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ABSTRACT 

Tritium is an important tool in hydrological research.  As a radioactive isotope and part of 

the water molecule, it can be used in tracer studies and to provide an estimate of water 

residence time.  The spatial distribution of cosmogenic tritium in precipitation is affected 

by geomagnetic latitude and distance from the ocean, but was overwhelmed by tritium 

from atmospheric nuclear weapons testing in the 1950’s and 1960’s. 

The purpose of this study was to determine the current tritium input from 

precipitation and the distribution of tritium in surface water across California.  This study 

presents a data set with a higher spatial resolution sample population than previously 

performed in California.  Precipitation was sampled directly when possible.  Greater 

spatial coverage was accomplished by sampling surface waters (mainly major rivers) as a 

proxy for precipitation.  Data were analyzed using geospatial software and compared to 

the tritium distribution predicted from previous models. 

The arithmetic mean tritium in California precipitation and surface water was 

found to be 9.4±3.6 pCi/L.  Mean tritium in precipitation alone was found to be 11.1±4.8 

pCi/L, within two standard deviations of the estimated pre-bomb pulse background 

concentration of 6.0 pCi/L.  Mean concentrations in spatial groups ranged between 

8.0±3.5 pCi/L in the San Francisco Bay Area and southern coast to 11.7±2.9 pCi/L in the 

Sierra Nevada Mountains, indicating a trend of increasing tritium concentration with 

inland distance.  Repeat sampling indicated that Sierra Nevada water exhibited seasonal 

variation in tritium concentration, increasing between January and May due to Spring 



 
 

iii 
 

Leak effect.  Waters collected from urbanized areas around the San Francisco Bay were 

found to be significantly altered by anthropogenic tritium.  The relationship between 

tritium and electrical conductivity was found to depend upon water origin and 

anthropogenic activity, such as agricultural use.  Stable isotopes of oxygen and hydrogen 

in the water molecule were also analyzed since they are reliable indicators of water 

source area and can also be used to determine whether the water has experienced 

evaporation.  In the California data set, stable isotopes proved useful for distinguishing 

possible evaporative effects from small additions of anthropogenic tritium. 
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INTRODUCTION 

Tritium 

Tritium is a proven tool in hydrologic studies.  The tritium atom (3H, or T) is part 

of the water molecule (HTO), and is therefore a nearly perfect, conservative tracer of 

water flow.  It is a radioactive isotope of hydrogen, which allows for its use in age-dating 

studies. 

Tritium is produced naturally by cosmic ray spallation in the stratosphere (Michel, 

1989).  The background mass of tritium in the atmosphere as a result of this process is 

estimated at 3.5-4.5 kilograms (Michel, 2005).  The half-life of tritium recommended by 

the National Institute of Standards and Technology (NIST) is 4500±8 days (12.32±0.02 

years) (Lucas & Unterweger, 2000).  Tritium undergoes beta-decay (β-) to produce 

helium-3 (3He).  A common unit of measurement is the tritium unit (TU), which is 

equivalent to one tritium atom per 1018 hydrogen atoms.  Another unit, used by public 

health regulatory agencies, is picocuries per liter (pCi/L).  One TU is equal to 3.24 pCi/L.  

The Maximum Contaminant Level for tritium in drinking water is 20,000 pCi/L. 

Tritium is also produced by anthropogenic nuclear fission, such as in a nuclear 

reactor or nuclear weapons detonation.  Beginning in 1953 and continuing until the ban in 

1963, atmospheric nuclear weapons testing dramatically increased background tritium 

activity globally.  During this time period over 600 kg of tritium were added to the 

atmosphere, mainly above the tropopause.  At the peak in 1963 tritium levels in 

precipitation were equal to several thousand TU (Michel, 2005).  Prior to weapons 

testing, it is estimated that background tritium from natural cosmogenic production was 
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on the order of 2-8 TU in the United States (Michel, 2005).  The majority of the 

detonations occurred in the stratosphere, in the northern hemisphere, contributing to a 

greater reservoir of tritium there than in the southern hemisphere. 

Tritium in the troposphere generally has a residence time of less than a year 

(Michel, 1989).  Tritium is removed from the lower atmosphere by precipitation and 

molecular exchange.  Molecular exchange across the air-water interface is thought to 

account for the majority of deposition into the ocean (Michel, 2005).  An influx of tritium 

into the troposphere of the northern hemisphere occurs each spring.  Mixing in the upper 

atmosphere due to heating of the continents releases tritium from the stratosphere into the 

troposphere.  This phenomenon is known as the “Spring Leak.”  The atmosphere is not 

well-mixed with respect to tritium, considering its short residence time in comparison to 

the turnover time of the atmosphere. 

Stable Isotopes 

The stable isotopes of water, deuterium (2H or D) and 18O, are commonly used in 

hydrologic studies because they are faithful indicators of water origin.  Harmon Craig 

demonstrated in 1961 that water across the world will display an empirical linear 

relationship between δD and δ18O, where δ is given by the equation: 

𝛿 = [(
𝑎
𝑏

) − 1] × 1000 
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in which a equals either the ratio (2H/1H) or (18O/16O) and b equals the standard mean 

ocean water (SMOW).  The linear relationship between δD and δ18O is called the Global 

Meteoric Water Line (GMWL) and given by the equation: 

δD = 8 × δ18O + 10 

This line represents the average isotopic relationship in meteoric waters.  Relative 

position on the line is a result of isotopic fractionation which is strongly temperature 

dependent.  Increased fractionation occurs at lower temperatures, such as those found at 

high elevation.  During evaporation, vapor becomes preferentially enriched in light 

isotopes.    Rainout occurs as vapor moves inland, causing preferential depletion in 

heavier isotopes.  Deviations from the GMWL are also indicative of environmental 

factors such as humid or arid vapor source, evaporation (with a greater effect on 2H/1H 

than on 18O/16O, owing to a greater relative mass difference), or deuterium-excess (D/d-

excess).  D-excess is calculated by the equation: 

𝑑 = δD − 8 × δ18O 

Figure 1 (from McGuire & McDonnell, 2007) illustrates interpretations of these isotopic 

deviations from the GMWL. 
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Figure 1: Illustration by McGuire & McDonnell, 2007 explaining deviations of stable 

isotopes from the Global Meteoric Water Line. 

PREVIOUS INVESTIGATIONS 

One of the earliest and most comprehensive databases of tritium is the Global 

Network of Isotopes in Precipitation (GNIP) (Figure 2).  The International Atomic 

Energy Agency (IAEA) in partnership with the World Meteorological Organization 

(WMO) created this database in 1958.  Water isotope data (including 3H, 2H/1H and 

18O/16O) are collected and submitted on a voluntary basis by various institutes, 

companies, and private citizens.  Monthly precipitation samples are collected from over 

1,000 stations in more than 125 countries.  The database currently has data for over 

115,000 samples (IAEA, 2013). 
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Figure 2: Tritium in precipitation record from GNIP database, Ottawa and Menlo Park 

stations.  Fallout from atmospheric nuclear weapons testing results in the peak observed 

between 1953-1963 (IAEA, 2013). The descending limb is the result of both radioactive 

decay and removal of bomb pulse tritium to the deep ocean and other subsurface 

reservoirs. 

The first nationwide study of tritium in precipitation was published in 1968 by 

G.L. Stewart and R.K. Farnsworth of the United States Geological Survey (USGS).  The 

study compiled tritium data from a network of 15 sampling sites across the U.S. 

maintained by the USGS and U.S. Weather Bureau.  Sample composites were collected 

on a bi-weekly basis from 1963 to 1965.  High-activity samples were measured by liquid 

scintillation or Geiger-Müller counter.  Low-activity samples were electrolytically 

enriched prior to counting by the above mentioned methods.  Tritium results were 
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presented in TU-cm, calculated by multiplying the tritium content (TU) by the 

precipitation depth (cm) over the time of collection.  These results were contoured over a 

map of the U.S., presented as one for each year of the study and also as a weighted 

average for the whole time period (Figure 3).  The authors found that tritium content in 

precipitation generally increased with latitude and was higher at inland than coastal sites, 

even though coastal areas had a greater amount of rain.  Within California, tritium was 

shown to generally increase inland, especially to the northeast (Stewart & Farnsworth, 

1968).   

 

Figure 3: Weighted average tritium deposition in TU-cm for years 1963-1965.  Sample 

locations are represented as dots (Stewart & Farnsworth, 1968). 
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Robert Michel, also of the USGS, performed a follow-up study to that of Stewart 

and Farnsworth in 1989.  The 14 point sample network was similar to the one used in the 

previous study, with a few changes in location.  Samples were collected and composited 

on a monthly basis for most sites, with some samples collected every three months.  The 

data used in this study were collected between 1953 and 1983.  Missing data were 

estimated using the Ottawa correlation, developed by the IAEA in 1981.  The Ottawa 

station in Canada has the earliest and longest tritium record, with data from 1953 to 2007.  

Missing data are estimated according to the equation: 

𝐶𝑖 = 𝑎𝐶𝑂𝑡𝑡 + 𝑏 

Where Ci and COtt are the unknown tritium concentration and the concentration at Ottawa 

station at the time of interest respectively and a and b are from known station data.  

Tritium results were presented in TU-m, calculated in the same manner as the previous 

study.  The resulting map showed a strong latitudinal gradient in California, with tritium 

increasing to the north (Michel, 1989, Figure 4).  This is in contrast to the Stewart and 

Farnsworth map, which emphasized a longitudinal gradient in California, increasing 

inland. 
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Figure 4: Weighted average tritium deposition in TU-meters for years 1953-1983.  

Sample locations are represented as red dots (Michel, 1989). 

Doney et. al. (1992) used tritium data obtained from the IAEA WMO database to 

model global tritium distribution.  The model was constructed using an equation from 

Weiss & Roether (1980), relating tritium at a set time and location to a reference curve 

and spatial function.  Their model showed a poleward increase in tritium from a 

minimum around 0˚-20˚S and an approximately 10-fold difference in tritium values 

between northern and southern hemispheres, with the northern hemisphere being higher 

(Doney, 1992). 

Zhang et. al. (2011) updated the global model of tritium in precipitation (GMTP) 

created by Doney et. al. (1992).  This new modified GMTP used updated GNIP data from 
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2005 and adjusted the model to better fit the new data.  A model of seasonal tritium 

cycling was also developed using a cosine function (Zhang, 2011).  This model has been 

criticized mainly for the large (50%) under-prediction of tritium concentration during the 

1960s peak activity and for some negative-number predictions (Newman et al., 2013). 

PURPOSE 

The purpose of this study is to characterize the tritium signal in the surface 

hydrosphere throughout California.  The tritium signal reported here addresses the 

following research questions: 1) How do current tritium levels compare to natural, pre-

bomb tritium levels? 2) Does the increased spatial coverage bring out previously 

unrecognized influences on tritium in the surface reservoirs of the hydrosphere in 

California? 3) What is the appropriate ‘initial’ tritium concentration (currently 

infiltrating) to apply in groundwater dating studies? 4) Is the storage time of water in 

some of the large reservoirs in California long enough for significant decay of tritium to 

occur?  This study will further contribute to 3H-3He groundwater age dating studies by 

providing current background concentrations for comparison to decay-corrected values 

and by allowing identification of recycled groundwater, where the primary source of 

recharge is old groundwater (with low tritium concentrations) applied to irrigated fields.  

The spatial distribution of tritium in the California hydrosphere is also explored in order 

to identify geographic trends and anthropogenic sources.  The majority of the samples 

collected were of surface water in order to provide a wider area of coverage and because 

of the importance of surface water - groundwater interaction.  Precipitation was also 
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collected; however, the implementation of a precipitation sampling network was not 

financially and logistically feasible for the scope of this study. 

EXPERIMENTAL PLAN 

Surface water sampling locations were selected to provide coverage over the 

state’s main rivers, focusing on locations where stream gage data was available.  Sample 

locations are shown on Figure 5 below.  Dammed rivers were sampled above and below 

the dam when feasible to investigate the reservoir residence time and its effect on tritium 

activity.  Samples were also collected above and below the confluence of major river 

tributaries to investigate mixing rates.  Several samples were collected from an estuary, a 

slough, and the Pacific Ocean to investigate ocean-river mixing. 
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Figure 5: Map of California with surface water (black dots) and precipitation (red dots) 

sampling locations. 
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Samples were collected from surface waters across California in the summer/fall 

of 2013 to capture base flow conditions.  Repeat samples were collected at a subset of the 

sampling locations during the winter and spring of 2014, in an attempt to capture runoff 

conditions. However, the precipitation and runoff during the winter/spring of 2013-14 

was below average due to severe drought conditions in California.  Samples were 

collected during these two flow regimes to determine the tritium input to the basin from 

precipitation.  In addition to surface water, a small set of precipitation samples were 

collected during storms, primarily in the San Francisco Bay Area.  Existing data from 

samples collected from Martis Valley in 2012, and other, previously sampled locations in 

California were incorporated in this analysis.  For the purpose of analyzing regional 

trends, sample locations were grouped according to California groundwater province 

(Figure 6).  The following provinces were included in this study: Northern Coast Ranges 

(Northern Coast), Southern Coast Ranges (Southern Coast), Klamath Mountains 

(Klamath), Central Valley, Sierra Nevada and Transverse Ranges and Selected Peninsular 

Ranges (Transverse).  Additionally, an Ocean group was added to include ocean and 

heavily tidally-influenced samples. 
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Figure 6: Sample locations were grouped by the California groundwater provinces 

illustrated above (http://ca.water.usgs.gov/gama/). 

Summary of Collected Data 

The database used in this study includes 164 samples with spatial data and 

measured tritium values.  Of these samples, 147 were collected between June 2013 and 
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April 2014.  One hundred thirteen samples were collected during Summer/Fall 2013 and 

34 samples were collected during Winter/Spring 2014.  The remaining 17 samples were 

collected in conjunction with a different study, between January 2012 and April 2013, 

from the Truckee watershed in the Sierra Nevada Mountains.  Eighteen precipitation 

samples were collected from the Truckee watershed project in 2012-2013 and 9 in 

conjunction with this study.  Of these 18 precipitation samples, 9 were collected from 

snowpack and 9 were collected from rain.  Sample location data is provided in Table 1.  

Tritium and stable isotope measurements are provided in Table 2.   

Water quality parameters, including pH, temperature, electrical conductivity (EC), 

dissolved oxygen, and oxidation-reduction potential were collected in the field with a 

YSI 556 MPS multi-meter for 72 of the total 164 samples.  When a multi-meter was 

unavailable or not operational during a sampling trip, temperature was recorded in the 

field with a mercury or digital thermometer and electrical conductivity was recorded in 

the laboratory with a multi-meter at a later time.  Dissolved oxygen, oxidation-reduction 

potential, and pH could not have been reliably measured in the laboratory due to time 

delay, temperature differences, oxidation, and other changes in water equilibrium.  

Electrical conductivity is unlikely to be affected significantly by these factors. 

USGS stream gage data were also accessed and recorded when available.  Stream 

gage data were available for 69 of the 146 surface water locations.  Samples collected 

from different locations within the same drainage may share a single gage station.  For 

most gage stations, only discharge and gage height were given.  Occasionally a gage 

station had a record of temperature and electrical conductivity as well.  Gage station data 
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is recorded in 15 minute intervals and was retrieved from within 15 minutes of sample 

collection on that date.  Stream gage measurements of EC and temperature were not 

significantly different from the YSI field measurements.  Field measurements and stream 

gage data are listed in Table 3.   

Table 1: Sample Location Data (precipitation samples highlighted) 

Sample 
ID # Sample Name Sample 

Date Water Body Watershed Group 

109603 Truckee Snotel #2 1/25/12 Snow Truckee Sierra 
Nevada 

109604 NorthStar Ski 1/25/12 Snow Truckee Sierra 
Nevada 

109733 Northstar 2/24/12 Snow Truckee Sierra 
Nevada 

109734 Truckee #2 Snotel 2/24/12 Snow Truckee Sierra 
Nevada 

109738 Northstar 4/4/12 Snow Truckee Sierra 
Nevada 

109739 Truckee #2 Snotel 4/4/12 Snow Truckee Sierra 
Nevada 

109744 Martis Snowmelt @ Hwy 256 5/2/12 Snow Truckee Sierra 
Nevada 

109745 Northstar 5/2/12 Snow Truckee Sierra 
Nevada 

109746 Truckee #2 Snotel 5/2/12 Snow Truckee Sierra 
Nevada 

109757 Big Springs Collection Gallery 6/20/12 Martis Creek Truckee Sierra 
Nevada 

109764 Truckee River (40m downstream of 
confl. w/ Donner Creek 6/21/12 Truckee River Truckee Sierra 

Nevada 

109765 Martis Creek (just upstream wooden 
bridge @267) 6/21/12 Martis Creek Truckee Sierra 

Nevada 

109766 N Fork American River @ Iowa Hill Rd 6/21/12 N. Fork American River North Fork 
American 

Sierra 
Nevada 

109801 Martis Cr. Dwnstrm survey 7/9/12 Martis Creek Truckee Sierra 
Nevada 

109818 Frank's Fishing Bridge 7/9/12 Martis Creek Truckee Sierra 
Nevada 

109826 Donner Creek 7/9/12 Donner Creek Truckee Sierra 
Nevada 

109827 Truckee R. @ Donner Cr. 7/9/12 Truckee River Truckee Sierra 
Nevada 

110277 SanJoaquin@Hwy132 6/24/13 San Joaquin River 

Middle San 
Joaquin-Lower 
Merced- Lower 

Stanislaus 

Central 
Valley 

110278 Tuolomne@7thSt.Bridge 6/24/13 Tuolomne River 

Middle San 
Joaquin-Lower 
Merced- Lower 

Stanislaus 

Central 
Valley 

110279 Stanislaus@HutchisonPark 6/24/13 Stanislaus River 

Middle San 
Joaquin-Lower 
Merced- Lower 

Stanislaus 

Central 
Valley 
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110280 Stanislaus@Caswell 6/24/13 Stanislaus River 

Middle San 
Joaquin-Lower 
Merced- Lower 

Stanislaus 

Central 
Valley 

110281 SanJoaquin@Mossdale 6/24/13 San Joaquin River San Joaquin Delta Central 
Valley 

110282 Old@Hwy4 6/24/13 Old River San Joaquin Delta Central 
Valley 

110283 Middle@Hwy4 6/24/13 Middle River San Joaquin Delta Central 
Valley 

110284 AlamedaCr@Hwy84 6/25/13 Alameda Creek San Francisco Bay Southern 
Coast 

110285 ArroyoMocho@Concannon 6/25/13 Arroyo Mocho San Francisco Bay Southern 
Coast 

110286 American@DiscoveryPark 7/1/13 American River Lower Sacramento Central 
Valley 

110287 Sacramento@DiscoveryPark 7/1/13 Sacramento River Lower Sacramento Central 
Valley 

110288 Sacramento@SandCovePark 7/1/13 Sacramento River Lower Sacramento Central 
Valley 

110289 American@BelowFolsom 7/1/13 American River Lower American Central 
Valley 

110290 N.ForkAmerican@Hwy 49 7/1/13 N. Fork American River North Fork 
American 

Sierra 
Nevada 

110291 American@Hwy49 7/1/13 American River North Fork 
American 

Sierra 
Nevada 

110292 MidForkAmerican@Hwy49 7/1/13 M. Fork American River North Fork 
American 

Sierra 
Nevada 

110293 S.ForkAmerican@TributaryWhitewater 7/1/13 S. Fork American River South Fork 
American 

Sierra 
Nevada 

110294 Consumnes@Hwy49 7/1/13 Consumnes River Upper Consumnes Sierra 
Nevada 

110295 Mokelumne@PeltierRd. 7/1/13 Mokelumne River 
Lower 

Consumnes-Lower 
Mokelumne 

Central 
Valley 

110296 Guadalupe@TrimbleSt. 7/8/13 Guadalupe River Coyote Southern 
Coast 

110297 LosGatosCr@MainSt. 7/8/13 Los Gatos Creek Coyote Southern 
Coast 

110298 SanLorenzo@Hwy9 7/8/13 San Lorenzo River San Lorenzo-
Soquel 

Southern 
Coast 

110299 SoquelCr@MainSt. 7/8/13 Soquel Creek San Lorenzo-
Soquel 

Southern 
Coast 

110300 ElkhornSlough@Hwy1 7/8/13 Elkhorn Slough Alisal-Elkhorn 
Sloughs Ocean 

110301 Carmel@GarlandRanch 7/8/13 Carmel River Carmel Southern 
Coast 

110302 Salinas@DavisSt. 7/8/13 Salinas River Salinas Southern 
Coast 

110303 Pajaro@Hwy129 7/8/13 Pajaro River Pajaro Southern 
Coast 

110304 SanBenito@SanJuanHwy 7/8/13 San Benito River Pajaro Southern 
Coast 

110305 Pajaro@BetabelRd. 7/8/13 Pajaro River Pajaro Southern 
Coast 

110306 CoyoteCr@EdenPark 7/8/13 Coyote Creek Coyote Southern 
Coast 

110307 Napa@StreblowDr. 7/15/13 Napa River San Pablo Bay Ocean 

110308 SonomaCr@WatmaughRd. 7/15/13 Sonoma Creek San Pablo Bay Northern 
Coast 

110309 Petaluma@LynchCreekTrail 7/15/13 Petaluma River San Pablo Bay Ocean 

110310 MarkWestCr@FultonRd. 7/15/13 Mark West Creek Russian Northern 
Coast 
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110311 MarkWestCr@WohlerRd. 7/15/13 Mark West Creek Russian Northern 
Coast 

110312 Russian@WohlerRd. 7/15/13 Russian River Russian Northern 
Coast 

110313 Russian@RiverDr. 7/15/13 Russian River Russian Northern 
Coast 

110314 SalmonCr@Hwy1 7/15/13 Salmon Creek Bodega Bay Northern 
Coast 

110315 PacificO@N.SalmonCreek 7/15/13 Pacific Ocean Bodega Bay Ocean 

110316 EsteroAmericano@ValleyFordEster Rd. 7/15/13 Estero Americano Bodega Bay Ocean 

110317 EsteroDeSanAntonio@ValleyFordFrankl
inSchoolRd. 7/15/13 Estero De San Antonio Bodega Bay Ocean 

110318 LagunitasCr@SirFrancisDrakeBlvd. 7/15/13 Lagunitas Creek Tomales-Drake 
Bays Ocean 

110334 SanJoaquin@PowerhouseRd. 7/31/13 San Joaquin River Upper San Joaquin Sierra 
Nevada 

110335 SanJoaquin@FriantDam 7/31/13 San Joaquin River 
Middle San 

Joaquin-Lower 
Chowchilla 

Sierra 
Nevada 

110336 SanJoaquin@Hwy41 7/31/13 San Joaquin River 
Middle San 

Joaquin-Lower 
Chowchilla 

Central 
Valley 

110337 CottonwoodCr@Ave12 7/31/13 Cottonwood Creek 
Middle San 

Joaquin-Lower 
Chowchilla 

Central 
Valley 

110338 DryCr@Rd.23 7/31/13 Dry Creek 
Middle San 

Joaquin-Lower 
Chowchilla 

Central 
Valley 

110339 Chowchilla@S.MinturnRd. 7/31/13 Chowchilla River 
Middle San 

Joaquin-Lower 
Chowchilla 

Central 
Valley 

110344 MartisCr@Lahonton 8/5/13 Martis Creek Nevada Sierra 
Nevada 

110345 SagehenCr@Hwy89 8/5/13 Sagehen Creek Nevada Sierra 
Nevada 

110346 N.Yuba@GoodyearsBar 8/5/13 N. Fork Yuba River Upper Yuba Sierra 
Nevada 

110347 M.Yuba@Hwy49 8/5/13 M. Fork Yuba River Upper Yuba Sierra 
Nevada 

110348 S.Yuba@Hwy49 8/5/13 S. Fork Yuba River Upper Yuba Sierra 
Nevada 

110351 PutahCr@GuenocLn. 8/14/13 Putah Creek Upper Putah Northern 
Coast 

110352 CacheCr@LakeSt. 8/14/13 Cache Creek Upper Cache Northern 
Coast 

110353 KelseyCr@Hwy29 8/14/13 Kelsey Creek Upper Cache Northern 
Coast 

110354 Scott'sCr@Hwy20 8/14/13 Scott's Creek Upper Cache Northern 
Coast 

110356 Russian@TalmageRd. 8/14/13 Russian River Russian Northern 
Coast 

110357 OutletCr@Hwy101 8/14/13 Outlet Creek Upper Eel Northern 
Coast 

110358 S.ForkEel@Hwy1 8/14/13 S. Fork Eel River South Fork Eel Northern 
Coast 

110359 S.ForkEel@aboveconfluence 8/14/13 S. Fork Eel River South Fork Eel Northern 
Coast 

110360 Eel@belowconfluence 8/14/13 Eel River Lower Eel Northern 
Coast 

110361 VanDuzen@Hwy101 8/14/13 Van Duzen River Lower Eel Northern 
Coast 

110362 Eel@RiverwalkDr 8/14/13 Eel River Lower Eel Northern 
Coast 
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110364 RedwoodCr@Hwy299 8/15/13 Redwood Creek Mad-Redwood Northern 
Coast 

110365 Trinity@nearSalyer 8/15/13 Trinity River Trinity Klamath 

110366 Trinity@Bagdad 8/15/13 Trinity River Trinity Klamath 

110367 Trinity@DouglasCity 8/15/13 Trinity River Trinity Klamath 

110368 ClearCr@Hwy299 8/15/13 Clear Creek Sacramento-Upper 
Clear 

Northern 
Coast 

110369 Sacramento@BonnyviewRd. 8/15/13 Sacramento River Sacramento-Lower 
Cow-Lower Clear 

Central 
Valley 

110370 Sacramento@RedBluff 8/15/13 Sacramento River Sacramento-Lower 
Thomes 

Central 
Valley 

110371 StonyCr@Hwy5 8/15/13 Stony Creek Sacramento-Lower 
Thomes 

Central 
Valley 

110372 PutahCr@Hwy505 8/15/13 Putah Creek Lower Sacramento Central 
Valley 

110377 Middle Fork San Joaquin R at Devils 
Postpile 8/18/13 M. Fork San Joaquin 

River Upper San Joaquin Sierra 
Nevada 

110378 North Fork San Joaquin R at Sheeps 
Crossing 8/19/13 N. Fork San Joaquin 

River Upper San Joaquin Sierra 
Nevada 

110379 East Fork Granite Creek at The Niche 8/20/13 E. Fork Granite Creek Upper San Joaquin Sierra 
Nevada 

110380 East Fork Granite Creek below Sadler 
Lake 8/20/13 E. Fork Granite Creek Upper San Joaquin Sierra 

Nevada 

110381 Upper Isberg Lake 8/20/13 Isberg Lake Upper San Joaquin Sierra 
Nevada 

110382 Vogelsang Lake 8/22/13 Vogelsang Lake Upper Merced Sierra 
Nevada 

110383 Tuolumne R spill 8/23/13 Tuolomne River Upper Tuolomne Sierra 
Nevada 

110384 Tuolumne R bridge 8/23/13 Tuolomne River Upper Tuolomne Sierra 
Nevada 

110385 Tuolumne R transect 8/23/13 Tuolomne River Upper Tuolomne Sierra 
Nevada 

110386 Tuolumne R transect 8/23/13 Tuolomne River Upper Tuolomne Sierra 
Nevada 

110387 Tuolumne R transect 8/23/13 Tuolomne River Upper Tuolomne Sierra 
Nevada 

110388 Tuolumne R transect 8/23/13 Tuolomne River Upper Tuolomne Sierra 
Nevada 

110389 Merced River at Nevada Falls 8/24/13 Merced River Upper Merced Sierra 
Nevada 

110390 Merced River at Happy Isles 8/24/13 Merced River Upper Merced Sierra 
Nevada 

110391 Merced River at El Capitan Dr 8/24/13 Merced River Upper Merced Sierra 
Nevada 

110392 Merced River at Pohono Bridge 8/24/13 Merced River Upper Merced Sierra 
Nevada 

110393 South Fork Merced River at Hwy 140 8/24/13 S. Fork Merced River Upper Merced Sierra 
Nevada 

110394 Merced River at Hwy 49 8/24/13 Merced River Upper Merced Sierra 
Nevada 

110395 Turlock Canal at La Grange Dam Rd 8/24/13 Turlock Canal 

Middle San 
Joaquin-Lower 
Merced- Lower 

Stanislaus 

Central 
Valley 

110396 Canal near N Old La Grange Rd 8/24/13 Canal 

Middle San 
Joaquin-Lower 
Merced- Lower 

Stanislaus 

Central 
Valley 

110397 Tuolumne River below La Grange Dam 8/24/13 Tuolomne River Middle San 
Joaquin-Lower 

Central 
Valley 
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Merced- Lower 
Stanislaus 

110398 Merced River at La Grange Rd 8/24/13 Merced River 

Middle San 
Joaquin-Lower 
Merced- Lower 

Stanislaus 

Central 
Valley 

110422 Salinas@Bradley 9/12/13 Salinas River Salinas Southern 
Coast 

110423 Atascadero Lake 9/12/13 Atascadero Lake Salinas Southern 
Coast 

110424 SanLuisObispoCr@SanLuisDr 9/12/13 San Luis Obispo Creek Central Coast Southern 
Coast 

110425 SantaYnez@Buelton 9/12/13 Santa Ynez River Santa Ynez Southern 
Coast 

110426 SanJoseCr@Goleta 9/12/13 San Jose Creek Santa Barbara 
Coastal Transverse 

110427 AtascaderoCr@Goleta 9/12/13 Atascadero Creek Santa Barbara 
Coastal Transverse 

110428 Oakland Rain 9/21/13 Rain San Francisco Bay Southern 
Coast 

110429 Silver Lake @ Outlet 9/29/13 Silver Lake South Fork 
American 

Sierra 
Nevada 

110454 Shasta River@confluence with Klamath 9/17/13 Shasta River Upper Klamath Klamath 

110455 Klamath River@hwy 263 9/17/13 Klamath River Upper Klamath Klamath 

110456 Hedge Creek 9/17/13 Hedge Creek Sacramento 
Headwaters Klamath 

110457 Sacramento River Dunsmuir 9/17/13 Sacramento River Sacramento 
Headwaters Klamath 

110458 Castle Crags Creek 9/17/13 Castle Crags Creek Sacramento 
Headwaters Klamath 

110459 Sacramento River Redding 9/17/13 Sacramento River Sacramento-Lower 
Cow-Lower Clear 

Central 
Valley 

110470 AlamedaCr@Hwy84 9/21/13 Alameda Creek San Francisco Bay Southern 
Coast 

110503 Tuolumne snow 11/5/13 Snow Upper Tuolomne Sierra 
Nevada 

110504 Tuolumne River 11/5/13 Tuolomne River Upper Tuolomne Sierra 
Nevada 

110512 Oakland Rain 11/19/13 Rain San Francisco Bay Southern 
Coast 

110752 Plump Jack 2/9/14 Rain  Sierra 
Nevada 

110753 Oakland Rain 2/7/14 Rain San Francisco Bay Southern 
Coast 

110775 Klamath River 3/9/14 Klamath River Upper Klamath Klamath 

110776 Shasta River 3/9/14 Shasta River Upper Klamath Klamath 

110777 Oakland Rain 3/5/14 Rain San Francisco Bay Southern 
Coast 

110780 Oakland Rain 3/26/14 Rain San Francisco Bay Southern 
Coast 

110781 Fremont Rain 3/29/14 Rain San Francisco Bay Southern 
Coast 

110801 Guadalupe@TrimbleSt. 4/3/14 Guadalupe River Coyote Southern 
Coast 

110802 LosGatosCr@MainSt. 4/3/14 Los Gatos Creek Coyote Southern 
Coast 

110803 SanLorenzo@Hwy9 4/3/14 San Lorenzo River San Lorenzo-
Soquel 

Southern 
Coast 

110804 SoquelCr@MainSt. 4/3/14 Soquel Creek San Lorenzo-
Soquel 

Southern 
Coast 
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110805 Carmel@GarlandRanch 4/3/14 Carmel River Carmel Southern 
Coast 

110806 Salinas@DavisSt. 4/3/14 Salinas River Salinas Southern 
Coast 

110807 Pajaro@Hwy129 4/3/14 Pajaro River Pajaro Southern 
Coast 

110808 SanBenito@SanJuanHwy 4/3/14 San Benito River Pajaro Southern 
Coast 

110809 Pajaro@BetabelRd. 4/3/14 Pajaro River Pajaro Southern 
Coast 

110810 CoyoteCr@EdenPark 4/3/14 Coyote Creek Coyote Southern 
Coast 

110829 Perkins Creek 3/2/14 Perkins Creek San Joaquin Delta Southern 
Coast 

110830 CSULA Rain 3/1/14 Rain Los Angeles Transverse 

110843 PutahCr@Hwy505 5/22/14 Putah Creek Lower Sacramento Central 
Valley 

110844 Sacramento@DiscoveryPark 5/22/14 Sacramento River Lower Sacramento Central 
Valley 

110845 Sacramento@MatsuiPark 5/22/14 Sacramento River Lower Sacramento Central 
Valley 

110846 S.ForkAmerican@TributaryWhitewater 5/22/14 S. Fork American River South Fork 
American 

Sierra 
Nevada 

110847 Consumnes@Hwy49 5/22/14 Consumnes River Upper Consumnes Sierra 
Nevada 

110848 Mokelumne@Hwy49 5/22/14 Mokelumne River Uppper 
Mokelumne 

Sierra 
Nevada 

110849 Mokelumne@BelowDam 5/22/14 Mokelumne River 
Lower 

Consumnes-Lower 
Mokelumne 

Central 
Valley 

110850 N.ForkAmerican@Hwy 49 5/25/14 N. Fork American River North Fork 
American 

Sierra 
Nevada 

110851 American@Hwy49 5/25/14 American River North Fork 
American 

Sierra 
Nevada 

110852 MidForkAmerican@Hwy49 5/25/14 M. Fork American River North Fork 
American 

Sierra 
Nevada 

110853 American@DiscoveryPark 5/22/14 American River Lower Sacramento Central 
Valley 

110875 American@BelowFolsom 5/25/14 American River Lower American Central 
Valley 

110876 Merced River at Happy Isles 5/17/14 Merced River Upper Merced Sierra 
Nevada 

110877 Merced River at Yosemite Bridge 5/19/14 Merced River Upper Merced Sierra 
Nevada 

110878 San Luis Obispo 4/12/14 San Luis Obispo Creek Central Coast Southern 
Coast 
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Table 2: Isotope Measurements 

Sample ID # Group 
3H 

(pCi/L) uncertainty δ2H (‰) uncertainty δ18O (‰) uncertainty 

110277 Central Valley 10.69 0.71 -73.4 1.27 -10.36 0.28 

110278 Central Valley 10.19 0.58 -84.8 1.21 -11.78 0.23 

110279 Central Valley 10.69 0.72 -85.7 1.78 -12.90 0.25 

110280 Central Valley 11.36 0.75 -86.6 1.15 -11.66 0.12 

110281 Central Valley 10.12 0.55 -79.1 0.70 -10.22 0.22 

110282 Central Valley 9.88 0.73 -65.3 1.29 -9.10 0.16 

110283 Central Valley 10.02 0.48 -72.4 0.87 -9.75 0.12 

110286 Central Valley 10.19 0.88 -75.4 0.27 -10.02 0.10 

110287 Central Valley 9.16 0.70 -79.1 1.05 -11.19 0.38 

110288 Central Valley 7.32 0.48 -80.5 0.38 -11.05 0.13 

110289 Central Valley 9.46 0.54 -63.7 0.59 -9.37 0.36 

110295 Central Valley 11.77 0.62 -78.1 1.29 -11.25 0.30 

110336 Central Valley 11.56 0.63 -99.1 0.52 -13.27 0.34 

110337 Central Valley 9.51 0.58 -62.0 0.85 -8.24 0.30 

110338 Central Valley 12.36 0.69 -99.1 0.72 -14.24 0.11 

110339 Central Valley 9.77 0.61 -51.1 0.56 -6.75 0.09 

110369 Central Valley 6.72 0.44 -85.5 0.46 -12.21 0.06 

110370 Central Valley 7.50 0.50 -84.5 0.59 -11.64 0.44 

110371 Central Valley 8.32 0.60 -56.1 0.79 -6.71 0.19 

110372 Central Valley 6.95 0.47 -29.4 0.48 -3.81 0.18 

110395 Central Valley 11.20 0.51 -- -- -- -- 

110396 Central Valley 10.03 0.50 -- -- -- -- 

110397 Central Valley 10.63 0.49 -- -- -- -- 

110398 Central Valley 10.01 0.48 -- -- -- -- 

110459 Central Valley 7.40 0.40 -86.2 0.41 -12.57 0.09 

110843 Central Valley 6.22 0.61 -28.1 0.34 -3.35 0.16 

110844 Central Valley 7.21 0.64 -51.5 0.27 -7.52 0.07 

110845 Central Valley 7.61 0.59 -51.6 0.54 -7.25 0.06 

110849 Central Valley 9.86 0.66 -47.2 0.51 -6.20 0.07 

110853 Central Valley 7.62 0.48 -51.9 0.21 -7.42 0.21 

110875 Central Valley 9.11 0.65 -50.7 0.18 -7.35 0.06 

110365 Klamath 8.96 0.46 -54.2 0.57 -7.20 0.14 

110366 Klamath 10.01 0.45 -88.2 0.60 -12.47 0.15 

110367 Klamath 9.33 0.44 -89.7 0.86 -12.46 0.13 

110454 Klamath 4.43 0.34 -61.7 0.97 -8.83 0.08 

110455 Klamath 6.98 0.89 -55.6 0.63 -7.23 0.14 

110456 Klamath 8.42 0.42 -84.3 1.49 -12.29 0.14 

110457 Klamath 8.09 0.43 -96.0 0.52 -13.52 0.24 
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110458 Klamath 8.92 0.45 -86.7 0.68 -12.52 0.14 

110775 Klamath 7.57 0.64 -56.5 0.71 -8.13 0.34 

110776 Klamath 5.53 0.36 -62.3 0.41 -8.75 0.16 

110308 Northern Coast 6.03 0.48 -28.7 0.41 -4.31 0.05 

110310 Northern Coast 3.91 0.40 -31.0 0.22 -4.36 0.09 

110311 Northern Coast 6.64 0.48 -29.0 0.58 -4.55 0.08 

110312 Northern Coast 6.61 0.46 -34.6 0.37 -5.23 0.17 

110313 Northern Coast 6.18 0.41 -33.2 0.29 -4.57 0.12 

110314 Northern Coast 5.37 0.42 -24.5 0.82 -3.45 0.14 

110351 Northern Coast 5.99 0.70 -37.7 0.99 -6.22 0.09 

110352 Northern Coast 5.86 0.87 -31.7 0.65 -5.62 0.07 

110353 Northern Coast 5.97 0.43 -49.1 0.30 -7.93 0.09 

110354 Northern Coast 10.33 0.57 -20.0 1.67 -1.83 0.06 

110356 Northern Coast 6.12 0.42 -53.7 0.99 -8.67 0.23 

110357 Northern Coast 7.64 0.45 -45.8 0.20 -7.56 0.12 

110358 Northern Coast 5.38 0.41 -55.3 0.55 -7.97 0.02 

110359 Northern Coast 5.91 0.44 -42.5 1.20 -6.69 0.24 

110360 Northern Coast 5.64 0.50 -47.7 0.64 -7.14 0.04 

110361 Northern Coast 6.20 0.39 -51.2 0.58 -7.30 0.05 

110362 Northern Coast 6.24 0.32 -35.4 0.34 -4.75 0.12 

110364 Northern Coast 7.25 0.40 -58.5 1.38 -8.71 0.08 

110368 Northern Coast 8.90 0.47 -76.8 1.32 -10.96 0.06 

110300 Ocean 1.64 0.30 -13.3 0.53 -2.25 0.18 

110307 Ocean 6.52 0.51 -24.0 0.54 -3.36 0.07 

110309 Ocean 6.05 0.44 -22.1 0.57 -2.81 0.06 

110315 Ocean 1.27 0.29 -14.4 0.42 -2.00 0.11 

110316 Ocean 4.71 0.39 -10.0 0.77 -0.34 0.04 

110317 Ocean 6.65 0.53 -12.2 0.40 -0.60 0.16 

110318 Ocean 4.03 0.30 -12.3 0.67 -4.11 0.11 

109603 Sierra Nevada 8.92 0.92 -- -- -- -- 

109604 Sierra Nevada 8.77 1.13 -- -- -- -- 

109733 Sierra Nevada 11.83 1.03 -- -- -- -- 

109734 Sierra Nevada 11.63 1.03 -- -- -- -- 

109738 Sierra Nevada 17.01 1.23 -- -- -- -- 

109739 Sierra Nevada 16.90 1.32 -- -- -- -- 

109744 Sierra Nevada 17.33 1.37 -- -- -- -- 

109745 Sierra Nevada 17.81 1.26 -- -- -- -- 

109746 Sierra Nevada 17.16 1.27 -- -- -- -- 

109757 Sierra Nevada 11.92 0.51 -- -- -- -- 

109764 Sierra Nevada 11.81 0.86 -- -- -- -- 

109765 Sierra Nevada 8.38 1.58 -- -- -- -- 
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109766 Sierra Nevada 10.20 0.61 -- -- -- -- 

109801 Sierra Nevada 8.16 0.39 -- -- -- -- 

109818 Sierra Nevada 7.92 0.37 -- -- -- -- 

109826 Sierra Nevada 9.53 0.78 -- -- -- -- 

109827 Sierra Nevada 8.82 0.87 -- -- -- -- 

110290 Sierra Nevada 10.11 0.59 -83.0 0.33 -11.07 0.13 

110291 Sierra Nevada 12.25 0.86 -81.2 0.71 -10.83 0.16 

110292 Sierra Nevada 11.43 0.80 -67.8 1.59 -10.63 0.30 

110293 Sierra Nevada 12.08 0.82 -85.9 1.91 -12.73 0.34 

110294 Sierra Nevada 11.52 0.86 -77.1 0.50 -11.18 0.44 

110334 Sierra Nevada 10.02 0.62 -103.9 0.88 -13.23 0.20 

110335 Sierra Nevada 12.11 0.67 -99.4 1.04 -12.89 0.08 

110344 Sierra Nevada 8.72 0.57 -63.6 0.65 -9.00 0.13 

110345 Sierra Nevada 3.75 0.42 -66.6 0.41 -9.68 0.22 

110346 Sierra Nevada 8.74 0.62 -57.8 0.91 -8.61 0.20 

110347 Sierra Nevada 9.25 0.65 -53.2 0.90 -7.91 0.14 

110348 Sierra Nevada 8.47 0.57 -53.7 0.39 -7.89 0.06 

110377 Sierra Nevada 13.14 0.62 -- -- -- -- 

110378 Sierra Nevada 13.02 0.60 -- -- -- -- 

110379 Sierra Nevada 16.85 0.79 -- -- -- -- 

110380 Sierra Nevada 14.15 0.73 -- -- -- -- 

110381 Sierra Nevada 13.86 0.66 -- -- -- -- 

110382 Sierra Nevada 13.34 0.66 -- -- -- -- 

110383 Sierra Nevada 11.88 0.60 -- -- -- -- 

110384 Sierra Nevada 14.09 0.78 -- -- -- -- 

110385 Sierra Nevada 13.43 0.70 -- -- -- -- 

110386 Sierra Nevada 15.18 0.75 -- -- -- -- 

110387 Sierra Nevada 14.81 0.95 -- -- -- -- 

110388 Sierra Nevada 12.01 0.77 -- -- -- -- 

110389 Sierra Nevada 13.09 0.55 -- -- -- -- 

110390 Sierra Nevada 14.05 0.74 -- -- -- -- 

110391 Sierra Nevada 12.00 0.54 -- -- -- -- 

110392 Sierra Nevada 11.48 0.51 -- -- -- -- 

110393 Sierra Nevada 9.84 0.45 -- -- -- -- 

110394 Sierra Nevada 10.82 0.63 -- -- -- -- 

110429 Sierra Nevada 12.42 0.72 -52.1 0.43 -6.91 0.07 

110503 Sierra Nevada 14.69 0.66 -- -- -- -- 

110504 Sierra Nevada 14.09 0.60 -- -- -- -- 

110752 Sierra Nevada 5.00 0.91 -70.5 0.64 -9.61 0.13 

110846 Sierra Nevada 9.39 0.53 -48.4 0.67 -7.30 0.23 

110847 Sierra Nevada 9.62 0.54 -49.7 0.28 -7.19 0.09 
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110848 Sierra Nevada 9.62 0.55 -58.2 0.13 -8.56 0.09 

110850 Sierra Nevada 9.29 0.59 -54.7 0.24 -8.21 0.09 

110851 Sierra Nevada 10.59 0.80 -55.2 0.14 -7.80 0.06 

110852 Sierra Nevada 9.29 0.62 -54.5 0.12 -8.12 0.12 

110876 Sierra Nevada 13.47 0.72 -- -- -- -- 

110877 Sierra Nevada 14.40 0.78 -63.4 0.32 -9.10 0.04 

110284 Southern Coast 14.01 0.83 -51.4 1.01 -6.86 0.09 

110285 Southern Coast 10.22 0.52 -69.8 0.51 -9.15 0.14 

110296 Southern Coast 11.16 0.59 -47.5 0.98 -6.05 0.37 

110297 Southern Coast 6.67 0.51 -25.3 0.32 -4.33 0.10 

110298 Southern Coast 4.68 0.37 -26.1 0.58 -4.54 0.07 

110299 Southern Coast 3.58 0.41 -35.3 1.12 -5.06 0.07 

110301 Southern Coast 5.01 0.70 -44.1 2.23 -6.41 0.31 

110302 Southern Coast 7.21 0.81 -24.6 0.61 -1.81 0.24 

110303 Southern Coast 9.53 0.62 -38.8 0.29 -5.05 0.15 

110304 Southern Coast 23.71 1.26 -35.8 1.05 -4.42 0.23 

110305 Southern Coast 8.95 0.75 -27.6 0.25 -3.81 0.09 

110306 Southern Coast 11.97 0.58 -53.6 0.71 -6.05 0.05 

110422 Southern Coast 5.75 0.91 -25.4 0.14 -3.35 0.06 

110423 Southern Coast 16.90 0.97 38.5 2.71 12.83 0.33 

110424 Southern Coast 3.37 0.53 -28.8 0.53 -4.74 0.16 

110425 Southern Coast 7.35 0.51 -31.7 0.12 -3.81 0.08 

110428 Southern Coast 6.75 0.43 -32.4 0.34 -5.36 0.12 

110470 Southern Coast 17.42 0.77 -52.1 0.43 -6.91 0.07 

110512 Southern Coast 6.05 0.37 -42.6 0.25 -6.35 0.06 

110753 Southern Coast 6.92 0.59 -33.4 0.71 -4.82 0.08 

110777 Southern Coast 5.96 0.41 -23.9 0.86 -3.52 0.14 

110780 Southern Coast 4.04 0.37 -- -- -- -- 

110781 Southern Coast 14.75 0.78 -20.3 0.79 -2.86 0.17 

110801 Southern Coast 12.49 0.68 -38.0 0.58 -5.83 0.11 

110802 Southern Coast 8.28 0.47 -25.9 0.52 -3.69 0.11 

110803 Southern Coast 4.89 0.47 -31.6 0.20 -4.92 0.12 

110804 Southern Coast 5.45 0.42 -30.6 0.44 -4.79 0.09 

110805 Southern Coast 5.35 0.39 -35.7 0.78 -5.35 0.12 

110806 Southern Coast 5.60 0.35 -34.4 0.44 -4.92 0.04 

110807 Southern Coast 8.78 0.53 -30.6 0.85 -4.84 0.23 

110808 Southern Coast 9.02 0.60 -30.7 0.44 -4.42 0.12 

110809 Southern Coast 8.98 0.49 -32.3 0.18 -4.32 0.06 

110810 Southern Coast 12.79 0.66 -35.3 0.41 -4.72 0.12 

110829 Southern Coast 8.23 0.45 -37.3 0.36 -5.42 0.09 

110878 Southern Coast 4.00 0.97 -29.8 0.40 -4.17 0.10 
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110426 Transverse 4.29 0.27 -27.8 0.67 -4.09 0.07 

110427 Transverse 4.82 0.38 -25.3 0.32 -3.35 0.28 

110830 Transverse 7.98 0.42 -31.0 0.33 -5.13 0.23 

 

Table 3: Field and Gage Station Measurements 

Sample 
ID # Temp(°C) Cond(µs/cm) Gage Station # Temp(°C) Cond(µs/cm) Distance (m) Relative 

location 
109757 4.99 119 -- -- -- -- -- 

109764 15.53 76 -- -- -- -- -- 

109765 15.87 130 -- -- -- -- -- 

109766 22.01 94 -- -- -- -- -- 

109801 12.67 129 -- -- -- -- -- 

109818 16.47 133 -- -- -- -- -- 

109826 23.26 114 -- -- -- -- -- 

109827 21.85 104 -- -- -- -- -- 

110277 21.76 1007 11303500 21.7 -- 8010 Downstream 

110278 22.53 155 11290000 22.9 174 820 Upstream 

110279 17.65 67 11303000 20.2 76 25910 Downstream 

110280 20.86 89 11303000 20.2 76 13790 Upstream 

110281 22.46 679 11303500 21.7 -- 23560 Upstream 

110282 20.85 344 -- -- -- -- -- 

110283 21.99 317 11312676 -- -- 29220 Downstream 

110284 19.39 856 11179000 19.2  1070 Upstream 

110285 19.89 417 -- -- -- -- -- 

110286 26.98 206 -- -- -- -- -- 

110287 23.56 146 -- -- -- -- -- 

110288 23.44 142 11425500 22.9 101 25900 Upstream 

110289 20.28 53 11446500 18.4 -- 7745 Downstream 

110290 26.28 69 11427000 -- -- 3230 Upstream 

110291 23.59 67 -- -- -- -- -- 

110292 22.74 50 -- -- -- -- -- 

110293 17.16 24 -- -- -- -- -- 

110294 29.36 60 11335000 31.2 -- 25400 Downstream 

110295 30.12 43 -- -- -- -- -- 

110296 19.65 949 11169025 -- -- 920 Upstream 

110297 13.74 376 -- -- -- -- -- 

110298 18.50 405 11160500 -- -- 5570 Upstream 

110299 19.17 773 11160000 -- -- 605 Upstream 



26 
 

 
 

110300 16.91 50970 -- -- --  -- 

110301 17.51 375 11143200 -- -- 5710 Upstream 

110302 25.31 491 11152500 -- -- 3700 Upstream 

110303 19.13 1956 11159000 -- -- 25 Downstream 

110304 20.93 1772 11158600 -- -- 13555 Upstream 

110305 20.45 1560 -- -- --  -- 

110306 25.16 541 11172175 -- -- 28620 Downstream 

110307 21.64 28660 11458000 -- -- 14320 Upstream 

110308 18.68 520 11458500 -- -- 8015 Upstream 

110309 21.88 24300 11459150 -- -- 1080 Downstream 

110310 17.59 368 11465500 -- -- 5 Upstream 

110311 18.86 521 11466800 -- -- 3440 Upstream 

110312 19.53 233 11465390 -- -- 2445 Upstream 

110313 22.63 249 11467000 21.3 252 450 Downstream 

110314 20.07 490 -- -- -- -- -- 

110315 14.66 48360 -- -- -- -- -- 

110316 20.04 15190 -- -- -- -- -- 

110317 18.56 16220 -- -- -- -- -- 

110318 22.57 25970 11460600 -- -- 4855 Upstream 

110334 17.80 78 -- -- -- -- -- 

110335 12.60 48 11251000 13.6 45 1325 Downstream 

110336 18.23 44 -- -- -- -- -- 

110337 26.12 80 -- -- -- -- -- 

110338 22.04 33 -- -- -- -- -- 

110339 25.11 187 -- -- -- -- -- 

110344 -- 171 --     

110345 -- 102 10343500 11.6 142 13500 Upstream 

110346 -- 176 11413000 -- -- 19200 Downstream 

110347 -- 173 -- -- -- -- -- 

110348 -- 123 -- -- -- -- -- 

110351 23.60 517 11453500 -- -- 16860 Downstream 

110352 25.80 376 11451000 -- -- 15580 Downstream 

110353 20.50 600 11449500 -- -- 19800 Upstream 

110354 26.00 447 -- -- -- -- -- 

110356 18.50 201 11462080 -- -- 10160 Downstream 

110357 18.40 283 -- -- -- -- -- 

110358 22.50 256 11475800 -- -- 9200 Downstream 

110359 25.60 261 11476500 -- -- 116880 Downstream 

110360 20.40 291 11470000 -- -- 98000 Upstream 
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110361 22.60 330 11478500 -- -- 114900 Upstream 

110362 23.00 302 11479560 -- -- 20000 Downstream 

110364 17.10 149 11481500 -- -- 3350 Downstream 

110365 20.30 132 11527000 -- -- 63400 Upstream 

110366 16.30 112 11526400 -- -- 3500 Upstream 

110367 12.20 103 11525854 -- -- 6870 Downstream 

110368 25.00 121 -- -- -- -- -- 

110369 13.30 137 11370500 -- -- 48400 Upstream 

110370 15.60 136 11377100 -- -- 78380 Upstream 

110371 29.50 411 -- -- -- -- -- 

110372 21.60 380 11454000 -- -- 44390 Upstream 

110377 -- -- 11224000 -- -- 830 Upstream 

110390 -- -- 11264500 14.2 -- 151 Upstream 

110392 -- -- 11266500 -- -- 37 Downstream 

110422 15.73 317 11150500 -- -- 10070 Downstream 

110423 22.38 1503 -- -- -- -- -- 

110424 17.81 -- -- -- -- -- -- 

110425 21.80 929 -- -- -- -- -- 

110426 19.65 3008 11120500 -- -- 210 Upstream 

110427 19.98 2566 11120000 -- -- 100 Downstream 

110428 -- 16 -- -- -- -- -- 

110454 18.06 543 11517500 -- -- 790 Upstream 

110455 19.63 156 11516530 -- -- 17340 Upstream 

110456 13.75 128 -- -- -- -- -- 

110457 11.67 135 11342000 -- -- 45650 Downstream 

110458 17.89 110 -- -- -- -- -- 

110459 12.31 118 11370500 -- -- 4210 Upstream 

110470 -- 1086 11179000 -- -- 1070 Upstream 

110512 -- 18 -- -- -- -- -- 

110752 -- 63 -- -- -- -- -- 

110753 -- 13 -- -- -- -- -- 

110775 -- 184 -- -- -- -- -- 

110776 -- 510 -- -- -- -- -- 

110777 -- 11 -- -- -- -- -- 

110780 -- 12 -- -- -- -- -- 

110801 15.00 834 11169025 -- -- 920 Upstream 

110802 12.50 486 -- -- -- -- -- 

110803 10.25 381 11160500 -- -- 5570 Upstream 

110804 10.50 635 11160000 -- -- 605 Upstream 
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110805 12.80 344 11143200 -- -- 5710 Upstream 

110806 17.00 1202 11152500 -- -- 3700 Upstream 

110807 13.80 1574 11159000 -- -- 25 Downstream 

110808 14.50 2597 11158600 -- -- 13555 Upstream 

110809 13.25 1410  -- --   

110810 16.50 633 11172175 -- -- 28620 Downstream 

110829 -- 432 -- -- -- -- -- 

110830 -- 21 -- -- -- -- -- 

110843 14.49 408 11454000 -- -- 44390 Upstream 

110844 21.55 185 -- -- -- -- -- 

110845 21.07 164 -- -- -- -- -- 

110846 17.71 105 -- -- -- -- -- 

110847 20.45 70 11335000 31.2 -- 25400 Downstream 

110848 12.83 33 -- -- -- -- -- 

110849 16.51 51 -- -- -- -- -- 

110850 20.73 90 11427000 -- -- 3230 Upstream 

110851 20.46 86 -- -- -- -- -- 

110852 18.92 57 -- -- -- -- -- 

110853 18.47 85 -- -- -- -- -- 

110875 19.07 86 11446500 18.4 -- 7745 Downstream 

 

EXPERIMENTAL PROCEDURES 

Sampling Procedure 

Surface waters that were analyzed for tritium were collected in 1L narrow-mouth 

Pyrex glass bottles.  Stable isotopes were collected in 30 mL Qorpak glass vials with caps 

having conical inserts to prevent evaporation.  Sample bottles were triple-rinsed with 

sample water and then filled and tightly capped.  Filtration, chemical preservation, and 

refrigeration were unnecessary for either analysis and were not performed.  Water quality 

parameters were recorded in the field using a YSI 556 MPS multi-meter, when possible.  

Parameters included water temperature, pH, electrical conductivity, oxidation-reduction 
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potential, and dissolved oxygen.  Location coordinates were obtained from a Garmin 

etrex legend h handheld GPS device.  Stream gage height and flow rate were obtained 

from the closest USGS stream gage station when possible 

(http://waterdata.usgs.gov/ca/nwis/rt). 

Analytical Procedure 

Tritium samples were analyzed by helium-3 accumulation in the noble gas 

laboratory at Lawrence Livermore National Laboratory (LLNL).  Rather than directly 

measuring the tritium activity, the samples were left to accumulate the decay product 

helium-3, which is measured and referenced against a NIST standard with known tritium 

concentration.  Five hundred plus or minus two grams of sample was loaded into a 1 liter 

stainless steel vessel.  Samples were then sparged with nitrogen for 30 minutes to exsolve 

gases from the water.  Vessels were fitted with a stainless steel Swagelok VCR gasket 

and valve.  Nine closed vessels plus a NIST standard of know tritium activity were 

attached to a multiport manifold for degassing.  Samples were then sequentially opened 

to a vacuum for 5 seconds to pump out the headspace.  The vessels underwent 3 

consecutive degas cycles that each removed an estimated 99% of dissolved helium.  A 

degas cycle consisted of heating the vessels with heat guns to equilibrate dissolved gasses 

within the vessel headspace.  Water ice was then packed around the vessels to reduce the 

loss of water vapor.  The headspace was pumped out by a rotary vane pump for 3 minutes 

followed by a high-vacuum turbomolecular pump for 2 minutes.  The closed vessels were 

stored for a minimum of 21 days to allow the decay-product helium-3 to accumulate.  In 

21 days, 0.324% of the tritium decays to helium-3.  After waiting for the appropriate 
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length of time, the vessels were attached to the VG5400 static noble gas mass 

spectrometer (NGMS) manifold.  Pneumatic manifold valves were opened and closed by 

a computer routine.  The connection between the vessels and the manifold were sparged 

with nitrogen and pumped out under high vacuum.  A leak-check routine was run in 

which the manifold valves are opened sequentially and the pressure from gasses leaking 

into the connection was measured.  If the pressure in the headspace was measured below 

10-4 Torr, the leak check was considered successful.  Next, the vessels were heated with 

heat guns to expel the accumulated helium-3 from the water.  The vessels were then 

placed in liquid nitrogen to freeze the water and packed with dry ice to keep the water 

frozen during analysis.  A computer routine automated the sequential analysis of each 

sample.  The headspace gas was sorbed to a titanium-aluminum getter to remove reactive 

gasses.  Helium is sorbed onto an activated charcoal cold trap.  The cold trap is warmed 

to release the helium into the static mass spectrometer.  The VG5400 mass spectrometer 

measures helium-3 on an electron multiplier, and helium-4 on a Faraday cup. Two to four 

manifold blanks and three air standards were run with each sample set (which included a 

NIST standard for tritium). The concentration of tritium in the sample is calculated from 

the measured 3He signal, calibrated against the NIST standard.  The final sample mass 

after analysis is measured to correct for water loss during degassing and NGMS analysis.   

The tritium data are reported in picocuries per liter (pCi/L), a non-SI unit of 

radioactivity equivalent to 0.037 Becquerels per liter (Bq/L) or approximately 0.3125 TU 

(Stewart & Farnsworth, 1968).  
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Stable Isotope samples were analyzed at California State University, East Bay 

(CSUEB) using a liquid water isotope analyzer (LWIA) made by Los Gatos Research, 

Inc..  The analyzer utilizes cavity ring-down laser absorption spectroscopy in which 

reflected laser light is absorbed by the sample water vapor.  The decay rate of light 

intensity is proportional to the concentration of the absorbing isotope.  A 1 mL aliquot of 

sample water is placed into a 2 mL glass vial and sealed with a septum cap.  One run can 

accommodate 30 sample vials.  Each run has a blank and three standards of know 

isotopic ratios of 2H/1H and 18O/16O, traceable to Vienna Standard Mean Ocean Water 

(VSMOW) at the beginning and end of the run.  Three standards were also run between 

every five samples for a total of 54 vials.  The sample vials are placed in a 6x9 vial array 

for analysis.  An autoinjector controlled by a computer routine extracts 1 µL of water 

from the sample vial through the septum cap.  The water vapor is then pulled into the 

optical cavity under vacuum where the isotopic concentration is analyzed by the rate of 

decay of light intensity. 

The water isotope data from the NGMS and LWIA were calculated by linear best-

fit between the raw measurements and the known standards.  The six values for each 

sample were then averaged.  The uncertainties were calculated from the standard 

deviation of the last four adjusted measurements. 

Error and Uncertainty 

Analytical uncertainty for tritium analysis is calculated using the NIST standard, 

air standards, and manifold blanks.  The air standards contains atmospheric helium with 

an isotope ratio of 1.384 x 10-6 introduced in 0.10 cm3 aliquots.  The manifold blanks 
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record the signal of the mass spectrometer when no sample is introduced.  The 

uncertainty of the tritium measurement is calculated as the square root of the sum of the 

uncertainties of the air sensitivity, the signal, the air correction, and the manifold blank.  

The sample was degassed and measured again if the NIST and air standard sensitivities 

are greater than 15% from each other or if the propagated uncertainty was greater than 

the quadratic sum of 1 pCi/L plus 5% of the tritium activity at the time of sampling. 

Analytical uncertainty in stable isotope analysis is calculated by the standard 

deviation of six measurements per sample.  The threshold for acceptance of a 

measurement was ±0.3 per mil of the standard deviation of the six measurements for δ18O 

and ±1.0 per mil for δ2H.  Standards were evaluated in a similar manner with the 

uncertainty being the difference between the standard deviation of the measured value 

and the known value.  Reproducibility was determined with duplicate samples within a 

sample set and between sample sets. 

STATISTICAL DISTRIBUTION 

Statistical analysis was performed on the 164 sample database in order to 

understand the current tritium background and compare it to previously published models 

of tritium distribution, as well as to compare background tritium between hydro-

geographical regions within California. 

From the complete dataset of tritium values used in this study, the arithmetic 

mean tritium value from surface water and precipitation within California was found to 

be 9.4±3.6 pCi/L.  The lowest value of 1.3 pCi/L was collected from the Pacific Ocean at 
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Salmon Creek Beach in Marin County.  The highest tritium value was measured at 23.7 

pCi/L, collected from San Benito River above the confluence with the Pajaro River in 

July, 2013.  The tritium distribution is represented on a histogram with 1 pCi/L intervals 

between 0 and >18 pCi/L (Figure 7).  The intervals between 0-1 pCi/L and 2-3 pCi/L are 

not populated by data.  The absence of samples with less than 1.0 pCi/L indicates that all 

samples have a component of modern (post-1950) precipitation.   

The statistical distribution of tritium values can be approximated by a Gaussian 

function with the following equation: 

𝑓(𝑥) = 𝑎 exp [−
(𝑥 − 𝑏)2

(2𝑐2) ] 

Where a equals the height of the curve (20), b equals the peak center position (9), and c 

equals the standard deviation (3.6). 
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Figure 7: Sample distribution in 1.0 pCi/L intervals (blue histogram) compared to 

Gaussian function approximation (red line). 

The Gaussian function yields a symmetrical curve that accurately represents the 

sample population at the mean interval (9-10 pCi/L) and at the minimum (1-2 pCi/L) and 

maximum (>18 pCi/L) tritium intervals.  However, this curve overestimates the sample 

numbers at the tritium intervals greater than the median (11-16 pCi/L) and the interval 7-

8 pCi/L.  It underestimates the tritium intervals between 16-18 pCi/L and less than the 

mean (5-7 pCi/L).  The higher than predicted frequency of tritium values greater than 16 

pCi/L likely represents an anthropogenically modified environment. 

The sample distribution can be expected to skew toward tritium values in the ±3σ 

range due to surface water mixing with either older bomb pulse groundwater (higher end) 
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or very old tritium dead groundwater (lower end).  As noted above, there is a lack of 

sample values in the -3σ range, indicating that the tritium dead groundwater component is 

not present or is a relatively minor percentage of the input.  On the other end, a small 

spike in the +3σ is present, which could be explained by a bomb-pulse mixture in surface 

water or by other anthropogenic input, such as tritium-laden waste. 

The Southern Coast and Sierra Nevada groups contain the most sample points.  

The majority of the samples were collected in the Sierra Nevada Mountains and foothills 

above major reservoirs.  The total number of samples in the Sierra Nevada group is 59.  

The arithmetic mean tritium value in this group is 11.7±2.9 pCi/L, which is 2.3 pCi/L 

greater than the population mean.  The minimum tritium value from this group is 3.7 

pCi/L, collected from Sagehen Creek in March 2014.  The maximum value, 17.8 pCi/L, 

was a snow sample collected from Northstar, near Truckee, in September 2013.  The 

maximum surface water sample of 16.8 pCi/L was collected from the East Fork of 

Granite Creek in August 2013.  The Southern Coast group is the second largest group, 

with a sample size of 35 samples.  The average tritium value is 8.0±3.5 pCi/L, 1.4 pCi/L 

below the population mean.  The minimum and maximum values from the entire sample 

dataset are found in this group.  The two highest tritium values, collected from San 

Benito Creek and Atascadero Lake, were excluded from further statistical analyses.  For 

the purposes of statistical analysis, these samples were considered outliers, as they are not 

considered to be representative of regional tritium values.  These outliers are explained in 

more detail below.  The Central Valley group contains 31 samples, with a mean tritium 

value of 9.4±1.6 pCi/L, close to the population mean.  The minimum tritium value of 6.2 
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pCi/L was collected from Putah Creek near Highway 505.  The maximum tritium value 

of 12.4 pCi/L was collected from Dry Creek north of Madera, California.  The Northern 

Coast group contains 19 samples and has a mean value of 6.4±1.3 pCi/L, 3.0 pCi/L less 

than the population mean.  The maximum of 10.3 pCi/L was collected from Scott’s 

Creek, which flows into Clear Lake.  The Klamath group contains 10 samples and has a 

mean value of 7.8±1.7 pCi/L, 1.6 pCi/L less than the population mean.  The Transverse 

group contains only three samples, two collected near Santa Barbara and one 

precipitation sample collected from CSU Los Angeles.  The mean value is 5.7±1.6 pCi/L.  

The Ocean group contains the lowest tritium values.  This group contains seven samples 

and has a mean value of 4.4±2.1 pCi/L.  The lowest value in this group of 1.3 pCi/L was 

collected from the Pacific Ocean along a beach north of Bodega Bay.  A sample with a 

similar tritium value of 1.6 pCi/L was collected from Elkhorn Slough in Moss Landing.  

The maximum value in this group was 6.6 pCi/L, collected from Estero De San Antonio, 

an estuary north of Bodega Bay.  The range, median, and mean of tritium values in each 

of the seven groups is displayed in Figure 8. 
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Figure 8: Tritium statistics for each spatial group.  Count represents the number of 

samples per group. 

SPATIAL DISTRIBUTION 

Tritium results were mapped and interpolated to explore spatial relationships (Figure 9).  

Interpolation was performed by Empirical Bayesian kriging within ESRI ArcGIS 10.2.2.  

Tritium values and spatial locations were the only parameters considered in the 

calculation; outliers were not excluded from the input. 

 The resulting interpolation highlights the expected trend of increasing tritium with 

inland distance.  Samples collected from coastal rivers contain lower levels of tritium, in 

the range of approximately 4-6 pCi/L.  Samples collected in the Sierra Nevada group 

contain higher levels of tritium, often greater than 11 pCi/L.  Central Valley surface water 
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samples contained tritium levels slightly lower than in the mountain source areas.  This is 

likely due to mixing between water draining the Sierra Nevada with groundwater, local 

(lower elevation) runoff, and agricultural runoff.  Conceptually, residence time decay 

may also contribute to lower tritium activity below dams.  However, this is not generally 

supported by data collected in this study, as discussed below.  The two main rivers that 

drain the Central Valley, the Sacramento River and the San Joaquin River, show an 

average difference in tritium concentration of 3.1 pCi/L, with an average of 7.7 pCi/L in 

the Sacramento River and 10.8 pCi/L in the San Joaquin River.  Samples collected from 

sources in the east and south Bay Area contained tritium at concentrations between 10.2 

pCi/L and 17.4 pCi/L, comparable to those found in the Sierra Nevada group and well 

above the concentrations found in samples along the rest of the coast (3.9 pCi/L to 9.5 

pCi/L).  The effects of urbanization are apparent in these areas.  Two factors related to 

dense urbanization are likely contributing to increased tritium activity in surface waters: 

1) the municipal water is supplied in part from inland mountain sources and 2) 

anthropogenic sources, such as tritium-laden waste, or in the case of Alameda Creek, 

authorized releases from LLNL.  According to the Agency for Toxic Substances & 

Disease Registry (ATSDR), tritium is released from LLNL primarily as water vapor from 

several holding tanks (ATSDR, 2009).  Ambient air, surface water, groundwater, and 

waste water are periodically monitored for tritium activity.  In 1999, tritium in 

stormwater originating from LLNL was measured at a maximum concentration of 1,000 

pCi/L.  This was the latest measurement date in the report, however, measurements over 

the previous ten years showed a steady decline in released tritium concentration.  In 
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contrast, surface water samples from the less populated areas to the north of the bay 

exhibit consistently low tritium activity.  The hotspot along the coast to the south was a 

sample collected from Atascadero Lake, in the city of Atascadero.  The recent drought 

has caused this lake to shrink significantly in volume.  At the time of sample collection, 

the lake had already begun to shrink.  The anomalously high tritium found in this lake 

more likely the result of tritium-producing waste (wristwatches, exit signs, etc.) than a 

representation of regional background activity.  The other samples in this region 

contained low levels of tritium, consistent with the coastal trend.   

Some anomalous features of the interpolated map appear to be an artifact of the 

kriging calculation.  An area in Lassen County, in northeastern California, is mapped as 

higher tritium than the surrounding area.  This is not supported by empirical data; no 

samples were collected in this area.  Additionally, the trends in the area approximately 

south of 37°N and east of 119°W are also not supported by empirical data and should be 

ignored. 

Compared to the previous models of tritium deposition in the United States, this 

high-resolution model supports the findings by Stewart & Farnsworth in 1968, showing a 

longitudinal trend in California.  Both models indicate that tritium concentration 

increases toward the Sierra Nevada Mountains.  The model by Michel in 1989 indicated a 

predominantly latitudinal trend in California, which was not observed in this study.  This 

may be attributed to a bias in sample locations during this study.  Sample population 

density was greatest in the northern portion of the Southern Coast group and the Sierra 

Nevada group, creating a possible bias toward a longitudinal trend.  More samples would 
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need to be collected in the northern and southern portions of the state to determine if a 

latitudinal trend is also present. 

 

Figure 9: Discrete sample locations with interpolated tritium activity mapped over 

hydrologic features in California. 
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PRECIPITATION 

Nine precipitation samples were collected during the 2013-2014 sample collection 

phase of this project.  Nine additional snow samples were collected previously in Martis 

Valley in 2012. 

These eighteen samples are compared to the historical record of tritium 

concentrations in precipitation used by LLNL to compare decay-corrected tritium 

measurements to the expected values at the time of groundwater recharge (Figure 10).  

The record is composed of a combination of records from Ottawa, Canada (1953-1960) 

Menlo Park, California (1961-1974), and Portland, Oregon (1975-2002).  Values beyond 

2002 were projected by an exponential fit calculation. 

The recent precipitation samples show great variability compared to the projected 

values.  The recent precipitation samples range in concentration between 4.0 pCi/L and 

17.8 pCi/L.  The lower values are consistent with pre-bomb background levels.  The 

higher values are consistent with background levels between 1980 and 1990.  The 

projected value for 2013 and 2014 of 8.0 pCi/L is within one standard deviation of the 

mean sample value of 11.1±4.8 pCi/L.  This indicates that the projected value is a valid 

estimate for current mean tritium in precipitation.  The estimated pre-bomb pulse value of 

6.0 pCi/L is within two standard deviations of the currently measured values, indicating 

that the average tritium in current precipitation is still greater than pre-bomb pulse 

background concentrations. 
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Figure 10: Historic tritium in precipitation record (blue) with recent precipitation 

samples (red).  Historic record is based on a combination of records from Ottawa, Canada 

(1953-1960) Menlo Park, California (1961-1974), Portland, Oregon (1975-2002), and 

projection by exponential function. 

The precipitation data suggest a trend of increasing tritium with increasing 

elevation and inland distance, as expected (Figure 11).  The coastal low elevation 

samples collected in Oakland and Los Angeles are lower, in some cases by more than 10 

pCi/L, than the inland high elevation samples collected from Martis Valley and Tahoe.  

Two data points were found in reverse of the trend.  The sample collected from Fremont 

(14.75 pCi/L) has almost 10 pCi/L greater tritium activity than samples collected in 

Oakland, probably due to an anthropogenic source. A rain sample collected near Lake 
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Tahoe (5.00 pCi/L) is in contrast to the overall trend, but was collected during a warm, 

marine ‘Pineapple Express’-type storm in February, 2012.   

Previous models of tritium distribution across the United States have predicted an inland 

increasing trend in California, based on low spatial resolution empirical data.  The tritium 

data from recent precipitation samples generally support this trend, but also show large 

seasonal variability.   

 

Figure 11: Tritium measurements from precipitation samples shown grouped by sample 

location.  Inland distance measured as longitudinal distance from the coast to sample 

location. 

The nine Martis Valley snow samples collected in 2012 show a steady increase in 

tritium concentration between January and May (Figure 12).  The lowest concentration 

sample of 8.7 pCi/L was collected in January, the highest concentration of 17.8 pCi/L 
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was collected in May.  This seasonal variation may be attributed to the Spring Leak 

phenomenon, as explained in the Introduction. 

 

Figure 12: Martis Valley snow samples collected between January and May 2012. 

SEASONAL TRENDS 

 Repeat samples were collected from select locations in order to analyze seasonal 

trends in tritium.  Seventeen locations were sampled twice with a spacing of 

approximately nine months.  The seasonal difference in tritium values between sample 

pairs was examined in order to assess whether a significant change in tritium due to 

runoff or storage could be observed.  Ten of the sample pairs showed a negative seasonal 

difference, indicating a decrease in tritium between seasons.  Six of the sample pairs 

showed a positive seasonal difference (Figure 13).  The anomalous Pajaro River sample 

collected in 2013 was considered an outlier (23.71 pCi/L) and not included in this 

analysis. 
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Figure 13: Seasonal difference in tritium between pairs of repeat samples.  Bar color 

indicates spatial group: Sierra Nevada (green), Central Valley (orange), Klamath 

(purple), and Southern Coast (red).  Negative difference indicates a reduction in tritium 

between sample dates.  Black lines indicate uncertainty. 

Surface water in the Sierra Nevada and Central Valley groups showed large to 

moderate differences in tritium between seasons.  The most significant negative seasonal 

difference was observed in the South Fork of the American River, above Folsom Lake.  

Tritium concentration decreased in the majority of the Sierra Nevada and Central Valley 

locations.  This is likely due to an increased groundwater signal compared to precipitation 

due to drought conditions.  Surface waters in the Klamath and Southern Coast groups 

showed positive seasonal differences, with the exception of the Salinas and Pajaro Rivers.  

The Southern Coast group contains waters that are highly altered by human activity.  The 

range in season differences may be caused by mixing with groundwater, agricultural 
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runoff, or waste water.  The tritium measurements collected from the Klamath River were 

within uncertainty of each other, indicating that the calculated seasonal difference is 

insignificant.  

ELECTRICAL CONDUCTIVITY AND TRITIUM 

Electrical conductivity (EC) measurements were collected when possible from the 

sample location or from the sample in the laboratory.  Tritium and EC were analyzed in 

order to assess if a relationship could be observed between them.  Results for tritium 

samples with an EC measurement were plotted on a semi-logarithmic graph (Figure 14).  

When graphed this way, groupings can be identified by shared geographic and hydrologic 

characteristics.  Five groups were identified according to the primary influence on EC: 

precipitation, spatial, agriculture, oceanic, and anthropogenic/anomalous.   Seven of the 

eight precipitation samples included in this analysis plotted on the lower left side of the 

graph, indicating low EC and moderate to low tritium.  The tritium and EC values for 

precipitation ranged from 4.0 pCi/L to 8.0 pCi/L and from 11 µS/cm to 21 µS/cm.  EC 

measurements are expected to be low in precipitation samples.  EC is a measure of the 

quantity of dissolved salts in water allowing for electron conductance.  Tritium is likely 

to be more variable than EC in precipitation.  EC is unlikely to be as high in precipitation, 

which is not affected by weathering or water-rock reactions, as it is in surface water or 

groundwater, whereas bomb tritium in precipitation has been measured as high as 5,735 

pCi/L in California in the past (IAEA 2013).  Five of the seven precipitation samples 

were collected from the same location in Oakland between September 2013 and March 

2014.  The sixth sample was collected during a strong storm in Los Angeles in March 
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2014.  Other precipitation samples were not included in this analysis because EC was not 

available.  It should be noted that samples were collected from roof top drip points, rather 

than dedicated precipitation collectors, and contamination by dissolved solids from the 

roof tiles may be the cause of some of the variability in EC. 

 

Figure 14: Tritium and electrical conductivity plotted semi-logarithmically to emphasize 

group distributions. 

Pacific Ocean samples and tidally influenced river samples plot on the lower right 

side of the graph.  These samples are characterized by high EC and moderate to low 

tritium.  The EC and tritium values in this group ranged from 15,190 µS/cm and 1.3 

pCi/L to 50970 µS/cm and 6.7 pCi/L, respectively.  This group consists of seven samples: 

one Pacific Ocean sample, three estuary samples, and three tidally influence river 
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samples.  The ocean sample and the Elkhorn Slough sample plotted close together, with 

the highest EC and lowest tritium activity of all the analyzed samples.  Tritium is 

expected to be low in ocean samples due to dilution of the bomb pulse and cosmogenic 

tritium due to reservoir size and aging of water.  Due to the similarities of the Elkhorn 

Slough and direct ocean sample measured parameters, it can be concluded that the 

Elkhorn Slough sample was more representative of the ocean at that location than any 

surface water contribution.  Therefore, it can be considered an ocean sample.  The other 

estuary and tidally-influenced river samples were higher in tritium and lower in EC than 

the ocean samples.  This is due to the mixing of river water with lower EC and higher 

tritium with ocean water with higher EC lower tritium.  Ocean samples are expected to 

fall within a narrow tritium/EC range due to the size of the reservoir.  Tidally influenced 

samples are expected to have a range anywhere between an uninfluenced upstream 

sample and an ocean sample, depending on where and when the sample was collected 

and the length of river that is tidally influenced. 

The spatial group is composed of three sub-groups that represent a mountain, 

inland or mixed, and coastal sample origin.  Samples within this group trend along a line 

with an approximate R2 value of 0.66.  This group plots between 24-635 µS/cm and 3.9-

12.4 pCi/L.  Samples collected in the Sierra Nevada Mountains above major reservoirs 

and those collected in the Central Valley and below the reservoirs are intermingled, 

showing a similar distribution.  These samples are in the tritium and EC range between 

approximately 24-206µS/cm and 6.7-12.4 pCi/L.  The samples collected from the 

northern coastal range are spread midway down to the higher EC/lower tritium section of 
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the trendline between 121-543 µS/cm and 4.4-8.9 pCi/L.  The samples collected from the 

Bay Area and Central Coast represent the lowest group on the trendline, between 201-773 

µS/cm and 3.6-8.2 pCi/L.  This correlation is caused by the topography of California.  

The granites of the Sierra Nevada Mountains are relatively resistant to erosion and the 

topographic slope reduces time for water-rock interaction.  Electrical conductivity is 

raised in the Central Valley and along the coast due to mixing with groundwater and 

saline ocean vapor. 

A dispersed group of samples that deviate from the spatial group by increasing 

EC are identified as possibly influenced by agricultural runoff or return flow.  These 

samples are largely collected from rivers that flow through agricultural areas.  The 

increased EC is therefore likely a product of increased salinity from agricultural runoff.  

This group includes samples with EC as high as 3008 µS/cm.  These high TDS samples 

are distinct from the ocean and tidally influenced samples by an approximately one order 

of magnitude difference in tritium concentration. 

A final trend can be identified beginning at approximately 500 µS/cm and 12 

pCi/L and increasing in tritium and EC.  This trend, labeled anomalous/anthropogenic, is 

characterized by EC in the agriculturally-influenced range with the greatest tritium 

concentrations.  Tritium in this trend is between 11-24 pCi/L.  The Coyote Creek and 

Guadalupe River samples are the lowest in tritium along this trend.  Coyote Creek is 

influenced by agriculture from the area to the south, and so may be mixed with older 

groundwater used for irrigation.  Guadalupe River runs through urban San Jose, so the 

increased tritium may be attributed to an anthropogenic source such as recycled 
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municipal wastewater.  Elevated tritium in Alameda Creek is also likely anthropogenic.  

The creek is fed in part by tritiated runoff or groundwater that originated from LLNL.  

The cause of elevated tritium in Atascadero Lake is unknown.  This man-made lake is 

situated in a residential area and may be impacted by waste streams with enhanced 

tritium-, such as hospital or industrial waste, wristwatches and other tritium-illuminated 

products.  This may be exacerbated by recent reductions in lake water elevations, 

increasing concentrations of tritium from an anthropogenic source, such as waste.  

Similarly, elevated tritium in a sampled collected from the San Benito River above the 

confluence with the Pajaro River may be attributed to tritiated waste sources in a low-

volume stream.  However, this high level of tritium (23.71 pCi/L) was only observed in 

the first sample collected at this location.  In a subsequent sample, collected nine months 

later, the tritium concentration measured at 9.02 pCi/L, was consistent with those found 

in the Pajaro River above and below the confluence.  The higher tritium sample is greater 

than three standard deviations from the mean (9.42 pCi/L), whereas the second San 

Benito and Pajaro River samples are within one standard deviation, indicating that the 

higher tritium sample represents an outlier and should be discarded.  This is likely the 

result of a spike in tritium from a temporary source, such as contaminated runoff.  Further 

sampling would be required to confirm this. 

DOWNSTREAM TRENDS AND RESERVOIR RESIDENCE TIMES 

Samples were collected at multiple locations along the same stream when 

feasible, with emphasis on collection above and below large reservoirs in order to analyze 

downstream trends and reservoir residence times.  Seventeen groups of samples were 



51 
 

 
 

collected at different locations of the same stream on the same day; five of these 

were collected upstream and downstream of dams below large reservoirs.  The 

downstream change in tritium was found by calculating the difference between 

tritium values of upstream and downstream sample pairs. The tritium difference was 

then compared to the distance between sample points (Figure 15).  For groups with 

more than two sample points, the tritium difference and sample distance were found 

between each consecutive pair and between the pair with the greatest distance 

between them (i.e., the first and last sample points on the same stream), resulting in 

30 total pairs. 

It was expected that a negative correlation would emerge between tritium 

difference and sample point distance.  Increased distance allows for more input from 

groundwater, diluting the higher tritium concentrations from the upper part of the 

catchment with shorter flow paths.  It was also hypothesized that tritium activity 

would be lower below dammed reservoirs based on reservoir size, turnover times, 

and possible groundwater input. 

As can be seen in Figure 15, the data do not show the correlation that was 

expected.    Of the 30 sample pairs, 12 showed a positive tritium difference, 

indicating that the output signal was higher than the input signal.  Only three of the 

five reservoirs showed a negative difference between the upstream and downstream 

tritium signal.  As explained above, a decrease in tritium was observed between 

summer/fall and winter/spring in Sierra Nevada surface waters.  Most of the sample 

pairs were collected in fall, when the background tritium input was lower than during 
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peak snowmelt.  This may be contributing to a lower difference between upstream 

and downstream samples. 

 

Figure 15: The difference in tritium between upstream/downstream sample pairs and the 

distance between these points. 

This study initially proposed to calculate a simple residence time using the 

following exponential decay function: 

𝑁(𝑡) = 𝑁𝑜𝑒−𝜆𝑡 

where N(t) is the tritium activity at time t (downstream sample), N0 is the initial 

value (upstream sample), λ is a decay constant (0.05626/yr), and t is the residence 

time.  The equation would then be solved for t to determine residence time.  This 

approach ignores groundwater input and assumes the reservoir is well-mixed.  

Considering that 40% of the tritium differences are negative, both overall and of the 

reservoir subset, the exponential decay function is no longer a valid method for 
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obtaining even a basic residence time without considering additional sources of 

tritium. 

CONFLUENCE UNMIXING 

Samples were collected upstream and downstream of river confluences for the 

purpose of comparing relative contributions of each upstream river to the combined 

downstream river tritium concentration.  Downstream samples were collected at an 

appropriate distance from the confluence when feasible to allow for adequate mixing of 

input waters.  Twenty-four samples were collected from six river confluences, two 

upstream and one downstream at each.  Tritium and EC results were compared relative to 

sample locations around the confluence. 

 It was expected that tritium and EC values in the downstream sample would be 

between the upstream values due to mixing.  The EC data show this trend in seven of the 

eight confluence sample groups (Figure 16).  The 2013 Pajaro/San Benito confluence was 

the only sample group in which this trend did not occur.  In this instance, the downstream 

EC was 9.4% higher than the greater of the upstream locations. 
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Figure 16: Electrical conductivity measurements compared to sample location groups at 

stream confluences.  Above High and Above Low refer to higher and lower EC 

measurements from upstream samples.  Below refers to sample collected below the 

stream confluence. 

 The tritium data did not follow the expected trend.  Almost all differences 

between upstream contributing rivers and downstream confluence were within the 

analytical uncertainty. For the single set where the differences were significant 

(American 2013) the tritium differences agree in size with the EC pattern. Downstream 

tritium was the middle value in only three of the eight confluence sample groups.  

Downstream tritium was greater than upstream values in two of the groups and lower 

than upstream values in three of the groups.  In five of the eight sample groups, the 

largest tritium error was greater than the difference between the highest and lowest 
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tritium values, indicating that in most cases, either the error was too large (2.97 pCi/L) or 

the range in values was too small (0.03 pCi/L) to determine relative contributions of 

tritium to the confluence (Figure 17). 

 

Figure 17: Tritium measurements compared to sample location groups at stream 

confluences.  Above High and Above Low refer to higher and lower tritium 

measurements from upstream samples.  Below refers to samples collected below the 

stream confluence.  Tritium error range is displayed above bars. 

STABLE WATER ISOTOPES 

 Stable isotopes were analyzed from 128 of the surface water and precipitation 

samples.  The δD and δ18O measurements are graphed in relation to the GMWL in Figure 

18.  The measured isotope values show a good correlation to the GMWL.  Water samples 
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in the Sierra Nevada and Klamath groups are depleted in heavier isotopes (lower δD and 

δ18O).  As illustrated in Figure 1 above, this depletion is typical for inland, cool, and 

high-elevation locations.  Conversely, water in the Southern Coast, Transverse, and 

Ocean groups are enriched in heavier isotopes (higher δD and δ18O), which is typical for 

coastal, warm, and low-elevation locations.  The Central Valley group shows a similar 

range in isotopic composition to the Sierra Nevada group, from which much of the 

surface water is derived, with the exception of two lighter samples.  These samples were 

collected from Putah Creek and Cache Creek, which drain into the Central Valley from 

the Northern Coast Range and are therefore isotopically lighter due to proximity to the 

coast.  The Northern Coast group contains the widest range in isotopic compositions.  

This is likely due to the topographic diversity of this group.  The northern end of the 

group is at higher elevation and generally cooler in temperature than the southern end, 

which is more similar to the Southern Coast group.  The Ocean group contains the 

isotopically heaviest water.  The Elkhorn Slough sample collected near Monterey Bay 

and the Pacific Ocean sample collected from a beach in Marin County contain similar 

isotopic ratios.  The most enriched samples were collected from estuaries in Marin 

County. 
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Figure 18: Stable water isotope ratios compared to the GMWL (red line).  Lower graph 

shows outlier value in upper right (Atascadero Lake). 

Many of the water samples plot below, but parallel to, the GMWL.  In most cases, 

these samples plot along a local meteoric water line with a slightly different intercept 

value than the GMWL.  Other samples, falling further below the GMWL and at a lower 

slope, may be affected by evaporation, or contain a large component of ocean water, 

which should have δD and δ18O values of 0‰.  The greatest deviations are seen in the 

Southern Coast, Ocean, and some Central Valley and Northern Coast samples.  Ocean 
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and tidally influenced samples show deviations from the GMWL toward the ocean 

standard of 0‰.  Southern Coast and some Northern Coast samples that show similar 

deviations are more likely influenced by ocean vapor, causing this type of deviation, 

rather than the evaporation effect seen in the Central Valley group.  Surface water in this 

groups is mixed with agricultural runoff.  Standing irrigation water is subject to 

evaporation when applied to the field.  This water then drains into Central Valley rivers 

and canals. 

Stable isotope measurements were obtained for seven of the precipitation 

samples.  These ratios are displayed in relation to the GMWL in Figure 19 below.  The 

samples were collected from Oakland and Fremont in the Bay Area, Los Angeles, and 

Olympic Valley near Lake Tahoe.  The samples collected near the coast are isotopically 

heavier than the North Tahoe sample, as expected.  Three of the heavier samples show a 

slight deviation from the GMWL, likely due to mixing with ocean vapor (sea spray). 
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Figure 19: Precipitation samples plotted against GMWL (red line). 

A correlation between tritium and δ18O was observed, in which tritium 

concentration increases with decreasing δ18O (Figure 20).  This correlation is based on 

California’s topography, in which tritium is lower near the coast due mainly to interaction 

with ocean vapor and increases in the mountains, possibly due to uplift of vapor over the 

topography and then mixing with the reserve of tritium in the stratosphere, causing a 

Spring Leak type event.  At the same time, δ18O decreases with distance inland due to 

rainout of heavy isotopes, less interaction with ocean vapor, and increased fractionation 

due to lower air temperature at higher elevations.  High tritium samples that follow this 

trend represent natural background concentrations.  Deviations from this trend are 

indicative of unnatural alteration of the water.  These deviations are mostly seen in 
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Southern Coast group samples with increased tritium, providing additional evidence of 

anthropogenic influence. 

 

Figure 20: Relationship between δ18O and tritium.  Linear regression (grey line) and R2 

value exclude Southern Coast group. 

D-excess is also a useful parameter for assessing natural processes.  D-excess 

follows a seasonal variation, decreasing between winter and summer in the northern 

hemisphere (Froehlich, 2002).  Samples are compared to the global average d-excess of 

10‰.  Variations from this line are most likely a result of season of deposition.  When 

tritium is compared to d-excess, natural background versus unnatural alteration can be 

assessed.  As shown in Figure 21, unnaturally influenced waters deviate from the sample 

cluster.  Fremont precipitation, shown at 14.8 pCi/L and 2.5‰, is separated from the 

remaining precipitation samples, between 5.0 pCi/L and 8.0 pCi/L and 4.3‰ to 10.4‰, 
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supporting an anomalous origin of this sample.  Other Southern Coast samples are seen to 

deviate from the sample cluster by exhibiting anomalously high tritium concentrations, 

again, supporting an anthropogenic source. 

 

Figure 21: Relationship between deuterium excess (d-excess) and tritium.  Grey line at 

10‰ indicates global average d-excess.  Atascadero Lake sample not shown. 

CONCLUSION 

 Background concentrations of tritium as measured in precipitation samples 

collected between 2012 and 2014 range between 4.0 pCi/L near the coast and 17.8 pCi/L 

in the Sierra Nevada Mountains, indicating a trend of increasing tritium with inland 

distance.  This trend is also visible in surface water samples collected across California.  

Surface water in dense populated areas, particularly urban Bay Area, contains tritium 

concentrations on par with higher elevation inland locations, which is indicative of 
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anthropogenic influence.  The relationship between tritium and electrical conductivity in 

surface water and precipitation are indicative of water provenance and anthropogenic 

influences such as agricultural runoff.  Stable isotopes aid in separation of background 

tritium concentrations from anthropogenic and anomalous influences in water samples. 
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