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ABSTRACT OF THE THESIS 
 
 

 
Isotopes of Helium, Hydrogen and Carbon as Groundwater Tracers in Aquifers along 

the Colorado River 
 
 

 
by  
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Master of Science in Earth Sciences 
 
 

University of California, San Diego, 2009 
 
 

Professor David Hilton, Chair 
 

 

 

Isotopes of hydrogen, carbon, helium, and neon in groundwater from 20 wells 

in the Lower Colorado River Valley (LCRV) are presented, with the aim of 

determining the age and mixing characteristics of the groundwater.  Groundwaters 

from thirteen wells have measurable tritium and young 14C ages, suggesting mixing 

with at least a portion of recently-recharged (post-1952) groundwater.  Groundwaters 

from the other seven wells are characterized as many thousands of years old and lack 

discernible tritium, which indicates no mixing with younger water.  Carbon-14 ages 

of the groundwater indicate flow is away from the river (i.e. a leaking river).  
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Dissolved helium concentrations were resolved into components associated 

with solubility equilibration, air entrainment, mantle-derivation, in-situ production 

within the aquifer, and extraneous crustal fluxes.  Helium concentrations from the 20 

groundwaters range from 0.55 to 69.8 x 10-7 cm3 STP g-1 H20, or from close to air-

equilibration values to 100-times saturation, with corresponding 3He/4He ratios falling 

between 5.07 and 0.17 times the atmospheric value.  This large range of values is 

indicative of the two extreme types of groundwater: (1) young, tritium-rich waters 

and (2) old, 4He-rich waters.   

A whole crustal He flux, averaging 3x10-8 cm3 STP cm-2 year-1, was 

determined by constraining the 4He ages to match the 14C ages.  A presence of mantle 

gases in which at least 1.4% of the helium is derived from a mantle flux is significant 

because the aquifers are at least 75 km from the San Andreas Fault Complex.  
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Chapter 1. Introduction 

Over the past six years, the US Geological Survey (USGS) has lead the 

Ground-Water Ambient Monitoring and Assessment (GAMA) program in response to 

the Ground-Water Quality Monitoring Act of 2001 (Kulongoski and Belitz, 2004).  

The GAMA program has sampled over 1,800 wells statewide in order to understand 

California’s groundwater resource and manage it for the future.  One aspect of the 

program involves studying the dynamics of groundwater age and flow near the 

Colorado River.   

In the present study, the groundwater in three aquifers south of the Hoover 

Dam in southeastern California is evaluated for age and mixing characteristics.  The 

radioactive isotopes, tritium and carbon-14, along with the stable isotopes, helium-3, 

helium-4, and neon-20, are used to determine the age of water from the wells, the 

timing of groundwater recharge, and any mixing of old groundwater (thousands of 

years old) with recent post-1950s groundwater. 

The 14C and tritium data were supplied by USGS while the 3He, 4He, and 20Ne 

data were measured at Scripps Institution of Oceanography.  The inert nature of noble 

gases, coupled with their distinctive isotopic and solubility characteristics, makes 

them ideal tracers in groundwater-related studies (Kipfer et al., 2002; Kulongoski et 

al., 2003). In this respect, helium isotopes can reveal the age and flow patterns, as 

well as deep crustal and mantle influx, possibly related to fault activity.   
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1.1 Groundwater and Aquifers 

Groundwater is defined as subsurface water that occurs beneath the water 

table in soils and geological formations that are fully saturated (Freeze and Cherry, 

1979).  An aquifer is a geological formation that holds and can transmit significant 

amounts of groundwater under ordinary hydraulic gradients.   

Both hard rock formations and unconsolidated sediments can act as aquifers.  

Rocks such as karst limestone and fractured igneous and metamorphic rock can hold 

and transmit large amounts of groundwater in their fractures and caves.  But 

commonly, where igneous or metamorphic rocks do not exhibit fractures, they 

prevent water flow.  These non-fractured rock formations would be considered 

aquitards, or geological units that prevent or only allow very slow flow of 

groundwater.  Aquitard layers may be permeable enough to transmit water in 

quantities that are significant in the study of long-term regional groundwater flow, but 

their permeability is not sufficient to allow the successful completion of production 

wells within them (Freeze and Cherry, 1979).  Unconsolidated deposits, particularly 

those consisting of sand and gravel, act as excellent aquifers.   On the other hand, 

finer grained materials such as shales and clays impede water movement and are 

generally aquitards.   

The flow of groundwater is determined by differences in hydraulic head with 

flow from areas of high pressure to low pressure.  Usually the direction of flow is 

very similar to the slope of the land surface, so that groundwater generally flows from 

higher elevations to low-lying areas.  Darcy’s Law predicts the flow direction and 

flow rate with the following simple equation: 

2 



  

  

V = K*G , where              Eq. 1 

V = ground water velocity; 
K = hydraulic conductivity, a value that describes how easily groundwater flows 
through a particular type of rock or soil; 
G = hydraulic gradient, or the slope of the water table.  Ground water flows downhill, 
and the gradient determines the rate of flow and is computed as H/L (the difference in 
head or H, the static water level, divided by the distance between the wells, or L).    
(Mclane and Magelky, 2006) 
 

The estimated velocity (V) is the Darcy velocity, or Darcy flux.  It is the 

average macroscopic flux (m3/m2/time) of the groundwater through the aquifer and 

represents the combination of all the impossible-to-measure individual velocities 

through the porous media.  In order to estimate the true velocity through the pores in 

the formation, the Darcy velocity must be divided by porosity.  This new value, called 

the pore velocity, would be the velocity a conservative tracer would experience if 

carried by the fluid through the formation.   

Knowledge of the geological formation and hydraulic conductivity of the 

aquifer along with measurement to the depth of the water at a well (relative to sea 

level) can allow construction of a simplified groundwater flow velocity map of the 

area.  Two wells are needed for an approximate flow rate, while three wells are 

needed to obtain the flow direction. 

The following table (Table 1) depicts the relationship between permeability, 

hydraulic conductivity, and the ability of a particular formation to act as an aquifer.  

Hydraulic conductivity describes the ease in which water can move through pore 

spaces or fractures.  It depends on the permeability and the degree of saturation of the 

aquifer.  Higher permeability means higher hydraulic conductivity.   
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Table 1: Relationship of rock units to the ability to act as an aquifer.  Hydraulic conductivity (K) is 
dependent on permeability. (from Bear, 1972) 

K (cm/s) 10² 101 100=1 10−1 10−2 10−3 10−4 10−5 10−6 10−7 10−8 10−9 10−10 

K (ft/day) 105 104 1,000 100 10 1 0.1 0.01 0.001 10-4 10−5 10−6 10−7 

Relative 
Permeability 

Pervious Semi-Pervious Impervious 

Aquifer Good       Poor None 

Unconsolidated  
Sand & Gravel 

Well Sorted 
Gravel 

Well Sorted 
Sand or Sand 

 & Gravel 

Very Fine Sand, Silt, Loess
Loam 

 

Unconsolidated 
Clay & Organic 

    Peat Stratified Clay Unweathered Clay 

Consolidated 
Rocks 

Highly Fractured  
Rocks 

Oil Reservoir  
Rocks 

Fresh  
Sandstone 

Fresh 
Limestone, 
Dolomite 

Breccia, 
Granite 

 

The Basin and Range Province covers the majority of southwestern United 

States.  The three principal aquifer types (in order of abundance) in the province are 

(1) basin-fill aquifers, which are primarily unconsolidated sand and gravel of 

Quaternary and Tertiary age, (2) carbonate-rock aquifers, which are primarily 

limestones and dolomites of Mesozoic and Paleozoic age, and (3) volcanic-rock 

aquifers, which are primarily tuff, rhyolite, or basalt of Tertiary age (Figure 1) 

(Groundwater Atlas, USGS).  Any or all three aquifers may be in, or underlie, a 

particular basin and constitute three separate sources of water; however, the aquifers 

may be hydrologically connected to form a single source.  Most groundwater wells 

tap into the basin-fill aquifers.  The most permeable basin-fill deposits are present in 

depressions created by late Tertiary and Quaternary block faulting and can be 

classified by origin as alluvial-fan, lake-bed, or fluvial deposits (Groundwater Atlas, 

USGS).  Thick sequences of Mesozoic and Paleozoic carbonate rocks underlie many 

of the alluvial basins in eastern Nevada and can yield groundwater trapped in caverns 
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as deep as 4,500 meters below the surface.  The Basin and Range Province is the 

most arid area in the nation, so groundwater, lakes, and continually flowing rivers 

like the Colorado River are the vital sources of potable water (Groundwater Atlas, 

USGS).   

 
Figure 1: Map showing the surface outcroppings of the three aquifer types.  Basin and Range aquifers 
consist primarily of unconsolidated basin-fill sand and gravel, but fractured carbonate and volcanic 
rocks also underlie some basins and form important aquifers.  Carbonate aquifers are prevalent in 
eastern Nevada. (Groundwater Atlas, USGS) 
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There are three broad categories of aquifers: unconfined, confined, and 

perched (Figure 2).  Both the confined and unconfined layers may contain significant 

sources of groundwater.  A perched aquifer is a special case of an unconfined aquifer 

in which the aquifer is underlain by an impermeable aquitard that impedes water 

flowing down to the primary or regionally extensive water table. 

 
Figure 2: Diagram portraying the three types of aquifers in a basin-fill environment (Driscoll, 1986) 

 

An unconfined aquifer is an aquifer in which the water table forms the upper 

boundary.  This boundary marks the transition from an unsaturated or vadose zone 

(above), where much of the pore space is filled with air, and the saturated zone 

(below), where all the pore space is filled with water (Freeze and Cherry, 1979).  An 

unconfined aquifer can be categorized into two systems: shallow, local flow and 

deep, regional flow (Toth, 1963).  Shallow aquifers recharge quickly at 

approximately 1-30 cm/yr and thus groundwater flows at a relatively high rate, 1-100 

m/yr.  Since shallow aquifers are local features, they are susceptible to changes on 

short timescales.  The water table of a shallow aquifer can be dramatically affected by 

Main Water Table 

Perched Aquifer 

Bedrock 

Confined Aquifer 

Unconfined Aquifer 
Confining layer 

Clay lens 

Three Types of Aquifers 

stream 
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a single storm or flood.  On the other hand, deep aquifers recharge fairly slowly, at a 

rate of 0.01 – 1 cm/yr.  Thus, the flow velocity is also slow, generally at a rate 

between 0.1 and 1 m/yr (Toth, 1963).  The large volume of a deep aquifer results in 

the water table rarely fluctuating, even during wet seasons.  

The study areas discussed in this paper are all considered relatively shallow 

unconfined aquifers in an arid flood plain river valley.  There is no direct 

groundwater flow path, such as from mountain recharge to a river valley, and only 

about 5-10% of the rain runoff makes it to the recharge zone (Flint et al, 2004).  

Average rainfall of 10 cm/yr (WRCC 2007) suggests the aquifers receive at most 1 

cm/yr recharge and therefore probably flow at approximately 1 m/yr.  The deeper 

groundwater in the aquifer would flow much slower, possibly at a rate less than 

1cm/yr.  This means that the values reported by Toth (1963) are likely to be greater 

than the natural flow rates beneath the study area.  However, due to human induced 

pumping and the close location of the Colorado River, groundwater may be flowing 

at rates similar to or greater than those discussed by Toth (1963).  

Confined aquifers exist when an aquifer is confined between two aquitards, 

thus restricting the vertical flow of groundwater (Freeze and Cherry, 1979).  A 

common situation involves impermeable and continuous shale layers confining an 

aquifer.  Topography and gravity can create water pressure, building up along the 

aquitard, so that if the conditions are right, an artesian well can be drilled that allows 

groundwater to freely flow to the surface without any pumping (Figure 3).   
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Figure 3: Cartoon of an artesian well.  Notice that the water table is higher than the top of the well.  
Therefore, the water freely flows to the surface. (Precision Graphics) 
 

In the basin-fill aquifers of southwestern USA, the situation is typically one of 

continuous impermeable or low permeability sediments or rocks below with non 

continuous impermeable clay lenses above.  The leaky capping layer makes an 

artesian well possible. 

Deep aquifers commonly contain water thousands and sometimes millions of 

years old (Kazemi et al., 2006).  In certain areas, human use of the groundwater for 

industrial, agricultural, and residential purposes is vital, particularly in a desert 

environment without a flowing river.  Most of the Basin and Range Province exhibits 

this scenario, and in such a case, the groundwater can be extracted at rates far 

exceeding recharge.  In this way, fossilized water refers to groundwater that may be 

extracted too fast relative to the time it takes to naturally recharge that aquifer 

(Kazemi et al., 2006).  As the water level drops, pumping that groundwater to the 

surface becomes harder and more expensive.  Permeability of rocks decrease as their 

depth below land surface increases, and the quality of water in the aquifer, 

particularly near playas and old sea beds that contain salts and evaporates, can worsen 

8 



  

  

(become saltier) with depth and age as the groundwater interacts with the rocks.  

Therefore, over-extraction of young groundwater close to the surface can result in the 

availability of only old, poor quality water.  Fortunately, the quality of most 

groundwater sampled in the southwest from depths over 300 meters has generally 

been fresh (Groundwater Atlas, USGS).  Extracting groundwater too fast can also 

cause land subsidence that can damage infrastructure (Amelung et al., 1999; 

Galloway et al., 1998).  Areas all over the southwestern part of the United States, 

such as Las Vegas and Antelope Valley, are currently experiencing the consequences 

of extracting too much fossilized groundwater.  

1.2 Concept of Groundwater Age 

A simple definition of age, or residence time, is the interval of time that has 

elapsed since groundwater at a location in a flow regime entered the subsurface 

(Bethke and Johnson, 2008).  A simplified perception of groundwater assumes that 

water flows like a piston in a closed system, from recharge to the aquifer and back to 

the surface without mixing with water of different ages.  Isotope dating is easiest and 

most straight forward when this scenario is approximated in the real world.  However, 

in an unconfined aquifer, groundwater can mix with younger waters from above and 

older waters from below, particularly due to human induced pumping.  In the 

southwest deserts, very little rain makes its way to the recharge zone due to 

evapotranspiration (Flint et al., 2004).  Therefore the young water most likely comes 

directly from the river or irrigation.  We must assume that the isotopes and tracers 

that are of interest (14C, tritium, 3He, 4He, 20Ne) move with the mixing groundwater.  

It is recommended that multiple dating techniques, coupled with physical parameters 
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of the aquifer and wells, be used for groundwater characterization (Bethke et al., 

2008). 

1.3 Noble Gas Geochemistry 

Noble gases have been exploited as geochemical tracers for a number of 

reasons (Ozima and Podosek, 1983).  First, they only interact with other atoms by 

weak van der Waal’s force.  This makes them inert and incompatible in the solid 

Earth.  Second, their inert nature eliminates the complications that arise with elements 

that form compounds or behave differently based on environmental conditions, e.g. 

redox potential.  Finally, their isotopic ratios are well known and documented for the 

different reservoirs on Earth, such as the atmosphere, mantle, and crust.   

There are a number of different origins of noble gases: primordial, radiogenic, 

and cosmogenic.  Primordial gases are left over from accretion of Earth and are 

generally only found in the mantle, so they appear as components of magmatic 

volatiles.  Examples of primordial noble gases are 3He, 20Ne, 22Ne, 36Ar, 84Kr, and 

132Xe.  Radiogenic isotopes are ones that can be produced through radioactive decay.  

For example, 4He is produced from alpha decay of the uranium-thorium series chain.  

21Ne is a product of 18O(α,n)21Ne, and 40K decays to 40Ar.  Cosmogenic isotopes are 

produced by nuclear reactions with cosmic ray particles.  Energetic processes in 

supernovae are the source of the energetic cosmic rays, which bombard all matter in 

the solar system (Lal and Peters, 1967).  22Ne is an example of that process 

18O(α,γ)22Ne.  By measuring the ratio of various noble gas isotopes, one is able to 

identify the radiogenic and primordial components and therefore determine the 
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evolution of a specific system, whether it be the history of the atmosphere, rocks, or 

groundwater (Ozima and Podosek, 1983).      

Isotopes of helium in groundwater can be resolved into two general 

categories: atmospheric helium and terrigenic helium.  The measurements of 20Ne, 

which is non-radiogenic and only consists of an atmospheric component, can be used 

to determine the proportion of atmospheric helium in any mixture because the He/Ne 

ratio of air is known (Torgerson, 1980; Ozima and Podosek, 1983).  Any extra helium 

is considered terrigenic, which has its own components and will be discussed later in 

this paper.  Simple modeling of the helium components can reveal the effective 

contribution of mantle and deep crustal influx, as well as the tritium input at recharge 

(Kulongoski et al., 2003). 

 1.4.  3He/4He and 4He/20Ne Ratios and Accumulation of 4He 

In this study, measured 3He/4He ratios and 4He concentrations are one of the 

main ways used to characterize the groundwater.  The aquifers contain uranium and 

thorium (typically 5 parts per million) which decay to produce an alpha particle, or 

helium-4 (Freeze and Cherry, 1979).  The decay is slow enough that the parents’ 

abundance, and hence the rate at which they produce daughter products, is nearly 

constant.  Therefore, a steady, linear rate of production of 4He across a large region 

can be assumed (Bethke and Johnson, 2008).  Older groundwater would have 

accumulated 4He from this in-situ production and from a deep crustal flux, and would 

therefore exhibit a low 3He/4He ratio. 

The 4He/20Ne ratio can indicate whether contamination by mixing with air 

during sampling or in the aquifer occurred and/or if the groundwater has accumulated 
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a large amount of helium.  20Ne is not produced by radioactive decay and the only 

source is from the atmosphere (Torgersen, 1980).  Therefore, air contaminated 

samples or very young samples, which have not accumulated radiogenic helium, 

would have a 4He/20Ne ratio equal to that of air.  The samples in this study had values 

of 1.5 to 43 times greater than air, which is indicative of samples not contaminated by 

air. 

We compare the 3He/4He ratios of the groundwater sample (Rs) to 3He/4He of 

air, where (3He/4He)air or RA equals 1.4 x 10-6 (Ozima and Podosek, 1983).  If the 

4He/20Ne ratio is several times that of air, He has accumulated from subsurface 

sources.  We can then distinguish between helium from crustal fluids (crustal flux) 

and helium from the mantle influx because the two fluxes have 3He/4He values of 

0.02 and 8 RA, respectively (Craig and Lupton, 1981; Mamyrin and Tolstikhin, 1984).  

For example, an Rs/RA value of 4 indicates a contribution of 50% mantle and 50% 

crustal fluxes.  An Rs/RA value of 0.42 suggests 5% mantle and 95% crustal fluxes.  

An additional consideration is that tritium decays to 3He and can therefore 

increase the 3He/4He ratio of groundwater.  During the 1950s, tritium was released 

into the atmosphere by nuclear bomb testing.  Knowledge of the tritium values of 

groundwater also allows one to determine whether the 3He is from tritium or mantle 

derived.  In fact, some of the most robust dating of young (post-1950s) groundwater 

comes from comparing the tritium and helium-3 values in groundwater (Freeze and 

Cherry, 1979). 
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1.5 Previous Work 

The US Geological Survey has completed several studies in the Needles, 

Blythe, and Yuma area regarding the geology, groundwater flows, and groundwater 

interaction with surface waters of the Colorado River (Metzger et al., 1973; Olmsted 

et al., 1973).  One of the most recent works regarding groundwater near the Colorado 

River involved analyzing δ18O, δD, and 3H in order to ascertain the source of the 

groundwater (Guya et al., 2006).  In the LCRV, the Colorado River has historically 

been the predominant source of groundwater recharge, contributing approximately 

96% of the recharge to river aquifers (Wilson and Owen-Joyce, 1994; Guay et al., 

2006).  In this study, we use helium for the first time in the Lower Colorado River 

Basin.  We evaluate its utility and how it can supplement other isotopic dating and 

characterization analysis of the groundwater flow or evolution in this region. 

1.6 Thesis Objective 

This project focuses on the use of noble gas isotopes (3He/4He) and 

concentrations (4He and 20Ne), mainly as geochronometers and indicators of mixing 

and evolution of groundwater.  Our focus site is southeastern California and three 

aquifers within 15 kilometers (most within 5 km) of the Colorado River.  New tritium 

and carbon-14 data from the USGS, coupled with groundwater level depths, and flow 

net maps from the 1970s are used as a constraint and compared to helium analysis.  In 

doing so, a deep crustal flux of helium is identified at three locations in the Colorado 

River Basin.  Previously, He analysis has been successful at dating very old (>10,000 

yrs.) groundwater in order to determine the flow path and flux changes across a fault 
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(Kulongoski et al., 2003).  Using He analysis for groundwater with high mixing rates 

and fast recharge from a nearby river is less common.  However, as shown in this 

paper, the analysis does a surprisingly good job in characterizing groundwater flow 

regime and supplementing information derived from 14C, tritium, and flow maps. 
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Chapter 2. Locations and Geological Background 

This study involves three aquifer systems along the Colorado River (Figures 

4-7), all situated in southeastern California in the Lower Colorado River Valley 

(LCRV).  The LCRV consists of land around the Colorado River from the Hoover 

Dam to the California/Mexico border.  From north to south, the aquifers are located 

in the vicinities of Needles, Blythe, and Yuma.  Metzger and Olmsted (1973) 

described the geology and groundwater characteristics of the region.  Flood plain 

geology with sand, gravel, and clay deposits constitute these three sites.  Arid, desert-

like climate characterizes these areas, with summer temperatures averaging in the 

upper 90s and commonly exceeding 100o F (WRCC 2007).  Rainfall is dispersed in 

nearly equal amounts during the summer (convective) and winter (cyclonic) seasons, 

averaging 10 cm per year (Guay et al., 2006).  Hydraulic head measurements in the 

1960s indicate that the groundwater moves primarily north to south, in the same 

direction as the flowing Colorado River and slightly away from the river (Metzger et 

al., 1973).  However, well pumping during the past forty years may have altered 

groundwater flow directions.  The river flow decreases southward from the Hoover 

Dam to Mexico because of consumptive uses of river water (Owen-Joyce and 

Raymond 1996).  Old rainwater (pre-1950), young rainwater (post-1950), and 

Colorado River water are the only sources for aquifer recharge, with 96% of the river 

recharge coming directly from the river (Wilson and Owen-Joyce, 1994; Guay et al., 

2006).   
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Figure 4: Aerial view of the Lower Colorado River Valley with the three areas of Needles, Blythe, and 
Yuma highlighted. (Google.com) 
 

 
Figure 5: Aerial view of Needles, CA with the 5 well sites numbered in order from closest to river to 
furthest from river. (Google.com) 
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Figure 6: Aerial view of Blythe, CA with the 11 well sites numbered in order from closest to river to 
furthest from river. (Google.com) 
 

 
Figure 7: Aerial view of Yuma, CA with the 4 well sites numbered in order from closest to river to 
furthest from river. (Google.com) 
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Blythe and Surrounding Area 

Located off the I-10 freeway and near the Colorado River, the town of Blythe 

lies in the Palo Verde Valley, approximately 330 km (200 miles) east of Los Angeles 

(Figure 6).  The landscape is flat, with an average elevation of 77.7 meters or 255 feet 

(Metzger et al., 1973).  Daily summer temperatures average in the upper 90s, while 

the winter temperatures average in the 50s.  The rain is dispersed throughout the 

seasons, averaging 10 cm (or 4 inches) per year, with August averaging the most at 

1.6 cm (WRCC 2007). 

River flood plain geology dominates the area.  The subsurface units from 

youngest to oldest are Quaternary alluvium of the Colorado River, Bouse Formation 

(Mio-Pliocene), a unit of fanglomerate (Miocene), and bedrock composed of granite 

(Figure 8).  In the Palo Verde Valley, the alluvium layer is thickest (~180 meters) 

under Blythe, which is located in the middle of the valley.  The basal layer of the 

alluvium is dominated by gravel and sand and provides the most permeable parts of 

the basin fill (Figure 9).  Almost all the wells drill into this lower alluvium layer with 

the possibility that some may enter the Bouse Formation, composed of interbedded 

clay, silt, and sand.  The upper part of this formation may produce adequate 

groundwater for present and future use (Metzger et al., 1973).    

 The principal source of groundwater is from the Colorado River.  The 

Colorado River recharges the shallow aquifer by direct seepage in some reaches, and 

by seepage from canals and irrigated land fed by diversions from the Colorado River 

in others.  Other very minor sources are runoff from precipitation, unused irrigation 

water, and underflow from the bordering areas.  Most of the rains in this area are 
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intense as moist air during the warm season moves into the area from tropical 

disturbances off the coast of Baja California.  The storms are rare but can dump 5-8 

cm in a few hours (Metzger et al., 1973).  Human-induced pumpage from wells and 

natural evapotranspiration from widespread areas with relatively shallow depths to 

the water table are the main sources of discharge from the aquifer. 

In the late 1960s, groundwater depth nearly mirrored the topography and 

averaged three meters below the surface throughout the flood plain (Metzger et al., 

1973).  At the edge of the flood plain, the depth to water reached 7.5 meters below 

the surface, but rarely deeper.  At the time, insufficient groundwater was being 

extracted to affect the water level table.  Therefore, the main flow was from north to 

south, in the same direction as the Colorado River (Figure 10).  However, 

measurements of water depth in the year 2000 show that the depth to the water table 

is now much deeper at the outer edges of the flood plain.  For example, at well #16, 

the water table is located 44.8 meters below the surface (Table 2).   

Carbon-14, tritium, 3He/4He, and Ne data from 11 wells in this area, all within 

15 km and most approximately 4 km from the river, are used in this study for 

characterization of the groundwater. 
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Figure 8: Simplified geological cross section under Blythe, California.  Depth values indicate those 
under Blythe.  Depth values in parentheses depict the average depths of the Palo Verde Valley 
(modified from Metzger et al., 1973) 
 
 

 
Figure 9: Cross section of the upper part of Quaternary alluvium and primary aquifer.  Notice the 
alternating layers of unconsolidated sediment and the lenses of gravel and sand. (Metzger et al., 1973) 
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Figure 10: The assumed general trend of groundwater level contours (feet) along the Colorado River.  
This particular map depicts Blythe, California during 1973.  Notice that the contours reveal a 
groundwater flow in the same direction as the Colorado River, from north to south. (Metzger et al., 
1973) 
 
Needles and Surrounding Area 

The Needles area is located on the western bank of the Colorado River in the 

Mojave Valley of San Bernardino County, approximately 330 km south, southeast of 

Las Vegas.  The area is relatively flat right near the river with an elevation of 

approximately 168 meters (Metzger et al., 1973).  The elevation increases 

approximately 260 meters per km to the west until there is a significant increase due 

to Eagle Peak, which has its base about 8 km from the river (Figure 5).  Eagle Peak, 

the highest point in the area, rises just above 915 meters.  The Needles area has 

weather similar to Blythe, except that it averages slightly more rain at 11.9 cm per 

year (WRCC 2007). 
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The geology of the near surface parallels that of Blythe, as the main aquifer is 

the Colorado River alluvium. The top fifty feet contains sand and silt underlain by 

gravel and sand (Metzger et al., 1973).     

In the 1960s, the water table, on average, lay ten feet below the land surface.  

As of the year 2000, the water table was much deeper.  Water levels in wells #3, 4, 

and 5 are 33.5, 72.5, and 125.6 meters below the surface (Table 2).  Recharge of the 

basin is primarily from percolation of the Colorado River.    We have sampled a total 

of five well sites in the Needles region.  Three well sites are within 1 km of the river 

while the other well sites are 3.3 and 5.6 km from the river (Figure 5). 

Yuma and Surrounding Area 

Yuma is located on the Colorado River just north of the Mexican border in 

Arizona (Figure 7).  Its surrounding population extends into California.  Yuma is very 

flat at an average elevation of 61 meters and is dominated by agricultural fields.  Just 

like Blythe and Needles, the subsurface geology consists of alluvium with deposits 

dominated by sand, silt, clay, and lenses of gravel (Olmsted et al., 1973).  Yuma 

weather is similar to Blythe, except it averages only 7.4 cm of rain per year (WWCC 

2007). 

Historically, the Colorado River was the predominant source of groundwater 

recharge.  The river still is the main source of recharge, but only by way of seepage 

from the many canals that surround the area (Olmsted et al., 1973).  Precipitation and 

local runoff are very minor sources of groundwater recharge. 

Groundwater flow in Yuma is complicated due to the large amount withdrawn 

from the wells for agricultural usage and the constant infiltration and seepage from 
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the canals.  The general flow direction is south to southwest.  In the 1960s, the depth 

to groundwater was shallow throughout the area, averaging three meters below the 

surface (Olmstead et al, 1973).  However, outside the agricultural flood plain, the 

water table can now be as deep as 30-60 meters below the surface (Table 2).  For 

example, well site #20 reaches the water table 57.3 meters below the surface.  Four 

well sites in the region, all within 5 km of the river, were sampled. 

2.1 Battle for Colorado River Water.  Importance of Groundwater 

The Colorado River supplies a significant amount of water to the southwest 

states, California, Nevada, and Arizona.  Southern California’s water needs are 

heavily dependent on this water supply, with more than 60% of its water demand 

satisfied by the Colorado River.  This figure represents twenty percent more than 

California’s entitlement (Walker, 2004).   

A battle for Colorado River water between the southwest states has started 

and will continue to grow.  A critical factor in this respect, is estimating how much 

water from the Colorado River recharges the regional groundwater reservoirs.  It is 

assumed that approximately 2.3% of the mainstream flow is diverted into tributary 

inflows and the nearby aquifers (Owen-Joyce and Raymond 1996).  Increased 

agricultural development over the years may increase that percentage.   

Another important issue to consider is contamination.  In 1999, a proposed 

plan to build a nuclear waste site forty miles from the Colorado River in Ward Valley 

was declined following environmental concerns about the dangers of leakage from 

that site to the river (Wilshire, 1999).  Thus, understanding the flow of the 

groundwater can lead to strategies designed to prevent contamination of this vital 
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resource, or alternatively, if the river is contaminated, the vulnerability of nearby 

aquifers can be assessed.  Therefore, there are many reasons why it is important and 

necessary to understand the interactions of the Colorado River and nearby ground 

waters.   
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Chapter 3. Radioactive Decay and Using Isotopes as Tracers 
 

3.1 Tritium ( 3H) Analysis 

Tritium (3H) is a naturally occurring radioactive isotope of hydrogen with a 

half-life of 12.43 years.  The USGS provided tritium data (Table 2) from samples 

collected in December 2007 at each well site in this study.  The results are reported in 

tritium units (TU), where one tritium unit is equivalent to one tritium atom in 1018 

atoms of hydrogen (Taylor and Roether, 1982).  Because tritium is part of the water 

molecule, tritium is not affected by reactions other than radioactive decay.  Therefore, 

tritium is an excellent tracer of the movement of groundwater recharged less than 50 

years before present (i.e. within 5-6 half-lives).  A measurement of tritium-free 

groundwater indicates pre-1950 groundwater.  Groundwater containing significant 

tritium content would be post-1950s and may contain a majority of its recharge from 

the early 1960s. 

The early 1960s nuclear bomb testing resulted in a peak in atmospheric tritium 

and a means for effective short-term groundwater age dating.  In regards to the study 

area, the Colorado River tritium content has declined steadily from its peak of 716 

TU in 1967 to about 11 TU in 2002 (Guay et al., 2006).  Prior to the 1950s, the 

atmosphere and the river water would have contained 0-2 TU. 

To illustrate the kind of information available from the tritium data, 

groundwater can be characterized by only focusing on this tracer.  Assuming river 

water with 716 TU in 1967 fully recharged the groundwater today, that groundwater 

would contain 73 TU.  If a quarter of the groundwater is from 1967 and the rest is 
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much older, say 5,000 years old (i.e. tritium free), then that groundwater would have 

18.25 TU.  These numbers and proportions can be constrained by the 14C and the 4He 

age dating.  Table 2 contains the tritium together with the 14C and δ13C data and 14C 

ages. 

Table 2: 14C and tritium data and 14C ages along with peizometer measurements and distance from the 
river. 

 
 

3.2 Radioactive Decay Equation 

Radioactive decay is described by the well-known equation: 

N = No*e
–λt             Eq. 2 

where No is the initial amount of the radioactive isotope that decays over time to N, 

the amount of the daughter product.  λ is the decay constant, equal to ln(2) divided by 

the half life (t1/2): 
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λ=ln(2)/t1/2             Eq. 3 

Therefore the amount of time, or age of the groundwater, can be determined if the 

other terms are known or measured.   

3.3 Carbon-14 Dating and Analysis 

Carbon-14 dating is one of the most common and successful ways to date 

groundwater (Freeze and Cherry, 1979).  14C measurements of the groundwater at the 

20 wells in this study (Tables 2 and 3) are provided by USGS.  In this section, we use 

the data to estimate an age or a time since recharge for the groundwater. 

Carbon-14 (14C) is produced by interactions between cosmic rays and nitrogen 

gas in the Earth’s atmosphere and has a half-life of about 5,730 years (Mook, 1980).  

Carbon-14 data are expressed as percent modern carbon (pmc) by comparing 14C 

activities to the specific activity of National Bureau of Standards oxalic acid: 12.88 

disintegrations per minute per gram of carbon in the year 1950 equals 100 pmc 

(Izbicki and Michel, 2004).  Assuming that the water is recharged as 100 pmc, the 

carbon-14 starts to decay.  Groundwater having 90 pmc would have recharged 370 

years before present, and groundwater having 50 pmc would have recharged 5,730 

years before present (i.e. one half-life ago).  However, limits for maximum age dating 

exist.  A radiogenic tracer like 14C can only be used to date material up to 

approximately five half lives, or ~30,000 years.  After five half lives, an insufficient 

amount of the parent isotope exists to measure, and therefore, deciphering an older 

age is impossible.  Therefore, groundwater estimated to be 30,000 years old from 14C 

dating might be groundwater that is actually much older, e.g. 200,000 years old or 
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more.  This is one reason why a multi-isotope approach should be used for dating 

groundwater.  

To calculate a groundwater age, the following equation is used: 

Time= -8267*ln(at
14C/ao

14C)                                                       Eq. 4 
 
where 8267 is the decay constant, λ, equal to 5730/ln(2).  ao

14C is the initial amount 

of carbon-14 entering the groundwater, assumed equal to 100 pmc.  at
14C is the 

measured amount of 14C in the groundwater.  ao
14C has only varied by about 10% 

over the Holocene, except for a spike around 1963 from the nuclear bomb testing 

(Freeze and Cherry, 1979).  During that time, atmospheric values up to 200 pmc were 

measured, but then decreased to about 120 pmc by 1987 and to about 110 pmc in 

1995 (Mazor, 1997).   

The twenty samples within the LCRV exhibited 14C contents ranging from 

12.25 pmc to 104.13 pmc.  A value of 100 pmc was used as the initial amount of 14C 

(ao
14C) entering the groundwater.  Four well sites (#7, 10, 13, and 17) have 14C 

content values slightly more than 100 pmc.  These groundwater samples have been 

characterized as post 1960. 

Uncorrected 14C ages may be adequate for groundwater analysis in sandstone 

lithology aquifers.  However, a problem frequently encountered in the interpretation 

of 14C data for groundwater is dissolution of aquifer minerals containing “dead” 

carbon.  Minerals, such as calcite and dolomite that contain little or no carbon-14, 

decrease the 14C activity, and in effect, make it seem that the groundwater 

experienced additional radioactive decay (Izbicki and Michel, 2004).  The result is an 

overestimation of 14C ages, or residence times.    
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The δ13C values of groundwater in each of the three areas were examined to 

determine if calcium carbonate dissolution had occurred.  The δ
13C values of old 

groundwater samples, which contained the lowest 14C and tritium content, were 

compared with the δ13C values of young groundwater, which exhibited the highest 

14C and tritium content.  In Blythe and Yuma, there is a slight increase in δ13C, 

typically from -13 per mil to -9 per mil, as the groundwater ages.  This increase in 

δ
13C values suggests that calcite dissolution takes place, resulting in older 

groundwater containing more “dead” carbon-14.  Aquifers in the vicinity of the three 

study areas are primarily composed of sand and gravel.  However, caliche, a hardened 

deposit of calcium carbonate that cements grains together, is commonly found, at 

least in minor amounts, throughout southwestern USA (Aristarian, 1971). 

Therefore, a correction should be made for groundwater samples in Blythe 

and Yuma.  A modified Pearson-Hanshaw model was selected to present an 

approximation of the effect of calcite dissolution (Pearson and Hanshaw, 1970).  A 

correction factor, q, is determined as follows: 

q = δ13CDIC - δ13CCarb                        Eq. 5 
       δ13CRech - δ

13CCarb 
 

where δ13CDIC is the measured δ13C of the groundwater, and δ13CCarb is the value for 

carbonate minerals in the aquifer.  Nonmarine carbonate minerals that cement alluvial 

deposits have average values near -4 per mil (Izbicki and Michel, 2004).  δ
13CRech is 

the value of the recharged water, and a good estimate for this value equals the 

average δ13C for the groundwater samples that are young and show no signs of 

mixing with older groundwater.  Therefore, we have used samples #7, 13, and 17, 
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which have high 14C content (>100pmc), high tritium content (>20 TU), and low 

helium abundance.  The average δ13C value for these three samples equals 

approximately -13 per mil.   

The correction factor is incorporated into the decay equation as follows: 

 Time= -8267*ln(at
14C/(q*ao

14C))                                                             Eq. 6 

so that older groundwater, which has accumulated some “dead” carbon-14 from 

calcite, will have a slightly younger age than its uncorrected 14C age.  By 

incorporating the δ13C correction factor (q), the relative age between groundwater at 

different well sites is more accurately estimated and compared.  In order to obtain an 

even more accurate age estimate, the major-ion chemistry (Mg2+, Ca+, and CO3
2-) and 

pH would also need to be known.  However, this information is not available, so the 

modified Pearson-Hanshaw model was used.                                        

As previously stated, Needles does not exhibit a slight increase in δ13C as 

groundwater ages, so the uncorrected 14C ages may be a good estimate.  However, the 

relatively high δ13C value for sample #1 (-7.64) suggests that calcite might be 

dissolving into the groundwater.  Assuming that there is added dead carbon from 

calcite, we decided to correct for the 14C ages.  However, a value of -10 per mil was 

used for δ13CRech.   

Therefore, all 14C ages discussed in this study have been corrected for δ
13C.  

Eight samples (#1, 10, 11, 12, 13, 17, 18, and 19) had negative 14C corrected ages.  

These samples have been assigned a corrected age of less than 50 years.  Sample #7 

had a corrected 14C equal to 250 years.  However its 14C content was over 100 pmc, 

so we have identified sample #7 as less than 50 years old.  
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Needles 

A clear pattern that emerges from the 14C data is that groundwater age 

increases with distance from the river (Figure 11).  The two wells (#1 and 2) closest 

to the river have corrected 14C ages estimated at 50 and 140 years, respectively.  The 

two wells (#4 and 5) furthest from the river have 14C estimated ages of 12,680 and 

15,770 years, respectively.  This trend suggests that the river is indeed recharging the 

aquifer.  These old ages suggest that they have not mixed with any young (post 

1950s) water. 

Blythe 

All the samples except #8 produce a plot portraying a general trend in which 

the age increases with distance from the river.  Five well sites (#7, 10, 11, 12, and 13) 

within 7.5 km of the river have estimated 14C ages of less than fifty years.  The three 

well sites (#14, 15, and 16) furthest from the river have estimated 14C ages of 1750, 

3170, and 10980 years, respectively.  Well site #16 may be an outlier, but we assume 

the large step in age from #15 to #16 is just part of the general trend.  The lowest 

amount of 14C, 12.3 pmc, measured at well #8 in Blythe suggests a corrected age of 

15,740 years.   

Yuma 

All four wells in the Yuma region are located between 2 and 3.55 km from the 

river.  Not surprisingly, the two wells (#17 and 18) within the flood plain and 

agricultural fields have the youngest 14C ages, in which both are 50 years.  The well 

(#20) that is furthest from the river and outside of the agricultural fields has the oldest 

14C age, equal to 1,290 years. 
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The subplots (Figure 11) of the three regions portray the distance from the 

Colorado River vs. the carbon-14 ages.  A general trend can be seen that older 

groundwater is found further away from the river.  

 
 
Figure 11: Carbon-14 (corrected) age dating of the groundwater.  Several of the well site numbers are 
included for ease of reference.  Notice a general trend of older water further from the river. 
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3.4 Carbon-14 and Tritium Concordance 

The plots (Figure 12) show tritium values vs. the 14C ages for the three areas.  

Samples with no tritium detected (< 0.5 TU) exhibit older 14C ages, as expected, 

because older groundwater would have lost its tritium.  These seven samples (# 3, 4, 

5, 8, 15, 16, and 20) are characterized by 14C ages greater than 1,200 years, with four 

samples (# 4, 5, 8, and 16) averaging around 14,000 years.  Samples with significant 

tritium (20-60 TU) exhibit young 14C ages. Eleven samples (# 1, 2, 7, 6, 10, 11, 12, 

13, 17, 18, and 19) have significant tritium and ages less than 150 years.  A general 

trend from one group to the other exists, which suggests mixing of old and young 

ground waters.  Overall these plots portray the concordance between the two tracers, 

showing the robustness of these two dating techniques for characterizing 

groundwater.   
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Figure 12: Concordance of 14C ages and 3H measurements.  Older groundwater has no detectable 
tritium while younger groundwater has fairly abundant tritium. 
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Chapter 4. Sampling and Analytical Approach  

4.1 Sampling  

Over a three month period, October to December 2007, US Geological Survey 

(USGS) collected groundwater samples in the Lower Colorado River Valley.  

Samples were collected for this study from wells along the Colorado River in three 

locations: Blythe, Yuma, and Needles.  I participated in one of the trips during 

October 21-25, 2007, in collaboration with Dr. Justin Kulongoski (USGS). 

Before sampling, all boreholes were pumped to purge the equivalent of three 

volumes of the borehole casing in order to clear the wells of possible air-

contaminating water.  Pump outflow was then diverted through clear tubing 

connected to the copper tubes.  The clear tubing allows the water to be visually 

inspected for air bubbles prior to crimping.  Following flushing, the copper tube was 

crimped with a clamp, capturing approximately a 10 cm3 aliquot of groundwater.  

Collecting fluid samples in copper tubes allows sample storage for long periods of 

time without risk of compromising gas integrity (Kulongoski et al., 2003).  

Groundwater was collected from five well sites in Needles, eleven sites in Blythe, and 

four sites in Yuma.  Once the water samples were collected from the wells into 

copper tubes and clamped shut, they were transferred to the laboratory. 

4.2 Analytical Approach  

First, the water in the copper tubes is run through a Fluid Extraction, Noble 

Gas Separation, Quadrupole Mass-Spectrometer (FENGS-QMS) in order to extract 

the neon and helium from the water into breakseals.  Next the helium isotopes (3He 
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and 4He) and neon-20 (20Ne) in the breakseals are measured with a mass spectrometer 

(MAP 215).  Lastly, the raw data in volts from the MAP are converted to useful data 

of isotope ratios (3He/4He) and He concentrations (in cm3 STP gas gram-1 water). 

4.3 FENGS-QMS line 

The Fluid Extraction, Noble Gas Separation, Quadruple Mass Spectrometer 

system (FENGS-QMS) is designed to extract fluids from sealed copper tubes, remove 

reactive gases, and separate the noble gases for barometric and mass spectrometric 

measurements.  It is described in detail by Kulongoski and Hilton (2002).  The line 

consists of three sections (Figure 13).  These are, from right to left, the Sample 

Release Section, the Gas Preparation Section, and the Gas Measurement Section. 

In the Sample Release section, water is released from the sealed copper tubes 

and degassed under vacuum.  This section consists of a copper tube opener and 

degassing bulb, glass water vapor trap and U-tube, an air pipette, and prepared 

reservoirs of noble gas minor isotope spikes.  Once the water is released from the 

copper tube, an acetone-dry ice slurry freezes out the water vapor in the glass water 

vapor trap, and then liquid nitrogen is used to freeze the carbon dioxide in a U-trap.  

An air pipette allows a measured volume of lab air into the line for running standards 

and calibrations. 

The Gas Preparation Section serves to remove reactive gases and separate the 

noble gases into three fractions, He + Ne, Ar, and Kr + Xe.  This section consists of a 

manometer, an Ar expansion reservoir with pipette, two charcoal traps, and a titanium 

sponge getter.  For this study, only helium and neon are of interest.  The reactive 

gases are first removed with the titanium sponge getter set at 700o C.  Then all argon 
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is removed with liquid nitrogen on the charcoal trap.  The remaining gases are neon 

and helium, which are trapped into a breakseal for later mass spectrometric analysis. 

The Gas Measurement Section consists of the quadrupole mass spectrometer 

(QMS) and a Zr-Al getter that maintains low reactive gas partial pressures.  

Measurements are made in static mode, and the residual sample is evacuated using a 

dedicated ion pump.  The QMS has two ion detectors: a Faraday cup and a 

continuous dynode electron multiplier.  The electron multiplier can be used to 

measure extremely low intensity ion beams.  For this study, the quad mass 

spectrometer measurements produce an approximate estimate of the amount of 

helium and neon expected in the breakseal used for the mass spectrometer analysis.  It 

is a precautionary measurement to determine if a split is necessary for the mass 

spectrometry analysis.  Over the range of concentrations typical in this study, we 

utilized the Faraday detector for our measurements of helium and neon.   

37 



  

  

 
Figure 13: FENGS-QMS Schematic   (Kulongoski and Hilton, 2002). 

 
4.4 Magnetic Sector Noble Gas Mass Spectrometer (MAP 215) 

The mass spectrometer precisely and accurately measures the relative 

abundance of 3He, 4He, and 20Ne.  A breakseal containing an aliquot of helium and 

neon is broken under high vacuum.  The gas follows a timed path through one 

charcoal finger (-196o C) and a titanium getter (700o C) in order to trap any reactive 

gases and argon that may still be present.  Finally, a cryogenically cooled cold finger 

traps the helium and neon before inlet into the mass spectrometer.  At 35 K, the neon 

remains trapped while the helium enters the mass spectrometer.  A continuous dynode 

electron multiplier counts the low intensity 3He ion beams in counts per second while 

a Faraday cup measures the 4He ion beams in volts.  The cryogenic trap is then raised 

to 90 K.  The neon enters the mass spectrometer and 20Ne is measured by the Faraday 

cup in volts.  Alternating between measurements of procedural blanks, air standards, 
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and samples ensured consistent operation of the He mass spectrometer and allowed 

the 3He/4He to be reported relative to the ratio in air (Ra=1.4 x 10-6).   

4.5 Data Reduction 

The raw data from the mass spectrometer is in units of volts or counts per 

second and needs to be converted to concentrations of gas per gram H2O.  In order to 

achieve this conversion, both a blank and a double air shot from the extraction line 

must also be analyzed by the mass spectrometer.  First, a blank from the extraction 

line is subtracted from all measurements.  Then the air shot is used as a conversion 

for all the samples.  An aliquot of air was delivered via a pipette of known volume 

(0.104 cm3) into the extraction line.  Both the groundwater samples and the double air 

shot had their helium and neon collected into similar sized breakseals.  He and Ne 

from those breakseals are measured by the mass spectrometer (MAP 215).  Therefore, 

a simple relationship can be used to deduce the amount of helium (and neon) gas: 

          Double Air Shot in Volts 4He              =            Sample SIO-CO-# in Volts 4He 
          Double Air Shot (in STP cm3)         Sample SIO-CO-# (in STP cm3) 
 
The only unknown to be calculated is the sample amount in STP cm3.  Finally, this 

value is divided by the amount of water that entered the extraction line to give the 

concentration.  That is easily determined by weighing the copper tube before and 

after it is set up to the extraction line. 

The ratios of 3He/4He and 4He/20Ne are used in order to deduce the amount of 

3He and 20Ne in the samples. 
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4.6 Error Analysis 

In order to obtain accurate results, air standards were run frequently 

throughout the laboratory work.  Measured ratios in the air standards were 

consistently reproducible throughout each day.  The main error involving the mass 

spectrometer measurements is due to counting statistics on the minor isotope ion 

beam (3He).  The error is approximately equal to the square root of the number of 

counts.  Therefore, measurement times were extended for 3He-poor samples until the 

error was approximately 1.5-2% of the 3He measurement value.  Helium-4 and Neon-

20 measurements had much less error, approximately 0.1% of their value.  This 

resulted in final analytical errors of ~±3% on the 3He/4He ratios.  Errors on 

concentrations were of the order of 1-2%.  
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Chapter 5. Analytical Results (Helium and Neon) 

In Table 3, we report the helium isotope and abundance results for 20 samples 

from the LCRV.  Results are reported as sample 4He and Ne concentrations (4Hes and 

Nes) and sample 3He/4He (reported as RS/RA, where RS = sample 3He/4He, and RA is 

the air 3He/4He ratio = 1.4 x 10-6).  Also included in Table 3 are tritium contents, 14C 

concentrations and ages, as well as an estimated 4He accumulation age.  

5.1 Neon Concentrations 

Air equilibrated water at 15oC contains neon concentrations equal to 1.96x10-7 

cm3 STP g-1 H2O.  Every sample except #5 and 19 is within three times of that value.  

Expected values are to be 1-3 times Neeq because of air bubble entrainment.  This 

consistency reassures robustness of the data, and we can conclude that 18 of the 20 

samples exhibited little or no air contamination. 

5.2 Helium concentrations 

At 15o C, air equilibrated water contains 0.463x10-7 cm3 STP g-1 H2O.  All 

samples in the three areas contained more helium than this value, which reveals 

addition of extraneous He.  

Needles 

The five groundwater samples from this area exhibit measured helium 

concentrations (Hes) ranging from 1.48x10-7 to 69.80x10-7 cm3 STP g-1 H2O.   

Blythe 

Eleven groundwater samples from this area exhibit measured helium 

concentrations (Hes) ranging from 1.79x10-7 to 66.57x10-7 cm3 STP g-1 H2O.  Values 
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from 35 to 65 x 10-7 characterize half of the samples while values from 1 to 3 x 10-7 

characterize the other ten samples.   

Yuma 

The four groundwater samples from this area exhibit measured helium 

concentrations (Hes) ranging from 0.55x10-7 to 38.81x10-7 cm3 STP g-1 H2O.  Values 

approximately 35x10-7 characterize two of the samples (#18 and 19) while values 

slightly above air-equilibrated water (0.463 x 10-7 cm3 STP g-1   H2O at 15o C) 

characterize the other samples (#17 and 20).   

In all three areas, the 4He concentrations can be split into two groups: (1) 

concentrations ranging between 0.5 and 5 x 10-7 cm3 STP g-1 H2O and (2) 

concentrations between 30 and 70 x 10-7 cm3 STP g-1 H2O.  These values are 

comparable with previous papers (Kulongoski et al, 2003; Kulongoski et al, 2005), 

which grouped the samples into (1) those near recharge areas, and (2) those near 

terminal sites of the flow path.  The main difference is that Kulongoski’s samples, 

which were characterized as terminal site groundwater, had elevated He 

concentrations, commonly between 100 and 200 x 10-7 cm3 STP g-1   H2O.   

5.3 Helium Isotope Ratios 
 

Rs/RA values in the three areas ranged from 0.17 to 5.07.  Addition of 

radiogenic helium decreases the ratio relative to the air value (RA) while an input of 

mantle flux and/or tritium increases the ratio. 
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Needles 

Measured 3He/4He ratios (RS/RA) range from 0.55 to 2.10.  The RS/RA value 

of 2.1 for sample #2 is high and probably reflects its artificially high tritium content 

(34.2 TU).  Samples # 1, 3, and 5 exhibit RS/RA values from 0.97 to 1.04. 

Blythe 

Measured 3He/4He ratios (RS/RA) range from 0.17 to 5.07.  These extreme 

values, from Sample #8 and 13 respectively, are the lowest and highest ratios in any 

of the three areas.  A value as high as 5.07 suggests tritium contamination and/or 

mantle influx.  Indeed, groundwater from this well (#13) exhibited the highest 

measured tritium content at 63 TU.  Most RS/RA values from Blythe area are slightly 

greater than 1, suggesting some combination of young air-equilibrated water, tritium 

contamination, or mantle influx.  Two samples (#8 and 15), exhibiting RS/RA values 

less than one, are characterized by having no detectable tritium, which agrees with 

older groundwater having lost its tritium while accumulating 4He.  In addition, both 

14C ages (of samples #8 and 15) are greater than 3,000 years. 

Yuma 

Measured 3He/4He ratios (RS/RA) range from 1.03 to 1.20.  Sample #17, with 

an RS/RA value equal to 1.2, exhibits the highest tritium content (23 TU) in the area. 
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    Chapter 6. Discussion 
 
6.1 Resolving Measured Values into Components 
   

The measured amount of helium and neon found in the groundwater samples 

can be interpreted by first resolving them into several components.  For helium, these 

components include air-equilibration (Heeq), dissolved air bubbles (Hea), in situ 

production (Heis) from the decay of Li, U, and Th in the aquifer matrix, a deep crustal 

flux (Hedc), a mantle flux (Hem), and tritiogenic helium-3 (3Het).  The helium-balance 

equation describing helium dissolved in groundwater (Stute et al., 1992; Torgersen, 

1980; Kulongoski et al., 2003) resolves the measured ratio of the sample (Rs) into its 

components: 

Rs = 3Hes/
4Hes 

     = 3Heeq + 3Hea +
3Heis +

3Hedc +
3Hem +

3Het                           Eq. 7  
              4Heeq +

4Hea +
4Heis +

4Hedc +
4Hem  

 

where 3Hes and 4Hes are the helium-3 and helium-4 concentrations measured in a 

groundwater sample. 

The Rs ratio of the sample is then compared to that of air (RA), equal to 

1.4x10-6.  There are a number of components with known 3He/4He ratios.  Air, by 

definition is 1 RA.  The mantle component would have a ratio of approximately 8 RA, 

or 1.1 x 10-5 (Craig and Lupton, 1981).  In situ and deep crustal component would be 

roughly 0.02 RA, or 2.8x10-8 (Mamyrin and Tolstikhin, 1984).   

 6.1.1 Atmospheric Components 
 

The contribution of the atmospheric helium components, Heeq and Hea, to the 

total (measured) helium in the groundwater samples may be calculated using 
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measured concentrations of helium, neon, the 4He/Ne ratio, and an adopted air-

equilibration temperature (of recharge) (Torgersen, 1980; Kulungoski et al., 2003).  

The solubilities of both neon and helium are relatively insensitive to changes in air 

temperature (Ozima and Podosek, 1983), meaning the recharge temperature has a 

small effect on the concentrations of helium and neon.  Therefore, a regional 

temperature can be assumed for all samples.  River water and rainfall during the late 

summer and winter recharge the aquifers.  A temperature of 15o C seems reasonable 

for the recharge temperature when considering the relatively cold Colorado River is 

the main source of recharge, and the equilibrium temperature used in the Mojave 

Desert was 12oC to 18oC (Kulongoski et al., 2003).  This temperature results in air 

equilibration values of 1.96x10-7 cm3 STP g-1 H2O for Ne, 4.63x10-8 for 4He, and 

6.48x10-14 for 3He.  

The sample neon (Nes) is composed of two components only: 

Nes = Neeq + Nea                  Eq. 8 
 
Nea can be calculated because Nes is measured and Neeq is estimated from the 

equilibrium temperature (15o C). 

The amount of helium from entrained air bubbles, Hea, is then calculated 

using the helium-neon ratio in air (Hea/Nea) = 0.2882 (Weiss and Meser, 1971): 

Hea = (Hea/Nea x Nea)                                    Eq. 9 
 
In Table 3, the calculated values of [Nea] are given. 
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6.1.2 Terrigenic Components 
 

Terrigenic or excess helium (Heex) consists of helium in groundwater that is 

not of atmospheric origin.  Excess helium-3 (3Heex) is calculated using 4He 

concentrations and 3He/4He ratios assumed for the different sources: 

3Heex = (4Hes x Rs) – (4Heeq x Req) – (4Hea x Ra)                                                   Eq. 10 
 
Excess helium-4 (4Heex) is:  
 
4Heex = 4Hes - 

4Heeq - 
4Hea                                                                                     Eq. 11 

   
From the two equations above, Rex

 is the 3Heex/
4Heex ratio and is tabulated in Table 3. 

The total helium of a sample may be separated into its various components by 

transforming the helium balance equation Eq. (7), as described by Torgersen (1980), 

Stute et al. (1992), and Kulongoski et al. (2003), into: 

(3Hes – 3Hea)/(
4Hes – 4Hea)                                                                                  

 
=       3Heeq + 3Heis + 3Hedc + 3Hem + 3Het                                                                                            Eq. 12 
                     4Heeq + 4Heis + 4Hedc + 4Hem 
 
=     (4Heeq x Req) + (4Heis x Ris) +(4HedcxRdc) + (4Hem x Rm) + 3Het                    Eq. 13 
                   4Hes-

4Hea 
 
Rex is then defined from Eqs. 10 and 11 as: 

Rex = (4Heis x Ris) + (4Hedc x Rdc) + (4Hem x Rm)                                                  Eq. 14 
                      4Heis + 4Hedc + 4Hem 
 
=        (4Heis x Ris) + (4Hedc x Rdc) + (4Hem x Rm)                                                 Eq. 15 
                 4Heex 
 
Substituting Eq. 15 into Eq. 13 gives the equation (Castro et al., 2000; Stute et al., 

1992; Weise and Moser, 1987): 

3Hes – 3Hea  =  (Req – Rex + 3Het/
4Heeq)*[

4Heeq /(
4Hes – 4Hea)] + Rex                               Eq. 16   

4Hes – 4Hea 
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which is linear form 

Y      =        m    *     X        +      b 

where Y is the measured 3He/4He ratio corrected for air bubble entrainment, and X is 

the fraction of 4He in water resulting from air-equilibration with respect to the total 

4He corrected for air bubble entrainment.   

In Figure 14, we plot Y versus X (as defined above) for the LCRV data to 

estimate (i) Rex (the Y-axis intercept, b) which is the effective contribution of the 

terrigenic helium to this system (including deep crustal and mantle fluxes), and (ii) 

the possible contribution of tritiogenic 3He (from the gradient, m) which is diagnostic 

of recent (young) water.  In effect, this plot represents the evolution of the LCRV 

groundwater system from recharge conditions (Req) in which all of the dissolved 

helium is air-equilibration, 4Heeq/(
4Hes-

4Hea)~1, to old(er) groundwaters intersecting 

the Y-axis i.e. waters dominated by crustal and/or mantle contributions, 4Heeq/(
4Hes-

4Hea)<0.01.  Also included in Figure 14 are trajectories representing the evolution of 

groundwater from recharge ( X = 1) to older waters. The trajectories can be divided 

into three sets: 

Group I: addition of helium with: 
• (i) a 3He/4He ratio typical of crustal lithologies (0.02RA, Ozima and Podosek, 1983) 

– line (a) 
• (ii) a slightly higher 3He/4He ratio (0.15 RA – equal to the lowest measured value, 

i.e. sample #8) – line (b) 
 
Group II: the following trajectories passing through sample #8:  
• (iii) addition of 1.25x10-13 cm3 STP 3He (representing complete decay of 50 TU) 

that passes through several other data points (samples # 4, 15, 20 and 7) – line (c)  
• (iv) addition of 3.07x10-13 cm3 STP 3He (representing complete decay of 123 TU) 

that passes through sample #2 – line (d)  
• (v) addition of 7.3x10-13 cm3 STP 3He (representing complete decay of 290 TU) 

passing through sample #12 – line (e) 
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Line a:  Rex=0.02RA                            
Line b:  Rex=0.13RA                            
Line c:  Rex=0.13RA + 50TU                           

Line e: Rex=0.04RA + 290TU                            

Line h: Rex=0.83RA + 370TU                        
Line g: Rex=0.98RA + 92TU                       
Line f:  Rex=0.00RA + 450TU                          

Line d: Rex=0.10RA + 123TU 

• (vi) addition of 1.12x10-12 cm3 STP 3He (representing complete decay of 450 TU) 
passing through sample #13 – line (f).   

 
Group III: Finally, as a number of other samples (# 1, 3, 5, 9, 10, 11, 14. 16, 18, and 
19) cluster close to the Y-axis, we plot 2 trajectories which intersect the Y-axis at Rex 
values between 0.83 and 0.98 RA: 
• (vii) terrigenic helium being 88% radiogenic and 12% mantle with addition of 

2.3x10-13 cm3 STP 3He (representing complete decay of 92 TU) – line (g)   
• (viii) terrigenic helium being 90% radiogenic and 10% mantle with addition of 

9.3x10-13 cm3 STP 3He (representing complete decay of 370 TU) – line (h). 

 
 
 
 
 
 
Figure 14: Graph depicting the evolution and mixing history of the groundwater. 

 

In the following discussion, we group together all samples irrespective of 

location near the Colorado River.   
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With respect to Group I trajectories, the most significant observation of the 

dataset is that no samples fall on trajectory line (a).  In other words, groundwater 

from the LCRV does not include any examples of simple addition of (pure) 

radiogenic He to air-equilibrated samples. Samples fall on trajectory (b) (or have 

higher 3Heex/
4Heex values) which means that the minimum estimate for Rex is ~ 

0.13RA. – from sample #8 – see below. As discussed below, a contribution of tritiated 

water and/or a mantle flux to the groundwater system is assumed to be responsible for 

elevating 3He/4He ratios above radiogenic (crustal) production values.   

Next we discuss the relevance of sample #8.  Sample #8 in Figure 14 is 

significant in that it has a low 4Heeq/(
4Hes-

4Hea) value (X= 0.009) consistent with a 

14C age of > 15,000 years and no measurable tritium (Table 3). Its Rex value (0.15) is 

significantly higher than deep crustal flux (= 0.02RA). Given the antiquity of this 

water sample, then we can dismiss the possibility of tritiated (i.e. young) water 

influencing the Rex value. This leaves 2 possibilities: extremely high Li contents in 

the aquifer matrix or a mantle contribution to the He inventory. 

Lithium within the aquifer can produce 3He from the following reaction: 

6Li(n,α)3H�
3He. However, in order for this reaction to produce 3He/4He ratios as 

high as ~0.15RA, the lithium content in the aquifer material would have to be greater 

than 350ppm (Andrews, 1985). Typical Li concentrations in sandstone lithologies, 

such as those found in the Mojave River Basin, are ~15ppm (Kulongoski et al., 2003) 

so it is highly unlikely that lithium is responsible for the observed Rex value of sample 

#8.  Also six groundwater samples were measured at 0 TU.  This indicates a low 

lithium background value as Lithium decays to 3H, which in turn decays to 3He. 
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Alternatively, mantle-derived He has a 3He/4He ratio significantly higher than 

air. For example, studies on mid-ocean ridge basalts has shown that (upper) mantle 

gases have typical 3He/4He values ~ 8RA (Craig and Lupton, 1981). If we assume a 

two end-member mixing model between mantle (Rm~8RA) and crustal (Rdc~0.02 RA) 

He primarily contributes to the terrigenous helium, then the mantle contribution 

would have to be ~1.4% for a Rex value of 0.13. This value seems entirely reasonable 

given prior work on nearby regions of the Mojave Desert and eastern Morongo region 

(Kulongoski, et al., 2003; Kulongoski, et al., 2005), which have also observed similar 

mantle contributions to the He budget. Interestingly, the Colorado River region is 

farther away from the major crustal fault zones associated with the San Andreas 

Fault, yet there is still a measureable contribution of mantle helium.  

If we accept sample #8 as representative of the background 3He/4He ratio of 

the Colorado River region then there are nine other samples (# 2, 4, 6, 7, 12, 13, 15, 

17, and 20), all with 4Heeq/(
4Hes-

4Hea) values between 0.1 and 0.7, which can be 

projected through the position of sample #8, producing a Y-intercept (Rex) ranging 

from zero to 0.13 (Group II).  The most robust line (c) incorporates four samples (# 4, 

15, 20, and 7) that trend toward sample #8, extrapolating an Rex value equal to 0.13 

(Y1) which is again significantly higher than the crustal production ratio, 0.02 RA.   

The slopes of lines (c-f) indicate that young, post-bomb tritiated water is 

mixing with older groundwater to produce the 3He/4He ratios of these samples.  Three 

samples (# 6, 12, and 13) with the highest measured (3He/4He)c ratios (4.2 – 10.8 RA) 

plot along two lines with the steepest slopes (trajectories e and f).  The slopes of line 

(f) is produced by addition of 3He equivalent to the complete decay of 450 TU.  
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Significantly, the Colorado River contained water up to 716 TU in 1967 (Guay et al., 

2006).  Over a period of forty years, water with an initial tritium content of 716 TU 

would now have ~77 TU given the short half-life of the parent (12.4 years). 

Therefore, the measured tritium contents (51.5 TU, 23.4 TU, and 63 TU, for wells # 

6, 12, and 13 respectively) are entirely consistent with admixture between old and 

young (post 1960s) water – with a significant fraction (30 – 70%) of the total water 

budget of these wells made up of young water. 

Another important observation for samples coincident with Group II 

trajectories is that those samples with no measurable tritium (e.g. # 4, 15 and 20) fall 

on the trajectory (c) with the shallowest slope. In this case, all 3 samples must contain 

a proportion of young (post 1960s) water containing tritiated water as the sample 

3He/4He values are compatible with the complete decay of 50 TU. The fact that these 

samples no longer contain measurable tritium implies that the young component is 

exceptionally recent, compared to 1960s water (characterized by ~ 700 TU), or is 

heavily diluted with older water.  

The three remaining samples of Group II (# 2, 7 and 17) all have measurable 

tritium contents. Significantly, they all plot at higher X-values compared to the three 

samples with no tritium (Figure 14). Therefore, both the tritium contents and the 

4Heeq/(
4Hes-

4Hea) values give consistent information that these wells contain a greater 

proportion of young water. The fact that they fall on trajectories with different slopes 

implies that there may be complex mixing of different young components and mixing 

of groundwaters from different aquifers and flow paths.  
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Finally, we consider a total of ten samples (# 1, 3, 5, 9, 10, 11, 14, 16, 18, and 

19) that have Rex close to 1RA (0.97 – 1.09RA) and 4Heeq/(
4Hes-

4Hea)<0.02, i.e. they 

cluster near point Y2 on Figure 14. They are consistent with trajectories that fall in 

Group III above. Whereas the Rex values are close to the air-value, it is important to 

emphasize that for each sample, the measured He/Ne ratio is significantly greater than 

the air ratio. This means that the samples are not contaminated with air helium. 

Indeed, if air contamination was an issue then 4Heeq/(
4Hes-

4Hea) values would be 

close to one and the samples would plot on the right-hand side of  Figure 14.  We 

interpret these samples as representing mixtures of crustal and mantle helium but with 

a greater proportion of mantle He with respect to those samples that trend to sample 

#8 (Group II). Again, after adopting a simple two component mixing model between 

mantle (Rm ~ 8RA) and crustal (Rdc ~ 0.02 RA) helium, the mantle contribution is 

approximately 10%.  Samples with Rex >> 1 RA (i.e. # 2, 12, 6 and 13) are compatible 

with the presence of a terrigenic end member characterised by Rex ~ 1RA.  The 

following two lines characterize possible trajectories of how these four samples may 

evolve toward Y2.  Line (g) depicts an evolution of water with 2.3x10-13 cm3 STP 3He 

(representing complete decay of 92 TU) towards a terrigenic end member of 88% 

crustal radiogenic and 12% mantle He, whereas trajectory (h) depicts addition of 

9.3x10-13 cm3 STP 3He (representing complete decay of 370 TU) trending to 

terrigenic He with 90% crustal radiogenic accumulation and 10% mantle 

accumulation (Group III trajectories). 

Significantly, this cluster of 10 samples falls into 2 categories: (a) old samples 

(14C ages greater than 6,900 years and TU <0.3; samples (# 3, 5 and 16) and (b) 
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younger samples (14C ages <600 years and TU > 6; samples # 1, 9, 10, 11, 14, 18, 

19). Samples in the first category have consistent evidence for old groundwater ages, 

including low 4Heeq/(
4Hes-

4Hea) values (Figure 14), yet this is not the case for 

samples in category (b). The issue is that although 4Heeq/(
4Hes-

4Hea) values are low – 

implying old waters, these samples have low 14C ages and, in some cases, significant 

tritium contents. Consequently, they must contain a discernible proportion of recent 

recharge. Normally, this would increase the 4Heeq/(
4Hes-

4Hea) value and shift these 

samples to the right in Figure 14.  The observation that this sub-set of 7 samples 

cluster close to the left-hand side Y-axis implies that the terrigenic end member is 

characterized by an extremely high He content such that a mixture of old and young 

water results in a shift in 4Heeq/(
4Hes-

4Hea) value. Therefore, the terrigenic component 

sampled by these wells must have a high concentration of helium in addition to a Rex 

value close to that of air.  For example, a sample composed of 5-10% very old water 

(i.e. 200,000 years old) and 90-95% young, tritiated, and air-equilibrated (~1RA) 

water can produce data observed in these seven samples. 

Finally, we comment on the observation of 10% mantle contribution to 

groundwaters in the Lower Colorado River Valley.  In the past, groundwater near the 

San Andreas has been measured to have a mantle contribution up to 50% (Kennedy et 

al., 1997).  So gases and fluids may be moving from the San Andreas Fault Complex 

or there may be a significant mantle contribution that is unknown near the LCRV.  

Yuma is located closest to the San Andreas Fault Complex, being 75 km from the 

Imperial Fault and within 10 km of the Los Algodones Fault.  Interestingly, all four 

samples from Yuma have an RA value slightly greater than 1.  Plotting an 

54 



  

  

evolutionary trend through the four Yuma points would suggest a 10% mantle 

contribution.   

Overall, the dataset reveals that mantle flux may be contributing up to 10% of 

the total helium, and tritium is having an effect on the measured 3He/4He ratios, 

particularly in the younger aged samples.  This suggests significant mixing of very 

young (<50 years) and old (>3000 years) groundwater. 

Regarding Blythe, the most probable scenario incorporates the radiogenic 

accumulation lines (c, d, e, and f) that pass through well sites #6, 7, 8, 12, 13, and 15.  

Samples 6 and 13, which exhibit the highest tritium content in the region, plot on the 

steepest curve.  Samples 8 and 15, both having zero tritium and old 14C ages, plot on 

a shallow slope and close to the abundant helium accumulation area. 

The Needles region yielded three samples in the abundant He accumulation 

corner (near Y2).  Only two of these samples (#3 and 5) make sense in that they also 

exhibit old 14C ages and no tritium.  These two samples suggest 10% mantle 

contribution.  Sample # 4 plots well on the line (c) of radiogenic accumulation and up 

to 1.4% mantle contribution.  Sample # 2 can be correlated to either trend.  Sample 

#2, exhibiting high tritium content (34 TU), plots concordantly on a steep sloped line 

(d), which suggests a tritium recharge component of 123 TU.    

All four samples from Yuma have an RA value slightly greater than 1.  

Plotting an evolutionary trend through the four Yuma points would suggest a 10% 

mantle contribution.  Samples #17 and #20 plot near the radiogenic trajectories of 

lines b and c, which suggests a mantle component approximately equal to 1.4%.  
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Sample #17, which contains the highest tritium content (23 TU) and youngest 14C age 

(<50 years), plots near recharge conditions. 

6.2 Age Calculation and Estimating Jo Term from Carbon-14 Data 

The age or residence time of groundwater can be estimated after resolving the 

terrigenic helium-4 component (4Heex).  The terrigenic contribution to the 4He 

inventory is primarily controlled by in-situ production within the aquifer (4Hesol) and 

a deep crustal flux (Jo), which may include a contribution from the mantle.  Assuming 

that the deep crustal flux may be quantified (or neglected), the former component has 

chronological significance for the groundwater and can be used to estimate the time 

since recharge.  The two helium components can be resolved using the following 

equation, enabling either groundwater ages and/or crustal helium fluxes to be 

estimated (Stute et al., 1992; Kulongoski et al., 2003).    

Tcorr = 4Heex   / ( 
4Hesol  + (Jo/Ф*Zo*ρ)  )                                                                Eq. 17 

 
The following terms: 
Tcorr is groundwater age (years) – corrected for Jo 
Jo is the deep crustal flux entering the aquifer (cm3  He STP cm-2 yr-1) 
4Heex is the terrigenic (excess) 4He in cm3 STP g -1  H20 – equation 11 
Ф is the effective porosity of the aquifer 
Zo is the depth (m) at which this flux enters the aquifer 
ρ is the density of the water ( ~ 1 g cm-3)  
4Hesol  is the helium solution or accumulation rate (cm3 STP g-1 H20 yr-1) 
 
We assume the term Zo is equal to the middle perforation of a given well.  Insufficient 

information resulted in estimating the Zo value for six wells.  All the wells with a 

well-constrained middle perforation and those with an estimated Zo are marked 

(Table 3).  The term 4Hesol   is given by the following equation (Andrews and Lee, 

1979): 
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4Hesol  = ρ x Λ x {1.19 x 10-13[U] + 2.88 v 10-14[Th]} x (1 – Ф)/ Ф                     Eq. 18 
 
in which [U] and [Th] are the uranium and thorium concentrations in the aquifer rock 

(ppm); ρ is the bulk density of the aquifer rock (g cm-3), Λ is the fraction of helium 

produced in the rock that is released into the water, assumed to be unity (=1), and Ф 

is the fractional effective porosity of the aquifer rock. 

If there is no extraneous flux of helium into the aquifer (Jo=0), equation 17 

reduces to: 

Tcorr = 4Heex / 
4Hesol                                                                                                                                       Eq. 19 

  
We assume that we can use values for the terms in Eq. 18 from a similar study at the 

nearby Mojave Desert, which exhibits similar geology to the Lower Colorado River 

Valley (Bushnell and Morton, 1987; Izbicki et al., 2000; Kulongoski et al., 2003).  

Characteristics of Ф=20%, ρ=2.83 g cm-3, [U]=2.3 ppm, [Th]=7.9 ppm give a 

groundwater accumulation rate for 4He in the LCRV equal to ~ 5.67 x 10-12 cm3 STP 

g-1 H2O yr-1.  This accumulation rate yields groundwater ages averaging 

approximately 500,000 years old.  In Needles, the ages range from 11 thousand to 1.2 

million years old.  In Blythe, the ages range from 131,000 years to 1.2 million years 

old, and in Yuma, the ages range from 1,500 years to 664,300 years old (Table 3).  

These ages are many orders of magnitude greater than the ages determined by carbon-

14.  Clearly, these results imply the presence of a significant deep crustal contribution 

of helium to the LCRV aquifers.   

In the following, we aim to quantify the deep crustal flux of the Lower 

Colorado River Valley and determine if the flux varies between the three locations.  

Our approach is to plot the 4He groundwater age against the 14C age and to adjust the 
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4He ages, assuming different Jo values, looking for concordance between the two 

methods (Figure 15).  All other variables from Eq. 17 and 18 are kept constant.  

Increasing the Jo term will decrease the 4He age, while decreasing it will increase the 

4He age.  Note that a typical flux characteristic of continental crust is 3x10-6 cm3 STP 

He cm-2 year-1 (Ballentine and Burnard, 2002; O’Nions and Oxburgh, 2002).   

We illustrate our approach in Figure 15, where we plot 14C ages vs. 4He ages 

and superimpose a 1:1 relation, which portrays perfect concordance.  For this 

example, we used Jo equal to 3x10-8 cm3 STP cm-2 yr-1 for all samples.   

 
Figure 15: Relationship between 14C and 4He ages, using a deep crustal flux of 3x10-8 cm3 STPcm-2 yr-1 
and an effective porosity of 0.2%.  The straight line portrays perfect concordance.   
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The samples fall into four groups: 

• Group i: The seven samples (# 1, 19, 18, 9, 10, 11, and 14) circled on the left side of 
Fig. 15 with higher 4He ages than 14C ages.   

• Group ii: the five samples (# 2, 12, 7, 13, and 17), which show good concordance of 
both young 14C and 4He ages.   

• Group iii: the three samples (# 20, 15, and 4), which have higher 14C ages than 4He 
ages.   

• Group iv: the four samples (# 3, 16, 5, and 8), which exhibit good concordance of 
both old 4He and 14C ages.   

 
At first glance, Groups (ii and iv) exhibit 4He ages that correlate well with their 14C 

ages, while Groups (i and iii) do not.  The discordance of groups (i and ii) suggests a 

heterogeneous flux of helium gases to the groundwaters.   

In the following, we focus on those samples with low tritium as the 

discordance of Groups (i and iii) could be explained by mixing or dilution of old 

waters by young waters.  In this way, the 4He gives a false record of the helium flux, 

and an accumulation rate can not be used to date the groundwater. 

Samples # 3, 4, 5, 8, 15, 16, and 20 do not have any discernable tritium and 

should provide the best estimate for the deep crustal flux.  Group (iv) samples require 

a deep crustal flux of 3x10-8 cm3 STP cm-2 yr-1.  Alternatively, if the crustal flux were 

lower, such as 2x10-9 cm3 STP cm-2 yr-1, samples # 4, 15, and 20 of Group (iii) would 

also show concordant 4He ages with their 14C ages.   

The low Jo value for these three samples from Group (iii) might suggest that 

these three wells are extracting groundwater from a very shallow aquifer, perhaps a 

perched aquifer, which is closed off from a deep groundwater source and also closed 

off from younger rain or Colorado River water.  Alternatively, there could be a very 

low crustal flux in this area due to an impermeable, non-faulted crustal basement.  
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The perched aquifer scenario is unlikely in a desert because modest groundwater 

withdrawal would use up all the stored water within a few years, and hydrologists 

would rather dig a well that reaches the water table. 

The overall implication is that both 3x10-8 and 2x10-9 cm3 STP cm-2 yr-1 are 

extremely low crustal fluxes.  In comparison, the deep crustal flux in both the Mojave 

Desert and east Morongo basin ranged from 3x10-8 for groundwater near the recharge 

area to 3x10-6 cm3 STP cm-2 yr-1 for groundwater at the terminal site, or near the end 

of the flow path (Kulongoski et al., 2003; Kulongoski et al., 2005).  Both the Mojave 

and east Morongo basin are expected to exhibit a higher crustal flux due to their close 

proximity to the San Andreas Fault Complex.  In contrast, the Lower Colorado River 

Valley is at least 75 km away from the San Andreas Fault.  

Turning our attention to Group (i) samples (Figure 15), we explain how 4He 

ages can be so much greater than 14C ages.  The helium flux is expected to increase 

with depth and enter the groundwater more easily through a fault and/or within a very 

permeable aquifer (Kulongoski et al., 2003).  This may explain the high helium 

accumulation for the seven samples (# 1, 19, 18, 9, 10, 11, 14) with higher 4He ages 

than 14C ages.  Group (i) wells may well be extracting some very old groundwater 

from a deeper aquifer while also obtaining recent water close to the surface.  

Interestingly, Blythe contains the four groundwater samples (#9, 10, 11, and 14) with 

4He ages much larger than 14C ages.  This suggests that aquifers in the vicinity of 

Blythe may be more permeable than aquifers in other areas along the LCRV and/or 

that these Blythe aquifers are connected by conduits to fractured basement rock in 

which abundant crustal and mantle helium may be moving upwards.  
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As stated previously, radiogenic tracers can only date groundwater up to five 

half lives.  So when using 14C as a tracer, groundwater estimated to be approximately 

30,000 years old may actually be 200,000 years or older.  Very old groundwater 

(>200,000 years old) will accumulate much more helium than 30,000 year old 

groundwater, yet it may be estimated to be only 30,000 years old from 14C.  It may 

only take a small portion (~5%) of very old groundwater to have a significant affect 

on the helium concentration.  Therefore, mixing of 95% young water with 5% very 

old water may describe the data of the samples in Group (i).  It is significant that all 

three areas are relatively flat, so hydraulic gradients are low.  In such cases, extremely 

old groundwater may remain stagnant or slow moving at a particular depth and 

accumulate abundant helium.  As human induced pumping increases, deep water 

from the lower aquifer may be withdrawn, which under normal circumstances could 

remain stagnant for over 100,000 years. 

In conclusion, a deep crustal flux between 2x10-9 and 3x10-8 cm3 STP cm-2yr-1 

is assumed to best represent all three areas of the Lower Colorado River Valley.  This 

value is approximately the same as the values estimated for the groundwater near the 

recharge area in the vicinity of the Mojave Desert and east Morongo, i.e. away from 

the San Andreas Fault (Kulongoski et al., 2003; Kulongoski et al., 2005).  Four 

samples with abundant He in Group i, all of which are from Blythe, suggest the deep 

crustal flux may be highest in Blythe, and/or the aquifers in Blythe are more 

permeable and/or connected by conduits to fractured basement rock in which 

abundant crustal and mantle helium may be moving upwards. 
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6.3 Concordance between the Dating Techniques – Summary  

The carbon-14 plot (Figure 11) relating distance from the river to groundwater 

age provides the best evidence for the Colorado River acting to recharge the 

groundwater.  There is a general trend, particularly in Needles and Blythe, of 

groundwater age increasing as distance from the river increases.      

There is also good coherence between carbon-14 and tritium dating (Figure 

12).  Well sites that are farthest from the river exhibited the oldest 14C ages while 

containing little or no tritium content.  Those that were close to the river had high 

amounts (20-60 TU) of tritium and young 14C ages (<600yrs, with nine samples being 

less than 50yrs). 

For a number of samples, particularly those in Groups (ii and iv) from Figure 

15, there is good coherence between the helium data and the 14C and tritium data.  We 

summarize these observations by categorizing the samples into three age groups 

(Table 4): (1) old, (2) median, and (3) young.  The old samples (# 3, 4, 5, 8, 15, 16, 

and 20) exhibit very low tritium (≤ 0.3 TU), old 14C ages (>3,000 yrs), old 4He ages 

(>6,000 yrs), and a 3He/4He ratio less than one.  Median aged samples (# 1, 9, 14, 18, 

and 19) contain tritium content between 6 and 26 TU and a 3He/4He ratio between 1 

and 1.1.  These samples have estimated 14C ages between 500 and 1,750 yrs and 4He 

ages between 1,000 and 6,000 yrs.  The young aged samples (# 2, 6, 7, 10, 11, 12 13, 

and 17) exhibit high tritium (≥ 23 TU), young 14C ages (<50 yrs), young 4He ages 

(<200 yrs), and a 3He/4He ratio greater than 1.05.  All samples except #20 can be 

placed into one of the three group ages while exhibiting at least three of the four 

concordant characteristics (Table 4).  Sample #20 has been placed in the old aged 
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group due to its lack of measured tritium (0 TU) and relatively old 14C age (1,290 

yrs).  Eight samples (# 2, 5, 7, 8, 9, 12, 13, and 17) in their respective groups are 

coherent with all four traits. 
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To summarize these observations according to location: 

Needles 

In Needles, samples # 4 and 5, both furthest from the river, are characterized 

as tritium-free with old 14C ages.  Sample 5 had abundant He accumulation and an old 

4He age, while sample 4 has a low Rs/RA ratio, equal to 0.55.  Sample # 2 which has 

the highest tritium in the area also exhibited the highest 3He/4He ratio (2.10). 

Blythe 

In Blythe, sample #8 has the oldest estimated age of all samples from 14C 

(15,740 yrs) and one of the oldest ages for 4He (9,850 yrs).  The sample has no 

tritium and the lowest Rs/RA value (0.17) ratio of all the samples.  These 

characteristics point toward groundwater that may be over ten thousand years old.  

Sample 16 consists of low tritium and a 14C age over 10,000 years old.  Not 

surprisingly, this sample has a 4He age (14,030 yrs) and lower than average Rs/RA.  

Sample 6, located only 0.24 km from the river, consists of high tritium content (51.5 

TU).  In comparison, the 4He age is young (130 yrs) and Rs/RA, equal to 4.21, is high.  

However, no 14C data is available to confirm the young age of sample 6.  Sample 13 

with the highest measured tritium (63 TU) in the area also exhibits the highest Rs/RA 

(5.07), and has a 14C age of less than fifty years.   

Yuma 

In Yuma, the samples (# 17, 18) closest to the river and in the flood plain had 

the highest tritium and the lowest 14C ages.  In comparison, sample 17 has a young 

4He age and its location on the terrigenic evolution plot (Figure 14) indicates that it is 

fairly young.  Sample 20 exhibits good concordance between an old 14C age (1,290 
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yrs) and no detectable tritium content (0 TU).  However the helium content suggests a 

young age in which the sample exhibits an estimated 4He age equal to 50 years and a 

3He/4He ratio of 1.03. 
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Chapter 7. Testing Groundwater Ages with Hydraulic Head 
Data 

 
Groundwater flow direction and velocities can be estimated from a 

combination of water level measurements (i.e. hydraulic gradients) and isotope ages.  

An interesting question is whether the isotope ages are consistent with the hydraulic 

head data. 

First, we estimate groundwater flow directions and rates using the altitude of 

the water table at various well sites.  As previously described (section 1.1 

Groundwater and Aquifers), a flow rate can be estimated using Darcy’s Law.  We 

assume a value for hydraulic conductivity typical of a sand and gravel aquifer equal 

to 100 ft/day, or 30.5 m/day (Bear, 1972).  As stated earlier, the pore velocity would 

be the velocity a conservative tracer would experience if carried by the fluid through 

the formation  

 Pore Vel. = Hydraulic conductivity * Altitude difference of the groundwater heights     Eq.18 
                         Distance between wells*Porosity 

 
where porosity (effective porosity) would be equal to approximately 20% for a gravel 

and sand aquifer with clay lenses.  Groundwater depths and distances between well 

sites are determined from USGS data and application of Google Map.   

It should be noted that groundwater levels are known to fluctuate seasonally in 

the region and have most likely dropped significantly over the past fifty years (USGS 

measurements).  As stated earlier, in the 1960s, the periphery of the flood plains did 

not exhibit groundwater levels more than 7.5 meters deep.  However, measurements 

from the year 2000 reveal depths to the groundwater in the outskirts of the flood 
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plains ranging from 33.5 to 125.6 meters deep.  Some wells may withdraw water at a 

much higher rate than others, creating a cone of depression and a skewed perception 

of the flow map.  Unfortunately, some wells had no data or the most recent 

measurements are from the late 1960s.  Therefore only the most recent (2000-2002) 

measurements were included when constructing direction and velocity.  Yuma 

contained only one measurement from a recent recording, so only the hydraulic heads 

of Needles and Blythe were examined.  

In the following analysis, flow rates and directions are determined based on 

both hydraulics and 14C ages, and then the two results are compared.  Due to the 

assumptions made for 4He dating (i.e. crustal flux), it seems inappropriate to estimate 

rates and directions from 4He ages.  However, well sites were paired together for flow 

rate analysis based on concordance of both 14C and He ages (Figure 15).  Rates 

determined between well sites from group ii and iv are considered the most valid. 

In the Figures (16-18) below, black arrows indicate direction based on 

hydraulic head measurements while white arrows portray the flow direction based on 

14C ages. 

Needles 

Starting with Needles (Figure 16), the hydraulic head measurements suggest 

that groundwater flows from well 5 to well 4 (toward the river) at a rate of about 0.09 

meters/day or as much as 30 m/yr.  Groundwater flows southwest from well 3 to 2 at 

a rate of 0.04 m/day or 4 m/yr.  

In regards to the 14C ages, the flow direction and velocities (white arrows) can 

be determined by relating the differences of age and distance between the wells.  A 
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general flow rate away from the river can be estimated by plotting a linear regression 

through the Needles plot on Figure 11, which produces a flow rate of 0.37m/yr away 

from the river.  For example, 14C ages indicate that groundwater would flow from 

well #4 toward #5 at a rate of 0.8 m/yr.  This direction is opposite to the direction 

suggested by the hydraulic gradient and Darcy’s Law.  Hydraulic head measurements 

indicate groundwater flows from well 5 and 4 toward the river.  We can only 

conclude that because wells 4 and 5 are tritium free, river water has not reached well 

site # 4 in the past 50 years.   

A better way to determine the flow rate based on 14C ages is to focus on 

groundwater from two well sites with concordant ages of both 14C and helium.  In the 

previous section, the groundwaters were grouped based on 14C and helium 

concordance (Figure 15).  The most valid flow rates would include well site pairs that 

both belong to group ii and iv, because both the helium and 14C ages agree with each 

other.  Pairing groundwater from well sites #4 and #5 based on 14C ages may be 

legitimate, but the helium ages suggest otherwise.  In fact, groundwater from well site 

#4 may have an overestimated 14C age and therefore the flow rate from well site #4 to 

#5 may be much higher.  A better pair to analyze would be groundwater from well 

sites #2 and #4, which both exhibit 14C and helium age concordance.   Groundwater is 

estimated to flow from #2 to #5 at a rate of 0.64 m/yr or 0.002 m/day.  Groundwater 

from well sites #2 and #4, both in the same group in Figure 15, can be a legitimate 

choice for flow rate analysis.  Even though the helium and 14C ages are not 

concordant for this group (Figure 15), they are in the same group and may be a better 
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choice than the pair of well site #4 and #5.  Groundwater would flow from well #2 to 

#4 at a rate of 0.7 m/yr or 0.002 m/day.  

 
Figure 16: Simple groundwater flow map based on 14C ages.  White arrows indicate 14C dating and 
long term paths.  Black arrows indicate the hydraulic head measurements and the expected current 
flow paths.  Needles, CA. 

 

Blythe 

In Blythe (Figure 17), hydraulic head measurements indicate that groundwater 

flows (away from the river) from well 6 to 13 at a rate of about 0.06 meters/day or 13 

m/yr.  Groundwater flows (toward the river) from the well 16 to 13 at a rate of 0.37 

m/day or 130 m/yr and toward the river from well 16 to 6 at a rate of 0.26 m/day or 

90 m/yr.  These rates are fast but within the expected values of a shallow unconfined 

and locally recharged aquifer (Toth, 1963).   
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Figure 17: Simple groundwater flow map based on 14C ages. White arrows indicate 14C dating and long 
term paths.  Black arrows indicate the hydraulic head measurements and the expected current flow 
paths. Blythe, CA. 

 

Changing the focus to 14C ages, a linear regression can be drawn through the 

Blythe plot in Figure 11, yielding a flow rate of 6 m/yr away from the river (samples 

#8 and #16 excluded).   Carbon-14 ages suggest that groundwater would flow from 

#13 to #16 at a rate of 1 m/yr or 0.003 m/day while water would flow from #12 to 

#16 at a rate of 0.7 m/yr or 0.002 m/day.  The flow rates suggested by 14C ages are 

more than an order of magnitude less than the flow rates determined by the hydraulic 

conductivity.  The relatively fast flow rates of the hydraulic conductivity are most 

likely a result a human induced pumping, which suggests that 14C dating may be a 

better technique than using Darcy’s Law to approximate long term (>100 yrs) flow 

rates.   
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Human induced pumping can explain well #13 (in Blythe), which exhibits 

water level (relative to sea level) three meters lower than any other well site.  This 

suggests a high pump rate and existence of a cone of depression.  High amounts of 

tritium and young 14C ages reveal that this well is yielding young water from the 

upper parts of the water table and might gradually draw older groundwater from 

below and from other well sites. 

Yuma 

Only one well site in Yuma (Figure 18) has hydraulic head measurements 

since the year 2000.  So flow directions were only estimated from 14C ages.  

However, we know that elevation of the land decreases southward from Needles to 

Yuma.  Therefore, groundwater likely flows in the same direction (southward) as the 

river.  

A general flow rate away from the river can be estimated by assuming sample 

#20 was recharged by the river, which produces a flow rate of 2.8 m/yr away from the 

river.   
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Figure 18: Simple groundwater flow map based on 14C ages.  White arrows indicate 14C dating and 
long term paths.  Only sample #20 had recent water depth measurements, so black arrows are not 
drawn.  Yuma, CA. 

  

To summarize the results from the three areas, the hydraulic head analysis 

estimates much faster flow rates than the 14C ages, and this can be due to recent 

human induced pumping.  14C ages reveal that long term flow directions are generally 

away from the river, while the hydraulic head measurements indicate long term 

patterns are disturbed by recent pumping and agricultural usage.  The hydraulic head 

analysis portends future flow directions of the groundwater.  The convergence of 

groundwater flow directions in some areas points to possible differences in 

withdrawal rates and that young water from above and old water from below may be 

mixing.  Also, some wells may be deeper than other wells which can reveal varying 

ages.  Still, there seems to be a general trend of movement away from the river in the 

flood plain (i.e. a leaking river) and toward the river in the periphery of the flood 

plain.   
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Chapter 8. Conclusion 
 

Carbon-14, tritium, helium, and hydraulic head analysis reveals that 

groundwater in the LCRV has a history of extensive mixing with both older and 

younger water, most likely as a result of increased human induced pumping.  14C and 

tritium analysis suggests that the three study areas exhibit groundwater flow away 

from the river, with the groundwater furthest from the river being the oldest.  

Hydraulic head measurements, which commonly do not agree with 14C based 

groundwater flow estimates, indicate long term flow patterns are disturbed by recent 

pumping.   

Helium analysis was used to determine the deep crustal flux and mantle 

contributions to the aquifer systems, while gaining insight into the ability of helium 

analysis to determine groundwater flow dynamics in a region of complex mixing 

relationships.  A heterogeneous deep crustal He flux ranges from 3x10-6 to 2x10-9 cm3 

STP cm-2 yr-1 and averages 3x10-8 cm3 STP cm-2 yr-1, which is below average for 

continental crust (3x10-6 STP cm-2 yr-1).  Groundwater from Blythe requires the 

highest flux in order to match 14C ages.  This suggests the aquifers in Blythe may be 

more permeable and/or connected by conduits to fractured basement rock in which 

abundant crustal and mantle helium may be moving upwards.   

The 3He/4He ratios of the oldest groundwaters reveal that the terrigenic helium 

contains a mantle contribution of approximately 1.4%.  Significantly, the Colorado 

River region is at least 75 km from the major crustal fault zones associated with the 

San Andreas Fault (SAF), yet there is still a measurable contribution of mantle 
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helium. Unless He is transported from the SAF, this observation indicates that mantle 

He is leaking through granitic basement in the vicinity of the LCRV. 

Overall, the groundwater analysis reveals a general flow pattern away from 

the river into aquifers of the flood plain (i.e. a leaking river) and towards the river in 

the periphery of the flood plain.   
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