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| Earth time periods

Non-linear time axis

Radiometric age dating is 
used to date materials such as 
for example rocks, minerals, or 
historic artefacts by comparing 
the abundance of naturally 
occurring radioactive isotopes 
and their decay products.

Scheme © Ray Troll
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| Options for radiometric dating

Direct age dating

Dating of inclusions

Dating of ‘nearby’ phase

Radiometric 

dating

• Radiocarbon: Pearls etc.
• Sapphires
• Grossular garnets
• ….

• Various inclusions
(mostly zircon)

• Ash layer in soil
• Rock-forming minerals
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| Reasons for radiometric dating in gemmology

Dating of geological event(s) and history, e.g. granite intrusion related to gem-deposit.

sample location and geological context exactly known!

Dating of mineral formation, e.g. zircon in mineral/gemstone.

may support origin determination if sample location is not known!

Dating to support historic provenance, e.g. pearls in historic jewellery.

to check if the documented provenance is reliable or not?

Dating as an additional information for clients.

offers the client an intriguing fact for story-telling about a gemstone!
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| Radiometric dating in gemmology

• Age dating is not new in gemmology:
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235Th to 208Pb
10 million - 4.6 billion +

235U to 207Pb
10 million - 4.6 billion +

238U to 206Pb
10 million - 4.6 billion +

Fission track dating
100‘000 - 2 billion years

87Rb to 87Sr
10 million - 4.6 billion +

40K to 40Ar
10‘000 - 3 billion years

234U to 230Th
1000 – 300‘000 years

14C to 14N
0 – 50‘000 years

10 1001 1k 10k 100k 1m 10m 100m 1b 10b

Age (years; logarithmic scale)

Age of Earth 4.6 billion

| Radiometric systems
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| Radiometric systems

Principle: 
• An instable (radioactive) isotope decays into a stable isotope (e.g. 238U to 206Pb).
• Often through a complex cascade of intermediate steps (alpha and beta-decays)
• Each radioactive decay path has a unique constant ‘half-life’.
• Ratio of instable (radioactive) to stable isotope is used for radiometric age dating.

At SSEF, we mainly use three decay mechanisms:

•
14C to 14N: radiocarbon dating:

e.g. for dating biogenic or archaeological samples of ‘young’ age (< 60’000 years).

• U-Pb dating with two routes: 238U to 206Pb and 235U to 207Pb.
well established in geoscience for dating of minerals (gems) and rocks.

•
232Th-208Pb dating:

well established in geoscience for dating of minerals (gems) and rocks.

• Further geochronometers, such as for example 87Sr-87Rb are used so far only on specific 
research samples but are explored further on gems.
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| Radiocarbon cycle

•
14C formation and decay to 14N 

Carbon has three main isotopes: 
12C (stable; 98.9%), 
13C (stable; 1.06%), 

and radiocarbon 14C (instable; 1 ppt).

Cosmic rays (energy particles) 
interacting with stratosphere 

constantly form neutrons

ejection of proton

ejection of electron

ejection of antineutrinocharge

mass

Radiocarbon Radiocarbon

Beta-decay
Half-life 5730 years

Scheme modified from Chemistry Libretexts
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| Radiocarbon cycle

Scheme 
M.S. Krzemnicki, SSEF
using background illustration 
from www.fisheriesireland.ie

• Carbon needs to be present 
as main element in sample.

• Half-life of radiocarbon 14C is 
5730 years.

• Reliable dating only up to 
about 50’000 years ago.

• Dating method for rather 
“young” samples (e.g. pearls, 
corals, ivory).
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| Dating plots:

• Radiocarbon plot

Pb*: radiogenic Pb

The grey histogram shows 
possible ages for the sample 
(the higher the histogram the 
more likely that age is).
The results of calibration are 
often given as an age range. 

In this case, we might say that 
we could be 95% sure that the 
sample comes from between 
1375 cal BC and 1129 cal BC.
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measured 
14C concentration ± 1 STD

Calendar years (derived from tree ring data)

radiocarbon measurements 
on the tree rings (± 1 STD) of 
known calibrated age. 

Scheme from Oxford University, slightly modified
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| U-Pb and Th-Pb decay

• Radioactive decay through complex alpha (4He) and beta (e-) decay

235U to 207Pb decay
Scheme from Berkeley University; 

slightly modified

4He
2

•
238U to 206Pb

Half-life: 4.468 billion years

•
235U to 207Pb

Half-life: 0.704 billion years

•
232Th to 208Pb

Half-life: 14.050 billion years
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| Dating plots:

• The Concordia diagram for U-Pb radiometric dating

Pb*: radiogenic Pb

Discordant cord due to Pb loss

crystallisation age
(e.g. 2700 ma)

metamorphic age (e.g. 140 Ma)

4 zircon analyses

Schemes from Cornell University, USA, slightly modified
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| Special case: Detrital zircon inclusion (ZrSiO4)

• Common U-Th-bearing accessory in igneous rocks, which form the 
main proto-sources of siliclastic sediments and many metamorphites.

• Very durable; undergoes minimal abrasion and chemical alteration.

• Often reintegrated in rocks and minerals (so-called detrital zircons)

• Considered ‘time capsule’ carrying information about its igneous and 
metamorphic history.

• Zircon ages often open window to protogenetic events before the 
formation of the gemstone itself during a later metamorphic event.

• Often narrow and complex zoning: often ‘mixed ages’ (old and young 
zones ablated simultaneously with normal ablation spot (50-100 µm).

• For more detailed age dating of detrital zircon, a highly focused beam 
technique (e.g. SF-MS or Ion-beam) is required.

74 ± 5 Ma

23 ± 0. 8 Ma
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| Analytical Methods used by SSEF

Images ETH Zurich & ionplus AG (AMS), TOFwerk, (TOF-MS) and Nu Instruments, Ametek (SF-MS)  

• Accelerator mass spectrometer (AMS)

for radiocarbon dating 

of biogenic samples (e.g. pearls)

• Time-of-Flight mass spectrometer (LA-ICP-TOF-MS, aka GemTOF)

for analysis and radiometric dating of 

geological samples (e.g. gemstones)

• Sector-Field mass spectrometer (LA-ICP-SF-MS)

for high-resolution analysis of selected isotopes (multi-collector)

and radiometric dating (e.g. zircon with zoning)
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| Cases:
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| Radiocarbon dating : direct age dating

For biogenic material such as pearls, corals and ivory:

• Generally to investigate or confirm their historic or modern provenance.
• Specifically for pearls it may assist the identification of a natural pearl. 
• For elephant ivory, to check for compliance with CITES and EU regulations.



| Gem-A Conference  | November  2024 | PAGE 18

| Radiocarbon dating at SSEF

• SSEF developed quasi non-destructive sampling method.

• Tiny sample (about 4 mg or 0.02 ct) is enough for radiocarbon dating.

• Sampling usually in the drill hole of pearls (or coral beads)

• Even possible for archaeological samples of cultural heritage.

• Radiocarbon dating service for clients offered in collaboration with specialized laboratory 
(Laboratory of Ion Beam Physics, ETH Zurich)

Pearl
21.45 ct

0.02 ct powder of 
calcium carbonate
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| Pearls in history

Saltwater natural pearl 
Umm Al Quwain (UAE), 
approx. 7500 years old 
(dated from ash layers). 
Charpentier et al., 2012.

Freshwater natural pearl North-
Western Australia, approx. 2000 

years old
(dated from 14C ages of shells in 

excavation). Szabo et al., 2015.

Pliny, Historia Naturalis
“[Pearls] occupy the first rank…and the 
very highest position among valuables.”

Saltwater natural pearl 
Covacha Babisuri site 

(Baja California, Mexico), 
at least 8500 years old 

(radiocarbon dated). 
Ainis et al., 2019.

Map © Wikicommons
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| Pearls from the Cirebon Shipwreck

Evidence of ancient pearl trade along historic sea trade routes in Asia.

The 14C ages perfectly fit with 
the archaeological dating of 

this shipwreck based on 
pottery and coins.



| Gem-A Conference  | November  2024 | PAGE 21

| Ana Maria Pearl

Provenance documented since mid 19th century:

Originally belonging to Ana María de Sevilla (1828-1861); probably fished during Hernán Cortéz’ 
conquest of the Aztec empire in the 16th century . 

The radiocarbon analyses (carried out by ETH Zurich) date this pearl to the 16th – 17th century, 
thus perfectly matching the documented provenance of this pearl.

0.003 g
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| Historic pearl necklace

Radiocarbon dating on three randomly selected pearls 
confirmed their historic age (16th to 17th century). 

Based on our DNA analyses: 
• one pearl from Pinctada radiata
• and two pearls from  Pinctada persica, 
• Habitat of both species: Arabian Gulf.

To our knowledge, this is the first time that 
Pinctada persica is found in pearl jewellery. 
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| Recent pearl formations

Kuri Bay, in the Kimberley region of Northwestern Australia and location of 
Australia‘s first pearl farm by Paspaley (first production in 1958).

In the Paspaley pearl 
office in Darwin with 

Peter Bracher
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| Recent pearl formations

Cultured pearls 
formed around the 
‘bomb’ peak 
Early production 
from Kuri Bay 
(Paspaley).

bomb peak
1966 (southern hemisphere)

Cultured pearls 
from a test run by 
Paspaley: Seed 
grafting in 1991 and 
harvest in 1993.



| Gem-A Conference  | November  2024 | PAGE 25

| Natural pearl identification

Supporting evidence due to radiocarbon age dating

This saltwater pearl shows internal structures which are also known 
in beadless cultured pearls (Krzemnicki et al. 2010, Sturman 2009).

The radiocarbon analyses (carried out by ETH Zurich) date this pearl 
to the 17th – 18th century, distinctly pre-dating any pearl farming. The 
radiocarbon age thus supports the conclusion of natural pearl.

Micro X-ray tomography 
section of pearl centre.
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| Coral dating

Detail of a coral necklace 
bought at auction 

Historic necklace with corals

• Offered at web-auction as a antique Egyptian carnelian necklace.
• In reality consists of coral and one glass bead. 

• Radiocarbon: historic age of the corals. 
• DNA testing: not conclusive but presumably Corallium rubrum

No. 25: glass bead!
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| Coral dating

Historic multi-gem necklace with corals

• Presumably re-using even older drilled gemstones and coral beads. 

• Radiocarbon: historic age of the corals. 
• DNA testing: Corallium rubrum
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Rhino Ruby, Mozambique (22.04 ct), 
ca. 550 million years old 

Burma Ruby, 
ca. 25 million years old

| Age dating of Gemstones

• Dating possible on inclusions or as direct dating of gemstones.

• May assist origin determination (geologically ‘young’ vs ‘old’ formation)

• Dating of gemstone and/or gem-deposit formation in research

• To offer client intriguing information about a gemstone: story-telling
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| Age dating of Gemstones

Three main global geological frameworks for many gem deposits:

• Deposits related to Pan-African tectono-metamorphic events by the 
collision of eastern and western Gondwana about 750-450 ma ago.

• Deposits related to the collision of the Indian and Eurasian plate 
(Himalayan orogeny) about 40-10 ma ago.

• Volcanism (alkali-basalts), often related to extensional tectonics (e.g. 
Rift Valley in East-Africa), mostly about 4 ma ago and younger.

Uluguru mountains, Tanzania. © Michael S. Krzemnicki

Guiliani et al. 2007
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| Age dating of Gemstones

Burma
Burma

Kashmir 
(India)

NepalAfghanistan

Map © Wikicommons

Montana (USA)

Nigeria
Ethiopia

Sri Lanka

Vietnam

Madagascar

Australia

Tanzania

Kenya

MozambiqueTanzania

Tajikistan

Vietnam

Thailand

Himalayan orogeny
geologically ‚young‘

Pan-African
geologically ‚old‘
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| Age dating based on inclusions

The following inclusions have been used so far for 
U-Pb radiometric dating of gemstones at SSEF:

• Zircon
• Apatite
• Titanite
• Rutile (primary)
• Baddeleyite
• Zirconolite
• U-Pyrochlore
• Xenotime
• Chondrodite
• Monazite

• Inclusion ages are either syn- or proto-genetic 
to gemstone formation.

• A gemstone cannot be older than the age of its 
dated inclusions!

rutile

titanite

apatite

zircon

xenotime

baddeleyite



| Gem-A Conference  | November  2024 | PAGE 32

| Geochronological Study: Mogok, Myanmar

22.88 ± 0.72 Ma (Spinel) 22.26 ± 0.36 Ma  (Ruby)

LA-ICP-TOF-MS

LA-ICP-SF-MS

40 ± 3.64 Ma

22 ± 0.9 Ma

74 ± 5 Ma

23 ± 0. 8 Ma

23 ± 0.5 Ma

67 ± 4 Ma

Spinel

Ruby

Ruby

Data and figures from Myat Myint Phyo, (PhD thesis, University Basel)

Youngest U-Pb ages of zircon 
inclusions indicate age of ruby and 
spinel formation in Mogok; Myanmar.

Zircon in Rubies and Spinel from Mogok (Himalayan orogeny)
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| Geochronological Study: Mogok, Myanmar

Data and figures from Myat Myint Phyo, (PhD thesis, University Basel)

Ruby formation in Mogok at 20 ma years further confirmed by 
syngenetic zirconolite rim formed on detrital zircon grain.

Zirconolite (CaZrTi2O7) rim grown around zircon inclusion in ruby from Mogok

VPSE

56 ± 1.3 Ma

20.3 ± 0.3 Ma

CaZrTi
2
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7

BSE

207Pb / 235U
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| Geochronological Study: Mogok, Myanmar

Data and figures from Myint Myat Phyo, (PhD thesis, University Basel) and Phyo et al. 2023

Jurassic

Cretaceous

Precambrian

Paleogene
Oligocene

Miocene Formation of marble-hosted 
ruby & spinel in Mogok
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| Cobalt-Spinel : Vietnam vs Tanzania

Zircon inclusion with
two different ages.
rim: young
detrital core: older.

Several zircon inclusions 
analysed with only one 
‘old’ age. 

Vietnamese cobalt-spinel 

Tanzanian cobalt-spinel 

Zircon Core:
176 ma ± 7 to 55 ma

Zircon Rim:
47 ma ± 3 to 8 ma

Zircons:
500 ma ± 29 to 57 ma
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| Ruby (marble type) : Burma vs East-Africa

Titanite inclusion with
‘young’ age (possibly mixed 
age) predating ruby 
formation in Mogok.

Burmese ruby (12 ct) in Harry Winston necklace 

Titanite:
40 ma ± 2 ma

ablation
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| Ruby (marble type) : Burma vs East-Africa

Ruby shows inclusion features 
similar to Burmese rubies, but 
metamict zircon inclusion 
(Raman).

Zircon inclusion with
‘old’ age fitting ruby formation 
during Pan-African 
tectonometamorphic events 
(450-750 ma).

Age support East-African 
origin of this ruby.

Ruby (5.1 ct) with zircon inclusion.

Zircon:
565 ma ± 20 ma
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| Raman spectra of zircon inclusions

• May assist heat treatment detection 
• Provide information about origin
• May be used as indirect age dating (old vs young)

Metamict zircon in East-African ruby
FWHM1010 = 21.6 cm-1

Zircon in Burma ruby
FWHM1010 = 5.7 cm-1

Raman

from Xu & Krzemnicki. 
Journal of Raman Spectroscopy 2021
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| Greenland Ruby

Greenland ruby of 1.22 ct evident features of heat treatment at high 
temperature and with significant glassy residues. 
Age dating was successful on a tiny zircon inclusion. 

Aappaluttoq ruby deposit in W-
Greenland. 
Map: Krebs et al. 2019; 
Photo: Greenland Ruby A/S.
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| Greenland Ruby

The tiny zircon revealed an age of 2.7 billion years!

This is well in accordance with literature describing the rubies from 
Greenland as the oldest ones known on Earth (e.g. Krebs et al. 2019: 
Pb-Pb isochron age of 2686 +300/-74 ma).

before ablation

after ablation

0.1 mm

Zircon
(60 x 15 µm)

Zircon

Pb loss due to heat treatment ?
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| Sapphire: Kashmir vs Sri Lanka or Madagascar

22 ct Kashmir

8.5 ct Sri Lanka

U-Pb dating of two sapphires with velvety 
blue “Kashmir-like” visual appearance…

Madagascar sapphire, showing a velvety 
blue colour similar to Kashmir sapphires 
of best quality!

• U-Pb dating supporting origin determination in the gem lab
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U-Pb dating on zircon inclusion clearly supports Sri Lankan origin of this 
sapphire. It definitively excludes a Burmese formation.

| Sapphire: Kashmir sapphire

Zircon inclusion:
526 ma ± 13 ma

• U-Pb dating supporting origin determination in the gem lab.
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| Sapphire: Kashmir sapphire

• U-Pb dating for ‘story-telling’

Kashmir sapphire of 43 ct, royal blue.
Sold for US$ 6 million at Christie’s New York in December 2020

https://www.christies.com/en/lot/lot-6295931

Two zircon inclusions:
21 ma ± 1 ma

https://www.christies.com/en/lot/lot-6295931
https://www.christies.com/en/lot/lot-6295931
https://www.christies.com/en/lot/lot-6295931
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| Direct dating of corundum

•
232Th - 208Pb decay

Metamorphic and basaltic sapphires 
occasionally contain traces of High-Field 
Strength Elements (HFSE) including Th and Pb. 

They are commonly attributed to fine dispersed 
nano-inclusions resulting in “cloudy” 
appearance (Shen et al. 2007 and 2009, 
Baldwin et al. 2017). 

A new study (Oto et al. 2023) reveals these nano-
inclusions are possibly a “srilankite’’-like mineral 
phase (srilankite: ZrTi2O6) epitaxially intergrown 
with the corundum matrix.

Th-Pb dating provides rather rough estimate of 
formation age: ‘old’ (e.g. Madagascar) vs ‘young’ 
(e.g. Kashmir).

Chrysoberyl-Sapphire (basaltic) intergrowth. 
See M.S. Krzemnicki, 2008 (IGC Moscow)

1 4 12 16

1 16

8
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| Direct dating of corundum

Th-Pb direct dating 
confirms 
Madagascar
and 
Kashmir origin for 
these two sapphires.

522 ± 28 ma

21 ± 4 ma

•
232Th - 208Pb decay

ThPb

Th

Pb

selected trace elements in these sapphires
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| Direct dating of corundum

•
232Th - 208Pb decay

• About 2% of corundum samples 
tested at SSEF contain enough 
thorium to try direct dating.

• Mostly rough estimate of age 
(‘young’ vs ‘old’). This may already 
support origin determination of 
gemstone.

• Research sample with ~3 ppm Th 
Pb/Th direct dating: 571 +/- 30 ma 
Zircon inclusion (Pb/U): 536 +/- 11 ma.
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• Dating of several tsavorite samples from Gogogogo in Kenya.

| Direct dating of grossular garnet

• The Ca-site in Grossular garnet Ca3Al2(SiO4)3  

can accomodate large ions (substitutions), 
among them U, Th, Pb, REEs to name a few.

• Direct dating is possible based on U, Th, and 
Pb isotope ratios.

Tera–Wasserburg concordia diagram

Tsavorite direct dating 
640 ± 9 ma
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| Direct dating of grossular garnet

• Pink grossular from Mogok, Myanmar:
Direct dating 15.6 ± 1.7 ma

• Grossular from Tanga region, NE-
Tanzania

Direct dating 598 ±55 ma
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| Statistics

• Direct dating vs dating of inclusions

zircon

direct

status October 2024
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| Statistics
U-Pb dating of zircon inclusions 
in corundum

Direct dating of corundum

Age (million years)
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• Total more than 602 analyses related to corundum
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| Conclusions

 Age dating is applied at SSEF on client stones/pearls since 2017.

 Radiometric dating possible on specific inclusions (mainly zircon) or by direct dating.
• but only if: inclusion at surface, or U, Th, and Pb present as traces in gemstone.

• Consequence: not possible to offer as a standard client service.
if done, then offered for free to client with no extra costs.

• may help to elucidate geological history of gem deposit
• may assist origin determination
• may provide intriguing facts about a gemstone (story-telling)

 Radiocarbon dating is direct dating, possible for all carbon-rich biogenic samples.
• restriction: not older than about 60‘000 years

• Consequence: is offered as a client service by SSEF
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| Thank you for your attention

www.ssef.ch/ssef-facette

http://www.ssef.ch/ssef-facette
http://www.ssef.ch/ssef-facette
http://www.ssef.ch/ssef-facette
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