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CHAPTER I
INTRODUCTION

This study describes Devonian aged fluvial and lacustrine sequen-
ces of the Middle and Upper 0ld Red Sandstone which were deposited
along the southeast fringe of the Orcadian Basin, and are located on
the coast of Tarbat Peninsula in northeast Scotland (Figures 1, 2,
and 3). Specific objectives are 1) classification and interpretation
of depositional environmments and depositional facies; 2) discrimina-
tion Between autocyclic and allocyclic controls on sedimentation; 3)
petrologic studies of provenance, red bed genesis and paragenesis; 4)
description of minor tectonic structures and the determination of their
relationship to the Great Glen fault (which is located directly off-

shore of the field area).
Background

During late Silurian to early Devonian time, the closure of the
Iapetus Ocean culminated in a major orogeny. ' The resulting fold moun-
tains are known in eastern North America as the Appalachians, and in
Europe as the Caledonides. Syntectonic and post-tectonic basins were
filled with the eroded debris of these mountains. The resulting
mollase, which is found thfoughout much of eastern North America,
Greenland and Europe is collectively known as the 0ld Red Sandstone

(Anderton et al., 1979) (Figure 4).
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Figure 1. Map of Scotland Enlarged to Show the Geology of
the Inner Moray Firth Region. (Note the ’
position of the Tarbat Peninsula with respect
to the Great Glen fault.) (After Fettes and
Cheshire, 1977.)
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Figure 3. View of Part of Study Area; Northeast Toward
Tarbat Ness



Depositional basins that contain 0ld Red Sandstone (0.R.S.) lith-
ologies were either internal or external in character. External basins
were bounded on one side by the orogenic belt and on the other side by
the sea. They are characterized by fining upward alluvial plain cycles
and shallow marine deposits. Examples of 0.R.S. external basins include
‘the Lower and Upper Devonian Anglo-Welsh-Irish Basins of southern
England, Ireland, France, Belgium and Poland, and the Catskill Clastic
Wedge of eéstern North America. Internal basins were self-contained
entities within the orogenic belt. Commonly, internal 0.R.S. basins
were filled by lacustrine facies in the center, and alluvial fan and
fluvial sequences around the fringe of the basin (Donovan, 1975).
0.R.S. infernal basins include the Norwegian, Greenland, Spitsbergen
Basins, and the Midland and Orcadian Basins of Scotland (Anderton et

al., 1979).
Procedure

The Tarbat Peninsula‘is bounded to the north by the Dornoch Firth
and to the south by the Moray Firth (Figure 2). Field work was con-
ducted during June, July, and August of 1982 on coastal exposures
adjacent to the Moray Firth between Rockfield and Tarbat Ness (Figure
.2). A total of 520 meters of section was measured (Appendix B).
Fifty-one samples were selectedvét 1—30‘meter intervals to be approxi-
mately representative of the depositional facies types recognized dur-
ing the study. These samples were used for megascopic, petrographic
x-ray diffraction, and electron microscope analyses.

Megascopic descriptions include textural estimations and color

classification according to the Rock Color Chart (Goddard et al.,



1963.) Thin sections were point counted (400 points per sample), and
analyzed for textures, textural maturity and paragenesis (Appendix E).
Petrographic preparation techniques included blue impregnation for por-
osity and selective staining of potassium feldspars using a sodium
cobaltinitrite solution. Samples suspected to contain ferroean cal-
cite were stained with a potassium ferricyanide solution. Twenty-five
samples were chosen for clay extraction and x-ray diffraction analysis,
of which five were selected for electron microscopy. X-ray diffraction
and electron microscopy were used to determine the authigenic or
detrital nature of clay minerals, cement types and perigenesis.

Erosion of the southern side of the Tarbat Peninsula, a remark-
ably straight coastline oriented at 035, has been controlled by the
Great Glen fault which is present directly offshore in the Moray Firth
(Figure 1). Consequently, numerous second order strucﬁures that were
probably generated by stress fields related to the Great Glen fault
were encountered during field work. When sufficiently developed, fold,
fracture and fault orientations were measured. Lis data was plotted
on rose diagrams and stereonets to determine the sense of movement of

the Great Glen fault during post-Devonian time.
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CHAPTER II
HISTORY OF PREVIOUS RESEARCH
Introduction

Coastal exposures of Middle and Upper Devonian 0.R.S. present
along the Tarbat Peninsula (Figure 2) are located on the fringe of the
Orcadian Basin as it is presently exposed. These sequences were first
discussed by Sedwick and Murchinson in 1829. Subsequently, Hugh Miller Jr.
produced the first geological map of the Cromarty District in 1889.
Armstrong and Harris (1973) are responsible for a revised edition of
this map. Subsequently, Armstrong (1977) elucidated the stratigraphy

of the area; otherwise, no modern work has been published.
Local Stratigraphy

In the Cromarty District the Lower, Middle and Upper 0.R.S. are
classified as the Struie, Strath Rory, and Balnagowan Groups,'respec—
tively (Armstrong, 1977). The Struie Group, of Seigenian-Emsian age
(Table I), is up to 2400 meters thick. Typical lithologies (conglom-
erates, impure limestones, mudstones, siltstones and sandstones) have
been identified at Strathpeffer, but are absent along the Tarbat
Peninsula 20 miles to the east (Figure 1).

Middle Devonian units, referred to as the Strath Rory Group, com—

prise 2800 meters of basal conglomerates and sandstones with
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interlaminated calcareous shales. 1In the Strathpeffer area, these beds
rest on the Struie Group but along the Tarbat Peninsula, basal conglom-
erates rest with profound unconformity upon an irregular surface of Pre-
Cambrian Moinian basement.

The Upper Devonian Balnagowan Group, at least 1000 meters thick,

comprises mostly sandstones. Fossil fish (Psammosteus, Asterolepis, and

Holoptychuis) found near Balnagowan suggest a Frasnian age for lower

members. At Tarbat Ness, the contact between the Balnagowan and Strath
Rory Groups is obscured by a fault (Armstrong and Harris, 1973). Else-

where, the Upper-Middle 0.R.S. contact is not exposed.
Regional Stratigraphy

Extent of the Orcadian Basin

The geographical extent of the Orcadian Basin includes exposures
from Gamrie on the southern coast of the Moray Firth to the Melby
District of Shetland (Figure 5). Elswhere in Shetland, 0.R.S. depos-
its in the Walls and East Shetland areas are distinctively different to
Orcadian deposits in their stratigraphic and tectonic relationships.
Hence, they are considered to have been deposited in distinct basins
(Mykura, 1976).

All three 0.R.S. divisions, Upper, Middle, and Lower, are présent
in the Orcadian Basin. Middle Devonian units are most prevalent. The
following discussion of the stratigraphy of the Orcadian Basin is

adapted chiefly from the Westoll (in House, et al., 1977).

Lower 01d Red Sandstone Deposits

Limited exposures of the Lower O.R.S. in the Orcadian Basin suggest
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that during the Lower Devonian, sedimentation occurred in three dis-
tinét sub-basins (Figure 6). Exposures in the easternmost Rhynie-
Gardenstown Basin include a basal conglomerate which grades upwards
into sandstones, flagstones and marls. Spores found in the marls indi-
cate an age near the Siegenian-Emsian boundary (Table I, N 10-12).

In the Strathpeffer Basin, 200-300 meters of basal conglometates
are followed by 400 meters of shales (Figure 6). Eighty meters from the
top, the shales become interlaminated with calcareous bands; these
units have been named the Spa Beds. Richardson (1965) collected spores
from the Spa Beds which yielded an age close to the Siegenian-Emsian
boundary (Table I, N-14).

Lower O.R.S. in Caithness include sequences near Ousdale and Sar-
clet (Figure 6). The succession at Ousdale includes a basal conglomer-
‘ate which rests unconformably upon-the Late Silurian Hemsdale Granite,
and is followed by mudstones. Donovan and Collins (1978) described spores,
plant fragments (Pacytheca) and fossil fish (Porolepis) that indicate a
position near the high Lower Devonian. The Sarclet Group consists of a
basal conglomerate or an arkose succeeded thin carbonates, mudstones
and sandstones. Spores derived from the topmost mudstones are of mid-
Emsian age (Table 1, N 18).

Fannin (1969) and Mykura (1976) identified strata of the Yesnaby
Sandstone Group on Orkney, which rests on basement and is overlain
unconformably by Middle 0.R.S. (Figure 6). Although fossil evidence is
lacking, the coarse proximal nature, and the stratigraphic position of

the Yesnaby Sandstone are suggestive of a Lower Devonian age.
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Middle 0ld Red Sandstone Deposits

The extent and the exposure of the Middle 0.R.S. preserved indi-
cates that this division constitutes the bulk of Devonian sedimentation
in the Orcadian Basin (Figure 7). In general, most sediments in the
center of the basin are of lacustrine origin. Mixed fluvial and lacus-
trine facies are found around the periphery. Paleocurrent orientations
and stratigraphic correlations indicate that sediment sourcelands
existed to the south, west, and northwest of the basin. In the Moray
Firth Area, sediments were derived from the Grampian Highlands to the
south. In Sutherland, Caithness and Orkney, sediments were derived
from the southwest and west. Shetland M.O.R.S; sediments were shed
from sourcelands to the northwest (Donovan et al., 1976).

Around the southern margin of the Moray Firth, over 1000 meters of
M.0.R.S. sediments are present (Figure 7). Basal units are unconform-
able on Lower 0.R.S. or overstep onto Moinian or Dalradian basement.
Five units have been recognized (Table I, N 13). In ascending order,
these are: 1) a basal conglomergte that fines upward into sandstones
and rare limestones, 2) sandy flagstones; calcareous flagstones and

shales with calcareous lenses. Dipterus and Coccosteus fish derived

from this zone indicate a position close to the Eifelian-Givetian
boundary, 3) approximately 300 meters of sandy flagstones, and pebbly
sandstones and shales (referred to as the Leanach Sandstone), 4) the
Inshes Flagstone Group, which includes several hundred meters of
arkosic, micaceous and calcareous flagstone, 5) a poorly defined unit,
the Hillhead Group, consisting of five meters of micaceous sandstones

and laminated dark shales, is the highest sequence exposed.
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Middle O0.R.S. units are exposed at Strathpeffer, the Black.Isle, and
the Tarbat Peninsula on the northwest and southeast limbs of the Easter
Ross Syncline (Figure 7). At Strathpeffer, the basal Knock Farill Con-
glomerate passes upwards into the sandstones and shales of the Loch
Ussie Gfoup (Table I, N-14). To the northeast, these two units inter-
finger. On the Black Isle, they are equivalent to the Drunderfit Con-
glomerate and the Millbuie Sandstone, respectively.

At Cromarty, Hugh Miller's famous fish bed has yielded fauna simi-
lar to that of the Achanarras Horizon in Caithness (the principal strati-
graphic marker horizon in the basin). At Cromarty, this bed is 100
meters above the local M.0.R.S. base whereas in Caithness the same hori-
zon is 2300 meters above the M.0.R.S. base (Donovan et al., 1974).
Observations of this type around the Moray Firth Area support the con-
clusion that Middle Devonian sedimentation commenced earlier in Caith-
ness than elsewhere in the Orcadian Basin.

In Caithness the Middle 0.R.S. may be as much as 4000 meters thick,
which is the greatest known thickness in the Orcadign Basin. The major-
ity of these rocks, in particular the finer lithologies, are considered
as lacustrine (Crampton and Carruthes, 1914; Donovan, 1975). Crampton
and Carruthers (1914) developed the first stratigraphic correlation of
this area. However, Miles and Westoll (1963 and 1968) indicated that
errors existed in the surﬁeys classification. By adopting new and more
conformable type sections, Donovan et al. (1974) further revised this
classification in the following manner. The terms "Barren Group,"
"Wick" and "Thurso Flagstones Groups' were discarded. 1In their place
the Sarclet Group and Upper and Lower Flagstones Groups were defined.

The John O'Groats Sandstone was maintained from the original
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classification (Table I, N. 18).

Donovan et al. (1974) divided the Lower Flagstone Group into four
subgroups. The Clyth Subgroup consists of a basal unit, the Ellens Goe
Conglomerate, which fines upward into rhythmic flagstones. Dark cal-
careous laminites and flagstones are present in the uppermost Robbery
Head Subgroup. The topmost member of this subgroup is Achanarras
(Niandt) limestone which contains a highly distinctive fossil fish
fauna. Elements of this fauna are found in the M.0.R.S. of the Tarbat
Peninsula in a position approximately 500 meters below the rocks inves-
tig;ted in this study (personal communication, R. N. Donovan, 1983).
This establishes that the M.0.R.S. sediments studied here are equivalent
to the uppermost paft of the Caithness sequence.

The Upper Caithness Flagstone Group is divided into three .sub-
groups. Typical lithologies include dark gray shales and fine to medium-
grained sandstones in the Latheron Subgroup, thinly bedded flagstomnes
and dark gray shales in the Ham-Scarfskerry Subgroup and sandstones\with
channeling and slumping near the top in the Mey Subgroup.

The overlying John O'Groats Sandstone Group marks the top of the
M.0.R.S. in Caithness. A braided fluvial environment of deposition
apparently dominated sedimentation although several calcareous laminites
of lacust¥ine origin are present (Donovan et al., 1974).

Middle 0.R.S. successions at Orkney are divided into, in ascending
order, the Stromness Flagstone, Rousay and Eday Groups (Figure 7).

Lower Stromness Flagstone sequences consist of 24 rhythmic units of flag-
stones, each approximately 11 meters thick. Typical lithologies of
these sequences are 1) basal bituminous laminites followed by thinly

bedded sandstones and siltstones; 2) sandstones with channeling features;
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3) mudstones with abundant desiccation cracks. At the top of the Lower
Stromness Flagstone Group, the Sanwick Fish Bed is a correlative to tﬁe
Achanarras horizon (Table I, N 19). The Upper Stromness Flagstone Group
consists of cyclic channeled sandstone sequences.

The overlying Rousay Group is dominated by sequences of lacustrine
origin. However, coarse fluvial clastics become prominent near the top.
A sharp-to-transitional contact separates the Rousay and Eday Groups.
Wilson et al. (1935) and Mykura (1976) have indicated that the absence
of lacustrine units defines the base of the Eday Sandstone. Fauna
present within the sandstone indicates that it coorelates with the John

0'Groats Sandstone of Caithness (Table I, N 18-19).

Upper 0ld Red Sandstone Deposits

Upper 0ld Red Sandstone sequences are best exposed along the south-
ern coast of the Moray Firth and the Tarbat Peninsula (Figure 8). At
Caithness, they are confined to the Dunnet Head Sandstone while in the
Orkneys they are present only on the island of Hoy. The age of the
Upper 0.R.S. is generally considered as Upper Devonian. It is possible,
however, that Lower Carboniferous strata are present.

Upper O.R.S. deposits along the southern coast of the Moray Firth
are arenaceous sandstones that were derivéd from the southwest (Donovan
et al., 1976). Estimations of total thickness which varies between 450-
1200 meters are tentative. Thé stratigraphy consists of, in ascending
order, the Nairn Beds, Boghole Beds, Alves-Scaat, Craig-Cornstone Beds
and the Rosebrae Beds. Upper 0.R.S. faunas have been compared with
those in the Baltic Region and Western Europe (Westoll, 1977). The

Nairn, Boghole and Alves-Scaat Craig Beds are considered to be of
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Frasnian age (Table 1, N 12-13). The Rosebrae Beds have been inter-
preted to be of Famennian age (Table I, N 12).

Poorly exposed U.O.R.S. deposits are present at Dornoch and in the
northwest-central part of the Easter Ross Syncline (Figure 1). Faunal

assemblages, including Holoptychuis, suggest that these units, together

with the Balnagowan Group of the Tarbat Peninsuala, are correlative
with the Boghole and Alves-Scaat Craig Beds.

The Dunnet Head Sandstone (650 meters thick) of Caithness con-
sists of buff to red sands with minor discontinuous clay bands. Orien-
tations of trough cross stratification indicates that these beds were
laid down by streams flowing from the southwest. The presence of

Holoptychuis suggests a correlation with the Upper 0.R.S. of the Moray

Firth.

Upper 0.R.S. deposits of the brkneys (1650 meters) are confined to
Hoy (Figure 8). These units are unconformable on earlier, deformed
Middle O.R.S. units; Basal deposits consist of tuffaceous sandstones
which interfinger with olivine basalts. Lithologically, the overlying
sandstones resemble other U.0.R.S. units; however, they have not yielded

fossils.

Orcadian Basin Middle 0.R.S. Sedimentation Model

Primarily as a result of a study of marginal M.0.R.S. lacustrine
deposits at various places in Caithness, Donovan (1975, 1980) has devel-
oped a sedimentation model of deposition for the Orcadian Basin. The
margin of lakes within the basin can be conceptualized either as 'coin-

"

cident" or "non-coincident." WNon-coincident margins record circumstan-

ces when basin margins were fringed with alluvial deposits. Coincident
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margins occurred when the lake level coincided with the basin margin.
Recurring facies associations recording coincidence include 1) basal
sandstones or breccias qf fluvial origin, 2) flagstones of shallow
lacustrine §rigin, 3) carbonate laminites of deep lacustrine origin,
4) thinly bedded siltstones which resulted from lacustrine turbidity
currents, 5) an uppermost sandstone of fluvial origin with a markedly
erosive base.

These facies developed in‘response to transgressions and regres-
sions of lakes with resultant variations of base level. The effect of
allocyclic processes such as uplift rates, basin subsidence rates, sedi-
mentation rates, and long term climatic variations were critical con-
trols to the development of these facies packages. The most prominent
- facies variations resulted from long term climatic changes. During
cool and wet periods, lake levels and therefore base levels rose, rivers
alluviated their valleys, and lacustrine sedimentation was dominant
within the basin. Hot and dry periods were characterized desiccation of
lakes, regression, and a dominance by fluvial systems eroding to a lower
base level.

With the exception of the John O0'Groats Sandstone, the dominant
Middle O0.R.S. sediment type in the center of the Orcadian Basin is lacus-
trine (Donovan, 1980). Facies packages consist of symmetrical cycles
of the following sediment types: 1) non-glacial varves which result
from seasonal climatic variations, 2) alternations of thinly bedded
(0.5-3 mm) dark gray calcareous rich siltstones with shale laminae, 3)
alternations of gray carbon-rich shale and gray coarse siltstones in
heterolithic beds averaging 10 mm thick with straight crested symmetri-

cal ripples and subareal shrinkage cracks as characteristic sedimentary
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structures, 4) interbedded green shales, siltstones and sandstones with
penecontemporaneous deformation, subareal mudcracks, and multi-set rip-
pled cross laminations that originated in shallow and impermanent
lacustrine conditionms.

Cyclic combinations of these facies packages resulted from lacus-
trine transgressions and regressions. Examples of transgressive and
regressive sequences include (1, 2, 3, 4) and (4, 3, 2, 1), respectively.
Transgressions resulted in possible lake overflow from the basin and
faunal exchange with other Middle Devonian basins. Regressions resulted
in harsher ecological conditions and faunal population reductions
(Figure 9).

The Achanarras horizon, present in Caithness, Orkney, Shetland,
and the Moray Firth Area records a large fish exchange resulting from a
major Orcadian transgression. At Caithness, the Achanarras horizon is
2300 meters above the Middle O0.R.S. base. In the Moray Firth Area,
the same horizon is approximately 100 meters above basal Middle O.R.S.
The difference in the stratigraphic positions of the Achanarras horizon
between Caithness and the Moray Firth demonstrates that 1) Caithness
was an area of maximum Middle 0.R.S. accumulations, 2) regional lacus-
trine sedimentation in the area surrounding the Moray Firth resulted

only when Lake Orcadie transgressed to its maximum extent.



Map model illustrating lacustrine transgression
and regression during Middle O.R.S. sedimentation
in the Orcadian Basin. Upright letters: lake
level high. Slanting letters: lake level low.
C, coincidence of margins of lake and sedimen-
tation. NC. alluvium accumulating landward of
lake margin. d, delta. ssm, shoreline sorting
mechanisms. m, mudflats. -1-5 refer to sites
illustrated in B.

Sedimentation model for cycle development in the
Middle 0.R.S. Locations 1-5 are keyed to A.

Central basin cycle: low sediment supply. Bed-
ding almost entirely laminites (e.g., mostly in
Robbery Head Subgroup - time of maximum basin
expansion, also in Ham Scarsferry Sub-Group).

Central basin cycle: high sediment supply.
Symmetrical lacustrine cycles. Both carbonate
units (i.e., fish bearing laiminite and dolo-
stones) may be missing (e.g., South Head, Wick;
much of exposed Lower Flagstone Group; Ham/
Scarsferry Subgroup (in part).

Non coincident lake margin cycle: mixed lacus-
trine and fluvial (indicated on log by thicker mar-
gins) (e.g., Pennyland, Reay; all marginal areas
around Moray Firth and in Shetland at Melby).

Coincident lake margin (e.g., Baligill, Red Point,
Reay, Buckie?).

Alluvial cycles: controlled by base-level varia—
tion.
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CHAPTER III
STRUCTURAL GEOLOGY
Introduction

Structural evolution of Devonian coastal exposures along the Tar-
bat Peninsula was dominated by the Great Glen fault; a major transcur-
rent shear zone that has been active since the early Paleozoic
(McQuillin et al., 1982). 1In Pre-Carbcniferous times, the Great Glen
fault was positioned as a global small circle that extended from the
continental margin north of Ireland, through the Malin Sea, the Great
Glen of Scotland and the Moray Firth (McQuillin et al.,.l982). North
of Scotland, the Great Glen fault is thought to join the Walls Boun-
dary fault in Shetland (Flinn, 1961) (Figure 5).

Numerous arguments have been put forth to explain the nature of
offset along the Great Glen fault. These consider both right and left
lateral dislocations and tensional and compressional movements. A sum-
mary of post-Devonian interpretations, presented by Donovan et al. (1976),
is as follows:

1. Sinistral movements of 200-300 kilometers (Storetvedt,
(1974) or 500 kilometers (Stortevedt, 1975).

2. Dextral movements of 30 kilometers along the Great Glen
fault (Holgate, 1969), approximately 65 to 80 kilometers
on the Walls Boundary fault of Shetland (Flinn, 1969;
Mykura, 1969, 1972a, 1972b), a considerable movement on
the Melby fault in Shetland (Mykura, 1976), approximately
50 kilometers of movement on the Helmsdale fault (Flinn,
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1969), and a substantial movement on the Latheron fault
in southeastern Caithness (Donovan et al., 1974).

3. Post Jurassic normal movement of the Great Glen fault
associated with development of the Moray Firth basin
(Bacon and Cheshire, 1976), Post Jurassic movement of
the Walls Boundary fault associated with basin develop-
ment to the southwest of Scotland (Bott and Browitt,
1975).
Other pertinent interpretations subsequent to this summary are 1)
a post-Permian seven to eight kilometer dextral displacement and verti-
cal offset of a Permo-Carboniferous dike swarm along the Great Glen
fault at Argyll (Speight and Mitchell, 1979), and 2) substantial vertical
and minor dextral movements along the Great Glen fault which contributed
to the late Paleozoic and Mesozoic crustal extension (McQuillin et al.,
1979).

" Vertical movements along the Great Glen fault during the late
Paleozoic and Mesozoic Eras contributed to local crustal extension and
consequent development of the Moray Firth Basin. Controversy arises,
however, from interpretations of lateral displacements during the Pale-
ozoic. Because exposures are poor, interpretations of Paleozoic dis-
placements are often based on indirect evidence such as matching of
geophysical data, paleomagnetic data and Orcadian Basin facies pat-
terns. One example of the controversy that has arisen over post-
Devonian interpretations of lateral displacements is that of Van der Voo
and Schotese (1981) and Donovan and Meyerhoff (1982).

Donovan et al. (1976) found a remarkable similarity in the sedi-
mentologic and stratigraphic relationships of Middle Devonian sedi-
ments on both sides of the fault. In particular, they noted the occur-

rence of the distinctive Achanarras fauna in Shetland, Orkney, Caith-

ness, Cromarty, Gamrie and the Nairn-Clava region. East and west of
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the Great Glen fault in the Cromarty and the Nairn-Clava regions,
respectively, 18 fish species are common to the Achanarras horizon.
Consequently, they rejected major laﬁeral movements on the fault and
thought that a post-Devonian 30 kilometer dextral offset of the Great
Glen fault would provide a reasonable fit of these identical strati-
graphic horizons.

In a comparison of paleomagnetic orientations imprinted on hema-
tite in Devonian red beds collected on either side of the Great Glen
fault, and Devonian samples collected in eastern North America,

Van der Voo and Scotese (1981) found a remarkable similarity between
Devonian poles of the Orcadian Basin north of the Great Glen fault and
in eastern North America. Allowing for corrections resulting from the
breakup of Pangea, mean pole readings for the Orcadian Basin and east-
ern North America were Lat. SOON, Long. 112°E and Lat. 50°N and Long.
'll7oE, respectively. Corrected mean pole readings south of the Great
Glen fault were Lat. BOON, Long. 118°E--a 20° Latitudinal variance from
the mean Orcadian-North American poles. To accommodate this 20° var-
iance, they suggested that a 2000 kilometer sinistral offset had
occurred along the Great Glen fault during the Carboniferous.

The conclusions presented by Van der Voo and Scotese were based on
paleomagnetic variations of hematite in samples collected primarily
from the Orcadian Basin. Tarling et al. (1976) had previously noted
that the textures of hematite in many of the same Orcadian samples were
recrystallized or showed evidence of secondary hematite growth. Exam-
ination of the paleomagnetism of hematite from many of these samples
indicated that the stable magnetism was Permo-Carboniferous in age.

Hence, Tarling and his associates concluded that hematite was subjected
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to remagnetism during the arid climatic conditions that persisted in the
Permian Period. Lowered groundwater tables resulted in deep penetration
of oxygen and enhanced renewed growth or recrystallization of hematite.
As the textural and climatic evidence indicates that hematite transfor-
mation occurred after the Devonian Period, its use as a meaningful
paleomagnetic indicator in the manner proposed by Van der Voo and

Scotese is rather dubious.

New Evidence for Dextral Post-Devonian Movement

Along the Great Glen Faultl

The erosion of the eastern side of the Tarbat Peninsuala, a strike
coastline oriented at 035, has been controlled by the Great Glen fault
which is present directly offshore in the Moray Firth (Figure 1). Here,
the Great Glen fault separates onshore Middle and Upper Devonian O.R.S.
from offshore Jurassic units (Armstrong and Harris, 1973). These
exposures have been interpreted by Armstrong as the eastern limb of the
Easter Ross syncline; a low angle fold whose axis is faulted and is
sub-parallel to the Great Flen fault (Figure 1).

Coastal exposures of 0.R.S. dip primarily northeast. Near Ballone
Castle, however, the regibnal dip reverses to the southeast (Figure 2).
Superimposed on this orientation are 10 small-scale folds that plunge
SSW to SSE and two which plunge toward the north (Figure 10). The
folds in this Ballone Castle foldbelt are upright structures with limb

dips generally less than 45° (Figure 11) that form in a right-handed

lThe information presented in this portion of the current chapter
was recently submitted to Nature Magazine by Dr. R. N. Donovan and the
author. The title of this manuscript is "Post-Devonian Right Lateral
Movement on the Great Glen Fault'" (Appendix A),.
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Figure 11.

Small-scale en echelon Folds, Ballone Castle
Foldbelt. [ (A) doubly plunging ™whaleback
fold" at 0° and 180°; (B) another minor
structure - plunge 358°.]
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en echelon array. The mean orientation of the south plunging struc-
tures (185) diverges from the Great Glen fault by about 23° (Figure 12).
Their orientation is compatible with generation of en echelon folds by
dextral transcurrent displacement during the post-Devonian (Wilcox et
al., 1973).

Sporadic but locally intense fracture patterns occur throughout
the Ballone Castle foldbelt. A mean orientation of northeast fractures
of 047 deviates from the Great Glen fault by about 14° (Figure 13) and
is compatible with the development of dextral Reidel fractures (Tcha-
lenko and Ambraseys, 1970). A complementary conjugate Reidel set is
poorly developed. Another possible fracture pattern that is present
in this region are P fractures which are symmetrical to dextral Reidel
fractures (Figure 13).

In the southern portion of the Ballone Castle foldbelt, a fault

trending 030 brings steeply dipping buff sandstones striking at 030
into juxtaposition with red siltstones striking at 095 (Figure 10).
The siltstones were not encountered on the west side of the fault and,
as a consequence, the nature of offset is unknown. To the north, the
fault trend encounters covered ground but is then re-exposed approxi-
mately one mile north of Ballone Castle. Here a distinctive red-buff
mottled sandstone appears to be offset in a dextral manner. However,
the exact nature of offset cannot be proven.

Analysis of fracture patterns for the remainder of the field area
support the conclusion determined from aﬁalysis of the Ballone Castle
foldbelt. Both dextral Reidel fractures (mean, 052) and conjugate
Reidel fractures (mean 316) are well developed (Figure 14). The orien-

tation of a third fracture pattern (mean, approximately (25) suggests
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the presence of P shears (Tchalenko and Ambraseys, 1970). An alternative
explanation for this trend is that these fractures are tensional features
related to normal movement of the Great Flen fault.

Four well developed fractures have trends that approximate orienta-
tions of observed conjugate Reidel or Reidel fractures (Figure 2). Gener-
ally, these features have stratigraphic displacements of less than 10 feet.
Several fractures which form prominent erosional scarps have orientations
which often differ from conjugate Reidel or Reidel fracture correlatioms.
One example of these features is the M.0.R.S.-U.0.R.S. fault contact located
approximately .5 kilometers south of Wilkhaven Pier (Figure 2). While the
stratigraphic displacement resulting from this fault is unknown, the simi-
larity in lithologies and lack of any second order structures on both
sides of the fault suggests that its displacement is very minor.

At Wiikhaven Pier, a high angle reverse fault with a sense of left
lateral displacement oriented at 088 (Figure 15) is a conjugate Reidel
shear. This fault resulted in emplacement of a minor outlier of the
U.0.R.S. south of the pier.

Based on analysis of an en echelon fold system and shear orientations’
along the Tarbat Peninsula, a post-Devonian dextral offset of the Great
Glen fault is postulated. It is possible, however, that a large-scale
early fold in the Ballone Castle foldbelt resulted from initial vertical
movements (Figure 16). This large-scale fold was then refolded into smaller
scale en echelon structures during dextral dislocation. Because the total
width of the shear zone is unknown, inferences concerning the amount of
lateral displacement are, at best, speculative. However, the size and
frequency of occurrence of observed structures suggests that post-Devonian

dextral displacements were modest.
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mitted.)
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CHAPTER IV
SEDIMENTOLOGY OF BRAIDED ALLUVIUM
Introduction

Reconnaissance work conducted by R. N. Donovan (personal communica-
tion, 1982) and by M. Armstrong (1977) indicated that the M.0.R.S.-U.0.R.S.
sequence along the Tarbat Peninsula is of a fluvial origin. This conclu-
sion was substantiated by field work conducted during this study. The
M.0.R.S. is composed of 92 percent very fine to medium-grained sand, and
eight percent silt and mud. Sedimentary structures that characterize sandy
lithologies are large-scale cross-bedded units with scoured surfaces and
intraclast lags, medium~scale cross-bedded units, horizontal laminations
and some convolute bedding. Horizontal laminations are predominant in the
fine lithologies. Small-scale cross-bedding, small-scale ripples and climb-
ing ripples are also present. Although the position of sedimentary struc-
tures with respect to each other is variable, the M.O.R.S. contains numer-
ous cyclic sequences.

The U.0.R.S. along the Tarbat Peninsula is much coarser than the
M.0.R.S. Eighty-two percent of the section is coarse sand; 18 percent of
the section is mixed sand and gravel. Characteristic sedimentary struc-
tures include large~scale trough cross-bedding with scoured surfaces and
pebble lags, and subordinate amounts of medium-scale trough cross-bedding

and horizontal laminations. An U.O0.R.S. silt and mud facies is lacking.
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Paleocurrent orientations in both the U.0.R.S. and the M.0.R.S. are
predominately unimodal.

The poorly developed cyclic character of sequences in both the
Middle and Upper 0.R.S. precludes their deposition in a meandering belt
system as proposed by Allen (1964, 1965c, 1970a), or Harms et al. (1963).

Rather, a braided river model for their sedimentation is favored.

The Braided River Depositional System

Much of the current understanding concerning the braided river
depositional system has resulted from studies of recent braided fluvial
systems. Observations of the plan view of braided rivers and their
associated lithotypes are distinct advantages of this type of study.
Models developed from these studies have been applied to ancient braided
alluvial sequences. |

In pre-Carboniferous times, the lack of terrestrial vegetation en-
hanced the development of braided river systems (Rust, 1978b). As Devon-
ian meandering fluvial systems (in 0.R.S. external basins) have been
reported by Allen (1964, 1965c, 1970a), and by Walker and Harms (1971),

this generalization must be approached cautiously.

Channel Morphology

Channel morphology is the dominant control that effects the develop-
ment of a fluvial system. While various channel classifications exist,
Miall (1977, 1982) has adopted a simplified system based on previous work
by Leopold and Wolman (1957) and Schumm (1963a, 1968a).

Miall recognizes four channel types: straight, braided, meandering,

and anastomosing (Figure 17; Table II), whose identification is defined
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Figure 17. Common River Types. (From Miall, 1977.)
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TABLE II

CHANNEL CLASSIFICATION
(From Miall, 1977)

Single Channel Multichannel
Sinuosity (B.P <1) (B.P.>1)
low straight braided
high meandering anastomosing
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by their sinuosity and braiding parameter. Sinuosity is the ratio of
thalweg length to valley length. The braiding parameter is the total num-
ber of bars or islands that occur in a channel.

Both meandering and anastomosing rivers have siﬁuosities that are
greater than 1.5. Straight and braided rivers have sinuosities of less than
1.5. Straight and meandering rivers are characterized by braiding para-
meters of less than one. Braided and anastomosing rivers have braiding

parameters that are greater than one and hence, are multi-channel systems.

Depositional Environments of Braided Alluvium

Rust (1978b) has defined three depositional environments that are char-
acteristic of braided alluvium: alluvial fans, braided rivers, and allu-
vial plains. The dominant lithotypes of these three enviromments are
gravel, sand, and silt, respectively. These environments, along with their
associated lithotypes are intergradational; isolated environments, however,
are possible. The proximal or distal nature of braided alluvium is inferred
from the relation of sequences with respect to the sourceland and their
depositional environment.

Alluvial fans form in direct response to erosion of sourcelands with
high relief. Their plan is two-dimensional, and they are characterized by
rapid proximal to distal variations. Hooke (1967) has divided alluvial
fans into upper and lower fan segments (Figure 18). Braid channels incise
into the upper fan surface, On the lower fan, braid channels are present
on the surface. The intersection point defines the junction between the
upper and lower fan and hence, the change from incised to surface braid
patterns.

Common facies of alluvial fans are debris flows, sheet floods, stream
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Figure 18, Morphology of an Alluvian Fan. (After Hooke,
1967 and Collinson, 1980.)
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channels and sieve deposits (Bull, 1972). Proximai (upper fan) deposits
are massive to poorly bedded, unsorted, matrix-supported gravels. While
debris flows are the most common facies, stream channel and sheetflood
deposits are also prominent.

Distal (lower fan) deposits are characterized by a greater degree of
organization than proximal fan deposits. Framework supported gravels are
often infilled by sieve deposits. Coarse and fine sediments may grade
into one another in crude, fining upward sequences. Sheetfloods and
braided streams are the principal sediment dispersal mechanisms.

Braided river deposits result from sediment dispersal of distal allu-
vial fans or direct erosion of the sourceland. As a result of valley con-
finement, they are one—-dimensional in plan. Proximal braided streams are
typically gravelly. However, sandy deposits of a proximal nature have been
.reported (McKee et al., 1967). Criteria for their recognition include the
absence of silt and mud deposits, scoured channel surfaces with siltstone
intraclast lags and evidence of a semi-arid environmment. The transition
from proximal to distal braided river deposits results from a reduction in
stream competency. The increase of silt to sand ratios and stabilization
of river processes in distal deposits causes the development of fining
upward cycles.

Alluvial plains are broad features with low slopes that are charac-
terized by fine-grained fluvial systems whose channels have high lateral
aggradation rates. Post-Devonian to recent alluvial plain rivers are domi-
nantly meandering systems. Most lower Paleozoic rivers are interpreted to
have a braided type (Miail, 1977). Although rare, some recent alluvial
plain river systems have braided characters. These include the Yellow

River of China and the Donjek River of the Yukon. High amounts of silt
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which are present in the Yellow River result from erosion of massive loess
deposits (Chein, 1951). Gravel deposits in the distal portion of the
Donjek River result from erosion of a glacial source (Rust, 1972). Braid-

ing in both rivers is caused by stream incompetence.

Physical Controls of Braided River Sedimentation

Miall (1977) provided an excellent summary of the braided river depos-
itional environment. The following discussion of the physical controls on
braided alluvium is adapted chiefly from this study.

Braided rivers occur when they are not competent to carry their entire
sediment load (Leopold‘and Wolman, 1957). Common physical controls of
braided river incompetency are source areas and alluvial fans of high
relief, rapidly fluctuating discharge rates and climate. The predominance
of any one of these factors can cause braiding. However, braided systems
resulting from two or more physical controls are more common.

Streams that are located in arctic, arid and alpine environments are
often braided. The lack of vegetation in these climates (Schumm, 1968a)
plus their ephemeral discharge rates (alpine, arid) and high seasonal run-
offs (arctic, alpine) enhance braiding. In alpine and arctic environ-
ments, braiding is further influenced by erosion of glacial debris.

Braided systems are also recognized in humid-tropical and temperate
climates. Fluctuating discharge rates in the Himalayan Mountains, which
result from periods of high precipitation during monsoonal seasons, have
generated a predominance of braiding in the Mekong, Ganges, and Brahma-
putra Rivers. Examples of braided-meandering rivers in temperate climates
include the Amite River in Louisiana and the Endrick River in Scotland.

Braiding in both rivers results from high bed to suspended load ratios.
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Both rivers, however, have sinuosities that are typical of meandering

rivers. Vegetation enhances bank stabilization and hence favors meandering.

Braided River Morphology

In studies of recent braided alluvium, several distinct topographic
levels can be recognized. Channels comprise the lowest topographic levels.
Bars are intermediate structures, and floodplains and vegetated islands
which are typically in the abandoned river tract are at the highest topo-
graphic levels. Marked topographic differentiation resulting from a high
rate of degradation is common in braided streams that are in close proxi-
mity to mountain fronts. However, as distance from the sourceland increas-
es, stream degradation and hence topographic differentiation increases
(Miall, 1977).

The stability of morphological elements of braided rivers is a func-
tion of their topographic level and lateral position with respect to the
active braid tract (Williams and Rust, 1969). However, all elements of
braided rivers are temporal. Their preservation potential is a function of
lateral migration of the active braid tract and the ubiquity of any par-
ticular morphological element.

The most stable morphological elements, floodplains and vegetated
islands, are present in inactive areas of the braid system. Submergence of
these features occurs only during periods of flooding. Because avulsion in
braided streams is a common process, channels are the least stable morpho-
logical element. Bar stability is directly related to the lateral migra-
tion of the active braid tract. Bars present in the active braid tract will
continually aggrade and degrade. As the lateral distance between bars and

the active braid increases, fine-grained vertical accretion and evolution
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of bars into vegetated islands will be enhanced (Smith, 1970; Miall, 1977).

Description of Morphological Elements

Bars. Bar types that are recognized in braided river deposits include
longitudinal, transverse, linguoid, point and side bars (Figure 19). Point
and side bars are characteristic of meandering channels within the active
braided tract. Because of their complexity, these bar types are difficult
to recognize in ancient braided alluvium deposits (Miall, 1977).

Longitudinal and transverse bars are common in proximal (gravelly) and
distal (sandy) braided rivers, respectively (Smith, 1970). Transverse bars
have also been recognized in gravelly braided rivers by Smith (1974) and
Rust (1975). As exemplified by Smith's (1970) work on the South Plgtte
River in Colorado and Nebraska, the relative proportion of longitudinal to
ﬁransverse bars decreases gradationally with increasing distance from the
sourceland.

Longitudinal bars are lozenge shaped in outline (Figure 19). Their
generation results from the initial transport of bedload in the channel
thalweg. Trapping of finer grains as matrix material occurs as stream com-
petency decreases. Internal structures are massive or crudely laminated.
In areas of high thalweg sinuosity or at river junctions, distorted flow
patterns result in the generation of asymetric longitudinal bars (Miall,
1977).

Transverse bars occur principally in sandy portions of braided rivers,
and are generated by dune migration during high water stages in channels
of active braided tracts (Reading, 1980; Smith, 1970) (Figure 19). Size
ranges include lengths which vary from several meters up to 300 meters and

heights from several centimeters up to two meters (Maill, 1977). Coleman
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Figure 19. Bar Types of Braided Alluvium.
(From Miall, 1977.)
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(1969) has reported flood generated bedforms in sandy braided alluvium of
the Brahmaputra River that attain lengths and heights of 640 and 16 meters,
respectivgly. These bedforms are internally comprised of large-scale sets
of planar-tabular and trough cross-beds. However, their identity as trans-
verse bars is speculative.

Internally, transverse bars consist of planar-tabular cross beds.
Migration is accomplished by avalanche progradation on the lee side of the
bar. The direction of progradation is generally transverse to the mean
stream orientation (Miall, 1977; Cant and Walker, 1976, 1978). With waning
flow, bars often become emergent, small-scale structures migrate over the
bar tops and dissection and degradation are initiated by minor channels
(Smith, 1970).

Linguoid bars are genetically similar to transverse bars. The major
geometric difference is that lingupid bars are lobate in plan whereas trans-
verse bars have straighter crests. Miall (1977) indicates that the differ-
entiation of these bar types in recent and ancient sequences is arbitrary.

In studies of the South Saskatchewan River, Cant and Walker (1978)
report that the coalescence of transverse bars, channel dunes, and minor
small-scale structures form cross channel bars. Continued aggradation of

these bars results in the generation of sand flats.

Channels. Major and minor channels are recognized in recent and
ancient braided rivers (Smith, 1970; Cant and Walker, 1976, 1978; Miall,
1977) . Major channels occur adjacent to bars, although bar initiation
generally develops within them. Lateral migration of major channels is
accomplished by avulsion during high water stage or by dissection during

waning flow. Minor channels develop during periods of waning flow as bars
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become emergent. Both channel types are characterized by scoured sur-
faces, siltstone intraclast, or pebble lags in trough cross-beds. The magni-
tude of these features is proportional to the size of the channel in which

they occur.

Floodplains and Vegetated Islands. The percentage of fine-grained

deposits (very fine-grained sand or smaller) present in braided rivers is
significantly less than its coarser counterparts (Cant and Walker, 1976;
Miall, 1977; Rust, 1978b). Common sedimentary structures in these facies
include horizontal laminations, small-scale cross—~bedding of various types,
ripples, climbing ripples, mudcracks, and bioturbated horizons. These
facies result from deposition of fine sediments under low flow regime con-
ditions during periods of waning flow. Observations of recent braided
river systems demonstrate that these deposits are best preserved in non-

active areas.

Common Facies of Braided River Deposits

From studies of recent braided rivers, Miall (1977, 1978a) has devel-
oped a code of the common lithotypes and associated sedimentary structures
of braided alluvium (Table III). The symbols G, S, F, stand for gravel,
sand, and fines (very fine sand, silt or mud), respectively. Lower case
symbols describe the most prominent feature of the lithofacies; i.e., m—
massive, p-planar-tabular cross-beds, h-horizontal laminations, etc. A
description of each lithofacies is beyond the scope of this discussion.
However, a summary of the major lithotypes is as follows: 1) Character-
istic sedimentary structures of gravel deposits are massive or crudely

laminated beds and planar-tabular and trough cross—bedding. These deposits,



TABLE TII

52

COMMON FACIES OF BRAIDED ALLUVIUM
(From Miall, 1977, 1978a,)

Facies

Code Lithotacies Sedimentary structures interpretation

Gms massive, matrix none debris flow
supported gravel deposits

Gm massive or
crudely bedded
gravel

Gt gravel, stratified

Gp gravel, stratified

St sand, medium
to v. coarse,
may be pebbly

Sp sand, medium
to v. coarse,
may be pebbly

Sr sand, very
fine to coarse

Sh sand, very fine
to very coarse,
may be peubly

S/ sand, fine

Se erosional scours
with intraclasts

Ss sand, fine to
coarse,
may be pebbiv

Sse, She, Spe sand

Fl sand, siit, mud

Fsc silt. mud

Fef mud

Fm mud, siit

Fr silt, mud

C coal, carbona-
ceous mud

P carbonate

horizontal bedding.
imbrication

trough crossbeds
planar crossbeds

solitary (theta) or
grouped (pi) trough
crossbeds

solitary (alpha) or
grouped (omikron)
planar crossbeds

npple marks of all
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which are principally proximal, result from debris flows, sheet floods,
channel fills, and longitudinal bars. 2) Sedimentary structures asso-
ciated with the sandy facies are planar-tabular and trough cross bedding
erosional scours, rippled horizons, and horizontal laminations. Trough
and planar-tabular crossbedding are most characteristic of channel dunes
and transverse bars. Horizontal laminations result from floods or bar and
sand flat accretion. 3) Very fine-grained sand, silt, and mud are most
commonly organized into fine laminations and rippled horizons. Other
associated features include massive deposits, coal, rootlets, desiccation

cracks, and caliche horizons.

Vertical Facies Models

Miall (1977) describes four cycles that are characteristic of braided

rivers:

1) A flood cycle: a superimposition of beds formed at progres-
sively decreasing energy levels. 2) A cycle due to lateral
accretion: a cycle generated by point or side bar generation

is possible, as in a meandering river environment. 3) A cycle
due to channel aggradation: this cycle would represent the fill
of a channel or a local channel system. Waning energy levels
would occur during sedimentation, followed by channel aban-
donment as a result of avulsion. 4) A cycle due to channel
re-occupation: an abandoned, partially filled channel may be
re-occupied by avulsion.

Because of the variability of these cycles and the possibility of more
than one cycle influencing a fluvial succession, one idealized vertical
sequence for all braided rivers is inadequate.

As a result of studies of recent braided rivers, Miall (1977, 1978a)
has produced six generalized vertical profiles that characterize the
spectrum of braided river sedimentation. They include the Trollheim,

Scott, Donjek, South Saskatchewan, Platte, and Bijou Creek types



54

(Figure 20) (Table IV). A discussion of the salient features of each suc-

cession follows.

Trollheim Type. This model is based mainly on work carried out by

Hooke (1967), Wasson (1977), and Rust (1978b). The Trollheim is a proxi-
mal semi-arid alluvial fan that is located in California. Important
features include debris flows, incised channels, sheet floods, and crude

fining upward cycles.

Scott Type. The Scott type results mainly from work conducted by
Boothroyd and Ashley (1975) on glacial outwash fans of the Scott glacier
in Alaska. It is characterized by proximal gravel deposits that consist
of bars, debris flows, and minor channels. Fining upward cycles are

crudely developed.

Donjek Type. The Donjek type is characteristic of distal gravelly
river deposits. It was developed primarily from studies conducted by
Williams and Rust (1969), and Rust (1972) on the Donjek River located in
the Yukon. The succession consists of fining upward sequences of various
magnitudes, Individual sequences are comprised of gravelly channels and
longitudinal bars, sandy transverse bars, and sand-silty vertical accre-

tion deposits.

South-Saskatchewan Type. This model, developed from work by Cant and

Walker (1976) on the South Saskatchewan River, is designed to represent
cyclic sedimentation in sandy braided rivers. Fining upward cycles con-
sist of major and minor channels, compound bars, sand flats, and vertical

accretion deposits.
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TABLE IV

SUMMARY OF GENERALIZED VERTICAL PROFILES (Figure 20) WHICH
CONSTITUTE THE SPECTRUM OF RECENT BRAIDED ALLUVIUM.
(From Miall, 1978a.)

Name Environmental Main Minor
setting facies facies
Trollheim type proximal rivers Gms, Gm St, Sp, Fi, Fm
(G) (predominantly alluviat
fans) subject to debris flows
Scott type proximal rivers (including  Gm Gp, Gt, Sp,
(G alluviai fans) with stream St, Sr, Fi,
flows Fm
Donjek type distal gravelly rivers Gm, Gt, Gp, Sh, Sr,
(Gw) (cyctic depaosits) St Sp, Fi, Fm
South Saskatchewan . sandy braided rivers St - Sp, Se, Sr,
type (S,) (cyclic deposits) Sh, Ss, S,
Gm, Fi, Fm
Platte type sandy braided rivers St, Sp Sh, Sr, Ss,
(Sw (virtually non cyclic} Gm, Fi, Fm
Bijou Creek type Ephemeral or perenniai Sh, SI Sp, Sr
(S rivers subject to flash

floods
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Platte Type. The Platte type, adapted from work by Smith (1970,
1971a, 1972) is characterized by non-cyclic sedimentation in shallow
sandy braided rivers that are subject to semi-arid conditions. Chan-

nels are poorly developed. Bars, both longitudinal and linguoid (trans-

verse) are the dominant morphological feature).

Bijou Creek Type. This model results from work by McKee et al.

(1967) along with the Bijou Creek in Colorado. It represents flood

deposits of ephemeral streams that are located in arid environments

with adjacent high relief sourcelands. The most common facies are paral-

lel laminated sands that are transported under upper flow regime condi-

tions during floods.



CHAPTER V
FACIES DESCRIPTIONS
Introduction

Reading (1980) defined the term facies with respect to sedimentary
environments in four senses:

1) in a strictly observational sense of a rock product, i.e.,

sandstone facies; 2) in a genetic sense for the products of

a process by which a rock is thought to have formed, i.e.,

turbidite facies; 3) in an environmental sense for the

environment in which a suite of mixed rocks is thought to

have formed, i.e., fluvial facies or shallow marine facies;

4) as a tectonic facies, i.e., post-orogenic facies or mol-

lasse facies. '
Within the context of this study, the term facies will be used in an
observational sense to describe the lithologies and their associated
sedimentary structures, and in a genetic sense to interpret their
origin.

The lithofacies that comprise the M.0.R.S. section include
medium to fine-grained sandstones, very fine-grained sandstones, silt-
stones, and minor amounts of mudstones and sandy limestones. Ninety
percent of the section consists of sand whose grain size averages
about 0.2 millimeters. The lithofacies that are present in the U.0.R.S.
section are medium to coarse-grained sandstones, coarse-grained sand-
stones with varying amounts of gravel and matrix supported conglomer-

ates.

Sedimentary structures that are present in both sections include

58
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horizontal laminations, convolute bedding, and cross bedding of various
types and magnitudes. Small-scale ripples are well developed in silty
intervals of the M.0.R.S. To facilitate clear interpretations, the
complex classification scheme for cross-bedding that was developed by
Allen (1963) was avoided. Rather, cross-bedding is divided into trough
or planar-tabular types; a method adopted in the majority of modern
braided alluvium studies.

With respect to set thickness, two subdivisions of cross-bedding
are recognized. Small-scale cross-bedding consists of set thicknesses
of five centimeters or less. Large-scale cross-bedding consists of set
thicknesses that are greater than five centimeters (Reinick and Singh,
1975). Three distinct sizes of cross-bedding are present in the Tarbat
Peninsula section (Table V). A set of thickness of five centimeters
or less is maintainéd for small-scale cross-bedding. Medium-scale
cross-bedding is defined by a set thickness that ranges from five to 50
centimeters and a width that is greater than 1.5 meters. Large-scale
cross-bedding is defined by a set of thickness that is greater than 50
centimeters and a width that is greater than 1.5 meters (Table V).

When identifying a cross-bed as planar-tabular or trough shaped,
three dimensional views are most definitive (Potter and Pettyjohn,
1977). However, in practice, two dimensional views are commonly encoun-
tered. If the observed orientation is parallel to bc (Figure 21), the
type of cross-bed can be identified with ease. TIdentification of cross
bedding parallel to the ac direction is more difficult. Ideally, beds
with concave foreset laminae are trough shaped, and beds with angular
foreset laminae are planar-tabular shaped. This conclusion is sub-

stantiated by Coleman (1969), who reported that cross-beds in the
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Figure 21.

End members of Cross-bedding; Planar-Tabular (left)
Trough (right). (From Potter and Pettyjohn, 1977.)
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Brahmaputra River with concave foreset laminae in the ac direction

were trough shaped in the be direction.

TABLE V

CLASSIFICATION OF CROSS-BEDDED SETS,
TARBAT PENINSULA SECTION

Type Thickness Width
<
small - 5 cm -
medium 6-50 cm = l1.5m
large > 50 cm >1.5m

Two-dimensional views of cross-bedding are common in the Tarbat
Peninsula section., When views parallel to the ac direction were encoun-
tered, cross-bed shape was identified by the method elucidated in the

former paragraph.
Discussion

Various authors have adopted the use of codes to describe the
facies which are characteristic of braided alluvium. Examples include
work conducted by Cant and Walker (1976), Miall (1977, 1978a), and
Rust (1978b). The following facies code symbols for the Tarbat Penin-

sula section are adapted partially from work by Miall (1977, 1978a).



62

M.0.R.S. Facies Descriptions

Facies descriptions for the M.0.R.S. appear in Table VI. Statis-

tical data are presented in Table VII.

Erosional Scour Facies (es)

The erosional scour facies (Figure 22) consists of erosional sur-
faces which are, in most instances, overlain by mudstone intraclast
lags. The maximum thickness of intraclast accumulation is 30 centi-
meters. Thin beds of intraclasts with abrupt basal contacts are inter-
preted as separate depositional events (Turnbridge, 1981). Typically,
intraclasts are unarmored and ellopsoidal in shape. Smith (1972a)
reports that the abrasion and rounding of unarmored intraclasts in
flumes occurs rapidly. This indicates that intraclasts present in the
M.0.R.S. were locally derived.

The maximum depth of erosion of an erosional scour is one meter.
Erosional scours are followed by facies Slt (49 instances), facies Slp
(21 instances), and facies Smt (20 instances). The association of
erosional scours with facies Slt and Smt reflects deposition in major
and minor channels, respectively (Miall, 1977). Erosional scouré that
are followed by facies Slp possibly resulted from deposition in major

channels during periods of waning flow.

Sandy Large-scale Trough Cross—Bedded Facies (S1t)

This facies rests upon erosional scours (es) in 49 instances, and
precedes facies es and facies Sh in 23 and 29 instances, respectively.

They occur as isolated sets or cosets which repeat in a multi-storied
»



TABLE VI

FACIES DESCRIPTIONS OF THE M.O.R.S.; TARBAT PENINSULA

Facies
Code Lithofacies Sedimentary Structures Interpretation Occurrences
es mudstone intraclast erosional scours, primarily major and minor channel
lags large-scale trough cross beds initiation 91
Slt sand, fine to medium large-scale trough cross dunes, in and adjacent to
beds channels 94
Slp sand, fine to medium large-scale planar-tabular transverse bars 58
cross beds
Smt sand, fine to medium medium-scale trough cross megaripple migration
beds minor channel fills 82
Smp sand, fine to medium medium-scale planar- small-scale bars, possibly
tabular cross beds transverse 33
Sh sand, fine to medium horizontal laminations, stream floods 155
parting lineations
sev sand, fine to medium convoluted large-scale cross rapid sedimentation rates
beds and horizontal laminations sediment liquidization 45
Fl very fine sand, silt, fine horizontal laminations vertical accretion deposits
mud on flood-plains; fluvial or
lacustrine 76
Fr very fine sand, silt small-scale straight crested, vertical accretion deposits
lingoid or climbing ripples on flood-plains; fluvial or
lacustrine 15
Fx very fine sand, silt small~scale trough or vertical accretion deposits or
planar—-tabular cross beds flood-plains; primarily fluvial 28

€9



TABLE VII

STATISTICAL DATA OF THE M.0.R.S.; TARBAT PENINSULA

Standard
Average Deviation Percent
Facies Number of Total Bed of Bed of M.O.R.S.

Code Occurrences Thickness Thickness Thickness Section
Slt 94 89.4 m 1.1m 0.6 m 25.4
Slp 58 39.5m 0.7 m 0.4 m 11.2
Smt &2 41.1 m 0.5m 0.2 m 11.7
Smp 33 16.4 m 2.5 m 0.3 m 4.7
Sh 155 104.5 m 0.7 m 0.4 m 29.6
Scv 45 20.8 m: 0.45 m 072 m 5.9
Fl 76 22.8 m 0.4 m 0.3 m 9.3
Fr 15 2.7 m 0.2 m 0.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>