Reviews of Geophysics
REVIEW ARTICLE
10.1002/2017RG000588
Key Points:
• A detailed review of radiocarbon
marine reservoir eﬀect research and
its applications is presented
• The inﬂuence of the global carbon
cycle on marine radiocarbon ages is
discussed
• Spatiotemporal variations in ocean
radiocarbon concentration are
discussed

Correspondence to:
E. Q. Alves,
qa.eduardo@gmail.com

Citation:
Alves, E. Q., Macario, K., Ascough, P.,
& Bronk Ramsey, C. (2018).
The worldwide marine radiocarbon
reservoir eﬀect: Deﬁnitions, mechanisms, and prospects. Reviews
of Geophysics, 56, 278–305.
https://doi.org/10.1002/2017RG000588

Received 1 SEP 2017
Accepted 11 FEB 2018
Accepted article online 16 FEB 2018
Published online 30 MAR 2018

The Worldwide Marine Radiocarbon Reservoir Eﬀect:
Deﬁnitions, Mechanisms, and Prospects
Eduardo Q. Alves1

, Kita Macario2

, Philippa Ascough3 , and Christopher Bronk Ramsey1

1 Oxford Radiocarbon Accelerator Unit, University of Oxford, Oxford, UK, 2 Laboratório de Radiocarbono, Universidade

Federal Fluminense, Niterói, Brazil, 3 AMS Laboratory, Scottish Universities Environmental Research Centre, East Kilbride, UK

Abstract When a carbon reservoir has a lower radiocarbon content than the atmosphere, this is referred
to as a reservoir eﬀect. This is expressed as an oﬀset between the radiocarbon ages of samples from the
two reservoirs at a single point in time. The marine reservoir eﬀect (MRE) has been a major concern in the
radiocarbon community, as it introduces an additional source of error that is often diﬃcult to accurately
quantify. For this reason, researchers are often reluctant to date marine material where they have another
option. The inﬂuence of this phenomenon makes the study of the MRE important for a broad range of
applications. The advent of Accelerator Mass Spectrometry (AMS) has reduced sample size requirements
and increased measurement precision, in turn increasing the number of studies seeking to measure marine
samples. These studies rely on overcoming the inﬂuence of the MRE on marine radiocarbon dates through
the worldwide quantiﬁcation of the local parameter ΔR, that is, the local variation from the global average
MRE. Furthermore, the strong dependence on ocean dynamics makes the MRE a useful indicator for changes
in oceanic circulation, carbon exchange between reservoirs, and the fate of atmospheric CO2 , all of which
impact Earth’s climate. This article explores data from the Marine Reservoir Database and reviews the place
of natural radiocarbon in oceanic records, focusing on key questions (e.g., changes in ocean dynamics)
that have been answered by MRE studies and on their application to diﬀerent subjects.
1. A Brief Overview on 14 C Dating
Inﬂuenced by research on cosmogenic radiation interactions in the atmosphere (e.g., Bethe et al., 1940; Clarke
& Korﬀ, 1941; Korﬀ, 1939; Korﬀ & Clarke, 1942; Korﬀ & Hamermesh, 1946; Montgomery & Montgomery, 1939),
Libby (1946) postulated that living carbonaceous matter contains the three naturally occurring carbon isotopes: 12 C, 13 C, and 14 C (or radiocarbon). Soon thereafter, this was proved to be true (Anderson et al., 1947),
leading to the development of the radiocarbon dating technique (Arnold & Libby, 1949; Libby et al., 1949).
The revolution brought about by this breakthrough was profound, crossing interdisciplinary boundaries and
extensively impacting archeology, geosciences and environmental sciences, ultimately motivating the establishment of several radiocarbon laboratories around the world. For complete discussions, the reader is referred
to texts such as Gillespie (1984), Taylor (1987), Aitken (1990), and Taylor (1992). More recent papers such as
Bronk Ramsey (2008), Hajdas (2008), and Hua (2009) also present comprehensive analyses on the topic.
1.1. Scientiﬁc Background
Knowledge of the origin and distribution of 14 C plays a fundamental role in the reliable application of the
dating tool based on this radionuclide. Radiocarbon is formed by a variety of mechanisms (e.g., nuclear transformations (Price, 1989; Rose & Jones, 1984; Vorobyov et al., 1972) and nuclear reactions induced by diﬀerent
factors (Lal, 1988; Zito et al., 1980)) but its continuous production in the upper atmospheric layers, where the
maximum rate is at approximately 15 km above sea level, has been found to be the most relevant source of 14 C
on Earth (Lal & Peters, 1967; Lingenfelter, 1963). High-energy nucleons promote spallation interactions with
atmospheric nuclei (Gosse & Phillips, 2001; Muzikar et al., 2003), generating further cascades of nuclear reactions and leading to the formation of thermal neutrons. These particles are absorbed by atmospheric atoms to
form cosmogenic nuclides (Gosse & Phillips, 2001). Radiocarbon is by far the most important of those nuclides
(Gosse & Phillips, 2001; Libby, 1946), forming at a global average rate of 2.02 atoms cm−2 s−1 (Masarik & Beer,
1999) mainly by the following reaction:
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Figure 1. Simpliﬁed illustration of radiocarbon production, oxidation, absorption, and distribution throughout the
Earth’s reservoirs. Adapted from Aitken (1990). Some graphic elements are courtesy of the Integration and Application
Network, University of Maryland Center for Environmental Science (http://ian.umces.edu/symbols/).

where n is a neutron and p is a proton. Newly formed carbon-14 atoms either directly form 14 CO2 or, most
likely, rapidly produce 14 CO molecules (equation (2)) which undergo further oxidation by hydroxyl radicals,
forming 14 CO2 (equation (3)) (Campbell et al., 1986; Pandow et al., 1960; Weinstock, 1969):
C + O2 − > 14 CO + O

(2)

CO + OH − > 14 CO2 + H

(3)

14

14

The chemical properties of these “heavy” carbon dioxide molecules are essentially identical to those of ordinary CO2 , and they are metabolically assimilated by primary producers via photosynthesis, reaching higher
trophic levels via the food chain (Aitken, 1990). Atmospheric carbon dioxide also dissolves into the ocean and
is taken up by the biota in this reservoir, as discussed in greater detail in section 4. Consequently, all living
organisms are radioactive, incorporating 14 C but also the stable isotopes 12 C and 13 C (Figure 1). The biosphere
maintains equilibrium with its supporting reservoir in a balance achieved by continuous assimilation of 14 C
from the atmosphere and the counteracting process of radioactive decay:
14
C
6

− > 14
N + e− + v̄e
7

(4)

where e− is an electron and v̄e is an electron antineutrino. Initial investigations by Craig (1953) revealed that
equilibrium does not lead to the same radiocarbon activity. Indeed, biological systems usually exhibit isotopic
ratios that diﬀer from their supplier reservoir due to residence times and isotopic fractionation, a phenomenon
caused by mass discrepancies between carbon isotopes aﬀecting the uptake of molecules such as CO2 in
chemical and physical processes (e.g., photosynthesis). Following death, carbon exchange with the surrounding environment is suspended and organisms become sealed systems. Losses in radiocarbon content are
then solely due to radioactive decay, occurring at a known rate, and the lack of replenishment (Figure 2).
This closed system behavior lays the basis for the radiocarbon dating method, which can then be performed
following the laws of radioactive decay. Provided that the initial 14 C activity is known and the current activity
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(or the concentrations) can be measured, one can calculate the elapsed
time since the sample was removed from the exchangeable carbon reservoir, which is the conventional radiocarbon age of the sample:
(
)
ASN
t = −8033 ln
(5)
AON
where ASN is the isotopic fractionation corrected measured activity of the
sample, AON is the fractionation corrected activity of the standard and 8033
is the Libby mean life of radiocarbon in years. It is important to highlight
that the radiocarbon age is not an age in the usual sense of the word and
the adoption of the above equation involves the following conventions
and assumptions:

Figure 2. Radiocarbon decays to 14 N via 𝛽 − decay (equation (4)). Its
convenient half-life (5,730 years) turns 14 C into a powerful clock for all sorts
of processes happening in the Late Quaternary. After 10 half-lives, the
quantity of residual radiocarbon is very low and the limit of the
measurement technique is reached.

1. The use of 5568 years as the 14 C half-life.
2. The assumption that the atmospheric levels of 14 C were kept constant
in the past.
3. The use of oxalic acid (directly or indirectly) as a standard.
4. Normalization of all sample activities to 𝛿 13 C = −25‰ relative to
the Pee Dee Belemnite (PDB) standard (CaCO3 from Belemnitella
america (d’Orbigny, 1840) collected from the Peedee Formation of South
Carolina, USA).
5. 1950 is the present, with all radiocarbon ages being given in years before
1950 AD.

The ﬁrst two postulates do not hold but can be corrected when radiocarbon ages are translated into sidereal years through the use of a calibration
curve (see section 2). For a complete discussion on the calculation of radiocarbon ages, the reader is referred
to Stuiver and Polach (1977). This review does not cover all applications of natural and artiﬁcial 14 C measurements. The list is lengthy, ranging from archeology and global climate change to biomedical research.
Examples of these and more applications, emphasizing the importance of the AMS technique for some
studies, are discussed in publications such as Tuniz et al. (1998), Fiﬁeld (1999), Fiﬁeld (2004), and Hua (2009).
1.2. Experimental Methods
Techniques for the determination of isotopic ratios in a variety of materials have evolved, and technological
advancements have led to methods of higher sensitivity and precision. Such techniques make use of beta
particle detection (conventional method), direct counting of atoms, or even infrared absorption (Fiﬁeld, 1999;
Povinec et al., 2009; Galli et al., 2011, respectively) to radiocarbon date a given sample.
Activity measurements employing either gas or liquid scintillation counters are the basis of the beta-counting
techniques. These methods emerged with the development of the ﬁrst gas counter, an instrument capable
of counting electric pulses generated from the ionization of a gas by the emission of beta particles from
the sample inside its chamber (Geiger & Müller, 1929). The possibility of measuring solid carbon samples
arose when Libby (1934), aiming to study soft beta-emitters, developed a screenwall Geiger-Müller detector
for solid materials. Nevertheless, these measurements were hindered by poor sensitivity and high backgrounds (Povinec et al., 2009). Given the low energy of 14 C beta-electrons, better precision was achieved in
carbonaceous material measurements by replacing Libby counters with proportional gas counters (Povinec
et al., 2009).
Almost simultaneously with the development of gas counters, Reynolds et al. (1950) worked with liquid scintillation equipment. For this approach, the sample must be converted to an organic solvent—commonly
benzene due to advantages described in detail in Povinec et al. (2009) and references therein. In liquid scintillation techniques, an organic material, able to emit light, absorbs radiation and emits photons proportional
to the number of received particles. These photons are then counted with the assistance of a photomultiplier.
These techniques share limitations. The amount of material necessary for the measurements is large (i.e., several grams C), making it impracticable to employ such methods for dating rare/scarce archeological material
or in applications requiring submilligram samples. Moreover, the measurement time needed for achieving
reasonable statistical precision is considerably long, this problem being worse for old samples whose activity is already diminished. For 14 C dating, it would be necessary to measure the activity of a sample of 1 g C
ALVES ET AL.
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for 12 h to count 10,000 events and achieve 1% precision. For this reason, the application of beta-counting
methods to radionuclides of long half-life is impractical. To overcome these limitations, a new method had to
be developed.
Since the initial years of 14 C research, the possibility of counting atoms by mass spectrometry was a common
suggestion (Olsson, 1970; Povinec et al., 2009). Although conventional mass spectrometers are able to separate carbon isotopes (14 C accounts for 0.0000000001% of atmospheric CO2 ), they lack the energy required
to resolve isobars. Intense ﬂuxes of isobars (e.g., 14 N, 13 CH, 12 CH2 , 12 CD, and 7 Li2 ) and background from the
stable isotopes 12 C and 13 C mask 14 C ions (Fiﬁeld, 1999). In the late 1970s, the detection of ions with energies in the order of MeV was made possible by the coupling of particle accelerators developed for nuclear
physics research with mass spectrometers (Muller, 1977). This means of counting individual atoms, named
AMS, produces atomic and molecular ions from the sample that are then extracted and accelerated to high
energies for the dissociation of molecular isobars and discrimination of isotopes according to momentum,
charge, and energy. Soon after the articulation of the technique by Muller (1977), the ﬁrst measurements of
14
C in natural materials using AMS were reported simultaneously by Nelson et al. (1977) and Bennett et al.
(1977). Fiﬁeld (1999) summarized the signiﬁcance of this technique for radiocarbon measurements observing
that with AMS, the radiocarbon age of a sample less than 10,000 years old could be determined to a precision
of 0.5% in a few minutes using a mg or less of carbon. Tuniz et al. (1998) pointed out that the revolution of
AMS included long-lived radioactive nuclides, with the method applicable to many isotopes (e.g., 10 Be, 26 Al,
36
Cl, and 129 I). Traditional radiocarbon dating in ﬁelds such as archeology is no longer the only major application, and a review by Fiﬁeld (1999) covers the use of AMS in diverse ﬁelds including studies of atmospheric
processes, ocean circulation, and past climates.
More recently, radiocarbon isotopic measurements have been performed by means of infrared absorption
(Galli et al., 2011, 2013; Zare, 2012). After conversion to CO2 , infrared spectra are taken from the sample and
carbon isotopes can be distinguished by diﬀerences in the absorbed frequencies. Using this method, in 1 h
of averaging, Galli et al. (2011) measured 14 C/C ratios with an accuracy of 3.5%, approximately 1 order of
magnitude worse than the best AMS uncertainty with the same acquisition time. Galli et al. (2013) present a
comparison between this technique and both AMS and liquid scintillation counting for the measurement of
radiocarbon concentrations. More recently, Galli et al. (2016) improved the performance of their technique
using simpler and less expensive setup.

2. The Need for Calibration
Any attempt to use radiocarbon ages for calendrical time scale interpretations or comparisons with dates
obtained by other methods would be problematic (Blockley & Housley, 2009; de Vries, 1958; Stuiver & Suess,
1966). The use of 14 C ages for chronological purposes assumes that the carbon isotopic concentration of the
reservoir where the sample was formed has been constant (Stuiver & Suess, 1966). If this was indeed the case,
then it would not be necessary to go any further than the result obtained by the application of equation (5)
(provided that the correct 14 C half-life was used). However, the radiocarbon content of the Earth’s reservoirs
varies over time. The following paragraphs brieﬂy discuss natural and anthropogenic reasons for calibration.
The geomagnetic ﬁeld deﬂects low-energy charged particles (Muzikar et al., 2003), aﬀecting the cutoﬀ energies of cosmic rays (Lal & Jull, 2001; Masuda et al., 2009). The magnetic term of the Lorentz force requires
this deﬂection to be strongest at low latitudes, where the velocity of incoming particles is perpendicular to
the geomagnetic ﬁeld (Muzikar et al., 2003). This creates a latitude dependence of the production rate of 14 C
(Gosse & Phillips, 2001; Muzikar et al., 2003), which is enhanced at high latitudes where geomagnetic deﬂection is at a minimum. Altitude is also responsible for natural ﬂuctuations in radiocarbon production rates.
At approximately 15 km above Earth’s surface, production of fast neutrons, density of target nuclei, and the
number and energy of the cosmic radiation reach their maxima (Gosse & Phillips, 2001; Muzikar et al., 2003).
This increases the likelihood of collisions between nitrogen and thermal neutrons, enabling a maximum in
radiocarbon production.
The solar magnetic ﬁeld also aﬀects the trajectories of charged particles travelling through our solar system. It acts as a shield, inhibiting primary cosmic radiation from penetrating the Earth’s atmosphere, playing
an important role in the production of cosmogenic nuclides (Gosse & Phillips, 2001; Korﬀ & Mendell, 1980;
Muzikar et al., 2003; Stuiver et al., 1997). Stuiver (1961) was the ﬁrst to observe that variations in radiocarbon
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production rates are caused by solar wind modulating the interplanetary magnetic ﬁeld. Sunspots have a
higher magnetic ﬁeld than the average ﬁeld that is displayed by the Sun (Korﬀ & Mendell, 1980; Tobias
et al., 2004) and are a useful index for solar activity (Masuda et al., 2009). These features have been observed
over the past several centuries, and the number of spots is inversely correlated with radiocarbon production
rates (Masuda et al., 2009). Fluctuations in solar activity occur at diﬀerent time scales and during the 11 year
Schwabe cycles—caused by changes in the amplitude of the solar magnetic activity— 14 C production rates
in the minimum of solar activity reach 1.15 times the normal rate (Masarik & Beer, 1999). The long-term modulation of the solar magnetic activity (e.g., 210 year De Vries cycles and 2,300 year Hallstatt cycles) exhibits
the same inverse proportional relation between cosmic radiation intensity and solar activity (Clilverd et al.,
2003, 2004; Tobias et al., 2004). Finally, as Yamazaki and Oda (2002) point out, orbital inﬂuence on the Earth’s
magnetic ﬁeld also leads to variation in solar irradiance and modulates radiocarbon production.
Rapid atmospheric mixing attenuates regional concentration diﬀerences caused by the latitudinal dependence of 14 C production. However, geographical oﬀsets in radiocarbon concentration do persist. The most
important of those refers to the oﬀset between the two hemispheres as divided by the thermal equator (Hogg
et al., 2011, 2013; McCormac et al., 2002). Lerman et al. (1970) demonstrated the interhemispheric oﬀset via
radiocarbon measurements of contemporaneous wood from the Southern and Northern Hemispheres. Their
ﬁndings indicated that southern samples are older by approximately 30 14 C yr. Other estimates have been
made (McCormac et al., 1998; Stuiver & Braziunas, 1998; Vogel et al., 1993), and the oﬀset is now known to
vary temporally (Hogg et al., 2011; McCormac et al., 2002; Rodgers et al., 2011). The interhemispheric oﬀset is considered to be a result of the larger oceanic area of the Southern Hemisphere, which increases the
air-sea interface, enhancing CO2 exchange ﬂuxes (Hogg et al., 2011, 2013; Levin et al., 1987; McCormac et al.,
2002). Indeed, this oﬀset is attributed to the CO2 exchange between the southern atmosphere and radiocarbon depleted surface waters in the upwelling zone of the circumpolar region (Levin et al., 1987). Fortunately,
this discrepancy can easily be dealt with by using diﬀerent atmospheric calibration curves for the diﬀerent
hemispheres (e.g., IntCal13 Reimer et al., 2013, and SHCal13 Hogg et al., 2013).
Volcanic eruptions can also impact radiocarbon concentrations as they release CO2 devoid of 14 C into the
atmosphere, lowering the radiocarbon content of plants nearby volcanic sites (Bruns et al., 1980; Sulerzhitzky,
1971). Volcanic inﬂuence is particularly relevant for samples younger than 10,000 years and may lead to
apparent ages of up to 1,600 years (Bruns et al., 1980; Sulerzhitzky, 1971). Nevertheless, the eﬀect of volcanic
eruptions on the radiocarbon budget is very local, and negligible on a global scale.
Human interferences in the carbon cycle include the emission of 14 C-free CO2 into the atmosphere through
the combustion of ancient organic carbon molecules in domestic and industrial processes. The burning of
coal, oil, and natural gas disturbs the carbon isotopic ratio of atmospheric CO2 as ﬁrst reported by Suess (1955).
By measuring the carbon isotopic ratio of tree rings, Suess observed a dilution in the atmospheric 14 C concentration and associated changes in the stable isotopes content, which was termed the industrial, fossil fuel, or
Suess eﬀect. Eﬀorts to quantify the Suess eﬀect via the analysis of tree rings from the last two centuries revealed
that wood grown in 1950 AD exhibits lower radiocarbon concentration than wood from 1850 AD (Stuiver &
Quay, 1981; Suess, 1955; Tans et al., 1979). A spatial variation in the magnitude of the eﬀect is also shown in
the carbon records, with an enhanced Suess eﬀect (i.e., lower than average reductions in radiocarbon concentration) registered in more polluted (Jong & Mook, 1982) and highly populated (Levin et al., 1989) areas.
In addition, there is also a seasonal pattern, since fossil fuel CO2 emissions intensify during the winter due to
domestic heating, when the vertical mixing of the atmosphere is already reduced (Levin & Hesshaimer, 2000).
Another signiﬁcant man-made perturbation in the global carbon budget is a consequence of nuclear tests
in the 1950s and early 1960s. Over these years, some nations performed tests involving nuclear explosions
in the atmosphere. Neutrons produced by these explosions eventually formed, in the same manner as for
natural radiocarbon (equation (1)), 630 × 1026 or more atoms of what is called bomb produced, artiﬁcial, or
anthropogenic 14 C (Hesshaimer et al., 1994). These large quantities of artiﬁcial radiocarbon caused a critical disequilibrium between the diﬀerent reservoirs, doubling the atmospheric radiocarbon concentration in
the Northern Hemisphere, where most explosions took place (Levin & Hesshaimer, 2000). This maximum in
radiocarbon concentration in the Northern Hemisphere was reached in 1963 and in the same year nuclear
tests were prohibited by the test ban treaty (Rakowski et al., 2005). Nevertheless, in the Southern Hemisphere
the 14 C bomb peak was lower and occurred later, because it took time for the inﬂuence of the tests performed in the Northern Hemisphere to reach the Southern Hemisphere and wind patterns prevent a complete
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interhemispheric mixing of the atmosphere (Hua et al., 2013). Since the ban of the tests, the bomb peak has
been decreasing because of carbon exchange between the atmosphere and other reservoirs and the counteracting Suess eﬀect (Broecker et al., 1985; Hesshaimer et al., 1994; Hua et al., 2013; Levin & Hesshaimer, 2000;
Rakowski et al., 2005). This bomb pulse presents useful tracer properties, which allow the investigation of
ﬂuxes within the global carbon cycle (Hua et al., 2013; Levin & Hesshaimer, 2000).
Due to the reasons discussed above, the accuracy of the radiocarbon dating technique depends on highly
reﬁned calibration data. These data are used to account for temporal variations in the carbon isotopic ratios
of reservoirs and to convert radiocarbon ages to calendar years using notations such as cal BP (Before Present,
where 1950 AD is the present), cal CE (Common Era), cal BCE (Before Common Era), cal BC (Before Christ), and
cal AD (Anno Domini). Terrestrial age calibration is performed in an empirical way, using curves of 14 C age versus calendar date constructed from the radiocarbon dating of known-age samples—mostly wood dated by
dendrochronology (e.g., Pearson & Stuiver, 1993; Reimer et al., 2004, 2009, 2013; Stuiver, Reimer, & Braziunas,
1998; Stuiver, Reimer, Bard, et al., 1998). Atmospheric curves are mainly generated via radiocarbon measurements in annual growth rings from certain tree species (e.g., sequoias and oaks), with correspondent calendar
years given by the counting of these rings. After formation, the wood deposited in these structures does not
exchange carbon with the environment, reliably representing the atmospheric radiocarbon concentration in
a particular year. The tree-ring approach yields accurate and high resolution data for radiocarbon calibration,
being deﬁned as the heart of the calibration process for the period 0–12.4 cal kyr (Blockley & Housley, 2009).
Beyond this limit, samples such as foraminifera from varved sediments (Hughen et al., 2004), Th-U dated corals
(Bard et al., 1998; Fairbanks et al., 2005), and speleothems (Southon et al., 2012) are incorporated to the calibration curves. However, radiocarbon ages from these samples must be corrected for reservoir eﬀects to yield
an equivalent terrestrial age, in a process much less straightforward than the tree-rings approach. Due to the
lack of continuous highly resolved records, such as the tree rings mentioned above, in the marine environment
(Stuiver & Braziunas, 1993), marine curves are generated with the aid of numerical models. Considering parameters involved in the uptake and distribution of carbon in the ocean, an ocean-atmosphere box diﬀusion
model (Oeschger et al., 1975; Stuiver & Braziunas, 1993; Stuiver et al., 1986) estimates the oceanic response to
ﬂuctuations in atmospheric 14 C concentration. It is important to note that data constituting diﬀerent sections
of the marine calibration curve Marine13 are composed by the measurements of marine materials, modeled
atmospheric data from IntCal13 or both (Reimer et al., 2013). Details on the construction of the last curves
can be found in Hogg et al. (2013), Niu et al. (2013), and Reimer et al. (2013). Although radiocarbon dating is
now consolidated as a valid and powerful technique, the correction using empirical data is a step that must
be taken toward a calendar date. Complete discussions on the calibration of the radiocarbon time scale and
its implications can be found in articles such as Bard (1998) and Damon and Peristykh (2000).

3. The Global Carbon Cycle: Reservoirs and Residence Times
Gigatons (Gt) of carbon ﬂow between distinct reservoirs, at variable rates and states of matter, every year on
Earth. The geological and environmental mechanisms of carbon exchange among reservoirs are collectively
called the global carbon cycle, and the carbon held in the active reservoirs of atmosphere, biosphere, and
sea was deﬁned by Craig (1957) as the exchangeable system. The global carbon cycle can be deﬁned as a
biogeochemical cycle in which carbon is recycled and reused throughout the reservoirs (see Figure 3). The
mass conservation principle guarantees that there are no losses and any shift in carbon content taking place
in a reservoir aﬀects the quantity of carbon in the others. For instance, considering the atmosphere-ocean
system, the acidiﬁcation of the world’s oceans due to rising levels of atmospheric CO2 (see, e.g., Doney et al.,
2009) exempliﬁes the link between reservoirs. Activities such as deforestation and the burning of fossil fuels,
which increase CO2 input to the atmosphere with no matching increase in potential sinks for this CO2 , pushes
the global carbon cycle out of equilibrium.
The magnitude of the atmospheric carbon reservoir has been accurately established since 1958 when Charles
Keeling started measuring CO2 concentrations at the Mauna Loa observatory in Hawaii (Post et al., 1990),
demonstrating that the quantity of atmospheric CO2 has been growing because of human activity. Indeed,
due to anthropogenic perturbations to the carbon cycle, atmospheric CO2 concentration is currently around
100 ppmv higher than in preindustrial times, having reached that level at a rate at least 10 times faster than at
any other time in the 420,000 years before the Industrial Revolution (Falkowski et al., 2000). Apart from fossil
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Figure 3. Diagram depicting the diﬀerent compartments of the global carbon cycle and the ﬂuxes between those. Storage is given in gigatons (109 tons), which
is equivalent to pentagrams. Fluxes are given in gigatons per year. Modiﬁed from Bolin and Fung (1992).

fuel burning (5.6–6.0 Gt C yr−1 ), main sources of carbon dioxide to the atmosphere include decomposition of
organic residues (35–65 Gt C yr−1 ) and plant respiration (40–60 Gt C yr−1 ) (Bolin & Fung, 1992). Oceanic respiration is also a major source of CO2 (55–76 Gt C yr−1 ), and its temporal and spatial variability is discussed
in del Giorgio and Duarte (2002). Currently, it is widely recognized that Earth’s atmosphere is the dynamic
pool containing the least amount of carbon, which, together with its homogeneity, makes it the most sensitive reservoir to perturbations in the carbon cycle (Cook et al., 2009). Oceans, in turn, hold about 50 times
more dissolved inorganic carbon (DIC) than the atmosphere, with atmosphere-ocean CO2 exchange ﬂuxes
amounting to approximately 90 Gt C yr−1 in each direction (see review in Falkowski et al., 2000) and, since
the Industrial Revolution, a net ﬂux of 0.8–2.4 Gt C yr−1 into the oceans (Bolin & Fung, 1992, and references
therein). A complete discussion on carbon ﬂuxes between reservoirs is presented by Bolin and Fung (1992).
The amount of carbon stored in a reservoir is often determined by turnover rates, as some reservoirs do not
cycle carbon quickly. Carbon turnover rates for geological processes often vary from thousands to millions
of years, whereas phenomena such as the plant ﬁxation of carbon via photosynthesis involve time scales
of one year or less, illustrating the concepts of sedimentary and dynamic compartments within the carbon
cycle (Cook et al., 2009). In the terrestrial biosphere, carbon atoms reside on average between 4 and 8 years
(Gaudinski et al., 2000) as a result of rapid exchange with the surrounding atmosphere. Exchange between
the upper ocean layers and the overlying atmosphere is relatively fast, with carbon being cycled much quicker
than between the surface and deep ocean. Carbon atoms can stay in the deep ocean for thousands of years
(e.g., Sigman & Boyle, 2000) before returning to the atmospheric reservoir through upwelling and subsequent exchange in the ocean surface. This has the eﬀect of establishing a dependence of marine residence
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times on the water column depth. Deep ocean residence times also vary with ocean geography and circulation, whereas the surface residence times depend on the deep ocean regime and the air-sea gas exchange
(Russell, 2011).

4. The Atmosphere-Ocean Carbon Cycle
The carbon cycle in the oceans is distinct from the atmospheric one, and the atmosphere-ocean gas exchange
links these two reservoirs. This exchange is primarily driven by diﬀerences in partial pressures of CO2 and is
written as follows:
F = kg (pCO2,a − pCO2,s ) = kg ΔpCO2

(6)

where pCO2,s is the equilibrium partial pressure of CO2 in the surface waters, pCO2,a is the equilibrium partial
pressure in the overlying atmosphere, and kg is a gas exchange coeﬃcient dependent on factors such as wave
agitation (wind speed) (Merlivat & Memery, 1983; Siegenthaler & Sarmiento, 1993; Takahashi et al., 2002, 2009).
Molecules of CO2 exchange across the air-sea interface and the ﬂux is proportional to the diﬀerence in pCO2
between the reservoirs. The atmospheric partial pressure pCO2,a is relatively homogeneous, and variations
in the sign of the ﬂux are determined by local pCO2,s (Williams & Follows, 2011), which is inﬂuenced by the
interaction of deep waters with the mixed layer (Sigman & Boyle, 2000). A good example of how the CO2
content of surface waters controls the air-sea exchange was described by Le Quéré et al. (2007), who observed
that the Southern Ocean CO2 sink has weakened despite the large increase in atmospheric CO2 . For a more
detailed discussion on the eﬀects of anthropogenic climate changes on CO2 sinks, the reader is referred to Le
Quéré et al. (2009). The air-sea gas exchange is not a uniform process over the global oceans and regions of CO2
uptake, that is, where primary productivity occurs in areas with a permanent thermocline, and CO2 outgassing,
that is, where upwelling dominates, coexist. Globally, the integrated ﬂux in both directions approximately
cancel each other (Sigman & Boyle, 2000; Williams & Follows, 2011).
Temperature aﬀects the solubility of CO2 in sea water, ultimately inﬂuencing the air-sea gas exchange. Carbon
dioxide is more soluble in cold and saline waters and thermohaline circulation together with ocean ventilation drive the mechanism of solubility pump (see, e.g., Raven & Falkowski, 1999; Taylor, 1992). Therefore,
CO2 sequestration is latitudinally dependent with enhanced oceanic uptake of CO2 in cold waters at high latitudes. In these regions, the process of primary production removing CO2 from the surface ocean, through
photosynthesis followed by the death and sinking of phytoplankton (known as the ocean’s biological pump),
contributes to the invasion of CO2 into the water (see, e.g., Herndl & Reinthaler, 2013; McElroy, 1983; Sarmiento
et al., 1998; Siegenthaler & Sarmiento, 1993; Sigman & Boyle, 2000). Post et al. (1990) point out that an approximate equilibrium in CO2 concentration between surface waters and atmosphere is attained relatively quickly
and little CO2 can be incorporated into the ocean without processes such as the biological pump transferring
carbon to the deep ocean and thus decreasing pCO2,s . This mechanism sequesters enough CO2 to maintain
atmospheric CO2 concentrations 150–200 ppmv lower than they would be without phytoplankton assistance.
Nearly 25% of the carbon ﬁxed in the ocean upper layer is transported to the basin interior, with the biological
pump presently accounting for the export of 11–16 Gt of organic carbon per year (Falkowski et al., 2000, and
references therein). In tropical zones, warming reduces the solubility and drives oceanic CO2 evasion (Williams
& Follows, 2011). Ocean CO2 uptake in tropical regions can be intensiﬁed by upwelling of nutrient-rich waters
leading to enhanced primary production and biological pump or, conversely, upwelling can bring carbon-rich
waters to the surface, increasing pCO2,s and leading to outgassing (Williams & Follows, 2011). Nevertheless,
air-sea CO2 ﬂuxes in coastal upwelling systems are not straightforward (see, e.g., Hales et al., 2005; Friederich
et al., 2008, and references therein). Takahashi et al. (2002, 2009) present detailed discussions on the global
sea-air CO2 ﬂux, and a more complex control on pCO2,s , driven by ocean chemical composition, is discussed
in Sigman and Boyle (2000).
Once CO2 dissolves in the water, it dissociates and reacts with water to form three carbonate species (carbonic
acid, bicarbonate, and carbonate) collectively known as DIC, constituting the pool of inorganic carbon in the
oceans (Mills & Urey, 1940; Mook et al., 1974; Siegenthaler & Sarmiento, 1993; Zeebe & Wolf-Gladrow, 2001):
DIC = CO∗2 + HCO−3 + CO2−
3

(7)

where CO∗2 is the sum of the aqueous form of carbon dioxide (CO2(aq) ) and carbonic acid (H2 CO3 ). The amount
of carbon held as DIC in the ocean is 40 times as much as that of organic forms of carbon and 90% of DIC
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is made up of bicarbonate ions (Williams & Follows, 2011). Due to the biological and solubility pumps sequestrating carbon to the ocean interior, DIC concentrations increase below the thermocline, where the sinking
organic carbon is oxidized by the respiration of heterotrophic organisms and converted to DIC (Falkowski et al.,
2000, and references therein). Species that form CaCO3 shells reduce surface DIC concentration by delivering
this carbonate to the deep ocean since, upon death, these organism’s shells sink to the ocean ﬂoor, where dissolution can occur. This process, called the carbonate pump, has a competing eﬀect on pCO2,s (see, e.g., Volk
& Hoﬀert, 1985). The marine carbon cycle and the factors aﬀecting DIC in the oceans are discussed in Zeebe
and Wolf-Gladrow (2001) and Williams and Follows (2011). Sarmiento et al. (1998), Joos (1999), and Falkowski
et al. (2000) discuss the response of the ocean carbon reservoir to the ongoing climate change.

5. Anomalies in the Biogeochemistry of Carbon
Although not fully understood initially, inconsistent 14 C activities in marine samples have been reported since
the very beginning of radiocarbon research. Nier and Gulbransen (1939) performed the ﬁrst systematic investigation on the relative occurrence of carbon isotopes in natural sources. Based on measurements of the ratio
12 13
C/ C, they concluded that the incorporation of the heavy isotope seemed to be favored in carbonates,
which were found to be enriched in 13 C by approximately 2.5% when compared to terrestrial material. Considering that the discrimination is due to the mass diﬀerence between the isotopes, it follows from their results
that marine carbonates must be enriched in 14 C by as much as 5% relative to terrestrial material. This idea
was supported by 14 C activities reported for marine carbonates in the ﬁrst radiocarbon assay (Libby et al.,
1949). Nevertheless, the assay highlights that the error in the measurements was large enough to overlap
the predicted values for enrichment. Soon thereafter, three modern sea shells exhibited radiocarbon activities higher by nearly 8% on average than those measured for wood and other organic materials (Anderson
& Libby, 1951). However, arguing that the accuracy of the fractionation factor estimation was better than the
precision of their shells measurements, the authors corrected their values for carbonate using the values for
modern wood and the predicted enrichment. At this point, there seemed to be a consensus on the higher 14 C
concentration of marine carbonates relative to terrestrial material, with radiocarbon ages for these two kinds
of samples presenting good agreement after isotopic fractionation corrections.
The scenario started to change when Peruvian archeological shells measured by Kulp et al. (1952) yielded
ages considered to be too old. Acknowledging that shells from other upwelling localities showed the same
anomaly, the inﬂuence of deep ocean waters was suggested as a cause of the eﬀect. However, this hypothesis
was discarded by Blau et al. (1953) because the radiocarbon content of ﬁve shells from locations presenting
diﬀerent oceanographic features (e.g., Florida, Texas, and California) were in agreement with terrestrial material. The biogeochemistry of carbonate formation was poorly understood at that time. As highlighted by Blau
et al. (1953), the practice of assuming that shell 14 C values are higher than those of wood was in need of modiﬁcation. Craig (1954) argued that the enrichment was diﬃcult to estimate because of the large errors involved
and concluded that methods with better precision did not show the radiocarbon enrichment predicted. His
results showed that shell carbonate is in equilibrium with ocean water and anomalously low 14 C enrichment
can only be explained by an oceanic radiocarbon depletion that does not aﬀect plants. Craig (1954) tried to
explain this phenomenon on the basis of biogeochemical diﬀerences between ocean and atmosphere. Considering the observed depletion of 5% in sea shells expected activity and noticing that it corresponds to an
age of 400 years for surface ocean carbonates, he concluded that this eﬀect was a product of the slow transfer of 14 C across the air-sea interface. Furthermore, he acknowledged that the eﬀect should be greater in the
deep ocean due to even slower mixing rates.

6. MRE: A Proper Deﬁnition
The radiocarbon community has come to recognize that, when 14 C dated, samples formed in environments
not directly supported by atmospheric CO2 are susceptible to yield anomalies up to several thousands years
from their real age. The 14 C age obtained for samples from these environments is termed the apparent age
of the sample (Mangerud, 1972). There has been a number of investigations on the source of this anomaly
(e.g., Craig, 1957 on the distribution and exchange of radiocarbon among diﬀerent reservoirs) and others
aiming to evaluate the reliability of radiocarbon ages obtained from marine samples (e.g., Berger et al., 1966;
Taylor & Berger, 1967). These studies consider the association between apparent ages and ocean dynamics,
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Figure 4. Summary of some of the mechanisms impacting the radiocarbon MRE in a coastal region. Some graphic
elements are courtesy of the Integration and Application Network, University of Maryland Center for Environmental
Science (http://ian.umces.edu/symbols/).

especially in upwelling areas. However, for the ﬁrst complete analysis of this topic, the reader is referred to
Mangerud (1972), who addressed common problems involved in shell 14 C ages and concluded that when
handled carefully, shell dates are reliable.
Regarding 14 C interreservoir transport, Mangerud (1972) points out that no equilibrium is reached between
atmosphere and oceans, with a steady state situation occurring. The air-sea gas exchange alongside slow
internal oceanic mixing leads to comparatively low radiocarbon activity in the oceans versus the atmosphere,
which in turn causes apparent ages in marine carbon. Bard (1988) presents an equation for the determination of the 14 C/12 C ratio of surface waters depending on several climate-related parameters and discusses, for
instance, the eﬀect of wind speed on the MRE. The oceanic reservoir of DIC is about 50 times larger than the
atmospheric one with much longer residence times in the deep ocean (in the order of 1,000 years compared
to 5 years in the atmosphere) (Levin & Hesshaimer, 2000; Sigman & Boyle, 2000), and the dominant factor controlling ocean 14 C activity is ocean circulation (Mangerud, 1972). This is because CO2 is transferred only at the
air-sea interface, and water masses removed from this boundary undergo radioactive decay, presenting lower
radiocarbon activity depending on how long the water has been at depth. As surface water contains a mix of
old carbon from the deep ocean and new carbon from the atmosphere, its radiocarbon activity is enriched
relative to isolated deep waters but depleted when compared to the atmosphere and terrestrial biosphere
(Ascough et al., 2004). These processes removing 14 C from a reservoir (or equivalently introducing preaged
carbon) without the presence of a counter process replenishing it cause a reservoir eﬀect. The processes discussed above and summarized in Figure 4 cause a diﬀerence in levels of radiocarbon depletion among distinct
marine environments (Gordon & Harkness, 1992), showing the inherent geographical variability of the MRE.
After understanding the presence of reservoir eﬀects, the next step was to standardize the way in which radiocarbon laboratories report marine ages. Stuiver and Polach (1977), in a seminal paper on radiocarbon dating,
deﬁned the term reservoir eﬀect for the ﬁrst time and made recommendations on how to deal with it. Nevertheless, a formal mathematical deﬁnition for the terms involved in the oﬀset in radiocarbon activity between
ocean and atmosphere was still lacking.
A full discussion on the calibration of marine radiocarbon ages, including a mathematical deﬁnition for
the MRE, was ﬁrst presented by Stuiver et al. (1986), who introduced the concept of reservoir age R(t) as
being the diﬀerence between the radiocarbon age of a marine sample and its atmospheric age determined
independently for a given time t:
R(t) = 14 Cmarine − 14 Catmospheric
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As their model was not able to accommodate local eﬀects, the authors introduced the concept of ΔR as a
way of accounting for oceanic mixing processes that contribute to the MRE. The ocean is composed of very
heterogeneous water masses that occasionally mix (see Broecker, 1991; Talley, 2013; Talley et al., 2011, for a
discussion on the global scale overturning circulation) and due to the great variety and complexity of mechanisms involved in the MRE, it is unreasonable to apply a global correction to marine ages. Cook et al. (2009)
state that due to slow mixing rates, particularly of deep waters, the ocean is the most heterogeneous reservoir
in terms of its 14 C distribution. The term ΔR is deﬁned as the diﬀerence between the regional and the modeled
global marine reservoir ages, where the latter is the oﬀset between the atmospheric and marine calibration
curves for any point in time from the present back through the curve (see section 2, Stuiver et al., 1986, and
Stuiver & Braziunas, 1993):
ΔR = Rmeasured − Rexpected

(9)

In Stuiver et al. (1986), equation (9) is written as follows:
ΔR = P − Q

(10)

where P is the radiocarbon age measured for a marine sample and Q is the modeled global marine age
obtained from the radiocarbon age of the coeval atmosphere. Equation (10) can easily be obtained using
equation (8) and changing notation. Consistent with the deﬁnition given in Stuiver et al. (1986), ΔR values
were initially assumed to be time independent in ﬁrst approximation. Nevertheless, there has been evidence
strongly supporting the opposite (e.g., Austin et al., 1995; Kennett et al., 1997; Ortlieb et al., 2011; Soares &
Dias, 2006).
Stuiver et al. (1986) derived a smooth marine calibration curve, reﬂecting the strong attenuation in the oceans
of the high-frequency atmospheric Δ14 C perturbations, going back to 7,000 BC. The ﬁrst ΔR values, calculated
from previously published marine dates, are also given in their study. Soon thereafter, Stuiver and Braziunas
(1993) improved and extended the atmospheric record for the modeled surface layer of the global ocean to
10,000 BC.
Reservoir oﬀsets for estuaries, lakes, and peatlands must be treated on an individual basis. Freshwater and
hardwater eﬀects altering the radiocarbon signal of estuaries are not MREs per se. Riverine discharge can introduce exogenous carbon to the marine environment and signiﬁcantly impact the MRE in estuaries. Freshwater
reservoirs are usually shallower than the ocean and often less or not stratiﬁed, which enhances CO2 exchange
with the atmosphere and, consequently, increases the input of recently formed carbon species, decreasing
ΔR. Additionally, the breakdown of organic detritus (e.g., tree leaves) carrying a terrestrial radiocarbon signal
can lower ΔR values, whereas rivers running on carbonate strata can carry dissolved old carbon and increase
ΔR values. The mineralization of ancient dissolved organic carbon (DOC) (e.g., derived from peats), is likely to
increase the radiocarbon ages of DIC in freshwater systems (Olsson, 1983, 1996), leading to elevated ΔR values. In theory, the same would happen in marine systems, but experimental data showing signiﬁcant DOC
inﬂuence are lacking. Discussions on these topics are available in Godwin (1951), Deevey et al. (1954), Little
(1993), Heier-Nielsen et al. (1995), Ulm (2002), and Olsen et al. (2017).

7. Methodological Approaches to Assessing the MRE
The depleted 14 C activity of the marine reservoir relative to the atmosphere can be quantiﬁed by a variety
of methods. For calibration reasons, MRE studies usually involve the determination of ΔR values much more
often than R(t).
One needs both marine and atmospheric 14 C activity—or equivalently 14 C concentration—at a given time
in order to derive a ΔR value. The radiocarbon dating of a marine organism in equilibrium with the ambient
seawater is straightforward in providing the marine 14 C activity for the studied region, but it is also necessary
to obtain the 14 C activity of the coeval atmosphere. Therefore, there is a set of methods with diﬀerent degrees
of reliability and potential to yield the corrections. The two most common approaches to quantifying MREs
make use of the following:
Known-age marine material. Essentially, any marine sample for which the organism death date is known has
the potential of yielding a ΔR value. These samples were ideally collected before 1950 AD to avoid the
bomb 14 C signal and thus are referred to as prebomb samples. They can be found deposited in museum
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collections, and O’Connor et al. (2010) list and deﬁne the criteria to be followed for their selection. Phenomena such as earthquakes can expose marine organisms, acting as a temporal marker for the death date of
the animals and therefore creating known-age natural deposits (see Shishikura et al., 2007). The known-age
samples approach has mostly been performed using marine sedentary mollusk shells (e.g., Bowman, 1985;
Bowman & Harvey, 1983; Berkman & Forman, 1996; Forman & Polyak, 1997; Hadden & Cherkinsky, 2015;
Hjort, 1973; Ingram & Southon, 1996; Kuzmin et al., 2007; Mangerud & Gulliksen, 1975; Petchey et al., 2004,
2008; Siani et al., 2000; Sikes et al., 2000; Yoneda et al., 2000) although it has been shown that radiocarbon
intrashell variability may be a signiﬁcant source of error (see Culleton et al., 2006; Jones et al., 2007). Corals
(see, e.g., Bolton et al., 2016; Druﬀel & Griﬃn, 1999), ﬁsh otoliths (see, e.g., Higham & Hogg, 1995), ﬁsh bones
(see, e.g., Petchey & Clark, 2010), and even marine mammal bones (see, e.g., Olsson, 1980) have also been
used in this approach.
Paired marine/terrestrial samples. For the case in which the organism death date is unknown, one can radiocarbon date a contemporaneous terrestrial sample to obtain the 14 C activity of the coeval atmosphere.
These so-called paired marine and terrestrial samples are commonly recovered from the archeological context but can also be found buried in coastal sediments (see Kovanen & Easterbrook, 2002; Southon et al.,
1990). In any case, samples must be selected with extreme care in order to assure contemporaneity (see
Ascough, Cook, & Dugmore, 2005, for the major factors for consideration when using this approach). There
are a number of MRE studies that have employed the paired sample methodology to determine ΔR corrections (e.g., Albero et al., 1986; Dettman et al., 2015; Facorellis, 1998; Hadden & Cherkinsky, 2017; Head
et al., 2016; Latorre et al., 2017; Nakamura, 2007; Owen, 2002; Southon et al., 1995; Southon & Fedje, 2003).
The atmospheric counterpart of marine samples in these studies is generally charcoal, but recent work
has been done employing land snail shells (see Macario, Alves, Chanca, et al., 2016)—it has been shown
that some species are reliable proxies for the atmospheric carbon reservoir (see Macario, Alves, Carvalho
et al., 2016)—and terrestrial mammal bones (see, e.g., Ascough, Cook, Church, et al., 2007; Ascough, Cook,
Dugmore, & Scott, 2007) for that purpose.
The use of an alternative dating method (e.g., U/Th dating) to obtain the marine sample age free of 14 C reservoir eﬀects (e.g., Clark et al., 2016; Druﬀel et al., 2008; Edwards et al., 1993; Hall et al., 2010; Hua et al., 2015;
Komugabe et al., 2014; McGregor et al., 2008; Weisler et al., 2009) or the use of volcanic ash as stratigraphic
marks (for a discussion on tephrochronology see, e.g., Lowe, 2011; Sarna-Wojcicki, 2000) to link terrestrial and
marine records, obtaining coeval samples for MRE studies (e.g., Austin et al., 1995; Bard et al., 1994; Eiríksson
et al., 2004; Siani et al., 2013; Sikes & Guilderson, 2016; Sikes et al., 2016, 2000), have also been applied to determine both deep and surface reservoir ages. It has also been shown that, in some locations, other geochemical
parameters can be a proxy for MRE oﬀsets (e.g., Lougheed et al., 2016).
Naturally, each method has its own advantages and disadvantages. These are discussed in Ascough, Cook,
and Dugmore (2005), who also address the use of tephra onshore/oﬀshore isochrons for MRE determination
and the suitability of marine and terrestrial material (see McFadgen, 1982 for a discussion on the old-wood
eﬀect). Ascough, Cook, Dugmore, Scott, and Freeman (2005) provide a discussion of possible confounding
factors in shell radiocarbon measurement such as species-dependent feeding habits and habitats (see, e.g.,
Dye, 1994; Forman & Polyak, 1997; Hogg et al., 1998; Petchey et al., 2012). Russell, Cook, Ascough, Barrett, and
Dugmore (2011) compare results obtained from a mollusk and a ﬁsh species.
There is no consensus about the best approach to calculate ΔR corrections. The ﬁrst method (known-age
samples) is temporally limited, although continuous ΔR records can be achieved through the analysis of
annually resolved growth lines (for a discussion on schlerochronology see, e.g., Hudson et al., 1976; Gröcke
& Gillikin, 2008; Marchitto et al., 2000; Oschmann, 2009) in shells (see, e.g., Butler et al., 2009) for example.
The second approach (paired samples) relies on guaranteeing the contemporaneity of the pairs. The choice
of method would depend on the MRE research objectives, taking into account advantages and limitations of
each approach (see Table 2 in Ascough, Cook, & Dugmore, 2005).
The steps to be taken for ΔR calculation vary according to the method adopted (see equation (9) and Figure 5).
Following the known-age approach, the collecting (death) year of the sample is interpolated to a marine calibration curve to generate a marine 14 C age. This modeled age is the second term of equation (10) and is
subtracted from the measured age in order to yield a ΔR value. In the paired sample approach, Q is generated by the conversion of the terrestrial 14 C age via interpolation of an atmospheric calibration curve with
a marine calibration curve (see Figure 1 in Russell, Cook, Ascough, Scott et al., 2011) or taking into account
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Figure 5. Diagrams illustrating the steps to be taken toward the determination of ΔR oﬀsets using the known-age and
paired methods.

probability density functions generated by the calibration (with a atmospheric curve) and reverse-calibration
(with a marine curve) of the terrestrial 14 C age (see ﬁgures in Reimer & Reimer, 2016). The errors involved in
individual ΔR estimates are also calculated diﬀerently depending on the approach used. For the known-age
sample approach, Reimer and Reimer (2016) state that the ΔR uncertainty is the uncertainty of the marine 14 C
measurement. For the paired approach, this uncertainty is given by the following propagation of errors:
𝜎ΔR =

√
2
𝜎w2 + 𝜎m

(11)

where 𝜎w is the error on the measured marine age and 𝜎m is the error on the modeled marine age. Alternatively, Reimer and Reimer (2016) propose the use of a convolution integral to obtain a conﬁdence interval for
a ΔR value derived from the paired-samples approach. Ascough et al. (2017), using the paired approach, compared the Russell, Cook, Ascough, Scott, and Dugmore (2011) and Reimer and Reimer (2016) methods for the
calculation of ΔR values and found the results to be indistinguishable. The larger conﬁdence intervals derived
from the latter make it the more conservative one. Similarly to radiocarbon ages (see Ward & Wilson, 1978),
the pooled mean is used for combining ΔR values:
∑
𝜇=

ΔRi
i 𝜎2
i
∑ 1
i 𝜎2
i

(12)

where 𝜇 is the weighted mean of ΔR and 𝜎i is the uncertainty in ΔRi . Whenever averaging ΔR values, Stuiver
et al. (1986) recommend standard deviations based on the unweighted scatter of the data:
𝜎
𝜎mean = √u
n

(13)

where n is the number of values and 𝜎u is the unweighted standard deviation of the set of ΔR values, or
measurement precision:
√
√ 1
√
𝜎𝜇 = √ ∑ 1
(14)
i 𝜎2
i

whichever is larger. The Marine Reservoir Database (Reimer & Reimer, 2001) adopts a similar approach and
the weighted error:
√
(
)
√
√ 1 ∑ ΔRi −𝜇 2
√ n−1 i
𝜎i
√
𝜎w = √
(15)
1 ∑ 1
n

i 𝜎2
i

is compared to equation (14). The larger of the two is reported as the uncertainty of the averaged ΔR.
In order to ensure sample contemporaneity in the paired approach and arguing that a single pair would not
represent the overall variability in ΔR, Russell, Cook, Ascough, Scott, and Dugmore (2011) propose the use
of a multipair methodology in which several entities from each reservoir are selected for the ΔR calculation
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Figure 6. The histogram shows the temporal distribution of MRE studies using the known-age approach to calculate ΔR
corrections. Data available at http://calib.qub.ac.uk/marine.

and every possible pairing is used. This procedure allows assessment of the security of the archeological context through the chi-square (𝜒 2 ) testing of 14 C ages, with a critical value varying according to the number of
measurements in each group. Whenever the T statistics is less than the critical value for the number of samples in a group, samples within this group are considered to be coeval (see Ward & Wilson, 1978). Russell,
Cook, Ascough, Scott, and Dugmore (2011) also make recommendations on how to report ΔR values from the
multipair approach to show the inherent variability in ΔR calculations. Additionally, they showed that results
of the chi-square test using two diﬀerent sets of data argue against the common practice of rounding 14 C
ages and associated errors. Moreover, the authors discuss sources of uncertainty in ΔR determinations, advocating that when calculating weighted average ΔR values, the associated errors should encompass both the
standard deviation of the distribution and error on the mean:
𝜎=

√
𝜎𝜇2 + 𝜎w2

(16)

A number of studies have used the multipair approach (e.g., Edinborough et al., 2016; Martins, 2013; Macario
et al., 2015; Monge Soares et al., 2016). More recently, Macario et al. (2015) introduced the use of a calibration program for ΔR determinations. Following the code in Bronk Ramsey and Lee (2013), the authors
employed the OxCal v4.2.3 platform (Bronk Ramsey, 2009) to generate a probability distribution for a ΔR
value derived from marine and terrestrial samples from an archeological shellmound. This method has proved
to yield results statistically equivalent to the multipair approach and has been repeated in studies involving the known-age (e.g., Faivre et al., 2015) and paired (e.g., Zazzo et al., 2016) approaches. Translating
a calibrated age range into the 14 C time scale prior to the calculation of reservoir age oﬀsets (R values)
(an uncalibration-convolution process) is the approach proposed by Soulet (2015), who argues that this
method would fully account for uncertainties bounded to the radiocarbon age of the sample, the independent calendar age, and the calibration curve itself. The author presents open-source codes for the two main
approaches discussed here as well as for the case in which there is a degree of uncertainty in the calendar
age of the sample. Subsequently, noting that conventions such as those established for reporting radiocarbon ages were lacking for the report of 14 C age oﬀsets, Soulet et al. (2016) discussed a common framework
for the latter, encouraging the adoption of this framework within the radiocarbon community.

8. The Marine Reservoir Database
The importance of the MRE is now widely recognized and the need for ΔR values led the scientiﬁc community to empirically calculate such corrections. In recent years, this signiﬁcantly increased the number
of ΔR values available for locations worldwide (Figure 6). Nonetheless, publications compiling these values are impractical because new data are constantly being produced. A dynamic tool allowing the user to
explore ΔR values over the globe for archeologists, oceanographers, and other researchers working with
radiocarbon in the marine environment was developed by Reimer and Reimer (2001). This online platform,
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Figure 7. ΔR values (in 14 C yr) plotted in a color scale alongside with warm (green) and cold (blue) ocean currents.
Upwelling zones, such as the west coast of the United States constitute ocean areas with especially distinct MRE
characteristics. Data from The Marine Reservoir Database, which also holds the references for each value.

called The Marine Reservoir Database, holds ΔR values for the modern surface ocean alongside with their references (http://calib.qub.ac.uk/marine/). The interface to the database shows a world map in which the user
chooses their research region to obtain the relevant information. Whenever a reservoir correction value is
used in a publication, the respective reference must be cited. Figure 7 shows all ΔR values available on the
database up to the present date. Despite the high variability in the data, most of the values are between −100
and +100 14 C yr and it is possible to see a correlation between the magnitude of values and major ocean circulation. Although the great majority of ΔR values are derived from coastal regions, where the inﬂuence of
other factors can dominate, it is possible to see that the largest ΔR values are in the Southern Ocean followed
by zones of coastal upwelling in the Paciﬁc. Notably, the Southern Ocean is 14 C depleted due to the upwelling
of old deep water and the melting of ice, changing water properties (see, e.g., Berkman & Forman, 1996; Hall
et al., 2010; Sikes & Guilderson, 2016; Sikes et al., 2008, and references therein). The upwelling that aﬀects the
west coasts of the United States and South America (see, e.g., Huyer, 1983; Strub et al., 1998, respectively),
for example, is also documented by the darker points in these regions of the map. On the other hand, in the
Baltic Sea, for example, Lougheed et al. (2013) found low ΔR values and correlated them with terrestrial runoﬀ,
showing a robust relationship between R(t) and salinity.
The database also provides 14 C ages and the R′ values deﬁned in section 9. The collection of data described
here is composed exclusively of known-age marine samples from depths shallower than 75 m, to ensure
they represent the mixed layer, and information such as 𝛿 13 C values or species and feeding habits is reported
depending on whether these are available in the original publication (Reimer & Reimer, 2001).
At present, the CHRONO Marine Reservoir Database contains over 450 ΔR values, which are not homogeneously distributed across 65 regions. When ΔR values are not available for speciﬁc sites, oﬀsets from nearby
locations may be used instead. Nevertheless, the user should be aware of possible errors involved when locations lie across distinct oceanographic settings, as discussed and exempliﬁed by Hinojosa et al. (2015). In
addition, the use of modern values to correct old ages can be problematic (Hua et al., 2015). Below, we explore
the information provided by the database and, although the data are temporally limited to the most recent
section of the calibration curves, some interesting features of the MRE can be discussed.

9. MRE in the Calibration Process
Due to the air-sea gas exchange, ﬂuctuations in atmospheric 14 C activity are partially reﬂected in the marine
environment, making it reasonable to expect that marine ages must undergo calibration similarly to terrestrial ones. However, marine calibration has more steps as the MRE prevents the use of an atmospheric
calibration curve or a global marine curve. The oceanic response to ﬂuctuations in the atmospheric radiocarbon activity, discussed in section 6, explains the smoother marine curves and justiﬁes their use. The marine
curve for the surface mixed layer developed by Stuiver and Braziunas (1993) has been continuously reﬁned
by the radiocarbon community. The most recent version of a marine calibration curve is the internationally
accepted Marine13 (Reimer et al., 2013) starting from 1950 AD and going back 50,000 years. Marine13 was
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Figure 8. Deviations of marine radiocarbon ages held in the Marine Reservoir Database from (a) low and middle (between 40∘ N and 40∘ S) and (b) high
(higher than 40∘ ) latitudes from the most recent section of Marine13.

constructed based on tropical and subtropical records, and Reimer et al. (2013) state that care must be taken
when calibrating ages from higher latitudes. However, Figure 8 shows that there are signiﬁcant deviations
of the Marine Reservoir Database prebomb radiocarbon ages from the most recent section of Marine13 for
both zones. This reinforces the spatial variability of the MRE (due to factors discussed in section 6) and illustrates that samples from diﬀerent regions inside tropical and subtropical zones are subjected to variable
oceanic radiocarbon deﬁciency. If this is not accounted for in the calibration of radiocarbon ages from these
geographical regions, important oceanic features such as the upwelling that takes place on the Peruvian coast
(see, e.g., Strub et al., 1998) would be neglected. Due to the strong spatial dependence of the MRE, a global
curve cannot fully account for regional eﬀects and the ideal approach would be the construction of regional
calibration curves. Without this, the use of ΔR values to bring the measured radiocarbon ages to a global
context remains the best option. The lack of continuous highly resolved records, equivalent to tree rings, in
the marine environment (Stuiver & Braziunas, 1993), turns the robust reconstruction of oceanic 14 C ﬂuctuations into a complex task and hinders the construction of regional marine calibration curves, although some
attempts have been made (see, e.g., Bondevik et al., 2006; Deo et al., 2004). Despite making use of archives
such as fossil corals, sections of Marine13 had to be based on the application of numerical models to simulate the oceanic response to atmospheric variations in 14 C content (Reimer et al., 2013). The high spatial and
temporal variability of the MRE would require the radiocarbon dating of a great number of samples from the
same region to achieve a reliable regional curve, possibly demanding eﬀorts from diﬀerent research groups
working on the same geographical area. Alternatively, approaches based on MRE models such as the one
described in Butzin et al. (2017) or the development of a Bayesian oﬀset model for ΔR (Reimer & Reimer, 2006)
would also be possible. The construction of regional marine calibration curves may be an especially interesting approach for very particular regions lacking reliable sediment archive chronologies and where reservoir
ages are thought to have varied greatly over time (Soulet, 2015, and references therein).
Calibration is a concern especially in ﬁelds such as archeology. Certainly, the MRE imposes obstacles for accurate calibration of dates obtained from marine-derived carbon samples. Indeed, human populations have
been heavily exploiting marine resources for millenia, leaving records of their habits through deposition of
marine material in archeological sites near shorelines (see Erlandson et al., 2008, and references therein).
Fortunately, the MRE issue can be dealt with using speciﬁc corrections incorporated in the calibration process.
The terms involved in the MRE and explained in section 6 are represented in Figure 9. Global R or Rg is the
highly time-dependent diﬀerence in radiocarbon age between the atmosphere and the global ocean, reﬂecting changes in the atmospheric 14 C concentration. Graphically, Rg is the diﬀerence between the atmospheric
and marine curves at any point. ΔR, being the oﬀset in 14 C activity between the local and the global oceans,
must be subtracted from the measured radiocarbon age of the sample before it can be calibrated with a global
curve such as Marine13. Graphically, ΔR would appear as the diﬀerence between a measured marine radiocarbon age and the marine curve at a given calendar year. Finally, R′ (t) is deﬁned as the diﬀerence in radiocarbon
age between the local ocean and its overlying atmosphere. In Figure 9, it appears as the diﬀerence between
the atmospheric curve and the measured marine radiocarbon age for a given calendar year.
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Figure 9. Graphical representation of the terms involved in the MRE as ﬁrstly deﬁned by Stuiver et al. (1986). The green
and blue curves represent sections of IntCal13 and Marine13, respectively. Data from Reimer et al. (2013).

The value of R′ (t) can be used to correct marine ages prior to calibration. The procedure would be subtracting R from the measured marine age and then calibrating the result with an atmospheric calibration curve
such as IntCal13 or SHCal13 (Hogg et al., 2013). Stuiver and Braziunas (1993) present this possibility but
advocates against it, noting that although atmospheric and marine curves follow the same long-term trend,
short-term atmospheric ﬂuctuations are absent in the latter. Diﬀerences between the atmospheric and marine
curves explain why ΔR values are often the quantities of interest in archeological research. For shallow reservoirs, in 14 C equilibrium with the overlying atmosphere, the use of R(t) and an atmospheric calibration curve
may be the most accurate approach.
ΔRa is the atmospheric equivalent of ΔR, accounting for regional atmospheric eﬀects that could lead to
intrareservoir discrepancies in radiocarbon activity (Stuiver & Braziunas, 1993). ΔRa is signiﬁcant for interhemispheric variation (Hogg et al., 2011, 2013; Lerman et al., 1970; McCormac et al., 1998, 2002; Stuiver, Reimer, &
Braziunas, 1998; Vogel et al., 1993) and is automatically taken into account through the use of speciﬁc curves
for the Northern and Southern Hemispheres.

All these terms are related by the following equation (from Stuiver & Braziunas, 1993):
R′ (t) = global R(t) + ΔR

Figure 10. The eﬀect of diﬀerent MRE corrections in marine calibration
for a sample with a 14 C age of 1,000 ± 30 14 C yr BP calibrated with
IntCal13 with a correction of 400 14 C yr, with (blue) and without (black)
an uncertainty of 40 14 C yr. Then the same value is calibrated with the
Marine13 curve with ΔR values of −100 ± 40 (pink), 0 (red), and
+100 ± 40 14 C yr (green) (after Cook et al., 2015).
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The eﬀect of the MRE correction steps toward the calibration of a marine age
can be observed in Figure 10. In this example, we assume a radiocarbon age
of 1,000 ± 30 14 C yr BP obtained from a marine sample. For the top two probability density functions, an oﬀset of 400 14 C yr is subtracted from the age
and calibration is then performed with the atmospheric curve IntCal13. This
procedure is adopted with an uncertainty of 40 14 C yr to account for ﬂuctuations in the oﬀset (blue) and with no uncertainty (black). The results display
the oscillations characteristic of the atmospheric curve but unrealistic for the
marine reservoir. Alternatively, the marine curve can be used directly, resulting in a smoother distribution. For the bottom three distributions, ΔR values of
−100 ± 40 14 C yr (pink), 0 14 C yr (red), and +100 ± 40 14 C yr (green) were used
in order to show their inﬂuence on the calibrated age. Not only the calibrated
age range is shifted to the right or to the left relative to the uncorrected calibration but it can get closer or farther from plateaus in the calibration curve.
As noted by Cook et al. (2015), the use of a ΔR correction and its uncertainty
is likely to cause a loss in precision but the probability distribution for the
calibrated age will be a more accurate reﬂection of the true age.
The calibration of partially marine samples is more complicated than that of
wholly marine samples since although we can assume that carbon in oceanic
294

Reviews of Geophysics

10.1002/2017RG000588

organisms far from estuaries is of complete marine origin, the same is not true for mixed diet organisms
(e.g., humans). In this case, stable isotope analyses (of carbon, nitrogen and/or sulfur) provide an estimation
of the percentage marine diet and establish to which extent the sample is marine (Bayesian mixing models such as the Food Reconstruction Using Isotopic Transferred Signals (FRUITS) can be used for this purpose
(see Fernandes et al., 2014)) and a mixed calibration curve is applied (see, e.g., Arneborg et al., 1999; Beavan &
Sparks, 1998; Beavan-Athﬁeld et al., 2001; Commendador, 2014; Cook et al., 2015; Ervynck, 2014; Naito et al.,
2010 for details).

10. Applications of the MRE
The MRE ﬁnds application in a wide variety of ﬁelds, reﬂecting the inﬂuence of the oceanic carbon cycle and
its control on many aspects of climate. As a consequence of radiocarbon dating importance in archeology, the
MRE is of interest for archeological research and many of the available data were obtained by archeologists or
other scientists working in archeology-related departments all over the world (e.g., Ervynck, 2014; Facorellis
& Vardala-Theodorou, 2015; Little, 1993; Ulm, 2002). Nevertheless, it is the applicability of radiocarbon dating
to oceanic studies that is discussed in the next paragraphs.
Concerning the ocean sciences, the problem of understanding the dynamic inﬂuence of ocean circulation
upon reservoir ages is a complex one, demanding the use of various techniques. The tracer characteristics of
14
C have been explored in a number of oceanographic studies in which the main objective is to investigate
ocean circulation modes, residence times, upwelling strength, or even how changes in 14 C disequilibria modulate the atmospheric radiocarbon concentration, leading to a better understanding of the ocean system and
its response to climate variation (e.g., Adkins, 1998; Adkins & Boyle, 1997; Burke et al., 2015; Hines et al., 2015;
Sikes & Guilderson, 2016; Sikes et al., 2000, 2016; Skinner et al., 2010, 2015). Therefore, the calculation of marine
reservoir ages is essential to understanding how oceanic and continental climate relate and, as Russell, Cook,
Ascough, Scott, and Dugmore (2011) point out, radiocarbon MREs have been used as proxies for changes in
localized ocean regimes (e.g., Druﬀel & Griﬃn, 1993). One of the ﬁrst radiocarbon studies in oceanography
was conducted by Broecker et al. (1960), aiming to establish the geographic and depth distribution of 14 C in
the North Atlantic. This was followed by many other studies (e.g., Bard, 1988; Druﬀel et al., 1989; Ortlieb et al.,
2011; Shackleton et al., 1988; Williams et al., 1969), showing the power of this approach.
The time elapsed since the last contact between a parcel of seawater and the atmosphere is commonly
referred to as the age of this water (e.g., England, 1995), and the process through which surface waters ﬂow
into the deep ocean is termed ocean ventilation (e.g., England & Maier-Reimer, 2001; Khatiwala et al., 2012).
When oceans ventilate, surface waters sink into the interior of the ocean and transmit their physical and chemical signatures to deep waters. Therefore, it follows that any phenomenon interfering with the patterns and
rates of ocean ventilation will strongly aﬀect 14 C distribution within the ocean as demonstrated by extreme
ﬂuctuations in ocean circulation during the last deglaciation, leading to variation in air-sea exchanges and
reservoir ages (see, e.g., Bard, 1988; Bard et al., 1989; Broecker & Barker, 2007; Stuiver et al., 1991). Measuring
14
C age oﬀsets between surface and deep waters is an accepted method of assessing past deep ocean ventilation rates (Broecker et al., 2004). Approaches—discussed in detail by Broecker et al. (2004)—include the
radiocarbon dating of coexisting planktonic and benthic foraminifera (see, e.g., Andree et al., 1986; Broecker
et al., 1984; Keigwin, 2004), 14 C and Uranium series measurements of age-matched surface water and deep
dwelling corals (e.g., Goldstein et al., 2001) and the 14 C dating of benthic foraminifera and terrestrial material
associated with the same tephra horizon (e.g., Sikes et al., 2000).
Studies involving marine radiocarbon measurements and/or modeling have been performed in diﬀerent
basins, with distinct time scales and diﬀerent types of samples. There have been many independent studies
of oceanic paleoventilation and calculation of reservoir ages, ultimately assisting in the reconstruction of past
climatic events (Andree et al., 1986; Bard, 1988; Björck et al., 2003; Bolton et al., 2016; Broecker, 1991; Broecker
et al., 1988, 2004; Burr et al., 2015; Butzin et al., 2005; Carré et al., 2016; Cook & Keigwin, 2015; de la Fuente
et al., 2015; Douarin et al., 2016; Druﬀel & Suess, 1983; Druﬀel et al., 1998; Hall et al., 2010; Hua et al., 2015;
Hughen et al., 1998; Ikehara et al., 2011; Kennett et al., 1997; Kovanen & Easterbrook, 2002; Komugabe-Dixson
et al., 2016; Marchitto et al., 2007; Ritz et al., 2008; Sarnthein et al., 2007; Shen et al., 2004; Stern & Lisiecki,
2013; Wündsch et al., 2016, to cite a few). Radiocarbon research in the ocean sciences community is
widespread, and studies focusing on periods of extreme climate, when great variations in the MRE are likely to
occur, are especially common. For instance, numerous studies have characterized oceanic conditions during
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the Younger Dryas (YD). Not surprisingly, many of these studies have based their conclusions on the quantiﬁcation of the MRE and its changes through time, showing how diﬀerent factors interplay to control the
eﬀect in diﬀerent oceans. The YD was a severe millennial-duration cold spell that marked the termination
of the last glacial period (12.9–11.7 kyr BP) (Broecker et al., 2010). In the North Atlantic Ocean, the reduced
advection of surface waters and the decrease of atmosphere-ocean CO2 exchange because of the presence
of sea ice have been linked to high reservoir ages during the YD (see, e.g., Bard et al., 1994; Bondevik et al.,
2006; Stocker & Wright, 1996). In the Mediterranean Sea, YD reservoir ages similar to modern values were
attributed to patterns of ocean circulation bringing young subtropical Atlantic waters (Siani et al., 2001). In
the Indian Ocean, a varying relative contribution of summer monsoon upwelling, winter monsoon surface
convection, and the thermocline reservoir age controlled the high and variable reservoir ages of the Arabian
Sea surface during the YD (Staubwasser et al., 2002). The list of studies of the paleo-MRE is long and, moving
on to other geographical regions, recent references for the Paciﬁc Ocean basin can be found in studies such
as Lindsay et al. (2015), Sikes and Guilderson (2016), and Sikes et al. (2016). Finally, although not focusing on
the MRE, reviews such as Archer et al. (2000) and Past Interglacials Working Group of PAGES (2016) discuss key
concepts involved in Glacials/Interglacials cycles, presenting valuable information on the global carbon cycle
and assessing mechanisms involved in the control of atmospheric and oceanic CO2 , which ultimately relate
to the MRE.
Marine data sets corrected for MRE are essential for the construction of both marine and atmospheric calibration curves (see details of the construction procedures of the last calibration curves in Hogg et al., 2013,
Reimer et al., 2013) and the few examples mentioned above give an idea of the importance of radiocarbon
oceanic research, the multidisciplinary character of the method and its power to approach present world
relevant questions such as the Earth’s climate system.
The relatively high signal of bomb-produced radiocarbon in the upper oceanic layers has also been used to
track ocean circulation in the main ocean basins (e.g., in the World Ocean Circulation Experiment (WOCE)) and
motivated the establishment of a specialized radiocarbon laboratory at the Woods Hole Oceanographic Institute (Jones et al., 1990). Techniques have been proposed to separate the bomb radiocarbon contribution from
the natural background (e.g., Broecker et al., 1995; Rubin & Key, 2002), enabling the derivation of prebomb
MRE values. For a more detailed discussion on bomb 14 C in the ocean, the reader is referred to Nydal (2000)
and the papers generated by the GLODAP project (http://cdiac.ornl.gov/oceans/glodap/Radiocarbon.html).

11. Synthesis and Future Directions
Marine radiocarbon ages must be interpreted with care. Whereas calibration with global marine curves
accounts for the global average of the MRE, research illustrates the necessity of taking into account local deviations from this mean. Where the magnitudes of these oﬀsets are not large, the use of ΔR values may not
always signiﬁcantly inﬂuence a calibrated age but for most of the world regions these values are not negligible. The current paradigm of subtracting ΔR from marine radiocarbon ages prior calibration is the best
approach available at present and softwares like OxCal (Bronk Ramsey, 2009) and CALIB (Stuiver & Reimer,
1986) are capable of taking into account ΔR values and their uncertainties—provided by the user—for the
calibration of marine radiocarbon ages. The subtraction of ΔR can shift the radiocarbon age distribution from
plateaus in the global curve, thereby increasing the precision of the obtained calibrated date. On the other
hand, this process can equally shift the distribution so it intercepts a plateau but, in this case, the decrease in
precision is accompanied by an increase in accuracy.
A discussion of the MRE requires the analysis of local ocean dynamics for these values are a product of the
physical, chemical, and biological processes responsible for the uptake and distribution of radiocarbon in the
heterogeneous marine realm. Marine radiocarbon ages interpretations cannot be decoupled from an assessment of local ocean regimes. This process is a mutual complementary relationship in which knowledge of the
MRE can also lead to enhanced understanding of related marine phenomena. Since temporal and spatial variation may occur, marine radiocarbon ages must be interpreted in the light of oceanographic features and the
ΔR values to calibrate these ages should be chosen after a careful analysis of the regional oceanography and
its evolution over time. Even when choosing ΔR values from the interactive Marine Reservoir Database, the
original publications in which they were derived should be read so the user can check samples and methods
employed for their calculation.
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Regarding the Marine Reservoir Database, it is important to remember that the data available are temporally limited and the addition of palaeovalues for the MRE would enhance the scientiﬁc contribution of the
tool, making it more robust for scientists working in diﬀerent time scales. For this purpose, the production
of maps similar to Figure 7, showing the MRE at diﬀerent time scales, would be an eﬃcient and didactic way
of displaying temporal ﬂuctuations in the MRE for places where there are enough data and thus assisting in
the visualization of changes in ocean dynamics. Moreover, discussions on oceanic conﬁgurations and climate
changes known to have demonstrably changed the MRE would make the database even more practical. Notes
by the authors of the original publications warning on very local hardwater and/or freshwater eﬀects could
also be added. Finally, regional means can be useful when statistical tests allow the combination of ΔR values,
but this should be used with care due to the possibility of great variability within the same region. Here it is
important to remember that enclosed in the same geographical region, there may be more than one ocean
setting operating and that hardwater and/or freshwater eﬀects can aﬀect estuaries in an extremely local scale.
Therefore, marking estuarine regions in the Marine Reservoir Database would also allow for a better sense of
where riverine input is eﬀectively inﬂuencing the MRE, ultimately aﬀecting coastal studies.
After the recognition of the disequilibrium in radiocarbon content between atmosphere and oceans, the
amount of research being published on the topic increased (Figure 6), yielding new data for diﬀerent world
regions and providing a better understanding of the time dependency of MREs. The quantiﬁcation of this
disequilibrium has been the main objective of many papers, which then use the MRE values as a proxy for
changes in circulation, freshwater input and air-sea exchange, and/or for the correct calibration of marine 14 C
ages. Radiocarbon MRE research is likely to expand in the next years as the ongoing climate change prompts
the scientiﬁc community to look at the paleoclimate in search for clues about the behavior of the diﬀerent
components of Earth’s climate system. In this context, marine reservoir ages have proven to be extremely
useful proxies for processes such as ocean dynamics and air-sea interactions, establishing a link between the
responses of the continental and marine realms to the onset of climatic events. Since accurate marine calibration depends upon MRE information, there is a considerable incentive for archeologists and archeological
scientists to calculate the regional ΔR corrections for diﬀerent world locations. Investment in MRE research has
allowed reliable absolute chronologies to be constructed for coastal sites over the world and it seems likely
that the calculation of radiocarbon MRE oﬀsets will continue, as evidenced by the recent creation of new tools
for this procedure (Reimer & Reimer, 2016; Soulet, 2015). Comprehensive local records, robust enough to deal
with the MRE temporal variation, have not yet been used to assist in the construction of regional calibration
curves. However, it is still possible the future development of regional calibration curves that will be useful in
regions with particular ocean settings such as the Black and the Caspian Seas (Soulet, 2015). Advancements in
pretreatments for the radiocarbon dating of carbonates, aiming to remove recrystallized phases (e.g., Douka
et al., 2010), are also likely to improve the reliability of the next generation of calculated ΔR values. This, allied
with the capacity to measure small quantities of material, allows for new sample possibilities and for new
avenues of research for the MRE.
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