Geoid Undulation Caused by the Heterogeneity of the Lithosphere and Mantle in Qinghai-Xizang Plateau, China 
1. Introduction

The development of modern geodesy and space techniques and the progress of gravity field approximation theory enable the precise determination of the global or local geoid undulation to come true. In the mean time, the contribution of theoretical seismology reveals the large-scale 3-D aspherical structure existing in the earth interior, which provides the direct information for the earth movement and lateral heterogeneity. In recent years, studies on long wavelength geoid undulation, lateral heterogeneity of internal density and its dynamic process are widely concerned.

In a narrow sense, the mechanism of geoid undulation is just the density anomaly source. In the past, lots of authors tries to estimate the source depth of the low degree and long wavelength gravity field according to the statistic analysis in frequency domain, i.e., using the spectrum method. They either utilized a single density boundary layer, or used multi-density boundary layer as well as random distributed without any space-continuous source. But all of these estimations have the same problem, that is, distribution of the density boundary layer is arbitrary, and non-uniqueness of potential inversion permits no separation of these boundaries beforehand.


Interpretation on geoid undulation in space domain was firstly tried by Runcorn . He supposed that the mantle materials appear in the form of convection of layered Newton fluid, and assumed that the lithosphere is rigid. In this case the geoid undulation can be transformed into lithosphere stress, and the relevant equations are obtained. However Runcorn’s work is too simple, and geoid undulation has various sources. It can’t be attributed to a simple convection structure.


Richards & Hager (1984) processed a theory of dynamical geoid on the basis of the assumption given by Pekris, whose basic idea is that under the action of shear stress within geologic time scale the mantle’s rock emerges in the form of fluid, and begins to convect. If regarding the distribution of lateral density heterogeneity of the mantle as an internal load, then geoid undulation at long wavelength is the contribution of the internal load and the undulations of earth surface, core-mantle boundary and nay interior boundary existed in the earth interior. Hager’s successful idea lies in rigorously considering the mantle fluid dynamics under the action of secular period force, and introducing the relevant viscous deformation, which dynamically compensates the contributions of the internal density anomaly layer to geoid undulation.


According to spectrum analysis the geoid undulation can be expanded into the sum of spherical harmonics of a limited term. It should be noted that the lateral density heterogeneity of the earth exists everywhere, thus these harmonic coefficients are actually the responses of the earth to various sources. Or we can say that the geoid undulation is the common results of various sources. In a word, the geoid undulation not only depends on the space scale of the internal load, but also on the time scale, which reflects the dynamic process of the earth interior. The geoid undulation is the result of a large time-space scale dynamical equilibrium, especially for the local geoid anomaly, whose mechanism is more complex.


In this paper, based on the available results of seismic tomography we derive the internal lateral density heterogeneity of mantle and lithosphere, then, applying the dynamic theory of the internal load, obtain 2-6degree, 2-8 degree and 2-180 degree geoid undulation caused by the load in lower mantle, upper mantle and lithosphere respectively in Qinghai-Xizang region (E 76º-104º and N 25º-39º). Finally, we make a comparison with the observation results.

2. The Lateral Heterogeneity Of The Mantle And Long Wavelength Geoid

According to Lapwood & Usami, relation of the degree of harmonic expansion and corresponding space semi-wavelength is expressed as
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In this paper, the long wavelength geoid undulation is considered as the spectrum component of 
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, with semi-wavelength ranges from 2400 km to 8000 km.

Suppose that earth is a radial sphere-symmetrical, self-gravitational newtonian fluid, and the mantle density anomaly can be regarded as an internal load. Under Boussinesq approximation, the continuity equation and motion equation of whole mantle convection are separately:
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Where 
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 is motion velocity of the mantle fluid,
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, the density and gravity acceleration in case of the static equilibrium state, 
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, the first order perturbation relative to reference status, 
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, the dynamical viscosity, here taken as constant. In eq.(2), the internal force is omitted, since actually there are the infinity Prandtl number in the whole mantle. The acceleration of gravity 
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Supposing that in the whole mantle, 
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 is a constant, then 
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, the perturbation potential, satisfies Poisson equation,
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From eq.(1), (2), (5), and the proper boundary conditions the perturbation potential 
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 can be determined, and by Burns formula
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The geoid undulation can be calculated.

To work a solution, we introduce the load response function or Green function, i.e. response of the earth to unit load. Green function is the function of radius of the computed and load point, as well as the viscosity . If assuming 
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 in the whole mantle to be constant (in fact the viscosity is not constant based on the recent result, but as an attempt to model the observed geoid we just use the constant one), the Green function can be expressed as
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Among which, 
[image: image19.wmf]b

is the CMB radius, 
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, the radius of load and computed point,
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Represent the self-gravitational effect,
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Represent the surface and CMB deformation induced by convection respectively.

Given the Green function, the harmonic expansion coefficients of geoid undulation caused by the internal load will be,
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Here 
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r

 is the bottom radius of the lithosphere.

Lateral density heterogeneity can be derived from seismic tomography results. Perturbation of P wave velocity in lower mantle and perturbation of the square of S wave velocity in upper mantle are given by Dziwonski(1984), Woodhouse & Dziwonski(1984) respectively:
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Where, 
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 denotes the latitude, 
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 the longitude, 
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If both the density perturbation and velocity perturbation are caused by the temperature perturbation within the mantle we can assure that in lower mantle
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In upper mantle
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Substituting eq . (11), (12), (13), (14), to eq. (10), and considering the lower and upper mantle separately, we can obtain the harmonic coefficients of geoid undulation produced by the upper mantle and lower mantle. They are:
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Due to the limitation of seismic tomography results, here we only calculate the geoid of 
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 for lower mantle. For formula (6) the geoid undulation for any point will be
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3.  Internal Loading in Lithosphere and Geoid Undulation

Geoid is an important information in constraining the lithosphere rheology. Many authors made a solution of geoid anomaly from properties of static equilibrium or elastic bent, but both methods can’t given dynamical character of the lithosphere, also can’t describe the stress status within the lithosphere. Here we suppose that the lithosphere is an elastic spherical layer, whose medium obeys Hooke’s law, and the elastic parameter 
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 various only with the radius. Radial displacement, shear displacement ,perturbation potential and body dilatation are expanded into sphere harmonic function:
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Where, 
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 denote the radial and shear displacement, 
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 the perturbation potential caused by load within the lithosphere, 
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It is known from eq. (18) that 
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 are respectively the radial displacement, radial stress, shear displacement, shear stress, perturbation potential and radial factor of perturbation potential gradient. From Kaula (1968), the following differential equations can fully describe the dynamic character and perturbation potential of lithosphere interior.
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To solve the above differential equations we can introduce the following boundary conditions according to Farrell (1972),

On the surface 
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On the CMB
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Form eq. (20) and boundary condition eq. (21), (22), 
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 caused by the load in various point can be solved.

Define the internal load Love number in radius 
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 as:
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Where 
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 denote the response of the earth to internal unit load. The above method used to solve the love numbers could be found in Farrell (1972).

After finding the Love numbers , the perturbation potential produced by the internal load can be written as:


[image: image55.wmf](

)

(

)

(

)

(

)

ò

-

-

+

=

V

L

l

L

l

dV

r

R

r

r

h

r

k

G

r

f

1

1

1

                  (24)
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 is the spherical coordinate of computed point, 
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 the spherical coordinate of load point, 
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, the integral element. We make the harmonic expansion in (24) and compare in with the expansion of the external gravity field then harmonic expansion coefficients caused by the load within lithosphere read as:
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Hence ,if 
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 can be terminated.

Based on the long-period seismic records, Zhou Bing et al . (1991) used 140 sets of 10-90s Rayleigh wave dispersion curves to invert velocity anomaly of S wave in Qinghai-Xizang and nearby region and obtained the 3-D structure of lithosphere in the region. Here we shall utilize their result to infer lateral heterogeneity 
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 of lithosphere density. Furthermore we will calculate the perturbation coefficients 
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4.  Relation Between Density Anomaly and Velocity Anomaly

The result of sections 2 and 3 show that geoid undulation and internal density anomaly are interrelated closely. For this reason, how to establish the relation between density scope of this paper.

Suppose that both the density anomaly and velocity anomaly are produced by temperature anomaly, then there are:
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Where 
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 of mantle interior and obtained the following proportional coefficient between the density anomaly and velocity anomaly:
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But, the CMB tomography derived by Morelli & Dziewonski has of 40% uncertainty, which means an exaggerative core-mantle boundary tomography. Thus, the proportion coefficients given by eq. (27), (28) are apparently uncertain. On the other hand, Hager & Clayton utilize the following method to determine proportional coefficient:
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Where 
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According to the model described, we choose the proportional coefficients by trial and error as followings:
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5.  Analysis and Discussion

In the light of the results mentioned above, we can calculate the geoid undulation of lower mantle, upper mantle and lithosphere respectively as well as their sum in Qinghai-Xizang region.for comparison, an observed geoid after isostatic correction is also given (Fig.1-5).

It is apparently seen from the Fig.1-4 that the geoid anomaly in Qinghai-Xizang region is mainly the results of the lateral density heterogeneity in lower mantle and corresponding dynamic deformation as well as the local structure, particularly the lithosphere structure in the region. Geoid undulation of the lower mantle exhibits an apparently low geoid, rising smoothly from the west to the east and attaining the lowest in the southwest, the highest in the southeast. Such a smooth geoid undulation may be a cause for low resolution pf the present seismic tomography model. For example, in the result of Dziewonski (1984) the resolution of velocity anomaly of P wave in lower mantle is 2500 km, which evidently can’t resolve the local complex shorter wavelength information.

Contrary to the geoid undulation in lower mantle, the geoid undulation in upper mantle rises smoothly from the east to the west. To the east of E 94ºthere is a negative geoid undulation and to the west of E 94º a positive geoid undulation emerges. In this way, the geoid undulation in upper mantle seem to compensate the geoid undulation in lower mantle to some extent. In the meantime, both anomalies are of the same trend. The smooth variations of the upper mantle are still attributed to the low resolution of seismic tomography results.

In comparison with the geoid undulation caused by the lateral density heterogeneity in mantle, the geoid undulation of lithosphere is more complex, which may reflect the complexity of the shadow structure in the region. The geoid of the lithosphere is gradually rising from the north to the south, reaching the lowest in the northeast and the highest in the middle. In the southwest corner of the region, i.e. ,the India plate, due to the lack of velocity anomaly data, the geoid undulation variation is relatively smooth, in Qinghai-Xizang plate, the geoid undulation shows a closed pattern, in Chaidamu-Bayankela-Sanjiang terrain a stripy negative anomaly along northwest direction appears, in Talimu terrain there exists a negative anomaly whose contours are similar to the terrain structure line, which corresponds to the seismic tomography results. This demonstrate that the geoid undulation of the lithosphere is mainly caused by lateral density heterogeneity in the lithosphere while the effect of surface elastic deformation is small.

The total geoid undulation exhibits a low geoid due to the effect of lower mantle, with lowest in the northeast and the highest in the middle of Qinghai-Xizang terrain. Meanwhile, along the margin of Talimu terrain and the Chaidamu-Bayankela-Sanjiang terrain there is a stripy anomaly, in Qinghai-Xizang terrain a closed negative anomaly presents. Compared with the observation geoid, they are of comparable amplitude and similar configuration with each other, except in the south of the studying region.

Although there have been more seismic tomography results developed in recent years, we still used the oldest global seismic tomography because we can see clearly the contributions from different part of the earth and estimate their role in interpreting the observed geoid. Moreover, the proportional coefficients are still questionable. The exact determination of them depends on our understanding of the earth’s deep interior, especially the mineralogical and geochemical composition under high temperature and pressure. In our paper we choose the proportional coefficients based on trial and error. If we can exactly model the observed geoid using the chosen proportional coefficients, then we can also use these coefficients to constrain the thermodynamical state in the earth interior. As to the dynamical viscosity, it is more uncertain and for simple we just used a constant within the whole mantle.

Geoid undulation has various sources. Generally speaking, form surface to core-mantle boundary, the lateral density heterogeneity exists everywhere. Also, the geoid anomaly is connected with different dynamical process of different time and space scale. This greatly complicates the problem.
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FIG 1:GEOID OF LOWER MANTLE HETEROGENEITY IN QINGHAI-XIZANG PLATEAU, CHINA
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FIG 2:GEOID OF UPPER MANTLE HETEROGENEITY IN QINGHAI-XIZANG PLATEAU, CHINA
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FIG 3:GEOID OF LITHOSPHERE HETEROGENEITY IN QINGHAI-XIZANG PLATEAU, CHINA
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FIG 4:GEOID IN QINGHAI-XIZANG PLATEAU, CHINA
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FIG 5:OBSERVED GEOID IN QINGHAI-XIZANG PLATEAU, CHINA
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  本文发表于《Gravity and Geoid》，1995年，114卷，作者为Hsu H T, Li X L.。
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