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No problem of geology compares in importance with the question of the origin of bedding.
—Walther, 1894, p. 623, cf. Campbell, 1967

ABSTRACT

This chapter discusses the smaller scales of the stratal hierarchy—from lamina to bedset. In 
mudstone, these typically range from less than a millimeter to hundreds of millimeters in thick-
ness. This is the scale of strata that records individual depositional events and environmental 
changes in bottom energy, biogenic production rates, and redox conditions. Recognition and 
description of this scale of strata enables recognition of repeated patterns and associations of 
rock-property variation (facies), their distribution in three dimensions, and interpretation of 
the proximate causes of variation (to enable prediction away from sample control).

In this chapter, we define essential stratal elements from laminae (the smallest units) to 
bedsets (larger units) and provide key recognition criteria and examples of these elements 
in cores, outcrops, and thin sections. Bohacs et al. (2022, Chapter 5 this Memoir) discusses 
how beds and bedsets stack into parasequences and how to synthesize this next larger scale 
of strata into an overall picture of a depositional environment (in terms of sediment supply; 
dominant erosional, transport, and depositional processes; and oceanographic conditions)—
and make the tie with the well-log response.

Bedding is a key characteristic of sedimentary rocks (as introduced in Lazar et al., 
2022a, Chapter 2 this Memoir); it records variations in sediment input and accumulation, as 
well as benthic energy and the effects of sediment disruption by organisms. Our approach 
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to describing bedding builds upon Campbell’s 
(1967) work, which emphasizes the genesis of the 
bed’s characteristics that reveal depositional con-
ditions and history. Bedding is described by two 
sets of essential attributes: (1) the shape and ge-
ometry of bed bounding surfaces and (2) the con-
tinuity, shape, and geometry of laminae between 
the bounding surfaces (in this context, “shape” 
denotes the spatial configuration of a lamina or 
surface, whereas “geometry” signifies the spatial 
arrangement of bedding elements with respect to 
the surrounding bedding elements, i.e., parallel or 
nonparallel).

LAMINAE, LAMINASETS, BEDS, AND BEDSETS: 
DEFINITIONS AND KEY RECOGNITION CRITERIA

These small-scale stratal units and their bedding 
attributes are commonly visualized in mudstone suc-
cessions by close inspection of fresh surfaces of core 
or hand specimens and in digital scans of thin sec-
tions (see Lazar et al., 2022a, b, Chapters 2 and 3 this 
Memoir; Schieber, 1989, 1994, 1998, 1999; Bohacs and 
Schwalbach, 1992; Macquaker and Gawthorpe, 1993; 
Macquaker and Taylor, 1996; Macquaker et al., 1998; 
Plint et al., 2012; Könitzer et al., 2014; Lazar et al., 
2015a, b). The main attributes of laminae, laminasets, 
beds, and bedsets are reviewed in the sections that 
follow and summarized in Figure 1B of Lazar et al. 
(2022a, Chapter 2 this Memoir).

Figure 1. Careful examination of the Mowry Shale in a thin 
section reveals the presence of individual beds with scoured 
bases and burrowed tops indicating episodic, discontinuous 
sedimentation. Notice that Bed 2 consists of three laminasets 
(a, b, and c; after Macquaker et al., 2010; see Figure 5 for their 
detailed description).

Laminae

A lamina is the smallest megascopic layer  (typically 
≥0.1 mm in thickness) without internal layers  (Campbell, 
1967). It is bounded at base and top by lamina surfaces 
formed by erosion or nondeposition. Lamina surfaces 
are analogous to bedding surfaces, but are of smaller 
areal extent and shorter time of formation, because 
they are contained within beds.

In a genetic sense, a lamina is very similar to a bed. 
It does, however, differ from a bed in four significant 
aspects.

• It is relatively uniform in composition and texture.
• It is never internally layered at megascopic scale 

(i.e., ≥~0.1 mm).
• It has a smaller lateral extent than the enclosing 

bed (on the order of centimeters in current ripples 
to tens of meters in abyssal deposits).

• It forms during a shorter span of time than the en-
compassing bed.

Lamina continuity, shape, and geometry are 
the three key attributes for describing lamination 
(Figure 1B of Lazar et al., 2022a, Chapter 2 this Mem-
oir). Within their relatively small lateral extent, lami-
nae can be continuous or discontinuous; planar, curved 
(single variation), or wavy (multiple variation); and 
parallel (laminae do not intersect) or nonparallel (lam-
inae intersect). Description of these laminae attributes 
is essential to the identification of primary sedimen-
tary structures, such as planar, ripple, and trough 
cross-bedding, as well as of secondary disruption by 
burrowing or reworking, which informs the interpre-
tation of the paleo-environments of deposition. They 
are equally important for relating the permeability, 
 porosity, and seal capacity to reservoir engineering.

Laminae are interpreted to form in a shorter span 
of time than the encompassing beds, typically in a few 
seconds to one or more years, in an “instant of geo-
logical time” (Campbell, 1967, table 1, p. 17). Laminae 
commonly form in response to small-scale fluctua-
tions within a single flow or depositional event at the 
rates of the controlling processes (e.g., boundary layer 
bursts and sweeps under currents, wave oscillation 
currents, seasonal growth of planktonic or benthic or-
ganisms, or deposition by dilute hemipelagic suspen-
sions or wind).

Most textbooks consider lamination to be a primary 
characteristic of “shale.” Lamination is commonly 
interpreted to indicate predominantly continuous 
sediment accumulation by suspension settling un-
der relatively calm and persistently anoxic bottom 
 water depositional conditions (e.g., Tyson et al., 1979; 
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 Demaison and Moore, 1980; Schlanger et al., 1987). 
Differentiating laminae from very thin beds is there-
fore important for discerning whether sediment accu-
mulation was predominantly continuous or episodic. 
“Parallel-laminated mudstone” implies continuous 
sediment accumulation during a single depositional 
event, whereas “parallel-bedded mudstone” implies 
discontinuous sediment accumulation under repeated 
depositional events of similar character. Closer exam-
ination of a mudstone, for example, may reveal the 
presence of individual beds with scoured bases and 
burrowed tops indicating episodic, discontinuous 
sedimentation (with breaks in sediment accumulation 
sufficient to allow biogenic colonization; Figure 1). 
We heartily recommend a close reading of Campbell 
(1967), Van Wagoner et al. (1990), and Lazar et al. 
(2015a, b) for a full introduction to the above concepts 
and their implications.

Fissility is another widely used defining attribute 
of “shale” and has been commonly ascribed to lami-
nation. Fissility, however, is not identically equal to 
lamination—fissility is a by-product of weathering 
and unloading, and not a unique property of a rock 
or its original depositional fabric. Fissility develops 
along the weakness planes of many origins (includ-
ing consolidation, compaction, and diagenesis) and 
is mostly attributed to the nature and amount of ce-
ment (Ingram, 1953). Fissility is not very useful for 
classification. For example, a fresh piece of nonfissile 
mudstone (from either an outcrop or a core) can de-
velop well-defined fissility during weathering over 
short timescales—so what went into a storage box as a 
“mudstone” would later be called a “shale” although 
there was no change in texture, bedding, or composi-
tion. (We have witnessed a newly drilled and slabbed 
core of Wealden Shale change from a continuous, co-
herent slab into a mass of “poker chips” because of salt 
crystallization and unloading effects over the course 
of three weeks.) Thus, fissility is not a fundamental 
property of a mudstone.

Laminasets

A laminaset is a conformable succession of genetically 
related laminae that are bounded by laminaset sur-
faces (Campbell, 1967). Commonly, laminasets con-
sist of a group of laminae that exhibit similar texture, 
geometry, and composition within a bed (Figure 1). 
Typical thicknesses of laminasets range from millime-
ters to centimeters in mudstone. The lateral extent of 
laminasets is smaller than that of the enclosing beds 
and varies from a few centimeters in current ripples to 
hundreds of meters in some turbidite beds. Laminasets 

are particularly common in current- and wave-ripple 
beds formed in fine-grained sedimentary rocks. Other 
common types of laminasets are associated with tur-
bidite beds (e.g., Bouma a, b, c, d, e). Laminasets are 
interpreted to form in a shorter amount of time than 
the enclosing beds.

Beds

A bed is a relatively conformable succession of genet-
ically related laminae or laminasets bounded at base 
and top by bedding surfaces of erosion, nondeposi-
tion, or correlative conformity (after Campbell, 1967). 
Beds are typically thin in fine-grained sedimentary 
rock, may range from millimeters (Figure 1) to tens of 
centimeters in thickness, and do not have a minimum 
or maximum absolute thickness. Beds can extend lat-
erally on the order of meters to kilometers. Adjacent 
beds do not have to differ in lithofacies or composition, 
and a single bed can contain one or more lithotypes.

Recognition of beds depends on the identification 
of the surfaces that separate adjacent beds. Bed sur-
faces have no thickness, but they have lateral extents 
equivalent to the beds they bound. Bed surfaces can be 
planar, curved, or wavy. These surfaces thus terminate 
where the bed under examination ends, but the depo-
sitional surfaces can continue as bounding surfaces for 
adjacent beds or lose their physical expression across 
lateral lithological changes and become quite diffi-
cult to recognize (Campbell, 1967). Bed surfaces run 
the gamut from the obvious to the relatively obscure. 
Where the lithofacies of adjacent beds differ, bedding 
surfaces in the outcrop are distinct because weather-
ing commonly etches these surfaces into relief. Where 
lithotype and sedimentary structures do not change 
substantially from bed to bed, bedding surfaces are 
revealed by patterns of internal features of the beds. 
Terminations of laminae or laminasets by truncation 
below a surface, or onlap or downlap above, are key 
criteria for identifying bedding surfaces as are coloni-
zation horizons or subjacent burrowing (Figures 1–5). 
Bounding surfaces between groups of repetitive or 
quasiperiodic successions of laminae are bed surfaces.

Not all beds, however, exhibit internal sedimen-
tary features. This situation can be a result of bed 
 deposition without internal layering or subsequent 
homogenization of sediment by burrowing  organisms. 
Internal layering can also be hard to distinguish 
when the texture and composition of a bed vary 
within a very small range or when the size distribu-
tion of silt is very homogeneous. A modifier such as 
 “homogeneous-looking” can be applied to describe 
these beds (Lazar et al., 2015a, b).

14313_ch04_ptg01_089-106.indd   91 20/12/22   6:31 AM



92 LAZAR ET AL. 

bedding surface of the lowest bed in the bedset and the 
upper bedding surface of the highest bed in the bedset 
(Figures 3–5; Campbell, 1967). These bounding sur-
faces typically mark the changes in depositional con-
ditions within a particular depositional environment 
(e.g., scour surfaces, starvation surfaces, significant 
increase or decrease in energy level or sedimentation 
rate). The key characteristics of the bedset boundaries 
are that they separate beds that have distinct physical 
or genetic associations.

A bedset typically contains beds that have simi-
lar texture, sedimentary structures, and composition 
(Figures 3–5). A bedset may also consist of a succes-
sion of beds that exhibit a repetitive pattern of texture 
and structures, such as a stack of thin turbidite beds. 
 Bedsets commonly found in mudstone successions 
include stacked wave ripples from a single storm, 
Bouma bcde muddy turbidites, stacked planar- parallel 
beds, stacked graded beds, and stacked current ripples 
from a single flood event. Bedsets are interpreted to 
record related or repeated flow episodes or events and 
form in “many moments of geological time”—usually 
hours to years (Campbell, 1967, p. 17).

Bedsets exhibit most of the characteristics of beds 
but differ in the following key aspects:

• Beds above and below the bedset typically differ in 
sedimentary structures, texture, and composition 
from those beds composing the bedset.

• Beds within a bedset are similar or repetitive.
• The thickness of a bedset consists of the total thick-

ness of stacked beds.

Applications

The approach discussed above, initially codified by 
Campbell (1967) and Van Wagoner et al. (1990), and 
expanded to mudstone by Bohacs and Schwalbach 
(1992), Bohacs (1993), Macquaker and Gawthorpe 
(1993), Macquaker et al. (1998), and Lazar et al. 
(2015a, b), requires detailed and consistent descrip-
tion of stratal geometry, stratal surfaces, and the rocks 
bounded by those surfaces. This scale of observation 
is useful for capturing detailed information about the 
distribution of rock properties and depositional condi-
tions. It is also essential for the construction of facies 
models and calibration to well-log responses that 
enable prediction of rock properties away from sample 
control. The stacking of laminae, laminasets, and beds 
into bedsets is important for the recognition of facies 
and facies associations. Additionally, our extension of 
Campbell’s (1967) nomenclature provides a standard 

Some readers might wonder whether the preva-
lence of diagenesis in mudstone makes impossible 
the recognition of bedding. Diagenetic changes can, 
in some cases, make it challenging to see the original 
depositional bedding. Such changes, however, do not 
mean that the bedding did not exist. Extensive rear-
rangements are not common because mudstone has 
very low permeability; hence, practically all diage-
netic changes are set by the starting character of the 
sediment. In our experience, careful examination of 
strata can commonly reveal sufficient clues to allow 
interpretation of the original bedding attributes. 

To reiterate, this particular concept of a bed in-
cludes the following four distinct attributes:

• Beds have no minimum or maximum absolute 
thickness.

• Adjacent beds do not necessarily differ in texture 
or composition.

• A bed does not have to comprise only a single 
lithotype (indeed many beds show distinct sys-
tematic changes in composition).

• Beds record time-stratigraphic units of limited ar-
eal extent and relatively short times of deposition 
(minutes to hours to years, in “many moments of 
geological time”; Campbell, 1967, p. 17).

That last attribute is key for the application of 
 sequence-stratigraphic concepts in that the  stratification 
within a bed is genetically related and represents the 
product of a significant depositional episode or event. 
The bed, in the realm of sequence stratigraphy, is con-
sidered to be the building block of such larger scale 
stratal units as bedsets and parasequences. These con-
cepts and their implications are discussed further in 
Bohacs et al. (2022, Chapter 5 this Memoir).

To summarize, beds record single flows or depo-
sitional events, whereas laminae record fluctuations 
within a single event. Minimal breaks occur in sedi-
ment accumulation during the formation of lamina, 
but potentially significant hiatuses in sediment ac-
cumulation between beds allow for biogenic coloni-
zation or reworking of sediment by current or wave 
activity.

Bedsets

A bedset is defined as a relatively conformable succes-
sion of two or more genetically related beds bounded 
by surfaces of erosion, nondeposition, or their correl-
ative conformities (called bedset surfaces; Campbell, 
1967). Bounding surfaces of a bedset are the bottom 
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illustrates three common composite grain types in 
mudstone (floccules, organic-mineralic aggregates, 
and intraclasts).

Table 1 addresses “lag” beds sensu lato, that is, 
beds that contain concentrations of outsized parti-
cles: shells, bones, phosphate grains, and detrital silt. 
Finally, Table 2 summarizes the variety of commonly 
observed early (precompaction) cements and nodules 
along with their typical conditions of formation in 
 marine mudstone. This topic is elaborated in Bohacs 
et al. (2022, Chapter 5 this Memoir).

The Discontinuity of the Mudstone Record

In our experience, based on the examination of a 
variety of Paleozoic to Cenozoic fine-grained rock 
successions, mudstone strata typically record dis-
continuous and unsteady sediment accumulation in 
between major time gaps. Calculated sedimentation 
rates must, therefore, be adjusted for these gaps, and 
we recommend calculation of sedimentation rates 
for each systems tract and depositional sequence, for 
time spans that are less than 5–10 million years in total 
duration. As  discussed in Bohacs et al. (2005), based on 
the approach of Gardner et al. (1987), rate calculations 
should be converted to a year basis to allow direct com-
parison with modern oceanographic data (and models 
based upon them) using the following equation:

 

=
×

Corrected sedimentation rate (Reported
rate) (Time interval of measurement
(in years))0.185

 

(1)

On longer time intervals, sedimentation rates can 
be inferred based on paleontological data and isotopic 
ages. On shorter time intervals, sedimentation rates 
can be inferred based on the degree of bioturbation 
and presence and type of burrows (e.g., Wetzel and 
Aigner, 1986; Wetzel and Uchmann, 1998; Pemberton 
et al., 2001). For example, horizontal burrows indicate 
relatively slower sedimentation rates, whereas vertical 
burrows tend to indicate faster sedimentation rates 
(e.g., Seilacher, 2007).

Lag deposits are another indicator of the discon-
tinuity of the mudstone record. Lags are residual 
accumulations of coarser particles produced when 
the underlying units were eroded and winnowed 
(e.g., Schieber, 1998). Recognition criteria and the 
sequence-stratigraphic implications of residual ac-
cumulation of coarser particles, such as shell beds 
following erosion and winnowing of the underlying 
strata, are presented in Table 1. Sparsely to abundantly 

for organization and comparison of observations that 
enables quantitative comparison of thickness, length, 
or areal extent of small-scale stratal units by different 
members of the same work group as well as between 
groups.

Analysis of the vertical stacking of beds and 
bedsets is essential for the interpretation of depo-
sitional facies in sedimentary rock successions in 
cores or outcrops. This approach is an outgrowth of 
 Walther’s observations (cited in Grabau, 1913, 1924) 
and is elaborated in numerous reports (e.g., Shaw, 
1964; Allen, 1965; Harms et al, 1982; Walker and 
James, 1992). Vertical and lateral changes in bedding 
typically reflect a change in processes within depo-
sitional environments. A summary of vertical suc-
cessions is presented in facies summary texts (e.g., 
Harms et al, 1982; Walker and James, 1992; James 
and Dalrymple, 2010). The stacking of bedsets forms 
other stratal elements, such as parasequences de-
scribed in Bohacs et al. (2022, Chapter 5 this Mem-
oir) and analogous parasequence-scale packages 
(storeys [sic]; e.g., Sprague et al, 2002), channel belts 
(e.g., Patterson et al., 2010), and submarine chan-
nel complexes (e.g., Zelt et al., 1995; Campion et al., 
2005; Sprague et al., 2005).

COMMONLY OCCURRING SEDIMENTARY FEATURES  
AT LAMINA-TO-BEDSET SCALE IN MUDSTONES

This section provides the key recognition criteria and 
examples of commonly occurring sedimentary fea-
tures in mudstone successions. It also includes some 
considerations regarding the continuity of the mud-
stone record, with a focus on the formation of lag 
deposits and diagenetic products.

Common Sedimentary Structures in Mudstones

Figures 2–6 and Tables 1 and 2 present examples of 
the 15 most common sedimentary structures and 
features at the lamina-to-bedset scale in mudstone 
(e.g., Bohacs et al., 2014; Lazar et al., 2015b), along 
with detailed  recognition criteria. Figure 2 pres-
ents three types of ripples, Figure 3 illustrates the 
bed types associated with higher deposition rates 
(convolute lamination, parallel and graded beds), 
and Figure 4 shows  features associated with ero-
sion and  reworking—scours, gutter casts, and lags. 
Figure 5 compares and  contrasts common types of 
event beds:  wave-enhanced-sediment- gravity-flow 
(WESGF) beds, tempestites, and turbidites. Figure 6 
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distributed shell beds in mudstone strata also suggest 
intermittent increase of oxygen levels leading to colo-
nization (e.g., Kidwell, 1989, 1991a, b; Brett, 1995; Brett 
and Allison, 1998; Brett et al., 2003; Dattilo et al., 2008). 
Although some shell beds record single events, most 
shell beds record relatively long periods and back-
ground sedimentation. In contrast, many barren mud-
stone beds represent event beds (rapid sedimentation).

Development of a typical shell-bed “lag” follows 
this evolution (e.g., Kidwell, 1991a, b; Brett and Allison, 
1998):

1. Mud deposition
2. Colonization of mud by shelly taxa adapted to soft 

substrates
3. Winnowing and concentration of soft-substrate 

shelly taxa
4. Colonization of concentrated soft-substrate shelly 

taxa (“shell pavement”) by shelly taxa that prefer 
hard substrates

5. Repeat winnowing and colonization until 
deposition of a new mud bed that buries the shells, 
as in step 1, and then start over again

Types of physical concentration of shell beds, as a 
function of time span of accumulation, include the fol-
lowing (e.g., Kidwell, 1991a, b; Brett and Allison, 1998):

a. “Census” sample (essentially instantaneous)
b. Within a single habitat or environment of deposi-

tion conditions (101–102 years)
c. Environmental condensation, which refers to 

multiple habitats or environments of deposition 
over time (102–103 years)

d. Biostratigraphic condensation, which refers to 
multiple habitats or environments of deposition or 
both and multiple biozones (103–106 years)

In our experience, the frequency of occurrence of 
these types of shell beds in the rock record is b > c > a > d.

The formation of diagenetic cement and nodules in 
marine settings is related to pauses in sediment ac-
cumulation, which allow time for the by-products 
of microbial respiration to accumulate and become a 
significant component of the rock volume. The forms 
and extent of the diagenetic components are functions 
of the duration of the pause in sediment accumula-
tion (see Bohacs et al., 2022, Chapter 5 this Memoir 
for a detailed discussion of early diagenesis processes 
and products). The mineralogy of cement or nodules 
or both is a function of specific microbial metabolic 
pathways that are controlled by the supplies of oxi-
dants, reductants, and buffers or auxiliary reactants 
in the environment of deposition and in the sediment 

column (e.g., Berner, 1971, 1980, 1981, 1985; Irwin et al., 
1977;  Froelich et al., 1979; Canfield et al., 1993; Aplin 
and Macquaker, 2010; Taylor and Macquaker, 2014). 
 Typical conditions for the formation of cement and 
nodules in marine mud are summarized in Table 2.

Other diagenetic products, such as “beef” and 
“cone-in-cone” structures, commonly seen in mud-
stone strata, however, are related to later, deeper 
 diagenetic processes. “Beef” refers to a bedding- 
parallel vein with fibrous mineral growth that is 
 oriented perpendicular to the vein walls (commonly 
calcite, but also gypsum, quartz, dolomite, halite, var-
ious borates, and other minerals). Carbonate “beef” in 
mudstone has been interpreted to be associated with 
overpressure and tensile failure linked to hydrocar-
bon generation and to dehydration reactions (Cobbold  
et al., 2013). A “‘dual’ beef” has a darker central pair 
of fibrous growth that is surrounded by lighter zones 
of fibrous growth above and below (e.g., Cobbold and 
 Rodrigues, 2007). The central pair contains perpendicu-
lar antitaxial fiber growth (center outward) that is gray 
because of fluid inclusions of hydrocarbons and records 
growth in the oil window; the surrounding pair con-
tains fibers oblique to the fracture wall that are white 
with minimal fluid inclusions, and probably records 
later growth in the gas window (e.g., Cobbold and 
Rodrigues, 2007). A “cone-in-cone” structure has mul-
tiple nested cones of fibrous calcite or other minerals 
in which the fibers have grown vertically on average, 
within horizontal-to-inclined fractures (e.g., Cobbold 
and Rodrigues, 2007). These structures are attributed to 
dilatant shear failure as a response to overpressure.

CONCLUSIONS

Characterizing mudstone strata at lamina-to-bedset 
scale provides insights into the patterns and causes of 
rock-property variation. These insights can be used to 
construct process-based models and make predictions 
away from sample control. To understand the varia-
tion at this small scale is also essential because most 
analytical samples used to calibrate well logs and seis-
mic response are of this millimeter-to-centimeter scale.

With this understanding firmly established, we are 
ready to examine how beds and bedsets stack into 
parasequences and characterize the depositional con-
ditions and environments, as discussed in Bohacs et al. 
(2022, Chapter 5 this Memoir).

By the agitation of water and silt, and their 
gradual accumulation and consolidation … the 
rocks were formed gradually by the evolution of 
sediments in water.

—Ye Zi-qi, 1378, p. 342
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