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Abstract. The grooves, striutions, vutsize clasts, trace fossils and varves found in the Kooli Farmation
{Permian) in the Republic of Yemen which were considered as un indication of continental glaciation, are
re-investigated. It is found that the Kooli Formation was deposited in a glaciolacustrine environment by
comtinental glaciers which were flowing towards the northwest.

Introduction

The gravelly siltstones and silty shales which constitute the lower part of the Kohlan
Group in the northern and central parts of the Republic of Yemen (Fext-Fig. 1) and
which have been formally named as the Kooli Formation [1], (Text-Fig. 2), were con-
sidered to be of glacial origin on the basis of the occurrence of tillite (Text-Fig. 3),
grooves (Text-Fig. 4), striations (Text-Fig. 5), dropstones (Text-Fig. 6}, sinated
gravels (Text-Fig. 7). outside clasts (Text-Figs. 6 - 8) and varves (Text-Fig. 9), by
Roland [2], Kruck and Thicle [3], and El-Nakhal [1, 4]. These authors however, have
not interpreted precisely the depositional environment of the Kooli Farmation or the
direction of the ice flow. Therefore, the exposurcs of these gravelly fine-grained
dcposits at Kohlan area are re-investigated and new resulis are presented. The pre-
sent study is aimed to discuss these results and their significance.

Stratigraphy

The Kooli Formation displays features normally considered as evidence for the
presence of Late Palaeozeic glacial activity in the Republic of Yemen. This rock unit
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was introduced by El-Nakhal [1]. 1t belongs to and constitutcs the lower part of the
Kohlan Group (Text-Fig. 2). On the basis of its stratigraphical position, the Kooli
Formation was assigned to the Permian [1, 3]. In the central regions of the Republic
of Yemen, it unconformably overlics the Prccambrian basement rocks and is overlain
unconformably, by the Early Jurassic Affar Formation.

The Kooli Formation consists of poorly sorted, gravelly, fine-grained sediments
which arc thinly bedded in their upper part and lack stratification in their lowcer part.
On lithic grounds it was subdivided into two members, the Sharas and the Khalagah
Member [1]. The Sharas Member includes the lower part of the Kooli Formation con-
sisting of unsorted, dark green, silt rich diamicton which is considered as a tillite
{Text-Fig. 3). The Khalagah Member on the other hand, includes the upper part of
the formation which consists of thinly laminated gravelly dark green silty shale that
may represent annual varves (Text-Fig. ¥). The Sharas Siltstone Member includes
siity shale intercalations, whereas the Khalagah Member includes several thin
siltstone interheds (Text-Fig. 9).

Parallel grooves and striations

In the Khalagah agricultural district {Text-Fig. 1}, the upper surface of the Sharas
Member is well exposed where parallel grooves {Text-Fig. 4), and striations (Text-Fig.
5) can be traced. Both the grooves and the striations have a northwestern-southeastern
trend (Text-Fig. 5) which conforms well with the general orientation of the elongate
outside clasts found in the same horizon in the study area (Text-Fig. 8). Fxposed
midividual grooves are up to 5 m long. 30 cm wide and 6 cm deep (Text-Fig. 4).

Kruck and Thiele [3] refesred to the ovccurrence of glacial grooves on the
polished surface of the Precambrian basement rocks in the Kohlan area, but they
have neither described those grooves nor illustrated them,

Qutsize Clasts

Outsize clasts, some of which are striated, are widespread throughout hoth the
Sharas Siltstonc and the overlying Khalagah Silt-Shale Members (Text-Figs. 6-8). At
the outcrops of the upper surface of the Sharas Member which consists of silt rich
diamicton {Text-Fig. 3), numerous outsize clasts which vary widely in shape and size,
are well exposed. Some of these clasts are elongate and show facetted surfaces with
two unequally inclined sides (Text-Fig. &). Mcasurcment of the oricntation of the
long axis of 30 of these clasts in the Khalagah district shows that they have a preferred
orientation with a NW — SE trend with the gently inchined facetted side dipping
towards the SE (T'ext-Figs 8,10). As mentioned above, this trend conforms well with
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that of the grooves and striations recorded in the same horizon in the study area. The
tendency of these clasts to have this particular trend is considered as un indication
that they have a streamlined orientation in relation to the direction of icc movement
so that each clast presents the least resistance [3]. Accordingly, it can be interpreted
that the ice in this area was flowing from the gently dipping side towards the steep end
of these clasts, i.e. from the soulheast to the northwest (Text-Figs, 8,10).

Dropstones

_ Some of the recorded outsize clasts show bending of the laminac at the lower
contact (Text-Fig. 6). In most cases, these laminae are deformed by small faults
(Text-Fig. 6) which indicates that these structures resulted from the vertical loading
and they do not represent flow structures caused by a mobile matrix flowing around
the clasts. Therefore, these clasts are considered here as dropstones.

Trace fosslls

Trace fossils consisting of biserial arthropod trails are widespread on the laminac
of the Khalaguh Member (Text-Fig. 11). These trails arc similar to both Tusmanadia
rwelvetreesi Chapman [6], and Umfolozia sinuosia Savage [7] which were deseribed
from glacial deposits in Tasmania and South Africa, respectively. T. twelvetreesi was
found in rocks of Late Carboniferous age 8|, whereas U. sinuosia was recorded from
rocks of Permian age [7,9]. As the diagnostic cycle of four pairs of tracks, peculiar to
Umfolozia, could not be confirmed in the recorded tracks, it is preferred here W
assign these tracks to Tasmanadia twelverreesi Chapman. The accurrence of this
ichnospecics is considered as additional evidence for the glacial origin of the
Khalaqah Silt-Shale Mcmber.

Kruck and Thiele [3] described five types of tracc fossils in the study area which
they assigned to Polychaete, Permichniumn, Rhizocoralium, and Scoliciu. They com-
pared this assemblage with the trace-fossil association described by Gevers er al. 110]
in rocks of possible Devonian age, from Antarctica.

Varves

The Khalagah Member consists of about 90 m of dark green, poorly sorted,
thinly bedded, well-laminated, gravelly silty shale with numerous thin siltstone inter-
beds (Text-Fig. 9). The lamination of this member refers to the occurrence of alter-
nating fine and coarse siltstone laminae which are interpreted as annual varves.
Because saling water inhibits the development of well defined diatactic varves [11],
the Khalagah Member almost certainly was inscribed in freshwater. Accordingly, it
can be interpreted with a reasonable certainty, that this member was deposited in
glaciolacustrine rather than a glaciomarine environment [12], with the probability
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Fig. 1 Locatien map showing the aress with glacial deposits in the Republic of Yemen. The inset indicates
the position of the Republic of Yemen in relation to the Arabian Peningula,




Fig. 2.
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Lithostratigraphic subdlvison of the Kohlan Group in the Republic of Yemen {after Fl-Nakhal, 1).
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Fig. 3. Exposure of the upper surface of the tillite of the Sharas
Member; Beit al-Kooli village (after EI-Nakhal, [4]).

Fig. 4. Parallel grooves on the upper surface of the-Sharas
Member, the rock hammer crosses two grooves;
Khalagah district.
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Fig. 5. Parallel striations on the polished upper surface of the Sharas Member; Khalagah district.

Fig. 6. Dropstone in the rhythmically laminated Khalagah Member showing bending of laminae at the
lower contact; a small fault appears near the lower right corner; Kohlan al-Sougq.
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Fig. 7. Striated cobble from the Sharas Member, Beit al-Kooli village.

Fig. 8. Elongate boulder which is morphometrically asymmetrical along the long axis; Khalagah district.
Photograph taken lookirlg towards the northeast,
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Fig. 9. Hemnsphencnl histogram shuwmg long-axis orientation of the outsize clasts which have two

Iy g sides exposed at the upper part of the tillite of the Sharas Member; Khalagah
dtslriﬂ The mensured trends show the direction from the gently sloping side towards the steep
side of the studied clasts.

that it is partly composed of debris of flows of paraglacial origin. In view of the fact
that stratification of sediment may be destroyed by organisms that feed on organic
matter contained in bottom muds, the preservation of lamination indicates either
very rapid deposition or toxic bottom conditions and suppression of benthic fauna
[11]. However, as mentioned above, trace fossils are widespread throughout the
Kooli Formation which indicates that the bottom conditions under which this forma-
tion was deposited were not toxic. Accordingly, the preservation of lamination in the
Kooli Formation is attributed to very rapid deposition.
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Fig.10. Trackways of Tasmanadia twelvetreesi Chapman, on the lower surface of the varves of the
Khalagah Silt-Shale Member; Kohlan al-Sougq.

Fig.11. Section through the rhythmically laminated Khalagah Silt-Shale Member showing varves (a), and
a thin siltstone interbed (b); Kohlan al-Sougq.
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Summary and Conclusions

The study of the grooves, striations, outsize clasts, trace fossils, and varves found
in the Permian Kooli Formation in the Kohlan area, has led to the following conclu-
sions:

a. The trend of the grooves, striations and the elongate outside clasts which are
morphometrically asymmetrical along the long axis, suggest that the ice was flowing
from the southeast to the northwest.

b. The preservation of the varves indicates that the Kooli Formation accumu-
lated in freshwaler and it was deposited in glaciolacustrine environment.

¢. The abundance of Tasmanadia-style trace fossils indicates that the bottom
conditions were not toxic, and supports (he glacial origin of the Kooli Formation,

d.  Preservation of the varves accompanied by the abundance of the trace fos-
sils, indicates that the deposition of the Kooli Formation was rapid.

Acknowledgement. | would like to thank the two anonymous reviewers who pro-
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