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Abstract

Wereportresultsfrom ayear-longdeploymentof broadbandseismometersin
Scotlandto studythemantlestructurein thenorthernUnitedKingdom.Theregion is
tectonicallyinactiveandits underlyingtransitionzoneshouldnotshow unusual
structuredueto thermalperturbationscausedby Cenozoicsubductionor
plume-relatedvolcanism.Theestimated410-and660-kmdiscontinuitydepths,
estimatedby receiver functionstacking,are414

�
5 and655

�
14km, average

world-widevalues.Thereis noevidencefor adiscontinuityat 520km. The660-km
discontinuityconversionis weaker thanglobalearthmodelspredictby factorsof
1 � 05��� 3 within amplitudemeasurementuncertainties.Eithersignificantattenuation
below 410km or regional,non-thermalvariationsin 660propertiesthatdecreaseits
velocityanddensityjumpsto 1.9%∆Vp, 4.8%∆Vs, and4.8%∆ρ, or thator broadenit
to 13-35km width couldaccountfor thelower thanexpectedamplitudes.Lateral
variationsin transitionzonewatercontentaroundthe660-kmdiscontinuitymaybe
responsiblefor thebroadening.
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Introduction

Thetransitionzonediscontinuitiesat410and
660 km are generallyattributed to phasetran-
sitions in mantle minerals, principally in the�
Mg � Fe� 2SiO4 componentof mantleperidotite

[Bina and Wood, 1987;Ita and Stixrude, 1992;
Helffrich, 2000]. On this account,the disconti-
nuity propertiesrespondto changesin temper-
atureandpotentiallycompositionin the mantle
by changingtheir depthsandsharpness.While
theinfluenceof temperatureondiscontinuitypo-
sition is fairly well-established(seediscussion
in Helffrich [2000]), the evidence for chemi-
cal influenceis not as convincing but growing
[Simmons and Gurrola, 2000;Deuss and Wood-
house, 2001]. Two sourcesof doubt are un-
certaintyover whatchemicaldifferencesshould
exist in the transitionzone(and thus what any
discontinuityresponseshouldbe), and the un-
modeledeffectsof topographyon the disconti-
nuity surface.Topographyis nettlesomebecause
small-scalerougheningof the surface can ex-
tinguish P-to-Sconversionsfrom a discontinu-
ity [van der Lee et al., 1994]. Thus,in orderto
explore theeffect of chemistryon discontinuity
structure,areasmustbesoughtwhichareasfree
of extraneousinfluencesasfeasible.

Tectonically old areasprovide useful study
localitiesfor this reason.By definition they do
not overlieactivesubduction,thestrongestther-
malperturbationthatcanbeenvisagedin theup-
permantle.Nor do they containactive volcanic
provinces,either relatedto rifting or mid-plate
volcanism,bothof whichaffect thethermalpro-
file of the shallow mantle[White and McKen-
zie, 1989]. Thusthermaleffectsareminimized.
One suchareais the United Kingdom, whose
lastsignificanttectonicepisodetookplacein the
early Tertiary ( � 60 Ma), when the rifting that
ledto theformationof theAtlantic Oceanbegan
[Harris, 1991]. Prior to this, subductionrelated
to the closureof the pre-Atlantic affected the

wholeof theUK, but thisactivity ceasedaround
� 350Ma. Therearenoevidentseismicvelocity
anomaliesbeneaththeUK whichmight indicate
a vestigial thermal imprint from thesetectonic
episodesor a deeplithosphericstructurewhose
compositionor temperaturemay be anomalous
[Grand, 1994].It appears,therefore,thattheUK
isasuitableareatoexplorefor unusualtransition
zonestructure.

To investigatethe transitionzone’s disconti-
nuity structure,we analyzebroadbandrecord-
ings of teleseismicP-wave arrivals. We usere-
ceiverfunctionanalysisto isolatetheP-to-Scon-
versionsat the discontinuities,P410s andP660s,
andto determinediscontinuitydepthsandcon-
vertedwave strengths.We find normaldiscon-
tinuity depthscompatiblewith the expectation
that thereshouldbe no deviation from average
propertiesgiven the tectonicageof the region.
However, the 660-km discontinuityconversion
appearsto beanomalouslyweak,whichmayin-
dicateunusualstructurebetween410 and 660
km, or unusualpropertiesof the660itself.

Data and Methods

The data are broadbandrecordingsof tele-
seismicP and PP from a temporarynetwork
of nine broadbandstationslocatedin northern
Scotlandandoperatedfor about14 months,cal-
ledtheRUSH-Iproject.Figure1 showsamapof
stationlocationsandtheearthquakesused.The
earthquakes provided 102 recordsfor receiver
function analysis.The positionsof the interac-
tion pointswith the 410- and660-kmdisconti-
nuitiesclusterunderthenorthernNorthSea,and
easternAtlantic. We usedstandardfrequency-
domain water-level deconvolution methodsto
isolatethe P-to-Sconversionsin the wave field
[Langston, 1979; Owens et al., 1984; Ammon,
1991], with a frequency smoothingfactorof 5
anda waterlevel of 10	 4. Thedatais noisydue
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to theoceanmicroseismswhich areinescapable
in theUK, but only exceptionallywasnotchfil-
tering usedto remove noisebeforedeconvolu-
tion. The deconvolved traceswere then ana-
lyzed for appropriatemoveoutof the phasesof
interest,P410s and P660s, and stacked for anal-
ysis. Figure 2 shows a slownesssection for
the unfilteredreceiver functions. The cluster-
ing for eachevent is dueto thechangein slow-
nesswith distanceof P and PP over the nar-
row apertureof the network. The horizontal
dashedlines show the predictedarrival times
of P 
 PP410s and P 
 PP660s with slowness(the
P 
 PP notationindicatestheP-to-Sconversionis
of eitherP or PP).Clearly, noiseobscuresindi-
vidual arrivals. To establishwhetherthephases
areactuallypresentin the data,we sumthe re-
ceiver functionsalong the predictedPzs move-
outcurves(for conversionsfromdifferentdepths
z) to check that the summedtrace amplitude
maximaoccur at the expectedlags for the ex-
pecteddepths. This is akin to velocity spec-
trum stackingusedby Gurrola et al. [1991],but
herewe handleit like slant-stackingwherethe
control parameter, rather than being slowness,
is ∆t 
 ∆p or moveout, which has units of de-
greesfor our choiceof slownessunit. We show
theslant-stackedreceiver functiontracesin Fig-
ure 3. While the peakamplitudefor the arrival
around42 s, which from inspectionof Figure2
shouldcorrespondto P 
 PP410s, is atits expected
moveoutvalue,the arrival at 65 s, P 
 PP660s, is
not. Whenits amplitudepeaks,it hasthecorrect
timelag,but significantlylessmoveoutthanpre-
dicted.WKBJsynthetics[Chapman et al., 1988]
for P, PcPandPP, plusthedepthphasesand410-
and660-kmconversionswith thereportedCMT
focal mechanisms,processedandslant-stacked
similarly show interferencearoundtheP 
 PP660s
arrival time from PcPdepthphases,which have
lowermoveout,partlyexplainingtheanomalous
stackfeaturesaround65 s. However the depth
phasesstackwith thesamesignastheP 
 PP660s

and slightly enhanceits amplitude,suggesting
thattheobservedpeakpositionmaybeearlybut
its amplitudemustrepresentanupperboundfor
P 
 PP660s.

The final processingstageconsistedof op-
tionally filtering the receiver functions (using
zerophasebandpassfiltersbetween10s-40sand
5s-30s)and transformingthe time axes of the
receiver functions to depth by calculatingthe
P 
 PPzs � P 
 PP time lag for eachdepth z us-
ing the AK135 model [Kennett et al., 1995].
The transformedreceiver functions were then
stacked by linear summation,and 95% confi-
denceboundsonthestackswerecomputedfrom
thepointwisevarianceof thesum.

Results

Most of the recordedevents arrived along
easterlyback-azimuths,preferentiallysampling
thenorthernNorthSearegionbetweentheOrkney
and the Shetlandislands(Fig. 1). We found
that the receiver function stacksalongwesterly
back-azimuthshada distinctly differentcharac-
ter thantheeasternones.For thesereasons,we
discardedthosefewer recordsfrom the stacks.
Thestacksdisplayedin Figure4 containtransi-
tion zonepeaksabove the95%confidencelevel
at 414 km and at 669 km. There is no peak
between500 and 600 km above the 95% con-
fidencelevel. To estimatetheuncertaintyin the
peakposition, we usetwo further whole-earth
velocity models,SP6[Morelli and Dziewonski,
1993]andIASP91[Kennett and Engdahl, 1991]
to transformtime to depthandreport the vari-
ability in peakposition,which yield uncertain-
ties of � 1 km in the vicinity of 410, and � 2
km in the vicinity of 660. An additionalcom-
ponentof the error budgetis the variability of
thepeak’s positionin thestacksat differentfre-
quencies,which is � 4 and � 12 km for the410
and660,respectively. Thusthe410-and660-km
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discontinuitypositionsare414� 5 and655� 14
km. The660’s positionrepresentsthemiddleof
theobservedrangeof positionsin thevariously-
filteredstacks.

The negative peaksflanking the one at 414
km appearto beside-lobeartifactsproducedby
thedeconvolution,sowe choosenot to interpret
themfurther. Thepeaksat 643and668km are
aresimilarin amplitudeandmergewith filtering.
The larger uncertaintyin position, in combina-
tion with theimpropermoveoutof thisarrival in
the unfiltereddatamakesits identity somewhat
uncertain,but it is theonly featurebetween500
and700km above the95%confidencelevel.

Discussion

Theobservedpositionsof the410-and660-
km discontinuitiesare, within uncertainty, at
their standarddepths, indicating no displace-
mentof themduetounusualthermalstructure.It
alsosuggeststhattopographyon thediscontinu-
ities is absentbecausethey arebothvisible,and
small-scaletopographytendsto renderthemin-
visible [van der Lee et al., 1994]. Thusananal-
ysis of convertedwave amplitudesseemswar-
rantedbecauseextraneousinfluencesareproba-
bly minimal.

TheP 
 PP410s amplitudeis 0 
 049 � 0 
 27
�
2σ �

on theunfilteredreceiver functionstack,andthe
P 
 PP660s amplitudeis 0 
 029 � 0 
 17

�
2σ � , rela-

tive to a unit amplitudeP arrival on the verti-
cal component. At the 95% confidencelevel,
theP 
 PP410s valuecorrespondsto thepredicted
valuefor AK135 [Kennett et al., 1995;Montag-
ner and Kennett, 1996]0.030,at at 6.7 s 
�� , the
averageslownessof the stacked traces,while
P 
 PP660s is significantly below the predicted
valueof 0.051.WethereforeconsidertheP 
 PP660s
amplitudeto be anomalous.To provide a use-
ful characterizationfor analysis,we work with
the amplituderatio P660s 
 P410s which is nearly

constantat 1.66over theslownessrange4s 
����
p � 8s 
�� coveringmostof ourobservations(Fig-
ure 2). The P-to-S conversion occursat dif-
ferent depths,which contributes a minor am-
plitude correctionfactor of 1.11 on accountof
the impedancedifferenceand 0.95 on account
of differentialattenuation(usingPREM Q val-
ues[Dziewonski and Anderson, 1981]).Theob-
served P660s 
 P410s ratio is 0.59ascomparedto
the“normal” (with corrections)AK135 valueof
1.75.If weadopttheAK135 P410s amplitudera-
tio andthehighestP660s amplitudeallowablein
the95%confidencelimits, theP660s 
 P410s ratio
is 1.53.

One way to significantly reducethe ratio is
if there is strongerS attenuationbetween410
and660. The travel time of an S wave with a
slownessof 6.7s 
�� (theaverageslownessin our
observations)is 50 s. To reduceamplitudesto
between0.35-0.90in thisbrief time interval ata
periodof 5 srequiresQ to be30-70,whichis 2-5
timeslower thanPREMvaluesfor thetransition
zone.

Anotherpossibilityis thatthewavespeedjumps
in AK135 at660km mightbewrong.Estabrook
and Kind [1996] found no undersideP660P re-
flectionsin waveformstacksof global dataand
concludedtherewas no jump in the Lamé pa-
rameterλ or seismicparameterΦ there.Shearer
and Flanagan [1999],usinglong-periodSS pre-
cursors,found a smallerjump in S wavespeeds
anddensitythanAK135, andCastle and Crea-
ger [2000], usingS660P, found a larger S jump
but smaller density jump as well. Adopting
Estabrook and Kind’s [1996] constraintson λ
andΦ andCastle and Creager’s [2000] S jump
yieldsextremelylargeP660s 
 P410s ratios � 2.8,
which we feel is unlikely to becompatiblewith
our observations.However, Shearer and Flana-
gan’s [1999] ∆Vs of 0.27 km/sec, in combi-
nation with Estabrook and Kind’s [1996] con-
straints,yieldsa P660s 
 P410s ratioof 1.27which
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is within our observational uncertainty. Thus
jumpsin P, S,andρ of 1.9,4.8and4.8%,respec-
tively, ascomparedto theAK135 valuesof 5.8,
6.2,and8.2%,wouldsatisfyourobservations.

An alternative way to decreaseP660s is by
broadeningthe 660-km discontinuity. We use
the methodsto parameterizethe

�
Mg � Fe� 2SiO4� � Mg � Fe� O � � Mg � Fe� SiO3 transformationde-

scribed in Helffrich and Wood [1996] to ex-
plore broadeningthis transitionby calculating
frequency-dependentP-to-S conversion coeffi-
cients. The methodbroadensthe mixed-phase
region over a finite depthinterval, andusesex-
trapolationof theAK135 velocityprofilesabove
andbelow the660to derivetheelasticproperties
of themixed-phaseregion. By wideningtransi-
tion interval to 13 km we canreducecalculated
P660s 
 P410s ratio to 1.53 at 6.7 s 
�� slowness5
s period. This is minimal perturbationto 660
properties,arisingfrom the useof AK135 410
valuesand the extremeP660s amplitudeallow-
ablein the95%confidencebounds.If weusethe
observedP660s amplitude,therequiredbroaden-
ing is 30 km, andif we additionallyusetheob-
servedP410s amplitudethebroadeningis 35km.
The possibleprofiles throughthe transitionre-
gionareshown in Figure4.

Theseresultssuggestthatcomplexitiesin 660-
km discontinuitystructureexist away from ar-
easof thermalperturbationssuchassubduction
zones. Threemineralogicalfactorspotentially
capableof changing660 structureareMgSiO3

ilmenite, the garnet-perovskite transition, and
water in ringwoodite. Ilmenite is stabilizedat
low temperatures[Vacher et al., 1998] unchar-
acteristicof the normal mantleunder the UK,
so we reject this idea. Ferric iron increases
the velocity jump at the 660 by enhancingAl
uptake into perovskite,eliminatingthe gradient
zonebelow 660normallydueto thedissolution
of Al-bearing majoritic garnet into perovskite
[Wood and Rubie, 1996;Wood, 2000]. This ef-

fect would strengthenP660s, oppositeto what
we observe. Water, however, partitions more
strongly into ringwoodite, extendingits stabil-
ity andbroadeningits multiphaseregion by up
to 0.5 GPa [Higo et al., 2001]. Lateral varia-
tions in water contentabove the 660 therefore
appearsto bea feasibleway to reducetheP660s
conversion,but a morerigorousthermodynamic
analysis,beyond the scopeof this contribution,
is requiredto establishhow extensivethebroad-
eningcouldbe.

Conclusions

Receiver functionanalysesof P-to-Sconver-
sions for teleseismicP and PP arrivals under
theUK revealvisible conversionsfrom the410,
but a weakcorrespondingconversionfrom the
660 andno visible conversionsfrom the vicin-
ity of 520kilometers.Theinferreddiscontinuity
depthsare 414� 5 and 655� 14 km, which are
nominal. The P660s 
 P410s amplituderatio pre-
dictedby AK135 is � 1 
 6, whereaswe observe
ratiosof � 0 
 59, suggestinga significantweak-
ening of the 660 conversionwithout a change
in its depth. Allowing the amplituderatio to
vary within its 95%confidenceboundsleadsto
a rangeof possiblechangesto transitionzone
structurethat include strongerattenuation(2-5
timesPREM)andbroadeningof the660km dis-
continuity. We find that decreasingthe jumps
at the 660, or broadeningit to a transitionre-
gionabout13km thick wouldyield reducedam-
plitudescompatiblewith thosethatwe observe.
Lateralvariationin transitionzonewatercontent
is oneway to broadenthe660.
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Figure 1. Mapof RUSH-I network stationsin northernScotland(stars)andtheinteractionpointswhere
upgoingP andPPrayscrossthe410-and660-kmdiscontinuitiesin theuppermantle(light anddarker
circular regions). Insetcontainsazimuthal-equidistantmapof earthquakesused(crosses)andnetwork
location(star).Thereis no pathcoverageto thesoutheastof thenetwork. Receiver functionsfor events
in theoutlinedsectorwith westernback-azimuthshadadistinctlydifferentcharacterthaneasternevents,
sowerenotanalyzed.
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Figure 2. Recordsectionof radialcomponentreceiverfunctionsorderedby slownessof theincomingP-
wave. Clustersof tracesrepresentrecordsof oneevent,with slightly differentslownessesdueto dp 
 d∆
of P or PP. Dashedlines arecalculatedmoveoutwith slownessof Pzs, a P-to-Sconversionat depthz,
usingAK135 wavespeeds.

Figure 3. Slant-stackof unfilteredreceiver functiontracesfor identificationof P-to-Sconvertedphases.
Thehorizontalaxisis time,andtheverticalaxisis travel timedividedbyhorizontalslowness,ormoveout,
with units of degreesfor our choiceof slownessunit. Contoursindicateamplitudemaximain slant-
stacked traces(0.8 and0.95of maximum),andcrosshairsindicatethe expectedmoveoutandtime of
P410s andP660s conversions.P410s is clear, but theP660s moveoutis low andearlydueto interferenceby
PcPdepthphases;agreementwith predictedP660s moveoutimproveswith bandpassfiltering. Vertical
lines delimit time intervals wherestackamplitudesaremagnifiedby the numericalfactorgivenat the
bottom.
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Figure 4. Linearly stacked, depth-migratedradial receiver functions(solid line) and95% confidence
level (dashedlines)estimatedby thepointwisevarianceof thestacks,arein the left panel.Insetshows
300-800km depthinterval andunfilteredandfiltered receiver function traces(5-30sand10-40szero-
phasebandpassfilters). Right panelshows theP-wavespeedprofile throughthe transitionregion. Cur-
vatureis due to low- and high-pressurephasemixing via the lever rule [Helffrich and Wood, 1996].
Short-dashedline matchesamplitudesderived from a pessimisticassessmentof P660s 
 P410s amplitude
uncertainty(30km), whereasthelong-dashedmatchesthemostoptimisticassessment(13km).


