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Abstract
We report sedimentary structures that in all ways resemble parabolic recumbent folds (PRFs) in the
cross-bedded portions of the Schnebly Hill Formation, the Coconino Sandstone and the Toroweap
Formation (Arizona, USA). Field evidence suggests they are penecontemporaneous and intraformational.
Intraformational refers to deformation that occurs between undeformed beds. Recumbent cross-bed
sets occur over a wide area (>375 km2 [144 mi2]) at many different locations and horizons in the Sedona
area, especially within the Coconino Sandstone. Deformation resulting from slumping dunes (dry or
damp) is ruled out because of the nature of the deformation along cross-bed dip, the size and length
of the deformation along horizontal bedding planes (sometimes up to 170 m [557 ft] along dip) and the
lack of small faults usually concurrent with such slumping known from modern dunes. Neither do the
folds resemble deformation that has been caused by post-depositional groundwater movement or
seismic activity which often produces convolute bedding. We do report some seismic features in the
Schnebly Hill Formation, but these features have distinct characteristics that distinguish them from PRFs.
Although the exact mechanism of PRF formation is still debated, it is generally agreed that strong
water currents combined with liquefaction play major roles in overturning the top of a cross-bed set
during the deposition of the cross-bed. Rare planar-beds, directly associated with the PRFs in the
&RFRQLQR VXJJHVW WKDW WKH QHHGHG OLTXHIDFWLRQ PD\ KDYH RFFXUUHG IURP FKDQJHV LQ ÁRZ UHJLPH
Some workers have already suggested that parts of the Schnebly Hill and Coconino were deposited
by marine sand waves on a shallow continental shelf; a hypothesis that is considerably strengthened in
light of these new data along with additional petrographic data that we have collected.

Keywords: Coconino Sandstone, Schnebly Hill Formation, Toroweap Formation, parabolic recumbent
folds, cross-bedded sandstones, soft-sediment deformation, liquefaction, primary current lineation,
cross-bed dips
Introduction and Background
The Coconino Sandstone is a prominent Permian
cross-bedded sandstone that outcrops over much of
northern and central Arizona, including the Grand
&DQ\RQ ,W LV FKDUDFWHUL]HG E\ ÀQHJUDLQHG VDQG
which outcrops in large cross-beds. The Coconino
ZDVÀUVWGHVFULEHGLQGHWDLOE\WKHHPLQHQW*UDQG
Canyon geologist Edwin McKee (1934) who later
used it as a type example of an ancient eolian
sandstone (McKee 1979). The bedding style of the
&RFRQLQRLVGRPLQDWHGE\ZHGJHSODQDUFURVVEHGV
it has not been until recently, when Whitmore et al.
(2011) reported scattered planar-beds throughout
the formation, that any other bedding styles were
widely reported in the Coconino. Whether the
Coconino is observed at its southern margin near
3LQH ZKHUHLWLVDERXWP>IW@WKLFN RUDWWKH
northern edge of the formation near the ArizonaUtah border (where it thins to only a fraction of

a meter), the wedge-planar cross-bedding style
is dominant and persistent. In central Arizona
the cross-bedded portions of the Schnebly Hill
Formation are transitional with the overlying
Coconino. For the most part, the contact between
WKH WZR IRUPDWLRQV LV GHÀQHG E\ FRORU FKDQJLQJ
from red in the Schnebly Hill to tan in the Coconino.
The Toroweap Formation lies above the Coconino,
but in places it intertongues laterally and vertically
ZLWK WKH &RFRQLQR %ODNH\ DQG .QHSS   7KH
Toroweap primarily consists of planar-bedded
limestones, dolomite, sandstone, and gypsum which
ZHUH GHSRVLWHG LQ D VKDOORZ RFHDQ 5DZVRQ DQG
Turner-Peterson 1980). The Toroweap occasionally
has a cross-bedded sandstone facies which is similar
to that found in the Schnebly Hill and Coconino. In
the Toroweap, the cross-beds are often interpreted
DVWKHSURGXFWRIFRDVWDOVDQGGXQHV 5DZVRQDQG
Turner-Peterson 1980).
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+HUHZHUHSRUWPHWHUVWKLFNPDQ\WHQVRIPHWHUV
ORQJDQGH[WHQVLYH !NP2 [144.7 mi2]) occurrence
of folds, many of which resemble parabolic recumbent
IROGV 35)V LQSDUWVRIWKH6FKQHEO\+LOO&RFRQLQR
Sandstone and Toroweap Formation cross-beds in
the Sedona, Arizona area (Fig. 1). We will focus on
deformation found in the Coconino Sandstone. Only
two folded areas have previously been reported in
these formations, both interpreted as eolian slumps:

RQH IURP WKH &RFRQLQR LQ WKH :XSDWNL 1DWLRQDO
Monument area (McKee 1979) and several from the
7RURZHDS LQ WKH 2DN &UHHN &DQ\RQ DUHD 5DZVRQ
and Turner-Peterson 1980). The deformation we
are describing in these formations is not vertically
GHYHORSHG EXW FRQÀQHG ODWHUDOO\ WR ORQJ LQGLYLGXDO
FURVVEHG VHWV LW LV TXLWH GLIIHUHQW IURP WKH VRIW
sediment deformation features and convolute
EHGGLQJ FRPPRQO\ IRXQG LQ WKH 1DYDMR 6DQGVWRQH
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Fig. 1. Map of Sedona, Arizona area showing locations where we have found Type I and II deformation of cross-beds
in the Coconino Sandstone, Schnebly Hill, and Toroweap Formations (deformation types illustrated in Fig. 2 and
GHÀQHGLQWKHWH[W 
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Type I

10 cm
to
5m

Type II

10 cm
to
5m

Type III

10 cm
to
25 cm

Fig. 2. The three primary types of deformation that occur
in cross-bedded sandstone units (descriptions in text
DQG GUDZLQJV DIWHU VHYHUDO DXWKRUV >$OOHQ DQG %DQNV
'RHDQG'RWWHendry and Stauffer 1975]).
Note that the scale of eolian deformational features is
rather small compared to those formed by subaqueous
processes.

(Bryant and Miall 2010) and other types of
deformation related to seismic processes (Alsop and
0DUFR2ZHQ0RUHWWLDQG$OIDUR ZKLFK
forms subsequent to deposition.
Several authors have described various types of
deformed cross-bedding in sandstones (Allen and
%DQNV'RHDQG'RWW+HQGU\DQG6WDXIIHU
 DQGIRUWKHSXUSRVHVRIWKLVUHSRUWZHGHÀQH
them as Types I, II, and III (Fig. 2).
Type I (or parabolic recumbent) folds are single
recumbent folds, typically each following a smooth
parabolic curve, the axial plane of which is close
to horizontal. The “mouth” of the fold opens downcurrent. The hinge may occur at any level within the
deformed unit, but typically occurs near the middle
RU XSSHU SDUW RI WKH EHG 7KH VWUDWLÀFDWLRQ LQ WKH
ORZHUSDUWRIWKHEHGLVZHOOGHÀQHGEXWVWUDWLÀFDWLRQ
in the upper part of the bed becomes faint or blurred
and sometimes impossible to detect. In less well
developed examples, the upper strata are more
steeply inclined but with no overturning. The top of
the fold is truncated as in an angular unconformity
or sometimes becomes doubly recumbent. Based on
published laboratory experiments, literature review
DQG ÀHOG REVHUYDWLRQV WKHVH W\SHV RI IROGV PRVW
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commonly occur in beds from 0.1 m (0.32 ft) to about
P IW  LQ WKLFNQHVV ZLWK VRPH HYHQ WKLFNHU
Small examples have been produced experimentally
but only in subaqueous settings. All previously
NQRZQ ÀHOG H[DPSOHV RFFXU LQ VXEDTXHRXV FURVV
bedded sandstones (see table in Wells et al. 1993).
Sometimes sheath folds are associated with the
recumbent folds (Foos 2003, Plate 3-B).
Type II ( or contorted) folds are numerous folds
that differ in the size, shape, and attitudes of the
axial planes. The largest and most complex folding
(some of which may be disharmonic) occurs near the
top of the cross-bed set. Near the bottom of the crossbed set, less folding and deformation occurs. As in
7\SH , IROGV VWUDWLÀFDWLRQ LQ WKH XSSHU SDUW RI WKH
cross-bed set may be blurred or absent. Faulting is
absent. Type I and Type II folds can occur together in
the same cross-bed set showing a genetic relationship
between the two types of folding. The deformation can
EHPLOGRUUDWKHUFRPSOH[%HGVRFFXULQWKLFNQHVVHV
from 0.1 to 5 m (0.32 to 16.4 ft).
Type III (or brecciated and faulted) folds include
deformation structures that contain a mixture of
RYHUWXUQHG IROGV WKUXVW IDXOWV ´FULQNO\µ EHGGLQJ
and structureless sand. This type of deformation
is relatively small scale (0.1–0.25 m [0.32–0.82 ft])
FRPSDUHGWRWKHRWKHUWZRW\SHVDQGLVRQO\NQRZQ
to form in eolian settings from slumping of relatively
cohesive (wet but not saturated) sand. McKee
DQG %LJDUHOOD   DQG 0F.HH 'RXJODVV DQG
5LWWHQKRXVH   LOOXVWUDWH PDQ\ W\SHV RI WKHVH
GHIRUPDWLRQVWUXFWXUHVEDVHGRQH[SHULPHQWDOZRUN
DQGÀHOGVWXGLHVRIPRGHUQGXQHV
3DUDEROLF UHFXPEHQW IROGV 35)V  KDYH EHHQ
produced experimentally, but only in waterVDWXUDWHGVDQGV 0F.HH5H\QROGVDQG%DNHUD
1962b) and have been observed in many modern and
ancient subaqueous sandstones (Bhattacharya and
%DQG\RSDGK\D\  &ROHPDQ  &RVHQWLQR
 'RWW  +HQGU\ DQG 6WDXIIHU  -RQHV
 0D]XPGHU DQG $OWHUPDQQ  0F&RUPLFN
DQG 3LFDUG  0F.HH  5HLQHFN DQG 6LQJK
5REVRQ5¡HDQG+HUPDQVHQ5XVW
 6DPDLOD HW DO  6WHZDUW  :HOOV HW
DO 35)VDUHWKRXJKWWREHLPSRVVLEOHWRIRUP
LQ VDQG WKDW LV QRW FRPSOHWHO\ ZDWHUVDWXUDWHG
otherwise it is too cohesive to fold and faults are
instead produced. Liquefaction of the sand is
necessary in order to reduce cohesion and allow
IROGLQJWRRFFXU $OOHQDQG%DQNV ,QUHIHUULQJ
WRWKHVHDV´LQWUDIRUPDWLRQDOµ35)VZHDUHERUURZLQJ
WHUPLQRORJ\ XVHG E\ 0F.HH 5H\QROGV DQG %DNHU
(1962a). Others have referred to them simply as
´SDUDEROLF UHFXPEHQW IROGVµ 'RH DQG 'RWW  
Intraformational refers to deformation that occurs
between undeformed beds.

24
It is not atypical for large cross-bedded sand
units to display convolute bedding, soft-sediment
GHIRUPDWLRQ OLTXHIDFWLRQ DQG ÁXLGL]DWLRQ IHDWXUHV
When deformation features occur in ancient eolian
sandstones, they mostly have been attributed to
JURXQGZDWHUVDWXUDWLRQDQGVXEVHTXHQWÁXLGL]DWLRQ
and liquefaction well after deposition (Bryant and
0LDOO'RHDQG'RWW+RURZLW]+XUVW
and Glennie 2008). We have found some structureless
bedding, pipes, and large deformed beds in parts of
the Schnebly Hill Formation (below the Fort Apache
Limestone in the Boynton Canyon section) and we
recognize they are probably seismic liquefaction
VWUXFWXUHVEXWZHDUHQRWIRFXVLQJRQWKRVHIHDWXUHV
here.
Field Observations and Methods
We have located multiple folded horizons and
widespread occurrence of Types I and II deformation
in the Schnebly Hill Formation and Coconino
6DQGVWRQH LQ WKH 6HGRQD DUHD RQH IROG LQ WKH
&RFRQLQRDORQJ3LQH&UHHN7UDLOQHDU3LQH$UL]RQD
and several folds in the Toroweap Formation in the
National Forest north of Sedona (see Table 1). We also
located and reexamined McKee’s (1979) Coconino
IROG LQ ZKDW LV QRZ :XSDWNL 1DWLRQDO 0RQXPHQW
We measured four sections in the Sedona area (Fig.
3) to see whether or not some of the features possibly
correlated with each other. We have not found Type
III deformation (characteristic of eolian deposits) in
any of these formations, nor have any such features
been reported of which we are aware. We have
extensively examined the Coconino as part of a larger
SHWURORJ\SURMHFW
:HOOGHYHORSHG 35)V ZHUH H[DPLQHG LQ WKH
Sharon Conglomerate (sometimes referred to as the
Sharon Formation) of northeast Ohio (see Wells et al.
1993) to gain some familiarity with how these types
of folds occurred in other cross-bedded sandstones.
Following is a description of some of the pertinent
35)VDQGRWKHUGHIRUPDWLRQIHDWXUHVZHKDYHIRXQG
in Arizona.
Boynton Canyon (Fig. 3, BC), Sedona, Arizona
We measured 207 m (679 ft) of section beginning
in the Schnebly Hill Formation, about 170 m (557 ft)
below the contact with the Coconino Sandstone.
The location was on the northeast side of Boynton
&DQ\RQ DSSUR[LPDWHO\ NP PL  QRUWKZHVW RI
Sedona. All the cross-section labels refer to Fig. 3.
Sections are described from top-down, since most of
the features of interest occur in the Coconino.
&URVVVHFWLRQ ODEHO $ $ P IW WKLFN
extensive planar-bedded sandstone is sandwiched
between typical cross-bedded Coconino Sandstone.
There is about 2.0 m (6.5 ft) of Type II deformation

J. H. Whitmore, G. Forsythe, and P. A. Garner

MXVWEHORZWKHSODQDUEHGV7KHXSSHUFRQWDFWZLWK
the planar-beds has regularly spaced (0.5–1.0 m)
(1.6–3.2 ft) vertical “slits” 0.2 to 0.5 m (0.6 to 1.6 ft)
long (Fig. 4). The slits begin in the planar-bedded
sandstone and end in the cross-bedded sandstone.
The upper ends of the slits are associated with Type
II deformation in the cross-bedded sandstone above.
The slits are oriented perpendicular to cross-bed
VWULNH 1:  DW DSSUR[LPDWHO\ 1: &URVV
EHG GLSV UDQJH IURP  WR  WR WKH VRXWKHDVW
The planar-bed and the slits can be traced for at
least 300 m (984 ft) along the ridge. The slits can be
observed on both sides of the ridge. The soft-sediment
deformation does not occur everywhere, but where
it does occur, it is directly above the planar-bedded
horizon with 0.1 to 1.5 m (0.3 to 4.9 ft) of the crossbeds being deformed.
&URVVVHFWLRQ ODEHO % 7KLFN IROGHG FRQYROXWH 
zone in Schnebly Hill Formation, about 9 m (29.5 ft)
WKLFN,WLVGLIÀFXOWWRWHOOZKHWKHUWKHXQLWEHJDQDV
cross-bedded or planar-bedded since it is so deformed
everywhere we have access to it. Many of the folds
have vertical axes, and others are overturned (but
QRWOLNH7\SH,GHIRUPDWLRQ 7KHGHIRUPDWLRQFDQEH
WUDFHGIRUNP PL DORQJWKHIDFHRIWKHRXWFURS
DQGDFURVVWKHYDOOH\'HIRUPDWLRQLVSULPDULO\LQWKH
9 m (29.5 ft) bed, though small areas of deformation
are found at four different altitudes from this area
to the top of the Schnebly Hill Formation. This unit
appears to be typical of seismic deformation of waterVDWXUDWHGVDQGDQGLVGLIIHUHQWIURPWKH35)VWKDW
we are primarily concerned with in this paper.
Cross-section label C: An 8.5 m (27.8 ft) section
of Schnebly Hill containing medium- to large-scale
cross-beds with some planar-beds near the base and
middle of the section. Some of the cross-beds in the
top half of the section exhibit Type II deformation
(Fig. 5). Laterally, the cross-beds grade from normal
FURVVEHGV LQWR GHIRUPHG FURVVEHGV DQG WKHQ EDFN
LQWR QRUPDO FURVVEHGV 'HIRUPDWLRQ RFFXUV GRZQ
cross-bed dip. The undeformed cross-beds had
higher dips than average for the Schnebly Hill and
&RFRQLQR 7KH FURVVEHG GLSV ZHUH DW  ZKHUH
QRUPDOO\WKH&RFRQLQRFURVVEHGVDYHUDJHDERXW
(Emery, Maithel, and Whitmore 2011). The tops of
several pipes, up to 0.3 m (0.98 ft) in diameter could
be observed at two different altitudes in this section.
They do not appear to be physically associated with
the Type II deformed cross-bedding we are describing
here.
&URVVVHFWLRQODEHOV'DQG(&URVVVHFWLRQODEHO(
LVDP IW WKLFNXQLWZLWKVPDOOWRPHGLXP
scale cross-beds with some small Type II deformation
features about 2 m (6.5 ft) from the base. The unit
LV FDSSHG E\ D P IW WKLFN VWUXFWXUHOHVV
VDQGVWRQH FURVVVHFWLRQ ODEHO '  WKDW KDV VHYHUDO
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Table 1. Types and locations of some of the soft-sediment deformation features in the Sedona, Arizona area in the
Schnebly Hill Formation (SH), the Coconino Sandstone (CS) and the Toroweap Formation (TF). See Fig. 1 for a map
of fold locations. Fold types (Type I and II) are shown in Fig. 2 and described in the text. “WE” stands for possible
ZDWHUHVFDSHIHDWXUHVLQFOXGLQJWKH´VOLWVµZHGHVFULEHLQWKHWH[W)LJVKRZVWKHVWUDWLJUDSK\RIWKH%&%5&%
DQG&5VHFWLRQVDQGWKHORFDWLRQVRIFURVVVHFWLRQODEHOV$²-
Fold Location

Coordinates

Formation

Fold Types

BC-1
Fig. 3 label A
BC-2
Fig. 3 label A

34.9307°N
111.8531°W
34.9307°N
111.8531°W
34.9307°N
111.8531°W

CS

II

CS

WE?

CS

II

34.9288°N
111.8535°W

SH

Anticlines and
synclines with
vertical axes

BC-5
Fig. 3 label C

34.9280°N
111.8528°W

SH

II

BC-6
Fig 3 label D

34.9275°N
111.8530°W

SH

homogenized

BC-7
Fig. 3 label E

34.5564°N
111.8537°W

SH

II

BM-1

34.90172°N
111.8688°W

CS

II

BM-2

34.9061°N
111.8785°W

CS

II

CS
SH

II

CS/SH

II

34.8953°N
111.7797°W

CS

I
II

34.8835°N
111.8161°W

CS
SH

I, II
II

CC-1

34.8752°N
111.8583°W

SH

WE

CR-1
Fig. 3 labels J
and K

34.8024°N
111.7763°W

CS
SH

II

CR-1
Fig. 3 label J

34.7932°N
111.7799°W

CS

I

CS-1

35.0052°N
111.7329°W

TF

II

SH

I

SH

II

Many scattered folds in different layers.

SH

II

Medium-scale folding in one bed.

CS

II

BC-3
BC-4
Fig 3 label B

BM-3
BM-4
BR-1
Fig. 3 labels F
and G
CB-1
Fig. 3 labels H
and I

DC-1
LY-1
MM-1
MP-1
PCT
PW-1
OCC
WNM-1

34.9052°N
111.8786°W
34.9032°N
111.8750°W

34.9572°N
111.7914°W
34.9477°N
111.9302°W
34.9077°N
111.8833°W
34.9609°N
111.8199°W
34.4414°N
111.4228°W
35.0398°N
111.7202°W
Oak Creek
Canyon area
3.2 km NE of
Doney Crater

CS

II

TF

I
II

TF

I

CS

I

Notes
Photo in Fig. 4 (small-scale folding).
Photo in Fig. 4 (“slits”).
Near Fig. 4 photo. About 1.5 m (4.9 ft) of
deformation, below planar-beds.
Medium and large (up to 5 m [16.4 ft] tall) folds in
at least one bed, 9 m (29.5 ft) total deformation,
typical of seismically generated deformation, at
least 0.5 km (0.31 mi) in length. Can be traced
throughout Sedona area.
Photo in Fig. 5.
1.0 m (3.2 ft)-thick zone with some pipes below,
bedding in zone has been completely lost, probably
seismic.
Small- to medium-scale deformed cross-beds.
Series of medium folds in the Coconino. Runs
along face for 60 m (196 ft). Sits directly above
0.5 m (1.6 ft) planar-bed.
Small-, medium- and large-scale folds along a
cross-bedded face for >100 m (328 ft), sitting on a
2 m (6.5 ft)-thick planar-bed.
One isolated large fold located 5 m (16.4 ft) below
BM-3 and within cross-beds.
One isolated fold located 360 m (1181 ft) SE of
BM-3 at same altitude.
Described in text. Photos in Figs. 6-8, deformation
zones at least 450 m (1476 ft) long. Longest
continuous zone 170 m (557 ft) long.
Photo in Fig. 10, 11 and 12. Type I and II in
Coconino, Type II in Schnebly. Continuous folds in
Coconino extend at least 50 m (164 ft).
Water escape pipes, probably seismic deformation.
Several medium- and large-scale folds at several
locations in the Schnebly and the Coconino. Photo
in Fig. 13.
Several medium-scale folds widely scattered on
ridge top about 500 m (1640 ft) west of CR-1. Photo
in Fig. 14.
Two large folds originally described by Rawson
and Turner-Peterson (1980). We are not certain of
their location or that we found the folds originally
described by them.
One isolated, large-scale recumbent fold beside
one medium-scale fold.

Medium-scale folding.
Small fold near bottom of Coconino along Pine
Creek Trail, near Pine, Arizona.
Large-scale fold and medium-scale fold 10 m
(32.8 ft) east of main fold.
Large recumbent fold described (but not pictured)
by Rawson and Turner-Peterson (1980).
Large-scale fold within Wupatki National
Monument. Photo in Figure 15. Location not shown
in Fig. 3.
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Northwest

Southeast

BR

BC

BC - Boynton Canyon
BR - Brins Ridge
CB - Capitol Butte (Lizard Head)
CR - Castle Rock

F
G
A
Planar-beds

Locations A-K described in text

Planar-beds

CR

CB
J

H

Planar-beds

Coconino
Sandstone

25 m
I

K

Schnebly Hill
Formation

100 m of section
not shown

B

C
Type I deformation of cross-beds with large
parabolic recumbent folds, axes horizontal
Type II deformation of cross-beds, contorted beds
Large contorted (seismic?) folds, axes
vary in orientation, but many vertical
D
E

Normal cross-bedded sandstone
Planar-bedded sandstone
Planar and wavy-bedded sandstone

Fig. 3.6WUDWLJUDSKLFVHFWLRQVRIIRXUSURPLQHQWIROGHGDUHDVLQWKH6HGRQD$UL]RQDDUHD'HIRUPDWLRQW\SHVGHVFULEHG
in text.
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cross-beds

A

flat-beds

Fig. 4. 7\SH,,IROGLQJDQG´VOLWVµDERYHDP IW WKLFNSODQDUEHGGHG]RQHLQWKH&RFRQLQR6DQGVWRQH%R\QWRQ
Canyon, cross-section label A and BC-1, 2, 3 (in Table 1). The “slits” begin in the planar-bedded zone and end in the
FURVVEHGVDERYH7KHVOLWVDUHSHUSHQGLFXODUWRWKHVWULNHRIWKHFURVVEHGV$ODUJH7\SH,, ," IROGRFFXUVRXWRI
YLHZWRWKHULJKWRIWKLVSLFWXUHRQDFOLIIIDFHWKDWLVGLIÀFXOWWRREVHUYHGHIRUPLQJDERXWP IW RIVHFWLRQ
MXVWEHORZWKHSODQDUEHG

Fig. 5. Folding in the Schnebly Hill Formation, Boynton Canyon, cross-section label C in Fig. 3, BC-5 (in Table 1).
1RWLFHWKHQRUPDOFURVVEHGGLQJ GLSSLQJ LQWKHOHIWRIWKHSKRWREHKLQGWKHÀHOGERRNDQGKRZLWWUDQVLWLRQVWR
GHIRUPHGEHGGLQJWRZDUGVWKHULJKWRIWKHSKRWR'HIRUPDWLRQRFFXUVGRZQGLS&XUUHQWZDVÁRZLQJOHIWWRULJKW
Photo scale in picture is 0.1 m (0.3 ft).
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pipes at its base (up to 0.2 m [0.65 ft] in diameter, at
least several meters long) which probably represent
D OLTXHÀHG VRXUFH IRU WKH VWUXFWXUHOHVV VDQG LQ '
There is some minor Type II deformation between
ODEHOV'DQG&
Brins Ridge (Fig. 3, BR), Sedona, Arizona
Cross-section labels F and G: We measured
130 m (426 ft) of section starting about 85 m (278 ft)
below the contact with the Coconino, which is
WUDQVLWLRQDOLQWKLVDUHD-XVWEHORZWKHWRSRI%ULQV
5LGJH DERXWNP>PL@QRUWKRI6HGRQD DUHWZR
deformed zones (Type I and II), each having thin
planar-bedded sandstone horizons below them. The
deformed layers can be traced (discontinuously) for
about 450 m (1476 ft) along the ridge top. Bed G is
DERXWP IW WKLFNDQGUHVWVRQDP IW 
WKLFN SODQDUEHGGHG VDQGVWRQH %HG ) LV DERXW P
IW WKLFNDQGUHVWVRQDP IW WKLFNSODQDU
bedded sandstone. Sometimes the planar-bedded
sandstones pinch in and out along the length of the
outcrop (In vertical exposures sometimes up to four
thin planar-bedded horizons can be seen). Both units
(F and G) contain Types I and II deformation (Figs.
DQG 7KHUHDUHWZRVHWVRI35)VLQ)LJ,Q
the lower folded bed of Fig. 6 (the cliff face is almost
parallel with dip) the transition can be seen from
QRUPDOFURVVEHGGLQJ RQWKHULJKW WR35)V RQWKH
left). To the far left, the fold begins to become doubly
UHFXPEHQW ,W LV YHU\ VLPLODU WR D 35) ZH IRXQG
LQ QRUWKHDVW 2KLR )LJ  :HOOV HW DO   7KH
VWULNHRIWKHFURVVEHGVLV1:DQGWKHGLSLV
southeast. As in the other sites, cross-bed recumbent
folding and deformation occurs down-dip. In the
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upper deformed cross-bed unit, the dip is slightly
GLIIHUHQWDQGWKHEHGVDUHDELWPRUHFRQWRUWHGEXW
deformation still occurs down-dip. Throughout the
length of the ridge, both types of deformation fade in
and out with normal cross-beds also in both layers.
The longest set of recumbent folds was traceable
for about 170 m (557.7 ft) along the ridge top (unit
F). Fig. 7 shows Type I deformation in both of the
deformed beds, and Fig. 8 shows Type II deformation
in each of the deformed beds. Single recumbent folds
RFFXULQDERXWP IW WKLFNEHGV DVLQ)LJ 
,Q WKLFNHU GHIRUPHG EHGV WKH GHIRUPDWLRQ FDQ EH
PRUHFRPSOH[ZLWKFRQWRUWLRQVDQGORVVRIODPLQDH
increasing towards the tops of the beds, as is typical
LQRWKHUGHVFULEHG35)V $OOHQDQG%DQNV ,Q
areas along the southeast end of the ridge, the upper
GHIRUPHG]RQH ) FDQEHZDONHGXSRQ
Capitol Butte (Fig. 3, CB), Sedona, Arizona
&DSLWRO %XWWH ZLWK D URFN ULGJH ORFDOO\ NQRZQ
as “Lizard Head” at its west end) is a prominent
ODQGPDUN DERXW NP PL  QRUWKZHVW RI 6HGRQD
Near the base of the Coconino Sandstone (crossVHFWLRQ ODEHO +  LV D ODUJH 35) )LJV   DQG
  DERXW P IW WKLFN SDUW RI ZKLFK LV
contained within the “Lizard Head.” The fold extends
continuously east for at least 50 m (164 ft) along the
outcrop to the east, maintaining its parabolic shape.
The parabolic folds along the top of the ridge can be
seen from a distance on both the north and south
sides of the ridge. Further to the east, normal crossbedding returns with Type II deformation within the
cross-beds. Near the top of the fold, the laminations
LQ WKH VDQGVWRQH DUH PRUH SRRUO\ GHÀQHG %HORZ
some doubly recumbent folds above this photo

F

G

F

G

loss of
laminae
detail

PRFs

planar-beds
in bedd
ing

cross-beds

planar-beds

Fig. 6.7ZRSDUDEROLFUHFXPEHQWIROGVLQWKH&RFRQLQR6DQGVWRQHDORQJ%ULQV5LGJHORFDWLRQV)DQG*%5 LQ
Table 1). The lower fold is more easily seen in the photo than the upper one (from this angle). The photo was
WDNHQDWDVOLJKWO\REOLTXHDQJOHEHFDXVHRIYHJHWDWLRQDWWKHSKRWRJUDSKHU·VEDFN3ODQDUEHGVVHSDUDWHWKHWZR
GHIRUPHGKRUL]RQV&XUUHQWÁRZHGIURPULJKWWROHIW,QWKHORZHUVHWRIIROGV FURVVVHFWLRQODEHO*LQ)LJ QRWH
how the bedding changes from right to left. At the right they are steeply dipping cross-beds which change into
SDUDEROLFUHFXPEHQWIROGVWRZDUGVWKHOHIW'HIRUPDWLRQLVPRUHVHYHUHWRWKHIDUOHIWZKHUHWKHIROGEHFRPHVGRXEO\
recumbent. Laminations are lost near the tops of the folds where they are also erosionally truncated by planarbeds. Examples similar to this (cross-beds transitioning into parabolic recumbent folds) were found in the Sharon
Conglomerate of northeastern Ohio (see Wells et al. 1993 and Fig. 9).
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Fig. 7. D 3ODQDUEHGVDQGDSDUDEROLFUHFXPEHQWIROGFURVVVHFWLRQODEHO)RI)LJ%5 LQ7DEOH 7KHSDUDEROLF
UHFXPEHQWIROGLVDERYHWKHSODQDUEHGVDQGLVVHYHUDOPHWHUVWRWKHULJKWRIWKHSUHYLRXVÀJXUH )LJ &XUUHQW
direction was from right to left. (b) The continuation of folded zone F, about 50 m (164 ft) to the northwest of the fold
LQ)LJ D $JDLQÁRZLVIURPULJKWWROHIW7KLVIROGHG]RQH ) FDQEHWUDFHGIRUDERXWP IW 

WKH IROGHG ]RQH WKHUH LV D P IW WKLFN FURVV
EHGGHGXQLWZKLFKOLHVRQWRSRIDP IW WKLFN
planar-bedded zone. In this area, the Schnebly Hill/
&RFRQLQRFRQWDFWLVWUDQVLWLRQDOZHSXWWKHFRQWDFW
at the top of the planar-bedded zone. A 1.5 m (4.9 ft)WKLFNFURVVEHGGHGXQLWOLHVXQFRQIRUPDEO\RQWRSRI
WKHIROGDQGWKDWLVIROORZHGE\DP IW WKLFN
SODQDUEHGGHG]RQH:HPDGHVWULNHPHDVXUHPHQWV
in two places along the outcrop of the large fold at
WKHZHVWHQGRIWKHULGJH 1(DQG1( 6WULNH

ZDV GLIÀFXOW WR PHDVXUH LQ WKH IROG EHFDXVH RI WKH
sheer nature of the outcrop and possibly curvature of
WKHIROGKLQJHZHWKLQNWKH1(PHDVXUHPHQWLV
probably closer to reality for most of the fold. CrossEHGVWULNHEHORZWKHIROGZDV1(ZLWKDGLSRI
to the south. The overall geometry of the fold between
)LJ  DQG )LJ  LV OLNH D VKHDWK IROG ZKLFK LV
SUREDEO\ZK\RXUVWULNHVDUHYDULDEOH VLPLODUIROGV
KDYH EHHQ GHVFULEHG DVVRFLDWHG ZLWK 35)V LQ WKH
Sharon Conglomerate (see Plate 3-B in Foos 2003).
F
e
fac
pe
slo

F

F

planar-beds

loss of la
minae de
tail in
G

G

F
planar-beds

bedding
G
cross-beds

Fig. 8.&URVVVHFWLRQODEHOV)DQG*RI)LJ%5 LQ7DEOH &URVVVHFWLRQODEHOV)DQG*RIWHQFKDQJHIURPFURVV
beds to Type I folds to Type II folds. In this photo, both beds are exhibiting Type II folds.
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Fig. 9.$GRXEO\UHFXPEHQW35)IURPWKH6KDURQ&RQJORPHUDWH&X\DKRJD9DOOH\1DWLRQDO3DUNQHDU3HQLQVXOD
2KLR7KHÀHOGERRNLVDERXWP IW WDOO7KHVHIROGVZHUHGHVFULEHGE\:HOOVHWDO  :HIRXQGDVLPLODU
fold in the Coconino Sandstone, illustrated in Fig. 6.

There is also some Type II deformation within
the Schnebly Hill Formation at this location (Fig.
3, cross-section label I). Those folds occur through a
P IW WKLFN]RQHRIODUJHVFDOHFURVVEHGV
Castle Rock (Fig. 3, CR), Sedona, Arizona
We measured about 142 m (465.8 ft) of section at
&DVWOH 5RFN EHJLQQLQJ DERXW P IW  EHORZ
WKHEDVHRIWKH&RFRQLQR&DVWOH5RFNLVDERXWNP
(4.9 mi) south of Sedona. There is a 1.0 m (3.2 ft)WKLFN SODQDUEHGGHG VDQGVWRQH WKDW PDUNV WKH WRS
of the Schnebly Hill Formation. Type II deformation
begins in the Coconino cross-beds about 8.0 m (26.2 ft)
above the base and continues for about 8.0 m (26.2 ft)
through the section. Type II deformation is the most
FRPPRQ KHUH &5 )LJ   EXW WKHUH DUH VRPH
well-developed examples of medium-scale Type I
GHIRUPDWLRQDERXWP IW WRWKHZHVW &5
)LJ ,QWKH&5DUHDWKHUHDUHDIHZVFDWWHUHG
Type II folds in the Schnebly Hill (Fig. 3, label K).
Pine Creek Trail (PCT), Pine, Arizona
A small exposure of Type II deformation occurs
near the bottom of the Coconino section along the
3LQH &UHHN 7UDLO QHDU 3LQH $UL]RQD 2QO\ DERXW
0.5 m (1.6 ft) of cross-bedding was deformed. The
GHIRUPDWLRQZDVRQO\QRWHGDORQJWKHWUDLOLWZDVQRW
searched for off-trail.

Toroweap folds
Folding in the Toroweap Formation north of
6HGRQD ZDV PHQWLRQHG E\ 5DZVRQ DQG 7XUQHU
3HWHUVRQ  S  EXW WKH ORFDWLRQV VSHFLÀHG
in the paper were only general in nature. We have
IRXQG D IROGHG DUHD QHDU &DYH 6SULQJV LQ 2DN
&UHHN &DQ\RQ WKDW PD\ EH RQH RI WKHLU RXWFURSV
22&  $ PRUH VLJQLÀFDQW IROG ZDV GLVFRYHUHG LQ
WKH DUHD RI 3XPSKRXVH :DVK 3:  DERXW NP
(11.18 mi) NNE of Sedona. The fold deforms about 3
vertical meters (9.8 ft) of strata. It continues along
WKHURFNIDFHIRUDERXWP IW $QRWKHUVPDOO
fold occurs about 4 m (13.1 ft) to the east of the main
folded area. The fold is within cross-bedded strata
ZLWKDVWULNHRI6:DQGDGLSRI67KHKLQJHRI
the fold could not be directly measured, but appears
to be perpendicular to dip.
Wupatki National Monument, Fig. 15
McKee (1979) included a photograph of a fold in
WKH&RFRQLQRGHVFULELQJLWDVNP PL QRUWKHDVW
RI 'RQH\ &UDWHU QRUWK RI )ODJVWDII $UL]RQD
Billingsley, Priest, and Felger (2007) and personal
communication with Billingsley (2011) suggests the
mapped area where the fold is located is Toroweap
)RUPDWLRQ +RZHYHU RXU ÀHOG FKHFN LQGLFDWHG WKH
fold is in the upper 10 m (32.8 ft) of the Coconino,
exposed by a small fault in the area. The fold deforms
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Fig. 10. A large parabolic recumbent fold (Type I deformation) occurring in the “Lizard Head” in the Coconino
Sandstone of Capitol Butte, cross-section label H, CB-1 (in Table 1). The deformed zone is about 5.0 m (16.4 ft)
WKLFN7KHODPLQDWLRQVRIWKHVDQGVWRQHEHFRPHOHVVGLVWLQFWQHDUWKHWRSRIWKHGHIRUPDWLRQ7KHIROGLVHURVLRQDOO\
WUXQFDWHGE\DP IW FURVVEHGGHG]RQHDWLWVWRS ZKLFKLVGLIÀFXOWWRVHHLQ)LJVDQG 7KHIROGH[WHQGV
DERXWP IW WRWKHULJKW VHH)LJDQG 7KH-DFRE·VVWDIILVP IW LQOHQJWK)ROGFKDUDFWHULVWLFVWR
the right of this photo suggest that it is part of a larger “sheath” fold (see Plate 3-B of Foos 2003). Wells et al. (1993,
S VWDWHWKDWPDQ\35)VWDNHWKHIRUPRIDFRQFHQWULFRYDOZKHQYLHZHGHQGRQ

about 3 m (9.8 ft) of southerly dipping cross-strata
and is clearly recumbent in nature. There were no
faults or other typical eolian deformation (Type III)
IHDWXUHV DVVRFLDWHG ZLWK WKH IROG 7KH VWULNH RI WKH
KLQJHRIWKHIROGZDV1:
Other observations
The purpose of this paper is primarily to describe
the folds that we have found in the Permian sandstones
QHDU6HGRQD+RZHYHUZHEULHÁ\UHSRUWKHUHVRPH
other data that we have collected, particularly in the
Coconino. Since McKee (1934), little else other than
VWUDWLJUDSKLF ZRUN KDV EHHQ GRQH RQ WKH &RFRQLQR
In our studies, we have extensively sampled outcrops
of the Coconino throughout Arizona, primarily for
petrographic analysis. In our studies we have noticed
the prevalence of primary current lineation on crossEHG IRUHVHWV LQ QHDUO\ HYHU\ RXWFURS WKH SUHVHQFH
of trace amounts of muscovite in nearly every thin
VHFWLRQ H[DPLQHG !  WKH SUHVHQFH RI GRORPLWH
ooids within the cross-beds at several locations in
WKHQRUWKHUQSDUWRIWKHRXWFURSDUHDWKHSUHVHQFHRI
GRORPLWHEHGVFHPHQWVDQGFODVWVDWPDQ\ORFDWLRQV

the sub-rounded to sub-angular nature of the quartz
VDQGJUDLQVWKHPRGHUDWHO\WRSRRUO\VRUWHGQDWXUH
RIWKHVDQGJUDLQV.IHOGVSDUJUDLQVWKDWDUHPRUH
DQJXODUWKDQWKHVXUURXQGLQJTXDUW]JUDLQVFURVV
bed dips much less than the angle of repose of dry
VDQG RQDYHUDJH WKHDEVHQFHRIWRQJXHVKDSHG
avalanche scars (as seen on the foresets of modern
GXQHV  DQG WKH ODFN RI VPDOOVFDOH GHIRUPDWLRQ
features as commonly seen in modern dunes (McKee,
'RXJODVVDQG5LWWHQKRXVH Our petrographic
data is documented in Whitmore et al. (2014).
Discussion
The mechanism of
parabolic recumbent fold formation
$OOHQ DQG %DQNV   UHYLHZHG YDULRXV
K\SRWKHVHV IRU WKH IRUPDWLRQ RI 35)V XQGHU ERWK
subaerial and subaqueous conditions. These included
downslope sliding of sediment in subaerial conditions.
They found this type of movement inadequate to
H[SODLQWKHÀUVWWZRW\SHVRIIROGLQJ 7\SHV,DQG,,
Fig. 2), especially when it occurred at large scales,
EXW TXLWH VXIÀFLHQW WR H[SODLQ WKH WKLUG W\SH 7\SH
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Fig. 11. Part of the large parabolic recumbent fold shown in Fig. 10, cross-section label H, CB-1. The zone of
GHIRUPDWLRQLVDERXWP IW WKLFNDQGDERXWP IW ORQJ&XUUHQWÁRZHGDSSUR[LPDWHO\ULJKWWROHIW FOLII
is not parallel to dip). Note how the laminations become less distinct near the top of the fold. Below the fold there is
DP IW WKLFNFURVVEHGGHGXQLW KLGGHQLQWKLVXSVORSHYLHZ ZKLFKOLHVRQWRSRIDP IW WKLFNSODQDU
bedded zone (behind the vegetation in this photo). A 1.5 m (4.9 ft)WKLFNFURVVEHGGHGXQLWOLHVXQFRQIRUPDEO\RQWRS
RIWKHIROG DOVRGLIÀFXOWWRVHHLQWKLVYLHZ DQGWKDWLVIROORZHGE\DP IW WKLFNZDY\DQGSODQDUEHGGHG
]RQH VHHQLQWKHXSSHUSDUWRIWKHURFNVHFWLRQ 

III, Fig. 2), which produces smaller scale structures
(small, laminae-scale faults and folds). At least nine
W\SHV RI WKHVH VPDOOVFDOH VWUXFWXUHV VNHWFKHG LQ
15 × 10 cm [5.9 × 3.9 in] boxes) have been documented
from modern eolian settings (McKee and Bigarella
 0F.HH 'RXJODVV DQG 5LWWHQKRXVH  
Several hypotheses have been put forward to explain
WKH RULJLQ RI 35)V XQGHU VXEDTXHRXV FRQGLWLRQV
$OOHQDQG%DQNV  DQG:HOOVHWDO  KDYH
developed the most comprehensive models.
$V VXPPDUL]HG E\ $OOHQ DQG %DQNV D QXPEHU
of authors have favored recumbent folding due to
the frictional drag of a sediment-laden current. But
a water current alone may not be enough to cause
IROGLQJ PRPHQWDU\ OLTXHIDFWLRQ RI WKH VHGLPHQW
SUREDEO\ QHHGV WR RFFXU DV ZHOO $OOHQ DQG %DQNV
favored this idea and developed a theoretical model
IRU WKH IRUPDWLRQ RI 35)V $FFRUGLQJ WR WKHP WKH
shear force necessary to deform the strata could
RFFXUZLWKDVWURQJFXUUHQWÁRZLQJRYHUDEHGWKDW
ZDV OLTXHÀHG E\ VHLVPLF DFWLYLW\ $V WKH VDQG ZDV
OLTXHÀHGWKHFXUUHQWFRQWRUWHGWKHEHGLQWKHGRZQ
dip direction. Experiments by Owen (1996, p. 290)

“conclusively demonstrated that simple recumbentfolded cross-bedding is generated by tangential shear
DFWLQJRQDOLTXHÀHGEHGDQGWKDWVXIÀFLHQWVKHDUFDQ
be provided by an aqueous current.” Owen generated
liquefaction by performing his experiments on a
VKDNHUWDEOH
Seismic activity may not always be responsible
IRU OLTXHIDFWLRQ RWKHU WULJJHUV KDYH DOVR EHHQ
LPSOLFDWHG6RPH35)VKDYHIRUPHGLQDUHDVWKDWGLG
not experience seismic activity. Hendry and Stauffer
 ZKRVWXGLHGIROGVIURP6DVNDWFKHZDQ&DQDGD
DUJXHGWKDW35)VFDQEHPDGHE\VWURQJVHGLPHQW
laden currents, without seismic activity. This also
appears to be the case with modern folds formed
LQ WKH %UDKPDSXWUD 5LYHU VDQGV &ROHPDQ  
35)V DUH VR DEXQGDQW LQ VRPH FURVVEHGGHG VDQGV
WKDWLWLVXQOLNHO\WKDWVWURQJV\QGHSRVLWLRQDOHDUWK
WUHPRUVFDXVHGDOOWKHIROGLQJDOWKRXJKHDUWKTXDNH
DFWLYLW\ FRXOG VWLOO EH LQYRNHG IRU VRPH IROGV 7KXV
the formation of some folds by strong sediment-laden
currents alone seems to be a reasonable explanation
:HOOV HW DO   0F.HH 5H\QROGV DQG %DNHU
(1962a) produced recumbent folds in the laboratory
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Fig. 12. The opposite sides of “Lizard Head” ridge showing that the folds extend through the ridge (CB-1). The folds
extend for about 50 m (164 ft) along the ridge.

with strong sediment-laden currents. Formation of
recumbent folds by shearing of a tangential current
is supported by thin-section study as well (Yagishita
and Morris 1979), but perhaps other mechanisms
that include liquefaction of the basal sediment layer
are possible.
5¡H DQG +HUPDQVHQ   KDYH VXJJHVWHG WKDW
UHFXPEHQWIROGLQJFDQWDNHSODFHGXULQJFKDQJHVLQ
ÁRZUHJLPH7KH\DUJXHGWKDWFURVVVWUDWDIRUPHGLQ
the dune/plane-bed transition may be deformed as
WKH ÁRZ UHJLPH PRPHQWDULO\ FKDQJHV WR SODQHEHG
stage, causing liquefaction at the dune front. The
current then becomes sediment-laden (due to the
OLTXHÀHG VDQG  FDXVLQJ VKHDU IRUFHV WR GHIRUP WKH
beds below.
Another possible mechanism suggested for
liquefaction of bottom sediments is cyclic loading by
sudden changes in the depth of the water column
E\ ZDYHV 0ROLQD HW DO  2ZHQ DQG 0RUHWWL
2011) and even tides (Greb and Archer 2007). These
mechanisms could potentially cause liquefaction and
parabolic recumbent folding during deposition of
cross-bedding in a subaqueous setting. Wells et al.
(1993) suggested that one mechanism for deformed

EHGV LQ WKH ÁXYLDO 6KDURQ &RQJORPHUDWH PLJKW EH
D VXGGHQ LQFUHDVH LQ ZDWHU GHSWK GXULQJ D ÁDVK
ÁRRG ,W VHHPV PHFKDQLVPV OLNH WKLV PLJKW DOVR
be considered for deformation in the cross-beds of
other rivers and deltas including the Brahmaputra
5LYHU &ROHPDQ   WKH 0LVVLVVLSSL 5LYHU GHOWD
&ROHPDQDQG*DJOLDQR &RRV%D\'HOWD 'RWW
 DQGWKH&RORUDGR5LYHU 0F.HH 35)V
have been observed in shallow marine sandstones
of India (Mazumder and Altermann 2007), showing
that these features can occur in settings other than
ÁXYLDORQHV
The formation of parabolic recumbent folds
in the Coconino
Considering Fig. 3, it does not appear that the folds
(Types I and II) or the planar-beds correlate from
section to section, even in the case of the two sections
WKDWDUHUHODWLYHO\FORVHWRHDFKRWKHU %5DQG&% 
The folds appear to occur at different horizons within
each of the sections. The deformed zones appear and
disappear within individual cross-bed sets along the
same horizon. The features do not show any vertical
development, which is often the case when seismic
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Fig. 13. 7\SH,,GHIRUPDWLRQDW&DVWOH5RFN &5 FURVVVHFWLRQODEHO-LQ)LJ$ERXWRQHKDOIRIWKHP IW 
-DFRE·VVWDIILVVKRZLQJLQWKHOHIWVLGHRIWKHSKRWR

DFWLYLW\ FDXVHV OLTXHIDFWLRQ RU ÁXLGL]DWLRQ ÁXLG
escape often causes vertical zones of deformation in
the strata above the main zone of deformation. These
observations can probably rule out seismic origin for
PRVWRIWKHIHDWXUHV7KHRQO\IHDWXUHVWKDWZHWKLQN
might be seismic are those described in the Schnebly
+LOO)RUPDWLRQ %&FURVVVHFWLRQODEHOV%DQG' :H
have been able to trace the deformed strata layer B
throughout the Sedona area indicating a widespread
event that affected the entire area. On the other
KDQG 35)V WHQG WR EH PRUH ORFDOL]HG SKHQRPHQD
that fade in and out along the outcrop.
6HYHUDOOLQHVRIHYLGHQFHVXJJHVWWKHIROGLQJWRRN
place while the sand was water-saturated (similar
arguments were set out by Hendry and Stauffer
>@ )LUVWO\5HWWJHU  IRXQGWKDWVLJQLÀFDQW
folding does not occur in dry sand, but only waterVDWXUDWHGVDQG0F.HH5H\QROGVDQG%DNHU D
1962b) found similar results in their experiments.
Secondly, in their experiments and observations
of deformation in modern eolian sands McKee,
'RXJODVV DQG 5LWWHQKRXVH   IRXQG WKDW QLQH
types of deformation structures typically occur in
GU\VDQG URWDWHGSODWHVDQGEORFNVVWDLUVWHSIROGV
and normal faults, stretched laminae, warps, (gentle
IROGV GUDJIROGVDQGÁDPHVKLJKDQJOHDV\PPHWULFDO
IROGVRYHUWXUQHGIROGVDQGRYHUWKUXVWVEUHDNDSDUW

laminae and breccias, fade-out laminae). All of these
structures are small-scale, <0.25 m (0.82 ft), often less
than 0.1 m (0.32 ft) in size. Faulting and suturing of
laminae is common in dry sand, but does not typically
occur in water-saturated sands. In Fig. 2, this is Type
III deformation. These small-scale features do not
occur in the folded horizons that we are describing,
QRU GR ZH NQRZ RI DQ\ UHSRUWV RI WKHP LQ WKH
Coconino literature. Even in modern wet or damp
eolian sands, recumbent folds of the type we are
describing are absent. McKee and Bigarella (1979)
illustrate some recumbent folds and thrust features
IURP PRGHUQ GXQHV EXW WKHVH IHDWXUHV DUH PRVWO\
laminae-scale deformations riddled with small faults
and are not comparable in shape or scale to those we
DUHGHVFULELQJIURPWKH6HGRQDDUHD WKHLUVNHWFKHV
of these features are in 15 × 10 cm (5.9 × 3.9 in boxes).
7KLUGO\WKHVHW\SHVRIIROGV 35)V DUHZHOONQRZQ
from modern and ancient subaqueous settings (more
than a dozen examples were cited in the introduction)
DQGFRPSOHWHO\XQNQRZQLQPRGHUQHROLDQVHWWLQJV
,Q IDFW 'RH DQG 'RWW  S  DUJXHG WKDW LI
35)VZHUHSUHVHQWLQWKH1DYDMR6DQGVWRQHLWZRXOG
support subaqueous deposition for that formation, a
topic that was being hotly debated in the literature
at that time. Fourthly, these types of folds have
been produced in the laboratory, but only in water-
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VDWXUDWHG FRQGLWLRQV GU\ VDQG DQG ZHW VDQG JDYH
FRPSOHWHO\ GLIIHUHQW UHVXOWV 0F.HH 5H\QROGV DQG
%DNHUD )LIWKO\WKHIROGVLQWKH6HGRQDDUHD
remain consistent in shape and size over great lengths
of the outcrop within single beds with unconformably
truncated tops. One set of intraformational folds was
WUDFHG GRZQGLS RQ %ULQV 5LGJH IRU P IW 
and another set on Capitol Butte was traced for 50 m
IW :HWKLQNWKLVLVLPSRVVLEOHWRH[SODLQIURP
the local slumping of dry or even damp sand dunes.
Sixthly, transitions from cross-beds to folded beds
can be found and are similar to those recognized in
VXEDTXHRXV GHSRVLWV OLNH WKH 6KDURQ &RQJORPHUDWH
of northeastern Ohio (Wells et al. 1993).
:H WKLQN WKHUH LV JRRG HYLGHQFH WKDW WKH IROGV
are penecontemporaneous with the deposition of
the individual cross-bed sets. Several observations
support this conclusion. First, the deformation is
intraformational. In other words, the deformed
cross-beds are single beds which are truncated by
overlying planar-beds or cross-beds in every case.
The deformation does not grade into the overlying
or underlying units as it might if groundwater
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movement or seismic activity had caused the
deformation. Units above and below the deformed
zones are typically unaffected by deformation, even
when several units are successively folded (as in
Fig. 6). Second, the planar-lying axial planes of the
recumbent folds indicate that a force was necessary
to rotate and horizontally translate the strata. This
force had to be applied before successive layers were
deposited on top of the deformed bed. Third, the folds
are oriented in the same directions as the cross-bed
dips, indicating that deforming forces in the same
direction as cross-bed migration must have caused
the folding. Fourth, examples can be found where
cross-beds transition into beds that have been folded
(Fig. 6). Single deformed beds, which transition into
cross-beds have been traced for 170 m (557 .7 ft) on
%ULQV 5LGJH DQG IRU P IW  RQ &DSLWRO %XWWH
(Figs. 6–8, 10–12). The folds are too long to be
explained by a slumping dune.
7KHUHDUHIRXUWKHRULHVRI35)IRUPDWLRQ 6WURQJ
sediment laden currents deform cross-beds (Coleman
+HQGU\DQG6WDXIIHU0F.HH5H\QROGV
DQG %DNHU D :HOOV HW DO     6WURQJ

Fig. 14.$SDUDEROLFUHFXPEHQWIROG 7\SH, DW&DVWOH5RFN &5 FURVVVHFWLRQODEHO-7KH]RQHRIGHIRUPDWLRQLV
DERXWP IW WKLFN&XUUHQWÁRZZDVIURPULJKWWROHIW$ERXWP IW WKLFNQHVVRIURFNLVGHIRUPHGLQWKLV
photo.
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Fig. 15. :H ORFDWHG WKH IROG 0F.HH   LQWHUSUHWHG DV DQ HROLDQ VOXPS LQ WKH &RFRQLQR 6DQGVWRQH :XSDWNL
National Monument, Arizona (WNM-1). Field evidence suggests it is a large parabolic recumbent fold. The fold
occurs near the top of the Coconino (Toroweap is in the top of the photo).

currents deform cross-beds coincident with seismic
DFWLYLW\ $OOHQDQG%DQNV  6WURQJFXUUHQWV
GHIRUPFURVVEHGVGXULQJFKDQJHVLQÁRZUHJLPH 5¡H
and Hermansen 2006). 4) Strong currents deform
cross-beds coincident with sudden changes in water
GHSWK 0ROLQDHWDO2ZHQDQG0RUHWWL
:HOOVHWDO %DVHGRQWKHRUHWLFDOZRUNE\$OOHQ
DQG %DQNV   DQ HSLVRGH RI EULHI OLTXHIDFWLRQ
seems to be necessary to form at least the larger sets
RI35)V7KHÀUVWLGHDXQOLNHWKHODVWWKUHHGRHVQRW
UHTXLUHOLTXHIDFWLRQLQRUGHUIRU35)VWRIRUP
:H OLNH WKH VXJJHVWLRQ E\ 5¡H DQG +HUPDQVHQ
 WKDWUHFXPEHQWIROGLQJFDQWDNHSODFHGXULQJ
FKDQJHV LQ ÁRZ UHJLPH 7KH\ DUJXHG WKDW FURVV
strata formed in the dune/plane-bed transition could
EHGHIRUPHGDVWKHÁRZUHJLPHPRPHQWDULO\FKDQJHG
to plane-bed stage, causing liquefaction at the dune
front. The current then becomes sediment-laden (due
WRWKHOLTXHÀHGVDQG FDXVLQJVKHDUIRUFHVWRGHIRUP
WKHEHGVEHORZ:HGRQRWNQRZLIWKLVLVWKHSUHFLVH
mechanism for the deformation of the cross-beds in
WKH6HGRQDDUHDEXWZHWKLQNLWPXVWEHVHULRXVO\
considered. Planar-beds are extremely rare in the
Coconino, with more occurring in the Sedona area
than anywhere else (Whitmore et al. 2011). The close

association of the Coconino planar-beds with the
deformation structures we have found may indicate
WKDWFXUUHQWVDUHÁXFWXDWLQJEDFNDQGIRUWKEHWZHHQ
ÁRZ UHJLPHV (YHU\ZKHUH ZH KDYH IRXQG SODQDU
beds in the Sedona area, deformed Coconino can be
found in the vicinity.
Of course, the suggestion that the Coconino was
GHSRVLWHGVXEDTXHRXVO\ZLOOEHDQ´RXWUDJHµ 'DYLV
  WR VRPH +RZHYHU VHYHUDO SUHYLRXV ZRUNHUV
have suggested subaqueous deposition for at least
parts of the Coconino Sandstone and Schnebly Hill
Formation. When McKee wrote his monograph in
1934, he suggested that part of the Coconino was
subaqueous (see pp. 79 and 110), referring to planar
Coconino beds that can be found at the transitional
contact between the Hermit and Coconino along
Tanner Trail in the Grand Canyon. Fisher (1961, p. 81)
thought the Coconino was marine in the area of the
Shivwits Plateau because of the transitional nature
with marine Toroweap. Brand (1979) and Brand and
Tang (1991) suggested that the cross-bedded portion
of the Coconino was subaqueously deposited because
RIWKHXQXVXDOFKDUDFWHULVWLFVRIYHUWHEUDWHWUDFNVRQ
IRUHVHWVWKDWZHUHGLIÀFXOWWRH[SODLQLQGU\RUGDPS
VXEDHULDOVDQG EXWVHHDOVRWKHGLVFXVVLRQRI/RFNOH\
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[1992] and Brand [1992]). Lundy (1973) came to
the conclusion that the Coconino was deposited by
subaqueous sand waves based upon his study of the
SHWURORJ\9LVKHU SS² VXSSRUWHGWKLV
YLHZDVZHOO3HLUFH-RQHVDQG5RJHUV  WKRXJKW
that the Coconino in east central Arizona was marine
because of the planar-bedding style predominant in
that area. Over the past few years our petrological
studies from a widespread lateral and vertical
sampling of the cross-bedded Coconino shows that
its petrology is inconsistent with the expectations
for eolian depositional environments. We have found
dolomite ooids, beds, cement, and clasts at a number
of widespread places within the formation. Our
petrographic thin sections show the sand is not wellsorted or well-rounded (the same results were also
obtained by Lundy [1973]). Additionally, we have
IRXQGPXVFRYLWHÁDNHVDQGDQJXODU.IHOGVSDUVDQG
in most of the >250 thin sections we have examined
from the Coconino. It is hard to explain how muscovite
could survive abrasive eolian conditions and how
K-feldspar grains could remain so angular in such
DQHQYLURQPHQW%ODNH\  WKRXJKWWKDWDWOHDVW
part of the Schnebly Hill Formation was deposited by
marine sand waves. It has long been recognized that
PXFKRIWKH7RURZHDSLVPDULQH %ODNH\DQG.QHSS
5DZVRQDQG7XUQHU3HWHUVRQ :HWKLQN
WKDW WKH LGHQWLÀFDWLRQ RI 35)V LQ SXWDWLYHO\ HROLDQ
Permian sandstones in Arizona provides convincing
ÀHOG HYLGHQFH IRU WKH VXEDTXHRXV RULJLQ RI DW OHDVW
parts of these units.
6RPH PD\ VXJJHVW WKDW WKH 35)V WKDW ZH DUH
GHVFULELQJ UHSUHVHQW ÁXYLDO GHSRVLWV LQ DQ HROLDQ
sand sea or coastal dunes that have migrated into
WKHRFHDQ:HIDLOHGWRÀQGDQ\HYLGHQFHWRVXSSRUW
these hypotheses. The recumbently folded beds
GR QRW DSSHDU WR EH LQ DQ\ NLQG RI FKDQQHO WKDW LV
laterally constrained. When folded beds are traced
laterally, they transition into “normal” crossbedding. On the other hand, we might expect radical
changes in lithology and bedding types if these were
ÁXYLDO GHSRVLWV RU VHDZDUGPLJUDWLQJ GXQHV 7KH
transitional facies and sedimentary structures that
would be expected are not present. There are planarbeds underlying and/or overlying the recumbent
folds, but these would probably not be expected in
D ÁXYLDO VHWWLQJ RU WUDQVLWLRQDO PDULQH VHWWLQJ :H
WKLQN /XQG\·V   K\SRWKHVLV WKDW WKH &RFRQLQR
represents marine sand waves remains a viable
K\SRWKHVLV/DUJHVDQGZDYHVDUHQRZNQRZQIURP
over 40 locations around the world (Garner and
Whitmore 2011). Most locations consist of large sand
sheets on the continental shelf in areas with strong
currents that would be capable of creating cross-beds
DQG SRVVLEO\ 35)V 7KH LQWHUQDO JHRPHWU\ RI VDQG
waves has in a few cases been studied in seismic
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surveys and large-scale, steeply dipping cross-beds
KDYH EHHQ IRXQG HJ %HUQp $XIIUHW DQG :DONHU
1988).
Others may suggest that the folds are due to
large-scale dune collapse or slumping of wet (not
subaqueous) material. However, folding that
occurs by these mechanisms is small-scale and
quite distinctive with associated faults (McKee and
Bigarella 1979). The folds can be traced down-dip in a
FRQWLQXRXVEHGIRUP IW DORQJ%ULQV5LGJH
and for 50 m (164 ft) on Capitol Butte. It is hard to see
how slumping can explain this. Another possibility
might be slumping and folding due to seismic
deformation, but those features are distinctive as
ZHOO VXFK VHGLPHQWV FRQWDLQ VPDOO WKUXVW IDXOWV
evidence of compaction, and convolute beds (Alsop
DQG0DUFR :HGLGVHHWKHVHNLQGVRIIHDWXUHV
in one part of the Schnebly Hill Formation (Fig. 3,
label B). Those beds could be traced uninterrupted
for hundreds of meters and were observed at several
locations throughout the Sedona area at the same
VWUDWLJUDSKLFOHYHOPDNLQJDVHLVPLFRULJLQIRUWKHP
more feasible. Based on the available literature
UHJDUGLQJ35)VDQGRXUREVHUYDWLRQVIURPQRUWKHDVW
Ohio, folds fade in and out of cross-bedded sands and
DUHQRWSUHVHQWHYHU\ZKHUHLQDVLQJOHEHGDOWKRXJK
they can be traced much further than the deformation
associated with a slumped eolian dune face.
We are not sure why these features seem to
be concentrated in the Sedona area. We have
visited many other Coconino outcrops, and Sedona
seems to be the only place that has these types of
deformation features in abundance. It may be that
WKHVHIHDWXUHVDUHPRUHFRPPRQWKDQZHWKLQNEXW
KDYHVRIDUEHHQRYHUORRNHGLQWKHÀHOG(YHQWKRXJK
35)VDUHDEXQGDQWLQWKH6KDURQ&RQJORPHUDWHRI
northeastern Ohio, the folds are much easier to see
ZKHQ WKH URFN LV MRLQWHG SHUSHQGLFXODU WR VWULNH
RWKHUZLVHWKH\DUHGLIÀFXOWWRÀQG(YHQLQWKH6KDURQ
Conglomerate the folds are discontinuous. In some
places they are abundant, and in other places they
DUHGLIÀFXOWWRÀQG7KH6HGRQDDUHDKDVKXQGUHGV
RIKLNLQJWUDLOVWKDWKDYHEHHQH[SORUHGE\RQHRIRXU
authors. Perhaps the frequency of folds in Sedona is a
combination of the discontinuous nature of these folds
DQG WKH ODUJH DPRXQW RI URFN H[SRVXUH LQ 6HGRQD
Another possibility is that water currents may have
been stronger in the Sedona area. We have noticed
WKDW YHUWHEUDWH WUDFNV LQ WKH &RFRQLQR GHVFULEHG
by Brand [1979] and Brand and Tang [1991]) are
PXFKPRUHFRPPRQLQDUHDVOLNHWKH*UDQG&DQ\RQ
(where we have found no examples of these folds) and
virtually absent in the Sedona area (where the folds
are quite common). Planar-beds (which are often
associated with the folds) are common in the Sedona
area, and much less common in the Grand Canyon
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area. This may suggest strong currents and changing
ÁRZUHJLPHVLQWKH6HGRQDDUHD
Convoluted beds are quite common in crossbedded sandstones of purported eolian origin (e.g.,
%U\DQW DQG 0LDOO  'RH DQG 'RWW   0DQ\
of these deformation features are not of the type
we are describing within this paper (Types I and
II). However, based on photographs and drawings
contained within Knight (1929) and Steidtmann
(1974) the depositional environment of the Casper
Formation of Wyoming might be worth reconsidering
EHFDXVHLWDSSHDUVWRFRQWDLQ35)V.QLJKWRULJLQDOO\
LGHQWLÀHGWKHIRUPDWLRQDVVXEDTXHRXVEXWLWVHHPV
the current consensus is eolian (McKee 1979). Based
on one small example of a parabolic recumbent
fold in our precursory examination of the Tensleep
Sandstone, also in Wyoming (Fig. 16), it might be
worth searching for these features more widely in the
Tensleep. The Tensleep is another formation that has
had both aqueous and eolian interpretations of its
FURVVEHGV HJ.HUUDQG'RWW :HHQFRXUDJH
reexamination of the deformation in all cross-bedded
VDQGVWRQHVWRVHHZKHWKHUWKH\FRQWDLQ35)VRUQRW
,W DSSHDUV WKHVH W\SHV RI IROGV DUH DQ RYHUORRNHG
but important indicator of subaqueous depositional
environments in ancient cross-bedded sandstones.
At this point we should consider the words of
:LOOLDP 0RUULV 'DYLV  S  ´%XW WR PDNH

J. H. Whitmore, G. Forsythe, and P. A. Garner

such progress [in geology and physics], violence must
EH GRQH WR PDQ\ RI RXU DFFHSWHG SULQFLSOHV DQG LW
is here that the value of outrageous hypotheses, of
ZKLFK , ZLVK WR VSHDN DSSHDUV )RU LQDVPXFK DV
the great advances of physics in recent years and as
the great advances of geology in the past have been
made by outraging in one way or another a body of
preconceived opinions, we may be pretty sure that
the advances yet to be made in geology will be at
ÀUVW UHJDUGHG DV RXWUDJHV XSRQ WKH DFFXPXODWHG
convictions of to-day, which we are too prone to
regard as geologically sacred.”
Conclusion
We have shown that intraformational parabolic
UHFXPEHQW IROGV 35)V  DUH SUHVHQW LQ WKH FURVV
bedded portions of the Schnebly Hill, Coconino
Sandstone, and Toroweap Formations in the area
around Sedona, Arizona. These types of structures
can only be formed by strong water currents in a
subaqueous setting. We base our conclusions on
WKH IROORZLQJ OLQHV RI HYLGHQFH   7KHVH NLQGV RI
structures have only been reported from subaqueous
GHSRVLWLRQDO VHWWLQJV ERWK ÁXYLDO DQG PDULQH 
  7KHVH NLQGV RI VWUXFWXUHV KDYH EHHQ IRUPHG LQ
laboratory settings, but only subaqueously. 3) These
NLQGVRIVWUXFWXUHVKDYHQRWEHHQIRXQGLQPRGHUQ
HROLDQ VHWWLQJV   'HIRUPDWLRQDO VWUXFWXUHV NQRZQ

Fig. 16. A small parabolic recumbent fold in the Tensleep Formation, Ten Sleep Canyon, Wyoming.
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in modern eolian dunes are quite different in form
and scale from those we report. 5) Our petrographic
observations are more consistent with a subaqueous
than an eolian environment for the Coconino. Several
mechanisms are available to cause syndepositional
liquefaction and deformation of cross-beds. In this
case, we believe that the liquefaction was caused
HLWKHU E\ FKDQJHV LQ ÁRZ UHJLPH RU F\FOLF ORDGLQJ
of the water column above the cross-beds during
deposition. We suggest that a subaqueous sand wave
hypothesis be reconsidered for parts of the Schnebly
Hill, Coconino Sandstone and Toroweap Formations.
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