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Abstract

Dahlstrom (1969) introduced the power of 2D balanced section construction for making more accurate predictions of subsurface trap geometry
in the Foothills of the Canadian Rocky Mountains. Early efforts relied on hand-drafted bed-length conservation between the folded and faulted
sedimentary layers of a cross-section interpretation (deformed state) and the flat-lying layer-cake geometry of its restoration (restored state).
Today, computer-assisted section construction and restoration software allow the assessment of more complicated structural interpretations by
applying a number of methods for forward and inverse strain transformation. While software greatly increases the speed and precision with
which the unfolding of folds and the juxtapositioning of fault cut-offs can be made, the validity of material balance requires quantitative
analysis beyond a visual inspection between deformed and restored state. In this work, we review the common methods of inverse strain
transformations (i.e., restoration) and common pitfalls found in some published restorations:
1. Depending upon the geological setting being analyzed, some transformation methods are more appropriate than others;
2. For some settings, the extant software-based transformations (mostly simple-shear methods) may be poor approximations for the
observed deformation;
3. Restorations showing restored arrays of multiple fault blocks are rarely seamless, as fault trace mismatches (gaps and overlaps) between
hanging-wall (HW) and footwall (FW) are present in nearly every restoration of a structural profile derived from real data.
Most authors of restorations “cosmetically” remove the small gaps and overlaps between juxtaposed fault blocks. We emphasize that tables
listing the line-lengths of key horizons and the areas of key units should be shown in order to describe the quality of balance. Three published
restorations (contractional, extensional, salt diapir) are analyzed to illustrate the utility of quantitative validation.
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1. Introduction

In 1969, Dahlstrom argued for making balanced cross-sections as a useful constraint on subsurface interpretation. Material balance amounted to a conservation of
bed line-lengths for all (pre-kinematic) sedimentary layers above a decollement in a 2D cross-section oriented parallel to the transport direction of the thrust faults.
Maintaining areal 2D section balance is appropriate in any geological setting where the deformation vectors lie in the vertical plane of section and the pre-/post-de-
formation rock density remains constant. In current practice, a balanced section is demonstrated with a side-by-side comparision of a deformed (or final) state pro-
file with a restored (or initial) state profile. We believe that the quality of a restoration is best judged with a tabulation or graphical display of linear and areal inverse
stretch values in order to validate the precision of balance. Deviations from strict or exact balance may suggest changes to an existing interpretation. For example,

consider the simple line-length balanced flat-ramp-flat fold model of Dahlstrom (1970):

In the diagram and tables at right:

. . . )
* lengths in cm; areas in cm Published model of “line-length balanced” flat-ramp-flat thrust belt folding: Dahlstrom (1970)

S, is the inverse stretch

bed- LE bed- bed-

(restored state bed-length/deformed state bed-length) —_— Unit | 1ongth | thickness | area

* 1+A is the inverse area stretch l<—5.18 Cm—»- ; ~_ 49°  bedlength=19.5cm | 4 | 4950 | 148 | 23.84
—

(A = dilation = change in area/bed-area) R mggy > ~2496cm—| | 2 | 1971 | 1.80 | 35.59

3
4 bedlength = 20 cm

3 | 20.00 1.14 22.78

For a condition of “perfect” balance, the stretch values should be 1.000

4 | 20.00 1.28 25.48

How are the line-lengths and areas measured?

* by hand with string or ruler, line-length is plus or minus a few mm deformed state profile T bed- | g bed-
« area is difficult to measure by hand U tengtn | | area | 1
* computer software facilitates measurements of line-length and area 1 1| 200 | 1,026 | 23.63 1 0.991
(specialized structural analysis media: LithoTect, MOVE, Geosec or e o 2 | 200 | 1.015 | 36.06 | 1.013
commercial drafting media: lllustrator, CorelDraw, Canvas) 3 3 | 200 | 1.000 | 22.78 | 1.000
For careful drafting, this increases the precision to £ 0.1 mm. This ‘.1 ' 4 | 200 | 1.000 | 25.48 | 1.000
nominal restored state profile

yields three-significant figure accuracy.
* Dahlstrom’s line-lengths balance at * 2%, and the areas balance at * 1%

For naturally deformed profiles where an area balance is the arbiter: error <2% = excellent; 2%< error <5% = good; 5%< error <10% = poor; error >10% = unacceptable.
Line-length balance may be an acceptable substitute in flexural-slip folding with concentric fold profiles as is a reasonable presumption for external foreland fold and

thrust belts. In deformation settings where layer-parallel shortening or stretching processes occur, 2D area balance should be used. In deformation settings where
3D strain has occurred, 2D section restoration and 2D strain anlysis is inappropriate.

2. Methods of Transformation

In order to restore deformed sedimentary profiles, distorted layers (folds) need to be transformed back to an originally flat (typically horizontal) orientation. There
are three principal means for doing this:

1) simple-shear with the shear direction parallel to a key horizon in the layering (flexural-slip folding deformation)

2) simple-shear with a shear direction inclined at a specified angle to horizontal (inclined-shear folding deformation)

3) pure-shear shortening or stretching (layer parallel shortening deformation)

Examples: 1) contractional folds like fault-bend folds (Suppe, 1983), 2) extensional folds like reverse-drag (Cloos, 1968; McClay, 1990), 3) layer parallel shortening
prior to folding (Ramberg, 1971)

Three modes of distortional strain transformation for sedimentary layers
(can be applied in forward or inverse models)

single input domain

o] /o)

grey lines show incipient  uniform simple shear,
train axes orientation parallel to bedding
y=0.37
inclined to bedding
y=0.37

uniform pure shear,
S, parallel to bedding
S,=1.20

Yoo

uniform simple shear,

multiple input domains

&

grey lines show incipient
strain axes orientation

/©/%/

OO

variable simple shear, -
parallel to bedding [
v,=0.37;y,=0.63

Yoo

variable simple shear,
inclined to bedding
v,=0.37;y,=0.63

B

pure shear gradient,
S, parallel to bedding
S,,=1.20;S,,=1.36

applications

contractional folds
(flexural-slip & TLS),
parallel folds

extensional folds
(reverse-drag flexures),
drag folds, similar folds

layer parallel strain
(shortening or stretching)

One Step Transformation: for many deformed profiles (some external foldbelts, simple passive margin
growth faults, some extensional fault blocks), a single transformation process may be applied to the deformed/-
faulted units as a single step and aligned along a reference datum (key horizon). Note the example below:

evelvation (km)

_4J ‘\\ 1
Cross Section B-B’ of the Pine Mountain Thrust System from Mitra (1988)

\
—\

\
Single-step flexural-slip unfolding of Bales horse block and Pine Mountain thrust sheet:
top of Knox Gp used as key horizon with vertical pin-line placed at flat-lying anticlinal crest
- red and green areas highlight slight misfit of overlaps and gaps, respectively.
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3. Unfolding Transformations

A parallel fold geometry is a typical presumption for fold layer style in contractionally deformed sedimentary basins.
If appropriate, bed-lengths and orthogonal layer thicknesses are preserved in profile. In many stratigraphic succes-
sions; however, the lithology of some rocks will be stronger (stiff units: cemented sandstones or carbonates) and
others will be less strong (soft units: shales or evaporates) which can affect the geometry of folds (Ramsay and
Huber, 1987; Hudelston and Treagus, 2010). moderdte strain high strain

Model D: p4/ui2 high, n high

(Class 1C layer model) u is viscosity coefficient

/| v=high is stiff
w=low is soft
u, (stiff),_u, (soft)

Ramsay’s “n-value” is a
measure of the proportion
of competent to incompe-
tent material

|

For these models with mechanical stratigraphy,
line-length balance (i.e. W, = W,) is suitable for all A high
scenarios with the exception of high strain Model D. é low

W

In parti(;ular, the stiff units also maintain original Model E: s/ high, n moderate Ais the buckling amplifica-
layer thickness (Ramsay Class 1B parallel fold), (Regular chevron model) tion rate

again with the exception of high strain Model D. A

flexural-slip inversion should accurately recover the 1, (stiff)_u, (soft) é is the (horizontal) strain

original unfolded geometry of the layers. Flexural- rate
slip inversion could be effective in Model D with a
correction step for the hinge-thickening effect. T w
W, = initial state wavelength
(or bed-length)
Model F: uq/uz high, n low
(Kink band model to irreg. chevron model)
u, (stiff)_ u, (soft),

¢ W, = deformed state wave-
length (or bed-length)

:

No characteristic W, bl, = bl, = bl_

Diagram of multi-layer fold styles suitable for sedimentary basins adapted
from Ramsay and Huber (1987)

4. Composite Transformations
Composite transformations can be inferred in certain situations. For example, successive inclined-shear of different
polarity or a pure shear component before or after flexural-slip transformation.

Multi-step transformation of extensional fault blocks Multi-step transformation for a contractional fold model fitted to metasedimentary

units in the Iberian massif (Toimil and Fernadez, 2007)

reverse-drag _mobile shale mobil
segment rawal seg. withe

reverse-drag
ent

HW fault block &
‘shown in grey

deformed state
fault block 8
deformed state
fault block A
step 1. 75" inclined shear step 2. vertical shear
restoration of mob. shale seg. single step composite
restoration (100 inclined

shear)

proviousiy restorod

it \
previousy restored step 1. undo flattening strain
sty (pure shear: $, =115, 5,=0.87)
step 3. resiual restoration step 4. bet it juxtapositon e snoar tep residuat
2o
Sa e step 2. undo TLS flexural strain
(flexural-slip or neutral surface unfolding)
[EREERES [ERED [ERED
step 3. undo layer-parallel shortoning
Testored state restored state (pure shear: S, =1.18, S, = 0.85)

fault block A fault block B

In order to show a method of validating 2D section balance, three published 2D balanced cross-sections
are examined: a contractional balanced profile (Douglas, 1952; Boyer and Elliott, 1982), an extensional
balanced profile (Bohanon et al., 1993), and a backstripping profile where sediment decompaction steps
complicate the assessment of section balance quality (Bose and Mitra, 2014). In all cases an alternative
restored state is shown that maintains strict area balance. Tables or graphs of inverse stretch values are
used to quantify the degree of balance maintained through the restoration process. For line-length or
area balance to be true, the stretch values should be close to 1.000. Red comments indicate balance
problems; green comments indicate good balance.

6. Restoration Analysis of an Contractional Profile

lower Altyn bed- Waterton and lower Altyn unit area measurements
and stretch values and area stretch values
geol. | Douglas [ BEE lsae [t geol, | Douglas [ BEE Tgge[ [T LT Profile Interpretation and Restoration of the Mount Crandell Duplex Structure
it | 9. state | res. state | { )" rest. state (5 ) Tt | def.state | res. state | (1, frost. state (4.
(m) (m) (m) (x10°m?) | (x 10° m) (x10°m?) adapted from Douglas (1952)

w1 | 1777 na | na | 1774 [1.002| w1 | 272 na | na| 272 [1.000

sw =385x10°me = 400x 107 NE
A1 | 2277 na | nfa | 2277 [1.000 A1 | 6.37 na | na | 637 [1.000 (A8 28 85200 1A10=4.00 x 10

Mt Crandell

1A= 3,67 x10°m

w2 | 1954 na | na | 1955 [0.999| | w2 | 4.5 nla | na| 415 |0.999

1A2 [ 1785 na | nfa | 1785 |1.000 1A2 | 6.46 na | na | 645 [1.001 2000,

W4 | 2321 | 1456 [1.594| 2301 [1.009| | wa | 823 | 3.81 (2163| 8.23 [1.000

1A4 | 702 643 [1.091| 702 [1.000 1A4 | 391 3.51 [1.113| 3.91 [1.000 o00m

W5 | 1342 | 1299 (1.033| 1331 [1.009| | Ws | 482 | 568 [0.849| 4.82 [1.000

W7 261 010wt A11=1.6Tx 108
I1A5 | 1649 1581 |1.043| 1650 [1.000 IA5 | 3.67 3.39 [1.083| 3.64 |[1.010 L (A1 =1.67 010

Wea| 1764 | 1969 [0.896| 1774 [0.994| |wea| 7.05 | 7.77 |0.908| 7.05 |1.000| deformed state

AL
IA6a | 1782 | 1768 (1.008| 1796 [0.992| |lAGa| 3.85 | 4.07 |0.946| 3.84 (1.003 ~000m =38% shortening

L,=L-AL=5.65-(-3.42) =9.07 km

W7 | 1196 | 965 [1.239| 1195 [1.000( | w7 | 261 3.40 [0.769| 2.61 [1.000

14102361 x10°m? s

1a7-9| 1355 | 1170 [1.159| 1378 |0.984| |IA7-9| 324 | 2.47 |1.310| 322 |1.006| T a

W10| 2034 | 2123 (0.958| 2040 [0.997| |W10| 1.46 | 1.94 |0.752| 1.44 [1.015

I1A10 | 2603 | 2763 [0.942| 2603 [1.000 |[1A10| 4.02 | 3.61 [1.115) 4.01 [1.001

1A11= 477X T0
very poor area balance
2% recuction

I1A11| 1049 | 1089 [0.963| 1049 [1.000 |[1A11| 1.67 | 0.47 [3.544| 1.67 [1.000

L

L,=L-AL=565-(-3.61)=9.26km | S =L/ =0.61

1811 21,67 x 107 s

Quantitative Computer Restoration
restored state 2 uASIuAGa < overlaparea V7 =261x10°m

overlap area exact area balance

7. Restoration Analysis of an Extensional Profile

Profile Interpretation and Restoration of the Virgin River Depression

from Bohannon et al (1993) P21=13.33x10° m?
f 59.2 km Mt Bangs ]
West TP10=2.08x10°m?  PzO=2.41x10°m® . East .

+2km Pz5=8.73x10°m? 2a
\

deformed state en
less = . unspecified amounts of eroded material has been
Jow sncie HW cutoft added back into block 1, 2, & 11, but not 3 thru 10
H 1+ L,=L-AL=50.2-24.4=34.8km S_=LIL =1.70
5. Mode of Transformation and Boundary Conditions bn bt mesrents s ; i L ———
s FP10=0.69x10°m* 70% extension s
P: Boh. L oy o bl P25=12.02x10°m? = o m? P; Boh. [
i domain e ik | 4t state |rest state| (6"} [rest.state| (57 Yoot red bl P29=1.23x10°m" e amataance  qogara Ao A3ATX 100 it k| def state | rest state " rest. state 1 |
(axiak-traces) toaing acge: (m) (m) & (m) very :goara;ca:a\ancc 38% increase Lsodbadion (x10°m?) | (x 10°m?) | (x 10° m?)
rojection of e : % reduction % reduction
"Esding 2 line-length/area measurements 1 | 5200 | 5380 [0.983| 5270 |1.004] 1 | 18.33 | 1347 [1.012] 13.33 |1.000)
and inverse stretch values | /
(e o 2 6380 5920 (1.078| 5960 |1.070 \)63 6 2 0.79 nia nfa | 0.79 |1.000|
¥ projsction of unit | dof. state | rost. state | stretch | def. state | rest. state | stretch il 0 7 e 0 3
o el (m) ()OS Geutiny | vt (143) 3 | 4850 | 6540 |0.742| 4830 [1.004| A oarum| 3 | 1442 | 16.60 (0.851| 14.12 [1.000]
11| seas | sess |1.000| 3627 | 3.627 |1.000
4 | 3970 | 2500 |1.533| 3960 [1.003 4 | 808 | 600 [1.347] 808 [1.000
12| 6393 | 6393 [1.000| 6.050 | 6.050 |1.000 s \
high angle HW cutoff
5771|5638 ||| 4500 |[6ate| B | a5 660 5 | 5670 | 6050 [0.937| 5670 [1.000 ROEngze o 5 | 873 | 1202 |0.726| 8.73 [1.000
eading sdge leading edge
Key horizon not unfolded \e/ld;zy‘;ﬂve i“j" y i A 5;§3 “ 2:2]|oa9s 7]\ secul|]0:928]|10.0501):10.050: || 1:000] 6 290 190 [1.526( 290 |1.000 L,=L-AL=59.2-25.5=33.7km S =L/ =1.76 6 1.78 1.44 (1236 1.77 |1.008
iy - | [33.7 km} |
datum, sl = 220 34| 5638 | 5637 [1.000| 3.627 | 3.609 |0.995 I = o {33.7km} 9 ion'
et o 7 | 2600 | 3720 |0.699| 2590 [1.004 XP10=2.08x10"nv A i 6% extension 7 | 1202 | 11.76 [1.022| 12.00 |1.002
. looseiine exact area balance P29=241x10om:  PZ5=873x10°m
o ladng cdoe 32| 6393 | 6367 (0996 6.050 | 6.044 |0.999 D e exact area balance
Spiniine 8 | 1050 | 890 |1.180| 1040 [1.010 P21=13.33 x10° m? 8 | 266 | 226 [1.177| 266 [1.000
1. Rigid-body rotation to approximate horizontal 3. Const.upper bed-length; flexural-slip against pin-line 5. Fault slip-line restoration against vertical pin-line gt NS00 plIseoT -0 [ES- 9224 [R5 606 ) 2204 exact area balance
ey hor iz. g entati (fault trace=geometry shear orientation) 42| 6393 | 6380 |1.002] 6.050 | 6.049 |1.000 9 | 1250 | 510 [2.451| 1260 [0.992 bl,,,=4830m 9 | 241 | 123 [1.950 241 [1.000
(vertical trace through low-dip region=pin-line) (vertical trace through low-dip region=pin-line)
61| 5638 | 6126 |1.087 3.627 | 3.622 |0.989 10 | 4100 | 4440 |0.923| 4000 (1.025 10 | 7.02 6.89 [1.019| 7.02 [1.000
leading e leading e leading e 52 6393 6772 |1.063| 6.050 6.048 | 1.000 -DATUM
teadgsee T leadig oo et 11 | 3560 | 3260 [1.092| 3970 [0.897 i 11 | 1293 | 14.33 [0.902| 12.93 (1.000]
= by horizan ) =key horizon, . Wai datum, P} W 61| 5638 | 6906 [1.225( 3.627 | 3.626 [1.000 tion of Bohannon pr g
> oo 1 39010 39490 0.988 38840 1.004 /" (area balance rigorously enforced) pital 8387 8570 0.979 8384 1.000
62| 6393 | 7617 [1.196| 6.050 | 6.049 [1.000 lengf gap from low angle HW cutoff Z araa

2. Vertical shear against upper horizon 4. Const. upper bed-length; flexural-slip against leading-edge fault 6. Fault slip-line restoration against horizontal pin-line
(vertical line=geometry shear orientation) (hori i g y shear orientati (fault trace=geometry shear orientation)
(key hori i pin-point/pin-li (20.9° ramp=pin-line) (horizontal trace along leading-edge bedding=pin-line)

juxtaposed against
high angle FW cutoff

8. Restoration Analysis of a Backstripping Profile
Bose and Mitra (2014) deformed state (Dsorig) and se-

quence of restored states (RS1,_, -RS8
tive sequential restoration is shown that maintains
strict area balance prior to a decompaction step with
the backstripping. Tabulation of the data is too dense
for the numerous units, decompaction area changes,
and eight sequential steps. The quality of balance is
best assessed via a graphical display.

g,). An alterna-

Test Backstrip Restoration of Lingrey & Vidal-Royo (2016)

South

Original Backstrip Restoration of Bose & Mitra (2014)

North

DS,;. Present day structural profile
52

ProUppr Mocena stis oo 10 ™

RSH,,,,. Bose-Mitra A-Sand backstrip profile

HAa=4.30x10°mt

\'\\7 i

== RS3,,,. E-Sand restoration profile
pr——

Hsand.

Pre-Upper Miocene siata

—

18% area decrease in salt

H1a=485x10mE pgs relativ to RS2,,,

RS3,,. Bose-Mitra E-Sand backstrip profile

_

largest areal misfit above
restored diapir crest

S RS4,,,. F-Sand restoration profile
SO = /j n profil

23% area increase in salt
RS4,,, relative to RS3,,

R4, Bose-Mitra F-Sand backstrip profile

g8t wmmz;ﬁnm profile

_

RS, c,xazem/mm profile
~ >

—_

_

r»ww Mocene st

RS, Bose-Mitra G-Sand backstrip profile

RS7,, Bose-Mitra 1-80-Sand backstrip profile

T=s6m
S roreiram

1120 Sand

= 7\
/wmw of pre-Upper Miocene

stays nearly constant through

T RS, HW/A;EW profile
N

RS8,, Bose-Mitra 1-120-Sand backstrip profile

tonorth flank

H Sand Decompaction Area Size 2!-! Sand Decompaction Area Stretches
x ]

To_satb 5 o Bz T
L e o w v
_ | = Wrrestoration stages B
& 5 -|O BMrostoration stages Qi 24
FP PP k1008 i 2
a L
1°g.. 00000000 %"" 2
E 2 . 241 o)
5 u @ = Eombinedbiks 1092 05 sizedy
1 2@ aBuaossue] 20
Qe
o 19
g3 | R rosoratonstages
Lol 18 | O BM restoration stages
Verifying area balance in a sequential backstripping scenario is more difficult. ’g [e)
Stepwise d| jon of the sedi y layers causes the area of section £ '* /
units to increase. There are three steps for each backstrip layer: 1) an area bal- £ 15 O
anced restoration showing gaps and overlaps, 2) a backstrip input profile with - F_//
the gaps and overlaps r 1, 3) the d pacted profile (which becomes § S g 7
an deformed state input to the next backstripping). The chart above shows the s o
changes in area for H Sand fault block elements. For balance, three succesive ) Ff
points should be horizontal; then a decompaction size increases and two more 12 € ?,"
horizontal points. The chart at right shows these changes as area stretch i ? = [
values. The grey area tracks * 5% change. For curves and points within the
grey, the condition of area balance is maintained. For the Bose-Mitra restora- 10 [E—
tion, the position of H Sand blocks within or without the grey band identifies
those elements that show or lack good area balance. P PP

Increase or Decrease of Salt in Profile

—i— Bose-Mitra profile i |

nethad conetantnretoraion 7 AS the salt diapi does its si .
c irgrayViat Ry et /{ \i s the salt diapir grows, does its size (area) increase or

decrease? The above graph charts the areal changes
through the eight backstripping steps for the two restora-
tions. In a visual inspection it is hard to discern area changes
in anirregular shape that are less than 20%. The salt flowage
is doubtless in 3D, so the area is unlikely to be constant.
Since the profile is centrally located across the salt diapir
column, we suspect that the area would increase forward in
- time and that relationship is shown in the graph (blue curve;
24% area increase from RS8 to DS). The Bose-Mitra profile
shows both increases and decreases, yet overall there is a
decrease in salt area (red curve; 23% area decrease from
RS8 to DS).

Areaof Saltin Profile
(x10°m?)

RS1,,
RS2,
RS3,,
RS4,,
RSS,,
RS6,,
RS7,,
RS8,,

9. Conclusions

Restoration profiles constrained by material balance can show how faults and fold
geometry projects into the subsurface. In 2D, the kinematics of deformation should
conform to a plane strain. The mode of strain needs to be defined and should be ap-
propriate to the tectonic setting. In presenting the restoration of folded and faulted
units, explicitly showing the mismatches between adjacent unfaulted fault blocks,
allows a fair assessment of the restoration balance quality. Cosmetic removal of
gaps and overlaps will make the restoration look better, but it will overstate the mate-
rial balance and hide regions where re-interpretation could be changed to improve
the quality of balance. Demonstration of the veracity of material balance requires
tables or graphs of linear and areal stretch values.
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