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The Cambrian of the Grand Canyon: 
Refinement of a Classic Stratigraphic Model
Carol Dehler,1*† Frederick Sundberg,2† Karl Karlstrom,2 Laura Crossey,2 Mark Schmitz,3 Stephen Rowland,4 

and James Hagadorn5

ABSTRACT
The Cambrian Tonto Group of the Grand Canyon was used by Edwin McKee in 1945 to make an insightful visual represen-
tation of how sedimentary facies record transgression across a craton—a common conceptual framework still used in 
geologic education. Although the tenets of McKee’s facies diagram persist, the integration of new stratigraphy, deposi-
tional models, paleontology, biostratigraphy, and other data is refining the underlying dynamics of this cratonic trans-
gression. Instead of McKee’s interpretation of one major transgression with only minor regressions, there are at least five 
stratigraphic sequences, of which the lower three are separated by disconformities. These hiatal surfaces likely represent 
erosion of previously deposited Cambrian sediments that were laid down on the tropical, pre-vegetated landscape. Rather 
than being fully marine in origin, these sequences were formed by a mosaic of depositional environments including 
braided coastal plain, eolian, marginal marine, and various shallow marine environments. McKee, not having the insights 
of sequence stratigraphy and plate tectonics, concluded that the preservation of these sediments were due to predeposi-
tional topography and subsidence of the “geosyncline.” Our modern interpretation is that accommodation space was a 
result of eustasy and differential subsidence on the continental margin. Our modified depositional model provides a more 
effective teaching tool for fundamentals and nuances of modern stratigraphic thinking, using the Tonto Group as a still-
influential type location for understanding transgressive successions.

INTRODUCTION
Edwin McKee’s 1945 model of marine transgression in 

the Grand Canyon (Fig. 1) has influenced generations of 
geoscientists (Sloss, 1963; Bond and Kominz, 1984; Runkel 
et al., 2012; Łabaj and Pratt, 2016; Handkamer et al., 2023) 
and is showcased in many textbooks (Boggs, 1995; Stanley 
and Luczai, 2014). Using the physical stratigraphy and tri-
lobite biostratigraphy of the Cambrian Tonto Group in the 
Grand Canyon, together with Walther’s law (Walther, 1894), 
he hypothesized that the shallow water Tapeats Sandstone, 
deeper water Bright Angel Shale, and the deepest water 
Muav Limestone transgressed across a slowly subsiding 
geosyncline—experiencing only minor regressions.

Here we review the evolution of thought since McKee’s 
pre–sequence-stratigraphic and pre–plate tectonic work and 
show how new results refine his model. Our work builds on 
growing awareness that the Cambrian Tonto Group consists 

of five formations representing a diverse array of deposi-
tional environments and timing (Fig. 2; see Table S1 in the 
Supplemental Material6). For example, Wanless (1975) inter-
preted one member of the Bright Angel Formation to be ter-
restrial and suggested that the Muav Limestone reflects 
peritidal rather than deep water deposition. Similarly, many 
workers have reinterpreted the “marine” Tapeats Sandstone 
to represent a range of depositional environments including 
braided fluvial, deltaic, and eolian settings (Table S1). Most 
recently, new geochronologic constraints from U-Pb zircon 
maximum depositional ages for the Tapeats Sandstone, 
combined with reevaluation of trilobite zones, indicate that 
the time represented by the Tonto Group is short (Fig. 2; 
Karlstrom et al., 2020; Sundberg et al., 2020; Cothren et al., 
2022; Rowland et al., 2023). A synthesis of these data leads 
us to identify at least five time-calibrated stratigraphic 
sequences within the Tonto Group.
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REEVALUATION OF THE MCKEE MODEL

Stratigraphic Methods
More than 50 stratigraphic sections were measured or 

updated, including historic sections that span most of the 
500-km-wide Grand Canyon region (Fig. S1). Thickness 
and Wheeler diagrams (Figs. 2 and 3) were constructed 
based on 28 sections arranged by longitude from the 
restored position of the Frenchman Mountain section in 
the west to the Palisades section in the east. To synthesize 
data for this publication, detailed stratigraphic sections 
were generalized to reduce heterolithic complexity and 
produce a fence panel that illustrates overall stratigraphic 
and temporal relationships (Fig. 2).

Paleontological information was derived from reevalua-
tion of trilobites and associated faunas in museum collec-
tions as well as our 169 new fossil localities, most of which 
represent in situ occurrences in our measured sections. 
Biostratigraphy is detailed by Sundberg and all other authors 
(2024, pers. observ.) and used to constrain correlation of 

sections (Table S2). Our Wheeler diagram (Fig. 3) uses the 
relative durations of zones based on graphic correlation of 
the Laurentian traditional middle and upper Cambrian 
(CONOP [CONstrained OPtimization algorithm] results from 
Farrell and all other authors [2024, pers. observ.]) and com-
parison of zones from the traditional lower to middle 
Cambrian in the Pioche area, Nevada (Webster, 2011b, 
2011c; McCollum et al., 2011), providing a robust relative-
time axis. Preliminary C-isotope data are presented from 
the Fossil Rapids area to aid in correlation with our rela-
tively unfossiliferous Frenchman Mountain section (Table 
S3), and major faults are shown to assess local influences of 
tectonics on deposition.

Biostratigraphic Scheme
Cambrian strata in the Grand Canyon span at least the 

global Stage 4 of Series 2 to the Drumian Stage of the 
Miaolingian Series (Fig. 2; Karlstrom et al., 2020; Sundberg 
et al., 2020). The rocks of the Tonto Group are poorly fossil-
iferous, and no individual section contains a continuous 

Figure 1. Adaptation of McKee’s (1945, fig. 1) panel diagram of the Tonto Group in the Grand Canyon. Colors match the rock types in Figures 2 and 3. BAT— 
Bright Angel tongues (modified from “silty platy limestones”).
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fossiliferous succession to determine the stratigraphic ranges 
of taxa. Hence, boundaries between zones cannot be accurately 
identified in most measured sections. Nonetheless, the strata 
contain representatives of seven Laurentian trilobite zones 
(Sundberg and all other authors, 2024, pers. observ.).

The lowest zones are the Peachella iddingsi, Bolbolenellus 
euryparia, and Nephrolenellus multinodus zones, which 
occur in the basal Bright Angel Formation in the western-
most Grand Canyon region (Webster 2011a, 2011b). These 
zones are equivalent to the Olenellus zone of McKee (1945). 
Disconformably overlying these olenellid zones at Frenchman 
Mountain is the ptychoparioid trilobite Mexicella cf. M. 
robusta that is probably from the middle Eokochaspis nodosa 
or lower Amecephalus arrojosensis zones (Lincolnian Series, 
Delamaran Stage; McCollum and Sundberg, 2000). There is 
no paleontological evidence that strata of the A. arrojosensis 
to Poliella denticulata zones occur elsewhere in the Grand 
Canyon. McKee (1945) did not recognize this biostrati-
graphic interval. In contrast, the Albertella zone was recog-
nized based on a single pygidium. This zone is now referred 
to as the Mexicella mexicana Zone (McCollum and Sundberg, 
2007); taxa of this zone occur in our Frenchman Mountain 

and Rampart Cave sections (Fig. 2; McKee, 1945). Taxa of 
the Glossopleura walcotti Zone occur throughout the Grand 
Canyon area from below the Tincanebits Tongue through 
the Rampart Cave Member (Fig. 2). In the western Grand 
Canyon, this zone lies disconformably above the M. mexi-
cana Zone. The trilobite fauna is relatively diverse (McKee, 
1945) and may represent only the upper portion of the zone, 
due to its faunal similarity and stratigraphic position below 
the Ehmaniella Zone in Utah (Sundberg, 2005). The Ehmaniella 
Zone is subdivided into the Proehmaniella, Elrathiella, 
Ehmaniella, and Altiocculus subzones (Sundberg, 1994). In 
the western Grand Canyon, the Proehmaniella subzone is 
represented by taxa in the Elves’ Chasm tongue and Sanup 
Plateau Member. The Elrathiella subzone is represented by 
three species and commonly occurs within the densely 
glauconitic facies of the Bright Angel Formation directly 
above the G. walcotti Zone in the eastern Grand Canyon.

Differentiating between the Ehmaniella and Altiocculus sub-
zones in the Grand Canyon is difficult given the Muav 
Formation’s limited fauna. There are no robust criteria to sepa-
rate the two subzones in the Grand Canyon given the strati-
graphic ranges of trilobites in the Peach Springs to Gateway 

Figure 2. Stratigraphic thickness diagram that leverages updated historic and new measured sections as well as new and reinterpreted paleontology, fault relations, and 
δ13C chemostratigraphy. Frenchman Mountain is shown in its restored position. Zone/Subzone abbreviations: Peach.-Neph.—Peachella iddingsi to Nephrolenellus 
multinodus; Eok.—Eokochaspis nodosa; Ame.—Amecephalus arrojosensis; Pol.—Poliella denticulata; Mex.—Mexicella mexicana; Gloss.—Glossopleura walcotti; 
Pro.—Proehmaniella; Elra.—Elrathiella; Ehm.—Ehmaniella; Bolas.—Bolaspidella; Ced.—Cedaria; Crep.—Crepicephalus. Member abbreviations: Gateway—
Gateway Canyon; Kanab—Kanab Canyon; Spencer—Spencer Canyon, Sanup—Sanup Plateau; Rampart—Rampart Cave; Lyndon—Lyndon Limestone; upper—upper 
slope unit (used by McKee, 1945); Diamond—Diamond Bar; lower—lower slope unit (of McKee, 1945); Series/Stage/Rock abbreviations: Inter.—International; 
Furon—Furongian, Paib.—Paibian; Laur—Laurentian; Mill.—Millardan; Step—Steptoean. Other abbreviations: Fm.—Formation; Ss.—Sandstone; Mtn.—Mountain; 
Dol.—Dolostone; Ex—excursion; SPICE—Steptoean positive isotope carbon excursion; DICE—Drumian isotope carbon excursion.
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Canyon members of the Muav Formation. As a result, only the 
Ehmaniella subzone is used. This zone is represented by taxa 
distributed across the Grand Canyon. This fauna is partly 
equivalent to the Solenopleurella horizon of McKee (1945).

In the easternmost Grand Canyon, we discovered a new tri-
lobite fauna (Glyphaspis tetonensis, Crepicephalus? upis, 
Solenopleurella? quadrata, and Modocia sp.) from the upper-
most Muav Formation and lowermost Frenchman Mountain 
Dolostone (Sundberg and all other authors, 2024, pers. 
observ.). These taxa are known from the Bolaspidella Zone 
elsewhere in Laurentia (Rasetti, 1963; Schwimmer, 1973; 
Melzak and Westrop, 1994). Bolaspidella time is also present 
in the Frenchman Mountain Dolostone type section and at 
our Fossil Rapids, where the Drumian Isotope Carbon 
Excursion (DICE) is recorded (Rowland et al., 2023; Table S2).

Preliminary δ13C Calibration in Grand Canyon
The δ13C profile from the Fossil Rapids area is similar to 

the δ13C record from Frenchman Mountain (Rowland et al., 
2023; Table S3) and aids in correlation. The lowermost 
robust shared pattern is a −1.5‰ negative shift in the lower 
Ehmaniella Zone, referred to as Excursion 1 (Ex. 1; Fig. 2). 
This pattern is succeeded by a rise in δ13C values to near zero 
in the upper Ehmaniella Zone, termed Excursion 2 (Ex. 2). In 
the Frenchman Mountain Dolostone, there is a complex neg-
ative anomaly of two stacked 0% to ~-2.5‰ excursions in the 
lower Bolaspidella Zone that may represent the DICE (Howley 
and Jiang, 2010; Rowland et al., 2023).

Depositional Model
The most fitting paleogeographic model to explain the 

Tonto Group is similar to that presented by Palmer (1960) in 

which the Tapeats and Bright Angel formations represent 
the “inner detrital belt” and the Muav and Frenchman 
Mountain formations represent the “middle carbonate belt.” 
The “Rusty Brown dolostones” (RBDs) and “Bright Angel 
tongues” of McKee (1945; Figs. 1 and 2) are transitional 
facies between these belts, with the RBDs indicating trans-
gression. In contrast, we interpret the tongues of Bright 
Angel Formation interbedded with the Muav Formation to 
indicate regression (Fig. 1). This deepening and widening of 
the inner detrital belt caused a landward shift of the shore-
line and coeval onlapping onto the carbonate bank, result-
ing in a return to more normal marine conditions as 
evidenced by an increase in open-shelf macrofaunal taxa 
and siliciclastic mud (Fig. 4).

Disconformities
The majority of the Tonto Group above the Sixtymile 

Formation was deposited in paralic environments on a flat, 
stable margin of the Laurentia in a pre-vegetated, tropical set-
ting. Given the overall low-relief topography (hundred-meter-
high monadnocks notwithstanding; Fig. 4), in combination 
with sea-level fluctuations, the presence of unconformities 
within the succession is expected, especially farther inboard. 
Short-term hiatal surfaces within the Tapeats and Bright 
Angel formations are common (Rose, 2006, 2011) due to inci-
sion during channel migration of the broad braid plain and 
reworking of sediments by storms, tides, and intermittent 
exposure. However, some surfaces represent more substantial 
periods of erosion that were not recognized by earlier work-
ers. These disconformities are like surfaces that have been 
recognized in the predominantly shelfal Delamaran sec-
tions of Nevada (McCollum and McCollum, 2011).

Figure 3. Wheeler diagram of the Tonto Group, illustrating hypothesized depositional sequences, labeled 1–5. Because the geochronology of the Sixtymile Formation 
is poorly constrained, it is not depicted here. Vertical axis is based on relative thickness of zones based on CONOP (CONstrained OPtimization algorithm) analysis 
(see text). Question marks indicate that basal clastics lack biostratigraphic and geochronologic control beyond maximum depositional ages; thus, their duration could 
be substantially shorter than graphically depicted here, and coarse clastics associated with deposition of sequences 1 and 2 could extend into the eastern Grand 
Canyon. FM—Frenchman Mountain (restored); GW—Grand Wash fault. For other abbreviations and lithologic types, see Figures 2 and 4; Tables S1 and S2; and 
Figures S1 and S2.

www.geosociety.org/gsatoday	 November 2024  |  GSA TODAY   7

http://www.geosociety.org/gsatoday


SCIENCE

At least three new disconformities, 
labeled (A) to (C), are recognized (Fig. 3) 
on the basis of missing biozone intervals, 
erosional features, and facies changes 
(Sundberg and all other authors, 2024, 
pers. observ.; Table S1):
(1) At Frenchman Mountain, a thin (2 m) 

bioturbated sandstone containing 
the middle(?) portion of the E. nodosa 
Zone sharply overlies a bioturbated 
shale and sandstone facies that over-
lies a shale facies containing the N. 
multinodus Zone (Fig. 2; Table S1; 
Fig. S2). This disconformity between 
the Dyeran and Delamaran stages 
becomes more pronounced east-
ward, and eventually G. walcotti 
Zone trilobites appear in the shale 
facies, overlying the bioturbated 
sandstones of the lower Bright Angel 
Formation. Based on lithologic cor-
relations, this disconformity appears 
to extend into the lower M. mexicana 
Zone in the central Grand Canyon. It 
is unlikely that many strata of the 
Dyeran age, if any, exist eastward.

(2) The disconformity between the M. 
mexicana and G. walcotti zones in our 
Rampart Cave section is expressed as 
an erosional surface (Fig. S2). The 
green shale facies, containing M. 
mexicana Zone trilobites, is locally 
incised with a relief of >1.5 m across a 
5-m horizontal interval. Overlying 
this incised surface are bioturbated 
shale and sandstones that contain G. 
walcotti Zone fauna. Additional sup-
port for the eastward extension of 
this disconformity is the disappear-
ance of shale above the Diamond Bar 
non-bioturbated sandstone member 
and progressive removal of this 
member eastward. The fauna of the 
G. walcotti Zone appear to represent 
only the upper part of the zone, which 
suggests that the hiatus represents 
the uppermost M. mexicana to lower 
G. walcotti zones.

(3) This disconformity lies between the 
G. walcotti Zone and the overlying 
Elrathiella subzone in the eastern 

Figure 4. Paleogeographic maps and key trilobites 
of representative Tonto Group landscapes. Gray 
lines represent Cenozoic faults, which are labeled 
on lowest diagram and may have been active 
during Cambrian time: GW—Grand Wash; H— 
Hurricane; M—Monument; B—Butte.
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Grand Canyon. An erosional boundary occurs 10 m below 
the fauna of the Elrathiella subzone at the base of a prom-
inent cliff of the red sandstone facies, which overlies the 
G. walcotti Zone-bearing shale facies (Fig. S2). Missing is 
the Proehmaniella subzone, although it is present in our 
Diamond Creek section. Trilobites representing the 
Elrathiella subzone are rare in the western Grand Canyon. 
This contact can be traced hundreds of meters in outcrop 
(Fig. S2) and is inferred to be regional based on the miss-
ing biozones.

Other disconformities likely exist higher in the Muav and 
Frenchman Mountain formations (Rowland et al., 2023), but 
at present there is no paleontological or stratigraphic evi-
dence to suggest additional breaks. In general, stratigraphic 
breaks are hypothesized to become more pronounced east-
ward due to increasing exposure and decreased subsidence 
rates farther east of the depocenter.

Tonto Group Sequence Stratigraphy
Multiple stratigraphic sequences occur in the Tonto Group. 

The lowest are in the Sixtymile Formation, but because they 
have larger temporal uncertainty and limited aerial extent 
(Karlstrom et al., 2020), we do not treat them here. Above the 
Sixtymile Formation, the first succession (Sequence 1 in Fig. 
3) represents the Tapeats Sandstone in its most basinward 
position, onlapping eastward time-transgressively in a step-
wise fashion, as recognized by McKee (1945, figs. 11, 13). The 
lateral extent and age duration of Tapeats Sandstone are 
unknown in the eastern Grand Canyon due to a lack of fos-
sils. This sequence indicates progressive retrogradation of 
siliciclastic facies shoreward (Fig. 4). The top of Sequence 1 
(and Sequences 2 and 3) are capped by clay-rich shale and 
articulated trilobites, suggesting maximum flooding inter-
vals that have been truncated by erosion (Fig. S2A–C). 
Sequence 2 is characterized by four sets of prograding sand 
bodies, culminating with the Diamond Bar member in the 
west. Sequence 2 is the only sequence that records an inter-
val of delta plain progradation and a major basinward shift 
of the shoreline (Fig. 4). Sequence 3 represents impound-
ment of Tapeats sediments in the very eastern part of the 
field area and the first appearance of RBDs to the west. In 
Sequence 3, the Tincanebits and Meriwitica tongues, the 
black shale of the Flour Sack Member, and the Elves Chasm 
and Garnet tongues define a transgressive systems tract that 
represents more normal marine conditions.

Above the third disconformity and the conformable sur-
face to the west is Sequence 4, the base of which is marked 
by onlapping and stacked bioturbated sandstone and asso-
ciated RBDs (Figs. 2 and 3). Sequence 4 becomes dominated 
by onlapping and aggradation of the Muav Formation from 
west to east. This sequence marks the development of estu-
arine/lagoonal environments as the carbonate platform 
grew upward and shoreward during transgression (Fig. 4). 
The lower boundary of Sequence 5 coincides with the 
Muav-Frenchman Mountain Dolostone contact, except in 
eastern Grand Canyon, where the contact is between upper 
members of the Muav Formation. The sequence is marked 
by fine-grained siliciclastic material at its base in the east-
ernmost sections (Figs. 2 and 3) and the overwhelming 

dominance of dolomitic facies of the Frenchman Mountain 
Dolostone across the canyon. Throughout the region, Sequence 
5 is truncated by the sub-Mississippian or sub-Devonian 
unconformity. This sequence reflects marked transgression 
and the predominance of the middle carbonate belt (Fig. 4).

Controls on Tonto Group Deposition
The primary control on Tonto Group deposition is the rise 

and fall of eustatic sea level, whereby: (1) carbonate facies 
move landward during sea-level rise; (2) sandstones move 
landward during sea-level rise and prograde basinward 
during sea-level fall; and (3) the intervening shale facies belt 
widens and onlaps both the carbonate bank basinward and 
the shoreline moves cratonward during sea-level rise.

Other analogous Cambrian sequences are also thought to 
be controlled by eustatic sea-level rise (Montañez and 
Osleger, 1996; Haq and Schutter, 2008; Snedden and Liu, 
2010; Keller et al., 2012). Younger analogs exist as well, such 
as the Aptian passive-margin record of the Arabian Peninsula, 
which has a strikingly similar depositional pattern to the 
Tonto Group, spans a similar duration (~14 m.y.), and hosts 
three unconformities (Davies et al., 2002).

McKee’s work predated plate tectonics, when geosynclinal 
theory suggested that “miogeosynclines” subsided due to the 
weight of accumulated sediment, as amplified by isostasy 
(Dana, 1873). Modern evidence (Angevine et al., 1990) sug-
gests that sediment loading is a feedback on sea-level change, 
preexisting topography, and regional subsidence; all three 
likely helped create space for Tonto Group deposition.

Preexisting topography plus the existence of faults that 
moved in the early Cambrian are evident in eastern Grand 
Canyon. The Butte fault (Karlstrom et al., 2020) and other 
faults define a Cambrian archipelago, here named the 
“Shinumo Archipelago” in the Tapeats Sea (Fig. 4). These 
paleo-islands were completely covered by late G. walcotti 
time, leveling out the landscape and allowing greater land-
ward advance of the carbonate belt (Fig. 4).

Two Cenozoic western faults, the Hurricane and Grand Wash 
faults, are parallel to the Cordilleran hingeline and may mimic 
older paleo-fault systems that mark the hinge region of the 
Cordilleran rift margin (Stewart and Poole, 1974). The western-
most Frenchman Mountain Dolostone thickens westward 
from 200 m to nearly 400 m west of the Grand Wash hingeline, 
suggesting an increase in accommodation space that cannot be 
explained solely by eustatic sea-level changes (Christie-Blick et 
al., 2023). Except for the Butte fault, Cambrian slip on Grand 
Canyon faults has not been identified, but fault associations 
with biozone and facies boundaries (Fig. 4) suggest they may 
have influenced differential accommodation space and subse-
quent sediment loading of western blocks and isostatic 
rebound of eastern blocks that influenced the positions of the 
inner detrital and middle carbonate belts.

A NEW PARADIGM FOR THE TONTO GROUP
We envision the controls on the Tonto Group depositional 

patterns to include a combination of eustasy and regional dif-
ferential subsidence high on the shelf of the Cordilleran mio-
geocline. In contrast, McKee’s diagram (1945, Fig. 1) portrayed 
an interpretation of a time-transgressive eastward-migrating 
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shoreline that deposited vertical sandstone-​shale-carbonate 
stacking patterns as the shoreline moved landward. The then-
understood longer timeframe for the Cambrian transgres-
sion, along with a gradualist thinking of continuous 
deposition with no unconformities, and optimistic lithofacies 
and fossil horizon correlation, led to this interpretation.

The collective body of Tonto Group work since McKee (1945) 
adds important, necessary modifications. The succession 
was deposited as a mosaic of sedimentary environments 
ranging from terrestrial to shallow-marine settings on a 
relatively flat landscape (Rose, 2011; Fig. 4; Table S2) rather 
than a progressively basinward-deepening seascape. Thus, 
the distribution of facies produced by these environments is 
better envisioned as a broad inner detrital belt consisting of 
fluvial braid plain, deltaic (or estuarine), tidal, and lagoonal 
environments in the east and a complex middle carbonate 
belt to the west (sensu Palmer, 1960; Fig. 4).

The succession contains at least five depositional sequences 
opposed to one long-term transgressive event (Fig. 4). All 
five sequences are floored by siliciclastic material, and all 
but one indicate a landward advancement of the shoreline. 
Biostratigraphy and comparison with other stratigraphic 
analogs suggest that sequences were geologically short-lived, 
~1–2 m.y., and likely of different durations.
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