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Abstract

The emergence of Lebanon during the Miocene reflects the combined effects of regional tectonic uplift and sea-level fluctuations
along the Levant margin. This study applies geomorphometric methods to reconstruct paleotopography and predict paleoshoreline
positions using SRTM30 PLUS Digital Elevation Model data. Two independent approaches were evaluated: isobase surface
construction from Strahler-ordered valley networks and polynomial trend surface modeling based on regression analysis of
elevation data. Four successive orders of isobase and trend surfaces were generated and compared.

Zero-elevation contours extracted from each surface were interpreted as paleoshorelines and analyzed using correlation statistics
(R?), hypsometric classification, fractal dimension, and sinuosity indices. The modeled shorelines were validated against the spatial
distribution of documented marine deposits and fossiliferous sites in Lebanon.

Results indicate that lower-order surfaces closely resemble present-day topography, whereas higher-order surfaces reflect
progressive regional emergence. Although higher-order trend and isobase surfaces appear statistically similar due to terrain
smoothing, shoreline geometry and spatial validation indicate that isobase-derived reconstructions better preserve
morphostructural complexity and align more closely with marine depositional evidence. The study confirms that isobase
geomorphometry provides a more reliable framework for paleoshoreline prediction in tectonically active continental margins.
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1. Introduction Heine et al. (2015) evaluated Cretaceous and Cenozoic
Shorelines mark the boundary between terrestrial and marine paleoshorelines from two independent global paleogeographic
environments, and displacements between paleoshoreline locations atlases: those of Smith et al. (1994) and Golonka et al. (2006).
indicate vertical motions over geological time (Veevers & Morgan, They also compared the extent of flooding with fossil locations.

2000; Heine et al., 2010).
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The Miocene rock succession in Lebanon has been divided into a
marine (reefal) and a conglomeratic-lacustrine unit (Dubertret,
1975). The Levant coastal area and shelf became emergent in the
Early Miocene and the end Miocene period (Hawie et al., 2014)

Saint-Marc (1970) ascribes the "Falaise de BLANCHE" to an
Aptian age based on the identification of benthic foraminifers and
calcareous algae.

Dalla Vecchia et al. (2001) mention four main fossiliferous sites in
Lebanon: Hakel, Hjoula, Nammoura, and Sahel Aalma (Garassino,
1995).

Maksoud et al. (2014) studied benthic deposits in the Jezzine
region and cited Dubertret, who described macrofossils (Dubertret,
1955, 1963; Dubertret & Vautrin, 1937).

All the research studies listed above examine benthic deposition in
Lebanon. Our paper relies on the geomorphometry of Lebanese
bathymetry and topography to predict the positions of older sea-
level shorelines using two methods: the first based on the valley-
order network, and the second on regression functions.

As per Dury (1952), Filosofov (1960), and Pannekoek (1967),
Isobase maps express a relationship between valley order and
topography. The valley order is one of Strahler's (Strahler, 1952),
in which streams of similar orders are associated with similar
geological ages (Golts & Rosenthal, 1993). Each isobase order
surface is related to similar erosional stages and tectonic events
(Golts and Rosenthal, 1992, 1993).

Powell (1875) defined the concept of Isobase maps as a level
"below which the drylands cannot be eroded”, several authors have
agreed that an isobase map can be defined according to different
geological and temporal conditions (Powell, 1875; Davis, 1902;
Mackin, 1948; Penck, 1953; Quirk,1996).

The word " isobase surfaces " was used by Filosofov (1960, 1970,
1975) and Grohmann et al. (2007); other authors used different
alternative words, such as base level map (Grohmann et al., 2011),
base-level surfaces (Zuchiewicz & Oszczypko, 2008), base surface
(Ufimtsev et al., 2009), sub envelopes map (Stearns, 1967;
Raczkowski et al., 1984; Hack, 1960), and streamline surface map
of Dury (1952) and Pannekoek (1967).

Leverington et al. (2002), in their paper entitled A GIS method for
reconstruction of late quaternary landscapes from isobase data and
modern topography, used isobases as lines of equal uplift and
applied them to marine terraces and Holocene shorelines
(Leverington et al., 2002).

In this paper, in addition to Isobase maps, we used trend-surface
analysis to analyze planation surfaces and to synchronize
shorelines of older sea levels. (Svensson 1950).

Like other statistical methods, trend surface analysis in a GIS
environment requires systematic data collection and sampling,
preferably in a grid pattern.

This paper describes methods for constructing isobases and trend
surfaces from DEMs to extract shorelines at older sea levels,
compares the resulting isobases and trend surfaces, and validates
them against the spatial locations of marine deposits and fossils.

This study does not address geological or geophysical issues; it
only tests geomorphometric methods for predicting paleo
shorelines.

2. Materials and Methods
As per Buchbinder and Zilberman (1997), during the Early
Miocene, the Levant margin and the Lebanese territory became
emergent (Buchbinder & Zilberman, 1997).

Much research indicates that the end of the Miocene period is
marked by the rapid emergence of Mount Lebanon above sea level,
leading to the deposition of marine Pliocene sediments. (Haq et
al.1988, Dubertret 1975; Elias 2006).

To predict the positions of paleo-shorelines from isobase and trend
surfaces during the stages listed above, we used the open-source
Shuttle Radar Topographic Mission (SRTM) 30 PLUS DEMs, with
a spatial resolution of approximately 900m, to extract and classify
valley networks (Becker & Sandwell, 2007).

The geomorphometry analysis consists of three steps: defining
valley orders (stream orders), preparing isobase maps, and
constructing trend surfaces directly from the DEM.

Strahler valley order designates the relative position of valley
segments. Filosofov (1960) assigns a relative geological age to
each valley order; therefore, isobase maps reveal various
morphological features that could be related to different geological
stages.

Bathymetric contour

FON Topographic contour
34°00°E 35°00°E 36°0'0"E

Fig.1: Study area map of the Levantine basin and the Lebanese
onshore.

According to Filosofov (1960), the isobase surface is the
hypothetical plane formed by interpolating the valley profiles of
similar order. The streambeds of the valleys define the erosional
base surface.

The elevation of an isobase line is retrieved from the DEM along
valleys of similar order and is related to similar erosional stages
and tectonic events in crustal movement.

As per Gary et al. (1973), isobase surfaces are a useful tool for
deciphering young tectonic processes (Gary et al., 1973). For the
tectonic interpretation of an isobase map, we should take into
consideration:

The sharp deviation toward isobase lines indicates tectonic
dislocations or lithological changes, and the compression of
isobase lines could indicate steeply dipping strata, fracturing, or
faulting.

The valley extraction requires a hydrological correction of the
SRTM Digital Elevation Models; the entire process for creating
and ordering the drainage network is depicted in Figure 2.

For the identification of the Strahler valley order for each stream in
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First, the flow direction raster is calculated after DEM depression
filling; then, from the generated flow direction raster, a flow
accumulation raster is created.

From both the raster flow direction and the raster flow
accumulation, the Ordered Stream is created and converted from a
raster to a vector representation.

Using stream heights obtained from the DEM and elevation
vertices generated for each Strahler-ordered valley network,
isobase surfaces of selected orders can be constructed (Figure 2).

The elevation of intersection points between drainage and contours
was used to create vertex points.

The elevations at the vertices of the 1st, 2nd, 3rd, and 4th valley
orders were interpolated using the Regularized Splines with
Tension method to form four isobase surfaces: 1, 2, 3, and 4. The
valley orders of 5" 6" and 7th were excluded from the study due
to poor spatial distribution of elevation points and the inability to
perform surface interpolation.

Interpolated isobase surfaces are smoother and simpler than the
original topography, highlighting well-defined terrain inflections
and fault lines, and are useful as a structural background for
seismic survey investigations (Golts and Rosenthal 1993).

DEM
fill
el k) 3\
[Surface 1 ][Surface 2 ][Surface 3 ][Surface 4]

Valley orders i |
extractions |

Trend surfaces
calculations

Elevation
points
orders

Radial Bases Function
Interpolation Isobase
- surfaces
generations

5
[lsobasc 1 ][Isobasc 2 ] [Isobasc 3 ][]sobasc 4]

Fig.2: The geoprocessing workflow of the Isobase and trend
surface construction.

Trend surface models are bivariate regression models with two
independent variables, the coordinates X and Y and a dependent
variable Z, the first order is a linear regression function, the 2nd,
3rd, ..., or nth order is polynomial functions with our study dealing
with terrain elevations the regression function of the first order
reversed to be the surface of the 4™ order very similar the recent
terrain equation 1 the second and third polynomial functions
became the 3. The 2™ trend surface emerges; hence, the 1st
polynomial order serves as the 1st trend surface, with very
complex terrain and very similar to the real elevation distributions
(the DEM) calculated by equation 4 (Krumbein, 1956).

For the calculation of trend surfaces, progressive expansions of
linear, quadratic, and cubic polynomial functions have been used
as follows (Davis, 1986; Unwin, 1975):

The linear trend surface of the fourth order:

Z=a+bY+cX

The bilinear trend surface of the third order:

Z=a+bY +cX+dXY (2)
The trend surface of the second order:

Z=a+bY +cY?+dX +eX?+ fXY 3)
The trend surface of the first order:
Z=a+bY+cY3+eX+ XY+ gXV?2+hX?+iX2Y + jX3 (4)

Trend surface modeling is applied in a geographic information
context on SRTM-DEM. This approach will draw the global trend
of elevation distribution as surfaces of different orders. The trend
surface spatial distribution becomes more complex as the order
increases.

3. Results and Discussions

The study area's valley network, classified using the Strahler
method, consisted of 7 orders, as shown in Figure 3.

The Litani, El Bared, Abou Ali, and Ibrahim rivers were classified
as a 3rd-order valley. Figure 3 shows straight-line valleys in the
western part of the study area; these are artifacts of low DEM
spatial resolution, are far from the Lebanese shoreline, and do not
affect our study.

The generated Strahler valley orders of Figure 3 are used for the
interpolation of the Isobase surfaces; the 5th,6th, and 7th orders are
excluded from the interpolation because they do not cover the
Lebanese territories, which are within the Levantine basin.

The Isobase surfaces constructed from 2nd- and 3rd-order valleys
show the best spatial distribution and interpolation results. In the
Isobase surfaces of the 3rd and 4th orders, all morpho structures
(ridges and valleys) can still be identified, though with less detail.

The constructed Isobase surfaces of the 1st, 2nd, 3rd, and 4th
orders for figures 4b, d, f, and h help identify uplifted areas and the
amplitude and crustal movement (Raczkowski et al., 1984; Jedli¢ka
et al., 2015; Doumit, 2017).

The Isobase surfaces of 1st and 2nd orders were considered too
close to resemble the DEM's recent topography; the lsobase
surface of the 3rd order showed dominant fault- and fold-related
undulations (Jedlicka et al., 2015).

Local anticlinal structures are characterized by short distances
between isobase contour lines (Filosofov, 1970); isobases run
straight and parallel to each other within homoclinal structures
(Zuchiewicz, 1989), while changes in the isobase surface indicate
possible fault locations (Shahzad & Gloaguen, 2011).

4
Fig.3: Strahler valley order of the study area

Figure 4a shows the topographic surface and the recent shoreline.
Figure 4b shows the 1st-order isobase surface, which simplifies
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terrain elevations by obscuring the Barouk Mountains and
smoothing the Saninne and Qornet Es Sawda Mountains.

Also, Figure 4b shows the emergence of the coastal cities of Sour,
Beirut, and Tripoli. In Figure 4d, the second-order isobase surface
for Sannine and the Qornet Es Sawda Mountains merged into a
single hill, and most of the Lebanese coastal plain was submerged.

The third-order Isobase surface in Figure 4f shows the complete
disappearance of the Mount Lebanon chain and the emergence of
the southern part of the country, including the cities of Beirut,
Byblos, and Tripoli.

The 4th-order Isobase surface showed that approximately 80% of
Lebanese territory has emerged, with the disappearance of the
Yammouneh Fault and high onshore deformation in the Hermel
region.

We note that the modeling of Isobase surfaces in our study stops at
the 4th-order Isobase, which does not prove that the emergence
was stopped. As mentioned above, this paper is concerned only
with Isobase and trend-surface physiography, and with predicting
paleoshoreline positions.
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Fig.4: The following figure illustrates Isobase and trend surfaces
with intervals of 200 meters; a) the SRTM Digital Elevation
Model, b) Isobase surface of the 1% order, c) Trend surface of the
1% order, d) Isobase surface of the 2" order, e) Trend surface of the
2" order, f) Isobase surface of the 3" order, g) Trend surface of the
3" order, h) Isobase surface of the 4™ order, i) Trend surface of the
4",

Figures 4c and 4e of the Trend surfaces of the first and second
orders are very similar. The terrain is very smooth, and there is
only one closed contour loop joining the Lebanon and Anti-

Lebanon mountains. The shoreline is straight, indicating that the
Bays of Jounieh and Akkar have not emerged. The shoreline in
Figure 4g of the third-order Trend surface became convex, and the
terrain is more simplified, trending eastward. Contrary to the third-
order trend surfaces, the fourth-order trend surface, with concave
contour lines in the form of a depression, produced an arc shoreline
that divided Lebanon into two parts: a western emergent one and
an eastern slope rising approximately 1000 meters.

Visually, Isobase surfaces are unlike Trend surfaces; they are
rougher and more complex, preserving the terrain's geological and
geomorphological structures. Otherwise, Trend surfaces are very
smooth, exaggerating terrain and obscuring geological and
geomorphological structures.

The Morphometric analysis of the Isobase and Trend surfaces is
expressed in eight hypsometric intervals: four representing
bathymetric depth and the other representing terrain elevation, as
shown in the legend of Figure 4.

a) |2 b)

500-0

— sobase-2 Trend-2

- d)

0

5003583 w=——=Trend-3 — 50b3ased  wm——Trend-4

Fig.5. hypsometric histograms of the area percentage occupied by
the elevation intervals of Isobase and trend surface, a) first-order
Isobase and Trend surfaces elevation interval, b) second-order
Isobase and Trend surfaces elevation interval, c) third-order
Isobase and Trend surfaces elevation interval, d) fourth-order
Isobase and Trend surfaces elevation interval.

After cropping the Isobase and Trend surfaces within Lebanese
boundaries and classifying them by the hypsometric interval shown
in Figure 5, the raster datasets were converted to vector format for
the calculations.

Figure 5 shows the variations in areas in each order; the increase in
emerging area is high in the third and fourth orders of Isobase
surfaces, and the decrease in the onshore area from the 1st order to
the 4th order, with the disappearance of the elevation interval of
500-1000.

From the results of figure 5 we can summarize that in the 1%, 2"
and 3" orders the emergence was in an interval of depth between -
500 to 0, it means the water covers the Lebanese territories situated
under 500 meters above the Sea level, otherwise in Isobase surface
of the 4™ order, the water covers the territories at the elevations
under 2000 meters above the Sea level.

The peak in the area percentage of the Isobase surface in the 2nd-
order histogram is shown in Figure 5b and begins at the 500-1000
interval. We mean by the peak the transition point from an increase
in area percentage to its decrease.

The peak in the area percentage trend surface occurs in the third-
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From these visual and quantitative analyses, the simplicity of the
Trend surfaces is higher than that of the Isobase surfaces, and this
simplicity strongly influences cartographic generalization; hence,
we can deduce that Isobase surfaces belong to big-scale maps,
whereas Trend surfaces belong to small-scale maps.

Table 1: Correlation matrix with R? values of the original DEM,
the Isobase, and Trend Surfaces.

DEM
Isobase1

Isobase2

Isobase3
Isobase4
Trend1 |
Trend2
Trend3
Trend4

Isobase1 | ¢
Isobase3
Isobased

A regression analysis of Isobase and Trend Surfaces was made to
understand similarity between them, table 1of the R? values shows
a decrease of similarity between Isobase surfaces and the DEM
with the decrease in orders, a descendent ordering in the R? values
of the Isobase of the 1% and 2™ orders correlation with the DEM
and all Isobase and Trend surfaces, this result proves the high
similarity between Isobase of the 1% and 2" orders with the recent
Terrain.

Contrary to the R? values for Isobase columns in Table 1, the
Isobase of the fourth order, with ascending values, shows a trend
more like the Isobase surfaces, resulting in smoother
morphological forms (Figure 4).

High R2 values of the 1%, 2™ and 3rd orders of the trend surfaces
with the Isobase surfaces of the 1st, 2nd, and 3" orders and their
proportionality to the R2 values of the Isobase of the 4" order, the
trend surface of the 3 order correlates with the recent relief
expressed by the DEM.

From the result of Table 1, we can conclude that the 1%,2™, and 3™
orders of Isobase and Trend surfaces are very similar to the DEM.

The high correlation between the Isobase surfaces of the 4" order
and the Trend surfaces is related to the terrain smoothness. It leads
to the disappearance of morphological structures (faults and
flexures).

It is well known that a contour line is a line joining points with the
same elevation, and elevation zero is a reference to the mean Sea
level. We extracted contour lines at zero elevation for all isobases
and Trend surfaces to use as shorelines (Figure 7).

Isobase shorelines of the 1%,2™ and 3™ orders are close between
Tripoli and Arida to the Syrian borders, between Nahr Ibrahim and
Jbeil, and in the Damour region.

Table 2 of the shorelines' geometrical characteristics shows an
increase in fractal dimension values with increasing Isobase order,
and as noted above, the Isobase surface became smoother with
increasing order. This result proves there is no relation between the
smoothness of Isobases surfaces and the fractal dimensions of the
shorelines.

The fractal dimensions of the Trend surface shorelines do not
change with Trend surface order; they are approximately 1,

indicating that the shorelines are approximately straight lines for
all surfaces. Like the fractal dimension, the sinuosity of the
shorelines increases with the increase in surface orders, and the
sinuosity is not related to the smoothness and simplicity of Isobase
surfaces.

Table 2: Isobase and Trend shorelines geometrical characteristics.

Fractal
Dimension Sinuosity

Shoreline Type Length-km

Recent 324 1.06 171

Isobase-1 198 1.01 1.04

Isobase-2 198 1.01 1.04

Isobase-3 206 1.02 1.12

Isobase-4 105 1.04 1.19

Trend 1 189 1.00 1.00

Trend 2 187 1.00 1.00

Trend 3 186 1.00 1.01

Trend 4 150 1.00 1.01

Because Isobase-generated shorelines are independent of surface
roughness and depend only on terrain elevations, their spatial
positions and geometric characteristics are more realistic and better
represent paleogeography than those generated from Trend
surfaces, which exhibit a high degree of cartographic
generalization.

Shorelines

— Isobase-1

— Isobase-2
Isobase-3

— Isobase-4

Maifouk — Recent
Hake —Trend 1

Hefbula - Trend 2
Trend 3

- Trend 4

Fossile Quarries

B Hakel

W Hejoula

B Maifouk
Nammoura

B Sahel Alma
Jezzine

Marine Depositions

B Balamand

Jezzine Chekka

/ Kousba
— : ; Terbol
" ‘ ' ) Tripoli

10 20 / 40 Km

Fig.7. lIsobase and Trend surfaces shorelines with Marine
depositions and fossil locations.

To validate the generated isobase and trend surfaces, shorelines
with marine deposition are used.

In their study of the sedimentology and stratigraphic evolution of
Northern Lebanon, Hawie et al. (2013) spoke in detail about
marine depositional environments prevailing in the Turonian to
Late Miocene in Balamand, Chekka, Kousba, Terbol, and Tripoli,
as our study is only dealing with the geomorphometry, terrain
physiography, and the prediction of shoreline position. We will
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compare the locations of marine depositions reported by Hawie et
al. (2013) with those of fossil quarries reported by Dalla Veccchia
et al. (2001) and with the generated Shorelines based on Isobase
and Trend surfaces.

The Late Cretaceous-age preserved fossil assemblage comprises
four main fossiliferous sites in Lebanon: Hakel, Hajoula,
Nammoura, and Sahel Aalma.

The Sahel Aalma site is the youngest and is of late Santonian age
(Garassino, 1995). Figure 7 shows that isobase 4 crosses the Sahel
Alma region; here, the Sahel Alma in the fourth-order isobase
surface has emerged beneath the sea in the late Santonian age.

The Nammoura site is regarded as late middle Cenomanian (Dalla
Vecchia & Venturini, 1999) and is on the shoreline of the isobase
surface 4.

The ages of the Hakel and Hjoula are early Cenomanian (Saint
Marc, 1974); both sites are within the Isobase and fourth-order
trend surfaces.

The shoreline of the Isobase surface of the 3" order and the Trend
surfaces of the 1% and 2™ orders show the emergence of Chekka,
Balamand, and half of Tripoli city.

The shorelines of the Isobase and Trend surfaces of the 4™ order
are shifted eastward, showing that Kousba and Terbol emerged.

Based on the spatial locations of shorelines and marine
environmental depositions, we can classify shorelines into two
classes.

The first class contains the shorelines of Isobase and Trend
surfaces of the 1st, 2nd, and 3rd orders, including the marine
depositions of Sahel Alma, Chekka, Balamand, and Tripoli.

The second class, Isobase and Trend surface shorelines of the 4th
order, including the marine deposition locations of Hejoula, Hakel,
Maifouk, Kousba, and Terbol.

The results, in addition to the generation of the GIS paleo-
topography database expressed in Isobase and Trend surface
orders, the prediction of paleo-shoreline positions, and the
validation of their spatial positions against marine deposits,
demonstrate that Isobase-based shorelines are more reliable than
those generated from Trend Surfaces.

4. Conclusion

This study demonstrates the effectiveness of DEM-based
geomorphometric techniques for reconstructing paleo-topography
and predicting paleo-shorelines in Lebanon. The comparison
between Isobase and Trend surface modeling reveals clear
methodological contrasts. Trend surfaces provide generalized,
smooth representations of elevation patterns, suitable for regional-
scale approximations. In contrast, Isobase surfaces derived from
valley-order networks retain morpho-structural features and better
reflect tectonic and erosional controls.

Quantitative analyses and validation using marine depositional
environments and fossil sites confirm that Isobase-derived
shorelines, particularly those from second- and third-order
surfaces, yield more realistic paleogeographic reconstructions.
Fractal dimension and sinuosity metrics further support the greater
geomorphic reliability of Isobase shorelines compared to Trend-
generated shorelines.

The spatial resolution of DEM data remains a limiting factor in
surface accuracy. Future work incorporating higher-resolution
topographic and bathymetric datasets will improve shoreline
precision and enhance paleo-geographic modeling. Overall,
Isobase geomorphometry represents a robust and reliable approach
for paleo-shoreline reconstruction along tectonically active margins
such as the Levant Basin.
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