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EpiToRIAL

EDITORIAL
Abbreviations, Acronyms and Terminology
Usage in the
Journal of Cave and Karst Studies

MaLcoLwm S. FieLb
INTRODUCTION

The writing of scientific articles for publication often necessitates the use of
abbreviated terms, acronyms, and terminology specific to the field of study. To
abbreviate a term is defined as to shorten and word or phrase to a form meant
to represent the full form (Webster’s II, 1984, p. 66). An acronym is defined as
consisting of a word formed from the initial letters of a name or by combining
initial letters or parts of a series of words (Webster’s 11, 1984, p. 75) and implying
that the acronym is a pronounceable word. It is apparent from these two defini-
tions that abbreviations and acronyms may often overlap. Terminology is defined
as the vocabulary of technical terms and usages appropriate to a particular field,
subject, science, or art (Webster’s 11, 1984, p. 1194).

THE PROBLEM

Recently, | was contacted by a reader of the Journal of Cave and Karst Stud-
ies with a question that surprised me. The reader, an experienced scientist in a
foreign country, expressed confusion over some commonly used abbreviations
and acronyms (e.g., GC-MS, SPME, EPA, GC-0O and SEM study). Or, to be more
precise, these are common abbreviations to only some of us. For example, EPA
is to me pretty obviously an acronym for U.S. Environmental Protection Agency
because | am employed by the EPA. However, although this acronym is obvious
to me and may also be fairly apparent to most of our U.S. subscribers, it may not
be so obvious to individuals residing outside the United States. As another ex-
ample, to chemists a GC-MS is a simple acronym for a Gas Chromatograph-Mass
Spectrometer, but to individuals with little or no background in chemistry this
acronym is virtually meaningless. Scientific terminology is equally problematic
for non-specialists. Prior to being contacted, | hadn’t been aware of the problem
some readers may have been having with various abbreviations, acronyms, and
scientific terminology used in articles published in the Journal of Cave and Karst
Studies.

THE EXTENT OF THE PROBLEM

The problem identified above likely occurs in all scientific journals, but is
compounded in the various cave and karst journals, such as the Journal of Cave
and Karst Studies, in two ways. First, although karst journals are specific to the
subject matter of caves and karst, they are very general in that all aspects of caves
and karst are covered. The Journal of Cave and Karst Studies includes Associate
Editors with specialties in anthropology, conservation, earth sciences, explora-
tion, life sciences, paleontology, and social sciences. These specialties are often
then broken down into subspecialties. For example, the anthropology specialty
also deals with archaeology while the earth sciences specialty includes chemistry,
geology, geography, geomorphology, hydrology, hydrogeology, and others. Such
a wide range of subject matter covered in the Journal of Cave and Karst Studies
makes it very difficult for the professional cave scientist, engineer, journal editor,
etc. to be able to intelligently read many of the articles published in the Journal
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of Cave and Karst Studies. Yes, even the Journal of Cave and
Karst Studies editors can find the wide range of subject matter
covered, even within their general areas of specialties, some-
what daunting. Imagine how much worse it must be for the
non-specialists.

The second aspect of the problem is the very high rate at
which the various subspecialties are advancing. There are so
many people conducting studies, sometimes directly and some-
times only remotely related to caves and karst, using newer
equipment and methods, that it is difficult for even the cogno-
scenti to keep up. In addition, the incredible existing array and
proliferation of scientific and engineering journals available
throughout the world further exacerbates this problem because
it is so time-consuming and difficult tracking down and read-
ing newly published papers, even with the advent of the World-
Wide Web. This problem is, of course, much more difficult for
non-specialists, especially if they lack access to large university
libraries.

PossiBLE SoLUTIONS

A SoLuTION FOR EDITORS

This problem has caused some difficulties for the Associ-
ate Editors who naturally are not experts in all matters related
to their specific subject areas. For example, the Life Sciences
specialty covers all aspects of biology, which is an extremely
wide subject area. To alleviate some of the difficulties our As-
sociate Editors have been experiencing we have added two new
Associate Editors. Kathleen H. Lavoie has agreed to accept ap-
pointment as Associate Editor for microbiology and Stephen R.
Mosberg has agreed to accept appointment as Associate Editor
for Human and Medical Sciences. These two new Associate Ed-
itors will be able to take on the review and editorial responsibili-
ties in their respective subspecialty areas, which should improve
many aspects of the Journal of Cave and Karst Studies.

A SoLUTION FOR READERS

Unfortunately, the above solution does not help our readers.
To make reading easier for our readers | would like to suggest
the following. First, for acronyms and/or abbreviations, authors
should conscientiously write-out the full term and immediately
follow the term with the acronym/abbreviation in parentheses.
If the list of acronyms/abbreviations is long or somewhat un-
common, then it might be appropriate to also include a complete
list of the terms along with their respective acronyms and/or
abbreviations in an appendix or set of endnotes at the end of the
article that the reader may refer to periodically while reading
the manuscript.

Scientific terminology is more problematic. In some in-
stances, specific terms may be briefly defined in the text of the
article. Alternatively, in rare instances, the term may be defined
in an appendix or endnotes section at the end of the article. This
is not a greatly satisfactory method because it can be difficult for
an author to determine what needs defining, and it adds length
to the manuscript. Another, somewhat extreme alternative, is to
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do as Hazel Barton did in the last issue of the Journal of Cave
and Karst Studies (Barton, 2006). That is, develop and publish
an introductory article on the subject matter with the intention of
assisting the non-specialist to learn about the subject. Although
many specialists might consider it very difficult to write such
an article, it can be very helpful to non-specialists and should
enhance the Journal of Cave and Karst Studies in many ways.

CONCLUSIONS

Abbreviations, acronyms, and scientific terminology can be
very problematic for individuals unfamiliar with the terms used
in a published scientific journal article. If full terms are not list-
ed along with their respective abbreviations and/or acronyms,
and various obscure scientific terms are not defined, readers will
often not be able to follow the context and will cease bothering
to read the published article.

I encourage all future authors to make a concerted effort to
define all acronyms and abbreviations used in papers submitted
for publication in the Journal of Cave and Karst Studies. Such
an effort will benefit everyone. In addition, I ask that all future
authors consider defining some obscure scientific terms used
in papers submitted for publication in the Journal of Cave and
Karst Studies so that readers will better understand the subject
matter discussed in the paper.
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In spite of the vast limestone area present in Jordan, no karstic caves to speak of were known
there until 1995 when Al-Daher Cave was discovered. The cave is situated east of Bergish Re-
serve for Ecotourism in the mountains of Bergish at about 830 m above sea level. The cave
formed in the Wadi As Sir Limestone Formation of Upper Cretaceous age. It is a maze developed
along NW-SE and NE-SW striking joints which owe their existence to the Dead Sea Transform
Fault situated a few kilometers to the west of the cave. Rooms, with a total area of 1750 m?, were
formed within a square of 70 x 70 m. The cave is constrained to certain limestone strata, lami-
nated and non-laminated, divided by four chert layers that form distinctive markers throughout
the cave. Chert nodules occur also within the limestone layers. The cave formed phreatically
exclusively by dissolution within a small body of rising and convecting water. It is suggested that
the very localized solution capacity derived from the oxidation of either H_S, or possibly even
CH,, by oxygen present near the former water table. Thus, Al-Daher Cave may have formed by a
process similar to that which formed the Guadalupe Mountain caves, New Mexico, among them
Carlsbad Cavern. The altitude of the cave suggests that it may be as old as upper Miocene. The
cave contains several relict generations of speleothems but also active forms. The local govern-

ment is hoping to develop the cave into a show cave; it would be the first in Jordan.

LocATioN AND TOPOGRAPHY

Al-Daher Cave is the first natural limestone cave in Jordan
of any appreciable extent. It was discovered by Ahmad Al-Sh-
reideh in 1995 and is currently being developed by the Ministry
of Tourism (Kempe et al., 2004). Other caves in Jordan include
lava tunnels (Al-Malabeh et al., 2004; Kempe and Al-Mala-
beh, 2005; Al-Malabeh et al., 2005), a cave in the Lisan Marls
(Rosendahl et al., 1999) and numerous, mostly artificial shelter
caves along the deeply incised wadis of the country (e.g., Ca-
landri, 1987; Hofmann and Hofmann, 1993).

Al-Daher Cave is located east of the Bergish Reserve for
Ecotourism on Bergish Mountain at about 830 m above sea level
(Figs. 1 and 2). The entrance was originally a vertical fissure,
opening to the east near the top of the mountain that contains
the cave. This flank was artificially terraced in ancient times
for agricultural purposes, and a wine press has been carved out
of the rock nearby. The terraces are now partly overgrown by
oak forest and only locally used to grow olive trees and grapes.
During the winter of 20032004 the entrance was widened with
funding from the Ministry of Planning and a terrace was cleared
in front of the cave. These excavations did not yield any archaeo-
logical findings, suggesting that the cave had not been known or
used in antiquity.

On September 20, 2003, we made a reconnaissance trip
through the cave and started to survey it on September 26 and
27,2003. We returned to the cave in the spring of 2004 and com-
pleted the work on March 29 and 30. A total of 76 (2003) and 40
(2004) stations were surveyed. Currently only one tight lead and
some upward shafts remain unexplored. Due to the maze char-
acter of the cave, a total length is somewhat irrelevant, but the
total added survey lines sums up to 280 m and the area covered
amounts to 1,750 m2. The entire cave fits into a square measur-
ing 70 x 70 meters (Fig. 3).

TecTONIC SETTING

Many prominent structural features are present in Jordan.
However, the geology and tectonics of Jordan are closely re-
lated to the regional geology and tectonics of the Mediterra-
nean area. This region is subdivided into three major plates: the
African (Nubian), Arabian, and Eurasian Plates. Jordan lies on
the northwestern side of the Nubian-Arabian shield. Tectonism
was contemporaneous with the opening of the Red Sea (Africa
Red Sea rift system), the collision of the Arabian and Eurasian
plates, and the uplift of the Afro-Arabian dome (Barberi et al.,
1970; Gregory et al., 1982; Schilling et al., 1992).
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Figure 1. Location of Al-Daher Cave and its geologic setting along the eastern margin of the Jordan Graben.

The Dead Sea Transform Fault system (hereafter, DSFT) is
considered the foremost structure of the region (Quennell, 1958;
Ginzburg et al., 1979; Mart, 1982). It is a major sinistral strike-
slip fault zone, which is ca. 1000 km long, and strikes NNE-SSW
from the Gulf of Aqaba to Lake Tiberias and to southern Turkey.
It is connected with the Red Sea along the Aqaba Gulf transition
zone. The tectonic association between the DSFT and the Red
Sea was recognized about 85 years ago, and both are parts of
the rifting system (the East African-Red Sea-Jordan Rift) that
extends from southern Anatolia in Turkey to East Africa.

The present tectonic picture of the DSFT has been shaped
mainly during the upper Tertiary and Quaternary periods
(Picard, 1970). Estimates of the amount of horizontal displace-
ment along the Jordan valley have been made previously: Du-
bertret (1929) suggested that a displacement of 100 km occurred
in 36 million years; Quennell (1958) suggested that a 67 km
displacement occurred during the Early Miocene, and an ad-
ditional 40 km during the Late Pleistocene.

Field investigations, aerial photographs and satellite images
indicate that four principal fault systems exist in the investigated
area. The major trend is in the N-S direction and may be related
to the main rift structure since they have a parallel to sub-paral-
lel trend. The NW-SE-trending fault system has the same direc-
tion as the fault systems of the Red Sea, Wadi Al-Sirhan fault,
and Wadi Abed fault zone (NE-Jordan). The E-W fault system
in the study area is consistent with the trend of many E-W fault
systems in Jordan (e.g., Zarka Ma’in fault and Sawagqa fault, cen-
tral Jordan). NE-SW is the least abundant trend, and the major-
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Figure 2. Geologic map of Al-Daher Cave area (modified by
A. Al-Malabeh after Abdelhamid, 1995).



ity of these faults are local and of normal displacement type.

Al-Daher Cave is situated about 30 km to the east of the
DSTF. The rocks have been jointed and fractured substantially,
and the cave is formed mostly along NW-SE and NE-SW-strik-
ing joints (compare Fig. 3); directions that are also dominant re-
gionally. Normal to the strike of the DSTF, structures developed
that later have been transformed by erosion into deeply incised
river courses.

LITHOSTRATIGRAPHIC SUCCESSION

The rocks exposed in the cave area are of Upper Cretaceous
age (Fig. 2). The beds belong to the extensive limestone plat-
form developed on the African and Arabian Plates (e.g., Bauer
et al.,, 2003; Liining et al., 2004). The Upper Cretaceous in Jor-
dan is subdivided into two Groups: Ajlun (Albian-Turonian) and
Belqa (Coniacian-Mastrichtian). The lithostratigraphic nomen-
clature of the Upper Cretaceous in Jordan used in this study
is that adopted by the Natural Resources Authority (NRA)
1:50,000 Geological Mapping (El-Hiyari, 1985; Powell, 1989;
Abdelhamid, 1995). The cave formed in the Wadi As Sir Lime-
stone Formation. This formation represents the upper parts of
the Ajlun Group. In general, this formation consists of dolomitic
limestone (Powell, 1989). The uppermost massive beds contain
chert nodules and calcite geodes. The fossil assemblage was that
of a fully marine carbonate platform (Powell, 1989). The mas-
sive bedded Wadi As Limestone Formation forms a distinctive
belt of cliff features. The formation ranges in thickness from 50
to 65 m in the study area.

The other two formations that are exposed in the study area
(Wadi Umm Ghudran Formation and Amman Silicified Lime-
stone Formation) belong to the Balqa group (Fig. 2). The Wadi
Umm Ghudran Formation (Senonian) is characterized by a soft-
weathered, white, massive chalk sequence (Powell, 1988). The
Amman Silicified Limestone Formation (Campanian) consists
of massive, hard, dark gray, autobrecciated chert interbedded
with dolomitic limestone, chert, chalk, phosphatic chert and
phosphatic marly limestone (Powell, 1989).

The cave is situated in the upper Wadi As Sir formation.
Here, the cherts occur in several morphotypes: (i) as thick hori-
zontal beds, (ii) as vertical sheets, (iii) as round, conical loafs,
(iv) in the form of grape-like, small and bundled spheres, (v) or
in massive, cone-like vertical bodies. Fossils of silicified rudists
(a pachydont bivalve) are commonly found in the weathered lay-
ers outside of the cave. None have been noticed inside the cave.
The soil above the limestone is terra rossa, mixed with masses
of limestone and chert blocks.

The survey of the cave revealed that it is developed along a
limited set of limestone beds which are divided by four distinct
silicified layers, labled Cherts A to D, each between 0.2 and 0.5
m thick. The section can best be studied in the Geo-Pit, a cy-
lindrical room that transects vertically through the 10 m of the
stratigraphic column (Fig. 4). The four chert layers separate five
limestone beds, each of which have characteristic properties
and vary in the amount of contained chert. The layers between
Cherts B—C, and C—D, contain most of the cavity and are the
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ones most susceptible to dissolution. Above and below Cherts B
and D the amount of chert in the limestone increases; these lay-
ers are less susceptible to cave formation. The limestone above
Chert A is rarely seen and heavily silicified. The chalk bed be-
tween Cherts A and B is characterized by chert boxwork formed
by vertical sheets (Fig. 5). The next limestone layer is character-
ized by small chert nodules which form grape-like aggregates
(Fig. 6). The limestone is micritic and non-laminated. This is in
contrast to the next bed that is finely laminated and where the
chert nodules are large, conical-downward and loaf-like (Fig. 7).
The next limestone bed is also laminated but contains, at least in
the Geopit, large, vertical and cylindrical chert nodules (Fig. 8).
This layer is rarely seen in the cave because in the larger halls,
the floor is covered with breakdown composed of the chert lay-
ers and nodules liberated from the dissolved limestone beds.

With this standard stratigraphy in mind, one can follow the
layers throughout the cave. In Figure 9, a panorama view of Sta-
lagmite Hall is given. The chert layers B and C can be followed
along the ceiling and walls. The thickness of the layers varies
somewhat throughout the cave, and in Fig. 10 a reduction of the
non-laminated limestone to the back (i.e., to the SW) is seen.
The layers dip slightly towards the S; the lowest part of the cave
is therefore SW of the entrance.

DescrirTioN oF AL-DaHER CAVE

Al-Daher Cave is a maze, dominated by two directions:
NE-SW and NW-SE (Fig. 3). It consists of a series of intercon-
nected halls, some of them more than 20 m long and up to 10 m
high. These large halls are connected by relatively small passag-
es. Apart from the entrance section (up to the Tea Passage) and
the Stalagmite Passage at the southern part of the cave, travel
through the cave involves climbing down into these halls and
out of them at their far end. Large breakdown blocks, some of
them over 10 m long, also characterize these halls. Most impor-
tant is the observation that the halls have pits at their bottom.
These are filled with loose silica nodules and boxwork, collected
here as an insoluble residue of the cave-forming process. In spite
of these ups and downs, the cave is restricted to one level, de-
termined by two of the least silicified limestone beds (between
Cherts B and D). Chert layers form much of the ceiling of the
cave. Layer B, for example, defines the roof of the entrance pas-
sage (around Station 10) and dips about 5° SSW (ca. 200° N).
Similar ceiling sections are seen throughout the cave, for ex-
ample in the Stalagmite Passage.

Further features of note in the cave are small faults. At sta-
tion 10-11 (the dead-end small passage parallel to the entrance
passage; see Fig. 3) a fault running NE-SW occurs, down-fault-
ing the northern block by ca. 10 cm. All-in-all, faults cannot
amount to large displacements since the cave stays at the same
stratigraphic level.

Perhaps the most striking character of the cave is the walls.
They contain extensive silicified boxwork and protruding chert
nodules, which have been left in situ during the limestone dis-
solution process. In addition, the limestone has been altered to
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Figure 3. Map of Al-Daher Cave with passages shaded and
highlighted directions of passages identical to the joint-
ing of the rock in response to the pressure of the Dead Sea
Transform Fault (map by authors, 2003 and 2004). Thick
line suggests show cave trail with a minimum of impact
to the cave. Dashed arrows indicate passages that must be
widened if the cave should be commercialized. Lines mark
10 m squares, north is to the top.

Figure 5. Chert boxwork
above Chert B.

Figure 6. Non-lam-
inated limestone
between Chert B
and C with grape-
like small chert
nodules.

Figure 4. Stratigraphy of the cave (scale in meters) at three different sections. The Cenomanian limestone
forms distinct layers with different textures and silica nodules interrupted by chert layers (A to D).
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Figure 7. Lami-
nated limestone
between Chert C
and D with loaf-
like large nodules.

Figure 8. Vertical, large nod-
ules from the laminated lime-
stone layer below Chert D in
the Geopit.

Kempe, AL-MALABEH, AL-SHREIDEH, AND HENSCHEL

a soft and powdery white consistency, which can be dug up by
hand (entfestigter limestone).

After descending the entrance corridor of the cave, one fol-
lows a widened joint-determined passage down to a sharp right
turn. After a few meters a stalagmite fill has been removed to
ease access to the main part of the cave. The following room
leads to Hall 20, which is characterized by many large stalag-
mites, some of them grown on breakdown blocks. Hall 20 is the
only one with an even floor. Three openings lead to the interior
of the cave. The furthest connects into the Tea Passage and is
still quite level. Further progress involves climbing down either
into Hall 27 to the left or into Hall 33 straight on. To the right
a narrow lead doubles back into Hall 33. Loose siliceous nod-
ules occur everywhere on the floor. From Hall 33 one can climb
down to the left into Hall 51 or ascend to the back of Hall 33 in
order to gain access to the Big Block Hall. Big Block Hall has a
monumental breakdown block at its center, propped up on other
blocks. Hall 51 connects back to Hall 27 and Hall 63 (Fig. 10).
It runs NE-SW and is quite high. At the far end, there is an as-
cent which leads into a passage connecting back into Big Block
Hall. Left, the narrow Stalagmite Passage is accessed, blocked
by speleothems at its end. We could not enter the small room
(Bat-Roost) beyond, the only passage which was not completely
explored. A few meters before this choke the low passage turns
left (NE) leading towards Stalagmite Hall. Before reaching it, a

Figure 9. This panorama view (ca. 120°) of Stalagmite Hall (left) and the passage to Hall 63 (right) shows the stratigraphic
setting of this part of the cave. Passages in the boxwork limestone are narrow, while in the non-laminated limestone and in
the upper laminated limestone wide halls have been leached out. Note 10 cm scale above “s” of “laminated limestone”.

Figure 10. View to the west into Hall 63 (>90° panoramic
view). Note the band of Chert B in the upper third of the
picture.

Figure 11. Panoramic eastward view into Hall 100 towards
station 108 and 109. Note three layers (B, C, and D) of chert
on far wall, with layer D forming a flowstone-covered ledge.
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crawl turns right, which opens up into a series of small rooms,
one with a small pool at its floor (Governor’s Lake). In Stalag-
mite Hall the cave opens up again; in its SW part it even has
two levels, the lower one leached out from underneath Chert C
(background of Fig. 9). Climbing up again one can pass through
a small opening into Hall 100 (Fig. 11). It is quite large with
three passages leading off. Stalagmite Hall connects back into
Hall 63 which has a high chimney near its NE end.

SPELEOGENESIS

Today Al-Daher Cave is in a fossil state, no longer forming
actively. In order to understand its speleogenesis we therefore
rely solely on interpreting its morphology. The following obser-
vations serve as clues:

e Al-Daher is a maze cave following the local jointing.

e All of its passages fall within a square of ca. 70 x 70 m.

No continuation seems to exist, and no further caves
are known in the area.

e It consists of large halls, interconnected incidentally by
small passages.

e The halls have pits at their floors, largely filled with
insoluble silica rubble.

e The cave follows in essence one stratigraphic level,
consisting of two limestone units with the least silica
content.

e The limestone surface is very soft and silica nodules
protrude from the walls.

e  Allochthonous sediments are absent; no significant au-
thochtonous sediment layers were encountered (apart
from the residual chert and silt).

These observations suggest that the cave has been formed
phreatically, (i.e., at or below the water table) by a slow corrosion
process, bound to a certain level. The water apparently came
from below, rising through the pits in the halls and, after hav-
ing been saturated with limestone, disappearing again through
these holes into the deeper ground water. No lateral outflow
channel existed. Examples for such systems caused by water ris-
ing from a deeper aquifer and disappearing back into it and are
known, for example, from the South Harz Mountains, Germany
(e.0., Kempe, 1997a). There, carbonate-saturated phreatic water
rises into the overlying gypsum and anhydrite where it dissolves
large domes of a principally similar morphology as Al-Daher
Cave. The gypsum-saturated water is denser and sinks back into
the carbonate aquifer into the deeper ground-water body. Such
phreatic slow convective systems have been shown to be respon-
sible specifically for the formation of caves with large halls that
are not connected by stream channels, as discussed below.

Well-known examples for this type of cave development
are the caves in the Capitan Reef limestone of the Guadalupe
Mountains, foremost Carlsbad and Lechuguilla Caverns (New
Mexico, U.S.A) (e.g., Hill, 1987; 2000). In fact, Al-Daher Cave
can be directly compared to Endless Cavern in the Guadalupe
Mountains (€.g., Palmer and Palmer, 2000; map in McClurg,
1986, p. 14—15). Both are developed laterally along stratigraphic
units and both are well developed maze caves lacking all mor-
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phological and sedimentological indications of turbulently flow-
ing water. Other examples of caves formed by convecting water
are reported from Frankonia and the Harz Mountains, Germany,
(e.g., Kempe, 1996; 1997a; 1997b; 2005) and from Italy (Galden-
zi and Maruoka, 2004).

In the case of the Guadalupe caves it is now clear that ris-
ing warm and H,S-rich formation waters were the cause of their
genesis (e.g., Hill, 1987; 2000; Palmer and Palmer, 2000; Palmer
and Hill, 2005). The H,S was oxidized in the shallow groundwa-
ter zone, a process which leads to the formation of sulphurous
and sulphuric acid according to:

H,S+20, - 2H" +S05 <> H" + HSO? (1)

It in turn attacks the limestone and dissolves it. Due to the
high sulfate concentration in the waters, gypsum solubility can
sometimes be surpassed, resulting in the precipitation of this
mineral. In Carlsbad Cavern, Endless Cavern, and others, some
of this gypsum still remains as a testament to this process. In
Al-Daher Cave no gypsum was observed, but this does not ex-
clude the possibility of a sulfuric acid genesis. First of all, the
precipitation of gypsum does not necessarily occur if the water
is circulated down fast enough. Secondarily, the cave receives
enough drip water that the gypsum could have been removed
long ago.

Nevertheless, geochemically a second oxidation mecha-
nism; for example, that of methane (bacterially mediated) (e.g.,
Valentine, 2002) could theoretically also lead to the in situ for-
mation of protons plus free CO,, according to:

CH,+0, > 4H" +CO, )

both of which could be used in attacking the limestone. This re-
action could also create a cave with the observed morphological
pattern. It would be very difficult to verify either of the reactions
in a fossil cave (specifically in the absence of characteristic de-
posits such as gypsum and/or endellite, a clay mineral forming
under very acid conditions). Nevertheless, both processes could
be fueled by locally rising anaerobic water plumes (one for each
of the large halls) which mix with oxygenated surface waters
seeping in along the fractured chert beds.

This interpretation is in accordance with the observation
that there is no sign of any turbulent flow during the cave-form-
ing process (e.g., no stream channels, no stream pots, no scal-
lops, and no water-worn pebbles anywhere in the cave). The cave
therefore could not have been formed by the sinking of a stream,
nor by an underground vadose river, or phreatically by ground
water flowing along a marked pressure gradient. It is remark-
able that so far no cave with such characteristics is known from
Jordan, in spite of its large limestone area and deeply incised
river valleys.

Figure 12 shows the Geopit water-filled with presumed in-
puts of water and chemicals that could have driven the cave for-
mation. Arrows indicate the kind of slow convective turnover
driven by dissolution and in accordance with the morphology of
the walls of the cave.



Since the cave is situated near the top of a mountain today,
it must predate much of the tectonic uplifting and faulting in
the area and must also predate the down-cutting of the adjacent
valleys. According to Wakshal (2005) the oldest generation of
karst in neighboring Israel dates into the Late Miocene. Its pa-
leo-water-level is now at >500 m a.s.l. (i.e., in accordance to the
high elevation of Al-Daher Cave).

SPELEOTHEMS

This speleogenic interpretation (i.€., the relatively old age of
the cave) is supported by the state of the speleothems occurring
in the cave. The cave has many up to 2 m high stalagmites and
some remarkable ceiling flowstone. First inspection shows that
they represent many generations; older specimens with a dull
and partly corroded surface stand next to still growing ones.
Moreover, much of the flowstone is naturally damaged, a sign
of age of these formations. The damage (Figs. 13, 14) could be
either caused by earthquakes (e.g., Kagan et al., 2005) or by cave
ice that might have formed even in Jordan during cold conti-
nental glacial climates (for a discussion of natural speleothem
breakage including cave ice see Kempe, 2004). The existence of
several speleothem generations suggests that the cave is not of
recent age, but could have formed several hundred thousand, if
not even millions of years before present.

ANTHROPOGENIC IMPACT/UTILIZATION

This outline shows the scientific potential of this geological
feature which is unique within Jordan. The stalagmites offer the
possibility to study paleoclimatic changes over a long and possi-
bly continuous time span, and the cave structure offers the pos-
sibility to study this relatively rare type of convective phreatic
cave. The cave also holds biospeleological potential. It is used
by bats which have left copious piles of guano, possibly forming
the food base for other cave life.

The potential for tourism in this cave is interesting. It could
well become the first show cave in Jordan. The halls and some of
the passages are large enough to allow a limited number of visi-
tors to the cave. In Figure 3 we suggest a path through the cave
which causes the least impact to the cave and features most of
the sights and educational highlights of the cave. However, the
local government must act quickly because the cave has been
heavily vandalized since its discovery and is being deprived of
much of its original stalactite splendor. The opening of the en-
trance will encourage this activity if the cave is not gated im-
mediately. Before proceeding with any plans to open the cave to
the public, a thorough survey must be conducted determining
the best possible guide path through the cave, causing the least
damage as well as offering the best views and the largest edu-
cational impact. The cave is, however, not large and spectacular
enough (in international comparison) to expect a sizeable in-
come from it for the community.
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Slaughter Canyon Cave (or New Cave), Carlsbad Caverns National Park, southeastern New
Mexico, opens in the wall of Slaughter Canyon, 174 m above the present level of the canyon
floor. It contains bone-bearing, water-laid sediments capped by a double layer of calcite. TIMS
U-Th dates on the two layers are 66.0 = 0.3 ka and 209 + 9 ka. Deposition of these two laterally-
extensive calcite layers suggests wet periods in this currently-arid region during MIS 4 and 7.
The date on the lower layer suggests that the clastic deposit was emplaced no later than MIS 8.
This yields a maximum estimate for downcutting rate of the canyon of ~0.87 mm yr~'during the
Late Pleistocene. The clastic deposit contains bones of the molossid bat Tadarida constantinei
Lawrence 1960: the date of 209 + 9 ka is thus a minimum age for this extinct bat.

INTRODUCTION

Slaughter Canyon Cave (also known as New Cave), Carls-
bad Caverns National Park, southeastern New Mexico, opens
on the southwest wall of Slaughter Canyon (UTM 13 540848E
3553503N). The canyon is one of the many that are incised into
the Guadalupe Mountains, controlled by a prominent set of
NW-trending joints (Duchene and Martinez, 2000). The cave
is developed in the Permian age Capitan Reef Complex (Hill,
2000) of limestone and dolostones. The cave has a simple profile
along a single level now opening onto the canyon wall (Fig. 1A).
A remnant of the cave can be seen at the same elevation in the
opposite wall of the canyon (the Ogle/Rainbow Cave) indicating
that the cave was opened when the canyon bisected it (DuChene
and Martinez, 2000).

Calcite-capped, fossil-bearing clastic sediments in the cave
floor were exposed by guano prospectors between 1937 and
1957. The 3 m thick deposit is mostly a bone-bearing water-lain
sediment with horizons of fossil bat guano. The fossil bones
show preferred orientations from water sorting. The sediments
are partly cemented and capped by a thin but laterally extensive
layer of calcite flowstone. Dating of this calcite thus provides
an estimate of the minimum age of the deposit. The sediment-
guano complex must post-date the opening of the cave by can-
yon downcutting. In conjunction with the geomorphological
situation of the cave, and the present elevation of the canyon
floor, this date allows the estimation of the rate of canyon down-
cutting over the Late Pleistocene. The fossils include abundant
well-preserved osteological remains of Tadarida constantinei
Lawrence 1960; thus the calcite date also allows an estimation
of the minimum age for this extinct bat.

DATING

The flowstone sample, collected in 1988 from ~150 m inside
the cave entrance (Fig. 1B), is ~10 mm thick, with two distinct
layers separated by a depositional hiatus. The upper layer,
without detrital contamination, is 4-5 mm thick and overlies the
lower, somewhat detritally-contaminated, layer (Fig. 2). This
lies directly on, and cements the top of the sediments. A piece of
the calcite flowstone was sent to McMaster University in 1988,
in the hope of generating a U-Th age by alpha spectrometry,
but this was unsuccessful due to detrital contamination (D. C.
Ford, pers. comm., 1988). In 2003 the lower and the upper lay-
ers were U-Th dated by thermal ionization mass spectrometry
(TIMS), after careful removal of material in association with
the upper and middle hiatuses that may have been leached. The
upper layer yielded 66.0 £ 0.3 ka and the lower layer 209 + 9 ka
(Table 1). The calcite impregnating the sediment could not be
separated from the clasts and thus could not be dated.

Speleothem evidence suggests that this region alternates
between arid conditions during interglacial periods and pluvial
conditions during glacial periods (Hill, 1987). Musgrove et al.
(2001) also show that speleothem growth correlates with wet
periods, in central Texas. Thus the Slaughter Canyon dates are
best interpreted as indicative of two wet phases separated by pe-
riods of non-deposition presumed to be arid. The fluvial activity
that laid down the clastic deposit obviously occurred before the
deposition of the basal calcite layer. This could have been dur-
ing the marine oxygen isotope stage 8 glacial period, but obvi-
ously could have been earlier. Thus the date of 209 + 9 ka is a
minimum age for the clastic deposit. If this situation is similar to
those encountered by Stock et al. (2005), who found that U-Th
dates on speleothem overlying clastic sediments were generally
considerably younger than cosmogenic 2°Al/*°Be burial dates on
the sediment itself, then it is possible that the Slaughter Canyon
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Table 1. Data from Slaughter Canyon flowstone U-Th TIMS dating (activity ratios, 26 errors).

Age Corr. Age? U
Layer (ka) (ka) (ppm) 230Th/234U 234U/238U 234U/238U i 230U/232Th
Upper 66.0£0.3 N.A. 0.26 0.4722 +0.0002 1.807 £ 0.003 1.973 £ 0.004 253
Lower 209+ 9 206 +9 0.38 0.922 +0.014 1.40 +0.02 1.911 £ 0.005 38

2 Age corrected for detrital contamination assuming an initial 2°Th/?2Th activity ratio of 1.5. In this case, the corrected age is within the 23 error, thus the detrital contamination

is insignificant.

Table 2. Radiocarbon dates (conventional) associated with Tadarida constantinei, Slaughter canyon Cave, New Mexico.

Laboratory Code Stratigraphy Reported Age (rcybp)
C 8982 Guano, 2 feet below caprock. >17,800
UCR 1270° Guano, 8-9 inches below caprock. >28,150
UCR 1208° Guano, 90 inches below UCR-1207. >32,500
UCR 1543° Unknown. 28,800 £ 2,600
2 Libby (1954).

®U.S. Park Service, Carlsbad Caverns (unpublished records).
Laboratory code C represents University of Chicago.
Laboratory code UCR represents the University of California, Riverside.

Figure 1. A. Cross section of Slaughter Canyon (from SW to
NE across canyon) showing the relationship of the plateau
top, the canyon floor and the caves opening into the canyon
wall. The Rainbow entrance of the Ogle/Rainbow Cave is
directly opposite the Slaughter Canyon Cave entrance, at an
elevation of ~174 m above the canyon floor (drawn from data
in US Geological Survey, 1979). B. Plan of Slaughter Canyon
Cave showing location from which flowstone was collected
(drawn from data in Cave Research Foundation, 1976).

116 « Journal of Cave and Karst Studies, December 2006

Cave sediments are also considerably older than the impregnat-
ing calcite.

DownNcuTTING RATE

The clastic deposit consists of waterlain sediments contain-
ing fossil mammal bones showing evidence of water sorting,
with some horizons of fossil bat guano. It is presumed that the
sediment was emplaced when the canyon floor was close to the
elevation of the cave entrance.

The geomorphological setting of Slaughter Canyon Cave
(New Cave) in the face of the canyon wall directly facing the
Rainbow entrance of Ogle Cave in the opposite wall (Fig. 1A)
suggests that the two caves had been a single system at the time
of speleogenesis (DuChene and Martinez, 2000) long before the
canyon began to be incised. With falling base level, the can-
yon has cut through the cave, bisecting it. If the calcite-capped
fluvial deposit indicates the time when the canyon floor was at
the level of this passage, then the difference in elevation of the
passage and the present canyon floor gives a measure of how far
the canyon has been incised in the last 200 kyrs or more. The
level of the Slaughter Canyon Cave entrance is 174 m above the
canyon floor (Jagnow, 1977). Hill (1987, p. 92) estimated the rate
of downcutting at < 45 mm yr~'but only had access to a “C date
on the bat guano of >32,500 rcybp (Table 2). Using the TIMS U-
Th date of ~200 ka on the calcite gives a new and considerably
lower (but maximum) estimate of downcutting rate of < 0.87
mmyrt,

No other estimates for down-cutting rates in Slaughter
Canyon itself have been published, but DuChene and Martinez
(2000) estimate downcutting rates for the Central Section of the
Guadalupe Mountains at 0.072 — 0.022 mm yr™' (median 0.046
mm yr), using “°Ar/*°Ar dates on alunites from sulfuric acid
caves in the region (Polyak et al., 1998; Polyak and Provencio,
2000). Dethier (2001) offers a broad estimate for downcutting in
non-carbonate rocks in the general region of the south-west USA
using dates on tephra deposits from the Yellowstone Caldera for
the whole region west of the Mississippi River. Although no dat-



Figure 2. Section of the calcite capping the bone-bearing
clastic sediment. The upper calcite layer and the lower cal-
cite layer were U-Th dated by TIMS at 66.0 + 0.3 and 209 *
9 ka respectively. (The angled saw marks are artifacts from
cutting.)

ed ash deposits are indicated in the immediate area of the cave,
the estimated long-term incision rate over the last 600,000 years
for the Guadalupe region is ~5 — 10 cm ka™! or ~0.05 — 0.10 mm
yr~'. However, incision rate has not been constant over this time
period. Although the age control is incomplete, Dethier (2001)
observes that incision rates increased in the middle to Late Pleis-
tocene by two to five times the earlier rates. Dethier’s Figure 3
shows details for the Rio Grande, New Mexico, ~200 km to the
west of the Guadalupe region. Overall incision rate for the last
800 ka was estimated to be ~0.16 mm yr', but only ~0.08 mm
yr! for the first 600 kyrs and ~0.38 mm yr' for the last 200
kyrs. Duchene and Martinez’s (2000) estimate, 0.046 mm yr™',
is considerably lower than this and our estimate, 0.87 mm yr
maximum, is higher (but a similar order of magnitude). The true
incision rate is probably somewhere between the three.

PaLAEONTOLOGY

The molossid bat in this deposit, Tadarida constantinei
Lawrence 1960, differs from the extant Tadarida brasiliensis
mexicana, abundant in adjacent Carlsbad Caverns, primarily
in size. Lawrence (1960) described T. constantinei as averag-
ing 13% larger in length of skull, with the means of the two
taxa differing by some eight standard deviations. Attempts to
date the extinct T. constantinei deposit began early (Table 2);
a sample of fossil guano from the deposit was reported on by
W. F. Libby in his fifth radiocarbon date list (Libby, 1954) and
found to be < 17,800 rcybp — the effective limit of the technique
at that time. Subsequent efforts by the University of California,
Riverside radiocarbon lab in 1981 advanced the age to 32,500
rcybp (unpublished US Park Service records), again the limit
of the available technology. The new TIMS U-Th date yields a
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minimum age on the fossils of 209 + 9 ka.

Our examination of a sample of crania collected from the
cave in 1988 did not reveal any characters other than size that
would distinguish T. constantinei from the extant T. brasilien-
sis. Morgan (2003) reported that T. constantinei differs from T.
brasiliensis only in having a flatter skull. Given the minimum
age of T. constantinei and the lack of any T. brasiliensis material
of a similar antiquity, we regard T. constantinei as a chronospe-
cies and junior synonym of T. brasiliensis.

CoNcLUSION

A U-Th TIMS date of 209 £ 9 ka on the calcite layer cap-
ping a fossil-bearing, clastic deposit in Slaughter Canyon Cave,
New Mexico, has yielded a maximum estimate for downcutting
rate of the canyon of ~0.87 mm yr'. This date also represents a
minimum age on the molossid bat Tadarida constantinei.
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Carbonate karstic formations outcrop in about 23% of the Zagros Region. Seventy-two karstic
anticlines were selected to study regional flow. Based on geometry of the anticline and outflow
position, a conceptual model is presented for delineation of flow direction, at least within Za-
gros. The anticlines were divided into two main groups based on presence or absence of hydrau-
lic connectivity between the limbs. The geological and tectonic settings are the main controlling
factors within these two groups. Sixty-four out of the seventy-two anticlines showed no hydraulic
connectivity between their limbs. Each group was further classified into four subgroups based
on the location of the discharge zones, namely one or both plunge apex noses, limb, traversing
river, or a combination of plunge apexes, limbs and river. The discharge zones may be located in
the adjacent or in the successive anticlines. The discharge zones are mainly controlled by local
base level. In most of the cases having no hydraulic connection between the limbs, the direction
of flow is initially along the bedding plane dip and finally parallel to the strike at the foot of the
anticline. In most of the cases having connections between two limbs, the regional directions of
flow, in the connected part, are opposite from the direction of bedding plane dip and eventually
parallel to strike. The results show that the primary controlling factors of regional flow are the

anticlinal structure of aquifers and geometry of the bedrock.

INTRODUCTION

From a theoretical point of view ground-water flow depends
only on aquifer hydraulic parameters and boundary conditions
(i.e., geological and geomorphological factors exert their influ-
ence on the ground-water movement solely through the hydrau-
lic-parameter fields and the boundary conditions). For instance,
geology and geomorphology influence the hydraulic conductiv-
ity and porosity through the distribution of voids (Kiraly, 2002).
An increase of the density and opening and connectivity of the
voids therefore increases the hydraulic conductivity and the po-
rosity. If fracture or microfracture families show a well defined
preferred orientation the hydraulic conductivity may become
anisotropic, thus conducting ground water better in one direc-
tion than in another.

Geological factors, in karst studies, include lithology, stra-
tigraphy, fracture patterns and geological structure which are
expected to define hydraulic-permeability fields. Relief and lo-
cal base level are the main geomorphological factors defining
boundary conditions and controlling the recharge and discharge
location of the aquifer. Therefore, these factors control regional
ground-water flow in karstic aquifers (White, 1969; Palmer,
2000) and there is abundant scientific literature on their control
over the regional flow. The interested reader will find more in
White (1969); Kastning (1977); Legrand (1983); Palmer (1991;
2000); Klimchouk and Ford (2000).

The aim of this paper is to study the link between aquifer
characteristics (aquifer geometry and discharge location) and
hydraulic response of karst systems (i.e., delineation and major
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flow direction). The establishment of such a relationship would
help to estimate karst ground-water catchment areas and flow
direction, which is often difficult (time consuming and expen-
sive) to obtain, based on more easily obtained information (i.e.,
aquifer geometry and discharge location). The result of this link-
age is expected to show the main factors controlling the regional
flow direction, such as the effect of an anticlinal structure. The
present approach may be the first step of any study of regional
hydrogeology, allowing for creation of a first conceptual model
of flow in the region. Low cost investigation is very effective
for establishing the first hypothesis, which can then be tested
by any further investigation (tracing experiments, hydrographs
analyses, chemograph analysis, isotopes, etc.). Examples from
the Zagros Region of Iran will be used in order to support the
proposed approach. Carbonate formations outcrop in about 23%
of the Zagros Region (Raeisi and Kowsar, 1997). Information
has been collected for 72 cylindrical anticlines in order to deter-
mine their flow characteristics and their geological/geomorpho-
logical settings.

APPROACH

Geometrically, the Zagros anticlines are cylindrical forms,
which plunge down beneath younger sediments at both ends.
The young sediments, which overly karstic aquifers, may be
permeable or impermeable. Sediments form a thick cover over
the synclines between anticlines. Only the top of the anticlines
are bare and present exposed carbonate formations. At their bot-
tom the karst aquifers are bounded by impermeable formations



(mostly marls and sandstone). Considering the aquifer geometry,
there are two cases. If the elevation of the impermeable forma-
tion under the crest of an anticline is appropriately higher than
the foot of the anticline most of the recharged water of each limb
can flow towards the foot of the same limb (Figure 1). In this
manner, the hydraulic connectivity of the limbs is disconnected
and each limb becomes an independent subaquifer. The main
source of recharge is direct precipitation on the karstic aquifer
body. The recharge is mainly autogenic. A combination of joints
and bedding planes plays a role in transferring the ground water
through the vadose zone to the phreatic zone. The impermeable
formation below the karstic aquifer and/or interbedded shales
in karstic formations can block ground-water flow in a vertical
direction. The steep slopes of the anticline limbs direct the flow
toward the foot of the anticline via available pathways.

If the elevation of the impermeable formation under the
crest of the anticline is lower than the karst-water level, result-
ing in the absence of any barriers, the karst water of one of the
anticline limbs (donor limb) can flow towards the adjacent limb
(receiver limb). Usually the contact elevations of karst forma-
tions with the adjacent non-karstic formation or alluvium are
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higher around the donor limb than around the receiver limb. In
other words, hydrological base level is located at the foot of the
receiver limb and the easiest way for ground water to flow from
donor limb to receiver limb, because the hydraulic gradient is
steeper toward this limb. The hydraulic connection between the
two limbs is often restricted to small areas of the donor limb. So,
the infiltrated water flows first parallel to strike in a donor limb,
towards a connection area, and then flows to the receiver limb at
the connection area.

A main conduit system may develop at the foot of the an-
ticline, parallel to strike where the branches of diffuse flow or
small-conduit flow join each other. The direction of flow in main
conduit systems at the feet of anticlines depends mainly on the
location of discharge zones. Thus, anticlines of both groups can
be further classified into four subgroups in which karst water
discharges (I) Down-Plunge Nose: Only from one plunge apex
or both plunge apexes; (II) Limbs: Only from limbs; (IIT) Rivers:
To a river traversing the karstic aquifer; and (IV) Combination:
A combination of more than one of these subgroups (Fig. 1).

Therefore, the appropriate conceptual model defining re-
gional flow in anticlinal aquifers is based on the presence or
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Figure 1: Proposed conceptual model based on geometry and output location.
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Figure 2. Location map of study areas (boxes and triangles)
in relation to the position of selected anticlines discussed in
this paper. 1-Derak, 2-Gar and Barm-Firooz, 3-Dashtak, 4-
Rooshan, 5-Ravandi and 6-Podenow. Abbreviation K.P. is
Khozestan Plain

absence of hydraulic connectivity between limbs of anticlines
and on the location of discharge zone, leading to eight alterna-
tive types of flow patterns.

GEoLOGIC SETTING

In Iran, Zagros extends from the west to south and south-
east. The study areas are situated at three different points (Fig.
2). The Zagros consists of three zones, namely the Khozestan
Plain, the Simply Folded Zagros and the High Zagros (Darvi-

chzadeh, 1991). The Khozestan Plain Zone consists of alluvial
sediments, which cover all older formations. The Simply Folded
Zagros consists of long, linear, asymmetrical folds. Anticlines
are well exposed and separated by broad valleys (Miliaresis,
2001). Fold axes have a northwest to southeast trend. The High
Zagros is very close to the main Zagros thrust fault where it is
crushed and intensively faulted.

The stratigraphy and structural characteristics of the Za-
gros sedimentary sequences have been described in detail by
Stocklin and Setudehnia (1971) and Alavi (2004). The geologi-
cal column of formations outcropping in the study areas is pre-
sented in Figure 3. In the following sections, the main outcrop-
ping formations of the study areas are discussed in decreasing
order of age (Stocklin and Setudehnia, 1971; Darvichzadeh,
1991; Alavi, 2004). The Kazhdumi Formation, within the Bang-
estan Group, is composed of 230 m of marl at the top and dark
argillaceous limestone and marl at the bottom. The Sarvak For-
mation consists of 250 m of argillaceous limestone at the bot-
tom and 570 m of resistant, cliff-forming limestone at the top.
The Gurpi is composed of 350 m of marl, marly limestone, and
claystone. The Sachun with a thickness of 1400 m consists of
argillite, shale, evaporates (mainly gypsum), and is intercalated
with thin-bedded dolomite. The Jahrum Formation overlies it.
Pabdeh consists of 800 m of calcareous shale, marl, and lime-
mudstone with subordinate argillaceous limestone. Facies grade
toward the southwest into the Jahrum carbonates. The Jahrum is
composed of 485 m of cliff-forming dolomite interbedded with
dolomitic limestone; it grades toward the deep-marine Pabdeh
carbonates. The Jahrum Formation outcrops in most parts of
the Zagros and is known as Shahbazan Formation in west of
Zagros. The thickness of the Asmari Formation varies from a
few meters up to 500 m, consisting of medium-bedded to thick-
bedded, and well-jointed limestone. The Razak Formation has
a highly variable thickness ranging between 150 to 1300 m. Its
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