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Water on the Earth 

§  Only a small fraction of Earth’s water is directly accessible for daily use 
§  Todays need: 20 – 50 Liter clean water 

numbers after Gleick (1996), 
NASA Earth Observatory 



The hydrologic cycle 

NOAA National Weather Service 



Outline 

§  Stable isotopes in the hydrologic cycle 

§  Global isotope distribution maps 
•  RCWIP – next generation water isoscapes 

§  Linking precipitation, rivers, and groundwater 
•  Wiesent River (Germany) 

•  Island of Corsica (France) 

•  Nuremberg aquifers (Germany) 

•  New Jersey Shelf (USA) 

§  River isotope monitoring programs 
•  GNIR3 – rivers worldwide 

•  Global Rivers Observatory Tasmania, Australia 



HYDROLOGIC CYCLE 
Stable isotopes in the 

Zaragoza, Spain 



Stable isotopes and fractionation 

§  Fractionation 
Change of an isotope ratio (δ-value) due to chemical or physical 
processes 
•  equilibrium fractionation 
•  kinetic fractionation 
•  mass-independent fractionation 

 

§  Fractionation factor α	


•  Example: H2O liquid(l) – water vapor (g) (T = 20 °C) 

H2
16O(l) + H2

18O(g)  ⟷ H2
18O(l) + H2

16O(g) 
 

α = R(l) / R(g) = 1.0098 
 



Isotopes in the hydrologic cylce 

Emerson and Hedges (2008) 

Rayleigh destillation 

§  Water vapor is depleted in 18O/2H 
(➞ low δ18O/δ2H values) 
 

§  Rain is relatively enriched in 18O/2H 
(➞ higher δ18O/δ2H) 
 

§  Clouds and rain get continuously 
depleted along their journey 
(➞ lower δ18O and δ2H values) 
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Standard „delta“ notation in per mil (‰) vs Standard Mean Ocean Water (VSMOW):  

H2O ➞ isotope fingerprint  



Global Meteoric Water Line (GWML) 

Craig (1961) 

ing agents in fire fighting has been re- 
peatedly demonstrated through the 
years and is beyond question. However, 
the exact nature of the chemical effect 
on the degradation of the solid (cellu- 
lose or sucrose) or on the reactions in 
the flame can remain the source of 
profitable speculation for some time to 
come. 
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Isotopic Variations in 
Meteoric Waters 

Abstract. The relationship between deu- 
terium and oxygen-18 concentrations in 
natural meteoric waters from many parts 
of the world has been determined with a 
mass spectrometer. The isotopic enrich- 
ments, relative to ocean water, display a 
linear correlation over the entire range 
for waters which have not undergone ex- 
cessive evaporation. 

Epstein and Mayeda (1) and Fried- 
man (2) reported precise data for 
0'IS/0O" and D/H ratios in nine non- 
marine meteoric waters and found a 
rough linear correlation between the 
isotopic enrichments. In the course of 
research on isotopic variations in vol- 
canic waters, I have analyzed mass 
spectrometrically some 400 samples of 
water from rivers, lakes, and precipita- 
tion in order to establish the exact 
nature of the isotopic relationship in 
meteoric waters. Gas samples were pre- 
pared by the standard C02-H20 equili- 
bration technique (1) and by reduction 
of H20 to H2 with uranium metal and 
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Isotopic Variations in 
Meteoric Waters 

Abstract. The relationship between deu- 
terium and oxygen-18 concentrations in 
natural meteoric waters from many parts 
of the world has been determined with a 
mass spectrometer. The isotopic enrich- 
ments, relative to ocean water, display a 
linear correlation over the entire range 
for waters which have not undergone ex- 
cessive evaporation. 
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0'IS/0O" and D/H ratios in nine non- 
marine meteoric waters and found a 
rough linear correlation between the 
isotopic enrichments. In the course of 
research on isotopic variations in vol- 
canic waters, I have analyzed mass 
spectrometrically some 400 samples of 
water from rivers, lakes, and precipita- 
tion in order to establish the exact 
nature of the isotopic relationship in 
meteoric waters. Gas samples were pre- 
pared by the standard C02-H20 equili- 
bration technique (1) and by reduction 
of H20 to H2 with uranium metal and 
analyzed on the McKinney-Nier type 
spectrometers used by the authors men- 
tioned above as well as in my present 
laboratory. 
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Fig. 1. Deuterium and oxygen-18 variations in rivers, lakes, rain, and snow, expressed 
as per millage enrichments relative to "standard mean ocean water" (SMOW). Points 
which fit the dashed line at upper end of the curve are rivers and lakes from East Africa. 
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Fig. 1. Deuterium and oxygen-18 variations in rivers, lakes, rain, and snow, expressed 
as per millage enrichments relative to "standard mean ocean water" (SMOW). Points 
which fit the dashed line at upper end of the curve are rivers and lakes from East Africa. 

The isotopic data for all samples 
analyzed for both isotopes (excluding 
detailed sets of data from Chicago and 
Steamboat Springs, Nev.) are shown in 
Fig. 1. About 40 percent of the samples 
are from North America, the rest being 
distributed all over the world. The data 
shown are per mil enrichments of the 
isotopic ratios D/H and 018/01 rela- 
tive to a mean ocean water standard, 
that is, 

= [(R/R) - 1] 1000 

where R is either isotopic ratio and Rt 
is the ratio in "standard mean ocean 
water" (SMOW) defined relative to the 
National Bureau of Standards isotopic 
water standard as described in a follow- 
ing report (3). The precision of the 
data is -0.5 per mil, or ± 1 percent of 
8, for D, and ± 0.1 per mil, or ± 0.5 
percent of 8, for 018, the larger error 
applying in each case and representing 
+2 standard deviations. 

The straight line in Fig. 1 represents 
the relationship 

-D = 8 60s8 + 10 

(both 8 values in per millage) and is 
seen to be an adequate fit to the data, 
except for waters from closed basins in 
which evaporation is a dominant factor 
governing the isotopic relationship. The 
samples which fit the dashed line at the 
high enrichment end of the curve rep- 
resent rivers and lakes in East Africa. 
They fit a line with a slope of about 5, 
in contrast to the slope of 8 found for 
most of the data. Studies of evapora- 
tion in the laboratory, and in areas 
where seasonal data have, been ob- 
tained, show that in free evaporation at 
ordinary temperatures the heavy iso- 
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tope enrichment ratio 8D/80SO consist- 
ently follows a slope of about 5 as 
observed in East African waters. Many 
of the points falling to the right of the 
line plotted in Fig. 1 have a similar 
slope of 5 when connected to points on 
the line which represent direct precipi- 
tation in the same area. 

It can be shown (4) that for small 
enrichments the slopes in Fig. 1 are 
the ratios of the single-stage enrich- 
ments when the isotopic concentrations 
are governed by vaporization or precip- 
itation under Rayleigh conditions at 
constant temperature. The isotopic va- 
por pressure data show that slopes of 
8 and 5 correspond to Rayleigh proc- 
esses at liquid-vapor equilibrium at 
temperatures of about -10°C and 
+100°C respectively. It seems, there- 
fore, that atmospheric precipitation 
follows a Rayleigh process at liquid- 
vapor equilibrium, as first proposed by 
Kirshenbaum (5), but that the process 
of free evaporation at room tempera- 
ture is governed by kinetic factors. The 
present studies have shown that this is 
so up to the boiling point, and that the 
disequilibrium occurs principally in the 
08/0'16 separation (4). Some of the 
variability along the line in Fig. 1 is 
certainly due to evaporation effects as 
well as to variations in temperature of 
precipitation. 

All points in Fig. 1 for 8D and O018 
lighter than -160 and -22 per mil, 
respectively, represent snow and ice 
from the Arctic and Antarctic, while 
tropical samples show very small deple- 
tions relative to ocean water. This dis- 
tribution is expected for an atmospheric 
Rayleigh process as vapor is removed 
from poleward moving tropospheric 
air. However, it is actually log (1 + 8) 
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GNIP network 

§  Global precipitation data of  
δ2H and δ18O, 3H (Tritium) 

§  about 900 stations in more than 
100 countries 

§  120.000 monthly data sets 
§  Applied in various research fields 

•  Climate change 
•  Water resources 
•  Hydrogeology 
•  Food authenticity 
•  Paleoenvironmental studies 

(e.g. tooth enemal, tree rings, 
speleothemes) 

•  Forensic sciences 
•  ...  

§  One of the most important and 
successful monitoring programs in 
hydrology 

IAEA (Water Resources Programm) 

GNIP – Global Network of Isotopes in Precipitation 
1961 – today 

Water 
Resources  
Programme 

Hydrology and 
Water Resources  
Programme 
(HWRP) 



Global spatial distribution maps – ‘Isoscapes’ 
§  Key publications: Bowen and Revenaugh (2003), WRR 

Annual Precipitation 
δ18O Europe 

www.waterisotopes.org 

Spatial means 3D: 
-  Latitude 
-  Longitude 
-  Elevation 
 



Interpolated isotope data 

Erlangen University Campus 



Isoscape results versus local analytical data 

Isoscape results 
Measured data 
(weighted annual means) 

δ2H =  -66 ‰  
δ18O = -9.4 ‰  

GeoZentrum GNIP sampler 

www.waterisotopes.org 

➞ Water isotope composition depend on local effects that cannot be  
     reproduced precisely in global interpolation models 



RCWIP-next generation precipitation isoscapes 

www.iaea.org/water 

(regionalized cluster-based water isotope prediction) 

Terzer et al. (2013), HESS, vol. 17 



PRECIPITATION, RIVERS AND 
GROUNDWATER 

Linking 
Tasmania, Australia 



Linking rivers and precipitation 
DISTRIBUTION OF OXYGEN-18 AND DEUTERIUM IN RIVER WATERS 1373

Figure 6. Spatial distribution of discharge-weighted mean (a) υ18O values, and (b) υ2H values

has values close to C10‰ for rain samples in temperate climates. Merlivat and Jouzel (1979) showed that the
d-excess in air masses (and hence precipitation) depends on the relative humidity of the air masses at their
oceanic origin, the ocean surface temperature, and kinetic isotope effects during evaporation. Because of the
link to humidity, d-excess values are sensitive to evaporative processes, including whether summer or winter
precipitation dominates recharge. During snow formation, d-excess increases as condensation temperatures

Published in 2001 by John Wiley & Sons, Ltd. Hydrol. Process. 15, 1363–1393 (2001)

Kendall and Coplen (2001) 

➞ Local Meteoric Walter Lines (LMWL) derived from river water data 

DISTRIBUTION OF OXYGEN-18 AND DEUTERIUM IN RIVER WATERS 1369
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Figure 3. LMWLs for selected states or regions. (a) New Jersey, Georgia, western Oregon and Washington (combined), South Dakota and
North Dakota (combined); (b) Florida, North Carolina, Minnesota, Montana, and Alaska

In general, the LMWLs for individual sites have ranges of slopes and intercepts that are similar to those of
the state LMWLs. Hence, it is easy to see how the flattened ellipse of data (Figure 2a) reflects the imbricate
nature of the LMWLs for individual sites.

Figure 4b gives two fairly typical examples of how similar the LMWLs and average υ values can be for
adjacent sites in a state. This observation was the basis for combining the site data into state LMWLs, as a
useful means for grouping the data to clarify spatial patterns. One of the sites in Nebraska (second from the
right in Figure 4b) has so little range of values that a linear regression would be misleading; nevertheless,
these data fall within the ranges of υ values for the other sites in the state. Data from one site in Missouri
(the rightmost) appears to be affected by evaporation; nevertheless, most of the υ values are within the ranges
of the adjacent sites.
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Figure 4. LMWLs for selected states. (a) The imbricate nature of the LMWLs relative to the GMWL is illustrated by omitting the data
points and just leaving the lines; the lengths of the lines are fixed by the maximum and minimum values for each state. (b) Small plots of
the υ18O and υ2H values for four sites from each of two states (Nebraska and Missouri) are overlapped to demonstrate how υ values from
adjacent sites within a state appear to have similar LMWLs, making it reasonable to combine the site υ values into state LMWLs. The lines
on the inset figures are the GMWLs. For more examples of the distribution of υ values for individual sites, see Coplen and Kendall (2000)

Published in 2001 by John Wiley & Sons, Ltd. Hydrol. Process. 15, 1363–1393 (2001)



Catchment effect 

4134 A. DUTTON ET AL.
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Figure 10. Residuals from the latitude–elevation model (Figure 9b) contoured using an inverse-distance-weighted method. Note positive
residuals (measured values are higher than predicted) across the Great Plains, and negative residuals (measured values are lower than

predicted) concentrated over the Columbia–Snake River basin, and the Colorado River basin
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Figure 11. Differences between unweighted mean annual υ18OPPT (Figure 7a) and υ18ORIV (Figure 7b) calculated as (υ18ORIV ! υ18OPPT).
Positive anomalies (shades of red) denote regions where υ18ORIV is more positive than local υ18OPPT; negative anomalies (shades of blue)
are regions where υ18ORIV is more negative than local υ18OPPT. Note that most of the eastern USA shows little difference (š1‰), but that
substantial positive and negative anomalies occur across the Midwest and West. Precipitation stations are displayed as open circles; river

water stations are shown with solid circles

DISCUSSION

Model assessment

Before evaluating the spatial patterns observed in the maps of meteoric υ18O, we first evaluate possible
bias introduced by our modelling approach. The technique used here for spatial interpolation of meteoric
υ18O was first applied by Bowen and Wilkinson (2002) to generate a global υ18OPPT map, and has been
statistically compared with other spatial interpolation techniques, including triangulation, inverse distance
weighting, and Cressman objective analysis, by Bowen and Revenaugh (2003), who determined that the

Copyright © 2005 John Wiley & Sons, Ltd. Hydrol. Process. 19, 4121–4146 (2005)

Dutton et al. (2005) 

➞ Differences between δ18Oprecipitation and δ18Oriver 

δ18Oriver - δ18Oprecipitation 

Summer rain  
and evaporation 

High altitude 
recharge Good match 



WIESENT RIVER 

Wiesent River 



Wiesent River (southern Germany) 

Wiesent spring at Steinfeld 



Wiesent catchment 

§  Area: ~1040 km2 

§  River length: ~73km 
§  8 sampling locations 
§  (6 tributaries) 
§  Sampled over one year 

to cover all seasons 
 
Lithology: 
•  Jurassic carbonates 

(67%), >100m thickness 
(deep  karst) 

•  Sandstones (14%) 
•  Shale (15%) 
 

van Geldern et al. (subm.) 



Water stable isotopes 

0 20 40 60 

km downstream 

Summer evaporation 

δP annual mean 
precipitation 



River water and LMWL 

Stable isotopes 
§  Wiesent data plot on LMWL 
§  Stable source value 
§  No seasonal cycle in river 
 
Stream flow generation 
§  groundwater dominated river 

over entire course 
§  system buffered by deep 

karst groundwater body 
§  minor importance of surface 

run off 



ISLAND OF CORSICA 
Isotope hydrology of the 

Solenzara River, Corsica 



Sampling locations 

§  Paleoclimate study on tree 
rings of our institute 

§  Accompanying water 
sampling from 2003 to 2009 

§  210 surface water samples 
§  Isotope analysis performed at 

Tübingen, Erlangen and 
Hanover 

§  3 different compartments: 
•  (1) Lakes (n = 19) 
•  (2) Springs (26) 
•  (3) streams (166) 

van Geldern et al. (2014) 



From streams to the LMWL 

 30 

 

Figure 8. Linear regression of spring data and local evaporation line (LEL) defined by the regression through lake 
isotope values. The interception of both lines represents the mean isotopic composition of the annual precipitation 
(δP) on the island of Corsica. Data after van Geldern et al. (2014b)15. 

3.5 Coastal aquifers and submarine groundwater discharge 

At the end of its journey back to the ocean, fresh water will eventually mix with seawater. In 

contrast to meteoric water that is often characterized by more variable and rather negative 

isotope values, seawater shows much less spatial and temporal variations and typically exhibits 

values of (0±1.5‰) for δ18O (Bigg and Rohling, 2000). Due to this distinct difference in their 

stable isotopic compositions, the amounts of fresh water and seawater in a mixed sample can be 

evaluated by mass balance calculations. When both end members are well defined with respect 

to their stable isotope values, it is possible to calculate the portion of each end member in a 

sample according to 
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where afw and bsw are the portions of freshwater (fw) and seawater (sw) in the water sample, and 

δ are the corresponding isotope values (δ18O or δ2H) according to their subscripts. Both end 

members define a linear mixing line in a δ18O versus δ2H diagram and any sample that 

represents a mixture of these end members plot along this line between these two sources. 

This method was for instance used by Chandrajith et al. (2014)16 for the calculation of 

saltwater intrusion into a coastal fresh water aquifer in Sri Lanka. The local communities in that 

!
18O /‰ (V-SMOW)

!
2
H

/
‰

(V
-S

M
O

W
)

-12 -10 -8 -6 -4 -2
-90

-70

-50

-30

-10

lakes
= 5.5 - 10.5y x

springs
= 7.6 + 7.9y x

!P

(-8.8 / -59 )‰ ‰

van Geldern et al. (2014) 



Altitude effect 



Latitude and climatic effects 



Corsica isotope map from river water data 

Figure 4. Isolines of the oxygen isotope composition of rivers (springtime) between 2004 and 2009 to visualize 

the altitude effect.
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PALEOWATERS 
Stable isotopes and 

Klingengraben spring, Nuremberg 
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Hydrogeology 
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Paleowaters 

(b)

LM
W

L

95%
PI

!
18O /‰ (VSMOW)

!
2
H

/‰
(V

S
M

O
W

)

-11.0 -10.5 -10.0 -9.5 -9.0 -8.5
-80

-75

-70

-65

-60

-55

well 1
well 2
well 3
well 4

Aquifer II

average precipitation

±1"

Aquifer Ib

b

well 5

!
18O/‰ (VSMOW)

!
2
H

/‰
(V

S
M

O
W

)

-20 -15 -10 -5 0
-150

-100

-50

0
LMWL
y x=(7.7 0.1) + (6.5 0.8)# #

= 0.99r
2

monthly mean

weighted mean
2010 - 2013

LMWL

95% prediction
interval (PI)

a

van Geldern et al. (2014) 



Radiocarbon dating of deep aquifer 

§  Stable isotopes of the deep aquifer are depleted in 18O/2H 
§  Radiocarbon age suggests that water is > ~21,000 years 
§  No tritium found 
§  ➞ Paleowaters recharged before the end of the LGM under 

    cooler climatic conditions. 
§  GeoZentrum, LfU, and Helmholtz Munich will start to measure 

groundwater samples systematically in 2015 

with elevations between 300 and 350m asl (cf. Fig. 3). It is therefore as-
sumed here that the observed differences in isotope values of aquifer Ib
are not caused by differences in the altitude of the recharge area.

4.2. Stable isotopes of aquifer II

The temperate climate of Central Europe was subject to significant
temperature changes since the end of the last glacial maximum (LGM)
that occurred between 26,000 and 19,000–20,000 years ago (Clark
et al., 2009). Groundwater that is recharged in cooler climatic conditions
by precipitation or glacial melt waters that infiltrated the ground is typ-
ically depleted by 18O and 2H (Mook, 2000). Pleistocenemelt water and
precipitationwould therefore be characterized by a shift alongmeteoric
water line to lower isotope values. Such a shift is characteristic for
paleo-groundwaters that formed during cooler climatic conditions
in Western and Central Europe (e.g. Darling, 2004; Rozanski, 1985).
Water temperatures derived from noble gas analyses (NGT, see Kipfer
et al., 2002) also indicate lower recharge water temperatures by several
degrees for pre-LGM times in Europe (Darling, 2011; Edmunds, 2001;
Jiráková et al., 2011). These waters typically also exhibit lower δ18O and
δ2H values. For example, pre-LGM recharge temperatures of the EastMid-
lands aquifer (United Kingdom)were found ~6 °C lower than todaywith
a corresponding shift of –1.7‰ in δ18O (Edmunds, 2001). Such cooler NGT
have been also reported for SouthernGermany (Berthleff et al., 1993) and
other parts of Europe (see Jiráková et al., 2011 and reference therein).

A recharge gap consistent with permafrost conditions during
the LGM has been reported for several European aquifers. However,
the recharge gap often covers very different time spans and uninter-
rupted recharge examples at many sites have been documented due
to the specific geographical position of the recharge area. Such continu-
ous recharge conditions have also been described for other aquifers in
southern Germany (Berthleff et al., 1993; Geyh et al., 1984) and assume
continuous subglacial recharge from melted ice.

The δ18O and δ2H data of groundwater from the confined deep aqui-
fer II (Benkersandstein) are clearly depleted in 2H and 18O with respect
to groundwater from the overlying aquifer Ib and modern precipitation
(Fig. 5b). Compared to theweighted average value of modern precipita-
tion the isotope values of the Benkersandstein aquifer are shifted by
~8‰ for δ2H and ~1.2‰ for δ18O towards lower values. These lower
δ18O and δ2H values suggest recharge of Benkersandstein groundwater
during cooler climatic conditions during the Pleistocene. However, no
NGThave been determined in this study and the δ-T relationship cannot
be determined here.

The analyses results from the northern well group (wells 1–4) are
constant and indistinguishable within analytical errors. All four wells
of the group are close together and it is unlikely that pumped water
shows significant differences. Both sampling campaigns were per-
formed in September 2009 and a potential seasonal variability could
therefore not be investigated with the available data, but any seasonal-
ity in such a deep aquifer is very unlikely. Slightly lower isotope values
weremeasured for well 5 compared to samples fromwells 1–4. The air-
line distance betweenboth sampling points is about 15 km inN–S direc-
tion. The former recharge area of the aquifer is suspected in northwest-
ern direction (see Section 2.1). The observed isotope difference between
both locations might therefore represent recharge waters from some-
what different Pleistocene time periods with slightly different recharge
conditions. In general, the values from all wells are shifted towards
negative values and indicate cooler recharge conditions consistent
with LGM or pre-LGM times.

The deuteriumexcess value, which is characteristic for the source re-
gion of precipitation, from aquifer II (d = 10.6‰) and modern precipi-
tation (d = 9.1‰) are both close to the value of 10‰ derived from the
global meteoric water line (Craig, 1961; Rozanski et al., 1993). This
most likely indicates Atlantic airmasses that are characterized by a deu-
terium excess of 10‰ as the primary source of moisture (Celle-Jeanton
et al., 2001) in both cases and rather stable humidity conditions.

4.3. Tritium

Pre-bomb tritium concentrations inmeteoricwater prior to 1951 are
reported in the range between 1 and 10 TU (Craig and Lal, 1961;
Kaufman and Libby, 1954), a level that was reached again by ~1990 as
most of the thermonuclear tritium was washed out of the atmosphere.
Today's levels are close to the natural levels and are measured at the
Würzburg GNIP station close to the study area (Fig. 6).

Due to its relative short half-life, tritium cannot be detected in
groundwaters recharged before 1951, that marks the onset of thermo-
nuclear bomb tests. As geogenic production of 3H in most groundwater
can be regarded as negligible, a considerable tritium concentration is in-
dicative for awater component that were part of the active hydrological
cycle in the last 60 years. Samples taken from the Benkersandstein
Aquifer in 2009 contain no measurable tritium (b0.6 TU). The water
age can be calculated from Eq. (5) by using the tritium decay constant
(λ = 1/17.93) instead of the radiocarbon decay constant λC. Assuming
a natural initial 3H activity A0 of 10 TU in the recharge water, an activity
of 0.6 TU corresponds to a radiometric age of 50 years, i.e. ~1959. The
large atomic bomb test series in the Pacific from mid-1950s to 1962
and the related 1963 tritium peak, which is typically associated with
an activity of ~4000 TU in the northern hemisphere, falls into this
time interval. The high amounts of tritiumreleased through the thermo-
nuclear bomb tests would clearly indicate the presence of modern re-
charge water in the groundwater. Therefore, the groundwaters in this
study are interpreted to be older and must have been recharged prior
to 1951.

4.4. Radiocarbon

The dating of groundwater by radiocarbon relies on many assump-
tions that have been reviewed and summarized elsewhere (Buckau
et al., 2000a; Clark and Fritz, 1997; Geyh, 2000). Several correction
models exist in the literature of the last decades and only two of them
will be applied here. The crucial point is the initial activity of DIC, i.e.
how much of the 14C activity from the soil zone is transferred into the
recharge water. Another important issue for aquifers in sedimentary
rocks is carbonate dissolution either during infiltration or at a later
stage in the aquifer. In this case the DIC pool will be diluted by 14C-
free carbon. Any 14C-DIC water age that was not corrected would there-
fore represent a maximum age and tend to result in overestimated
groundwater ages (Buckau et al., 2000b).

Ameasurable 14C activity in the Benkersandstein aquiferwas only de-
tected in samples from well 4, whereas radiocarbon in other wells was
below the LOD of 2 pMC (Table 2). Assuming that the recharge water
transfers 100% of the 14C activity from the soil zone into the groundwater,
the 2 pMC limit for the LSCmethod corresponds to an uncorrected radio-
carbon water age of 32,300 y BP. The measured activity in well 4 of 3.6
and 4.3 pMC results in uncorrected ages of 27,500 and 26,000 y BP, re-
spectively (Table 3). Note however that these ages represent amaximum
water age and most likely overestimate the age of the water.

Two correction models were applied in this study (Table 3). In the
correction model of Vogel (1970) the initial 14C activity in sedimentary
rocks is set to a fixed correction value of 85 pMC. This approach results
in reservoir age correction of about 1300 years. For the LOD this lowers

Table 3
Radiocarbon ages for different correction models. Ages are in years BP rounded to
100 years.

Well 4
(sampling A)

Well 4
(sampling B)

Uncorrected 14C-years 26,000 27,500
Vogel (1970) 24,700 26,100
Pearson and Hanshaw (1970)a 21,200 23,400
a pH = 6.5, pCO2(soil air) = 10–2 atm, δ13C(soil air) = –23‰,

δ13C(carbonate) = 0‰.

113R. van Geldern et al. / Science of the Total Environment 496 (2014) 107–115



COASTAL AQUIFERS 
New Jersey Shallow Shelf 

45 km offshore Atlantic City, NJ 



IODP 313 Drilling Site 

Photo: ECORD 

van Geldern et al. (2013) 

MSP L/B Kayd 



Submarine fresh water 

van Geldern et al. (2013) 

Hathaway et al. (1979) 

fresh water 

§  Fresh water lens known 
since 1970s 

§  Simple geometry assumed 
§  All hydrogeological models 

base on these assumptions 

before IODP 313 
§  Paelowater recharged 

during the Pleistocene 
§  from melt waters below 

ice sheets (LGM) 



Stable isotopes 

Figure 5  van Geldern et al - Geosphere Special Issue IODP 313
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Water origin 
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Paleoclimatic implications 

§  Todays onshore recharge is characterized by stable isotope 
analyses from river water 

§  Stable isotopes of fresh water below the shelf is identical to todays 
onshore recharge 

§  No indications for cooler recharge conditions or recharge during the 
last glacial maximum 
•  Isotope hydrology was identical to modern conditions during the LGM? 

•  Water is older (millions of years?) and was recharged during similar conditions 
that today 

•  Water is younger (<20.000 years)  
and is actively recharged  

van Geldern et al. (2013) 



GNIR3 AND 
GLOBAL RIVERS OBSERVATORY 

Global Network of Isotopes in Rivers 



Global discharge data 

Data from GRDC (BfG Koblenz) 
Animation: B. Peucker-Ehrenbrink (WHOI) 

www.globalrivers.org 



GNIR3 – Rivers worldwide 

§  GNIP is one the most successful isotope monitoring programs 
•  numerous applications that were not initially thought 
•  radically improved our understanding of recharge mechanisms 
•  rivers are less understood and not systematically investigated 

 

§  Rivers transport valuable information about 
•  climate change and mankind adaption to it 
•  changes in land use 

§   
GNIR should change this 
•  Pilot GNIR 2002 – 2006 as IAEA Coordinated Research Project (CRP) 
•  New IAEA-CRP launched in 2014 (2014 – 2018) 
•  Focus on worlds largest rivers 



Summary 

Stable isotopes in hydrology 
§  are the geochemical fingerprint of the water molecule 
§  allows to trace water along its journey from precipitation to the sea 

•  rivers integrate signals from an entire region and transport them 

§  carry information about the impact  
•  of climate change 
•  of anthropogenic induced changes of ecosystems 

§  help to monitor these changes and investigate the reasons 
§  identify paleo-climatic conditions through preserved paleowaters  
 
Isoscapes derived from precipitation or river water data 
§  are helpful tool in identifying potential regions of origin 
§  must not be used as a ‘black box’  
§  do not account for every isotope effect 
§  try to understand the regional hydro(geo)logical system for reliable results 
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Surface water – groundwater interaction 

§  Principle hydraulic conditions 
•  Infiltration of stream water into groundwater  è loosing stream 
•  Exfiltration of groundwater into stream è gaining stream 

§  Potential thread 
•  Infiltration of sewage into drinking water wells via 

surface water – groundwater interaction 
 



Study Site 

Schwarzbach 
§  7 km upstream of the river Rhine 
§  Intensive agricultural and industrial land use 
§  Mean discharge with about 50% waste water from sewage water 

treatment plants (SWTP; municipal and Frankfurt airport) 



reduced groundwater table the vertical hydraulic gradient increases dis-
tinctively and favors surface water inflow into the groundwater.

2.2. Data collection

The study site was equipped with 17 groundwater observation
wells (32 and 50 mm diameter) along a 2D-transect that was aligned
parallel to the natural groundwater flow direction (Fig. 1). Ground-
water observation wells (GWM) were installed on both sides of the
stream following the groundwater flow. One observation well was lo-
cated 26 m away from the river bank in the upstream section of the
groundwater flow and thus remained un-influenced by surface
water infiltration (GWM0) (Fig. 1). Most groundwater observation
wells were placed near the stream bank and had a maximum distance
of 220 m from the streambed. Observation wells that are investigated
in detail for stable isotopes and acesulfame at the study site were
drilled at a distance of 0.7 m (GWM2a) and 3.4 m (GWM2c) from
the stream bank. Thus they followed the flow path downstream
with the groundwater table gradient.

Piezometric pressure heads were recorded every 10 min in several
groundwater observation wells via pressure transducers. The water
level of the stream was recorded with an additional pressure trans-
ducer placed on the stream bed.

During the study period, water samples were collected in two week
intervals within the groundwater and stream water for geochemical
and water stable isotope analyses. Additional water sampling was
doneduringflood events.Water sampleswere collected along themon-
itoring transect by packers that were placed into screened sections of
the observation wells. A suction pump was pushed to the desired
depth to collect samples at two depth levels (top and middle or bottom
of the filter screen)within the groundwater observationwells. An addi-
tional grab sample was taken within the stream water. The water sam-
ple collection time schedule and vertical sampling depths were based
on former investigations (Engelhardt et al., 2013). These showed that
only shallowparts of the aquifer close to the river bankmirror the tracer
migration from surface water infiltration. These were also the zones

that best reflect flood events. An additional water sample was collected
during each groundwater sampling campaign in the center of the
stream.

All water samples for acesulfame analyses were filtered and pre-
served by acidification with 3.5-M H2SO4 in the field and were cooled
until laboratory analysis. The acid shifted initial pH values to less than
2 and helped to prevent microbial activity and sorption losses that
could alter the acesulfame content. Samples collected for analysis of
stable water isotopes were immediately capped and stayed sealed
until analysis.

2.3. Laboratory investigations

For analyses of acesulfame, water samples were filtered through
glass fiber filters (GF 6, Schleicher and Schuell, Dassel, Germany).
Subsequently, sample aliquots of 1 mL were spiked with 100 ng of
acesulfame-d4 and reduced to a volume of 100 μL under evaporation
at 45 °C. Methanol was added to generate a volume of 1 mL. Samples
were analyzed by with a HPLC tandem MS system. This method has a
limit of quantification (LOQ) of 4 nmol/L for acesulfame.

Water samples were analyzed for their 18O/16O and 2H/1H ratios
with a Picarro (Model L1102-i) isotope ratio infrared spectroscope
(IRIS) that uses the wavelength-scanned cavity ring-down laser
technique. Four sequential injections of each sample were measured
and raw data were corrected for sample-to-sample memory (van
Geldern and Barth, 2012). Reported values are the mean of all injec-
tions for one sample and expressed as per mile (‰) in the standard
delta notation versus the Vienna Standard Mean Ocean Water
(VSMOW) according to Eq. (1):

δ ¼
Rsample

Rreference
−1

! "
" 1000 ð1Þ

where R is the isotope ratio of the heavy to light isotope (e.g. 18O/16O)
in the sample and the reference, respectively.

Fig. 1. Investigated transect, hydrostratigraphic layer, and numerical model boundaries (modified after Engelhardt et al., 2013).

18 I. Engelhardt et al. / Science of the Total Environment 466–467 (2014) 16–252D transect parallel to flow lines 

§  Comparative geochemical tracer analyses over 5 months 
•  Stable isotopes (δ2H and δ18O) 
•  Artificial sweetener Acesulfam K (C8H8KN2O8S2) 
•  (X-ray contrast media (Iomeprol) and metabolites) 

§  Numerical flow (MODFLOW) and transport (MT3DMS) simulation 

groundwater 
(up-gradient) 

stream water 

groundwater 
(down-gradient) 

regional flow 

precipitation 



Stable isotopes in precipitation 

y = 7.65x + 2.31

d18O in ‰ vs. VSMOW

d2 H
in

‰
VS

M
O

W

-20 -15 -10 -5 0 5
-140

-120

-100

-80

-60

-40

-20

0

20

vs
.

GNIP Koblenz (1981-2005)
Schwarzbach (this study)

GMWL
LMWL

A

time (day of year)
d18 O

in
‰

vs
.V

SM
O

W
0 100 200 300 365

-16

-14

-12

-10

-8

-6

-4

-2

0
B

monthly weighted mean
GNIP (1981-2005)

locfit regression



Stable isotopes events 

t1 
t2 

Stream 

§  Stable δ18O value in 
groundwater 

§  Precipitation events 
traced in stream water 
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