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ABSTRACT

Carbonate mud-mounds developed during the late Dinantian (Brigantian) on the Derbyshire carbonate
platform in the shelf interior, associated with the shelf margins, and on the shallow to middle part of an

intraplatform ramp. Their growth was controlled by water depth and subsidence: carbonate mud-
mounds which developed in areas of shallow water and low subsidence grew by lateral accretion,

whereas those deposited in areas of deeper water and faster subsidence grew by vertical accretion. The
carbonate mud in the mound cores consists of peloidal and homogeneous micrite with local
neomorphism to microspar and pseudospar. The carbonate mud was produced on the mound core

possibly as a result of microbially mediated precipitation. Stromatactoid cavities formed as a result of
the modification of original cavities (probable shelter cavities) by internal erosion of the carbonate

mud. The surface of these carbonate mud-mounds may have been bound by a microbial mat which
supported steep depositional slopes. Immediately below the surface of the mound core the sediment

was semi-consolidated and subjected to internal erosion. The degree of consolidation and lithification
increased with increasing depth below the surface of the mound core.

INTRODUCTION

There are numerous examples of late Dinantian the Eyam Limestones and the underlying Monsal
(Brigantian) carbonate mud-mounds which were Dale Limestones; and group 2 mounds occur higher

established 1n shallow-water platform interior and in the Eyam Limestones and were associated with
margin settings on the Derbyshire carbonate plat- bioclastic carbonate sand bodies deposited at the

form. The aims of this paper are to describe the shallow part of an intraplatform ramp (Gutteridge
sedimentology, early diagenesis and biota of these & Currie, 1n press). Group 1 mounds were included

late Dinantian carbonate mud-mounds and to dis- in the Eyam Limestones Formation by Aitkenhead

cuss their implications for the origin of carbonate & Chisholm (1982), but Adams (1980) and Gut-
mud-mounds in general. Compared with the exten- teridge (1991) showed that they are separated from

sively studied Waulsortian carbonate mud mounds the overlying Eyam Limestones by a stratigraphical

of the early Dinantian (e.g. Lees & Miller, 1985: break so they are now regarded as part of the
Bridges et al., this volume), the late Dinantian Monsal Dale Limestones Formation.
carbonate mud-mounds have been the subject of

few sedimentological studies, and this paper enables
comparisons to be made between the Waulsortian FACIES TERMINOLOGY AND
and late Dinantian carbonate mud-mounds. MOUNDING STYLE

Carbonate mud-mounds were present over much
of the Derbyshire carbonate platform during the

late Dinantian (Fig. 1). They occur at two strati-

graphical levels within the Brigantian (Fig. 2): group T'hese carbonate mud-mounds are made up of an
I mounds are associated with the boundary between association of three facies.

Facies
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Edge of Dinantian outcrop

Localities referred to in text 12

Fig. 1. Carbonate mud-mounds on the Derbyshire
carbonate platform. Group 1 mounds: 1. Hope Cement

Works Quarry (SK 159 820), 2. Jack Bank Quarry (SK
163 822), 3. Waterfall Farm (SK 195 769), 4. Calver

Low (SK 237 746), 5. Quarry near Station Farm (5K
215 705), 6. Ricklow Dale (SK 165 662), 7. Lathkill
Dale (SK 1685 6600), 8. Conksbury Bridge Borchole
(SK 2142 6587), 9. Bowers Hall Borehole (SK 2325

6458), 10. Nutseats Quarry Borehole (SK 2369 6385),
11. Rheinstor Rock, Alport (SK 2185 6445), 12. Bradford

Dale (SK 215 642) 13. Sidenooks Plantation (SK 1995

6415), 14. Grey Tor (SK 2347 6038), 15. Wynstor (SK
2405 6020), 16. National Stone Centre, Wirksworth (SK

2865 5515), 17. High Tor, Matlock Bath (SK 297 589).
Group 2 mounds: 18, High Low Quarry (5K 153 684),
19. Upper Bricks Quarry (SK 149 678).

Eyam Limestones and Longstone Mudstones

Monsal Dale Limestones

The mound-core facies 1s a poorly-bedded
wackestone/carbonate mudstone which occurs as
lens-shaped bodies of unbedded, very pale grey or

Longstone Mudstones

Group 2
mounds

Eyam Limestones
g Group 1

Fig. 2. Stratigraphy of the late Dinantian of the
Derbyshire carbonate platform and the stratigraphical

position of the carbonate mud-mounds. The boundary
between the Monsal Dale and Eyam Limestones 1s taken

from Gutteridge (1991).

white limestone which formed mound-like accumu-
lations on the Dinantian sea-floor. A mound com-

plex refers to a carbonate mud-mound which

contains several mound cores.

The mound-flank facies is laterally equivalent to
the mound-core facies. It displays well-developed
bedding which dips away from the mound core. The
attitude of internal sediment within cavities shows
that this dip was depositional in origin. The onlap
of the mound-core and mound-flank facies by
overlying sediments also demonstrates that the
mound-core and mound-flank facies were areas of
depositional relief.

The intermound facies was deposited in areas of
no detectable depositional relief between the

mound-core and mound-flank facies.

Mounding Style

The mounding style of a carbonate mud-mound
refers to the overall geometry and disposition of the
facies described above (e.g. Lane & Ormiston 1982;
MacQuown 1982). These carbonate mud-mounds
show four mounding styles which are summarized
in Fig. 3 as follows:

1 Tabular mounds. These are single mound cores
which are 1-2 m in thickness and at least 25 m
across (Fig. 4a, b). They have parallel tops and bases

and pinch out laterally. Overlying beds commonly
show onlap and compactional drape over the mar-

gins of these tabular mounds. Their depositional

relief was probably only a few decimetres. There 1s
no differentiation into mound-core and mound-

flank facies at this stage of growth. Numerous
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Tabular mound

Domical mound

Deep water /
faster subsidence

Shallow water /

Fig. 3. Schematic representation of slow subsidence

carbonate mud-mounds illustrating
the subdivision into facies and

mounding styles. All carbonate
mud-mounds nucleate as tabular

mounds and then develop into

domical mounds. Subsequent 20m
growth 1s determined by water

depth and subsidence rate:
laterally accreted mounds grow in

areas of shallow water and slow

subsidence; vertically accreted
mounds grow 1n areas of deeper

water and faster subsidence.

100m
Laterally-accreted mound

Crinoidal
grainstone

Inter mound %

tabular mounds are present at the base of many
mound complexes. They are inferred to represent
the earliest stage of mud-mound growth immedi-
ately following nucleation.

2 Domical mounds. These are symmetrical dome-
shaped mounds which are up to 4 m in height and
several tens of metres in diameter (Fig. 4c). Their

depositional relief was probably of the order of a
few metres. They are differentiated into mound-

core and mound-flank facies. The internal structure
of domical mounds shows that they developed by

accretion about one or more tabular mounds. Dom-
ical mounds represent an intermediate stage of

growth from which one of the following two
mounding styles developed.

3 Laterally accreted mounds. These mud-mounds
extend laterally for several hundreds of metres and
are up to 20 m 1n thickness, of which the original
depositional relief of the mound cores was 5-10 m
(Fig. 5a, b). This mounding style develops by the
lateral accretion and amalgamation of numerous

domical mounds resulting in fewer but larger
mound cores. Numerous mound cores are present

small number of closely spaced domical mounds.

Consequently only one or two mound cores are
present in vertically accreted mound complexes.

PALAEOGEOGRAPHIC SETTING
OF CARBONATE MUD-MOUNDS

TI'he palaeogeography of the Derbyshire carbonate
platform, together with the occurrence of the later-
ally and vertically accreted mounding styles of the
carbonate mud-mounds, is shown by Fig. 6. Tabu-
lar and domical mounds are not shown because

these are present in both laterally and vertically
accreted mud-mound complexes and their occur-

rence show no relation to palaecogeography. During
the Brigantian, the Derbyshire carbonate platform
was differentiated into a variety of shelf, intraplat-
form ramp and intraplatform basin environments
(Gutteridge 1983, 1987, 1989; Gutteridge & Currie,
in press). Carbonate mud-mounds occur in shelf-

interior settings, at the platform margins and on the
shallow to middle part of the intraplatform ramp in

in laterally accreted mound complexes.
4 Vertically accreted mounds. These mud-mounds

extend laterally for several tens of metres and are up
to 50 m 1n thickness of which the original deposi-

tional relief was 25-30 m (Fig. 5¢, d). This mound-
ing style develops by the vertical accretion of a

the central part of the Derbyshire carbonate plat-

form. They are absent in the intraplatform basin.
The distribution of laterally and vertically accreted

mounds shows a clear relationship with palaeogeo-
graphical setting.
Laterally accreted mounds are present in areas of



Fig. 4. (a) Tabular mound (group
2) associated with the bioclastic

sand-body complex developed at
the shallow part of the intra-
platform carbonate ramp. The

mound is approximately 1.5 m

thick. The base of the hammer
shaft is level with the base of the

mound and the top of the quarry
face corresponds to the top of the

mound. Note the development of

thin beds towards the top of the
mound. These are strewn with

disarticulated brachiopod valves
and other reworked bioclasts.

Locality 19 (Upper Bricks Quarry).
(b) Lateral margin of a tabular
mound present at the early stages

of growth of the Lathkill/Ricklow
Dale (group 1) mound complex.

The shaft of the hammer rests on

the mound and the steeply dipping
beds in the left centre of the

picture are a result of sedimentary
and compactional drape over the

margin of the mound. Hammer

shaft is 0.35 m long. Locality 7
(Lathkill Dale). (¢) Domical
mound (group 2) associated with
the bioclastic sand-body complex
developed at the shallow part of
the intraplatform carbonate ramp.

Note the progressive steepening
and the lateral spreading of the

mound core during growth. Height
of quarry face 1s approximately

2.5 m. Locality 18 (High Low
Quarry).




Brigantian carbonate mud-mounds: Derbyshire 293

shallow water in the shelf-interior and shallow- suggests that the mounding style was influenced by
ramp settings. In contrast, vertically accreted water depth and rate of subsidence. In areas of

mounds are present in deeper water in mid-ramp relatively shallow water and slow subsidence the
and platform margin settings. This distribution vertical growth of the carbonate mud-mounds was

Fig. 5. (a) Laterally accreted mound (group 1) deposited in the shallow part of the intraplatform ramp. Mound-core
facies, showing part of a laterally accreted carbonate mud-mound. The mainly unbedded mound core (right) passes left
into the bedded mound-flank facies. Note the presence of a small tabular mound on the lower flank of the main

mound core. Height of exposure is approximately 8 m. Locality 7 (Lathkill Dale). (b) Mound-flank facies of a eroup 1
mound. Bedding planes dipping to the right are mound-flank beds which dip away from a mound core to the left of
the picture. Attitude of internal sediment within cavities shows that the dip is depositional in origin. The geometry of

the mound flank shows that the mound was growing predominantly by lateral accretion with minimal vertical
accretion. Height of the exposure is approximately 3 m. Locality 6 (Ricklow Dale). (c) Mound-core facies of a
vertically accreted group 1 mound. Height of the exposure is approximately 15 m. The crest of the mound core is not

exposed but 1t 1s at least 5 m higher than the top of the face, giving the mound a minimum relief of 20 m. Locality 11
(Rheinstor Rock, Alport). (d) Crest of the mound-core facies and overlying post-mound facies (contact arrowed) of a

vertically accreted carbonate group 1 mound deposited at the southern margin of the Derbyshire carbonate platform.

Height of the exposure is approximately 8 m. The total relief of the mound is approximately 30 m. Locality 16
(National Stone Centre, Wirksworth).
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LITHOLOGY OF THE
CARBONATE MUD-MOUNDS

Carbonate mud-mounds comprise the following
three lithologies: bryozoan wackestone/mudstone;

bioclast intraclast wackestone/packstone; and crino-
dal grainstone. The distribution of these lithologies

within the mud-mounds depends on the stage of
mud-mound growth and the mounding style.

Bryozoan wackestone/mudstone

This is an unbedded or poorly bedded wackestone
grading to carbonate mudstone which forms the

mound-core facies and the upper part of the
mound-flank facies. It is distinguished from ofi-

mound carbonate mud-rich lithologies by the dis-
tinctive texture of the carbonate mud, the common

occurrence of intact fenestrate bryozoan sheets and
the presence of large (centimetre- to decimetre-

sized), irregular syndepositional cavities infilled by
internal sediment and marine cement. Whole

bioclasts include articulated and disarticulated
brachiopod and mollusc valves and fenestrate

bryozoan sheets. The ‘shelly’ bioclasts occur mainly
in pocket-like concentrations (described by Gut-
teridge, 1990), outside of which they are rare (see

Shell and shallow ramp carbonates E the section on biota). Fenestrate bryozoans occur
Shell margin — = throughout the mound-core.

Laterally-accreted mounds SR

VOIRCIY Sccieied. MoUnCs A Nature of the carbonate mud

Fig. 6. Brigantian palacogeography of the Derbyshire ,
carbonate platform, showing the setting and distribution The carbonate mud of the bryozoan wackestone/

of laterally and vertically accreted mounds. Note that mudstone displays three textures which are present
laterally accreted mounds in shelf occur in shallow-ramp at all stages of growth of the carbonate mud
and shelf areas, whereas vertically accreted mounds mounds. Intraclasts found in the mound-flank
occur in mid- to deep ramp and shelf-margin areas. facies also contain these textures.

Palaeogeography is based on Gutteridge (1987, 198Y)

and Gutteridge & Currie (1n press). = , | _
Description. Peloidal mud comprises spherical

aggregates of micrite which are up to 50 pum In
diameter set in a microspar matnx (Fig. 7a, b).
Scanning electron microscopy (SEM) shows that

constrained by sea-level and they grew by lateral these peloids have sharp edges and are surrounded

accretion; these mounds thus developed a low by a matrix of microspar-sized calcite crystals.
depositional relief of 10-15 m. In areas of higher Under cathodoluminescence (CL) these peloids

subsidence near the shelf margins and in deeper show a dull luminescence which contrasts with
water in the mid-ramp setting, vertical growth of  the brighter luminescence of the surrounding

the carbonate mud-mounds was less constrained, Mmicrospar.

and they developed predominantly by vertical ac- Homogeneous micrite is a dense micrite with no
cretion; these carbonate mud-mounds were able to internal structure discernible in peel or thin section.
develop a much higher depositional relief of 20- Under SEM it 1s a mosaic of equant micrite and

30 m. microspar-sized calcite crystals. Under CL the
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Fig. 7. Textures of the carbonate mud of the mound-core facies. Locality 6 (Ricklow Dale). (a) Peloidal micrite. Note
the rounded aggregates of micrite set 1n a matrix of coarser calcite. Scale bar 50 um. (b) Interbedded homogeneous and

peloidal micrite. The packing density of the peloids increases towards the layers of homogeneous micrite and the
peloids appear to merge. These layers are deformed around a compacted brachiopod. Scale bar 500 pm., (¢) Transition

between peloidal (right) and microspar (left) textures. Note that the peloids become progressively more dispersed
within the microspar and irregular in shape. Peloids are much more irregularly shaped compared with those in (b).

Scale bar 50 um.

homogeneous micrite has a dull luminescence sim-
ilar to that of the peloids in the peloidal micrite.
Transitions from homogeneous to peloidal micrite
show a progressive increase in packing density of
peloids towards the homogeneous micrite. Peloids
also tend to merge towards areas of homogeneous
micrite. Homogeneous micrite 1s occasionally inter-
laminated with peloidal micrite in the matrix and as
infills of intragranular porosity (Fig. 7b).
Microspar 1s texturally identical to the homo-
geneous micrite under SEM; the main difference is

that it 1s composed of coarser microspar and
pseudospar-sized calcite crystals (Fig. 7c). Under
CL microspar shows an irregular mottled bright-
dull luminescence. Boundaries between areas of
peloidal and homogeneous micrite and microspar
areas are transitional. In these transitional areas
SEM shows that the larger microspar crystals cut
across peloid margins.

Interpretation. The origin of the peloidal texture
1s problematical. Schwarzacher (1961) recorded
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peloidal micrite from late Dinantian carbonate
mud-mounds from north-western Ireland which he
interpreted as a depositional texture. Similar peloi-
dal high-Mg calcite cement has been described from
the internal cavities of recent reefs by Maclntyre
(1977, 1985), Neumann et al. (1977) and Lighty
(1985). The sheer volume of peloidal micrite in the
matrix and the lack of any supporting frame implies
that the peloids did not form as a cement; however,
this does not rule out the possibility that peloid
infills of intragranular pores may be cement. The
presence of interlaminated homogeneous and peloi-
dal micrite and the presence of these textures in
intraclasts indicates that they originated during
deposition or very early diagenesis. The absence of
any burrowing macrofauna or any evidence of
bioturbation in the mound-core facies suggests that
these peloids are probably not of faecal origin. The
similar luminescence properties of the peloids and
the homogeneous micrite, and the lateral, often
indistinct, transitions between the two textures,
suggest that they may represent the same generation
of micrite. The merging of peloids to form homo-
geneous micrite suggests that the homogeneous
micrite may also form by compaction or disaggre-
gation of peloids. Interlaminations of peloidal and
homogeneous micrite may indicate that these tex-
tures also represent different depositional forms of
the carbonate mud. Sun & Wright (1989) described
similar peloidal fabrics from Upper Jurassic patch
reefs in southern England which they inferred to be
microbial precipitates becaue the peloids occurred
in inferred stromatolitic structures. Unequivocal

stromatolitic structures have not been found in the
late Dinantian carbonate mud-mounds described

here but it 1s possible that the peloids may have a
similar microbially mediated origin. The microspar
texture 1s interpreted as a later recrystallization of
pre-existing micrite.

Syndepositional cavities

Marine cements. Some intraparticle pores and stro-
matactoid cavities (described below) are lined by an
1Isopachous fringe of radiaxial fibrous calcite (RFC),
as defined by Bathurst (1959) (Fig. 8a). This 1s
interpreted as a marine cement because intraclasts
of RFC are present in the mound-core and mound-
flank facies; RFC is present within intraclasts; some
of the cavities iIn which RFC occurs have been
truncated by marine erosion (Gutteridge, 1990);
RFC pre-dates vadose diagenesis of group |

mounds and, in rare instances, RFC 1s interbedded
with layers of peloidal carbonate mud. The RFC is
interpreted as a direct marine precipitate (Kendall,
1985), rather than a recrystallized cement (Kendall
& Tucker, 1973). The presence of microdolomite

inclusions and increased levels of Mg compared
with the surrounding carbonate mud (average 0.99

mol% MgCO; in the RFC; 0.52 mol% MgCO, in
the carbonate mud matrix) and the lack of acicular
aragonite relics seen in SEM suggests that this was
originally a high-Mg calcite cement.

Stromatactoid cavities (Fig. 9). These are irregular
anastomosing cavities which resemble stromatactis

cavities described from other carbonate mud-
mounds (e.g. Bathurst, 1959, 1980, 1982); true

stromatactis (described by Lees, 1964), however, i1s
absent. Sheet-spar described by Ross et al. (1975) 1s

also absent. These stromatactoid cavities extend
laterally for several centimetres and are up to 1 cm

in height. The amount of syndepositional porosity
(including that now infilled by cement) in these

mound cores 1s much less (45%, measured by point
counting) than in other carbonate mud-mounds

(e.g. 60% recorded from Asbian mud-mounds in
north-west Ireland by Schwarzacher, 1961, signifi-
cantly less than many Waulsortian mounds). The
distribution of these syndepositional cavities ap-
pears to be random, with no apparent preferential
concentration along bedding planes seen 1n more
complex Waulsortian mud-mounds (e.g. Lees,
1964). In the many cavities, a carbonate mud
(mainly peloidal mud) was deposited geopetally on
the relatively flat base of the cavity before the
precipitation of RFC. This single generation of
internal sediment was followed by a single layer of
RFEC. Multiple layers of interbedded RFC and
internal sediment are rare in these mud-mounds,

and the multiple generations of internal sediment
(‘polymud’) are not developed (cf. Lees 1964; Lees

& Miller 1985).

The ceiling of the cavities i1s complex, often
showing a digitate morphology and often appearing
to be either unsupported or partly supported by a
bioclast such a fenestrate bryozoan sheet (Fig. 9a) or

a brachiopod valve (Fig. 9b). In cases where a cavity

1s supported by a fenestrate bryozoan sheet, the
micrite above the gaps between the zooecia often

shows a scalloped appearance with semi-circular
concave-upwards embayments up to 200 pm across
(Fig. 8b). In other cavities micrite pillars ‘connect’
the zooecia to the cavity ceilling and the bryozoan
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Fig. 8. Marine cement and

syndepositional cavities in the
mound-core facies. Locality 6
(Ricklow Dale). Scale bars

0.5 mm. (a) Isopachous fringe of
RFC surrounding a fenestrate
bryozoan sheet. (b) Partially

supported cavity by fenestrate
bryozoan sheet. Note that the roof

appears to have collapsed through
the gaps between the zooeca.

sheet 1s apparently suspended across the middle of a marine cements on the cavity walls and the progres-
cavity with no connection either to the cavity sive lithification of the surrounding carbonate mud
celling or floor (Fig. 9a). In cases where the cavity (cf. Wallace, 1987). The upward scalloping ot the
ceiling 1s supported by a brachiopod valve, there 1s ceiling between bryozoan zooecia 1s interpreted as
no scalloping of the micrite; however, the micrite  the result of the collapse or erosion of the unsup-
has often been apparently removed around the ported micrite above the bryozoan sheet. If taken to
margins of the valve forming downward-projecting completion, this process would produce the 1solated
micrite pendants (Fig. 9b). pillars of micrite which connect the bryozoan sheet

These cavities are inferred to have developed in a to the main body of micrite above, and eventually,
dynamic system and their final form 1s produced by with the complete removal of the micrite, the
the competing processes of internal erosion or bryozoan sheet would be suspended across the
collapse of surrounding sediment, precipitation of  middle of the cavity. Cavities ‘sheltered’ by brachi-




298 P. Gutteridge

opod valves show no evidence of collapse or erosion

and 1t 1s inferred that the valves protected the
micrite from internal erosion or collapse. The origin
of these cavities 1s not known but it is possible that

Carbonate mud

Brachiopod shells

)

Fenestrate soeg
bryozoans

Radiaxial
fibrous calcite

Burial cement

shear fractures opened in the semi-lithified carbon-
ate mud as a result of gravitational instability
induced by the mound slope may have produced an
early cavity system (e.g. Schwarzacher, 1961; Lees,
1964; Bridges & Chapman, 1988). It 1s also possible
that they originated as shelter cavities which were
supported by fenestrate bryozoan sheets and brachi-
opod valves and were modified by internal erosion
and collapse. This may imply that the micrite may
have been initially cohesive so that it could have

been supported by a bryozoan sheet. The micrite
may have subsequently lost this cohesion so that it

could be eroded or collapse through the holes in the
bryozoan sheet.

The presence of marine cement within these
cavities implies that they were connected to the
mound surface and had an active circulation of
marine pore-water through them. The input of
marine water may have been through the erosional
scours 1n the surface of the mound described by
Gutteridge (1990). It 1s also possible that circulating
water may have contributed to the collapse and

internal erosion of the carbonate mud. The precip-
itation of marine cement within the cavities and the

lithification of the surrounding carbonate mud

would have eventually stabilized the cavities. The
relationship between the development of the cavi-

ties and the nature of the mound substrate is
discussed later in this paper.

Bioclast intraclast wackestone/packstone

This 15 a bioclast wackestone with minor packstone
with well-developed bedding between 0.2 and

0.75 m 1n thickness. Bioclasts present include bryo-

Fig. 9. (Left) Syndepositional cavities in the mound-core
facies. Note that no syndepositional internal sediment is
present. Both figures are drawn from acetate peels.
Locality 6 (Ricklow Dale). (A) Cavity in mound core.
Cavities associated with fenetrate bryozoan sheets. Note
that the ceiling of the cavity shows a variety of complex
digitate forms. These range from the ceiling apparently

supported by the bryozoan sheet (1) to a bryozoan sheet
apparently suspended across the centre of a cavity (2).
Compare the shapes of these cavities with cavities
supported by brachiopod valves (below). (B) Cavity in
mound core. Cavities associated with brachiopod valves
(arrowed). Note that the ceiling of parts of these cavity
are ‘supported’ by brachiopod valves. Complex
scalloping of the cavity ceiling 1s absent (cf. Fig. 8b) and
the micrite appears to have been removed from around
the margins of the valve forming convex-downward

projections in the cavity roof.
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zoans, brachiopods, crinoid ossicles and plates.
These are mainly whole and disarticulated, but
there i1s no evidence of reworking as there 1s little
abrasion and fragmentation; there thus appears to
have been minimal transportation. Locally derived
intraclasts composed of peloidal wackestone 1denti-
cal to that of the mound-core facies are also present;
these are often rounded and show signs of disaggre-
gation, indicating that they were partly consolidated
at the time of sedimentation.

This lithology 1s present in the mound-flank

facies of laterally accreted mounds (Fig. 5b). The
attitude of partial geopetal infills of internal cavities
of crinoid stems and articulated brachiopods shows
that the dip away from the associated mound core 18
depositional in origin (Fig. 10a). The transition
from the mound flank to the mound-core facies is
marked by a loss of distinct bedding planes towards
the mound core (Fig. 5a). The transition from the
mound-flank to the intermound facies 1s marked by
a progressive change to a thinly bedded bioclast
intraclast crinoidal packstone towards the inter-

Fig. 10. (a) Mound-flank facies of a laterally accreted group 1 mound. This shows the upper part of the mound-flank
facies 1n a laterally accreted mound. This 1s a thickly bedded bioclast wackestone. The attitude ot a geopetal inhll of

the visceral cavity of a brachiopod (arrowed) shows that the dip (approximately 20° to the right) is depositional in
origin. Locality 7 (Lathkill Dale). (b) Mound-flank facies of a vertically accreted mound (group 1). This 1s a poorly-
sorted crinoid grainstone which dips some 25° to the left. Geopetal infills show that this dip 1s depositional in origin.

Locality 16 (National Stone Centre, Wirksworth). Lens cap is 5 cm in diameter. (c) Intermound facies of a laterally
accreted mound (group 1). This 15 a flat-bedded crinoidal grainstone similar to that of the mound-flank facies shown

in (b). The majority of the crinoid stems are articulated in lengths of up to 30 cm. Flat-bedded crinoid grainstone with
abundant large articulated crinoid stems. Locality 7 (Lathkill Dale). Lens cap i1s 5 cm in diameter. (d) Intermound

facies of a laterally accreted mound (group 1), same carbonate mud-mound as (c) but in a more distal position with

respect to the mound-core facies. The intermound facies consists of beds comprising well-sorted crinoid grainstone,
which occasionally show cross-bedding (lower part of photograph), interbedded with poorly sorted crinoid grainstone

as in (c), (upper part of photograph). These indicate a progressively higher-energy environment away from the
mound-core facies. Locality 6 (Ricklow Dale). Lens cap 1s 5 cm 1in diameter.
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mound facies. The amount of depositional dip
decreases towards the intermound facies (Fig. 5b).

This lithology also occurs in the intermound
facies of tabular and domical mounds. In this case it
1s medium-bedded and there is no evidence of any
depositional dip. The bioclasts show more evidence
of disarticulation and abrasion, indicating deposi-
tion 1n a low- to moderate-energy environment,
probably close to normal wave base.

Crinoidal grainstone

This 1s a bioclast grainstone which shows bedding
between 0.1 m and 0.3 m in thickness and consist-
ing predominantly of crinoid stems and ossicles.
Other bioclasts are rare and include brachiopod
(mainly productid) valves and spines, fenestrate
and ramose bryozoans and occasional rugose and
parasitic tabulate corals; the latter encrust crinoid
stems. Rounded wackestone intraclasts which show
none of the characteristic textures of the carbonate
mud found in the mound cores may have been
derived from the surrounding off-mound areas.
This lithology varies from a poorly sorted grain-

stone which contains abundant articulated crinoid
stems up to 0.2-0.25m in length and 3cm In

diameter, to a well-sorted grainstone composed of
disarticulated, fragmented and rounded crinoid os-
sicles. The preservation of large articulated crinoid
stems implies a generally low-energy (possibly shel-
tered) environment with little reworking.

The crinoid grainstone 1s not associated with
tabular mound cores but only appears in the inter-
mound area when domical mound cores have de-
veloped (Fig. 3). In vertically accreted mounds the
mound-flank facies consists of poorly sorted crinoi-
dal grainstone and not the bioclast wackestone/
packstone described above (Fig. 10b). In laterally
accreted mounds, this lithology 1s present in the
intermound facies and shows a proximal to distal
variation with respect to the mound core; closest to
the mound core, the intermound facies consists of
poorly sorted crinoid grainstone with abundant
large articulated crinoid stems (Fig. 10c); in a more
distal setting, away from the mound core, the
crinoidal grainstone becomes better sorted and
small-scale cross-stratification appears (Fig. 10d).
This suggests that the carbonate mud-mounds grew
in a generally high-energy environment, probably
above normal wave base. The apparently low-
energy conditions in which the poorly sorted
crinoid grainstone was deposited may be a result of

the sheltering effect of a crinoidal ‘thicket” which
surrounded these carbonate mud-mounds.

The distribution of the crinoidal grainstone sug-
gests that the mound-core facies of laterally and
vertically accreted mounds were surrounded by a
crinoidal ‘thicket’.

Lithologies overlying the carbonate mud-mounds

Group 1 mounds

Group 1 mounds are separated from the overlying
Eyam Limestones by an emergence surface which
represents a period when much of the Derbyshire
carbonate platform was exposed (Gutteridge, 1991;
Gutteridge & Currie, in press). Evidence of sub-
aerial exposure includes calcrete development over
their surface and over the laterally equivalent top
surface of the Monsal Dale Limestones (Adams,
1980). Vadose cements are also present within relict
marine pores and in subvertical hssures in the
mound-core facies. These cements often show a
pendant morphology or an asymmetrical thickening
around pores which indicates formation in the
vadose zone. They also occur as thick speleothem

crusts which line the base and sides of hssures.
These crusts display stalactite, stalagmite and cave

popcorn structures (cf. Thrailkill, 1976) structures
and contain reworked calcrete intraclasts derived
from the overlying calcrete profile (Adams, 1980;
Gutteridge, 1983). The speleothems within these
fissures are overlain by marine sediment which was
deposited when the carbonate mud-mounds were
reflooded.

Group 2 Mounds

These carbonate mud-mounds occur within a bio-
clastic sand-body complex which was deposited in a
high-energy environment at the shallow part of an
intraplatform ramp (Gutteridge & Currie, 1n press).
They contain no evidence of subaerial exposure.
The upper surfaces of these carbonate mud-mounds
are¢ marked by broken and reworked bioclasts,
together with brachiopod spines which presumably
have been exhumed by erosion (Fig. 4a). These
features suggest that the demise of carbonate mud-
mounds in this setting may have been caused by a
series of high-energy erosive events which caused
severe scouring of the mound surface.
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FRACTURING IN THE MOUND CORE

The mound core 1s cut by fractures which show
evidence of formation at varying stages of lithifica-

tion of the carbonate mud. Three types of fractures
have been recognized.

Type 1 fractures. These are up to 2 mm in width,
have no preferential alignment and are often

branched or anastomosing. The fracture walls are
highly irregular and opposing walls show a very
poor geometric fit. Bioclasts occasionally protrude
into the fracture and in some cases the fracture

appears to have formed around a bioclast. Internal
sediment 1s often present as a geopetal infill. Type |

fractures are sometimes preferentially developed in
layers of peloidal micrite. Their ragged edges and
partial infill by internal sediment suggest that the

walls were subject to erosion and prone to collapse.
These fractures formed in soft, semi-cohesive sedi-
ments.

Type 2 fractures. These are up to | mm in width are
subvertical 1n attitude. They are occasionally

branched, forming a locally developed ‘exploded
jigsaw’ texture. The edges of fractures are rounded
but show a moderate to good geometric fit of
opposing walls. Fracturing occurs preferentially
around bioclasts, although some fractures cut bio-

clasts. Internal sediment 1s rare and consists of
intraclasts derived by roof collapse. Type 2 fractures

both cross-cut and pass into type 1 fractures. The
preferential parting of the carbonate mud around

bioclasts seen in type 1 and 2 fractures suggests that
the carbonate mud was able to tear around bioclasts

implying that these fractures formed in a semi-
lithified but cohesive mud. The better geometric fit

of walls of type 2 fractures and the scarcity of
internal sediment suggests that type 2 fractures

formed in more cohesive (but not fully lithified)

sediment. This may indicate formation either at a
deeper level 1n the sediment or during a later stage

of diagenesis than type 1 fractures.

Type 3 fractures. These fractures range in width

from 3 mm to hairline (detectable under CL by
their infill of brightly luminescent calcite). They

have a subvertical attitude. The edges of the frac-
tures are angular and show a very good geometric fit
with opposing walls. Type 3 fractures cut across
carbonate mud, bioclasts, both early and late ce-
ments and type | and 2 fractures. These fractures

contain brightly luminescent cement which formed
during burial, and are also found in other facies of
the Monsal Dale and Eyam Limestone Formations
(Gutteridge, 1983). They formed at a late stage of

diagenesis in fully lithified sediment and are inter-
preted as tectonic fractures.

Shinn et al. (1983) described in situ brecciation,

similar to type 2 fractures, from a Permian phylloid
algal mound. They suggested that this brecciation

orginated by differential compaction of the partly
cemented carbonate mud matrix which contains
shelter cavities formed around phylloid algae. This

process may be relevant to explaining some of the
fractures 1n carbonate mud-mounds as shelter cav-

ities may have formed around fenestrate bryozoans
and brachiopod valves in a similar way to the
phylloid algae. Miller (1986) and Bridges & Chap-
man (1988) recorded fracture systems similar to the
type 1 and 2 fractures described here from carbon-
ate mud-mounds in Ireland and northern England,

respectively. Miller (1986) and Bridges & Chapman
(1988) both inferred a semi-consolidated gel-like

consistency of the carbonate mud during deposi-

tion, together with a progressive downward increase
in the degree of lithification.

BIOTA

Detailed faunal lists from these carbonate mud-
mounds can be found in Biggins (1969), Stevenson
& Gaunt (1971), Timms (1978), Gutteridge (1983,
1990), Aitkenhead et al. (1985), Tilsley (1988) and
Brunton & Tisley (1991). Figure 11 shows the
relative abundance of the main taxonomic groups

and their distribution through the facies of these
carbonate mud-mounds. There 1s no evidence of

any depth-related faunal zonation similar to that

found by Mundy (1980) in carbonate mud-mounds
of the same age associated with the southern margin

of the Askrigg Block in North Yorkshire. This may be
because the carbonate mud mounds described here
were comparatively low-relief structures deposited
in relatively shallow-water platform-top settings.

Brachiopods and molluscs

The occurrence and palaeoecology of brachiopods

and molluscs has been discussed by Gutteridge
(1990). In mound cores within laterally and verti-

cally accreted mound complexes the brachiopod
and mollusc fauna occurs in i1solated pockets sur-
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Fig. 11. Relative abundance and distribution of the
major taxonomic groups within carbonate mud mounds.

rounded by mound-core facies virtually barren of
macrofauna (Fig. 12). These pockets are interpreted

as erosional hollows in the depositional surface of
the mound core which were colonized in preference
to surrounding areas. The substrate relationships of
the shelly fauna show that it comprises mainly
forms adapted to live on a soft, semi-consolidated
substrate (Gutteridge 1990, Fig. 6).

Bryozoans

Fenestrate bryozoans are found throughout the
carbonate mud-mounds. Within the mound-core
facies they are preserved mainly as intact fans and
sheets with minor breakage and abrasion, whereas
they occur as reworked fragments in other facies.

Ramose bryozoans are most abundant in the
mound-flank facies and are mainly fragmented.

Encrusting bryozoans have been found 1n all facies,
but are rare; where they are preserved in life
position they invariably encrust bioclasts such as

02 P. Gutteridge
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Fig. 12. Interpretation of the carbonate mud-mound
substrate. (A) Surficial binding, probably a microbial
mat which binds the top few centimetres. The lower
surface of the mat represents the depth at which 1t

dies as a result of burial. Carbonate mud may be
produced within this microbial mat. (B) Semi-

consolidated carbonate mud immedately below the
microbial mat. The majority of internal erosion and
marine cementation takes place in this zone.

(C) Consolidated but unlithified carbonate mud. This
forms a soft substrate where 1t 1s exposed at the base of

erosional hollows. There i1s a limited amount of internal
erosion and marine cementation. Type 1 fractures form

in this zone. (D) Downward increase in the degree of

consolidation and lithification in the mud-mound. There
1S no 1nternal erosion or marine cementation. Type 2

fractures form 1n this zone.

brachiopod valves. The scarcity of encrusting bryo-
zoans may reflect the lack of hard substrates.

Echinoderms

Crinoids are found 1n all facies. Rare articulated
stems and calices have been found in the mound
core. The occurrence of crinoids 1in the mound-flank

and intermound facies varies according to mound-
ing style and has been described above. It appears

that both laterally and vertically accreted mounds
were surrounded by a dense crinoidal ‘thicket’.
Echinoid spines and plates are occasionally found
within the mound core.

(Corals

In common with other Dinantian carbonate mud-
mounds the coral fauna 1s very sparse compared
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with offt-mound facies. Lithostrotion and Siphono- also no recognizable detrital sediment of external
dendron are present in the mound cores. Hexaphyl-  origin in the mound-core facies. The symmetrical
lia, Dibunophyllum, Lithostrotion, Siphonodendron, morphology of mound cores and distribution of
Diphyphyllum and Orionasteria have been found in associated facies also argue against trapping of
the mound-flank and intermound facies, and the detrital carbonate mud supplied by an external
tabulate coral Emmonsia occurs in the intermound current. Since crinoids did not colonize the inter-
facies where 1t encrusts crinoid stems and brachio- mound and mound-flank areas until the mound
pod spines. cores developed significant relief, crinoids appear to
have played no role in the nucleation of these
mud-mounds (cf. Wilson, 1975, Fig. V-15). Fenes-
trate bryozoans have also been cited as contributing
Ostracodes are rare in all mound facies. They have  to baffling carbonate mud and supporting the steep
been found in group 1 mounds where they are depositional slopes (e.g. Pray, 1958). The occur-
preserved in fissures which formed during subaerial rence of fenestrate bryozoans in the Brigantian

exposure of the carbonate mud-mounds (see carbonate mud-mounds described here supports the
above). The ostracodes colonized these fissures conclusions of Schwarzacher (1961), Troell (1962),

when the carbonate mud-mounds were reflooded Cotter (1965) and Miller & Grayson (1972) who

Other groups

after the period of emergence. also suggested that it i1s unlikely that fenestrate

Foraminifera are rare in comparison with off- bryozoans played any role in trapping carbonate
mound facies. Those present include archaediscids, = mud or stabilization of depositional slopes. Evi-
endothyrids and occasional tetrataxids. dence from these Brigantian carbonate mud-

Other very rare members of the biota include mounds supports the presence of an in situ producer

trilobites, sponge spicules, Chaetetes and ?Aphraly- of carbonate mud on the mound cores.
sia. These have not been preserved in situ.

Skeletal algae and micritized grains have not been
found 1n these carbonate mud mounds. This is in
marked contrast to the off-mound facies of the
Eyam and Monsal Dale Limestones which contain The following lines of evidence suggest that there
green, ’dasycladacean, red algae and calcispheresas  ~ was some form of binding of the surface of the
well as abundant micritized grains. mound core: mound cores often have steep deposi-
tional slopes; the carbonate mud could support
steep-sided erosional scours in the surface of the
mound cores (Gutteridge, 1990); the carbonate
mud of the mound core was deposited in a predom-
inantly high-energy environment which implies
some degree of protection from erosion; and there is
The palaeogeographical setting and associated sedi- no evidence of bioturbation in the mound core. A
ments indicate that these carbonate mud-mounds wide range of possible candidates have been sug-
grew In a shallow subtidal setting probably above gested to fulfil the role of sediment binder. A
normal wave base in the majority of cases. The seagrass-like plant which presumably occupied a
mechanism and controls on nucleation are not similar niche to Thalassia in recent carbonate envi-
known. Tabular mound cores developed by accre- ronments has been suggested by Lees (1964) and
tion and amalgamation into large but fewer domical Gutteridge (1983). It now seems unlikely as the
mounds. The subsequent growth of the mounds was  carbonate mud-banks stabilized by Thalassia are
controlled by the depositional setting (see Figs 3 almost entirely detrital accumulations of carbonate

& 6). mud with none of the complex internal cavities,
The trapping of detrital carbonate mud as a  cements and sediment types present in these types
mechanism of mound growth is not sustained by of carbonate mud-mounds (Turmel & Swanson,

these carbonate mud-mounds. The texturally dis- 1976; Bosence et al., 1985; Tedesco & Wanless, this
tinctive carbonate mud is restricted to the mound volume). It 1s, however, possible that certain types

cores and the upper parts of the mound-flank facies of carbonate mud-mound formed in this way (e.g.
and 1s not present in the off-mound facies. There is Petta & Gehard, 1977; Brown & Dodd, 1990:

Origin of the carbonate mud
and nature of the substrate

DISCUSSION

Controls on mud-mound growth
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Tedesco & Wanless, this volume). Bourque & Gig-
nac (1983) suggested that sponges were responsible
for the binding and stabilization of carbonate mud-
mounds with the peloidal carbonate mud texture

inferred to be a diagenetic alteration of the sponges
(cf. Pratt, 1986; Bourque & Gignac, 1986). Sponge

spicules, however, are an insignificant component

of the mound cores described here, and no in situ
sponges have been found. It 1s unlikely that sponges

were abundant enough to constitute a framework.
A stromatolitic framework formed by an algal-

bacterial community was suggested by Pratt (1982)
to have stabilized the surface of carbonate mud

mounds. In this model, detrital carbonate mud was
trapped by the stromatolitic mat. The trapping of

detrital sediment has been ruled out of the carbon-
ate mud mounds described here. Miller & Grayson

(1972), Lees & Miller (1985), Miller (1986), Bridges
& Chapman (1988), Kelly & Somerville (1992),
Pickard et al. (1992) and Somerville et al. (1992)
have also suggested some form of microbial sedi-
ment binder.

A feature of these carbonate mud-mounds 1s the
absence of skeletal algae and micritization of grains
and substrates. This 1s suprising in view of the
common occurrence of skeletal algae and micntized

grains in the off-mound facies and the occurrence of

these features and allochems in the shallowest depth
phase (Phase D) of the Waulsortian (Lees er al.,
1985; Lees & Miller, 1985). Algae may have been
present either as non-calcihed forms or not

preserved—e.g. Penicillus disaggregates completely
to produce aragonite mud (Stockman et al., 1967).

In the latter case, such an alga would have contrib-

uted to carbonate mud production.
Figure 12 shows a schematic cross-section

through the uppermost metre or so of a mound core
showing the inferred nature of the substrate and

state of lithification of carbonate mud. It i1s envis-
aged that the surface of the mound core was bound

by some type of mat-like community (possibly of

microbial origin). This mat grew at the surface and
died when it was buried to a shallow depth of the
order of several centimetres. The carbonate mud

may have originated as a microbially mediated
precipitate formed within the surficial binding. The

distribution of mud production over the surface of

the mound core may have been similar to the many
point sources scattered over the mound surface

envisaged by Jackson & DeKeyser (1984a,b) and
Bridges & Chapman (1988). In the topmost few
centimetres the sediment 1s bound by the surhcial

binding and can support the steep slopes, erosional
scours and shelter cavities.

As sediment is buried through the dying front of
the surficial binding it becomes semi-consolidated,

and internal erosion and collapse of sediment
around shelter cavities commence. Gutteridge

(1990) showed that the substrate relationships of
the brachiopod and bivalve fauna in the mound-

core facies indicated a soft substrate within the
erosional scours. These erosional hollows are in-
ferred to have breached the surficial binding to

expose the underlying semi-consolidated sediment
which was a suitable substrate for the shelly macro-

fauna (see Fig. 12). The presence of the macrofauna

would also armour the sediment within these hol-
lows. The erosional hollows are gradually infilled by

the deposition of bioclastic sediment and the en-
croachment of carbonate mud production from
surrounding areas. Some syndepositional cavities
were also breached by the erosional hollows which
allows input of marine pore-water and circulation
within the immediate subsurface resulting 1n inter-

nal erosion and the precipitation of marine cement.
These cavity systems were gradually stabilized by

the precipitation of marine cements on the cavity
walls and the progressive lithification of the sur-
rounding carbonate mud.

As the sediment undergoes further bural, it

becomes progressively consolidated by compaction
and lithified by precipitation of cement (e.g. Cowan

1982). Fracturing, possibly induced by slope insta-
bility takes place at this stage with the morphology
of these fractures reflecting the state of lithification
of the carbonate mud. These fractures are not
connected to the surface, do not have any active
pore-fluid circulation and, 1n consequence, contain
no marine cement. Miller (1986) and Bridges &
Chapman (1988) envisaged a similar progressive
downward consolidation of carbonate mud.

Comparisons with Waulsortian
carbonate mud-mounds

There are important differences 1n the depositional
setting and internal complexity between the Brigan-

tian carbonate mud-mounds described here and
Waulsortian carbonate mud-mounds as defined by

Lees (1988). The system of syndepositional cavities
in Waulsortian mud-mounds appears to be much

more extensive and their sequence of infill by
internal sediments and marine cements 15 much

more complex than in these Brigantian carbonate
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mud-mounds. In addition, Lees ef al. (1985) and

Lees & Miller (1985) recognized a depth-related
microfacies zonation of Waulsortian carbonate

mud-mounds from which they were able to estimate

their depth of deposition. A detailed study of the
microfacies of the late Dinantian carbonate mud-

mounds using the methodology of Hennebert &

Lees (1985) and Lees ef al. (1985) has not been
done, but a similar range of microfacies does not

appear to be present in these Brigantian carbonate
mud-mounds, which may reflect the narrow
range of their depth of deposition in platform-top
settings.

From descriptions of carbonate mud-mounds of
various ages by Kelly (1989), Bridges et al. (this
volume), Kelly & Somerville (1992), Pickard et al.
(1992) and Somerville er al. (1992), it is apparent

that a continuous spectrum of carbonate mud-
mound types ranging from strictly Waulsortian to
types resembling the Brigantian mud-mounds de-
scribed 1n this paper are present. There appears to
be no strict stratigraphical limit on the different

mound types, e.g. Kelly (1989) described Asbian
mounds from north-west Ireland which resemble
Waulsortian carbonate mud-mounds. The Brigan-

tian carbonate mud-mounds described here
resemble Viséan buildups from north Co. Dublin
described by Somerville e al. (1992). Five major
buildup types have been recognized in the Lower

Carboniferous by Bridges et al. (this volume).
The mud-mounds described here are crinoid-

brachiopod-fenestrate bryozoan buildups (type 3
buildups) which form part of a continuous spec-
trum ranging from mud-mounds (including the
Waulsortian) to buildups having a poorly developed
skeletal framework (Bridges er al., this volume,
Fig. 4).
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