsorption ratio for irrigation usage 
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Fig. 26. Spatial distribution of sodium adsorption ratio (SAR) in Tulare aquifer 

The western side of the research region, which is mostly agricultural and has a large density 

of residential areas, has high salinity, according to the spatially distributed map of Na% and SAR, 

whereas the center of the study area has moderate salinity (Fig. 24 and 26). The major causes of 

the low water quality in these areas may be overuse of groundwater and agricultural activities. The 

Tulare aquifer's easternmost region has the area with the best water quality. 

 

3.1.3 Residual Sodium Carbonate  
 

Water quality is impacted by carbonate ions (HCO3
- +CO3

2-), alkaline earths (Ca2++Mg2+), 

and finally an increase in the proportion of Na+ (Eaton 1950). The situation gets worse when there 

are more carbonates present than alkaline earths. NaHCO3, which is created when more carbonates 

mix with Na+, has an impact on the soil's structure. 

The residual sodium carbonate is what it is known as (RSC). The appropriateness of water 

for irrigation can therefore be explained by a relation between the concentration of carbonates and 

the concentration of alkaline earths.  
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The investigated groundwaters were subsequently categorized based on the RSC values 

(fig. 27). The findings show that 80% of the water samples have RSC less than 1.25 and are good 

for irrigation, 11.58% of the samples fall into the questionable water category, and 8.4% of the 

samples have RSC greater than 2.5 and are not suitable for irrigation usage. On the western side 

of the Tulare aquifer, there are wells with a high RSC value (Table 18). 

Table 18) "Groundwater quality based on RSC" 

 

 

Fig. 27. Spatial distribution of Residual sodium carbonate (RSC) in Tulare aquifer 

 

3.1.4 Magnesium Ratio and Magnesium Hazard 
 

In contrast to how they normally operate in water, where they typically maintain an 

equilibrium condition, Ca2+ and Mg2+ behave differently in the soil system. Magnesium weakens 

the structure of soil in very salty, high Na+ water. The higher amounts of Mg2+ are caused by 

exchangeable Na+ in irrigated soils. More Mg2+ can degrade soil quality in equilibrium by making 

"RSC" "Quality" Range Percent 

<1.25 "Good" -15.2-1.1 (76 samples) 80 

1.25-2.5 "Doubtful" 1.3-2.4 (11 samples) 11.6 

>2.5 "Unsuitable" 2.9-11.5 (8 samples)  8.4  
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it alkaline. As a result, it affects agricultural productivity. The risk associated with magnesium is 

indicated as a magnesium ratio (MR) (Ravikumar et al. 2011).  

If the MR value is higher than 50, the water associated with that number is considered 

dangerous and should not be used for irrigation since it reduces agricultural yields. The Tulare 

Aquifer's MR has a mean of 21.9 and a range of 0.9 to 88.9. In around 5% of the groundwater 

samples (n=182), which are unsuitable for irrigation and are mostly found on the east section, the 

MR surpasses the value of 50. (fig. 28). The MR is less than 50 in the remaining 95% of the 

groundwater samples, making them appropriate for irrigation. High magnesium ration could be 

due to the presence of granitic and metamorphic formations of Sierra Nevada mountain ranges. 

 

Fig. 28 "Spatial distribution of magnesium hazard (MH)" in Tulare aquifer 

3.1.5 "Permeability Index" 
 

The soil's Na+, Ca2+, Mg2+, HCO3
-, and Cl- concentrations have a significant impact on 

permeability, and long-term irrigation with high salt water has an impact as well.  

Water quality may be divided into three categories based on this index: class I, with a 

maximum permeability of 75%, appropriate for irrigation; class II, with a permeability index 

between 25 and 75%, marginally suitable; and class III, with a permeability index less than 25%, 
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unsuitable for irrigation. 

PI varies in the Tulare aquifer from 29.8 to 141.4 (n=95). In the Tulare aquifer, almost 

50.5% of the samples are classified as class I (PI > 75%) and 49.48% as class II (PI = 25-75%), 

which is moderately appropriate (fig. 29). 

 

Fig. 29. Spatial distribution of permeability index (PI) in Tulare aquifer 

3.1.6 "Potential Salinity" 
 

Based on this characteristic, there are three categories for water: suitable (PS<3 meq/L), 

medium (3–15 meq/L), and unsuitable (>15 meq/L) (Delgado et al., 2010). According to this 

classification, about 85.6% of water samples in Tulare aquifer have PS less than 3, 6.6% placed in 

good to injurious class with PS ranged 3-5, and 7.7 % are unsuitable for irrigation (table19) located 

on the east part (fig. 30).  

Table 19) the groundwater classification based on potential salinity 

 

"Potential Salinity" "Water class" Range Percent 

<3.0 "Excellent to good" 0.02-2.9 (155 samples)  85.6 

3.0-5.0 "Good to injurious"  3.3-4.6 (12 samples) 6.6 

>5.0 "injurious to unsatisfactory" 5.2-20.5 (14 samples) 7.7 
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Fig. 30. Spatial distribution of potential salinity (PS) in Tulare aquifer 

3.2 Nitrate Assessment and its Stable Isotopes 
 

The Tulare aquifer's nitrate content varied from 0.038 to 48.6 mg/L, with a mean value of 

8.98 mg/L. In the Tulare aquifer, around 33.5% (n=161) of water samples contain nitrate 

concentrations that are higher than the Maximum Contaminant Level (MCL) established by the 

Environmental Protection Agency (fig. 31). In addition, 70% of the examined wells contain nitrate 

levels more than 3 mg/L. Although there hasn't been a baseline assessment on the amount of 

naturally occurring NO3
- concentrations in groundwater in this area, NO3-N levels above 3 mg/L 

are believed to be the result of anthropogenic sources (Babiker et al., 2004). The range of NO3-N 

readings from 0.038 to 48.6 mg/L makes it impossible to assume that the NO3
- comes from organic 

nitrogen in the soil. Water samples are collected from 161 wells in this research region between 

the years of 2001 and 2020. The average nitrate value for each year between 2001 and 2020 shows 

a generally rising trend (fig. 31). 
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Fig. 31. Nitrate concentration of Tulare aquifer in the range date of 2001-2020 

 

For assessment of nitrate concentration and identify its potential sources using stable 

isotopes, Tulare aquifer is divided to 4 sub-regions: west part, central-north part, central-south 

part, and East part (fig. 22), table 21.  

In the eat part of Tulare aquifer (HLS), the mean concentrations of NO3
- is 6.46 mg/L 

(n=18), and δ15N–NO3
- values ranged from +1.66 to +14.5‰ with a mean of 6.59‰. The highest 

nitrate content (11.74 mg/L) was found in the central-north portion (KAW) of the Tulare aquifer 

(n=31). The range of this component's δ15N–NO3
- and δ18O-NO3 values was +2.43 to +43.02 with 

a mean of 7.71 and -3.21 to 20.52 with a mean of 1.53, respectively. 

Similar to the central-north region, the south part (TLE) also has a high nitrate content, 

with a mean value of 9.04 mg/L (n=27). The ranges of δ15N–NO3
- and δ18O-NO3 values were 

respectively +2.13 to +19.67‰ and -1.94 to +6.99‰. West portion (TLA) nitrate concentration is 
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3.95 mg/L (n=6). The isotope values in this region may be found in a very wide range; for example, 

the west part's δ15N–NO3
- and δ18O-NO3 values varied from -10.46 to +57.51‰ with a mean of 

+15.18‰ and -6.42 to +18.09‰ with a mean of +3.32‰ respectively. The usual ranges of δ15N–

NO3
-and δ18O-NO3 values for the main sources of NO3

- that may have an impact on the Tulare 

aquifer are shown in Fig. 32 for these sources. 

All areas of this aquifer's isotopic nitrate signatures fall within the acceptable range for 

sewage and manure, soil organic matter, and chemical fertilizers. Although a distinct relationship 

between δ15N–NO3
- versus δ18O–NO3

- is not always found when a single site is taken into account 

(for example, the central-south section), a somewhat positive relationship was discernible for the 

entire data set. The presence of nitrate attenuation brought on by microbial denitrification at the 

aquifer site is shown by the linear relationship between the δ15N–NO3
- and δ18O–NO3

- values and 

a drop in NO3
- concentration (Kendall 1998). Denitrification is probably occurring in the central-

north (KAW) and eastern (HLS) portions of the aquifer (fig. 32), although it may not be the only 

factor affecting the concentration of nitrate in this area. On the other hand, the non-linear relation 

between the δ15N–NO3
- and δ18O–NO3

- values in some wells located on the central-north (KAW) 

part shows mixing might be happening. The difference in the average value of wells depth could 

be a reason for these kinds of various reactions affecting nitrate concentration in the Tulare aquifer. 

For example, average depth of the wells in on the central-north (KAW) part is lower than the other 

parts indicating more influence of waste waters produced from farming land and urban areas.  

Since the concentrations of δ15N–NO3
- and δ18O–NO3

- are primarily found in soil organic 

matter, manure, and sewage, as well as chemical fertilizers, it is likely that these three sources 

contributed to the nitrate contamination or that it originated from a single variable source inside 

the common composition area. As a result, there is no common groundwater circulation pattern 
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throughout the research area's many groundwater sites, making it difficult to explain this pattern 

only in terms of microbial denitrification or mixing. 

In other words, it is possible to discern between denitrification and simple mixing using 

plots of the δ15N-NO3 composition against the natural log and inverse (1/NO3) concentrations. The 

negative relationship between δ15N-NO3 and the inverse of nitrate concentration (R= 0.22) (fig. 

33b) is consistent with mixing, while the positive relationship between δ15N-NO3 and the natural 

log of nitrate (R=0.14) (fig. 33a) shows the decrease in NO3 concentration as the result of the 

enrichment in δ15N-NO3 to suggest the effect of denitrification in nitrate concentration in the 

Tulare aquifer. 

Another factor to evaluate nitrate sources in groundwater is the correlation between nitrate 

and major cations or anions (table 20). There is a strong link between nitrate and Cl-, SO4
2-, and 

Na+ in the Tulare aquifer, which points to two possibilities. 1) NO3, Cl, and SO4
2- come from 

diverse sources. Since the increase in Cl- concentration in the study area is not accompanied by an 

increase in NO3
- concentration, it indicates that the inputs of Cl- and NO3

- into the Tulare aquifer 

have become decoupled. For instance, SO4
2- may have a natural origin as opposed to nitrate, which 

is most likely of anthropogenic origin. This decoupling, according to Xing et al. (2013), may be 

caused by the mixing of several water sources with different Cl- and NO3
- concentrations, but it 

may also be due to denitrification taking place inside the aquifer. For instance, chloride can come 

from a variety of sources, such as road salts, water supply systems, and atmospheric depositions. 

Contrarily, denitrification in the subsurface will result in a decrease in the amount of reactive N 

while having no impact on the concentrations of Cl-. 
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Fig. 32. Expected "δ15N–NO3 versus δ18O–NO3" ranges for natural and anthropogenic nitrate 

sources in Tulare aquifer.  

 

Tulare is a shallow aquifer and average depth of studies well in this region is about 48m. 

as a result, it should be noted that evaporation may affect the isotopic composition of NO3 

generated by nitrification due to enrich H2O in δ18O isotopes (Hoefs and Hoefs, 2015). The well 

samples are also the most isotopically enriched, mapping following an evaporative trend away 

from the global meteoric waterline (fig. 33c). The penetration of irrigation water contaminated 

with NO3 is supported by isotopic evidence. The enriched H and δ18O values of wells with high 

NO3 concentrations, including wells HLS01, HLS03, HLS09, HLS10, HLS12, TLE25, TLE27, 

and TLE28 (table 21), suggest that irrigation canals were used to recharge the groundwater or that 

groundwater that was pumped from the aquifer may have evaporated at the surface before 

infiltrating back into the aquifer system. 
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Fig. 33 a. Nitrate versus δ15N –NO3, b) natural log of nitrate concentration versus δ15N –NO3, 

and c) inverse nitrate concentration (1/NO3N) versus δ15N -NO3 

Table 20) the correlation between nitrate and ions 

Parameters (mg/L) NO3
- Ca2+ Mg2+ Na+ K+ Cl- SO4

2- 

NO3
- 1             

Ca2+ 0.37 1.00           

Mg2+ 0.51 0.41 1.00         

Na+ -0.04 0.24 0.06 1.00       

K+ 0.25 0.24 0.66 -0.12 1.00     

Cl- 0.22 0.34 0.53 0.56 0.14 1.00   

SO4
2- -0.04 0.77 0.08 0.48 0.01 0.21 1.00 
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The Tulare aquifer is where the areas of nitrate pollution are indicated by dark colors on 

the geographical distribution map (Fig. 34). The center of the basin is where most of the polluted 

regions are located. In the rural area of the research region, there is a greater concentration of 

nitrate due to a significant input of chemical or mineral fertilizer. 

 

 

Fig. 34. Spatial distribution of nitrate in Tulare aquifer 
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Table 21) Stable isotopes values in Tulare aquifer 

 

 

GAMA_ID δ
15

N of nitrate δ
18

O of nitrate δ
18

O of water δ
2
H of water Nitrate (mg/l)

S4-TUSK-HLS01 4.30 3.30 -7.47 -57.5 11.9

S4-TUSK-HLS02 6.12 5.10 -8.58 -64.8 0.897

S4-TUSK-HLS03 5.12 5.33 -7.29 -57.3 23.1

S4-TUSK-HLS04 9.88 5.28 -7.86 -58.7 0.777

S4-TUSK-HLS05 4.43 -1.05 -10.36 -71.6 9.97

S4-TUSK-HLS06 3.09 3.06 -9.04 -64.0 4.04

S4-TUSK-HLS07 8.35 3.53 -8.36 -66.1 5.19

S4-TUSK-HLS08 4.28 5.32 -5.68 -51.1 6.67

S4-TUSK-HLS09 5.91 3.01 -6.88 -58.6 13.3

S4-TUSK-HLS10 1.66 3.42 -7.61 -58.5 10.6

S4-TUSK-HLS11 5.94 2.67 -7.90 -59.0 19

S4-TUSK-HLS13 1.83 3.01 -9.66 -70.3 0.7

S4-TUSK-HLS15 10.62 5.25 -8.84 -67.8 2.11

S4-TUSK-HLS16 8.85 4.54 -9.11 -67.0 5.99

S4-TUSK-HLS17 14.32 12.55 -6.70 -55.4 0.211

S4-TUSK-HLS18 9.46 5.72 -9.94 -69.1 1.38

S4-TUSK-HLS19 10.05 4.71 -8.94 -64.2 0.06

S4-TUSK-HLS20 4.60 2.16 -9.70 -67.9 0.222

S4-TUSK-KAW01 10.98 -0.06 -11.24 -83.7 30.8

S4-TUSK-KAW02 4.02 -2.34 -11.59 -85.3 20.2

S4-TUSK-KAW03 4.36 -1.35 -11.68 -84.8 12.1

S4-TUSK-KAW04 9.90 4.77 -11.63 -85.9 5.18

S4-TUSK-KAW05 43.02 6.51 -11.49 -86.3 0.073

S4-TUSK-KAW06 16.82 5.36 -9.86 -73.9 29.3

S4-TUSK-KAW07 4.00 -0.50 -10.10 -74.7 2.66

S4-TUSK-KAW08 8.14 -1.92 -11.03 -80.9 36.1

S4-TUSK-KAW09 4.01 -1.10 -11.60 -85.5 9.2

S4-TUSK-KAW10 5.89 -1.79 -12.17 -88.7 6.69

S4-TUSK-KAW11 5.37 -0.92 -11.99 -88.5 14.3

S4-TUSK-KAW13 13.10 1.44 -9.39 -70.0 29.1

S4-TUSK-KAW14 5.66 -2.45 -12.09 -87.7 14.4

S4-TUSK-KAW15 3.70 -2.44 -12.07 -88.4 7.43

S4-TUSK-KAW16 5.58 0.57 -12.23 -88.6 5.92

S4-TUSK-KAW17 3.74 -0.82 -12.04 -87.0 5.74

S4-TUSK-KAW18 2.43 -1.15 -9.90 -73.3 3.06

S4-TUSK-KAW19 9.55 6.41 -10.16 -77.5 9.46

S4-TUSK-KAW20 5.54 0.95 -12.08 -86.5 2.44

S4-TUSK-KAW21 13.53 20.52 -12.18 -87.3 0.041

S4-TUSK-KAW22 5.03 3.04 -11.83 -84.9 2.78

S4-TUSK-KAW23 5.06 0.04 -10.61 -78.0 20.1

S4-TUSK-KAW24 4.08 1.73 -6.23 -56.8 14.7

S4-TUSK-KAW25 6.38 2.71 -9.60 -75.6 16.9

S4-TUSK-KAW26 4.70 1.06 -10.19 -76.4 4.8

S4-TUSK-KAW27 7.86 7.09 -7.40 -61.0 41.2

S4-TUSK-KAW28 5.83 3.83 -10.20 -77.4 7.07

S4-TUSK-KAW30 7.92 4.69 -8.63 -62.5 1.34
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Table 21 (Cont.) 

 

 

3.3 Heavy Metals Evaluation in Groundwater 
 

Pollution indices are often established to assess whether water is suitable for a certain 

intended application. In this work, the indices Heavy Metal Contamination Index (HPI), Heavy 

Metal Evaluation Index (HEI), and Degree of Contamination (Cd) are computed to assess the level 

of groundwater pollution. The ratios between the observed values of the parameters and the 

permitted concentrations of the corresponding parameters are used to assess these indices. 
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The HPI is created in two steps: first, creating a grading scale for each chosen parameter 

(heavy metal); and second, choosing the pollutant parameter on which the index is to be based. 

The HPI is based on the "weighted arithmetic quality" mean technique. Heavy metals evaluation 

index (HEI) will also be evaluated in order to have a better knowledge of the pollutant loads in the 

aquifers. Contamination degree is the last index for evaluation of heavy metals concentration in 

the aquifers (table 21). It sums up the combined impacts of a number of quality characteristics that 

are thought to be hazardous to domestic water (Backman et al., 1998). For Tulare aquifer HPI is 

calculated for As, Ba, B, Mo, Sr, V, and U based on the equations (table 22).  

Table 22) values used to HPE, HEI, and Cd indices 

 

MAC: maximum admissible concentration 

I: Highest permissible in ppb 

S: standard permissible (EPA) 

182 examined wells between 2000 and 2020 had groundwater samples with pH values 

ranging from 6.1 to 9.6, with a mean of 7.7, indicating mild acid to alkaline conditions. The Tulare 

aquifer's mean concentration of As, Ba, B, Mo, Sr, V, and U was determined to be 0.01, 0.09, 0.16, 

0.01, 0.41, 0.02, and 0.22 mg/L from 2000 to 2020, respectively. Moreover, the mean 

concentrations were observed in decreasing order of Sr > U > B > Ba > Mo > As whereas the 

Heavy metals The weightage 

(1/MAC) 

S I MAC 

As 0.02 50 10 50 

Ba 0.0005 2000 700 2000 

B 0.002 500 0 500 

Mo 0.014 70 0 70 

Sr 0.0003 4000 0 4000 

V 0.05 20 0 20 

U 0.05 30 0 20 
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concentration of As, Mo, and U in 13.8, 4.4, and 12.7% of the studied wells (n=182) respectively 

are more the standard level reported by EPA and WHO. These polluted wells are mostly located 

on the central part of Tulare aquifer with more agricultural lands.  

Arsenic fluctuation in the Central Valley may potentially be influenced by increasing 

groundwater residence time and introducing oxidizing recharge water (through irrigation) with 

high dissolved solids contents (Anning et al., 2012).  

(Ayotte et al., 2016) have identified two causes for increased arsenic in anoxic and oxic 

environments by study of arsenic in groundwater in the San Joaquin Valley and based on prior 

studies. The first is arsenic that is produced when iron or manganese oxyhydroxides are reduced 

under iron- or manganese-reducing conditions (anoxic conditions). The second is an increase in 

the concentration of dissolved arsenic brought on by desorption or suppression of sorption to 

aquifer sediments when pH increases in an oxic environment. Additionally, between 1980 and 

2019 Haugen et al (2021) assessed the arsenic content in 7870 wells situated inside the San Joaquin 

valley limit. They discovered that since 2010, 10% or so of San Joaquin Valley drinking water 

wells had had arsenic concentrations higher than the country's 10 µg/L maximum contamination 

standard. High pH (more than 7.8) or changed geological conditions are commonly connected to 

high arsenic concentrations. They discovered that these wells typically showed elevated nitrate 

and sulfate trends, indicating oxic groundwater that was probably recharged by agriculture. 

High level of salinity in groundwater also is frequently accompanied with an increase in 

toxic elements such as arsenic and boron. The coexistence of various contaminants is conceivably 

explained by the salt effect, competing adsorption for the active sites on the adsorbent, 

microbiological activities, and cation exchange (Li et al., 2020). 

Nearly 24% of the household wells in the eastern San Joaquin Valley that were evaluated 
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had uranium contents over the US EPA MCL and were located in agriculturally-dominated areas 

(Rosen et al., 2019). According to research by Jurgens et al. (2010), shallow aquifers with high 

bicarbonate concentrations are strongly related to groundwater with high U contents. They claimed 

that the creation of uranylcarbonato complexes, which are desorbed from mineral surfaces and 

transmitted to shallow aquifers by irrigation recharge, is favored by crop production and increases 

PCO2 in oxic surface soils. 

Nolan and Weber (2015) discovered a reasonably significant association between nitrate 

and uranium contents in the Central Valley and High Plain aquifers in the United States in addition 

to bicarbonate alkalinity. The fertilizer nitrate can change U(IV) to U(VI) by oxidative dissolution 

or a variety of other indirect mechanisms. By reacting with complexing ligands like carbonate and 

then with alkaline earth metal ions like Ca2+, nitrate-generated U(VI) can be transported into 

shallow aquifers. 

The impact of HCO3 and NO3 on the U mobilization of groundwaters in the San Joaquin 

Valley was also validated by Rosen et al. in 2019. They expanded their knowledge of U's geologic 

genesis to include alluvial fan sizes. The location of high concentrations is determined by the 

combination of geological U sources from fluvial fans that start in the Sierra Nevada to the east 

and seepage of irrigation water with high concentrations of HCO3, which leaches U from the 

sediments. 

Molybdenum (Mo) content in groundwater is affected by redox and pH conditions. Mo 

concentrations in groundwater are typically modest (2 μg/L), and when they are increased, they 

are due to anthropogenic pollution, however geogenic sources have also been found. In oxic and 

anoxic aquifers, Mo is soluble in groundwater when the pH is more than 7.5. The mobilization of 

Mo and As is controlled by the reductive dissolution of iron and manganese oxides and the 
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precipitation of sulfide minerals under highly reducing circumstances. "Mo is often plentiful in 

sulfide-organic-rich sediments, and another possible source of the metal for groundwater is the 

oxidative breakdown of sulfide minerals like pyrite" (Harkness et al, 2017). 

The HPI values for the Tulare aquifer deviate from 4.33 to 1,300.7 with mean of 63.9 for 

7 heavy metals (As, Ba, B, Mo, Sr, V, and U) in 182 groundwater samples years between 2001-

2020. It is inferred that, 24 wells have HPI more than 100 with mean value of 217.46, hence unfit 

for human consumption. These wells are: HLS10, 11, 15, 16, KAW1, 5, 6, 7, 13, 15, 16, 18, 20, 

23, 26, 25, 29, TLA5, 9, 12, 13, and TLE 4,5 (fig. 35).  

HEI, which has also been evaluated for a better understanding of the pollutant loads, has a 

range of 0.04 to 36.01 and a mean value of 2.33. High concentrations of metal compared to Si 

value indicate poor water quality. According to this index, this water cannot be utilized if the 

concentration of each metal exceeds the maximum permissible value in the standards (i.e. the Mi 

/ Si ratio is more than one). As a result, based on the HEI index, a value of "one" is defined a 

pollution risk threshold (Seifi and Riahi, 2017). Accordingly, among 182 studies well, 137 wells 

(75%) have HEI more than 1 and consequently are considered inappropriate for residential usage. 

To determine the degree of metal pollution, the contamination index (Cd) is also used. Cd 

readings vary from -6.96 to 29.01 and -4.67, respectively, and all wells—aside from three (HLS15, 

KAW05, and TLA09)—are classified as low contaminated with Cd levels of less than 1. (fig. 36). 

Different indexes indicate various risk classifications. Consequently, a scatter plot of HPI, 

HEI, and Cd against one another has been created and is displayed in Fig. 36, table 12, in order to 

provide more information. The scatter figure clearly shows that HEI and Cd have a significant link 

with a correlation coefficient of R2 = 0.99, whilst HPI and HEI and Cd and HPI have weak 

correlations with R2 = 0.7499 and 0.7487, respectively. As a result, choosing between the HEI and 
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Cd indices, or using both, may be a preferable alternative for classifying samples. 

Different indices represent different classes of risk levels. Therefore, for more information, 

a scatter plot of HPI, HEI and Cd versus each other have been prepared and are shown in Fig. 36, 

table 12. It is obvious from the scatter plot that there is a strong correlation between HEI and Cd 

with correlation coefficient value of R2 = 0.99, whereas poor correlations between HPI and HEI 

(R2 = 0.7499), and Cd and HPI (R2 = 0.7487) are observed. Therefore, a selection of either HEI 

and Cd indices or both could be a better option for the classification of samples. 

 

  

 

 

Fig. 36. "Scatter plot of a) HPI versus HEI b) HEI versus Cd c) HPI versus Cd indices and their 

correlation of determination in the Tulare aquifer" 
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a) 

 

b) 

 

c) 

Fig. 35. Geographical distribution of studied parameters in the Tulare aquifer: a) HPI b) Cd c) EHI 
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Chapter 4:  San Joaquin Aquifer 

One of the most agriculturally productive regions in the world is the Central Valley of 

California, which has a total area of 51,799.8 km2. More than 250 different crops worth a combined 

$17 billion are grown in the Central Valley each year. For California's rapidly expanding 

metropolitan population, the Central Valley is likewise emerging as a crucial location. This 

region's population has increased from 2 million to 3.8 million since 1980, almost doubling. Due 

to the increase in population, there is more competition for water resources in the Central Valley 

(Claudia et al., 2009). 

Two basins make up the San Joaquin Valley, which makes up the southern two-thirds of 

California's Central Valley: the San Joaquin Basin to the north and the Tulare Basin to the south 

(Fig. 37). An arid to semi-arid Mediterranean climate characterizes the San Joaquin Valley, with 

mean annual precipitation ranging from 15 to 20 inches between 1911 and 1960. (Gronberg et al., 

1998). The majority of the unconsolidated alluvial, fluvial, and lacustrine deposits from the 

Quaternary to Pliocene age make up the upper 500 m of the freshwater San Joaquin aquifer. The 

aquifer is typically unconfined, but as it descends, various clay lenses cause it to become somewhat 

confined. Wells lose their impermeability and are more susceptible to vertical flow where they 

have been drilled through clay layers, such as the Corcoran Clay component that covers a sizable 

portion of the SJV (Weissmann et al., 2005). Since the development of the groundwater system 

for agriculture and public water supply, irrigation, seepage from rivers and streams, precipitation, 

urban runoff, and runoff from the nearby Sierra Nevada (in the east) have been the dominant 

sources of recharge where groundwater withdrawals from wells have been the main source of 

discharge in the San Joaquin aquifer (Faunt et al., 2009, California Department of Water 

Resources, 2003). Groundwater is largely used for agriculture in this region, especially during dry 
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years when surface water supplies are constrained (California Department of Water Resources, 

2003). 

 
https://ca.water.usgs.gov/projects/central-valley/about-

central-valley.html 

a 

 
https://geologycafe.com/california/maps/provinces1.htm 

b 

Fig. 37. a) Location Map of San Joaquin and Tulare aquifers in Central Valley-California b) 

location of central valley in California 

 

 

 

https://ca.water.usgs.gov/projects/central-valley/about-central-valley.html
https://ca.water.usgs.gov/projects/central-valley/about-central-valley.html
https://geologycafe.com/california/maps/provinces1.htm
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Fig. 38. The location of San Joaquin Valley in California (USGS, 2019) 

 

4.1 Water Quality Assessment for Irrigation in San Joaquin Aquifer 

 

To assess the groundwater quality and potential anthropogenic causes of groundwater 

contamination, 450 water samples is collected (USGS). These samples are years between 2000 to 

2019 from 154 domestic and public supply wells (fig. 38).  

The effects of chemical interactions between groundwater and lithologic framework's 

minerals are reflected in hydrogeochemical types. When combined with distribution maps and 

hydrogeochemical types, hydrogeochemical diagrams are intended to make it easier to identify 

evolutionary tendencies, especially in groundwater systems. It is possible to characterize the 

hydrogeochemical data as a whole by distinguishing the various hydrogeochemical kinds of 

water—commonly referred to as water type—using various plots, such as the trilinear Piper plot. 

The Piper trilinear diagram (Fig. 39), which includes cations and anions, shows the various 

geochemical patterns of the different types of groundwater that are prevalent in the research region. 

Similar to the cation triangle, the majority of the samples are concentrated to the right, indicating 

groundwater of the Ca2+ and Na+ types. The anion field shows that the majority of the samples are 

concentrated to the left of the triangle, indicating that anions such as Cl− and HCO3
− predominate 

in the groundwater. The general characteristics of groundwater are shown by the diamond field. It 

reveals that the alkaline earths (Ca2+ and Mg2+) predominate over the alkalies (Na+ and K+) in the 

San Joaquin aquifer, and the Ca-HCO3 facies demonstrates the predominance of weak acids 

(HCO3
-) over strong acids (SO4

2−and Cl−). As a consequence, HCO3-Ca_Mg was the most 

prevalent compound, followed by HCO3-Na, which is connected to aquifers' carbonate-rich 

minerals. The strong correlation between alkali and alkaline earth metals and HCO3 ions lends 

credence to the hypothesis that weathering is caused by natural processes. The bacterial dissolution 
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of organic pollutants, the mineral dissolution of carbonates, or soil CO2 can all result in the 

production of HCO3. 

 

Fig. 39. Piper diagram for the groundwater in San Joaquin Valley 

4.1.1 Salinity Index and Salinity Hazard 

According to the EC values, 52% of the samples are classified as having low water salinity, 

44.5% as having medium salinity, and 3.08% as having high salinity with allowable quality (table 

23). 

Table 23) Classification of water salinity based on EC (Handa,1969) 

 

EC (µS/cm) Water salinity EC range (no. of sample) Percent 

0-250 Low (excellent quality) 53.6-250 (152 sample) 52 

251-750 Medium (good quality) 255-716.9 (130 samples) 44.5 

751-2,250 High (permissible quality) 850-1,058 (9 samples) 3.08 

2,251-6,000 Very high 2,907 (1 sample)  

6,001-10,000 Extensively high -   - 

10,001-20,000 Brine weak concentration -  -  

20,001-50,000 Brine moderate concentration  - -  

50,001-100,000 Brine high concentration -  -  

>100,000 Brine extremely high concentration  -  - 
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The electrical conductivity (EC) measurements made in this area's calculations classified 

the salinity threat into four categories (Table 24). Among the investigated samples, 152 samples 

(n=292) are assigned to the C1 category for exceptional quality, 130 samples to C2 for good 

quality, 18 samples to C3 for question, and one sample to C4 for inappropriate for irrigation (Table 

24). 

Table 24) Salinity hazards used to classify the water in the research region 

 

4.1.2 Sodium Percent (%Na) and Sodium Absorption Ratio (SAR) 
 

The categorization of water samples according to salt percent is shown in Table 25. 

Accordingly, the results show that 53.8% of the samples fall into the "Good" category, 20.2% are 

"Permittable," 6.5% are "Doubtful," and 9.6% are "Unsuitable for Irrigation Use" (table 25). 

Table 25) categorization of water depending on the percentage of sodium (Wilcox,1955) 

 

Table 26 presents the SAR classification of the groundwater samples from the San Joaquin 

aquifer. Approximately 91.5% of the samples have sodium absorption ratios under 10 and are 

classified as having excellent sodium hazard for irrigation (S1), 3.8% of the samples are classified 

Salinity hazard class EC (µS/cm)  Quality  range (no. of sample) Percent 

C1 100-250 Excellent 53.6-250(153 sample) 52 

C2 250-750 Good 255-716.9(130 samples) 44.5 

C3 750-2,250 Medium 850-1,058 (9 samples) 3.08 

C4 >2,250 Unsuitable 2,907 (1 sample) - 

 

"Sodium (%)" "Water class" "Range (no. of sample)" Percent 

<20 "Excellent" 10.7-19.8 (29 samples) 9.9  

20-40 "Good" 20.0-39.8 (157 samples) 53.8 

40-60 "Permissible" 40.0-57.8(59 samples) 20.2 

60-80 "Doubtful" 60.9-78.7 (19 samples) 6.5 

>80 "Unsuitable" 80.1-98.8 (28 samples) 9.6 
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as having good sodium hazard for irrigation (S2), and 4.8% are classified as having relatively 

unsuitable sodium absorption ratios (SAR) for irrigation (S3). fig. 40 and 41 show wells with more 

salinity are located on west part of San Joaquin aquifer. These wells are drilled on Mesozoic and 

marine sediments.  

Table 26) categorization of the San Joaquin aquifer's waters based on SAR ratings and USSL 

sodium danger classifications (Ravikumar et al. 2011) 

 

 

 

Fig. 40. Spatial distribution of sodium percent (Na%) in San Joaquin aquifer 

 

SAR values Sodium hazard class Quality Range Percent 

<10 S1 Excellent 0.2-8.6 (267 samples) 91.5 

10-18 S2 Good 10.4-17.8 (11 samples)  3.8  

19-26 S3 Doubtful 18.0-25.9 (14 samples)  4.8  

>26 S4 and S5 Unsuitable -  -  
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Fig. 41. Spatial distribution of sodium adsorption ration (SAR) in San Joaquin aquifer 

The majority of samples (88%) plot in the C1S1 and C2S2 zones of "the U.S. Salinity 

Laboratory (USSL)" map, which suggests that these water samples are risk-free. With the 

exception of one sample, 12% of samples fall into the classification C3S1, which denotes water 

with high salinity (C3) and low sodium (S1) hazards. This water may be used for irrigation on 

nearly all soil types with little risk of exchangeable sodium (fig. 42). 

 

Fig. 42. Diagram of sodium adsorption ratio and salinity for classification 

 of groundwater in San Joaquin aquifer for irrigation uses 
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4.1.3 Residual Sodium Carbonate  

 

Because it's important to keep the equilibrium between these two ions, the excess of 

carbonate (CO3
2−) and bicarbonate (HCO3

-) over the alkali earth metals (Ca2+ and Mg2+) might 

have an effect on the soil. High RSC concentrations in irrigation water speed up the adsorption of 

salt in soil (Eaton, 1950). RSC levels more than 5 hinder plant development, while RSC values 

greater than 2.5 are inappropriate for irrigation. 

The dominating ion in the groundwater was bicarbonate, in accordance with the kind of 

water in the San Joaquin aquifer. As a result, just 1.7% of samples fell into the good group, 8.5% 

into the questionable category, and 87.2% into the inappropriate category for irrigation usage (fig. 

43). (Table 27). In this area, RSC has an average value of 6.6 meq/L. 

Table 27) Groundwater quality of San Joaquin aquifer based on (residual sodium carbonate) 

RSC 

 

 
 

RSC Quality Range Percent 

<1.25 Good -32.6-0.6 (5 samples) 1.7 

1.25-2.5 Doubtful 1.4-2.4 (25 samples) 8.5 

>2.5 Unsuitable 1.3-1.7 (262 samples) 89.8  
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Fig.43. Spatial distribution of residual sodium carbonate (RSC) in San Joaquin aquifer 

 

4.1.4 Magnesium Hazard 
 

In most waters, Ca2+ and Mg2+ generally maintain an equilibrium condition, but they act 

differently in soil systems. Magnesium damages soil structure, especially in extremely salty and 

Na+-dominated groundwater. Typically, irrigated soils with exchangeable Na+ have high Mg2+ 

concentrations. Increased Mg2+ levels in water will, in equilibrium, have a detrimental effect on 

soil quality and lead it to become alkaline, which will have a detrimental effect on crop yield 

(Ravikumar et al., 2011). Magnesium hazard (MH) levels more than 50% would be detrimental to 

agricultural development as soils become more alkaline. MH values in the San Joaquin aquifer 

ranged from 0.9 to 60.9. The majority of the samples (84.9%) in the study had MH values below 

50, making them appropriate for irrigation, whereas 15.0% of the samples had MH values above 

50, which may have a negative impact on the soil and cause it to become more alkaline. These 

wells are situated on the eastern edge of the San Joaquin aquifer, similar to the Tulare aquifer, 
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suggesting that granitic deposits in the Sierra Nevada Mountain range with high magnesium values 

may have an impact (fig. 44). 

 
Fig. 44. Spatial distribution of magnesium hazard (MH) in San Joaquin aquifer 

4.1.5 Permeability Index 
 

The PI, which is impacted by extended contact to irrigation water having high 

concentrations of Na+, Ca2+, Mg2+, and alkalinity ions, is widely used to assess the appropriateness 

of irrigation water. The appropriateness of groundwater for irrigation has been categorized into 

three categories based on the permeability index. The San Joaquin aquifer's PI index is found to 

range from 20.63 to 144.0, and 46.3% of the samples are classified as acceptable (class I) for 

irrigation (PI more than 75%) whereas 53.8% of the samples are classified as class II (PI between 

25-75%). (fig. 45). 
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Fig. 45. Spatial distribution of permeability index (PI) in San Joaquin aquifer 

4.1.6 Potential Salinity 

Another accurate indicator of the suitability of irrigation water is the potential salinity, 

which is computed as the sum of the chloride ion concentration and half of the sulfate ion 

concentration. A lot more hazardous than SO4
2- salts are Cl salts. As a result, when calculating 

potential salinity, only half of the SO4
2- salt is considered. 

Table 28) the division of groundwater according to potential salinity 

 

Table 28 shows that, in the east portion of the San Joaquin aquifer (fig. 46), 84.6% of water 

samples fall in the excellent to good category for irrigation, 7.5% fall in the good to harmful 

category, and only 7.9% of samples fall in the injurious to unsatisfactory class for irrigation (table 

28). 

Potential Salinity Water class Range Percent 

<3.0 Excellent to good 0.04-2.9 (247samples)  84.6 

3.0-5.0 Good to injurious  3.0-4.5 (22samples) 7.5 

>5.0 injurious to unsatisfactory 5.0-52.5 (23samples) 7.9 
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Fig. 46. Spatial distribution of potential salinity (PS) in San Joaquin aquifer 

 

4.2 Heavy Metals Evaluation in San Joaquin Aquifer 
 

For the San Joaquin aquifer, the Heavy metals Pollution Index (HPI), Heavy metals 

Evaluation Index (HEI), and Contamination Index (CI) (table 4) are taken into account. These 

indices are used in this aquifer for the elements U, As, Ba, B, Mo, Sr, and V. (table 29). 

Table 29) values used to HPE, HEI, and Cd indices 

Heavy metals W S I MAC 

U 0.05 30 0 20 

As 0.02 50 10 50 

Ba 0.0005 2,000 700 2,000 

B 0.002 500 0 500 

Mo 0.014286 70 0 70 

Sr 0.0003 4,000 0 4,000 

V 0.05 20 0 20 

 

With a pH range of 6.1 to 9.4 and a mean value of 7.5, the water in the San Joaquin aquifer 

is neutral to alkaline in nature in the 259 examined wells from 2000 to 2019. Sr, Ba, B, U, V, As, 

and Mo are the order of mean metals, accordingly. However, the water samples are contaminated 
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with V, U, and B when compared to EPA/WHO limits. With a mean of 1.16 mg/L, the boron 

content varies from 0.007 to 1.7 mg/L. Based on EPA, the standard permissible for boron is 0.5 

mg/L, accordingly about 6.1% of the studied wells (n=259) have boron contamination with mean 

of 9.9 mg/L. The concentrations of B in domestic and certain industrial wastewater effluents range 

from several hundred µg/L to several mg/L. According to earlier research, either treated or 

untreated wastewater releases practically all anthropogenic B burden into urban ecosystems. The 

most typical cause of this enrichment is sodium perborate, a bleaching chemical used in detergents 

and cleaning goods that is routinely dumped into home wastewater (Neal et al., 2010). 

Additionally, boron is a crucial element for plants, thus many fertilizers include it. As a result, the 

San Joaquin Valley, which has a high concentration of both urban and agricultural activity, may 

be a good area for boron poisoning of the groundwater. With a mean of 0.017 mg/L, the vanadium 

(V) content varies from 0.00005 to 1.08 mg/L. Since 0.02 mg/L of boron is the maximum allowed 

threshold, 35% of the wells under study (n=259) contain vanadium contamination with a mean of 

0.03 mg/L. 

There has been relatively little research on vanadium (V) in groundwater, despite the 

possibility that drinking vanadium-contaminated water might have harmful consequences on 

human health. Potential sources of V in groundwater include waste streams from industrial 

operations and the dissolution of V-rich rocks. Geochemical processes such adsorption/desorption, 

precipitation/dissolution, and chemical reactions control the amounts of vanadium in groundwater. 

Based on thermodynamic data and laboratory study, it is projected that samples collected from 

oxic and alkaline groundwater will contain the highest V concentrations. The relationship between 

thermodynamic data and laboratory results and the actual distribution of V in groundwater is not 

obvious, though. Analysis of 8,400 groundwater samples collected in California revealed that high 
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(50 mg/L) and intermediate (25 to 49 mg/L) V contents were more frequently detected in regions 

with source rock and favorable geochemical conditions. Groundwater samples' V content 

distribution shows that mafic and andesitic rock are major sources of V. (Wright and Belitz, 2010). 

With a mean of 0.036 mg/L, the uranium content varies from 0.000012 to 0.556 mg/L. 

According to the EPA, 0.03 mg/L is the maximum permitted level for U, hence 24.7% of the 

examined wells (n=259) exhibit U contamination, with a mean value of 0.127 mg/L. 

In the Central Valley of California, Lopez et al. (2021) identified the biogeochemical 

constraints on local groundwater uranium contamination by combining machine learning and 

geochemical modeling. They discovered that soil pH, groundwater calcium, nitrate, and sulfate 

concentrations, as well as clay content (weighted average between 0 and 2 m depths), are the most 

significant determinants of groundwater uranium concentrations. These groundwater U levels 

were also shown to be closely related to bicarbonate concentrations, with the highest U 

concentrations occurring in the shallow aquifer zone (Jurgens et al., 2010). Based on solid-phase 

measurements and geochemical modeling, they claimed that crop production increases PCO2 in 

oxic surface soils and encourages the development of uranylcarbonato complexes, which are 

desorbed from mineral surfaces and transmitted to shallow aquifers by irrigation recharge. 

In the United States, groundwater with a uranium content of more than 30 µg/L is 

exceptional for drinking water, but it can be dangerous in areas where Uranium is mobilized by 

complicated interactions between aquifer components and human-induced modifications to the 

natural flow regime. The procedures for mobilizing uranium in the San Joaquin Valley were 

examined by Rosen et al. in 2019. They expanded their knowledge of the geologic origins of 

uranium to the size of individual alluvial fans and confirmed mobilization by HCO3 and disproved 

mobilization by NO3. The interplay of high HCO3 irrigation water seepage that leaches U from the 
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sediments and geological U sources from fluvial fans that start in the Sierra Nevada (east portion 

of the San Joaquin aquifer) to the west. Additionally, reactions with PO4 from fertilized irrigated 

crops may cause U to be sequestered in the aquifer. The location and concentration of U in each 

individual fluvial fan are typically controlled by the interaction of high-U natural geological 

sources, anthropogenically induced HCO3 additions, and possibly phosphate fertilizer, but the 

addition of nitrate to fertilizer does not appear to control the location of high U. Although these 

geochemical interactions are complex, they can be used to identify the causes of elevated U levels 

in alluvial aquifers.  

Uranium (U), which is naturally rich in the soils and aquifer sediments of the eastern San 

Joaquin Valley, is unconnected to fertilizers or pesticides, in contrast to the agricultural 

contaminants. It comes from the east side of the San Joaquin Valley's Sierra Nevada granitic rocks 

(Jurgens et al., 2008). Additionally, because the aquifer in this region is oxic, uranium is predicted 

to stay mobile in groundwater, posing a major threat to its long-term sustainability as a source of 

drinking water (Jurgens et al., 2010). 

The HPI for the San Joaquin aquifer deviates from 3.8 to 705.9 with mean concentrations 

80 for 7 heavy metals (Sr, Ba, B, U, V, As, and Mo) in 259 groundwater samples years between 

2000-2019. It may be assumed that 19.7% of the groundwater samples are unsafe for human 

consumption since they are over the threshold value of 100. 

HEI, which has also been evaluated for a better understanding of the pollutant loads, has a 

range of 0.3 to 20.3 with a mean value of 2.59. As a result, according to 85% of studies, wells had 

HEI values more than 1, making them unsuitable for residential usage. To determine the degree of 

metal pollution, the contamination index (Cd) is also used. Cd has a range of -6.5 to 33.3 with a 

mean value of -2.6. About 12% of the samples have Cd more than 3, and 1.15% (3 samples) range 
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between 1-3 (table 30).  

Table 30) water quality parameters in San Joaquin aquifer for irrigation uses years 2000 to 2020 

parameter  Unit Maximum Minimum Mean 

Ca2+ Mg/L 654 0.79 54.2 

Mg2+ Mg/L 112 0.025 19.44 

Na+ mg/l 442 5.04 64.47 

K+ Mg/L 18.95 0.1 3.85 

Cl- Mg/L 1850 0.82 52.3 

SO4
2- Mg/L 703 0.18 50.52 

HCO3
- Mg/L 822 50 247.3 

CO3
2- Mg/L 676 41 204.18 

EC µS/cm 2907.8 53.6 300 

pH  - 9.4 6.11 7.44 

Na% % 98.85 10.74 39.95 

SAR -  25.93 0.25 3.08 

RSC meq/L 33.56 -32.63 6.55 

MH % 60.97 0.97 34.12 

PI % 144.02 20.63 74.14 

PS meq/L 52.52 0.04 2 

 

The high correlation between uranium and these indices (table 31) indicates that among 

studied heavy metals, U have the most effect on groundwater contamination in San Joaquin 

aquifer. Furthermore, the relatively high correlation of Sr, Ca, Mg, and Cl with EC shows that they 

are more solubility in alkaline groundwater.  

Table 31) Spearman correlation between indices , studies heavy metal, nitrate, Ph and Eh 
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The scatter plot clearly shows that the link between HEI and Cd is larger than the 

correlations between HPI and HEI and between Cd and HPI (both of which have R2 values of 

0.93). As a result, choosing between the HEI and Cd indices, or both, may be a preferable 

alternative for classifying samples (fig. 47). Additionally, the geographical distribution of the 

indices is shown in fig. 48 (a, b, and c). 

 

 

a) 

 

b) 

 

  

c) 

Fig 47. Scatter plot shows the San Joaquin aquifer's a) HPI vs HEI, b) HPI versus Cd, and c) HEI 

versus Cd indices and their correlation of determination 

 

The San Joaquin aquifer's central and western parts have the greatest contamination in 
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shallow groundwater, according to a comparison of HPI, HEI, and Cd assessment methodologies. 

Furthermore, study findings suggested that the main source of heavy metal pollution in the area 

may be wastewater from the region's densely populated metropolitan regions, agricultural land, 

and other enterprises. 

a)  

 
b) 
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c) 

Fig. 48. Spatial distribution of heavy metals indices in San Joaquin aquifer a)HPI b) Cd c) HEI 

 

4.3 Nitrate Evaluation in San Joaquin Aquifer 
 

The San Joaquin and Tulare Basins are prone to groundwater nitrate pollution in the central 

valley because of excessive fertilizer use and other possible contaminations (Shrestha and Luo 

2017). The SJV's coarse sediments can facilitate the fast penetration of nitrogen inputs into the 

groundwater system since the groundwater system is predominately oxic, and nitrate has a 

tendency to persist (Mcmahon and Chapelle, 2008, Jurgens et al., 2009). 

In 292 groundwater samples taken between 2000 and 2019, the San Joaquin aquifer's 

nitrate content varied from 0.03 to 60.2 mg/L as nitrogen, with a mean value of 6.7 mg/L. (fig. 49). 

The Environmental Protection Agency's Maximum Contaminant Level (MCL) for nitrate is 

exceeded in almost 22% of samples (fig. 50), and 58.9% of the investigated wells have nitrate 

concentrations over 3 mg/L, demonstrating the impact of human causes on water quality. 

Additionally, from 200 to 2019, the mean value of nitrate for each year shows a gradually rising 
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trend. Using the concentrations of dissolved oxygen (DO), iron (Fe), and manganese (Mn), the 

oxic status of the valley was evaluated. Elevated Fe and Mn levels are found under anoxic 

conditions, and they are inversely related to DO. In several wells in the eastern parts of CV, high 

DO and low Fe and Mn values have been found, suggesting a higher nitrate presence in the 

groundwater. The eastern fans subregion had the highest groundwater nitrate concentrations, 

whilst the basin subregion had the lowest, according to Burow et al's (2013) findings, which were 

supported by their findings. This might be the result of nitrate moving from more oxic conditions 

in the alluvial fans to less oxic conditions in the centre of the basin. However, a study of the Central 

Eastside of the San Joaquin Valley did not deem denitrification to be significant (fig. 49). 

 
Fig. 49. Spatial distribution of nitrate(mg/L) in San Joaquin aquifer 

 

4.3.1 The Correlation Between Nitrate and Major Ions  
 

The link between nitrate and man-made cations/anions in the San Joaquin aquifer revealed 

that, similar to the Tulare aquifer, there is no discernible relationship between NO3-Cl and NO3
-

SO4
2- (table 29). Chlorine may come from a number of places, including water supply systems, air 
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depositions, and road salts, as was previously described. While having no effect on the amounts 

of Cl-, denitrification in the subsurface will reduce the quantity of reactive N. However, the San 

Joaquin aquifer's link between NO3 and cations (Ca2+ and Mg2+) shows that they came from the 

same sources (table 29). Chemical fertilizers (NH4NO3, (NH4) SO4, Ca (NO3), (Ca, Mg) CO3, and 

KCl) and manure may both be used to produce certain species, including Ca2+, NO3, and Mg2+. In 

other words, as a result of processes that emerged following the application of N fertilizers, Ca2+ 

and Mg2+ are likely exchanged with NH4+ and added to the water, resulting from a cation exchange 

between Mg2+ and Ca2+. By oxidizing ammonium N to NO3, microorganisms in the unsaturated 

zone produce nitrification. Groundwater nitrate levels are frequently higher when there is greater 

mineralization. Additionally, increased acidity during nitrification causes carbonate to dissolve, 

enriching Ca2+(Stumm,1996). 

 

 

Fig. 50. Nitrate concentration of San Joaquin aquifer in the range date of 2000-2019 (the average 

value of all sampled well in each year) 
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4.3.2 Evaluation of Nitrate Sources Using Stable Isotopes 
 

From 2003 to 2019, the San Joaquin aquifer's δ15N-NO3 fluctuated from +0.73 to +14.66‰ 

and its δ18O-NO3 ranged from -4 to 14.76‰, respectively (Fig. 51). (table 32). The usual ranges 

of δ15N–NO3
- and δ18O-NO3 values for the main sources of NO3

- that may have an impact on the 

San Joaquin aquifer are shown in Figure 25 based on Kendall (1998). The soil nitrogen, chemical 

fertilizers, and sewage/manure are the major sources of nitrate in the aquifer. Cl- is a conservative 

ion, therefore it may be used to show biological activity or the mixing of NO3 sources (Yue et al. 

2017). Low Cl concentrations, high NO3
-/Cl ratios, and low values of δ15N–NO3

- point to chemical 

fertilizer being the primary source of NO3 in the San Joaquin aquifer (fig. 52). In addition, the 

δ18O-NO3
− values by nitrification have a range of − 5‰ to + 15‰ indicating NO3

− in the San 

Joaquin aquifer is mainly produced by nitrification (Kendall,1998). 

 

Fig. 51. Expected δ15N–NO3 versus δ18O–NO3 ranges for natural and anthropogenic nitrate 

sources 
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1.3:1 to 2.1:1, and the nitrification raises the values of δ15N and δ18O nitrate. Denitrification does 

not appear to be a major factor in the concentration of nitrate in the San Joaquin aquifer, 

nevertheless. If denitrification were to blame for the rising 15N-NO3 and 18O-NO3 values, the 

nitrate concentration in the wells with heavier values would be lower (Fig. 51). Furthermore, 

denitrification is impacted by the amount of dissolved oxygen (DO) (Yue et al. 2018). The San 

Joaquin aquifer may not have undergone considerable denitrification as 60% of investigated wells 

had DO concentrations more than 5 mg/L, which is not an optimal environment for denitrification. 

Denitrification and simple mixing may also be distinguished using graphs of the δ15N-NO3
-

composition against the natural log and inverse (1/NO3) concentrations. Denitrification might be 

disregarded in this aquifer since the plot of " δ15N-NO3
- vs. natural log of nitrate" (Fig. 53) does 

not indicate the rise in NO3 concentration as a consequence of " δ15N-NO3
-- enrichment" to infer 

fractionation by denitrification (Yin et al., 2020). Also, the negative correlation between inverse 

nitrate concentration and the δ15N-NO3
- confirms the luck of denitrification role in nitrate 

contamination of San Joaquin aquifer, and this is consistent with mixing in the aquifer. 

 

Fig. 52. The relation between Cl− and NO3 
− /Cl− in San Joaquin aquifer 
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Fig. 53. a) Nitrate versus δ15N –NO3, b) natural log of nitrate concentration versus δ15N –NO3, c) 

inverse nitrate concentration (1/NO3N) versus δ15N -NO3 and d) δ15N –NO3 vs δ18O –NO3 
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Table 32) The stable isotpes values of San Joaquin Aquifer 

 

 

 

Well-no δ15N (air) % δ
18

O (V-SMOW) % δ2H δ18O(H2O) NO3 (mg/L) Ln (NO3) 1/NO3

USGS 363000119430001 9.6 -0.99 -9140 -11.91 60.2 4.10 0.02

USGS 362600119440001 8.74 -2.62 -100 -13.55 3.42 1.23 0.29

USGS 363900119180001 6.92 7.32 -72.1 -9.26 37.3 3.62 0.03

USGS 363700119280001 4.14 2.39 -86.9 -11.52 8.54 2.14 0.12

USGS 364300120000001 2.62 -2.27 -89.2 -12.02 13.5 2.60 0.07

USGS 364200119570001 8.95 1.23 -80.5 -10.46 13.4 2.60 0.07

USGS 365200119330001 3.82 4.04 -52.5 -6.47 9.26 2.23 0.11

USGS 364200119420003 4.2 4.79 -64.6 -8.26 13 2.56 0.08

USGS 364200119420003 4.32 4.5 -64.4 -8.23 13.2 2.58 0.08

USGS 364200119420003 4.21 3.64 -64.8 -8.38 13.2 2.58 0.08

USGS 364200119420003 4.29 4.12 -66.3 -8.43 13.8 2.62 0.07

USGS 363900119500001 2.37 -1.42 -91.6 -12.56 17.3 2.85 0.06

USGS 363500119280001 3.58 0.36 -61.7 -8.1 3.21 1.17 0.31

USGS 363900119260001 2.98 0.59 -75 -10.22 2.75 1.01 0.36

USGS 364359119293601 5.38 3.85 98.8 -13.39 1.01 0.01 0.99

USGS 363712119394801 4.05 -0.92 -99.5 -13.53 0.74 -0.30 1.35

USGS 364156119475201 3.96 1.4 -61.2 -7.71 4.54 1.51 0.22

USGS 364600119510001 5.08 -2.06 -89.4 -11.97 1.27 0.24 0.79

USGS 363600120020001 6.95 3.06 -72.2 -9.41 2.52 0.92 0.40

USGS 363100119490001 2.14 -1.81 -98 -13.35 0.47 -0.76 2.13

USGS 363325119440901 6.4 -2.25 -98.4 -13.24 0.89 -0.12 1.12

USGS 363100119370001 7.4 -0.01 -94.1 -12.66 16.8 2.82 0.06

USGS 363400119440001 4.9 -1.09 -96.5 -13.1 3.59 1.28 0.28

USGS 363900119200001 5.26 8.87 -89.3 -11.6 18.4 2.91 0.05

USGS 364600119240001 5.84 2.38 -57.7 -7.62 11.9 2.48 0.08

USGS 363300119310001 3.6 -1.72 -96.2 -13.08 1.91 0.65 0.52

USGS 364900119470001 6.63 -1.46 -90 -12.06 2.54 0.93 0.39

USGS 365100119450001 3.43 1.06 -77.1 -10.32 5.33 1.67 0.19

USGS 364600119540001 5.05 -1.55 -82.5 -11.11 2.19 0.78 0.46

USGS 364355119484601 4.71 0.42 -64.5 -8.56 6.95 1.94 0.14

USGS 364600119410001 8.65 -4 -77.4 -9.76 0.66 -0.42 1.52

USGS 363900119470001 3.61 0 -66.4 -8.58 4.28 1.45 0.23

USGS 365000119320001 5.68 3.38 -63.4 -7.99 7.92 2.07 0.13

USGS 364400120070001 7.74 2.34 -85.8 -11.37 3.15 1.15 0.32

USGS 364258119380204 5.81 2.94 -81.9 -10.97 18.1 2.90 0.06

USGS 364015119420001 3.42 1.04 -62 -8.1 2.45 0.90 0.41

USGS 364500120050001 10.49 3.5 -94.9 -12.83 3.53 1.26 0.28

USGS 364338119354603 5.37 2.31 -86.3 -11.71 2.44 0.89 0.41

USGS 364338119354603 5.12 3.35 -88.6 -11.5 4.01 1.39 0.25

USGS 364100119450001 5.88 -0.01 -79.2 -10.45 7.59 2.03 0.13

USGS 364316119360801 4.21 2.6 -86.6 -11.56 23 3.14 0.04

USGS 364306119364402 9.44 4.3 -81.5 -10.79 4.71 1.55 0.21

USGS 364255119372505 3.71 0.75 -66.7 -9.24 4.41 1.48 0.23

USGS 364259119385404 5.79 2.21 -61.2 -8.06 5.51 1.71 0.18

USGS 365322120401203 14.66 14.76 -61.9 -8.04 12.7 2.54 0.08

USGS 364700119500001 3.73 -0.56 -73.2 -9.95 2.09 0.74 0.48

USGS 363700119550002 6.09 -1.12 -74.8 -9.83 9.35 2.24 0.11

USGS 364239119440901 3.94 1.29 -59 -7.56 3.54 1.26 0.28

USGS 364315119451801 5.18 -1.07 -71.8 -9.43 6.41 1.86 0.16
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     Table 32 (Cont.) 

 

USGS 363600119260001 5.51 1.77 -77.1 -10.27 8.24 2.11 0.12

USGS 363339119363501 6.97 -1.22 -96.7 -13.29 1.69 0.52 0.59

USGS 364200119420002 5.4 3.84 -63.3 -8.12 12.1 2.49 0.08

USGS 364200119420002 4.4 3.73 -64.8 -8.32 15.5 2.74 0.06

USGS 364200119420002 4.51 3.17 -65.8 -8.43 16.3 2.79 0.06

USGS 364200119420002 4.3 2.91 -66.3 -8.48 17.3 2.85 0.06

USGS 364300119420001 3.39 2.29 -79.6 -10.31 24.3 3.19 0.04

USGS 364400119450002 6.57 0.42 -68.6 -9.18 6.78 1.91 0.15

USGS 363800120000001 7 1.41 -66.7 -8.98 1.77 0.57 0.56

USGS 363700119590001 3.4 0.11 -59.7 -7.19 19.7 2.98 0.05

USGS 364600119460002 5.57 -1.26 -95.7 -12.7 1.34 0.29 0.75

USGS 364100119440001 7.97 3.91 -98.3 -13.41 5.7 1.74 0.18

USGS 364300119400001 5.1 0.26 -75.8 -10.07 4.93 1.60 0.20

USGS 365200119560001 3.76 0.99 -63.2 -8.09 6.78 1.91 0.15

USGS 365500119590001 7.64 2.63 -67.8 -9.2 4.83 1.57 0.21

USGS 364900120030001 5.05 0.31 -86.8 -11.6 4.55 1.52 0.22

USGS 370400120100001 5 2.29 -57.5 -7.63 7.16 1.97 0.14

USGS 365700120220001 4.37 0.08 -66.2 -8.81 4.75 1.56 0.21

USGS 365700120090001 3.47 0.64 -85.2 -11.65 4.56 1.52 0.22

USGS 365900120140001 4.6 0.86 -69.5 -9.23 10.9 2.39 0.09

USGS 365400120070001 4.33 -0.72 -75.8 -10.39 1.3 0.26 0.77

USGS 365500120110001 10.8 1.91 -70.7 -9.66 6.81 1.92 0.15

USGS 370100120060001 4.35 0.81 -61.9 -8.63 2.7 0.99 0.37

USGS 365600120180001 12.05 1.43 -59.8 -7.78 51 3.93 0.02

USGS 365900120040001 5.58 -0.59 -70.2 -9.78 2.32 0.84 0.43

USGS 370000119530001 4.06 1.2 -57.1 -7.51 5.09 1.63 0.20

USGS 365100120060001 4.5 -1.24 -79.2 -10.87 2.64 0.97 0.38

USGS 370200119590001 4.46 0.02 -72.3 -9.85 1.39 0.33 0.72

USGS 365800119530001 4.18 0.69 -57.6 -7.38 3.26 1.18 0.31

USGS 365400120160001 4.26 -2.53 -70.7 -9.79 0.73 -0.31 1.37

USGS 365700119470002 3.4 1.88 -57.8 -7.69 5.45 1.70 0.18

USGS 370102120535903 5.82 2.62 -43.3 -5.15 1.98 0.68 0.51

USGS 365800120510001 4.89 2.04 -66.9 -8.62 32.8 3.49 0.03

USGS 370800120270001 5.71 0.73 -66.3 -9.02 4.79 1.57 0.21

USGS 371000121010001 5.84 1.66 -66.4 -8.98 7.06 1.95 0.14

USGS 374109121000101 5.84 -0.21 -66.7 -9.25 7.23 1.98 0.14

USGS 374109121000101 6.19 0.06 -69.6 -9.62 9.73 2.28 0.10

USGS 374109121000101 5.42 0.55 -63.2 -8.77 4.5 1.50 0.22

USGS 374109121000101 5.23 -0.24 -68.6 -9.23 2.3 0.83 0.43

USGS 374109121000101 4.56 -0.27 -67.2 -9.28 1.91 0.65 0.52

USGS 374109121000101 5.01 0.07 -64.7 -8.87 3.2 1.16 0.31

USGS 374221120585903 4.28 0.98 -64.8 -8.98 1.78 0.58 0.56

USGS 371726121051501 3.04 2.24 -53.1 -6.67 14 2.64 0.07

USGS 374110121000304 5.7 0.05 -68.2 -9.39 2.39 0.87 0.42

USGS 374157120594303 0.73 0.33 -65.1 -8.87 1.45 0.37 0.69

USGS 372800121070001 6.86 2.58 -58.9 -7.88 4.56 1.52 0.22

USGS 372553121102503 2.69 0.72 -65.3 -8.75 13.4 2.60 0.07

USGS 371800121010001 7.04 1.47 -66.4 -8.75 4.84 1.58 0.21

USGS 374620120592901 6.06 -0.72 -77.6 -10.3 7.81 2.06 0.13

USGS 374635121040901 7.81 0.62 -71.6 -9.49 29.4 3.38 0.03

USGS 374909121110101 6.28 2.41 -74.2 -10.18 24.6 3.20 0.04

USGS 375422121095301 5.08 2.39 -50.8 -6.67 6.85 1.92 0.15

USGS 380136121025301 5.91 3.55 -56.2 -7.69 1.21 0.19 0.83

USGS 380524121115401 4.59 1.29 -58.7 -8.15 2.19 0.78 0.46

USGS 380843121205201 5.56 0.45 -79.3 -10.95 0.481 -0.73 2.08
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Chapter 5: Discussion and Results  

This study aims is the hydrogeochemical assessment of Mojave, Tulare, and San Joaquin 

aquifers located in south California, USA for agricultural and drinking water uses. For these three 

aquifers, UGSG has published water quality data from 2000 to 2019. The study focuses on four 

main aspects: the first is chemical features of groundwater in relation to hydrogeochemical facies, 

genetic geochemical development of groundwater, and hydrogeochemical signatures to determine 

their suitability for different applications. These data include anions, cations, heavy metals, nitrate, 

and stable isotopes concentration. The second aspect is to investigate the sources and mechanisms 

impacting NO3
- in three aquifers. This research employs a multiple-isotopic technique (δ15N, δ18O) 

in conjunction with chemical and hydrogeological data to figure out what's causing the rise in NO3
- 

pollution in the aquifer, where it's coming from, and how it's related to land use so that future 

management choices can maintain groundwater quality. The third part is heavy metals assessment 

and evaluation of heavy metal mobility in groundwaters induced by salinity and nitrate. ArcGIS 

will also be utilized to create the map of Water Quality Index. Based on information on water 

quality, these maps seek to rapidly identify the areas of the study area where water is most and 

least suitable for drinking and agricultural use. This method has yet to be employed to evaluate the 

aquifer's groundwater quality, which is being threatened by rising population, industrial activity, 

and agricultural fields. Senior scholars, decision makers, and general public may quickly 

differentiate areas of high and bad water quality by mapping the index. Furthermore, an essential 

contribution is made to the knowledge of links between land use and groundwater quality. 

The Mojave Aquifer's water is mostly alkaline, with Na-HCO3
2- predominating. Most 

samples (90%) fall into the category of medium to high water salinity based on the EC values. 

Additionally, the Na% findings showed that 20% of the samples are somewhat inappropriate, 64% 
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are legal, and 16% of the samples fall into the category of good. The Wilcox diagram represented 

that 35.3% of samples fall in saline water category, 51% are slightly saline, and 9.8% of the 

samples are very saline. Furthermore, the Wilcox diagram indicated that while sodium threat is 

quite low, groundwater is enriched in salinity impacting soil structure and the loss of soil 

productivity. Based on the spatial distribution maps, wells with high Na% and sodium adsorption 

ratio (SAR) values are mostly located on north part of the aquifer. These contaminated wells are 

drilled in alluvium Pleistocene nonmarine sediment. Also, wells located on the cities of Barstow, 

Helendal, and Victorville have the most concentration showing the effect of anthropogenic sources 

on salinity beside the geological formation of Mojave aquifer. In Mojave aquifer, magnesium 

hazard (MH) values varied from 14.21 to 44.74. All examined samples had MH values below 50 

and may be used for irrigation. Moreover, permeability index (PI) of all samples is more than 25% 

showing the lack of salinity impact on soil permeability. 

With a mean value of 4.5 mg/L, the nitrogen content of nitrate in the Mojave aquifer varied 

from 1.3 to 21.8 mg/L. Nitrate levels in all water tests are below the Environmental Protection 

Agency's (10 mg/L) Maximum Contaminant Level (MCL). The average nitrate concentration in 

the aquifer is around 4.1 mg/L, and 30% of the examined wells have nitrate concentrations greater 

than 3 mg/L, demonstrating the impact of human causes on water quality. Furthermore, a positive 

correlation between EC and nitrate showed that the ionic strength of the Mojave aquifer's 

groundwater increases along with an increase in NO3. This illustrates that NO3, and certain 

significant ions come from the same source and that these ions have an impact on the groundwater's 

overall ionic strength. 

From 2005 to 2019, the Mojave aquifer's δ15N-NO3 levels varied from +1.0 to +11.5‰ and 

its δ18O-NO3 levels from -1.7 to 7.7‰. As a result, the majority of samples in the analyzed wells 
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fell within the overlapping ranges of soil organic matter (from +3 to +8‰), manure (from +5 to 

+25‰), and chemical fertilizers (from -6 to +6‰). The overall trend of the data might also be 

provided by combining several sources. Therefore, the ratios of δ15N-NO3 and δ18O-NO3 were 

mostly distributed among the chemical fertilizer, soil-organic matter, and manure-septic 

wastewater, although the concentrations of δ15N-NO3 and δ18O-NO3 were moderately spread, 

suggesting that the nitrate contamination was generated by the three sources collectively. It is 

challenging to determine which of the sources is prominent due to the overlap. Manure is the most 

likely source of NO3 in the polluted wells because active agricultural regions, metropolitan areas, 

and a small number of dairy farms are all present. The NO3 pollution may result from manure 

being used as fertilizer to agricultural regions or from direct contamination of urban wastewater. 

Denitrification at levels that can be detected on dual-isotope plots in this aquifer may be discounted 

because the plot of " δ15N-NO3 vs NO3 and natural log of nitrate" did not show the decrease in 

NO3 concentration as the result of the " δ15N-NO3
- enrichment" to suggest fractionation via 

denitrification. Additionally, the inverse relationship between nitrate content and δ15N-NO3
- 

showed a negative association, suggesting mixing may contribute to nitrate pollution of the Mojave 

aquifer. 

The order of mean concentration of metals in Mojave aquifer is Sr>B>Fe>Mn>As>Cr 

respectively. With a mean of 10.14, the Sr concentration varies from 0.0047 to 12.9 µg/l. Seven 

wells (n=87) exhibit Sr pollution and their results are more than 4 mg/L when compared to 

EPA/WHO regulations. With a mean of 0.3 mg/L, the boron content varies from 0.008 to 5.7 mg/L. 

According to the EPA, 0.5 mg/L of boron is the maximum permitted level, hence 47% of the 108 

wells that were analyzed contain boron pollution. Increases in hazardous components like boron 

are typically seen in groundwater with high salt levels. The Fe content is larger than the preferred 
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limit (0.3 mg/L) of the EPA/WHO among the examined wells (n=70), showing the influence of 

weathered granitic and metamorphic rock as a potential source. These three wells had Fe 

concentrations of 0.4, 0.42, and 0.77 mg/L. The range of arsenic in water is 0.001 to 0.172 mg/L 

(average: 0.00629 mg/L). The majority of these wells are situated in the Mojave River drainage 

basin, which has a primarily coarse granitic river channel, and the area surrounding the floodplain, 

which contains alluvium formed from older stream deposits, locally derived alluvial fans, playa 

lake deposits, and fractured bedrock. With mean concentrations of 113.8 for 6 heavy metals (As, 

Sr, Fe, Mn, B, Cr) in 110 groundwater sample years between 2000 and 2019, the Mojave basin 

aquifer's HPI varies from 95.64 to 131.82. It is implied that all groundwater samples, with the 

exception of one well, are over the threshold value of 100 and are thus unsuitable for human 

consumption. HEI, which has also been evaluated for a better understanding of the pollutant loads, 

has a range of 0.22 to 14.2 with a mean value of 2.09. Nine of the 70 studied wells have HEI values 

greater than 1, making them unsuitable for residential usage. To determine the degree of metal 

pollution, the contamination index (Cd) is also used. The mean and range of Cd readings are -5.9-

8.2 and -3.92, respectively, and 4 wells (n=70) are classified as having substantial pollution. 

Surface runoff-derived heavy metal buildup in polluted wells mostly impacts samples that are 

positioned in the direction of the flow. 

Alkaline earth metals (Ca2+, Mg2+) predominate over alkalies (Na+, K+) in the Tulare 

aquifer where the majority of groundwater samples are taken, while weak acids (CO3
2-, HCO3

-) 

outweigh strong acids (Cl-, SO4
2-). Additionally, the Na% data showed that 15.39% of the samples 

were inappropriate, 20.33% were questionable, and 18.4% fell into the category of allowed 

samples. The majority of the water samples, according to the Wilcox diagram, fall into the 

somewhat salinity to salinity range. Seven water samples, however, fall into the category of being 
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extremely salty and are not suited. 

The Tulare aquifer's nitrate content varied from 0.038 to 48.6 mg/L, with a mean value of 

8.98 mg/L. In the Tulare aquifer, 33.5% (n=161) of water samples had nitrate concentrations that 

exceeded the Maximum Contaminant Level (MCL) established by the Environmental Protection 

Agency. In addition, 70% of the examined wells contain nitrate levels more than 3 mg/L. Although 

there hasn't been a baseline assessment to determine the amount of naturally occurring NO3- 

concentrations in groundwater in this area, NO3-N levels above 3 mg/L are generally considered 

to be the result of anthropogenic sources. The range of NO3-N readings from 0.038 to 48.6 mg/L 

makes it impossible to assume that the NO3
- comes from organic nitrogen in the soil. In this study 

area, the water samples are taken from 161 wells years between 2001 to 2020. The mean value of 

nitrate for each year indicates a relatively increasing trend from 2001 to 2020.  

The mean NO3
- concentrations in the HLS portion of the Tulare aquifer are 6.4 mg/L 

(n=18), and the mean δ15N–NO3
- values varied from +1.6 to +14.5‰. The highest nitrate content 

(11.74 mg/L) was found in the central-north portion (KAW) of the Tulare aquifer (n=31). The 

range of this component's δ15N–NO3
- and δ18O-NO3 values was +2.43 to +43.02‰ with a mean of 

7.7‰ and -3.2 to 20.52‰ with a mean of 1.53‰, respectively. Similar to the central-north region, 

the south part (TLE) also has a high nitrate content, with a mean value of 9.04 mg/L (n=27). The 

ranges for δ15N–NO3
- and δ18O-NO3 were respectively +2.1 to +19.7‰ and -1.9 to +6.9‰. West 

portion (TLA) nitrate concentration is 3.95 my/l (n=6). There is a very wide range of isotope values 

in this region; for example, the west part's δ15N–NO3
- and δ18O-NO3 values varied from -10.4 to 

+57.5‰ with a mean of +15.1 and -6.4 to +18.0‰ with a mean of +3.3‰, respectively. 

Since the concentrations of δ15N–NO3
- and δ18O–NO3

- are primarily found in soil organic 

matter, manure, and sewage, as well as chemical fertilizers, it is likely that these three sources 
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contributed to the nitrate contamination or that it originated from a single variable source inside 

the common composition area. As a result, there is no common groundwater circulation pattern 

throughout the research area's many groundwater sites, making it difficult to explain this pattern 

only in terms of microbial denitrification or mixing. To put it another way, the relationship between 

δ15N-NO3 and the natural log of nitrate shows a decrease in NO3 concentration as a result of δ15N-

NO3 enrichment, suggesting the effect of denitrification on nitrate concentration in the Tulare 

aquifer, while the negative relationship between δ15N-NO3 and the inverse of nitrate concentration 

is consistent with mixing. 

In 182 examined wells from 2000 to 2020, the pH value of groundwater samples from the 

Tulare Aquifer ranged from 6.1 to 9.6, with a mean of 7.7. This implies mild acid to alkaline 

conditions. The mean concentration of As, Ba, B, Mo, Sr, V, and U in the Tulare aquifer were 

found 0.01, 0.09, 0.16, 0.01, 0.41, 0.02, and 0.22 mg/L respectively years from 2000 to 2020. 

Moreover, the mean concentrations were observed in decreasing order of Sr > U > B > Ba > Mo 

> As whereas the concentration of As, Mo, and U in 13.8, 4.4, and 12.7% of the studied wells 

(n=182) respectively are more the standard level reported by EPA and WHO. These polluted wells 

are mostly located on the central part of Tulare aquifer. The HPI values for the Tulare aquifer 

deviate from 4.33 to 1,300.7 with mean concentrations 63.97 for 7 heavy metals (As, Ba, B, Mo, 

Sr, V, and U) in 182 groundwater samples years between 2001-2020. It is inferred that, 24 wells 

have HPI more than 100 with mean value of 217.4, hence unfit for human consumption.  The HEI 

has also been evaluated, and it has a mean value of 2.3 with a range of 0.04 to 36.0. As a result, of 

of 182 study wells, 137 (75%) have HEI levels more than 1, and are consequently deemed 

inappropriate for residential usage. With the exception of three wells (HLS15, KAW05, and 

TLA09), all wells are classified as low contaminated with Cd levels of less than one. The Cd range 
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and mean readings are -6.9-29.0 and -4.6, respectively. 

Alkaline earths (Ca2+ and Mg2+) predominate over alkalies (Na+ and K+) in the San Joaquin 

aquifer's groundwater, and the Ca-HCO3 facies demonstrates that weak acids (HCO3
-) predominate 

over strong acids (SO4
2−and Cl−). As a consequence, HCO3-Ca_Mg was the most prevalent 

compound, followed by HCO3-Na, which is connected to the aquifer's carbonate-rich rocks. The 

majority of samples (88%) plot in the low salinity zones of the U.S. "Salinity Laboratory (USSL)" 

figure, which suggests that these water samples are risk-free. With the exception of one sample, 

12% of samples come within the classification C3S1, which denotes water with high salinity (C3) 

and low sodium (S1) hazards and may be used to irrigate nearly all soil types with little risk of 

exchangeable sodium. Because it's important to keep the equilibrium between these two ions, the 

excess of carbonate (CO3
2−) and bicarbonate (HCO3

-) over the alkali earth metals (Ca2+ and Mg2+) 

might have an effect on the soil. Additionally, the main ion in the groundwater was bicarbonate, 

in accordance with the kind of water in the San Joaquin aquifer. Therefore, 87.2% of the samples 

are inappropriate for irrigation usage, 8.5% are dubious, and only 1.7% are excellent. In this area, 

RSC has an average value of 6.6 meq/L. 

With a pH range of 6.11 to 9.4 and a mean value of 7.4, the water in the San Joaquin aquifer 

is neutral to alkaline in nature in the 259 examined wells from 2000 to 2019. Sr, Ba, B, U, V, As, 

and Mo are the order of mean metals, accordingly. However, the water samples are contaminated 

with V, U, and B when compared to EPA/WHO limits. The mean boron content is 1.16 mg/L, with 

a range of 0.007 to 1.74 mg/L. Based (B) on EPA, the standard permissible for boron is 0.5 mg/L, 

accordingly about 6.17% of the studied wells (n=259) have boron contamination with mean of 9.9 

mg/L. 

In 259 groundwater sample years between 2000 and 2019, the San Joaquin aquifer's HPI 
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varied from 3.88 to 705.9 with mean values of 80 for 7 heavy metals (Sr, Ba, B, U, V, As, and 

Mo). It is assumed that 19.7% of the groundwater samples are unsafe for human consumption since 

they are over the threshold value of 100. HEI, which has also been evaluated for a better 

understanding of the pollutant loads, has a range of 0.3 to 20.32 and a mean value of 2.59. As a 

result, according to 85% of studies, wells had HEI values more than 1, making them unsuitable for 

residential usage. 

To determine the degree of metal pollution, the contamination index (Cd) is also used. Cd 

has a range of -6.5 to 33.3 with a mean value of -2.6. About 12% of the samples have Cd more 

than 3, and 1.15% (3 samples) range between 1-3. The high correlation between uranium and these 

indices indicates that among studied heavy metals, U have the most effect on groundwater 

contamination in San Joaquin aquifer. Furthermore, the relatively high correlation of Sr, Ca, Mg, 

and Cl with EC shows that they are more solubility in alkaline groundwater.  

In 292 groundwater samples, the San Joaquin aquifer's nitrate content varied from 0.03 to 

60.2 mg/L as nitrogen, with a mean value of 6.7 mg/L. The Environmental Protection Agency's 

Maximum Contaminant Level (MCL) for nitrate is exceeded in almost 22% of samples, and 58.9% 

of the examined wells have nitrate concentrations more than 3 mg/L, demonstrating the impact of 

human causes on water quality. According to the association between nitrate and the major cations 

and anions, NO3-Cl and NO3-SO4
2- do not significantly correlate, unlike the Tulare aquifer. On the 

other hand, the link between nitrate and cations (Ca2+ and Mg2+) suggests that they may have the 

same source of production (s). 

The concentration of nitrate in the San Joaquin aquifer ranged from 0.03 to 60.2 mg/L as 

nitrogen, and mean value of 6.7 mg/L in 292 groundwater samples. About 22% of samples have 

nitrate concentration more than Maximum Contaminant Level (MCL) set by the Environmental 
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Protection Agency, and 58.9% of the studied wells have nitrate more than 3 mg/L showing the 

influence of anthropogenic factors on water quality. The correlation between nitrate and main 

cations/anions indicated that like Tulare aquifer there is no significant correlation between NO3-

Cl and NO3-SO4
2-. However, the correlation between nitrate and cations (Ca2+ and Mg2+) indicate 

that they might be generated from the same source(s).  

Additionally, between 2003 and 2019, the δ15N-NO3 fluctuated from +0.73 to +14.7‰, 

whereas the δ18O-NO3 ranged from -4 to 14.7‰. Organic soil components, chemical fertilizers, 

and sewage/manure are the primary sources of nitrate in the aquifer. Cl and the molar ratio of 

NO3/Cl can be used to reflect biological activities or the mixing of NO3 sources since Cl- is a 

conservative ion. Low Cl concentrations and high NO3/Cl ratios with low levels of δ15N-NO3 

suggest that chemical fertilizers are the San Joaquin aquifer's main source of NO3. Additionally, 

the δ18O-NO3 values via nitrification vary from -5 to +15‰, showing that nitrification is the 

primary method of producing NO3 in the San Joaquin aquifer. 

The San Joaquin aquifer's examined wells have an average DO content of more than 5 

mg/L, which is not the best environment for denitrification. This suggests that little denitrification 

took place in the San Joaquin aquifer. Denitrification and simple mixing may also be distinguished 

using graphs of the δ15N-NO3 composition against the natural log and inverse (1/NO3) 

concentrations. However, the negative correlation between inverse nitrate concentration and the 

δ15N-NO3 confirmed that mixing may be taking place in the San Joaquin aquifer. The plot of 15N-

NO3 vs. natural log of nitrate did not show the decrease in NO3 concentration as a result of the 

δ15N-NO3 enrichment to suggest fractionation via denitrification. 
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