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The bimodal hypsometry of the Arabian-Nubian Shield in the Neoproterozoic
triggered the formation of post-amalgamation marine bains in the low-stand terranes
of the Arabian shield (AS). The carbonate successions in the extraordinary marine
basins in the AS are intruded by granite plutons of different causative types, with
major shear zones pathways. Therefore, the conditions for the formation of skarn
deposits are mature at the contact of the carbonate succession with the causative
granite plutons. Multidisciplinary approaches including ASTER data, Magnetic data,
and geochemical data have been applied to the Murdama basin to locate the
promising areas for skarn deposits. The Murdama basin has contrasting magnetic
anomalies of different intensity at the contact between the Murdama limestone and
the post-Murdama causative batholiths; significant magnetic anomalies exist at the
contact with the Idah causative magmas. Lineaments related to the Najd fault system
(NFS) exist eastward, where calc-silicate alteration-related minerals were evolved,
with no clues for penetrative effect for such alteration activity along pathways related
to the fracture system or at contact with the Abanat suite. Different spectral mapping
techniques, including Spectral Information Divergence (SID), Spectral Angle Mapper
(SAM), and Constrained Energy Minimization (CEM) confirm that the Idah suite is
the predominant causative magma in the study area with highly evolved calc-silicate
alteration-related minerals, such as wollastonite, gamet, and pyroxene. Meanwhile,
The Idah suite has been identified as the main causative magma for other reduced
skarn localities that have been recorded from the Murdama basin, i.e. the Qitan and
An Nimriyah South. Alteration related mineral zones of kaolinite, chlorite,
muscovite, and hematite are evolved alongside with calc-silicate minerals at the
contact bewteen Idah suite, and the Murdama carbonate member. The geochemical
data suggests reducing effect for the Idah suite at the contact between the Murdama
carbonate succession and Idah plutons. These preliminary results of this study need
detailed field investigations and geochemical explorations for the proposed skarn
deposits in the Neoproterozoic molasse basins of the AS.

1. Introduction

Skarn deposits are important sources for
elements that are significant for green economy
transition, including high-technology tools,
defense system equipment, renewable green
energy, and transportation [1-3]. There are
important factors controlling the distribution and
constraining the formation of skarn deposits,
including the type of causative magma and its
physio-chemical conditions [4, 5], the fluid
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circulation pathways [6, 7], the distance from the
causative magma [7], and the depth at which the
skarn dposit had formed [8, 9]. Therefore, the type
of skarn-related metals depend on the magma
fractionation, and the redox conditions for the
causative magma and country rocks [9].

The Neoproterozoic Arabian-Nubian Shield
(ANS; Figure 1) had a contrasting hypsometry
during the amalgamation of Gondwana
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supercontinent ¢. 630 Ma, with lowstand eastern
tract of the Arabian shield (AS) [10]. Therefore,
extraordinary ~ Gondwana  post-amalgamation
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marine basins exist within the AS, intruded with
different granite types.
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Figure 1. Different types of post — amalgamation basins in the Arabian — Nubian Shield (ANS), and the Najd
fault system (NFS) [10-12]. Post-amalgamation marine basins exist in the eastern part of the Arabian shield (AS),
where the Murdama basin (~ 72,000 km?) is the largest molasse basin in the ANS.

Volcanosedimentary arc-related skarn deposits
exist predominantly in the AS, including Al-
Madhiq calcic type, Bahrah garnetiferous type,
Jabal Ash Shumt [13], [14], [15]. Other localities
for the volcanosedimentary arc-related skarns
include Al Amar, Hamra, As Safra, Bi’r Ash
Shumt, and Jabalul Hamat (Table Sl1).
Meanwhile, few localities exist in the post-
amalgamation basins, including Jibal Qitan, An
Nimriyah South, and Kirsh skarn (Figure 2). Jibal
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Qitan garnetiferous-type skarn deposits exist at
the contact between the Qitan causative granite
and the Murdama limestone member [16]. Sn — W
mineralization exposed at the surface in Qitan
skarn locality, with possibility for potential
subsurface mineralization at the contact between
causative plutons and the Murdama group
limestone [16]. Different post-Murdama causative
granite types intrude the Murdama carbonate, so
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these intrusive contacts are promising areas for
the skarn deposits.

The ASTER data usage include the lithological
mapping of different rock units, and exploration
of mineral alteration zones [17], including skarn
deposits [18-21], porphyry-type deposits [22-26],
volcanogenic massive sulphides [27]. Moreover,
ASTER data were applied to identifying minerals,
including quartz, and carbonate [28], and the iron
oxides [29]. Potential field data, such as magnetic
data were used for mapping lineament, [30-32],
following the deep-seated structure [32, 33], and
estimating the depth of structural elements and
lithological units [34]. Furthermore, magnetic data
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has been applied for estimating the depth to the
basement and the thickness of sedimentary cover
[35], and the exploration of different ore deposits
[30, 36, 37].Thus, magnetic data has been used for
locating skarn deposits [38, 39].

It is important to undertake such study with
multidisciplinary approach using geologic data,
potential data analyses, ASTER data, and
geochemical database to explore the possibility of
skarn  deposits in the post-amalgamation
extraordinary marine basins — e.g. Murdama basin
— to locate the source for irreplaceable sources for
economic minerals in highly promising areas.
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Figure 2. Skarn deposit locations in the Arabian shield (AS) from [13-16, 40-44]. Overall, the arc-related skarns
are oxidized except for Al Madhiq. Meanwhile, three localities were recorded from the Murdama basin (1-3),
namely Qitan (1), An Nimriyah South (2), and Kirsh (3). Qitan and An Nimriyah are reduced, and both of them
are related to Idah causative plutons, while the Kirsh oxidized skarn is triggered by the Al Khushaymiyah suite.

2. The Geologic setting of Murdama basin

The Murdama post-amalgamation basin covers
~ 72000 km? in the Afif tract [11]. The Murdama
basin is the largest post-amalgamation marine
basin in the ANS, with a thick
volcanosedimentary ~ sequences,  that  lies
unconformably above the pre-ANS Khida terrane
at at the eastern Dboundary, covered
unconformably with Cenozoic sedimentary cover
to the SE [10]. Afif formation on the base of
Murdama basin consists of calc-alkaline volcanic
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rocks of different composition, while the
Murdama calc-clastic sedimentary sequence lies
at the and the Afif formation on the top of the
basin [11, 12]. The pre-Murdama Cryogenian
rocks  include  both  volcanosedimentary
formations, i.e. Dhiran, Nafi, Hillit, Dhukhnah
gneiss, Rika, Tays, Kabid formations, and
granitoid suites of Khishaybi, Nasaf, Jidh, Labab
and Kilab complexes, Suwaj, and Surayhah
complex. The post-Murdama volcanosedimentary
groups include Jibalah, Jurdhaiya, and Ediacaran
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rhyolite. Meanwhile, the basin is intruded by post-
Murdama causative suites, including Al
Khushaymiyah, Idah, Abanat, Ruwaydah, and
Gharamil granite, Uraynibisuite, and Haml alkali
feldspar granite.

Najirah volcanic arc granite has been emplaced
in an active continental margin [45], and is
exposed in Ad Dawadimi terrane as two large
batholiths. The Najirah granite underlies the Abt
formation, with no direct contact with the
Murdama limestone. Najirah granite pre-dates the
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Abt formation, but both of them are intruded by
the Ar Ruwaydah granitoids. The Idah suite exists
in Ha’il and Afif teranes, and is composed of
small post-orogenic alkli granite plutons [45], that
intrud the northern part of the Murdama post-
amalgamation basin, but this suite is absent in the
southern part of the basin. Al Khushaymiyah
complex post-dates the Murdama basin, and is
exposed only in Afif terrane, with size increasing
southward and intruding the central and southern
parts of the basin.
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Figure 3. Geologic map of the study area after [11, 12]. Post-Murdama intrusions include the Idah suite, Al
Khushaymiyah suite, and Abanat suite, where there is no direct contact between the Murdama group and the Al
Khushaymiyah. Meanwhile, the Idah suite intruded the Murdama group, and this suite is the causative pluton
for the reduced skarns recorded northward in the Murdama at Qitan and An Nimriyah South.

The Abanat plutons and Khishaybi batholiths
are post-Murdama granite that intrudes the
northern half of the Murdama basin, (Figure 3.
The Murdama post-amalgamtation basin is
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composed of younger volcanosedimentary
successions at the base of the basin in the west to
marine successions at the eastern margin [10].
Therefore, skarn deposits exist mainly in the
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eastern terranes of the AS, and the fracture system
related to the Najd fault system (NFS) controls the
wall rock conditions. The NW structurally
controlled framework of the mineral deposit zones
is attributed to the NFS that controlled the
circulation of hydrothermal fluids, and the
emplacement of post-Murdama causative granite
magmas. However, there are different phases of
post-orogenic granites, but the Al Khushaymiyah
and Idah suites are the main causative suites for
the skarn ore deposits in the Murdama basin
(Table S1). The Idah suite is the causative
magmas for the reduced skarn types in Jibal
Qitan, and An Nimriyah South r, while Al
Khushaymiyah plutons are the causative source
for the oxidizing skarn deposits at Kirsh in the
Murdama basin (Figure 2; Table S1). Therefore,
the contact between the causative plutons of the
Idah suite and Al Khushaymiyah complex and the
Murdama group is proposed to be a favored
locality for skarn deposits.

3. Methodology
3.1. Magnetic data

The variation in the magnetic anomaly is
caused by the lateral variations in the crust [46],
with contributions from shallow and deep sources.
Therefore, magnetic anomalies are significant to
delineate different structural elements and map
them at different crustal levels [33, 47-50]. Four
advanced processing techniques were used to
interpret the magnetic data, and map the fracture
framework that facilitate the circulation of the
hydrothermal  fluids. @ The fast  Fourier
transformer's conversion was applied for the
corrected data to convert the space domain into a
frequency domain [51]. The four advanced
techniques used in this study include Reduction to
the pole, regional-residual separation, tilt
derivatives, and analytical signal.

3.1.1. Reduced to the pole (RTP)

The reduced to the pole (RTP) tansformation
of total magnetic intensity map is used to reduce
the effect of latitudinal dipolar effect, using the
inclination and declination angle values of 34.24
and 2.71, respectively. Few anomalies changed
their orientation after the RTP transformation, and
the RTP magnetic map does not diverge from the
total intensity magnetic map.

3.1.2. Analytical signal technique

the analytical signal (AS) technique was
applyed to get more information about the
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basement depth and subsurface border structural
elements above the borders of the magnetic
sources. The AS technique assumed that the
structural border trends include geologic contact,
faults, dike, and horizontal structures [52-54].

The AS is expressed as in its general form as
follows [52];

AS = \/dx*dx+dy*dy+dz*dz

where, dx, dy, dz are the wvertical and
horizontal derivatives of the magnetic field.

3.1.3. Tilt derivative technique

Tilt derivative (TDR) method is used to
enhance the detection of subsurface structural
lineaments and map the basement contact depths.
The anomaly source was considered to be a 2D
vertically buried contact (2D) [55], and depend on
the vertical and horizontal derivatives of the
magnetic field over the geologic boundary.
Nabighian (1972) provides an equation for the
horizontal and vertical derivatives of the geologic
contacts at h = 0 and at a vertical depth of zc :
oM _ ZKFChZiﬁ anda—M = ZKFCM%
oh oh

where h and Z are locations of the horizontal
and vertical geologic contact, respectively, and K
is the susceptibility contrast. Substituting the
above derivative terms into the tilt equation and
assuming a reduced to the pole magnetic field
[55], it can be shown that,

oM

57 h
6 =tan~?! [g—fl] and 0 = tan‘lz
on

According to this equation, contact-like
geologic structures can be defined by the location
(h = 0) and depth (half the physical distance
between 45 contours) of the magnetic tilt angle
contours [55].

3.1.4. Regional-Residual separation

The Butterworth filter was applied to extract
the regional low (deep-seated magnetic sources)
and residual (shallow-seated magnetic sources)
components from the observed total intensity
magnetic measurements using the Geosoft, 2015.

3.2. Remote Sensing Data and techniques

The images from ASTER's AST L1B and
AST 07XT products were retrieved via NASA's
Land Processes Distributed Active Archive Center
(LPDAAC). These images were acquired on
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December 04, 2002, at 07:48:29 am with no cloud
cover (0.0%), and underwent processing using
(EXILIS ENVI 5.3) software. This process is
aimed at geological and alteration mapping.
Within the study area, a range of spectral mapping
techniques  including Spectral Information
Divergence (SID), Spectral Angle Mapper
(SAM), and Constrained Energy Minimization
(CEM) were applied for analysis. The most
economically promising minerals are primarily
linked to alteration zones. Through field
geological investigations, it was found that these
zones have a relatively restricted spatial presence.
As a result, conventional processing tools struggle
to effectively distinguish them. Consequently,
there is a necessity to differentiate the minerals
connected to these alteration zones by employing
more precise spectral classification tools such as
SID, SAM, and CEM. Spectral Information
Divergence (SID) employs a divergence metric to
compare pixels with reference spectra. When the
divergence is minimal, it suggests similarity
between pixels. Conversely, if the divergence
surpasses the maximum threshold, classification
of the pixels won't occur (Chang, 1999). SAM, as
an automated classification method, compares
image spectra with known spectra or training
classes. It calculates the spectral angle between
the image spectrum (representing an unknown
material) and the reference spectrum (representing
a known material), treating them as vectors in an
n-dimensional spectral space, where n represents
the number of bands (Kruse et al., 1993). On the
other hand, the CEM technique enhances the
response of the target spectrum while minimizing
the response of all other features, treating them as
an unidentified background (Ren et al., 2003). In
this study, the SID, SAM, and CEM techniques
were utilized on the VNIR-SWIR stack datasets to
distinguish alteration zones within the study area.
The spectra from the JPL library were adjusted to
correspond with the ASTER VNIR-SWIR
spectrum. These mapping techniques were
employed to map alteration minerals such as
wollastonite, garnet, pyroxene, and epidote in the
study area.
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4. Results
4.1. Magnetic anomalies and fluid pathways
framework

The total magnetic intensity map (TMI) with a
scale of 1:25000 displays a sharp shift in magnetic
anomaly, which could result from changes in
lithology or topography, with contrasting
magnetic anomalies of various amplitudes,
wavelengths, and patterns. The magnetic anomaly
values vary between -210 and 42 nT. The study
area corners, and the central regions (Figure 4a)
are home to magnetic anomalies of circular and
elongated styles with highest amplitudes 42 nT.
These elongated and circular anomalies reflect
geologic body outlines, and the elongation shows
the strike's direction of the geologic body [56].
The lowest value of magnetic anomaly -210 nT
extrapolates thick sedimentary cover that exists
above the center of the basin towards the
southwest. The fault contact related to the NFS is
characterized by a contrasting style of negative
and positive magnetic anomalies.

The irregular bimodal distribution of magnetic
anomalies reflects different lithological varieties
and the contrast distribution of a dense
sedimentary succession. The RTP map reflects the
existence of a wide range of magnetic values (-
227 to 120 nT). The highest magnetic value is 120
nT, which extend in northwest and southeast
directions, while the lowest value -227 nT with
NE-SW directions, exist in the central and
southwest parts with NE-SW directions (Figure
4b). The granitic rocks have higher anomalies
than the Murdama basin volcanosedimentary
successions. Meanwhile, the granitic suits show
contrasting anomalies, where the Abanat suite has
relatively lower magnetic anomaly values than the
Idah plutons, which have significantly higher
magnetic anomaly values over the study area. Al
Khushaymiyah complex anomaly is higher than
the Abanat suite, and is similar to the Idah
plutons, and there is a high anomaly at the eastern
part of the Murdama basin near Al
Khushaymiyah. The NW linear extension of this
anomaly predicts the extension of this anomaly in
the subsurface.
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Figure 4 a) total intensity magnetic map for the northern part of the Murdama basin; b) reduced to the pole

(RTP) map

The AS enhanced both the extent and direction sources derived from the regional separation
of the magnetic anomalies along the contact of technique have NE-SW direction parallel to the
granitic plutons, where the Idah plutons and Al terranes boundary between Ha’il and Afif
Khushaymiyah complex have higher boundary domains, so the source of the deep-seated
anomalies than other post-Murdama intrusive anomaly may be inherited from the older activities
suites. Meanwhile, the AS technique unraveled of the arc-related basements. Granitic suite
the presence of a structurally controlled basement contacts are the source for the shallow-seated
anomaly underneath the eastern domain of the magnetic anomalies, with extension of the Al
Murdama basin. The AS map revealed the Khushayimah complex underneath the thin
existence of linear border anomalies with NW sedimentary cover of Jurdahawiyah below the
direction at the contact with the Suwaj suite and to eastern part of the basin. The Idah and Abanat
the SW of the Idah suite plutons in the eastern suites have higher anomalies at the eastern
part of the study area. boundary of the Murdama basin.

The TD map revealed the existence of curved The AS map (Figure 5a) gives high resolution
to circular magnetic anomalies at the contacts detection for the edges of the magnetic anomaly
with the Idah and Abanat plutons, and Al sources). The effect of the NFS with NNW-SSE
Khushaymiyah complex. The eastern part of the trend is significant in the study area. The TD map
basin is controlled by NW subsurface lineaments (Figure 5b) provides the dominant trend more
pathways, and this may reflect shallow depth to simply and plainly than the RTP map, and
the older basement, and the later NFS related confirms the predominant effect of the NFS with a
magmatism. The deep-seated magnetic anomaly significant NNW-SSE structural trend.
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The subsurface structural trends based on reflects the existence of NE-SW and NNE-SSW
different techniques, such as the RTP map (Figure trending faults. These subsurface lineament trends
4b), and the regional (Low-Pass) magnetic map are related to the NFS framework.

(Figure 6a), are compatible with no significant Many contrasting high and low magnetic
difference. Numerous magnetic anomalies of anomalies exist on the residual (high-pass)
long-wavelength and low-frequency with various magnetic map (Figure 6b). These anomalies are
patterns, magnitudes, and trends may be seen on located in center and western regions, and there
the low-pass magnetic map (Figure 4a). The are linear magnetic anomalies induced by
structure styles and the deep crustal sources could shallow-seated structural lineaments. NE-SW, N—
be identified from the shape and frequency of S and NW-SE residual anomaly trends occupy the
these anomalies. The regional magnetic map southern and western domains of the study area.
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4.2. Types source of alteration minerals carbonate rocks as a result of intruding felsic
causative magmas to produce varieties of calc-
silicate minerals, including wollastonite, garnet,
and pyroxene [57-60]. Therefore, skarns are

Skarns are derived from the interaction
between the hydrothermal fluids with the
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always found near igneous causative magmas, and
along fractures and shear zones pathways [61],
based on the source and type of the hydrothermal
fluids [62], with evidence for shallow geothermal
systems at shallow crustal levels [63, 64]. The
existence of wollastonite suggests SiO;
supersaturated causative intrusions, the Idah and
Al Khushaymiyah suites being the main causative
magmas for previously recorded skarn deposits in
the basin. Wollastonite mineral mapping reveals
its existence at the contact with Idah plutons at the
upper left corner of the study area (Figure 7a).
Although the NFS is the main pathway fractures
network, there is no record for the calc-silicate
alteration mineral zones in the central domain of
the basin. The wollastonite exist only at the Idah
suite contacts with the Idah suite, and this reflects
the saturation of the magma with SiO», and this
explains the existence of other skarn deposits at
Qitan and An Nimriyah South at the contact of
Idah suite causative magmas (Figure 2), (Table

43" 200 "E 43°40'0"E
h
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S1). The wollastonite is absent at the contact of Al
Khushaymiyah complex (Figure 7a), because
there is no direct surface contact with the
Murdama group (Figure 3), but the higher
magnetic anomaly suggests the existence of such
contact in the subsurface.

Garnet is an important proximal indicator of
metasomatized carbonate protoliths [2]. Garnet
exists at the upper left corner of the study area, in
association with the wollastonite (Figure 7b).
Garnet exists at the same area of the wollastonite
at the contact with the Idah suite, with no effect
for the NFS fracture system on the distribution of
the hydrothermal skarn deposits. Meanwhile, the
tectonic contact between the basin and the Suwaj
suite is barren of skarn calc-silicate minerals,
including the garnet and wollastoniate, and there
is no effect of Al Khushaymiyah complex on the
Murdama basin (Figure 7b). Pyroxenes are a
common distal indicator for the skarn deposits [2,
65].
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Figure 7 a) Wollastonite mineral zone; b) garnet mineral zone. Spectral Angle Mapper (SAM) is in red,
Constrained Energy Minimization (CEM) is in green, and Spectral Information Divergence (SID) is in blue.

Pyroxene exists with other calc-silicate
minerals in the northwestern corner of the study
area, but with a relatively greater extent than other
calc-silicate minerals away from the contact of the
Idah suite (Figure 8a). The mapping of different
calc-silicate alteration zones related to the skarn
deposits in the investigated area confirms the
distribution of the mineralization with the Idah
suite. Therefore, the Idah plutons are the main
causative magmas for the skarn deposits in the
Murdama basin, with no effect for Al
Khushaymiyah complex and the NFS fracture
system. Meanwhile, the Idah suite is the causative
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magmas for other skarn deposits in the Murdama
post-amalgamation basin at Qitan and An
Nimriyah South (Table S1). Furthermore, the
barren NFS fracture system suggests that the
hydrothermal activity was derived from the Idah
suite magmatic system. However, the Al
Khushaymiyah complex is the causative magma
for the Kirsh skarn (Table S1), it has no effect on
the Murdama group, where there is no direct
contact with the Murdama group. Meanwhile, the
tectonic contact with the Suwaj suite is barren
(Figure 8b).
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Figure 8 a) Clinopyroxene mineral zone; the colors as in Figure 7; b) the proposed skarn deposits at the contact
between the Idah suite and the Murdama group, based on the integration of Spectral Angle Mapper (SAM),
Constrained Energy Minimization (CEM), Spectral Information Divergence (SID), and the magnetic anomaly of
the Idah suite.

The intersection points of faults and the
intrusive contact are suggested as a promising
areas for ore deposits related to hydrothermal
fluid flux [66]. The depositional zone of the
proposed skarn deposits (Figs. 7&8) are dissected
by faults related to the NFS, and at the contact
between the Murdama member and the Idah suite.

5. Mineralization types of the proposed skarn
deposits

Different fractal, statical, and geochemical
modeling techniques have been used to explore
the distribution controls of ore deposits [67-72].
The redox state for the protolith and the causative
plutons controls the type of skarn deposits
mineralization. Nickel plate mine in British
Columbia is an example for reducing conditions
for the protolith and the wall rock, so Au is the
common ore deposit in such conditions [73]. In
the Cu skarn prospect of the Philippines, the
conditions of skarn ore deposits are oxidizing with
more garnet [74-76]. The conditions of the
magma control the type of skarn-related ore that is
being evolved, Au and Sn exists in reducing
conditions, but their association in the same
magmatic system is rare, because Au associates
mafic magma, while Sn exists in felsic magmatic
systems [7]. The distribution of Cu — Mo deposits
favor oxidized magma, but Mo exists in less
oxidized systems and highly fractionated felsic
magmas, while Zn — Pb exists in contrasting
conditions of various degrees of fractionation.
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Volcanosedimentary arc-related successions
skarn deposits are the predominant type in the AS,
except for few localities in Jibal Qitan, An
Nimriyah South, and Kirsh (Figure 2; Table S1).
Meanwhile, the Murdama basin is intruded with
different types of granite causative magmas, so
the contact between the causative post-Murdama
granite and the Murdama member are suitable
locations for skarn deposits. Meanwhile, Al
Khushaymiyah complex and Idah suite are the
main causative magmas for the skarn ore deposits
in the Murdama post-amalgamation basin (Table
S1), including Jibal Qitan and An Nimriyah South
reduced skarns related to the Idah causative
plutons (Figure 2; Table S1), with Sn — W
mineralizations  [16]. However, the Al
Khushaymiyah complex is an oxidizing causative
magma, and this complex induced the Kirsh
oxidized skarn (Table S1). The redox state of the
post-Murdama plutons, based on the Fe'’Fe2*
ratio Fe;Os / (Fe;O3 + FeO) vs. SiO; diagram after
[3], confirms the reducing state for the Idah
magmas and an oxidizing state for Al
Khushaymiyah complex (Figure 9). In the area
under investigation, the Idah suite intrudes the
Murdama limestone, while Al Khushaymiyah
complex has no direct contact with the Murdama
group, so reduced skarn at the contact with the
Idah suite are proposed to exist (Figure 8b), based
on the extension of the magnetic anomaly, the
extent of the calc-silicate mineral alteration zones,
and the redox state of the Idah suite.
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Figure 9. Redox state for the post — Murdama granite causative magmas; the geochemical analyses from [45]; for
the complete analyses refer to (Table S2), where analyses with Fe203T were excluded from the plotting. The
redox index based on the Fe:03 / (Fe203 + FeO) vs. SiO: after [3]

The metal associations of skarn deposits are
classified under four categories: 1) Mo — W — Cu
— Zn — Pb, and this type exists in oxidized,
moderate to strong fractionation condition [7, 77];
2) Fe — Cu (W) — Au — Zn — Pb, and this
category favors oxidized, weak to moderate
fractionation condition [7, 78]; 3) Sn — W — Zn —
Pb, and this type occurs in reduced, strongly
fractionation environment [1]; 4) Au — Zn — Pb,
and this association exists in reduced, weak to
moderate fractionated conditions [7]. Reduced
skarn deposits in the Murdama basin induced by
the Idah suite causative magma are enriched in Sn
— W  mineralizations, i.e. Jibal Qitan
garnetiferous-type skarn deposits [16]. Based on
the integration of three different datasets; the
preliminary results suggest the existence of
reduced skarn deposits in the Murdama basin at
the contact with Idah causative magma. The
Precambrian limestone member in the marine
bains of the AS are promising areas for skran
deposits, and more geologic and geochemical
investigations are required.

6. Discussion

The AS has voluminous post-amalgamation
mixed and marine basins including the Murdama
basin, most of the recorded skarn deposits in the
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ANS are arcrelated volcanosedimentary
successions, except for few localities in the
Murdama marine basin (Figure 2). During the
Cryogenian c. 650 Ma, the ANS experienced the
transition from arc-related deposition systems to
deposition in different types of post-amalgamation
basins [10, 12]. Late Neoproterozoic (650 — 542
Ma) marine basins are dominant in the AS, with
an average thickness of c. 4 km [10].

Late Ediacaran post-Murdama granitic plutons
intrude the marine basins. These suites include the
Al Khushaymiyah complex, Idah, Abanat, and
Ruwaydah suites, and the Gharamil granite. Skarn
deposits are well-developed at the intrusive
contact between the carbonates protolith and late
intrusions [2, 3, 9]. Meanwhile, the post-
amalgamation basins variably experienced brittle
deformation style with common cleavage,
fractures and lineation, and such fracture systems
are the pathways for hydrothermal fluid activities.
Meanwhile, both the Idah suite and Al
Khushayimah complex are the main causative
magmas for the skarn deposits in the Murdama
marine basin at Qitan, An Nimriyah South, and
Kirsh (Figure 2; Table S1). Therefore, skarn
deposits were proposed to exist at the contact
between these causative suites and the Murdama
group. However, the mapping of calc-silicate
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alteration zones reveals the existence of skarn-
related minerals at the contact with the Idah suite
and the Murdama limestone, with no record for
the calc-silicate indicators at the contact of Al
Khushayimah complex (Figs. 7 & 8). Meanwhile,
the contact of the Al Khushayimah complex is
barren, because it intrudes the Jurdhawiya
formation with no direct contact with the
Murdama formation (Figure 3). The barren NFS
fracture system suggests that the source of
hydrothermal fluids was the Idah suite magmas,
because the detected calc-silicate alteration zones
exist at the contact of the Idah suite with the
Murdama group.

The Idah post-Murdama causative magmas are
the main trigger for the skarn deposits in the
Murdama basin, including Jibal Qitan, An
Nimriyah South, and Kirsh skarn (Figure 2). Jibal
Qitan garnetiferous-type skarn deposits exist at
the contact between the Qitan causative granite
and the Murdama limestone member [16]. Sn-W
mineralization is exposed at the surface in Qitan
skarn locality, with possibility for potential
subsurface mineralization at the contact between
causative plutons and the Murdama group
limestone [16]. Different post-Murdama causative
granite types intrude the Murdama carbonate, so
these intrusive contacts are promising areas for
the skarn deposits. However, different causative
magma types intrude the Murdama basin,
including the Idah, Al Khushaymiyah, and Abanat
suites. There is no direct contact between the
Murdama group and the Al Khushaymiyah, and
the Abanat suite intudes the Murdama carbonate
barren sucessions. The fluid structural framework
subsystem requires intersection with the causative
magma contact [66]. The Idah suite is the only
post-Murdama causative magma in the study area
that intrudes the Murdama member, so a new
localities for the reduced skarn deposits have been
proposed.

7. Conclusions

The integration between potential field
magnetic data, ASTER, and the geochemical
database give the following conclusions:

1. The Idah plutons have the highest
magnetic anomalies than other post-
Murdama intrusive suites.

2. The calc-silicate mineral alteration
zones exist at the contact of the Idah
suite, without any record for such
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alteration zones along fracture systems
related to the NFS.

3. The intrusive contact between the
Murdama member and the post-
Murdama suites is barren. However, the
Al Khushaymiyah complex, which
caused the Kirsh oxidized skarn has no
direct contact with the Murdama group.

4. The skarn mineral alteration zones in
the study area was induced by the Idah
suite, which has a reducing state.
Meanwhile, this is confirmed by the
reduced skarns at Jibal Qitan and An
Nimriyah South, where both of them
were induced by the Idah suite.
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