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Folded Early Eocene distal turbidites at Broto, central Pyree;

As geologists, we all ‘know’” what a structural map is — the map representation of the geometry
and kinematics of folds and faults. Nothing could be simpler. So, when John Jacques and I

established the Petroleum Systems Evaluation Group (PSEG) at Getech back in 2004, building
the structural framework for each of our new regional studies seemed the least of our worries.

But, to our surprise, we were wrong. It turned out that not every structural geologist sees

structural mapping in the same way. And as for the geophysicist view of structures... well, that

is a story for another day. This was to cost us much time and monies. The question is why?

Faults and folds are amongst the clearest expressions of past
tectonics that we can observe directly.

The graphical representation of these features depends on
application and scale.

On geological maps, structural elements are usually shown by
lines. These mark the trace of the intersection of each structural
feature with the Farth’s surface. Kinematics are represented
graphically by a commonly applied symbology (Figure 1). In
many structural maps, sub-surface features are also represented by
extending their top trace vertically until it intersects the current
land surface (in our databases, we use an attribute to distinguish

between features exposed at the surface and those in the sub-
surface). This combination of line features is what John and I had
in mind, given our focus on New Ventures exploration and how
we would use the framework: to define the crustal architecture,
build tectonic models and then develop paleogeographies.

When we get to prospect scale (Figure 2), it becomes essential
to consider the 3D geometry to calculate volumetrics, investigate
fault closure, trapping mechanisms, migration pathways, etc. To
this end, we build structural contour maps and show our faults at
the surface as polygons representing the dip and throw of each
fault plane with depth.
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Figure 1. An example of the data in onr Structural Elements database for the area around Rukwa and northern Malawi. Features are represented by lines
that mark the trace of fanlts at the surface (or projected up from their highest expression for subsurface fanlts) and axes of folds. When I think of a structural
map in New Ventures exploration or most of ny acadenic work, this is what I think of.

This difference due to application and scale is nothing new. It
was also not the cause of the problems that John and I faced.

I have been thinking about this recently. Primarily because I
am once again building a global crustal architecture geospatial
database, this time armed with 30 years of experience, much older
and hopefully a little wiser. But also, because 1 am writing a new
paper on the history of geological representation.

Much has changed since 2004. For example, our understanding of
the complexity of crustal architecture has developed substantially
in the last decade due to the increased availability of ultra-deep,
2D seismic data along many of the world’s continental margins
(Manatschal, Sutra and Péron-Pinvidic, 2010; Péron-Pinvidic and
Manatschal, 2009). Databases and map representations need to
take account of these advances.

The new databases I am working on are more systematic, more
integrated, more detailed, and based on more data. The workflow
begins with the Structural Elements database, forming the
framework around which all the other elements are built. Hence
the reference to a structural ‘framework’. So, getting this database
right, or as correct as possible, is critical because everything
else hangs from this. Everything from the crustal facies and
geodynamics databases to how we define our sedimentary basins
and their depositional fill, and ultimately to plate reconstructions,
paleogeography, and paleolandscapes.

In revisiting this whole process and detailing the mapping
workflow, I realized that some questions need to be explicitly
addressed from the outset if we are to get others, notleast our staff,

to know what we want. These questions include the following:

1. Should the maps be based on map interpretations
published by other people (secondary data) or interpreted
from primary data?

Should we assume that existing interpretations are correct?
3. What density of structures should be mapped?

Should only features with a direct link to petroleum be
recorded?

5. Should the maps only show the present-day geometry
of features or show the past geometry at a time of the
compilers’ choosing/interest?

6. Should the maps be schematic with segments linked into
a continuous form (general pattern of faults and folds)
or only what is ‘observed’ (actual or as close to reality as

possible)?

The answers to these are relatively straightforward once stated
(answers at the end of the article) — operationally, these are
now addressed in the extensive documentation created for each
database.

In this blog, I want to look at the history of structural mapping as
a way to try and explain the problems that John and I encountered.
Because by looking at this history, we can hopefully get closer to
answering the fundamental question: What is a structural map?



The ‘architecture’ of the Earth

In this, Hunt was likely influenced by his experience as an
exploration geologist and how structure often dictated the
distribution of oil — Hunt was one of the first to recognize the link
between anticlinal structures and oil fields (Hunt, 1862).

Crustal ‘architecture’ is much more than mapping the structural
‘framework’as a structural elements
database. It encompasses all the
crust. In reading back through the
early 19th century literature, it is
clear that when geologists referred
to ‘structure’, they were using it in
the same way as Hunt used [crustal]
“architecture”. Indeed mapping
faults and fold axes as lines developed relatively late in geology.

Folding and faulting showed how dynamic the Earth was. You
only have to read Humboldt, Hutton, or Lyell to get a sense of
this. But when these geologists came to map this deformation, the
resulting ‘structure’ was defined by outcrop geometry in map view
or bed orientation in sections, rather than by discrete fault lines and
planes. The maps of Smith, for example, show outcrop geometries

“The structure and arrangement of
the materials of the earth’s crust, its

architecture, as it were...”

that define folds and faulted boundaries but do not show the fold
axes or faults themselves. Similarly, his cross-sections.

So in this 19th-century view of a ‘structural map, we are not
just representing the trace of fold axes or faults but the entire
3-dimensional crustal form. In terms of the databases I am building
today, this would require three
separate but related databases: (1)
structural elements, which define
the three-dimensional geometry of
the rock volume, including folds
Hunt 1873  and faults as a framework of line
traces; (2) ‘crustal’ facies describing
the geometry and composition/
rheology of the lithosphere; and (3) bedrock geology, comprising
the surface outcrop. We might add (4) igneous features; and (5)
geodynamics, representing the dominant thermo-mechanical
processes acting on the lithosphere. Both of these give additional
information on the dynamic processes that generate the form.
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Figure 2. An excample of a prospect-scale map, in this case, a vintage map of the Inglewood oil field in California. The structural map (left) includes structural

Inglewood oll fleld : structure map ; crose-sections : correlation of zones.

contours and fanlts as pobygons to show the geometry of dip and throw (Jenkins, 1943)
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De La Beche and Faults as Lines

It was Henry De La Beche who explicitly showed faults as lines But a search of 19th century maps suggests that the inclusion
in his sections (De la Beche, 1830). These thick black lines in  of fault traces was not universal. Even Elisee Reclus in his seminal
sections (Fig. 3) were replaced in map view by thick white lines.  work on global geography, did not show maps of major fault lines,
This symbology continued to be used on British maps throughout  although he did provide maps of the East African rift, showing

the 19th century (Fig. 4). There was no differentiation between  the topographic fault scarps (“Line of Volcanic Fault” (Fig.104 in
different types of faults. (Reclus, 1876).
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Figure 3. Excamples of faults shown in De la Beche cross-sections from various locations in the United Kingdom (De la Beche, 1830)
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Figure 4. An example of mapped fanlts represented by white lines on this map of the Mendips by De la Beche (1845). British Geological Survey materials ©
UKRI (1845) http:/ | wwmw.largeimages.bgs.ac.uk ] iip | mapsportal. htmi2id=1000027
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John Wesley Powell and the Standardization of Geological Maps

The most significant change in structural mapping occurred in = and colors. In these maps, Powell explicitly showed structural
the 1880s, when John Wesley Powell, the second director of the  elements (Powell, 1882), but like De la Beche, these were heavy
newly formed USGS, started a drive to standardize map symbology  black lines without associated markers. Powell also used dashed
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Figure 5. An excample map from the Folios of the Geological Atlas of the United States. In this example from 1899, fanlts are represented by solid and dashed
black lines following the guidelines laid down by Powell in the 1880s. The inclusion of sections on the map is unusual but emphasizes an increasing focus on
geological maps for resource exploration. Note that the map title now includes the term “Structure”.



lines to show fault extents where the trace could not be discerned “Fault lines (particularly when they are formation boundaries) shall be

but was assumed to continue. Forty years eatlier, De la Beche had indicated when actually traced by somewhat heavy full lines in black; and
also shown dashed fault lines on some of his maps, but had not  when not actually traced, by similar broken lines, toward which the formation
explained what these meant in the legend; one assumes to show devices may blend or fade as circumstances seem to require.”
uncertainty like Powell: (Powell, 1890)
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Figure 6. In this map from the “Tolios of the Geological Atlas of the United States” series, the geologists have included structural contours in addition to
stratigraphy, lithology, and structure (Clapp, 1907)
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This standardized approach to mapping was implemented under
the auspices of the next USGS Director, Charles Doolittle Walcott.
The results can be seen in the USGS “Folios of the Geologic Atlas
of the United States”, a series published between 1894 and 1945,
which included maps of topography and geology with an emphasis
on structure and economic geology (see Figure 5 for an example
from the Little Belt Mountains in Montana; Weed, 1899)). Some
of these folios also included structural contours on the maps (see
Figure 6 from Clapp, 1907).

The folios of Walcott duringat the turn of the 19th-20th centuries
look remarkable modern. But this ‘standard’ symbology does not
seem to have been systematically adopted more widely outside of
the US.. The British Geological Survey continued to mostly use
white lines to represent faults until around 1912, after which they
were changed to darker colors such as dark browns (Fowler et al.,
1926) or dark blue lines (Ussher and De la Beche, 1953) (Figure
7). Although Strahan’s geological map of Ingleborough in 1910
(Strahan, 1910) users black lines and is more similar to Powell’s
scheme and the USGS folios.

Figure 7. White solid lines continued to be used by the British Geological
Survey until at least 1912 (top)(Ussher and De la Beche, 1912). Subsequent
editions such as this reprint from 1953 (Ussher and De la Beche, 1953) show
Saults in dark blue (botton: image). This was not universal with Strahan’s
map of Ingleborongh in 1910 representing faults with black solid lines
(Strahan, 1910). British Geological Survey materials © UKRI (1912)
British Geological Survey (BGS) | large image viewer | 1IPMool jewer
2.0 and (1953) British Geological Survey (BGS) | large image viewer |
I1IPMooV iewer 2.0 (this is actually the 1962 reprint of the 1953 map)

The nomenclature of Powell was expanded in 1920, when the
USGS published formal guidance to its geologists on how to
prepare illustrations and maps (Ridgway, 1920). Faults on maps
were now represented by lines with associated marker symbols to
indicate the footwall and hanging wall sides of normal faults, and
overthrust (upper plate) side of thrusts. Anticlines and synclines
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were represented by a line along the fold axis, differentiated by
arrows perpendicular to the line - a symbology that has changed
little since (Figure 8).

This map nomenclature was quickly adopted and most clearly
exemplified in the detailed local USGS maps of the time, for
example, the excellent 1929 geological map of the Tyrone
quadrangle in Pennsylvania (Figure 9) in which thrust faults,
normal faults, synclines, and anticlines were differentiated (Butts,
1929). In Britain, the 1:63,360 map of Norham used a tick mark
to denote the downthrown side of faults (Fowler et al., 19206). But
we can also see its use in exploration maps during the following
decades (Figure 10). And it was the oil Industry that then started to
drive the need for more significant differentiation in the structural
elements symbol set.
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Figure 9. The 1929 geological map of the Tyrone quadrangle in Pennsylvania (Butts, 1929). Note the use of different symbols for anticlines, synclines, normal
and thrust faults. Many of the fold axes are named. Image made available online conrtesy of the Pennsylvania State University.

The need for more symbols

But it was becoming clear that there was a much greater diversity
of structural models — different fold and fault types - that needed
to be represented graphically (Boyer and Muchlberger, 1960;
Crowell, 1959; Davis, 1913; Hill, 1947; Hubbert, 1927; Reid et al.,
1913; Sopwith, 1875; Straley III, 1934).

In 1950 the USGS expanded the range of recommended fold
and fault symbols (Cloos et al., 1950), including many that we still
use today. But it still lacked the diversity of symbols that we use
today. It also restricted some symbols to specific types of maps
(Figure 11).

From 1989 to 1995 the USGS built a more extensive cartographic
standard map symbol (Reynolds, Queen and Taylor, 1995; Soller,
1996). In this version, all thrust faults were represented using the
saw-tooth marker pattern, which is now the most widely used
visualization. Normal faults were still represented by a tick mark
to indicate the downthrown side. This was further expanded with
the 2006 update to the USGS symbol set (Federal Geographic
Data Committee, 2006). However, confusingly here, the USGS
chose to represent normal faults with half-circles indicating the
downthrown side and rectangles to represent the upthrown block
of reverse faults. Unfortunately, by this time, other structural
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geologists and many companies had already appropriated the idea
of using rectangle markers but to replace the tick marks on normal
faults (Hulshof, 2012; Markwick, 2019); this included Robertson
Research in the late 1990s, which is where I got into the habit.
Other organizations, such as the BGS continue to use tick marks
(Mawer, 2002).

With this diversity of map symbols, we can create a more detailed
map of the ‘structural framework’ built of structural elements.
These are the map representations of the structure rather than the
whole structural form: a fold axis, not the entire fold form, a fault
trace at the surface (or top sub-surface fault trace), not the whole
fault plane. It is these elements that are recorded in our Structural
Elements database.

This distinction may seem like semantics. But it is important and
as we stressed at the beginning of this article, it is a function of

the application. In New Ventures exploration or plate modeling
or paleogeography, we need to understand the overall structural
context and what it tells us about geodynamic evolution, whether
for basins or basin hinterland. But at the prospect scale, we need
to understand the form.

This explains why we distinguish between the “structural
framework” and the “crustal architecture” of which the framework
is an integral part in our paleogeographic workflow.

A further complication here is that when we talk about ‘crustal’
architecture, we are, of course, referring to the whole lithosphere
- nothing is ever simple!

...the structural framework...[is]...the
map representation of structure rather
than the whole structural form: a fold

axis, not the entire fold form...

We all know what a structural map is.

So, what was the cause of the problems that John and I had?

In truth, even with 15 years of hindsight, I still do not fully
understand the causes. But I think I have more of an idea than 1

did then.

What is a structural map? When looking at the example in
figure 1, everything seems obvious. John and I had assumed that
all structural geologists saw a structural map, in the same way,
especially the most experienced structural geologists, those with
the most years. But what they ‘knew’ and we ‘knew’ turned out not
to be the same.

In our defense, I should point out that we ultimately hired a
brilliant Polish structural geologist, whose tectonic model of SE

Asia is, I still think, one of the best solutions I have seen for
that area. And then a series of excellent MSc graduates who all
immediately understood what we meant. So perhaps it was also
partly the individuals concerned after all? Perhaps...

Structural mapping is fundamental to solving geological
problems, especially in resource exploration. Getting the structural
framework right impacts everything else, which we then build
upon it.

As geologists, we all ‘know’ what a structural map is. But what
we ‘know’ has changed through time, depends on the application,
and, as it turns out, it may also depend on the geologist you ask.

As geologists, we all ‘know’ what a structural
map is. But what we ‘know’ has changed
through time, depends on the application,
and, as it turns out, it may also depend on the
geologist you ask.
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Answers to the questions

Q1. Should the maps be based on published maps (secondary
data) or interpreted from primary data?

Answer. The intention is that all structural features in the database
should be identified in primary data. This data includes gravity and
magnetic data, seismic, radar, bathymetry, topography, Landsat,
and observations. Features from secondary (published) data are
only included if the feature is considered important but cannot
be seen with primary data available (remember that the primary
data are all publicly available). In these cases, the feature will carry
by default a low mapping confidence and will have attribution
reflecting its source. We have kept such ‘secondary’ interpretations
to a minimum (<<1% of the entire database).

Q2. Should we assume that existing interpretations are
correct?

Answer. Assume nothing. Generally, the location of a feature
would have been placed using primary data and information from
published, secondary sources will refer to the age assignments or
kinematic histories. Attribution is used in the database to explain
the source of this information — i.c., what it is based on if quoted
in a papet.

Q3. What density of structures should be mapped?

Answer. This will depend on the data grain and structural
complexity. Map what you can see, but consider a set resolution
limit and keep to that. This becomes the “minimum resolvable
feature” in the database. In operation, there is a clear density
difference between features mapped on land using Landsat or
SRTM3 radar data and features in the oceans constrained only by
satellite-derived gravity anomalies.

Q4. Should only features with a direct link to petroleum be
recorded?

Answer. No. This database is about understanding the Earth so
not restricted to any single application.

Q5. Should the maps only show the present-day geometry of
features or show the past geometry at a time of the compilers’
choosing/interest?

Answer. The default database is the present-day geometry.
Separate databases are used for each geological timeslice starting
with features extracted from the present-day database and rotated.
Changes in kinematics are stored in a related “Activation” table.
Also, be aware that there will be cases where features will need to be
spatially adjusted after rotation to reflect deformation (palinspastic
reconstruction), especially in compressional settings. In the oceans,
there may also be features that no longer exist (subducted).

Q6. Should the maps be schematic with segments linked
into a continuous form (general pattern of faults and folds)
or only what is ‘observed’ (actual or as close to reality as
possible)?

Answer. Observed takes precedence, but connections may
sometimes be useful. If so, connections will have the lowest
confidence and be dashed. This is why attribution is so crucial.
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Knowing Earth Structural Elements Mapping Legend (2018)

Tectonic elements

Tectonic elements comprise crustal-scale features that define  that represent plate boundaries will cut the crust through to the
cither plate boundaries and intra-plate, crustal-scale folds, which ~ Moho and are therefore class 1 features by definition.
are commonly referred to in the literature as ‘arches’. All features

SYMBOL 9
ACTIVE INACTIVE < | DESCRIPTION
Ead |
Defined Inferred Defined Inferred Q
S100A S100Ai $100l $100li 1| Sereading Ridge
TS102A TRI00AT 1 Transform Fault
S104| S104li 1 | Fracture Zone (Major)
sio6 SIOéIl 1 | Fracture Zone (Minor)
o S e AR 3 VoYV vy v v v v VYTV : subd H 7
S108A S108AI $108l 5108l UBAUCHON Z8ie
S109A S109AI S1091 S109li ] Basement Arch
b, L A 2 | Basement Arch
S209A S209Ai 52091 S209li

14 www.knowing.earth



Normal and reverse faults

The symbology for normal, reverse, thrust, and undifferentiated
faults are shown in Figure 23. All four fault types can be of any
scale, from major basin bounding faults that may cut the crust
down to the Moho and therefore be considered as Class 1 to
smaller faults in the overburden or even features within sutficial
deposits. Whilst the larger features can be identified using seismic
data, satellite imagery (Landsat), and even potential fields data,
the finer-scale features are mostly only resolvable through careful
field mapping. Whilst surface and sub-surface geometries may be
readily mappable, the depth significance of most features is often
difficult to assess without good seismic data.

The symbology of both normal and reverse faults comprises
two components in ArcGIS:

1.a solid (defined) or dash (inferred) line, that defines the
geometry of the feature (this will be at the present-day surface
unless otherwise specified) — the line weight will vary by class;

2. a marker line symbol that denotes the type of fault (squatre
for normal faults, triangle for thrusts and reverse faults) and dip-
slip direction (square on the down-thrown side for normal faults;
triangles point towards the upper plate for thrust and reverse
faults).

SYMBOL % DESCRIPTION
ACTIVE INACTIVE 5
Defined Inferred Defined Inferred &)
S110A S110Ai S1101 S110li 1 Normal fault
I Ean man man L Saiel Wit faiel m W B Sl bk S o
S210A S210Ai S2101 S210li 2 Normal fault
- W W Gk dan Eebs W W W B B e Sl
S310A S310Ai S3101 S3101i 3 Normal fault
S410A S410Ai S4101 S410li 4 Normal fault
S120A S120Ai S1201 S120li
————— B ~v—v—v—v  v--y--~--y- | 1 Reverse fault
S220A S220Ai S2201 S220li
v ¥ v v 4 v \ v ¥ ¥y ¥ WTTYTTTTYTTY" 2 Reverse fauit
ﬂ g S?zo’éfi _,_SS,E],I_,_ —_— _8,3_2_%_ —+- | 3 Reverse fault
S420A _S420M . . S420li | 4 Reverse fault
S125A S125Ai S1251 S125li
-,y sotel mamh dobes o Y vy v v b, aoh Lol o o 1 ThTUSt fault
S225A S225Ai S2251 S225li
e A g i | Ay Wi | & "THESEETET
S325A S325Ai S3251 S325li
N e B o aeeinel oo | 8 “Thrust fault
S425A S425Ai S4251 S425li 4 Thrust fault
S199A S199Ai S1991 S199li 1 Fault undifferentiated
S299A S299Ai S2991 S299li 2 Fault undifferentiated
S399A S399A S3991 ..Ss9sh 3 Fault undifferentiated
S499A SA499A S499 849.9" 4 Fault undifferentiated
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Strike-slip faults

Strike-slip faults like most of the other structural elements in  shear is equivocal or there is disagreement in the literature. This is
this legend, follow the traditional symbolization used by the USGS  the same symbol used for undifferentiated faults. As part of the
[Federal Geographic Data Committee, 2006] with the addition of ~ mapping workflow, bedding and foliation are mapped to provide
variants for defined, inferred, active and inactiv. Arrows indicate  indications of sense-of-sheat.
the sense-of-shear where this is documented. An undifferentiated
strike-slip fault symbol has been included here where the sense-of-

SYMBOL 0033 DESCRIPTION
ACTIVE INACTIVE 5
Defined Inferred Defined Inferred &)

. EEUREER - OO R ST | 1 strike-slip fault, undiff.
i i e SNV, 5230 | 2 strike-slip fault, undiff.
Sa30A Seonl S S80I 1 3 Strike-slip fault, undiff.
S430A S430Ai S4301 S430li 4 Strike-slip fault, undiff.
SHa08 . S140A' _____ SLM}-I _____ S ﬂ_"_ 1 Dextral strike-slip fault
Sng _ 8240.’6& _ 8_22]' _____ S ii_?[___ 2 Dextral strike-slip fault
Ssji_?A_ SN S:_i;(]l _ S?jf'_i_ | 3 Dextral strike-slip fault
844_% s Sd_ﬂ_m _ 8440" ] 4 Dextral strike-slip fault
SLSA e S145A' e Sgl _____ S 2_ 1 Sinistral strike-slip fault
Sng s 8245A' . 325' _____ S 221'_ 2 Sinistral strike-slip fault
S3§A S345Ai S:iéf" B 33?_5" | 3 Sinistral strike-slip fault
SAaoh S445Ai __Sf_‘:ﬂ_m__ 34‘11‘_5“ 4 Sinistral strike-slip fault
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Transpressional and transtensional faults

The symbology for transpressional and transtensional faults is

are clearly defined.

In many cases, this may reflect multiple phases

shown. These ate used where evidence of translation and dip-slip ~ of activity.
SYMBOL 8 DESCRIPTION
ACTIVE INACTIVE 5
Defined Inferred Defined Inferred O
Lj—_@. i S150A' g L;Ol' &. 1 Dextral transtensional fault
L;OA. SZ_SD-N Lg. _____ szgn . 2 Dextral transtensional fault
Ss_E_E)A Seoanl Saim _____ 83-5_0" . 3 Dextral transtensional fault
S4§.9A S450Ai S4gﬁ| 84_5__0_" 4 Dextral transtensional fault
825_!\ S155A' - 82 _____ 82'_. 1 Sinistral transtensional fault
Sz—i*—_S_A. - Lé&- _____ 823_15|| o | 2 Sinistral transtensional fault
SSE_?A S355Ai Sng o SSESI' . 3 Sinistral transtensional fault
S45§A Eaowl 34._5__5' 84..5:5" 4 Sinistral transtensional fault
s e [ B S0 . | 1 Dextral transpressional fauit
Sng 8_2_6{_].“_ ; SE_GE _____ ?f_;fj_li___‘ 2 Dextral transpressional fault
L_S__QA‘ BA80N & — 83_20" e 3 Dextral transpressional fault
84{3__':#\ RAQUA Sdg()l S4g0li 4 Dextral transpressional fault
81—2_’2‘\‘ , S165A' o Lg‘ _____ Sg'_' 1 Sinistral transpressional fault
_Szfi—i_, = 65_Ai Lg‘ _____ _S_%g‘i,"___' 2 Sinistral transpressional fault
LS__?A, Saenl & - 8325" __, | 3 Sinistral transpressional fault
S465A S465A S4ost S465Ii 4 Sinistral transpressional fault
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Undifferentiated folds

Undifferentiated folds have been symbolized to account for  fold trends to be quickly captured which may be checked later
folds identified (especially) from Landsat imagery where bedding  against detailed geological maps if these are available. This is not a
is clear, but dip and age relationships are not. This allows for  traditional standard symbol.

SYMBOL 2 DESCRIPTION
ACTIVE INACTIVE S
Defined Inferred Defined Inferred O
S177A S177AI S1771 S177Ili 1 Fold undiff
——————— o e —J_ ......... e 5
S277A S277Ai S2771 S277li 2 Fold undiff
e e _ PR Sy :
S377A S377Ai S3771 S3771i 3 Fold undiff
S477A S477Ai 84771 Sad 4 Fold undiff.
S175A S175Ai0 S1751 S175li 1 Plunging fold undiff
i —— AL - - demmm
S275A S275Ai s275I feral 2 Plunging fold undiff
T R | R T EeaCren WS [ - L ST Gy e g :
S375A S375AI S37sl =2lal 3 Plunging fold undiff
S475A S475Ai 475l S47ell 4 Plunging fold undiff.
S179A S179Ai S179l S1u 1 Double plunging fold undiff.
-+ @b | ——— - mmmnmn- o
S279A S279Ai S279l S279li _ | 2 Double plunging fold undiff.
! TR e | S
) 837% o S379Ai ) 83791 . 3379" ~_ | 3 Double plunging fold undiff.
) S479A o S4T9AI B 8479!__ o S479li _ | 4 Double plunging fold undiff.
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Synclines and synforms

Syncline and synform symbology, like that for anticlines and
antiforms, follows the traditional use of arrows to indicate dip
direction either side of an axis. The arrow marker symbol used is
that provided with ArcGIS [ESRI, 2017] as the “ESRI Geology
USGS 95-525” character marker symbol set. These are the symbols
presented in the USGS Open-File Report 95-525 [Reynolds et al.,
1995]. There appears to be some confusion in the literature about

the correct geometry of arrows indicating the plunge direction
for closed, double-plunging (“basin”) fold features, with some
mappers showing plunge direction away from a basin feature. In
the scheme presented here, we show the arrows dipping into the
feature, which in our view is the only correct geometry since this
follows the bedding dip direction.

SYMBOL UUg DESCRIPTION
ACTIVE INACTIVE 5
Defined Inferred Defined Inferred O
S180A i S180AI e e S S_180-|;| | 1 Synform/ Syncline
$280A S280Ai i T 5280l | 2 synform / Syncline
SaaA SSBOA} 83301 L 8380" | 3 Synform/Syncline
st S480Ai icar 3480? 4 Synform / Syncline
S182A S182A' - S182l *-8_182['_ 1 Plunging Synform / Syncline
szszé S282A szazll 48232" 2 Plunging Synform / Syncline
8382‘:_ SSSZA} ks = 83_8__2_|:i 3 Plunging Synform / Syncline
) S482A: S482Ai . 8482: . 8482? 4 Plunging Synform / Syncline
S184A S184A‘-i S184l -____?:153_4"_“4 1 Basin
S284A S84 s284| .S | 2 Basin
ossa s s s | g g
_ ssA S484A o W e |4 R
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Inverted and over-turned folds

Inverted and over-turned folds reflect, by definition, a complex  using the “Flip” command). The marker symbols are those used by
deformational history and care must be taken to ensure that the  the USGS [Federal Geographic Data Committee, 2006; Reynolds
sense of fold inversion or over-turning is correctly recorded when et al,, 1995] and which are provided with ArcGIS [ESRI, 2017] as
lines are captured digitally (in ArcGIS this will depend on the  the “ESRI Geology USGS 95-525 character marker symbol set.
direction in which the line is digitized, which can be easily managed

SYMBOL % DESCRIPTION
ACTIVE INACTIVE 5
Defined Inferred Defined Inferred &)
S176A S176Ai S176l S176li 1 Inverted anticline
—_—— i e S e —'QJ_ ......... At
S276A S276Ai 5276l S276li 2 Inverted anticline
e —ﬁ,‘__ _________ R
S376A S376Ai S376l S376li 3 Inverted anticline
S476A S476AI S476l S476li 4 Inverted anticline
S186A S186Ai 51861 S186li 1 Inverted syncline
—*;J_ : o - o 4H_ ........ ad---
8286’AI 8286Ai‘ S2861 8286’I.i1 2 Jhverted syncline
—p d I — ko messuwsng Ad---
S386A S386Ai S3861 S386li 3 Inverted syncline
—_— ot 4‘;—;— _________ At =
S486A S486Ai. SdBB_I S486li 4 Inverted syncline
Al S1781 S178li I
8178{-\' : 8-178- -,I, : —BH— ......... flr--- 1 Overturned anticline
S278A S278Ai S278l S278li 2 Overtumed anticline
= g —_— Sk 1 S
S378A S378AI S378l S378li 3 Overturned anticline
e i E—— SheEates b k. | riaintnd
S478A S478AI S478l 8478.“ . 4 Overturned anticline
8188@ S188Ai S188l S188li 1 Overturned syncline
** memmssseeih .- —ﬁ_ _________ ﬂ---
S288A S288Ai S288l S288li 2  Overturned syncline
AR P S5 —_——  ige--
S388A S38BAi S388l1 S388li 3 Overturned syncline
T = iF .t : § ot
Sases Shanih ﬂ.’—,_ il 4 Overturned syncline
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4.12. Lineaments, bedding, and foliation
data. Bedding and foliation are extremely useful to record to pick
out the large-scale sense of shear around translational features, or
folds. Both can be identified in Landsat imagery depending on the
vegetation cover and degree of weathering,

Lineaments are linear features expressed in either the surface
or sub-surface that lack any information about kinematics or
geological cause. These may be revised as more data are added or
removed where they are found to be artifacts of specific source

SYMBOL DESCRIPTION
S9000 Lineament undifferentiated
$9100 Bedding

_ Sez200 Foliation

T SN

1 al)fﬁjﬂg’
- e

20 il S s the ity o el i o ity
it g st o AL
Fepe comsiunsi frmiare Weat vars b chucrnesh iy soerais g W
s Mhet o e poizal ]
e gl w e s W et of cmstinty of foynee,
it s 4 siglhi fomtiors, wopecially at Wen gy reshitioes, They T
,.d,..‘_.,._......u..... o it pprbations sl fudt priopagm, T

Each database includes a comprehensive documentation
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Further Information

If you would like to learn more about the Knowing Earth suite of structural and crustal architecture databases or any of our other
Knowing Earth databases, please contact me at paul. markwick@knowing.earth.

We have several manuscripts currently in review, which will provide additional examples and enable us to get as much of our work into
the public domain for community use. More on this soon.

The first version of the cartographic symbol set used by Knowing Earth was published as part of Markwick (2019) and is available through
the Geological Magazine website https://www.cambtidge.org/core/journals/geological-magazine/article/abs/palacogeography-in-expl
oration/444CC2544340A699A01539A2D4C6E92A

The associated ArcGIS style file can be downloaded from my research website: www.palacogeography.net

We will be publishing our new 2021 version shortly.

Others symbol sets
USGS: https://ngmdb.usgs.gov/fgdc_gds/geolsymstd/download.php
BGS: http://nora.nerc.ac.uk/id/eprint/3221/1/RR01001.pdf
Shell: https://www.atcgis.com/home/item.html?id=8a89¢7ffe4154¢fa94c65090c4dab485
Knowing Earth: http://www.palacogeography.net/publications.html
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