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Abstract

The provincence of a conglomerate from the Maatar formation of the Thalbah group in NW Saudi
Arabia is investigated. Igneous clasts within the conglomerate preserve a record of magmatism
related to the formation of the Arabian-Nubian Shield between 800 and 550 Ma (

). U-Pb zircon dating via laser inductively coupled plasma was performed on a number of clast
samples, together with their sandstone matrix. The clast gives ages of 653 +10 Ma 710 +10 Ma and
753 +10 Ma. The matrix provides a range of ages from 405 Ma to 2600 Ma. All ages can be derived
from locally derived sources and supports the hypothesis that the Thalbah group represents localy
derived recycled material.
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1 Introduction
1.1 The Arabian-Nubian Shield and the Thalbah Group

The Arabian-Nubian Shield, ANS, is located on the African and Arabian plates and is divided into its
Arabian and Nubian parts by the Red Sea (fig. 1). The ANS formed during a sequence of events
involving the opening and closing of the Mozambique Sea and the formation of Gondwana (Johnson

et al., 2011)
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Figure 1. Map showing extent of the ANS. The Thalbah group that was investigated is located in the Midyan terrain in NE
Saudi Arabia. The Haommamat group is located in the Eastern Desert in Egypt which is divided into a northern (NED), central

(CED) and southern (SED) part. Image from Johnson et al, 2011.



The first stage in the formation of the ANS starts with the break-up of Rodinia which occurred

between roughly 870-800 Ma ( ). During Rodinias break-up the accompanied
rifting will lead to the formation of the Mozambique Ocean and with it a system of arcs, back-arcs
and ocean spreading zones ( ). The arcs will ultimately accrete to the nearby

Saharan Craton and form a region of amalgamated arcs, back-arc basins and oceanic crust and it is
this collection of material that makes up the bulk of the ANS. The Mozambique Ocean will exist until
670 Ma at which time there is a collision between what will become the eastern and western parts of
the new continent Gondwana and forms the East African Orogen (

). With this orogen there is also a transition from arc magmatism to the formation of large
plutonic complexes within the ANS. The area continues to be tectonically active until 550 Ma, with
ongoing magmatism and structural reworking due to the shortening during collision. At the end of
orogen the area is highly eroded, becomes a region of low relief and a depositional site for Paleozoic
sandstones ( ).

This Project involves samples taken from the Thalbah group which is located in the Midyan terrain in

North-Western Saudi Arabia ( ). There are two major formations in the Thalbah group; Dhaiga
and Maatar. The overlying Dhaiga formation consists of calcareous sandstones and siltstones and is
about 500 m thick ( ). The exact depositional environment for the Dhaiga formation is

debated. There is evidence that it is aqueous but nothing that can unambiguously say if it is marine,
lacustrine or estuarine. The Dhaiga formation has a reported formation age of 600 to 530 Ma (

). Molassic sediments from the Maatar formation is underlying the Dhaiga formation
indicating that a change from a terrestrial to an aqueous environment occurred. The Maatar
formation consists of a fining upwards sediments, from a conglomerate to a mudstone over about
150m ( ). The Maatar formation has an equivalent on the Egyptian side of the red sea in
the Hammamat group which also consists of molasse sediments ( ). There is
debate regarding the formation history of the Hammamat group centered on the tectonic differences
observed throughout the group making a single tectonic model difficult to achieve (

).

1.2 Description of the Project

This project examines the relationship between the clasts in the Maatar formation conglomerate and
their sandstone matrix in an attempt to provide insight on the formation history of the Thalbah
group. The project in designed to determine the age of each of the igneous and metamorphic clasts
and sto asses how these ages are represented in the sandstone matrix. The matrix age populations
will also be determined and evaluated for correlations with the magmatism associated with the
formation of Gondwana (670-550 Ma) and the arc magmatism of the Mozambique Ocean (800-630
Ma) ( ). The ages of the grains present in the conglomerate will provide
information about the relationship between the clast and the matrix and depending on those
relations the sedimentological setting can be further understood. The hypothesis is that the
conglomerate is made up of localy derived material that has been recylced. The dating is performed
using the U-Pb technique on zircons from all samples and the analyses were performed using, laser
ablation inductively coupled mass spectrometery, LA-ICPMS, together with cathodoluminescence, CL,
imaging.



1.3 U-Pb Dating and Zircons

Zircon (ZrSiQ,) is a naturally occurring accessory mineral that can be found in both igneous and
sedimentary rocks, as well as in metamorphic rocks ( ). Zircons can incorporate a
number of different trace elements in its structure. The mineral is very stable chemically as there is
little element exchange after formation, and physically as the mineral itself tends to survive for a long
time. It is consequently well suited for use as a dating tool in geochronology. Zircon has a density of
4.66 g/cm® which is relatively high and useful when separating it from other rock-forming minerals

( )-

Among the different trace elements that can be incorporated into the structure of zircon the
elements of the U-Th-Pb system are the ones that are commonly used for dating purposes. The
system involves 3 distinct decay reactions, shown with their decay constants ( ) below.

(1) 22U > U > *°°Pb (\=1.15512 *10™%a™")
(2) *°U > *”Pb (A=9.8485 *10™° a™!)
(3) **Th > ***Pb (A=4.9475*10"" 2™

From the decay constants of equations 1 and 2, the two decay chains will evolve independently and
when looking at them together the value of *’Pb/*°U will always be larger than *°*°Pb/***U because
23y decays faster. As long as the system is closed and uninterrupted **’Pb/**°U and ***Pb/**U will
both be evolving along a curve called a Concordia. If the system is open ir cannot be used for age
determinationsand ( ).

1.4 LA-ICPMS and CL

Laser ablation techniques utilize a high energy laser beam focused at the surface of a target (the
zircon grain in this case) to mobilize the atoms present in the sample. The laser will excite electrons
in the sample and subsequently melt and vaporize the sample forming an aerosol (

). The aerosol is then transported towards the inductively coupled plasma mass spectrometer,
ICPMS, with the aid of a carrier gas, in this case Helium. A tiny cone above the sample location, an
ablation cup, focuses the aerosol and thus ensures that more of the aerosol is collected.

In the ICPMS the aerosol is put through a torch made up of a coil that heats the sample. An Argon gas
is introduced to the sample. In the torch a plasma forms due to the high temperatures (10,000K) and
the Argon gas will start to lose electrons and thereby ionizing the aerosol and generating an ion
beam. The ion beam is then directed into a vacuum chamber where a series of electrostatic lenses
focus the beam and accelerate it towards the quadrupole. The quadrupole can be used with an
alternating current (AC) or a direct current (DC) and so is able to direct ions with a specific weight
and/or charge interval to the detector where the ions are counted and the information is then
recorded by using software ( ).



Zircons often have a heterogeneous internal structure that is influenced by a number of different
processes. These include: compositional zoning, different types of alteration (hydrothermal, etc.),
dissolution as well as simple impurities ( ). Using CL some structures can be
observed. CL is a phenomenon where an electron beam focused on a surface (sample) will cause
emission of photons from that surface and the wavelength of the light emitted will depend on the
elements present ( ). In the case of zircons, the varying amounts of REEs
incorporated into the mineral will have an effect of the wavelength of the emitted photons and this
makes it possible to see the internal structure of the grains. This is very useful when deciding where
to analyse the grains so that areas with many impurities and chaotic internal structure can be
avoided.

2 Samples

The seven samples ( ) selected for this project are all from the Maatar formation conglomerate.
The chosen samples represent six different sets of rounded clasts of different rock types, as well as
the sandstone in which the clasts were embedded.

There are four different igneous clasts among the samples. Two of them are granitic (10d-1 and 12a),
one of them is andesitic (10c), and one of them is finer grained volcanic clast (10b). 10c is a single
clast broken into two pieces. One part of the clast contains a small part of the metasedimentary
which may introduce some contamination and influence the final result. The granitic sample 12a was
already pre-crushed and the description of how the other samples where crushed does not apply to
it.

There are two different metamorphic clasts among the samples: one hydrothermal (10d-2) and one
metasediment (12b). The hydrothermal sample shows high degree of alteration which could make it
difficult to date. The metasedimentary clast is a compacted conglomerate with small pebbles and
smaller grains in a fine matrix. Because of its sedimentary nature the metasediment will be treated
the same way as a detrital sample, that is looking at populations of different grains ages instead of
determining a formation age. The final sample (32) is the sandstone matrix hosting all the clasts. A
short overview of all samples is provided in in the results section.



Figure 2. Images of the samples. In order: 10b Volcanic clast, 10c Andesitic clast, 10d-1 Granitic clast, 10d-2 Hydrothermal
altered metamorphic clast, 12b Metasediment, 32 Sandstone. There is no image of sample 12a Granitic clast.



3 Methods

3.1 Mechanical Separation

The process of reducing whole rock samples down to a few grains of zircon to be analyzed by the LA-
ICPMS is performed in multiple stages using a number of different techniques.

The first stage is crushing the rock to sand size particles. This was performed using a Retsch RS 200
vibratory disc mill. The mill is only able to handle rock pieces of about 1 cm? so the rock samples had
to be cut and hammered until they were sufficiently small to feed into the mill. During this process
thin slices of the rocks are cut and preserved for identification of the different rock types (see )
since they were heavily weathered and hard to identify without a fresh surface. Thin-sections were
not made due to limited sample size and time limitation but would have provided a more accurate
classification of the rocks.

The first stage of actual separation was with a Wilfley-table. The Wilfley-table utilizes flowing water
to separate grains, similar to how a river works. The lighter grains are more readily transported by
the water and move faster, leaving the heavy fraction (which includes zircon) behind. The Wilfley-
table reduces the sample to a tiny fraction of its original size. A magnet is then used on the heavy
fraction to remove magnetics phases from the samples.

3.2 Heavy Liquid Separation

The high density of zircon allows futher separation of the heavy fraction. The synthetic liquid
methylene iodide, ML, (also known as diiodomethane) has a density of about 3.3 g/ml. The method
uses a separating funnel filled with enough ML to accommodate the sample and when the sample is
introduced the particles lighter than the ML float on top of the liquid while the heavy particles sink to
the bottom. The two fractions are then removed from the ML and thoroughly cleaned with acetone
so the ML would not interfere with any analysis. During this process the samples are reduced to
about half their size compared to before the heavy liquid separation.

3.3 Sieving, Picking and Mounting

After looking at the different samples in a binocular microscope the decision was made sieve two of
the samples. The samples 32 and 12a were sieved with sieve openings of 163um and 130um
respectively. The zircons in both samples were generally smaller than the other grains so sieving
efficiently increased the relative abundance of zircon in preparation for picking.

Individual zircons were then hand-picked with the help of a light microscope. Two different methods
where used when picking: for the igneous clasts only zircons of the most dominant type were picked,
since they would give the best estimate of the formation age. At least 50 grains were picked for the
igneous clasts. For the detrital and metasedimentary samples the approach was to try and pick
zircons from all the different populations present in the sample; this meant also trying to find zircons
from outside the dominant group and achieving a representative selection of the sample. This



process is prone to some bias since it is done by visual identification of grains and populations in the
sample. At least 150 grains were picked for the detrital and metasedimentary samples.

The picked grains were placed on tape. When all samples were picked a plastic mounts was made
trapping the grains and making it possible to polish the mount and grains using a diamond spray until
the grain cores were exposed. The surface of the mount was then coated with a thin gold layer
before imaging.

3.4 SEM and CL

Images where made of the different samples to determine which grains were suitable for analysis. A
Hitachi 5-4300 scanning electron microscope, SEM, with cathodoluminescence, CL, detector at the
Swedish Museum of Natural History was used. Comprehensive CL and SEM images were made of all
samples. The instrument was set to an accelerating voltage of 15.0 kV and a beam current of 10 pA.
After the CL imaging 5 of the 7 original samples were selected to be further analyzed by LA-ICPMS.

3.5 Laser Ablation ICPMS

The analysis of the samples was made with a New Wave NWR 193nm Excimer laser coupled to a
Thermo X-series 2 quadrupole inductively coupled plasma mass spectrometer, ICPMS. The laser was
set to a laser energy density of 7 J/cm?, a repetition rate of 10 Hz and a spot size 25 um. For each
grain analyzed the same analytical sequence was used: background for 15 seconds, then
measurement while the laser was ablating for 40 seconds, and then a 10 second washout before
moving to the next grain. For accuracy control a known standard (the so-called secondary standard)
was analyzed and its results evaluated against the expected value for the standard. The standard
used was FC-5z. Plesovice was used as the primary calibration standard. An analysis of both Plesovice
and FC-5z was made for every 10 grains of the sample as well as a few times the beginning of each
analytical session.

3.6 Analysis of Raw Data

The data received from the ICPMS is processed in the program lolite run within the IGOR PRO
environment. The program looks at the relative abundances of the different U and Pb isotopes and
calculates ages using this data. Before ages are calculated the background was removed and
downhole fractionation were made (to account for the slight variation in values as the laser drills into
the zircon ( )). The secondary standard (FC-5z) gives ages within error of its known
age indicating that the ICPMS working well.

After being processed in lolite the data was exported into Excel where the application Isoplot is used
to determine the final ages from analyses with a discordance of 10% or less. The igneous grains were
plotted on a concordia diagram to calculate a single Concordia age. The ages for detrital and
metasedimentary samples were plotted on a histogram with bins corresponding to 4o error based on
the average error for the entire sample rock using the erros for all ages used in the plot. The bins size



used was 54 Ma for sample 32 and 56 Ma for sample 12b. A curve was plotted for each histogram
which gives the grain distribution.

4 Results

4.1 Sample Overview

A sample sumary is given in table 1 and as can be seen only a small amount of the igneous grains
were analyzed. The number of grains analyzed will have an impact on the quality of the data but,
since only a single age is required if the grains match an age can be obtained even with so few
analyses. The amount of grains analyzed in the detrital and metasedimentary samples (>125) match
what is required for having at least a 95% probability of finding grains from each population present
in the samples (Fedo et al., 2003).

TABLE 1

SAMPLE GRAINS GRAINS

NAME TYPE PICKED ANALYSED NOTES

10B Volcanic clast 50 None

10C Andesitic clast 50 8 2 pieces

10D-1 Granitic clast 50 5

10D-2 Hydrothermal clast 50 None

12A Granitic clast 50 21 Received already crushed
12B Metasedimentary clast 150 150

32 Sandstone 150 150 Matrix

4.2 CL images

The CL imaging shows a clear internal
structure of the zircon grains and
makes it easy to distinguish them from
grains of other minerals. An example
of a CL image from sample 12b is
provided together with the calculated
ages of the grains in the image (fig. 3).

#300 100um

Figure 3. CL image of grains from sample 12b with their respective ages
and 2o error.
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4.3 Igneous Clast Ages

The ages derermined for the igneous clasts are displayed in figure 4. The graphs show the final age
for each analyzed grain plotted together on a concordia diagram with the theoretical concordia curve
shown. Sample 12a shows inheritance of xenocrystic zircons as well as lead loss. These analyses were
excluded from the final analysis and only the youngest concordant grains were used in the age
determination for this sample. The samples give final ages of 710 £10 (10c), 753 +10 (10d-1) and 653
+10 Ma (12a); all of these are reasonable in regards to the known history of the ANS.
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Figure 4. Final calculated ages for the 3 analyzed igneous clast. The final age with its 2o error is represented by a gray
ellipse. The given values for the analyzed grains with their 2o are displayed as red ellipses. Sample 12a is shown in two
separate plots due to the big spread. The first plots displays all grains, the second shows the youngest concordant grains
which were also used to calculate an age for the clast.
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4.4 Detrital and Metasedimentary Ages

The detrital sample (32) is shown in figure 5 a number of different age populations can be recognized
in the sample. The youngest population plots with a peak at 405 Ma which is significantly younger
than the 600 Ma that has been reported for this unit (Miller et al., 2008; Bezenjani et al., 2014). The
peak represents 5 analyses and is therefor robust. There are some grains that are as old as 2600 Ma
and an intermediate population around 1900 Ma. Most of the grains plot between 550 and 800
which corresponds to the magmatic activity associated with the opening of the Mozambique Ocean
and the East African Orogen. The ages from the igneous clasts each defines one of the three peaks in
figure 5. Sample 12a (653 +10 Ma) could correspond to the peak at 664 Ma; sample 10c (710 £10 Ma)
could correspond to the peak at 715 Ma and sample 10d-1 (753 £10 Ma) has the peak at 766 Ma
within its error margin. The relative height of the peaks does not necessarily signify a higher amount
of the different populations because of the methods used (bias in picking grains, etc.) but does
reflect the populations that are present. The peak at 405 Ma suggest a maximal depositional age at
~405 Ma.

The metasedimentary sample (12b) is plotted in figure 6 in the same way as the detrital but as can be
seen the variation in the ages of the grains is not as diverse. The ages of the grains range from 750 to
550 Ma and this is a great match with the magmatic and tectonic history of the region, suggesting
deposition after 550 Ma. All of the ages in sample 12b also fit within the populations present in
sample 32.

Rflative Probability Diagram for Sample 32
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Figure 5. Probability diagram for the Sandstone matrix (sample 32). The graph shows the distribution of ages for the dated
zircons. Interesting peaks are defined with the age at which the peak occurs.
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Relative Probability Diagram for Sample 12b
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Figure 6. Probability diagram for the metasediment (sample 12b). The graph shows the distribution of ages for the dated
zircons. All grains fall within a single region ranging from 550 to 750 Ma.

5 Discussion
5.1 Implications of the Analytical Results

The data generated in this project provides new insight into the formation history of the Thalbah
group. The young, 405 Ma, population of grains found in detrital sample (32) highlights the possibility
that the formation age of the Maatar formation is younger than previously been proposed by
Bezenjani and Miller. Miller reported grains of zircon as young as 599 4.8 Ma in the overlying Dhaiqa
formation (Miller et al., 2008) and a basal layer with younger age seems counterintuitive. However
mapping in the region is poor and the unit may be mis-identified.

The Maatar formation represents molasse sediments and contains large clasts; this suggests
deposition close to the source of the detrius. The metasedimentary clast (12b), made up of grains
from a period when the ANS was tectonically active, indicates previous deposition and that the
material was compacted; this must have formed after 550 Ma (based on the youngest population of
grains) and then been broken up and transported into what would to become the Maatar formation.
The sedimentary portion on the 10c igneous sample supports the same process and it is likely that
the clast has previously been part of another (or the same as 12b) compacted conglomerate that has
been transported to the Maatar formation. During this time the depositional basin would have
received the young grains as well, though their origin would not be associated with the formation of
the ANS as described by Johnson (Johnson et all., 2011). After molasse deposition the basin changed
character and became an aqueous depositional environment (Miller et al., 2008); during this

14



transition it was possible that the source of the material also changed, i.e. the Dhaiqa formation also
received recycled material but from locations with a slightly different formation age. The
involvement of water makes it possible for the basin to receive material from further away and
supports this argument.

There is a possibility that the grains with very young ages could be due to contamination, although
the probability of multiple grains of similar age contaminating the sample would be very small. In the
case of a contamination second youngest population would have ages around 550 Ma and this would
match with the suggested youngest age of the Dhaiga formation proposed by Miller which is ~530
Ma ( ). This would not make the argument for recycled sediments less valid but
would change the timing back to the end of the East African Orogen.

5.2 Comments on the Quality of Data

The low amount of grains analyzed on the igneous clast limits the use of the data, but within the
confines of the project the fact that all the ages match with previously dated rocks in the region.
Ages present in the detrital and metasedimentary sample makes it probable that these samples give
reasonable ages despite the low total number of grains analysed. Sample 32 and 12b have enough
grains to make the results valid and with a 95% probability of finding all populations (

) and nothing in the values suggest any issues with the data.

The 405 Ma population is significantly different than previously reported values and changes the way
how the Thalbah group must be viewed. The likelihood of it being contaminated is regarded as low,
and the discrepancy from what is previously reported must be considered. To conclude, the Thalbah
group must have formed after 405 Ma and another experiment sholud be made to support the
validity of this age for the part of the Maatar formation.
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8 Appendix

The following table shows the comprehensive list of all analysis made in the LA-ICPMS. Values not
used in the final calculation of ages are stricken in the list and no ages are given when the
discordance is higher than 10%. The list shows the concentration of measured U, Th and Pb together
with the 3 main isotopic relations that are used when calculation ages. The ages provided where
calculated the 2°°Pb/?*®U ratio for ages under 1 Ga and the ratio between *’Pb/***Pb was used for
ages older than 1 Ga. The 20 errors are provided for all ratios as well as the final age and for each
grain the final discordance percent is displayed.

Sample [Ul  [Th] [Pb] 27pp/ 28y/ 27pp/ Disc  Final

o)
/spot # ppm  ppm ppm 2y 20 2%py, +20 2%py, Sl 120
101 104 7 1 1056 61 0119  0.006 00637  0.006 7 726 32
10c-3 493 i) 51 1011 0.06 0.116  0.005 0.0633  0.003 5 709 26
10c-5 786 68 78 1017  0.05 0.117  0.004 0.064  0.002 4 712 2
10c-6 705 61 71 1.020  0.06 0.117 0.004 0.0647  0.003 3 714 25
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