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ABSTRACT

In February 1978 a seismic deep-refraction profile was recorded by the
U.S. Geological Survey along a 1000-km line across the Arabian Shield in
western Saudi Arabia. The line beéins in Mesozoic cover rocks near Riyadh on
the Arabian Platform, leads southwesterly across three major Precambrian
tectonic provinces, traverses Cenozoic rocks of the coastal plain near Jizan
(Tihamat-Asir), and terminates at the outer edge of the Farasan Bank in the
southern Red Sea. More than 500 surveyed recording sites were occupied,
ineluding 19 in the Farasan Islands. Six shot points were used: five on
land, with most charges placed below the water table in drill holes, and one
at sea, with charges placed on the sea floor and detonated from a ship.
Slightly more than 61 metric tons of explosives were used in 19 discrete
firings.

Seismic energy was recorded by 100 newly-developed portable seismic
stations deployed in approximately 200 km-long arrays for each firing. Each
station consisted of a standard 2-Hz vertical component geophone coupled to a
self-contained analog recording instrument equipped with a magnetic-tape
cassette.

In this final report, we fully document the field and data-processing
procedures and present the final seismogram data set as both a digital
magnetic tape and as record sections for each shot point. Record sections
include a normalized set of seismograms, reduced at 6 km/s, and a true-
amplitude set, reduced at 8 km/s, which have been adjusted for amplifier gain,

individual shot size, and distance from the shot point.
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Appendices give recorder station.and shot linformation, digital data set
descriptions, computer program listings, arrival times used in the inteppreta-
tion, and a bibliography of reports published %s a result of this project.

We used two-dimensional ray-tracing techniques in the data analysis, and
our interpretation is based primarily on horizontally layered models. The
Arabian Shield is composed, to first-order, of [two layers, each about 20 km
thick, with average velocities of about 6.3 km/s and 7.0 km/s, respectively.
At the western shield margin the crust thins tad less than 20 km total
thickness, beyond which the Red Sea shelf and coastal plain are interpreted to
be underlain by ocean;d crustﬂ

A major crustal lateral éélocity inhomogeneity northeast of Sabhah in the
Shammar Tectonic Province is i;terpreted as the suture zone of two crustal
blocks of different eompoéition. Several high+tvelocity anomalies in the upper
crust correlate with mapped gneissic dome structures. Two intra-crustal

reflectors at 13 km depth are interpreted as the tops of mafic intrusives.

The Mohorovicic discontinuity beneath the shield varies from 43 km depth

in the northeast with 8.2 km/s mantle velocity: to 38 km depth in the southwest
with 8.0 km/s mantle velocity. Two velocity discontinuities are identified in
the upper mantle, at 59 and 70 km depth.

We suggest further work, including refined analyses of the data employing
' filtering and synthetic seismogram techniques,las well as consideration of
attenuation properties. Extension of the seismic refraction profile to the

Arabian Gulf and some short profiles perpendicrlar to the existing profile

would be fruitful areas for future field work.
f



INTRODUCTION

Purpose and rationale

A large-scale seismic deep-refraction line across the Arabian Shield and
coastal plain of the Kingdom of Saudi Arabia was proposed in 1974 by the
geophysics group of the U.S. Geological Survey Saudi Arabian Mission/Director-
ate General of Mineral Resources (USGS/D@MR). The refraction profile was
included as a part of the geophysics program of the DGMR Sectoral Plan, Second
Five-Year Development Plan, and constitutes part of a larger program to
delineate the crustal structure and tectonic framework of a 150-km-wide strip
transecting the major tectonic, structural, and lithologic provinces of the
Arabian Shield. This program, colloquially referred to ;s the "geophysical
strip," was envisioned to comprise an integrated investigation of the
aeromagnetic, gravitational, electrical, electromagnetic, and seismic velocity
responses of the crust along the strip. For best constraint on the
interpretations, an area was chosen for which there are reasonably complete
sets of high-quality geologic maps at 1:100,000, 1:250,000, and 1:500,000
scales.

The refraction profile extends for about 1,000 km, approximately down -the
center of the strip; it is roughly paréllel to the southeastern boundary of
the shield and roughly perpendicular to other first-order structural
boundaries (fig. 1). Starting in the northeast at the Mesozoic sedimentary
platform rocks west of Riyadh, it traverses the Al Amar-Idsas fault zone, the
Shammar, Najd, aﬁd Hijaz-Asir tectonic provinces (Greenwood and others,19§6y,
the exposed western margin of the continental plate at the foot of the Asir
escarpment, and almost all of the eastern Red Sea shelf, from coastal plain to

axial trough in the southern Red Sea.



We were primarily seeking information on
bulk composition of crustal layers to the dept
tinuity (40 km or more), which could then be ¢
other geophysical data. The profile parameter
would allow us to examine fundamental question
cratonization and tectonic evolution of the Ar
significance of tectonic, magmatic, and metall
and the nature of a continental plate margin i
addition to its intrinsic importance, a thorou
framework of Saudi Arabia is essential so that
exploration can be developed.

There are two basic approaches to mineral
involves immediate prospecting, with drilling
indications of mineral resources. The other i
sound geologic model of the region from which
the region in the geologic past can be inferre
develop exploration strategies based on known
processes with mineral occurrence. In a regio
mineral deposits the first approach is general
region that has been thoroughly prospected in
resources are less likely to be located by sur
approach has many advantages.

Usually, some ¢

makes up an exploration program, as it does in

N

the thickness, structure, and
+ of the Mohorovicic discon-
rrelated with geologic and

were chosen to yield data that

concerning the late Proterozoic
abian Shield, the origin and
pgenic provinces of the shield,

[

nh an active spreading zone. In

gh understanding of the tectoniec

strategies for mineral
exploration. One approach

and sampling based on surficial
nvolves the development of a

the processes that have acted on

d. This model is then used to

associations of geologic
n that is rich in surficial
ly more efficient. But in a

the past, so that new mineral

ficial prospecting, the second

ombination of the two approaches

Saudi Arabia. Part of our goal

in Saudi Arabia was to design a refraction profile line leading to a crustal
model that could be compared with results from other studies, where mineral

occurrence and crustal structure have been correlated.
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In discussing seismic refraction methods, it is important to recogpize
how they differ from seismic reflection methods. The reflection method is,
perhaps, the most powerful method for investigating sedimentary basins or
other areas where flat-lying boundaries are present in the subsurface. It is,
however, much less effective in crystalline rock terrane where boundaries tend
to be irregular and do not produce clear reflections that can be identified
over large distances. It is probable that new techniques for use in the
exploration of crystalline rocks will evolve, combining refraction and
reflection methods, and we expect that they will become powerful tools for

exploration in regions -such as the Saudi Arabian Shield.

Chronology of the seismic deep-refraction profile project

During January and February of 1978 the USGS recorded a seismic deep-
refraction profile across western Saudi Arabia in accordance with the
objective of Program 6.9 of the DGMR Sectoral Plan, Second Five-Year
Development Plan, and under the terms of the Fourth Extension of a Work
Agreement between the USGS and the Ministry of Petroleum and Mineral
Resources. Initial plans and preparation for this large undertaking are
documented by Status Reports No. 1 (Anonymous, 1976) and No. 2 (Lamson and
Blank, 1978).

The refraction experiment was carried out by a team of specialists from
the USGS Office of Earthquake Research and Crustal Studies, Menlo Park,
California, under the direction of J. H. Healy, and with the assistance of the
USGS Mission professional staff and support personnel in Jiddah. Administra-
tive responsibility rested with the USGS Mission. Both groups also provided

technical advice and logistical support for two closely-related projects
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\concerning borehole temperature logging and microearthquake recording that
fwere conducted by the geophysics group of DGMR.
One hundred new, advanced, portable seismographs were developed by the

USGS (Menlo Park group) for use on the Saudi Aribian profile. Each of the

cassette-tape recording units was equipped with|an internal crystal clock and

a programmable automatic-turn-on device so that|they could easily be deployed

successively in each of five 200-km recording spreads. A portable computer
center that included a field tape playback, dig*tizer, and plotting system was
moved along the profile to provide rapid feedbaék of the data quality and
content and to allow for preliminary assessment|of scientific results as the
experiment progressed.

Five drillhole shot points were on land; tge sixth shot point was at the
southwest end of the profile in the Red Sea, where explosives on the ocean
bottom were detonated from a ship. Temperature profiles were logged in the
drill holes immediately before explosives were loaded. Shot arrivals (and
seismicity) were also recorded at five Geotech Portacorder portable recorder
stations on the Red Sea coastal plain (Tihamat-Asir). The temperature logging
and the Tihamat-Asir project were executed by the geophysics group of the DGMR.

Lamson and Leone (1979) began processing the data at the USGS offices in

Menlo Park, California; they compiled a catalog that included a partially

filtered plot of the first 2.5 s of each record at each recorder site and a
spectral analysis of the last half of this 2.5 s record interval. A first-
arrival analysis of the data set was then made, using the partially-filtered
‘plots. Next, computer software was developed so that the data could be
conveniently edited and/or filtered. The raw data were then completely

re-digitized from the original field cassette tapes and edited to increase the
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length of the data record, the density of samples within each record, and to
include calibration information needed for true-amplitude calculations. New
normalized record sections were prepared from the re-digitized data set at
reduction velocities of 6 and 8 km/s.

The record sections, along with the preliminary report (Blank and others,
1979), a 1:2,000,000 scale geologic map (U.S. Geological Survey-Arabian
American 0il Company, 1963), and the catalogs of Lamson and Leone (1979), were
distributed to members of the Commission for Controlled Source Seismology
(CCSS) of the International Association for Seismology and Physics of the
Earth's Interior (IASPEf)} The CCSS, which includes many of the world's
leading refraction seismologists, had agreed to undertake interpretation of
the Saudi Arabian seismic deep-refraction profile in order to investigate
improved methods of interpreting laterally inhomogeneous earth structure.

Kohler and others (1979) completed a preliminary analysis of P-wave
attenuation on the Arabian Shield using the method of spectral ratips. Lamson
and others (1979) and Blank and others @un-AJKO have interpreted ;he
southwest end of the profile from shot point 4 to shot point 6 across the
boundary between the Precambrian shield and the Red Sea crust. Preliminary
reports of these analyses were given at the 1979 annual winter meeting of the
American Geophysical Union in San Francisco.

The interpretations of the Saudi Arabian refraction data by the members
of the CCSS working group resulted in 18 written and oral papers, which were
presented at a meeting in Park City, Utah, 10-16 August 1980 (see Mooney,
1980). The volume of the proceedings of this meeting (in preparation) will

contribute substantially to our understanding of the structure of the Arabian

Plate-~Red Sea system.



Results of the Tihamat-Asir microseismicity study are reported in
Merghelani and Gallanthine (1986), and the heat flow studies in Gettings
(1981), Gettings and Showail (1982), and Gettings (1982).

The remainder of this report contains a summary of the geologic setting
of the refraction profile transect and a discussion of its first-order
gravity, magnetic, and heat flow features, as well as the results of previous

|
seismic investigations along it. We have doc }nted the refraction profile
field operations and the data processing, and presented the final recordA
sections (pls. 1-6) with a discussion of their uncertainties. Our traveltime
analysis of the recor&'sections, which included use of two-dimensional
ray-tracing techniques, is followed by a general discussion of the seismically-
defined features of the sedimentary platform, various tectonic provinces of
the shield, and the Red Sea system. In the conclusions we recommend areas for
further seismic refraction research and identifp some of the data that is
likely, with further analysis, to yield further insight into the crustal

structure. : \
\

This is the concluding report of the 1978 Eaudi Arabian seismic deep-
refraction profile project. Our purpose has b%en to document the fieldwork
and present the final digitized data in the form of both digital tapes and
large-scale record sections suitablé for continued analysis by seismologists
'studying a wide spectrum of problems in the RedFSea-Arabian Plate System. We
hope that we have provided a framework for continued work in many fields of
earth science, and that the refraction data setias a whole represents
an important and fundamental contribution to ou& understanding of the Arabian

Plate. |
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GEOLOGIC SETTING
Overview

The generalized geology of the area of the refraction profile is shown on
plate 7, modified from Brown (1972). The tectonic map of Brown (1972) should
be consulted to supplement and clarify the geologic relations discussed here.
Most of the refraction profile traverses the Arabian Shield (fig. 1), which
consists predominantly of Precambrian metamorphic and plutonic rocks and forms
the western one-third of the Arabian Peninsula. The shield is thought to have
evolved from island arcs that formed during a series of subduction episodes
and were subsequently juxtaposed by compressional orogenies (Schmidt and
others, 1978). To the east, the shield is bounded by the Mesozoic sedimentary
rocks of the Phanerozoic Arabian Platform, which dip gently eastward and onlap
unconformably upon the shield (Powers and others, 1966). To the west the
shield abuts the Tertiary rocks at the eastern edge of the Red Sea seafloor
spreading system. This tectonic boundary is charcterized by complex faulting
and Tertiary dike injections and volcanism.

We do not describe the geology along the refraction profile in detail, but
a summary and references to the literature follow. The description follows
the profile line from northeast to southwest, starting with the sedimentary
platform, crossing the shield, and ending with the Red Sea seafloor spreading

system.

The Phanerozoic Platform

Powers and others (1966) have summarized the sedimentary geology of the
Arabian Peninsula; the 1:2,000,00 scale Arabian Peninsula Geologic Map (U.S.

Geological Survey-Arabian American 0il Company, 1963) shows the geologic field
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relations. The geological sketch given here is drawn entirely from these two
references.

The extreme northeast end of the refraction line is situated in the
Jurassic Dhruma formation, which is predominantly limestone and shale.
Proceeding southwest, the line crosses the exposed strata of the eastward-
dipping sequence of Marrat shales and limestones (Lower Jurassic), an
unconformity, the Minjur sandstone (Lower Jurassic or Triassie), the Jilh
sandstones and limestones (Triassic), and the %udair shale (Lower Triassic or
Permian) at shot point 1. Continuing s0uthwesq, the refraction line crosses
the Upper Permian Khﬁff limestone and shale, wﬂich is the base of the
sedimentary sequence in this locality, lying unconformably on the meta-
morphic rocks of the shield (Powers and others, 1966; see fig. 1 and pl. 7).

The sedimentary rocks dip very gently and uniformly to the east-northeast,
from about 1.00 at the base of the section to About 0.3© in the Upper
Cretaceous and Eocene rocks, which indicates a long history of very gradual
~ subsidence (Powers and others, 1966).. This area, the interior homocline
(Powers and others, 1966), has two parts: one/to the north of Riyadh where

the strike is to the northwest, and the other south of Riyadh where the strike

is to the southwest. The separating structure, known as the central Arabian

arch (Powers and others, 1966), trénds approximately east-west and has a
complex history of epirogenic movement in the Paleozoic and early Mesozoic.
During the Middle Cretaceous, the arch became a flexure zone between a region
of uplift to the south and a region of subsidence to the north (Powers and
others, 1966). During the Paleocene and Eocene, subsidence continued in the

north but also occurred in the south, forming the Rub al Khali basin. The
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zone between the southern and northern regions did not subside, and the arch,
a broad, ridge-like feature, resulted (Powers and others, 1966). Fault and
graben systems developed along the axis of the arch and along a northwest-
trending arc to the north during the late Mesozoic and early Tertiary (Powers
and others, 1966). The recorder stations at the northeast end of the
refraction line were located on the northern side of the arch, to the west of
the main fault and graben system, and enter the rocks of the Precambrian

shield approximately at the western extension of the arch axis.

The Arabian Shield

The Arabian Shield is a stable craton of predominantly late Precambrian
metamorphic and plutonic rocks. It occupies an area of about 770,000 km@
and is compased of approximately 40 percent granitoid rocks and 60 percent
volecanic and sedimentary rocks, all of -which have been metamorphosed to
varying degrees. The geologic history of the shield is complex, and many
important details remain to be clarified. We have briefly described the major
tectonic, petrologic, and structural/lithologic provinces and regions that may
relate to the seismic velocity structure of the Arabian Shield. More detailed
descriptions of the general geology of all or parts of the shield may be found
in Brown and Jackson (19605, Brown (1972), Schmidt and others (1973),
Greenwood and others (1980), Brown and Jackson (1975), Schmidt and others
(1978), and Hadley and Schmidt (1979), among others. The major geochronologic
relationships are given in Baubron and others (1976), Fleck and others (19763,
Aldrich (1978), Brown and others (1978), Cooper and others (1979), Fleck

(1986), and Stacey and others (in préss).
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The generalized history of the developmené of the shield is summarized by
Schmidt and others (1978), from whom we quote here (see fig. 1 and pl. 7 for.
place names):

"The Arabian Shield was formed by successive accretions of newly formed
crust between 1,000 and 700 m.y. ago. Successively younger island arcs formed
to the east as west-dipping subduction zones sAifted eastward. West of
Bishah, the volcanic-plutonic crust had consol{dated against Africa by about
78 m.y. ago when westward-directed subduction Jeased at the Nabitah suture.

"A new marginal island arc formed Subsequéntly east of Bishah in the
southern Najd, and subduction was renewed at the Idsas suture in the eastern
Najd. The volecanic arc consisted of cale-alkaline voleanic rocks (Halaban
group), dominantly andesite but ranging from basalt to dacite, and comagmatic,
subvoleanic plutonic rocks, dominantly diorite but ranging from gabbro to
trondhjemite. About 725 m.y. ago this primitive crust was thickened by large
intermediate-depth plutons of hornblende tonalite and mafic granodiorite.
Compressive tectonism produced folds and faults of northerly trends and was
accompanied by greenschist facies metamorphism.

"A continental collision occurred east of the Najd Province about 625
m.y. ago and initiated extensive compressional |orogeny and potassic granite
plutonism throughout the Shield. Large, syntectonic batholiths of cale-

' alkaline, ieueocratic, biotite granodiorite-moﬂzogranite formed the cores of
large north-trending gneiss domes that were asymmetric toward the west. The
domes consist of tonalitic and granodioritic orthogneiss that represents the
low-density, plutonic part of the earlier Halaban crust. Strong compression
resulted in northerly-trending structures including large west-directed thrust

faults.
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"Posttectonic, diapiric plutons of granite and alkalic granite intpuded
the eroding crust at progressively shallower levels until about 600 m.y. ago.
Molasse deposits of the Murdama group transgressed westward across the eroding
crust and were subsequently deformed along northerly trends. Renewed
compression of the now thick continental crust resulted in large, northwest-
trending Najd faults that have left-lateral displacements aggregating 300 km.
The Najd faulting terminated about 560 m.y. ago. Transgressive, quartzose
sandstoqe of early Paleozoic age subsequently covered the stabilized craton.”

Greenwood and others (1980) and Schmidt and others (1978) have divided
the Arabian Shield in this area into several tectonic provinces. The region
from the Phanerozoic sediments to‘approximately midway between shot points 2
and 3 (fig. 1) is designated the Shammar tectonic province. It is composed of
calec-alkaline, late-tectonic granitic rocks and extrusive equivalents, and
metamorphosed sedimentary and volcanic rocks of the greenschist facies (Brown,
1972). The Idsas suture zone, which is marked by the trace of the Al
Amar-Idsas thrust fault (Schmidt and others, 1978), extends north-northeast in
an arc that is truncated at both ends at the boundary of the shield'(fig. 1).
The shield rocks to the northeast of the fault are those of a westward thrust
block (pl. 7; fig. 1) that has been interpreted as the western edge of an
allochthonous continental crust sutured to the rest of the shield along the
Idsas zone. Evidence from lead isotope studies of mineralized zones in this
area suggest that this block may be underlain by much older crust of about
2100 m.y. (million years) in age (Stacey and othersﬁnfvuﬁ-

The Shammar tectonic province is bounded to the southwest by the Najd

tectonic province. These provinces are separated by the northern Najd fault
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zone, an area of extensive left-lateral striké-slip faulting. The Najd
tectonic province continues as a broad, northwest-trending belt to about
midway between shot points 3 and 4 (fig. 1). The province is characterized by
large amounts of syntectonic granites intrudi‘g predominantly andesitic
metavolcanic and metasedimentary greenstones and greenschists (Brown, 1§72;
Schmidt and others, 1978). Ubiquitous faulting, tectonism, and extensive
intrusion of mafic dike material also characterize this province.

The Najd province is bounded on the southwest by the southern Najd fault
zone and the Hijaz-Asir tectonic province, wh%ch extends to th? Hijaz-Asir
escarpment. This province is not severely af&ected by tectonism as is the
Najd province. It is composed of several sub?rovinces, or belts, all north-
trending. Proceeding from northeast to south&est, one first encounters a zone
of serpentinized ultramafic rocks, designated the Nabitah fault or suture zone
(Schmidt and others, 19755, and interpreted as the expression of a Precambrian
subduction zone. To the west is an area of asymmetric gneiss domes; these are
thought to be the crust of the marginal basin| compressed and folded into nappe
structures by a subsequent seafloor-spreading episode to the east (Schmidt and
others,\197§5.

The gneiss dome belt terminates approximately 40 km southwest of Bishah,
and a belt of metavolcanic and metasedimentary rocks is encountered. The
rocks are predominantly andesitic to basalticlin composition; they increase in
age and proportion of basalt toward the west. ' Séhmidt and others (1978)
believe that these rocks represent the oldest of the island arcs forming the

severely deformed, show varying degrees of metamorphism, and are intruded by

shield and have the most primitive compositiot. They are, in some cases,
granitoid batholiths of pretectonic age.

|

}

\
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Stoeser and Elliott (1979) have defined petrologic regions of the shield
on the basis of the composition and proportions of granitoid rocks. A
boundary (fig. 1) trending north-northwest about 30 km southwest of shot poin
2 and following the northernmost Najd faults separates the Hail-Dawadami
Region, an area predominantly composed of granites, from the Hijaz-Najd
Region. The Hijaz-Najd Region, a broad, northwest-trending aﬁea whose
southwestern boundary crosses the profile approximately at shot point U, is
defined by the presence of alkalai granites, which do not occur west of the
southwestern boundary, termed the alkalai-granite line (Stoeser and Elliott,
1979).

The remaining petrologic region, the Asir Region (Stoeser and Elliott,
1979), lies between the alkalai-granite line and the western edge of the
shield. No alkalai granites have been found in it, and cale-alkaline granites
are very sparse. A narrow, linear belt of syenite and shonkinite intrusives
parallel to the Red Sea crosses the refraction profile approximately at Abha
(fig. 1); this belt is referred to by Stoeser and Elliott (1979) as the
syenite-shonkinite province.

Ramsay and others (1979) have defined a series of structural/lithologic
provinces of the Arabian Shield (fig. 2) along a geotraverse that coincides
with a portion of the seismiec refraction line. We quote from the abstract of
Ramsay and others (1979):

"A N.E.-trending field traverse across the Arabian Shield (approximately
41030'E/23030'N), combined with photo-interpretation, existing maps, and
geophysical data, has resulted in a strip—mép covering about 600 x 100 km.
This map reveals distinet structural/lithological provinces. From S.W. to

N.E. these are:
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"(1) Salibah Province. High-grade metasediments and metavolcaniecs, and

low-grade metavolcanics; numerous granitoid plutons and some'diorite-gabbro‘

complexes.
"(2) Bahah Province (100-150 km wide). A western belt of metasedi-

mentary schists, a central belt of metavolcaniic schists, and an eastern belt

of less metamorphosed and deformed sediments and andesites. Syn-tectonic

quartz diorite-diorite-gabbro complexes exceed post-tectonic granitoid

plutons., The An-Nimas batholith is the largest of these complexes.

"(3) Ranyah Province (100-150 km). A western belt of basic
metavolcanics and metasediments, and an eastern belt in which granitic
gneissic rocks predominate. Bdth belts are intruded by post-tectonic granites.

"(4) Tathlith Province (poorly represented here). Schists,
amphibolites, metamorphosed granites, and slightly metamorphosed sediments.

"(5) Jugjuq Province (50 km). Sliéhtly ﬁetamorphosed and deformed
clastic sediments and volcanies, intruded by a post-tectonic granite batholith.

"(6) Dahul Province (90 km). Granitic gneiss and meta-granites intruded
by post-tectonic granites.

"(7) Shumrah Province (30 km). A diorite-gabbro complex (subordinate
granitic rocks), intruded into metavolecanics.

"(8) Kushaymiyah Province (50 km). Slightly metamorphosed clastic
sediments intruded by circular granites, and a[north-trending belt of
radioactive granites.

"(9) Tays Province (50-100 km). Gneisng and amphibolites unconformably

overlain by schists and meta-andesites, with urtrabasic complexes and a few

post-tectonic granites.
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"(10) Ar-Rayn Province (exposed for 40 km). Foliated granites with minor
gneiss, gabbro and metavolcanics.
"We conclude that these provinces are fundamentally characteristic of the
Arabian Shield, and could have important implications in the interpretation of

gross stratigraphy, structure, and evolutionary models.”

The Red Sea and continental margin

The Red Sea is one of the world's youngest ocean basins. It 1is accepted
that the narrow, central axial trough is a seafloor spreading center
assoclated with the sepération of Arabia from Africa (Vine, 1966; McKenzie and
others, 1970; Lowell and Genik, 1972; Girdler and Styles, 1974; Le Pichon and
Francheteau, 1978). Axial magnetic anomalies indicate that new oceanic crust
has been forming for approximately the last 4-5 m.y. at about 1 cm/yr (Vine,
1966; Phillips, 1970; Roeser, 1975; Noy, 1978; Hall, 1979).

Most of the Red Sea "depression” is occupied by the "main trough” (Drake
and Girdler, 1964). The axial trough-main trough boundary is not everywhere
sharply distinguished (particularly in the northern Red Sea), and the
terminology of different authors to designate tﬁe various structural and
physiographic elements easily leads to confusion. However, between latitudes
16°N and 17°N (the latitude of the réfraction p;ofile line), the eastern
margin of the axial trough is a steep submarine escarpment, and all of the
main trough to the east is above the 100-m bathymetric contour (see Laughton,
1970). The seaward portion of the main trough in this region will be referred
to as the "shelf"” and the landward portion as the "Tihamat-Asir,” which is the
formal geographic name for the coastal plain of southwestern Saudi Arabia. We

deliberately avoid use of the term "Red Sea rift” except where we wish to
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indicate that portion of the Red Sea structural depression floored mainly by
slalic crust and formed prior to continental separation by seafloor spreading.

The nature of the crust beneath the maip rough is not yet established
unequivocably. Consequently, the total amount| of separation between Arabia
and Africa remains a matter of debate. The remarkably close fit of opposing
shorelines strongly suggests that nearly the entire width of the Red Sea is
due to crustal separation (e.g., Wegener, 1915). This venerable concept is
now reinforced by palinspastic reconstructions}of Precambrian structures
across the Red Sea (Abdel—-Gawad, 1970; Greenwood and Anderson, 1977), by
stratigraphic and physiographic evidence for 105 km of post-Cretaceous
sinistral shear on the Dead Sea rift (QuennellP 1958; Freund and others, 1968,
1970), and by compelling geophysical evidence krom magnetic anomalies (Girdler
and Styles, 1974).

Various plate tectonic models (Laughton, 1966; Le Pichon and Heirtzler,
1968; Roberts, 1969; Freund and others, 1970; McKenzie and others, 1970;
Girdler and Darracott, 1972; Lowell and Genik,!1972; Girdler and Styles, 1976;
Le Pichon and Francheteau, 1978; Hall, 1979) have been proposed to account for
the opening of the Red Sea-Gulf of Aden, most ‘nvolving relative movement of
five rigid plates: Arabia, Nubia, Somalia, SiPai, and Danakil. - The pole of
rotation for Arabia with respect to Nubia is anerally calculated to be in
northern Africa or the central Mediterranean. ‘"Total opening” models require
that most of the Afar depression at the southern end of the Red Sea is floored
by oceanic crust to account for the overlap when Arabia is fitted back onto
Africa, and also require that the Danakil contlinental block in Afar is small
and rotated about 30 degrees counterclockwise during the spreading process.

Paleomagnetic investigations support the rotatlion of Danakil (Burek, 1970,

1972).



21

Despite the intensive program of geophysical surveys and geologic mapping
carried out in Afar, considerable disagreement exists as fo whether its crust
is predominantly oceanic or attenuated continental material (Mohr, 1970; Baker
and others, 1972). Spreading processes are evidently active in Afar and new
oceanic-type crust has been forming there for at least the past 1-2 m.y.
(Tazieff and Varet, 1969; Barberi and Varet, 1977). The gravity and seismic
data in this area indicate a transition between oceanic and continental
properties. Locally within the Afar depression the thickness of the crust
ranges from O to 8 km, whereas beneath the adjacent Ethiopian plateau it is
about 40 km thick (Ruegg, 1975).

Delineating the nature of the crust of the Red Sea shelves and coastal
plains is even more difficult than it is in Afar because most of the shelves
and coastal plains are almost completely covered by clastics and evaporites.
Fortunately, in southwest Saudi Arabia the shield margin is reasonably well
exposed, and one can examine geologic relations in the structural transition
zone in detail.

Both Precambrian (Late Proterozoic) rocks and the younger, covering rocks
of the shield margin at the eastern edge of the Tihamat-Asir have been invaded
by closely-spaced diabase dikes, then cut into narrow northwest—-trending
tectonic slices that were then rotated counterclockwise. The number of dikes
and the dike/host volume ratio both increase from east to west across the
shield margin; westernmost exposures consist entirely of sheeted dikes, pillow
lavas, and volcanoclastics. Masses of gabbro and granophyre or related rocks
intrude the dike complex. The entire assemblage has close petrochemical

affinities with oceanic tholeiite. Ghent and others (1980) and Blank (1977)
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consider the exposed western edge of the shield to mark the oceanic-continen-
tal crustal boundary, principally on the basis of gravity data presented by
Gettings (1977). These authors interpret lateral offsets of the dike swarm as
Tertiary transform faults. The region to the west of the shield margin in
southwest Saudi Arabia should thus be floored by mafic crust of Tertiary age,
and the total opening of the Red Sea at this latitude probably exceeds 350 km
(Arabian Shield margin to western shore at the northern tip of Danakil).
Linear magnetic anomalies, which Gettings (197y), Hall and others (1977), Hall
(1979), and Blank and others (1981) infer to hgve resulted from sea-floor
spreading processes,ﬂsubstantiate the Tertiary age and 350-km-wide opening at
this latitude. |

The chronology of the development of the Red Sea rift is still being
deciphered. Marine incursions in the Red Sea=Gulf of Suez region may date
back to Carboniferous time (Heybroek, 1965), and certainly occurred during the
Mesozoic and early Tertiary. Linear magnetic anomalies over the shelves of
the southern Red Sea have been interpreted as évidence of seafloor spreading
in Eocene~Oligocene time (Girdler and Styles, 1974) or Oligocene-Miocene time
(Blank, 1977; Hall and others, 1977; Hall, 1979). Alternatively, the crust
may have attenuated in the embryonic rift system. Analysis of marine magnetic
anomalies in the Gulf of Aden led Girdler and Ethers (1980) to conclude that
emplacement of new oceanic crust in the Gulf of Aden probably occurred in at
least three stages: 43-35.5 m.y. ago, 23.5-16 m.y. ago, and 4.5-0 m.y. ago.
However, Cochran (1981) interprets the Gulf of| Aden data as indicating that
"organized" spreading (systematic plate diverance from a spreading axis) did
not begin until about 15 m.y. ago, although crustal extension in both the Gulf
of Aden and Red Sea areas began much earlier through the mechanism of diffuse

dike injections, as earlier suggested by Laughton (1966).
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Widespread flood-basalt volcanism on the margins of the Red Sea
apparently began about 29-30 m.y. ago (Late Oligocene). In southwestern Saudi
Arabia, the As Sarat plateau basalts at the edge of the Hijaz—-Asir escarpment
have been dated at 24-29 m.y. (Brown, 1970). The layered gabbro and granophyre
of the Jabal at Tirf complex on the Tihamat-Asir is 22 + 2 m.y. old, i.e.,

early Miocene (Coleman and others, 1972). Whether the emplacement of this
gabbro was more or less synchronous with spreading is not conclusively
demonstrated. Recent studiés of offsets of 18-22 m.y.-old diabasic dikes on
the Levant shear system (Bartov and others, 1966) indicate that most of the
sinistral movement of the Sinai Plate relative to the Arabian Plate is
accounted for by those offsets. This strongly supports a post—As Sarat,

post~Jabal at Tirf age for most of the Red Sea crustal extension.

OTHER GEOPHYSICAL DATA
Aeromagnetic (Andreasen and others, 1980) and regional gravity data
“(Gettings, 1981) exist for the entire seismic profile except for the northern
end, where the line extends onto the sedimentary rocks of the Arabian
Platform. Gettings (1982) and Gettings and Showail (1982) report the heat
flow observations made at shot points 1 through 5 of the seismic refraction
line. Plate 8 shows profiles of these three sets of data. The aeromagnetic

and gravity data are along straight-line segments between the shot points.

General features of the gravity profile

The simple Bouguer gravity anomaly profile (pl. 8) shows several
distinctive features at both regional (several hundred km) and local (50 km or

less) scales. The most striking feature is the abrupt transition from values
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near zero (+30 to -15 mgals) southwest of shot point 5 to values near =100
mgals shortly beyond the exposed boundary between the Tertiary age rocks and
the Precambrian rocks southwest of shot point SV The lithologic boundary
occurs approximately at the halfway point on th% gravity anomaly gradient, and
the anomaly is approximately symmetric; therefo#e, we infer that the boundary
dips steeply. Proceeding northeast, the regionpl gravity anbmaly pattern is
broad and concave for about 400 km, with a minimum value of about =120 mgal.

Northeast of the Nabitah suture zone, which coipcides with the southwestern

Najd fault zone at this point, the regional grakity anomaly begins to
increase. If the increase were linear, the gradient would be approximately
0.13 mgal k™1 between the Nabitah suture zone fnd the edge of the shield.

Gravity modeling of this profile (Gettings, 1977; Gettings, unpublished)
indicates that the density of the crust southwest of the Precambrian shield
boundary is characteristic of oceanic crust. T%e broad, concave regional
pattern of the gravity anomaly profile from shoL point 5 to the Nabitah zone,
~and the linearly increasing pattern to the northeast, indicate that the entire
crust southwest of the Nabitah zone must be of somewhat higher average densit§
than that to the northeast. This is consistent;with Schmidt and others
(1978), who interpret the crust southwest of the Nabitah to be more mafic in
composition.

Superimposed on this pattern are several positive and negative local
gravity anomalies of +30 mgal amplitude. The local negative anomaly at the
southwest end of the profile is almost certainly due to salt diapirism beneath
the emergent Farasan Islands. The local positi%e anomaly at the top of the
steep gravity gradient southwest of shot point b is associated with Tertiary

|
layered gabbro. The local negative anomaly corkelating with the highest
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elevation of the escarpment is probably caused for the most part by terrain
effects rather than geologic variations.

For the most part, the positive anomalies correlate.with areas of
greenstone or greenschist outcrop, and the negative anomalies correlate with
areas of granitoid intrusives (geologic map, pl. 7, and pl. 8). Both the
southwestern Najd fault zone (which, on this profile, coincides with the
Nabitah ultramafic suture zone) and the northeastern Najd fault zone have
positive gravity anomaly signatures. These zones also show strong magnetic
anomalies and have numerous mafic dikes along them (see 1:500,000 geologic map
of Jackson and others;.i963). We infer that the anomalous magnetic and
gravity responses are caused by the mafic intrusives in the Najd fault zones.

The broad local positive gravity anomaly near the northeast end of the
profile correlates with the high-grade metamorphic rocks that outcrop
northeast of the Al Amar-Idsas thrust fault. The sedimentary wedge of the
Arabian platform correlates well with the negative departure from the regional

gradient at the northeast end of the profile.

General features of the aeromagnetic profile

Because of high variability in magnetic properties due to neér-surface
sources, the features of the magnetic field are best observed on a contour map
(Andreasen and others, 1980). However, some reievant features can be
ascertained from the profile along the seismic refraction line (pl. 8). The
profile waé flown at 150 m mean terrain clearance except the southwest end,
starting midway between shot point 4 and 5, which was completed at 300 m

clearance due to the rugged terrain.
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At the northeast end of the profile, the block to the eagt of the Al
Amar—-Idsas thrust fault is characterized by large-amplitude, short-wavelength
anomalies (10 km or less) that correlate well thh the high-grade metamorphic
rocks and intrusives that outcrop there. AcrosL the thrust fault, the
magnetic field changes radically, becoming very flat and of low intensity;

this pattern extends nearly to the northeast Najd fault zone, although some

expression of the Uyaijah ring complex (Dodge and Helaby, 1979) is seen just
northeast of the Najd fault zone. This large magnetic quiet zone is similar
to those found over spgble granitic blocks of cFust in both the Canadian and
Australian Shields. .

The Najd tectonic province (fig. 1, pl. Qj 1s characterized by numerous,
short-wavelength (v 5 km) magnetic anomalies, many of which may be due to
east-west and northwest—-southeast trending mafic dikes. These anomalies are,
in general, not as intense in amplitude as those of the crustal block east of
the Al Amar-Idsas thrust fault. In additign, lknger-wavelength (~v10 km),
varlable~amplitude anomalies are superimposed o% the pattern. The short-
wavelength anomalies continue across the southérn boundary of the Najd
province, although not in such profusion. Whether this pattern persists to
the southwest beyond about midway between shot points 4 and 5 is.uncertain
because of the change to 300 m mean terrain clearance in the data.

The southward increase in overall magnetic intensity observed is at least
in part a relic of the data removed arbitrarily from the flight path profiles
by the contractor when compiling the maps (Andreasen and others, 1980) and
probably does not reflect an actual overall southward increase in

magnetization.
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The magnetic signatures of the block east of the Al Amar-Idsas zone are

distinctive, especially in map view (Andreasen and others, 1986), and suggest
that this block may well repreéent a crustal type different from the rest of
the shield, as suggested by Schmidt and others (1;78) and Stacey and others

(1981).

General features of the heat flow profile

The heat flow measurements taken during the seismic refraction field work
in 1978 were the first to be made on the Arabian Shield. They were completed '
at shot points 1 through‘S by temperature-logging of the drillholes before the
explosives were loaded. We determined thermal conductivities by modal
analyses of thin sections of core samples taken at the shot points. At shot
points 2, 3, and 4, drillholes were in granitic rocks, and heat production was
measured. The plot of heat production versus heat flow is strongly non-linear;
however, as there were only three measurement points, more data are needed to
confirm the non-linear relationship.

We have included heat flow values from the deep petroleum exploration
drillhole Mansiyah I (Girdler, 1970), and from the Red Sea shelf and axial
trough (Girdler and Evans, 1977) in the heat flow profile shown in Plate 8.

We refer the reader to Gettings (1982) and Gettings and Showail (1982) for a
detailed analysis of the 1978 heat flow data.

The profile (pl. 8) shows an increase in heat flow toward the Red Sea
margin; assuming an exponential heat source distribution (Lachenbruch, 1970),
extrapolation of geotherms ylelds a temperature estimate for shot point 4
that, even considering uncertainties, is higher at the base of the crust than

that at shot points 2 or 3.



\
|
i | 28
The high heat flow at shot point 5 can be explained by heating from the
abutting oceanic crust and/or an enhanced mantle component of heat flow
through the thin continental crust, provided t%e higher temperature regime has
persisted for 10 m.y. or so (Gettings, 1982). |In order to maintain the high
heat fléw values observed on the Red Sea shelves and coastal plains (Girdler
and Evans, 1977), a model with a mass flux of hot material at the base of the
lithosphere seems necessary if the age of this crust exceeds about 5 m.y.
(Gettings, 1982). Finally, in the actively spreading axial trough, classical

seafloor spreading models that allow for hydrothermal convective activity are

adequate to explain the observed heat flow (Gettings, 1982).

Previous seismic work

Girdler (1969) reviewed early seismic work in the Red Sea. The pioneering
surveys made in 1958, using the two ships RV VEMA and RV ATLANTIS, included 15
refraction profiles in the northern, central, Jnd southern sectors (Drake and
Girdler, 1964) . Profiles 170 through 176 of this set, in the southern sector,
show a sedimentary cover 0.5-4.5 km thick (velocity 3.49-4.48 km/s) that
consists largely of the Miocene evaporite-clastic deposits. A profile near
the center of the axial trough southwest of the Farasan Islands ;howed
basement velocities of 7.16-~7.31 km/s, whereas two profiles on the southern
shelves west of the axial trough (at 16.5°N ani east of the axial trough at
15°N) showed basement velocities of 5.5-5.9 km/s. Similar results were
obtained elsewhere in the Red Sea on the same survey; velocities over the
axial trough were mostly in the range 6.8-7.3 /s, and velocities over the
main trough were mostly in the range 5.8-6.1 /s. However, velocities on the
shelves (at 23-23.5°N) were as high as 6.97 km/s. Girdler (1969) inter-

preted the high-velocity basement in the axial trough as oceanic crust and the
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lower-velocity basement on the shelves as continental material. For oceanic
basins, the arithmetic mean seismic P-wave velocity of layer tw&, the upper
layer of oceanic crust, is only about 5.1 km/s (Hill, 1957, and Raitt, 1963,
cited in Le Pichon and others, 1973), with a standard deviation of 0.6'km/s;
‘1f velocities for oceanic crust of Tertiary age are not greatly different
from the arithmetic mean figures, then the lower-velocity basement reported by
Girdler (1969) could be oceanic or continental.

Other early seismic work in the Red Sea includes continuous (“sparker")
reflection profiles, by the RV CHAIN, over the main and axial troughs in 1964
(Knott and others, 1966).and 1966 (Phillips and Ross, 1970), and refraction
profiles, using sono-buoys from the RRS DISCOVERY, on the shelf of the
northern sector in 1967, and by the M/V ASSAB, in the central sector in
1967-1968 (Tramontini and Davies, 1969). The M/V ASSAB survey, which covered
a limited area in detail, mainly over the axial trough between 22°N and
23°N, found an average basement velocity of 6.6 km/s and an average basement
depth of 4.6 km for the portion of the main trough adjacent to the axial
trough. DISCOVERY's refraction results were similar to those of the 1958
VEMA-ATLANTIS survey.

The Saudi Arabian-Sudanese Joint Commission for Exploitation of Red Sea
Mineral Resources has carried out an important series of geophysical
investigations in the Red Sea during the past several years. This work
included seismic refraction as well as magnetic, gravimetric, and bathymetric
surveys; the results have apparently not yet been published. Also,
cooperative refraction programs, including those of the University of Hamburg
with Cairo University, and the University of Hamburg with King Abdulaziz
University in Jiddah, are being undertaken in the northern Red Sea and

adjacent land areas.
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In summary, seismic refraction data available from previdus surveys on
the Red Sea clearly indicate that material with oceanic crustél velocities is
present in the axial trough and that the basemett of thé main .trough is
lcomposed, at least in part, of oceanic crust. hether continental crust also
underlies the thick sediments on the shelves is controversial. Very little
information has been obtained on velocities or crustal thicknesses beneath the

landward portion of the shelves, due chiefly to the difficulty of navigation

in the shallow reef zones.

The seaward portion of the coastal plain iﬁ southwest Saudi Arabia was
studied by seismic reflection methods by the French petroleum company AUXIRAP

during 1963 (Gillmann, 1968). The surface of the Jurassic and basement dips

toward the Red Sea at an average angle of about' 10 degrees; its depth increases
from about 2 km some 20 km inland to nearly 5 km in the vicinity of the
Mansiyah No. 1 drillhole and Jizan salt dome (the coastline). Unfortunately,
the Mansiyah drillhole had to be discontinued j#st short of where it would
have intersected the seismic basement as extrapTlated from the AUXIRAP work.
The profiles did not extend onto the Precambria# shield, and the nature of its
basement remains speculative.

No seismic deep-refraction data have previIusly been obtaine& for south-

western Saudi Arabia. Studies of shear waves on the path Addis Ababa-Shiraz

I
(which passes through the Afar depression) have shown that the average crustal
thickness for this region is about 35 km (Niazi, 1968; Knopoff and Fouda,
- 1975). Shear-wave velocity models from these studies show a proﬁounced low-

velocity zone with the top of the zone at 100-140 km depth (Knopoff and Fouda,

1975). Phase velocities of the Arabian Shield are lower than those of the
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Canadian Shield; however, they are higher than those of the United States Gulf

Coastal Plain (Knopoff and Fouda, 1975).

FIELD PROGRAM
The documentation of the field program given here is, for the most part,
from Blank and others (1979), supplemented by more recent information
(unpublished), and by geologic information from Gettings and Showail (19éé);
the additional information has been included for completeness and convenience

in further analysis of the refraction data.

The profile

The seismic refraction profile (fig. 1) was chosen to meet our goal of
crossing the principal tectonic boundaries of the Arabian Shield as nearly as
possible at right angles within the constraints of the existing road system.
Fortunately, a combination of road and track exists that is almost ideally
suited to this requirement. The seismic profile begins about 100 km west-
northwest of Riyadh and 35-40 km north of the Jiddah-Riyadh highway, and
proceeds along a track that intersects the Zalim-Mazahimiyah highway between
Mazahimiyah and Al Quway 'iyah, at the first shot point. From there it follows
pavement to Al Quway'iyah and thence ; system of tracks southward to Bishah,
Bin Hashbal, and Abha. The western of the two roads leading south from Bin
Hashbal joins the Abha-Khamis Mushayt paved highway near Abha. From Abha an
arterial road descends sharply in a series of switchbacks down the face of the
escarpment; the first 40 km of this road were still under construction when
the seismic line was recorded. The profile, however, takes a more direct

route down the crest of the ridge system, so that helicopters were needed to
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deploy the recording instruments. Pavement resumes near shot point 5 and
continues to Ad Darb and Jizan; however, the refraction line leaves the
highway near shot point 5 and passes through sandy terrain on unimproved
tracks to Ras Tarfa. This segment and the Farasan segment of the line also
required helicopter deployment. The southwest end of the profile is off the
coral island of Dumsuq at the outer edge of the Farasan bank about 90 km west

of Jizan.

In a few places the route is deeply rutted or very sandy, particularly

where it traverses dune fields south of the Jiddah-Riyadh highway and in the

Wadi Bishah distributaries east of Ranyah. The line passes directly through

several villages (Al Quway'iyah, Sabhah, Bin Hﬁshbal) but bypasses the large
E

communities (Bishah, Khamis Mushayt, Abha). evation along the line

gradually increases from a minimum of just over 600 m in the northeast to a
maximum of nearly 2300 m near the edge of the Hijaz-Asir escarpment.

Access to the shot points also depends on a combination of roads and
tracks. From our headquarters at Jiddah to shot poiﬁt 1, surface access via
Mazahimiyah was entirely on paved road. We traveled directly to shot point 2
from shot point 1; half this distance was on pavement. Access to to shot
points 3 and 4 was by paved road to Ranyah and from there on sandy track. One
can also reach shot point 4 by pavement from t%e escarpment road from Taif and
Bahah. Abha and points on the Tihamat-Asir we*e reached via the paved road
from Taif and Bahah.

l
Surveying |

Surveying to establish absolute coordinath for each shot point and

recorder site began in February 1977 after an initial aerial reconnaissance in

January, during which shot points 1 through 4 were selected (shot.point 5 was
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established in May). Except for a few stations, the surveying, done by D. J.
Faulkender and F. J. Fuller of the USGS Mission, was compieted by the end of
the year. The surveyors used a Wild T-2 theodolite and a microwave
distance-measuring instrument, Electrotape Model DM20 (Cubic Corporation).
Wherever feasible, the line was tied to control points of the Kingdom Geodetic
Net. The nominal spacing of recorder stations was 2 km, but departures from
this optimum spacing were often necessary. Location latitudes and longitudes
are accurate to about +3" (seconds of arc); elevations are accurate to +5 m
(D. J. Faulkender, oral commun., 1979).

Faulkender and Fuller used a combination of radial line and transit
traverse survey methods. The radial line method is applicable if a recording
site can be seen from a station for which geodetic coordinates have been
established. Both horizontal and vertical angles are measured, and the
distance between the established station and the recording site is obtained by
microwave measurement. For the transit traverse method, one station with
established geodetic coordinates must be visible from at least one of a
sequence of recording sites that have interstation visibility. |

The surveyors numbered each recording site and identified it with red or
orange paint, either on outcrops or on rock cairns that were piled up to 1 m
high. The numbering system Is not strictly sequential along the profile
because, with radial line and transit traverse methods, the surveying is not
strictly sequential.

The master shot list (app. 5) shows the coordinates of each shot point.
The number of recorder stations on either side of the shot point in each 100-
station spread is indicated in figure 3. This illustration also serves as an

index for the 1:100,000-scale photomosaics that were used for station plots.
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The complete list of recorder station coordinates, elevations, and data

collected (app. 5) was entered in the field data-processing computer memory.

(1)
(2)

(3
(4)

Shot point

criteria considered for selection of the land shot points were:

l
Locations at roughly 100-km intervals.

Geologic enviromment favorable for efficient energy transfer to the
surrounding medium, i.e., for maxiéum wave energy propagation per
unit weight of explosive. Shallowiwater table was essential.
Accessibility for heavy drilling eJuipment.

Relative isolation from human habiJation and livestock or other

cultural features.

A program of test drilling confirmed that the tentative choices met the

geologic criteria.
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During 21-23 April 1978, G. M. Fairer and M. E. Gettings, using a DGMR
fixed-wing aircraft for transportation made a short field trip to shot point
2, 3, 4, and 5 to map ihe detailed geologic relations and estimate topograph
relief. The shot point areas were surveyed with a tripod-mounted Brunton
compass for vertical angles and azimuths. The map base line (accurately
pin-pricked on the photographs) and distances between the drillholes at each
.Shot point were measured with a 30 m tape. Approximately one-half day was
spent at each of the fqur shot points (2-5) for a total of four man days for
the field work. M. E. Géttings, using photogeologic methods, compiled
geologic maps to supplement the field work, with enlargements of existing

1:60,000 scale aerial photographs used as a base.
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Modal analyses of mineral compositions were carried out on samples taken
by Fairer and Gettings, using point counts on thin sections, étained slabs,
and acid-etched slabs. Table 1 shows modal mineral compositions for this
suite of rocks.
The hole designations on the geologic maps| in this report may not conform

to the numbering given in other reports.

Shot point 1

Shot point 1 (26016'12"N, 45035'57"E) is 43 km northeast of the
village of Al Quway'iyﬁh on the east side of the Nafud As Sirr river at an
elevation of 692 m. The site is approximately 1 km north of the paved road
and about 150 m from the edge of the sand dunes, The immediate area is
entirely unconsolidated material and desert pavement, although some outcrops
of shales are present about 1 km to the northeait. Inspection of the chips
from drilling showed that bedrock is predominantly green shale with some red
shales and some sandy and pebbly lenses or inte}beds. The rocks belong to the
Sudair Shale formation (Powers and others, 1966D.

Eighteen holes of average depth about 65 miwere drilled in the pattern
shown in figure 4; twelve of them were logged Qr temperature and two were
electrically logged for self-potential and single-point resistivity. The
logger operation and calibration were checked beforehand.

M. E. Gettings measured the electric logs on 1 February 1978, using a
Neltronic Instrument Corporation model 1 K type D Logger. Figure 5 shows the
resulting log of hole SP1-3. Hole SP1-12 (see fig. 4 for location) was also
logged; the results were identical to those of SP1-3 within experimental

error, so only the log for SP1-3 is illustrated. Both holes were logged
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twice, with identical results. The log is qui%e monotonous, with only the
self-potential log showing any variation, and that small. No large-scale
lithologic changes are implied by the log. The variations suggest units of
beds of shale 1-5 m thick with slightly different self-potential properties.
The approximately linear increase in the self-potential response from 33-14 m
depth is a commonly observed phenomenon in such logs, and probably represents
a zone of changing oxidation state as the water table is approached. For
comparison, figure 5 shows the thermal gradient for SP1-3 (Gettings and
Showail, 1982). Note that the sharp decrease in thermal gradient at about 48
m depth corresponds with a change in charactev‘of the self-potential log from

variable below to essentially constant above 48 m.

|
Shot point 2

Shot point 2 (23017'28"N, 44040'S5"E) is at an elevation of 887 m,
about 5 km northeast of the village of Sabhah in a terrane predominantly
composed of highly deformed quartz sericite schist. The nearest outcrops of
the post-tectonic Jabal Sabhah granite are 1.7 km to the southwest,
although parts of the intrusion may be much nearer and concealed beneath the
alluvial cover.’

Ten holes of average depth 62 m were drilled at this site (fig. 6). Max-

imum topographic relief within 250 m of the driill holes does not exceed 10 m.
The lithologies at shot point 2 are principally a calcareous gquartz-
sericite schist (table 1) and a small area of foliated and folded quartz-rich
granitoid (IUGG Subcommission plutonic rock classification is used here; see

v
Streckeisen, 1973). The schists are severely deformed; pervasive chevron
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folding and quartz "rods" in the noses of larger (V10 m half-wavelength)
folds are commonly observed. The foliation generally strikes northeast and
dips 40-700 to the southeast. Fold axes of both chevron and larger folds
plunge steeply (A 700) to the southeast. The modal compositions of the
schist indicate a pelitic assemblage, and this unit is probably part of the
Abt schist (Fitech, 1978), which was mapped short distances to the northeast
and to the south (Vincent, 1968). The granitoid appears to be a holocrystal-
line rock in hand specimen; however, in thin section it is apparent that it
has had a complex history of deformation and metamorphism. Plagioclase
recrystallization is obvious, and retrograde metamorphism is suggested by the
conversion of biotite to chlorite. About all that can be said is that the
original rock was probably a tonalite in composition. Where exposed, the
contact between the granitoid and the schist appears to be a fault because the

folding in the granitoid is truncated at the contact.

Shot point 3

Shot point 3 (21056'44r"N, U43034'16"E) is on a large plain at an
elevation of 946 m, about 550 m northeast of a small granite peak in a large
granite intrusive body. The terrain is extremely flat here, with less than §
m relief within 500 m of the site.

Eleven holes of average depth 60 m were drilled in the pattern shown in
figure 7. Holes 1, 2, 3, 4, 5, and 10, which includes the hole of the test
drilling program (Blank and others, 1979), were drilled in a xenolith of
greenstone (probably Halaban andesite); the remainder penetrated the

Precambrian granite. The granite does not show any foliation or evidence of
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having been deformed or tectonized. The only notable feature of the green-

stone is that its dominant mineral (56%) is titanian hornblende (Kaersatite).
\

=

Shot point

Shot point 4 (20905'13"N, 42039'O4ME) is at an elevation of 1144 m on

a flat, approximately 400 m in diameter, surrFunded by low rolling hills. The
locality is approximately 11 km northeast of Qa'lat Bishah and 4 km east of
Wadi Bishah. The rocks are mainly a Precambrian gneissic granite containing
several lapge metadiorite xenoliths. Topograbhic relief is low, with a
maximum of 10 m wit£ih 300 m of the drillholes.

Nine holes of éverage depth 51 m were drilled (fig. 8). Examination of

drilling chips and fragments blown out by the shots indicates that the holes
predominantly or wholly penetrated the gneissic granite.

The granite is similar to that of shot p%int 3, but has well-developed
gneissic layering that strikes northeast and dips 15-300 to the northwest.
In the easternmost outcrops of figure 8, the granite is in 1-5 m thick
leucocratic and melanocratic layers. It weatﬁers both pink and gray and
varies in grain size from fine to coarse. Several outcrops of metamorphosed
diorite in the immediate vicinity (fig. 8) are xenoliths in the‘granite.
Where the contact is visible, structures and small mafic dikes in the diorite
are truncated at the granite contact; further, veinlets from the granite fill
fractures in the diorite at the contact. Several later, northeast-trending,
mafic dikes are observed in the area. The di&rite, although altered, is

coarse-grained, holocrystalline, and shows evidence of rhythmic layering.
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Shot point 5

Shot point 5 (17046'36"N, 42020'47"E) is at an elevation of 179 m.

The area is an extensive gravel-covered plain whose bedrock is Precambrian
phyllitic schist and the shot point is on the west side of a meander of the
Wadi Itwad river, 11 km northeast of the village of Ad Darb. The river channel
is about 15 m deep, the only significant topographic relief in the area.

Seven holes were drilled in the pattern shown in figure 9, to an average
depth of 60 m. Chips from the holes all indicate that they penetrated a
uniform quartz-mica phyllite. The rock is fine grained, blue-gray, and has
well-developed slaty clé;?age with the foliation striking north-northwest and
dipping about 35° to the northeast. Veins and pods of quartz, usually
striking parallel to the phyllite, are common.

Examination of the aerial photographs of the region shows that a large
regional fault or fault zone trends through the shot point at about 80° as
shown in figure 9; it is probably responsible for the formation of the meander
in the Wadi Itwad. The fault was not detected in the reconnaissance of the
west wall of the Wadi Itwad channel, probably because large areas of the wall

are covered with talus debris and vegetation.

Shot point 6

An oceanographic research vessel, the R/V Comandante Giobbe of Italian

registry, was engaged on a contract basis for execution of the sea shots. The
ship carried a JMR-1 satellite receiver used to precisely determine
coordinates, Shots were fired near the island of Dumsuqg, in the Farasan

Island group.
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Drilling

The Arabian Drilling Company (ADC) carried out the shot hole drilling
under the direction of USGS representative J. C. Roller. A crew of the
Bureau de Recherches Geologique et Minieres (BRGM) drilled additional holes at .
shot points 1 and 2 during the shooting program, using ADC equipment.

The ADC, using a Gardner 1500 rig, began drilling a series of test holes
at the first four tentatively-selected shot points in February 1977. They
used both rotary tri-cone bits and down-hole h‘mmers, the former only in soft
shale or highly weathered material, drilling one or two 5-inch- to 7-inch-
diameter holes to a depth of 60 m at each site., The results helped to
establish rock type, depth of water table, and time schedules for drilling in
the patterns designated for each site ("pattern drilling") (see table 2). All
test holes descended below the water table.

Rock cuttings from shot point 1 indicate strata of shale with thin
interbeds of sandstone. The water table was intersected 13 m beneath the

ground surface, and drilling continued through 47 m of saturated shale, which

is an optimum medium for transferring explosivé energy into seismic waves.
The hole was completed in one day.

Rock cuttings from shot point 2 have an aphanitic texture and are
presumably andesite of the Halaban group. The weathered zone is approximately
6 m thick,.and below this depth the drilling rate decreased from 6 to 3 m/h.
The water table was intersected at 36 m, and 24 m of saturated rock were
penetrated. The hole was completed in two days.

The weathered zone of shot point 3 is 6 m'thick. Rock cuttings from this

site are andesite to a depth of 60 m. The water table was intersected at 27 m,
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Table 2.--Test Drilling Results

(No test drilling was done at shot point 5, where
holes are in schistose metasedimentary
rocks of the Ablah group.)

43

Hole Depth to
Shot diameter Depth Formation and water table Method of Drilling
point (em) (m) rock type (m) - drilling rate
0- Weathered zone
0-6 Sand A
1 17.78 0-60 Shale and sand- 13 3-cone 10 m/h
stone stringers rock bit
Sudeir shale
0-6 Weathered zone
2 17.78 0-60 Halaban 36 down-hole 3 m/h
andesite hammer
0-6 Weathered zone
0-10 Greenish-red clay
3 17.78 10-60 Grey Halaban 27 down-hole 4 m/h
andesite hammer
0-18 Weathered zone
0-3 Sand and clay
3-18 Clay-limestone-
y 13.97 gravel 18 down-hole 3 m/h
18-26 Gravel-andesite hammer

26-60 Halaban(?) andesite
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and 33 m of saturated rock were penetrated. The hole was completed in two
days at an average drilling rate of 4 m/h.

The weathered zone of shot point 4 is 18 m thick. Rock cuttings below 18
m are thought to be slaty schist containing zones of amphibolite. The water
table was intersected at 18 m, and 42 m of saturated rock were penetrated.

The hole was completed in two days at an avera#e drilling rate of 3 m/h.

Because of the time and expense required &o move heavy equipment down the
escarpment, no test drilliﬁg was done at shot point 5.

The test drilling program ended in early March 1977, and was immediately
followed by the pattern drilling, which was completed by midsummer. The upper
few meters of each hole were cased with steel pipe, and the holes were capped
for protection. Before the refraction program| began, the ADC drill rig

returned to the shot points to clean out the drillholes.

Field equipment and procedures for firing explosives,

recording, and data processing

Introduction

Until recently, the high cost of seismic experiments both in money and
time has limited their use for study of the fine structure of the Earth's
crust and mantle. Although the cost of an experiment is dominated by the cost
of the explosives required to produce seismic ‘ignals of adequate amplitude,
the experiments have also been time-consuming and expensive because of the
instruments available for recording. The instrumentation has basically been
of two types: truck-mounted multi-channel seismographs, with six to 50
seismometers (geophones) connected by cable into a spread of up to 5 km in

length, and single-point seismographs and geophones that recorded the data at
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one position. The multi-channel systems work well for recording many data
points along a short profile, but for long profiles with long distances
between recoraing positions, the task of laying out and pickiﬁg up the cable
imposes severe practical limitations, particularly in rough terrain where road
access is limited. Single-point recorders avoid the problems associated with
long cables, but place severe limitations on the number of data points that
can be observed at any one time because most instruments require an operator
for each recording position; large-scale seismic experiments, therefore,
required 50-100 operators.

A system employiné a large number of single-point recorders that do not
require an operator for each station is obviously desirable, allowing
flexibility in the design of an experiment and maximizing the use of each
explosive source. Advances in electronics in recent years have made such a
system possible. The cost, size, weight, and power-consumption requirements
of seismic systems have been reduced, and it is now possible to build highly
automated single-point recorders at a reasonable cost. The USGS employed 500
of these new, advanced seismic stations for this experiment. They can be left
unattended for periods of up to 10 days with 10 variable-length recording
periods, limited by the recording time available on the cassette tape. A
number of groups now use such a recorder, but to our knowledge, this project
was the first full-scale test of this new type of portable seismic recording
system,

Another significant expense in a seismic experiment is the cost of
retrieving the recorded data and preparing it for interpretation. Digitizing
and plotting the data by computer are usually done in the office, which

frequently results in problems and delays due to misunderstandings of data
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éontent, unclear field notes, incorrect recorder settings, and problems with
computer system hardware and software, such as revisions in the computer
operating systeﬁ that make it necessary to rewrite the processing programs,
Consequently, production of record sections can take months after the field
data reaches the office.

For this project a small field-deployable computer system was developed

so that the computer could be brought to the data rather than the reverse. We
found that we could produce record sections containing approximately 65
seismograms within 36 hours of a shot. We were able to avoid many of the
problems inherent in'pést-experiment processin$, and we knew almost
immediately if the portable seismic stations were not operating correctly.
The computer system was designed specifically to be used with the new
recording system; its deéign was guided .by the‘following principles:

- the system should be small and rugged eno&gh to be easily transported to
the field; |

- it should be simple and convenient to use, so that one or two people
could be responsible for all computer operations, including set-up;

- it should be functionally equivalent to.ailarger office-based seismic
processing system; ‘

- the computer should be able to function ai a general-purpose unit when
not used for digitizing and plotting; 1

- the operating software supplied for the computer system by the
manufacturer should be advanced and encompassi¢g enough to minimize the effort

of creating and maintaining specialized progra*s and to allow easy data-file
h

management;
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- the system software should be simple enough that operators familiar with
seismic data processing could easily be trained to run the programs.

In the following sections, we discuss the explosives used, and field
equipment and procedures in detail. The equipment includes the timing system
(clocks), the shooting system, the portable seismic stations and an interface
unit called the hand-held tester, and the field computing system, which
includes equipment for reorganizing the records (tape-dubbing) for efficient
processing, and equipment for digitizing and plotting the data. We end with a
discussion of procedures followed by the field crew before, during, and after

any given shot.

Explosives

The Saudi Chemical Company, LTD. (SCC), a domestically-controlled
affiliate of NitroNobel of Sweden,.provided all explosives for the seismic
refraction profile. The Saudi Arabian Ministry of the Interior authorized the
purchase and use of the explosives. The Director of Police for the Kingdom of
Saudi Arabia issued specific permits for release of explosives from SCC's
stores in Riyadh (for shot points 1 and 2) and,jiddah (for shot points 3-6),
and for trans-shipment to the shot points, including to the R/V Comandante
Giobbe in the port of Jizan.

A technical committee appointed by Kingdom authorities inspected the
trucks used to transport the explosives and accessories, the field storage
containers, and the field storage areas, as well as the shot points
themselves. The SCC procured approved trucks and storage containers under a
contractual agreement with the USGS and also furnished licensed blasting

engineers to supervise shot hole loading and firing.
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Hercules Gelatin Extra and Nobel Dynamex-B were employed as explosives
for the land shots, and Hercules Vibro-Gel for [the shots at séa. All three
products have 75-80 percent absolute strength (a measure of pure nitro-
g8lycerine equivalence), a detonation velocity of 6,000-7,000 m/s (the velocity
at which the explosion travels away from the point of detonation), and a
specific gravity of 1.4-1.5. However, Vibro-Gel is superior for sea shots
because of its packaging and greater resistance to deterioration in water. It

can be fired at depths up to 200 m. Gelatin Extra or Dynamex-B, used in the

drillholes, may undergo a significant decrease 'in reliability if holes are
loaééd more than a féw'days before firing, particularly if groundwater
movement is appreciable (nitroglycerin is dissolved and extracted). Technical
specifications for explosives and blasting accessories (caps, boosters, and
primacord) are given in table 3.
The shot holes were drilled approximately |eight months before the

shooting took place. The number, size, and depth of the holes at each shot

point were calculated on the assumption that the explosives would be a slurry
type (DuPont Flogel, Hercules Tovex, or equivaient), which completely fills
the drillhole. Unfortunately, this type of ex‘losive proved to be unavailable
in Saudi Arabia and as a result, several new holes had to be drilled and
previously-fired holes had to be cleaned and reused. The BRGM graciously
supplied a drill a second time to recover holes at shot points 1 and 2, and
the ADC drilled additional holes at shot point 4.

Because the explosives provided were not 1amiliar to the USGS or even to

the SCC explosives engineers, several of the s

ots at the start of the project
were not loaded to the desired amount. After éome experimentation, however,

loading proceeded in a routine and orderly manTer.
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Table 3.--Technical specifications of explosives
and accessories

Hercules Gelatin Extra and Nobel Dynamex-B (for land shots)

75 percent absolute strength

3-packed 3-inch x 24-inch (65 x 400 mm) cartridges, at 1.3 kg each
Cartridges are plastic bags (Dynamex-B) or paper (Gelatin Extra)
Detonating velocity 23,000 ft/s

Specific gravity 1.4

Hercules Vibro-Gel (sea shots)

80 percent absolute strength

3-packed 3-inch x 28-inch (65 x 400 mm) cartridges (hard plastic tubes)
6 to 8 1/3-pound 3-pack tubes are packed in 50-pound (net) paper boxes
Detonating velocity 19,700 ft/s

Specific gravity 1.5

Primacord

- High velocity, cap-sensitive explosive cord
- Detonating velocity 23,000 ft/s

Blasting caps (detonators)

- Resistance 3.9 ohms
- Firing current 3.5 amps
- Up to 2 ms delay

Titan-500 Boosters

- High-velocity, non-nitroglycerin, cap-sensitive explosive
- 2i-inch diameter x 43-inch height, each
- 1 pound each, 60 per case



50

Firing Procedures

Obtaining, loading, and detonating explosives in Saudi Arabia, where

permission is very carefully controlled by the| Internal Security Office,

presented the USGS with requirements not normally encountered in the United

States. All explosives, from the time they ar% purchased from the licensed

distributor (SCC) until they are actually detonmated, are carefully counted and

signed for by the user (USGS), the licensed blﬁsting engineer (SCC), and a

representative of the Internal Security Office

The procedure for shooting is outlihed in
(1) Approved trucks delivered explosives

under police guard. The amounts and types of é

of the Kingdom.
the following steps.
to the field storage containers

xplosives were carefully

checked and signed for. The field storage containers were double-locked; the

police held one key and the licensed blasting engineer the other.

(2) The desired amount of explosives, exc

lusive of blasting caps

(detonators), was removed from the magazine and taken to the drillholes. Both

~ the USGS representative and the police counted

the amount and type.

(3) The drillholes were charged; any excess explosives, usually prima-

cord, were returned to the storage container

d signed back in.

(4) Police guards were stationed at the blast site; they remained until

the explosives were detonated.

(5) A few hours (usually two) before the

blast, the police and USGS

representative removed the blasting caps from a separate storage container.

(6) The licensed blasting engineer armed
(7) After testing the firing circuit, the

the firing line to the special USGS blaster.

the charge with blasting caps.

blasting engineer connected
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(8) The police carefully checked the blasting site for safety.

(9) The special blasting circuit automatically detonated the charge at a
preselected time. The time, to the nearest millisecond, was recorded on a
paper record.

(10) The police and the USGS representative checked the site to determine
if all charges did indeed explode and the area was safe to leaﬁe.

(11) Any surface disturbance that was potentially dangerous to people or
livestock was restored to a safe condition before the area was finally

evacuated.

Timing system

The master clocks, which are part of the shot timing and measurement
system, and the portable seismic station (PSS) clocks contain the same basic
eircuitry. Both provide an IRIG-E serial time-code output and a LED display
of hours, minutes; seconds, and the Julian date. In addition, the master
clocks have an oven-stabilized crystal oscillator, an output pulse on a
preselected minute, an internal battery charger, and a 1-MHz frequency
standard output that is used as a standard frequency for a precision counter.
The counter, in turn, is used to adjust the PSS clock drift rate and to set
the tape deck capstan speeds.

The oven-stabilized crystal has an aging rate of five parts in 1010,
which is two-and-a-half orders of magnitude more stable than the crystals used
in the PSS clocks. Because of this stability, we could construct five
identical master clocks that needed comparison less than once a week to

maintain timing differences of less than 1 millisecond.
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The clocks can be powered by either 120 v AC, an external 25 v DC

battery, or their internal rechargeable batteries. These internal batteries

supply enough power to operate the clocks for

3% days, so they could be

transported between camps or to the actual shot points without loss of the

time base.

The same methods are used to set both thel master clocks and the PSS

clocks. First, the main power or internal battery is turned on. After a 1-

hour warm-up period, six controls are used to
manner:
- Place the HOLD/RUN switch into hold

- Depress RESET

set the time in the following

- Turn the DIGIT SELECT switch to TS (tens of seconds)

- Depress SET once to advance the tens-of-seconds digit by 1 (push twice for

2, ete.)

- Set the rest of the display digits in order from right to left (UM = units

of minutes, UH = units of hours, UD = units

‘of days)

- When the present display time coincides with true time, move the HOLD/RUN

to run, then release it to the center position. (Alternately, the clock

may be set by a 0 to +10 v DC level change

pplied to the RUN.)

- To advance or retard the clock to agree with a known standard, hold the

ADV/RET switch in the correct position whil

e holding the RATE switch in the

1 msec/sec or 100 msec/sec position for the necessary amount of time.

We used the time signals broadcast by the British Broadcasting Company

(BBC) as the source of Greenwich mean time (GMT). We assumed that these

signals were perfectly stable and accurate. N

© correction was made for radio
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propagation delays because any delays were assumed constant over the entire
length of the profile. However, propagation delay variations from day to day
were minimized by using the same broadcast frequency each day at the same
time. For the first part of the experiment, the BBC signals were received at
9:00 a.m. local time (0600 GMT) at 15.4 MHz. In order to ease recording
problems on the ship, the frequency received was changed to 9.4 MHz at 6:00
p.m. local time (1500 GMT) for the second half of the experiment.

Only two master clocks were set against the BBC standard, one on the ship
(shot point 6) and the other at shot point 1. The clock at shot point 1 was
used to set the three other master clocks located at the other shot points a
few days before each shot series. Due to the master clock erystal stability,
this tranfer procedure resulted in a relative error between master clocks of
less than 1 millisecond.

The relative error between the BBC time and the master clock time was
determined by recording both signals on magnetic tape; the blaster interface
has a gated oscillator that converts the clock's IRIG code DC level shift into
a 2 KHz tone burst that can be recorded. Both signals are then played back
onto the Kiowa strip-chart recorder for comparison. The magnetic tape is used
as an intermediate step because the noise of the strip-chart recorder would

interfere with the radio signal. The following procedure was used:

Set up equipment as in figure 10

Tune in correct BBC station 1 minute before, desired hour

Start tape recorder U5 sec before hour

Set chart speed on the strip-chart recorder to 20 cm/sec

Record the timing signals on the chart recorder
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- Measure relative error on paper record (3d.1 mm yields +0.5 msec resolu-
tion; see sample record, figure 11) |
- Advance or retard master clock to eliminate error greater than 1 msec
- Record the amount of error and date and time of correction in master

clock log book.

Shooting system
The timing and firing system automatically fires explosives on a
preselected minute and records the time on a strip-chart recorder. The system
is contained in four.séparate units: a master clock, a blaster interface, a
blaster, and a strip-chart recorder. It is powered by internal rechargeable

batteries in the master clock (24 v 7.5 AH) and in the blaster interface (12 v

6 AH gel cells). As discussed above, the clocks can also be powered by an

external 25 v DC battery or by a 120 v AC connqction.
Figure 12 shows how the system is set up. The procedures for system
tests and shot-firing steps are:

Firing system set-up

-~ Connect CODE line from master clock to éhart recorder (BNC to pins)

- Connect START line from master clock to b:aster interface (BNC-BNC)

- Connect cap BREAK LINE from master clock to chart recorder

- Connect blaster interface cable from blaséer (four pin end) to interface
(five pin end)

- Connect 12 VDC from blaster interface to chart recorder

- Turn recorder OFF

- Switch blaster to AUTOMATIC




SCHEMATIC FOR RECORDING TIME SIGNALS
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Figure 10.,--Timing system equipment interconnections.
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Figure 11.,--Sample time error miasurement record.
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Figure 12.--Shot timing and firing system interconnections.
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Firing system test (firing line must be disconnected)

Connect a 10-Ohm resistor across firing line posts

Set START thumbwheel to 2 minutes beyond current minute

Hold down SAFETY INTERLOCK and crank up firing voltage to 50 volts

- Turn recorder ON (20 cm/sec)

5 sec before start time, start chart recorder

4 sec before start time, pull up and hold the FIRE knob

After beep, stop recorder and develop record

Firing sequence

- Switch blaster to AUTOMATIC

- Set thumbwheel on master clock for desired shot minute

-~ Connect firing line 1 minute before shot time

- Turn clock display on to 50 volts

~ Crank up firing voltage to 50 volts

- Depress SAFETY INTERLOCK; hold down until after shot

- 5 sec before shot time, start recorder

- 4 sec before shot time, hold up FIRE knob

- After shot, release FIRE knob and turn recorder off

- (If shot did not fire, switch blaster to MANUAL and momentariiy pull up
the FIRE knob)

- Turn clock display off

- On paper record, print date, shot location, and length of primacord
between cap and explosives

- Disconnect all cables
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Determining the actual shot time includes calculating the delays caused

by relay closure times and the propagation ti

the blasting cap and the explosives. The fol

determine the shot time (refer to fig. 11).

me of the detonating fuse between

lowing steps are taken to

- Locate preselected start time on paper record (IRIG code)

- Measure length of a 0.1-sec interval (TSL)

- Measure length between START time and the blasting cap break (CBL),

displayed as an impulse

- Calculate cap detonation time (CT) in se

conds: CT = (0.1) CBL/TSL

- Calculate time ffom initiation of the primacord explosion until the time
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