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Introduction to isotopes
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Candice’s research approach
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Water quality issues
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Questions addressed by isotope 
data



Introduction to isotopes

O and H isotopes 

Tritium

Carbon-14

Sulfur –
 

not discussed here.

Presenter
Presentation Notes
One glass of water may look very much like onther, but it actually contains a great deal of information in the form of isotope composition and chemistry that can be used to indicate the origin of the water, and its residnece time as groundwater.  



Isotope studies lie outside many people’s usual experience.   To introduce the topic we need one equation and some graphs.  For those less familiar with such matters, it should be sufficient to understand that there are numbers we can measure that express differences in the isotope ratios of, say, water.  I will proceed to show  you how these numbers form characteristic patterns on the graph that is most useful for an understanding of water isotopes.



The plan here is to look at what isotopes are, and which ones we will find useful;  then to look at their application to water studies, and finally to look in turn at what can be determined from:

1.oxygen and hydrogen isotopes

2. Tritium

3.  Carbon-14



Isotopes of Hydrogen

Hydrogen-1 (protium)

Hydrogen-2 (deuterium)

Hydrogen-3 (tritium)
Radioactive >  helium +  electron

Half-life about 12.5 years

Presenter
Presentation Notes
The cartoons are atoms of hydrogen, with protons (red) and neutrons (blue) in the nuclei, and electrons (black) in orbit around each nucleus.   All of the atoms have one proton.   Hydrogen-1 has no neutron, and is said to have a mass of 1.    Hydrogen-2 , or deuterium, has one neutron, and the mass is therefore 2.  These two isotopes are stable – they do not undergo radioactive decay.    Hydrogen-3, with two neutrons and a proton, is unstable (i.e. radioactive)  and has a half life of about 12.5 years, meaning that if one starts out with a certain amount of tritium,  only half will remain after 12.5 years, one quarter after another 12.5 years, and so on.



Isotopes of Oxygen

Oxygen-16    8 protons, 8 neutrons

Oxygen-17    8 protons, 9 neutrons

Oxygen-18    8 protons, 10 neutrons

All stable

Presenter
Presentation Notes
Oxygen has 3 stable isotopes, masses 16, 17 and 18.   Each isotope has 8 protons,  and they differ in the number of neutrons.



Isotopes of Carbon

Carbon-12      6 protons, 6 neutrons

Carbon -13    6 protons, 7 neutrons

Carbon -14    6 protons, 8 neutrons

stable

radioactive

Half-life about 5730 years

Presenter
Presentation Notes
Each carbon isotope has 6 protons.  Isotopes of masses 12 and 13 are stable, but mass 14 is radioactive.   This isotope, radiocarbon or carbon-14, has a much longer half-life than tritium, so is useful for dating older substances.  Many of you will be familiar with carbon dating in the context of archaeology.



Where do tritium and carbon-14 
come from?

Cosmic rays strike upper 
atmosphere

Atmospheric testing of nuclear 
weapons, 1950s-1970s



Groundwater once fell as rain 
containing measurable tritium.

Tritium decays –
 

half life 12.4 years

Tritium below detection indicates pre- 
1955 rainwater. 

Detectable tritium indicates presence of 
post-1955 rainwater

Use of tritium

Presenter
Presentation Notes
The detection limit in our laboratory is about 0.5 tritium units (TU).  One TU represents one atom of tritium among 1018  atoms of stable hydrogen.  In practice, a limit of 1 TU serves to distinguish pre-bomb water from younger water in the Alamogordo area.



Groundwater once fell as rain that soaked into 
soil and dissolved soil gas containing C-14.

C-14 decays –
 

half life 5730 years

High C-14 indicates younger water; low C-14 
indicates older water (exact ages difficult to 
calculate).

Age range 0 to about 20,000 years

Use of carbon-14

Presenter
Presentation Notes
Carbon-14 is measured in Percent Modern Carbon (pMC). 100 pMC corresponds to the level of carbon-14 in the atmosphere in 1950, before nuclear testing disturbed the natural level. Groundwater derives some C-14 from the atmosphere as it infiltrates through soil which contains carbon dioxide from the decomposition of recent organic matter). Exact ages are difficult to calculate in water (compared to charcoal, for instance) because groundwater also derives some carbon without any C-14 from rock it contacts in aquifers.  Nonetheless, the relative age estimates given by higher or lower levels of C-14 are very useful.



δ-values

Higher δ-
 

value implies more of the heavy 
isotope

δ18O = { ( Rsample

 

/Rstandard

 

) -
 

1}
 

x 1000
 

‰

R = 18O/16O    

Similarly, δD with R = D/H

δ18O     =   -40            -12 to -6           0 
Antarctic ice         NM rain         ocean
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The mass spectrometer measures ratios of heavy to light isotopes (O-18 to O-16, or  deuterium (D) to Hydrogen 1(H).  We compare with the isotope ratio of a standard material, which is seawater for both H and O.   The final number, which we shall use for plotting graphs, is called a delta-value.   Its units are “permil” because we multiply the equation by 1000 (this is like percent, for which we would have multiplied by 100).



The higher a delta-value, the more of the heavy isotope is present.



The bottom line gives some examples of delta-values in different waters.



High δ
 

values

Low δ
 

values

Mountain-top rain/snow

Valley rain

Why isotope ratios in water vary:  Condensation

Presenter
Presentation Notes
Isotopes in water are of interest because certain natural processes change their ratios.  For instance, the condensation of rainwater from atmospheric water vapor results in different isotope ratios depending on the temperature of condensation.    Condensation over mountains occurs at lower temperatures than condensation over valley floors, and this results in lower delta values in the mountains.  In many places, we can use this to tell whether groundwater fell as rain at high or at low altitudes.



Lighter molecule (1H, 16O)

Heavier molecule (2H, 18O)

Why isotope ratios in water vary: Evaporation
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Presentation Notes
Another process that changes isotope ratios is evaporation.   The cartoons show a closed beaker of water on the left;  On the right it is open, and the water is evaporating away.     Look at the relative numbers of green and red dots.     The vapor is richer than the original water in the lighter isotopes, and the residual liquid water is richer in the heavier isotopes.
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Global Meteoric Water Line

Oceans

The basic diagram

Slope = 8
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We use the delta-values for h and O isotopes to plot a graph like this.    If we took average annual rain data from almost anywhere in the world, it would plot along the blue line.  It is called the Global Meteoric Water Line, and has a slope of 8.   Seawater plots at (0, 0) (red circle).
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If we have a type of water that plots at the green circle, and we evaporate it, the remaining water will change isotope composition along the green arrow.  The arrow will have a slope between 3 and 5, and is called an evaporation trend.
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Presentation Notes
If two waters of different isotope composition (green and red circles, A and B) mix together,  all of the possible mixtures will plot along a straight line between the two circles.



How Candice approached the research 
problem:

1.
 

Detailed sampling in all four aquifers, and of river 
water

2.
 

Analyses of major ions:  sodium, potassium, calcium, 
magnesium, strontium, bicarbonate, chloride, sulfate, 
nitrate, bromide, fluoride

3.
 

Analyses of isotopes:  stable isotopes of hydrogen, 
oxygen, carbon and sulfur; radioactive isotopes 
carbon-14 and tritium 

4.
 

NETPATH modeling to correct carbon-14 data.



Water Quality Issues
Potential problems:  fluoride (F) and nitrate 
(NO3)

No data for arsenic

EPA Maximum contaminant levels (MCLs):

F         4 mg/L

NO3
 

44 mg/L



Fracture Sys. Unconfined Confined Flood plain

No. samples 25 7 35 11

F > 4 mg/L 1 0 5 2

NO3 > 44 mg/L 0 0 0 0

NO3 > 10 mg/L 4 1 2 3

The news is generally good!



Isotopes help us to answer the following 
questions about groundwater in the 

Middle San Pedro basin:
1.

 
Where does recharge occur?

2.
 

Is recharge limited to summer or winter?

3.
 

Is the confined aquifer connected 
hydrologically

 
to the flood plain aquifer?

4.
 

How long does water take to flow from the 
basin margins to the confined aquifer beneath 
the river?
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Sampling StrategySampling Strategy
•Sampled groundwater from 
various points in basin, 
targeting transects, washes, 
and wells along the river

•Collected base flow of the rive
 throughout the year

•Determined isotopic 
composition of precipitation 
from various elevations and 
different seasons 

•Sampled wells of varying 
depths to target relationship 
between deep confined and 
shallow alluvial aquifer
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Stable Isotopes to Determine Areas of Stable Isotopes to Determine Areas of 
RechargeRecharge
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Stable Isotopes to Determine Areas of Stable Isotopes to Determine Areas of 
RechargeRecharge

Flood 
plain

Fracture Sys., Confined, 
Unconfined
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Tritium and Oxygen Isotopes as Tritium and Oxygen Isotopes as 
Residence Time TracersResidence Time Tracers
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Tritium and Oxygen Isotopes as Tritium and Oxygen Isotopes as 
Residence Time TracersResidence Time Tracers

Present-day recharge at 
basin margins

Present-day 
recharge in 
flood plain
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2 7 Flood Plain
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Tritium, TU

Tritium distribution
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•Detectable tritium values 
found in shallow wells near 
river and in mountain system 
wells

•C-14 values high in mountain 
systems and decrease toward 
basin center

•Deep wells exhibit low C-14 
values while shallow wells 
exhibit high C-14 values

Age Tracer Age Tracer 
ResultsResults
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•Detectable tritium values 
found in shallow wells near 
river and in mountain system 
wells

•C-14 values high in mountain 
systems and decrease toward 
basin center

•Deep wells exhibit low C-14 
values while shallow wells 
exhibit high C-14 values

Age Tracer Age Tracer 
ResultsResults



1 Flood Plain

2 1 2 1 1 Fracture System

1 1 Unconfined

4 8 5 1 Confined

0 10 20 30 40 50 60 70 80 90 100

Carbon-14, pMC, uncorrected

Carbon-14 distribution
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Dissolves soil 
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Groundwater Level Groundwater Level 
Contours and Inferred Contours and Inferred 

Flow DirectionsFlow Directions
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(corrected) ages
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NETPATH –
 

USGS 
MODELING 
PROGRAM
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Ca/Ca/SrSr
 

Ratios Compared with Traditional Ratios Compared with Traditional 
Age TracersAge Tracers

Ca/Sr (mg/L / mg/L)
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CarbonCarbon--14 with Depth14 with Depth



Conclusions
1.

 
Recharge to flood-plain aquifer from river, summer 
recharge dominant.

2.
 

Recharge to fracture-system aquifer (and thence to 
confined aquifer) from basin margins, with winter 
recharge dominant.

3.
 

Confined aquifer has little connection with flood-
 plain aquifer –

 
expressed in O,H isotopes and 

tritium.

4.
 

Water in the confined aquifer has been resident for 
thousands of years .  In FS aquifer –

 
some water 

resident only a few decades.
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