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 Over 5% mass difference between 39K and 41K

 Large mass-dependent isotope fractionation?

RadioactiveRadioactive

Potassium isotope geochemistry

-1] x 103,   std = NIST SRM 3141a δ41K (‰) = [
(41K/39K)sample

(41K/39K)std



Large mass-dependent isotope fractionation?

Humayun & Clayton, 1995 Hu et al., 2018

δ41KEarth = 0 ± 0.5‰ 

Previous methods
Precision 0.5 ~ 1‰

New methods (since 2016)
Precision < 0.06‰

δ41KSeawater− δ41KRock = 0.6‰ 

Potassium isotope geochemistry



Collision cell  No HAr interference

“Single”-focusing

Wang and Jacobsen 2016 GCA

High-precision K isotope analysis

Precision 0.05‰ (2 SE)

IsoProbe MC-ICPMS



High-precision K isotope analysis

Nu Plasma II High-resolution MC-ICPMS

Major challenge: ArH interference

Hu et al., 2018 CG

Xu et al., 2019 CG

External precision < 0.06‰ (95% C.I.) 



2016 IsoProbe

2016 IsoProbe



2018 Nu Plasma II

2018 Neptune Plus



2019 Neptune Plus

2019 Nu Plasma II



2020 Nu Plasma 3



Multi-Collector- Inductively Coupled 

Plasma-Mass Spectrometry (MC-ICP-MS)

Company Brand Year

• VG Elemental: Plasma 54 1992

• Micromass: Iso-Plasmatrace 1996

• Nu Instruments: Nu Plasma 1997

• GV Micromass: IsoProbe 199?

• VG Elemental: Axiom 1998

• Nu Instruments Nu 1700 1999

• Thermal-Fisher: Neptune 2000

• Thermal-Fisher: Proteaus* 2015

• Nu Instruments Sapphire* 2018



How to assure high accuracy during 

high-precision analysis?

数据要精确，更要准确，否则会自相矛盾



How to assure high accuracy during 

high-precision analysis

Step 1. analysis of pure standard by standard-bracketing method

You will get the highest precision (internal)

Step 2. put pure standards through column chemistry and analyse

the column cut. – test column chemistry. In theory, you 

should get similar precision as step 1.  

Step 3. doping experiments. Add matrix elements to pure 

standard to check the maximum tolerance of matrix 

elements – know how efficient your column chemistry 

needs to be.

Step-by-step instructions



How to assure high accuracy during 

high-precision analysis

Step 4. make synthetic solutions by mixing pure standard with 

matrix elements that match natural samples; put 

synthetic solutions through column chemistry. – test 

column chemistry for “natural samples” for precision 

and accuracy

Step 5. put a rock/mineral sample through column chemistry 

many times. – test column chemistry for “natural 

samples” with large amount of matrix elements that 

needs additional times of column chemistry

Step 6. put the same rock sample through many columns 

simultaneously – external precision



Step 8. Analyses of standard materials

• USGS standard materials (rock/mineral)

• IRMM standard materials (rock/mineral)

• Seawater 

• Others

Step 7. always process at least one standard together with 

unknown samples. – Long-term external precision 

based on this standard

How to assure high accuracy during 

high-precision analysis



Step 8. Analyses of standard materials

• USGS standard materials (rock/mineral)

• IRMM standard materials (rock/mineral)

• Seawater 

• Others

Step 7. always process at least one standard together with 

unknown samples. – Long-term external precision 

based on this standard

How to assure high accuracy during 

high-precision analysis
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The Moon - Satellite of the Earth

The Moon

• ¼ diameter of the Earth

• 1/100 mass of the Earth

• 3/5 density of the Earth



How did the Moon form?

Mars-size proto Moon

Proto Earth

Moon

Earth

Giant impact!
Hartmann and Davis 1975;Cameron and Ward 1976



• When did it happen?

• Where did the impactor come from?

Detailed questions on giant-impact theory

• What is the composition of the impactor? Similar to Earth

• Melting  magma ocean? Evaporation  gas? Or both?

• The source materials for the Moon: impactor or Earth’s mantle?

• How big is the impactor?

The nature of the impactor

What happened during the impact

• Well mixed between the impactor and proto-Earth?

• Open or close system i.e., anything lost to space?

After the impact: formation of the Moon and Earth

• Cool down  condensation collision growth Moon?

• Are all elements/isotopes condensated at the same time?



Giant-impact theory

 A mars-size impactor

 >40% of the Moon-forming material from the impactor

 Impactor formed beyond the snow line



Snow line: where H-compounds (e.g., H2O) solid

Snow line

It separates terrestrial planets from gaseous planets



The impactor should have different composition!

Mittlefehldet et al 2008

>40% of the Moon-forming material from the impactor

Taylor and McLennan

Moon
Moon vs. Earth

 Different bulk chemical composition

 Similar to Earth mantle 

 Identical O isotopic composition

The Moon inherited the impactor has different compositions



The slope is D17O

Mittlefehldet et al 2008

The Moon/Earth have identical D17O!

The Moon and Earth have identical O isotopic composition 

but different from most of other planetary bodies

Earth and Moon



Zhang et al. 2012

The Moon/Earth have identical Ti isotopic ratios!



Identical isotopic ratios for other elements!

Cond. T. = at which elements condensate from solar nebula.   

Refractory elements = high cond. T  

Volatile elements = low cond. T.



Pahlevan and Stevenson 2007 EPSL

Well-mixed between impactor and Earth

Giant impact melt whole Earth mantle and impactor

Form a magma disk and silicate vapor atmosphere 

Isotopes were well mixed before Moon formation



Do not work well for refractory elements

Refractory elements are the last to evaporate during impact 

and the first to condensate during moon formation

Moderately volatile elements (e.g., Cr, Mg and Fe) will be 

mixed within weeks. 

Refractory elements (e.g., Ti, W) will be mixed within 30 years

The identical isotopic compositions of refractory elements 

require a long cooling time after the impact, which may not work



New Giant-impact models

Small impactor theory: Cuk and Stewart 2012 Science

Moon formed from Earth’s mantle with 8% from impactor

Large impactor theory: Canup 2012 Science

More vigorous impact mixed the impactor and Moon 

with about 1 to 1 mass ratio

Halliday 2012



If the new theory works, then isotopes of all 

elements should be well-mixed

The Moon has a heavier Zn isotopic composition than Earth

i.e., light Zn isotopes were lost during the Moon formation

Zinc data are from Paniello et al 2012 Nature



Volatile elements are easier to 

lose during evaporation.

U

K

Taylor and McLennan

The Moon is also depleted in volatile elements!

Moon

68Zn

64Zn

66Zn

Same is true for light isotopes

Volatile elements were lost 

before Moon formation



K is also volatile, why no isotope fractionation?

Zinc data are from Paniello et al 2012 Nature



K is also volatile, why no isotope fractionation?

Wang and Jacobsen 2016 Nature



K is also volatile, why no isotope fractionation?

Wang and Jacobsen 2016 Nature

The Moon is indeed enriched in heavy K isotopes!



More evidence…



Then isotopes of elements more volatile than K 

are expected to be fractionated

Indeed, volatile elements are isotopically fractionated 

between the Earth and Moon



Summary

 Studies of non-traditional isotopes of refractory elements 

(W, Ti, Fe, Mg) show identical compositions, suggesting the 

Moon formed from an Earth-like composition 

 Giant-impact theories have to explain these isotopic 

signatures. Both recent models suggest a more significant 

proportion of Earth’s mantle into the lunar formation 

 Isotope fractionation of volatile elements (K, Ga, Zn, 

Rb) between the Earth and Moon suggests loss of 

volatile elements during giant impact

 More detailed isotopic studies and modeling are needed 

to better understand the origins of the Moon



茶歇
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Mantle heterogeneity produced by subduction

Subduction zones are where oceanic plates dive into the 

mantle and form juvenile continental crust

Winter, J.  Introduction to Igneous & Metamorphic Petrology



Subduction zone processes

Inputs

Oceanic crust

Sediments

Basalt

Oceanic mantle

Mantle

Crust
Peridotite

Crust

Arc magmas

Outputs

Residual 
slab

Eclogite

Oceanic slab



Main objectives

Mantle

Crust

1. What processes control the compositional variation in subducting slab?

2. How does slab signature transfer to: 

 Arc lavas 

 Mantle-derived magmas



WeatheringOcean
K: 400 ppm

Mantle
K: 260 ppm

Continental crust
K: 15, 000 ppm

Broecker & Peng, 1982; Su, 2002; 

Palme and O’Neil, 2014; Rudnick & Gao, 2014 

• Global K cycle is important for understanding Earth’s dynamics 

because K is abundant in oceans, crust, mantle and maybe core.

• K activity is closely linked to global carbon and water cycling via 

continental weathering, oceanic subduction, and arc magmatism.

Melting

Oceanic crust
K: 1000 ppm

K+, sediments

Global potassium cycle

A major heat source, helping 

to power mantle dynamics



Continental crust

δ41K= −0.44‰

Potassium isotope geochemistry

Hille et al., 2019 SB; Wang et al., 2020 ACS Huang et al. 2020 GCA

Ocean

δ41K= +0.14‰



Continental weathering? 

Altered 

oceanic 

crust

Sediments

Oceanic crust should have highly variable δ41K 

Interaction with oceanic crust? 

Ocean

δ41K= +0.14‰

Continental crust

δ41K= −0.44‰

Potassium isotope geochemistry



Outline

1. K isotopic compositions of subducting slabs 

2. Arc magmas

3. Mantle-derived magmas

Mantle

OutputsInputs

Residual slab



AOC

Sediments

Plank, 2014

 Altered Oceanic Crust in front of Mariana trench

Reference site, the oldest (~170 Ma) AOC drilled, extensive alteration

 Bulk sediments from 11 trenches

Compositions of GLOSS (major, trace element, Nd-Hf-Li-Mg isotopes, etc.)

GLObal Subducting Sediments (Plank, 2014)

Samples



Results: altered oceanic crust

• AOC samples are enriched in K and highly heterogeneous

• AOC samples preferentially take up light K from seawater

K enrichment

Hu et al., submitted



Results: marine sediments

• Sediments are highly heterogeneous

• Both lighter and heavier than the mantle

• All isotopically lighter than seawater

Mantle Ocean

Mantle: Tuller-Ross et al., 2019
Seawater: Hille et al., 2019

Wang et al. 2020

Sediments: Hu et al., submitted



Controls on sediment δ41K

• Chemical weathering forms sediments with low δ41K

• Consistent with observations from weathering profile

Teng et al., 2020 GCA

= clay/feldspar ratio

Symbols are coded by locations

Hu et al., submitted



(Santiago Ramos et al., 2018)

Predicted authigenic clay δ41K: 

0.53 to 2.72‰  

Pore-fluid profile

Mantle

Controls on sediment δ41K

Low-δ41K sediments: clay authigenesis is also important



Implication for oceanic K cycle

Why are the oceans isotopically heavier than rivers?

Oceans: Hille et al., 2019
Wang et al., 2020

Rivers: Lee et al., 2018
Li et al., 2019

Teng et al., 2020
Crust: Huang et al., 2019



Implication for oceanic K cycle

Seawater δ41K reflects the balance between K input and output

Isotopically light outputs are required

Altered oceanic crustAuthigenic clays

Seawater is heavier than riverine inputs

Hu et al., submitted



A brief summary

Altered oceanic crust has heterogeneous and overall slightly 

heavy K isotopic composition than the mantle

Hu et al., submitted



A brief summary

Marine sediment has heterogeneous and overall slightly lighter 

K isotopic composition than the mantle

Hu et al., submitted



A brief summary

Both altered basalt and marine sediment are highly enriched in 

K when compared to the mantle

Hu et al., submitted



Outline

1. K isotopic compositions of subducting slabs 

2. Arc magmas

3. Mantle-derived magmas

Mantle

OutputsInputs

Residual slab



A compositional end-member of global island arcs 

Teng et al., 2016

Samples: Lesser Antilles arc

Hu et al., submitted



Extremely light K isotopic composition of subducting sediments

Samples: Lesser Antilles arc

Hu et al., submitted



• Subduction of Atlantic lithosphere 

beneath the Caribbean plate

• Orinoco river delivers highly 

weathered sediments to the 

Atlantic ocean

Caribbean 
plate

Modified from Labanieh et al., 2010 Plank, 2014

Geological settings
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Origins of Lesser Antilles arc lavas

Winter, J.  Introduction to Igneous & Metamorphic Petrology

Significant sedimentary inputs: Pb isotopes



Origins of Lesser Antilles arc lavas

Winter, J.  Introduction to Igneous & Metamorphic Petrology

Significant sedimentary inputs: Sr-Nd isotopes



Debates on origins of Lesser Antilles arc lavas

Where and how the sediment was incorporated into the lavas?

 Mantle wedge: sediment or its melt added in the mantle wedge  

 Arc crust: sediment was added in the  arc crust through 

mixing or AFC processes

 Mantle wedge: through fluids derived from the subducted slab 

in the mantle wedge 

 Potassium isotopic data can help to solve the debate

No, fluids should be heavy and can’t produce such low d41K



Mixing in the arc crust
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• Unrealistically high proportions of sediments (50%)

• Cannot reproduce radiogenic isotopic variations

Hu et al., submitted



Mixing in the mantle wedge
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Great tracer for subducted AOC vs. sediments

Hu et al., submitted



Great tracer for subducted AOC vs. sediments

Sun et al., 2020 GCA

• Continental basalts from Northeast China

• Radiogenic isotopes  recycled crusts in the source



Great tracer for subducted AOC vs. sediments

Sun et al., 2020 GCA

Crustal assimilation can’t explain the data due to unrealistic 

high crustal contribution



Great tracer for subducted AOC vs. sediments

Sun et al., 2020 GCA

• Altered crust: high d41K samples

• Sediments: low d41K samples



How about MORBs and OIBs?

Tuller-Ross et al., 2019 GCA

• Global MORBs and OIBs are homogenous

• Dehydration K loss during subduction?



Dehydration removes K from altered MORB

Liu et al., 2020 GCA

• Heavy K isotopes into fluids

• Light residue?  eclogites



Summary

• Altered oceanic crust has heterogeneous and overall 

slightly heavy K isotopic composition than the mantle

• Marine sediment has heterogeneous and overall 

slightly light K isotopic composition than the mantle

• K isotopic data indicate a sedimentary input in the 

mantle wedge is responsible for the Lesser Antilles 

arc lava

• Continental basalts from Northeast China reflect 

inputs from both subducted AOC and sediments
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The importance of continental weathering

Regulates the global 

CO2 cycle

Controls composition of 

rivers and oceans

Modifies compositions 

of the continental crust



K isotope fractionation during granite weathering
W
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Kaolinite is a great index of degree of weathering

Teng et al. 2020 GCA



K2O content is controlled by K-
feldspar in weathered residue

Teng et al. 2020 GCA

K isotope fractionation during granite weathering



K2O content is controlled by K-
feldspar in weathered residue

Teng et al. 2020 GCA

d41K is controlled by the 
degree of chemical weathering

Heavy K isotopes prefer rivers  
to saprolites during weathering

K isotope fractionation during granite weathering



 Columbia River basalts

 Two drilling cores

Liu et al., 2013 GCA
Chen et al. 2020 EPSL

K isotope fractionation during basalt weathering



 Columbia River basalts

 Two drilling cores

Liu et al., 2013 GCA
Chen et al. 2020 EPSL

K isotope fractionation during basalt weathering

 K2O is lost during 
weathering

 Heavy isotopes lost to 
the hydrosphere



Li et al. 2019 PNAS

K isotope fractionation in riverine system

Dissolved load is heavier than rocks



K isotopes: Index of chemical weathering?

Li et al. 2019 PNAS

K isotopic composition of river water  weathering intensity

K isotopic composition of river water  seawater

K isotopic composition of seawater  weathering intensity



K isotopes: Index of chemical weathering?

Evaporates  seawater in the deep time?

Li et al. 2017 GCA

KCl = seawater since no fractionation at room temperature
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Biological/Medical/Others



Future Directions

Fractionation factors: 
 Theoretical calculation

 Natural samples

 Lab experiments



Future Directions

 Reservoirs/Processes

 Technique: LA-Collision Cell-MC-ICPMS

 Applications: 
o geochemical 

o cosmochemical

o biological

o medical
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