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GEOCHEMICAL ORIENTATION FOR MINERAL EXPLORATION
IN THE HASHEMITE KINGDOM OF JORDAN
By
William C. Overstreet, David J. Grimes,
and James F. Seitz
U.S. Geological Survey
ABSTRACT

This report is a supplement to previous accounts of geochemical
exploration conducted in the Hashemite Kingdom of Jordan by the Natural
Resources Authority of the Royal Government of Jordan and the U.S.

Geological Survey. The field work on which this report is based was sponsored
by the U.S. Agency for International Development, U.S. Department of State.

Procedures used in collecting various kinds of rocks, ores, slags, eluvial
and alluvial sediments, heavy-mineral concentrates, and organic materials for
use as geochemical sample media are summarized, as are the laboratory procedures
followed for the analysis of these sample materials by semiquantitative
spectrographic, atomic absorption, fluorometric, and X-ray diffraction methods.
Geochemical evaluations of the possibilities for economic mineral deposits in
certain areas are presented.

The results of these preliminary investigations open concepts for further
use in geochemical exploration in the search for metallic mineral deposits in
Jordan. Perhaps the most desirable new activity would be hydrogeochemical
exploration for uranium and base metals, accompanied by interpretation of such
remote-sensing data as results of airborne radiometric surveys and computer-
enhanced LANDSAT imagery. For more conventional approaches to geochemical

exploration, however, several fundamental problems regarding proper choice



of geochemical sample media for different geologic and geographic parts of
the country must be solved before effective surveys can be made.

The present results also show that such common geochemical exploration
techniques as the determination of the trace-element contents of soils, plant
ash, and slags have direct application also toward the resolution.of several
archaeological problems in Jordan. These include the relation of trace-elements
chemistry of local soils to the composition of botanic remains, the trace-elements
compopition of slags to the technological development of the extractive metallurgy
of copper and iron in the region, and the use of charcoal from slags for the
C-14 dating of periods of archaeometallurgical activity. Less directly,
interpretations based on the distribution in time and space of the
archaeometallurgical activities of the region might add to the knowledge of
early climatic conditions and vegetative cover of the area.

INTRODUCTION

Purpose of report

This report is a supplement to earlier accounts of geochemical
orientation surveys conducted for mineral exploration in the Hashemite Kingdom
of Jordan by personnel of the U.S. Geological Survey (USGS) in cooperation
with and at the invitation of the Natural Resources Authority (NRA), Royal
Government of Jordan, and sponsored by the Agency for International Development
(AID), U.S. Department of State, under PASA No. IC/JOR-181-6~76. Those earlier
accounts (Overstreet, 1978a; Grimes, 1978; Seitz, 1978) reviewed field and
laboratory methods already in use by NRA for geochemical exploration for mineral
deposits, recommended new or modified procedures, and suggested that a continuing

program of orientation surveys be initiated to determine techniques of geochemical



exploration combined with remote-sensing techniques most suited to the arid
conditions that prevail in Jordan. The work that led to those earlier recom-
mendations included the collection of samples of various geologic materials
for trace-elements analysis. However, in late 1977 and early 1978 when the
samples were obtained, the planning requirements of NRA and AID would not
admit the delay of recommendations until analyses were completed.. Those
analyses, made in the laboratories of NRA in Amman, Jordan, and of USGS in
Denver, USA, were finished in October 1978. The purpose of the present report
is to give the results of those analyses and to discuss how those results
affect problems in geochemical exploration for mineral deposits in the Hashemite
Kingdom of Jordan.
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PROCEDURES

Field

The procedures used in the field for collecting and processiﬁg the
samples for geochemical exploration, as well as the localities sampled, were
discussed in a previous report (Overstreet, 1978a, p. 9- 10). Where necessary
for clarity in the text below, additional details or. the sites and the
preparation of samples are given. Such data are particularly needed in
connection with samples collected by D. J. Grimes and D. W. McCreery, which
samples were not described in prior reports.

Laboratory
Division of work

Spectrographic analyses of the geologic materials collected in Jordan
were done in the Laboratory Division of NRA in Amman, Jordan, and in the
laboratories of the USGS in Denver, USA. The procedures followed for these
analyses were the same at the two laboratories (Grimes, 1978). Other types of
analysis were made in the USGS.

Methods

Semiquantitative spectrographic analysis.-~The method of semiquantitative

spectrographic analysis of geologic materials used in geochemical exploration
by the USGS (Grimes and Marranzino, 1968) was introduced in the Laboratory
Division of NRA by Grimes (1978). In this procedure, 31 elements are

determined over wide ranges in concentration (table 1). The precision and



Table 1. Ranges in concentration for 31 elements determined by
semiquantitative spectrographic methods on geologic materials from the
Hashemite Kingdom of Jordan.

Element Concentration range Element Concentration range
From To From To
NRA usG 17 NRA UsGS 17

Elements reported in percent

Fe 0.05 0.05 50 Mg 0.02 0.02 10
Ca .05 .05 20 Ti .002 .002 1

Elements reported in parts per million (ppm)

Ag 2 0.5 5,000 Nb 20 20 2,000
As 500 200 10,000 Ni 10 5 5,000
Au 20 10 500 Pb 50 20 20,000
B 20 10 2,000 Sb 200 100 10,000
Ba 50 20 5,000 Sc 5 5 100
Be 2 2 1,000 Sn 50 10 1,000
Bi .20 10 1,000 Sr 200 100 5,000
cd 100 20 500 Th 200 100 2,000
Co 5 5 2,000 v 10 10 10,000
Cr 10 50 5,000 W 50 50 10,000
Cu 2 5 20,000 Y 20 10 2,000
La 50 20 1,000 Zn 200 200 10,000
Mn 50 10 5,000 Zr 20 10 1,000
Mo 10 5 2,000

—l-/Upper limits are the same for NRA and USGS.



accuracy of the method are satisfactory for use in geochemical exploration
(Motooka and Grimes, 1976; Myers and others, 1976; Allcott and Lakin, 1974;
1978).

Several slighc'differences in the lower limit of determination exist
between the analyses made in NRA and those done in USGS (table 1). The lower
limits of determination for Cr and Cu in the analyses done in NRA were below
the values reported in USGS. For 10 elements, Ca, Co, Fe, Mg, Nb, Sc, Ti,

V, W, and Zn, the lower limits of determination were the same in both
laboratories: Slightly greater lower limits of determination were used for
the other elements in the laboratory at NRA., The same upper limits of
determination were used in both laboratories.

In this procedure of semiquantitative spectrographic analysis, 10
milligrams (mg) of a finely ground sample (<100 mesh) is mixed with 20 mg of
pelletizing graphite powder and packed into the crater of a preformed graphite
electrode. .This mixture is burned to completion at 13 amperes (direct current
arc) for 2 minutes with an electrode gap of 4 mm. The emitted light is
diffracted by a grating and recorded on a set of photographic plates. The
plates are developed for 3 minutes at 20C, fixed for 6 minutes, washed in
cold water, and air dried. fhe resultant spectrum is compared visually to
spectra on standard plates utilizing a 15x microphotometer, and the
concentration ranges for the 31 elements are reported in six steps that are

the approximate geometric midpoints of ranges as follows:



Approximate geometric ‘ Ranges of values represented
midpoint (reporting value) by each midpoint

1 1.2 - 0.83
0.7 0.83 - 0.56
0.5 ~ 0.56 - 0.38
0.3 0.38 - 0.22
0.2 0.22 - 0.18
0.1 0.12
0.1 0.08

5 0.18
0.12

The spectrographic analyses were made by David J. Grimes and R. T.
Hopkins, USGS, and by Mohamad Sha'aban and Zuheir Issa, NRA.

Atomic absorption analysis.~-Gold, indium, thallium, and tellurium were

determined by atomic absorption analyses as follows:

Element Sensitiv%&z Method Analyst
ppm
Au 0.05 Ward and others (1969) J. G. Viets
In 0.1 Hubert and Lakin (1973) Do.
T1 0.1 Do. Do.
Te 0.2 Modified Hubert and Lakin (1973) R. W. Leinz

In some samples the lower limit of determination of tellurium was raised
owing to the small amount of sample available.

Flameless atomic absorption analysis.-- Mercury was determined for this

investigation by Reinhard W. Leinz, USGS using the flameless atomic absorption
method of analysis described by Vaughn and McCarthy (1964). This instrumental
method is sensitive to a lower limit of determination of 0.02 ppm, and the
reported values are within +50 percent of the actual amount present.

Fluorometric analysis for selenium.--Selenium was determined by R. W.

Leinz using a fluorometric procedure described by Crenshaw and Lakin (1974).
The lower limit of determination achieved by this method is 0.02 ppm selenium.

The values for selenium are reported in intervals of 0.1 ppm and are within

+15 percent of the actual abundance of selenium in the sample.
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Instrumental and fluorometric analyses for uranium.-~Equivalent uranium

(eU) was measured by John C. Negri, USGS, using an instrumental counting

procedure that gave a lower limit of determination of 20 ppm. This value is

10 times greater than the crustal abundance of uranium, reported to be 2 ppm
(Finch and others, 1973, p, 459); later, uranium was analyzed by Delmont M.
Hopkins using a fluorometric method capable of detecting uranium in concentrations
as low as 0.2 ppm (Huffman and Riley, 1970).

Isotopic analysis.--Isotopic analysis was used to determine the C-14 ages

of 8several samples of charcoal from slags at ancient smelters located to the
east of Wadi al'Arabah. These analyses were made by Meyer Rubin in the USGS
geochronology laboratory in Reston, USA.

X-ray diffraction analysis..-X-ray diffraction patterns were made of

several minerals and slags by Theodore Botinelly, USGS, Denver, using standard
procedures of determinative mineralogy. The X-ray machine used for these
analyses is a standard Phillips X-ray diffraction set with a graphite
monochromator to remove all fluorescence from the patterns of iron-rich
samples such as the concentrates and slags from Jordan.
Purpose of the atomic absorption and fluorometric analyses

Several volatile elements, particularly mercury, thallium, tellurium, and
selenium, are of interest in exploration for hydrothermal mineral deposits,
because they tend to form halos around ore deposits (Hawkes and Webb, 1962, p.
72-73; Ewers and Keays, 1977; Watterson and others, 1977). These halos
constitute a larger target for exploration than the ore deposit itself.
However, these elements cannot be readily determined by use of the
semiquantitative spectrographic method described above; therefore, splits of

the samples were analyzed variously by flameless atomic absorption, atomic



absorption, and a fluorometric method for possible mercury, thallium,

tellurium, and selenium.

Analysis of samples for gold by the atomic absorption procedure, which is
sensitive to 0.05 ppm gold, permits the detection of gold where the quantity
of the element present is significantly less than the lower limit of
determination of 20 ppm by the semiquantitative spectrographic procedure
(table 1).

Routine scanning of samples for the instrumental determination of
equivalent uranium is a common practice in geochemical exploration. The
routine is designed to detect unusual enrichment of a sample in radioactive
elements. But as was mentioned above, special fluorometric analyses must be
made to determine uranium where it is present in concentrations close to its
crustal abundance. -

Results

The conventional listing of the results of analyses after a discussion of
procedures used in the analyses is abandoned in this report in the interest of
keeping the results close to the interpretations. This form of presentation
was chosen because geographically and geologically diverse localities are
represented by the samples, and because the localities were selected to
represent different kinds of sampling problems that are met in orientation
surveys for geochemical exploration.

Throughout the reporting of the results of the analyses, use is made of
alphabetic conventions to show certain forms of technically censored data. By
cengored data is meant values that fall above or below the analytical
determination limits of particular methods for particular elements. These

limits are listed in table 1 for the results of the semiquantitative



spectrographic methods., For results by the other analytical procedures, only
the lower limits of determination have been given, because none of these
elements was found to be present in amounts greater than the upper limits of
determination. The alphabetic conventions followed below are:
N = Not detected at the lower limit of determination, or at value shown.
L = Detected, but below the lower limit of determination, or.below
value shown.
G = Greater than upper limit of determination, or greater than
value shown.
INTERPRETATION OF RESULTS OF ANALYSES
The interpretations are made by geographic region sampled, presented in
an order based on the geologic materials used for geochemical sample media in
a succession from rocks to alluvium to organic materials. In general, the
geographic order is from north to south (fig. 1).

Barite deposit located to the northwest

of Mahattat el Jufur

A vein deposit of barite in limestone was discovered by the German
Geologic Mission to Jordan (Bepdet, 1974) at a locality (3247'26"N.;
3748'33"E.) about 90 km northwest of Mahattat el Jufur (fig. 1), the town at
the abandoned petroleum pipeline pumping station numbered H-4. The deposit is
in the Wadi Muqat area about 5 km south of the border with Syria. Exploration of
the barite deposit (fig. 2) was done by NRA, and the conclusion was reached that
the deposit was too small to mine. During a trip to the locality in November
1977, five samples of vein and wallrock material were collected (Overstreet,
1978a, p. 28-29) for analysis so that the results could be compared with the

distribution of minor elements in the Tertiary barite vein deposit in Precambrian
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granodiorite near Rabigh, Saudi Arabia, in the Red Sea rift system (Brobst,
1966, table 1; Shanti, 1970). An isotopic study of the lead in galena from

the Rabigh barite deposit showed that it was similar to lead in metal-rich

brine in the central Red Sea (Delevaux and others, 1967). At Rabigh, dark-brown
jasperoid in the thicker parts of the barite veins contained unusual
concentrations of Be, Pb, Y, B, Mn, and Fe that were interpretéd by Brobst

to indicate the possible presence of undiscovered hydrothermal sulfide ore
deposits. Should comparable results be found for material from the barite

vein deposit northwest of Mahattat el Jufur, then additional geologic reason
would exist for further exploration at that locality.

The five smaples from the vein deposit in northeastern Jordan are:

Field number Description
77-0T-622 Limestone.
-623 Clayey, limonite-rich alteration product of limestone

in a zone 3-8 cm thick along footwall
of barite vein.

-624 Gray barite vein in limestone.

-625 Dark brown, cryptocrystalline, slightly
vuggy jasperoid from the barite vein.

~626 Gray barite vein in limestone.

Results of the analyses of these specimens are given in table 2,

The limestone and the limonite-rich, clayey alteration product along the
footwall of the vein are richer in Fe, Mg, and Ca than the barite or
jasperoid, and the alteration product contains more titanium than the other
material (table 2). Both the limestone and the barite are remarkably pure.
They have very low contents of all the minor elements sought in these
analyses. The only exceptions to this observation are the high value for
barium in the limestone (77-0T-622), and the high values for strontium in the
barite (77-0T-624 and 77-0T-626), which is geochemically expectable. The
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Table 2.

Results of analyses of vein and wallrock materials from the barite

deposit located to the northwest of Mahattat el Jufur, Hashemite

Kingdom of Jordan.

LAnglyses by D. J. Grimes, R. T. Hopkins, J. C. Negri, R. W. Leinz,

J. G, Viets, and D. M. Hopkins, USGS.]

Element 77-0T-622 77-0T-623 77-0T-624 77-0T-625 77-0T-626
MAX-227 - MAX-228 - MAX-229 MAX-230 MAX-231
Limestone Footwall Barite . Jasperoid Barite
alteration
Results in percent -
Fe 0.1 2 0.05 0.1 L(0.05)
Mg .5 1 .05 .05 L(0.02)
Ca G(20) 10 5 1 .2
Ti .007 .07 .015 .007 .005
Results in parts per million (ppm)2
Ag N(0.5) .7 N(0.5) 3 N(0.5)
Aul L(0.05) L(0.05) L(0.05) L(0.05) L(0.05)
B N(20) 50 N(20) 100 N(20)
Ba G(5,000) G(5,000) G(5,000) G(5,000) G(5,000)
Co ' N(5) L(5) N(5) N(5) N(5)
Cr 100 1,500 150 100 50
Cu 7 70 10 15 5
La N(20) 20 N(20) N(20) N(20)
Mn : 50 70 N(10) 100 N(10)
Ni 15 150 7 10 N(5)
Sc N(5) . 7 N(5) N(5) N(5)
Se .1 .9 .5 .5 .1
Sr 500 G(5,000) G(5,000) 1,500 G(5,000)
T L(0.2) L(0.2) L(0.2) L(0.2) L(0.2)
el L(20) 30 L(20) L(20) L(20)
U .6 21.8 .6 .6 4
) 70 700 150 70 15
Y N(10) 70 N(10) N(10) N(10)
Zn N(200) 200 N(200) N(200) N(200)
ir N(10) 70 N(10) N(10) N(10)

 Gold by atomic absorption analysis.

2 Looked for but not found at lower limits of determination as shown in ppm:
As, 200; Be, 1; Bi, 10; Cd, 20; Hg, 0.02; Mo, 5; Nb, 20; Pb, 20; Sb, 100;

Sn, 10; Te, 0.2; Th, 100; and W, 50,

14



largest anomalies in abundance of the minor elements are in the limonitic

clayey alteration product along the footwall (77-0T-623) and/or in the jasperoid
»(77-OT-625), where higher values are found for Ag, B, Cr, Cu, La, Mn, Ni,

Se, U, V, Y, Zn, and Zr, than are present in the limestone or barite.

Metal concentrations in barite and in jasperoid from the locality in
northeastern Jordan are compared in table 3 with those reported for the
deposit near Rabigh in Saudi Arabia (Brobst, 1966, table 1; Shanti, 1970, p.
56). The jasperoid described by Shanti (1970, p. 57) was said to be strongly
contaminated by icon and manganese minerals. If allowance is made for
contamination, if about three reporting intervals are permitted for acceptable
variation in the results of the analyses, and if elements that were not
detected are counted as being equivalent in the three sets of analytical
results, then the samples of jasperoid from the two localities have similar
concentrations of Mg, Ti, As, B, Bi, Cd, Cu, La, Mo, Ni, Sb, Sc¢, Sn, V, W, Zn,
and Zr. The Jordanian material is enriched in Ca, Ba, Cr, and Sr compared to
the Arabian jasperoid. The Jordanian jasperoid is also enriched in elements that
were not reported for the Arabian material (Ag, Au, Se, Tl, and U). Of the
elements in the Arabian jasperoid that were considered to be critical
geochemical indicators for hidden hydrothermal sulfide deposits (Be, Pb, Y, B,
Mn, and Fe), only boron is more abundant in the jasperoid from Jordan. The
other elements assigned indicator roles for the Arabian jasperoid (Brobst,
1966) are less abundant, as is mercury, in the jasperoid from Jordan.

When ﬁhe same parameters of allowable analytical variation are applied to
the composition of the barite from the two countries as was used to compare
the results of the analyses of the jasperoid, the barite samples are seen
(table 3) to have similar contents of all reported elements except Cr, Pb, and
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Tadle 3. --Comparison of metal concentrations in harite and jasperiod from barite vein deposits in northeastern
Jﬁan and at Rabinh, Kinqdom of Saudi Arabia.
[Data for Saudi Arabia from Brobst, 1366, table 1, and Shanti, 1970, p. 56. n d. = no data.}

Element Northeastern Jordan Rabigh, Saudi Arahia
Barite Jasperiod Barite Jasperiod Jasperiod
{2 samples) (1 sample) (1 sample, Brobst) (3 samples, Brobst) (2 samples, Shanti)

Results in percent

fe L(0.05) 0.1 <0.1 11 n.d. n.d.
Mg .03 .05 <01 0.01 n.d. n.d.
Ca .3 1 <.l .2 n.d. n.d.
T .01 .007 <.005 €.005 0.001 0.00%

Results in parts ner million

As N(200) N(200) nl N n.d. n.d.

8 N(20) 100 <10 30 100 10

Ba 6(5,000) 6(5,000) 6(10,000) 1,100 n.d. n.d.

Be N(1) N(1) <1 15 100 7

81 N(10) N(10) N N 20 Al

cd N(20) N{20) N N 50 N

cr 100 100 '] s 5 5

Cu 7 15 @ 50 100 1,000

Hg N(0.02) N(0.02) .02 12 n.d. n.d.

La N(20) N(20) N N 10 N

Mn N(10) 100 0 3,000 2,000 10,000

Mo N(5) N(5) Q@ . 3 20 150

Ni L{S) 10 e <@ : R 30

Pb N{20) N(20) 150 700 2,000 10,000

b N(100) N(100) N N 200 N
Sc N(5) N(5) N N 10 10

Sn N(10) N(10) N N 10 10

Sr 6(5,000) 1,500 6{10,000) <50 sn 500

] 70 70 <10 50 200 300

W N(50) N(50) N N 50 N

Y N(10) N(10) < 40 30 20

In N(200) N{200) N N 500 500

Ir N(10) N(10) N N 10 20

I Lower 1imits of determination not given by Brobst (1966) and Shanti (1970) for elements looked for
but not found.
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V. Chromium and vanadium are more abundant in the barite from‘northeastern
Jordan. Lead is more abundant in the Rabigh barite.

Some physical differences exist between the jasperoid in the two barite
deposits. That from Jordan consists of small bodies of dark brown,
cryptocrystalline, slightly vuggy jasperoid with small patches of limonite in
the outer vugs. The pods of jasperoid at the Rabigh barite deposit are as much
as 0.7 m wide and 2 m long, thus they are larger than the jasperoid bodies in
Jordan. The Arabia jasperoid is dark golden brown, phaneric, and specked
with particles of manganese oxide and iron oxide (Brobst, 1966, p. 188).

Also, the wallrock limestomne in Jordan is a more reactive rock than the

wallrock granodiorite in the vein deposit at Rabigh. As a consequence,

more profound alteration of the rock along the walls of the veins has taken
place in northeastern Jordan than in Arabia (table 2, and Brobst, 1966, tablé 1).
Interestinély, slight enrichment of silver was found by Brobst (1966, p.

188-189) in the altered wallrock, just as is shown for the alteration product
along the vein walls at the barite deposit northwest of Mahattat el Jufur

(table 2). Shanti (1970, p. 56) reported 1 and 30 ppm silver respectively for
the two samples of jasperoid listed in table 3.

The chemical similarities of the barite from the two localities, the
similar enrichment in silver of altered wallrock at the two deposits, and the
similarity of abundances of many minor elements in the jasperoid from both
localities (northeastern Jordan and from Rabigh in the Red Sea rift zone of
Saudi Arabia,) may indicate some common features of origin despite the
geographic separation of about 1,200 km.

In studies of the character, origin, and economic significance of
jasperoid, Lovering (1972, p. 50) found it convenient to categorize jasperoid
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as "favorable jasperoid" if it was related to or associated with ore deposits,
and as "unfavorable jasperoid'" if it was not related to ore deposits.

Chemical analyses of major and minor elements disclosed that certain elements
were characteristically present and other elements were sparse (Lovering,

1972, p. 55):

Percent of specimens Term used for element Elements
of jasperoid in which by category of presence
element 1s detectable
290 tiiiiiincncancns Characteristic ...¢..... Fe, Mg, Ca, Mn,
Ti, Ba, Cr, Cu
50-90 ....cci00enn Common ......co000evee00. Ni, Pb, Sr, V, Zr

10-50 ..ccevvavase Minor ceessesacsssscesss Ag, As, B, Be, Bi,
Mo, Sb, Sn, Y, Zn
2-10 L.t eteinnnane Sparse ....ecc00000000..0.. ©C$d, Co, La, Nb, Sc
<2 tesasesesans Very sparse .....¢.e00... Nd, U, W
Among the characteristic and common elements, significant differences in
abuﬁdances were noted for favorable and unfavorable jasperoids (Lovering and
Hamilton, 1962; Lovering, 1972, p. 55-56). Abundances characteristic of
favorable jasperoid were >1.5 percent iron, >30 ppm copper, and >15 ppm
lead. A barely significant association with unfavorable jasperoid was found
for magnesium in concentrations >0.015 percent. Also, favorable jasperoid
more commonly contained Ag, As, Bi, Cd, Co, Mo, Sn, and Zn than unfavorable
jasperoid. Lovering noted that sparse elements such as Cd and Co appeared
only in jasperoid having high concentrations of Cu, Pb, Zn, or Ag, which ranked
the jasperoid as favorable. The presence of very sparse elements such as U
and W suggested areas in which these elements were abnormally concentrated,
and the detection of sparse or very sparse elements in jasperoid could be

highly significant if deposits of these elements were being sought (Lovering,

1972, p. 56). Summaries of significant concentrations and in significant
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concentrations of elements in jasperoid were tabulated by Lovering (1972,

tables 12 and 14) to serve as geochemical guides to favorable jasperoids:

Significant concentrations Not significant concentrations’
TLovering, 1972, table 14) (Lovering, 1972, table 12)

Favorable ~Unfavorable hl

jasperoid lasper013

Fe > 1,5 percent Mg 20.015 percent Ca

Cu >30 ppm - Mn

Pb D15 ppm Ti

Ag 3 1.5 ppm Ba

As >1,500 ppm Cr

Bi >7 ppm Ni

Mo >5 ppm Sr

Sn >15 ppm v

Zn E}SO ppm Zr

Ed
Lovering's research showed that certain colors, grain size, and textures

in jasperoid also distinguished favorable from unfavorable jasperoid
(Lovering, 1972, tables 9 and 10).

The jasperoid from northeastern Jordan fails in several critical ways to
meet Lovering's criteria for favorable jasperoid, but in many less critical
ways it satisfies the criteria, and in several ways it may exceed the demands
for classification as favorable jasperoid. The dark brown color and slightly
vuggy texture are somewhat significant in classing it as favorable jasperoid,
but the cryptocrystalline character is notably against the classification as
favorable jasperoid. The contents of Fe, Mg, and As are significantly
unfavorable, but the content of Ag is highly significant for favorable
jasperoid. High values for Ca, Ba, Cr, Mn, Ni, Sr, and V are not significant
for classifying the jasperoid (Lovering, 1972, table 12). Only ambiguous
interpretations arise from considerations of Cu, Pb, Bi, Mo, Sn, and Zn,
because the lower limits of determination of the analyses of the jasperoid
from Jordan are close to the significant concentrations related by Lovering
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(1972, table 14) to favorable jasperoids:

Favorable Jasperoid from
Jasger013 northern Jordan
Cu > 30 15
Pb > 15 N(20)
Bi > 7 N(10)
Mo> 5§ N(5)
Sn > 15 N(10)
Zn 150 N(200)

A difference of one or two reporting units in the results of the
analyses of the jasperoid from Jordan could have raised all these elements to
the favorable concentrations. Equally as well, they could have been 1less.
Evidently, additional samples of jasperoid from the locality northwest of
Mahattat el Jufur need to be analyzed by methods giving lower limits of
determination before the criteria based on these elements can be employed.
From the published data, the significance of the small amounts of Au, Se, Tl,
and U in ;lassifying the jasperoid cannot be evaluated, except to recognize
that they are very scarce elements which may show relation to metals in strati-
graphic units through which the barium-bearing hydrothermal solutions passed
(Se and U)or, may show the presence of sulfide deposits at depth (Au, Se, and T1).

Rocks from the cryptovolcanic

structure at Jabal Waqf es Suwan

One of the two cryptovolcanic structures recognized in Jordan (Bender,
1968a; 1975, pl. 1; Zagorac, 1969) is at Jabal Waqf es Suwan (3103'N.;
3648'E.) (fig. 1). It has the classic shape of an unbreached volcanic pipe
capped by domed rocks—--mainly Cretaceous sandstone, marl, phosphorite,
silicified limestone, and chert--bounded by annular faults (Bender, 1975, pl. 1).

Geophysical and geochemical investigations conducted by NRA and an United
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Nations Special Fund Project (Zagorac, 1969) disclosed no surface evidence of
_miperalization. However, those investigations concluded with the recommendation
that a vertical drill hole be sunk in the center of the structure to test it
for possible ore deposits. Inasmuch as this hole had not been drilled as of
1977, and some cryptovolcanic structures have been proven to contain immense
reserves of fluorite, barite, rare earths, beryllium, and zinc; as at Hicks
Dome, Hardin County, Illinois, U.S.A. (Brown and others, 1954; Bradbury and
others, 1955; Trace, 1960; 1976; Heyl and Brock, 1961; Heyl and others, 1965),
a further recommendation was made that this hole be drilled to test the
possibility of mineralization (Overstreet, 1978a, p. 18-19). A geochemical
survey is said to have been made for base metals, barium, and strontium by NRA
at Jabal Waqf es Suwan using augered soil samples for chemical analysis, but
the results of the survey have not been available for the present discussion.
Field observations made November 18, 1977, at Jabal Waqf es Suwan
disclosed no surface evidence for mineralization (fig. 3, A and B), unlike the
cryptovolcanic structure at Hicks Dome, U.S.A., where dikes, veins, and
intrusive breccia are exposed in the dome (Trace, 1976, p. 65). Nevertheless,
29 samples of rock were collected from Jabal Waqf es Suwan in the vicinity of
geophysical station GM-146 (Zagorac, 1969). Chip samples were taken as close
to the walls of joints and fractures as possible in order to include any
imperceptible coatings that might be present along the openings. The decision
to take chip samples of the walls of fractures instead of repeating the soil
sampling of the earlier geochemical survey was based on the idea of a possible
exhalation halo emerging through fractures above the buried intrusive. The
central part of the dome over the intrusive would be the main channelway for
fugitive constituents from the intrusive rocks below. Inasmuch as the core of
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the dome is Cretaceous sandstone, and the immediate flanks are Upper
Cretaceous chalk, marl, bituminous limestone, phosphorite, silicified
limestone, and chert (Bender, 1975, pl. 1), the reactive carbonate rocks,
phosphorite, and chert were selected for sampling (table 4). None of the rock
chips prepared for analysis contained the slightest trace of fluorite, sulfide
minerals, or barite.

The results of spectrographic and other analyses of the 29 rock specimens
from Jabal Waqf es Suwan are shown in table 5. The minor elements most critically
indicative of possible fluorite, rare-earth, or sulfide deposits, or of alkalic
rocks at depth, as at Hicks Dome, are, if present, less abundant than their
respective lower limits of determination (As, Be, Bi, Cd, Nb, Sb, Sn, Te, Th,
W, and Zn), are rarely detected (Ag, Co, Cr, Hg, La, Mo, Pb, Sc, Y, and Zr),
or are only sparsely preseant (B, Cu, Ni, Se, and Tl). Some common elements
(Fe, Mg, Ca, and Ti) occur in geochemically expectable amounts. Specific rock
types appear to be enriched in certain locally anomalously abundant elements
(Ba, Mn, Sr, U, and V) and the presence of these elements more probably
reflects the chemistry of their sedimentary deposition than that of exhalation
halos related to a subjacent igneous source.

Distribution of elements

The distribution of the elements reported in table 5 is discussed below
to compare the geochemistry of the rock samples from the dome at Jabal Waqf es
Suwan with the abundances of these elements in surface materials and drill
core from Hicks Dome, U.S.A., and with average geochemical abundances in
limestone.

Hicks Dome, a circular structure 14 km in diameter having about 1,200 m of
vertical stratigraphic uplift, is situated in a complexly faulted area in the
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Table 4. Sedimentary rocks from Jabal Waqf es Suwan, Hashemite Kingdom of Jordan.

[Field descriptions by Abdullah Bahdari, NRA.]

Field number Field description

77-0T7-592 Cream-colored, silicified, fossiliferous 1imestone.
-593 Do. '
-594 Pink, fossiliferous, sandy clay marl.
-595 Same unit as 77-0T-592.
-596 Do.
-597 Do.
-598 Same unit as 77-07-592, calcite veinlets present.
-599 Do.
-600 Brown, nummulitic limestone.
-601 Same unit as 77-0T7-592.
-602 Calcite vein.
-603 Same unit as 77-0T7-592,
-604 Do.
-605 Do.
-606 Tan, silicified limestone with hairline fractures
coated with iron and manganese oxides.
-607 Silicified limestone.
-608 Brecciated, iron-stained chert.
"609l DO-
-610 Do.
-611 Do.
-612 Do.
-613 Do.
-614 Brown, silicified 1imestone.
-615 Brecciated, iron-stained chert.
-616 Massive, iron-stained chert.
-617 Do.
-618 Gray, phosphatic chert.
-619 Siliceous phosphate rock.
-620 Rosy, siliceous limestone.
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central craton of the United States (Heyl and Brock, 1961, p. D3~D5; Heyl and
ﬁthers, 1965, p. B10; Trace, 1976, p. 68-70). Radial and concentric ring
faﬁlts are present near the margin of the dome, mineralized explosion breccias
are present in thé dome, and the dome is intruded by strongly altered dikes of
alkalic peridotite. Some of the breccias have been drilled, and material from
the breccias and dikes have been analyzed mineralogically and chemically.
Locally, surface exposures of fluorite in the breccias and of radioactive
dikes in the dome have encouraged exploration and mining (Brown and others,
1954). Minerals in the breccia include rare-earth-bearing fluorite,
sphalerite, galena, barite, monazite, bertrandite, florencite, pyrite,
brookite, rutile, xenotime, and apatite (Trace, 1976, p. 68). Beryllium,
niobium, and zirconium are enriched in the breccia, and these elements as well
as F, Ga, Ba, Ti, Ni, Y and Ce are enriched in the dikes (Trace, 1976, p. 65).
The minerglized breccias have been interpreted as diatremes, and Hicks Dome is
thought to be a cryptovolcanic structure (Heyl and others, 1965, p. Bll).

Elements less abundant than their respective lower limits of

determination.--The elements shown in table 5 to be less abundant in the rocks

from Jabal Waqf es Suwan than their respective lower limits of determination,
and those limits in ppm, are: As, 200; Be, 1; Bi, 10; Cd, 20; Nb, 20; Sb,
100; Sn, 10; Te, 0.2; Th, 100; W, 50; and Zn, 200.
The presence of fluorite at depth might be indirectly indicated by
the beryllium and several other elements at the surface, because F- serves as
a complexing agent that forms water-soluble fluoride complexes of elements
such as Be, Bi, Mn, Nb, Ti, and W (Griffitts, 1973, p. 89). Except for manganese
and titanium, these elements are below their limits of determination in this

set of samples. When the abundances of these elements are considered with the
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mineralogical observation that fluorite was absent on the joints and
fractures that were sampled, the probability seems to be against the presence
"of fluorite at depth.

Beryllium, niobium, rare earths, and thorium are elements commonly
associated with alkalic rocks. At Hicks Dome the peridotite dikes with
alkalic affinities contain 10-50 ppm Be and 50-100 ppm Nb (Trace, 1976, p.
65), and the breccia is enriched in these elements (Grogan and Bradbury, 1968,
p. 398) and has many rare-earth and thorium-bearing minerals. Of these
elements, only the rare earths have been detected in the sedimentary rocks at
Jabal Waqf es Suwan, and they were rarely found (see below). Their absence,
within the limits of determination, in the fractured parts of the sedimentary
rocks could be compatible with an absence of alkalic intrusives at depth, but
the limits of determination of these elements are sufficiently high that they
could be Qresent in small quantities that would still exceed normal abundances
in sedimentary rocks. For example, limestones typically contain <1 ppm Be,
0.3 ppm Nb, and 1.7 ppm Th (Bowen, 1966, p. 176- 205). Thus, it cannot be
certainly said that the failure to detect beryllium, niobium, and thorium
excludes the possibility of alkalic intrusives at depth. When taken with the
absence of fluorite and the low values for other characteristic elements
discussed below, such as Ba, La, Mn, Sr, Ti, Y, and Zr, the possibility for an
alkalic intrusive is remote.

Elements generally associated with sulfide deposits, such as As, Bi, Cd,
Sb, Te, and Zn, and commonly found in geochemical halos around sulfide deposits,
are also below their limits of determination in these rocks. They typically
are quite sparse in limestone, for example: 1 ppm As; 0.035 ppm Cd; 0.2 ppm

Sb; 20 ppm Zn (Bowen, 1966, p. 174-209), and of these elements, only zinc has
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been reported at Hicks Dome, where 50-100 ppm were found in weathered
peridotite dikes (Trace, 1976, p. 65). Such low levels of concentration are
not reached by the analytical methods used. However, the presence of at least
some of these elements, and particularly of tellurium (Watterson and others,
1977), might be expected in leakage halos associated with hidden sulfide
deposits of base metals. The absence of these elements combined with the
rarity of elements such as Ag, Au, Co, Cu, Hg, Mo, Ni, Pb, Se, and Tl, suggest
that deposits of base metals are not present in depth at Jabal Waqf es Suwan.

Rarely detected elements.--Elements that are rarely detected in the

samples of rocks from Jabal Waqf es Suwan z2re: Ag, Co, Cr, Hg, La, Mo, Pb,
Sc, Y, and Zr (table 5). Out of this group, only mercury and zirconium have
limits of determination in these analyses that are lower than the average

abundances in limestone:

Element ' Lower limit of Average abundance

determination for in limestone, in ppm
table 5, in ppm (Bowen, 1966, p. 173-210)

Ag 0.5 0.07

Co 5 .1

Cr 50 11

Hg .02 .04

La 20 6.2

Mo 5 4

Pb 20 9

Sc 5 1

Y 10 4.3

Zr 10 19

Interestingly, the only samples of rock from Jabal Waqf es Suwan that
contain detectable mercury (table 5) are from silicified limestone and
fractured limestone, as if some connection existed between chemical and

mechanical alteration of the limestone:
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Sample Rock Mercury

number type pPpm

'77-<0T=-593 Silicified limestone L(.02)

77-0T-603 Do. ‘ .02

77-0T-599 Limestone with fractures and L(.02)
veinlets

These amounts for mercury are just at the threshold of detection; thus, it
may be assumed that the abundance of mercury in the whole suite‘of samples is
somewhat less than 0.02 ppm, and the limestones at Jabal Waqf es Suwan are
leaner in mercury than the average limestone, cited above. Samples 77-0T-599
and 77-0T-603 are leaner in all elements except mercury than most of the other
rocks in table 5; thus, the slight rise in the abundance of mercury found for
these two rocks is unmatched by rises in the abundances of other pathfinder
elements for sulfide deposits. Sample 77-0T~593 is one rock that has a high
content of these elements (Fe, Ba, Co, Cu, Mn, Mo, Ni, V, Y, and Zr). Indeed,
when the average values for the abundance of each element are determined for
the nine varieties of rock sampled at Jabal Waqf es Suwan (table 6), it is
seen that characteristic assemblages of elements are present in greater than

average amounts in specific rock types:

Rock type Characteristic high-value element
" (Anomalously rich elements underlined)
Limestone ...veveeceessnns Fe,Co,Mn,Mo,Ni,Pb,Se,T1,V,Y
Silicified limestone ..... Ba,Hg -
Fractured limestome ...... Hg
Marl ..o eevevecnnenananes Fe,Mg,Ti,B,Cr,Cu,La,Mn,Mo0,S¢,Sr,U, Y,Zr
Calcite vein ......cevvene None -—— -—-
Massive chert ......c.v..s B,U
Brecciated chert ......... B,Ba,U
Phosphatic chert ......... Ag,B,Se,Sr,T1,U,V,Y
Silicified phosphate rock. Ba,Cr,Cu,Mo,Ni,Se,Sr,U,V,Y

The presence of the mercury in rocks otherwise lacking im enriched
elements, and the lack of mercury in the sample of calcite vein or samples of
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brecciated chert pretty much restrict the possible source of the mercury to
"slight variations in the abundance associated with specific beds of
sedimentary deposition. Data are unavailable on the amount of mercury in
rocks at Hicks Dome, U.S.A.

Zirconium, the other element in this group of rarely detected elements
that has a limit of determination in the present analyses below its average
abundance in limestone, was found in limestone (77-0T-600), silicified
limestone (77-0T-592 and -593), and marl (77-0T-594). Only the value for
marl, 50 ppm, exceeds the average abundance of zirconium in limestone, 19 ppm
(Bowen, 1966, p. 210). Silty or clayey components of the marl are the most
probable source for this small amount of zirconium, which would be in
fine~-grained detrital zircon deposited with the silt and clay during the
sedimentation of the marl. This small amount of zirconium in one rock type
out of the nine varieties sampled at Jabal Waqf es Suwan is unlikely to indicate
the presence of subjacent alkalic intrusives, which at Hicks Dome contain from
100-500 ppm zirconium (Trace, 1976, p. 65).

Among the other rarely detected elements in the rocks at Jabal Waqf es
Suwan, silver is present (5 ppm) in one specimen (77-0T-618, table 5), that
consists of gray phosphatic chert. This amount of silver resembles the 1-5
ppm of silver reported for the alkalic peridotite dikes at Hicks Dome (Trace,
1976, p. 65). However, the phosphatic chert from Jabal Waqf es Suwan, like
the silicified phosphate rock, marl, and limestone (table 6), is distinctly
enriched in a number of elements over the other rocks. Although this is the
only sample in which silver was observed, and its abundance is much greater

than the average value for silver in sedimentary rocks (0.7 ppm, Bowen, 1966,
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p. 173), the presence of this amount of silver is interpreted to be related to
syngenetic processes of sedimentary déposition rather than to post-
.deﬁositional alteration.

Cobalt is present at the lower limit of determination (5 ppm) in two
samples and reaches a value of 15 ppm in one sample from Jabal Waqf es Suwan
(table 5), but these abundances are considerably less than the 100-500 ppm
cobalt found in the intrusive mafic dikes at Hicks Dome (Trace, 1976,

p. 65). Each of the three cobalt-bearing samples of sedimentary rock from
Jabal Waqf es Suwan is also richer in manganese and molybdenum than most of

the other samples:

Sample Rock type Elements (ppm)

imber = S T

77-0T-593 Silicified limestone 5 1,000 15
-594 Marl 5 2,000 15
-600 Limestone 15 1,000 15

The ;light rise in the abundances of cobalt and molybdenum above their
lower limits of determination (5 ppm each) represent a considerable rise above
their average values in limestone, said by Bowen (1966, p. 180 and 192) to be
0.1 ppm cobalt and 0.4 ppm molybdenum. For both elements, their slightly
enhanced abundances in these three samples may relate to the increased content
of manganese. Both elements are known to accumulate in manganese-rich
sediments (Rankama and Sahama, 1950, p. 630 and 684). Although none of the
analyzed rocks would be called manganese-rich, these three are among the
samples that contain the most manganese in the suite. Two other molybdenum-
bearing samples (77-0T-619, siliceous phosphate rock and 77-0T-620, siliceous
limestone), however, are among the most manganese-poor rocks in the group

(table 5). The sparse presence and small variation in the abundances of
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cobalt and molybdenum probably are products of slight variations in the
chemical environment of deposition of the beds represented by these samples.
'Thé abundance of molybdenum in these samples is much closer to the 10-50 ppm
molybdenum reportea for the dikes at Hicks Dome (Trace, 1976, p. 65) than is
the abundance of cobalt to the amount of cobalt at Hicks Dome.

Most of the chromium-bearing samples are chert and siliceous limestone,
but the element was also detected in marl, limestone, and phosphate rock
(tables 4 and 5). All the chromium-bearing samples also contain nickel, but
the .everse relation is not found: some nickel-bearing samples lack
chromium. Inasmuch as the threshold for determining chromium in the present
analyses was about 5 times as great as the average abundance of chromium in
limestone (11 ppm, Bowen, 1966, p. 181), and some of the samples contain 10-15
times that much, these samples must be regarded as enriched in chromium even
though they contain about the average amount of nickel found in limestone

(20 ppm, Bowen, 1966, p. 194):

Sample Rock type Elements
number Cr Ni | Fe Ti
“Tppm) — | Tpercent)

77-0T-594 Marl 70 20 5 0.1
-600 Limestone——==—=—=——-- 50 30 5 .03
=610 Brecciated chert——-- 50 15 0.3 .02
-611 Do. 100 15 .3 .02
-613 Do. 50 10 2 .01
-614 Silicified limestone 50 L(5) | L(.05) .005
-615 Brecciated chert-—-- L(50) 10 .3 .02
-616 Massive chert~—=—--- 50 7 .1 .01
-618 Phosphatic chert---- 50 5 L(.05) L(.002)
-619 Phosphate rock—===——- 150 30 .1 .01
-620 Silicified limestone 100 15 .07 .01

At Hicks Dome the dikes contain 100-500 ppm chromium (Trace, 1976,

p. 65).
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Most of the chromium-bearing samples contain more iron and titanium than
the average samples, but the highest values for chromium do not correspond to
‘the highest values for iron or titanium. Only the marl seems to have
coincident high values for chromium, iron, and titanium. The chromium and
titanium, like zirconium, may be present in the marl in resistate minerals
such as ilmenite and chromite. However, other sources of chromium, including
chromium silicate minerals, and of nickel have been reported by Bender (1974,
p. 158-159) for marl elsewhere in Jordan. These occurrences are related to
the chemistry of euxinic facies of sedimentary deposition. In the other
sedimentary rocks at Jabal Waqf es Suwan, detrital grains are unlikely to be
the source, and the chromium may be substituting for iron in the secondary
iron compounds in the sediments.

The rare-earth elements lanthanum, scandium, and yttrium are sparingly

present in a few samples from Jabal Waqf es Suwan (table 5):

Sample Rock type Elements (ppm)

number ‘Ei §£. Y

77-0T-592 Silicified limestone----- N(20) N(5) 10
-593 Do. N(20) N(5) 15
-594 Marl 30 5 20
-600 Limestone N(20) L(5) 15
~618 Phosphatic chert——=————-- N(20) N(5) 20
~-619 Silicified phosphate rock N(20) N(5) 20

The average values for the abundances of these elements in limestone is
given by Bowen (1966, p. 189, 201, and 208) as: La, 6.2 ppm; Sc, 1l ppm; and Y,
4.3 ppm. At Hicks Dome the dikes are reported to contain 100-500 ppm
lanthanum, 10-50 ppm scandium, and 1,000-5,000 ppm yttrium. Enrichment in
yttrium and the common presence of ordinarily rare yttrium and scandium

minerals is also a characteristic of the explosion breccias at Hicks Dome
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(Heyl and Brock, 1961, p. D-4). The restriction of the lanthanum and of the
measurable scandium to the marl and of the highest tenors in yttrium to the
mafl and to the phosphatic rocks at Jabal Waqf es Suwan is interpreted to
indicate normal sedimentary processes as the source for the rare earths.

Lead is present in small amounts in three of the rare-earth-bearing rocks

sampled at Jabal Waqf es Suwan (table 5):

Sample Rock type Lead

number (ppml

77-0T-592 Silicified limestone L(20)
-594 Marl 20
-600 Limestone————=~<ea=- 70

These values for lead are, for two of the samples, only slightly greater than
the average abundance of lead in limestone (9 ppm, Bowen, 1966, p. 197), and
for the three samples the values are about what has been reported for the
dikes at Hicks Dome (10-50 ppm Pb; Trace, 1976, p. 65). Thus, no conclusion
as to oriéin of the lead~-whether sedimentary or not~-can be drawn from these
abundances, but the fact that the three lead-bearing samples also contain
above-background amounts of many other elements, and these are interpreted to
be syngenetic, suggests thé same explanation for the lead. These three
samples, as well as other metal-rich samples (77-0T-618 and 77-0T-619), may
constitute examples of walls of joints affected by exhalation halos, and the
other samples may be from the walls of unaffected fractures. This possibility
seems to be overridden Sy the fact that the samples containing many high-value
elements are from particular kinds of sedimentary rocks where such values are
geochemically expectable.

Sparsely present elements.--The sparsely present elements are elements

that show up in most of the samples in table 5, but their concentrations tend
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to be low except in a few rocks, where some of these elements are anomalously
abundant. They are: Au, B, Cu, Ni, Sé, and T1.

| Gold is the most unexpected element to show up in this group. In no
sample is it sufficiently abundant to be measured, but in every sample its
presence was reported as detected but below the lower limit of determination
(L). For 15 samples the lower limit of determination of 0.05 ppm gold, but
for 13 samples the lower limit of determination was 0.10 ppm gold, and for one
sample it was 0.25 ppm (table 5). These differences were caused by variation
in the amount of sample material available for analysis: the less the amount
the higher the value for the lower limit of determination. The values
reported fo~ gold in table 5 are an analytical convention and do not reflect
the amount of gold in the source rock. Even these values-are rather high
compared to the abundance of gold in carbomate rocks, given as 0.00n ppm by
Beus and Qrigorian (1977, table 3), and in sedimentary rocks, shown as 0.004
ppm by Bowen (1966, p. 175), which makes the conventionally reported gold
content of every sample from Jabal Maqf es Suwan appear to be at least 10
times greater than the average value for the gold content of limestones.
These values do not consti;ute geochemical evidence for mineralization at
depth at Jabal Waqf es Suwan. They are an anomaly in analytical reporting
convention. Data are lacking on the gold content of the intrusive rocks and
breccias at Hick Dome.

Boron in the samples of rock from Jabal Waqf es Suwan gives some of the
clearest geochemical evidence of affinity for a particular rock of any of the
minor elements (tables 4 and 5). The highest values for boron, 50-~100 ppm,
are restricted to the ten samples of chert, except for the one specimen of

marl (77-0T-594), which contains 70 ppm boron. Omne specimen of limestone
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(77-0T-600) has 20 ppm boron and two samples of silicified limestone
(77-0T-596 and -601) contain less than 20 ppm boron. The average boron

" content of limestone is reported to be 20 ppm (Bowen, 1966, p. 175); thus,
most of the limesione represented by this set of samples contains less boron
than the average. Data are lacking on the boron content of the dikes and
breccia at Hicks Dome. Nevertheless, the clear association of boron at Jabal
Waqf es Suwan with one type of sedimentary rock is interpreted to show that
the element is not derived from emanations from an underlying igneous
source,

Copper, nickel, selenium, and thallium were detected in small amounts in
virtually every sample from Jabal Waqf es Suwan listed in table 5. The single
exception is the sample of calcite vein (77-0T-602), which lacks nickel at a
lower limit of determination of 5 ppm. That vein also has the lowest values
for the three other elements. The massive chert, samples 77-0T-616 and ~617,
has almost as low a content of copper, nickel, selenium, and thallium as the
calcite vein.

Copper, selenium, and thallium are more abundant in all samples in table

5 than their average concentrations in limestone, which are reported (Bowen,
1966, p. 182, 202, and 206) to be: 4 ppm, Cu; 0.08 ppm Se; and 0.05 ppm, T1.
Nickel is generally less common in the sedimentary rocks sampled at Jabal Waqf
es Suwan than its average abundance in limestone of 20 ppm (Bowen, 1966,
p. 194). Data are lacking for the concentrations of selenium and thallium in
the intrusive rocks at Hicks Dome, but the dikes are reported to contain
100~500 ppm copper and 1,000-5,000 ppm nickel (Trace, 1976, p. 65).

If the average values for the concentrations of these four elements in

the nine kinds of rocks sampled at Jabal Waqf es Suwan (table 6) are compared
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with the concentrations reported for individual samples (table 5) where
several specimens of the same type of rock were ;nalyzed, it can be seen that
' the range of abundances for a given element is greater within a single rock
type than it is between types of rocks. Mostly, the differences in abundance
for copper, nickel, and thallium in the average values for these elements in
table 6 is only one or two laboratory reporting units.

Several distinctive highs are reached by selenium. The unsilicified
limestone, phosphatic chert, and siliceous phosphate rock are eariched in
selenium~--respectively 1.3 ppm, 1.4 ppm, and 1.3 ppm~-compared to the
silicified limestone, fractured limestone, marl, and chert. A rise in the
abundance of selenium in the two phosphatic samples (77-0T-618 and -619) is
geochemically expectable, because phosphate rock commonly contains selenium in
quantities exceeding crustal abundance (Lakin and Davidsén, 1973, p. 575).

The similar rise in the unsilicified limestone (77~0T-600) is unexplainable on
present éata. This limestone is also anomalously rich in Co, Mn, Mo, Pb, T1l,
and V. Most of these elements might have been derived from the sedimentary
environment, but when they are also accompanied by selenium, which is known in
volcanic emanations (Lakin and Davidson, 1973, p. 575), the possibility arises
for the sample to reflect an exhalation halo. The high value for selenium is
unmatched by high values for As, Sb, Hg, or Ag, which might also be expected
in volcanic emanations (Koljonen, 1977, p. 1). Therefore, the interpretation
is tentatively made that the selenium in the limestone and in the phosphatic
rocks is syngenetic. It does not indicate a halo.

Common elements.--The common elements iron, magnesium, calcium, and

titanium, were determined in all the samples (table 5). For the most part the

reported abundances are expectable for the kinds of rocks that were analyzed
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(table 6). 1Iron appears to be somewhat greater than would be expected in the
limestone (77-0T-600) and marl (77—0f—594), and magnesium is high in the marl,
‘ but none of these values is sufficiently anomalous to merit further attention.
Only titanium amoﬁg the common elements would be influenced appreciably by an
exhalation halo. The rise in titanium in the marl has been discussed above
with chromium, where the titanium was interpreted to be in detrital resistate
minerals in the marl.

Elements with strong local anomalies.~-The elements showing strong local

anomalies in the rock samples from Jabal Waqf es Suwan are Ba, Mn, Sr, U, and
V. Interestingly, in many of the samples of limestone, the low values for
these elements tend to be far below average values reported for limestone,
which are, in parts per million: Ba, 120; Mn, 1,100; Sr, 610; U, 2.2; and V,
20 (Bowen, 1966, p. 176, 191, 204, and 207). In the dike rocks at Hicks Dome
the concgntrations of these elements are given by Trace (1976, p. 65) as (in
ppm): Ba, 1,000-5,000; Mn, 500-1,000; Sr, 100-500, and V, 100-500. Data were
not presented for uranium, but the deposit is radioactive, and in earlier
accounts some radi;activity was attributed to uranium and some to thorium
(Brown and others, 1954, p. 899-900), with 10 ppm uranium being uniformly
present to depths of 900 m'(Trace, 1960, table 30.2).

Barium is one of the enriched elements at Hicks Dome, and, together with
strontium and the base metals, is one of the elements sought in the
geochemical survey of Jabal Waqf es Suwan by NRA. Unfortunately, access to
that report was not possible at the time the present text was prepared. A

comparison of the results of the two surveys should be made before further

work is undertaken by NRA.



The average contents for barium in the nine rock types represented by the
samples from Jabal Waqf es Suwan are given in table 6. The calcite vein
(77-0T-602) and the fractured limestone (77-0T-598, =599, and -606) contain
less barium than average limestones: 20 ppm for the vein and 100 ppm for the
fractured limestones. Both these rock types contain on average less Ba, Mn,

Sr, and U than the average limestone, as cited by Bowen (1966):"

Rock Element (in ppm)
Ba M@ s U ¥
Calcite vein 20 500 150 0.4 (L10)
Fractured limestone 100 300 200 S 20
Average limestone 120 1,100 610 2.2 20

(Bowen, 1966)

These materials at Jabal Waqf es Suwan thus give no indication of
anomalous enrichment that might be related to exhalation halos bringing Ba,
Mn, Sr, U, or V from depth. Because these materials represent veins and
cemented fractures, they might be expected to have been the most positively
biased saﬁplea of the group toward the presence of elements migrating from
depth.

Among the silicified limestones two samples (77-0T-592 and -593) are
strongly anomalous, containing respectively 1,000 ppm and 5,000 ppm barium
(table 5). Most of the remainder of the samples of silicified limestone
contain about the same amount of barium as the average limestone (Bowen, 1966,
p. 176), a little less, or a little more. Thus, the barium content of the
other silicified limestones, the unsilicified limestone, and marl can be
considered to be normal.

Rather erratic values for barium were found for the massive and
brecciated chert. Only one can be regarded as anomalous: sample 77-0T-611
with 3,000 ppm barium (table 5). Both uranium and vanadium are a little more
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abundant in this specimen than in the other samples of chert.

~ The high value of 5,000 ppm barium was found in the single sample of
silicified phosphate rock (77-0T-619) in the suite from Jabal Waqf es Suwan
(table 5). Accompanying the anomalous content of barium are highly anomalous
amounts of strontium, uranium, and vanadium. These latter three elements are
also enriched in the other phosphatic specimen (77-0T-618). |

The manganese content of the samples of sedimentary rocks reported in
table 5 tend to be low; only four samples (77-0T-592, =593, =594, and -600)
contain 1,000 ppm or more manganese. The two samples of silicified limestone
with anomalous barium are among the four specimens with 1,000 ppm or more of
manganese, but for both samples of silicified limestone this manganese content
is about average for limestones (Bowen, 1966, p. 191). The lowest
concentrations for manganese were found for the two phosphatic rocks
(77-0T-618 and 77-0T-619), which are anomalously enriched in strontium,
uranium, and vanadium. The distributon of manganese in the sampled rocks at
Jabal Waqf es Suwan is more in accord with variations related to original
sedimentary deposition than with subsequent addition from underlying igneous
sources.

Strontium, uranium, and/or vanadium are anomalously enriched in the marl,
brecciated chert, massive chert, phosphatic chert, siliceous phosphate rock,
and one sample (77-0T-620) of siliceous limestone (table 5). They are
characteristic elements of sedimentary deposition, and the geochemical
association of uranium with vanadium in phosphate deposits is well known.
Uranium for example, is commonly present in Jordanian phosphorites in

abundances of 100-125 ppm (Bender, 1974, p. 159).
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fGeolqgic"inferences;--None.of the elements that was detected in the

samples from Jabal Waqf es Suwan can be attributed with real assurance to
sources in underlying igneous rocks. Many elements that can be expected to
have migrated upward from igneous rocks are undetected in these samples, or if
present, they are not unusually abundant for sedimentary rocks. So far as can
be determined from the present geochemical data, the distribution and
abundances of the elements reported for the suite of rocks from Jabal Waqf es
Suwan are entirely compatible with sedimentary deposition from sea water under
varied conditions resulting from changes in the physical, chemical, and
biologic character of the marine environment (Cathcart and Gulbrandsen, 1973,
p. 517).

Owing to a lack of published results of analyses of the carbonate rocks
at Hicks Dome, only the trace-elements chemistry of mafic dikes and intrusive
breccia could be cited to show abundances of elements. No direct comparison
may be made, of course, between abundances of those elements in sedimentary
and in igneous rocks. However, the purpose was served of showing what
elements are enriched at a major, mineralized cryptovolcanic structure. The
general failure of the more mobile of these elements to show up at Jabal Waqf
es Suwan is thougﬁt to indi?ate a lack of mineralization at the cryptovolcanic
structure in Jordan, either similar to the enrichments at Hicks Dome
(beryllium, niobium, rare earths, barium, zinc, and fluorite), or different
(as base metals).

Several of the samples from Jabal Waqf es Suwan might actually represent
the walls of joints or fractures along which halo-induced metallization
occurred, but this interpretation requires much additional sampling and

analysis.
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In the light of the results of thg present geochemical orientation
survey, the interpretation is proposed that Jabal Waqf es Suwan is a
strﬁctural dome‘over a buried volcanic plug. This plug is probably related to
the Neogene and Pleistocene basaltic flows and tuffs known elsewhere in Jordan
(Bender, 1975, pl. 1).

Future exploration

Further geochemical exploration is needed at Jabal Waqf es Suwan, but in
terms of national priorities for the operations of NRA, such exploration
should be rdather low in comparison with other investigations. Chip samples of
rocks should be taken under careful stratigraphic control. The positions of
the samples and the detailed sedimentary and structural geology of the
structure should be mapped by plane table at 1:10,000 scale and the results
should be compared with the existing geophysical and geochemical surveys on
file in NRA., During this program, a drill hole should be sunk near the center
of the structure to a depth of 500 m for additional geologic, geochemical, and
mineralogical data.

Apatitic limestone from the

Daba'ah-Al Qatranah area

Material analyzed
Crystalline brown, black, red, green, and white apatitic limestones have
been quarried for ornamental stone, called marble, in the Daba'ah~Al Qatranah
area (fig. 1) of the Hashemite Kingdom of Jordan since 1951 (Walid Hakki,
written commun., 1978; Pressler, 1978). The ornamental character of this rock
was appreciated as long ago as the Roman occupation (fig. 4, A and B). Daba'ah

and Al Qatranah are stations on the railroad situated respectively about 50 km and
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90 km south of Amman. Hakki noted that these apatitic linnestones are at a
sedimentary discontinuity in the uppermost part of the unit of Maestrichtian
to Early Paleocene age shown as '"chalky marls, bituminous limestones and
marls, locally gypsum, locally crystalline limestones' on the geologic aap of
the Amman quadrangle (Bender, 1968b). The apatitic limestone was described by
Hakki as forming strongly linear outcrop patterns following the treands of
major east-striking faults that branch from the main Jordan Rift Valley faults,
as well as following the treads of faults of legsser magnitude that strike
toward the north-northwest. These apatitic limestones quarried for ornamental
use are exposed in irregularly lenticular masses 20-100 m long, 20-40 m wide,
and 3-5 m thick (Walid Hakki, written commun., 1978).

The so-called marble horizon in the apatitic limestone is regarded by
Bender (1974, p. 80-82) as being restricted to an euxinic sedimentary facies
stratigrabbically younger than the wuain phosphorite-bearing rocks of Jordan.
Bender describes the rocks as being multicolored owiang to secondary
mineralization and as being intersected by many fissuras aad joints that are
racrystallized. The industrial demand to use the rock as marble results from
its haadsome colors and its ability to withstand sawing and to take a polish.

As early as 1963 a rare calcium-chromate mineral was described from the
multicolored apatitic limestone quarried near Al Qatranah (Eckhardt and
Heimbach, 1963, cited in Bender, 1974, o. 158). Several rare miaerals
characteristic of artificial compounds found in portland cement, as well as
rare chromium minerals and minerals containing nickel, vanadium, and silver,
have been described in similar rocks on the west side of the Jordan Valley

(Bentor and others, 1963; Gross, 1977). These minerals include chroaatite,
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spurrite, bayerite, vaterite, portlandite, tobermorite, thaumasite, and
ettringite.

Various explanations have been offered for the origin of this unusual
suite of heavy-metal bearing minerals in these euxinic facies sedimentary
rocks, The most consistent explanation called upon a zombination of oxidation
and thermal metamorphism (Bentor and Vroman, 1960, p. 58-61)., 1Ia its
earliest form, this explanation proposed widespread oxidation of sulfide
minerals and bituminous matter in the euxinic rocks by the post-depositional
circulation of oxygen-rich ground water. Thz oxidation was thought to have
occasioned considerble heating because of the low thermal conductivity of the
overlying sedimentary rocks. The new =minerals formed ia responsz £ this
heating. The explanation as originally proposed was insuffizient to account
for the formation of a high-temperatura aineral sach as spurrite, and £>r the
crystallization »f portlandite and ettringite, which f£>rm under conditioas of
extremely high alkaliaity (Bentor and >thers, 1953, p. 939; 3end2r, 1974,

p. 158).

A varied range in temperaturs of ZIormation of thesa minerals was thought
to be required, from the high temperatires associated with spurrite to the low
temperature (110C) at which ettriagite loses most of its water and lattice
shriakage occurs (Tavlor, 1973, ». 388). However, varia:isas ia pH aad cation
content of ground water can causa the crvstallization of mineral assemblages
that mimic suites generally thought to repsresent wide ranges in temperature
and pressure (Ivan Barnes, written c¢coamun., 19837,

Slsewhere in Jordaa, ground watar having extrzaely 1igh pH has been

\

observed. Water from springs and wells ia the YTarmoux River drainagze aorth of

Irbid was found bv the U335 to have uiaasuallv 3iza pH valies 3% more thaax 12.5
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(Ivan Barnes, written commun., 1980) where bituminous marls and chalky to
cherty limestones were the aquifers. Heat from the oxidation of the
bituminous marls, as earlier described (Bentor and Vroman, 1960; Bentor

and others, 1963), was thought by Barnes to calcine the marl to lime which
would rehydrate to portlandite and other minerals, depending upon the varied
sedimentary components--in addition to calcite-~capable of yielding a complex
suite of heavy-metal-bearing minerals under a wide range of temperature of
reaction (Mathews and Kolondy, 1978; Ivan Barnes, written commun., 1980).
Thus, chemically active ground water of high pH would be able to cause the
formation of the complex suite of heavy-metal-bearing minerals described for
the multicolored apatitic limestone.

New studies of the rare minerals in this marble were begun in 1977 by
members of USGS (Phoebe L. Hauff, writtean commun., 1979), who think that
hydrothermal processes connected with the Lisan-Suwaqa fault (Bender, 1968b),
instead of diagenetic processes in heavy-metal-bearing euxinic facies
sedimentary rocks, may be the source of some of the barium~ and chromium-
enriched minerals found in veinlets and fracture fillings in the apatitic
limestone.

The possibility that hydrothermal activity along the Lisan~Suwaqa fault
yielded products having trace-element similarities to hydrothermal alteration
at Zarqa Ma'in and the barite veins northwest of Mahattat el Jufur led the
present writers to analyse a specimen of the crystalline limestone from a
quarry (3130'00"N.; 3612'30"E.) to the north of Jebel al Suwaqa. The hand
specimen used for analysis was banded red, red to white, white to green, and
green. Seven samples were divided on a basis of color for semiquantitative

spectrographic analysis:
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Sample Description

— - amea . - —— e w8

number

78-MQ- 1 Dark red with minor dark green marble
-2 Bright green marble with white streaks
-3 Dull green marble
-4 Red marble
-4A Red to white marble
-4B White to green marble
~4C Green marble

Composition compared to other
rocks and ores analyzed in the preseat study
The results of the analyses of these samples are given in table 7.

None of the other samples from Jordan analyzed for this investigation

contains as large a suite of anomalously rich elements as this set of samples

from the apatitic limestone. Elements clearly anomalously abundant in the

apatitic limestone, compared to other rocks and ores sampled in Jordan (table

8), include: Ag, Cd, Cr, Mo, Ni, V, Y, and Zn. Possibly copper should also

be listed with the anomalously abundant elements in the apatitic limestone,
the copper ores (table 8) are not used in the comparison.

The closest values to those of the anomalous elements in the apatitic
limestone were found in three artificially prepared materials used in this
study (table 8): (1) ash of pyritiferous lignite from Triassic (?) or
Jurassic (?) sandstone in the Ba'qaa Valley; (2) oxalic acid leachate of
sedimentary rocks in Wadi Shureh near Al'Aqabah; and (3) concentrate panned
from the Precambrian Saramuj Conglomervate in Wadi Saramuj about 80 km
southwest of the sample site in the apatitic limestone. None possessed all
the anomalous trace-element characteristics of the apatitic limestone, and

none had the unique enrichment found for cadmium in that rock.
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Distribution of elements

A clear preferred association of high values of ezlements for particular
color phases of the apatitic limestone is seen in the data in table 7. The
red (78-MQ~1 and =4) and red to white (78-MQ-4A) phases of the apatitic
limestone tend to be enriched in Fe, Mg, Ti, Cu, Mn, Mo, Ni, Sc¢, V, and Zn.
Chromium is least abundant in those phases, but it is most abundant ia the
white to green (78-MQ-2 and -4B) and the green (78-MQ-3 and =-4C) phases. No
essential differences in abundance by color phase of thz rock can be seea for
La, Sr, and Y. The distributions of Ag, B, Ba, Cd, Pb, and Zr are too
variable to be related to color phases.

Chemical data on the common black and hrown color phases (Walid Hakki,
written commun., 1978) are lacking, but these data are obviously needed.

The observed associations of elements with color phases of the rock are
probably‘codtrolled by differences in the mineral composition of the four
color phases analyzed here. This is a subject that needs to be investigated,
not only for an understanding of the origin of the so~called marble and of its
suite of rare, heavy-metal-bearing minerals, but also for the significant role
that color would have on the choice of rock chips for use as a sample medium
in future geochemical studies. Should these color-relé:ed differences hold in
general for the apatitic limestone, then great care woild be needed in the
selection of samples for analysis.,

Possible sources of anomalous elements

The presence of anomalous amounts of Ag, Cr, Ni, and V in the crystalline

apatitic limestone has long beea known, and these metals have been interpreted

as a typical earichment associaced with auxinic facies sedimentary rocks



(Bender, 1974, p. 158). The rare minerals incorporating these elements have
been ascribed to secondary processes during diagenesis (Bender, 1974, p. 158),
to oxidation and thermal metamorphism (Bentor and Vroman, 1960), or to
hydrothermal activity associated with movement of fluids along the ma jor,
east~trending Lisan-Suwaqa fault (Phoebe L. Hauff, written commun., 1979).

The observation that the lenticular bodies of the heavy-metal-bearing apatitic
limestone tend to be most common where east-trending faults are intersected by
north-northwest-trending faults (Walid Hakki, written commun., 1978) also
suggests that some post-~depositional structural control of migratiag solutions
was one aspect of the formation of these bodies. Thus, a combination of
sedimentological, metamorphic, and structural factors may be involved in the
origin of the rock, because the heavy metals that are eariched in the
crystalline apatitic limestone are commonly enriched in phosphorites and
euxinic sedimentary rock (Hawkes and Webb, 1962, p. 360-367; Rankama and
Sahama, 1950).

The concept of Bentor and Vroman (1960) as modified by Ivan Barnes
(written commun., 1980) to provide a flow of ground water of exceptionally
high pH seemingly can account for the formation of the heavy-metal bearing
minerals in the apatitic limestone from sources within the rock. Localization
along the Lisan-Suwaqa fault could be caused by migration toward release
through available fratures. Thus, the fault is not a channel for hydrothermal
fluids from depth but a conduit for emerging gound water.

The only other phosphatic rocks analyzed in the present study are the
stratigraphically lower phosphatic chert and siliceous phosphate rock froam the
area of Jabal Waqf es Suwan, samples 77-0T-618 and -619 in table 5. By

comparison, the apatitic limestone from the Daba'ah-Al Qatranah area is
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greatly enriched in Cd, Cr, Cu, Ni, V, and Zn:

Element Abundance in ppm

' - Daba'ah-Al Jabal Waqf es Suwan
Qatranah area Phosphatic Siliceous

apatitic limestone chert phosphate rock

(average of 7).~ (17-0T-518) TIT=T619)

Ag 7 5 N(0.5)

cd 500 N(20) N(20)

Cr 3,000 50 150

Cu 200 20 30

Mo 50 N(5) 10

Ni 500 5 30

v 1,000 70 300

Y 70 20 20

Zn 2,000 N(200) N(200)

The geochemical similarity of the apatitic limestone to euxinic facies

sedimentary rocks is clear., What is uncertain is whether the original heavy-

metal components of this sediment were mobilized mainly in the diagenetic

stage or in a later hydrothermal stage. The high average value for cadmium

(500 ppm) and the low Zn:Cd ratio of 4, as well as the low Co:Ni ratio of

<0.05, suggest that low-temperature migration has occurred, but the

controlling conditions cannot be determined from present data on the heavy

metals in the apatitic limestone.

When the trace-elements suite in the hydrothermally altered rocks at

Zarqa Ma'in or Wadi Shureh are compared with those of the apatitic limestone,

no similarity can be seen except in the enhanced anomalies obtained at Wadi

Shureh by the oxalic-acid leach technique (table 8). The lack of
both of these hydrothermal sites suggests that the cadmium in the
limestone may be of original sedimentary origin.
Further studies
Further studies of the apatitic limestone and of other rocks

along the trace of the Lisan-Suwaqa fault are needed to determine
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structure actually was a conduit for hydrothermal solutions and also to
understand the possibility for blind ore deposits of hydrothermal origia in
the Hashemite Kingdom of Jordan.

Altered rocks from Zarqa Ma'in

The thermal springs at Zarqa Ma'in (3136'25"N.; 3536'04"E.) emerge
along the northern wall of Wadi Zarqa Ma'in about 4 km east of the Dead Sea
(fig. 1). The geology and hydrogeology have been described by Bender (1974,
p. 178- 180, table 12), and the springs were recognized by Abu Ajamieh (1974,
p. 37-46) as the most radioactive areas discovered in Jordan to 1974. Wide
discoloration and alteration of the sedimentary rocks, mainly sandstone,
shale, and marl, in the north wall of the wadi (fig. 5, A and B), combined
with the suggestion by Abu Ajamieh (1974) of possible unexposed sulfide
mineral deposits at depth, led to a recommendation that the hydrothermally
altered ;ocks be examined geochemically (Overstreet, 1978a, p. 17). The water
of the warm springs was shown by Bender (1974, table 12) to be enriched in
bromine and iodine, and thereby have a similarity to the Dead Sea water, and
the source of heat was attributed to the geothermal gradient associated with
the roots of basaltic extrusions of middle Pleistocene or younger age (Bender,
1974, p. 179-180). The interesting possibility exists that the regional
geologic process giving rise to the wara springs might be analogous to that
supplying the heavy-metal brines in the central Red Sea (Bischoff, 1969;
Hendricks and others, 1969; Bischoff and Manheim, 1969; Shanks and Bischoff,
1977), and that possible heavy-metal sulfide deposits at depth in Wadi Zarqa
Ma'in would have come from solution of Dead Sea evaporites. This possibility
could be further tested by comparison of the distribution and abundance of
minor elements at Zarqa Ma'in with published geochemical evidence from the
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Broadlands geothermal field, New Zealand, where a crude zoning of metals was
.found in which Ag, Se, Te, Bi, Pb, Zn, Cu, and Co were concentrated at depth,
and As, Sb, Au, and Tl were enriched in near-surface regions (Ewers and Keays,
1977). Thus, it was hoped that systematic analyses of alluvium, warm springs
deposits, and altered wallrocks in Wadi Zarqa Ma'in might give geochemical
clues to support the supposition that sulfide deposits were at aepth (Abu Ajamieh,
1974, p. 37-46).

The necessary systematic sampling for this evaluation has not been
done. However, one sample of alluvium was collected by W. C. Overstreet,
USGS, in November 1977 from the warm stream in the bed of Wadi Zarqa Ma'in at
the point where the road crosses the stream (sample 77-0T-621), and nine
samples of hydrothermally altered sedimentary rocks (samples 78-ZM-1 through
78-ZM~9) were collected along the road into the wadi by D. J. Grimes, USGS, in

February 1978:

Field Altitude in meters
number (mean sea level,

Mediterranean Sea)

78-ZM~-1 +91.4
-2 +54.9
-3 . +24.4
-4 - 6.1
-5 -36.6
-6 -45.7
-7 -67.1
-8 -85.3
-9 -97.5

The sample of alluvium was dark mud. One sample (78-ZM-6) of the altered
sedimentary rocks was a piece of float. The other samples were taken in
place. Sample 78~ZM-8 included the walls of a vertical fracture with

alteration.
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All samples were analyzed in the USGS laboratories, Denver, Colorado.
Prior to preparing the specimen of alluvium for analysis, it was studied
minéralogically by Theodore Botinelly, USGS, for the possible presence of
hokutolite, a gray, radium-bearing plumbian barite (Okamoto, 1911; 1912, p.
178-184; 1913; 1915, p. 27; Overstreet, 1971b, p. 13). Hokutolite is a rare
mineral of the barite-anglesite isomorphous series. Evidently the term
hokutolite has been abandoned as an invalid name for an intermediate member of
a series, because it does not appear in recent lists of valid mineral names
(Fleischer, 1975). As originally described in the early 1900's, hokutolite is
found as botryoidal coatings on ledges and rocks in the bed of a stream
supplied by thermal water issuing from a warm spring at Peitou in the Tatun
volcanic area in Taiwan. Inasmuch as barium and radium are present in the
waters of the Zarqa Ma'in warm springs, it was thought that this rare mineral
might be found in the mud from the bed of the stream. X-ray diffraction
analyses of various size fractions of the sample from the bed of the warm-
water stream were reported (Theodore Botinelly, written commun., 1978) to show
quartz, calcite, and clays. Upon leaching with 6N HC1l, a split of the sample
was cleared of the calcite, and the white residue (quartz and clay) disclosed
only one-fifth of the radioactivity of the unleached sample. Thus, the
radioactive elements may be in the calcite. Indeed, the unleached sample is
rather lean in uranium, as determined fluorometrically (see below), but it has
a fairly high instrumental equivalent uranium content. The difference between
the chemically determined value for uranium and the value for instrumentally
determined equivalent uranium shows other radiocactive elements to be present
despite the lack of hokutolite.

Only a small part of the radioactivity of the sample mud from the
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bed of the warm stream is due to uranium. The reported equivalent uranium is
a measure of the amount of gamma radiation emitted by the sample, and the
interpretation is that either uranium has been leached from the sample, or
that daughter products have migrated to the sample site. The presence or
absence of hokutolite has little significance, despite the fact that radium
sulfate precipitates with barium sulfate.

The results of the various analyses on the raw samples are shown in table
9 and the results of spectrographic analyses on oxalic acid leachates from the
hydrothermally altered sedimentary rocks are shown in table 1lU. Many of the
elements particularly sought in the contexts of comparison with metal-rich Red
Sea brines, or as indicators of deep;seated base-metal deposits associated
with a geothermal field, proved to have abundances below the lower limits of
determination available for the methods of analysis used. Interestingly, the
results of the spectrographic analyses of the oxalic acid leachates showed
that this technique greatly enhances the values obtained for a number of
elements, particularly Fe, Ba, Co, Cr, Cu, Mn, Ni, and Pb., A similar leach
was also used for the analysis of some samples from Wadi Shureh southeast of
Al'Aqabah, with similar results.

Comparison with Red Sea metal-rich hot brine deposits

The metal-rich hot brine deposits of the central Red Sea (Bischoff, 1969;
Hendricks and others, 1969; Bischoff and Manheim, 1969; Shanks and Bischoff,
1977) consist of unconsolidated sediments that have precipitated out of the
superjacent layer of brine. The brine is seawater that has circulated through
underlying Miocene evaporites and that rises when heated by geologically young
intrusive rocks in the Red Sea rift zone. These deposits vary widely in

physical appearance and chemical composition, and contain from 55 to 96
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percent interstitial brine. Deposits in the Atlantis II Deep have the highest
average content of metals: Fe, 29 peréent; Zn, 34,000 ppm; Cu, 13,000 ppm;
fb,Al,OOO ppm; Ag, 54 ppm; and Au, +0.5 ppm. Within the deposits, the
greatest amounts of heavy metals are in dark sulfide-rich sediments.

Lead in the near-surface brine deposits of the Red Sea is dominantly of
mantle derivation, but the metalliferous sediments are thought to have
received at least some of their heavy metals through the solution of under-
lying evaporite deposits (Delevaux and Doe, 1977, p. 04). The indirect source
of the mantle-derived lead appears to be the weathered young, mantle-derived
volcanic rocks, the lead then being transported to the Red Sea instead of being
directly introduced from the underlying mantle. Evaporite sequences in the
Dead Sea might be a source for possible heavy metals at Zarqa Ma'in.

The interstitial brines are essentially saturated with sodium chloride
(Hendricks and others, 1969) and are enriched in Ca, Mg, K, Fe, and Mn
compared with the warm springs waters at Zarqa Ma'in (table 11). 1Interestingly,
804++ is nearly the same in both types of water, but most interesting is the
large amount of bromine in the Red Sea interstitial brine. The bromine content,
2.9 ppm, of the warm springs waters at Zarqa Ma'in, was regarded by Bender
(1974, p. 180) as sufficiengly high to merit special consideration. The bromine
content of the Red Sea brine is about 50 times greater (138 ppm) than the warm
springs waters, and both are vastly less than the bromine content of the Dead
Sea (3,850 ppm) at the mouth of Wadi Zarqa Ma'in (Bender, 1974, table 12).

The fact the bromine contents of the warm springs waters and the Red Sea
interstitial waters are high is indeed one of the chemical similarities.
Other similarities also exist. Because one is a brine and the other a weakly

mineralized thermal water, the absolute abundances of the major constituents
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Table 11. Comparison of dissolved solids and major components of the warm
spring waters at Zarga Ma'in, Jordan, and the interstitial brines
from the heavy-metal deposits in the central Red Sea, 1n ppm
TData for Zarqa Ma'in from Bender, 1974, table 12: data for Red

Sea brines from Hendricks and others, 1969, tables 5 and 8.]

i

Constituents Zarga Ma'in Red Sea
water brine
Total dissolved solids 1734 260,000
c1- 659.8 155,000
504" 207.1 228.6
catt 130.7 4,800
Mg*t 32.2 947
Na* 422.6 89,000
k* 51.0 3,100 ’
Br~ 2.9 138
Fe 0.05 41
Mn . .19 75

(table 12) cannot be compared, but noteworthy similarities exist in a number

of ratios for the two waters. For example:

Ratio Zarga Ma'in Red Sea brine

cl 0.38 0.6
Dissolved solids
—_ Na .24 .34
Dissolved solids

K .03 01
Dissolved solids

Mn © .00011 .00029
Dissolved solids

Mg .25 .20

Ca

Mg .63 .31

K B

Fe .26 .55

W

Br .02 .03

Ca |

Br .09 .15

Mg
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The single sample of alluvium from the bed of the stream at Wadi Zarqa
Ma'in also has some curious similarities in the abundances of the minor
elements compared with those in the sediments from the deeps in the central
Red Sea (table 12). Copper and zinc cannot be compared, because they are
greatly enriched in the Red Sea sediment. However, at least ten elements have
essentially parallel abundances in the two media: Au, B, La, Mn, Ni, Sc, Sr,
V, Y, and Zr. Many of the elements that were below the limit of analytical
determination in the sample of alluvium from Zarqa Ma'in are also very scarce
in the sediment from the Red Sea deeps (table 12). In most samples the
concentrations of the elements in the alluvium and in the sediments are
significantly different from the normal crustal abundances associated with the.
continental lithosphere and average sedimentary rocks (table 12), Thus, the
trace-elements chemistry of the alluvium and of the sediments more closely
resemble each other than it does the crustal abundances of these elements.

Thé compositions of the hydrothermally altered sedimentary rocks at Zarqa
Ma'in (tables 9 and 12), except for their decidedly lower contents of Ba, Mn,
and Sr, are remarkably similar in content of trace elements to the alluvium at
Zarqa Ma'in, Compared to crustal abundance, the altered sedimentary rocks are
slightly enriched in B, Co, Pb, Ni, Se, and V, but they are depleted in most
of the other elements. However, this comparison is poor, because the gain or
loss attributable to the abundances of these elements in the altered rocks
should be determined by analysis of unaltered rocks from the same
stratigraphic units. Obviously, any further work requires that comparisons of
the geochemistry of the altered and unaltered rocks in the same units be
made. Also, the old values used for averages for the elements in the

sedimentary rocks are inadequate for certain elements, particularly for As,
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Be, In, Mo, Sb, Se, Te, Tl, and U. Ihus, from the available data it cannot be
determined with any assurance which elements have been added and which have
been subtracted by the passage of hydrothermal fluids through these rocks. No
direct evidence of base-metal mineralization at depth is given by the results
of the analyses of the alluvium and altered sedimentary rocks at Zarga Ma'in.
Comparison with the Broadlands |
geothermal field, New Zealand

At the Broadlands geothermal field, New Zealand, gold and silver ores are
being deposited at the surface from dilute hydrothermal waters. Pyrite,
galena, sphalerite, and chalcopyrite are present in hydrothermally altered
wallrocks at depths explored to 1,400 m (Ewers and Keays, 1977). Results of
analyses of the thermal waters, warm springs deposits, and altered rocks were
reported to show a crude zoning of elements in the deposits such that As, Sb,
Au, and Tl are enriched in near-surface parts of the hydrothermal system, and
Ag, Se, Te, Bi, Pb, Zn, Cu, and Co tend to be concentrated at depth (Ewers and
Keays, 1977, tables 3 and 4). The source of these dissolved constituents is
thought by Ewers and Keays (1977, p. 1339) to be the wallrocks, mainly
volcanic rocks and graywacke, which were leached by downward percolating
meteoric waters. When these waters were heated at depth by cooling magma,
they ascended, and during ascent most dissolved constituents precipitated
through the combined effects of decreasing temperature and boiling in
permeable zones. Thallium appears to have deposited from the ascending
thermal water entirely in response to decreasing temperature of the water.
Thus, thallium wis carried to the outermost and uppermost parts of the system,
a role that indicates thallium to be a useful geochemical pathfinder element

for hidden sulfide deposits.
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The results of the analyses of the Jordanian samples are compared with
those reported for the New Zealand géothermal area in table 13. The values
shown in table 13 for alluvium and altered rock at Zarqa Ma'in are remarkably
similar to the wallrocks at Broadlands for Co, Pb, Se, and Tl. The values are
possibly very similar for Ag, Bi, Cu, Te, and Zn within the lower limits of
determination used for the samples from Zarqa Ma'in. The abundances of gold
and iron are dissimilar. Those for arsenic and antimony cannot be evaluated,
because the high values for the lower limits of determination of the method of
analysis used for the Zarqa Ma'in samples are too great to permit valid
comparison. However, the values for arsenic and antimony at Zarqa Ma'in may
well be substantially less than their respective lower limits of determination,
which would bring them in their direction of the abundances of these elements
in the Broadlands rocks.

Lack‘of samples of calc-sinters and other warm springs deposits from
Narqa Ma'in prevents any direct comparison with the pool precipitates at
Broadlands (table 13), but inasmuch as the alluvium from the bed of Wadi Zarqa
Ma'in lacks the huge values for As, Sb, Tl, Se, Au, and Ag shown by the pool
precipitates from New Zealand, the warm springs deposits at Zarqa Ma'in are
not as metalliferous as thé New Zealand deposits.

The similarities in the abundances of the pathfinder elements in samples
of rock from the two areas support Abu Ajamieh's idea that sulfide deposits
may be present at depth in the Zarqa Ma'in area (Abu Ajamieh, 1974, p. 37-46).

Oxalic~acid leach technique

Oxalic-acid leaching of rocks and other geochemical sample media has been
introduced in geochemical exploration as a technique to accentuate anomalies
(Alminas and Mosier, 1976). The technique as described by Alminas and Mosier

(1976, p. 5) was applied to the 78-ZM series of samples from Wadi Zarqa Ma'in.
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Table 13. Comparison of the abundances of pathfinder elements in alluvium and
hydrothermally altered rocks at Zargqa Ma'in, Jordan, with those
reported for the Broadlands, New Zealand, geothermal field, in ppm
[Data for New Zealand from Ewers and Keays, 1977, tables 3 and 4. ]

Zarqa Ma'in Broadlands

Whole rock

AlTuvium Altered rock 1
(10 samples®)

: Pool precipitates
Element (1 sample) (9 samples)

(2 samples)

As N(200) N(200) 5.6 7,550
Sb N(100) N(100) 1.5 77,200
m N(.02) 0.3 0.8 1,405
Bi N(10) N(10) 1 2.3
Se 0.7 .4 .4 128.2
Te N(0.2) N(0.2) .18 <20
Au L(.05) N(.05) 1.6 48
Co 5 15 6.4 <25
Ag N(.05) N(.05) .09 135.5
Fe 30,000 110,000 28,000 3,100
Pb L(20) 50 40 N 2
Zn N(200) L (200) 300 100
Cu 10 13 <20 N2

1 Five sémp]es for Fe, Pb, Zn, and Cu.

2 Lower 1imit of determination not given.

The results of the spectrographic analyses of the leachates (table 10),
when compared with the results of the analyses of the raw samples (table 9),
show strong increases in the contents of Fe, Mg, Ba, Co, Cr, Cu, Mn, Ni, Pb,
Sr, and V, as. well as less strong increases in the abundances of B and Be.
prevents an evaluation of the contribution of the rock itself to the elements
enriched in the coatings, but the presence in the coatings of rather large
quantities of such elements as Be, Co, Cu, Mn, Ni, Pb, and V appear to favor
Little change in the contents of Ca, Ag, Mo, and Zn took place, and four
elements were less concentrated in the leachate than in the rock: La, Sc, Y,

and Zr.
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The oxalic acid leach removes various iron, calcium, and manganese
coatings on the grains of the hydrothermally altered rocks. These coatings
tend to concentrate various elements. The high contents of these elements may
be a function of the coating and of the source rock or may be caused by the
presence of elements transported by the hydrothermal fluids moving through the
sedimentary rock. Lack of comparison samples from the unaltered rocks
prevents an evaluation of the contribution of the rock itself to the elements
enriched in the coatings, but in the coatings the pre;ence of rather large
quantities of such elements as Be, Co, Cu, Mn, Ni, Pb, and V appear to favor
Abu Ajamieh's (1974) interpretation of hidden sulfide deposits at depth.

Where several of these elements are enriched in the same sample, as are Be,
Co, Cu, Mn, Ni, and Zn in sample 78-ZM-2X, the source of the enrichment is a
suitable geochemical problem for further investigation, particularly when the
enriched elements in the hydrothermally altered rocks at Zarqa Ma'in are
nearly idéntical to the elements enriched in altered rocks at Wadi Shureh near
Al'Aqabah and in possibly hydrothermally altered apatitic limestone in central
Jordan (see above).

Further investigations needed

The comparisons of the trace-element composition of thermal wate;,
alluvium, and hydrothermally altered sedimentary rocks at Zarqa Ma'in, Jordan,
with interstitial brines and metal-rich sediment from the central Red Sea and
with altered rocks at the Broadlands geothermal field affords some geochemical
basis for postulating the possible presence of deep~seated sulfide deposits at
Zarqa Ma'in. Thus, the geochemistry is in agreement with the geologic and
geophysical interpretation to that effect made by Abu Ajamieh (1974,

p. 37-46). Nevertheless, the geochemical agreement is tenuous and requires

further work to permit a firm interpretation.
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Further geochemical investigations should include systematic new sampling
to obtain suites of fresh and altered rocks throughout the area of effluence
of the warm springs, suites of sinter and other warm springs deposits,
alluvium from the bed of the wadi, and samples of water. All these materials
should be analyzed by methods permitting lower limits of determination for the
various elements sought than were yielded by the methods used for this
orientation.

Further geophysicai exploration of the Zarqa Ma'in area should be done to
determine the possible presence of sulfide bodies at depth. Parts of the
proposal made by Andreasen (1978) for geophysical surveys in Jordan could
accommodate the work at Zarqa Ma'in.

The results of the geochemical and geophysical investigations should be
interpreted in the context of sulfide deposits. Physical exploration would
normally be required if the interpretation of the geochemistry and geophysics
favored éhe presence of sulfide ores. At this juncture, before any test
drilling was undertaken for sulfide bodies, consultation with the scientists
considering the geothermal potential of the Zarqa Ma'in site would be
mandatory, because of the effects of possible sulfide ores on the planning of
the geothermal investigations, and because of the effects of deep drilling on
both the conduct of the geothermal investigation and the future economic
development of the site. Indeed, from the outset a detailed investigation of
possible sulfide ore deposits at Zarqa Ma'in should be conducted in close
cooperation with the geothermal project, and should be considered in the
feasibility study related to the development of geothermal energy at Zarqa Ma'in.
Exploitation of a base metal deposit at depth under Wadi Zarqa Ma'in
would face formidable engineering hazards from faulted and fractured

rock, inflow of thermal water, and high geothermal gradient.
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Weathered Precambrian conglomerate at Wadi Saramuj

The Saramuj Conglomerate, a Precambrian pebble to boulder conglomerate
(fig. 6), is exposed over a width of as much as 1 km (Bender, 1974, p. 36-37)
in Wadi Saramuj (31°02'N.; 35°1'E.) at the southeastern end of the Dead Sea and
extends north-northeastward for 9 km. In response to reports reaching NRA
that the conglomerate is gold-bearing, a composite sample of weathered
conglomerate weighing about 100 kg was taken in November 1977.. The composite
sample was reduced to a heavy-mineral concentrate (77-0T-591) by panning, and
the panned concentrate was examined by hand lens for gold, which was not
detected. A summary of this investigation was made (Overstreet, 1978a,

p. 27-28), which included a recommendaticn for a more detailed examination of
the concentrate. The results of the further examination are given below.

The crude concentrate was processed in USGS by Theodore Botinelly to obtain
heavy-liquid and magnetic fractions which were then analyzed mineralogically by
Botinelly and spectrographically by D. J. Grimes and R. T. Hopkins.

Gold was not detected in the mineralogical examination.

The results of the sPSctrographic analysis of the raw concentrate and of
various separates prepared from it are given in table 14, where it can be seen
that gold was not detected at a lower limit of determination of 10 ppm in any
fraction of the concentrate. Further confirmation for the low abundance of
gold is given by the absence of silver at a lower limit of determination of
0.5 ppm. Native gold generally is alloyed with small amounts of silver.

The values for iron and titanium in the raw concentrate and the magnetic
and nonmagnetic fractions having densities greater than 2.8--the part of the
concentrate that sank in the heavy liquid--reflect the abundance of magnetite
and the sparsity of ilmenite and rutile in the concentrate. The
extraordinarily high value for barium in the raw concentrate is poorly matched

by the amount in the nonmagnetic fraction, where the element could be expected
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Table 14. Results of semiquantitative spectrographic analyses of a
heavy-mineral concentrate from the Saramuj Conglomerate, Hashemite
Kingdom Jordan.
[Analyses by D. J. Grimes and R. T. Hopkins, USGS.]
Fractions of concentrate
Raw Heavy-Tiquid and magnetic separations
concentrate Magnetic Nonmagnetic . Float in
Element fraction fraction heavy-liquid
(77-07-591; (77-0T-591M; (77-0T-591N; (77-0T-591L;
MAX-272) MAX-188) MAX-189) MAX-240)
Results in percent
Fe 50 50 50 7
Mg 0.7 : 1 1 2
Ca 1 0.3 0.7 1.5
Ti G(2) 2 2 1
Results in parts per million (ppm)
B 70 30 30 70
Ba 7,000 200 1,500 700
Be L(2) N(2) N(2) N(2)
Co 100 100 70 10
Cr 700 2,000 1,500 150
Cu 100 50 50 50
La 100 N(20) mn 50
Mn 1,500 1,500 1,500 700
Nb 20 N(20) N(20) N(20)
Ni 100 150 150 70
Pb 150 50 100 50
Sc 20 20 20 10
Sr 100 N(100) N{100) 300
) 2,000 7,000 1,500 300
Y 150 20 50 20
Ir 2,000 300 700 300

Looked for but not detected at lower limits of determination as shown, in ppm:
Ag, 0.5; As, 200; Au, 10; Bi, 10; Cd, 20; Mo, 5; Sb, 100; Sn, 10:; Th, 100;
W, 50; and Zn, 200.
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to appear in even greater amount than in the unseparated concentrate if the
barium is in barite, which is nonmagnetic. These relations are interpreted to
indicate that the barium is in feldspar in the raw concentrate. Processing
the raw concentrate through heavy liquids removed the feldspar and thereby
reduced the barium content of the nonmagnetic fraction.

Both cobalt and nickel are rather scarce in the concentrate and tend to
be in the heavy fraction, although more nickel than cobalt persists in the
light fraction (table 14). Much of the cobalt and nickel is probably ia the
magnetite, but a small amount of nickel is in some unidentified mineral that
is in the light fraction. Neither element has any economic significaance at the
reported concentrations.

The division of high values for chromium into nearly equal amounts
between the magnetic and nonmagnetic fractions indicates the presence of
chromite in part intergrown with magnetite.

The sparse amounts of lanthanum and yttrium, combined with low values for
thorium (table 14) indicate that exploitable amounts of monazite are
lacking. Zircon and garnet are the most likely sources for these elements
(Overstreet and others, 1970).

Lack of segregation of the manganese into a single fraction of the
conceatrate (table 14), and equal values for manganese in the raw concentrate
and in the two heavy fractions indicate the presence of manganese in several
minerals and also shows a problem with the splitting of the conceatrate for
analysis. The quantity of manganese shown by the analyses is expectable for
concentrates.

The extremely high values for vanadium in the concentrate and in the
heavy magnetic and nonmagnetic fractioas pretty well identify the souce to be
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magnetite (table 14). If magnetite is the major source for the vanadium, and
is also the source for some of the chromium, cobalt, and nickel as well, these
geochemical data indicate that an important source for the magnetite in the
conglomerate was mafic rocks. The crustal abundances of chromium cobalt,
nickel, and vanadium are about 120 ppm, 20 ppm, 80-200 ppm, and 100-150 ppm
respectively (Beus and Grigorian, 1977, table 3; Vhay and othefs, 1973,

p. 145; Cornwall, 1973, p. 438; Fischer, 1973, p. 68l). During magmatic
differentiation of igneous rocks these four elements tend to decrease in
abundance so that high average values are characteristic of mafic rocks and
low average values are found in felsic rocks. In magnetites derived from
igneous rocks, cobalt and vanadium tend to exceed crustal abundances, nickel
is equal to or less than crustal abundance, and chromium is generally less
(Frietsch, 1970, p. 67-81). The trend in concentration of these elements in
magnetite of igneous origin is similar to the trend of these alements in the
host rocks. Each of the elements is progressively depleted in magnetite from
mafic rocks to magnetite from felsic rocks. Although considerable variation
in the abundances of these elements in magnetite has been recorded from one
igneous complex to another, in a general way the composition of the magnetite

reflects its sources (Overstreet and others, 1978, p. 349- 350):

Dominant source Co (ppm)  Cr (ppm) Ni (ppm) ¥ (ppm)
Mafic rocks ..viveenrennnnnns >200 >5,000 >200 >1,000

Felsic rocks and
hydrothermal deposits ..... <50 <500 <100(?) <500

Nickel tends to be more abundant than cobalt in magnetite from early
differentiated mafic rocks, but the greatest differences are shown in the

abundances for chromium and vanadium in magnetite from mafic and felsic
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rocks. Also, where vanadium is more abundant than zinc in magnetite of
magmatic origin, the parent rock for the magnetite is mafic. Applying these
observations to the distribution of Co, Cr, Ni, and V in the magnetic fraction
of the concentrate from the Saramuj Conglomerate, an important source for the

detrital magnetite appears to have been mafic rocks:

Element Detrital magnetite Magmatic
Sanaaie “From the Saramif nagnstite From
C.cltlglo-merat_g : _—x;_alfic. rock}:

Cppm) T TepnS”

Co 100 >200

Cr 2,000 >5,000

Ni 150 >200

v 7,000 >1,000

Zinc in the magnetic fraction of the concentrate from the Saramuj
Conglomerate was not detected at a lower limit of determination of 200 ppm;
thus, the abundance of zinc is less than that of vanadium, which supports the
interpretation based on Co, Cr, Ni, and V.

Ziréonium, like barium and manganese, is more abundant in the raw
concentrate than in the fractions derived from the concentrate. Zirconium
would be expected to be present in zircem, which is a nonmagnetic minefal.
Hence, the highest value for zirconium would be expected ia the nonmagnetic
fraction (77-0T-591N in table 14). Although the amount of zirconium reported
for this fraction is unexpectedly lower than that found in the raw
concentrate, the amount is, properly, greater than those in the magnetic
fraction and in the float from the heavy-liquid separation.

The elements that were looked for but not found at the given lower limits
of determination include important ore metals or indicator elements for ore
deposits: Ag, As, Au, Bi, Cd, Mo, Sb, Sa, Th, W, and Zn. When to this group

is added the list of low-value elements reported in table 14, such as Be, Co,
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Cr, Cu, Nb, Ni, and Pb, it appears that the Precambrian rocks from which the
sampled part of the Saramuj Conglomerate was formed were unmineralized at the
time of the deposition of this part of the conglomerate. Of course, that does
not mean that all the rest of the Saramuj Conglomerate, which has not been
sampled, lacks gold, other possible ore minerals, or pathfinder elements.

.
This possibility can only be determined by a systematic sampling of the
Saramuj Conglomerate, as was discussed elsewhere (Overstreet, 1978a,
p. 27-28).

If the report of gold in the Sa;amuj Cenglomerate, as it reached NRA, was
in some way confused between Wadi Saramuj and the Saramuj Conglomerate, then
the possibility would exist for detrital gold to be in the sand and gravel of
the wadi floor instead of in the conglomerate. Provision to test this
possibility should be made by the processing of bulk smaples of alluvium for

heavy-mineral conceatrates and examining the concentrates for gold.

Altered rocks quEpdi Shureh

Exposed in a part of Wadi Shureh (fig. 1) about 6 km east of the coastal
highway leading south from Al'Aqabah and in the vicinity of sample locality
2565 established earlier by Dr. Riad Gharaibeh (1969, plate 1) is an area of
altered red porphyritic biotite granite (29°28'30"N.; 35°03'E.). Mafic dikes
are common in the granite. The rock is part of the Precambrian unit mapped as
granodiorite and quartz diorite by Bender (1968c), and as older granite by
Hakki (1971). Faults and shear zones are common in the granite on the north
side of Wadi Shureh at this locality, and on the south side of the wadi,
narrow north-trending fault trouzhs are filled with loosely consolidated white
to brown sandstone. The basal unit of the sandstone is a pebble-to-cobble
conglomerate partly cemented by clay and limonite. This sedimentary sequence
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rests unconformably on the altered granite. It may be as young as Pliocene or
Quaternary. The variegated colors of the sandstone and conglomerate--white,
yellow, buff, orange, red, purple, and brown--make it distinctive.

Surface exposures of the granite and mafic dikes are in part weathered to
saprolite, which is decomposed but undisturbed crystalline rock (Becker, 1895,
p. 289-290). The term saprolite is applied to the products of chemical
weathering where those products are still in place. Indeed, to a large
degree, saprolite retains the texture and structure of the original
unweathered rock despite the fact that saprolite is loose enough to be dug by
pick and shovel. Saprolite is produced mainly by the chemical weathering of
the feldspars and mafic minerals of the rock, the stability of which during
weathering is the reverse of the Bowen reaction series. Under the
conglomerate the granite is also weathered locally to saprolite.

Secular weathering that produces saprolite is a process that, in fact,
mimics hydrothermal alteration. Clayey end products of the two processes tend
to resemble one another. However, if the hydrothermal alteration introduces
new elements or causes a marked rise in some elements already present in the
unaltered rock, the action of the hydrothermal process can be identified by
the trace-elements geochemistry of the altered rocks. Rocks that were altered
hydrothermally can in their subsequent history, when exposed at the earth's
surface, be further modified by weathering. TInasmuch as the products of
weathering tend to be distributed regionally and the products of hydrothermal
alteration tend to be restricted to rather narrow zones, the present
appearance of the Wadi Shureh area is one of a complex sequence of weathering

and possible hydrothermal alteration. The first interpretation of possible
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hydrothermal alteration in the sheared granite of Wadi Shureh was made by
Gharaibeh (1969) on the basis of the results of geochemical analyses of the
minus~80-mesh fractions of wadi sand from this area. Thesc samples showed low
but distinct enrichment of the base metals.

Two series of samples were collected in the area (table 15). The samples
in the 77-0OT-series were screened to three sieve sizes to permit evaluation of
the possible concentration of certain elements in selected sieve sizes. These
samples were analyzed spectrographically at the NRA laboratory in Amman by
Mohamad Sha'aban and Zuheir Issa (table 16). Samples in the 78-DG series were
ground to the coanventional <100-mesh size, then split into two fractions, one
of which was analyzed directly, and the other of which was leached ia oxalic
acid and the leachate was analyzed (table 17).

Granite

The results of the analyses of the grani;e are shown in table 16, samples

77-0T-563A through =563C, and in table 17, samples 78-DG-1 through 78-DG-4.

Composition related to size of fraction analyzed.--No significant changes

- - — . - -

in the trace-element composition of the sieve fractions can be detected in the
analytical results shown in table 16, except for a moderate tendency for
calcium to be enriched in the <9+32 mesh fraction and for boron and zirconium
to be enriched in the <80-mesh fraction. The magnitudes of these earichments,
in terms of analytical reporting intervals between the value for a given
element in the <9+32 mesh fraction and for the same element in the <80-mesh

fraction, are generally so small that they are within the range of accepted
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Table 15, Descriptions of altered biotite granite and sandstone sampled in Wadi
Shureh to the southeast of Al'Agabah, Hashemite Kingdom of Jordan.

Field number Nescription of material sampled

Altered biotite granite

77-0T-563A Middle part of strongly altered zone: sample sieved to <9 + 32 mesh
-5638B Do.; <32 + 80 mesh
-563C No.; <80 mesh

78-DG-1 70 m north of middle part of strongly altered zone
-1A Basic dike near altered granite
-2 Middle part of strongly altered zone
-3 Specimen of iron oxide from quartz-calcite vein in middle part of
strongly altered zone
-4 30 m south of middle part of stronqgly altered zone

Wadi sand from point 40 m downstream from
southern edge of exposed altered granite

77-0T-565A Wadi sand; sieved to <9 + 32 mesh
-5658 Do.; <32 + 80 mesh
-565C Do.; <80 mesh

Altered, poorly consolidated sandstone and conglomerate

77-0T-567A White sandstone; sieved to <9 + 32 mesh
-5678 Do.; <32 + 80 mesh
-567C Do.; <80 mesh
-569A Pink to red sandstone; sieved to <9 + 32 mesh
-5698 No.; <32 + 80 mesh
-569C Do.; <80 mesh
-571A Brown sandstone; sieved to <9 + 32 mesh
-5718 Do.; <32 + 80 mesh
-571C Do.; <80 mesh
-573A Yellow sandstone; sieved to <9 to 32 mesh
-573B Do.; <32 + 80 mesh
-573C Do.; <80 mesh
-575A Yellow basal gravel; sieved to <9 + 32 mesh
-5758 Do.; <32 + 80 mesh
-575C Do.; <80 mesh

78-DG-5 Fe-Mn stained sandstone
-6 Fe-stained sandstone
-7 Bleached sandstone
-8 Poorly sorted, altered sandstone
-8A Do.
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analytical variation for the method of semiquantitative spectrographic

analysis used:

Element Number of analytical reporting intervals of enrichment between
coarsest and finest sieve fractions where samples show
enrichment between fractions
[T SR e - T """"':‘“"*"""""‘"'“
<9+32-mesh fraction enriched i <80-mesh fraction enriched
Total samples “Reporting | Total samples |  Reportin
showing enrich- intervals i shoﬁ?égrenribh-i intervals
ment in given represented | ment in given g represented
element by enrich- g element ! by enrich-
ment in each | ; ment in each
such sample E ' such sample
Fe D B VAN Vol M S i i PRl MR
Mg 2 1, 10 § 1 3, 9
Ca 3 2, 4, 13 ; 1 1
Ti 3 1, 4, 1 ; 3 1, 1, 1
B 1 2 ' 4 2, 2, 4, 3
Ba 1 1 ! 1 ‘ 2
Be 2 2, 2 ; 1 2
Cr 2 2, 1 ; 2 2, 3
Cu 3 2, 2,1 : 2 2, 3
La 2 ; 2, 2 : 2 2, 1
Mn 4 ©1, 5,1, 1 ! 1 | 4
Ni 1 . 3 : 2 , 1, 2
Sr 2 1, 6 : 3 1, 1, 2
v 2 : 1, 2 ; 0 i 0
Y 3 b1, 2, 2 5 3 1, 2, 1
Zr 2 i >6, 3 ; 5 2, 4, 2, 6, >2

Where values for a given element exceed the accepted range of analytical
variance for that element in two samples, as is seen for magnesium (ten and
nine reporting intervals) and for manganese (five and four reporting
intervals), and in one sample the coarsest-grained fraction is enriched,
whereas in the other sample the finest-grained fraction is enriched, no
preference can be made by grain size for use as a sample medium.

Elements with unchanged values between the coarsest and the finest sieve
fractions are: Ag, As, Au, Bi, Cd, Co, Mo, Nb, Sb, Sc, Sn, Th, W, and Zn.
These elements mostly were reported as below the limits of determination

(table 16).
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These results are quite differept from those reported by Theobald and
others (1977, p. 10) for trace elements in sieved fractions of granitic rock
d;bris sampled at the Uyaijah ring structure in the Kingdom of Saudi Arabia.
From the results of the analyses of five sieve fractions of each of 25 samples
used in their orientation survey, the coarsest-grained (<10+32-mesh) fraction
was found to give the greatest variation for the 14 minor eleménts detected
spectrographically in all analyzed samples. On the other hand, the finest-
grained fraction (<200-mesh) lacked measurable natural variation in the
spectrographic results., The lack of variation in the <200-mesh fraction was
interpreted "...to result from thorough aeolian introduction of fine debris
from a huge area of Saudi Arabia'" (Theobald and others, 1977, p. 12).

Measurable natural variation in the elements determined in sieved
fractions of granitic rock debris was shown by Theobald and associates (1977,
(fig. 2) to be a more important factor in geochemical exploration than the
median values obtained for the elements. A spread in values is needed to
identify positive anomalie;. In the Saudi Arabian samples, the finest grained
fractions tended to have a spread of only three or four reporting units for
the elements, whereas the spread of the coarsest-grained fractions was twice
as great, but the median values for the elements were somewhat lower than the
medians reported for the finest-grained fractions. The increase in scatter of
the abundances of the elements found with increase in grain size of the
material analyzed was interpreted by Theobald and associates (1977, p. 12) to
show that the coarser the fraction used for analysis, the closer the sample
comes to representing a local source,

A meaningful test of those observations cannot be made with the present

data from Wadi Shureh in Jordan, because of the small number of sized
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fractions analyzed, and because the analyzed materials are mainly poorly
consolidated, iron—-stained sandstone and granite saprolite. Only one sample
is wadi sand, and none is gruss. Nevertheless, it is of interest to see how
the composiiion of these materials differs by size fraction from the results
reported for granitic gruss in Saudi Arabia. At Wadi Shureh the finest-
grained fraction tends to have the greatest natural variation, owing possibly

to an increase in the amount of iron oxides in that fraction:

Element Measured natural variation in reporting
vnits for elements in sized fractions from
Wadi Shureh, Hashemite Kingdom of Jordan
(number of reporting units)

<9 + 32 mesh <80 mesh
Fe 12 11
Ca 10 16
Ti 4 5
B 6 7
Ba 9 10
Be 3 3
Cr 3 5
Cu 6 7
La 1 4
Mn 10 9
Ni 5 3
Sr 6 4
v 5 5
Y 3 4
Zr 7 8

from saprolite, which is untransported rock material lacking intermixed fine-
grained aeolian debris. Inasmuch as the fine-grained fraction of the
saprolite is from the same rock as the coarse-grained fraction, no large
differences in composition are to be expected.

Even the nearby alluvium from Wadi Shureh (tables 15 and 16, samples
77-0T-565A through -565C) shows only slight variation in contents of trace

elements by sieve fraction of the sample:
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Enriched Sieve " Number of analytical

element fraction reporting intervals
enriched in enrichment between
(mesh size) coarsest and finest

sieve fractions

Ca <80

1
Ti <9+32 1
B <80 2
Ba <9+32 1
Cr <80 2
Cu <80 2
La <80 1
Mn <9+32 1
Ni <80 1
Sr <9+32 1
v <9+32 1
Y <80 1
Zr <80 4

Zirconium has the greatest variation in the wadi alluvium, as it is
also in saprolite. No geochemical siénificance can be attached to these
small differences, which are within the accepted range of analytical variation
for the semiquantitative procedure used.

Composition of unleached samples and of oxalic acid leachates.--The

results of the spectrographic analyses of the unleached altered granite ground
to minus-100 mesh énd the oxalic acid leachate from the granite are given in
table 17. The method of using oxalic acid to leach iron oxides and manganese
oxides from geologic materials, and then to analyze the leachate for minor
elements of interest in geochemical exploration for ore deposits, has been
described by Alminas and Mosier (1976) and by Watts and associates (1978).
The procedure provides an anomaly-accentuation technique to emphasize the
presence of those elements that tend to precipitate in nature with the iron
and manganese oxides.

As described by Alminas and Mosier (1976, p. 5), the oxalic acid leach

technique requires that 5 g of ground rock be placed in a beaker with 50 ml of
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1.5N oxalic acid and the mixture be brought to a low boil. After boiling for
five minutes the oxalate solution thus formed is filtered and dryed. The
leachate is further heated to remove free oxalic acid, then the leachate is
placed in a crucible and heated to 450C to convert the oxalates to oxides and
to drive off water. When cool, the leachate is ground and analyzed
spectrographically.

Elements clearly enriched in the oxalic acid leachates (samples 78-DG-1X,
<2X, and =4X) over their abundances in the untreated samples of altered

granite (samples 78-DC-1, -2, and -4) are:

Enriched Number of analytical
element reporting intervals in

enrichment (average of three analyses)

Q
(-]
NV PN WO oo NN

Zn

1May result from contamination.

Four elements are enriched in the oxalic acid leachate in two-thirds of
the granite samples analyzed: Ba, Nb, Sn, and Zr (table 17). Eleven
elements are essentially unaffected in abundance between the untreated
sample and the oxalic acid leachate within the limits of determination
of the analytical procedure: Ag, As, Au, Bi, Cd, La, Mo, Pb, Sb, Th,

and W.



Three elements tend to be depleted.in the oxalic acid leachate compared
to their abundances in the untreated samples: Ca, Sc, and Y.

The degree of enrichment in the abundances of the elements in the
leachates compared to the untreated samples, in terms of number of analytical
reporting intervals, is significantly greater than in the procedure using
sieved fractions. As yet untested in the orientation survey is a combination
of sieving to coarse and fine sizes, then splitting the sieve fractions for
analyses of the untreated sample and the oxalic acid leachate for each sieve
fraction. Where altered but untransported rock materials are the sample
medium, this further step evidently would be of little practical value,
because admixed aeolian debris of fine size is lacking. However, the
attractive possibility exists that in saprolite and hydrothermally altered
rocks, a far greater proportion of actual clay minerals--in contrast to clay-
size particles of rock-forming minerals-—-is present than in wadi sediment, in
which the finest particles consist of less than 1 percent of clay minerals
(Overstreet, 1978b, p. 32). The presence of clay minerals in the altered rock
should cause some enrichment of metals in the finest fraction, whether
analyzed as an untreated sieve fraction or as a leachate, owing to adsorption
of elements on the surfaces of the clay minerals in the altered rocks.

Geochemical evidence for hydrothermal alteration.--The results of the

analyses of the untreated samples of altered granite, as well as of the mafic
dike (table‘16, sample 78~DG~1A) and the iron oxide from the quartz-calcite
vein in sheared granite (table 17, sample 78-DG-3), disclose only low values
for elements that are typically enriched in hydrothermally altered rocks.
Here the values resemble those found in unaltered rocks (table 18).

Significant enrichments are absent except for Co, Cu, Mn, Sr, and V in the
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mafic dike. These rises are normal in mafic rocks:

Element Mafic Average abundance in mafic rocks
- dike at “(ppm)
Wadi Shureh Hawkes and Beus and
- Webb, 1967 Grigorian, 1977
Co 50 45 48
Cu 70 140 87
Mn 1,500 2,200 1,200
Sr 1,000 No data 470
v 300 200 250

The many minor elements reported in tables 16 and 17 as not detected
include some of the most notable associated with hydrothermal enrichment: Ag,
As, Au, Bi, Cd, Hg, Mo, Sn, Te, and W. Some of these, for example Au, Sn, and
W, could be expected even to be somewhat enriched during weathering, if the
saprolite was developed after a hydrothermal event. Several other elements,
particularly In, Sc, Te, and Tl, might also be expected to be somewhat
concentrated in weathering products, but the amounts reported in table 17 are
rather low for the granite and the iron oxide from the quartz-calcite vein:

Abundance in ppm

In T8 T T
Altered granite
78-~DG~1 N(.1) L(.1) N(.2) 0.3
-2 0.5 0.1 N(.2) .5
-4 .1 .1 N(.2) .2
Iron oxide from vein
78-DG~-3 o1 .7 N(.2) .2

Low as these values are, they resemble values reported for altered
wallrock at the Broadlands geothermal field in New Zealand (Ewers and Keays,
1977, tables 3 and 4).

Many critical elements for use in an interpretation of possible
hydrothermal alteration at Wadi Shureh are enriched in the oxalic acid

leachates from the altered granite (table 17). The composition of these
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Table 18. -Comparison of the content of minor elements in altered rocks from
Wadi Shureh, Hashemite Kingdom of Jordan, and the content of the
same elements in the average granitic rock, in ppm.

Ln,d. = no data.]

Element Wadi Shureh Average granite
Altered Mafic Iron oxide Hawkes and Beus and

granite dike from vein Webb, 1962 Grigorian, 1977
(6 samples) :

B L(20) 20 N(20) 15 15
Ba 750 700 500 830 840
Be 2 2 N(2) 5.5 - 3.5
Co N(5) 50 N(5) 5 1
Cu 10 70 15 30 10

" Mn 700 1,500 300 600 400
Ni L(5) 20 L(5) 8 4.5
Pb 50 20 30 48 19
Sr 200 1,000 150 n.d. 110
U 5 n.d. 4 3.5 3
v 30 300 30 40 44
Zn N(200) N(200) N(200) 60 39

leachates resembles that reported for leachates from hydrothermally altered
rocks exposed in Wadi Zarqa Ma'in (table 19), except that the iron oxide crust
from the quartz-calcite vein in sheared granite at Wadi Shureh is too lean in
B, Co, Cr, Cu, Ni, and Pb to be interpreted as having any genetic connection
with base-metal bearing hydrothermal solutions. The abundances of these
elements in the leachates from the altered granite may be interpreted as a
slight indication of possible hydrothermal alteration modified by subsequent
weathering. However, the collateral geochemical evidence from the altered,

poorly consolidated sandstones in Wadi Shureh needs to be evaluated before a

conclusion can be reached.
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Table 19. Comparison of the abundances of selected elements in leachates
Trom altered granite at Wadi Shureh with elements in hydrothermally
altered sandstone at Wadi Zarqa Ma'in, Hashemite Kingdom of Jordan.

(.

Element : Wadi Shureh Wadi Zarga Ma'in
‘Altered granite Iron oxide from (average of 9 from table
(average of 3) quartz-calcite vein 10 of this report)

Values in percent

Fe 50 7 50
Mg 7 1.5 5
Ca 2 1.5 3
Ti 0.7 0.5 0.05
Values in parts per million
B 350 L(20) : 200
Ba 1,000 300 300
Be 30 3 5
Co N(20) N(20) 200
Cr . 700 N(20) 200
Cu 200 15 150
Mn 10,000 1,500 2,500
Ni 150 30 100
Pb 150 30 250
Sr 500 500 500
) 200 100 100

Sandstone
Descriptions of the altered sandstones samples taken on the south
side of Wadi Shureh are given in table 15. Results of the analyses of
sieved fractions of the sandstones are presented in table 16, and the
results of analyses of oxalic acid leachates are given in table 17.

Composition related to size of fraction analyzed.--No consistent

enrichment was found for any element in any size-fraction analyzed (table
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16). All results are Qithin one or two analytical reporting intervals, or.
where changes in the abundance of an element are clearly related to size
fraction of the sandstone, there is no consistent relation between abundance
and particle size. Boron, manganese, strontium, and zirconium are the only
elements that show increases in concentration related to sieve fraction
analyzed. However, the direction of the changes in concentration shows no
consistency by particle size. These differences do not relate to the color of
the sandstone. Thus, no improvement in geochemical identification of possible
anomalies was achieved by the use of coarse size fractions over the use of the
conventional <80-mesh fraction.

Composition of unleached samples and of oxalic acid leachates.--The

oxalic acid treatment, in coantrast to the sieving technique, clearly

enhances the values obtained for many of the elements sought in the sandstone.
A comparison of the values reported in table 17 for samples of unleached

sandstone (78-DG-5, -6, -7, -8, and -8A) with values for derived leachates

(78-DG~5X, -6X, -7X, and -8X) makes immediately apparent that similar elements

in the sandstone are enriched in the oxalic acid leachate as were enriched in

the leachates from the altered granite:

Enriched ~ Number of analytical reporting
element ' ‘intervals in enrichment

(average of four analyses)

Fe 8
Mg ' 11
Ca 10
Ag 11

=
=1
~ 00 O ON \O 0~ 0O W 0o
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Elements more enriched in the leachates from sandstone than in leachates
from the granite are Fe, Mg, Ca, Ag, Ba, Ni, Pb, Sr, and V. Less enriched
elements in ghe leachates from the sandstone than in leachates from the
granite are: Ti, B, Be, Co, Cr, Cu, and Zn. Whether an element is more or
less enriched in the leachates from the sandstone compared to the leachates
from the granite, the number of analytical reporting intervals in the
difference is generally only one or two. In actual amounts, these elements
are about equally abundant in the leachates from the sandstone and from the
granite, except that Cu, Ni, Pb, Sr, V, and Zn are slightly more abundant in
the leachates from the sandstone.

Six elements are enriched in three-fourths of the leachates from
sandstone: Ti, La, Mo, Sc¢, Y, and Zr. Eight are unchanged in abundance in
the untreated samples of sandstone and in the leachates: As, Au, Bi, Cd, Nb,
Sb, Th, 'and W, Thus, the elements Ag, La, Mo, and Pb, tend to be enriched in
the leachates from sandstone compared to the leachates from granite. This
indicates that those four elements, as well as Cu, Ni, Sr, V, and Zn, are more
abundant in the materials in the sandstone that are attacked by the oxalic
acid than they are in the leachable material in the granite.

Geochemical evidence for hydrothermal alteration.--As was true for

the data from the granite at Wadi Shureh, the geochemical data from the
sandstone are based on far too few samples to demonstrate the possible

presence of a positive geochemical anomaly for the base metals. The data may
;a well be background abundances as anomalous abundances. However, the amounts
of Be, Cu, and Pb in both the sandstone and the leachate, U in the sandstone,
and Ag, Mo, Ni, V, and Zn in the leachate are sufficiently high to suggest

that the sandstone has been affected by hydrothermal alteration similar to
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that presently taking place at the warm springs in Wadi Zarqa Ma'in, or that
secondary oxides and hydroxides of iron have precipitated from ground water

in the sandstone and added scavenged metals (Canney, 1966; Jenne, 1968). At
Wadi Shureh the values determined for In, Se, Te, Tl, and U in the sandstone

and granite are similar to those determined for hydrothermally altered sandstone

at Wadi Zarqa Ma'n:

Element _ Abundance (ppm)
Wadi Shureh Wadi Zarqa Ma'in
Sandstone pranigs_ Sandstone
(Avergggwof 4) (Averggg of 3) (Aweraggﬁgf 9{__

In L(.1) 0.2 L(.1)
Se L(.1) L{.1) A
Te N(.2) N(.2) N(.2)
T1 L(.1) .3 .2
U 4.4 51 1.2

lgix samples in average for U in granite.

The extremely small quantities of In, Se, Te, and Tl in the sandstone
seemingly do not indicate an episode of hydrothermal alteration at Wadi
Shureh, but these low abundances cannot be interpreted negatively, because
they are similar to the abundances of these elements in sandstone at Wadi
Zarqa Ma'in.

Interestingly, uranium, though near crustal abundance, is richer in both
sandstone and granite from Wadi Shureh than it is in sandstone at Wadi Zarqa
Ma'in where radioactivity attains a regional high (Abu Ajamieh, 1974).
Inasmuch as the greatest quantity of uranium, 10.9 ppm, was found in the
sample of sandstone (78-DG-5) containing the most iron~-20 percent--at Wadi
Shureh, the possibility exists thaﬁ the uranium is associated with secondary

iron minerals in the sandstone. Uranium-bearing iron oxides are reported in
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the geologic literature (Lovering, 1955; Lovering and Beroni, 1959; Mckelvey

and others, 1956; Karkhanavala, 1958; and Pan and others, 1980). The close
association of hepntite with certain uranium deposits has been used as a guide
in geologic prospecting (Nininger, 1956, p. 116). Generally, however,
uraniferous hematite and limonite contain more than 100 ppm uranium, which is
20 times or more the quantity of uranium in the rocks at Wadi Shureh.

These geochemical data do not present positive evidence for a former
hydrothermal event at Wadi Shureh. The trace-elements geochemistry is not
unlike what would be expected from iron oxides precipitated from normal ground
water. However, the geochemical similarities to other localities in Jordan
where hydrothermal alteration is known are so strong that the area deserves
further investigation for possible hydrothermally formed base metal deposits

at depth,

Ores and slags
Background

A few grab samples of copper ore from old mines and of slags from ancient
copper smelters were taken at sites of former mining in eastern tributaries to
Wadi Arabah, and several gamples of ore and slag were collected from the Warda
ancient iron workings in the Ajlun District of Jordaﬁ (fig. 1, table 20). The
purpose in taking these samples was to determine if the slags from the copper
smelters contained traces of economically valuable elements not present in the
ores (Overstreet, 1978a, p. 26-27). Had such elements been detected, then the
interpretation could be drawn that ores from distant and geologically
different sites were also processed in antiquity at these copper smelters.
This interpretation would have afforded justification for a search for other

sources of ore other than the nearby mines. The results of the analyses
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Table 20, Description of rocks, ores, and slags from ancient mines and smelters

in the Hashemite Kingdom of Jordan.

Description

Wadi Feinan-Wadi Dana (30°37'N.: 35°29'E.)

77-0T-579 Malachite in sandstone.

-580 Malachite in manganese-bearing dolomitic shale.

-581 Slag from ancient copper smelting from pile crossed by road 5.5 km by
road down Wadi Dana from NRA camp; black, massive, slabby to

-582 Charcoal in slag represented by sample 77-0T-581.

-584 Heavy-mineral concentrate panned from talus on a plug of spherulitic
dacite exposed 1 km to the east of Jebel Feinan. Coordinates of
sample locality are 30°37'32"N.; 35°30'24"E.

-585 Sieved fractions of talus from same locality as sample 77-0T-584,

-586 Slag from heap 300 m southwest of pile represented by sample 77-0T-581,
Specimen 77-0T-586 is apparently younger than 77-0T-581, because the
slag pile from which 77-0T-586 was taken overlaps dark slaqg like
77-0T-581, and at this locality the slag from which specimen
77-0T-586 came was poured against a ruined wall of dressed sandstone
blocks constituting part of a building and retaining an arched
doorway and semicicular wall, possibly of Roman (?) age. The slag
is light olive brown in color, glassy, scoriaceous, and blocky.

This slag may be Byzantine or Islamic in age.

78-DG-18 .  Copper ore from small dump near mine openings.

Wadi Khalid
78-DG-13 Iron-stained sandstone (30°38'36"N.; 34°29'33"E.)
-19 Copper ore (30°38'36"N.; 34°29'00"E.)
Jebel Khirbet en Nuhas (30°40'50"N.: 35°26'13"E.)

77-0T-587 Dark brown to black, massive, slabby to slag in piles covering
area at least 200 m by 500 m; color, texture, and structure resembles
sample 77-0T-581.

-588 Charcoal from slag represented by sample 77-0T-587.

-589 Copper carbonate in sandstone.

-590 Friable, pulverulent, dark gray to black slaqg that resembles
manganiferous sandstone.

78-DG-14 Ferruginous sandstone 10 cm below slag represented by sample 77-0T-590.

-15 White sandstone 5 cm below slag represented by sample 77-0T-590. _

-16 Slag like 77-0T-590 from position in pile 5 cm above contact with white
sandstone.

-17 Copper ore in sandstone at Byzantine slag site near Jebel Khirbet en
Nuhas.

JoSz32 Charcoal from slag similar to 77-0T-587; located 30°41'50"N.:35°26"'1C¢E.
Warda iron mine and smelter, Ailun District (32°14'N.; 35°43'E.)
78-DG-9 Travertine from inside of mine.

-10 Iron ore.

-11 Do.

-12

Slag from pi]e 50 m from mine.

S ——
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support a contrary conclusion:  the trace—element composition of the
slags conforms with that of the locai ores, and the ancient copper smelter
sites evidently did not engage in the custom smelting of ores traded from
presently unrecognized distant and geologically different mineral deposits.

Owing to the presence of charcoal in the slags, pieces could be hand-
picked from broken slag. Fragments of charcoal thus recovered had been sealed
in the slag since it solidified; thus, the age of the charcoal, as determined
by C-14 analysis, dates the maximum age of operation of the furnace from which
the slag was derived. Three samples of charcoal were successfully recovered
and analyzed for carbon-isotope age determinations. The results show that
vastly more significant archaeological, geochemical, and pyrometallurgical
investigations could be conducted at the ancient mines and smelters in Jordan
than have yet been done. If slags were recovered in systematic stratigraphic
sequences in archaeological digs, they could be searched for charcoal and the
charcoal could be dated. Major- and minor-element analyses of the charcoal-
dated slags could be combined with mineralogical, petrographic, and
metallurgical study of the slag (Milton and others, 1976) to yield
considerable new insight into the sources of the ores, kinds and sources of
the fluxes and furnace linings, and state of the pyrotechnological arts during
the long period of metallurgical evolution represented by the ancient slags of
Jordan. Most of the requisite laboratory procedures following archaeologic
excavation of the slags are essentially geologic, but the resulting data would
be of use to the archaeo-metallurgist and archaeoclogist as well as to the
exploration geochemist and economic geologist.

The few samples and analyses acquired in the present orientation survey

contribute to data already published on the copper deposits in eastern
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tributaries to Wadi Arabah (Bender, 1974, p, 147-154; Nimry, 1973) and on the
_Warda iron mine (Bender, 1974, p. 157-158). Additionally, as many as 150
samples of ore and slag from the ancient copper mines and smelters situated in
the valleys egst of Wadi Arabah were collected and analyzed spectrographically in
the 1960's by members of the Geological Survey of the Federal Republic of Germany's
Geologic Mission to Jordan, but the results of the analyses have not been
published (Friedrich Bender, oral commun., 1978). The Mission had analyzed
examples of all the ores and slags for trace elements, and from these results,
the slags appeared to have been derived from ores mined from nearby deposits.
Dr. Bender indicated that the unpublished data were available for use by
interested scientists,

More is presently known of the techniques of copper mining and smelting
in antiquity, based on the mine workings, ruined furnaces, and slags on the
west side of Wadi Arabah than has been determined from sites on the east side
(Rothenberg, 1972; Rothenberg and others, 1978; Wilson, 1977). This unfortunate
absence qf geographic balance in the examination of ancient sites of mining
and smelting is certainly reflected in interpretations of the rise and progress
of pyrotechnology in the Wadi Arabah area, because the sites straddle the wadi
and constitute together a metallurgical province in which exploitation was
evidently not entirely synchronous on the eastern and the western sides of the
valley. Indeed, mining and smelting in one area might have taken place whilst
these activities were in abeyance on the other side of the wadi. For example
a hiatus in mining at the western sites is reported from the 12th century
B.C.~--when Egyptian mining ceased in that locality=--to Roman times nearly
1,500 years later (Rothenberg, 1972, p. 1l4). The three new isotopic ages for

charcoal from slags at smelter sites on the eastern side of Wadi Arabah,
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obtained during the present investigation, give a record of metallurgical
activity between 3,200 + 200 years and 2,540 + 200 years before the

present (Meyer Rubin, written commun., 1978; 1980):

Sample numbers Locality Radiocarbon ages dqufpined by
Field Laboratory the U.S. Geological Survey

Radiocarbon Laboratory,
Reston, Va., and based on the

Libby half-life (5568 % 30 yr)
referenced to the year 1950

77-0T-582 W-4054 Wadi Feinan-Wadi Dana 3,000 + 300 yr B.P.
area (3037'40'"N,;
3539'00"E.)

77-0T-588 W-4051 Jebel Khirbet en Nuhas 2,540 + 200 yr B.P,
(3040'50"N., 3526'13"E.) -

JoSz32 W-4456 Jebel Khirbet en Nuhas 3,220 + 200 yr B.P.

(3041'02"N.; 3526'10"E.)
If these ages are corrected according to the calibration table of Hans
Seuss (1979), the oldest age has a corrected value of 1,540 B.C. (Meyer Rubin,
written commun., 1980) and the youngest age a corrected value of 800 B.C.

(Meyer Rubin, written commun., 1979):

Sample numbers Radiocarbon ages
Field Laboratory Measured Corrected
77-0T-582 W~4054 3,000 + 300 B.P. 1,310-1,390 + 70 B.C.
77-0T~588 W=4051 ' 2,540.1 200 B.P. 800 B.C.
JoSz32 W-4456 3,220 + 200 B.P. 1,540 B.C.

Such ages indicate continuance of smelting enterprises associated with
the copper deposits on the eastern side of Wadi Arabah when smelting on the
west side is said to have been abandoned.

The abandonment of metal mines and smelters at given sites, and the
activation or re-activation of mining and smelting at other localities, was
caused by a spectrum of geologic, climatic, human, economic, and political
factors. Only the first two of these factors are within the purview of

geochemical exploration.
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Re-establishment of mining on either side of Wadi Arabah after a lengthy
interval of inactivity can only be interpreted to mean that geologic factors—--
such as mineralogy, tenor, accessibility of the ore, and availability of
fluxing agents--were not the prime determinants controlling renewed
exploitation of these deposits, even if re-activation necessitated some change
or improvement in technology. Climate and the human factors must have been
decisive in where and when metallurgical enterprises were opened or re-opened
on the copper deposits in the area.

The climatic factor is always of interest in geochemical exploration,
because the exposed parts of the earth's surface are modified by the chemical
response of rocks and soils to rain and to variations in temperature aund
vegetation. Climatic factors affect the selection of suitable geologic or
botanic materials to serve for geochemical sample media. These same factors
may have intervened at mining sites adjacent to Wadi Arabah by influencing
water supply and plant growth over long periods.

Charcoal made from local acacia trees and brushwood was the main fuel
used at the smelter sites along the western side of Wadi Arabah, supplemented
possibly by dry donkey dung (Rothenberg, 1972, p. 232). Elsewhere in Western
Asia various trees, desert bushes, dried vine, and dung have been used as
fuels (Wertime, 1968, p. 932).

The amount of fuel consumed in smelting operations in the Wadi Arabah
region may have equalled about one-half of the weight of the ore that was
processed, though fuel:ore ratios could have ranged from 1:1 to 1:3
(Rothenberg and others, 1978, p. 43). Larger amounts of fuel were required
for equal weights of ore to smelt copper than to smelt iron, because copper

smelting produced more slag (Rothenberg and others, 1978, p. 44). Lead ore

98



smelted quite recently in Iran in small furnaces somewhat similar to those
used during antiquity for copper smelting in the Wadi Arabah area is said to
Qave required 35 kg of charcoal for a single charge of 30 kg of lead ore and
30 kg of flux (Wertime, 1968, p. 931). The consumption of trees and brushwood
over a long period of smelting could, in a region where renewal of forests was
slow, result in denudation of forests and loss of sources for-fuel within a
practical economic radius of tramsport. When this condition was reached, the
operation of the furnaces would cease for lack of fuel.

Examples of recent deforestation caused by the use of trees for firewood
are well known in Jordan. Several sources confirm the extent of deforestation
during World War I to supply fuel for the narrow-gauge railroad. One account
notes that by 1917 many of the ancient oak forests had disappeared for this
purpose (Vester, 1950, p. 272). Another states that the eastern hills and
tributaries to Wadi Arabah in the vicinity of Shaubak were deforested during
the few years of World War I to supply fuel for locomotives, and the upper
parts of Wadi Dana have lost most of their juniper and oak since the turn of
this century (Mountfort, 1965, p. 102 and 104). Smelting-related
deforestation was noticed.in Iran by Wertime (1968, p. 935), who commented
that as late as 1918 wild pistachio trees provided a reasonably thick forest
in the Heneshk area, but the smelting of irom ore during the ensuing 50 years
had caused the loss of all except one or two trees.

That the vegetation of Wadi Arabah was seriously depleted by ancient
smelting practice seems certain (Rothenberg, 1972, p. 232). 1If the rapid
depletion of vegetation in one area as a result of smelting was imposed on a
regional long-term climatic cycle trending toward desiccation, the period in

which forest cover was lacking and pyrotechnology was in abeyance could become
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quite extended. Such a period‘might‘be measured in a time span approaching
that of the historic coantrol of the area by one nation. The possible local
unavailability of acacia for charcoal in the western part of Wadi Arabah has
been cited by Milton and associates (1976, p. 24) for the appearance of three
important periods of copper smelting in that area--Chalcolithic, Egyptian, and
Roman-Byzantine time. A closer study of the ages of slags, aé determined by
C-14 analyses of charcoal therefrom--should show more clearly the relation of
smelting activities to particular times and should allow a sounder evaluation
to be made of the relative roles of climatic and human factors on smelting in
the Wadi Arabah area.

Because climatic cycles are regional in extent, and because there were
many centers of pyrotechnology in the Middle East, the combined effect of
regional desiccation and local deforestation would extend far beyond the
smelting sites in Wadi Arabah. This effect should be observable in the
Arabian Peninsula and adjacent areas through the rise and decline of ceramics,
glassmaking, and agriculture as well as extractive metallurgy.

Climatic cycles of varied rainfall extending farther back in time ghan
the historic record have been inferred from the soils of Jordan and other
parts of the Arabian Peninsula (Stevens, 1978, p. 269). Combined desiccation
and deforestation has been cited as one cause for the decline of ancient mines
and smelters in the area of the Kingdom of Saudi Arabia (Overstreet, 197la,

p. 28-29).

From the point of view of the exploration geochemist, the slags from the
smelting of copper and iron during antiquity in Jordan can be regarded as
composite samples of ore and flux slightly modified by some addition from the

furnance lining (generally clay) and fuel (gemerally charcoal) and greatly
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modified by the subtraction of molten metal, by the loss of elements removed
in the molten metal, and by elements lost in flue products. Clearly, these
unknown additions and subtractions are so complex that the relations of the
minor elements in the slag to those in the ores are tenuous at best. Despite
these unknowns, some interesting results emerge from the analyses (table
21). Traditional fluxes for copper smelting were iron oxide and limestone
(Wertime, 1968, p. 934; 1973a, p. 676-677; 1973b, p. 881-882; Milton and
others, 1976, p. 25; Rothenberg and others, 1978, p. 28-29). Limonite or
gossan was used as the source of the iron oxides, and the proportion of copper
ore to iron oxide was about 1:2 (Rothenberg and others, 1978, p. 40).
Workable, low-melting slags from this combination of ore and flux consisted of
skeletal fayalitit olivine in a matrix of skeletal ferro~hedenbergite,
anorthite, and minor magnetite in glass (Milton and others, 1976, p. 26). The
composition of the slag is consistent with pouring temperatures of
1,350-1,400C (Milton and others, 1976, p. 28). Early fluxes are said to have
made more use of iron oxide, but later fluxes employed manganese oxides, and
in the western smelters of the Wadi Arabah area, Chalcolithic slags are said
to contain less manganese'than later slags (Rothenberg and others, 1978,
p. 21). 01ld slags from that area were reported (Milton and others, 1976,
table 2) to have from 26.5-33.6 percent iron and 1.3-5.9 percent manganese.
Other factors than the relative age of copper slags may be operative in
affecting the tenors in iron and manganese of the slags. The geologic
presence of readily exploitable sources for, say, iron oxides as contrasted to
manganese oxides, could be a major determinant in the compounding of a flux:
preference would be accorded the most readily available oxide. Another factor

could be the intrusion into the long trend of development in smelting of a
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retrogressive pyrometallurgicai technique. That is, a poorly perfected
qmelting process employed at a late date could yield slags with metal contents
resembling those of early slags. For example, of the five specimens of copper
slag from the Wadi Feinan-Wadi Dana area and the Jebel Khirbet en Nuhas area
in Jordan anglyzed for total contents of iron and manganese, the youngest
slag--probably Byzantine or Islamic in age (sample 77-0T-586, table 20)--was
found to contain the most iron, and the older slags had the most manganese

(R. W. Leinz, written commun., 1980):

Sample Locality Possible Metal content (percent)
number relative age Fe Mn
77-0T-586 Wadi Feinan- Byzantine (?) 21.0 9
Wadi Dana Islamic (?)
-581 Do. Egyptian (?) 5.5 26
-587 Jebel Khirbet Do. 2.0 24
en Nuhas
-590 Do. Pre-Egyptian (?) 2.8 21
1.7 19

78-DG-16 Do. Do.
Large manganese deposits long have been known in Wadi Dana, and the
copper ores of the Wadi Feinan-Wadi Dana and Jebel Khirbet en Nuhas areas are

closely associated spatially with these manganese ores (Bender, 1974,
p. 154-156). Nodules of copper ore and diffused copper minerals are reported
to be present in the mangaﬁese-bearing deposits (Bender, 1974, p. 156). These
geologic associations may well have critically influenced pyrometallurgical
development in the copper mining and smelting sites on the eastern side of
Wadi Arabah. Analyses of these slags collected in the context of
archaeological stratigraphy are needed to clarify this problem.

Copper mines and smelters at Wadi Feinan and Wadi Dana

Ruins of smelter sites, villages, and slag piles mark the course of Wadi

Feinan below the confluence of Wadi Dana (3037'N.; 3529'E.), a northerly
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tributary to Wadi Feinan. These ruins are downstream from the openings of

~ ancient copper mines in white sandstone of Middle Cambrian age (fig. 7,

A and B). The main copper deposits in the sandstone consist of small nodules
of copper minerals surrounding grains of quartz (Bender, 1974, p. 149-154).
Less common ores are thin beds of copper-impregnated sandstone. The main
copper minerals are malachite and cuprite, of which malachite is the more
conmon. Several other copper minerals have been reported in the ore, but they
are said to be rare: chalcocite, bornite, chalcopyrite, and azurite (Bender,
1974, p. 149-150). 1In the Wadi Feiaan area a partly sandy dolomite is
reported to laterally replace the lower part of the white sandstone (Bender,
1974, p. 150). Traces of copper minerals are present in the uppermost

parts of the dolomite. From Wadi Feinan to the middle reaches of Wadi Dana,
manganese becomes an important constituent of the dolomite, and thin-bedded
copper~bearing manganese ores are also found in the sandstone over the
dolomite. Unusual minerals associated with high-grade copper ores in the
sandstone just above the dolomite are reported to include plancheite and
chrysocolla (Bender, 1974, p. 153). The Wadi Feinan-Wadi Dana area is the
largest ancient mine and smelter site in Jordan, and its ore reserves have
been investigated in det#il (Nimry, 1973).

Samples of ore from the Wadi Feinan-Wadi Dana area (77-0T-579, -580, and
78-DG~-18, table 20) analyzed in the USGS (table 21) resemble in most respects
the trace-element composition reported by Bender (1974, p. 148-153) for Ag,
As, Au, B, Ba, Be, Bi, Co, Cr, Ni, Pb, Sb, Sn, Ti, and Zn. The present data
extend the published compositions by showing the sparseness of other trace
elements: Cd, Hg, La, Mo, Nb, Sc, Se, Sr, Te, Th, Tl, U, V, W, and Zr. These
low values conform to abundances that are expectable for copper ores of
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Table 21. Results of sam:‘mnm of rocks, ores,

and slaqs from ancient mines and smelters in the Hashemite Kingdom of Jordan

TAnalyses by D.
laboratory numbers are in MAX series:

Wadi Feinan-Wadi Dana

J. Grimes, R. 1. Hopkins, J. C. Neari,
n.d. = no .::.._ _

R. W. Leinz, J. K. Viets, and N, M. Hopkins, USRS:

field numhers are in the 77-0T and 78-DG serfes:

Element i Dana Madi Khalid — Jehel Khirbet en Nuhas
. Warda iron mine
77-01-579 77-0T-s58p 77-0T-581 77.07.58+ 7¢-0G-18 7R-NG-13  7R-NG-19 77-"T-587  77-0T-589 77-0T-590 77_PG-14 7R-NG-1§ 78-DG
-15 7R-DG-16 7R-0R-17 7R-NG-
MAX-19D  MAX- MAX-192 ! 308 MAX-3N3 MAX-309 MAX-194  MAX-195  MAX-196 - %7 TB-NG-1n JR-N6-11 78-
191 MAX-193  MAX-3 . MAX-304  MAX-305 MAX-306 MAX-307 MAX-209 MAX-200 ::-8“_ H—...qu
Results in percent -
e R e
Fe 1(0.05) 0.7 10 6(20) 20 1 0.7 5 0.3 10 3 0
Ma a 2 0.7 0.07 0.08 0.15 1 1.5 .15 n.? 0.3 _.N m 5 0.7 0.3 6(20)  6(20) 6(20)
Ca s 5 5 7 N 1 3 10 2 10 05 1 0 18 ! n.3 0.15 1
T 15 g .07 1 .03 3 015 007 1 .15 3 5 . -2 620 5 a1 10
. .5 .03 .02 03 0.m
Results in parts per million!
.5 30 20 L(.5) 1.5 T (.5
M zwm, " 2 2 L( M) » L(.5) = M.5) N.s) 2 N.5) N(.5) MN(.5) KL.5)  N(.5)
e (20 1500 G(5,000) G(5,000) 200 500 &(s,000) 1.500 100 100 G(5,000) 150 N(20)  N(20)  N(20) g (20)
Be N1y 3 15 15 10 50 7 e B9 S0 S 2 "1 *n P ..ﬂ ..Mm_v N2
. . N(2) -
o N(5) 7 100 500 50 L(5) 20 100 7 200 5 L(s) 150 50 szw ;NS L(5) "MMW
cr 50 zamcw 50 100 70 20 N(20 50 N(50 50 0 em 50 L(20
C : 50 N(20 20 30
Cu a.No.camv 6(20,000 7,000 1.090 nAnamﬂwmw 500 nﬁwamﬂwmv 5,000 (20,000 15,000 1500 0. 10,000 na~=.%==w P 20 10 2
M z.mov 500 G(5.000) G(5,000) 700 0 5,000 G aua - o 300 200 6(S w:: LSRN G0 T B o N )
n i 00 - 0 o 150 090 3(5,000) 1,500 6(5,000) 0 R(5,000) 300 30 L{10) 150 300
Ni 10 6 10 10 15 50 5 0 30 L(5) 7 L(5) L(s)
,0 50 5 200
m” um Nm u.oow 3 ﬂm u.mv rwm. ~‘”ﬂu N.aau pmme m.oﬂu 15 u:ﬂ w.:uﬂ 150 N(20) zsz zﬁmaw N{20)
0 i : w t 150 5 N(5 N(5 N(5 5
wm Fwwwv pw%v 1.000 1, mn ! 200 :” . 1,500 pw%g 1,000 LY Lom0 200 3..v N(100)  N(100) 300
.d. n.d. .. i .d. n.d. n.d. n.d. n.d. n.d.
v .7 1.8 .9 4.1 n.d. aod. n.d. .6 3.0 R n.d. n.d. n.d. n.d. n.d. n.d. n.d. nnu”
00 200 100 170
yooon 2 250 50 10 0 L) g " 200 P 70 o o 0 - 150
In  N(zon)  N(200) 300 1,000 300 z.Nwmv 200 300 N(200) sna MM w(zan) 700 zAuNnV _ﬂmp”“ z.Nhuv xa»wnv N »hnv
1r 150 150 10 100 70 200 10 100 100 30 500 150 300 a0 N(10)  N(10) .,us

150

1 Looked for but not found at lower limits of determination as shown, in ppm: ,
and sample numbers where found include, in ppm: As, 700, 78-DG-11: Au (atomic absarption,
10, 78-DG-12, 15, 77-01586, 20, 78-DG-18; Nh, L(20).

Elements rarely detected, abundances,
fd, 70, 78-DR-16; Hq, L10.02), 77-07-5R0 and -5R6; Mo,
581, -586, and -589, 0.4, 77-07-580, -587, and -590.

Au (spectroaraphic),

10; Sh, 100: Sn,

78-NG-

——— e o - .- - e e e e = i

10; Te (77-0T series only), 0.2: Th, 100, and W, 50.
77-0T series only), L(0.05), all specimens: Bi, 15, 78-NG-16;
-17: $e, L{0.1), 77-07-589, 0.4,

16, 20, 78-DG-13 and -14, 30, 78-DG-15 and



synsedimentary origin or remobilizeq sedimentary origin.,
Among the numerous smelting sites of Wadi Arabah, the sites of Wadi

Feinan, according to Glueck (1970), included Early Bronze or Middle Bronze I
'sherds (Robin Brown, written commun., 1980). However, fragments of pottery
scattered on the ground at the ruins of the smelting and mining sites along
Wadi Feinan are said to encompass such a mixture of differentlages that
without careful archaeological excavation it is not possible to assign
adjacent slag piles to their proper ages on the basis of artifacts (Dr. James
”Sauer, American School of Oriental Research, Amman, oral commun., 1978).

One of the two samples of slag taken at Wadi Feinan (77-0T-581) seemed

to be older than the other (77-0T-586) on a basis of the relation of the
supposedly younger slag to ruined buildings (table 20). The two slags
are’also different in physical appearance. The "older" slag at Wadi

Feinan resembles that of slags from the western side of Wadi Arabah
vafiouély'assigned to Egyptian, Roman, and Byzantine periods of smelting

(Milton and others, 1976, p. 24). If, indeed, the slags of different ages in

2

e
the western side of Wadi Arabah are so similar in physical appearance, which is

belied by the presence on the eastern side of Wadi Arabah by slags of at
least three distinctivezphysical types, then the C-14 ages of included
fragments of charéoal woﬁld form the only certain basis for dating. The
trace-elements composition of the slag ordinarily would also be thought
to give a gross‘indiSQtion of the age, because improvements through time
in the practice.of extractive metallurgy would cause less of the wanted
metagr-copper--t; persist into the slag. Also, if at different periods
of smeiting, other ores than the local ones were used, or major changes

" in fluxes were made, these variations would show up in the slag.
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Charcoal (77-0T-582) handpicked from freshly broken pieces of the "older"
slag was reported by Meyer Rubin (written commun., 1978), USGS, to have an age
of 3,000 + 300 years before present. Its corrected (Seuss, 1979) age is
1,370-1,310 + 70 years B.C. This black, massive, slabby to ropy slag has
scattered, round to flat and irregular-shaped gas bubbles, Most of the
charcoal is found in these openings. Physically identical slag from Jebel
Rhirbet en Nuhas (see below) was also dated by C-14 analysis to be about 400
years younger.

Under the microscope the slag from Wadi Dana is seen to consist of
prismatic skeletal crystals of tephroitic olivine (pure tephroite is manganese
orthosilicate), iron oxide minerals, and glass (fig. 8, A and B). Slags
described from ancient smelters on the western side of Wadi Arabah contained
skeletal fayalitic olivine (pure fayalite is ferrous orthosilicate) (Milton
and others, 1976). These relations of the olivine are confirmed by the
differences between the contents of iron and manganese of the slags from the
two areas. X-ray patterns of the slags from the east side of Wadi Arabah are
reported (Theodore Botinelly, written commun., July 21, 1980) to show olivine
as the dominant mineral, and to show that the olivine is near tephroite in
composition. Spectrographic analyses indicate that chemically the olivine has
sufficient calcium, magnesium, and iron to be regarded as mixed olivine.

The light olive brown, scoriaceous, blocky slag (table 20, sample
77-0T-586) from Wadi Feinan, thought to be younger than the black slag, has
not been dated. The "older" slag contains appreciably less iron, a factor
that may be related to differences in the fluxes or in pyrotechnology, but the
measurable trace elements are present in nearly identical abundances in the

two slags (table 21), and the mineral composition is similar (fig. 9, A and B).
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Thus, the trace-elements chemistry is an inadequate basis for separating

the two slags in a time/technique context, Indeed, the similarity

in the contents of trace elements may indicate that chronologically young but
technically equivalent operations could have yielded a "younger" slag having
the chemical characteristics of an "older" slag.

When the tracé-elements composition of fhe slags are coméared to the ores
(table 21), the abundances of Ag, B, Cr, La, Ni, S¢, Ti, U, V, and Zr are seen
to be about the same. Copper is less abundant in the slag than in the ore.
Increases areé found in the Be, Ca, Fe, Mg, and Y, and strong increases occur
in the amounts of Ba, Co, Mn, Pb, Sr, and Zn. The actual amounts of barium
and manganese in the slags cannot be determined from these results because
both elements are more abundant than can be measured by the upper limits of
determination, but manganese and iron were re-determined by another procedure
(see above). Compared to the slags from the western side of Wadi Arabah,
these' slags must be called manganese-rich, a characterisitc of post-
Chalcolithic slags (Rothenberg and others, 1978, p. 21). The question must
be raised, however, whether absolute age of the slag is the controlling
factor in relative contents of iron and manganese, or whethef access to
geologically different fluxes and/or recapitulation of earlier evolutionary
stages of pyrometallurgical development are overriding controls?

Components of the slag that have clearly entered from the fluxes are Ba,
Ca, Fe, Mg, Mn, and Sr, because of their chemical association with limestone
(Ca, Mg, and Sr) and with iron oxides or manganese oxides (Ba, Fe, and Mn).
As much as 2.3 percent of barium has been observed in the manganese ores from
this part of Jordan (Bender, 1974, p. 156). Cobalt and zinc may also have

entered with the fluxes, because they increase in abundance together in the
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more iron-rich slag. The noticeable rise in the concentration of beryllium in
the slag may also be caused by the flux, particularly if weathered, limonitic
‘iron oxides were added, because beryllium during weathering(is enriched in the
hydrolyzates (Rankama and Sahama, 1950, p. 446). For the same geochemical
reasoning, the beryllium might equally as well have come from clay in the
walls of the furnace. The small rise in the amount of yttriﬁm in the slag may
be no more important geochemically than slight variations in its abundance in
the ores. However, the yttrium phosphate mineral weinschenkite has been
reported to form crusts on manganese ores and manganiferous limonite in the
United States (Milton and others, 1944). Admittedly, the geochemical cycle
leading to the development of weinschenkite on the manganese ores in the
United States is exotic. It is not at all likely to have been duplicated in
Jordan. However, the fluxes might be a source for yttrium.

The great increase in the amount of lead in the slag over that in the ore
(table 21) is of prime interest to the exploration geochemist, because the
quantity of lead equals or exceeds amounts found in ancient furnace products
from complex deposits of base and precious metals in the Kingdom of Saudi
Arabia (Overstreet and others, 1969, tables 2 and 5). Almost half as much
lead as copper is present in the two samples of slag from the Wadi Feinan-Wadi
Dana area, and at Jebel Khirbet en Nuhas specimens of slag contain as much as
7,000 ppm lead (samples 77-0T-587, =590, and 78-DG-16; table 21). Five of the
six samples of ore from eastern tributaries to Wadi Arabah shown in table 21
(77-0or-579, -580, -589, 78-DG-17, =18, and -19) have from L(20) to 150 ppm
lead. One sample of copper ore from Wadi Khalid (78-DG~19) has 1,500 ppm
lead. Chalcolithic and later slags from the western side of Wadi Arabah are

reported to contain from approximately 1,000 to 10,000 ppm lead, and 450 ppm
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lead is found in some copper ore from there (Rothenberg and others,
1978, tables 1 and 3). Copper ores and copper-bearing minerals from the
eastern tributaries to Wadi Arabah were shown to contain 100 to 1,000
ppm lead (Bender, 1974, p. 151-153), but manganese o;es in this region
have from 2,000 to 8,000 ppm lead (Bender, 1974, p. 156). The most
probable source for the lead in these slags appears to be the fluxes,
not the ore.

Ancient slags from the smelting of complex sulfide ores typically are
enriched in base metals and contain small amounts of precious metals. For
example, slags from the ancient mines at Esh Qay'ib and Avala in the Kingdom
of Saudi Arabia are enriched in these elements (Overstreet and others, 1969,

tables 2 and 5):

Sample Elements in ppm
number Ag Au Cu Pb Zn
Esh Qay'ib - - - - - -
zinc-copper 22301 1.4 trace 15,000 2,000 31,000
mine 30150 Nil Nil 21,000 1,000 35,000
Avala gold
mine 22453A 10 0.3 4,000 3,000 10,000

The slags from these ores are more enriched in Ag, Au, Cu, and Zn than slags
from the Wadi Feinan-Wadi Dana area.

Thus, even the large amount of lead in the slag from Wadi Feinan and Wadi
Dana--a chemical characteristic that suggested introduction into these
furnaces of ores from other, as yet unrecognized, sources--conforms to the
composition of locally available material used for fluxes. All the trace-
element data supports the interpretation that the ores smelted at these sites
were locally derived.

One of the questions regarding the copper ores in the Wadi Feinan-Wadi

Dana area is the possible role of post-Cambrian intrusive and extrusive rocks
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in the origin of the deposits. Late Proterozoic to Cambrian age quartz
porphyry in the area has been shown to contain disseminated coéper minerals,
and analyses showed high values for nickel (Bender, 1974, p. 147-148, 159),
At a locality about 1 km east of Jebel Feinan (table 20), a small plug of
spherulitic dacite intrudes the Precambrian rocks. Primary flow banding is
defined by flattened gas bubbles filled with chlorite. Othef filled gas
bubbles or spherules in the fine-grained gray-green matrix of the rock are
composed of: (1) radial fibrous epidote; (2) quartz and epidote; (3) c.artz
and chlorite; (4) quartz, red feldspar, and chlorite, and (5) calcite.
Inclusions of Paleozoic sandstone are present in the plug. From the presence
of the sandstone inclusions, the age of the plug must be post-Cambrian,
probably Lower Cretaceous or younger, because the earliest post-Cambrian
intrusive rocks in the region are rhyolite of Lower Cretaceous age (Bender,
1968c).

Neither primary nor secondary copper minerals were observed in exposures
of the spherulitic dacite. However, samples were taken of the talus on the
dacite to provide three sieved fractions of the talus sand and one heavy-
mineral coanceantrate (table 20). These materialg,were analyzed by
semiquantitative spectrographic procedure with results that are shown in table
22. Copper is quite sparse (50-70 ppm) in both the talus and the concentrate,
which is in notable coantrast to the copper content of the Late Proterozoic-
Early Cambrian quartz porphyries of the area, which were shown by Bender
(1974, p. 148) to contain 7,700 ppm copper. Other differences are also
apparent between the composition of talus from the plug and the rock sample of

quartz porphyry:
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Table 22. Results of semiquantitative spectrographic analyses of sieved
fractions of talus and a heavy-mineral concentrate from a plug
of spherulitic dacite exposed 1 km to the east of Jebel Feinan,
Hashemite Kingdom of Jordan.

[Analyses of the talus by Mohamad Sha'aban and Zuheir Issa, NRA,
Amman, Jordan, 1978; analyses of concentrate by D. J. Grimes
and R. T Hopkins, USGS, 1978.]
Element : Sieved fractions of talus - Concentrate
<9 + 32 mesh <32 + 80 mesh  <80-mesh
Field and laboratory number of samples
77-0T-585A 77-0T-5858 77-0T-585C 77-0T-584
SPL-113 SPL-114 SPL-115 MAX-271
Results in percent

Fe 10 7 7 10

Mg 5 3 3 2

Ca 10 15 15 20

Ti 0.7 0.3 0.5 0.7

Results in parts per miHion1

B 20 20 50 50

Ba 700 300 500 500

Be N(2) N(2) N(2) L(2)

Co 50 30 30 20

Cr 300 200 300 200

Cu 70 50 70 70

La 70 . 50 50 70

Mn 1,000 1,000 1,000 1,500

Ni 100 70 70 100

Pb 50 200 50 150

Sc 30 15 15 20

Sr 700 300 300 700

v 200 150 150 300

Y 50 30 30 30

Ir 200 150 300 500

1 Elements l1ooked for but not found at lower limits of determination shown
in table 1: Ag, As, Au, Bi, Cd, Mo, Nb, Sb, Sn, Th, W, and Zn.
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Element Metal content in parts per million

Talus from spherulitic Rock sample of
dacite | km east of quartz porphyr
Jebel Feinan (Bender, 1974, p. 148, 159)
(average of three)
Ag N(2) 10
As N(500) N1
Ba 500 200
Be N(2) 10
Co 30 N
Cr 300 N
Mn 1,000 100
Mo N(10) |
Ni 70 1,000~-7,000
Pb 100 100
Sb N(200) N
Sn N(50) 10
Ti 5,000 500
\ 150 10
Zn N(200) N
Zr 200 Trace

lElement was not detected at unspecified lower limits of determination.

More geochemical study of the plug near Jebel Feinan is needed,
as recommended by Bender (1974, p. 159), to determine if, indeed, it
might be a source of copper and, particularly, nickel, as recommended by
Bender (1974, p. 159). The results of the rock sampling of the quartz
porphyry suggest that this older rock is more mineralized than the younger
dacite plug.

Copper mines at Wadi Xhalid

The Wadi Khalid ancient copper mines are about 1.8 km north of the Wadi
Feinan-Wadi Dana mining and smelting sites. Two grab samples were taken at
that locality. Specimen 78-DG-13 is iron-stained sandstone from tailings at
the remarkable ancient triple shaft on the hillside above the wadi .(fig.
10, A and B). Sample 78-DG-19 is copper ore from a seam in the open gallery

of the mine on the west-facing cliff about 1 km west of the triple shaft.
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Table 34, . Results of semiquantitative spectrographic analyses of the ash

of carbonized plant materials from archaeological sites at

Bab edh-Dhra and Numeria, Hashemite Kingdom of Jordan.

LAnalyses by David J. Grimes, USGS, in NRA laboratory,
Amman, Jordan.]

Elements Sample numbers and materials
1 2 3 4 5
(Christ-thorn  (0live (Barley) (Grape) (Chickpea)
seed) pit)
Results in percent
Fe 0.2 1 0.1 0.5 0.2
Ca 30 30 30 30 30
Mg 3 5 1 3 5
Ti .015 .005 .003 .03 .03
Results in parts per million (ppm)}
Ag 20 3 N(2) 3 15
B 3,000 2,000 1,000 1,000 500
Ba N(50) 300 N(50) 2,000 N(50)
Cr 10 300 200 30 100
Cu 100 200 100 150 1,000
Mn N(50) N(50) 100 N(50) 70
Pb 150 150 N(50) 200 100
Sr 5,000 5,000 5,000 5,000 5,000
v 10 30 100 10 20
In 300 N(200) N(200) . N(200) 500

1 Looked for but not found at lower limits of determination shown: As (500),

Au (20), Be (2), Bi (50), Cd (100), Co (5), La (50), Mo (10), Nb (20), Ni
(10), Sb (200), Sc (5), Sn (20), Th (200), W (50), Y (20), and Zr (20).

202



TLLE PUR bF 51 LN L CcH bue CoLH LK CS t0) LK ' ek puR 6f ‘¢ oy

‘(u2) un (o) oW *(os) e1 *(ool) PD *(02) ty “(u2) " “(ous) sy ‘(z) by

‘I ‘00 “ul pue te# ‘01 pue ‘2K pue f ‘/ ‘624 Pue gz# ‘G ‘g
twdd uyp ‘sdequnu o9jdwes pue ‘aduepunyge ‘pajiralap A|aded sjuaud (3
*(0s) M pue “(p0¢g) ur ‘(os) us “{ovz) as “(0s) 4d
IUMOYS UOLJPULWIVISP JO SILWL| JIMOL JB Ppunoy 30U INQ 40§ paxou] 1

0ot
oul

0L
ol
00¢
oSt
oot

oYy
uut
0s1
e
vu¢

({[V]%
04t
0yl
0sl
0!

0sl
usl
(1Y
051
oue

(174

(V17
(V{14
0us

V[{14
V174

4

0¢ 02 0oe N 0s1 € 0t oot 0S L0 L { L ive- 4
N 0% 000°1 ue 00¢ 0L 0S 0s1 out 1 I S°1 L 9ve- 1€
N cs (U7 sl 0§l S 04 oue 0L 1 L ST 67 Sbve- ot
0¢ oL (1172 0s 00 (174 oot 00e o€ ¢’ 5°1 02 1 by 62
0¢ 0L 004°1 0L 0ug 0s’ 081 00§ 02 St° S°1 02< 1 €ve- 14
ot oot 00g 0s ove ue 0s1 0sI 09 a’ 4 172 1 e~ e
N ({4 uvue N 0s1 Sl 0 00¢ 0L {0 L st (7 Tve- 92
N 0¢ (1114 N (}]114 { 0¢ 00§ 0S {0° [ ot ove- S¢
N 0¢ 004 N 041 ot 0¢ 0S1 00E r. S° L € 6£¢- ve
N 0s (11114 Sl oue (113 0s 0001 0ue £ L l I BEZ- £
¢ (L] 004 sl 00¢ 0¢ 0L (V123 (172 e 61 0c I iee- éc
N 0s 00s° 1 (114 oot Sl 0S1 ou! (17 S1° S°1 0¢ I 9te- |94
02 0L 0v! 0t uog 0€ ool 00L 0L Z° l 0 G°1 5¢e- (124
u¢ 0s 0utE 0t (U1 0t 0ot 00¢ 0S1 §1° S°I st §°1 vee- 61
0 (] oot 0¢ ({113 0u! 174 00g 0s ' S°1 st S €€e- 81
O¢ V74 0us 0s 00s S 0L oue 0¢ A $°1 02 S°1 2€e - : L1
174 us vl 0€ oue (113 oor 00¢ 0¢ SI° I 0c 1€2- 91
N 0! 0oL (174 00¢ Sl 0¢ 0S1 oot ra I (U 0ge- St
u¢ 00l (V172 (119 0ue 91 0s1 00g 00! € Sl ve< 671 62¢- vl
0¢ 174 voo*1 174 uoe 0§ ol 0sl 0L £ §°1 114 1 82¢- el
N 0$ 00s‘1 0¢ (111 0 001 oot (174 € S°1 0¢ 1 l2e- el
0¢ 174 Vi74 0g (1113 Si oot 009 0s S° $°1 0 Ss°l 92¢- I
(174 0L 0001 0ot 0oe e 00¢ 00s°‘1 0 £ S°1 02¢< S°1 G2~ 01
ue 0L uuL 04 ove ug ool ou¢ 00l 5° S°1 i74 € vée- 6
N 04 (U[V}3 0¢ oué 61 us 0s1 us £ I 0 1 £edr 8
({19 oul 000‘e o€ uog (174 USt 00¢ 0S1 S° S°1 0¢ e a¢e- {
N o€ (1113 N 0s1 0g 0E 041 02 ST*® 1 0 Iee- 9
N us ouc N 0$1 { oot 0S1 Acwvz, £ L 0 I 0¢e- S
N (113 L129 N 0s1 { 0t 0St1 14 s1° L0 0 (°0 61c- 4
u¢ 174 0us*1 ot oot ST 174 oue 174 £ S°1 02 s°1 81¢- £
174 (174 (UH3 (11 0ue ot oul ‘oug 0g € S°1 02 S°1 L1e- P
N 0L 004 ut oot ue 0L vus (V74 £°0 §°1 02 1 912-1dS 1
A A a5 N uy noy N5 ey H 1 by L) 9y Jaquiu Jaquny
T {wed) uoy w JadsyJed up synsay T uandad uy syinsay _K10jea0qe PLULY
[van_‘ess]_Jsiayng Aq saskjeuy]
. - e . __‘uepdop jO wopbuyy 33jwaysey
TSOTIS T USIL0[05RYDIE BlJony PUR eIyg-ypa qeg oyl Ju AJIUIOIA 943 WOJJ S|10S JO sasAjeue ;| desboi3deds aAfqeqljuenbjuas Jo S3insay ¢ @iqey

208



The extent to which the plants from which these carbonized remains were
derived actually concentrated calcium and magnesium is uncertain. These
samples of ash are richer in calcium than the geometric mean cited by
Shacklette and Connor (1973, table 3) for calcium in plant ash from the United
States, and they have about the same mean content of magnesium as the ashes
from plants in the United States. Both elements are within tﬁe ranges of
abundance found for them in plant ashes from the United States (Connor and

Shacklette, 1975, tables 13 and 18):

Element Abundance iq plant ash gggrcent)
Jordan U.S.AL
(Table 34) (Shacklette and Connor, (Connor and Shacklette,
1973, table 3) 1975, tables 13 and 28)
Ca 30 12 0.2-40
Mg 3.4 3 4=24

The values for the amounts of calcium in the plant ash from Jordan
(table 34) are unusually high and remarkably uniform. As pointed out by Connor
and Shacklette (1975, p. F17), a "large compositional diversity [is] to be
ekpected routinely in ordinary materials.”" The content of magnesium shows
such diversity (table 34), but the content of calcium does not. Several
possible interpretations can account for the uniformly high tenor of the
carbonized plant remains in calcium: (1) while living, the plants absorbed
calcium to their tolerance levels; (2) soluble calcium salts may have been
added naturally to the soils in which the plants grew; and (3) the carbonized
plant remains absorbed calcium from the strata in which they are preserved.
The archaeological observations needed to support or reject an interpretation
are unavailable. Variation in the contents of magnesium and barium, which
could be geochemically associated with calcium, tend to detract from the

interpretation, but the uniformly high values for strontium (table 34), an
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element that is geochemically coherent with calcium, tend to support the
interpretation. Should this interpretation, in fact, conform to the real
processes at the archaeological sites, then the concentrations of the other
elements would respond as we;l to such external influences. However, in the
comments that follow, the concentrations of the other elements are discussed
as if the ash of the carbonized plant remains actually reflects the original
composition of the plants.

Minor elements in plant ash.--A comparison of tables 34 and 35 shows that

ey ~——

the plant ash tends to be depleted in Fe, Ti, Mn, and V compared to the
abundances of these elements in the present soils. The ash is generally
enriched in Ag, Cu, and Pb, and is very strongly enriched in B and Sr compared
to the present soils. The plant ash is variably depleted or enriched in Ba,
Cr, and Zn compared to the present soils (table 36).

Daté by which to compare the minor elements in the ash of these botanical
remains with the ash of similar present-day plants grown on the present soil
are lacking. Owing to the fact that different species of plants, and even
different parts of the same plant, take up unlike quantities of the inorganic
constituents of the soils and groundwater (Hawkes and Webb, 1962, p. 296-300),
and to the fact that soils developed on differenk.kinds of source rocks
coatain different coﬁcentrations of available inorganic constituents, a
comparison between the specific contents of trace elements in the ash of plant
remains from Bab edh-Dhra and Numeria with average values for the ash of
plants grown elsewhere gives a rough indication of specific enrichment of
elements in the botanical remains from Jordan (table 37). Compared to the
world and U.S.A. averages for concentriaticns of elements in the ash of land
plants, the averages of the plant 1 :nains from Jordan are depleted in Ti, Mn,
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Table 36, Relation of detected elements in plant ash to soils from the
Bab edh-Dhra and Numeria archaeological sites, Hashemite
Kingdom of Jordan.
Element Plant ash depleted or enriched compared to present soﬂs1
1. Christ 2. Olive 3. Two-row 4, Grape 5. Chick-pea
thorn seed pit barley
Fe < ~ 144 < <
Ca > > > > >
Mg > > < > >
Ti <L <K << < <
Ag > ~ = - >
B > >» >» >» >
Ba << - K« >> «
Cr < > > < -
Cu > >» > > >
Mn < < < < <
Pb > > = > >
Sr >» > > >» >»
v <L < > <K <
In » = = = 5

1 The symbols used are:

K
>>

The ash and soil are the same.

the ash and the soil have about the same
abundance of the element,
the ash has less of the element than the soil.
ash has much less of the element than the soil.
ash contains more of the element than the soil.
ash contains much more of the element than

the
the
the
the

soil.
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and Zn and are similar in contents of Fe and Mg. Elements that are enriched
in the Jordan plant ash over abundances given as averages in the literature
are Ba, Cu, Pb, and V; very strongly enriched elements in the Jordan plant
ashes are Ag, B, Cr, and Sr. This distribution of depleted, similar, and
enriched elements identified by comparison with the literature confirms the
enrichments identified by comparison with the compositioﬁ of present~day soils
at the archaeological sites,

The data in table 34 show that specific plants in the Bab-Dhra and
Numeria areas have selectively concentrated certain elemtns compared to the
soils: Christ-thorn seed and chickpeas concentrated silver; Christ-thorn seed
and olive pits concentrated boron; grapes concentrated barium; and grapes and
chickpeas concentrated titanium. By comparison with the barium contents of
the ash of European and American grapes, reported to be respectively 62 and
90 ppm (J. A. Erdman, oral commun., 1978), the grapes from the archaeological
site are truly egriched in this element. The sample of ash from two-row
barley from Jordan (3, table 34) is depleted in FE, Mg, BA, and Zn in
comparison to the ash of barleys from the Northern Great Plains of the United
States (J. A. Erdman and L. P. Gough, written cohﬁun., 1978). The barley ash
from Jordan has similar contents of Ti, Ag, Cu, and Mn with those reported for
ash of barley from the Great Plains, but the barley ash from Jordan is
enriched by comparison in Cr and V, and strongly enriched in Ca, B, and Sr.
Thus, compared to various averages for plant ash from other sources (table 37,
and above cited correspondence), the average plant ash from the botanical
remains in Jordan is notably enriched in Ca, Ag, B, Cu, Pb, and Sr, and the

ash is deficient in Ti, Mn, and Zn. Probably in large part, the differences
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shown in table 37 result from growth of the Jordanian plants on soils derived
from calcareous sedimentary rocks further influenced by additions of boron and
strontium by wind-borne salts from evaporite deposits of present or former
shores of the Dead Sea. Although the average value for barium is low in most
of the botanical remains, the grape is greatly enriched at 2,000 ppm

(table 34). Ash from grapes in other regions contains only small amounts of
barium (table 37); thus, it is possible that the water used to irrigate the
grape vines was enriched in barium compared to other waters used for
irrigation in the area.

The data in table 35 show that the present soils from the Numeria area
tend to be leaner in Fe, Ca, Mg, Ti, Cr, Sr, and V than those from Bab
edh~Dhra. Only a partial reflection of the differences in the traée-element
compogition of the soils is found in the compositions of the ash from the two
plants.from Numeria compared with the ash from the three plants from the Bab
edh-Dhra area. In part this may be caused by chemical differences between the
older soils in which the plants grew and the present soils. However,
selective concentration of certain elements by specific plants may be the more
likely cause. The clearest correlation is with chromium: the Numeria soils
and plant ash are leaner in this element than those of Bab edh~Dhra, but even
for chromium, one plant from Bab edh-Dhra yields ash that has less chromium
than the Numeria plant ash. Despite the lower abundance of iron, calcium, and
magnesium in the soils at Numeria, the plant ashes from both localities have
about the same contents of these elements. Although the soils around Numeria
contain slightly less titanium than the soils at Bab edh-~Dhra, the ash of the
grape and chickpea from Numeria has more titanium than that from the plants

around Bab edh-Dhra. The soils at Numeria are a little leaner in strontium
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than those at Bab edh-Dhra, but the plants are such strong accumulators of
strontium at both localities that the difference in the strontium content of
the soils is overridden, and the ash from all the plants is enriched in
strontium. Soils near Numeria contain less vanadium than the soils at Bab
edh~Dhra, and the ash of the plants from Numeria may be slightly leaner in
vanadium than the plants from Bab edh-Dhra,

Silver is strongly concentrated in the ash of one plant each from the two
areas-~the Christ—-thorn seed and the chickpea--which are the same plants whose
ash is enriched in zinc. No detectable variation was noted for silver in
these soils (table 35), and the only variation found for zinc is the greatly
anomalous 700 ppm from the cultivated field at the Majali farmhouse, which may
be caused by contamination.

Despite the absence of any appreciable difference between the boron
content of the soils from the two areas, the amount of boron in the ash from
the grape and chickpea at Numeria is less than that in the ash of the Christ-
thorn seed and olive pit from Bab edh~Dhra.

Most of the plant species yielded ash that was depleted in barium
compared to the soils (tables 34 and 35). The exception is the grape, noted
above.

Although no appreciable difference exists in the copper content of the
ash from four varieties of plant, the ash of the chickpea is greatly enriched
in copper (table 34). The greater amount of copper in the chickpea ash is
matched by greater quantities of zinc and silver. None of the soils have
large amounts of copper except the soil at the Majali farwhouse. Inasmuch as
this soil (table 35) was enriched in zinc, possibly from contamination,

perhaps the same source that is responsible for the zinc is responsible
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for the rise in the amount of copper in the soil. It would be interesting
to learn if the copper- and zinc-rich soil at the Majali farmhouse overlies
artifacts of copper or brass (not ignoring the ﬁazardous possibility of
historically recent ordnance). The extent of the anomaly could be defined
geochemically in the field through the use of rapid analyses of the soil
by the acid extractable copper test (Ward and others, 1963, p. 25-27).

No variation in the contents of lead and manganese in the ash of the
plants is sufficiently large to be attributed to a capacity for concentrition
by one species or to variations in the abundances of these elements in the

soils.

Geochemistry of the soils.--Through use of the field descriptions in
table 33, the 32 samples of soil from the area of the archaeological sites
were divided into six groups based on topographic setting, origin, texture,
and use:‘ (1) old eluvial soil, (2) wadi soil, (3) ashy soil, (4) cultivated
soil, (5) irrigated soil, and (6) the soil of city sites. No basis for
fitting these soils into Bender's classification of the soils of Jordan was
available (Bender, 1974, p. 187-193). Average values for the various elements
were determined for these groups. The results disclosed some small
geochemical differences among the groups (table 38), and five elements—--Be,
Co, Se¢, Y, and Zn--dropped out of all groups, because their average values
were below their respective limits of determination.

Compared to average values for elements in the soils of the United States
and to world averages, the soils from the Bab edh-Dhra and Numeria
archaeological sites in Jordan are greatly enriched in Ca, B, and Sr
(table 38). The soils at this locality contain less Fe, Ti, and Mn than the
regional and world averages.
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The most geochemically distinctive soil is the old eluvial soil (samples
25 and 26), which is characterized by the lowest contents of all elements
except Ca, B, Ba, and Zr. The tenor in calcium (12 percent), is only 1
percent greater than the lowest value in Jordanian samples (table 38). Thus,
the eluvial soil fulfills the prior expressed interpretation that old original
soils on which were grown the plants found at the archaeological sites were
leaner in calcium than the present soils. This old eluvial soil is also the
richest in zirconium (750 ppm), which may reflect the gravity conceantration of
zircon in the eluvial soils. However, titanium, which could be expected to
concentrate with heavy minerals in eluvium, is at its lowest abundance
(0.07 percent) in this soil. The other soils display very little difference
in the abundance of titanium.

It is not understood why the soils from the present city siFes (table 38)
are richer in boron than the other soils, unless the sites are closer to
sources of airborne salts from the Dead Sea. An explanation is also lacking
for the notable deficiency in barium found for the so-called ashy soils and
wadi soils compared with the barium coatent of the other soils,

Rather little variation was found for the aﬁéunts of magnesium and
manganese in the soils. Copper also would have shown scant variation in
abundance among these groups of soils except for the presence of the highly
anomalous sample 18. Without it, the cultivated soils would have had an
average content of only 20 ppm copper.

Chromium, nickel, and vanadium are pretty well leached out of the eluvial

soil, but they are present in greater amounts in the other soils.
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The rise in the abundance of strontium in the soils from the city sites
is parallel to the increase in boron content compared with the other soils.
This rise may be caused by proximity to shoreline features of the Dead Sea.

Implications for biogeochemical exploration.--The trace-element

composition of the ash of the old plant materials from the archaeological
sites at Bab edh-Dhra and Numeria clearly shows the factor that must be
evaluated during orientation surveys preparatory to the use of biogeochemical
exploration in Jordan: selective concentration of elements by plant species
and possibly by part of the plant. Observations on the use of various species
of Acacia for biogeochemical exploration in Saudi Arabia have already shown
that one species,-é;JE§T££235L accumulates more molybdenum than three other
species of éﬁggig.(Allcott, 1970, p. 123), and the use of acacia trees in
biogeochemical exploration in Egypt has been described (E1 Shazly and others,
1971). The services of a botanist are needed to identify the plants having
the most general distribution in any area chosen for biogeochemical
exploration. A selection of deep-rooted species should be made for study.
Various parts, such as leaves, twigs, and fruit should be sampled for ashing
and analysis of the ash., When the plants are saﬁbled, the soils in which the
plants grow should also be collected for analysis. The results of the
analyses of ash and soil should be compared to determine what parts of which
plants give the most useful biogeochemical data (Overstreet, 1978a, p. 16).
CONCLUSIONS |

The results of these brief geochemical orientation surveys in the

Hashemite Kingdom of Jordan have disclosed five areas for future investigation

from which useful contributions can be made for improving knowledge of

219



concealed ore deposits in the country. These orientation surveys have also
shown that a clear contribution to the archaeology of Jordan can be made
through the field and laboratory techniques of geochemical exploration. These
areas for future investigation are:

1. Problems in the identification of possible concealed base-metal
deposits related to hydrothermal activity along faults connected with
the Jordan Rift Valley.

2. Evaluation of possible concealed rare-metal deposits associated with
the cryptovolcanic structure at Jabal Waqf es Suwan.

3. Possible presence of peneconcordant sandstone-type sedimentary uranium
deposits in the Ba'qaa Valley.

4. Consideration of size fractions of wadi sand most suitable'for use in
geochemical exploration in Jordan.

5. Use of heavy-mineral concentrates as a geochemical sample medium.

6. Interface of geochemical exploration and archaeology.

Identifying possible concealed base-metal deposits

- e —— —— - -

related to hydrothermal activity along faults

connected with the Jordan Rift Valley
Four localities briefly observed in the present orientation survey in

Jordan have been the sources of geochemical indications of hydrothermal
activity from the Tertiary to the Quaternary periods. All appear to be
coantrolled, at least in part, by faults associated with the Jordan Rift
Valley. Most of these sites were the sources of tenuous geochemical data that
have been interpreted as possibly indicating the presence of concealed base-
metal deposits. Only the southernmost of these four areas will be covered by
proposed airborne electromagnetic.surveys (Andreasen, 1978; Seitz, 1978,
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p. 10-12), which will be of major use in evaluating results of future
geochemical exploration in the southern area. However, thorough surface study
of the geochemical characteristics of the four areas is needed, supported by
further airborne or ground electromagnetic surveys. From north to south these
four areas are (fig. 1): (1) barite veins in northeastern Jordan; (2)
apatitic limestone (marble) in the Daba'ah~Al Qatranah area; (3) hydrothermal
alteration at the thermal springs in Wadi Zarqa Ma'in; and (4) altered granite
and sandstone at Wadi Shureh in the granitic massif east of Al'Aqabah.
Barite veins in northeastern Jordan

Chemical and physical similarities were noted between barite and
jasperoid from veins in northeastern Jordan, exposed about 90 km northwest of
Mahattat el Jufur, and Tertiary veins of barite with jasperoid atARabigh in
the Red Sea Rift Zone on the coast of the Kingdom of Saudi Arabia. Despite
the fact that these two hydrothermal deposits are 1,200 km apart, the
observations by Brobst (1966) that the composition of the jasperoid from the
barite veins at Rabigh was an indicator of possible concealed base-metal
deposits can also be applied to the veins in northeastern Jordan. Favorable
criteria at the Jordanian deposit include the asgemblage of trace elements in
the jasperoid, the color and texture of part of the jasperoid, and the
geochemical enrichment of silver in the wall rocks of the veins.

Further samples of jasperoid should be collected from the barite veins in
northeastern Jordan for textural and chemical study to determine how closely
this material meets Lovering's (1972) category of texturally and chemically
favorable jasperoid as an indicator of hidden, hydrothermal sulfide deposits

of possible economic interest.
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Apatitic limestone (marble), Daba'ah-Al Qatranah area

Apatitic limestone quarried for marble in the Daba'ah-Al Qatranah area
contains anomalously large amounts of Ag, Cd, Cr, Mo, Ni, V, Y, and Zn, and
possibly anomalous amounts of copper. These chemical characteristics of the
rock have long been known. Mostly, they are attributable to processes of
sedimentary deposition under euxinic conditions. Some metal concentrations,
such as that of cadmium, are highly anomalous. Many of the anomalous elements
are associated with distinct color phases of the rock, but where the rock is
fractured, rare, heavy-metal-rich minerals fill the fractures and evidently
represent secondary coucentrations of these elements (Bender, 1974, p. 82,
158). Outcrops of the apatitic limestone (marble) tend to be linearly
arranged along prominent east-striking faults, such as the Lisan-Suwaqa fault,
associated with the tectonics of the Jordan Rift Valley (Walid Hakki, written
commun., 1978), which leads to the possibility of remobilization or secondary
enrichment of the anomalous elements by alkaline hydrothermal fluids moving in
these faults. However, when the anomalous trace-element suite in the apatitic
limestone (marble) is compared to suites in other hydrothermally altered rocks
in Jordan, as at Wadi Zarqa Ma'in for example, névsimilarities in enriched
elements are found. Any direct connection of these heavy metals with rifting
seems unlikely.

Further studies of the geochemistry of the apatitic limestone (marble)
and of other rocks exposed along the trace of the Lisan—-Suwaqa fault, and
other major faults, are needed to determine if these structures actually
served as conduits for mineralizing hydrothermal fluids. Interpretation of

new geochemical data should be made in concert with newly available remote-



senging data from the regional airborne magnetic survey of Jordan (Andreasen,
1978) and LANDSAT imagery, particularly the experimental analysis of computer-
enhanced imagery (Chidester, 1975; Seitz, 1978, p. 35-41; Blodget and others,
1978; Raines, 1978), to help understand the possibility for concealed mineral
deposits of hydrothermal origin in Jordan.
Hydrothermal alteration at the
thermal springs in Wadi Zarqa Ma'in

The thermal springs at Wadi Zarqa Ma'in are marked by wide discoloration
and hydrothermal alteration of the sedimentary rocks in the northern wall of
the wadi. The thermal springs are the most radioactive area in Jordan, and
the possibility for unexposed sulfide deposits at depth has been entertained
by NRA (Abu Ajamieh, 1974). Results of the present geochemical aﬂalyses of
the altered sedimentary rocks at Wadi Zarqa Ma'in show some similarities to
charaéteristic assemblages of trace elements from the metal-rich hot brines of
the Red Sea (Bischoff, 1969; Hendricks and others, 1969; Shanks and Bischoff,
1977) and to sulfide-bearing altered rocks at the Broadlands geothermal field,
New Zealand (Ewers and Keays, 1977). However, many of the minor elements
particularly sought for comparison with the Red $ea brines and the Broadlands
geothermal field as indicators of deep~seated base-metal deposits proved to
have abundances below the lower limits of the methods of determination used in
the present study (tables 12 and 13). The values for these metals are
similarly low in the Red Sea brines and hydrothermally altered rocks at
Broadlands, therefore true comparisons can only be made by achieving lower
limits of determination for Ag, As, Bi, Cd, Mo, Sb, Sn, and W. The methods

used to determine Au, In, Se, and Tl are just barely able to detect these
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elements at the very low abundances reported for the Red Sea brines and the
Broadlands altered rocks,

In the present study, most attention was paid to the altered rocks in the
northern wall of the wadi. Unaltered sedimentary rocks were not collected nor
were calc—-sinters or other warm springs deposits collected; just one sample
was taken from the bed of the warm stream in Wadi Zarqa Ma'in. Further work
requires that analyses be made of both the altered and unaltered rocks in the
walls of the wadi to determine gains and losses of elements attributable to
hydrothermal alteration. Direct comparison with the huge values for Ag, As,
Au, Sb, Se, and Tl in the pool precipitates at Broadlands could not be made,
but the alluvium from the bed of Wadi Zarqa Ma'in lacks high values for these
elements. Thus, no direct evidence of base or precious metals at depth has
been indicated by the present data on the altered rocks at Wadi Zarqa Ma'inm,
but the site deserves close investigation.

Further geochemical investigations at Wadi Zarqa Ma'in should be
undertaken by systematic new sampling. The new samples should include
representative fresh and altered rocks from the area of effluence of the warm
springs, suites of sinter and other warm springs deposits, alluvium, water,
and gases. Analytical methods should permit lower limits of determination to
be achieved for the indicator elements listed above than was attained in the
present work. Electromagnetic surveys of the area are needed.

Following an interpretation of the results of geochemical and geophysical
surveys at Wadi Zarqa Ma'in, a program of drilling may be needed to test the
interpretations. Any test drilling to explore for hidden sulfide deposits
should be conducted in close cooperation with the geothermal energy project at

this site. The possibility of concealed metallic mineral deposits should be
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considered as a factor in feasibility considerations related to the
development of geothermal energy at Wadi Zarqa Ma'in.
Altered granite and sandstone at Wadi Shureh
in the granitic massif east of Al'Aqabah

The geochemical data from the altered granite and sandstone at Wadi
Shureh in the granitic massif east of Al' Aqabah do not presenﬁ positive
evidence for a former hydrothermal event at Wadi Shureh. Increased values for
indicator elements, particularly those associated with the varicolored
sandstones, may indeed be caused by the scavenging action of secondary iron
oxides and hydroxides (Canney, 1966; Jenne, 1968) precipitated from
groundwater in the rocks. However, the geochemical similarities with the area
at Wadi Zarqa Ma'in are so strong that the locality in Wadi Shureh deserves
some more attention for possible hydrothermally formed base-metal deposits at
depth. |

The proposed airborne electromagnetic survey (Andreasen, 1978; Seitz,
1978) covers this area. Further geochemical investigations at Wadi Shureh
should be coordinated with interpretations of the results of that survey.

Evaluation of possible concealed rare-metal

deposits associated with the cryptovolcanic

structure at Jabal Waqf es Suwan

The general failure of the more mobile rare metals and minerals
associated with mineralized cryptovolcanic structures elsewhere in the world
to appear in surface fractures in the sedimentary ;ocks at Jabal Waqf es Suwan
may be interpreted to indicate that this cryptovolcanic structure is not

mineralized. None of the elements detected in the sui;e of rocks from Jabal
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Waqf es Suwan can be clearly attributed to sources in underlying igneous
rocks, whereas in some mineralized cryptovolcanic structures, for example
Hicks Dome in Illinois, USA, (Heyl and others, 1965; Trace, 1976) the elements
Be, Ce, Ga, Nb, Ni, Ti, Y, and Zr as well as the minerals barite, fluorite,
and sphalerite are anomalously abundant. Many elements that could be expected
to be present in an exhalation halo above a buried igneous intrusive rock were
not detected at Jabal Waqf es Suwan. The group of elements detected in the
rocks at Jabal Waqf es Suwan is entirely compatible with processes of
sedimentary deposition under varied conditions caused by changes in the
physical, chemical, and biologic conditions of marine waters.

The structure at Jabal Waqf es Suwan is thought to be a dome over a
buried volcanic plug probably related to the Neogene and Pleistocene basaltic
flows and tuffs that are prominent surface features in parts of Jordan.
Further geochemical exploration at Jabal Waqf es Suwan should have a low
priority and might well be delayed until the results of airborne magnetic and
radiometric surveys (Andreasen, 1978; Seitz, 1978) have been interpreted.

When a new geochemical survey is instituted, it should be based on chip
samples of rocks taken under careful stratigraphiq control and geophysical
guidance. During this program a vertical drill Aole should be sunk to a depth
of 500 m neaé the center of the structure for additional geological,
geochemical, and mineralogical data (Overstreet, 1978a, p. 18-19).

Possible presence of peneconcordant

sandstone-type sedimentary uranium

deposits in the Ba'gaa Valley

High values for uranium, vanadium, and selenium in the ash of lignite

from sandstone intersected by a water well in the Ba'qaa Valley constitute
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geochemical evidence for the possible presence of peneconcordant sandstone-
type sedimentary uranium deposits in the region. This concept is supported by
the environment of deposition of the sandstone host for the lignite:
continental and near-shore marine conditions in a marginal cratonic position
(Bender, 1974, p. 60-70; Finch and others, 1973, p. 460). The ash from the
lignite shows enrichment of elements that are associated with uranium during
deposition from circulating ground water under reducing conditions in locally
carbonaceous sandstone: Fe, V, Se, Cu, Cr, and Mo (Fischer, 1973, p. 684%;
Granger and Warren, 1974).

The specimen of lignite itself is not from a uranium deposit, but the
geologic setting from which it.was derived and the geochemical character of
the lignite constitute features that are elsewhere associated witﬁ the
formation of peneconcordant uranium deposits in sandstone. Further
investiéation for uranium in the sandstone should receive a high priority in
mineral exploration in Jordan. Results from the proposed airborne radiometric
survey (Andreasen, 1978, p. 3; Seitz, 1978, p. 4-9) will give the first firm
evidence if uranium-bearing formations crop out in the area. However,
ground-based surveys are also necessary. Of these, the most suitable ground-
based survey for the Ba'qaa Valley would be a hydrogeochemical survey using
samples of water from wells, springs, and streams to measure the distribution
of uranium, uranium daughter products, and other elements (Cadigan and
Felmlee, 1977; Miller, 1979).

The possibility also exists that water from sources enriched in the
elements found in the ash of the lignite could comstitute a hazard to health

(Lakin, 1972; Dorn and others, 1973; Shacklette and others, 1974). The
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results of a hydrogeochemical survey would also contribute to the

identification of sources of unsafe water.

Consideration of size fractions of

wadi sand most suitable for use in

geochemical exploration in Jordan

e

Experience in geochemical exploration in Jordan had questioned
whether the coaventional sample of other regions, the <80-mesh fraction
of alluvium, is suitable for use in exploration in arid regions (Gharaibeh,
1969). 1In central Saudi Arabia, much coarser grained fractions (<10+30-mesh)
of wadi sand had proven to be superior to the finer grained fractions in
geochemical exploration (Theobald and others, 1977) owing to the broad
variation in the abundances of the elements in coarse fractions. Tests of
three size fractions of wadi sand ian the area of the granitic massif east of
Al'Aqabah during the present investigation showed that in the area of the
massif the finest grained fraction (<80-mesh) was the most metal-rich but that
the coarsest fraction displayed the broadest variation. These observations
conform to the findings in Saudi Arabia and in part to preliminary findings in
desert regions elsewhere in western Asia (Domenico and others, 1978) where the
<{80-mesh fraction of sediment was shown to be richer in metals than coarser
grained fractions. In the wadi sands of the area east of Al'Aqabah, wind-
borne particulates appear to be less of a contaminant than they are in central
Arabia.

Enrichment of metals in the finest grained fraction of wadi sand appears

to be more pronounced close to the coast of the Gulf of 'Aqabah than
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farther inland in the area of the granitic massif. This relation may be
caused by the greater moisture content of the air--more dew and fog--close to
the coast than farther inland. Larger amounts of surface moisture would favor
an increase in chemical weathering of rocks close to the coast, and also favor
an increase in the formation of micron-sized or larger particles of iron and
manganese oxides and hydroxides from solution in intermittent surface water.
These secondary oxides are capable of scavenging large quantities of other
metals from the water as they precipitate (Jenne, 1968; Chao and Theobald,
1976). Indeed, this scavenging effect is so great that precaution must be
taken in geochemical exploration against the possibility of false metal
anomalies that are caused by scavenging from unmineralized rocks instead of a
real anomaly caused by a rise in metal content related to mineralization
(Canney, 1966; Carpenter and others, 1975).

The need to understand what processes are affecting the distribution of
metals 'in wadi sands (and soils, as shown by the orientation survey at Bab
edh-Dhra and Numeria) in various parts of Jordan is thus clear. To achieve
this, further studies of the chemistry, combined with detailed mineralogical
analyses, must be made of various size fractions of wadi sand and of soil from
selected geographic sites in Jordan to define the effects of relief, geology,
and meteorology on sedimentary materials used fof geochemical sample media.
Results of these investigations would eliminate the old empirical approach to
the selection of sample media, and place geochemical exploration in arid lands
on a sounder scientific base (Bradshaw, 1979).

Use of heavy-mineral concentrates as a geochemical sample medium

Barite vein exposed to the northeast of Al'Aqabah

The value of heavy-mineral concentrates in effectively enlarging the size
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of a potential target in an area being explored geochemically was shown at the
small barite vein in Precambrian granite exposed about 10 km to the northeast
of Al1'Aqabah. Although the vein is only 2-4 m wide, a strongly pronounced
secondary dispersion train of detrital barite was followed for 150 m downhill
from the vein by preparing heavy-mineral concentrates from wadi sand. Barite
was clearly visible in the concentrates, and barium and strontium were
strongly anomalous. Both the mineralogical and chemical anomalies were so
strong at 150 m from the outcrop of the vein that these anomalous features
would be seen in concentrates made from wadi sand as much as several hundred
meters farther away. Thus the target area for the exploration geochemist was
enlarged, on the downhill side, from a mere 2-4 m outcrop width to at least
150 m of ‘highly anomalous dispersion train, and the width of the target train
probably reaches as much as 500 m. Other ore minerals of high density could
be detected in the same fashion where they are present in the rocks and are
exposed to erosion and alluvial transport.
Saramuj Conglomerate

The reported occurrence of gold in the Saramuj Conglomerate in Wadi
Saramuj was not supported by the results of minerélogical and chemical
analyses of various magnetic and density separates from one heavy-mineral
concentrate panned from 100 kg of weathered rock. Wadi alluvium would provide
more meaningful samples than the rock itself, because auriferous parts of the
rock could be missed in sampling. Wadi alluvium, particularly gravel where
gold would tend to accumulate (Griffith, 1960), is derived from all exposed
parts of the conglomerate; hence, alluvium represents the whole rock. Future

investigations of the Saramuj Conglomerate for gold should be based on bulk
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samples of wadi alluvium that would be processed for heavy-mineral
concentrates. Mineralogical and chemical analyses of the concentrates would
disclose the gold if it is present. Follow-up exploration upon the discovery
of gold in alluvium migﬁt proceed along lines previously suggested

(Overstreet, 1978a, p. 27-28).

Interface of geochemical exploration and archaeology

The multiple interfaces of geology, geomorphology, and geochronology with
archaeology are long established and fundamental, but the interface of the
techniques of geochemical exploration and archaeology are not so fully
perceived or used. The clearest examples of the use of geochemical
exploration methods in archaeology are seen in archaeometallurgical
investigations (Cooke and others, 1972; Rothenberg, 1972; Wertime,.1968;
1973a; 1973b; Milton and others, 1976) and in the tracing of sources and
routes sf trade in tin (Muhly, 1973; Franklin and others, 1978). Several"
aspects of this interface have been touched in the present investigation in
orientation surveys of slags from copper smeltérs in Jordan and of soils and
botanic remains at Bab edh-Dhra and Numeria.

Slags

The results of geochemical investigations of copper ores and slags in the
Wadi Feinan-Wadi Dana, Wadi Khalid, and Jebel Khirbet en Nuhas areas on the
eastern side of Wadi Arabah show that the copper smelters exploited local ores
and fluxes. The possibility of a source for complex sulfide ores elsewhere,
that were brought to these smelters in antiquity, but have been undiscovered
in modern times, is unlikely. 1Isotopic age determinations on charcoal from

the slags identifies metallurgical activity on the eastern side of Wadi Arabah
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when this industry is said to have been in abeyence on the western side of the
valley (Rothenberg, 1972, p. 14).

The concept of C-14 ages of charcoal from slags, and the mineralogical
and chemical composition of the slags, is most worthy of investigation at
these sites in eastern tributaries to Wadi Arabah. Fragments of charcoal
completely encased in slag can be recovered by breaking the slég and looking
for pockets containing charcoal, which can then be picked for analysis.
Botanic examination of the charcoal would classify the source vegetation for
fuel used in smelting. At a site or, preferably, sites where archaeological
excavation is done and the stratigraphic succession of the slag piles is
worked out, the C-14 ages of slags assigned to difference episodes of smelting
gould be determined. These isotopically dated slags could then be studied
mineralogically and chemically to give dated evaluations of technological
progress in extractive metallurgy.

Botanic remains and soils at Bab edh-~Dhra and Numeria

Geochemical studies of botanic remains and present soils at the
archaeological sites at Bab edh-Dhra and Numeria defined a clear common
interest in the applications of trace-elements analyses in geochemical and
archaeological techniques. Problems inherent in’c0mparing anomalous
accumulations of trace elements in botanic remains were identified. Some
exploitation of the trace-element composition of soils was possible for
interpreting source and age. More interesting, however, is the possibility
that the results of simple colorimetric analyses of closely spaced samples of
soils will assist in locating hidden artifacts composed of copper or brass.
Evidently, further use of the methods of geochemical exploration will be of

advantage to Jordanian archaeologists.
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