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In their comment, Landing and Kruse dis
agree with some of our discussion and, at times,
use blanket statements to incorrectly summarize
from the Smith et al. (2016) paper. This is not
the venue for a discussion and rehashing of the
details discussed at length in the text of the pub
lication. Here, we respond only to what we were
able to identify as the key questions and issues
raised in the comment.
In the Zavkhan Basin, the regional geologic
context is essential to any discussion of biostra
tigraphy. Using geologic mapping, stratigra
phy, structure, a new age model, detrital zircon
geochronology, and the presence of a tectonic
mélange, we have demonstrated that latest Edi
acaran through early Cambrian strata in the Zav
khan terrane were deposited in a foreland basin
(Macdonald et al., 2009; Smith et al., 2016; Bold
et al., 2016a), and not, as Landing and Kruse
wrote, in a forearc. Major lateral facies changes
over short spatial distances in what was a tectoni
cally active basin render lithostratigraphic cor
relations—the correlation method that, by and
large, was previously used for biostratigraphic
studies in this basin (i.e., Brasier et al., 1996;
Khomentovsky and Gibsher, 1996)—insuffi
cient for intrabasinal correlation. Particularly,
previous correlations used early diagenetic phos
phorite horizons, which are diachronous across
the basin. Further complicating any biostrati
graphic study of this basin is Paleozoic tectonism
(Bold et al., 2016a). Many of the previously stud
ied areas were mismapped or not mapped at all,
and as a result, some of the fossil horizons were
misplaced in a stratigraphic context. The data for
our new structural interpretations and geologic
maps are discussed in the text. One of the goals
of this project was, through detailed geologic
mapping and a basinwide facies model, to use
sequence-stratigraphic and chemostratigraphic
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correlations to place early Cambrian small shelly
fossil horizons into a stratigraphic and geologic
framework and construct a new age model for
fossil horizons that is independent of the previ
ous, inherently circular lithostratigraphic and
biostratigraphic age model.
After establishing a regional stratigraphic
and geologic framework, we used carbon iso
tope chemostratigraphy for global correlation
and to construct an age model. Despite Land
ing and Kruse’s claims, we never asserted that
the Zavkhan strata lack discontinuities. In fact,
a major contribution of our studies has been to
refine the nature and duration of hiatuses within
the succession (Macdonald et al., 2009; Smith
et al., 2016; Bold et al., 2016a, 2016b). While
we do believe the entire succession (ZuunArts through Khairkhan Formations) was
deposited relatively rapidly in a single basinforming event, with the flysch and mélange of
the Khairkhan Formation marking the closure
of the foreland basin, there are many discon
formities—some of which are very subtle—at
sequence boundaries, particularly in the more
proximal sections. We do, however, assert that
the section at Orolgo Gorge (E1220, E1223) is
the most distal, the most carbonate-dominated,
and the most continuous section preserved
in the basin. Because of this, it is this strati
graphic section that forms the backbone of our
chemostratigraphic correlations and age model
(see column A in Smith et al., 2016, fig. 11).
After clarifying the stratigraphic and geologic
questions raised by Landing and Kruse, we can
now address their specific biostratigraphic con
cerns. We organize the rest of our response into
what we have identified as their three main cat
egories of comments: (1) archaeocyath biostra
tigraphy, (2) small shelly fossil biostratigraphy,
and (3) Treptichnus pedum and the placement
of the Ediacaran-Cambrian boundary in the
Zavkhan Basin.

Landing and Kruse raise three interrelated
concerns regarding the archaeocyath biostratig
raphy presented in Smith et al. (2016). The first
is that they generally disagree with the chemo
stratigraphic age model used for the Salaagol
Formation in Smith et al. (2016); the second, and
related point, is that, based on previous archaeo
cyath biostratigraphy, they contest the claim that
the archaeocyaths in the Zavkhan Basin are the
oldest ones globally; and third, they contend that
similarities between the archaeocyath genera
and species in Siberia and southwest Mongolia
indicate extensive faunal exchange between the
two regions.
Landing and Kruse disagree with the chemo
stratigraphic age model for the Salaagol Forma
tion presented in Smith et al. (2016) because it
is in contradiction with the regional archaeo
cyath biostratigraphic framework from Siberia
with which they are most familiar. They sug
gest that the extremely positive d13C excur
sion (+5‰–7‰) in the Salaagol Formation is
a “local expression of the IV excursion within
the lower Atdabanian of Siberia,” an excursion
which typically has d13C values of +2‰–3‰
(Kouchinsky et al., 2007; Landing et al., 2013),
without offering an explanation or mechanism
for why this single excursion in southwest Mon
golia would be so unusually 13C-enriched in
Mongolia. We emphasize that the late NemakitDaldynian and Nemakit-Daldynian–Tommotian
boundary is the only time interval in all of the
Cambrian Period in which global d13C values
are so heavy (i.e., Saltzman and Thomas, 2012).
The Steptoean positive carbon isotope excur
sion (SPICE) event, with d13C values that reach
+4‰–5‰ in the Furongian (Upper Cambrian),
is the only other excursion in the Cambrian that
comes close to having such 13C-enriched d13C
values (Saltzman, 2005). It is difficult to imag
ine a local or diagenetic effect that would selec
tively affect the d13C values of only the Salaagol
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Formation carbonates to generate such unusual
13
C enrichment in all stratigraphic sections
across the basin. Carbon isotope chemostrati
graphic correlations can sometimes be ambigu
ous and difficult to interpret, but these enriched
values of the Salaagol Formation carbonates are
distinctive, and therefore they make this specific
correlation relatively straightforward.
Landing and Kruse also disagree with our dis
cussion on the significance of a thick sandstone
unit below the Salaagol archaeocyath reefs and
sandstone and conglomerate beds within the
Salaagol Formation. Despite their portrayal

of our discussion of this in their comment, we
also recognized the thick sandstone unit below
the base of the Salaagol Formation in all of our
measured sections. We referred to this unit as
“BG5/6,” the top member of the Bayangol For
mation in figures 8 and 9 of Smith et al. (2016).
In the more proximal sections, there is evidence
that there is some time missing at the base of
this coarse siliciclastic unit. We even demon
strate the diachronous nature of this uncon
formity in figure 9, in which the basal Salaagol
Formation in the most proximal section (see
section E1325) only captures the end of the
positive d13C excursion. We do not dispute that
there is time missing at the base of the Salaagol
Formation, but we disagree with Landing and
Kruse over the duration of this hiatus. Further
more, in the most distal measured section in the
basin in Orolgo Gorge (E1220, E1223 in Smith
et al., 2016, fig. 9), the upper Bayangol Forma
tion is characterized by a mixed carbonate and
siliciclastic succession that is correlative with
the siliciclastic units “BG5” and “BG6” in other
sections in the basin; the distal, carbonate-rich
section in Orolgo Gorge provides confidence
that, regionally, there is not a major hiatus at the
basal contact of the Salaagol Formation.
Given the unusually 13C-enriched chemo
stratigraphic values of the lower Salaagol For
mation, discussed in the preceding paragraphs,
the lower to middle Salaagol Formation cannot
be Atdabanian or Botomian in age. As we point
out in the paper, the middle to upper part of the
Salaagol Formation is characterized by d13C
values of –1‰ to –2‰, values which are not
diagnostic of any time interval. Thus, if there are
Atdabanian and Botomian archaeocyaths in the
Salaagol Formation, then they are in this middle
to upper part of the formation, and there must be
an intraformational unconformity (p. 462). We
tentatively reject this model because it necessi
tates a more complicated, multistage subsidence
model, and, as Landing and Kruse themselves
point out, there is little sedimentological evi
dence other than the intraformational conglom
erates in SE Khukh Davaa that support this
model. Moreover, no trilobites or trilobite hash
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were found in any of the hundreds of meters of
heterolithic strata of the Salaagol Formation,
consistent with a pretrilobite age (Smith et al.,
2016). A more thorough discussion of the im
plications of the new age model is on page 462
(Smith et al., 2016).
Although Landing and Kruse contend that
similarities between the archaeocyath genera
and species in Siberia and southwest Mongo
lia indicate extensive faunal exchange between
the two regions, there is very little data that
would suggest robust ties between the Siberian
and Mongolian terranes during the Paleozoic.
As they themselves point out, southwest Mon
golia is known to have been separate from the
Siberian Platform during the early Cambrian
(Evans et al., 1996; Wilhem et al., 2012). Pre
viously, Cambrian trilobites (e.g., Cocks and
Torsvik, 2007) and Ordovician to Silurian
brachiopods (Wang et al., 2011) were used to
suggest Paleozoic paleogeographic ties between
the two regions, but, more recently, these bio
stratigraphic links have been disproven. Al
though no trilobites have been identified on the
Zavkhan terrane, trilobites from the adjacent
Tuva-Mongolia terrane have been shown to be
distinct from those of Siberia (Atashkin, 1995;
Korobov, 1980, 1989). Additionally, the dis
tinctive Tuvaella brachiopod is only present on
“peri-Siberian” terranes and not Siberia (Wang
et al., 2011), and the geographic distributions
of other brachiopod assemblages (Harper et al.,
2013) and crinoids (Webster and Ariunchimeg
(2004) are distinctly different between Mon
golian terranes and Siberia. Moreover, recent
paleomagnetic constraints have demonstrated
that the Zavkhan terrane was independent from
Siberia for much of the Paleozoic (Kilian et al.,
2016). There is no robust geologic, paleomag
netic, or biogeographic evidence to suggest that
there could have been extensive archaeocyath
faunal exchange between Siberia and Mongolia.
Landing and Kruse further contest that the
archaeo
cyaths in Mongolia are among some
of the oldest globally. It appears that some of
the concerns about the first appearance datum
(FAD) of archaeocyaths are due in part to con
fusion regarding the nomenclature and the un
official subdivisions of the early Cambrian. The
Tommotian in Siberia is generally considered
correlative with Stage 2 of the Terreneuvian
Series, but neither the upper nor the lower
boundary of Stage 2 has yet been defined. The
FAD of the archaeocyaths in the Salaagol For
mation is within the younger of the two highly
13
C-enriched excursions. Because we interpret
this extremely positive d13C excursion followed
by a downturn to values of ~–2‰ as unique to
the Nemakit-Daldynian–Tommotian bound
ary (see Maloof et al., 2010), we interpret the

archaeocyaths from the Salaagol Formation in
Mongolia as only slightly older than the oldest
archaeocyaths from Siberia. It is also relevant to
note that at the Selinde River section, archaeo
cyath debris has been found stratigraphically
below the last large positive d13C excursion
(Kouchinsky et al., 2005), leading some to
argue that there are Siberian archaeocyaths in
the latest Nemakit-Daldynian (Khomentovsky
et al., 1990; Khomentovsky and Karlova, 1993).
Based on these discrepancies, we suggest that
much of the existing global archaeocyath tax
onomy and biostratigraphy needs to be re
visited, revised, and integrated with independent
chronostratigraphy. In future biostratigraphic
studies, radioisotopic and relative age models
are critical to avoiding circular arguments that
rely only on regional biostratigraphic ranges.
Landing and Kruse also raise concerns about
the revised FAD of small shelly fossils in the
Zavkhan Basin. Here, the problem is an issue
of what we interpret as mismapping and mis
correlation rather than interpretations regard
ing a chemostratigraphic age model. Our data
supporting this are described in part below. The
lowest reports of anabaritids from Brasier et al.
(1996) and Khomentovsky and Gibsher (1996)
are reported from the Zuun-Arts Formation in
Orolgo Gorge (or what they refer to as “Orol
chayn Gol”), but these fossils were initially dis
covered by Endonzhamts and Lkhasuren (1988;
see small shelly fossil horizon “b” in figure 5 and
“8323” in figure 6 of Brasier et al., 1996; figure
13 in Khomentovsky and Gibsher, 1996). The
small shelly fossils from this locality are very
obvious in outcrop (Smith et al., 2016, fig. 3H)
and are immediately above a phosphatic shale
interval. No dissolutions are required to see
these fossils. In Brasier et al. (1996), this hori
zon was placed into a composite measured sec
tion using lithostratigraphic correlation. How
ever, the Zuun-Arts Formation is almost entirely
faulted out at this locality (Smith et al., 2016,
fig. 6E). What previous workers considered the
basal Zuun-Arts Formation in this gorge is actu
ally the basal Bayangol Formation; there is no
lower to middle Zuun-Arts Formation present
anywhere in this gorge. The small shelly fos
sil horizon that was previously reported from
this locality is above the phosphatic shale in the
basal Bayangol Formation, not the phosphatic
shale in the basal Zuun-Arts Formation, as was
previously assumed. A similar mapping and
correlation problem exists for small shelly fossil
beds “8305,” “8325,” and “8326” (see Khomen
tovsky and Gibsher, 1996, fig. 13); these fossils
are all part of the Endonzhamts and Lkhasuren
(1988) collection and were later placed into
what we believe is an incorrect stratigraphic
framework. None of the small shelly fossils
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from the Zuun-Arts Formation was collected
or first reported by any of the authors in the se
ries of 1996 Geological Magazine publications
that were part of the International Geoscience
Programme (IGCP) Project 303, “Late Precam
brian–Cambrian Event Stratigraphy.” In Smith
et al. (2016), the small shelly fossils beds that
were previously placed in the Zuun-Arts For
mation have been shifted up into the Bayangol
Formation. It is possible that, globally, there are
small shelly fossils below the large negative
basal Cambrian d13C excursion (BACE); how
ever, there is no evidence to support that in the
Zavkhan Basin in southwest Mongolia.
Finally, Landing and Kruse misrepresent
our discussion of the FAD of T. pedum and the
placement of the Ediacaran-Cambrian boundary
in Mongolia. The point we make in the abstract
and later on in the text is that because of the ap
parent facies dependence of the preservation of
T. pedum, this trace fossil is not useful in iden
tifying the Ediacaran-Cambrian boundary in the
Zavkhan Basin (Smith et al., 2016, p. 459). In
southwest Mongolia, there are more useful sec
ondary chronostratigraphic markers (i.e., FAD
of small shelly fossils and the large negative
d13C excursion near the top of the Zuun-Arts
Formation) that suggest that the EdiacaranCambrian boundary is at or near the contact
between the Zuun-Arts and Bayangol Forma
tions. We do state that the negative excursion
at the top of Zuun-Arts Formation correlates to
the “W excursion” of Brasier et al. (1996) and
globally with the BACE (Smith et al., 2016,
p. 459), so on this point, there is no disagree
ment. The broader question we raised in the
discussion of T. pedum and the placement of
the Ediacaran-Cambrian boundary in the Zav
khan Basin is the utility of T. pedum as a global
chronostratigraphic marker for one of the most
important boundaries in Earth history. In south
west Mongolia, with its mixed siliciclastic-car
bonate succession that preserves a wide range
of depositional environments, T. pedum is found
hundreds of meters above the FAD of small
shelly fossils, the BACE, and other Cambrian
trace fossils, and, as a result, we suggest that the
biostratigraphic marker for this global boundary
could be reconsidered.
One of the main goals of this work was to
move beyond traditional and often circular bio
stratigraphic correlations to create an indepen
dent chronology of biological and environmen
tal events across the Proterozoic-Phanerozoic
transition. Landing and Kruse take the tradi
tional biostratigraphic view of the Paleozoic
that has persisted for over 150 yr and has left
us with no explanation for the apparently rapid

expansion of diversity in the early Cambrian
fossil record. With new tools coupled with more
extensive field studies, we have the opportunity
to move beyond this static view of early animal
evolution and to construct records of evolu
tion that keep time as an independent variable.
We challenge the notion that paleontological
constraints are robust without an independent
method of telling time in the rock record.
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