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ABSTRACT: RichardLake is a circulardepression35 km SE of Winslow, Arizona,about 1.6km wideand with topographicclosureof 15­
23 m. The depression is 5 km south of McCauleySinks, another depressedarea about 2 km wide which containssome 40 large sinkholes.
Richard Lake formerly contained water after heavy rains prior to headwaterdrainage modification, but is now dry most of the time. It is
situated within the Moenkopi / Kaibab outcrop belt, with Coconino Sandstone at shallow depth, near the southwestern margin of the
subsurface Permian evaporite deposit in the HolbrookBasin. Outcropping strata are predominantly limestone, but the salt-karst features
result from collapse of these units into salt-dissolution cavities developedin the Corduroy Member of the Schnebly Hill Formationof the
Sedona Group (formerlycalled the SupaiSalt) that underlies the Coconino. Richard Lake is interpreted as a collapse depressioncontaining
concentric faults, pressure ridges, and a 200m wide sinkhole in the center. A second set of pressureridges parallels the axis of the nearby
western end of the Holbrook Anticline, trendinggenerally N 30" W. In the alluvium at the bottom of the central sinkhole, two secondary
piping drain holes wereobserved in early 1996. Northwest-trending fissures also wereobservedon thedepressionflanks, essentiallyparallel
to the regional structure.

The presenceof Richard Lake amidst the preponderance of salt-karstfeatures along the Holbrook Anticlinesuggests a similar originby salt
dissolution, but with distinct manifestation resulting from variation in overburden thickness and consolidation. Similarities of origin
between Richard Lake and McCauley Sinks seem likely, because of their similargeologicalsetting,size, appearance,and proximity. Two
lesserdevelopeddepressionsof smallerdimensionsoccur in tandem, immediately west alongaN 62°W azimuth. Secondarysinkholesoccur
within each of these depressions, as at Richard Lake. Breccia pipes are apt to be found beneath all of these structures.

INTRODUCTION

RichardLake is aninternallydraineddepression about 2 by 1.6
km, located in the westernpart of the Holbrook Basin. It is five
km south of McCauley Sinks, a group of 40 large sinkholes.
Richard Lake is not a permanent lake, having held water only
intermittently(atmost)forthepast60years,althoughformer!y it
may haveheld watermore frequently. A centralsinkholeat the
lowestelevationinthedepressioncontainspipingfeatureswhich
appear to drain the entire depression.

The Richard Lake depression is similar to more than 500 other
dissolution features in the Holbrook Basin which have been

ascribed to evaporite karst, but it is also distinctive in its
geomorphicexpression. The purposeof this paperisto describe
RichardLakeanddiscussthepossibleoriginsof thisfeature. We
will also compare Richard Lake with other depressions and
sinkholes in theregionandtheirrelationship to karstexpression.

GEOLOGIC SETTING

Evaporite karst is well developed along and south of the
Holbrook Anticline (Fig. 1), extending northwesterly along a
dissolution front of more than 100 km from southeast of
Snowflake, Arizona,nearlytoWinslow,Arizona. RichardLake
is near the westernmost sideof the basin, and the northwestern
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Figure 1./sopachsof theCorduroy Member of theSchnebly Hill Formation. Sedona Group (upper Supai ofPeirce et at. 1970.
andothers). Principal karst locations in the Holbrook Basin are shown. andapproximate alent of the Holbrook Anticline.
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Figure 2. Stratigraphic units involved in karst development.
southwestern Holbrook Basin. Arizona.
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Figure 3. Cross-section A-B (see Fig. 1) through Holbrook
Anticline and Richard Lake and McCauley Sinks vicinity
showing inferred relation between deep-seated structure and
dissolution.

basinwarddip of strataof 2°to the northeast of the Mogollon
Slopeisreversed at theanticline where dipslocallyexceedISOto
the southwest. The dip reversal is accompanied by numerous
localized, internally drained depressions along the fold's
southern flank. Thestructural styleandreliefranging from30to
100m madethissurfacefeature an attractive exploration target
foroilandgasfromthe 1920sthrough theearlyI960s.However,
onlyunverified showsofhydrocarbons havebeenreported.

The origin of the Holbrook Anticline is the subject of some
controversy. Originally itwasreferred to astheHolbrook Dome
(Darton 1925), andoncewasthought tobeacombined faultand
solution-related feature (Holm 1938). Bahr(1962) suggested a
non-tectonic dissolution originfor thestructure andarguedthat
the anticline apparently does not extend below the Corduroy
evaporites. Hebelievedthatthestructure isaflexure that resulted
from dissolution and collapse of a narrow portion of the
Mogollon Slope. Doeringsfeld et al. (1958) show that the
Holbrook Anticline isparallel to manylow-amplitude folds inthe
southwestern part of the Colorado Plateau. The persistence of
parallel, regularly spaced, northwest-trending monoclines and
anticlines over large areas of the Plateau (Kelleyand Clinton
1960; Wilson et al. 1960; Davis 1978) isa strongargument that
theHolbrook Anticline is therenmant of one of thenorthwest­
striking anticlines on the Mogollon Slope. Peirceet al, (1970)
alsoargued that basedon his interpretation of drillingand well
logrecords, thesurface expression of theHolbrook Anticline is
not present in the subsurface below the Corduroy Member
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end of the anticline. Other scattered depressions also occur
around the eastern and northeastern edges of the evaporite
depositsin the Holbrook Basin (peirceet al. 1970; Nealet al.
1996; Colpitts and Neal 1996). Thegeology and stratigraphic
settingof theareaaredescribed ingeneral tenusbyBahr(1962),
Mytton(1973), andPeirce(1981). Thestratigraphic section that
is involved in the karst development includes reddish brown
eolianandfluvial sandstones, siltstones and rareconglomerates,
white to lightgray anhydrite and halite, and lightgray to light
brownish-gray limestones and dolomites of theSedonaGroup,
Coconino Sandstone, andKaibabLimestoneofLowertoMiddle
Permian age and light reddish-brown to reddish brown
sandstones of theLowerMiddleTriassic Moenkopi Formation.
Allof theseunitsweredeposited inthePermian Holbrook Basin
of northeastern Arizona. Figure2 swrunarizes thestratigraphic
units in thearea. The units essential to thisdiscussion are (in
ascending order): theCorduroy andSycamore PassMembers of
the Schnebly Hill Formation. Coconino Sandstone, Kaibab
Formation of Middle Permian age, and the Middle Triassic
Moenkopi Formation, Theevaporites intheCorduroy Member
areofparticular interest becauseof theirpotential fordissolution
bygroundwater.

The Holbrook Anticline is a monoclinal flexure located
immediately north of Snowflake, Arizona, on the Mogollon
Slope. At thesurface it deforms the upperpartof theSchnebly
Hill Formation and overlying Coconino Sandstone, Kaibab
Limestone, and Moenkopi Formation (Figs. 1,3). Its surface
expression is locally named the Pink Cliffs, which derives its
color from the redbeds in the overlying Moenkopi Formation.
The Holbrook Anticline trendsapproximately N 55°W (Fig. 1)
overa distance ofabout 100km, nearlyto Winslow. Thegentle

INFLUENCE OF THE HOLBROOK ANTICLINE ON
EVAPORITE KARST DEVELOPMENT

The most conspicuous expression of karst occurs in the
southwestern portionoftheHolbrook BasinalongtheHolbrook
Anticline. Thegreatest concentrationofsinkholes (-250)occurs
alongthecentral partoftheHolbrook Anticline inthevicinity of
TheSinks. Wider, shallowerdepressions (suchasRichardLake)
combined with fewer discrete sinkholes are present west and
northwest of there (Fig. 1). Understanding the origin of the
Holbrook Anticline iscentral toexplaining theconcentrationand
development ofkarstfeatures alongits trace.
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regional fractures and the Holbrook Anticline with sinkhole
fonnation is conspicuous throughoutthe region. Accelerated
dissolution of halite during pluvial stages of the Pleistocene
seemslikely, as intensified hydrogeologic processes are noted
elsewherein thearidsouthwest(SmithandStreet-Perrott1983).

CHARACfERISI1C FEATURES OF RICHARD
LAKEDEPRESSION

Richard Lake depression has distinctive karst features quite
unlike those seen elsewherealong the length of theHolbrook
Anticline to the southeast.

Stratigraphy and Structure
D

Figure 4. Polar diagrams of structurally oriented surface
featuresin studyarea:(A)fractures. (B)sinkhole elongation.
(C) anticlines and synclines, and (D) buckle folds around
RichardLake / McCauley Sinksarea.

evaporites. He also suggested that dissolution played a major
role in the formation of the anticline. Field evidence from
monoclinesin westernNewMexicoshowsthattheirformationis
related to basement-block uplift along high-angle reverse or
normal faults. Whether there is basement faulting and uplift
below the evaporites(see Fig. 3) as shownby Brownand Lauth
(1958)is somewhatspeculativebut is supportedby similarityof
structuralstyle and correlation with similarstructures as noted
earlier. Becausethe principal sinkholeoccurrencesare only on
the steepsouthwestern sideofthe flexure atsixdistinctlocations,
we believe that Dry Lake Valley (alsoknown as Zeniff or Dry
Lake Syncline)southof the present-dayflexureis the collapsed
hingeoftheformerfold. TheHolbrookAnticlinealsocorrelates
withregionalfractureand sinkholeelongationtrends(Fig.4).

Jointing in stratigraphic units above the Corduroy Member
evaporitesis a majorcontrolfor all of the karstfeatures, and the
processes that produce them. The predominant regional
northwesttrendofallbedrockstructuresisabout N50"W. These
are expressed in the Holbrook Anticline, open joint-fissures,
graben-sinks, andinsinkholes.Thewallsofnumeroussinkholes
are aligned with dominant and secondaryjoint systems;many
sinkholesat McCauleySinks exhibit orthogonal comers, even
thoughthe overallimpressionis one of roundfeatures,

The HolbrookAnticlinedecreasesin amplitude and essentially
loses its surfaceexpressionat its northwestern end, southeastof
Richard Lake and McCauley Sinks. Some apparent karst
features extend further northwest beyond Richard Lake and
McCauleySinks,but theircorrelationwiththe waninganticline
is uncertain.

The origin and timing of major dissolution and collapse is
problematic. Sinkholeformationisongoing, asnotedpreviously,
and probably began at least by Pliocene time. The uplift and
tiltingof the ColoradoPlateaumay have increased the regional
hydrologic gradient, but the rates and timing of the uplift are
imperfectlyknown (Lucchitta 1979). Theclose associationof
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KaibabLimestoneis theprincipalstratigraphicunit withinand
surrounding the depression, with Moenkopi sandstone and
siltstoneexposedat the southand west (Fig.5). The underlying
CoconinoSandstoneis exposed in nearby canyon walls, in the
core of some anticlinal buckles within the depression, and is
underlain inturn by the evaporite sequenceat moderatedepth.

Figure 5. High-altitude view (looking south) of McCaJ4ley
Sinks (foreground) andRichard Lake (top) depressions. both
about two kilometers across. The arcuate array of sinks in
nestedform at McCauley is substituted by semi-concentric
anticlinal buckles at Richard Lake (Fig. 7.8), buiformative
processes are different. Many buckles follow trend of
Holbrook Anticline (dotted line), which may reflect the
dominant joint control ofbothfeatures.
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Buckle folds

Bucklefolds (also termedpressureridges by Bahr 1962; Neal
and Colpitts 1997, and pop-ups by Adams 1982), joints, and
minorfaults arethemostcommonstructures intheRichardLake
- McCauley Sinksregion. The buckle folds are,perhaps, oneof
the moreconspicuous features (Figs.5, 6, 7, 8) in and around
RichardLakedepression. Theyvaryconsiderably ingeometry,
ranging inheightuptoabout8meters, in width to35meters, and
in lengthup to200meters. Manybuckles displayright-echelon
arrangement alongstrike.

In the Richard Lake area buckle folds occur in three distinct
modes: (1) generally parallel to the Holbrook Anticline, (2)
nearlyparallel to the topographic contour in a semi-eoncentric
patternalongthe southeastern slopeof the depression, and (3)
generally parallel to regional structural trends (Fig. 4). The
Holbrook Anticline, that is so prominent to thesoutheast is not
evidentat Richard lake. We observed buckle folds transecting
andbeingcutbysinkholesat McCauley Sinks, suggesting thatat
least some existed prior to sinkhole development. The
development of peripheral, nested buckle ridges within the
Richard Lake depression suggest they may have developed
synchronously withbasincollapse. Thesebuckles werefurther
modified during subsidence which we believe is ongoing.
Similarbuckles thatdeveloped within a smaller sinkhole some
20kID to thesoutheastandnorthofDryLakeresultfromaspace
problemwhere thin-bedded basalMoenkopi stratasubsided into
a progressively smallerspaceinsidethe sinkhole.

Mode 1bucklefolds occurat the toe of theHolbrook Anticline
furthersoutheast andwerereported byHarrell andEckel(1939)
and Jolmson (1962). Experimental studies by Sanford (1959)
showedminorridgesformedat the toe of laboratory-produced
monoclinal folds. Theridgesproduced inSanford'sexperiment
may be analogs of some of the buckle folds seen along the
Holbrook Anticline. Mode2and3buckles generallypredate the
formation of the sinkholes. Suchstructures are interpreted as
stress-relieffeatures inareaswherestrataatthesurfaceareunder
significanthorizontal compression (Ramsey 1967; Adams 1982,
Williams et al. 1985; Roorda 1995). The presence of these
features inabasinwhere regional compression isnotinevidence
suggests lithostatic stress superimposed during burial and
diagenesis ofthesestrata. andexfoliation ofthin-bedded strataat
the surface for theirformation (Adams 1982; Suppe 1985).

Faults

Faults are exposedat several locations but show only minor
normalslipwithno evidence of strikeslip.

Sinkhole(s)

Theprincipal sinkhole is 170m indiameter andissituated inthe
centerof thedepression, occupying thelowestelevation at 1690
m (Fig.9). Kaibab Limestone is exposed on therim withthe
highestsideabout20m abovethe sinkhole floor. A secondand
muchsmallersinkholeexistsalongthesouthwesternperipheryof
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Richard Lake(Fig.6) and maybethesiteofadisappearingarroyo
draining thesouthern flank. Thearroyo draining thatportionof
thedepression mayhavebeencapturedduringbasinsubsidence.

ORIGIN OF RICHARD LAKE DEPRESSION

Richard Lake depression has many features in common with
other evaporite karst phenomena in the southwestern United
States. Lambert (1983) described a feature similarto Richard
LakeintheeasternDelawareBasin,NewMexico, knownasSan
Simon Sink. This feature lies directly above the edge of the
evaporites in the Upper Permian SaladoFonnation along the
a-estof theCapitanReef. He alsoobserved similargeological
occurrences of brecciapipesalong the northernCapitan Reef
marginand. following Baclunan 1987, suggested thatSanSimon
Sink was probably the surface expression of a breccia pipe
forming abovea dissolution cavern in the CapitanLimestone
(Snyder andGard 1982). A central sumpfeatureat SanSimon
Sink, similar to the central sinkhole at Richard Lake, was
reactivated in 1927andexperienced additional subsidence and
concentric ring fracturing (Nicholson and Clebsch1961). The
similarity insizeandgeomorphic expression ofSanSimonSink
andRichard Lake/McCauley Sinkscombined withtheirlocation
neartheedgeofanevaporite deposit suggestacommon modeof
origin. However, limestone reefstructures are unknown in the
Holbrook Basin.

The very existence of the sinkholes at Richard Lake and
McCauley Sinks near the edge of a thick halite sequence is a
direct indication of evaporite dissolution and the collapse of
overlying strataintovoidsintheunderlying evaporite sequence.
AtRichard Lake,thebroaderslopingdepression extending well
beyondthecentral sinkhole suggests thereisasubstantialareaof
subsidence caused by collapse into a very large zone of
dissolution in the underlying evaporites. Richard Lake
depression may be a singlepointcollapse, whereas McCauley
Sinks involves multiple (40) sinkholes in the collapse
mechanism. Twosmallerdepressions N 6Z'W ofRichardLake
mayhaveanoriginsimilarto Richard Lakeor McCauley Sinks
butareat anearlierstageofdevelopment; bothcontainbedrock
sinkholes within the depressions. RichardLake contains two
small grass-eovered playasin thecentral part of the depression
which maybethe locations ofolder, stabilized sinkholes thatare
nowfilled withsediment.

Although sinkholes generally display a varietyof geomorphic
expressions throughout theregion, thetwomostcommon types
arediscrete sinkholes withsteepwallandrelatively flatbottoms.
andshallow depressions filledwithrecentsediments. The first
type occuras bothisolated sinkholes andas groupsof scattered
sinks distributed inascattered fashion (asat"TheSinks")orinan
orderly, arcuate arrangement (as at McCauley Sinks). The
second type characterizes Richard Lake. Field data from Dry
LakeValley suggests thatthesmall, grass-eovered playasnoted
earlieraremostlikelyolder, stabilized, sediment-filledsinkholes.
Observations from older aerialphotographs covering the Dry
Lakeareato the southeast suggest that thesebroaddepressions
are aetua1ly nestedclusters of sinkholes thathavecoalesced to
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formasingle,shallowsink. Byanalogythismaybethecasewith
Richard Lake, so that the depression is likely a multiple-sink
phenomenon rather than a single-point collapse as suggested
above.

Lambert (privatecommunication 1997)has suggestedthat the
McCauley Sinks could possibly be a youngervariety of karst
expressioncloserto theleadingedgeoftheadvancing dissolution
front, whereasRichard Lake exhibits an older sediment-filled

variation. The occurrenceof bucklefoldsparallelto thewaning
HolbrookAnticline couldberelict features of earlier structural
expression, suchas thebucklesseentothesoutheastalongthetoe
of the present-dayflexure. Suchhypothesesare grist for future
investigations.

SUMMARY AND CONCLUSIONS

Richard Lakedepression isapparentlyanolderlocusofevaporite
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Figure 6. General geologic features of Richard Lake depression.
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Figure 7.Richard Lake depression (center) withsinkhole sump in verycenter, occupying lowest elevation. Semi-concentric
buckles are visible at right; linear buckle outlined by junipers at nearside ofdepression is parallel to trendofHolbrook
Anticline extension.

Figure 8.Buckle fold in Kaibab Limestone nearRichard Lake showing symmetrical flanks dipping about45 degrees locally.
This ridge wasabout5 m highand25 m wide. Many arehighly linear overdistances exceeding ZOO m.

dissolution, sinkhole formation, and subsurface collapse.
Continueddissolution occurs because of joints sets that allow
percolation ofsurfacewatersintounderlying saltdeposits inthe
CorduroyMemberoftheSchneblyHillFormation, Withthedata
athand, webelievetheareaofRichard LakeandMcCauleySinks
marks the northwestern-most limit of dissolution along the
southwestern edgeoftheCorduroysalt deposits. Thiscoincides
with the apparent end of the deformation associated with the
HolbrookAnticline.
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