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Chapterr III 

Seismologyy as a Dynamic, Distributed Area of 
Scientificc Research 

CollaborationCollaboration has enhanced my career. It's essential, absolutely. Work is more 

creativecreative together, we ask questions in different ways. 

-M.-M. Fehler, a seismologist interviewed for the project 
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Seismologyy as a dynamic, distributed area 
off  scientific research 

CAROLIN EE S. WAGNER , LOE T LEYDESDORFF 

UniversityUniversity of Amsterdam, Amsterdam (The Netherlands) 

Seismologyy has several features mat suggest it is a highly internationalized field: the subject 
matterr  is global, me tools used to analyse seismic waves are dependent upon informatio n 
technologies,technologies, and governments are interested in funding cooperative research. We explore whether 
ann emerging field lik e seismology has a more internationalised structure than the older, related 
fieldfield  of geophysics. Using aggregated journal-journa l citations, we first  show that, withi n the citing 
environment,, seismology emerged from withi n geophysics as it s own field in die 1990s. The 
bibliographi cc analysis, however, does not snow mat seismology is more internationalised man 
geophysics::  in 2000, seismology had a lower  percentage of all articles co-authored on an 
internationall  basis. Nevertheless, social network analysis shows that the core group of cooperating 
countriess withi n seismology is proportionately larger  and more distributed than that withi n 
geophysics.. Whil e the latter  exhibits an established network with a hierarchy, the formation of a 
fieldfield  in terms of new partnership relations is ongoing in seismology. 

Introductio n n 

AA number  of studies have demonstrated that international linkages in science and 
technologyy are increasing (GLANZEL , 2001, among others). The linkages can be 
observedd at the global level (WAGNER &  LEYDESDORFF, forthcoming) and at the level 
off  scientific disciplines. Linkages within disciplines or  fields of science can be observed 
byy exposing the networks of scientific citations and co-authorship relations that are 
createdd as scientists cite each other's work within scientific articles or  acknowledge 
eachh other  as co-authors (MULLINS , 1988; WOUTERS, 1999). When examined over  time, 
thesee citation and co-authorship networks enable us to reveal the dynamics of emerging 
fields. fields. 

Inn mis study, we use this method to test the hypothesis that emerging fields of 
sciencee are more likely than older  established fields to be internationally networked. 
Thiss is based in part on the expectation that emerging fields are also likely to 
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havee features reflecting a "Mode 2" method of operating: they are interdisciplinary, 
team-basedd research (GIBBONS et al., 1994) Moreover, they are more likely to 
incorporatee new information and communication tools into their operations, and thus be 
moree likely to be networked. 

Inn order to test this hypothesis, we examined a field of science that has several 
featuress suggesting that it is both dynamic (evolving rapidly) and highly 
internationalisedd (many co-authorships across countries). Seismology - the study and 
analysiss of seismic waves within the Earth's mantel - provides a good case study for 
testingg this hypothesis. First, seismology is a field that has emerged largely because of 
thee capabilities offered by new technologies: seismometry is highly technical and the 
complexityy of the resulting data requires computer analysis. Second, the research 
requiress access to data collected from and shared around the globe. Third, several 
countriess have invested in unique research equipment and resources that can only be 
madee available to researchers from omer countries through collaboration.' Fourth, many 
governmentss are interested in funding research that may help anticipate, if not an 
earthquakee itself, then at least the nature of damages that may result. Fifth, the research 
doess not have direct commercial application, suggesting that most of the collaborative 
researchh will be published in open literature. 

Manyy analysts have noted that the ability of scientists in different countries to 
collaboratee has increased significantly over the past 15 years, with improving access to 
thee Internet being only one of these reasonss (GIBBONS et al., 1994, among others). The 
willingnesss of governmental and non-governmental organizations to provide technical 
assistancee to other nations, including exchange of experts, when a major earthquake 
takess place has also increased the extent to which seismologists and other earth 
scientistss meet and share research interests with each other. This is particularly 
importantt for the decade we studied, 1990 to 2000. In 1994, California experienced the 
Northridgee earthquake. One year later, in 1995, Japan experienced the Kobe earthquake. 
Bothh of these events led to exchanges of scientists and engineers, and both earthquakes 
spurredd new research into seismology, structural engineering, and earthquake sciences. 

**  For example, Japan has invested in a shake table that simulates earthquake movement and provides valuable 
dataa on the possible affects of tremors on engineered structures. Russia has dug a bore hole in a 
seismologicallyy active area to enable testing of different features of geology. The United States has invested 
inn a global seismographic netwrk that provides continual readings of seismological activities at dozens of 
locationss around the globe. 
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Methodology y 

Inn order  to explore the structure of the field of seismology and to test whether  it 
showss international dynamism, we conducted a series of cascading analyses. The first 
partt  of the analysis identified the citing relationships to uncover  the cluster  of journals 
thatt  scientists identify when citing other  published work relevant to their  article. 
Secondly,, within the decade of 1990 to 2000, we collected all addresses of the articles 
inn the relevant journal clusters for  3 different years (1990, 1994, and 2000). We then 
usedd mis in the thir d step to detail networks of linkages among scientists at the national 
level.. Finally, in the fourth step, we analysed the percentages of international co-
authorshipss within these years to view the extent to which seismology had grown as an 
internationall  discipline. Each step is described in more detail below. 

DefiningDefining the field 

Researchh shows that scientific journal-journa l citations can be exploited to expose 
patternss of interrelationships within and among fields of science. (CARPENTER & 
NARIN ,, 1975; DOREIA N &  FARARO, 1985; TUSSEN et al., 1987). LEYDESDORFF & 

COZZENSS (1993) suggest that disciplines of science can be operationalised in terms of 
journall  sets. As such, journal-journa l citations can be used to track changes in the 
disciplinaryy structure of science. The patterns provide a method for  studying the 
structuree of a field in a single year  as well as over  time. The citation relationship among 
journal ss reveals a structure of the literatur e that scientists view as relevant to their  work. 
Ann analysis of these citation relationships reveals "clusters"  that can be visually 
depicted.. This method of journal-journa l citation mapping is applied here to see if the 
structuree of citations related to the field of seismology has changed, how is it related to 
otherr  fields, and whether  the field has been influenced by international linkages. 

Usingg the method developed by LEYDESDORFF &  COZZENS (1993) and later 
applicationss by LEYDESDORFF et al., (1994), we identify the journals most closely 
associatedd with the field In describing the methodology, Leydesdorff and co-authors 
notee out that journal-journa l citation relations '"contain information about field and 
subfieldd structures at a sufficient level of aggregation for  the construction of 
indicators...""  (LEYDESDORFF et al., 1994) Journal publications are not stable over  time: 
Thee incremental change can become an indicator  in itself by revealing the change of 
structuree at the level of the field over  time. For  example, the inclusion of new journals 
withi nn a cluster  of related journals may indicate the extension or  further  differentiation 
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off  the cluster or it may indicate qualitatively new developments in the field. The 
emergencee of new clusters, or the merging of clusters, can also be indicative of 
structurall  changes in a field. 

Thee Leydesdorff-Cozzens method enables the creation of journal-journal citation 
mapss based on factor or eigenvector analysis of the citations of journals in the Science 
CitationCitation Index (SCI) and the Journal Citation Reports. The data we report here are 
drawnn from the databases of the Institute for Scientific Information SCI and JCR 
CD-Romm data. The latter data consist of listings of all journals processed and included 
onn the CD-Rom for 1994-2001. Co-author names and affiliations were obtained from 
thee Science Citation Index Extended available through the Web of Science in May 2002. 

RevealingRevealing the structure of the field 

Thee first step in identifying initial journals to work with involved using the Science 
CitationCitation Index to identify journals with titles related to the field of seismology. We 
searchedd for the words "earthquake" and "seismology" in journals available in March 
20022 on the Web of Science. A number of journals were initially considered, although 
twoo journals had names that appeared directly relevant: The Journal of Seismology and 
TheThe Bulletin of the Seismologica! Society of America. Using a factor analysis, we found 
that,, in 2000, the Bulletin of the Seismological Society of America (BSSA) is the journal 
mostt closely associated with the field of seismology. BSSA served as the central 
tendencyy journal (CTJ) for the analysis. LEYDESDORFF & COZZENS (1993) have 
proposedd "central tendency journals" as yardsticks for measuring structural change in 
fieldss of science over time. Central tendency journals are defined as seed journals that 
exhibitt the highest correlation with the eigenvector that represents the cluster at the 
networkk level. Central tendency journals exhibit more stability than journals that are 
lesss central to the cluster. We examined the citing patterns of the BSSA in order to 
identifyy the action parameter associated with the field. Journals being cited by articles in 
BSSABSSA indicate the structure of the field as viewed by the authors in 2000. 

Thee cluster of journals that emerge from the citing patterns around BSSA in 2000 
reveall  the structure of the field in that year. Table 1 displays two fields of science 
closelyy related to seismology. The first box highlights those journals loading on 
Factorr 1, indicating the field of geophysics. The solid box reveals BSSA as the "central 
tendencyy journal" for 2000 as well as its citing galaxy, loading on Factor 2. 
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Tablee 1. A factor analysis of die citing patterns of journals related to seismology in 2000 

Journal l 

Earth,Earth, Plants and Space 

JournalJournal of Geophysics Research 

GeophysicsGeophysics Research Letters 

GeophysicsGeophysics Journal International 

PhysicsPhysics of Earth and Planetary Interiors 

PurePure and Applied Geophysics 

Tectonophysics Tectonophysics 

Balletinn of t i e Sdsmeiogical Society of America 

SoDD Dynamics and Earthanake Engineering 

Journall  of Seismology 

Naturall  Hazards 

Annalii  di Geoftaica 

Engineeringg Geology 

Science e 

Nature e 

Currentt Science 

Geophysics s 

Earthquakee Engineering and Structural Dynamics 

Factorr 1 

0.968 0.968 

0.921 0.921 

0.900 0.900 

0.862 0.862 

0.825 0.825 

0.821 0.821 

0.743 0.743 

0.294 4 

-0.180 0 

0.388 8 

0.604 4 

0.590 0 

0.111 1 

0.081 1 

0.034 4 

0.127 7 

-0.012 2 

-0.161 1 

Factorr 2 

0.133 3 

0.098 8 

0.090 0 

0.256 6 

0.053 3 

0.476 6 

0.158 8 

0323 0323 

0.896 6 

0*41 1 

0.714 4 

0.603 3 

OS37 7 

-0.065 5 

-0.084 4 

0.081 1 

0.068 8 

0.245 0.245 

Factorr 3 

0.039 9 

0.112 2 

0.196 6 

0.005 5 

0.081 1 

0.030 0 

0.040 0 

0.046 6 

-0.070 0 

-0.038 8 

-0.018 8 

-0.191 1 

0.013 3 

0,932 0,932 

0.931 0.931 

0.861 0.861 

-0.153 -0.153 

0.182 2 

Factorr 4 

0.005 5 

-0.042 2 

-0.052 2 

0.162 2 

0.082 2 

0.065 5 

0.094 4 

-0.076 6 

-0.239 9 

-0.093 3 

-0.028 8 

0.191 1 

0.068 8 

0.004 4 

0.008 8 

-O.020 0 

0.801 0.801 

-0.625 5 

Thiss factor analysis provides two key pieces of information for this case, shown in 

Tablee 1. One is that the field of geophysics, represented in the first cluster of variables 

loadingg on Factor 1, is tightly clustered and well defined. The second finding is that 

BSSABSSA is the central tendency journal for the field of seismology loading on Factor 2," 

BSSABSSA has positively correlated citation patterns with five other journals within the factor 

structure: : 

 Soil Dynamics and Earthquake Sciences, 

 Journal of Seismology, 

 Natural Hazards, 

 Annali di Geqfisica, and 

 Engineering Geology. 

**  Performing the same factor analysis on the Journal of Seismology shows that the Bulletin of the 
SeismoiogicalSeismoiogical Society of America is also revealed to be the central tendency journal. 
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Thee factor analysis for the citing relationships results in a plot of the stimulus space 
showingg a 2-dimensional drawing of the citation relationships. The next section 
displayss and discusses the figures that emerge from this analysis. 

MappingMapping the international network of the field 

Inn order to test our thesis, for each of the clusters identified in the factor analysis, 
"geophysics""  and "seismology," we calculated the percentages of international co-
authorshipp as a share of all papers published in that year for that cluster. Then, we 
mappedd the networks of both fields in 2000, and the combined field in 1990. This is 
donee using the following techniques: 

1.. For each of the cluster of journals, we collected all the related records from the 
WebWeb of Science for that year. We saved these with authors and addresses so that 
wee could identify linkages among authors by country. 

2.. Using custom computer programs written for these purposes by one of the 
authors,, we sorted the author names and addresses into files that allowed us to 
countt international co-authorships. 

3.. Taking the address file created as part of this analysis, we imported this into 
UciNett to create an affiliations file (BORGATTI et al„  2002), and then this data is 
exportedd to Pajek network analysis software to draw a social network.*  A core 
analysiss conducted on this network reveals the most intense relationships 
amongg collaborating countries in both years. 

4.. In order to normalize for the size effects among countries, we also used the 
cosinee between the vectors for individual countries as input to the visualization 
usingg Pajek network analysis software (HAMERS et al., 1989). This analysis 
providess us with a means to explore and compare the hierarchy in the networks 
(WAGNERR & LEYDESDORFF, forthcoming). 

Thenn we compare the two clusters. This is done in an effort to see whether 
seismologyy is more heavily internationalised than geophysics. 

Thee steps detailed above reveal the structure of the field in 2000. The next question 
wee asked is how the field has changed over time. Using the structure of the field in 
2000,, and maintaining the BSSA as the central tendency journal, we reconstructed the 
fieldfield historically for years 1998, 1996, and 1994, with a network comparison for 1990. 
Thee concept of extending back historically rather than beginning in the early 1990s and 

**  The program Pajek is freely available for  non-commercial use at rmp:/Wado.fn^.uni-lj.si/pub/netwwrtis/pate k 
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workingg forward is done so that we can examine the evolution of the field over time 
basedd on its construction in 2000. If one systematically accounts for delineation in the 
groupingss ahead of time (e.g., in 1990), one risks making a prediction of performance 
withh reference to an outdated unit. The point is to identify the dynamics of the field: 
Thee validity of this method is demonstrated graphically by the fact that the journal 
SeismologySeismology was only initiated in 1999. If we had fixed the journal set to those available 
inn 1990, we would have missed the entrance of the new journal. So we began with the 
structuree as it is revealed in 2000, and reconstruct the field's development from the 
perspectivee of citing relationships. 

Forr the purposes of mis case study, the set of citing journals for each year is used. 
Thee central tendency analysis is used to show local densities in the overall network for 
eachh year. Clusters can be compared over years, even though they are not necessarily 
tiedd to the same central journal. This helps illustrate the evolution of the field over time. 
Thee evolutionary illustrations show the relations within the cluster over the years by 
showingg the relevant citation environment. The change in the data set can be used as an 
indicatorr of restructuring within the field. 

Findings::  The emergence of seismology from within the field of geophysics 

Ourr analysis shows that seismology emerges out of geophysics as an independent 
fieldfield of science in terms of its citing environment over the decade of the 1990s. It did 
nott exist as an independent field in the early part of the decade. This is illustrated in 
Figuress 1-4. The figures display the citing galaxy, based on factor analysis, of the 
journalss in that year. The evolution of the field is illustrated by the emergence of a 
citingg environment for seismology, but one that does not take shape until 1996, and 
evenn men, is not stable and receded in 1998, and then re-emerges in 2000. Figure 1 
illustratess and reveals the shape of the field of seismology, compared to geophysics, in 
2000.. Figures 2, 3, and 4 illustrate the evolution of shape of the field of geophysics 
fromfrom 1994, and the emergence of seismology as a separate field over time.' 

**  hi the uneven year  1995, the Bulletin qfSeismotogicei Society of America exhibits interfactoria l complexity 
betweenn geophysics and a factor  that otherwise consists only of Earthquake Engineering and Structural 
Dynamics.Dynamics. In the period 1996-2001 an independent second factor  can be distinguished, but not in 1998. BSSA 
functionedd as a central tendency journal in 1996,1997,2000, and 2001, but not in the years 1993,199S, 1998, 
andd 1999. In 2001, the seismology group was further  extended with the journal s Pure and Applied Geophysics 
andd the Journal of Computer Acoustics. Natural Hazards, however, was in this year  no longer  part of the 
citationn environment of BSSA at die one percent level. 
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:re;i.;J33 svhrz 

Generall  science 
journals s 

XX ^ DIMENSION 1 DIMEKSIOKK J 

Figuree 1. Clusters of journals relating to seismology based on citing patterns, 2000 

98 8 ScientometricsScientometrics 58 (2003) 



C.. S. WAGNER, L. LEYDESDORFF: Seismology 

Legend: : 

Indicatingg letter 
A A 
B B 
F F 
K K 
L L 
0 0 

D D 
G G 
H H 
J J 
N N 
O O 
R R 

C C 
P P 
M M 

E E 
I I 

Sdsmotofyy duster  journal names 
AmciidiAmciidi Geoftsica 
BulletinBulletin  af the Seismological Society of America 
EngineeringEngineering Geology 
JournalJournal of Seismology 
NaturalNatural Hazards 
SoilSoil Dynamics and Earthquake Engineering 

Geophysicss dwter  journal names 
EarthEarth Planet and Space 
GeophysicsGeophysics Journal International 
GeophysicsGeophysics Research Letters 
JournalJournal of Geophysics Research 
PhysicsPhysics of Earth and Planetary Interiors 
PurePure and Applied Geophysics 
Tectonophysics Tectonophysics 

Generall  science duster  journal names 
CurrentCurrent Science 
Science Science 
Nature Nature 

Otterr  related bat not dnstered journals 
EarthquakeEarthquake Engineering and Structural Dynamics 
Geophysics Geophysics 

Byy examining the figures, one can see that in 1994, illustrated in Figure 2, three 
clusterss are evident. These are: 

1.. The geophysics cluster, containing the Bulletin of Seismological Society of 
America,America, the Physics of the Earth and Planetary Interiors, Geophysical Journal 
International,International, Journal of Geophysical Research-Solid Earth, and the 
GeophysicalGeophysical Research Letters. 

2.2. A general sciences cluster containing Nature, Science, and Current Science 
India. India. 

3.. A tectonics and geology cluster containing Tectonics, Tectonophysics, and the 
GeologicalGeological Society of America Bulletin. 

4.. Also in the citing environment, but not in the citing cluster are: Geophysics, the 
JournalJournal of the Acoustical Society of America, and Earthquake Engineering & 
StructuralStructural Dynamics. 
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PLOTT OF STIKULL 

Geophysics s 
(includingg seismology) 

IMENSIüNN 1 

Figuree 2. Clusters of journals relating to seismology based on citing patterns, 1994 
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Legend: : 

Indicatingg letter 
A A 
E E 
F F 
I I 
K K 

D D 
M M 
N N 

B B 
J J 
L L 

C C 
G G 
H H 

Geophyiks-seisaurfacvv duster  journal names 
BulletinBulletin  of the Seismological Socieft of America 
GeophysicsGeophysics Journal International 
GeophysicsGeophysics Research Letters 
JournalJournal of Geophysics Research 
PhysicsPhysics of Earth and Planetary Interiors 

Tectonicss duster  Journal names 
GeologicalGeological Society of America Bulletin 
Tectonics Tectonics 
Tectonophysics Tectonophysics 

Generall  sdeace dnster  journal names 
CurrentCurrent Science 
Nature Nature 
Science Science 

Otherr  related but not dnstered journals 
EarthquakeEarthquake Engineering and Structural Dynamics 
Geophysics Geophysics 
JournalJournal of the Acoustical Society of America 

Inn 1996, illustrated in Figure 3, three clusters remain evident, but their constitution 
iss different. The field of tectonics has been subsumed into geophysics, and seismology 
andd earthquake engineering emerges as a new cluster. The clusters now represent: 

1.. The geophysics cluster, which now appears without the Bulletin of the 
SeismologicalSeismological Society of America. The other journals evident in 1994 remain 
thee same, but they are joined by: Pure and Applied Geophysics, and 
Tectonophysics. Tectonophysics. 

2.2. The seismology and earthquake engineering cluster includes the Bulletin of the 
SeismologicalSeismological Society of America, Earthquake Engineering & Structural 
Dynamics,Dynamics, and, Soil Dynamics and Earthquake Earthquake Engineering. 

3.. The general sciences cluster with Nature; Science, and the Proceedings of the 
NationalNational Academy of Sciences (USA). 
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PLC"" OF STIMULUS Ï?ACE 

Generall  science 
journals s 

7.7. = DIMENSION 1 Y = DIMENSION 

Figuree 3. Clusters of journals relating to seismology based on citing patterns, 1996 
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Legend. . 

Indicatingg lener 
A A 
B B 
0 0 

D D 
E E 
G G 
H H 
L L 
M M 
P P 

J J 
K K 
N N 

C C 
F F 
H H 

Seismolecyy duster  journal names 
BulletinBulletin  of the Seismological Society' of America 
EarthquakeEarthquake Engineering and Structural Dvnamics 
SoilSoil Dvnamics and Earthquake Engineering 

Geophysicss duster  Journal names 
GeophysicsGeophysics Journal International 
GeophysicsGeophysics Research Letters 
JoumalJoumal ofGeophvsics Research 
JournalJournal of Physics of the Earth 
PhysicsPhysics of Earth and Planetary Interiors 
PurePure and Applied Geophysics 
Tectonophysics Tectonophysics 

Genera)) science duster  journal names 
Nature Nature 
ProceedingsProceedings of the National Academy- of Sciences 
Science Science 

Otherr  related bnt not dnstered Journals 
GeologicalGeological Society of America Bulletin 
Geophysics Geophysics 
JournalJournal of Structural Geology 

Inn 1998, illustrated in Figure 4, seismology has rejoined geophysics. Tectonics also 
remainss as part of the geophysics cluster. Earthquake engineering remains a separate 
cluster.. The geophysics cluster  has been joined by the Journal of Physics of the Earth 
(itemm H). The general sciences cluster  resembles mat of 1994. 

Too return to 2000, illustrated in Figure 1, it is possible to see a significant change in 
thee structure of the field between 1994 and 2000. Geophysics (with tectonics) remains a 
tightt  cluster  with no new entrants. Seismology, however, exhibits a considerable 
change.. Earthquake sciences and seismology have merged into a single cluster  with Soil 
DynamicsDynamics appearing much closer  to seismology than before. In addition, there are three 
neww entrants to the seismology cluster: Journal of Seismology, Natural Hazards, and 
AnnafiAnnafi  di Geqflsica. 

Thiss suggests that the field took on an increased self-definition over  time, 
strengthenedd by the entrance of new journal s into the field, ones mat quickly joined the 
citingg cluster. 
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PLOTT OF STIMULUS 

XX = DIMENSION 1 

Figuree 4. Clusters of journals relating to seismology based on citing patterns, 1998 
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Legend: Legend: 

Indicatin gg lener 
B B 
M M 

A A 
C C 
D D 
E E 
G G 
H H 
J J 
K K 
N N 

I I 
L L 

F F 

Earthquak ee engiaeerinf duster  journa l names 
EarthquakeEarthquake Engineering and Structural Dynamics 
SoilSoil Dynamics and Earthquake Engineering 

Geophysicss daster  journal names 
BulletinBulletin  of the Seismological Society of America 
FizikaZemli FizikaZemli 
GeophysicsGeophysics Journal International 
GeophysicsGeophysics Research Letters 
JournalJournal of Geophysics Research 
JournalJournal of Physics of the Earth 
PhvsicsPhvsics of Earth and'PlanetaryInteriors 

PurePure and Applied Geophysics 
Tectonophysics Tectonophysics 

Generall  science duster  journa l names 
Nature Nature 
Science Science 

Otherr  related bnt not dnstered journal s 
Geophysics Geophysics 

Examining internationalExamining international linkages within the field 

Wee expected to find that, because seismology is a dynamic, emerging field, one that 
reliess on distributed knowledge and shared data, it is also more internationalised man 
older,, related fields. This expectation arises from our  thesis mat emerging fields are also 
likelyy to have features reflecting a Mode 2 method of operating: they are 
interdisciplinary ,, team-based research. Thus, they are more likely to require a network 
off  linkages in order  to share and create knowledge. Moreover, because seismology 
requiress access to unique, geographically-tied resources, we expected it to create the 
conditionss where researchers meet, interact, and seek to conduct collaborative research 
onn an international basis. 

Contraryy to our  expectations, the initia l review of the data does not show seismology 
ass more heavily internationalised in terms of international co-authorship relations than 
geophysicss in 2000. Table 2 displays the results of the bibliometri c analysis of the 
articless published in 2000: within the geophysics cluster, internationally co-authored 
articless were 34.1 percent of all articles, while seismology shows 26.2 percent of 
articless as internationally co-authored for  mat year. As a percentage of articles 
published,, geophysics is a more internationalised field than seismology. 
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Tablee 2. A comparison of articles published in geophysics and seismology in 2000 

Year r 

Geophysics s 
2000 0 
Seismology y 
2000 0 

Numberr  of 
articless published 

2389 9 

409 9 

Numberr  of articles 
internationall y y 

co-authored d 

814 4 

107 7 

Percentt  of articles 
internationall y y 

co-authored d 

344 1 

26.2 2 

Thee social networks of the two fields also demonstrate a more densely 
interconnectedd network for  geophysics than for  seismology in 2000. Figures 5 and 6 
illustrat ee the social networks that constitute geophysics (Figure S) and seismology 
(Figuree 6) in 2000 when co-authorships are attributed to and counted at the country 
level.. These different densities of the networks can be partly explained by the size of 
geophysicss compared to seismology, but we wil l see below that after  normalization for 
sizee effects using the cosine important differences wil l remain. The longer-established 
journal ss in the field of geophysics attract and publish many more articles per  year  than 
seismologyy journals, as can be noted from the data presented in Table 2. 

Thee social network created by co-authorships in geophysics journals has a more 
"traditional ""  set of core countries than the ones exposed in the seismology network. 
Withi nn geophysics, the core countries include those with the largest scientific 
enterprises,, including the USA, Germany, England, Russia, France, the Netherlands, 
andd Japan. Intriguingly , the network for  seismology has a core that involves a number 
off  non-traditional and developing countries. In fact, seismology's core network does not 
includee the countries named above. The core network consists of the western European 
countriess of Italy , Germany, and Switzerland, and then a tight network of eastern 
Europeann countries connecting to western Europe through Russia. Although the USA, 
France,, and England publish more articles, they are not as tightl y networked as the 
westernn and eastern European partners in the core represented in Figure 6. 
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Figuree 5. The network of international co-authorships in geophysics, 2000 
(coree vertices in white) 
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Figuree 6. The network of international co-authorships in seismology, 2000 
(coree vertices in white) 
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Tablee 3. Core group participation of geophysics and seismology, 2000 

Year r Numberr  of countries participatin g 
inn international network 

Numberr  of countries in the core 
groupp of international co-author 

networks s 
Geophysics s 

2000 0 
1990 0 

82 2 
56 6 

19 9 
9 9 

Seismology y 
2000 0 80 0 12 2 

Wee tested the structure of the field further  by conducting an analysis of the core of 
thee structure of the co-authorship network of both fields. We found that geophysics also 
hass a higher  percentage of countries participatin g at the core of die network. 

Wee then sought to expose the organisation of the networks by conducting a cosine 
analysiss to weight the data for  the differences in size. Here we found significant 
differencess between the two networks. Figures 7 and 8 reveal the hierarchy of the social 
networkss in both geophysics and seismology for  2000 (the core countries are indicated 
byy open circles). The number  of countries in the core groups are similar  in number, but 
thee seismology network contains more tightl y connected clusters with intense regional 
clusterss when compared to geophysics. Italy seems to be the core country relating 
variouss networks. The geophysics map has a centre/periphery model with the USA, UK, 
France,, and Germany inn the very centre. 

Thesee figures can bom be compared to the cosine analysis of the network of the 
combinedd field of geophysics (encompassing seismology journals published at the time) 
ass it existed in 1990, shown in Figure 9. The analysis suggests that the network of 
internationall  collaboration in terms of co-authorship relations had very littl e structure in 
1990.. Local collaborations, for  example with the Philippines, prevailed at that time. 
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Figuree 7. Analysis of the network of geophysics collaboration at cosine greater than 0.1, 2000 
(coree vertices in white) 
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Figuree 8. Analysis of the network of seismology collaboration at cosine greater than 0.1. 2000 
(coree vertices in white) 
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Figuree 9. Analysis of the network of collaborating countries at cosine greater than 0.1, 
geophysicss (encompassing seismology), 1990 (core vertices in white) 
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4.. Summary and conclusions 

Seismologyy can be considered as an emerging field of science. This is demonstrated 
byy the citing relationships showing that in the early 1990s, seismology did not exist 
withinn the citing environment as a field separate from geophysics. Contrary to our initial 
expectation,, in 2000, the field of seismology does not have as high a percentage of 
internationallyy co-authored articles as its parent field, geophysics. An alternative 
explanationn for mis may be that as a new field emerges, it may have just a few centres 
off  excellence where research is being conducted As the research is recognized, 
practitionerss from different countries seek to cooperate with the lead researchers, 
creatingg the international links over time. The "Mode 2" character may also lead to 
moree grey literature man in an established field of science. The geographical shape of 
somee of the clusters may reflect the influence of policy programs and their attempts to 
organizee this field 

Althoughh seismology did not contain as high a percentage of international articles as 
geophysics,, we did have the unexpected finding that the core group of cooperating 
countriess within seismology is a more distributed and broader network than mat within 
geophysics.. The networked group of seismology countries exposed in the cosine 
analysiss has more members than would be expected given the structure of the parent 
field.field. The connections between these countries appear to be active collaborations. This 
suggestss that emerging fields, although still growing their network of international 
connections,, may do so by establishing a distributed set of initial connections 
throughoutt their social network rather than operating along a hub and spoke model. 
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