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Intr oduction
It haslong beensuspectedthat theReferenceFrameOrigin (RFO)of the InternationalTerrestrial ReferenceFrame(ITRF)
exhibits a seculartrendwith respectto theCenterof Massof thewholeEarthsystem(CM). Eventhemostrecentversionsof
ITRF, namelyITRF2000(Altamimi etal., 2002)andITRF2005(Altamini et al., 2006)areexpectedto have a secularmotion
of the RFOwith respectto CM of theorderof 1 mm/yr or more(e.g.Ray et al., 2004;Morel & Willis, 2005;Plag,2006).
Suchaseculartrendwouldcauseaglobalbiasof verticalrateswith asphericalharmonicdegreeof two. Thisbiashampersthe
interpretationof verticalratesin termsof geodynamicprocesses.In particular, theapparentgenerallyupwardverticalmotion
of GPSsitesin theBasinandRangeProvince with respectto ITRF2000is contraryto the expectationbasedon a province
extendingowing to gravitationalcollapse.
Whereasgeometricobservationswith techniqueslike theGlobal PositioningSystem(GPS),SatelliteLaserRanging(SLR),
andVeryLongBaselineInterferometry(VLBI) determinetheheightchangeswith respectto areferenceframede�nedthrough
a globalpolyhedronof trackingstations(suchasthe ITRF), gravity observationsmeasurethechangesin gravity causedby
changesin massdistributionandstationheight.Thus,gravity measurementsaredirectlyrelatedto theCM, while thegeometric
RFOmaynotbeperfectlyconnectedto theCM. In fact,thelatteris morelikely to beaCenterof Figure(CF)of thesolidEarth
frame(Blewitt, 2003). The questionhow well the geometricRFO is tied to the CM is very relevant to global andregional
studies(e.g.,Blewitt etal.,2006).For themostaccurateglobalreferenceframe,theITRF, theRFOis todayconstrainedto the
CM mainlyby useof SLR.
Wahret al. (1995)showedthat thecombinationof seculargravity andheightchangescanbeusedto isolatethecontribution
to the vertical motion inducedby present-daymasschanges.According to their results,model predictionsof Postglacial
Rebound(PGR)show a constantratio of gravity to heightchanges.Therefore,they concluded,thatdeviationsof this ratio
from the predictedvaluecanbe assumedto be causedby nearbyconcurrentmasschanges.Herewe show that combining
absolutegravity measurementswith geometricobservationsalsohelpsto constrainthetie betweenRFOandCM.

Theory
Following Wahr et al. (1995), the total gravity anomaly� g ( t ) = g ( t ) � g ( t 0 ) measuredby a gravimeter(g ( t ) :
gravity measuredat time t ; t 0 : arbitraryreferencetime),canbewrittenas

� g = � g u + � g m ; (1)
where� g u and� g m aretheanomaliesdueto thevertical displacementu ( t ) = h ( t ) � h ( t 0 ) of the instrument
throughtheunperturbedgravity �eld andtheactualmasseffect causedby concurrentmassredistribution,respectively. h is
theverticalpositionof thegravimeter. � g u is relatedto theverticaldisplacementby � g u = � 2ug =a = � u , (a :

Earth's radius;� � � 3 : 086 nms� 2 /mmonglobalaverage).
The masscontribution to the observed gravity anomalycanbe split up into an elasticpart dueto concurrentmasschanges
(both the Newtonian attractionof the surfacemassbeing redistributed and the incrementalcontribution causedby load-
inducedmassredistribution in the solid Earth)anda viscouspart resultingfrom pastmasschanges(only the viscousmass
redistribution in thesolid Earth)giving � g m = � g e

m + � g v
m . Similarly, we canseparateu = u e + u v . PGR

modelstudiesshow that
u v = �� g v

m ; (2)

with � � 0 : 65 mm/(nms� 2 ), independentof ice historyandmantlerheology(e.g.Wahr et al., 1995;Fang& Hager,
2001;Peltier,2004).Noting that

~� = u � u v (3)

= u � �� g v
m

= u � � ( � g � � g u � � g e
m )

= (1 + �� ) u � � ( � g � � g e
m ) ;

we de�ne

� = ~� � �� g e
m (4)

= (1 + �� ) u � �� g ;

which, in theabsenceof otherdisturbingfactors,shoulddependonly on the Earth's elasticresponsecausedby present-day
changesin massload. We now considersecularchanges
 and� in gravity andheight,respectively, � denotesthesecular
changein � . In orderto useobserved
 and� to compute� , we rewrite (4) in termsof secularchanges,andusing(2) we
get

� = (1 + �� ) � � �
 : (5)
With � CM = � + � we introducea bias� of theverticalratesdeterminedfrom GPScausedby a seculartranslationwith

rate ~d of theRFOwith respectto theCM. AssumingasphericalEarth,

� = < ~d; ~̂r > (6)

= d x sin � cos � + d y sin � sin � + d z cos � ;

where~̂r is theunit radialvector, < :; : > denotesthescalarvectorproduct,and� and� arethegeographicallongitude
andco-latitude,respectively. Replacein (5) � by � + � , gives

� = (1 + �� )( � + � ) � �
 (7)
In theabsenceof ongoingmassrelocation,� = 0 , andwecanwrite


 = (1 =� + � )( � + � ) : (8)

Here,
 , � , � , and� dependon thegeographicallocationof theobservingpoint. In principle,both� and ~d areunknown,
and(8) togetherwith (6) canbeusedto determineboth� andthethreecomponentsof ~d in a �t of theobservedheightand
gravity rates.For regionalstudies,� canbeconsideredasconstant.Then,for 
 = m� + d , we�nd (by comparisonto (8))

m = (1 =� + � ) (9)

d = (1 =� + � ) � ;

i.e. � = 1= ( m � � ) and� = d=m , whichcanbeusedto determine� and
 oncem andd have beendetermined
for anumberof pointsin theregion with observedseculargravity andheightchanges.

The Data
We have collectedpublishedvaluesof gravity trendsfor a globally distributedstationnetworkof sites,for which alsoGPS
observationswerepublicly available. Thespatialdistribution of thesestationsis far from ideal(Figure1): moststationsare
foundin NorthAmericaandEurope.
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Figure1: Absolutegravity stationsusedto constrainthe tie between
RFOandCM.

All the GPS data were homogeneouslyprocessed
with the GIPSY-OASIS II (GIPSY) softwarepack-
age of Jet Propulsion Laboratory (JPL) using the
PrecisePoint Positioning(PPP)methodto determine
daily coordinates.A full descriptionof the analysis
is givenin Plagetal. (2007).All timeserieswerede-
terminedin ITRF2000.Thetime seriesof daily sta-
tion coordinateswerethenusedto determinevertical
ratestakinginto accountsemi-annualandannualhar-
monicconstituents.Theuncertaintiesof thevertical
rateswereestimatedtaking into accountthegeneral
presenceof colorednoisein additionto white noise
in thesetime series.Thecolorednoisewasapproxi-
matedas�icker noise.

Global Results
Sinceall points with reliable vertical ratesare at rela-
tively high latitudeon the northernhemisphere,the sta-
tion distribution doesnot allow to determinesigni�cant
translationsin the X andY components.For a transla-
tion in the Z componentonly, the bias is a function of
cos( � ) . As a zeroorderapproach,we consideredthe
bias as constant,andperform a regressionof the grav-
ity andvertical rates(Figure2). For this regression,we
have eliminatedfour stationswith either large � (in-
dicating present-daymasschanges)or uncertaingrav-
ity or vertical rates. For the remaining26 datapoints,
the correlationcoef�cient betweengravity and vertical
rates is � 0 : 92 < � 0 : 83 < � 0 : 65 with
the lower anduppervaluesbeingthe 99%uncertainties.
Theunweightedregressionline is 
 = � 2 : 179 �

0 : 469 � 1 : 226 � 0 : 168 � � (for 
 in nms� 2 /year
and� in mm/year).From theregressioncoef�cient and

offset we deduce� = 0: 538 mm/(nms� 2 ) and
translationin the Z componentd z = 1: 78 mm/yr.
The valuefor � is about20% lower thanthe valuede-
ducedfrom PGRmodelstudies.Thetranslationin theZ
componentis very closeto the valuefor the translation
from ITRF2000to ITRF2005of 1 : 8 mm/year(Figure
3).
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Figure2: Resultof a
regressionof gravity
onverticalrates.
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Figure3: Verticalratedifferencesfor ITRF2005- ITRF2000(left)
andabsolutegravity frame- ITRF2000(right). Dif ferencesarein
mm/yr.

Basinand Range
Theextensionaltectonics,contemporaryarealgrowth andgenerallyhigh gravitational potentialenergy (GPE)(Joneset al.,
1996; Fleschet al., 2000; Humphreys & Coblentz,2007)of the Basin and RangeProvince suggestthat gravity plays an
active role in driving and/orguiding the modernPaci�c/North Americaplateboundarydeformation. However, the degree
to which intraplateforces,for examplethoseattributableto GPEvariations,in the lithosphererule over plateboundaryor
sub-lithosphericforcesis still in dispute.
If active extensionis drivenby GPEvariations,thenpotentialenergy mustbeconvertedinto work associatedwith continental
deformation.ThusGPEmustbereducedduring theextensionprocess.However, after correctionfor drift of theRFO with
respectto theCM, theobservedverticalratesareonaveragepositiveacrosstheProvince(Figure4). Thisseemsto contradict
thetheorythatGPEis driving extension.
Resolvingthispuzzlewill requiremakingacarefulcomparisonbetween1) thespatialvariationsin verticalratesto 2) present
variationsin GPE,and3) ratesof contemporaryextension(asobservedwith GPSat many new PBOandotherGPSsitesin
theProvince)andextensionhistoryof therecentgeologicpast. If theobservationholds,thentheremaybeanunrecognized
processthatis increasingtheGPEavailableto deformtheBasinandRangeProvince.However, wemustruleoutcontributions
from otherlong wavelengthgeophysicalprocesses(e.g.PGR)beforewe canmakesuchanassertion.
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Figure4: Verticalsecularmotionin theWesternU.S.A.Left: For thewholeWesternU.S.,right: theBasinandRangeProvince.
Ratesarein mm/yrandin theabsolutegravity frame.

Conclusions
Thecollocationof absolutegravity andgeometricsitescanprovide a valuableconstrainton the tie betweenRFO andCM.
Despitea poorgeographicalstationdistribution,publishedgravity trendscombinedwith homogeneouslydeterminedvertical
ratesindicateatranslationof ITRF2000with respectto theCM alongtheZ axisof theorderof -2 mm/year. This is comparable
to thedifferencebetweenITRF2000andITRF2005,indicatingthatITRF2005is betterconstrainedto theCM. Consequently,
thereferenceframeof choicefor studiesof verticalmotionis ITRF2005.
Applying thetranslationto seculartrendsdeterminedfor a networkof North AmericanGPSsites,thevertical trendsin that
region in both ITRF2005andin the absolutegravity frameareon averageincreasedcomparedto the ITRF2000trendsby
approximately1.1mm/yr. For theBasinandRangeprovince,a generaluplift with respectto theCM is con�rmed,consistent
with a gain in gravitational energy of the lithosphere,contraryto the expectationthat the province is collapsingowing to
excessgravitationalpotential.
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