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Water on the Earth

~ 0.9 %
py : / other
4 975% K
> saline water
68.7 %
i polar ice
» glaciers 30'1 %
’ groundwater
0.3 %
2.5 % lakes
rivers

fresh water

numbers after Gleick (1996),
NASA Earth Observatory

= Only a small fraction of Earth’s water is directly accessible for daily use
= Todays need: 20 — 50 Liter clean water
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The hydrologic cycle
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5. Transportation
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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
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Zaragoza, Spain

Stable isotopes in the

HYDROLOGIC CYCLE
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Stable isotopes and fractionation

1 electron
1 proton

1 electron
1 proton
1 neutron

Protium ° Deuterium

e

= Fractionation
Change of an isotope ratio (6-value) due to chemical or physical
processes
® equilibrium fractionation
® kinetic fractionation
® mass-independent fractionation

= Fractionation factor o
® Example: H,O liquid(l) — water vapor (g) (T = 20 °C)

H,'60(1) + H,180(g) «> H,'80(1) + H,'60(g) o = R(l)/ R(g) = 1.0098
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Isotopes in the hydrologic cylce

Rayleigh destillation

. A~ = Water vapor is depleted in 80/?H
ocs| N 3 (= low 8180/82H values)

“ /,,,/,/,/, 13y
N /’/I'I'R'a’i;\"zll’ . . . .
N I g% ! = Rain is relatively enriched in 80/2H
IR

~9%0 / (= higher 8'80/3%H)

20°C = Clouds and rain get continuously
Continent depleted along their journey

(= lower 680 and &2H values)

All values are & 80%.

Emerson and Hedges (2008)

Standard ,delta” notation in per mil (%o) vs Standard Mean Ocean Water (VSMOW):

J

6 — sample _1 Z -—\ ] ] ]
R » N\ H,O0 — isotope fingerprint

reference
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Global Meteoric Water Line (GWML)
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GNIP network

GNIP - Global Network of Isotopes in Precipitation

1961 — today
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IAEA (Water Resources Programm)
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Hydrology and (&)
Water Resources NS
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Water
Resources
Programme

Global precipitation data of

&°H and 6'80, 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
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Global spatial distribution maps — ‘Isoscapes’

= Key publications: Bowen and Revenaugh (2003), WRR
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Latitude

Spatial means 3D:

Longitude

Elevation

www.waterisotopes.org
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Interpolated isotope data

Main

Information

Data 1
Figures
Data Tables
Google Earth
OIPC
AxcGIS Grids

Web Resources

TH Eu

UNIVERSITY
OFUTAH

®
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OIPC: THe ONLINE IsoToPes IN PRECIPITATION CALCULATOR

Enter site coordinates:

49.5942402 | Latitude (decimal deg; North positive)

'11.0292443 ' Longitude (decimal deg; East positive)

285 | Elevation (meters)

(®)Annual values
(_JMonthly values

Erlangen University Campus

™ Do Confidence Intervals (computing intensive)

| Submit | | Reset Form |

OIPC2.2
See version notes
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Isoscape results versus local analytical data

Measured data

Isoscape results .
P (weighted annual means)

www.waterisotopes.org

. 62H = -66 %o
Data Products Estimates for latitude 49.5¢ 6180

Figures )

Data Tables

Google Earth 52H (%o, V-SMOW) | -59

oIPc 52H 95% CI (%

AscGIS Grids 6 CI (%0) 3
Web Resources | 5180 (%o, V-SMO -8.7

. 5180 95% CI (%) ‘T?
1s()s0APES

GeoZentrum GNIP sampler

— Water isotope composition depend on local effects that cannot be
reproduced precisely in global interpolation models
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RCWIP-next generation precipitation isoscapes

(regionalized cluster-based water isotope prediction)

impN lf(nlendovumm t or acceptance by the United Nations or the Ints unnoal

Annual "0 in Precipitation
RCWIP Model Prediction (left): Europe

-48 44 42 -40 -38 36 34 32 -30 28 26

26 24 22 -20 -8 -16 14 12 -10 8 6

6 -4 2 0 2 4 +6 8 410 nfa

Model uncertainty (in %o 60, below)

06 08 10 12 14 16 18 20 22

Version: 1.00. Build date: 2013-05-02

02013W ter Resources e, International Atomic Energy Agency (IAEA)
aaaaaaaaa - GNIP (an d ehedd lata), Natural Earth 2, colorbrewer.org

oundaries and names shown and the designations used on this map do e

Atomic Energy Agency.

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

Linking

PRECIPITATION, RIVERS AND
GROUNDWATER
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Linking rivers and precipitation

Kendall and Coplen (2001)

3"°O (%o)
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5180
— Local Meteoric Walter Lines (LMWL) derived from river water data
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Catchment effect

Dutton et al. (2005) 8180“\“3r - 8180

precipitation

High altitude o y o
recharge - / # Good match W75

B--11t0-9
B -12t0-11

— Rivers
—— State Borders

0 500 1,000 |
Kilometers Summer rain
and evaporation

i 18 18
— Differences between 'O o iitation @Nd 8'°0ye,
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Wiesent River

WIESENT RIVER

FRIEDRICH-ALEXANDER

®
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Wiesent River (southern Germany)

Bamberg .Bayreuth
O

O
Wiesent Nuremberg
catchment

Lake Constance

100 km
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Wiesent catchment

catchment divide

= Area: ~1040 km?

= River length: ~73km
= 8 sampling locations
= (6 tributaries)

= Sampled over one year
to cover all seasons

subcatch-
ment divide

Lithology:

- Jurassic carbonates
(67%), >100m thickness
(deep karst)

gk «  Sandstones (14%)
Lithollogy Locations ® Shale (1 5%)

[] limestone O Wiesent samling location
L (SV?/ESS(II(ZineIa ers) (O Tributary samling location
lavst y lay DAe Discharge gauge
. (1 claystone H-Hollfeld, M-Muggendorf
[ ]

e
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van Geldern et al. (subm.)
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Water stable isotopes

'85 1 1 1 1 1 1
s
S -9.0
%)
>
09 -9.5
o snowmelt
-10.0 ] ] ] ] ] ]
0 20 40 60
km downstream
Date 2010

—O— 19Feb 11— 12Apr —<— 19Jul —z7— 23 Sep
—4— 04Mar —A— 10May - 09Aug —@— 08 Nov
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River water and LMWL

I
®<o|

82H /%o (VSMOW)

-100 |~

-150

LMWL y=7.7x+65

Precipitation 2010-2013
weighted mean precipitation (3,) Qél

Wiesent River 2010 ﬁ

-20

[}
® GeoZentrum
© ‘ Nordbayern

-15 -10 -5 0

5180 /%0 (VSMOW)

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

FRIEDRICH-ALEXANDER
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Solenzara River, Corsica

Isotope hydrology of the

ISLAND OF CORSICA
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Sampling locations

= Paleoclimate study on tree
rings of our institute

= Accompanying water
sampling from 2003 to 2009

el o = 210 surface water samples
9155 Y iy el = |sotope analysis performed at
: b Tlbingen, Erlangen and
Hanover

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

samples:
@ setA 2003
@ setC,2003
O setD, 2004
O setE, 2005
@ setF, 2005
@ setG, 2005
© setH, 2006
O setl, 2006
@ setJ, 2007
@ setl, 2007
© setM+N, 2008
@ setO, 2009
.. ®o 0 10 20 - = =
[ —] — - =
km — —— o —
@ GeoZentrum #*ss drainage divide van Geldern et al. (2014) == == == FRIEDRICH-ALEXANDER
= e == = UNIVERSITAT
= - = )
= & '="== ERLANGEN-NURNBERG
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From streams to the LMWL

82H in %o (V-SMOW)

————es streams _|

—=-{—-=- springs
—QO— lakes
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5186

8 -6 4
in %o (V-SMOW)

8?H / %o (V-SMOW)

-10 | | | |
springs
y=76x+7.9 Py
230 7 -
7
7
7
.7 lakes

y=55x-10.5

50 —
Op
-70 — (-8.8 %o/ -59 %o) ]
90 | | | |
-12 -10 -8 -6 -4 -2

5180 /%o (V-SMOW)

van Geldern et al. (2014)
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Altitude effect

2 | | | | | | | | | | | |
B -<-- 2006 1 [ -O-- 2007 A -A- 2008 A
4 - -0.17 %o/100 m (= 0.69) o |~ -0.17 %o/100 m (¥ = 0.65) o |~ -0.18 %0/100 m (¥ =0.68) —
— i 1 F 11 A h
s o 18 JL R _
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12 |- i - = —
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Latitude and climatic effects

0 I I I I I I I I I I I I I
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Corsica isotope map from river water data
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Klingengraben spring, Nuremberg

Stable isotopes and

PALEOWATERS
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Nuremberg

Wiirzburg

Ansbach Nuremberg

Lake Constance

Erlangen

sandstein

v

N

Benker- AV'Q-
Qv

(=]

100 mi

100 km

e
® GeoZentrum
) ’ Nordbayern

Tiefer Brunnen, Nuremberg Castle
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Hydrogeology

EUROPEAN THICK-
SYSTEM | LITHOSTRA- | GEQLOCIC | sympoL | NESS [HYDROGEOLOGIC
TIGRAPHY [m]
Quaternay Pleistocene sand and gravel gG_N 0-30 Aquifer la
Sandstein- | Byrgssandstein kmB ~90
keuper
Coburger Sandstein kmC ~15 AqUifer Ib
Blasensandstein kmBL ~25
Triassi Keuper -
riassic Group Lehrbergschichten kmL ~30
Schilfsandstein kmS 4-30
Estherienschichten kmE 20-30
Gips-
keuper | Benkersandstein kmBE ~90 Aquifer Il
Lettenkohlenkeuper Ku 20 van Geldern et al. (2014)
sw NE
® (vawy
| kmB
350 - kmBL gG_N | landfill gG_N kmB-Basisletten— kmp 350
% kL":l'_' — kmL km(
g 250 250
£ kmBE
kmBE kmBE ke
150 Irn0 T T T T T T T T T T T T T T T T T T T T T T T 150
0 2 4 6 8 10 12
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distance /km

I confining unit ®

fault
spring

———— fault (assumed)
well
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Paleowaters

0 I I -55
LMWL
y =(7.740.1)x + (6.5+0.8)
7 =0.99 L
il -60
< 50 —
5 Z 6
= Q 65
5 =
N
3 >
S I 70
-100 I~ — “
+ monthly mean
¢ weighted mean
‘ 2010-2013 -75
’ — LMWL /]
- - = 95% prediction \
a interval (PI) \ P
-150 | | | -80 1 ] ] ]
-20 -15 -10 -5 0 -11.0 -10.5 -10.0 9.5 -9.0 -8.5
5"%0/%o (VSMOW) 5180 /%, (VSMOW)
van Geldern et al. (2014)
Y ®e
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Radiocarbon dating of deep aquifer

Table 3
Radiocarbon ages for different correction models. Ages are in years BP rounded to
100 years.
Well 4 Well 4
(sampling A) (sampling B)
Uncorrected 14C—years 26,000 27,500
Vogel (1970) 24,700 26,100
Pearson and Hanshaw (1970)* 21,200 23,400

3 pH = 6.5, pCO,(soil air) = 107 atm, 6'3C(soil air) = -23%.,
6'3C(carbonate) = 0%.

= Stable isotopes of the deep aquifer are depleted in 80/2H

= 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

©
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) ‘ Nordbayern
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45 km offshore Atlantic City, NJ

New Jersey Shallow Shelf

COASTAL AQUIFERS

FRIEDRICH-ALEXANDER
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|IODP 313 Drilling Site

MSP L/B Kayd

o

Drill sites

@ |ODP Exp. 313

O Offshore ODP Leg 174A
40° v Offshore ODP Leg 150
Onshore ODP Leg 150X

N Onshore ODP Leg 174AX
AMCOR
4 radiocarbon dated
(McAuley et al. 2001)
9 New
*Mott Jersey
Millville +
39° - %
e Delmarva
28 Peninsula
L
Zd
Bethany
Beach 3
y
) 6008
- 4 < 2 ¢ /
. 0, (bl B/
f'% \ o /
* 1
77°W 76° 75° 74° 73° 72°
van Geldern et al. (2013)
Photo: ECORD
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Submarine fresh water

DISTANCE IN KILOMETERS
80 60 40 20 0 20 40 60 80 100 120 140 160 180
- T N T T T T T T T T T T

200
1

fresh water

200

msl O -'.-_

MEAN SEA LEVEL

200+

CHLORIDE (g/kg)

DEPTH IN METERS

Hathaway et al. (1979) NW

ice sheet
before IODP 313 .
= Paelowater recharged !
during the Pleistocene v
= from melt waters below v ¢
ice sheets (LGM) LV’
B N Bedr;ck

Fresh water lens known

since 1970s

Simple geometry assumed
All hydrogeological models
base on these assumptions

well site

Continental Shelf

Co fining Unigs

old formation Water

SE

sea-level low stand

Continental

Slope
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Stable isotopes

MO0027A Chloride [mmol/L] 5180 [%0 VSMOW] M0029A Chloride [mmol/L] 5180 [%o VSMOW]
mbsf Unit 0O 200 400 600 -8 -6 -4 -2 0 mbsf  Unit 0 400 800 8 6 -4 -2 0
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van Geldern et al. (2013)

FRIEDRICH-ALEXANDER
UNIVERSITAT _
== ERLANGEN-NURNBERG

e
o GeoZentrum
&) ' Nordbayern




Water origin

10 T ' '
+ River water NJ (Coplen and Kendall, 2001)

O Onshore groundwater NJ (Brown, 2005)
Of @ Offshore seawater NJ shelf (this study)
A Drilling mud IODP Exp. 313 (this study)

-10

-20 — LMWL New Jersey ,/
y=6.9x+6.6 , 4

§2H [VSMOW]

.80 | | |
-6 -4
5180 [VSMOW]
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8%H [%0 VSMOW]

10

-10

+ MO0029A (0 to 340 mbsf)
A MO0027A (0 to 415 mbsf)

| O] average river water NJ
Q modern seawater NJ shelf

modern
meteoric recharge

_50‘/\//

-60

I
/) Pleistocene recharge
with low isotope values

eMwL 7

>/

R4
modern

segwaterw
,

s
,

7/

-8 -6

4 -2
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van Geldern et al. (2013)
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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 recharaed durina similar conditions

Recharge

C  cCoastine QR
Vv \ \
et L 1 VA

that today

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

@
® GeoZentrum

@] ‘ Nordbayern

_______________

Continental
Slope

A
A Bedrock

van Geldern et al. (2013) — =
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' GLOBA!

_RIVERS OBSERVATORY

PARTICULATE DISSOLVED

W

Global Network of Isotopes in Rivers

GNIR3 AND
GLOBAL RIVERS OBSERVATORY
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Global discharge data

www.globalrivers.org

e ! ¢ | ' ! /! /[ [ |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

Data from GRDC (BfG Koblenz)
Animation: B. Peucker-Ehrenbrink (WHOI)
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GNIR® — Rivers worldwide Y

= 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
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Summary

Stable isotopes in hydrology
= are the geochemical fingerprint of the water molecule

® rivers integrate signals from an entire region and transport them

carry information about the impact
¢ of climate change
¢ of anthropogenic induced changes of ecosystems

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

NN

help to monitor these changes and investigate the reasons
identify paleo-climatic conditions through preserved paleowaters

allows to trace water along its journey from precipitation to the sea
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= try to understand the regional hydro(geo)logical system for reliable results
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Surface water — groundwater interaction
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= Principle hydraulic conditions
® Infiltration of stream water into groundwater =» loosing stream
¢ Exfiltration of groundwater into stream =» gaining stream

= Potential thread

¢ Infiltration of sewage into drinking water wells via
surface water — groundwater interaction
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Study Site
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= 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)
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2D transect parallel to flow lines
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= Comparative geochemical tracer analyses over 5 months
® Stable isotopes (6°H and §'80)
® Artificial sweetener Acesulfam K (CgHgKN,O4S,)
® (X-ray contrast media (lomeprol) and metabolites)

= Numerical flow (MODFLOW) and transport (MT3DMS) simulatio
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Stable isotopes in precipitation
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580 in %o vs. VSMOW

5180 in %o vs. VSMOW
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Stable isotopes events

GWM 2¢
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= Stable 680 value in
groundwater

= Precipitation events
traced in stream water
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5180 in %o vs. VSMOW
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Stable isotopes
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= Stable 680 value in
groundwater

= Precipitation events
traced in stream water
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