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Introduction

Molybdenum isotopes are produced by three nucleosynthetic processes: the p- (proton
process), r- (rapid neutron capture) and s- (slow neutron capture) processes. The
seven naturally occurring isotopes (**Mo, **Mo, *Mo, **Mo, *"Mo, **Mo and '"’Mo)
are all stable or extremely long-lived: '®Mo decays to '"’Ru with a half-life of ~10"
years (NNDC Chart of Nuclides). These isotopes extend over a mass range of ~8%
and their natural abundances are rather uniform, (~9 to 25%). These characteristics, in
conjunction with improvements in mass spectrometry since the mid-1990s, have
resulted in the detection of small fractionations of Mo isotope ratios in meteoritic and
terrestrial samples. It is now known that Mo isotopes are heterogeneously distributed
in the solar system, resulting in mass-independent variations of Mo isotope ratios in
meteoritic samples (Burkhardt et al. 2011). Compared to meteorites, Earth is enriched
in s-process Mo isotopes implying, in conjuction with oxygen isotope data, that
meteorites might not be representative of the Mo isotopic composition of the bulk
Earth (Burkhardt et al. 2011). The improvements in mass spectrometry have also
resulted in the recent revision of the absolute isotopic composition and atomic weight
of terrestrial Mo (Berglund and Wieser 2011).

Isotope fractionations may vary with the masses of the isotopes: mass-dependent
fractionation, or be mass-independent (MIF) e.g. as a result of nucleosynethic
processes. The only known natural terrestrial MIF of Mo is in samples from the Oklo
natural reactor in Gabon (Bros et al. 2003; Wieser et al. 2012). In contrast,
investigations since the late 1990s have shown that mass-dependent fractionation of
Mo isotopes in natural samples ranges over 2.4%o/amu and may result from a wide
range of physical, chemical and biological processes (Figure 1 and references therein).
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Molybdenum Isotopes, figl Caption: Mass dependent fractionation of Mo isotopes
in natural and experimental samples. Bars represent the range of values for each
category, the references are for the maximum and minimum values reported.
Molybdenum isotopic compositions have been renormalised to NIST SRM 3134
where necessary. For additional data sources see Bibliography.

Analytical Methods

Molybdenum isotope ratios are measured by thermal ionisation mass spectrometers
(TIMS) and multi-collector inductively-coupled-plasma mass spectrometers (MC-
ICP-MS). Analysis of Mo isotopes by TIMS has a long history dating back to the
1960s (see: Wieser and De Laeter 2007) and continues to be used and improved.
However, it was the advent of MC-ICP-MS in the 1990s with its improved analytical
precision and smaller sample size requirements, compared to TIMS, (Lee and
Halliday 1995; Anbar et al. 2001; Siebert et al. 2001) that provided the impetus for
the development of Mo isotope geochemistry. Most Mo isotope ratios today are
measured by MC-ICP-MS.

Molybdenum isotopic compositions are typically reported in delta-notation, as per mil
(%o) deviations in the **Mo/*’Mo ratio relative to a reference standard:

8”*Mo0/”Mogampie(%0) = ((C*Mo/”>M0gampie/”"M0/” MOandara) -1) x 1000
p p



In the absence of a certified standard reference material (SRM) for Mo isotope ratios,
initial choices of reference standard were arbitrary. Recently, however, the NIST
SRM 3134 has been proposed as the international reference standard for Mo isotopes
and a number of inter-laboratory calibrations have been made (e.g. Goldberg et al.
2013).

Natural mass dependent fractionation

The important biogeochemistry of Mo, which involves varied redox chemistry and
covalent bonding, both known drivers of isotope fractionation, made this element an
early target for investigation of stable mass-dependent isotope fractionation in a heavy
metal (Anbar 2004). Initial studies focused on samples from low temperature
environments, and were quick to notice the similarity in the isotopic composition of
Mo in seawater and in sediments deposited under euxinic conditions (i.e. anoxic and
sulphidic) and the large isotope fractionation between Mo in seawater and in
manganese crusts, which form in oxic seawater conditions (Figure 1). This led to the
proposal that the §”*Mo/”’Mo of seawater might co-vary with the relative proportions
of anoxic (sic) and oxic sedimentation and thus be utilized as a paleoredox proxy
(Barling et al., 2001; Siebert et al., 2003).

The hypothesis that Mo isotope fractionation between seawater and Mn crusts
resulted from inefficient scavenging of Mo by Mn oxides under oxic conditions was
confirmed experimentally (Barling and Anbar, 2004), while the lack of isotope
fractionation between seawater and euxinic sediments was attributed to the
quantitative removal of Mo from the water column under euxinic conditions (Helz et
al., 1996). Theoretical and sample based studies determined that Mo isotopes are
fractionated during the step-wise conversion of molybdate (MoO,>) to
tetrathiomolybdate (MoS4™), but that this is only expressed under conditions where
removal of Mo from the water column is non-quantitative (Tossel et al., 2005, Nagler
etal., 2011).

Application of Mo isotopes as a paleoproxy requires a sound understanding of the
modern marine Mo cycle and characterization of the sources and sinks of Mo (Anbar
and Rouxel 2007). Recent data (Figure 1) have confirmed the isotopic homogeneity of
seawater and characterized sources (rivers and hydrothermal fluids) and sinks (oxic,
sub-oxic, anoxic and euxinic, marine sediments and carbonates) for Mo in the modern
ocean. These have been used to revise the original simple box model on which the
paleoproxy was based (e.g. Cheng et al. 2015). Since the first application of Mo
isotopes as a paleoredox proxy by Arnold et al. (2004) it has become clear that Mo
isotopes are not a stand-alone paleoredox proxy, but rather a useful tool in a multi-
proxy approach to understanding paleoredox (Lyons et al. 2009).

Application of Mo isotopes as a paleoproxy has largely been focused in the Archean
and Proterozoic where they have contributed, in conjunction with other paleoredox
proxies, to understanding the rise of oxygen in Earth’s early ocean (Lyons et al. 2014).
The evolution of oxygenic photosynthesis is generally accepted to be the cause of the
rise of oxygen in the atmosphere and oceans, but when this happened is still intensely
debated (Farquhar et al., 2011). Planavsky et al. (2014) have used 8"*Mo/”’Mo values
consistent with Mn oxide interaction to infer oxygenic photosynthesis in Archean
(2.95Ga) shallow marine settings. However, it is the Mo isotope record in organic-
rich sediments that has received the most attention, providing evidence for a reducing



atmosphere in the Archean prior to 2.7Ga and early “whiffs” of oxygen prior to the
Great Oxidation Event (Wille et al. 2013 and references therein). This record exhibits
a ~2%o range in "*Mo/”’Mo through most of the Proterozoic, intermediate between
the narrow range of Archean &°*Mo/”’Mo (<1%o) and the Phanerozoic/present day
range (>3%o), reflecting the increasing proportion of oxic ocean floor (Figure 1). The
Phanerozoic is however punctuated by Ocean Anoxic Events and more local
fluctuations in ocean redox that have been investigated using Mo isotopes (e.g.
Dickson et al. 2016). Molybdenum isotopes have also been used to investigate the
connection between ocean redox and radiations and extinctions of the fossil record
since the Ediacaran (ca. 635-542 Ma; e.g. Chen et al. 2015).

Most paleoredox studies have been on the marine record but more recently attention
has turned to continentally derived clastic sediments. These provide a record of
contemporaneous atmospheric oxygen levels and like the marine record of organic-
rich sediments, testify to the rise of oxygen through Earth’s history (Figure 1). The
average Mo isotopes of clastic sediments show that the continental crust has become
lighter over time suggesting that supracrustal processes have resulted in the
preferential loss of heavy Mo to the hydrosphere (Yang et al. 2015a). Samples from
other continental settings such as estuaries, lakes and in soils have received less
attention, as has Mo isotope fractionation related to biological and human activity
(Figure 1).

Even though it has been clear from Mo isotope measurements of molybdenites
(Breillat et al. 2016 and references therein) that hydrothermal processes (200 —
1200°C) are associated with significant Mo isotope fractionation (Figure 1), the
potential for Mo isotope fractionation in other high temperature environments has
been largely overlooked until recently. It is now known that magmatic systems,
particularly those involving a fluid phase (arc volcanics and granites), exhibit Mo
isotope fractionations spanning nearly 2.5%o. In contrast, Mo isotope fractionation is
absent during crystal fractionation in anhydrous magmatic systems (Yang et al.
2015b). Mo isotope variations in the mantle, MORB and OIB are small and may
reflect the presence of residual sulphide melts during small degrees of partial melting
of the mantle (Liang et al. 2016). The Mo concentrations and isotopic compositions of
basalts, komatiites and peridotites have also been used to constrain the Mo
concentration and isotopic composition of the BSE (Figure 1). Average Mo isotope
ratios for magmatic iron meteorites and enstatite-, ordinary- and carbonaceous
chondrites typically overlap the BSE estimate, while Mo isotopes derived from the
silicate portion of differentiated planetary bodies trend to values heavier than
terrestrial magmatic samples (Burkhardt et al. 2014). Lunar basalts have Mo isotopes
similar to MORB (Burkhardt et al. 2014).

Interpretation of Mo isotope fractionation in natural samples is aided by theoretical
and experimental investigations of processes with the potential to fractionate isotopes.
The relatively few such studies have investigated biological activity, adsorption,
aqueous speciation (Malinovsky et al. 2007b), leaching of mine waste (Skierszkan et
al., 2016) and partitioning between metal and silicate liquids (Figure 1).

Summary or Conclusions

The seven naturally occurring isotopes of Mo have rather uniform abundances and
extend over a mass range of ~8%. These characteristics, in conjunction with the



interesting biogeochemistry of Mo, made Mo an early target for investigation of
stable mass-dependent isotope fractionation in a heavy metal. To date, Mo isotope
ratios in natural samples range over 2.4%o/amu. Investigations have focused
predominantly on marine samples leading to a better understanding of the modern
marine Mo cycle. Initial observations of the contrasting Mo isotopic compositions of
modern oxic and euxinic sediments led to the proposal that the 8°*Mo/*’Mo could be
developed as a paleoredox proxy. Since then Mo isotopes have become a useful tool
in multi-proxy investigations of paleoredox, contributing in particular, to
understanding of the rise of oxygen through Earth’s history.

Mo isotope fractionation is less well documented in samples from continental
environments, for biological and human activity and for samples from high
temperature settings. There have also been comparatively few theoretical and
experimental investigations of Mo isotope fractionation. Given the wide range in
8”*Mo/”’Mo in samples associated with high and low temperature fluids, analysis and
theoretical and experimental investigations of samples and processes involving a fluid
phase seem likely to be promising areas of future research.

Cross-references

Ab Initio Calculations

Analytical Techniques

Atmospheric Evolution

Atomic Number, Mass Number, and Isotopes
Black Shales and Sapropels

Fe-Mn Crusts and Nodules

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Molybdenum

Nucleosynthesis

Stable isotope geochemistry

Thermal Ionization Mass Spectrometry

Bibliography

Anbar AD, Knab KA, Barling J (2001) Precise determination of mass-dependent variations in
the isotopic composition of molybdenum using MC-ICPMS. Anal Chem 73(7):1425-1431

Anbar AD (2004) Molybdenum stable isotopes: observations, interpretations and directions.
Rev Mineral & Geochem 55:428-454

Anbar AD, Rouxel O (2007) Metal stable isotopes in paleoceanography. Ann Rev Earth
Planet Sci 35:717-534

Archer C, Vance D (2008) The isotopic signature of the global riverine molybdenum flux and
anoxia in the ancient oceans. Nature Geosci 1(9):597-746

Arnold GL, Anbar AD, Barling J, Lyons TW (2004) Molybdenum isotope evidence for
widespread anoxia in mid-Proterozoic oceans. Science 304(5667):87-90

Barling J, Arnold GL, Anbar AD (2001) Natural mass-dependent variations in the isotopic
composition of molybdenum. Earth Planet Sci Lett 193(3-4):447-457

Barling J, Anbar AD (2004) Molybdenum isotope fractionation during adsorption by
manganese oxides. Earth Planet Sci Lett 217(3-4):315-329



Berglund M, Wieser ME (2011) Isotopic compositions of the elements 2009 (IUPAC Technical
Report). Pure Appl Chem 83(2):397-410

Bezard R, Fischer-Gédde M, Hamelin C, Brennecka GA, Kleine T (2016) The effects of
magmatic processes and crustal recycling on the molybdenum stable isotopic composition of
Mid-Ocean Ridge Basalts. Earth Planet Sci Lett 453:171-181

Breillat N, Guerrot C, Marcoux E, Négrel P (2016) A new global database of §**Mo in
molybdenites: A literature review and new data. J Geochem Expl 161:1-15

Bros R, Hidaka H, Kamei G, Ohnuki T (2003) Mobilization and mechanisms of retardation in
the Oklo natural reactor zone 2 (Gabon) - inferences from U, REE, Zr, Mo and Se isotopes.
Appl Geochem 18(12):1807-1824

Burkhardt C, Kleine T, Oberli F, Pack A, Bourdon B, Wieler R (2011) Molybdenum isotope
anomalies in meteorites: Constraints on solar nebula evolution and origin of the Earth. Earth
Planet Sci Lett 312:390-400

Burkhardt C, Hin RC, Kleine T, Bourdon B (2014) Evidence for Mo isotope fractionation in the
solar nebula and during planetary differentiation. Earth Planet Sci Lett 391:201-211

Chen X, Ling H-F, Vance D, Shields-Zhou A, Zhu M, Poulton SW, Och LM, Jiang S-Y, Li D,
Cremonese C, Archer C (2015) Rise to modern levels of ocean oxygenation coincided with
the Cambrian radiation of animals. Nat Commun 6:7142

Cheng M, Li C, Zhou L, Xie S-C (2015) Mo marine geochemistry and reconstruction of ancient
ocean redox states. Sci China Earth Sci 58(12): 2123-2133

Dickson AJ, Jenkyns HC, Porcelli D, van den Boorn S, Idiz E (2016) Basin-scale controls on
the molybdenum-isotope composition of seawater during Ocean Anoxic Event 2 (Late
Cretaceous). Geochim Cosmochim Acta 178:291-306

Farquhar J, Zerkle AL, Bekker A (2011) Geological constraints on the origin of oxygenic
photosynthesis. Photosynth Res 107:11-36

Freymuth H, Vils F, Willbold M, Taylor RN, Elliott T (2015) Molybdenum mobility and isotopic
fractionation during subduction at the Mariana arc. Earth Planet Sci Lett 432:176-186

Goldberg T, Archer C, Vance D, Poulton SW (2009) Mo isotope fractionation during
adsorption to Fe (oxyhydr)oxides. Geochim Cosmochim Acta 73(21):6502-6516

Goldberg T, Archer C, Vance D, Thamdrup B, McAnena A, Poulton SW (2012) Controls on
Mo isotope fractionations in a Mn-rich anoxic marine sediment, Gullmar Fjord, Sweden. Chem
Geol 296-297:73-82

Goldberg T, Gordon G, Izon G, Archer C, Pearce CR, McManus J, Anbar AD, Rehk&dmper M
(2013) Resolution of inter-laboratory discrepancies in Mo isotope data: an intercalibration. J
Anal Atom Spec 28(5):724-735

Greber ND, Puchtel IS, Nagler TF, Mezger K (2015) Komatiites constrain molybdenum
isotope composition of the Earth's mantle. Earth Planet Sci Lett 421:129-138

Helz GR, Miller CV, Charnock JM, Mosselmans JFW, Pattrick RAD, Garner CD, Vaughan DJ
(1996) Mechanism of molybdenum removal from the sea and its concentration in black
shales: EXAFS evidence. Geochim Cosmochim Acta 60(19):3631-3642

Hin RC, Burkhardt C, Schmidt MW, Bourdon B, Kleine T (2013) Experimental evidence for
Mo isotope fractn between metal and silicate liquids. Earth Planet Sci Lett 379: 38-48
DOI:10.1016/j.epsl.2013.08.003

Kendall B, Komiya T, Lyons TW, Bates SM, Gordon GW, Romaniello SJ, Jiang G, Creaser



RA, Xiao S, McFadden K, Sawaki Y, Tahata M, Shu D, Han J, Li Y, Chu X, Anbar ADArcher
(2015) Uranium and molybdenum isotope evidence for an episode of widespread ocean
oxygenation during the late Ediacaran Period. Geochim Cosmochim Acta 156:173-193

King EK, Thompson A, Chadwick OA, Pett-Ridge JC (2016) Molybdenum sources and
isotopic composition during early stages of pedogenesis along a basaltic climate transect.
Chem Geol 445:54-67

Kdnig S, Wille M, Voegelin A, Schoenberg R (2016) Molybdenum isotope systematics in
subduction zones. Earth Planet Sci Lett 447:95-102

Lane S, Proemse BC, Tennant A, Wieser ME (2013) Concentration measurements and
isotopic composition of airborne molybdenum collected in an urban environment Anal Bioanal
Chem 405(9):2957-2963

Lee DC, Halliday AN (1995) Precise determinations of the isotopic compositions and atomic
weights of molybdenum, tellurium, tin and tungsten using ICP magnetic sector multiple
collector mass spectrometry. Int J Mass Spec & lon Proc 146/147:35-46

Liang Y-H, Halliday AN, Siebert C, Fitton JG, Burton KW, Wang K-L, Harvey J (2017)
Molybdenum isotope fractionation in the mantle. Geochim Cosmochim Acta 199: 91-111

Lyons TW, Anbar AD, Severmann S, Scott C, Gill BC (2009) Tracking euxinia in the ancient
ocean: a multiproxy perspective and Proterozoic case study. Ann Rev Earth Planet Sci
37:507-534

Lyons TW, Reinhard CT, Planavsky NJ (2014) The rise of oxygen in Earth’s early ocean and
atmosphere. Nature 506:307-315

Malinovsky D, Hammarlund D, llyashuk B, Martinsson O, Gelting J (2007a) Variations in the
isotopic composition of molybdenum in freshwater lake systems. Chem Geol 236(3-4):181-
198

Malinovsky D, Baxter DC, Rodushkin | (2007b) lon-specific isotopic fractionation of
molybdenum during diffusion in aqueous solutions. Env Sci & Tech 41(5):1596-1600

McManus J, Nagler TF, Siebert C, Wheat CG, Hammond DE (2002) Oceanic molybdenum
isotope fractionation: Diagenesis and hydrothermal ridge-flank alteration. Geochem Geophys
Geosys 3(12)

Néagler TF, Neubert N, Boettcher ME, Dellwig O, Schnetger B (2011) Molybdenum isotope
fractionation in pelagic euxinia: Evidence from the modern Black and Baltic Seas. Chem Geol
289(1-2):1-11

Nakagawa Y, Takano S, Firdaus ML, Norisuye K, Hirata T, Vance D, Sohrin Y (2012) The
molybdenum isotopic composition of the modern ocean. Geochem J 46(2):131-141

Neubert N, Nagler TF, Béttcher ME (2008) Sulfidity controls molybdenum isotope fractionation
into euxinic sediments: Evidence from the modern Black Sea. Geology 36:775-778

NNDC — Chart of Nuclides. National Nuclear Data Center, Brookhaven National Laboratory:
http://www.nndc.bnl.gov/chart/

Pearce CR, Burton KW, Pogge von Strandmann PAE, James RH, Gislason SR (2010)
Molybdenum isotope behaviour accompanying weathering and riverine transport in a basaltic
terrain. Earth Planet Sci Lett 295(1-2):104-114

Planavsky NJ, Asael D, Hofmann A, Reinhard CT, Lalonde SV, Knudson A, Wang X, Ossa
FO, Pecoits E, Smith AJB, Beukes NJ, Bekker A, Johnson TM, Konhauser KO, Lyons TW,
Rouxel OJ (2014) Evidence for oxygenic photosynthesis half a billion years before the Great



Oxidation Event. Nature Geoscience 7:283-286

Poulson Brucker RL, McManus J, Severmann S, Berelson W (2009) Molybdenum behavior
during early diagenesis: Insights from Mo isotopes. Geochem Geophys Geosys 10(6)
DOI:10.1029/2008GC002180

Poulson Brucker RL, McManus J, Poulton SW (2012) Molybdenum isotope fractionations
observed under anoxic experimental conditions. Geochem J 46(3): 201-209

Rahaman W, Goswami V, Singh SK, Rai VK (2014) Molybdenum isotopes in two Indian
estuaries: Mixing characteristics and input to oceans. Geochim Cosmochim Acta 141:407-422

Siebert C, Nagler TF, Kramers JD (2001) Determination of fractionation by double-spike
multicollector inductively coupled plasma mass spectrometry. Geochem Geophys Geosys
DOI:10.1029/2000GC000124

Siebert C, Nagler TF, von Blanckenburg F, Kramers JD (2003) Molybdenum isotope records
as a potential new proxy for paleoceanography. Earth Planet Sci Lett 211(1-2):159-171

Siebert C, McManus J, Bice A, Poulson R, Berelson WM (2006) Molybdenum isotope
signatures in continental margin marine sediments. Earth Planet Sci Lett 241:723-733

Siebert C, Pett-Ridge JC, Opfergelt S, Guicharnaud RA, Halliday AN, Burton KW (2015)
Molybdenum isotope fractionation in soils: Influence of redox conditions, organic matter, and
atmospheric inputs. Geochim Cosmochim Acta 162:1-24

Skierszkan EK, Mayer KU, Weis D, Beckie RD (2016) Molybdenum and zinc stable isotope
variation in mining waste rock drainage and waste rock at the Antamina mine, Peru. Sci Total
Env in press

Tossell JA (2005) Calculating the partitioning of the isotopes of Mo between oxidic and
sulfidic species in aqueous solution. Geochim Cosmochim Acta 69(12):2981-2993

Ventura GT, Gall L, Siebert C, Prytulak J, Szatmari P, Hurlimann M, Halliday AN (2015) The
stable isotope composition of vanadium, nickel, and molybdenum in crude oils. Appl
Geochem 59:104-117

Voegelin AR, Nagler TF, Samankassou E, Villa IM (2009) Molybdenum isotopic composition
of modern and Carboniferous carbonates. Chem Geol 265(3-4):488-498

Voegelin AR, Pettke T, Greber ND, von Niederhausern B, Nagler TF (2014) Magma
differentiation fractionates Mo isotope ratios: Evidence from the Kos Plateau Tuff (Aegean
Arc). Lithos 190-191:440-448

Wasylenki LE, Rolfe BA, Weeks CL, Spiro TG, Anbar AD (2008) Experimental investigation of
the effects of temperature and ionic strength on Mo isotope fractionation during adsorption to
manganese oxides. Geochim Cosmochim Acta 72:5997-6005

Wieser ME, De Laeter JR (2003) A preliminary study of isotope fractionation in molybdenites.
Int J Mass Spec 225:177-183

Wieser ME, De Laeter JR (2007) Absolute isotopic composition of molybdenum and the solar
abundances of the p-process nuclides 92,94Mo. Phys Rev C: Nucl Phys 75(5):055802/1-
055802/8

Wieser ME, Barry S, De Laeter JR (2012) Fission yields of molybdenum in the Oklo natural
reactor. J Radioanal Nucl Chem 293(3):949-954

Wille M, Nebel O, Van Kranendonk MJ, Schoenberg R; Kleinhanns IC, Ellwood MJ (2013)
Mo-Cr isotope evidence for a reducing Archean atmosphere in 3.46-2.76 Ga black shales



from the Pilbara, Western Australia. Chem Geol 340:68-76

Yang J, Barling J, Halliday AN (2015a) Molybdenum isotope fractionation in clastic sediments.
Goldschmidt Abstracts 3502

Yang J, Siebert C, Barling J, Savage P, Liang Y-H, Halliday AN (2015b) Absence of
molybdenum isotope fractionation during magmatic differentiation at Hekla volcano, Iceland.
Geochim Cosmochim Acta 162:126-136

Yang J, Barling J, Siebert C, Stephens E, Halliday AN (2017) The molybdenum isotopic
composition of |-, S- and A- type granitic suites. Geochim Cosmochim Acta, in revision

Zerkle AL, Scheiderich K, Maresca JA, Liermann LJ, Brantley SL (2011) Molybdenum isotope
fractionation by cyanobacterial assimilation during nitrate utilization and N2 fixation.
Geobiology 9(1):94-106

Zhou L, Gao S, Hawkesworth C, Archer C, Xie S-C (2009) Preliminary Mo isotope data of
Phanerozoic clastic sediments from the northern margin of the Yangtze block and its
implication for paleoenvironmental conditions. Chinese Science Bulletin 54(5):822-829



Figure 1. Mass-dependent fractionation of Mo isotopes in natural and experimental
samples. Bars represent the range of values for each category; the references are for the
maximum and minimum values reported. Molybdenum isotopic compositions have been
renormalized to NIST SRM 3134 where necessary. For additional data sources see

“References.”
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