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ARTICLE INFO ABSTRACT

Article history: The Late Triassic was a pivotal period in reef evolution, but the majority of information about reef ecology during
Received 4 April 2014 this time comes from buildups in the Alps (e.g., the Tethys Ocean). Recent studies of reefs in western North
Accepted 9 December 2014 America have recognized unique ecologies along the eastern margin of the Panthalassa Ocean. Although there

Available online 17 December 2014 are numerous (twenty-five) localities with putative reef builders, only four buildups had syndepositional relief

and a rigid framework (i.e. true reefs). The most paleo-northern true reefs were microbial patch reefs with
only a few large skeletal bioconstructors; hypercalcified sponges and spongiomorphs built the mid-latitude
reefs, with secondary microbial encrustation and branching, phaceloid Retiophyllia corals. Corals are the primary
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Heterozoan reef bioconstructors in Panthalassa's most paleo-equatorial reefs and calcareous microbes are sparse. When all reefal
Photozoan reef deposits are analyzed, the N-S gradient is also present, with microbial and bivalve deposits in the north, sponge-
Paleoecology coral deposits in the mid latitudes, and coral deposits near the equator. This ecological gradient is not apparent in
Cool-water carbonates the Tethys Ocean. Tethyan reefs thrived in oligotrophic, tropical waters without strong latitudinal gradients; by

contrast, paleoceanographic considerations suggest that cool, nutrient-rich waters swept south along the west-
ern North American borderlands in the Late Triassic. The eastern boundary current is interpreted to have created
a strong north-south differentiation of environments in northeastern (NE) Panthalassa that was manifested in
both the biotic and abiotic characteristics of eastern Panthalassic reefs. Reefs from equatorial Panthalassa are sim-
ilar to Tethyan reefs (warm-water, photozoan, coral reef structures), whereas higher paleo-latitude reefs from
Panthalassa are interpreted as cool-water (heterozoan) buildups, with abundant calcareous microbes, diminu-
tive biocalcifiers, and few large, framework-building corals.

© 2014 Elsevier B.V. All rights reserved.

Contents

1. Introduction . . . . . . .. L e e e e e e e e e e e 19
1.1, Triassicreefs . . . . . L L L e e e e e 19

1.2.  Microbialites and microbial carbonatesinreefs . . . . . . . . . L L L L L L L e e e e 19

2. Geological sSetting . . . . . . . L L e e e e e e e e e e e e e e e 20
300 Methods . . . . o L e e e e e e e 20
4. ResUlES . . L e e e e e e 23
4.1. Pardonet Hill, B.C. (Reef locality #2 inTable Tand Fig. 2) . . . . . . . . . . . . . o o i i e e e e e e e e e 23

42. Summit Point reefs, OR. (Reef locality #8 in Table Tand Fig. 2) . . . . . . . . . . . . . . . e e e e e e e e e 25

43.  Mina patch reefs, N.V. (Reef locality #6 in Table Tand Fig. 2) . . . . . . . . . . . . . . . i e e e e e e e e e e e e e 29

44.  Lime Peak reef complex, Y.T. (Reef locality #17 in Table 1 and Fig. 2) and Eaglenest Mountain . . . . . . . . . . . . . . ... ... ... 29

5. DISCUSSION . . . . . . o o e e e e e e e e e e e 29
5.1. Trends in Late Triassic reef ecology in NE Panthalassa . . . . . . . . . . . . . . . . o 0 0 e et e e e e e e e e e e 29
510, Truereefs . . . . . L e e e e e e e e 29

512. Truereefsandreefmounds . . . . . . . . . . L L L L L e e e e e e e e e e e e 30

513. Allreefal types . . . . . . L L e e e e e e e e 30

5.2. Possible explanations of paleogeographic patterns and reef distribution . . . . . . . . . . . . . . ... 30

* Corresponding author at: Department of Geological Sciences, The University of Texas at Austin, 1 University Station C1100, Austin, TX 78712, USA. Tel.: +1 323 363 5796.
E-mail addresses: martindale@jsg.utexas.edu (R.C. Martindale), fcorsett@usc.edu (F.A. Corsetti), james@geol.queensu.ca (N.P. James), dbottjer@usc.edu (D]. Bottjer).

http://dx.doi.org/10.1016/j.earscirev.2014.12.004
0012-8252/© 2014 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2014.12.004&domain=pdf
http://dx.doi.org/10.1016/j.earscirev.2014.12.004
mailto:martindale@jsg.utexas.edu
mailto:fcorsett@usc.edu
mailto:james@geol.queensu.ca
mailto:dbottjer@usc.edu
http://dx.doi.org/10.1016/j.earscirev.2014.12.004
http://www.sciencedirect.com/science/journal/00128252
www.elsevier.com/locate/earscirev

R.C. Martindale et al. / Earth-Science Reviews 142 (2015) 18-37 19

52.1. Thermal gradient (temperate to tropical) and nutrient upwelling . . . . . . . . . . . . . . . ... .. 30

5.2.2.  Evolutionary control of reef types (biotic considerations and climate shifts) . . . . . . . . . . . . . . . ... ... ... ... 31

52.3. Physical geography and oceanography (regional and local variability) . . . . . . . . . . . . ... ... . 31

53.  Anew explanation for Late Triassic reef distribution in northeastern Panthalassa . . . . . . . . . . . . . ... ... ... ... 31

54. Northeastern Panthalassa reefal deposits compared to Tethyanreefs . . . . . . . . . . . . . . . . . . . . . . . . 33

5.5. Other Phanerozoic cool-waterreefs . . . . . . . . . . L L L e e e e e e e e e e e e e e 33

6. ConClUSIONS . . . . . . . L L e e e e e e e e e 34
Acknowledgments . . . . . . . . L e e e e e e e e e e e e e e e e 34
Appendix A.  Supplementary data . . . . . . L L L L . e e e e e e e e e e e e e e e e e e e e e e e e 34
References . . . . . . . . . . e e e e e e 34

1. Introduction
1.1. Triassic reefs

The Triassic period marks a major revolution in reef ecosystems, and
the appearance of the first “modern” reefs built by scleractinian corals
(Fliigel, 2002; Stanley, 2003). Scleractinians are thought to have ac-
quired photosymbionts (zooxanthellae) as early as the Middle Triassic
(Stanley and Swart, 1995; Muscatine et al., 2005; Kiessling, 2010;
Stanley and Helmle, 2010), which may have induced a reef bloom in
the Late Triassic, 235 to 201.3 Ma (Stanley, 1988; Fliigel, 2002).
Throughout the Late Triassic, large metazoan reefs, typically built by
sponges and corals, proliferated globally between >30°N and 35°S
paleolatitude (Fig. 1) (Fliigel, 1981; Fliigel and Senowbari-Daryan,
2001; Fliigel, 2002). The best-known examples of Late Triassic reefs
are from central Europe; Alpine reefs have been studied in great detail
and account for the majority of the quantitative data about Triassic
reef ecosystems (e.g., Supplemental Fig. 1) (Fliigel, 1981, 1982, 2002).

Panthalassic reefs are comparably rare, but there are several occur-
rences of reef material from North America (Fig. 1, Table 1). Additional-
ly, most Panthalassic reefs have not been studied as extensively or as
quantitatively as their European counterparts (e.g., no quantitative
data on organism abundance or dominance, and/or no assessment of
the degree of skeletal intergrowth, i.e. framework). Although excellent
taxonomic data have been published for the conspicuous macrofauna
(corals and sponges), most reef sites lack thorough microfacies descrip-
tion and quantitative estimates of reef ecology. Many sites, particularly
the biostromes, are only briefly mentioned, and in some cases there is

little to no data published at all (e.g., Merritt and Manson River, Table 1).
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The aim of this paper is to provide a summary of the Late Triassic reef
ecosystems from northeastern (NE) Panthalassa and to evaluate the en-
vironmental and oceanographic factors that controlled their ecology.
The reefs from NE Panthalassa are also compared to those from the Te-
thys Ocean in order to address the differences between reef ecosystems
in these two regions during the Late Triassic.

1.2. Microbialites and microbial carbonates in reefs

Microbial communities that result in carbonate microbialites are key
reef constructors in Paleozoic and Precambrian reefs and featured as sig-
nificant components in many Mesozoic reefs (Kiessling, 2009). Al-
though these carbonates are easy to identify as “microbial in origin”,
the geobiology of the communities that precipitated the structures is
not certain. Traditionally, microbial fabrics were assumed to have
been produced by some form of schizophycean blue-green algae
(cyanobacteria that produce extracellular polysaccharides); fabrics
have been classified as either spongiostromate crusts (well defined
growth forms that lack organic microstructures) or porostromate crusts
(microbialites with tubular growth structures) (Fliigel, 2004). However,
by modern geomicrobiological standards, these are very coarse and un-
substantiated assumptions. Other microbial communities such as
sulfate-reducing and heterotrophic bacteria were likely involved in
reef microbialites and would have had distinct metabolic requirements
and byproducts. These communities would have also had different eco-
logical preferences, thus allowing microbialites to be successful in many
environments (e.g. shallow, tropical marine systems vs. dark, cryptic
reef habitats). Few geobiological studies of Mesozoic microbialites
have been done, but recent work on Triassic material from Italy has
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Fig. 1. The Late Triassic globe and location of Late Triassic reefs from the PaleoReefs Database (box indicates northeastern Panthalassa; Fig. 2). Paleogeographic reconstruction modified
from Golonka (2002, 2007) and Fliigel (2002) with updated NE Panthalassic paleogeography from Zonneveld et al. (2007); this reconstruction is herein referred to as a “moderate dis-
placement” paleogeography. Known locations of reefs from the PaleoReefs Database (Kiessling et al., 2003; Kiessling pers. comm. 2012) with updates from Martindale et al. (2010,
2012a,b). True reefs are buildups (bioherms) where reef organisms form a rigid framework (ecological reefs). Undifferentiated reefs (white boxes) are Late Triassic reef mounds, mud

mounds, or biostromes (sensu Kiessling and Fliigel, 2002).
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