Chemische Methoden

Elemente und Elementgruppen



Alkali- & Erdalkalimetalle

Stark elektropositiv, geringe lonisierungenergie,
reaktiv, bilden ionische Verbindungen
Oxide sind basisch
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Alkali- & Erdalkalimetalle: lonische Verbindungen

lonenbindung zwischen Alkalimetallen und Elementen, die rechts im PSE
stehen, den Nichtmetallen. Natriumchlorid klassischer Fall der lonenbindung
Na: e~ Donator (wird zu Kation), Nichtmetall (z.B. Cl) e~ Akzeptor (wird zu

Anion)
1 + —
Die lonenbindung ist elektrostatischer Natur aber Na 3s* — Na" +e [NE]
nicht orientiert bzw. nicht gerichtet Cl 3523[35 + e — CI [AI’]
Sodium atom Chlorine atom

(1 electron in outer shell) (7 electrons in outer shell)
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http://de.wikipedia.org/wiki/Natriumchlorid

Alkali- & Erdalkalimetalle

Hohe Loslichkeiten im Meerwasser
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Radioaktive Alkalimetalle

Von grol3er Bedeutung sind “°K und 8’Rb
Beide Isotope weisen grol3e Halbwertszeiten
auf (1.25 bzw. 48.8 Ga) und sind daher
geeignet Erdalter zu bestimmen -
isotopische Altersdatierung, Geochronologie
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Wasserstoff (H)

H verhalt sich nicht wie die anderen Alkalimetalle (besitzt z.B. eine viel
hohere lonisierungsenergie und keine Metalleigenschaften

Geowissenschaftlich wichtig als OH- (in wasserhaltigen Mineralen wie
Glimmern) und als Wassermolekul (H,O)

Elementarer Wasserstoff besteht aus den beiden stabilen isotopen *H
(99.984%) und °H (0.016%) bzw. D (Deuterium).
Ein drittes Isotop, Tritium, ist radioaktiv

The Three Isotopes of Hydrogen

. Proton O Neutron * Electron

1H 2H 3JH
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Tritium — ein hydrologischer Tracer

Bomb Tritium

Most of the tritium in the world today was produced by
atmospheric testing of nuclear devices that began in 1952
and reached a maximum in 1963/1964.

The bulk of this tritium was released in the northern
hemisphere, and entered the oceans.

bomb spike
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Tritium dating

Tritium forms in the atmosphere by the interaction of 1N with
cosmic-ray neutrons:

14N + 1n 9 12C _|_3H

Tritium rapidly combines with oxygen, forming water (HTO).

Then it mixes with all other water

Tritium decays to Helium-3; T, = 12.3 years

Low activity ~1 part in 108 (varies by region)
Used to trace water sources; age of ,recent* materials

Sources directly fed by rainwater will contain the same tritium
levels as rainwater



Tritium /He age

3He lost to

The tritium/3He age is an apparent i

age A A B A A
Advantage: It is independent of

the initial tritium concentration of

the water sample.
Potential problem: tritium/3He age

Is affected by mixing and

dispersion it > Helm:3

3He accumulates
after parcel is
removed

from surface



Tritium dating
Dating of ground waters

- 4[:”:] _I LI
Assumptions: -
(1) tritium of water was in equilibrium with 330 F
atmospheric levels za00 E
(2) decrease in tritium levels is only due = -
to radioactive decay S
L C
I 200 b
:T: n
3H,0 w150 |
MI-E -
100 F
so b
Possible to determine how long [
it has taken for ground-water to ¢ D'

flow through the aquifer from the _

recharge zone to the area of Distance from Danube (km:‘

interest
! Location of the mid-1960s bomb

peak provides information on the
flow velocity

3H ===3 *He

3H/3He age is defined as the time elapsed since
the water was isolated from the atmosphere



Erdalkalimetalle, Leichte Elemente
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Fe-Mg Austausch

e : , Erdmantelgestein (grin) in
Mg?* hat ahnlichen lonenradius wie Fe?* A A - g

=

Basaltlava

Stom

Eisen-Magnesium Minerale wie Olivin (s.
Abbildungen unten) oder Pyroxen zeigen
vollstandige Mischkristallbildung
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Erdmantel besteht aus Peridotit, der wiederum cg © T - ;

zu ca. 60% aus Mg-reichen Olivin Composition Fo Fe
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Fe-Mg Austausch zwischen Mineralen

Partioning of Fe, Mg with Temperature:
The Garnet-Biotite Geothermometer

Fe, Mg have similar ionic radii, therefore volume change small

: b. T»800C
Ko = (Mg/Fe)./(Mg/Fe),;,

ALO

In Ky = 0.782 — (2089 + 0.0096P)/T
weak sensitivity to P
T = (2089 + 0.0096P)/(0.782 - In Ky)

Ll e o

Fe3AlS130,; + KMg3AlS130,0(0H); = Mg;3Al,S1305 + KFe3AlS130,0(0OH),
almandine phlogopite pyrope annite



Fe-Mg Zahl

Wichtiger Gesteinsparameter

mol M g**
molM g°>* + mol Fe?t

Mg =

Mg = 4ﬂ32ﬂf§g
44}32*” O+ HQEFEEGE,(T::!ME}

Oxid
G o Trachyt | Phonelith | Granit | Granediorit | Andesit | Diorit | Basalt | Basanit | N-MORB | Inselbogentholeiit | Boninit = Nephelinit | Harzburgit A MORB-Pyrolith | Lherzolith | Dunit
ew. /Yo
SiO9 62,31 57,43 71,84 669 587 58,34 | 4997 |4516 50,35 49,00 53,00 41,81 43,73 44 74 44 16 41,03
Fes05 | 3,04 2,85 1,22 1,40 3,3 2,54 | 385 4,02 5,64 6,0
FeQ 2,33 2,07 1,65 2,76 409 4099 | 724 7,85 11,30 9,79 7,54 6,35 7,09 7,55 8,14 6,26
MgO 0,94 1,09 0,72 1,76 3,37 377 6,84 87 8,65 11,62 13,08 6,58 36,34 39,57 41,05 51,88

Mg# 028 0233 0,36 048 050 052 058 062 083 0,72 079 082 0,86 0,92 0,92 0,95



Mg/Ca-Verhaltnisse als Temperaturproxies

* Einbau von Mg in Calcit (CaCO,) =
Diadochie

 Mg/Ca Verhaltnis in Foraminiferen ist
temperaturabhangig
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Mg/Ca-Verhaltnisse als Tempera

* Einbau von Mg in Calcit (CaCO,) =
Diadochie

 Mg/Ca Verhaltnis in Foraminiferen ist

temperaturabhangig

Laborkulturen
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Mg/Ca-Verhaltnisse als Temperaturproxies

* Einbau von Mg in Calcit (CaCO,) = A=

Diadochie

 Mg/Ca Verhaltnis in Foraminiferen ist

temperaturabhangig

In der Ostlichen FramstralRe
dringt relativ warmes
Nordatlantikwasser in den
Arktischen Ozean ein (rote
Pfeile)

Spielhagen et al. (2011) Science,
331, 450-453
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Sr/Ca-Verhaltnisse in Muschelschalen als
proxie fur Hell-Dunkel Zyklus?
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Sr/Ca-Verhaltnisse in Muschelschalen als
proxie fur Hell-Dunkel Zyklus?
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“Knochenarbeit”

Die Physiologie fossiler Vertebraten

| ,clumped isotopes’ |

Climate + Body temperature Diet Dating
5180,,,| (6180, [13C-180 513C R 14C Diet
/ Diet Dating Provenace
PO, CO; §13C S15N 14C 534S

\//

Ca,,(PO,)s (OH), +

\\/
W

Collagen (aDNA)

AIAN
v
d%4Ca Lu Nd Sr U —(234U/238U
Biomineralisation l \ 230Th/234U
Diet 176 u/177Hf| |[143Nd/144Nd 873,-/863,-\Dating
Dating Diagenesis Provenace [Sr/Cal Growth rate
Diagenesis Provenance Mobility Diet Microbial attack

from Thomas Tutken, Mainz



Sr im Meerwasser

Sr isotope composition of the oceans is determined by the relative
contributions of Sr from river waters and hydrothermal sources

river water hydrothermal fluids
87Sr/86Sr =0.711 87Sr/86Sr = 0.703
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Sr-Isotopenentwicklung

THE EARTH

In Proportion

2900 km

Continental crust: 32-78 ppm Rb, 260-333 ppm Sr
Depleted mantle: 0.6 ppm Rb, 19.9 ppm Sr

87Sr/85Sr ratio of the crust is higher
than that of the mantle due to the
preferential partitioning of Rb into the
crust relative to Sr.

crust -~
crust
extracted e
O -
& Zo--777 depleted
time >




Sr im Meerwasser

Increase in the global ocean 8/Sr/86Sr ratio since India-Asia collision
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Lithium, Beryllium, Bor =

. 12 5.7 15.0 L
leicht und selten R\
Schragbeziehung im PSE |
zwischen
Li— Mg ‘"'"%He Relative Abundance 1
Be — Al H of the Chemical Elements
B — Sj «H in the Solar System e

Ist auf vergleichbare Atomradien
und ahnliche Ladungsdichten,
also ahnliches lonenpotential
zurlckzufihren

Wir erinnern uns:

Li, Be und B sind ungewdhnlich
selten auf der Erde und im
Sonnensystem

40 } 60
ATOMIC NUMBER



Lithium, Beryllium und Bor

inkompatibel, mobil und lithophil

werden uber Schmelzen und Fluide transportiert

Meerwasser: Quelle und Reservoir fur Li, B und Be
Kontinentale Kruste: Li in Glimmer, Bor in Turmalin und Be in ?

Tracer zur Erforschung geodynamischer Prozesse, lang- und
kurzzyklische Stoffkreislaufe (z.B. in Subduktionszonen), Palaoproxy

Isotopenfraktionierung (°Li/’Li, 1°B/B)

Be besitzt ein wichtiges cosmogenes Isotop (1°Be)




Bor Isotope als Palao-pH Proxie
-

Boron in ocean water
_ [B1=4.5ppm

| |

B(OH), B(OH),
Abundance(80%) Abundance(20%)

I i TR

B(OH); + H,0 = B(OH), + H* |t B,

[H+] [B(OH), ] ——

[B(OH),] . wom,

o8 [ [B(OH), ] ] N

[B(OH),]

"B(OH), + '"(BOH),” < '""B(OH); + ""B(OH),~

K = Gleichgewichtskonstante < 1, d.h. trigonale Spezies , : 85 9 95 10
ist isotopisch schwerer im Vergleich zur tetraedrisch e
koordinierten Spezies; Hemming & Hanson 1992, Geochimica et Cosmochimica Acta



Bor Isotope als Palao-pH proxy

N




Bor Isotope als Palao-pH Proxie

| | | | |
60 L _
L BOH), "]
50 |- __.-""- _
g 40 -....-.-.-;'.'.'.-::::-:: --------------------------- -
::: * B(OH), |
30 L £ = 20 OAJO _

¢ ‘_// modern marine

20 = % < Carbonates =

| | | | |
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pH (SW scale)

CaCO, + B(OH), €= Ca(HBO,) + HCO, + H,0
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Bor Isotope als Palao-pH proxy

Laboratory calibrations of marine carbonates

I
HEEN d shallow water corals

® © O planktic foraminifers

‘ inorganic carbonates

borate
I

pH (SWS)

8.5

MC-ICP-MS

S. pistillata (Krief et al. 2010)

Porites sp. (Krief et al. 2010)

0. universa (Honisch & Rae, unpubl.)

N-TIMS

P. cylindrica (Honisch et al. 2004)
Acropora sp. (Reynaud et al., 2004)
A. nobilis (Honisch et al. 2004)

G. sacculifer (Sanyal et al. 2001)
inorganic calcite (Sanyal et al. 2000)
0. universa (Sanyal et al. 1996)

Source: http://www.pmc.ucsc.edu/



Bor Isotope als Palao-pH proxy

R

AN i

planktic E
@ )
@ CaCO,+ B(OH),” €= Ca(HBO,) + HCO, +H,O

é 8B pH CO,

FES

Source: http://www.pmc.ucsc.edu/




Bor Isotope als Palao-pH proxy

CO,(atm) L%
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Source: http://www.pmc.ucsc.edu/



Bor Isotope als Palao-pH proxy
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pCO,
Source: Hemming & Honisch (2007)



Bor Isotope als Palao-pH proxy

Data from ODP site
668B, eastern
equatorial Atlantic
(sediment core)
with atmospheric
pCO2 variations
(Vostok ice core)
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partial pressure of CO,
(ppm)
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Hemming & Honisch (2007)



0-°0 (%o0)

Bor Isotope als Palao-pH proxy
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Nature Geoscience, 2011

Streuung der Mess-
werte durch 1B
Sekularvariation im
Meerwasser?

Zachos et al., Nature, 2008



Ubung — Alkalinitat und pH

H,COs0q) = H}

laq)

aH" .aHCO;3

+ H(:£)3_an}

=1 0—(}.—1

K, = -
‘ «H,CO;

aH™. r‘?(:()_%_

adHCO3

o — N L
H(JL)S[uq} o H(uq} +("(--)3(aq}

K, = =107

7

Berechnen sie das Verhaltnis Hydrogenkarbonationen (HCO;") zu
Karbonationen (CO,%) fir Gewdsser mit ph-Werten von 8, 9, 10

& 11 und zeichnen sie ein Diagramm mit den prozentualen
Anteilen der beiden lonenarten fir die verschiedenen pH-Werte

pH = -log10aH*

fir pH 8 (pH = -log10aH?*) gilt:

107.4CO5  1x107.4CO5

=2002CO7%

aHCO;3 =

10—1{].3

5x107™
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Li-, Be- und B-Kreislauf

Akkretionskeil Vulkanischer

Hydrothermale
Alteration marine Sedimente Bogen

Li-, Be-, B-
Stoffkreislauf:

Meerwasser =2
ozeanische Kruste =2
Subduktionszone 2>
Fluide =

Mantelkeil =
Schmelze 2>
Vulkanischer Bogen -
Verwitterung, Erosion -
Meerwasser

(hier schlief3t sich der
Kreislauf)

Abb. 1-1 Stoffkreislauf leichter Elemente (Li, Be, B) an Subduktionszonen (nach Bebout 1996)

Li-, Be-, B-Tragerphasen in Subduktionszonen: Tonminerale, Lawsonit, Omphazit, Phengit, Amphibol,
Chilorit, Chloritoid, Paragonit, Epidot, Serpentin, d.h. viele OH-haltige Minerale



Bor-Konzentrations- und Isotopenvariationen

Meerwasser wichtige
Quelle fur Bor

Alterierte ozeanische
Lithosphéhre mit hoher
Bor-Konzentration

In Subduktionszone
entwassern Bor-haltige
Fluide ->temperatur-
abhangige) B-lsotopen-
fraktionierung

Frontale Arc-Magmatite
mit hohen Bor-Gehalten

6MB = {[(llB/loB)sample/(llB/lOB)standard] '1} x 1000

™

8”8 4-+12

" fresh MORB
B: < 1.5 ppm
811B: -4

mantle
B: < 0.1 ppm
o1B: -10

Seawater oceanic sediments IAB
B: 4.6 ppm B: 50 - 200 ppm B: 35 ppm
511B: +40 d11B: -4 - +5 d11B: +5.9
altered oceanic crust
B: 20 - 250 ppm

Gradual reduction
of B and 8''B during
progressive metamorphism

B addition to

Quelle: GFzZ

in wassrigen Fluiden (T > 50°C) ist Bor trigonal koordiniert — angereichert an 1B



Bleiisotope — andere Methode andere Aussagen
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Discovery of cosmic-rays

Victor Hess
discovered the
,COSMIC rays” in
his balloon
voyages of
1911-1912
(received Nobel
Prize in physics
in 1936)

Libby introduced radiocarbon dating (**C) in 1947 (Nobel Prize in 1960)

Discovery of 19Be, "Be (1956-1957) Arnold (Chicago) Peters, Lal (Bombay)



Terrestrial cosmogenic isotopes

The “centre of mass” of many geoscience departments has
shifted from solid Earth subfields towards surface processes
(Bruce Watson, Elements 2009)
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Cockburn & Summerfield 2004

Davis et al. 2003: papers containing “U-Pb”
and “zircon” as key words
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Variation of production rate

Smoothed Sunspot Number
Monthly Averages
Cycle 20 Cycle 22 Cycle 23

C"ce 21 l

McMurdo, Antarctica, Neutron Monitor
Bartol Research Institute, University of Delaware
27-day Averages - data through September 2004

000
1960 1965 1970 1975 1980 1985 1990 1985 2000 2005
YEAR RP, October 2004

When the sun is active, we get fewer
cosmic rays here
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Teilchenanzahl je Energie dN/dE (/m?s sr GeV)

Energy of cosmic-rays

- , Components of
- 10 /m" min - .
' galactic cosmic-rays

87-89% protons
10-12% a-particles
1-2% electrons

1% heavier elements

5/m" Tag

1/m’ Jahr Secondary
' cosmic-rays

Pions = muons, neutrinos, y-rays
electrons
> positrons

65 /knt Jahr

e Particle colliders

i Tevatron|  LH Tevatron, Fermilab, Chicago, USA
I R IR I T R A, LHC, CERN, Geneva, Swizzerland
10 10" 10'® 10'7 10'® 10" 1020 102!

Energie (eV)



Cosmogenic isotopes

Major in-situ produced cosmogenic nuclides in terrestrial materials

3He 75 — 100 (olivine) stable O, Si, Al, Mg
10Be 5 — 7 (quartz) 1.5 x 106 O, Si, Al, C
14C 18 — 20 5730 C, 0

2INe 18 — 21 (quartz) stable Mg, Na, Si, Al
26 30 — 36 (quartz) 0.71 x 106 Si, Al

36Cl 8 — 10 (basalt) 0.30 x 10° Cl, K, Ca
53Mn ? 3.7 x 106 Fe

Cerling & Craig (1994) Annu. Rev. Earth Planet. Sci. 22

Major target minerals:

3He: olivine, pyroxene hornblende
10Be, 14C, ?INe, %%Al: quartz

36Cl: calcite, K-feldspar

Cosmogenic isotopes are produced in near surface
rocks by collisions of high energy neutrons and
muons with specific target elements in rocks and
minerals. All production rates scaled to sea-level
high latitude (>60°)
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Production rates

For stable nuclides (e.g. ?!Ne):
Co =Pt

C(o = conc. at surface
P 0 = production rate at surface

For radionuclides (%°Al, 1°Be):
Production at sealevel, high latitude C(o) = P(o)/K(l_e_M)

i = 6 =
cosmogenic nuclide /10" atoms g, :

2 3

Exposure time/ Ma

build-up of cosmogenic nuclides in case of no erosion



1OBe

10Be is produced by
reactions of cosmic ray
protons with N, and O, in
the upper atmosphere

Be is a particle reactive
element - becomes
concentrated in clay-
rich oceanic sediments

10Be then undergoes decay
to 1°B with a half-life of
about 1.5 Ma (long
enough to be subducted,

but quickly lost to mantle
systems)
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1OBe

vaolcana

Accreted prism

Subducted material
underplated

ediments

Subducted material
melted, underplated

Material returned
to mantle



10Be in arc lavas
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Measurement

1ON
DETECTOR

Accelerator mass spectrometer -

VELOCITY FILTER
MAGNETIC
LENS

HIGH-
LENS VOLTAGE
SOURCE

ION SOURCE

SLITS
—| SLITS STRIPPER

CHARGED TO
+ 2.5 MILLION VOLTS

SLITS /_ \ ; ELECTROSTATIC sSLITS
LENS LI TIIIITIIITITII I T I Igg LENS '_m_‘
e

1
¥ e ————
| J11 1311 1] l I I
e il Ned , BEAM-BENDING
MAGNE T
|= NEGATIVE IONS = |- POSITIVE IONS ==

Fig. 37. Principal components of an accelerator mass spectrometer. (After Hedges and Gowlett 1986)

AMS has a factor of a millon lower detection limit for 14C, 36Cl, 1°Be, 26Al compared to counting methods



How to determine production rates of TCN?

12.0 4 Brunhes | Matuyrama e
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..a""
4.0 Vs
are 2~
2.0 - B2+B (4)
TA
82414 (3)

200 400 GO0 BOD 1000 1200 1400
Car™ ar-ages [ka)

Production rate of 3He in olivine derived from 3 lava
flows dated by the 4°Ar/3°Ar technique at 152, 281
and 1350 ka (from Dunai & Wijbrans 2000).



Production rates

Nucleonic production profile with depth 1 10 100 1000
0. R S 1
P(d): ’
P(d) = P et ®
( ) ©) a0 ' . 200
P = production rate at surface = 120 : S
d = depth = 460 400 3
L = absorption length scale & 200 g
— _ 600 -
L = 160/p cm (p = overburden pressure) oap | *
280
800
320 ;
1 10 100 1000

Muclide concentration (x 10° atoms/g)

10Be concentration vs. depth after 100 ka
exposure calculated for nucleon production
(dashed line) and for combined nucleon and
muon production (solid curve) with a surface
production rate of 5.1 atoms g* a, a rock
density of 2.75 g cm3 and no erosion.




Production rates

Nucleonic production profile with depth . 10 100 1000
P(d):
P(d) = Ppet *

a0 200
P, = production rate at surface = 120 5
d = depth = g0 400 §
L = absorption length scale - g
L = 160/p cm (p = density of overburden) " Boa

280 f‘

’ 800
In situ cosmogenic isotopes are 320 - ' .
10 100 1000

produced near the surface of the
earth because the cosmic flux is
attenuated by rock at depths that
exceed 2-3 m.

Muclide concentration (x 10" atom s/g)

For nucleon and muon production (solid curve in fig.):

P(d) — P(O)e-d/LO + P(l)e-d/Ll+ P(z)e-d/L2+ P(S)e-d/L3



Production rates

Production profile with depth P(d):

P(d) = P et

P = production rate at surface

d = depth

L = absorption length scale

P(d) - P(O)e-d/LO + P(l)e-d/L1+ P(z)e-d/L2+ P(s)e-d/L3

0 0 25 50 75 100 0 25 50 75 100
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E 100} ° = » o 3
L2 L
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250) _j *He in Apatite ] ®He in Titanite & *He in Zircon o ?'Ne in Quartz ]
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Concentration (Matom/g)

Farley et al. (2006)



Ubung 1: Produktionsratenberechnung

23Na wird bei einer konstanten NeutronenfluRdichte von 1012
cm2 st in radioaktives *Na umgewandelt

Der Wirkungsquerschnitt beim Einfang thermischer Neutronen
(Neutroneneinfangsquerschnitt) fir diese Reaktion betragt 0.53
X 1024 cm? pro Atom

Wieviel #*Na Atome werden pro g Natrium und pro Sekunde
produziert?



Ubung 1: Produktionsratenberechnung

23Na wird bei einer konstanten NeutronenfluRdichte von 1012
cm2 st in radioaktives 2*Na umgewandelt: 22Na(n,y)?*Na

Der Wirkungsquerschnitts fir den Einfang thermischer
Neutronen (Neutroneneinfangsquerschnitt) flr diese Reaktion
betragt 0.53 x 10?4 cm? pro Atom

Wieviel #*Na Atome werden pro g Natrium und pro Sekunde
produziert?

Pro Sekunde werden 0.53 x 10%* x 102 = 0.53 x 1012

24Na Atome produziert



Ubung 1
In einer Sekunde werden 0.53 x 10?4 x 1012 = 0.53 x 1012

23Na Atome produziert

1Mol Na enthalt 6.023 x 10> Atome (Avogadro-Zahl)

Na hat das Atomgewicht 23 - Gewicht von 6.023 x 1073
Atomen entspricht also 23 g

- 0.53 x 1012 x 6.023 x 1073/ 23 = 1.387 x 1010 Atome ?*Na
werden pro Sekunde pro g Natrium produziert



Ubung 2: Berechnung der Probenmenge fir
Expositionsaltersbestimmung

10Be Produktionsrate in Quarz: 5 Atome pro Jahr

Geschatztes Alter der Oberflache 6000 Jahre
10Be Konzentration in Quarz?

Fur AMS Messung:
Gewilnschtes 1°Be/°Be-Verhaltnis: 5 x 10-14

gewlnschte Menge an (reinem) BeO: 0.5 mg

Vieviel g Quarz wird fur die Messung gebraucht?



Assuming no erosion....

...the exposure age can be determined using the following
equation:

In(1 - CA/P)
)

T = the length of irraditation (i.e., exposure age),
C = number of cosmogenically produced atoms
P = cosmogenic isotope production rate

A = decay constant



Production rates, considering erosion

C=P,/D

C = concentration of cosmogenic

nuclide

P = production rate

N\ = penetration length scale
D = denudation rate

Ny = [P(O)/(K + pe/Ly)]

Ny = concentration at surface
P = production rate at surface
A = decay constant

g= (constant) erosion rate

p = density

L, = attenuation length

3

Muclide concentration (x 10" atom/g)

8 M/
0 mMa
_._._,.-'"

0.1 mMa

1 miMa——

5 miMa
10 miMa—

) 0.5 1 1.5 z 2.5 3
Time (Ma)

Surface concentration of in-situ
cosmogenic stable isotope
(1°Be) for steady-state erosion
rates ranging from O to 10
m/Ma.



Exposure age dating and erosion

Assumptions:
 No inheritance of nuclide concentrations
e Steady state erosion or no erosion
e Simple exposure history (e.g. no shielding)
 Production rate can be constrained

Questions:
 EXposure age of a surface
 EXposure age of terraces (bedrock and deposits)
» Erosion rate of exposed bedrock
» Soll production rates
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The line is the isotopic trajectory of non-eroding
sample exposed continuously at the surface. Numbers
to right of curve are exposure ages.

Trajectory ends at saturation where in situ production
IS equal to decay. In reality, saturation is rarely
reached as nuclides are lost by surface erosion.

Nuclide cancentration [atamig)

26Al is produced six
times faster than 1°Be,
but 26Al decays more
quickly (half-life =
0.71 Ma) than 10 Be
(half-life = 1.5 Ma)

Long dashed curve: decay of
26A|

Short dashed curve: decay of
1OBe

Solid: 26Al/*%Be ratio
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26Al1/19Be

Banana plot 2/2
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[1°Be] x 10% atoms/gram (quartz)

Continuously exposed samples fall
on the curve connecting the open
circles labelled with exposure time
(same as in last figure)

Steadily eroding samples lie on the
lower curve connecting the labelled
steady-state erosion end points
(solid dots).

Dashed curves show the trajectory
of samples within the 1°Be
concentration vs. 26Al/1°Be space
for the given steady-state erosion
rates.

Samples that have been shielded will plot
below the “banana- window” i.e., below the
line of steady-state erosion



Burrial dating

Burrial dating plot

sheady erosion -,
"

O] TN jenpose | A mineral with no burial
5 f T 1 .
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For completely buried and shielded minerals, Y “‘ﬁr‘:
the 26Al/19Be decreases along a line parallel to '-.__-.'L S
the solid “"radioactive decay line". %Exﬁ

Measured 26Al/19Be ratio in a sample
determines the burial time, and can also be
used to calculate the pre-burial erosion rate.




Applications

. Dating Quaternary basalt volcanism
. Timing of landslides
. Tectonic displacement Exposure age

. Glaciers and ice-sheets dating

. Meteorite impacts

. Sedimentation rates
. Ground water dating
. (Sea water dating)

© 00 N OO O & WO DN P

. Age of landscapes
10. Erosion rates



1. Dating Quaternary volcanism

Radiocarbon dating (if charcoal in between)
or: cosmogenic 3He

it . - o \ ‘i _; e o

Lascar, N-Chile



2. Timing of landslides

A: After landslide, cosmic B: after boulder fall,

rays build up in the rocks cosmogenic isotopes build
exposed in the landslide up on the upper surface of
scar and on the surface of the boulder and in the scar
the deposit left behind




2. Timing of landslides

Surface rupture

.- T

La Conchita landslide (1995) California

Panoche Hills, California



2. Timing of landslides

Surface rupture

T




3. Tectonic displacement

dating of ancient earthquakes

Movement along fault planes
usually occurs during earthquakes.

Exposure ages increase from
bottom to top, and can cluster into
discrete groups or steps
representing the episodic nature of
faulting events.

The number and magnitude and
recurrence interval of the faulting
events which produced the scarp
can be determined.

g

(Zreda & Noller 1998, Science 282)



3. Tectonic displacement

2. Erdbeben

3. Erdbeben

Sparta fault, Greece

Oberkante Bruchstufe

Versatz 1

B i R s i i
Versatz 2

Al Y. 4.5 Kyr

4 2.8 Kyr

-8

0 1 2 3

[36CI atoms/g] x 105

Benedetti et al. 2002 Geophys. Res. Lett.



3. Tectonic displacement

Magnola fault, Apennines
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4. Glaciers and ice sheets

Pasterzenzunge, Grol3glockner (3798 m)

1900 2000

Assuming that boulders have been exposed
continuously since the retreat of the ice, the
glacial retreats can be dated



4. Glaciers and ice sheets

Morteratsch




4. Glaciers and ice sheets

a l|deal case
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Alter [Jahre]

4. Glaciers and ice sheets

Grimselpass, Schweiz

“—— former active ice surface
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5. Meteorite Iimpacts

Dating a hole in the ground

»
=

TRt e

The Barringer Meteorite Crater of the
Arizona desert.

49.2 + 1.7 ka, based on 1°Be and %Al
exposure age of samples from the crater
walls and ejecta blocks at the crater rim
(Nishiizumi et al. 1991).

49 + 0.7 ka, based on %¢Cl exposure age
of for dolomite ejecta on the crater rim
(Phillips et al. 1991).
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6. Sedimentation and growth rates

Hawall

155 150 145 140 135 130 12 120 115 110 105
Longitude ("W)

Manganese nodules



EE

6. Sedimentation rates

The down-core decrease of 1°Be/°Be yields

an average sedimentation rate of 145+ 1
m/Ma and a gap in sedimentation between
9.4 and 11.6 Ma

1BE 120

E

100 5

-
=]
sl

"Be/’Be [x 107
g

0.1

| ! ] . | i ] ' 1
Lomonossov Riicken
Sedimentationsrate: 14.5m/Myr

Sedimentationsllicke
~ 2.2 Myr

T
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T - 1 T °
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—
140
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160

Frank et al. 2008

| Arctic Coring Expedition 2004

http://www.eso.ecord.org/expeditions/302/302.htm




6. Growth rates

Manganese nodules
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Guichard et al. (1978) Nature 272



7. Ground water dating — 3¢Cl

Great Artesian Basin (Eastern Australia)

wasserdurchldssige Schicht
wasserundurchlédssige Schicht |

Grundwasserspiegel

Artesische
7 Quelle

Ndﬁ:hern b
Territory |

e e e e ﬁl ------ /, .'
\Oodnadaﬁa / Queensland &
EE.ake Eyre | ! Brisbane %
. .l'.-‘

South ~  iNewSouth
Australia 1 Wales

Collon et al. (2000)



7. Ground water dating — 3¢Cl

Great Artesian Basin (Eastern Australia)

i Alter (ky) R'\

It

A
o

a) 36Cl ground water dating (ages in 103 years)

Breitengrad, °S

[
o

b) reconstructed ground water flow directions

Breitengrad, °S
o

A
o

Langengrad, °O

Torgersen et al. (1991), Love et al. (2000)



8. Sea water dating — 14C

Great Ocean Conveyor

Great ocean conveyor belt

r :
Source: Brongiee, 1991, in Climate charga 1996, impacs, adaplations and miigatian of cimate change: seierifio-technical anabrses, comribution of warking group 2 to tha second assessmont reper afthe



8. Sea water dating — 4C

Great Ocean Conveyor

GreatOceanConveyoreelt:

The major
source of this
bottom water
is in the North
Atlantic

Carbon dioxide in the
atmosphere reacts with
carbonate ions in sea water
to form bicarbonate:

CO, + COz% + H,0 = 2HCO*

l4co,

mixed zone, in equilibrium with the atmosphere HCO3'

sinking deep

At high latitudes
surface sea
water becomes
denser as it
cools

T4 ___, 14y




9. Age of landscapes
Tropical inselbergs

Pedra Pintada (Painted rock), NE Brazil “Erosion so slow

that they may be
direct descendents
of Cenozoic and
perhaps Mesozoic
form” (C.R. Twidale)




9. Age of landscapes

Arid environments

Inselbergs in the central Namib desert: Atacama desert, Chile:
mean denudation rate of the order of 5 m/m.y. ~2 m/m.y. to <0.2 m/m.y.
(Cockburn et al., 1999) (Caffee, 2005)




9. Age of landscapes

Martian surface: 78 + 30 Ma (Farley et al. 2013 Science 24)

centimeters
0 20 40 60 80 100
—. __.__-_ -

centimeters
20 30 40 50 60




10. Erosion rates

How many years must a mountain exist
Before it is washed to the Sea?

The answer, my friend, is blowing in the wind...

Bob Dylan's song cited in:
Cerling and Craig (1994): Annu. Rev. Earth Planet. Sci 22: 273-317

..for geomorphologists the answer is provided
by cosmogenic isotopes...



10. Erosion rates

What processes regulate chemical weathering
and physical erosion?

What are the driving forces for
landscape denudation?

Climate?
Precipitation?
Tectonics?

or combination?

Does erosion drive weathering or does weathering drive erosion?
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Erosionsraten aus in situ- produzierten kosmogenen Nukliden

Sekundéare kosmische Strahlen
(MeV Neutronen, Myonen)
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10. Catchment wide denudation rates
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al. 2003)



10. Catchment wide denudation rates
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10. Catchment wide erosion rates
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10. Catchment wide erosion rates
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European midlands:

Higher denudation rates
as in Sri Lanka!

Quarternary tectonic
activity (uplift and rift
formation) in central
Europe

Ski Lanka: stable shield
area



10. Catchment wide erosion rates
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Swiss Alps:

Very high cosmogenic
denudation rates

River load
underestimates true
erosion rates

Reason: isostatic
rebound following
deglaciation



10. Catchment wide erosion rates
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the time it takes to erode the upper 0.6 m
of bedrock, or ca. 1.0 m of soll
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In order to avoid lithology-dependent effect only granitic catchments are shown



10. Catchment wide erosion rates

Cosmic rays Cosmic rays

Cosmogenic nuclide
production

Landslide
(non-steady erosion)

If production = export ediment storage in
for steady erosion, no decay
N=PL/e
M: Nuclide concentration
P : Average production rate
L: Cosmic ray penetration depth
(Afp = 60 cm)
g: Catchment-averaged erosion rate

Cosmogenic nuclide export
from the landscape

Granger & Schaller: Elements (2014)
,Nature does the averaging*



10. Catchment wide erosion rates
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Granger & Schaller: Elements (2014)
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10. Palaeo-erosion rates
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For completely buried and
shielded minerals, the
26Al/19Be decreases along
a line parallel to the solid
"radioactive decay line".

Measured 26Al/19Be ratio
In a sample determines
the burial time, and can
also be used to calculate
the pre-burial (or palaeo)
erosion rate.



10. Palaeo-erosion rates
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