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ABSTRACT

Lower Paleozoic successions of the Gobi-
Altai zone of southern Mongolia record an 
abrupt facies transition from deposition 
of predominantly fi ne-grained uppermost 
Ordovician through lowermost Devonian 
carbonate and marl facies to deposition of 
coarse clastic strata of the Lower Devonian 
Tsakhir Formation. The Tsakhir generally 
fi nes upward from alluvial-fan cobble and 
pebble conglomerate to interbedded coarse- 
and fi ne-grained marine siliciclastic and car-
bonate strata, which were deposited within a 
tectonically active basin. The marine strata, 
deposited in a storm-infl uenced proximal to 
distal fan delta, include unusual event beds 
that grade from pebble conglomerate to 
hummocky cross-stratifi ed grainstone and 
sandstone. These beds represent sediment 
emplaced by gravity fl ows during fl ood events 
and reworked by large gravity waves associ-
ated with storm events. The interpreted link 
between fl ood deposition and storm wave re-
working supports a hyper pycnal fl ow inter-
pretation for these deposits.

The sudden facies transition at the base of 
the formation represents the sedimentological 
and stratigraphic signature of Early Devo-
nian tectonism in the Gobi-Altai zone. The 
general upward-fi ning pattern of the Tsakhir 
is interpreted as a response to the creation of 
accommodation space at a greater rate than 
progradation of the fan delta, in large part due 
to tectonic subsidence, although some compo-
nent of eustasy may have been involved. The 
production of steep relief and deposition of 
associated volcanics suggest a transition from 
relatively passive deposition to active tectonics 
in this region during the Lochkovian to Pra-
gian stages of the Early Devonian. We herein 

introduce the term “Tsakhir event” for this 
important tectonic transition. Range-bound-
ing faults for this event are not preserved, 
but alluvial-fan deposition, the development 
of unconformities, renewed subsidence, and 
magmatism throughout the Gobi-Altai zone 
all suggest syndepositional tectonism.

Detrital zircon spectra from both Ordovi-
cian and Devonian strata contain Archean to 
Paleozoic ages. Minor differences between 
Ordovician and Devonian samples suggest 
changes in source regions and/or trans-
port paths prior to, and after, the Tsakhir 
event. The paleoenvironmental setting of the 
Tsakhir Formation requires short transport 
distances, and thus the age spectrum of a 
sample from this formation represents proxi-
mal basement rocks of the Shine Jinst region 
of the Gobi-Altai zone. Basement rocks are 
not exposed in the Shine Jinst region, but the 
wide variety of ages in all of the detrital spec-
tra suggest a nearby continental source.

Our detrital age spectra contain peaks that 
coincide with basement ages and magmatic 
events on the adjacent Mongolian microcon-
tinent and also have strong similarities with 
recently published spectra of nearby land-
masses in Neoproterozoic to Paleozoic paleo-
geographic reconstructions, namely, Siberia, 
North China, eastern Gondwana, and Tarim. 
These similarities extend to spectra of late Neo-
proterozoic to middle Paleozoic rocks through-
out Gondwanaland and also Siberia, illustrat-
ing the somewhat limited utility of detrital 
spectra for determining the tectonic affi nities 
of crustal blocks at this time in Earth history.

INTRODUCTION

Southern Mongolia is centrally located within 
the Central Asian orogenic belt, a Neoprotero-
zoic to early Mesozoic accretionary zone that 
juxtaposed microcontinents and island arcs be-

tween Baltica, Siberia, Tarim, and North China 
(Şengör et al., 1993; Zorin et al., 1993; Lamb and 
Badarch, 1997; Heubeck, 2001; Badarch et al., 
2002; Wang et al., 2005; Briggs et al., 2007; 
Windley et al., 2007; Kelty et al., 2008; Kröner 
et al., 2010). The Central Asian orogenic belt is 
the largest area of Phanerozoic crustal growth 
on Earth (Şengör et al., 1993), but the timing 
and nature of the orogenic events remain poorly 
constrained. This is due in part to the paucity of 
studies on temporally constrained syntectonic 
strata in southern Mongolia, and also due to 
post-Paleozoic tectonic complications. Detailed 
sedimentological data combined with chrono-
strati graphically constrained geochronological 
data are needed in order to reconstruct the tec-
tonic history of this region and decipher regional 
relationships with adjacent tectonic blocks.

In this paper, we provide the fi rst detailed 
sedimentological and stratigraphic study of 
the Lower Devonian Tsakhir Formation in the 
Shine Jinst region of southern Mongolia 
(Fig. 1). This unit records a stratigraphic tran-
sition from under lying Upper Ordovician to 
lowermost Devo nian quiet water carbonate de-
posits to coarse conglomerate, sandstone, and 
siltstone of the Tsakhir, which has been inter-
preted to record uplift and erosion of these older 
carbonate units (Lamb and Badarch, 1997). Our 
sedimentological analyses, in combination with 
detrital zircon geochronology data for a suite 
of chronostratigraphically constrained samples 
that span this tectonic transition, provide impor-
tant insights into the depositional history and the 
tectonic evolution of the Gobi-Altai zone, and 
more generally, the Central Asian orogenic belt.

GEOLOGICAL SETTING AND STUDY 
LOCATION

Shine Jinst is located in the Gobi-Altai zone 
of southern Mongolia, directly south of the Main 
Mongolian Lineament (Fig. 1), which separates  
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Neoproterozoic to early Paleozoic continental 
fragments, arcs, and accretionary zones to the 
north from Ordovician to Carboniferous terranes 
to the south (Kröner et al., 2010). The southern 
margin of the Gobi-Altai zone is defi ned by the 
Trans-Altai fault (Fig. 1), which is in contact with 
the Paleozoic oceanic domain of the Trans-Altai 
zone (Zorin et al., 1993; Kröner et al., 2010). The 
Trans-Altai zone was an active accretionary arc 
system through the end of the Paleozoic (Lamb 
and Badarch, 1997), when the closure of the 
 paleo–Asian Ocean culminated in the collision 
of northern China and southern Mongolia (John-
son et al., 2008; W. Xiao et al., 2008, 2010; W.J. 
Xiao et al., 2009b; Chen et al., 2010). During the 
Mesozoic, the tectonic and sedimentary setting 
changed from a convergent margin to an intra-
conti nental setting with sinistral transpression 
(M.A. Lamb et al., 2008). During the Jurassic, 
a major left-lateral strike-slip system developed 
in Asia, which included the Tost and Gobi Onon 
faults in southern Mongolia (Fig. 1). These faults 
have the same orientation and sense of motion 
as left-lateral faults and associated wrench thrust 
faults in the Shine Jinst region (Fig. 2; M.A. 
Lamb et al., 2008). Intracontinental deformation 

continued through the Cenozoic and is respon-
sible for sinistral displacement and reactivation 
of the east-west–oriented Main Mongolian Lin-
eament and Gobi Tien Shan fault (Fig. 1; M.A. 
Lamb et al., 2008; Briggs et al., 2009; Cunning-
ham, 2010).

The oldest strata exposed in the Shine Jinst re-
gion consist of biostratigraphically constrained 
Upper Ordovician to lowermost Devonian car-
bonate rocks with minor sandstone, shale, and 
conglomerate (Wang et al., 2005). The Lower 
Devonian Tsakhir Formation unconformably 
overlies these carbonate rocks and records a 
sharp stratigraphic contact due to uplift and 
erosion of the older carbonate strata (Lamb and 
Badarch, 1997). QFL ternary plots demonstrate 
that Devonian sandstone samples near Shine 
Jinst are richer in lithics than underlying Silu-
rian and Ordovician strata, and they suggest a 
volcanic arc source (Lamb and Badarch, 2001). 
The base of the Tsakhir consists of cobble con-
glomerate dominated by limestone clasts that 
were sourced from the underlying units. The 
section fi nes upward to interbedded conglom-
erate and sandstone, and then to interbedded 
sandstone, grainstone, siltstone, and mudstone. 

Felsic volcanic deposits also exist in the upper 
half of the unit. The formation has been gener-
ally interpreted to represent braided fl uvial or 
fan-delta to shallow-marine deposits (Lamb and 
Badarch, 1997).

The Tsakhir Formation is exposed in multiple 
fault blocks near the Huvchuu well in the Shine 
Jinst region of the Gobi-Altai zone in southern 
Mongolia (Fig. 2). The base of the measured 
section described here is at 44°21′38.4″N 
and 99°26′47.0″E at 1890 m elevation. The 
Huvchuu  well in Shine Jinst is accessed via a 
long drive (~900 km) southwest from Ulaan-
baatar on poorly maintained, rural tracks.

STRATIGRAPHY

The Tsakhir Formation unconformably 
overlies different stratigraphic levels of the 
upper most Silurian to lowermost Devonian 
(Pridolian-Lockhovian) Amansair Formation. 
The Amansair Formation is 30 m to 40 m thick 
and contains a lower fossiliferous carbonate 
member and an upper reddish-gray to greenish-
gray siltstone and sandstone member with fel-
sic volcanic deposits. The Tsakhir Formation is 
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Figure 1. Tectonic map of Mongolia modifi ed from Macdonald et al. (2009) and Kröner et al. (2010) with location 
of study area indicated. The Mandalovoo subzone is the southern part of the Gobi-Altai zone.
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conformably overlain by the Lower Devonian 
(Pragian to Emsian) Chuluun Formation (Fig. 3; 
Wang et al., 2005), which consists of 480 m of 
dark-gray, thin-bedded, fossiliferous, fl aggy and 
biohermal limestone; dark-green calcareous 
and noncalcareous argillite; siltstone to coarse 
sandstone; and fi ne to coarse clastic tuff. Cono-
donts from the Tsakhir Formation, in conjunc-
tion with those found in strata both above and 
below the Tsakhir, indicate a Lower Devonian 
(Lochkovian-Pragian) age (Wang et al., 2005).

The Tsakhir Formation at Shine Jinst con-
tains faults with apparent displacements of up 
to 10 m, but marker beds were used to corre-
late across these faults in nearly all cases. The 
formation is 630 m thick and records upward 
fi ning from cobble and pebble conglomerate 
to fi ner-grained siliciclastic and carbonate lith-
ologies. The base of the Tsakhir Formation at 
Shine Jinst is in fault contact with the upper-
most Silurian to lowermost Devonian Amansair 
Formation with very low-angle truncation. Evi-
dence for marine deposition exists at numerous 
stratigraphic levels in the Tsakhir Formation, 
including bryozoan and rugose coral fossils in 
a grainstone bed at 115 m, a stromatoporoid 
bed at 382 m, and locally abundant bioturbation 
high in the section.

LITHOFACIES

We measured 630 m of section at a centi meter 
to meter scale through the Tsakhir Formation in 
the Shine Jinst region, including several vol-
canic units (Fig. 4). Six lithofacies are defi ned 
and described next.

Conglomerate Facies

This facies consists of massive, very poorly 
sorted, rounded to subrounded, clast-supported, 
conglomerate beds. The basal 90 m section of 
the formation is composed of massive to very 
crudely bedded cobble to boulder conglomerate. 
This basal unit lacks interbedded fi ner-grained 
facies and shows no obvious imbrication. Above 
this, conglomerate beds of similar grain size are 
a few tens of centimeters to 4 m thick, and they 
decrease in abundance up section. A few thicker 
beds (5.6 m to 9.6 m) of coarse conglomerate 
exist in association with volcanic units between 
400 m and 500 m in the section (Fig. 5). Most 
of the cobble conglomerate beds are massive, 
with no obvious grading. Clasts in these cobble 
conglomerate beds reach a maximum diameter 
of ~35 cm. Pebble conglomerate beds are also 
present throughout the section, and they gener-
ally decrease in bed thickness and abundance 
stratigraphically up section. Clasts average 
2 cm in diameter, although outsized clasts reach 
30 cm in diameter. Many beds of both the coarse 
and fi ne conglomerate have erosional bases, 
and in places are lenticular (Fig. 6). Some beds 
contain intraclasts of similar composition to the 
under lying beds.

The clasts consist of grainstone, wackestone, 
skeletal wackestone, graywacke, calcareous 
sandstone, silty skeletal wackestone, carbonate 
mudstone, dolostone, and large bioclasts of tab-
ulate coral and stromatoporoids. In most beds, 
the clasts have been structurally stretched along 
cleavage planes, which are generally subparal-
lel to bedding. Some clasts contain parallel sets 

of quartz- and calcite-fi lled fractures that do not 
extend beyond clast boundaries and have vari-
able orientations (Fig. 7), whereas others pen-
etrate both clasts and matrix (Fig. 7). The matrix 
commonly weathers brown and consists of very 
coarse-grained, calcareous, lithic and quartz 
sandstone with many granules. It is composed 
of 40%–80% quartz grains that range from 
coarse sand to granule in size. The lithic grains 
are dominantly carbonate.

Calcareous Sublitharenite Facies

Gray, well-sorted, subangular to subrounded, 
thinly bedded, fi ne- to coarse-grained sub lithare-
nite with calcareous cement is present through-
out much of the formation. Beds range from 
1 cm to 50 cm in thickness, with most between 
2 cm and 5 cm. Quartz grains make up 70% of 
this facies, and lithic fragments and calcite grains 
comprise the remaining 30%. Clasts composed 
of dark-gray micrite up to 2 cm in diameter are 
also sporadically present in this facies. Many 
beds exhibit hummocky cross-stratifi cation and 
symmetrical ripples (Fig. 8), and where both are 
present, the latter rests above the former. Beds 
exhibiting hummocky cross-stratifi cation range 
from 3 cm to 40 cm thick, and spacings between 
hummocks range from tens of centimeters to a 
few meters in scale.

Sandy Grainstone Facies

This facies is composed of poorly sorted, 
well- to subrounded, fi ne- to very coarse-grained, 
sandy grainstone. Bed thicknesses range from 
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1 cm to 35 cm, and most are between 2 cm and 
5 cm. Quartz content ranges from 5% to 40%, 
and lithic fragments make up less than 5%. 
 Pebble-rich grainstone beds of this facies rep-
resent transitional facies with the pebble con-
glomerate described above (Fig. 8). These beds 
contain sandstone and micrite clasts up to 9 cm 
in diameter. Some beds fi ne upward from pebble-
bearing grainstone to fi ner-grained grainstone 
with hummocky cross-stratifi cation and ripple-
scale cross-bedding. Locally, starved ripples oc-
cur in the uppermost parts of beds of this facies at 
transitions to fi ner-grained overlying strata.

Very Fine- to Fine-Grained 
Grainstone Facies

Very fi ne- to fi ne-grained, well-sorted, blue-
green weathering grainstone facies make up 
beds that range from 2 mm to 40 cm thick. The 
grainstone has 1–4-mm-thick fi ssile breaks that 
result in a distinctive paper-thin weathering pat-
tern. It consists of 15%–25% quartz grains, and 
some beds contain a minor percentage of fl oat-
ing medium to coarse quartz sand and pebbles. 
Parallel lamination is present within some beds 
of this facies. Bedding-plane–parallel burrows 
are conspicuous in beds of this facies between 
370 m and 400 m in the section. This facies is 
abundant lower in the formation and becomes 
less abundant, more thinly bedded, and fi ner 
grained above 400 m.

Calcareous Siltstone Facies

This facies is composed of red, calcareous 
siltstone with lenses of marly carbonate concre-
tions, and it is solely present above 500 m in the 
formation. Beds of this facies tend to be highly 
cleaved and laterally discontinuous, and range 
from tens of centimeters to tens of meters in 
thickness. Abundant dark-purple clay-lined bur-
rows that average 7 mm in diameter exist along 
bedding planes (Fig. 9).

Upward-Fining Beds

The Tsakhir Formation contains many 50-cm- 
to 3-m-thick upward-fi ning beds. Many of these 
beds contain a lower division of clast-supported 
and ungraded pebble conglomerate 5 cm to 
75 cm thick. These commonly exhibit scoured 
bases, and in cases, channel geometries. These 
beds grade into pebble-bearing sandy divisions 
of either grainstone or sublitharenite. Many of 
these upward-fi ning beds lack conglomeratic 
basal divisions and instead have sandy divisions 
at the base. The fi ner sandy facies are generally 
10 cm to 150 cm thick. They commonly drape 
underlying conglomerate and exhibit parallel 
lamination, hummocky cross-stratifi cation, and 

trough cross-bedding (Figs. 8 and 10–11). In 
nearly all beds, very fi ne grainstone or calcare-
ous siltstone, 10 cm to 4.15 m thick, rests above 
the sandy facies. In one bed, fi ne sandstone with 
hummocky cross-stratifi cation is overlain by 
calcareous siltstone that contains fi ne sandstone 
starved ripples.

Volcanic Facies

Massive, green, rhyolitic-tuff beds and vol-
canic fl ow deposits are present above ~400 m in 
the formation. These grade into fi ne- to coarse-
grained volcaniclastic sandstone in places. The 
pure tuff beds are green and glassy in texture. 

The fl ows generally have porphyritic-aphanitic 
textures and are composed of quartz, plagio-
clase, and clays. Most of the volcanic units have 
been recrystallized, and minimal original tex-
ture is preserved. Phenocrysts include resorbed 
quartz and plagioclase, and the groundmass is 
fi ne grained and felted. The ancillary minerals 
include apatite, zircon, and muscovite (sericite). 
Bed thicknesses vary from 5 m to 35 m.

LITHOFACIES INTERPRETATIONS

The basal conglomerate rests unconform-
ably on predominantly fi ne-grained Ordovician 
through lowermost Devonian limestone and 
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marl deposits and represents a sharp facies tran-
sition to carbonate cobble conglomerate with 
abundant siliciclastic sand and silt matrix. The 
transition requires uplift and erosion of both 
underlying carbonate strata and basement rock 
that contains quartz. Large clast sizes, and a 
similarity in composition of clasts to the under-
lying carbonate units suggest that faulting and 
exposure of these strata provided a local source 
for the conglomerate (Lamb and Badarch, 
1997). The presence of clasts with fracture fi lls 
suggests structural deformation of the source 
material prior to erosion and deposition. The 
thickness (90 m) and coarse nature of the basal 
conglomerate refl ect deposition on steep slopes 
and short transport distances of a proximal sub-
aerial setting. The lack of interbedded fi ner-
grained facies and obvious imbrication, as well 
as a predominance of massive bedding, suggests 
deposition from high-viscosity fl ows, i.e., debris 
fl ows (Major, 1997).

The large size and moderate rounding of 
limestone clasts imply a proximal source that 
was dominated by mass movement events and 
potentially high-concentration streamfl oods 
along steep gradients (Daily et al., 1980; Kim 
et al., 1995; Jo et al., 1997). We interpret the 
basal 90-m-thick conglomerate unit as a sub-
aerial deposit of a debris-fl ow– and streamfl ood-
dominated coastal alluvial fan in a tectonically 
active basin directly adjacent to a steep catch-
ment basin (e.g., M.P. Lamb et al., 2008; Myrow 
et al., 2008).

The abundance of coarse- to very coarse-
grained quartz sand grains in the matrix of this 
facies and the paucity of quartz-bearing clasts 
are enigmatic. Sandstone deposits exist in the 
underlying formations, but they make up a 
minor  volume of the rock, and thus it is unlikely 
that they could have supplied all of the quartz 

sand found throughout the Tsakhir Formation. 
The quartz sand was likely derived from erosion 
of local basement, although erosion of unknown 
poorly lithifi ed pre-Ordovician sandstone-rich 
deposits could also have been a source of such 
quartz sand. For conglomerate and sandstone 
beds higher in the section, interpreted as marine 
facies, it is possible that a separate source of 
coarse quartz grains may have existed in shore-
line environments that could have been mobi-
lized and mixed with the larger clasts during 
emplacement.

The transition into predominantly interbed-
ded pebble conglomerate; medium- to coarse-
grained calcareous sublitharenite; fi ne- to very 
coarse-grained sandy grainstone; and very fi ne-
grained grainstone above 90 m is interpreted as 
a fl ooding surface and subsequent deposition in 
a shallow-marine setting. This is supported by 
the presence of fossiliferous beds with bryozoa, 
rugosa, and stromatoporoids, as well as biotur-
bated beds higher in the section.

The channel-form conglomerate beds in these 
marine deposits have erosional lower bound aries 
and intraclasts of underlying fi ne-grained lithol-
ogies, which refl ect initial erosion under turbu-
lent fl ows. The depositional phase of the events 
that emplaced these beds was likely character-
ized by very high-concentration fl ows, given the 
near absence of grading within the conglomerate 
beds. The calcareous sublitharenite and sandy 
grainstone facies show evidence for traction 
deposition under the infl uence of waning fl ow, 
including the variety of stratifi cation types and 
sequences described previously herein (e.g., 
hummocky cross-stratifi cation overlain by ripple 
cross-stratifi cation), as well as graded bedding. 
Parallel lamination, hummocky cross-stratifi ca-
tion, symmetrical and asymmetrical ripples, and 
ripple-scale cross-lamination refl ect traction 

transport and deposition under fl ows of variable 
intensity. The presence of hummocky cross-
stratifi cation and symmetrical ripples in event 
beds suggests deposition within a storm- and 
wave-infl uenced shallow-marine setting (Myrow 
and Southard, 1996). Detailed sedimentological 
analyses of these beds and the possible modes of 
emplacement are provided later herein.

The interbedding of these sandy facies with 
the very fi ne grainstone and calcareous siltstone 
facies refl ects alternation of event bed and sus-
pension deposition, the latter of which repre-
sents background deposition between events. 
Such alternation requires deposition below fair-
weather wave base, an interpretation supported 
by a complete lack of features that record sub-
aerial exposure. Beds with pebble conglomerate 
and pebbly sandstone divisions at their base, and 
hummocky cross-stratifi cation sandstone divi-
sions above, are also interbedded with fi ner ma-
terial that is interpreted as background marine 
deposition, and thus also require that deposition 
took place offshore.

Some of these fi ne-grained facies that directly 
overlie event beds may have also been deposited 
during the waning stages of storm currents that 
deposited the conglomeratic and sandy facies, 
as opposed to background deposition between 
storm events. Some of these deposits may also 
represent suspension deposition from buoyant 
plumes (hypopycnal fl ows) that also formed 
from fl oods entering the basin from adjacent 
allu vial fans.

The red calcareous siltstone of the upper part 
of the formation refl ects increased oxidation of 
iron phases in the sediment, suggesting that the 
upper sediment column and/or bottom waters of 
the basin became better oxygenated relative to 
the lower part of the section. This is supported 
by the presence of thick bioturbated beds only 
in the upper part of the formation. The general 
paucity of fossils and bioturbation lower in the 
section may be a result of high rates of sediment 
input and/or generally unfavorable bottom water 
chemistry, such as lower oxygen levels.

The volcanic facies represent fl ows and tuffs 
that were deposited in shallow-marine environ-
ments, and possibly altered in part through con-
tact with marine water. Coarse volcani clastic 
sandstone formed by reworking of volcanic ma-
terial with terrestrial sediment. The volcanic 
material could represent a combination of sedi-
ment directly deposited in the ocean from air-
fall and terrestrial volcanic sediment that was 
delivered to the ocean by fl uvial transport. Fine-
grained, glassy, rhyolitic tuff beds were depos-
ited as air fall into standing water (Stratford and 
Aitchison, 1996).

Given the evidence for tectonic activity de-
scribed here, the general upward-fi ning trend 

v v
c
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Figure 5. Thick volcanic (V) and conglomerate (C) succession in the foreground at 404 m to 
492 m stratigraphic height. These rocks are on strike with Emsian limestone outcrop (Em) 
in the background due to faulting. Dark volcanic unit in foreground is 38 m thick.
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of the formation is interpreted as a response to 
tectonic subsidence, although some component 
of eustatic transgression cannot be ruled out. In 
fact, the base of the Pragian Stage is marked by 
a major eustatic rise, following a late Lochko-
vian lowstand (Johnson et al., 1985). In either 
case, the creation of accommodation space ap-
pears to have outpaced the rate of progradation 
of the fan delta. The succession of thick units 
of cobble conglomerate (4.2 m to 9.6 m) and 
rhyolitic tuff from 400 m to 502 m represents 
a dramatic stratigraphic shift. It is possible that 

seismicity and faulting were associated with lo-
cal volcanism, and that these may have triggered 
major subaerial fl ows that led to deposition of 
these thick conglomerate units.

The stratigraphic transition into fi ner-grained 
strata directly above this conglomerate and tuff 
interval includes a shift to abundant red, bio-
turbated siltstone, which suggests that these 
previous events may have transformed the 
confi guration of the basin. Changes may have 
included variation in the primary transport di-
rection off the adjacent fans, which could have 

led to a decrease in coarse sediment infl ux. Al-
ternatively, tectonic subsidence and subsequent 
quiescence, possibly in combination with Pra-
gian eustatic rise, may have led to an increase of 
relative sea level. In addition, changes in the de-
gree of overturn in the water body may account 
for the increased oxidization and bioturbation of 
the fi ne-grained facies.

Storm-Infl uenced Event Beds

Grading in these beds suggests that the depos-
iting fl ows decelerated during deposition, and 
the presence of hummocky cross-stratifi cation 
requires complex oscillatory fl ow, or combined 
fl ows with strong oscillatory fl ow components 
(velocities close to, but below, upper plane bed 
conditions, ~1 m/s; Southard et al., 1990; Arnott  
and Southard, 1990; Myrow and Southard , 
1991; Dumas et al., 2005). Large, wave-gen-
erated hummocky bed forms with spacings (λ) 
of >1 m scale directly with wave orbital diam-
eter (d0), with λ = 0.52d0 + 38.5 (Dumas et al., 
2005; Yang et al., 2006). For a wavelength of 
hummocky cross-stratifi cation of ~2 m, and a 
maximum orbital velocity for large-scale hum-
mocky cross-stratifi cation close to but not above 
~1 m/s (Dumas et al., 2005), a calculated wave 
period (Komar, 1998) of ~10 s is likely for shal-
low to intermediate depths (Myrow et al., 2008). 
Ripple-scale trough cross-lamination at the tops 
of some beds resulted from deposition under 
relatively slow-moving unidirectional or com-
bined fl ows. Although Airy wave theory allows 
for many possible combinations of water  depths 
and wave heights, storm waves with ~10 s 
periods  in most shallow marine basins would 
be associated with water depths of a few tens 
of meters and wave heights of a few meters to 
~10 m (Myrow et al., 2008).

Interbedding of these storm-infl uenced beds 
with fi ne-grained background deposits refl ects 
sporadic delivery of sediment. Transport of 
pebbles and sandy sediment in standing water 
requires steep slopes either at the shoreline of, 
or directly adjacent to, the depositional basin. 
Given the facies relationships, there was likely 
variable erosion and transport on the adjacent 
alluvial fans due to short-term weather patterns, 
such as seasonal runoff and storms. The coarse 
deposits were delivered below fair-weather 
wave base by powerful fl ows, and two likely 
possibilities exist for this transport.

One possibility is that coarse-grained sedi-
ment was transported into the delta front of the 
fan delta and was remobilized episodically as 
a result of slumping. In this case, retrogressive 
failures (Van den Berg et al., 2002) would gen-
erate mass fl ows in the delta front region, possi-
bly in mouth bars. None of the event beds in this 

slstCgl
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B

Figure 6. (A) Channel-fi ll deposit of pebble conglomerate within calcareous, bioturbated 
siltstone bed at 628 m. Note erosional contact between the conglomerate (Cgl) bed and silt-
stone (slst) to the left of the notebook. Notebook is 19 cm long. (B) Stretched clasts oriented 
roughly along bedding planes nearly parallel to cleavage in conglomerate at 610 m. Note 
14-cm-long pencil near top of photo.
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study shows evidence of deposition from high-
viscosity fl ows (i.e., debris fl ows), such as mas-
sive textures and matrix-supported fabrics. In 
fact, the beds show clast-supported conglomer-
atic divisions, erosional bases, and well-defi ned  
grading and stratifi cation. Thus, a slump origin 
would require fl ow transitions into fully turbu-
lent currents.

A second hypothesis, consistent with the 
character of these beds, including their coarse 
grain sizes, is that they were directly related 
to high-energy, fl ood-stage input from a river 
mouth. In other words, these deposits would 
represent hyperpycnal fl ows that resulted from 
fl oods on the adjacent alluvial fans. In this case, 
the fl oodwaters would have exceeded the den-
sity of seawater (~35 g/L) due to excess density  
provided by large quantities of suspended 
gravel, sand, and mud (Mulder and Syvitski, 
1995; Mulder et al., 2003; Lamb and Mohrig, 
2009), although mixing of saline water into the 
hyperpycnal fl ow requires much less suspended 
sediment concentrations (Felix et al., 2006).

Fan deltas are ideal depositional systems 
for hyperpycnal fl ows since they form in fault-
bounded basins in active tectonic settings with 
small catchment basins and short drainage 
systems (Mulder and Syvitski, 1995; Johnson 
et al., 2001; Mulder et al., 2003; Warrick and 
Milliman, 2003; Hicks et al., 2004). In such 
systems, ambient oceanographic processes 
such as oceanic  currents, waves, and tides can 
modify the sediment deposited by hyperpycnal 
fl ows during and after deposition (Nittrouer 
and Wright, 1994). Hummocky cross-stratifi ed 
hyperpycnal fl ow deposits would thus likely 
record the wave climate of the water body adja-
cent to the fl ooded landscape during the same 
event (M.P. Lamb et al., 2008; Myrow et al., 
2008). Numerous studies have documented 
shallow-marine density current deposits with 
storm-generated stratifi cation (i.e., “wave-
modi fi ed turbidites” of Myrow et al., 2002) 
(e.g., Mulder et al., 2003; Plink-Björklund 
and Steel, 2004; Pattison, 2005; M.P. Lamb 
et al., 2008; Myrow et al., 2008). Gravity-

driven transport of sandy or fi ner sediment onto 
shelves (Wright and Friedrichs, 2006) may be 
enhanced by turbulence generated at the bed by 
waves (Myrow and Southard, 1996), and may 
include fi ne-grained sediment suspensions that 
can move on relatively low slopes (Trowbridge 
and Kineke, 1994; Ogston and Sternberg, 1999; 
Kineke et al., 2000; Traykovski et al., 2000; 
Warrick and Milliman, 2003).

The transition within the Tsakhir Formation 
from the lower terrestrial cobble conglom-
erate deposits to shallow-marine deposits is 
relatively rapid, and thus there is minor strati-
graphic section that might be interpreted as 
delta front facies. As a result, it is not readily 
apparent whether the coarse event beds re-
sulted from slump-generated fl ows or hyper-
pycnal fl ows. The absence of slumped masses, 
slide scars, and debris-fl ow deposits favors the 
latter interpretation and provides another ex-
ample of likely hyperpycnal fl ows deposited 
under powerful storm conditions linked to ter-
restrial fl oods.
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Figure 7. (A) Fractures and calcite veins within angular carbonate clasts at 501 m, some of which extend beyond 
the clast boundaries, whereas others appear to be contained solely within the clasts. (B) Pink coral (pc), gray 
carbonate, and dark dolomite clasts at 498 m. (C) Sandstone, carbonate, and dolomite clasts at 451 m. Pencil in 
photos is 14 cm long.
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Figure 8.  (A) Hummocky 
cross-stratifi ed calcareous sub-
litharenite grading into sandy 
grainstone at 354 m. (B) Pebble 
conglomerate (pc) at base fi n-
ing upward into hummocky 
cross-stratified sandy grain-
stone (sg) and then into very 
fi ne grainstone (vfg) at 322 m. 
(C) Pebbly grainstone (pg) fi n-
ing upward into thinly bedded, 
sandy grainstone (sg) at 229 m. 
Pencil and marker in photos 
are 14 cm long, and their tips 
point up section.
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DETRITAL ZIRCON 
GEOCHRONOLOGY

Methods

Five samples were collected from the Shine 
Jinst region for detrital zircon geochronology. 
Two samples were taken from the Upper Ordo-
vician Gashuunovoo Formation (Wang et al., 
2005): SJS6–106 and SJS6–114. Sample TSA-
138 was from the Lower Devonian Tsakhir For-
mation, and samples Ch-4d1 and Ch-4d2 were 
collected from the Lower Devonian Chuluun 
Formation (Fig. 3). Zircons from each of the fi ve 
samples were separated using standard crushing 
and gravimetric techniques, and subpopulations 
for analysis were randomly selected. Zircon 
mounts were prepared according to standard 
procedures at the Arizona LaserChron labora-
tory (Gehrels et al., 2008).

U-Pb geochronology of detrital zircons was 
conducted by laser ablation–multicollector–in-
ductively coupled plasma–mass spectrometry 
(LA-MC-ICP-MS) at the Arizona LaserChron 
Center (Appendix 11). Isotopic compositions 
were calibrated by analyses of a Sri Lanka zir-
con with an age of 563.5 ± 3.2 Ma (Gehrels 
et al., 2008). R33 (Black et al., 2004) was ana-
lyzed with each sample and used as a secondary 

standard; in all cases, the average of the mea-
sured R33 ages was within 1% of the known age 
of ca. 419.3 Ma. Common Pb correction was 
based on measured 204Pb, utilizing a common Pb 
composition from Stacey and Kramers (1975).

Errors in determining 206Pb/238U and 
206Pb/204Pb for each analysis result in a mea-
surement error of ~1%–2% (at 2Σ level) in 
the 206Pb/238U age. Errors in measurement of 

207Pb/206Pb and 206Pb/204Pb also result in ~1%–
2% uncertainty (at 2Σ level) in age for grains 
that are older than 1.0 Ga, but percentages of un-
certainty are signifi cantly larger for grains that 
are younger than 1.0 Ga due to low intensity of 
the 207Pb signal.

One-hundred grains were analyzed per 
sample. All analyses are reported in Table DR1 
(see footnote 1), except for those with high 
(>500 counts per second [cps]) concentrations 
of 204Pb. Pb/U concordia plots and relative age 
probability plots are included in Table DR1 
(see footnote 1). In the probability plots and 
in the following discussion, 206Pb/238U ages are 
used for analyses that are younger than 1.0 Ga, 
whereas 206Pb/207Pb ages are used for older 
than 1.0 Ga analyses. Data were fi ltered as fol-
lows: (1) 206Pb/238U ages younger than 1.0 Ga 
at 1Σ were rejected if uncertainty was >10%, 
(2) 206Pb/207Pb ages older than 1.0 Ga were re-
jected if uncertainty was >10%, (3) analyses 
older than 600 Ma were rejected if discordance 
was >10%, and (4) analyses older than 600 Ma 
were rejected if reverse discordance was >5%.

Following this fi ltering process, 421 analyses 
were retained from the original 500 analyses. A 
complexity with the U-Pb data set is that sev-
eral analyses yielded 206Pb/238U ages that are 
younger than the minimum depositional ages 
for the Lower Devonian samples, which, based 
on the biostratigraphy of Wang et al. (2005), are 
407 ± 2.8 Ma (Ogg et al., 2008) for sample TSA-
138 and 391.8 ± 0.4 Ma for samples Ch-4d1 and 
Ch-4d2. Most of the too-young analyses have 
large uncertainty, suggesting that they were 

Figure 9. Reduction spots and light-gray burrows on bedding surfaces in red calcareous 
siltstone at 604 m. Pencil tip is 2 cm long.

1GSA Data Repository item 2013145, detrital 
zircon  geochronologic data, is available at http://
www.geosociety.org/pubs/ft2013.htm or by request 
to  editing@geosociety.org.

Figure 10. Sketch of hummocky cross-stratifi ed calcareous sublitharenite beds at 354 m. 
Lower half consists of a sublitharenite bed, which is overlain by a graded bed with a pebbly 
sandstone base and hummocky cross-stratifi ed sandstone division above.
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compromised by either Pb loss or intersection 
of fractures/inclusions during laser ablation. 
Only two of 421 analyses are younger than the 
depositional age outside of 2Σ analytical uncer-
tainty. Such complications do not appear to have 
affected most analyses, given that the youngest 
peaks in age probability are consistent with the 
biostratigraphic information for all three Lower 
Devonian samples.

Results

The two Upper Ordovician (Ashgillian, ca. 
445 Ma) Gashuunovoo samples produced zir-
cons with a wide range of color and morphol-
ogy. Most are colorless to light tan, and a few 
have light to medium shades of pink. The major-
ity of grains are stubby with ~2:1 length to width 
ratios, and lengths average 100 µm and range 
up to 200 µm. The grains are mainly euhedral  
or anhedral/broken, although a few grains are 
slightly to moderately rounded. The samples 
are dominated by Early to Middle Cambrian 
(ca. 513 Ma and ca. 507 Ma) grains, although 
there are also Archean (ca. 3300–3160 Ma), 
Paleo proterozoic (ca. 2040–2010 Ma), lat-
est Paleo proterozoic to early Mesoproterozoic 
(1700–1460 Ma), and Neoproterozoic (ca. 950–
930 Ma and ca. 780–770 Ma) grains (Fig. 12).

The Lower Devonian Tsakhir Formation sam-
ple TSA-138 contains mostly moderately elon-
gate grains with length to width ratios of 2:1–4:1. 
An approximately equal proportion of grains are 
either euhedral or anhedral/broken . The grains 
are gray, moderately rounded, and ~100 µm long. 
Roughly 5% of the grains are light pink, moder-
ately rounded, and slightly smaller. The sample 
spectrum contains small Paleo protero zoic to 
Archean (ca. 2915–1900 Ma) age populations, 
a moderate Neoproterozoic (ca. 950–700 Ma) 

population, many Cambrian (ca. 500 Ma) grains, 
and a small proportion of Early Devonian grains 
(ca. 410 Ma) (Fig. 12).

Lower Devonian Chuluun Formation sample 
Ch-4d1 grains are colorless to light tan and domi-
nantly euhedral (~20 are anhedral/broken). The 
grains are elongate, with length:width ratios of 
3:1–5:1. None of the grains show any rounding, 
and all grains are <12 µm long. Grains in sample 
Ch-4d2 average 80 µm in length, although some 
are up to 150 µm long. Approximately half of 
the grains are euhedral, and the other half of the 
grains are broken/anhedral. None of the grains are 
rounded, and all grains are <120 µm long. The 
age spectrum for this sample includes small clus-
ters of Archean (ca. 2920 and 2710 Ma), Meso-
proterozoic (ca. 2000 Ma), and Neo protero zoic 
(950–750 Ma) grains. Both Chuluun samples 
contain signifi cant Cambrian (ca. 522 Ma and 
ca. 517 Ma) and Early Devonian (ca. 411 Ma 
and ca. 409 Ma) populations (Fig. 12).

INTERPRETATIONS

The various aspects of the Tsakhir Forma-
tion described herein, including (1) a sharp un-
conformable facies contact between carbonate 
to coarse, alluvial-fan deposits; (2) evidence 
for increased subsidence; (3) volcanics; and 
(4) changes in basin confi guration, provide a 
record of the onset of active tectonics within the 
Gobi-Altai zone during the Early Devonian. We 
herein name this tectonic episode the “Tsakhir 
event.” The event corresponds with the uncon-
formity documented by Markova (1975), which 
extends throughout the Gobi-Altai zone (Kröner 
et al., 2010). Kröner et al. (2010, their Fig. 12) 
depicted south-directed subduction north of 
the Gobi-Altai zone, north-directed subduction 
south of the South Gobi zone, and a back-arc 

region between the two blocks with down-to-
the-south normal faults along the northern edge, 
which roughly correspond to the location of 
our fi eld area (near transition from Gobi-Altai 
zone to Mandalovoo subzone). For this inter-
pretation, Kröner et al. (2010) cited the work 
of Demoux et al. (2009b) and the identifi cation 
of Early Devo nian arc volcanics in the Tseel 
terrane, which is situated to the west of Shine 
Jinst along the Trans-Altai fault. However, the 
Tseel terrane has a structural dip to the north, 
with metamorphic grade increasing to the south 
(Demoux et al., 2009b). We fi nd no evidence of 
Silurian-age south-dipping subduction under  
the Gobi Altai zone. We suggest either the 
Tsakhir event refl ects (1) foreland deposition as 
the Gobi Altai zone collided with arc terranes to 
the north, or (2) the initiation of north-dipping 
subduction under the Gobi Altai zone and back-
arc extension, in which normal faulting in the 
back arc may have resulted from slab roll-back, 
a tectonic condition commonly associated with 
coastal allu vial fans adjacent to marine plat-
forms (Rust and Koster, 1984; Follo, 1992).

Although considerable longshore transport, 
and thus distal detrital source areas, is possible 
for the volumetrically minor sandstone deposits 
of the Upper Ordovician Gashuunovoo Forma-
tion, the Tsakhir fan-delta deposits described 
herein require short transport distances, and thus 
locally derived sediment sources. Most clasts 
in the Tsakhir Formation consist of lithologies 
represented by directly underlying carbonate 
deposits, but spectra from sandstone samples 
from the Tsakhir and both older Ordovician and 
younger Devonian rocks contain a wide range 
of zircon ages that would be typical of deriva-
tion from continental crust and/or older sedi-
mentary rocks. The presence of quartz grains in 
the matrix of Tsakhir Formation conglomerate 
beds would support considerable local relief 
on newly developed faults that would have ex-
posed quartz-rich basement rocks, presumably 
on the footwall of a normal fault, with possible 
contribution of sediment from unpreserved pre-
Ordovician siliciclastic strata that were eroded 
at this time. In any case, the spectra for both our 
Upper Ordovician and Lower Devonian strata 
are largely similar, and thus major differences in 
source terrane are unlikely.

As outlined earlier, the Gobi-Altai zone is 
centrally located within the Central Asian oro-
genic belt, which formed through multiple 
Neoproterozoic to early Mesozoic accretion-
ary events (Briggs et al., 2007; Windley et al., 
2007; Kröner et al., 2010). Basement rocks of 
the Gobi-Altai zone are not exposed in the Shine 
Jinst region, and thus the spatial distribution of 
various potential basement sources is not well 
constrained.

Figure 11. Sketch of complex graded bed at 352 m with a conglomeratic base, overlying 
hummocky cross-stratifi ed calcareous sandstone, and upper parallel-laminated very fi ne 
sandy grainstone. Note erosional base and lateral transition from conglomerate to pebbly 
sandstone.
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The detrital zircons analyzed in this study are 
dominantly euhedral, and the other grains show 
only a slight to moderate level of rounding. The 
gray color and lack of abundant inclusions, and 
dominantly euhedral geometries, suggest that 
these are fi rst-cycle grains that experienced rela-
tively short transport. Minor differences between 
the spectra of Ordovician and Devonian samples 
may refl ect changes in exposed source regions 
and transport paths prior to, and after, the Lower 
Devonian tectonic event documented in this 

study. For instance, the Devonian samples have 
little (Ch-4d1) or no (Ch-4d2, TSA-138) ca. 
1000–1800 Ma grains, whereas grains of these 
ages are moderately abundant in Ordovician 
samples. In addition, although all samples are 
dominated by young zircons, the gap between 
the youngest grains and the depositional ages of 
the Devonian samples is smaller (<~5 m.y.) than 
for Ordovician samples (<~30 m.y.). The small 
age gap for Devonian samples refl ects relatively 
rapid incorporation of eroded felsic igneous 

grains that were derived relatively locally from 
volcanic centers within this active tectonic set-
ting. The small gap is consistent with deposition 
within an active convergent margin where uplift 
and erosion took place shortly after deposition 
(Cawood et al., 2012).

Local basement of the Gobi-Altai zone may 
have tectonic affi nities with nearby basement 
north of the Main Mongolian lineament. The 
most prominent peaks in the Ordovician and 
Early Devonian samples from the Gobi-Altai 
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Figure 12. Detrital zircon relative age probability diagrams for 
samples from Shine Jinst. Note that relative age probability dia-
grams show ages and uncertainty (plotted as a normal distribu-
tion about the age).



Gibson et al.

890 Geological Society of America Bulletin, May/June 2013

zone are middle Neoproterozoic (ca. 800 Ma) 
and Cambrian, with a prominent gap between 
them. This spectral pattern corresponds with 
widespread ca. 800 Ma continental arc vol canism 
on the Mongolian microcontinent (Kuzmichev 
et al., 2001, 2005; Kelty et al., 2008; Levashova 
et al., 2010), rifted passive margin development 
between 750 and 580 Ma, and syn- to postoro-
genic granite formation during the Cambrian 
Salarian orogeny (Ruzhentsev and Burashnikov, 
1996; Buchan et al., 2002; Khain et al., 2003; 
Demoux et al., 2009a; Macdonald et al., 2009). 
Although late Neoproterozoic zircon ages have 
been reported from Mongolia (e.g., Buchan et al., 
2002; Khain et al., 2003; Demoux et al., 2009a), 
these are from plagiogranite veins in ophiolites 
and are volumetrically insignifi cant for detrital 
zircon production compared to the vast area of 
the Mongolian microcontinent, which is mantled 
by ca. 800 Ma intermediate volcanic rocks and 
intruded by ca. 540–500 Ma granites. In sum-
mary, our data contain peaks that coincide with 
basement ages and magmatic events on the adja-
cent Mongolian microcontinent and thus suggest 
that crust of similar character is present in the 
Gobi-Altai zone, and acted as a sediment source 
for our strata.

Mongolian continental fragments, includ-
ing the basement of the Gobi-Altai zone, may 
have originated as part of eastern Gondwana 
or any of the cratonic domains bordering the 
Central Asian orogenic belt, namely, Baltica, 
Siberia, Tarim, and North China. Comparisons 
of our spectra with these cratonic domains may 
provide constraints for potential sources of 
basement rocks of the Gobi-Altai zone. Rojas-
Agramonte et al. (2011) provided a compila-
tion of detrital and xenocrystic zircon ages from 
Neoproterozoic to Paleozoic terranes of Mon-
golia, and concluded that these have tectonic 
affi nities with Tarim and possibly Gondwana-
land. They rejected Siberia and North China 
as possible sources because these regions lack 
evidence for major crust-forming events after 
ca. 1600 Ma. However, if Mongolian continen-
tal fragments rifted away from a parent body 
in the Neoproterozoic as previously suggested 
(Kuzmichev et al., 2001, 2005; Macdonald 
et al., 2009), spectral peaks younger than Neo-
proterozoic would not be useful for provenance 
links to these continents.

With regard to the Siberian craton, it contains 
ca. 3400 Ma metamorphosed crust, ca. 2700–
2500 Ma granulites, orthogneisses, and granit-
oids, and localized ca. 2400, 1880, and 1850 Ma 
granite bodies (Sal’nikova et al., 1997; Poller 
et al., 2005). Southeastern Siberian basement 
contains ca. 2100–1850 Ma and >2300 Ma 
provinces (Frost et al., 1998; Khudoley  and 
Proko piev, 2007). Our detrital spectra from 

Mongolia contain small Archean and Paleo-
proterozoic peaks, some of which are similar to 
those described above for Siberia.

The compilation of grain ages for Siberia pre-
sented in Rojas-Agramonte et al. (2011) shows 
no grains younger than ca. 1700 Ma. However, 
spectra from terminal Neoproterozoic strata of 
the Sette Daban region of Siberia presented by 
MacLean et al. (2009) have multiple age popu-
lations between ca. 1700 Ma and 1000 Ma, 
and minor Neoproterozoic grains. Thus, even 
though Siberia shows little or no evidence 
for major crust-forming events younger than 
1600 Ma, younger sedimentary grains accumu-
lated on the craton in the Mesoproterozoic and 
Neoproterozoic. If parts of Mongolia were in 
depositional continuity with Siberia, and equiv-
alent sedimentary successions were deposited in 
Mongolia, then these could have been a source 
of recycled detrital zircons of this age in our 
Ordovician Mongolian spectra, which include 
some ca. 1700–1200 Ma grains. Spectra for our 
Devonian Mongolian samples contain a gap in 
ages between ca. 1700 Ma and 900 Ma, and 
our Ordovician spectra show a gap between ca. 
1200 Ma and 1000 Ma, which is anomalous if 
Siberia was a sediment source area.

Rojas-Agramonte et al. (2011) presented a 
similar argument for rejecting North China as 
a possible source region for Mongolian ter-
ranes, namely, the absence of crust-forming 
events after ca. 1600 Ma. However, McKenzie 
et al. (2011) presented detrital zircon spectra 
for Cambrian samples from both the southern 
and eastern margin of North China that contain 
a full suite of grain ages from ca. 2000 Ma to 
500 Ma. In northwest China, numerous stud-
ies have described various ca. 500–400 Ma 
igneous bodies (W.J. Xiao et al., 2009a; Chen 
et al., 2010; Li et al., 2010; Long et al., 2010; 
Wong et al., 2010; W. Xiao et al., 2010). The 
presence of large populations of grains younger 
than ca. 1600 Ma undermines the argument that 
Mongolian terranes could not have been geneti-
cally linked to the North China craton. North 
China spectra from McKenzie et al. (2011) also 
include abundant ca. 1050–900 Ma grains that 
were either derived from unknown Grenville 
sources in North China or were carried from 
adjacent regions (i.e., Gondwanaland) by fl u-
vial transport. Furthermore, they demonstrate 
no statistically signifi cant difference in source 
material between Bhutanese (Gondwanan) and 
North China spectra. Because all of our Mon-
golian samples yield similar Proterozoic to 
lower Paleozoic (ca. 2000–500 Ma) grains to 
those found in North China, and since North 
China and Gondwanan detrital source signa-
tures are indistinguishable from one another, 
parts of Mongolia could have Gondwanan af-

fi nities, in part or wholly through its connection 
with North China.

Myrow et al. (2010) suggested that great 
distances of sediment transport and high de-
grees of mixing of detrital zircon ages took 
place across the Gondwanan supercontinent, 
resulting in relatively homogeneous detrital 
zircon spectra. Detrital zircon spectra from 
Lower Cambrian to Middle Ordovician strata 
across the Himalaya from Pakistan to Bhutan 
include common ca. 3150, ca. 2500, and 1500–
1400 Ma grain populations and many ca. 1150, 
1000, 950, and 800 Ma grain populations. The 
uniformity of detrital signals in Gondwanaland 
is thought to have arisen from a combination of 
widespread mountain building during assembly 
of the supercontinent, and the development of 
extraordinarily large sediment dispersal sys-
tems across a nonvegetated landscape (Squire 
et al., 2006; Myrow et al., 2010). With regard 
to a possible tectonic affi nity of the Gobi-Altai 
zone, the spectra from this study are similar 
to those from sedimentary successions of the 
northern margin of Gondwanaland, and thus 
they suggest a possible connection between 
these regions. Therefore, although the northern 
margin of Gondwanaland and the North China 
craton lack ca. 1050–900 Ma basement, grains 
of this age that originated from distant sources 
in Gond wana land could have been deposited in 
Mongolia (and North China) and later been re-
cycled and redeposited during the early to mid-
dle Paleozoic. Such a model would run counter 
to that of Rojas-Agramonte et al. (2011) and 
others who suggested that Mongolian terranes 
would have separated from Gondwana by the 
time of Grenville tectonism. We suggest, how-
ever, that it is possible that ca. 1050–900 Ma 
grains in Mongolian terranes could have had 
the same sources as those that provide a uni-
form and widespread signal of the same age in 
the Himalaya (Myrow et al., 2010), and thus 
separated from Gondwana after this time.

Baltica represents another possible source 
area for Mongolian crust. Scattered Archean and 
Paleoproterozoic grain ages, including peaks at 
ca. 2970–2600 and ca. 2120–1880 Ma, are pres-
ent in detrital samples from the Svecofennian 
Domain of Baltica (Claesson et al., 1993; Ca-
wood et al., 2007). Precambrian detrital zircon 
samples from Baltica show a ca. 700–600 Ma 
peak, and a wide spectrum of 2000–1000 Ma 
grains with large peaks from ca. 1900 Ma to 
1400 Ma (Bingen et al., 2005; Cawood et al., 
2007). Our Mongolian Ordovician spectra also 
contain small peaks or gaps in grains of this age, 
and for this reason, Baltica is a less likely source 
for crust of the Gobi-Altai zone.

The Tarim craton also represents a likely 
source area for Mongolian crust and  associated 
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detrital zircon spectra (Rojas-Agramonte et al., 
2011). Much of the Tarim craton consists of 
igneous and metamorphic rocks with ca. 2800–
2500, ca. 2450–2350, and ca. 2100–1700 Ma 
ages, as well as ca. 1050–900 Ma ages (Hu 
et al., 2000; Lu et al., 2008). Proterozoic strata 
in Tarim yield mainly ca. 2000–1900, ca. 1900–
1100, and ca. 930–820 Ma detrital zircon ages 
(Gehrels et al., 2003). Detrital spectra from our 
Ordovician and Devonian samples are consis-
tent with both potential source rocks and detrital 
ages from Tarim, so it is also possible that Gobi-
Altai basement originated as part of the Tarim 
craton.

In summary, Siberia, North China, eastern 
Gondwana, Baltica, and Tarim all contain poten-
tial source rocks with ages similar to our Gobi-
Altai detrital spectra, including 1050–900 Ma 
grains. It is possible that the Gobi-Altai could be 
a sliver of crust that originated as part of any of 
these cratons, although detrital age spectra and 
bedrock ages in Baltica and Siberia make them 
less likely source regions for Gobi-Altai crust. 
The similarity of detrital spectra derived from 
samples from Gondwanaland and peri-Gond-
wanan crustal blocks for late Neoproterozoic 
through middle Paleozoic strata (e.g., Myrow 
et al., 2010) raises doubt about the utility of de-
trital spectra for discerning the affi nities of ter-
ranes at this particular time in Earth history.

CONCLUSIONS

We document a complex record of early to 
middle Paleozoic marine carbonate deposi-
tion, tectonic uplift, and volcanism within the 
poorly understood Gobi-Altai zone of the Cen-
tral Asian orogenic belt. This study provides 
the fi rst detailed sedimentological analysis of 
Lower Devonian strata of the Gobi-Altai zone. 
A sharp unconformable contact at the base of 
the Lower Devonian Tsakhir Formation in the 
Shine Jinst region of southern Mongolia records 
an important tectonic change from quiescent, 
shallow-marine carbonate deposition during the 
Ordovician through earliest Devonian into syn-
tectonic subaerial to marine coastal alluvial fan-
delta complex deposition. This Tsakhir event is 
an important regional tectonic shift that records 
alluvial-fan deposition, basin subsidence, and 
volcanism.

A 90-m-thick basal cobble conglomerate 
with quartz-rich sandstone matrix represents 
proximal alluvial-fan deposits. The conglomer-
ate formed in response to uplift associated with 
range-bounding faults that led to unroofi ng of 
underlying carbonate strata and erosion of base-
ment rocks. These coarse fan deposits grade into 
fan-delta deposits with event beds, which were 
deposited in a shallow-marine depositional sys-

tem. Some such beds contain lower divisions 
with pebble conglomerate that grades into fi ne 
grainstone and/or sandstone that exhibits hum-
mocky cross-stratifi cation, and these are capped 
by fi ne-grained suspension deposits. They also 
show evidence for both transport of coarse sedi-
ment by gravity fl ows and reworking of sandy 
sediment by storm-generated waves. Sedimen-
tological analysis suggests that these beds may 
represent hyperpycnal fl ows deposited within a 
storm-infl uenced shelf, and that fl oods devel-
oped on alluvial fans were dynamically linked 
to storm events in the adjacent seaway.

Stratigraphic changes refl ect the evolution of 
the fan-delta system and basin, including the in-
troduction of felsic volcanic fl ows and ash beds. 
A general upward-fi ning pattern is punctuated 
by the sudden appearance of coarse conglom-
erate and volcanic units at ~400 m, followed 
at ~500 m by a transition to predominantly 
fi ner-grained, burrowed, and oxidized sedi-
ment. These stratigraphic patterns may refl ect 
a tectonically induced change in overall basin 
confi guration that led to both deepening and in-
creased circulation of the water column.

We present the fi rst detailed detrital zircon 
geochronologic analysis for the Gobi-Altai 
zone. Our analyses are from a suite of fi ve 
samples covering Upper Ordovician through 
Lower Devonian strata. Spectra from these 
strata are dominated by Paleozoic grains, but 
they also contain a small to moderate peak of 
ca. 1000–700 Ma grains, and scattered Archean 
to Neoproterozoic grains. Both Ordovician and 
Devonian samples contain grains very close to 
their age of deposition, particularly the Devo-
nian strata. This indicates rapid incorporation of 
grains derived from relatively contemporaneous 
igneous activity, such as subduction-related vol-
canism within an active convergent margin that 
underwent rapid uplift and erosion (Cawood 
et al., 2012). Other differences, including the 
presence of ca. 1800–1000 Ma grains in Ordo-
vician samples, and a general absence of grains 
of this age in our Devonian samples, suggest 
changes in source regions and/or transport paths 
prior to, and after, the Tsakhir event.

Sedimentological and stratigraphic data of 
the Lower Devonian Tsakhir Formation suggest 
derivation of sediment from local basement and 
cover rocks. Similarities between our detrital 
age spectra and both recently published spectra 
and basement rock ages of the adjacent land-
masses, namely, Siberia, Baltica, North China, 
eastern Gondwana, and Tarim, suggest that the 
Gobi-Altai terrane may have tectonic affi nities 
to any of these cratons. These similarities, and 
those documented for late Neoproterozoic to 
middle Paleozoic rocks across Gondwanaland 
and adjacent terranes, raise questions about the 

use of detrital spectra for determining the tec-
tonic affi nities of crustal blocks at this time in 
Earth history.
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