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Abstract: The aim of this research is to built up a three dimensional density model of topography in the region
of interest from the observed gravity field then computing the geoid model for the region. The range of mass
density variation within the topography is between 1000 and 3100 kg m™. Assigning the global average value
of p=2670 kg m™ at a point, instead of its real peint value, may cause errors of decimeter magnitude in the
geoid determination. A regional-local gravity anomaly separation technique using Bouguer gravity anomaly
(BA) along with the Free air gravity Anomaly (FA) m the region of Iran are used to estimate the local
topographical effect on gravity from the observed anomalies after eliminating the non-density origin long
wavelength including isostatic features into the observed BA. A Global Geopotential Model (GGM) is also used
to eliminate the deep sited density-origin long wavelength features from the observed anomalies as well. Then,
the power spectral analysis, apparent density mapping and forward modeling techniques are used to convert
the local topographical effect on gravity into the corresponding 3-D density (GRADEN) model m the region.
The model showed thorough correlation with the superficial geological density (GEODEN) model at the surface
level, provided that the reliable digitization of the model is in order. The GRADEN model minus the constant
density demonstrates contributions up to a meter in mountainous areas and 7 cm 1n RMS scale to the geoid in

the region.
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INTRODUCTION

Precise determination of the geoid requires the
density of topography above the geoid to be known. In
the Stokes-Helmert method, (Vani¢ek and Martinec, 1994,
Martinec, 1998, Vanitek et al., 1999), however, it 1s argued
that a knowledge of topographical density variation in the
lateral direction good to about 5% 1s enough to compute
a geoid accurate to a few centimeter. There have been
several attempts on evaluating the contribution of lateral
mass density anomaly contrast (into the topography)
towards the geoidal height by Tziavos et al (1996),
Kuhn (2001), Huang et af (2001) and Tziavos and
Featherstone (2001). They showed that the contribution
or the total effect of the lateral mass density distribution

reaches up to 53 c¢m or more in Australia and in the
Canadian rocky mountains. The effect of lateral mass
density anomaly contrast on the gravity itself could
reach up to +/-10 mGal on average (Huang et al., 2001;
Tziavos and Featherstone 2001).

A conceivable source of information to investigate
the mass density contents of topography is in the near
surface gravity field of the Earth. A reliable global
solution of gravity potential field known as a Global
Geopotential Model (GGM), e.g., EGM96 and EIGEN
models, (Lemome ef al, 1998, http:/fwww.gfz-
potsdam.de/pbl/op/grace/results/), derived from geodetic
satellites orbit analysis, could be used to determine the
long wavelengths features of the gravity field emanating
from the deep sited density anomalies inside the Earth.
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The model is expressed in a finite series of spherical
harmonics. The series 13 termmated to a certain degree
and order harmonic terms. Hence, 1t could provide only
the long wavelengths information of the gravity field
either of density or non-density origins. A GGM could be
used to develop long wavelength Bouguer gravity
Anomaly (BA) up to a selected harmomc (cutoff) degree
for a region. For this, the long wavelength topographical
effect on potential derived from a Digital Topographical
Model (DTM) developed into the long wavelength
spherical harmonics has to be subtracted from the
GGM (Vanitek et al, 1995) So, determined BA
would contain only the long wavelength features of the
anomaly, 1.e., the features contaimng mformation from
deep sited density anomalies and any other long
wavelength features produced by sources such as,
e.g., broad low density upper mantel,
equilibrium of the crust, subsurface broad features
density anomalies, etc. It 15 worth mentioning here that,
the long wavelength features of BA derived from GGM
and DTM are more reliable than those determined by
local or regional swveyed gravity data, i.e., the observed
BA onthe surface of the earth in a region are reliable only
on the short wavelengths. Hence, the short wavelengths
isolated (filtered) from the observed data by a GGM
considering the reasonable cutoff degree mn the GGM
would provide the reliable short wavelengths of the
anomaly.

1sostatic

INTERPRETATION OF BOUGUER
ANOMALY

The BA by its standard definition can be interpreted
as an anomaly representing an Earth whit no topography
above the geoid. In the standard approach of
constructing a BA model, the gravity attraction of only a
model topography with the average and constant density
of p = 2670kg m ™, is computationally removed from the
observed gravity, leaving a BA sensitive not only to the
density anomaly underneath the geoid but to the removed
real lateral density anomaly distribution above the geoid
as well. Computationally removing the topography above
the geoid violates the isostatic equilibrium of the crust in
the gravity field of the earth. The violation is then
reflected in the so constructed BA. Hence, in addition to
above mentioned variations, the BA would be also
affected by the isostasy either of Airy or Pratt shapes in
areglon. Since the 1sostasy varies regionally, the effect on
the BA would be also of a regional extent too, 1.e., the BA
15 systematically negative i mountainous regions and
positive over seas. In the contrary, in constructing Free

air gravity Anomaly (FA) the topography is not touched,
i.e, the isostatic equilibrium of the crust is not
violated, hence, the anomaly 15 not affected by the
1sostasy any way. In places where the FA are zero or
close to zero the isostatic equilibrium of the crust is
complete and its gravitational effect is seen in the
BA of the same places. Rao (1996) mtroduced the zero
free aiwr anomaly concept to estimate the effect of
isostasy in the BA. There may be also another effect of
regional extent and mostly negative on BA arising from a
possible broad low density upper mantel (Singh et of .,
2003; Mishra et al, 2004). There may be also some
irregularities in BA as well For instance, a vast
subsurface located geological formation of low density
could cause a long wavelength negative component
i BA (Singh et al, 2003). There are other sources
affecting BA in a similar fashion making the density
interpretation non-unique, i.e., many distributions of
density anomalies at different depths can be used to
describe the same gravity anomaly.

Other than does mentioned above, there 13 however
a physical fact that the deep sited density anomalies
contribute towards the long wave-length part of BA and
subsurface density anomalies contribute towards the
short wavelength part of BA. There is, however, an
approximate relation between the depth of density
anomaly and the corresponding wave number m the BA
spectrumn 1s given by Featherstone (1997) as

z - ® (1)
n-1

n

where, 7, is the depth, n is the wave number and R is the
mean radius of Earth.

LOCAL BOUGUER GRAVITY ANOMALY
PREDICTION

For the local (characteristically short wavelengths)
gravity anomaly estimation in a region, the observed BAs
have to be cleaned for the long wavelengths effects of
either density origin or the others mentioned in preceding
section. The BAs are first comrected for the two well
known and possibly existing long wavelengths effects,
usually arising with minus signs, ie., the effects
originated from (a), broad low density upper mantel (b)
1sostatic shape of the crust.

The first effect exists also in the FA model of the
region, while the FA does not contain the second effect
as was explained in the introduction. Considering the
model anomalies BA and FA determined at a point P on
the earth as:
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FA(P) =, —[gH—g]H 4, @
Ba(P) =g, —[%Jm H -7, &)

where, g is the observed gravity at a point P, v, is the
rotrmal gravity on the normal ellipsodd, [ﬁ]ﬁ atud [EJN
&H &H
ate the vertical gradient of grawvity in the FA and BA
models respectively, H® iz the orthometric height of the
point P The wertical gradient of gravity in the BA model
ig itgelf the sum of two gadient of FA and the
topogtaphical gradient as

CRERG) @
2l £H sl

Substituting Eg. () into Eg. (3 and comparing the
resulting equation with the Eq. () yields

BA(F) -Fa(F) = —[%] H" =—6¢"(F) )

where, 52 (F) i the gravitational attracti on of topographsy
evaluated at the point P, On the mountains, &g attains
positive walues. Then the mins sigh on the right hand
side of Eq. (2) does confinm the negative isostatic bias of
the BA in the m ountainogs region Differencing the taro
anomalies (Eg. ) in aregion, does autom atically eliminate
the first effect if it exists, ot the second effect (the
isostatic effect) remains untouched since the FA is not
affected by the isostasy. The isostatic effect iz true and
available in B& where FA iz alteady zero (Rao, 199687, A
low degree 2-D0 algebraic suface iz fitted (in the least-
syuates serse) to the BAs at the poirts withzero FA ina
regon to approximate the isostatic effect. Calling the
swface of the model by IS0OSTA, one canthen remove the
isostatic effect together with the first effect from the
ohgerved Ba s at the point P thy ough

BAR(F) = BAF)-FAF)-ISOSTE) (&)

where, BAR(T) is the remainder o the residual BA after
the two long wavelength effects are remowved Now, the
BEARCF) obtaitied from Eg. (8) and after it is sodtiplied by
mirmz sign will be the anomaly indicating the resicud

grawity effect of topographr

G'(residual) = -BAR (7

The resichal anomaly still contain both long and
shott wavelength componerts of only the density origin
due to the regional (deep sited) and loca (subsuface)
detwsity anomalies inside the topography, Figure 1 shows
the map of complete BA in Iran. By the complete BA it
means that, both the Bougoer plate and the roughness
effects of topography on gravity, ie, &g (P, have heen
cotw deredusing Eq. (3.33) in Martinec (1998). The BEAs
shown it the Fig are based on the gravity observations
by the MNational Catographic Certer of Iran (HCC),
Mational Iran Oil Compatey (MIOC) and all graty data
availdhle from BOT (Bureau Gravim etri que Irternationae)
in the region and also 30:30 3RTMM (Shotle Radar
Topograptey Mission, (htpeffedesnsl T usgs gowiartmbil
fitnleze bt T) digital tery sin moodel of topograpter. Figure 2
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Fig 1:The map of complete BA in Iran
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Fig 2: The map of BAFA Eqg. ()
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Fig 3: The map of IS0OETA

Fig & The map of &g" (residual), Eq. (7), inlran

igthe map of BACF)-FAF, Eq. (5, in Iran. Figare 3 shows
the map of I30BTA determined asit was explained ahovwe.
It the T30ETA map, ie, the regional com ponent of B, it
is seen that the isostatic ecuilibwivm has alveady taken
place under the Zagros M ountains chain (Morth West to
& outh directior) while ordy alittle of no ecuilibeium has
wet occurted in the geclogical time under the Alhorz
mourtaires chain (West-East direction). Figure 4 shows
the map of &g (resicual), Eq. (7), inlran

There are different teckwd ques for separati on of loca
compotient from the regional in a gravity anomaly field
namely: high pass filtering, low order polymomial fitting,

uparard contitmation ([Thrston and Brown, 19920 and
uaing GG Ms In thisresearch we will be using GG s for
the separation

Glohal geop o tential model approximation: Emploinga
G0, the residua topographical effect on gravity, &g
(tesidual), is decomposed into its regional and loca
cotmponents:

&g (residuall =& (regona)+e g (lacal) &)

Wewly devel oped GGMs, e g, EIGEN-GLOAC seem to
be superior tothe )ld 3G Ms, e g, EGMY6. EIGEN-GLO4C
is a geopotential model of the Earth a combined
solution, accommodatingthe satellite GRACE, LAGECQS
mission data 0.5=05% mean FA suface gravity anomalies
and  the dtimetry swface data Chitplwwwgfz-
potadam. defpbl/op foracetesulta’). Bt the new and old
models showed almost the same performance in Iran
cotwerting  their accuracy i computing the geoid
(Hedighiefal, 20070, The BGMP6 model isinthe form of
a finite series of spherical harmorics complete to degree
and order 360, thuas, recovering the gecid and gravity
atintnaly features of wawvelengths of 110 km and longer.
The model can be used to provide a band of long
wavelengths free air gravity anomalies up to a harmoonde
degree selected b a user; of cowrse fot exceeding the
max degree (3607 of the model. [t can be cotrverted to the
satt e barnd BAs using a DT in addition For this, the
DTM shoudd bhe first transferred (anslyzed) irto its
sphierical havtnonie seties based on the spherical hatrmonie
functiotis, (Hahavandehd, 2003). The model is called the
Hamonic Topography Llodel (HTMD. The long
waveletngths part of the HTOM transferred to the
geopotentisl coefficients (Wanidek of o, 1993 is
subtracted from the potential coefficients of the selected
GG, wielding the geopoterntial model corrected for the
topographical effect (GGMT). Subtracting the normal
(ellipsoidal) potertid fleld (expressed in sphericd
harmonics) from the GOMT yieldsthe long wavelengths
potertial ancenaly field (TGMT) of the Earth in the
ahsence of topograplyy. The gravity anomaly implied by
TGMT isthen the long wavelength BA Figare 5 shows
the long wavelengths Bas derived from the EGM%6
model up to the degree and order of 360, Figuwe &
shows the map of EGM96-derived BA-FA Figuwe 7
showrs the [30ETA map derived from the EGM%6
geopotential model it the similar way explaned in
previous section Figwe £ iz then the long wavelengths
EGMS6-derived topograplical effect &2  (long
wavelength) o to the wawelength of 110 km or the
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Fig 5 Longwavelengths BA derived ffom EGMIE model
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Fig & The map of EGI96-derived BA-F&

hattvord o degree 360, reduced in according with the Eq. (6)
and (7). Figure 9 shows the local topograplical effect on
gravity, O (local), obtained by subtracting the &g (long
wavelength) from the observed residual topograplica
effect, &g (lresidual), shown in Fig 4 The loca
compotents in Fig 9 contain the short wavelengths
ranging from 110 km and shorter (Hackney ef @i, 2004,
Zccording to the relation (1), the local wawvelengths are
belonging approximately to the crustd structires located
roughly in the depth of abowt 20 km to top suface. In
other words, the local components cortain effects from
structures at the depths of less than 20 km inclhading the

topographe.
THREE DIMENSIONAL (3-D)DENSITY MODELING

The loca gravity data &' (local) extracted by the
method mentioned above are now assembly of groups of

mgal
ARSE0 1133 GETR TR M2 1686 1z3  -FF283 1680

Fig 7: The map of EGM96-derived ISO3TA

gal
RRLE] 1980 B 4048 D57 47AB  TdB 10213 1ated 165815

Fig £:The map of the EGMI6-derived &g (long
wavelength)

local data each group tepreserting its own loca
topograpky underneath  Hence, the topographical area
of each group has to be delimited According to the
longest wavelength available in the data (110 im)), the
data iz divided into groups representing sub-reglons
of approximately 100=100 km area in the regon
Cotsidering also the diversity of geological formati ons,
the region of Iran iz divided into eight sub-regions of
different geological forations shown inFig 10, Based on
the locations of boundary lines of the sub-regions the
data is  dismantled into £ goups, each group
tepresenting its own sub-reglon As was merdioned in
previous section, the depth one then can go under the
surface for the modeling would be as much as 20 km
which iz more than the depth of topography needed to be
modeledin thisresearch
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Fig 10: Delimits of the 8 sub-regonsinlran

For the density modeling of topograplyy underneath
a sub-regior, the coresponding gyoup of gravity data iz
first taken to spectral analysis by the method of Power
Spectral Analvais (FEA). PEA would provide a reliable
basiz of information for the technicues estimating the
depths of density sowrce bodies The depth of a sowrce
body iz related to the slop of the linear segments of the
cotresponiding gravity power spectnam (Ates and Fearey,
200070, Figwe 11 shows the radially averazed power
specttum of the grawity dats in the so caled Center] sub-
region shown inFig 10.

1

0.00 1 0.10 0.15 LY
Wrvexmber (LE,_oni

Fig 11: Radially averaged power spectrun of the sub-
region called Center 1

Table 11 Jtatictics of pokit rati distribaation of GEOD EN e latiee to the
GE4DEH
Eatio Fange(FR) 1.25<FFRand  11=<FR <125and  0.9<ER<1.1
EER=075 0.75=FR=049
o Sl S3% 42

Thete are 4 different dopes recogrizedin the profile
for which the thiclness layer s are topographsy, 1.5, 3,11.5
and 25 km and the corresponding frequency batds are
high-pass frequency 000022, batd-pass  frequency
(000022-0.000165), band-pass frequency (0.0001435-
0.00005), bard-pass frequency (0.00005-0.00002) and1ow-
pass frecquency 0.00002, respectively. U ang the Apparent
Drensity Mapping (ADM) techrdgue (Singh of &, 2003,
lateral mass density distritntion of each thicknesslayer is
estimated. For the estimation, an average density
propottional to the average depth of the layer considering
the depth compact factor 15 required. N ow by the forerard
modeling (Beck, 19217, p. 73 the resdt of ADM for each
thickness laver is transformed into its 3-D density model
by forwrar d and irrverse trial and ervor attempt until the 3-D
model of the thickness layers generates  gravity
distrituation sitmilar to the obserwed local gravity data
within aty acceptable error budget Assembly of the 3-D
detwsity models of the thickness layers it one sub-tegion
ati] assembling of the sub-regions requltsina 3-D density
model caling the 3-D0 GRAwity implied DEMW sty
(GEADEN) model of the region Figwe 12 shows the
GRADEN mode of density for the region of [ran Figuee
13 shows the topographical portion of the GRADEN
model.

The 3-D GRADEN model is compared with the
GEClogical detived DEN sty GECDEM) superficid model
(extracted from new geological map of Iranin 1: 1000,000
scale) in the sub-region cadled 3 (Fig 100 where the
gealogeal information and also gravity points are dense
enioiigh. The statistical resdts are shown in Table 1 and
Fig. 14
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Fig. 13: GRADEN model (topographical portice)
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Fig 14:Pointratio distribgtion of GEODEN relative to the
GRADEN

CONTRIBUTIONS TO THE GEOID

The GREADEN  model  determined  above
accomimodating the radial and lderal distribotions of
detsity irto topograpbyy is differert from the nomina
cotwstart  density  assumption of topographyr. The
differenice for sure demonstrates some contribution
towards the gecidal height For  the sumericsd
evaluaticn of the contribotion, the StokesHelmert geoid
software [httpfzzeunb ca’ Researchi3RLS Geodesy
Group/] was modified to account for the wvariable
density of topograpley. In the Stokes Helmert scheme,
the gecid is computed generally in four steps & the
ohserved FA on the terrain is transferred to the
Helmert space by subtracting DTE (Direct Topographical
Effect on gravity) evaduated on the terrain W) the
tratigferted FA is downward contined to the co-geoid
lewel. In this contimation the SITE (Secondary Indirect
Topographical Effect on gravityd) is applied. o) the co-
geoid is computed by the Stokes integral using the
anomalies dowrward cortinaed onto the co-geoid &)
finally the co-geoid is transformed to the geald applying
the PITE (Primay Indirect Topographical Effect on
poterdial). The effects DTE, 3ITE and PITE are compnated
applying  spherical appeoximation in
Iartirvec (1995,

To evaluate the contribution a reference geoid is
first computed applying the constant (reference)
density of the region equal to p, = 2670 kgm ™ Figare 135
shows the reference geoidinlran Figure 16 shows the
contribution  of GRADEM  mins  the  constant
detusity.

Numerical statistics of the contributions shown in
Fig 16 ate givenin Takle 2.

accot ding  to
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Table 2: The satitics of differetices bebmea GRADEN and GEODEN
model i geoid

Db () Bl Om) Bdean (g SD ()
Diiffereric e bebareet the referetce-105 0.56 0.04 o.a7
ard GEADEN zeoid models

il 08 B 0in Bd%F g 68 oD 05 [T

Fig l&:Contritntion of the GEADEN model minus the
constart density tothe geoid in Iran

CONCLUSIONS

The GERADEN map and the inform ation inside could
be arbitrarily digitized it poird walues, provided that the
spacing of information of course depends on the spatial
distritition of the originag chserved local gravity datain
the region The 3-D GRADEN model reasonatly fits the
2-DGEODEN model inthe srface level asit was shown
inthe suberegion 3 (Fig. 1), The GG Ms becanse of their
global characteristics and multiple satellites of watious
inclinati ons used in deriving the models, are unbiased in
estimating the long wavelengths featires of the Earth
gravity field. Hence, they are reliable in estimating the
long wavelengths gravity anomalies orginated from

detsities deep sited in the Farth Bt the harmoonde
tesolution of the GOM modelsisnot enough to extend the
estimation of anomalies by a GOM model dose to theloca
ot subsxface feabwes By the GOL of 360 harmoonde
resolution used, the GEADEN model contains detsity
inform aticn down suface to depth of dmost 20 k. In
compiting the geodd contritubion, only the density
information of topography in [ran was used in the 3-D
irtegrals of topographical effects. Considering the
uncertainty of the GRADEN moodel whichis unaro dable
in describing the lateral distibntion of density, one may
tely on the reschution by Vardéek and Dattinec (1924
saying that a koowledgze of topograplical  density
variation in the ldteral direction good to about 3% is
eniough to compute a geodd accurate to a few centimeter.
But the contringtion of a GRADEN model itself to the
gecid is considerable as shown by Fig 16, The
cotitributi o in BME scale is abot 7 om bt it moay reach
up toa fewr decimeters in few places in the region. They
ate thouttainois places.
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