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1 The Libby Ideal: The Steady-State Clock

In 1949, Willard Libby and his team at the University of Chicago published ”Age Determination
by Radiocarbon Content: World-Wide Assay of Natural Radiocarbon” (Science, 1949). This work
laid the foundation for the 1960 Nobel Prize in Chemistry.

1.1 The 1960 Nobel Citation

The Royal Swedish Academy of Sciences awarded the prize to Libby ”"for his method to use carbon-
14 for age determination in archaeology, geology, geophysics, and other branches of science.”

The significance of Libby’s work was his realization that the Earth’s atmosphere acts as a giant,
steady-state nuclear reactor. If the production rate (P) has been constant for many half-lives, the
total global inventory (I) must be in secular equilibrium.

1.2 Derivation: From 107! to 15.3 dpm/g

Students often find it hard to visualize how such a trace isotope can be measured. Let’s derive the
activity from first principles using the ”Libby Standard” parameters.

1. The Ratio: In a living organism, the isotopic ratio is approximately:
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2. Atoms of Carbon per Gram: One gram of natural carbon (mostly 2C, MW =~ 12.011
g/mol) contains N¢ atoms:
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3. Atoms of “C per Gram (Ny4):

N1y = (5.01 x 10%%) x (1.2 x 107'%) ~ 6.01 x 10 atoms of 1C

4. The Decay Constant ()\): Using the Libby half-life (7}, = 5568 years):

In(2)

= ~ 2.37 x 1071° min™!
5568 years x 525,600 min/year X o

A

1



5. The Specific Activity (A):

A= ANy = (2.37 x 10719 min™!) x (6.01 x 10'° atoms) ~ 14.3 dpm/g

Note to Students: While our quick derivation gives ~14.3 dpm/g, Libby’s empirical measure-
ments of the 1940s biosphere established the ”"Modern Standard” as 15.3 dpm/g. This discrepancy
highlights the difference between a theoretical estimate and the calibrated standard used in the lab.

1.3 The ”Curve of Knowns”: Validation of the Clock

Libby knew that for the scientific community to accept ”dating by counting,” he needed to prove
it against established history. He developed the Curve of Knowns, plotting the measured radio-
carbon age against the known historical age of various artifacts.

e Egyptian Samples: Provided by the Metropolitan Museum of Art, these included:

— King Zoser’s Tomb: Acacia wood from the 3rd Dynasty (~2700 BC).
— Sesostris ITI: A deck board from a funerary ship (~1800 BC).

e Dendrochronology: A piece of Giant Sequoia heartwood where the rings clearly indicated
an age of 2928 + 52 years.

e The Result: When Libby plotted these points, they fell remarkably close to the theoretical
decay line. This ”Curve of Knowns” was the proof that the atmospheric reservoir was well-
mixed and the decay rate was constant over millennia.

References for Further Reading
e NobelPrize.org: Willard F. Libby - Facts.

e Science Magazine (1949): Libby, W. F., et al. “Age Determination by Radiocarbon
Content”.

e ACS Landmarks: Radiocarbon Dating.

2 Natural Variation and Calibration

While Libby’s ”Standard Model” assumed a constant production rate P, high-precision measure-
ments in the 1950s and 60s revealed that ”Radiocarbon Time” and ” Calendar Time” do not always
march in lockstep.

2.1 The Drivers of Production Flux

As established in Lecture 5, the production of 4C is a function of the secondary neutron flux,
which depends on the primary GCR flux hitting the atmosphere. This is modulated by two global
shields:

1. Solar Modulation (Short-term): The 11-year solar cycle and longer-term ”Grand Min-
ima” (like the Maunder Minimum, 1645-1715). Increased solar wind activity effectively
"thickens” the heliospheric shield, deflecting GCRs.


https://www.nobelprize.org/prizes/chemistry/1960/libby/facts/
https://www.science.org/doi/10.1126/science.109.2827.227
https://www.science.org/doi/10.1126/science.109.2827.227
https://www.acs.org/education/whatischemistry/landmarks/radiocarbon-dating.html

2. Geomagnetic Modulation (Long-term): The Earth’s magnetic field acts as a ”band-pass
filter.” The Cutoff Rigidity is the minimum momentum a particle needs to reach a certain
latitude. If the Earth’s dipole moment weakens (as it has been doing for the last 2,000 years),
more cosmic rays reach the atmosphere, increasing P.

2.2 The Reservoir Effect: Why the Clock is ” Buffered”

If P varies by 20% over a solar cycle, why doesn’t the atmospheric concentration also jump by
20%?

e The Atmosphere as a Capacitor: In an engineering circuit analogy, the atmosphere is a
small capacitor connected to a massive one (the Deep Ocean).

e Residence Time: A Carbon atom stays in the atmosphere for only ~5-10 years before
being absorbed by the ocean or biosphere. However, the total carbon in the ocean is ~50
times greater than the atmosphere.

e Damping: This vast exchange reservoir ”damps” out short-term spikes. Consequently, we
only see the integrated effects of solar variation in the C record.

2.3 Dendrochronology: The Truth Standard

To correct for these variations, we use Dendrochronology (tree-ring dating).

e Bristlecone Pines: These trees in the White Mountains of California can live for 5,000
years. By cross-dating dead wood with living trees, researchers have built a continuous
"Master Chronology” going back over 12,000 years.

e The IntCal Collaboration: Every few years, the international community updates the
IntCal curve (the current version is IntCal20). It combines data from tree rings, plant
macrofossils, and stalagmites (speleothems).

2.4 The ”De Vries” Wiggles

The calibration curve is not a smooth line; it has ”"wiggles” (named after Hessel de Vries).

e The Plateaus: Sometimes the curve goes flat. This means that for a period of 200 years,
the atmospheric '*C dropped at the exact same rate it was decaying.

e Engineering Impact: These plateaus create ”ambiguous dates.” A sample might map to
three different possible calendar years. This is why archaeologists often report dates as a
probability distribution rather than a single number.

References for Further Reading

¢ Radiocarbon (Journal): Reimer, P. J., et al. (2020). “The IntCal20 Northern Hemisphere
Radiocarbon Age Calibration Curve.” The primary technical reference for modern calibration.

e University of Arizona: Laboratory of Tree-Ring Research. The birthplace of dendrochronol-
ogy and its link to *C calibration.


https://www.researchgate.net/publication/340136035_The_IntCal20_Northern_Hemisphere_Radiocarbon_Age_Calibration_Curve_0-55_cal_kBP
https://www.researchgate.net/publication/340136035_The_IntCal20_Northern_Hemisphere_Radiocarbon_Age_Calibration_Curve_0-55_cal_kBP
https://ltrr.arizona.edu/about/treerings

3 Measurement Challenges: The Background Problem

Dating requires measuring a trace isotope (**C/2C =~ 107!2). This pushes the limits of nuclear
detection, as the signal we are looking for is often smaller than the natural "noise” of the universe.

3.1 The ”01d” Way: Decay Counting

Early methods used Liquid Scintillation Counters (LSC) or gas proportional counters. Here, we
are waiting for a random nuclear event to occur.

e The Shielding Constraint: A 1-gram "modern” sample produces only ~15 decays per
minute. A sample that is 40,000 years old (7 half-lives) produces only 0.1 decays per
minute.

e Sources of Background:

1. Terrestrial Gamma Rays: Natural ‘K, U, and Th in the laboratory walls.
2. Cosmic Ray Muons: Highly penetrating particles that can trigger the detector.

¢ Engineering Solutions: Labs are often built underground or utilize massive lead shields
(often ”"old lead” from sunken Roman galleys to ensure the lead itself isn’t radioactive).
Active Shielding (anti-coincidence) uses a second detector ”wrap” around the primary; if
both fire at once, it’s a cosmic ray, not a '4C decay, and the count is discarded.

3.2 Statistics and the Limits of Detection

Nuclear decay is a stochastic process. To achieve high precision in dating, we must account for the
inherent randomness of the signal and the background.

e Poisson Statistics: The number of counts N recorded in a given time interval follows
a Poisson distribution. A fundamental property of this distribution is that the standard
deviation (o) is equal to the square root of the number of counts:

oc=VN (1)
e Relative Precision: The fractional error (coefficient of variation) is given by:

o \/N 1
NTN TUN ®

To achieve a precision of 1%, an engineer must collect at least N = 10,000 counts.

e The Net Count Rate: In a real lab, we measure a total count rate (Ry¢) and a background
count rate (Rpg). The net rate from the sample is Ry = Rjot — Rpg. The uncertainty in the

net rate propagates as:
Riot | Ry
os = /0, + Ufg = tt; + —tb;] 3)

Engineering Implications for the Homework: Consider a 40,000-year-old sample with an activity
of 0.1 dpm and a detector background of 1.0 dpm. To distinguish the sample from the background
with a 5% relative error, the required counting time ¢ can extend into days or weeks. This statistical
”wall” is often what determines the maximum dateable age of a sample more than the sensitivity
of the instrument itself.




3.3 Evolution of Radiocarbon Detection Methodologies

The measurement of C has transitioned through three primary decay-counting phases, each it-
erating on the physics of detection to improve efficiency and reduce the impact of background
radiation.

3.3.1 Solid Carbon Screen-Wall Counting (The Libby Method)

The foundational technique developed by Willard Libby utilized a Screen-Wall Counter. In this
approach, the sample was processed into a solid amorphous carbon (lampblack) paste and
applied uniformly to the inner surface of a movable cylinder.

e Mechanism: The cylinder was placed inside a modified Geiger-Miiller counter. By placing
the sample on the interior wall, the weak beta particles (~ 156 keV) did not have to penetrate
a detector window, which would otherwise have absorbed them.

e Limitations: The method was primarily limited by Self-Absorption, where beta particles
emitted within the carbon layer were absorbed by the sample itself before reaching the an-
ode. Additionally, the handling of solid carbon made the sample susceptible to atmospheric
contamination.

3.3.2 Gas Proportional Counting (GPC)

To eliminate the geometry issues of solid samples, researchers transitioned to Gas Proportional
Counting. The carbon sample is chemically converted into a high-purity gas—typically Methane
(CHy), Acetylene (CaHs), or Carbon Dioxide (COag).

e Mechanism: The sample gas serves as the counting medium itself. Because the pulse height
in a proportional counter is proportional to the ionization energy of the event, electronics
can be tuned to preferentially detect the low-energy beta spectrum of '“C while ignoring
high-energy alpha or gamma noise.

e Background Reduction: To achieve high precision, GPC systems utilize an Anticoinci-
dence Guard Ring (or "Guard Counter”). This secondary detector surrounds the main
sample counter; any external radiation (such as a cosmic ray) that triggers both detectors
simultaneously is electronically vetoed, leaving only the internal '4C pulses to be recorded.

3.3.3 Liquid Scintillation Counting (LSC)

The third major decay-counting evolution involves the synthesis of the sample into a liquid solvent,
most commonly Benzene (CgHg), which is then combined with a Scintillation Cocktail.

e Mechanism: When a '*C atom decays, it excites the scintillator molecules (fluors) in the
liquid, causing the emission of a photon. These light flashes are detected by a pair of Pho-
tomultiplier Tubes (PMTs) operating in a coincidence circuit.

e Advantages and Risks: LSC allows for a much higher density of carbon atoms in a small
volume compared to gas counting. However, the accuracy of the method depends on managing
Quenching—the chemical or color-based interference that can muffle the light signal and
reduce the apparent count rate.



3.4 The ”"New” Way: Accelerator Mass Spectrometry (AMS)
AMS revolutionized the field in the late 1970s. Instead of waiting for a decay, we extract the atoms

from the sample and count them directly based on their mass and charge.

e The Sensitivity Challenge: In a standard mass spec, Nitrogen-14 (14N) is an isobaric
interference—it has almost exactly the same mass as *C and is 10'® times more abundant
in the air.

e The Engineering ”Trick”: AMS uses a tandem accelerator to create negative ions. Cru-
cially, Nitrogen does not form a stable negative ion (N ~), whereas Carbon does (C~). This
”physics filter” removes the Nitrogen background almost entirely.

e Sample Size: Because we are counting atoms instead of waiting for decays, we only need 1
milligram of carbon (the size of a pinhead) rather than grams of wood or bone.

3.5 Statistical Analysis of the Shroud of Turin (1988)

For very precious objects there is no substitute for using AMS for radiocarbon dating. The clas-
sic example was the measurement of the age of the Shroud of Turin. Tiny samples cut from a
corner were provided to three laboratories. The pooled mean of the three laboratories yielded a
radiocarbon age () of:

t =691+ 31 BP

Confidence Intervals

Using the calibration curve (to account for fluctuations in atmospheric '4C), the radiocarbon
age was converted to calendar years:

e 1o (68% confidence): 1273-1288 AD
e 20 (95% confidence): 1262-1384 AD

This was approximately when the Shroud first appeared in the Middle Ages.

3.6 The Ultimate Limit: Why Not 100,000 Years?

Whether using C14 radioactivity or direct AMS measurement, we eventually hit a "wall” at ap-
proximately 50,000 years.

e At 10 half-lives (57,300 years), the remaining '#C is 1/1024 of the original. At 50,000 years,
the signal becomes indistinguishable from the ”instrumental blank.”

e Instrumental Blank: Even if you put "dead” graphite (millions of years old) into an AMS,
the machine might still report a few counts due to tiny amounts of modern CO4 adsorbed on
the machine walls or "memory effects” from the previous sample.



References for Further Reading

e Oxford Radiocarbon Accelerator Unit: What is AMS? A clear explanation of the tan-
dem acceleration process.

e Woods Hole Oceanographic Institution (NOSAMS): Radiocarbon Data and Calcu-
lations. This is a practical, engineering-focused guide from the National Ocean Sciences
Accelerator Mass Spectrometry facility. It explains exactly how backgrounds are subtracted
and how the ”blank” limits the age of the sample.

e William E.Kieser Accelerator mass spectrometry: an analytical tool with applications for a
sustainable society EPJ Techniques and Instrumentation (2023) 10:7 A review of the appli-
cation of the technique with focus on C14 detection in biological samples.

e P. E. Damon, et al., Radiocarbon dating of the Shroud of Turin Nature volume 337, pages
611-615 (1989)

4 Anthropogenic Perturbation 1: The Suess Effect

By the mid-1950s, Hans Suess, a nuclear chemist at the U.S. Geological Survey, recognized that the
steady-state assumption of Libby’s model was being undermined by human activity. He observed
that the specific activity of wood grown in the early 20th century was significantly lower than wood
grown in the 19th century.

4.1 The ”Radiocarbon Dead” Dilution

The mechanism is straightforward but profound in its impact on global nuclear measurements:

e Fossil Fuel Origins: Coal, oil, and natural gas are formed from organic matter buried
millions of years ago. Since the half-life of C is ~5,730 years, any initial '*C has decayed
through more than 1,000 half-lives (2719 ~ 0).

e Massive Injection: Since the Industrial Revolution (~1850), the combustion of these fu-
els has released a massive amount of 12COg (and 3CO3) into the atmosphere without any
accompanying C.

e The Result: This "dead carbon” dilutes the atmospheric 14C/!2C ratio. As the denominator
(12C) increases while the production rate of the numerator (14C) remains tied to cosmic rays,
the relative activity drops.

4.2 Engineering Impact: The ” Age” of Modern Air

The Suess effect introduces a "false age” to any organic material that incorporates atmospheric
carbon post-1850.

e The Magnitude: By 1950, the dilution resulted in a decrease of approximately 2% to 3%
in the '*C concentration relative to 1850 levels.

e Apparent Age: In radiocarbon dating, a 1% decrease in activity corresponds to an apparent
age increase of about 80 years. Therefore, the Suess effect makes a tree grown in 1950 appear
roughly 160—240 years older than its true calendar age.


https://c14.arch.ox.ac.uk/ams.html
https://www2.whoi.edu/site/nosams/radiocarbon-data-and-calculations/
https://www2.whoi.edu/site/nosams/radiocarbon-data-and-calculations/
https://doi.org/10.1140/epjti/s40485-023-00088-3
https://doi.org/10.1140/epjti/s40485-023-00088-3
https://doi.org/10.1038/337611a0

e The 1950 Boundary: This is why the standard reference for ”Modern” in radiocarbon
dating is defined as the year **1950 AD** (represented as 0 BP, or ”Before Present”). After
1950, the nuclear age begins, and the perturbations become even more extreme.

4.3 The Isotopic Fingerprint (*C vs. 'C)

How do we distinguish the Suess Effect from other variations?

e Fossil fuels also have a distinct stable isotope ratio (13C/12C). Plants prefer 2C over 3C
during photosynthesis (fractionation).

e Because fossil fuels are plant-derived, they are "light” in *C. By measuring the simultaneous
drop in both *C and '3C, atmospheric scientists can prove that the rising CO» levels are
specifically from fossil fuel combustion rather than volcanic outgassing or biomass burning.

Historical Reference

o Suess, H. E. (1955). “Radiocarbon Concentration in Modern Wood.” Science, 122(3166),
415-417. This is the original paper that quantified the dilution.

5 Anthropogenic Perturbation 2: The Bomb Pulse

If the Suess Effect was a slow dilution, the ”Bomb Pulse” was a global-scale nuclear injection.
Between 1952 and 1963, atmospheric thermonuclear testing fundamentally altered the Earth’s
isotopic signature.

5.1 Mechanism: Artificial Neutron Flux

Thermonuclear (fusion) bombs release a massive burst of high-energy neutrons.

e These neutrons undergo the same (n, p) reaction with atmospheric N that GCRs do, but at
a rate millions of times higher.

e The Peak: By 1963, the atmospheric '4C concentration in the Northern Hemisphere reached
approximately 200% of the pre-industrial level (often referred to as 200 ”Percent Modern
Carbon” or pMC).

e The Partial Test Ban Treaty (1963): After the cessation of atmospheric testing, the
production rate returned to the natural GCR baseline, but the ”Pulse” remained in the
atmosphere.

5.2 The ”Disappearance” of the Pulse

The concentration of "C in the air has been dropping steadily since 1964.
e It is not decaying! With a 5,730-year half-life, negligible decay has occurred.

e Sequestration: The pulse is disappearing because it is being absorbed into the Oceanic
Reservoir and the Terrestrial Biosphere. This provides oceanographers with a ”tracer”
to measure the rate of deep-water formation and global CO4 uptake.


https://www.science.org/doi/10.1126/science.122.3166.415.b

5.3 Engineering Applications: The Modern Timestamp

Because the C concentration changed by several percent every year during the decline of the
pulse, we can use it as a high-precision chronometer for anything biological formed after 1955.

1. Forensic Science: We can date the formation of ”"permanent” tissues. For example, the
crystalline proteins in the lens of the human eye do not turnover. Measuring the *C in a
lens can determine a person’s birth year to within £1.5 years.

2. Anti-Poaching: Forensic scientists date the "base” of an elephant tusk. If the radiocarbon
date is post-1989 (the international ivory ban), the ivory is confirmed as illegal contraband
rather than a legal ”antique.”

3. Fine Wine Authentication: If a bottle of 71945 Chateau Mouton Rothschild” contains
any ”Bomb Carbon,” it is a confirmed fake. The presence of 4C above 100 pMC proves the
grapes were grown after 1955.

5.4 The ”Cross-over” and the Future of Dating

We are currently living through a unique period in nuclear history.

e As of the early 2020s, the dilution from the **Suess Effect** (adding dead '2C) and the
removal of the **Bomb Pulse** (sequestering '*C) have caused the atmospheric ratio to
return to the 1850 "natural” baseline.

e Moving forward, atmospheric "C will continue to drop below the pre-industrial level due to
fossil fuel emissions. This creates a ”dating paradox” where a piece of wood grown in 2025
might date as being 500 years old.

Key References

e Levin, I, et al. (2010). “Observations and modelling of the global distribution and long-term
trend of atmospheric *COy.”7 Tellus B, 62(1), 26-46.

e Spalding, K. L., et al. (2005). “Retrospective birth dating of biological samples in acetone
using nuclear bomb-test carbon-14.” Nature, 437(7057), 333-336.

e Forensic Wine Dating: Zoppi, U., et al. (2004). “Forensic applications of '*C bomb-pulse
dating.” Nuclear Instruments and Methods in Physics Research Section B, 223, 770-775.

6 Conclusion: The Tracer of the Anthropocene

The transition from Willard Libby’s ”Ideal Clock” to the modern ”Dynamic Model” illustrates a
fundamental principle in nuclear engineering: the importance of understanding the source
term and the reservoir kinetics.

6.1 The New Standard Model

We no longer view C as a constant. Instead, the ”Standard Model” today is a complex interplay
of three factors:


https://b.tellusjournals.se/articles/10.1111/j.1600-0889.2009.00446.x
https://b.tellusjournals.se/articles/10.1111/j.1600-0889.2009.00446.x
https://www.cell.com/cell/fulltext/S0092-8674(05)00408-3
https://www.cell.com/cell/fulltext/S0092-8674(05)00408-3
https://doi.org/10.1016/j.nimb.2004.04.143
https://doi.org/10.1016/j.nimb.2004.04.143

1. Natural Production: Modulated by the Sun and the Earth’s magnetic field (The ”"Wig-
gles”).

2. The Industrial Dilution: The Suess Effect ”ages” the atmosphere by injecting radiocarbon-
dead COs.

3. The Nuclear Spike: The Bomb Pulse provides a localized ” delta-function” input that allows
us to track the movement of carbon in real-time.

6.2 The Ultimate Global Tracer

For the modern engineer, *C is much more than a dating tool; it is a global tracer for mass
transport:

e Atmospheric Mixing: By watching the Bomb Pulse move from the Northern Hemisphere to
the Southern Hemisphere in the 1960s, scientists were able to calculate the interhemispheric
mizing time (~1-2 years).

e Oceanic Sequestration: Tracking how “C enters the "Deep Ocean Conveyor” allows us
to model how effectively the oceans can mitigate climate change by absorbing excess anthro-
pogenic COs.

e Biological Turnover: From the eye lenses of sharks to the turnover of carbon in human
heart cells, the Bomb Pulse allows us to measure the metabolic rates of life itself.

6.3 Final Synthesis

Radiocarbon dating remains one of the most elegant applications of nuclear physics. It requires
an understanding of nuclear reactions (production), radioactive decay (the clock), analytical
chemistry (sample prep and background), and mass spectrometry (measurement).

As we move further into the 21st century, the "Bomb Pulse” will continue to fade and the
”Suess Effect” will continue to grow. The challenges of tomorrow’s nuclear engineers will include
disentangling these human signatures to understand the natural world that Willard Libby first
began to measure in 1949.
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Technical Note: Analyzing the C14 Bomb Pulse

1 Partitioning of Marine Carbon (Surface Waters)

In the upper euphotic zone (0-10 m), carbon exists in a multi-phase equilibrium. For radiocarbon
studies, it is essential to distinguish between the dissolved ”reservoir” and the particulate ”flux.”

e Dissolved Inorganic Carbon (DIC): > 95% of total carbon. Comprised of HCO3 (~
91%), CO3~ (~ 8%), and dissolved COy (~ 1%). This pool is in isotopic equilibrium with
atmospheric 14COs.

e Dissolved Organic Carbon (DOC): ~ 3% of total carbon. Consists of complex organic
molecules (humic acids, etc.). Its C signature often shows a "bulk age” of thousands of
years due to refractory components.

e Particulate Organic Carbon (POC): < 1% of total carbon. This includes the ”biota”
(plankton, krill, fecal pellets). While mass-insignificant, it is the primary vehicle for the
Biological Pump, transporting '4C to the deep ocean.

The Measurement Challenge: When sampling seawater for '#C dating, one must decide
whether to measure the bulk water (DIC) or filter the water to measure the particulates (POC). In
surface waters, their A C signatures are generally identical, but in the deep ocean, the ”sinking”
POC is much ”younger” than the surrounding DIC.

2 Inter-Hemispheric Mixing Model

To model the transport of the #C pulse, we treat the atmosphere as two reservoirs (North and
South) separated by a resistive barrier (the ITCZ).

The rate of change in the Southern Hemisphere concentration (Cg) is proportional to the gra-
dient between the hemispheres:

% — K(Cy — Cs) — XCs

Where:

e Cy,Cg = C concentration in Northern and Southern Hemispheres.
e k = Inter-hemispheric exchange rate constant (=~ 0.6 to 1.0yr—1!).

e )\ = Combined rate of removal (oceanic uptake + radioactive decay).

The Time Constant: The exchange time (7¢;) is the reciprocal of the rate constant:
1
Tex = z ~ 1 to 1.5years

Significance: This lag allowed scientists to calibrate global circulation models (GCMs), ensuring
we accurately understand how pollutants, CO2, and radioactive fallout distribute globally.
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3 Kinetic Modeling of the Bomb Pulse Decline

The atmosphere (a) and surface ocean (s) exchange carbon at a rate determined by the exchange
coefficient k,s. The change in the atmospheric radiocarbon inventory (I,) can be modeled as:

dl
— = _kas—[a + ksaIs - Abiola

dt

Where:

e kus = Air-to-sea transfer rate (yr—1).

e [,, I, = Carbon inventory in the atmosphere and surface ocean.

e )y, = Rate of uptake by the terrestrial biosphere.

The Dilution Factor and Reservoir Size: The ”apparent” decay constant observed in
the bomb pulse (Agps = 0.05 yr~!) implies an e-folding time of roughly 14-16 years. This rate is
controlled by the ratio of the inventories:

Flux Area
el Exchange Velocity Xx ————
Lotm Volumegim

Note: If the ocean reservoir were smaller, the ”back-pressure” (ks,Is) would increase more
rapidly, slowing down the atmospheric decay. Because the deep ocean reservoir is so vast (~ 45X
the atmosphere), it prevents the surface from saturating quickly.

4 Ocean Ventilation and the *C Clock

To determine the velocity of deep-ocean currents, we calculate the Apparent Radiocarbon Age of a
water mass. We compare the measured C activity (Asample) to the activity the water had when
it was last at the surface (Agyrface)-

The Age Equation:
A
t = —8033In (mpl)
Asurface

Correction for the Reservoir Effect: Surface water is not in perfect equilibrium with the
atmosphere. It usually appears ”older” by about 400 years due to the upwelling of old, deep water.
This is corrected using the AC notation:

A14C = <(As“mpl€/Astcmdard) . e/\(y—1950) 1
1

> x 1000%

Modeling Current Velocity: By measuring the distance (Ad) between two sampling stations
along a flow path (e.g., the North Atlantic Deep Water) and the difference in their radiocarbon
ages (At), we can estimate the average current velocity:

Ad

Vcurrent = Al

Note: Typical velocities for the deep conveyor belt are on the order of centimeters per second,
leading to transit times across the Atlantic basin of several centuries.
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Technical Note: Accelerator Mass Spectrometry (AMS)

1 Introduction: Counting Atoms vs. Counting Decays

Radiocarbon dating was originally performed by measuring the beta decay activity of a sample.

The decay follows the law:

AN
— =-AN 4
o (4)

Because the half-life of *C is long (t1/2 = 5730 years), the decay constant A is very small (A ~ 1.21x
10~* yr=1). Consequently, obtaining statistically significant counts from small samples required
weeks of observation.

Accelerator Mass Spectrometry (AMS) revolutionized this field by measuring N (the
number of atoms) directly, rather than dN/dt (the decay rate). This increases sensitivity by factors
of 102 to 10%, allowing for the dating of milligram-sized samples in minutes.

2 The Challenge: Isobaric Interference

The primary difficulty in detecting #C is not just its scarcity (~ 1 part per trillion relative to 12C),
but the presence of Nitrogen-14 (1N).

e YN is the most abundant gas in the atmosphere and a common contaminant in samples.

e The mass difference between “C and N is too small for standard mass spectrometers to
resolve easily.

AMS utilizes specific nuclear physics phenomena to eliminate this background completely.

3 The AMS Mechanism

The AMS process for MC involves four distinct stages of filtration.

3.1 1. The Ion Source (The Negative Ion Filter)

The sample is graphitized and bombarded with Cesium ions (Cs') to produce a beam of negative
ions.

e Carbon forms a stable negative ion: *C~.

e Nitrogen does not form a stable negative ion. Nitrogen anions are unstable and dissociate
almost instantly.

Result: By selecting for negative ions at the source, the N isobaric interference is effectively
eliminated (~ 100% suppression).

3.1.1 Physics of the Sputter Source: Why Cs™ yields C~

It may seem counterintuitive that bombarding a target with positive ions (Cesium, Cs™) results in
the ejection of negative ions (Carbon, C™). The mechanism relies on surface physics, specifically
the interplay between the Work Function and Electron Affinity.

The process occurs in three distinct steps:
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1. Surface Modification (Lowering ®): The Cesium ions do not merely act as projectiles;
they also coat the surface of the carbon sample. Cesium is an alkali metal with a very low
ionization energy. The deposition of a partial monolayer of Cesium drastically lowers the
Work Function (®) of the sample surface. This makes the surface electrons "looser” and
energetically easier to remove.

2. Sputtering (Momentum Transfer): The incident high-energy Cs* ions (typically 3 — 6
keV) collide with the graphite lattice. Through kinetic momentum transfer, neutral Carbon
atoms are knocked out of the lattice and pass through the Cesium-rich surface layer as they
exit into the vacuum.

3. Electron Tunneling (Charge Exchange): As a neutral Carbon atom departs the surface,
it interacts with the surface electron cloud.

e Carbon has a high Electron Affinity (F., ~ 1.26 eV), meaning it is energetically
favorable for it to acquire an extra electron.

e Because the Cesium-coated surface has a low Work Function, the energy barrier for
electron transfer is reduced.

e An electron quantum-mechanically tunnels from the surface to the departing Carbon
atom, converting it into a C™ ion.

Why this eliminates Nitrogen: This specific mechanism is the primary reason AMS is
feasible for radiocarbon dating. While Carbon has a positive electron affinity (+1.26 ¢V), Nitrogen
has a negative electron affinity. Even with the lowered work function of the Cesium surface,
Nitrogen atoms are energetically forbidden from accepting an electron to form stable N~ ions.
Consequently, the beam emerging from the source is effectively free of MN.

3.2 2. Low-Energy Mass Selection

The negative ion beam is passed through an injector magnet which bends the beam based on mass
(qv x B). The system selects for Mass 14.

Remaining Contaminants: While N is gone, the beam still contains molecular isobars with Mass
~ 14, such as 3CH™ and '2CH; .

3.3 3. The Tandem Accelerator (Molecular Destruction)

The beam enters a Tandem Van de Graaff accelerator.

1. Acceleration: The negative ions are attracted to the positive terminal (typically 2-6 MV)
at the center of the accelerator.

2. Electron Stripping: At the terminal, the ions pass through a thin carbon foil or gas canal
(stripper). This strips multiple electrons from the ions, converting them from negative to
highly positive (e.g., C31).

3. Coulomb Explosion: Molecules like *CH cannot exist in a highly positive state (e.g.,
C3TH™). The lack of binding electrons causes the nuclei to repel each other violently, breaking
the molecule apart.

Result: All molecular isobars are destroyed. Only atomic carbon ions survive the acceleration
process.
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3.4 4. High-Energy Analysis and Detection

The now positive C3* ions are accelerated away from the positive terminal, achieving energies in
the MeV range.

e Magnetic Filtering: A high-energy analyzing magnet filters the beam by momentum (p =
muv).

e Electrostatic Filtering: An electrostatic analyzer (or Wien filter) selects for velocity, re-
moving any fragments from the Coulomb explosions.

e ITonization Detection: The final detector is a gas ionization chamber. It measures:

— Total Energy (Eiotal)
— Rate of Energy Loss (dFE/dx)

Since dE/dx o< Z?, this allows for definitive discrimination between Carbon (Z = 6) and any rogue
isobars, providing a background-free count of C atoms.
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