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We used the geological map and published rock density measurements to compile the digital rock
density model for the Hong Kong territories. We then estimated the average density for the whole
territory. According to our result, the rock density values in Hong Kong vary from 2101 to 2681 kg$m�3.
These density values are typically smaller than the average density of 2670 kg$m�3, often adopted to
represent the average density of the upper continental crust in physical geodesy and gravimetric
geophysics applications. This finding reflects that the geological configuration in Hong Kong is mainly
formed by light volcanic formations and lava flows with overlying sedimentary deposits at many loca-
tions, while the percentage of heavier metamorphic rocks is very low (less than 1%). This product will
improve the accuracy of a detailed geoid model and orthometric heights.
© 2023 Editorial office of Geodesy and Geodynamics. Publishing services by Elsevier B.V. on behalf of
KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since knowledge of the actual topographic density distribution
is still, largely restricted by the lack of subsurface rock density
samples, different assumptions about the topographic density have
been proposed, most notably by assuming a constant (average)
topographic density. In physical geodesy, the application of the
average topographic density in the theory of orthometric heights
[1,2] is well known. Furthermore, Molodensky [3,4] formulated the
theory of normal heights based on disregarding the topographic
density. Nevertheless, the gravitational contribution of topographic
density distribution on orthometric heights, geoid, and gravity
anomalies has been investigated in recent years more thoughtfully
in physical geodesy and gravimetric geophysics applications. To
estimate the topographic effect on gravity, geoid, and orthometric
heights, digital rock density models are required together with
digital terrain models.
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The continental upper crustal density of 2670 kg$m�3 [5] is
often adopted to represent the mean topographic density. This
value was probably reported by Hayford [6] for the first time and
has been used until now without a critical revision. A recent global
study by Sheng et al. [7] indicates that this value could be over-
estimated. This is also supported by other studies. Tenzer et al. [8],
for example, reported an average density of 2440 kg$m�3 for New
Zealand, and de Medeiros et al. [9] provided an average density of
2459 kg$m�3 for Brazil.

Huang et al. [10] demonstrated that adopting a constant topo-
graphic density in mountainous areas is a rough estimate, leading
to errors at the decimeter level in geoid modeling and orthometric
height determination [11e15]. Similar findings were given by
Kühtreiber [16], Pagiatakis and Armenakis [17], Kiamehr [18], and
Abbak [19]. To address this issue in the context of ongoing
modernization of the vertical geodetic datum in Hong Kong, we
used available geological evidence and rock density samples to
compile the digital rock density for the Hong Kong territories by
applying methods and numerical procedures developed before by
Tenzer et al. [8] and Sheng et al. [7]. Tenzer et al. [8] constructed a
1 � 1 arc-min digital rock density model of New Zealand by
combining digital geological maps from different databases with in
situ samples of rock density measurements and supplementary
geological sources. Sheng et al. [7] applied a similar method to
construct the UNB_TopoDensT global topographic density model
available on a 1 � 1 arc-deg, 5 � 5 arc-min, and 30 � 30 arc-sec
grids. They used the geological information from the global
lsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
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lithospheric model GLiM [20] compiled by merging different local
data sources from across the globe.

For a relatively small area like the Hong Kong territories, the
5 � 5 arc-min global grid is too coarse to realistically depict the
topographic density variations, especially due to a relatively com-
plex geological setting for such a small area. We, therefore, devel-
oped a very detailed rock density model for Hong Kong that will be
used to compute and apply the anomalous topographic density
corrections to newly determined orthometric heights of leveling
benchmarks [21] and the newly developed detailed geoid model
[22]. According to our preliminary estimates, the anomalous
topographic density could modify the geoid and orthometric
heights up to ±1 cm due to (as already mentioned) the relatively
complex geology as well as elevated topography (that magnifies the
topographic effect on geoid and orthometric heights). Next, a
summary of numerical procedures used in preparing the new
digital rock density model is given.

2. Hong Kong rock density model

Hong Kong shares a borderwith the coast of the southern part of
China, covering an approximate land area of 1104 km2. Essentially,
the nature of the terrain ranges from coastal lowlands to rugged
mountain chains, reaching the highest elevation of 957 m (Tai Mo
Shan). The first geological memoire of Hong Kong [23] was pub-
lished prior to the establishment of the Hong Kong geological
survey (HKGS) in 1982 by using earlier surveys conducted in the
1940's by Canadian geologists. In January 1967, the British
Geological Survey began the second geological survey in Hong
Kong. The survey finished in March 1969, and results were pub-
lished as a memoir with two geological maps compiled at a scale of
1:50000 in 1971. The establishment of the HKGS resulted in the
production of standard geological maps compiled at different
scales (1:100000, 1:20000, and 1:5000), which provide useful in-
formation associated with the land. The geological information of
Hong Kong can be accessed online interactively as a web-based
map with attached geological definitions and detailed de-
scriptions [24].

Deformations in the structural evolution of rocks in Hong Kong
are recorded during the Jurassic and Cretaceous epochs. Both
geological epochs are characterized by prominent volcanic erup-
tions associatedwith the intrusion of enormous amounts of magma
with granitic composition into the Earth's crust. Consequently, the
geological setting of Hong Kong is characterized mainly by igneous
rocks, which are undoubtedly dominated by volcanic and intrusive
types. Approximately 50% of the physical surface of Hong Kong is
covered by volcanic rocks and dominates its mountainous de-
pictions [25], composed of bulk sequences of tuff associated with
minor lava flow such as andesite, rhyolite, dacite, and trachydacite
lavas. Additionally, roughly 35% of the surface area is occupied by
major and minor sub-volcanic intrusive rocks. Granite and grano-
diorite are the major sub-volcanic rocks that occupy about 17.60%
and 2.23% of the land surface, respectively. On the other hand, the
minor sub-volcanic intrusive rocks take the form of rhyolite, quartz
monzonite, and leucogranite. Sedimentary rocks in Hong Kong are
located mostly in the western [26] and northern [27] parts. Their
formation dates back to the late Paleozoic.

The rocks in Hong Kong have been mapped at scales of 1:20000
and 1:5000 by using Devonian, Carboniferous, and Permian as their
Chronostratigraphic classification as well as adopting formations
and groups as their litho-stratigraphic classification [cf. [28,29]].
Through thermal and dynamic processes, some of these rocks have
undergone metamorphosis. The northwestern part of the New
Territories is covered by superficial deposits broadly categorized
into colluvium, alluvium, and marine deposits [30]. Subsequently,
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after a thorough review, it was deduced that the superficial de-
posits were primarily made up of alluvium (together with beach
deposits) and colluvium deposits from mass wasting [31]. The
interactive online geological memoire of Hong Kong describes the
lithological composition of these deposits as a mixture of well,
semi, and poorly sorted sand, clay, silt, and gravels. It is worth
noting that portions of the coastal areas of Hong Kong (approxi-
mately 7%) have been reclaimed from the sea for various purposes,
causing them to lack a distinct geological definition due to the
nature of materials used in the filling. The beginning of the recla-
mation activities of the region can be dated as far as the mid-1800s
and is still ongoing today.

The digital geological maps of Hong Kong further classify the
rocks into their respective litho-stratigraphic categories by using
themain rock types present in their formations. The geological map
of Hong Kong consists of about 53 different formations, which have
further been reclassified using the main rocks into 22 individual
lithological units (Fig. 1) for this study. Based on the formations in
the 1:100000 digital geological map published by the HKGS in
2006, we obtained a classified version of the lithological units by
adopting the major and dominant rock types to assign specific
density values to them. It is worth noting that the 1:100000 web-
based map adopts geological updates and interpretations pro-
vided by the 1:20000 geological maps of Hong Kong with their
accompanying memoirs [26,27,32e35].

To prepare the lateral rock density model of Hong Kong, we
applied a three-step approach which begins with assigning specific
density values with associated uncertainties to the lithological
units, resulting in a GIS vector map. The digital density model was
obtained through the discretization of data and implementation of
aggregation procedures on the density vector map. Rock density
measurements were the main source of information utilized in
allocating the respective densities of the major types of rocks.
Tenzer et al. [8] provided a detailed rock density database con-
taining various rock density values alongside their respective un-
certainty spreads. The database identifies 123 main rock types
compiled from in situ rock density measurements in New Zealand.
This database has been the basic source for assigning rock density
values in this study (see Table 1). Since rock density measurements
are relatively sparse, where information is missing, the densities
were attributed according to different sources, including geological
maps, research theses, and articles.

By acknowledging that depth, porosity, and mineral structure
can cause variations in density measurements for the same rock
type, we considered several available sources. Nonetheless, we
narrowed our selection to a single source for each rock type for
uniformity and consistency. For a lithological unit, some of the
classifications presented in the geological map (Fig. 1) show a
combination of different rock types in different areas. Practically,
the formations of these rocks vary in size, quantity, and thickness.
The classification, therefore, requires a unique density representa-
tion to facilitate the modeling. Areas designated to be reclaimed
lands were assigned the value of the adopted average upper crustal
density of 2670 kg$m�3. For a lithological unit with the combina-
tion of differentmain rock types, the representative rock density for
each geological unit was obtained by averaging the density values
of the respective main rocks. This was executed by assuming that
these rock combinations possess similar layer thicknesses and
samples. Similarly, their uncertainties were estimated using a
simple average of their standard deviations. For rock types with
missing uncertainty information, such as andesite lava and dolo-
mite, their standard deviations have been computed prior to the
assumption that the range of their densities adopts a normal dis-
tribution with a confidence level of 95% as presented by Vaní�cek
and Krakiwsky [39], so that



Fig. 1. Geological map of Hong Kong showing the main (surface) rock types. The legend provides the percentage of land coverage of each main rock type.
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s¼ Drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

q (1)

2 xxð1;0:95Þ

where Dr is the difference between the maximum and minimum
density values for each rock type, and xx2ð1;0:95Þ is the representative
value for the chi-square with a 95% confidence level.

To deduce the final representative density value over the study
area, an average topographic density value was computed by using
the assigned lithological density values alongside their topographic
heights according to the expression given by Sheng et al. [7]. It
reads,

r¼

Pn
i¼1

riðf; lÞ,Hiðf; lÞ
Pn
i¼1

Hiðf; lÞ
(2)

where riðf; lÞ is the density value at an individual grid point (ob-
tained from the topographic density model) of which position is
defined by latitude f and longitude l. The topographic heights Hi
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have been extracted from the digital terrain model (DTM) of Hong
Kong provided on a 5 m grid.

3. Results and discussion

The Hong Kong digital rock density model (see Fig. 2) was
compiled in a GIS environment using a 2 arc-sec spaced regular grid
covering the full extent of area. As stated earlier, due to unavailable
density models, the continental upper crustal density of
2670 kg$m�3 [5] is mostly adopted in geodetic and geophysical
applications. Nevertheless, studying the geological setting of Hong
Kong shows different lithological units with varied densities
ranging from 2101 to 2681 kg$m�3 with associated uncertainties
also ranging from 70 to 292 kg$m�3. Using these values, the esti-
mated average density of the upper crust in Hong Kong computed
according to Eq. (2) was deduced to be 2303 kg$m�3 with a stan-
dard deviation of 223 kg$m�3. As specified before, roughly 50% of
the Hong Kong territories is covered by volcanic rocks, mainly
composed of bulk sequences of tuff associated with lava. Tuff is a
highly porous rock of a relatively low density (cf. Table 1), resulting
in the overall lower average density value of the whole Hong Kong
territories. Considering the nature of the land distribution in Hong



Table 1
The adopted density values for the main rock types in Hong Kong.

Main rocks Density (kg$m�3) Min (kg$m�3) Max (kg$m�3) No. of samples STD (kg$m�3) Source and comment

Tuff 2113 1410 2940 723 289 Tenzer et al. [8]
Vitric tuff 2113 Vitric tuff adopts the same density as tuff
Crystal tuff 2113 Crystal tuff adopts the same density as tuff
Granite 2640 2330 2940 288 77 Tenzer et al. [8]
Granodiorite 2681 2530 2940 53 70 Tenzer et al. [8]
Leucogranite 2300 Annen and Scaillet [36]
Rhyolite 2207 1360 2740 704 225 Tenzer et al. [8]
Trachyte 2591 2170 2950 31 182 Tenzer et al. [8]
Dacite 2402 1940 2700 79 175 Tenzer et al. [8]
Lava 2680 2540 2820 6 93 Tenzer et al. [8]
Rhyodacite 2350 Hildreth et al. [37]
Sandstone 2463 1510 3000 968 266 Tenzer et al. [8]
Siltstone 2347 1360 2880 471 283 Tenzer et al. [8]
Mudstone 2204 1320 2870 734 301 Tenzer et al. [8]
Andesite Lava 2630 2590 2660 18 Hildreth et al. [37]
Chert 2564 2240 2740 11 162 Tenzer et al. [8]
Quartz monzonite 2640 Carmichael [38]
Clay 2067 1920 2450 9 171 Tenzer et al. [8]
Silt 1979 1720 2160 14 140 Tenzer et al. [8]
Dolomite 2840 2720 2840 31 Carmichael [38]
Sand 2048 1690 3220 27 351 Tenzer et al. [8]
Gravel 2309 1870 2580 9 266 Tenzer et al. [8]
Breccia 2291 1540 3000 118 295 Tenzer et al. [8]
Conglomerate 2570 2110 3000 118 159 Tenzer et al. [8]
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Kong (Fig. 1), we can clearly distinguish the mainland and the two
main Islands. Considering the different geological configurations of
these areas, we computed their average density values separately to
assess their effect on the final average topographical density of the
study area. The mainland (consisting of Kowloon and New Terri-
tories) has a similar geological setting to the Hong Kong Island,
causing them to have close average density values as compared
with Lantau Island. Moreover, these two areas have lower density
values of 2275 and 2284 kg$m�3, respectively, compared with the
estimated average density of the upper crust for the whole Hong
Kong territories. Again, the lower density values are mainly
Fig. 2. Digital rock density model of Hon
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attributed to the percentage coverage of the highly porous rocks in
these regions. The Hong Kong Island has a similar coverage of
granite and vitric tuff, with the remaining portions covered by
crystal tuff, reclaimed lands, and quartz monzonite. However, the
mainland has a wide coverage of various tuff, granite, superficial
deposits, leucogranite, and rhyolitic lava and breccia. Lantau Island
contains different lithological units but is prominently covered
with vitric tuff and rhyolite lava. Furthermore, the area exhibits
obvious occurrences of granite, rhyodacite, reclaimed lands, quartz
monzonite, tuff and tuff breccia and partially also smaller pro-
portions of superficial deposits, leucogranite, and rhyolite dyke
g Kong compiled on a 2 arc-sec grid.
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complexes. These lithological combinations averaged a topo-
graphical density value of 2396 kg$m�3 for the Island, the highest
average value among specified average densities of the particular
area.

For evaluation and assessment purposes, we compared the
estimated density model of Hong Kong with the global UNB_To-
poDensT [7]. The 30 arc-sec resolution of the UNB_TopoDensT
model was adopted for the comparison, whereas the model
developed in this study was resampled to be compatible with the
UNB_TopoDensT resolution. We used the nearest neighbor method
to generalize our density model on a 30 arc-sec grid. The results of
the comparison are presented in Figs. 3 and 4, where we showed
Fig. 4. Distribution of the differences between the Hong

Fig. 3. Difference between the Hong Kong digital rock density
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grid differences and a histogram distribution of the magnitude of
differences, respectively. The differences between these models
(Fig. 3) are within 2681 and -690 kg$m�3, with an average of
420 kg$m�3. Maximum differences are detected along the coast
where many reclamation activities have been undertaken, espe-
cially along the coast of the southern part of New Territories and
Kowloon. Furthermore, smaller islands and the coastal areas of
Lantau and Hong Kong Islands also have a similar situation.
Extraction of the 30 arc-sec coverage of Hong Kong from the
UNB_TopoDensT gives the range of density values from 0 to
2791 kg$m�3 (Fig. 5). It is evident that the coastal areas and the
portions where maximum differences occur were assigned by a
Kong digital rock density and the UNB_TopoDensT.

and the UNB_TopoDensT compiled on a 30 arc-sec grid.



Fig. 5. The 30 arc-sec coverage of the UNB_TopoDensT at the Hong Kong territories.
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zero density value in the UNB_TopoDensT due to the lack of a
detailed geological map of the region. However, disregarding large
coastal differences, we estimated the differences in the two models
to range from�690 to 607 kg$m�3. This ascertains that the detailed
lithological data plays a major role in the accurate modeling of
topographic effect as compared with the 15 broadly categorized
GLiM lithologies used in UNB_TopoDensT.

4. Conclusion

We have developed the new digital topographic density model
for the Hong Kong territories and estimated respective average
topographic density values. The model was derived from litho-
logical units of the territory obtained from the published
1:100000 geological map and by assigning density values for
particular rock types. The density model was compiled from
existing rock density measurements recorded in various scientific
sources. An estimated average topographic density value of the
upper crust of 2303 kg$m�3 was obtained for the Hong Kong
territories. This value significantly differs from the adopted value
of 2670 kg$m�3. The computed model was spatially compared
with the global UNB_TopoDensT topographic model. Moderate
differences were observed inland. Large differences along some
coastal areas and small surrounding islands were explained by
variations in lithological details adopted in developing both
models.
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