
Constraints on the carbon cycle and climate during

the early evolution of animals

Thesis by
Kristin D. Bergmann

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California

2013

(Defended May 31, 2013)



ii

© 2013

Kristin D. Bergmann

All rights Reserved



iii

Acknowledgements

I would like to thank my ‘three’ advisors, John Grotzinger, Woody Fischer and

John Eiler, who have supported me these last five years. I couldn’t have asked for

a better team to learn from and guide me. The opportunities I’ve had with them—

from coffee breaks full of scientific discussion, to adventures in the field looking

at the most incredible rocks and fossils, to taking apart the source or bellows or

source, again!—have been incredible. I’ve learned so much over these five years

and there is no way to say how much I appreciate all that they’ve shared with me.

I’d also like to thank the faculty and staff in GPS/JPL for being such wonder-

ful teachers and mentors, specifically those who have served on my Thesis Advi-

sory Committee (Victoria Orphan and Jess Adkins), but also Alex Sessions, Nami

Kitchen, Chi Ma, Joel Hurowitz, Yunbin Guan, and Jason Saleeby. That first term

of graduate school, four years since I’d taken a class, taking Aquatic Chemistry

from Jess Adkins changed how I think about the world. There are some classes

that can do that and I’m grateful for those that do. Of all the ways that the

GPS graduate program is amazing, I appreciate it’s emphasis on field geology the

most and I’d like to thank professors like John Grotzinger and Jason Saleeby for

bringing the classroom into the field.

I can’t describe how much the interactions with fellow graduate students and

post-doctoral students have enriched these five years both scientifically and person-

ally. Thank you Katie Snell, Maggie Osburn, Jena Johnson and JC Crevling! You

are all so amazing and I can’t begin to say thanks for all the scientific discussions

we’ve shared in the field and lab and the fun we’ve had together. Thanks also to

my office mates Claire Waller, Katie Stack and Ajay Limaye. I’ve had the support

of three great lab groups both past and present and couldn’t have done it with-

out them, especially Lauren Edgar, Jen Griffes, Alison Piasecki, Daniel Stolper,

Renata Cummins, Ben Passey, Naomi Levin, Seth Finnegan, Jon Wilson, Becky

Zentmyer, Magali Bonifaci, Tom Bristow and Dave Fike. Thank you for all the

help on presentations, writing, labwork, and fieldwork!



iv

I’d also like to thank the administrative staff within GPS for their support

and hard work. Specifically Janice Grancich, Kathy Lima, Dian Buchness, Marcia

Hudson and Liz Miura Boyd for the encouragement they gave me through the

years.

I’d like to thank the staff at Petroleum Development Oman for such a rewarding

collaboration. Specifically, Gideon Lopes Cardozo for all his support and for mak-

ing the weeks away from home as wonderful as possible. Said Al Balushi, for joining

me in the field to log sections with the gamma ray instrument and coming to Cal-

tech for a crash course in clumped isotope geochemistry. Others on the staff past

and present including Gordon Forbes, Bill Wilks, Sven Scholten, Joachim Amthor,

Irene Gomez Perez, Suleiman Farqani, Badar Baloushi, Aly Brandenburg, Richard

Hallet, Zuwena Al-Rawahi, Jan Scheurs, Massimo Mauro, and Hamed Shabibi, for

helpful scientific discussions about the rocks of Oman. I’d also like to thank the

Shuram drivers and staff for their hard work, and specifically Younis Al Douyani.

I also appreciate all the scientific discussions with Michael Obermaier and Daniel

Bendias from Tubingen University while I was in Oman.

Finally, I’d like to thank my husband Nick Boekelheide, the best person in my

life. We thought biking across the country would be a challenge but it had nothing

on grad school! We did it together and these last five years are now a part of the

adventure. I’d also like to thank my family—both my parents Carol and Chuck

Bergmann and my sister Katie Bergmann and Nick’s parents Lee Boekelheide and

Margaret Bechard and brothers Alex Boekelheide and Peter Boekelheide—for all

the support through the years. My grandparents, Dick and Gladys Bergmann and

Gordon and Jane Voelker, inspire me to do amazing things because they have done

them.



v

Constraints on the carbon cycle and climate during the early

evolution of animals

by

Kristin D. Bergmann

In Partial Fulfillment of the

Requirements for the Degree of

Doctor of Philosophy

Abstract

One of the greatest challenges in science lies in disentangling causality in com-

plex, coupled systems. This is illustrated no better than in the dynamic interplay

between the Earth and life. The early evolution and diversification of animals

occurred within a backdrop of global change, yet reconstructing the potential role

of the environment in this evolutionary transition is challenging. In the ∼ 200

million years from the end-Cryogenian to the Ordovician, enigmatic Ediacaran

fauna explored body plans, animals diversified and began to biomineralize, forever

changing the ocean’s chemical cycles, and the biological community in shallow

marine ecosystems transitioned from a microbial one to an animal one.

In the following dissertation, a multi-faceted approach combining macro- and

micro-scale analyses is presented that draws on the sedimentology, geochemistry

and paleontology of the rocks that span this transition to better constrain the

potential environmental changes during this interval.

In Chapter 1, the potential of clumped isotope thermometry in deep time is

explored by assessing the importance of burial and diagenesis on the thermome-

ter. Eocene- to Precambrian-aged carbonates from the Sultanate of Oman were

analyzed from current burial depths of 350—5850 meters. Two end-member styles

of diagenesis independent of burial depth were observed.

Chapters 2, 3 and 4 explore the fallibility of the Ediacaran carbon isotope
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record and aspects of the sedimentology and geochemistry of the rocks preserving

the largest negative carbon isotope excursion on record—the Shuram Excursion.

Chapter 2 documents the importance of temperature, fluid composition and miner-

alogy on the δ18Omin record and interrogates the bulk trace metal signal. Chapter

3 explores the spatial variability in δ13C recorded in the transgressive Johnnie Oo-

lite and finds a north-to-south trend recording the onset of the excursion. Chapter

4 investigates the nature of seafloor precipitation during this excursion and more

broadly. We document the potential importance of microbial respiratory reactions

on the carbonate chemistry of the sediment-water interface through time.

Chapter 5 investigates the latest Precambrian sedimentary record in carbon-

ates from the Sultanate of Oman, including how δ13C and δ34SCAS vary across

depositional and depth gradients. A new model for the correlation of the Buah

and Ara formations across Oman is presented. Isotopic results indicate δ13C varies

with relative eustatic change and δ34SCAS may vary in absolute magnitude across

Oman.

Chapter 6 investigates the secular rise in δ18Omin in the early Paleozoic by

using clumped isotope geochemistry on calcitic and phosphatic fossils from the

Cambrian and Ordovician. Results do not indicate extreme δ18Oseawater depletion

and instead suggest warmer equatorial temperatures across the early Paleozoic.
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Chapter 1

Carbonate clumped isotopes in sedimentary

rocks: Insights from the Sultanate of Oman

Kristin D. Bergmann1, Said Al Balushi2, John P. Grotzinger1, John M. Eiler1

1California Institute of Technology

2Petroleum Development Oman

1.1 Abstract

While the field of carbonate clumped isotope thermometry has grown dramati-

cally since its recent inception [1, 2, 3, 4], there remains considerable uncertainty

regarding its usefulness in questions of deep time. This is in large part because

questions remain regarding the impact of burial on the isotopic ordering within the

carbonate crystal lattice. There is evidence that both recrystallization and solid

state diffusion within the crystal lattice are important processes [5, 6, 3, 7, 8]. Yet

the time and depth dependence of these processes remains poorly constrained in

natural samples. This study explores how the burial and exhumation history mod-

ifies the primary ordering of 13C and 18O in carbonates from the subsurface and

surface of Oman. The study suite includes carbonates of Eocene to Neoproterozoic

age that sit at current burial depths of 350 m to 5850 m. We can directly compare

the measured clumped isotope temperatures to current borehole temperatures and
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the petrography of core samples. Additionally, we analyzed exhumed carbonates

from the same formations, estimated to have been buried from 1–2 km up to 8–10

km.

Results indicate two dominant modes of diagenesis within the shallow burial

environment (< 6 km) that are independent of burial depth. These modes have

specific temperatures in clumped isotope space as well as in reconstructed water

space, calculated from the measured clumped isotope temperature and δ18Omin.

One group of carbonates measured from the subsurface yield δ18Owater composi-

tions similar to the composition of seawater today of around 0h VSMOW. The

Phanerozoic samples with water compositions similar to today yield clumped iso-

tope temperatures of < 40◦C. The Neoproterozoic samples yielding seawater-like

compositions are < 55◦C. These samples generally show excellent to moderate

primary preservation of fossils and grains and clear porosity-occluding cements or

microcrystalline micrite. The second mode of diagenesis found in these shallow

burial environments is strongly controlled by low-water-to-rock diagenesis. Sam-

ples sit close to the current geothermal gradient, are both dolomite and calcite

mineralogies, and can exhibit secondary grain coarsening. Samples exhumed at the

surface from estimated shallow burial environments show both diagenetic trends

while samples exhumed from greater depths (> 8 km) yield higher maximum tem-

peratures (120–150◦C) and very enriched fluid compositions (∼ 8h).

1.2 Introduction

The carbonate clumped isotope thermometer has the potential to provide new in-

sights into the diagenetic processes dominant in the transformation of carbonate

sediments into rocks. Importantly, clumped isotope thermometry allows us to esti-

mate the absolute temperature of carbonate precipitation, including recrystalliza-

tion, based on the temperature dependent abundance of carbonate ions containing

both 13C and 18O [4]. These estimates are accompanied by a measurement of car-

bonate δ18Omin, which in conjunction with temperature, can be used to calculate
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the oxygen isotopic composition of the fluid from which the carbonate precipitated

(δ18Ofluid). The thermometer has the potential to reconstruct climatic events and

deconvolve the ice volume and temperature record through time. There are also

numerous potential diagenetic applications for a proxy that directly measures the

crystallization temperature of distinct carbonate phases and can thus indepen-

dently constrain source fluid composition. These applications could include stud-

ies of cement stratigraphy, dolomitization, regional burial history, and hydrother-

mal alteration events (Fig. 1.2) [9, 10, 11, 12]. However, basic questions remain

involving the alteration of the clumped isotopic system during carbonate burial

and lithification (Fig. 1.1). While ’solid state reordering’—reordering through

exchange to reflect equilibration at higher temperatures during burial without re-

crystallizing the solid—of the clumped isotopic signature is likely important at

high temperatures it is unclear whether this process is active at lower temper-

atures over geologic timescales [5]. Additionally, the impact of well recognized

carbonate diagenetic processes—compaction, cementation and porosity occlusion,

dissolution, reprecipitation, dolomitization—on the clumped isotope thermometer

remains poorly constrained.

The trajectory from primary and diagenetic processes can be mapped in a 3-

plot diagram of clumped isotope temperature, δ18Omin, and δ18Owater (Fig. 1.2).

Primary processes like heating and cooling events and basin restriction and deglacia-

tion produce a vector within this 3-plot diagram that is characteristic of a given

process. For example, basin restriction or an increase in glacial ice will yield

enriched fluid compositions, enriched δ18Omin and near constant temperatures

(Fig. 1.2, light blue arrow). In a similar way diagenetic processes also create an

array in the 3-plot diagram. For example low water-rock ratio interactions (or-

ange arrow)—when the δ18Omin buffers the small pore volumes of fluid— result in

increasing temperatures, constant δ18Omin and enriched δ18Ofluid. Whereas high

water-rock ratio interactions (purple and green arrows), yield constant δ18Ofluid

compositions, higher temperatures and lighter δ18Omin (Fig. 1.2).

The stratigraphy of Oman represents a self-contained case study to explore
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Figure 1.1: Clumped isotope temperature model during burial. Clumped isotope groups may
be recalcitrant to alteration (green), alter after some burial depth and then maintain the new
clumped bonding arrangement (grey), continuously alter until some depth (red) or continuously
alter during burial (dashed)

the interplay between diagenetic alteration, basin development and hydrocarbon

formation (Fig. 1.3). The Eocene- to Permian-aged carbonates that blanket the

shallow subsurface of Oman, the Precambrian-Cambrian boundary spanning Ara

Group and the Ediacaran-aged Nafun Group are broadly very different in charac-

ter. The Eocene-Permian carbonates are shallowly buried in central Oman and the

youngest samples remain poorly cemented. In general samples are from thick car-

bonate platform sequences but a few samples are from mixed siliciclastic-carbonate

units. In contrast, the Ara Group is generally composed of carbonates interbed-

ded with evaporites. Today the Ara Group carbonate ’stringers’ of the Ara Group

float in the salt and are lithostatically pressured. The Nafun Group is a mixed

carbonate-siliciclastic deposit composed of two grand cycles of siliciclastics tran-



5

-5

0

5

-10 -5 0 5

-10

-5

0

5

25 75 125

0 2 4 km

δ18Omineral (‰; PDB)

δ18
O

w
at

er
 (‰

; V
SM

O
W

)

Temperature (°C)

δ18
O

m
in

er
al
 (‰

; P
D

B)

Burial Fluids

Meteoric Fluids

Marine
 Fluids

High W/R ratio (Marine)

High W/R ratio (Meteoric)

Low W/R ratio

± ice/restriction

± warming

Figure 1.2: Diagenetic and primary trajectories in T, δ18Omin, δ18Owater space. A given process
(i.e., temperature change or recrystallization in the presence of enriched pore fluids) will create a
specific array that can be tracked in each of the three plots.

sitioning into carbonates. The lower cycle includes the Masirah Bay and Khufai

Formations and the upper cycle the Shuram and Buah formations.

To examine the variability of the clumped isotope thermometer and fluid com-

position with depth in the carbonate rocks of Oman, a range of burial environments

were targeted. Samples were analyzed from the South Oman Salt Basin, the East-

ern Flank of the South Oman Salt Basin, the Central Oman High, and salt domes

accessing the Ghaba Salt Basin. Each of these regions has a different burial his-

tory that has the potential to leave an imprint on the carbonate clumped isotope

thermometer. The Eocene- to Permian-aged samples off the Central Oman High

have been buried 350—1400 meters. The Ara and Nafun Groups in the South

Oman Salt Basin and Eastern Flank have generally been buried between 1–4 km

but some samples have been buried as deep as ∼ 6 km. The Salt Domes sourcing

the Ghaba Salt Basin are bringing up carbonates that have been buried ∼ 9 km.
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The Nafun Group on the Central Oman High in the Huqf outcrop area has the

smallest overburden for the Precambrian carbonates (1–3 km) because it has been

a structural high through its history (Fig. 1.4).
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Fahud Salt
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Figure 1.4: Cross sectional profile of Central and Southern Oman. The South Oman Salt Basin
(SOSB) is at a shallower depth than the Ghaba Salt Basin and they are separated by the Central
Oman High.

1.3 Geologic setting and sample description

1.3.1 Eocene- to Permian-aged carbonates

The record of Phanerozoic carbonate deposits in Oman exists from the Permian to

present. The Khuff Formation is the first carbonate formation deposited in Oman

after rifting of the Pangean supercontinent [13]. A passive margin developed in

the Neo-Tethys Ocean on the Arabian Plate that led to extensive carbonate de-

position within the Permian- to Cretaceous-aged Akhdar, Sahtan, Kahmah and

Wasia Groups. The closure of the Neo-Tethys in the Late Cretaceous led to de-

formation and obduction in North Oman of the deep water Hawasina Group and

the Semail Ophiolite [13]. The Hadhramaut Group blanketed the Arabian plate

during the Paleocene and Eocene. Younger deposits are isolated in smaller regions

across Arabia and were not sampled for this study. A single well from the Cen-
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tral Oman High was selected that contains these Phanerozoic carbonate units at

shallow burial depths.

The youngest unit sampled, the Umm Er Radhuma Formation of the Hadhra-

maut Group is Eocene to Paleocene in age. The samples analyzed from this

formation are fossiliferous wackestone and packestone with benthic foraminifera

bioclasts. There is some intragranular calcite in the youngest sample recovered

at 357 meters depth but it is generally very poorly cemented as evidenced by the

visible blue stained epoxy (Fig. 1.5a, Fig. 1.6)(HM1). A nearby mold of a large

gastropod ∼ 6 cm in width was sampled including the calcite spar infilling the in-

terval cavity (HM2). The third sample (HM3) recovered from 414.5 meters depth

contains more calcite spar but is also poorly cemented with well-preserved fossil

tests (Fig. 1.5b).

Two Cretaceous-aged carbonate formations were sampled including the Arada

Member of the Aruma Group and the Natih Formation of the Wasia Group. The

Arada Member samples recovered from 500.3 and 500.8 meters depth are Cam-

panian in age and are light grey wackestone with little to no primary porosity

remaining (HM4 and HM5)(Fig. 1.5c,d). The fossils are filled or replaced with

calcite spar and the matrix has small rhombohedral dolomite crystals in both

samples (Fig. 1.6c). Calcite spar from a void was sampled from HM5 (Fig. 1.5d).

The Natih Formation of the Wasia Group is Late Albian to Early Turonian in age

and includes diagnostic large benthic foraminifera including Preaealveolina crete-

cea (Fig. 1.5g). The samples from the Natih A/B members recovered from 583

and 650 meters depth are packstone with many bioclasts that have been filled or

replaced by calcite spar (Fig. 1.5e,f). The samples from the Natih C/E members

recovered from 729.5 and 794.2 meters depth are wackestone with fewer smaller

bioclasts (HM8 and HM9) (Fig. 1.5g,h). A calcite spar fracture was micro-sampled

from HM8 (Fig. 1.5i). The sample from the Natih F/G members recovered from

879.5 meters depth is a packstone composed of larger bivalve shells in a micrite

matrix (HM10) (Fig. 1.5l).
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500.8 m | T = 34° ± 4°C
Cretac.  | δ18Owater = 0.5 ± 0.8‰ 

357 m   | T = 31° ± 2°C
Eocene | δ18Owater = 0.0 ± 0.4‰ 

414.5 m | T = 39° ± 3°C
Eocene  | δ18Owater = 1.75 ± 0.6‰ 

500.3 m | T = 40° ± 7°C
Cretac.  | δ18Owater = 1.5 ± 1.3‰ 

583 m | T = 34° ± 3.5°C
Cretac.  | δ18Owater = 0.7 ± 0.7‰ 

650 m | T = 39° ± 4.5°C
Cretac.  | δ18Owater = 0.9 ± 0.8‰ 

650 m | T = 37° ± 3°C
Cretac.  | δ18Owater = 0.65 ± 0.5‰ 

729.5 m | T = 36.5° ± 1°C
Cretac.  | δ18Owater = 0.3 ± 0.2‰ 

729.5 m | T = 43.6° ± 7°C
Cretac.  | δ18Owater = 0.8 ± 1.3‰ 

794.2 m | T = 35.2° ± 1°C
Cretac.  | δ18Owater = 0.3 ± 0.2‰ 

794.2 m fract. | T = 41.8° ± 3°C
Cretac.  | δ18Owater = 1.6 ± 0.6‰ 

879.5 m | T = 35.4° ± 7°C
Cretac.  | δ18Owater = -1 ± 1.2‰ 

A B C

D E F

J K L

G H I

T = 56° ± 7°C
δ18Owater = 2.6 ± 0.7‰

Figure 1.5: Petrographic plate and clumped isotope temperatures for Eocene and Cretaceous
aged carbonates. Generally, porosity becomes occluded with depth, the samples with better
preserved fossils have lower temperatures. The micro-sampled spar samples are warmer than
their surrounding matrix.
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Two Jurassic-aged carbonate formations were sampled—the Thuwaiq Moun-

tain and Dhruma formations of the Sahtan Group. The formations are Late Ba-

jocian to Callovian in age. The sample of the Thuwaiq Mountain Formation re-

covered from 963.2 meters depth is a wackestone with packstone horizons with

abundant shell bioclasts in a micrite matrix. Most of the larger shells are com-

pletely replaced by calcite spar (HM11) (Fig. 1.7a,b). The sample from the Dhurma

Formation recovered from 1038.8 meters depth is a grainstone composed of peloids

and the occasional ooid. The porosity is completely occluded with a clear blocky

calcite cement (HM12) (Fig. 1.7c).

The Permian-aged Middle and Lower Khuff Formation of the Akhdar Group

was also sampled. Four samples from Middle and Lower Khuff recovered from

1114.7, 1198.5, 1264.9 and 1369.7 meters depth are mudstone and lack fossils

(HM13, HM14, HM15, HM17) (Fig. 1.7d,e,f,h). HM14, HM15 and HM17 are

completely dolomitized. HM17 has high intergranular porosity and HM15 has

moderate intergranular porosity as evidenced by the visible blue stained epoxy

(Fig. 1.7f,h). Two samples from the Middle and Lower Khuff recovered from 1319.1

and 1420.5 meters depth are grainstone with abundant well-preserved bioclasts

cemented with a clear blocky calcite cement (HM16 and HM18) (Fig. 1.7g,i).

Figure 1.6: SEM images and elemental maps of clumped isotope samples. a. HM1. Scale bar
is 100 µm. b. HM1. Scale bar is 20 µm. c. HM4. Scale bar is 40 µm. d. HM12. Scale bar is 40
µm. e. HM15. Scale bar is 40 µm. f. HM20. Scale bar is 200 µm.
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963.2 m | T = 36° ± 2°C
Jurassic | δ18Owater = 1 ± 0.4‰ 

963.2 m | T = 38° ± 1.6°C
Jurassic | δ18Owater = 0.2 ± 0.3‰ 

1038.8 m | T = 35.5° ± 1.6°C
Jurassic  | δ18Owater = 0.6 ± 0.3‰ 

1114.7 m | T = 43.3° ± 4°C
Permian  | δ18Owater = 1.4 ± 0.8‰ 

1198.5 m | T = 49° ± 3°C
Permian  | δ18Owater = 1.5 ± 0.7‰ 

1264.9 m | T = 38° ± 5°C
Permian  | δ18Owater = 3.2 ± 1.2‰ 

1319.1 m | T = 34° ± 3°C
Permian  | δ18Owater = 0.9 ± 0.6‰ 

1369.7 m | T = 30° ± 2°C
Permian  | δ18Owater = 0.9 ± 0.6‰ 

1420.5 m | T = 36° ± 0.6°C
Permian  | δ18Owater = 1.3 ± 0.1‰ 

3148.7 m | T = 70° ± 6°C
Cambrian  | δ18Owater = 7 ± 1‰ 

3163.6 m | T = 77° ± 6°C
Cambrian  | δ18Owater = 9 ± 1‰ 

3180.5 m | T = 71° ± 7°C
Cambrian  | δ18Owater = 6 ± 1‰ 

A B C

D E F

J K L

G H I

Figure 1.7: Petrographic plate and clumped isotope temperatures for Jurassic- to Cambrian-
aged carbonates. The three dolomite samples (e, f and h) have temperature and fluid compositions
that vary with the degree of porosity in the sample (highest porosity = lowest temperature).
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1.3.2 Latest Precambrian- to Cambrian-aged Ara Group

The Ara Group, within the Huqf Supergroup, spans the Precambrian-Cambrian

boundary and is composed of six 3rd-order evaporite-carbonate cycles (A0/A1–

A6) [14, 15, 16]. The Ara Group is broken into 5 formations—the Birba Formation

(A0–A3 sequences), ’U’ Formation (A4 sequence), Athel Formation (A4 sequence),

Al Noor Formation (A5 and the evaporite portion of the A6 sequence), and the

Dhahaban Formation (the carbonate portion of the A6 sequence) (Fig. 1.3) [17,

15, 16, 13]. Carbonates were deposited on isolated platforms, low-gradient ramps

and in more distal environments of the basin during transgressive to highstand

conditions while evaporites were deposited during relative lowstand conditions on

the platforms and in surrounding basinal environments. The Ara Group is found

in the South Oman Salt Basin, the Ghaba Salt Basin and the Fahud Salt Basin.

On the eastern margin of the South Oman Salt Basin, on what is termed the

Eastern Flank, and towards the Central Oman High in the Northern Carbonate

Domain, intra-carbonate evaporites pinch out into a thick sequence of platform

carbonates equivalent to the Birba Formation (A0–A3). The carbonate platform of

the Eastern Flank is blanketed by a thick evaporite unit thought to be equivalent to

the A5/A6 [13]. Subsidence on the Eastern Flank platform must have either been

high enough to continue carbonate production through lowstand conditions or low

enough that exposure and karst surfaces are equivalent to the evaporite deposits of

the South Oman Salt Basin. Additionally, carbonates from a series of Salt Domes

sourcing the Ghaba Salt Basin are correlated with the Ara Group [13, 17].

The Ara Group sample suite includes limestone samples from the Dhahaban

Formation from the same well the Phanerozoic samples are from (HM19, 20, 21

from 3148.7 meters depth to 3180.5 meters depth) (Fig. 1.7j,k,l). HM19, 20 and 21

are all significantly recrystallized and are mostly calcite with some dolomitization.

The samples also have significant amounts of anhydrite. Additional samples are

from carbonate ’stringers’ encased in salt from the SOSB (A2–A4). Most of these

samples are dolomitized but there are a few calcite samples as well. A range of

lithofacies was analyzed including crinkly laminite and planar laminite, massive
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grainstone, and thrombolites. All of the samples, not from cuttings, are crys-

talline and can reach crystal sizes of 150 µm (Fig. 1.7). Ara Group samples also

include Birba Formation samples from the Eastern Flank and Central Oman High

(Fig. 1.11) and limestone samples from the Qarn Alam salt dome that sources the

Ghaba Salt Basin.

1.3.3 Ediacaran-aged Nafun Group

The Nafun Group, within the Huqf Supergroup, is the oldest carbonate containing

unit in Oman and was deposited after the Cryogenian glacial deposits of the Abu

Mahara Group. The unit consists of two large-scale siliciclastic-carbonate cycles

of the Masirah Bay and Khufai formations and the Shuram and Buah formations.

The carbonates are composed of a wide range of lithofacies from mudstone to

grainstone in lithofacies associations that generally define a shallowing upwards

pattern in the depositional environment of the two carbonate dominated units—

the Khufai and Buah formations. There are no good age constraints within the

Nafun Group although the basal Hadash carbonate has been correlated with cap

carbonates associated with the Marinoan deglaciation (∼ 630 Ma).

The Nafun Group sample suite is from three subsurface wells and the Huqf

Outcrop Area (Fig. 1.11). The samples from the subsurface wells are cuttings. The

outcrop samples are from a range of lithofacies and depositional environments. The

dolomite samples are from the Khufai and Buah Formations while the limestone

samples are mostly from the siliciclastic dominated Shuram Formation and the

lowermost Khufai Formation. Generally the petrography of the samples from the

Huqf Outcrop Area indicates excellent preservation of primary grains and early

cementation. The Lower Khufai Formation is the only part of the stratigraphy

with evidence for significant recrystallization.
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1.4 Methods

1.4.1 Sample collection and preparation

Carbonate samples from the subsurface were collected from cored intervals where

possible and from cuttings. Samples from the Qarn Alam Salt Domes were pro-

vided by Said Al-Balushi and Monique Mettraux. Samples of the Nafun Group

were collected from the Huqf outcrop area in central Oman. Hand samples were

cut to expose an unweathered face prior to further analysis. We targeted a range of

carbonate facies to improve understanding of preservation biases associated with

specific carbonate textures and different primary porosities that lead to varying

contributions from secondary cements.

1.4.2 Carbonate clumped isotope thermometry

Samples were analyzed over the period of Jan, 2009-Jan, 2013. Samples were

either drilled from a thin-section billet or from a cut slab with a 3 mm rotary drill

bit. Rock cuttings were rinsed to remove drilling mud, dried and powdered in a

mortar and pestle. 9–12 mg of powder was weighed into silver capsules before

being reacted at 90◦C in 100% H3PO4 in a common acid bath. Evolved CO2 was

purified by multiple cryogenic traps including a Porapak-Q chromatograph held

at -20◦C before being measured on a ThermoFinnigan MAT 253 IRMS. Methods

for the measurement and corrections to analyzed heated gases run during each

session following [18, 19]. After corrections based on the heated gas line from a

given session and an intercept shift based on the initial calibration experiment,

∆47 values were transformed into an absolute reference frame using a secondary

transfer function following [20, 21]. The secondary transfer function for each week

was calculated using any of the following available data: 25◦C and 1000◦C CO2

as well as any of four carbonate standards with known absolute reference frame

values (see below). Finally ∆47 values for carbonate samples were corrected by

+0.092h for the 90◦C acid bath reaction temperature within the absolute reference

frame [21].
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Values within the absolute reference frame (ARF) for two internal standards

used over the course of the analyses, Yale CM (n=35) and TV01 (n=50) were

calculated from 7 weeks when 1000◦C CO2 was analyzed daily and 25◦C CO2

gases were analyzed bi-weekly. The calculated values for the two standards in the

absolute reference frame are reported with 1 SD for all sessions with heated gases

and equilibrated gases: Yale CM (n = 33) ∆47-ARF = 0.404 ± 0.022h, TV01 (n

= 50) ∆47-ARF = 0.730 ± 0.018h. Absolute reference frame values for two other

internal standards run during the analytical period were calculated from weeks

where either Yale CM and/or TV01 had been run with them (GC-AZ-01 (n=12)

and Carmel Chalk (n=15)). Values are reported with 1 SD for all sessions with

heated gases and known standards: 102-GC-AZ01 (n = 12) ∆47-ARF = 0.709 ±

0.023h, and Carmel Chalk (n=15) ∆47-ARF = 0.678 ± 0.020h. The values of

the Carrara standard and 102-GC-AZ01 in the absolute reference frame are nearly

identical to those found at Johns Hopkins (UU Carrara (n = 93) ∆47-ARF = 0.403

± 0.015h and 102-GC-AZ01 (n = 102) ∆47-ARF = 0.710 ± 0.015h [21].

The reproducibility of standards for all analytical weeks are reported with 1

SD for all sessions: Yale CM (n = 98) ∆47-ARF = 0.405 ± 0.019h, 102-GC-

AZ01 (n = 23) ∆47-ARF 0.710 ± 0.011h, TV01 (n = 86) ∆47-ARF 0.730 ±

0.015h and Carmel Chalk (n = 17) ∆47-ARF 0.675 ± 0.015h. For single unknown

measurements the uncertainty of the measurement is reported as the standard error

of the mean (SEM) of ∆47 measurements over 8 acquisitions. For n ≥ 2, the error

is reported as the SEM of ∆47 over the number of sample replicates.

Temperatures were calculated in the absolute reference frame as well as the in-

terlab reference frame using the same calibration data from two calibration studies

completed at Caltech [22, 1]. To build this calibration equation from low to high

temperatures we assume that calcite and dolomite calibrations are equivalent. The

two approaches do not yield the exact same temperature on a week to week basis

and this is likely due to two factors: 1) conversion of the two calibration studies

into the absolute reference frame is imperfect because the samples were analyzed

before 25◦C CO2 gases were analyzed regularly and 2) Converting unknown sam-
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ples into the absolute reference frame using both gases and carbonate standards

in the transfer function will correct for standard residuals for a given week.

The mineralogy of each powder analyzed was determined by XRD analysis (see

below) to properly calculate the δ18Omin composition using unique 90◦C acid diges-

tion fractionation factors for calcite and dolomite [23, 24]. Fluid compositions were

calculated using the measured clumped isotope temperatures and separate equilib-

rium fractionation equations for calcite-water [25] and for dolomite-water [26]. For

samples that contained mixtures of calcite and dolomite, the dominant mineral-

ogy was used to calculate δ18Omin and δ18Owater. Three different dolomite-water

equilibrium fractionation equations were compared [27, 28, 26]. Both [26] and

[27] produced δ18Owater results in agreement with co-occurring calcite measure-

ments lending faith in the results. The temperature range of dolomite formation

from [26] most closely matched the measured temperature range so it was used

to calculate the reported water compositions.

1.4.3 Scanning electron microscopy (SEM)

A ZEISS 1550 VP Field Emission Scanning Electron Microscope (SEM) equipped

with an Oxford INCA Energy 300 x-ray Energy Dispersive Spectrometer (EDS)

system within the California Institute of Technology Geological and Planetary

Sciences Division Analytical Facility was used for high-resolution imaging of each

sample. Images were collected at a working distance between 8-9 mm using a

Quadrant Back Scattering Detector (QBSD). In addition EDS measurements of

individual minerals were made to identify the range of minerals present in a given

sample.

1.4.4 Bulk powder x-ray diffraction (XRD)

XRD measurements were made on each powder used for clumped isotope measure-

ments on a PANalytical X’Pert Pro within the Material Science at the California

Institute of Technology. Scans were run from 5–70◦ 2θ with a step size of 0.008

and a scan step time of 10.16 s. A Cu anode was used at 45 kV and 40 mA. A
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zero-background silicon plate was used for all measurements because of sample size

limitations. Mineralogical phases were initially identified using the X’Pert High-

score IDMin function. To determine relative abundances of calcite and dolomite in

each sample, the relative peak height intensities of the major calcite and dolomite

peaks at 29.5◦ 2θ and 30.7◦ 2θ, respectively, were used [29]. Mixtures of known

compositions of 100%, 80%, 60%, 40%, 20% and 0% calcite with dolomite were

used to create the following relationship of peak height to % dolomite for the

PANalytical X’Pert Pro setup at Caltech:

PercentDolomite =

Rel.IntensityofCaMgCO3

Rel.IntensityofCaMgCO3+CaCO3
− 0.0526

0.0099
(1.1)

90% of the samples analyzed were pure end-members of either calcite or dolomite.

For the 10% of samples that were a mixture of both calcite and dolomite, the acid

digestion fractionation for δ18Omin and min-water fractionation factor for all mix-

tures in the clumped isotope calculations were made assuming 100% composition

of the dominant mineralogy. This will introduce a systematic bias for those sam-

ples but most are more than 70% one mineralogy. Another approach would be to

use the measured CO2 gas, and use a weighted average to calculate each portion

separately. That approach assumes the two phases have the same δ18O CO2 gas

composition.

1.5 Results

1.5.1 Eocene- to Permian-aged carbonates of Oman

The four samples analyzed from the shallowest burial depth (357 meters) yield a

range of temperatures from 30.5◦ ± 2◦C to 38.7◦ ± 3◦C. The lowest temperature

sample (HM1) has the highest primary porosity and the smallest amount of sec-

ondary calcite spar. The warmest temperature sample (HM2 2) is a diagenetic

blocky calcite spar filling the interior of a gastropod shell. The δ18Omin of these

four samples is identical at -3.7h VPDB while the δ18Owater composition varies
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from -0.2 ± 0.4h VSMOW for the lowest temperature sample to 1.2 ± 0.6h VS-

MOW for the highest temperature spar. Some of these shallow samples have small

dolomite rhombs growing within the clay-rich matrix (Fig. 1.6a,b). The Eocene-

Paleocene sample from slightly deeper (414.5 meters) yielded a temperature of 38◦

± 3◦C and a δ18Owater composition of 1.5 ± 0.6h VSMOW (Fig. 1.5).

The samples from the Cretaceous and Jurassic demonstrate similar patterns

where the three micro-sampled diagenetic cements are the three hottest samples

and the only samples > 40◦C (40.4◦ ± 3◦C, 42◦ ± 7◦C, 48.6◦ ± 4◦C). In contrast

the bulk carbonate drilled from the same samples are between 6-16◦ cooler (34◦

± 1◦C, 35◦ ± 1◦C, 32◦ ± 4◦C). Two of the spar samples are approximately 1h

heavier in δ18Omin composition than the carbonates surrounding them while the

other is identical. All three spar samples have enriched δ18Owater composition (1.3

± 0.6h, 0.53 ± 1.3h, 2.4 ± 0.7hVSMOW). The bulk carbonate drilled from the

same samples have δ18Owater compositions near 0h (0.05 ± 0.2h, 0.09 ± 0.2h,

0.22 ± 0.8hVSMOW). The sample with visible small dolomite rhombs growing

within the sediment is also warmer at 39◦ ± 7◦C with a slightly heavier δ18Owater

composition of 1.2 ± 1hVSMOW. The rest of the samples from the Cretaceous and

Jurassic have temperatures that range from 32–37◦C and δ18Owater compositions

ranging from -1.3–0.7hVSMOW. While most of the lower temperature samples

were wackestone and packstone lithofacies, the one grainstone (HM12) with a

significant amount of porosity-occluding clear blocky cement is also in this group

(Fig. 1.7c).

The samples from the Permian can be divided into two groups; the dolomitized

samples and the calcitic grainstone samples. The three dolomitized samples have

very different temperatures (30◦ ± 2◦C, 37◦ ± 5◦C, 48◦ ± 3◦C) that correlate

with the porosity of the sample, where the lowest temperature sample has the

highest porosity (estimated based on the percentage of blue epoxy showing in

thin section). The two calcitic grainstone samples are similar to the younger bulk

carbonates (34◦ ± 1◦C, 33◦ ± 3◦C) with δ18Owater compositions of 1 ± 0.2hand

0.7 ± 0.6hVSMOW. The δ18Owater compositions of the dolomites (0.9 ± 0.6h,
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3.2 ± 1h, 1.5 ± 0.7hVSMOW) are similar to the calcitic samples.

The 3-plot diagrams of temperature, δ18Omin, δ18Owater for the Phanero-

zoic samples can easily distinguish the end-member calcite spar samples and the

dolomite samples from the bulk wackestone, packstone and grainstone samples

(Fig. 1.8). In general the bulk samples show little modification of their δ18Owater

composition as it remains seawater-like in composition.
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Figure 1.8: 3-plot of clumped isotope temperature, δ18Omin, δ18Owater for Eocene- to Permian-
aged samples. The samples formed during burial including fracture fills and void filling spar are
hotter than the surrounding matrix.

1.5.2 Latest Precambrian- to Cambrian-aged Ara Group

The three samples from the Dhahaban Formation of the Ara Group sampled from

the same well that all of the Phanerozoic samples were sampled from (3148.7–

3180.5 meters) are markedly different in character. Their temperatures are much

higher (67◦ ± 6◦C, 75◦ ± 5◦C, 69◦ ± 7◦C) and their fluid compositions are ele-

vated (7 ± 1h, 9 ± 0.8h, 5.5 ± 1hVSMOW). These temperature and δ18Owater

compositions were measured on coarsely recrystallized calcite with evidence for

dolomitization that are closely associated with evaporite minerals (Fig. 1.7j,k,l).

Other subsurface samples analyzed from carbonate ’stringers’ from various

depths in the South Oman Salt Basin yield similarly warm carbonate clumped
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isotope temperatures. The mean clumped isotope temperature of the Ara Group

samples is 81◦ ± 1.8◦C. While the Ara Group samples that are currently 2–4 km

depth have temperatures similar to the current measured borehole temperatures

there is no statistical difference in the mean clumped isotope temperature of sam-

ples buried ∼ 2–4 km deep from samples buried 4–6 km deep. The δ18Owater com-

position of Ara Group samples is highly enriched with a mean of 6.7 ± 0.5hṪhe

bulk samples, whether calcite or dolomite, are highly crystalline and the textures

are often interlocking and can be very coarse. There is little difference in the

clumped isotope temperatures between calcite and dolomite samples although the

calcite samples indicate slightly more enriched δ18Owater compositions of ∼ 10h

(Fig. 1.9).

The Precambrian-Cambrian boundary A4C carbonates are slightly distinct in

clumped isotope temperature from the other subsurface Ara Group carbonates.

Lithofacies that were analyzed include flat laminite, crinkly laminite, massive

fine-grained dolostones and massive coarsely recrystallized dolostones. The mean

clumped isotope temperature is slightly lower (69◦ ± 2.3◦C) and the δ18Owater

composition is less enriched (2.6 ± 0.4h VSMOW).

Samples from the Birba Formation on the Eastern Flank or Central Oman High,

that are not floating within salt, are in general slightly cooler than the SOSB Ara

Group samples (Fig. 1.9). However, they are warmer in apparent clumped isotope

temperature than the underlying Nafun Group carbonates from the same well

(Fig. 1.11).

Exhumed Ara Group carbonates from the Qarn Alam Salt Dome that source

the Ghaba Salt Basin are similar to the subsurface Ara Group samples from the

SOSB but have slightly elevated maximum temperatures (Fig. 1.9). The temper-

atures range from 67◦ ± 4◦C to 131◦ ± 31◦C. The δ18Owater compositions are

enriched and range from 2.8 ± 1h to 15 ± 4h VSMOW. XRD analyses of the

Qarn Alam samples indicate they are predominantly calcite with minor dolomite.

The relationship between temperature, δ18Omin and δ18Ofluid of the Ara Group

carbonates indicates these rocks have undergone recrystallization in a low-water/rock
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environment (Fig. 1.9). At progressively high temperatures, the δ18Ofluid becomes

increasingly enriched as the small pore volumes of fluid exchange oxygen with the

surrounding carbonates. The diagenetic trajectory indicated by the Ara Group

dataset displays a slight curvature, indicating the δ18Omin is largely invariant

because the relationship between temperature-water-mineral composition is non-

linear (Fig. 1.9).
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1.5.3 Ediacaran-aged Nafun Group

The samples from the subsurface Nafun Group span a lower range in tempera-

tures than the Ara Group carbonates (43◦ ± 0.7◦C–78◦ ± 11◦C). Exhumed Nafun

Group carbonates from the Central Oman High span similar range in temperatures

(37◦ ± 6◦C–78◦ ± 8◦C) with most of the population sitting at the lower end of

the temperature range. There is a clear difference between calcite and dolomite

samples from the Nafun Group carbonates. The calcite samples show a similar
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trend on a 3-plot diagram to the Ara Group carbonates and we suggest they are

more are strongly controlled by low water-rock ratio diagenesis (Fig. 1.10). This

is likely because almost all of the calcites were sampled from the siliciclastic dom-

inated Shuram Formation. The burial environment of a fine-grained siltstone is

very similar to a salt. The carbonate will have minimal pore fluids surrounding

it and water-rock interactions will end up rock buffered (Fig. 1.10). The dolomite

samples display a very different pattern in the 3-plot diagram. Most of the data

occupies a narrow range in temperature but span a wide range of fluid compo-

sitions. This range in fluid compositions is likely a reflection of the wide range

of depositional environments these carbonates were deposited in—from shallow

subtidal through peritidal into restricted lagoonal and supratidal environments.
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samples from the Nafun Group (almost all are from within the Shuram Formation) demonstrate
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1.6 Discussion

These results indicate two important modes of diagenesis in marine burial envi-

ronments. Low water-rock ratio regimes dominate in burial environments with

limited fluid flow. A good example of this type is seen in the carbonates hosted

in Salt Basin evaporites. Another example is the calcite samples from the Nafun

Group which are predominantly thin carbonates within thick siltstone, a burial

environment not unlike the carbonate-salt environment in many ways. This diage-

netic regime is contrasted with the high water/rock regime. This style of diagen-

esis appears to occlude porosity very early because the fluid compositions remain

buffered near seawater values (Fig. 1.11). Samples that depart from this trend in

the Phanerozoic are micro-sampled calcite spar from veins and cavities.

Given the tectonic setting and location of the subsurface samples either on the

Central Oman High or in the South Oman Salt Basin, we assume the current burial

depth is likely the maximum burial depth for most samples. The Phanerozoic

samples analyzed demonstrate that diagenetic end-member components including

calcite spar have higher temperatures than the bulk carbonates surrounding them

(Fig. 1.8). They also indicate that over a depth range of 357–1420 meters the car-

bonate clumped isotope temperatures of Eocene- to Permian-aged bulk carbonates

are very similar with a mean of 35◦ ± 2.6◦C (1 SD). The δ18Owater compositions

show very little deviation with a mean of 0.5 ± 0.6h VSMOW (1 SD). Impor-

tantly, carbonates that are buried ∼ 1.5 km at geothermal temperatures of ∼ 70◦C

(present day) for hundreds of millions of years have similar temperature and fluid

compositions as Eocene-aged carbonates buried 450 meters. These bulk carbon-

ates show very little diagenetic spread on a 3-plot diagram. Co-occurring calcite

spar sampled from specific depths (357.1, 500.8, 729.5, 794.2) sit much closer to

the borehole temperature from the bulk carbonate samples from those respective

depths.

The Ara Group carbonates have recrystallized at much higher temperatures

that approach the current borehole temperatures in the subsurface samples buried



24

3.
0

2.
5

2.
0

1.
5

1.
0

0.
5

0.
0

●●

●

● ●

●

● ● ●
●

● ●

●
●
● ●

● ●
●● ● ●

●
●

●

25
50

75
3.

5

Fa
rs

U
m

m
 

Er
 

Ra
dh

um
a

A
ru

m
a

N
at

ih

D
hr

um
a

Kh
u�

G
ha

rif

A
l K

ha
lta

G
ud

un

H
ar

ad
h

CambrianOrdovicianPermianJur.CretaceousQuaternary -
Paleogene

D
ha

ha
ba

n

A
l N

oo
r

A
ra

N
im

r

A
nd

am

H
au

sh
i

A
kh

da
r

Sa
ht

an
Ka

hm
ah

W
as

ia

H
ad

hr
a-

m
au

t

Carb.

Depth (km)

Te
m

pe
ra

tu
re

 (º
C

)

4.
0

3.
8

3.
6

3.
4

3.
2

3.
0

●
●

●

50
75

10
0

4.
5

Bi
rb

a

Bu
ah

Sh
ur

am

Kh
uf

ai

M
as

ira
h

Ba
y

NafunAra

Ediacaran

Depth (km)

Te
m

pe
ra

tu
re

 (º
C

)

2.
7

2.
6

2.
5

2.
4

50
75

Birba

Ara

Ediacaran

Al Noor

Depth (km)

Te
m

pe
ra

tu
re

 (º
C

)

N
on

-S
O

SB
 B

irb
a 

do
lo

m
ite

Eo
ce

ne
-P

er
m

ia
n 

ca
lc

ite

Pe
rm

ia
n 

do
lo

m
ite

●
Vo

id
 a

nd
 fr

ac
tu

re
 c

al
ci

te
●

N
af

un
 G

ro
up

 c
al

ci
te

N
af

un
 G

ro
up

 d
ol

om
ite

●
●

SO
SB

 c
al

ci
te

lim
es

to
ne

do
lo

m
ite

ev
ap

or
ite

sa
nd

st
on

e

si
lts

to
ne

ge
ot

he
rm

al
 g

ra
di

en
t

A
ra

da

Th
uw

ai
q 

M
tn

.

Figure 1.11: Clumped isotope temperatures versus depth with the measured borehole geother-
mal gradient for three subsurface wells. Only the Ara Group carbonates (both calcite and
dolomite) sit on the current geotherm.
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2-4 km deep. The samples indicate significant low water/rock recrystallization

has occurred which is supported by the fine to coarsely crystalline nature of most

samples. More sections of the A4C carbonate need to be analyzed to determine

if the cooler temperatures and less enriched fluid compositions is a basin-wide

pattern (Fig. 1.9). The diagenetic character of the Ara Group is likely strongly

controlled by the depositional environment of a mixed carbonate-evaporite setting.

The carbonate ’stringers’ as they are termed now float within the salt. The pore

fluids associated with these carbonates are highly evolved and support long-term

isolation. The Birba Formation carbonates from the Eastern Flank and Central

Oman High also sit on the present day geothermal gradient in their given well

unlike the underlying Nafun Group.
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Figure 1.12: Clumped isotope temperatures versus depth with a generalized geothermal gradi-
ent for Central and Southern Oman. Only the Ara Group carbonates (both calcite and dolomite)
sit on the current geotherm.

The Nafun Group carbonates resemble the Phanerozoic carbonates in many

ways. The petrographic fabrics are similar and the δ18Owater composition is over-
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lapping (Fig. 1.13). Yet the temperatures that yield δ18Owater compositions of

∼ 0h are generally 5–10◦C warmer (Fig. 1.10). The samples from the carbon-

ate dominated Khufai and Buah formations likely underwent similar processes

of porosity occlusion and cementation early in their history like the Phanerozoic

samples because the δ18Owater composition is so similar to seawater. This likely

due to similar carbonate-dominated burial environments that are fluid rich during

burial.
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Figure 1.13: δ18Owater versus depth for Central and Southern Oman. Both the Eocene- to
Permian-aged carbonates and the Nafun Group carbonates yield δ18Owater compositions of ∼
0h. The Ara Group carbonates yield strongly enriched fluid compositions.

These results suggest that in shallow burial environments (0–∼ 5 km) there

is a population that has undergone early burial diagenesis controlled by marine

pore waters and a population that has undergone later burial diagenesis with

evolved formation waters (Fig. 1.12). There is likely some increase in the measured

clumped isotope temperature in the early burial diagenesis population from mixing

in secondary calcite cements however there appear to be clear differences between
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Figure 1.14: Schematic model of clumped isotope thermometry behavior in South and Central
Oman. The Ara Group carbonates whether in the SOSB, Central Oman (orange) or Ghaba
Salt Basin (red) have temperatures similar to the current geothermal gradient temperatures and
enriched fluid compositions. Most other bulk carbonates yield δ18Owater compositions suggesting
they cemented within the shallow subsurface and have not been strongly altered since (light blue).

bulk carbonates (i.e., grainstone) that are composed of up to 30% clear blocky

cements and calcite cements that fill cavities and veins. This suggests much of

the blocky calcite found in carbonate grainstone facies is a very early phase. The

bulk carbonates that yield clumped isotope temperatures approaching the current

geothermal gradient tend to be in environments with low water/rock ratios. While

more studies of this kind should be done on natural samples from a range of

borehole depths, these data do not support significant ’solid state reordering’ in

the shallow burial environment. Instead, the results can be explained based on

recrystallization history and petrographic differences as well as burial environment.

1.7 Conclusion

Clumped isotope analyses of carbonates from the subsurface spanning a wide range

of depths (450 meters–∼ 6 km), indicate that only a few carbonate have temper-

atures that reflect the geothermal gradient. These carbonates tend to either be

later diagenetic cements and veins or are found in environments that have very

low surrounding porosities (i.e., the Ara Group). In contrast, the Phanerozoic and

Nafun Group samples from a carbonate dominated system yield clumped isotope

temperatures that likely reflect near-surface temperatures where the various com-
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ponents of these rocks precipitated in equilibrium with seawater. These results

suggest solid state diffusion is not a dominant process in shallow burial environ-

ments on geologic timescales [5]. The study can be more broadly applied to suggest

many bulk carbonates reflect near primary conditions and are stabilized early in

their history. Late burial diagenetic processes can be easily distinguished from this

early stabilization.
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Chapter 2

Constraints on Ediacaran carbon cycle

dynamics from the Shuram Excursion of

Oman

Kristin D. Bergmann1, John P. Grotzinger1, Magdalena Osburn1, John M. Eiler1,

Woodward W. Fischer1

1California Institute of Technology

2.1 Abstract

Neoproterozoic large negative carbon isotope excursions remain an enigmatic fea-

ture of the long-term carbon isotopic record yet their temporal distribution pre-

dating the appearance and diversification of complex animals in the fossil record

demands an improved understanding of them. There is considerable uncertainty on

whether these extreme excursions reflect primary perturbations in marine DIC [1,

2, 3], or whether they are post-depositional features [4, 5, 6, 7]. We examine prob-

lematic aspects of the largest negative excursion on record—the Shuram Excursion

in the Sultanate of Oman including: (1) co-variation in δ13C and δ18O carbonate,

(2) elevated trace metal signatures, and (3) isotopic variability between the dif-

ferent carbonate phases [2, 7, 6, 5]. We combine bulk and micro-scale analysis
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of isotopic composition using carbonate clumped isotope thermometry and SIMS,

and trace metal enrichments using ICP-OES, XANES and electron microprobe

measurements. We find there is little evidence for large-scale isotopic re-ordering

associated with open-system diagenesis [5, 6, 8], instead the bulk of the δ18Omin

trend can be explained by a two-step change in depositional conditions caused by

1) a temperature increase and fluid composition change from enriched evaporative

fluids to open marine fluids and 2) a mineralogical shift from dolomite to calcite.

The excursion is correlated with an increase in fine-grained, poorly weathered de-

trital material that accounts for the majority of the increase in bulk trace metal

enrichment. The results of this study suggest these rocks preserve their primary

isotopic character and the extreme depletion reflects a secular change in marine

DIC, which supports previous hypotheses that this important event may have had

a critical role in the appearance of Ediacaran fauna [1, 9].

2.2 Introduction

The extreme variability of the Neoproterozoic carbon isotopic record has received

much attention of late (e.g., [2, 7, 10, 6]). The record is characterized by a pos-

itive baseline of ∼ +5 that is punctuated by large negative excursions [11]. The

most extreme negative excursion on record, the so-called Shuram Excursion, was

first discovered in the Shuram Formation of the Nafun Group of Oman and has

been since documented in many other Ediacaran-aged successions including South

Australia, South China, Western USA and likely also in Siberia, Scandinavia,

Scotland and Namibia [12, 1, 13, 14, 15, 16, 17, 18, 19, 20, 21]. The carbonate iso-

topic composition reaches δ13CV PDB values of -12h in the nadir of the excursion

and remains at extreme negative values for hundreds of meters of shelf stratig-

raphy [12, 1, 13, 14, 15]. While no direct geochronological constraints exist on

the strata that record such extreme δ13C values, they are constrained to between

600-551 Ma, post-dating the Marinoan Glaciation and pre-dating the Precambrian-

Cambrian Boundary [22, 2, 20]. In both South Australia and the Western USA,
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the negative excursion is stratigraphically below the first appearance of Ediacaran

fauna [23, 13, 24].

The lowest of these negative isotopic values are problematic because they sit

outside of the traditional solution space of the steady-state carbon isotope mass

balance model used to understand long-term carbon isotopic variation (e.g., [25]).

These negative values are more negative that the assumed δ13C input composition

from weathering and volcanic outgassing of ∼ -6hṪwo distinct classes of hypothe-

ses have been put forward to explain these global negative excursions. The first

class proposes the carbon isotopic system during this interval of Earth’s history

cannot be understood with traditional assumptions made in the isotopic mass bal-

ance model. Mechanisms within this class include two dynamic reservoirs where

the dissolved organic carbon (DOC) reservoir dramatically changed size over the

coarse of the excursion [3, 1], the system was operating at quasi-steady state [3],

there was a significant change in the isotopic composition of the inputs [26]. A

recently proposed model alters the carbon isotope mass balance model from a

two sink to three sink model [7], postulating the Neoproterozoic large negative

excursions are composed of a significant amount of authigenic depleted δ13C car-

bonate that formed in the sediments. The second class of hypotheses regarding the

extreme negative carbon isotopic excursions suggest they have no direct connec-

tion to dynamics within the marine carbon cycle because they are not a primary

feature [4, 5, 6]. These authors have pointed to aspects of the strata preserving

these excursions that they argue suggest diagenetic processes have altered the δ13C

values including: (1) co-variation in δ13C and δ18O carbonate, (2) elevated trace

metal signatures, and (3) a lack of co-variation in δ13Ccarb and δ13Corg [6, 5].

Central to the debate on whether these excursions are recording time-varying

behavior in marine DIC is the striking correlation between δ13C and δ18O of the

carbonate. This correlation is not expected from most primary processes because

of the different residence times of carbon and oxygen in the global ocean and

the largely uncoupled nature of the two isotopic systems. Co-variation has been

observed via open-system diagenesis in younger rocks where large pore volumes of
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Figure 2.1: δ13C and lithofacies of the five sections analyzed. Wells ’TM6’ and ’MQ1’ are plotted
versus their current burial depth whereas ’MD’ ’KD’ and ’MTN’ are plotted versus stratigraphic
height. The sections are aligned on the onset of the Shuram Excursion which corresponds to a
sequence boundary in the outcrop sections ’MD’ and ’KD’.

Grey data and outcrop stratigraphy from this study (Shuram and Buah fms.)

and [27] (Khufai Fm.) and grey data for MQ1 and TM6 from [28]
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Figure 2.2: δ18Omin of the five sections analyzed. Wells ’TM6’ and ’MQ1’ are plotted versus
their current burial depth whereas ’MD’ ’KD’ and ’MTN’ are plotted versus stratigraphic height.
The sections are aligned on the onset of the Shuram Excursion which corresponds to a sequence
boundary in the outcrop sections ’MD’ and ’KD’.

Grey data and outcrop stratigraphy from this study (Shuram and Buah fms.)

and [27] (Khufai Fm.) and grey data for MQ1 and TM6 from [28]



38

13C-depleted fluids flush through a package of rocks creating a diagenetic ar-

ray of successively altered carbonates [8, 29, 30]. The co-variation between δ13C

and δ18O of the carbonates recording the excursion has produced two different

post-depositional diagenetic models for extreme negative carbon isotope excur-

sions, a burial model where the carbonates have been flushed with isotopically

depleted δ13C hot basinal brines [5], and a meteoric model where the carbon-

ates have been flushed with isotopically depleted terrestrial δ13C and isotopically

depleted meteoric fluids [6]. However, it is important to remember there are doc-

umented Phanerozoic examples that exhibit a primary correlation between δ13C

and δ18O where these excursions have known climatic forcing (i.e., the PETM and

end-Ordovician glaciation) but the isotopic range is smaller (-1.5h in δ18O for the

PETM; +5h in δ18O for the end-Ordovician glaciation) [31, 32].

If the Shuram excursion is caused by a post-depositional diagenetic process,

its temporal significance precceeding the rise of Ediacaran fauna and the diversi-

fication of animals would have no implications for the environmental conditions

and oxygen budget leading into these significant evolutionary events [33, 23]. Im-

portantly, if the small-scale differences in the δ13C isotopic composition of succes-

sive carbonate strata that researchers currently interpret as ’excursions’ can be

produced by post-depositional processes like recrystallization and precipitation of

secondary phases, this would call into question the long-term validity of the car-

bon isotopic record as a whole. Current interpretations tying the δ13C isotopic

record to the historic behavior of the carbon cycle and indirect links to the oxy-

gen budget would prove questionable. Additionally, prior to rise of animals, the

carbon isotopic composition of individual stratigraphic sections are currently used

for correlation purposes to other sections globally, a practice that may be partially

invalidated if such records are significantly modified during burial.

The ongoing debate about whether these excursions have implications for the

dynamics of the Neoproterozoic carbon cycle and oxygen budget led us to use a

combined approach of bulk and micro-scale techniques to constrain the diagenetic

history of the rocks recording the Ediacaran Shuram excursion in the Sultanate
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of Oman [12, 34]. The three models proposing that these extreme negative ex-

cursions are caused by large-scale recrystallization of the carbonates in the pres-

ence of exotic fluids [6, 5] or represent the formation of volumetrically significant

amounts of δ13C depleted authigenic carbonates [7] make specific predictions for

the sedimentary character, petrography, micro-scale geochemistry and clumped

isotope geochemistry of these rocks. Specifically, we will present results from (1)

carbonate ’clumped’ isotope thermometry which can independently determine the

precipitation temperature of both calcite and dolomite. Using traditional δ18O pa-

leothermometry [35, 36], the precipitating fluid composition can be solved for (i.e.,

marine, meteoric, or hot basinal brine), thus the diagenetic mechanisms proposed

for large negative carbon isotope excursions that require flushing with exotic fluids

to create a correlated array in δ13C and δ18O are directly testable [5, 37, 6, 38] (2)

micro-scale analysis using secondary ion mass spectrometry (SIMS) that can mea-

sure the isotopic composition of primary vs. authigenic carbonate phases testing

the importance of a volumetrically significant authigenic carbonate phase during

these excursions [7] and (3) micro-scale elemental analysis using the electron mi-

croprobe which can identify the specific components that result in elevated bulk

trace metal compositions.

2.3 Geologic Setting

The Shuram Excursion is recorded in the strata of the Khufai, Shuram and Buah

Formations within the Ediacaran- to Cambrian-aged Huqf Supergroup (Fig. 2.7,

Fig. 2.1) [39, 2, 40]. In central Oman, the Khufai Formation is composed of shallow-

water carbonates deposited on a carbonate ramp. In general the carbonates in the

Huqf show a generalized upwards shallowing of the lithofacies and lateral progra-

dation. The Lower Khufai Formation is composed of medium to thick intraclast

wackestone event beds deposited below storm weather wave base [41]. In contrast,

the Middle and Upper Khufai Formation was deposited in a peritidal environment

with minimal accommodation space, restriction and evaporation. These rocks have
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undergone almost complete early, fabric-preserving dolomitization [41]. Lithofa-

cies include cross-bedded oncolite grainstone, tufted laminite, domal stromatolites,

intraclast conglomerate and structures including teepees associated with evapor-

ite mineral pseudomorphs and brecciation (Fig. 2.3c) [41]. The most proximal

facies in the Upper Khufai Formation (i.e., teepees and breccia) are overlain by

aggradding stromatolites and oolitic grainstone indicating a sequence boundary ex-

ists where the depositional environment changes from one dominated by exposure

to one characterized by slow flooding and increased accommodation space [41].

The carbonate strata above the sequence boundary preserve the initial decline in

δ13C and δ18O of the Shuram Excursion. The dolomitic lithofacies of the up-

permost Khufai, including stromatolites and cross-stratified ooid grainstone can

preserve δ13CV PDB compositions as depleted as -8.5h (Fig. 2.6). One would pre-

dict a transition from a restricted evaporative environment to a flooded platform

in connection with open marine water would have a isotopic change in the fluid

composition. The maximal transgression and flooding is coincident with the intro-

duction of thick red siltstone deposits and a loss of carbonate lithofacies marking

the start of the siliciclastic dominated Shuram Formation (Fig. 2.3d) [34, 41]. The

middle and upper Shuram Formation is better exposed in outcrop and consists of

repeated parasequences of hummocky cross-stratified siltstone capped by trough

to planar cross-stratified limestone ooid grainstone with δ13CV PDB isotopic com-

positions as low as -12h (Fig. 2.3d) [40, 34]. The siltstone contains evidence for

soft sediment deformation including ball and pillow structures [40]. The recovery

of the Shuram excursion occurs in the lower Buah Formation, which is also com-

posed of shallow-water carbonates that indicate a general upwards shallowing of

the lithofacies. The lowermost Buah is composed of limestone crinkly laminite and

edgewise conglomerate, a lithofacies interpreted as a partially lithified seafloor that

is reworked and stacked on edge by oscillatory wave action. (Fig. 2.3f) [42]. This

reworking of the seafloor potentially occurred during storm events. The gradual

isotopic recovery continues above a sequence boundary that shows a rapid increase

in accommodation space, a shutoff in the siliciclastic input and the aggradation of
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42

large reefal stromatolite mounds filled in with trough cross-stratified grainstone

shoals (Fig. 2.7, Fig. 2.1).

In the Oman Mountains the Khufai Formation is thinner, completely limestone

and is predominantly intraclast wackestone and mudstone deposited as turbidites

below storm weather wave base. The Upper Khufai Formation is marked by suc-

cessive large-scale (3 m) slump beds and in a few locations including Wadi Bani

Awf significant coarse grained sandstone beds [34, 41]. The Shuram Formation is

dominantly composed of siltstones alternating with ripple-stratified silty carbonate

grainstone beds with gutter casts on bed bottoms. The ripples indicate significant

aggradation during ripple formation producing asymmetrical climbing wave ripple

morphologies (Fig. 2.3e) [34]. The Buah Formation has a broadly similar lithofacies

progression to the Huqf outcrop area with more significant lithofacies differences

between Wadi Hajir and Wadi Bani Awf, the latter being more distal [43, 44].

To constrain the importance of post-depositional diagenetic processes on the

carbon isotope excursion, samples were analyzed from five stratigraphic sections

including two from subsurface drill cores (current burial depths TM6: 2200–2900

m and MQ1: 3300–3900 m, respectively) [12, 1], two from shallowly buried strata

from the Huqf outcrop area (MD & KD < 2 km max burial depth), and one

from deeply buried strata from the Oman Mountains (MTN > 7 km max burial

depth) (Fig. 2.3a, Fig. 2.7). All carbonate samples analyzed in this study from

the outcrop locations were composed of > 70% primary grains or micrite and <

30% post depositional diagenetic cements. All five sections preserve the striking

negative excursion, where δ13CV PDB values fall rapidly to values of -12h and have

a corresponding negative excursion in δ18O (Fig. 2.1, Fig. 2.2) [12]. The similarity

in δ13C composition across all sections indicate the excursion was recorded early

in these rock’s history and is not affected by their widely different burial histories

(< 2 km to > 7 km). The Oman Mountains section shows anomalous extreme

δ18O depletion which supports the long-held understanding that deep burial can

significantly alter the δ18O of carbonates(Fig. 2.2) [12].
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2.4 Methods

2.4.1 Sample collection and preparation

Carbonate samples were collected from outcrop locations from the Huqf Outcrop

area and Oman Mountains in the winters of 2010 and 2011. Stratigraphic sec-

tions were measured and sampled in stratigraphic height at Mukhaibah Dome

(MD), Khufai Dome (KD) in the Huqf Outcrop area and at Wadi Sahtan and

Wadi Hajir in the Oman Mountains (MTN) [41]. Hand samples were cut to ex-

pose an unweathered face prior to further analysis. A variety of lithofacies were

analyzed from each stratigraphic section including mudstone, stromatolite bound-

stone, oolitic grainstone, siltstone, sandstone and edgewise conglomerate and fea-

tures like teepees [41]. The textural range sampled was in part driven by necessity

because no single facies persists through the entire excursion at high resolution.

The added benefit of analyzing a range of carbonate facies is an improved un-

derstanding of preservation biases associated with specific carbonate textures and

different primary porosities that lead to varying contributions from secondary ce-

ments.

2.4.2 Carbonate clumped isotope thermometry

Samples were analyzed over the period of Jan, 2009-Jan, 2013. Samples were

either drilled from a thin-section billet or from a cut slab with a 3 mm rotary drill

bit. Rock cuttings were rinsed to remove drilling mud, dried and powdered in a

mortar and pestle. 9–12 mg of powder was weighed into silver capsules before

being reacted at 90◦C in 100% H3PO4 in a common acid bath. Evolved CO2 was

purified by multiple cryogenic traps including a Porapak-Q chromatograph held

at -20◦C before being measured on a ThermoFinnigan MAT 253 IRMS. Methods

for the measurement and corrections to analyzed heated gases run during each

session following [45, 46]. After corrections based on the heated gas line from a

given session and an intercept shift based on the initial calibration experiment,

∆47 values were transformed into an absolute reference frame using a secondary
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transfer function following [47, 48]. The secondary transfer function for each week

was calculated using any of the following available data: 25◦C and 1000◦C CO2

as well as any of four carbonate standards with known absolute reference frame

values (see below). Finally ∆47 values for carbonate samples were corrected by

+0.092h for the 90◦C acid bath reaction temperature within the absolute reference

frame [48].

Values within the absolute reference frame (ARF) for two internal standards

used over the course of the analyses, Yale CM (n=35) and TV01 (n=50) were

calculated from 7 weeks when 1000◦C CO2 was analyzed daily and 25◦C CO2

gases were analyzed bi-weekly. The calculated values for the two standards in the

absolute reference frame are reported with 1 SD for all sessions with heated gases

and equilibrated gases: Yale CM (n = 33) ∆47-ARF = 0.404 ± 0.022h, TV01 (n

= 50) ∆47-ARF = 0.730 ± 0.018h. Absolute reference frame values for two other

internal standards run during the analytical period were calculated from weeks

where either Yale CM and/or TV01 had been run with them (GC-AZ-01 (n=12)

and Carmel Chalk (n=15)). Values are reported with 1 SD for all sessions with

heated gases and known standards: 102-GC-AZ01 (n = 12) ∆47-ARF = 0.709 ±

0.023h, and Carmel Chalk (n=15) ∆47-ARF = 0.678 ± 0.020h. The values of

the Carrara standard and 102-GC-AZ01 in the absolute reference frame are nearly

identical to those found at Johns Hopkins (UU Carrara (n = 93) ∆47-ARF = 0.403

± 0.015h and 102-GC-AZ01 (n = 102) ∆47-ARF = 0.710 ± 0.015h [48].

The reproducibility of standards for all analytical weeks are reported with 1

SD for all sessions: Yale CM (n = 98) ∆47-ARF = 0.405 ± 0.019h, 102-GC-

AZ01 (n = 23) ∆47-ARF 0.710 ± 0.011h, TV01 (n = 86) ∆47-ARF 0.730 ±

0.015h and Carmel Chalk (n = 17) ∆47-ARF 0.675 ± 0.015h. For single unknown

measurements the uncertainty of the measurement is reported as the standard error

of the mean (SEM) of ∆47 measurements over 8 acquisitions. For n ≥ 2, the error

is reported as the SEM of ∆47 over the number of sample replicates.

Temperatures were calculated in the absolute reference frame as well as the in-

terlab reference frame using the same calibration data from two calibration studies
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completed at Caltech [49, 50]. To build this calibration equation from low to high

temperatures we assume that calcite and dolomite calibrations are equivalent. The

two approaches do not yield the exact same temperature on a week to week basis

and this is likely due to two factors: 1) conversion of the two calibration studies

into the absolute reference frame is imperfect because the samples were analyzed

before 25◦C CO2 gases were analyzed regularly and 2) Converting unknown sam-

ples into the absolute reference frame using both gases and carbonate standards

in the transfer function will correct for standard residuals for a given week.

The mineralogy of each powder analyzed was determined by XRD analysis (see

below) to properly calculate the δ18Omin composition using unique 90◦C acid diges-

tion fractionation factors for calcite and dolomite [51, 52]. Fluid compositions were

calculated using the measured clumped isotope temperatures and separate equilib-

rium fractionation equations for calcite-water [35] and for dolomite-water [36]. For

samples that contained mixtures of calcite and dolomite, the dominant mineral-

ogy was used to calculate δ18Omin and δ18Owater. Three different dolomite-water

equilibrium fractionation equations were compared [53, 54, 36]. Both [36] and

[53] produced δ18Owater results in agreement with co-occurring calcite measure-

ments lending faith in the results. The temperature range of dolomite formation

from [36] most closely matched the measured temperature range so it was used

to calculate the reported water compositions.

2.4.3 Secondary ion mass spectrometry (SIMS)

In situ analysis of δ13C and δ18O SIMS analysis was conducted on a Cameca 7f-

GEO in the Center for Microanalysis at the California Institute of Technology.

The Cameca 7f-GEO was run at a mass resolving power for C of 3000 and for O

of 1800. Two thick sections of samples from the nadir of the excursion from the

Mukhaibah Dome (MD) and Khufai Dome (KD) sections were imbedded with in-

house carbonate standards prior to polishing (Fig. 2.12). A 10 kV Cs+ beam was

held 0.4 nA for C analyses and 1.1 nA for O analyses for spot sizes of 30 µm and

40 µm, respectively. Each spot was pre-sputtered for 120 s. Oxygen was measured
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on a double Faraday cup system for a count time of 0.96 s for 16O and 4.96 s for

18O using a fast mass peak switching system. Carbon was measured on a single

EM with a count time of 0.96 s for 12C and 10.0 s for 13C. A dead time correction

was applied to carbon measurements. Secondary ions were collected at -9 kV. 10

measurements of sample unknowns were bracketed with 4 standard analyses on

either side. Standard precision was better than 1h for δ13C and δ18O for each of

the 8 standard analyses bracketing sets of unknowns.

2.4.4 SEM/electron microprobe

A ZEISS 1550 VP Field Emission Scanning Electron Microscope (SEM) equipped

with an Oxford INCA Energy 300 X-ray Energy Dispersive Spectrometer (EDS)

system within the California Institute of Technology Geological and Planetary Sci-

ences Division Analytical Facility was used for high-resolution imaging of each sam-

ple. Images were collected at a working distance between 7-9 mm using a Quadrant

Back Scattering Detector (QBSD). In addition EDS spectroscopy measurements

of individual minerals were made to identify the types of detrital minerals present

in a given sample.

Quantitative elemental spot analysis and elemental mapping on the various

carbonate components to assess trace metal variability between textures was con-

ducted on the JEOL JXA-8200 Electron Microprobe. For all quantitative results,

the accelerating voltage was 15 kV, the beam current was 20 nA, and the beam

size was 1 µm. The CITZAF method was used for matrix correction. Sample stan-

dards for the five chemical elements analyzed, included: calcite for Ca, dolomite

for Mg, siderite for Fe, rhodochrosite for Mn, strontianite for Sr, and anhydrite

for S. Ca had an average detection limit of 177 ppm, Mg–283 ppm, Fe–323 ppm,

Mn–300 ppm, Sr–589 ppm, and S–104 ppm.

2.4.5 Carbonate carbon and oxygen isotopic analysis

In addition to the clumped isotope measurements described above, the majority of

the higher resolution δ13C and δ18O data was analyzed at the California Institute
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of Technology on a ThermoFinnigan Delta V Plus attached to a ThermoFinni-

gan GasBench II. For the samples analyzed at Caltech, approximately 300 µg of

carbonate were weighed into gas vials, flushed with UHP He for 5 minutes and

reacted with 100% H3PO4 at 78◦C for 1 hour within the ThermoFinnigan Gas-

Bench II. Three standards were run at the beginning of an 88 sample run and then

8 unknown samples were bracketed by 1 standard. Standard reproducibility was

better than 0.2h in δ13C and better than 0.35h and 0.5h for δ18O for two in-

house standards. Additional samples were analyzed at the University of California,

Riverside and University of Nevada, Las Vegas using a similar ThermoFinnigan

GasBench setup.

Samples analyzed at the University of Michigan weighing a minimum of 10 µg

were placed in stainless steel boats. Samples were roasted at 200◦C in vacuo for

one hour to remove volatile contaminants and water. Samples were then placed

in individual borosilicate reaction vessels and reacted at 77◦ ± 1◦C with 4 drops

of anhydrous phosphoric acid for 8 minutes (a total of 12 minutes for dolomites,

17 minutes for apatite, and 22 minutes for siderites) in a ThermoFinnigan MAT

Kiel IV preparation device coupled directly to the inlet of a ThermoFinnigan MAT

253 triple collector IRMS. 17O corrected data are corrected for acid fractionation

and source mixing by calibration to a best-fit regression line defined by two NBS

standards, NBS 18 and NBS 19. Data are reported in h notation relative to

VPDB. Precision and accuracy of data are monitored through daily analysis of a

variety of powdered carbonate standards. At least four standards are reacted and

analyzed daily. Measured precision is maintained at better than 0.1h for both

carbon and oxygen isotope compositions.

2.4.6 Bulk powder inductively coupled plasma optical emission

spectroscopy (ICP-OES)

Bulk ICP measurements were completed at Actlabs and at the Jet Propulsion Lab-

oratory (JPL) on splits of the same drilled powder. The Actlabs method digested

up to 0.5 g of sample with aqua regia (HCl + NO3) for 2 hours at 95◦C. Partial
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reactions are possible for some silicates with this dissolution method. Samples

were then analyzed using a Varian ICP-OES for 35 elements.

To target only the bulk limestone between 10 and 80 mg of material was di-

gested in 10% acetic acid for 24 hours at 25◦C at the California Institute of Tech-

nology. Samples were then filtered to remove particulate oxides and diluted with

HCl to minimize introduction issues with the Ar plasma source. Samples were

analyzed at the Jet Propulsion Laboratory using a Thermo iCAP 6300 radial view

ICP-OES with a Cetac ASX 260 autosampler with solutions aspirated to the Ar

plasma using a peristaltic pump. Three standard solutions of 0.5 ppm. 5 ppm and

50 ppm of Mn, Al, Ca, K, Mg, S, Fe and Na, and three standard solutions of 0.1

ppm, 1 ppm and 10 ppm Sr in an acetic-HCl solution to matrix match were run

between every 8 sample unknowns.

2.4.7 Bulk powder x-ray absorption near edge spectroscopy

X-ray absorption near-edge spectroscopy (XANES) was conducted at the Stanford

Synchrotron Radiation Lightsource (SSRL) on beam line 4-1 on five representative

bulk powdered samples from the Shuram Formation in Central Oman. Samples

were powdered using a 3 mm rotary drill bit. The powdered samples were spread

in a monolayer over Scotch tape and then covered with a second layer of Scotch

tape. Approximately 8–16 Scotch tape layers were used for each sample. We used

a silicon 220 Φ = 90 crystal and x-ray absorption spectra (XAS) were collected

on a Ge multi-element detector for fluorescence and on an absorption detector for

transmission spectra. A collimating mirror was used to reduce beam harmonics.

XANES spectra of both Fe and Mn spectra were generated for each sample with a

scan from 6310–7502 eV. Samples were then normalized for each element and com-

pared to XANES spectra of known standards analyzed under similar conditions.

2.4.8 Bulk powder x-ray diffraction (XRD)

XRD measurements were made on each powder used for clumped isotope measure-

ments on a PANalytical X’Pert Pro within the Material Science at the California
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Institute of Technology. Scans were run from 5–70◦ 2θ with a step size of 0.008

and a scan step time of 10.16 s. A Cu anode was used at 45 kV and 40 mA. A

zero-background silicon plate was used for all measurements because of sample size

limitations. Mineralogical phases were initially identified using the X’Pert High-

score IDMin function. To determine relative abundances of calcite and dolomite in

each sample, the relative peak height intensities of the major calcite and dolomite

peaks at 29.5◦ 2θ and 30.7◦ 2θ, respectively, were used [55]. Mixtures of known

compositions of 100%, 80%, 60%, 40%, 20% and 0% calcite with dolomite were

used to create the following relationship of peak height to % dolomite for the

PANalytical X’Pert Pro setup at Caltech:

PercentDolomite =

Rel.IntensityofCaMgCO3

Rel.IntensityofCaMgCO3+CaCO3
− 0.0526

0.0099
(2.1)

90% of the samples analyzed were pure end-members of either calcite or dolomite.

For the 10% of samples that were a mixture of both calcite and dolomite, the acid

digestion fractionation for δ18Omin and min-water fractionation factor for all mix-

tures in the clumped isotope calculations were made assuming 100% composition

of the dominant mineralogy. This will introduce a systematic bias for those sam-

ples but most are more than 70% one mineralogy. Another approach would be to

use the measured CO2 gas, and use a weighted average to calculate each portion

separately. That approach assumes the two phases have the same δ18O CO2 gas

composition.

2.5 Results

2.5.1 Carbonate clumped isotope thermometry

The results from the four sections with minimal burial histories (TM6, MD, KD,

and MQ1) show similar stratigraphic trends (Fig. 2.4). The δ13C, δ18O and

clumped isotopic character (∆47) of the Khufai, Shuram and Buah formations

are best defined by four stratigraphic divisions: (1) the Lower Khufai Formation,
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(2) the Middle and Upper Khufai Formation, (3) the uppermost dolomites of the

Khufai Formation recording the onset of the excursion above the sequence bound-

ary, and (4) the nadir and recovery of the excursion in limestones of the Shuram

and Buah formations (Fig. 2.4, Fig. 2.2, Fig. 2.6).

The Khufai Formation prior to the onset of the excursion provides an opportu-

nity to examine the clumped isotope temperature range and diagenetic trends in a

package of rocks with the same burial history but no δ13C isotopic depletion. There

are three types of diagenesis evident in the Khufai Formation: Type 1—high water-

to-rock ratio diagenesis of the type suggested to drive the Shuram excursion [5, 6].

Rocks experiencing this type of diagenesis show no change in the fluid composi-

tion despite precipitation at higher temperatures suggesting the fluid is abundant

and has not evolved due to water-rock interactions where the enriched δ18O of the

carbonate rock can enrich small volumes of fluid during exchange. The change in

δ18Omin is due to recrystallization at higher temperatures, Type 2—low water-to-

rock ratio diagenesis during burial at elevated temperatures. Rocks experiencing

Type 2 diagenesis show significant fluid evolution as the small pore volumes be-

come increasing enriched by the water-rock interactions, no change in δ18Omin and

precipitation at elevated temperatures, and Type 3—minimal isotopic alteration

during lithification preserving near primary, shallow burial temperatures and un-

modified fluid compositions (Fig. 2.6). Type 1 diagenesis (high water/rock) is only

evident in the Lower Khufai Formation. The carbonates demonstrating this type

of diagenesis are significantly recrystallized and are often macroscopically crys-

talline and penetrated by calcite veins. The clumped isotope temperatures are

elevated but fluid compositions remain near 0h (T = 45-77◦C, avg. δ18Owater =

0.7h VSMOW) (Fig. 2.3b, Fig. 2.6). The peritidal carbonates of the Upper Khu-

fai Formation show both Type 2 and Type 3 diagenesis. Samples showing Type 2

diagenesis (low water/rock) are not homogenous and likely contain a component of

secondary cement precipitated during burial at elevated temperatures from evolved

pore volumes (T = 55-80◦C, avg. δ18Owater = 4h VSMOW) (Fig. 2.6). Samples

indicating Type 3 diagenesis are well preserved petrographically and include
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Figure 2.4: Clumped isotope temperature of the five sections analyzed. Wells ’TM6’ and
’MQ1’ are plotted versus their current burial depth whereas ’MD’ ’KD’ and ’MTN’ are plotted
versus stratigraphic height. The sections are aligned on the onset of the Shuram Excursion which
corresponds to a sequence boundary in the outcrop sections ’MD’ and ’KD’.

outcrop stratigraphy from this study (Shuram and Buah fms.) and [27] (Khufai

Fm.)
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Figure 2.5: δ18Owater of the five sections analyzed. Wells ’TM6’ and ’MQ1’ are plotted versus
their current burial depth whereas ’MD’ ’KD’ and ’MTN’ are plotted versus stratigraphic height.
The sections are aligned on the onset of the Shuram Excursion which corresponds to a sequence
boundary in the outcrop sections ’MD’ and ’KD’.

outcrop stratigraphy from this study (Shuram and Buah fms.) and [27] (Khufai

Fm.)
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micrites showing minimal recrystallization and grain-size coarsening in thin

section as well as wackestone and finely laminated stromatolites. The Type 3

samples preserve the lowest temperatures and were precipitated from fluids with

δ18OV SMOW compositions similar to or slightly elevated relative to modern seawa-

ter (T = 38-52◦C, avg. δ18Owater = 0.4h VSMOW)(Fig. 2.6). The more restricted

lithofacies with teepee structures and evaporite mineral pseudomorphs, precipi-

tated at similar temperatures but from fluids elevated in δ18O (avg. δ18Owater =

3h VSMOW).
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Figure 2.6: Diagenetic trends within the Shuram excursion. Clumped isotope temperature
vs. calculated δ18Owater (VSMOW) with isolines of δ18Omin (VPDB). The lowest temperature
end-members likely preserve near primary temperature-fluid compositions. A) Lower Khufai
Formation samples indicating Type 1 diagenesis (high water/rock). B) Upper Khufai Formation
samples from a restricted peritidal environment indicating Type 2 (low water/rock) and Type
3 diagenesis (minimal). C) Uppermost Khufai Formation samples recording the onset of the
excursion indicating Type 2 and Type 3 diagenesis. D) Shuram and Buah Formation samples
recording the nadir and recovery of the excursion in limestone indicating Type 2 and Type 3
diagenesis.

In the rocks recording the isotopic excursion in the uppermost Khufai, Shuram
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and Buah formations there is no evidence for Type 1 diagenesis (high water/rock)

as previously proposed (Fig. 2.6) [5, 6]. More specifically Type 1 meteoric diagene-

sis would yield fluid compositions between ∼ -5– -7h and low temperatures for the

most δ18O depleted carbonates [6] whereas deep basinal brines driving alteration

would yield enriched fluid compositions and high temperatures [5]. Dolomites pre-

serving the onset of the isotopic excursion in the uppermost Khufai Formation

generally show Type 3 diagenesis. The lowest temperatures are slightly elevated

compared to samples below the sequence boundary and indicate precipitation from

marine fluids estimated for ice-free conditions (T = 44-62◦C, avg. δ18Owater = -

1.2h VSMOW). Both x-ray diffraction (XRD) and bulk trace metal data confirm

a mineralogical change from dolomite to limestone at the boundary with the Shu-

ram Formation. This mineralogical change accounts for a significant equilibrium

dependent shift in δ18Omin between the population recording the onset of the ex-

cursion and the population recording the nadir and recovery. This shift in δ18Omin

because of mineralogy is only true if the calcite and dolomite equilibrated with the

same abundant fluid (i.e., the ocean). This is confirmed because the limestone

samples indicating Type 3 diagenesis precipitated from nearly identical marine

fluids as the dolomite samples preserving the onset of the excursion when mineral

dependent fractionation factors are used (T = 42-55◦C, avg. δ18Owater = -1.2h

VSMOW). Type 2 diagenesis (low water/rock) is common in the samples from

the nadir of the excursion (T = 56-71◦C, avg. δ18Owater = 1h VSMOW). This

suggests the combination of low surrounding porosity in the siltstone and higher

initial porosities in the oolitic grainstone allows for more fluid evolution while

precipitating pore filling cements during burial.

The samples from the Oman Mountains indicate higher clumped isotope tem-

peratures that reflect deeper burial (T = 88-152◦C, avg. δ18Owater = 8h VSMOW)

even though the bulk δ13C isotopic composition has not been altered. The clumped

isotope temperatures, depleted δ18Omin compositions and enriched δ18Ofluid com-

positions indicate Type 2 diagenesis (low water/rock).
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Figure 2.7: Isotopic character of the Shuram excursion. Lithofacies, δ13CV PDB , clumped
isotope temperatures, and mineral-specific calculated δ18OV SMOW fluid compositions for MD
and KD sections. The sections are aligned using the sequence boundary near the top of the
Khufai Formation.

stratigraphy and grey data from this study (Shuram and Buah fms.) and [27]

(Khufai Fm.)
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2.5.2 Secondary ion mass spectrometry (SIMS)

To test the possibility that a single, authigenic component that formed within

the sediments is strongly controlling the bulk isotopic composition [7], SIMS anal-

ysis was completed on the different carbonate phases in two samples from the

Huqf outcrop area (Fig. 2.11). Results from SIMS measurements on the two sam-

ples indicate ooids, a carbonate grain that precipitates from seawater, have very

similar isotopic compositions (avg. δ13CV PDB = -9.5h, -9.2h, avg. δ18OV PDB

=-9.2h, -9.1h), while authigenic porosity-occluding blocky spar cement in one

sample is enriched in δ18Omin (δ13CV PDB = -9.0h, -9.1h, δ18OV PDB = -7.7h,

-9.2h). The cement enrichment is from the sample with a higher clumped isotope

temperature (54◦C), suggesting the cement precipitated from evolved pore fluids,

likely at slightly elevated temperatures during shallow burial, however the δ13C

shows no modification. Early manganese-rich pink cements from that sample are

more similar to the ooids (δ13CV PDB = -8.9h, δ18OV PDB = -9.3h). In general,

the striking similarity in the SIMS measurements of ooids and cements suggests

that these phases precipitated from similar fluids and temperatures (Fig. 2.11,

Fig. 2.12).

2.5.3 Trace metal enrichments

The co-variation between bulk Fe and Mn concentrations and δ13C isotopic com-

position seen in previous datasets has been proposed as additional evidence of

significant post-depositional alteration (Fig. 2.7, Fig. 2.8) [5]. This line of reason-

ing assumes that when carbonates recrystallize during burial they often do so in

the presence of reduced fluids with higher levels of Fe2+ and Mn2+ whereas car-

bonates precipitated from oxygenated seawater would not be enriched in reduced

metals. We characterized the trace metal composition of these carbonates with a

variety of bulk and micro-scale methods to test this assumption because it is clear

these rocks are mixtures of carbonates and siliciclastics. Indeed δ13C covaries with

insoluble Al and Ti as well (Fig. 2.8). A comparison of the traditional strong acid
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Figure 2.8: Cross plots of bulk trace metal measurements versus δ13C. A–D) Log(Fe), log(Mn),
log(Ti) and log(Al) versus δ13C from three of the different sections analyzed. The magnitude of
Fe, Al and Ti is higher for Well ’MQ’ because that study dissolved both siliciclastic and carbonate
cuttings in a strong acid as opposed to sampling a carbonate.

Data from this study and [56, 1]

bulk dissolution method that targets all mineral phases and an acetic disso-

lution that targets only the limestone in duplicate powders indicates there are

distinct differences in absolute trace metal concentrations particularly for key re-

dox metals such as iron (Fig. 2.9). Electron microprobe mapping and spot analysis

of trace metal abundances can identify the important phases carrying metals in-

cluding iron and manganese (Fig. 2.11). Iron it is almost completely carried in

detrital phases like hematite, ilmenite, and biotite (Fig. 2.11). For example, one

mixed carbonate-siliciclastic bed from the lower Shuram is composed of a signifi-

cant amount of iron-rich biotite (Fig. 2.11b, i, l, Fig. 2.13). The high iron concen-
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tration in spot analyses of ooids can be attributed to small inclusions of hematite

within the ooid (Fig. 2.11f, Fig. 2.12). Some authigenic hematite has coated de-

trital grains and mineralized ooids along surfaces likely representing depositional

hiatuses to allow for the mineralization (Fig. 2.11e, h). These surfaces are of-

ten capped by intervals lean in detrital sediments but with significant secondary

cement indicating faster ooid deposition.
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Figure 2.9: Bulk strong acid and acetic acid trace metal measurements from section MD for
Fe, Mn and Mg. A strong acid dissolution (light blue) vs. an acetic acid dissolution (dark blue)
targeting only the limestone indicates a significant component of the iron signal is not carried in
the carbonate while most of the manganese signal is. The magnesium concentration confirms the
mineralogical change to limestone.

Manganese enrichments are more complex and reinforce the petrographic and

clumped isotope results that the bulk rocks are mixtures of different textures that

formed at different points on the seafloor and during burial. The high trace metal

values in the bulk measurements (up to 5000 ppm) can largely be attributed to

reduced manganese incorporated into carbonate phases (Fig. 2.7). However, there

are clear spatial differences in Mn abundance between primary grains like ooids

and pore filling cements yet the δ13C composition of these different phases is iden-

tical (Fig. 2.11k, l, m, Fig. 2.12). Trace manganese is also still hosted by iron
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oxides (visible in both EDS and electron microprobe maps)(Fig. 2.11k). The most

manganese-enriched pink cements were likely precipitated early in the shallow sed-

iments because SIMS analysis indicates these cements are more similar in isotopic

compositions to ooids than the latest porosity-occluding sparry calcite cements

(Fig. 2.11, 2.12).

6530 6550 6570 6590 

 
MD 360m

MD 510m
MD 400m

Rhodochrosite
MnO2

Manganoan Calcite

7100 7110 7120 7130 7140 7150
 

 
KD 519m
MD 688m

Siderite
Biotite
Magnetite
Hematite

MD 688m

MD 400m
MD 510m

MD 360m
KD 519m

Energy

Ab
so

rb
an

ce

Energy

Figure 2.10: XANES spectra of samples from the Shuram Formation. XANES spectra of
samples from the nadir of the excursion yield consistent results indicating the iron is found in two
phases hematite and biotite while the manganese is almost completely reduced and most closely
matches the spectra of manganoan calcite.

X-ray absorption near-edge spectroscopy (XANES) confirms the ICP and elec-

tron microprobe results, indicating iron is mostly oxidized Fe3+ in hematite or is

mixed valence iron in biotite, whereas manganese is mostly reduced Mn2+ and

is most similar to the spectra of a manganoan calcite standard (Fig. 2.10). The

manganese and iron results together with a lack of pyrite imply minimal anaero-

bic respiration occurred. Studies have suggested producing an excursion of such

magnitude would deplete available oxidants contradict the evidence that
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there were abundant available oxidants in the Huqf outcrop area in the form

of iron oxides that were only partially reduced [4].

2.6 Discussion

We suggest the combined bulk carbonate clumped isotope thermometry and micro-

scale SIMS analysis is the δ13C composition of these rocks reflects time-varying

trends in marine DIC and clumped isotope temperatures of samples indicating

Type 3 diagenesis reflect near primary temperatures. Support for this includes

δ18OV SMOW fluid compositions, which shift from evaporitic compositions in the

peritidal carbonates of the Upper Khufai Formation (∼ 0–2h) to marine ice-free

compositions (∼ -1.2h) at the onset of the excursion. The shift in fluid compo-

sition and concurrent temperature increase occurs above a sequence boundary in

rocks with sedimentary characteristics indicating deposition during a transgression

(Fig. 2.7) [41]. The samples in the Shuram and Buah formations preserve similar

fluids and temperatures to the dolomites preserving the onset, thus the second shift

in δ18Omin is entirely due to a mineralogical change to limestone (Fig. 2.7). Both

the isotopic character and sedimentology of the Johnnie Formation, Death Valley,

another Ediacaran-aged formation with a similar magnitude negative excursion,

suggest a transgression coincident with the isotopic excursion [57, 58]. Addition-

ally, a mineralogical shift from dolomite to limestone also occurs in the Johnnie,

Wonoka and Doushantuo formations at a similar stratigraphic height in the excur-

sion (above ∼ -6h) [13, 15, 58]. A major reason the δ13C and δ18O co-variation

is observed globally is because of the isotopic difference between calcite-water and

dolomite-water equilibrium fractionation reinforcing that this excursion is a pri-

mary isotopic signal.
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Figure 2.11: In situ isotopic (SIMS) and trace metal (electron microprobe) variations. A–C)
Thin-section photomicrographs of three representative fabrics from the nadir of the excursion
with ooids (O), sediment (S), early and late cements (EC and LC), pink cements (PC), D–F)
SEM images highlighting ooids with abundant accessory minerals infilling around the grains and
in F finely disseminated iron oxides within the ooids. The insets show SIMS spot analyses across
ooids. SIMS measurements of ooids and cement are reported below the image with 1 SD, H–
J) Electron microprobe elemental maps of iron in the three samples shown in A–C. The high
intensities in H are dominantly iron oxides whereas in I they are dominantly biotite grains. Spot
analyses of Fe concentrations in carbonate are reported below each image with 1 SD. K–M)
Electron microprobe elemental maps of manganese. The high intensity areas in K is manganese
incorporated into oxides whereas in L and M the high intensity areas are in authigenic carbonate
cements. Spot analyses of Mn concentrations in carbonate are reported below each image with 1
SD.
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Figure 2.12: Histograms of in-situ data for two samples from the Shuram Formation. A &
F) Spot analyses of iron (ppm) on ooids and two cement types—clear blocky cements and pink
microcrystalline cements. B & G) Spot analyses of manganese (ppm). C & H) Spot analyses of
δ13CV PDB . d and i, spot analyses of δ18OV PDB . E & J) Images of each sample showing ooids,
two types of cements and imbedded standards (± 1h SD).
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The most important conclusion from our metal characterization is that bulk

trace metal measurements of carbonates should not be interpreted as a simple

metric of diagenesis. The spatial pattern in trace metal enrichments also does not

support a model where these rocks have been isotopically homogenized during a

fluid flushing diagenetic event as proposed by others [5, 6]. Instead, it is clear that

a defining character of the isotopic excursion preserved in the Khufai, Shuram and

Buah formations is the coincident delivery of a large volume of fine-grained (avg.

25 µm), poorly weathered detrital material to the shallow marine environment

(Fig. 2.13, Fig. 2.8). Characterization of the detrital component of the Rainstorm

Member of the Johnnie Formation in Death Valley indicates similarly diverse de-

trital minerals with an identical average grain size (Fig. 2.13) [59]. In both sections

minerals found include biotite, muscovite, plagioclase, potassium feldspar, rutile,

anatase, zircon, ilmenite, hematite, and quartz. Our combined results suggest this

large volume of poorly weathered, silt-sized material is being introduced in con-

junction with a transgression in both locations. The detrital component of both

the Shuram and Johnnie formations fits many characteristics of loess—windblown

deposits—including the consistent, fine grain size, abundant poorly weather min-

erals like muscovite and biotite as well as abundant heavy minerals (Fig. 2.11,

Fig. 2.13).

The combined results of the sedimentology, sequence stratigraphy, clumped iso-

tope thermometry, SIMS, and the trace metal analyses suggest a series of concur-

rent events at the onset of the Shuram Excursion. Above the sequence boundary,

along with the rapid decline in δ13Cmin, there is a coincident temperature increase,

a shift to marine ice-free seawater compositions, and the introduction of poorly

weathered, fine detrital material. The Ediacaran-aged Shuram Excursion is not

the only large negative carbon isotope excursion to punctuate the Neoproterozoic

rock record. Extreme negative carbon isotopic excursions are documented pre-

ceding and post-dating both the Sturtian and Marinoan glacial deposits [60, 61].

Although the Shuram Excursion and the other Ediacaran excursions correlated

with it lack precise age constraints it is possible that this excursion could be
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Figure 2.13: Detrital fraction of the Shuram (A-D) and Johnnie Formations (E–F). A & E)
Wet grain mount under 10X magnification with visible biotite and muscovite grains. Iron oxides
are much more abundant in the sample from the Johnnie Formation. B & F) Dry grain mount
with quartz, muscovite, biotite, iron oxides and feldspars visible. The coarser grains in a fine
sandstone from the Shuram Formation include poorly weathered micas. C & D) SEM images of
iron-rich biotite grains within the detrital sediments filling in around the ooids.

linked to a glaciation [60, 11], while others have suggested the Shuram Excursion

is likely younger than any glacial deposits [22, 20]. The potential remains that

similarities in the global conditions driving these large negative excursions have

a climatic component that can be directly tied to interglacial periods. A model

that fits much of the observed data of the Shuram Excursion is that it is related to

a deglaciation resulting in a temperature increase, change to ice-free δ18Oseawater

values, a transgression and the delivery of a large volume of new exposed glacially

derived loess. The character of loess associated with the Pleistocene glaciations

is similar to the silts of the Shuram and Johnnie Formations [62, 63, 64]. Other

sections preserving the negative excursion appear to be similarly dominated by

thick red siltstones and could benefit from further study of the detrital makeup

(i.e., Wonoka Formation [13]). While the correlated δ13C decline, transgression,

temperature increase, fluid change and increased detrital input do not necessarily

deglaciation, we think it could provide the necessary mechanism to affect all of

these stratigraphic and geochemical parameters simultaneously.
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2.7 Conclusions

Multiple proposed mechanisms for the large negative carbon isotope excursions

common in Neoproterozoic strata have relied on either open-system diagenesis

involving a non-seawater-like fluid or authigenic precipitates with a depleted iso-

topic composition [5, 6, 7]. We find lots of evidence for diagenesis within the Nafun

Group, however none of it is temporally associated with the δ13C excursion. Nei-

ther the carbonate clumped isotope thermometry or micro-scale SIMS analysis

supports the previously proposed diagenetic mechanisms. Instead the data sug-

gests many of the carbonates are well preserved enough to not only record secular

changes in marine DIC but also a transgression and temperature increase and an

input of fine, unweathered detrital material, potentially loess. A mineralogical

change from dolomite to limestone appears to be global in nature and accounts

for a component of the correlation previously observed between δ13C and δ18O.

If these temperatures recording precipitation from seawater-like fluids are only

slightly modified from sea surface temperatures, elevated temperatures for periods

of the Neoproterozoic could have profound implications for our understanding of

the biological and climatic events preceding the Cambrian explosion.
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3.1 Abstract

The Rainstorm Member of the Ediacaran Johnnie Formation of the southern Basin

and Range, US, records a large negative excursion in carbon isotope ratios of car-

bonate strata (δ13CV PDB > −6h). The character of the excursion raises funda-

mental questions about whether this isotopic pattern is accurately capturing the

time-series behavior of marine dissolved inorganic carbon (DIC) or is a product

of diagenesis. To explore this issue, we examined the expression of this isotopic

excursion within the Johnnie oolite, a ∼ 2 m thick marker bed, which records the

highest rate of change in δ13C. Sedimentologically, the oolite unit is thought to be
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time transgressive, if the isotopic excursion reflects time-series behavior of the car-

bon cycle, its expression in the oolite across the basin should systematically align

the sections according to their slight diachroneity. Detailed carbon and oxygen

isotopic stratigraphy of the oolite at seven different locations indicates the magni-

tude of the excursion at the base of the oolite is spatially variable such that after

a palinspastic reconstruction the sections align along a systematic north-to-south

gradient in the isotopic data. The oolite preserved in the Old Dad Mountains, the

most southerly section measured, is an outlier to this trend (and the most difficult

to ordinate accurately in the reconstruction), showing the largest isotopic range

between the onset of carbonate deposition and top of the oolite. Several hypothe-

ses are congruent with these data, but the sum of observations is best explained

by a scenario wherein the oolite is time transgressive and deposited in a north-

to-south manner throughout the onset of the isotopic excursion. If correct, this

implies that the stratigraphic δ13C pattern reflects time-series behavior of marine

DIC.

3.2 Introduction

Carbonate-bearing sedimentary successions of Neoproterozoic age record extreme

negative excursions in δ13C (and sometimes δ18O) that are distinct from Phanero-

zoic excursions and difficult to explain because of their unusual geological and

geochemical attributes [1, 2, 3, 4]. The most spectacular of these events is known

as the Shuram Excursion (SE) because of its discovery in the Shuram Formation

of the Nafun Group, Sultanate of Oman [5, 6, 7]. This chemostratigraphic pattern

is found in at least four depositional basins separated at the time of deposition

(Oman, [5, 2], South Australia, [1], South China, [3, 8], Western USA, [9, 10, 11],

but possibly many more (Siberia, [12, ?], Namibia, [13, 14], Scandinavia, [4, 15],

Scotland, [16]). As yet, these excursions lack direct geochronological constraints,

but they invite global correlation because they sit, broadly, in middle Ediacaran

age strata, between the ∼630 Ma Marinoan glaciation [17] and the Precambrian-
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Cambrian boundary at 542 Ma [18, 19]. The excursions are all characterized by

δ13CV PDB values in carbonate-bearing minerals below -6h. Such light values are

considered extreme for a primary marine signal because they exist outside the

solution space for carbon isotope mass balance models wherein the isotopic com-

position of the inputs are often set to presumed mantle values (e.g. [20]). These

rocks do not show a corresponding excursion in δ13Corg and tend to be organic

lean [1, 2, 8, 21]. Many chemostratigraphic sections also show co-varying δ13C

and δ18O across both dolomite and calcite lithologies [5, 1, 22, 23]. There is some

evidence that these excursions coincide with a drop to more negative δ34SCAS val-

ues [2, 10, 8]. Successions recording the excursions are commonly composed of

mixed carbonate and siliciclastic sediments. Purple siltstones and pink carbonates

(including calcitic pink ooid grainstone) exist in multiple sections globally, and

have a distinctive sequence stratigraphic and lithologic similarity [1, 10, 24, 7, 12].

While robust geochronologic constraints do not exist on the duration and timing

of these excursions, they generally span hundreds of meters of stratigraphic thick-

ness [1, 5, 2, 4, 12]. Estimates of the length of time represented by the stratigraphy

are on the order of 5-50 million years, far greater than the presumed residence time

of carbon in Ediacaran seawater [2, 3, 25, 6], but see [21].

Special interest exists in understanding the nature of these isotopic excursions

because of possible connections to a state change in the reduction-oxidation po-

tential of the fluid Earth [26, 2] and timing with regard to the evolution of early

animals and algae [27, 2, 28, 8, 29]. Hypotheses that explain a large, long-lived

negative excursion in marine dissolved inorganic carbon (DIC) and produce no

excursion in coevally deposited organic carbon invoke dynamic models of the car-

bon cycle wherein the carbon budget includes the demise (via remineralization)

of large masses (or proportions) of organic carbon, putatively in the form of dis-

solved organic carbon (DOC) in seawater [2, 10, 8, 21]. These hypotheses have

been criticized from perceived incompatibilities with oxidant chemistry required

to remineralize such a large DOC pool [30].

In addition to this criticism, several details of the chemostratigraphic pattern



78

have raised questions about whether or not this pattern accurately reflects a time-

series history of marine DIC. Because carbonate-bearing minerals are often subject

to recrystallization and re-equilibration with pore fluids after deposition, the co-

varying relationship between δ13C and δ18O, and the lack of a similar excursion in

organic phases has fueled hypotheses that the isotopic excursions have a root dia-

genetic cause [30, 1, 23, 7, 31]. There are currently two hypotheses that explain the

negative excursions using different diagenetic processes. Knauth and Kennedy [23]

argued that the excursions are a result of re-equilibration of the rocks with meteoric

fluids (low in δ18O) charged with 13C-depleted carbon derived from a somewhat

enigmatic terrestrial biosphere. Under their hypothesis, the uniqueness of the

chemostratigraphic pattern with regard to timing in Earth history is explained by

the proximal evolution of a Neoproterozoic ’phytomass’. Another model suggests

that the negative excursions arise from diagenetic processes associated with deep

burial diagenesis and re-equilibration at high temperature with fluids charged with

isotopically light CO2 derived from basinal oxidation of hydrocarbons [22]. Un-

der Derry’s [22] hypothesis the uniqueness is explained by unusually high organic

carbon burial in marine sedimentary basins during Neoproterozoic time (e.g. [32]).

If these excursions are primary signals, it is likely that the carbon isotope

systematics during the Neoproterozoic were different than anything revealed in

the rock record in the past 500 million years. Many researchers have used these

large isotopic excursions as a signal feature to assemble a relative chronology and

correlate between sections deposited on different cratons during an interval in

Earth’s history with few independent chronologic markers [32, 33, 10, 25, 6, 34]. If

the excursions resulted from diagenetic processes, then correlating between sections

and connecting the signal to a step-wise change in atmospheric oxygen and the

evolution of animals and algae would be incorrect. As of yet, a mechanism has

not been posited that encompasses all of the observations of this excursion. In

this paper, we present the results of a study to further define the stratigraphic and

sedimentary context of one such Ediacaran large negative carbon isotope excursion.

A large negative carbon excursion, putatively correlated with the Shuram ex-



79

cursion [10, 35, 11], is preserved in the Neoproterozoic-aged Johnnie Formation

from the Death Valley region, USA [9, 10, 35, 11]. The Johnnie Formation is

composed of mixed carbonate and siliciclastic lithologies [36, 37]. The negative

excursion is first observed within the Johnnie oolite, a regionally extensive strati-

graphic marker composed of a ∼ 2 meter thick dolomitic oolite, bounded by 5-40

meter thick purple siltstones. The isotopic rate of change with respect to strati-

graphic thickness is rapid in the oolite with documented δ13CV PDB values ranging

from -3.7h to -7.3h in two meters of stratigraphic section [9, 10, 35, 11]. The

δ13CV PDB values of the limestones overlying the purple siltstones and oolite reach

values as low as -12h (Fig. 3.1) [10, 35, 11]. The base of the oolite has been in-

terpreted as a time-transgressive surface (e.g., onlapping ooid sand sheet) formed

during a regression or transgression because of the dramatic juxtaposition of a

shallow-water, high-energy facies on low-energy siltstones and shales [37]. The

large range in δ13C, regional extent and sedimentologic character of the oolite pro-

vide a useful stratigraphic datum to examine the nature of the excursion in this

sedimentary basin. Similar studies have shown the utility of connecting carbon

isotope ratios with sequence stratigraphy [38, 39].

We sought to test if the negative δ13C excursion recorded in the oolite demon-

strates a slight diachroneity between seven locations in the southern Basin and

Range province due to time-transgressive deposition (Fig. 3.2). If the isotopic com-

position of the oolite shows clear and systematic basin-scale stratigraphic trends

once palinspastically reconstructed, the most parsimonious explanation is that the

isotopic signal was a feature present during the formation and deposition of the

oolite and thus accurately reflects a negative excursion in marine DIC. No system-

atic variability across the basin would suggest either synchronous deposition or

wholesale diagenetic alteration of any primary signal. Alternatively, clear isotopic

variation that is predicted by independent observations of the preservation of pet-

rographic textures would imply that diagenetic processes were responsible for the

carbon isotope pattern that defines the excursion.
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Figure 3.1: Generalized stratigraphy of the Proterozoic strata preserved in the Death Valley
region. Center: composite stratigraphic section of the Rainstorm Member of the Johnnie For-
mation preserved in the southern Nopah Range. Right: carbon isotopic data from the southern
Nopah Range location (black) and Johnson Canyon in the Panamint Mountains (grey). The line
shown is a moving average, shown with a 95 confidence interval (in grey)

Modified from: [40, 36, 37] and this study

3.3 Geologic setting

The preserved Neoproterozoic stratigraphy in the Death Valley region in the south-

western United States (Fig. 3.1) overlies gneissic (1.7 Ga) and granitic (1.4 Ga)

basement [42], and begins with the Pahrump Group, which includes the Crystal

Spring Formation, the Beck Spring Formation and Kingston Peak Formation [36].

The Neoproterozoic record also includes the Noonday Formation, Johnnie Forma-

tion, Stirling Formation and the lower Wood Canyon Formation (Fig. 3.1) [36].

Robust geochronologic constraints on Pahrump Group strata are rare, diabase

dikes within the Crystal Spring Formation yield U/Pb ages of 1087 ± 3 Ma and

1069 ± 3 Ma [43]. The Kingston Peak Formation includes several diamictite hori-
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Figure 3.2: Location map of the Death Valley region showing the major mountain ranges and
the areal extent of preserved Johnnie Formation in grey. The seven locations examined in this
study are marked by colored circles, northern Spring Mountains in orange (NS), Resting Spring
Range in red (RS), southern Nopah Range in yellow (SN), Johnson Canyon in the Panamint
Mountains in dark blue (JC), northern Mesquite Mountains in purple (NM), Salt Spring Hills in
light blue (SS) and the Old Dad Mountains in green (OD).

Modified from: [41, 36]

zons that have been correlated with Neoproterozoic glacial deposits constrained

elsewhere to between 723 Ma and 580 Ma [9, 44, 40]. The Noonday Formation,

predominately dolomite in composition, includes, at its base, unusual sedimentary

features characteristic of Marinoan cap carbonates. It has been correlated to other

Marinoan sections using litho- and chemostratigraphy [45, 9, 46], if these correla-

tions are correct, the Noonday is ca. 630 Ma in age. An upper age constraint on

the Johnnie Formation comes from paleontological observations. Ediacaran fossils

have been documented in the Stirling Formation, and the lowermost Wood Canyon

Formation includes the Precambrian-Cambrian boundary, with an implied age of

ca. 542 Ma [18, 17, 47, 19, 48, 49]. Within these constraints, the Johnnie Forma-

tion was deposited between 630 Ma and 542 Ma, and probably sits in the middle
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Ediacaran, deposited between 580 and 550 Ma [10, 50].

This Neoproterozoic through early Cambrian sedimentary sequence records a

transition from continental rifting associated with the breakup of Rodinia to the

development of a passive margin on western Laurentia [51, 52, 53]. The timing

of active rifting is still debated but strong differences in stratigraphic thickness

exist in both the Kingston Peak Formation and Johnnie Formation suggesting

brief periods of rifting and unequal subsidence, although the possibility remains

that the observed incision of the upper Johnnie Formation was glacially driven or

part of a marine canyon system [41, 54, 55, 53, 56].

3.3.1 Stratigraphy of the Rainstorm Member

The Johnnie Formation is a mixed siliciclastic and carbonate succession composed

of shales, siltstones, quartzites, conglomerates, limestones and dolostones [36], and

has been divided into seven sequences [37]. The Johnnie Formation disconformably

overlies the Noonday in most locations but extends beyond the outcrop extent of

the Noonday and overlies the Kingston Peak Formation in the Silurian Hills and

Precambrian basement rocks in the Old Dad Mountains [37]. The Rainstorm

Member, the focus of this study, comprising the uppermost Johnnie Formation,

includes the siltstones of sequence 5, all of sequence 6 and part of sequence 7

(Fig. 3.1) [37]. This study’s reference section of the Rainstorm Member is located

in the southern Nopah Range and consists of purple siltstones above and below a

∼ 2 meter-thick, ochre-colored, dolomitic oolite. This oolite is colloquially known

as the ’Johnnie oolite’ because it is an important regional stratigraphic marker

(Fig. 3.1 and Fig. 3.3) [36, 37]. Overlying the oolite, the Rainstorm Member

continues with orange dolomitic sandstones and pink limestones that include ooid

and intraclast grainstones [37]. In the southern Nopah Range, these beds are

capped by grey limestone beds containing aragonite crystal fan pseudomorphs

(now calcite), which are overlain by more siltstones (Fig. 3.3 and Fig. 3.4) [50, 37].

In several locations, and observable along strike, conglomeratic beds associated

with an erosive surface originating from high in the Rainstorm Member incise
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deeply into the underlying strata, and can locally contain blocks ∼15 meters in

size [54]. This conglomerate unit, thought to be associated with continental rifting

or glaciation, is overlain by more siltstones before the boundary with the Stirling

Formation (Fig. 3.1) [41, 54, 37].

Rainstorm Member

Middle Johnnie 

A

B C

Johnnie oolite

fans

fans

Figure 3.3: a) View of the Rainstorm Member of the Johnnie Formation along a ridge near the
Gunsight Mine, southern Nopah Range. The ochre-colored Johnnie oolite marker bed is evident,
as are the overlying pink limestone beds. b) Representative photograph of the Johnnie Oolite at
the Salt Spring Hills location, note the abundant fractures common to many sections. c) Pink
and grey limestone beds in the southern Nopah Range. The pink beds are composed of intraclast
grainstone and the grey beds contain aragonite crystal fan pseudomorphs. Rock hammers for
scale.
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A B

C D

Figure 3.4: Petrography reveals well-preserved textures in many of the Rainstorm Member car-
bonates. a) Photomicrograph of the Johnnie oolite from the northern Mesquite Mountains. Note
the separated ooid cortex. b) Well-preserved radial ooid from the northern Spring Mountains.
c) highly fractured oolite from the northern Spring Mountains. Note the poorer preservation
of fabrics. d) Aragonite crystal fan pseudomorphs (now calcite) from the grey limestone beds
highlighted by hematite and quartz grains from the southern Nopah Range. Scale bar in all
photomicrographs is 300 microns.

3.4 Methods

3.4.1 Field work and sample preparation

To examine the sequence stratigraphic nature of the excursion captured by the

Rainstorm Member Johnnie oolite, multiple sections were measured and sampled

in seven locations across the Death Valley region mountain ranges during the fall of

2008 and the spring and summer of 2010 (Fig. 3.2)(GPS coordinates in Table 3.1).

These locations were selected to examine spatial patterns across the preserved

sedimentary basin. They also record a large range of post-depositional diagenetic

and structural modifications. The Panamint Mountains, for example, were buried

deeper and reached much higher peak temperatures compared to the other ranges

used in this study [42, 57, 58]. It was evident in the field that some sections show
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abundant outcrop-scale faulting of the oolite, these include the Resting Spring

Range and the southern Nopah Range [59]. This range of preservation between

different locations allows for some testing of diagenetic hypotheses.

The oolite was sampled at very high stratigraphic resolution with samples

taken every 10 cm or less. To test the extent of local variability within the carbon

and oxygen isotopic systems, two separate oolite sections were sampled ∼ 50 m

apart at each location. Carbonate beds found above the oolite and below the

Johnnie/Stirling Quartzite contact were also sampled and described where present.

Hand samples were sectioned with a rock saw to provide unweathered surfaces.

Powders for δ13C and δ18O analyses were sampled using a micro-rotary drill with

a 2 mm bit targeting regions with well-preserved ooids. Matrix cements were

included in the samples but effort was made to avoid fractures and secondary

veining. Representative thin sections were made from each section to observe

patterns of diagenesis and compare the preservation of carbonate textures between

the different locations (Fig. 3.4).

3.4.2 Mass spectrometry

Carbon and oxygen measurements were made at the University of Michigan Stable

Isotope Laboratory. Each sample powder was heated to 200◦C to remove volatile

contaminants and water. 20-30 µg of sample was reacted with anhydrous H3PO4

acid at 77◦ ± 1◦C degrees for 12 minutes. The reaction occurred in a Ther-

moFinnigan MAT Kiel IV preparation device that directly introduced the evolved

CO2 sample into a ThermoFinnigan MAT 253 gas source mass spectrometer. Iso-

topic measurements were calibrated against NBS 18 and NBS 19. Accuracy and

precision, measured by multiple analyses of known standards, are better than ±

0.1h. Isotope ratios for both carbon and oxygen are reported by reference to

Vienna Pee Dee Belemnite (VPDB).
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Figure 3.5: Stratigraphic columns of the study locations. The Johnnie oolite (orange) is used
as a stratigraphic datum to align the sections. The overlying limestone beds are also highlighted
(pink).

Data from this study and [37, 35, 11]
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3.5 Results

3.5.1 Northern Spring Mountains (NS)

The northern Spring Mountains section is the northernmost section sampled in this

study. The Noonday Formation-Johnnie Formation contact is not exposed but the

documented thickness of the Johnnie Formation at this locale is 354 meters [37].

The thickness from the oolite to the contact with the Stirling Formation is ∼ 80

meters (Fig. 3.5) [37]. Much of the section above the oolite is covered, but the 1.5

m oolite is well exposed. A thin (∼ 20 cm) pink ooid grainstone bed is located ∼

27 meters above the oolite. Conglomerate beds also appear ∼10 meters below the

base of the Stirling at this location (Fig. 3.5) [37]. Two sections of the oolite were

sampled approximately 50 meters apart. Both sections record declining δ13CV PDB,

from -2.9h and -3.2h at the base to -4.9h and -4.9h at the top of the oolite

(Fig. 3.6). There is good agreement in both the pattern of decline and absolute

magnitude of the two sections (Fig. 3.6). In the northern Spring Mountains, the

Johnnie oolite is highly fractured compared to other sections and the ooids were

not as well preserved in all samples. Nonetheless the δ13C values show small first

differences and a steady decline with stratigraphic height (Fig. 3.4b, c and Fig. 3.6).

3.5.2 Resting Spring Range (RS)

The Johnnie Formation is also incomplete in the Resting Spring Range and the

thickness of the Rainstorm Member is variable. In the section measured for this

study, the thickness from the oolite to the contact with the Stirling Formation

is ∼ 50 meters (Fig. 3.5). In the measured section, the oolite is encountered

twice, likely due to duplication by a thrust fault. The upper oolite may also be

structurally thickened (4 meters versus ∼1.3 meters) and the decline in δ13C occurs

over a slightly smaller range (Fig. 3.6). In the two sections sampled from the lower

exposure of oolite, δ13CV PDB values begin at -2.9hand -2.9h and drop to values

of -5.3h and -4.3h over 1.3 meters. δ13C begins at -4.7h in the second oolite

and more gradually drops to -5.9h at the top (Fig. 3.6). The Resting Spring
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Figure 3.6: δ13CV PDB data from the measured sections, grouped by location. Multiple sections
are distinguished using a solid square and open triangle. The 0 m datum is the base of the oolite
at each location. Old Dad Mountains (OD) is shown in green, northern Spring Mountains (NS)
in orange, Resting Spring Range (RS) in red, Johnson Canyon (JC) in dark blue, southern Nopah
Range (SN) is in yellow, northern Mesquite Mountains (NM) in purple, and Salt Spring Hills (SS)
in light blue. The Resting Spring Range has three measured sections because the Johnnie oolite
is structurally repeated in the section measured (RS 1, 2 and RS 3).

section also has a very thin (10 cm) bed of pink micritic limestone near the base

of the Stirling contact (∼ 30 meters above the upper exposure of oolite). This bed

records a δ13CV PDB value of -8.0h (Fig. 3.5). In the Resting Spring Range, the

Rainstorm Member is very similar in both lithology and thickness to the northern

Spring Mountain section.

3.5.3 Johnson Canyon, Panamint Mountains (JC)

The Johnson Canyon section is located in the Panamint Mountains in Death Valley

but is very similar lithologically to Rainstorm Member exposures in the southern

Nopah Range. The thickness from the oolite to the contact with the Stirling

Formation is ∼ 160 meters and is the thickest of this study [35, 11]. The base

of the oolite has δ13CV PDB values of -3.8h, which decline to -5.6h at the top

of the oolite. The pink limestones are thicker in Johnson Canyon than in the

Spring Mountains and Resting Spring Range and they sit closer to the oolite.
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Overlying the oolite are 5 meters of siltstones and 6.5 meters of pink carbonates

showing declining δ13CV PDB values ranging from -8.6h to -10.7h. Rare carbonate

beds in ∼ 150 meters of siltstone and sandstone below the Stirling contact are

also isotopically depleted but become less depleted up section from -11.4h to

-8.2h [35].

3.5.4 Southern Nopah Range (SN)

The Johnnie Formation is well exposed throughout the southern Nopah Range. In

the section measured for this study, the thickness from the oolite to the Stirling

contact is ∼ 100 meters and includes coarse conglomeratic beds. There is evidence

that the oolite sampled and measured for this study was structurally thickened

from post-deposition thrusting because it is ∼ 4.4 meters thick versus average oolite

thicknesses of about 2 meters in other sections in the southern Nopah Range [37,

59]. There is also less dramatic change in δ13C from the bottom to the top of

the oolite. The base of the oolite records δ13CV PDB values of -4.0h and decrease

to -4.9h at the top (Fig. 3.5). There are approximately 10 meters of siltstone

and orange carbonate-cemented sandstone between the oolite and pink limestones

(Fig. 3.5). The sequence of pink limestones is thick (∼ 20 meters) and includes

intraclast and ooid grainstone with a variable number of grey limestone beds (∼

5–6) that contain crystal fan pseudomorphs (Fig. 3.4 and Fig. 3.5). The carbon

isotopes in the pink limestone unit are more depleted in δ13CV PDB (-11.2h) than

in Johnson Canyon and become slightly less depleted in δ13CV PDB by the top of

the pink limestones (-9.6h) (Fig. 3.1).

3.5.5 Northern Mesquite Mountains (NM)

The upper Johnnie Formation in the northern Mesquite Mountains is thinner when

compared to the Johnson Canyon and southern Nopah Range sections (∼ 65 meters

from the oolite to the Stirling contact), but carbonate lithologies comprise more

of the preserved section (Fig. 3.5) [37]. The two sections of the oolite begin at

-4.8h and -4.5h and become more δ13CV PDB -depleted up section, falling to -
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6.0h and -5.5h (Fig. 3.6). The two sections agree well in excursion shape and

magnitude for the first two meters. One section is thicker and δ13CV PDB continues

to decline to -6.0 (Fig. 3.6). The limestone beds 13 meters above the oolite are

thickly bedded pink ooid and intraclast grainstone with occasional small red chert

nodules. δ13CV PDB analyses from these beds range from -10.9h to -9.9h. The

limestones are approximately 45 meters thick and disappear from the section close

to the Stirling contact (Fig. 3.5) [37].

3.5.6 Salt Spring Hills (SS)

The Salt Spring Hills section of the Johnnie Formation is overall much thinner

than the sections directly to the north, ∼ 250 meters versus 600 meters in the

southern Nopah Range and 385 meters in the northern Mesquite Mountains [37].

The oolite δ13CV PDB composition in the Salt Spring Hills begins at -5.5h and

-5.8h in the two sections sampled and falls to -6.0h and -6.9h at the top of

the oolite (Fig. 3.6). The isotopic composition of the section that is more 13C-

depleted at the top (-6.9h) shows more variability throughout the last meter of

the oolite, and is also half a meter thicker (Fig. 3.6). There are no beds of pure

carbonate above the oolite before the contact with the Stirling Quartzite but the

section includes 12 meters of siltstones directly above the oolite and ∼ 25 meters

of dolomite-cemented sandstone beds [37].

3.5.7 Old Dad Mountains (OD)

The southern-most section measured in this study is the most lithologically dis-

tinct. The entire section is only 165 meters thick, even thinner than the Salt Spring

Hills section [37]. The Johnnie sits unconformably on gneissic basement, the older

Pahrump Group strata are absent [36]. When mapping the lower sequences of the

Johnnie, Summa (1993) noted that the first sequence is completely absent whereas

the second sequence is thickened locally and dominantly carbonate, unlike other

Death Valley sections. The Johnnie oolite at this section is extremely variable

in thickness and can be locally surrounded by non-oolitic thickly laminated car-
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bonates below and stromatolitic carbonates above [37]. Additionally, the isotopic

range in δ13C is the largest of any section. The two sections sampled are ∼30

meters from each other and yet the first oolite sampled (0.6 m thick) sits on top of

siltstones and below a massive stromatolitic dolostone (1.6 meters thick) and the

other oolite sampled (0.35 meters) is underlain by non-oolitic thickly laminated

carbonates interbedded with siltstones (1.7 meters thick) and overlain by siltstones

(Fig. 3.5). The δ13CV PDB at the base of the 0.6m oolite is -1.8h and the top of

the oolite is -3.0h. The massive carbonate directly overlying the oolite shows a

continued decline from -3.9h to -5.1h. A 20 cm carbonate bed ∼1 meter below

the oolite was analyzed and δ13CV PDB falls from -1.3h to -1.6h over 15 cm. The

δ13CV PDB of the laminated carbonates at the base of the second section begins

at -1.4h and falls to -2.8h. The overlying oolite shows a continued decline from

-3.2h to -4.0h at the top of the oolite (Fig. 3.6). There are 65 meters of shale and

siltstones preserved above the oolite, a pattern that is similar to the Rainstorm

in the northern Spring Mountains and Resting Spring Range (Fig. 3.5). Directly

below the base of the Stirling Formation, there are two massive cross-stratified

carbonate grainstone beds (0.5 meters thick and 2 meters thick respectively) with

shale in between the beds (Fig. 3.5). The δ13CV PDB composition from the one

sample analyzed from the lower bed is -9.2h. The three samples from the upper

bed with increasing stratigraphic height are -7.5h, -8.4h and -10.0h.

3.6 Discussion

3.6.1 Petrographic and isotopic comparison across all sections

The depleted δ13C and δ18O data could be explained by either a primary marine

signal, later diagenetic recrystallization and resetting, or a combination of the two.

The preservation of primary textures can be an important indicator of the degree

of diagenetic alteration and can begin to differentiate between these two mecha-

nisms. Corsetti et al. (2006) completed a detailed analysis of the petrography and

paragenesis of the Johnnie oolite using plane polarized light and cathodolumines-
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cence. They found abundant evidence that the ooids underwent dolomitization

very early in their history and that this transformation preserved much of the fine

details of the original ooid fabrics and early marine cements. Some sections within

their survey had evidence for later vadose zone cements and meteoric cements.

These findings are consistent with our petrographic observations. Examples of

ooids with well-preserved radial textures, individual cortices and detached cortices

that were not destroyed by the surrounding cementation can be found in Fig. 3.4a,

b. Some sections also include a poorly preserved end member characterized by mi-

critized ooids and abundant fractures indicating further diagenetic modifications

(Fig. 3.4c). The pink limestones overlying the oolite also show exceptionally pre-

served fabrics and record even more extreme δ13C and δ18O values. These textures

include pseudomorphs of primary aragonite crystal fans that likely underwent sta-

bilization to calcite very early in their history as well as extremely well-preserved

radial ooids (Fig. 3.4d) [60].

Each section is characterized by declining δ13C compositions with stratigraphic

height and small first differences between samples. In contrast, the δ18O values

are highly variable with stratigraphic height and show no clear trend. The dif-

ferent character of the carbon and oxygen datasets suggest the oxygen isotopic

compositions have been diagenetically reset while the possibility exists that the

majority of the carbon isotopic compositions have not been reset. Pruss et al.

(2008) micro sampled the crystal fan pseudomorphs in the pink limestones and

found the different phases (fans versus early marine cements) to be isotopically

indistinguishable [50]. Thus across several orders of magnitude in scale, the δ13C

data reveal a similar consistent pattern, despite being recorded in a wide range of

fabrics that were differentially susceptible to fluid flow and diagenesis.

When aligned using the base of the oolite as a datum, the range in δ13C of

the different locations is striking (Fig. 3.7a). The δ13CV PDB at the base of the

oolite ranges from -1.8h in the Old Dad Mountains to -5.8h in the Salt Spring

Hills. The base of the oolite in the Old Dad Mountains is ∼ 1h heavier than

the northern Spring Mountains and Resting Spring Range. The northern Spring
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Mountains and Resting Spring Range oolites are ∼ 1h heavier at the base than in

Johnson Canyon, the southern Nopah Range and northern Mesquite Mountains.

Finally, the northern Mesquite Mountains and southern Nopah Range are ∼ 1.5h

heavier than the base of the Salt Spring Hills oolite (Fig. 3.6). The top of the

oolite records a range of values from -4.0h in the Old Dads to -6.9h in the Salt

Spring Hills (Fig. 3.7a).

If the sections are aligned by their basal isotopic composition instead of by

the stratigraphic datum and allowed to be mildly stretched or compressed (on the

y-axis) to account for variable sedimentation rates through time, a general curve of

changing isotopic composition emerges (Fig. 3.7b). Each section overlaps in δ13C

values with other sections. Rare single data points deviate from this curve in a few

locations including the top of the southern Nopah Range section and the thicker

of the two Salt Spring Hills sections indicating the isotopic record preserved in the

thicker oolites could be complicated by structural folding and faulting (Fig. 3.7b).

Finally, despite clear evidence for fabric-retentive and fabric-destructive re-

crystallization in these rocks, δ13C and δ18O are not strongly correlated over the

thickness of the oolite. This is distinct from several previous trends documented

for large-magnitude negative δ13C excursions elsewhere, and does not readily con-

form to the proposed diagenetic models [22, 23]. The six sections measured in the

Salt Spring Hills, Johnson Canyon and northern Mesquite Mountains sections all

define loose clusters in C-O space. In the Old Dad Mountains some of the most

18O-depleted oxygen values correspond to the heaviest carbon values for both mea-

sured sections, which places them within the ’forbidden zone’ outlined by Knauth

and Kennedy (2009). This negative correlation in C-O isotope ratio space is oppo-

site of expected diagenetic trends (Fig. 3.7c) [22, 23]. Some sections, however, do

show a weak, but resolvable, positive correlation in C-O space, these include the

southern Nopah Range, the northern Spring Mountains, and the Resting Spring

Range. In each example, replicate sections differ in the strength (slope and resid-

uals) of their covariance (Fig. 3.7c, Fig. 3.8). For both the Johnson Canyon and

Southern Nopah sections δ18OV PDB values in the overlying pink limestone beds
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are exceedingly low (between -12h and -16h).
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Figure 3.8: Cross plots of δ18O and δ13C for each section with linear fits and R2 values. Old
Dad Mountains (OD) is shown in green, northern Spring Mountains (NS) in orange, Resting
Spring Range (RS) in red, Johnson Canyon (JC) in dark blue, southern Nopah Range (SN) is in
yellow, northern Mesquite Mountains (NM) in purple, and Salt Spring Hills (SS) in light blue.
The Resting Spring Range has three measured sections because the Johnnie oolite is structurally
repeated in the section measured (RS 1, 2 and 3).

3.6.2 Isotopic results in the context of palinspastic reconstruction

Two periods of intense deformation in the Death Valley region have resulted in

isolated exposures of the Johnnie Formation. Mesozoic crustal shortening and thin-

skinned deformation resulted in several major thrust sequences that were oriented

loosely parallel to the Laurentian margin, running north to south. Subsequent

Cenozoic extension of the Basin and Range was oriented east-west and smeared

out many of the pre-existing structures [61, 62].

To examine spatial patterns in the nature of the excursion observed in the

Johnnie oolite, we used a palinspastic reconstruction of the central Basin and

Range, constructed by Snow and Wernicke (2000) to un-do the Cenozoic exten-

sion. Their reconstruction relies on the reassembly of thrust fault exposures be-
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tween the existing mountain ranges, regional facies and isopach correlations in the

Death Valley region. Under this hypothesis, the key observation for reconstructing

the Neoproterozoic sections rests on correlation of the Wheeler Pass thrust system

in the Spring Mountains, the Chicago Pass thrust system in the northern Nopah

Range and the Panamint thrust system in the Panamint Mountains [61]. This

restores the Neoproterozoic sections to a thin north-south trending band that com-

pletely lies within the Wheeler Pass thrust sheet. From north to south the sections

are as follows: northern Spring Mountain (NS), Resting Spring Range (RS), the

Panamint Mountains Johnson Canyon (JC), southern Nopah Range (SN), north-

ern Mesquite Mountains (NM), the Salt Spring Hills (SS) and Old Dad Mountains

(OD)(Fig. 3.9). The Los Vegas Valley shear zone complicates the placement of the

Old Dad Mountains within the reconstruction [61]. The Johnson Canyon section

and the southern Nopah Range (SN) section restore to almost directly east-west of

each other, an arrangement hypothesized by Stewart (1983) on the basis of offsets

in both lithostratigraphy and isopach trends along the Furnace Creek fault system.

In the reconstruction, the east-west distances preserved are small (∼25 km) while

there remains a large north-south distance between sections (∼200 km) [61].

When the isotopic results are overlaid on the palinspastic reconstruction they

exhibit a north-to-south trend within the Wheeler Pass thrust sheet with the

exception of the Old Dad Mountains (Fig. 3.9). The basal composition of the oolite

in the northernmost section is the least depleted while the southern Salt Spring

Hills section is the most depleted. This pattern is consistent with the interpretation

that the oolite is time transgressive and is recording a change in the isotopic

composition of marine DIC. The carbonates preserved in the Old Dad Mountains

would have been deposited first, while the northern Spring Mountains and Resting

Spring Range would follow subsequently. The transgressing ooid shoals would

reach the Salt Spring Hills last. Cessation of oolite deposition appears to follow a

similar time-transgressive trend (Fig. 3.10). The sedimentology of the ooids (grain

size and cross-stratification) reveals similar degrees of agitation and wave energy,

it is very likely that the oolite was deposited under similar paleoenvironments and
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Figure 3.9: a) Current locations of the seven sampled sections of the Johnnie showing faults with
significant displacement. The locations are the same as in Fig. 3.2 but ordinated with numbers
indicating the degree of δ13C depletion at the base of the oolite relative to the other locations,
with one being the heaviest. Major Cenozoic faults are shown and labeled as Garlock Fault
(GF), Panamint Valley Fault Zone (PVFZ), Owens Valley Fault (OVF), Hunter Mountain Fault
(HMF) North Death Valley - Funeral Creek Fault (NDV - FCF), and South Death Valley Fault
(SDVF) b) Palinspastic reconstruction accounting for Cenozoic extension aligns all locations in a
north-to-south pattern within the Wheeler Pass thrust sheet.

Reconstruction using relationships from [61, 62].

water depths, and records the isotopic characteristics of a well-mixed water column

and is not recording a gradient in the water column.

The north-to-south isotopic trend revealed by this analysis is interesting be-

cause it suggests different distal vs. proximal trends and paleoshoreline geometries

than previous interpretations [36]. The shoreline to shelf direction has been in-

terpreted as oriented (modern day) east to west with the paleoshoreline running

north to south based on isopach maps, grain size trends and carbonate abundance

within the overlying siliciclastic formations (i.e., Stirling Quartzite, Wood Canyon

Formation and Zabriske Quartzite) [36]. The isotopic pattern on the other hand

suggests the shelf direction to be north-south and the paleoshoreline to be more

east-west. This interpretation matches the craton margin position (trending NE-

SW) proposed by Fedo and Cooper [55].
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is also shown for the locations where the observations exist. The isotopic scale for the pink
limestones reflects whether the sections preserve the climbing limb of the excursion, the recovery
or both.

Data from this study, [10, 11].

Additional sedimentologic evidence for this north-south distal-proximal inter-

pretation includes isopach maps of the Johnnie Formation. Isopach data indicates

both the Johnnie Formation and the thickness of the oolite to Stirling contact is

thinnest in the southernmost sections—the northern Mesquite Mountains (∼ 385

m thick Johnnie, ∼ 70 m thick oolite to Stirling), the Salt Spring Hills (∼ 250

m, ∼ 45 m), the Silurian Hills (∼ 115 m, ∼ 7 m), and the Old Dad Mountains

(∼ 165 m, ∼ 45m) [37]. The thickness and facies of the overlying pink limestones

also suggest the northern sections are the most distal. In those sections the pink

limestones are thin (10-20 cm thick) and micritic (Fig. 3.5) [37]. They are thickest

in our proposed near shore sections—Johnson Canyon, southern Nopah Range and
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northern Mesquite Mountains—where they sit between 5 and 15 meters above the

oolite and are between 10 and 45 meters thick (Fig. 3.5) [37]. In these sections the

pink limestones are mainly ooid and intraclast grainstones interpreted to represent

storm deposits. In the Salt Spring Hills section, suggested by the isotopic data

to be the most proximal, the pink limestone beds are missing entirely and are re-

placed by high-energy dolomite-cemented sandstone beds (Fig. 3.5). The unusual

sedimentary structures, limestone composition and color (with precipitation of au-

thigenic minerals) indicate that the pink limestone beds were probably deposited

during an interval of maximum flooding following the transgression associated with

the oolite deposition.

3.6.3 The Old Dad Mountains section is an outlier

The isotopic data for the Old Dad Mountains is not in line with the north-south

trend seen across the other sections but its placement in the palinspastic recon-

struction is the least constrained because of the Las Vegas Valley Shear Zone

(LVVSZ). Both the isotopic data and sedimentology from the Old Dads suggest

that the sediments might have been deposited in a tectonically isolated sub-basin

(Fig. 3.5 and Fig. 3.6). The oolite in the Old Dads appears to be the first de-

posited as its basal isotopic composition is the least depleted in δ13C (Fig. 3.5 and

Fig. 3.6). The isotopic composition of the carbonates just below the Stirling con-

tact suggest they were deposited at the same time or slightly earlier than the pink

limestone facies in other locations even though there exists a substantial amount of

intervening stratigraphy above the oolite in the Old Dad Mountains (∼60 meters,

in other sections this package is 5-30 meters) (Fig. 3.10).

Sedimentologically, the Old Dad Mountains are anomalous. The Johnnie For-

mation overlies crystalline quartzose gneissic basement, which is rare for the lower

contact [37]. Additionally Summa (1993) identified two sequences within the lower

Johnnie that also indicate the Old Dad Mountains might have been subject to

unique basin dynamics. The lower most sequence of the Johnnie Formation is

present in more northerly sections, thins to the east and is absent in the Salt Spring
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Hills and Old Dad Mountains. The second sequence is also spatially variable and

in the Old Dad Mountains it is one of the thickest exposures, and composed of pure

carbonate unlike other sections suggesting that if a sub-basin existed this is when

it became active [37]. The character of the Rainstorm Member is also unusual

as the oolite is surrounded by thickly laminated carbonates and stromatolitic to

massive carbonates as opposed to siltstone and shale lithologies (Fig. 3.5) [37].

The sedimentology and isotopic character of the Old Dad Mountains suggests very

different sedimentation styles and rates compared to other sections supporting a

model of an isolated sub-basin.

3.6.4 Could this sedimentary isotopic pattern represent a diage-

netic signal?

There are two leading diagenetic hypotheses to explain large negative carbon iso-

topic excursions preserved in Neoproterozoic strata, but each invokes a set of diage-

netic processes that are very different in their nature and respective timing [22, 23].

Oxygen isotope ratio data and observation of carbonate textures in these samples

reveals clear evidence of post-depositional alteration. We can know with certainty

that the chemistry of these rocks has been affected by recrystallization and re-

equilibration with diagenetic fluids. However, petrographically these samples are

well preserved, suggesting any such recrystallization occurred very early. The iso-

topic pattern within the Johnnie oolite and overlying pink limestones is neither

uniform nor random across space, which is a challenging pattern to relate to known

diagenetic processes. The spatial pattern observed can be used to test the robust-

ness of these hypotheses for the origin of this carbon isotope excursion.

It is possible that our observed decline in the isotopic composition of the oolite

and overlying carbonates could be produced by mixing with a plume of meteoric

fluids moving through the oolite and overlying carbonates from nearshore sedi-

ments to more distal deposits (e.g., [23]). In that scenario, one would expect the

nearshore environments and the more permeable sediments to be the most iso-

topically altered. The oolite is the most permeable carbonate-bearing lithology in
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these sections. The Johnnie oolite presents the main fluid flow path for altering

fluids, should have experienced higher water-to-rock ratios, and would therefore

be predicted to have the most altered (13C-depleted) isotopic composition. There

is no doubt that the oolite was host to a variety of post-depositional fluids as evi-

denced by the variety of intragrain cements preserved within the oolite [63]. The

overlying pink limestones, which include early-cemented crystal fans, should be less

altered (more 13C- and 18O-enriched) than the oolite. The documented pattern

shows exactly the opposite. Also according to this hypothesis [23], the Old Dad

Mountains section should also reflect its cratonward location (more proximal to

the source of altering fluids) and look similar to the Salt Spring Hills. Instead the

oolite in the Old Dad Mountains has an isotopic composition that is the heaviest

of all locations.

The burial diagenesis model proposed by Derry (2010), in which the isotopic

composition reflects oxidation of organic matter from anomalously organic-rich

Neoproterozoic rocks during deep burial, is difficult to rigorously assess in the

Death Valley succession. These rocks present a challenge to look cleanly through

the different episodes of deformation experienced by each of the different moun-

tain ranges. However, there are a few observations in our data that bear on this

hypothesis. As with other Ediacaran successions that record large negative excur-

sions including the Shuram and Wonoka Formations, the rocks in the Rainstorm

member of the Johnnie are organic lean today [1, 2, 10], and probably lacked a rich

basinal source of hydrocarbons to provide high fCO2, low δ13C altering pore flu-

ids. In addition, our results demonstrate that the isotopic signal preserved in the

Johnnie oolite is systematic with stratigraphic height and systematically variable

across the reconstructed Johnnie basin. Under this hypothesis we would expect

the most depletion in the down dip (north) direction, again, this is opposite of the

observed chemostratigraphic pattern. We should also expect that, as stated above,

the alteration would have followed expected patterns of permeability and water-

to-rock ratio, these are not observed. That in mind, it is possible that a clean

diagenetic signal has been obscured by multiple episodes of diagenesis. Still, the
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observation remains that these sections record a recognizable and repeatable signal

across mountain ranges with different burial histories. This is consistent with the

chemostratigraphic pattern being present in these rocks prior to Mesozoic time.

The systematic carbon isotopic variability observed in the Johnnie oolite does

not appear to be well explained by existing diagenetic hypotheses. Within the

oolite in each section the δ13C composition becomes systematically heavier with

stratigraphic height with small differences between adjacent samples. Across mul-

tiple sections tens of meters apart, the isotopic pattern is repeatable. Finally, a

general north-to-south pattern of decreasing δ13C is apparent across the Johnnie

sedimentary basin. This isotopic pattern is consistent across orders of magnitude

in length scale and lends support for the hypothesis that it captures elements of

a primary isotopic signal. We therefore tentatively regard these carbon isotopic

data as reflecting a trend in the isotopic composition of marine DIC.

3.7 Conclusions

Aspects of the geology and geochemistry of large-magnitude negative δ13C anoma-

lies expose fundamental issues in our ability to explain and understand chemostrati-

graphic patterns using uniform hypotheses. The results from this high-resolution

study of the Johnnie oolite, which records the onset of one such negative excur-

sion, add additional geologic constraints for future models. We demonstrate a

systematic and reproducible stratigraphic pattern in the carbon isotope ratios of

Rainstorm Member carbonates that aligns stratigraphic sections along a north-

to-south gradient in a palinspastic reconstruction. These isotopic data fit the in-

terpretation that deposition of the oolite was time transgressive. They also agree

well with surrounding sedimentology and stratigraphy that suggest the northerly

sections were more distal and the southerly sections were more proximal. The

spatial pattern recorded in carbon isotope ratios is better explained by hypotheses

whereby the oolite records time-series behavior of marine DIC, than hypotheses in

which the δ13C pattern is a result of post-depositional alteration. Though absolute
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resolution of the problem remains currently out of reach, these results contribute

to the growing list of geological observations that must be met by any satisfactory

explanation of this large negative carbon isotope excursion.
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N 36°27'27.75" W 116°05'12.5" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.00 -3.18 -7.04 Dol. oolite
0.10 -3.83 -8.72 Dol. oolite
0.21 -3.71 -8.28 Dol. oolite
0.30 -3.96 -8.15 Dol. oolite
0.45 -3.94 -8.21 Dol. oolite
0.50 -4.52 -10.00 Dol. oolite
0.60 -4.33 -9.27 Dol. oolite
0.70 -4.51 -8.27 Dol. oolite
0.78 -4.44 -8.99 Dol. oolite
0.92 -4.68 -8.32 Dol. oolite
1.00 -4.81 -7.79 Dol. oolite
1.20 -3.96 -9.10 Dol. oolite
1.30 -3.99 -9.16 Dol. oolite
1.40 -4.33 -8.06 Dol. oolite
1.60 -4.93 -9.08 Dol. oolite

N 36°27'29.1 W 116°05'11.7" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.00 -2.83 -6.88 Dol. oolite
0.10 -3.21 -6.82 Dol. oolite
0.30 -3.40 -8.10 Dol. oolite
0.45 -3.96 -9.13 Dol. oolite
0.60 -4.41 -8.77 Dol. oolite
0.70 -4.50 -8.57 Dol. oolite
0.80 -4.19 -9.95 Dol. oolite
0.90 -4.52 -9.00 Dol. oolite
1.00 -4.70 -9.03 Dol. oolite
1.10 -4.54 -9.59 Dol. oolite
1.20 -4.83 -10.83 Dol. oolite

N 36°09'17.8" W 116°14'11.4" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.00 -2.86 -7.58 Dol. oolite
0.10 -3.68 -9.25 Dol. oolite
0.20 -3.62 -8.73 Dol. oolite
0.30 -3.98 -8.03 Dol. oolite
0.40 -4.08 -8.54 Dol. oolite
0.50 -4.11 -9.41 Dol. oolite
0.60 -4.29 -10.87 Dol. oolite

Resting Spring Range (RS)

North Spring Mountains (NS)

North Spring Mountains (NSa)

Table 3.1: Isotopic data and location coordinates for each stratigraphic section sampled. Most
locations have multiple sections, collected to assay reproducibility along strike (i.e. NM and
NMa). Data is reported referenced to VPDB. Location coordinates are referenced to the NAD27
CONUS datum. All of the Johnnie oolite data is reported as Dol. oolite in the lithology column
for dolomitic oolite. Additional data for the overlying limestones is reported for sections where
samples were taken.
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N 36°09'17.8" W 116°14'11.4" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.70 -4.48 -9.81 Dol. oolite
0.80 -4.45 -9.31 Dol. oolite
0.90 -4.59 -9.01 Dol. oolite
1.00 -4.73 -9.60 Dol. oolite
1.10 -5.05 -8.71 Dol. oolite
1.20 -5.19 -8.64 Dol. oolite
1.30 -5.28 -9.03 Dol. oolite

N 36°09'19.4" W 116°14'08.9" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.00 -2.93 -7.60 Dol. oolite
0.10 -3.63 -8.85 Dol. oolite
0.20 -3.24 -8.35 Dol. oolite
0.30 -3.79 -8.71 Dol. oolite
0.40 -3.74 -8.06 Dol. oolite
0.50 -4.11 -8.05 Dol. oolite
0.60 -4.25 -9.05 Dol. oolite
0.70 -4.48 -9.68 Dol. oolite
0.80 -4.19 -9.44 Dol. oolite
0.90 -4.19 -9.24 Dol. oolite
1.00 -4.29 -8.76 Dol. oolite
1.10 -4.11 -9.99 Dol. oolite
1.20 -4.14 -8.89 Dol. oolite
1.30 -4.26 -8.54 Dol. oolite

N 36°09'17.7" W 116°14'04.2"

stratigraphic height (m) d13C d18O lithology
0.30 -4.68 -8.74 Dol. oolite
1.10 -4.83 -8.57 Dol. oolite
1.70 -5.01 -10.78 Dol. oolite
2.30 -4.97 -10.67 Dol. oolite
3.00 -5.44 -12.64 Dol. oolite
3.50 -5.86 -11.77 Dol. oolite
6.50 -7.96 -16.54 pink micritic limestone

Resting Spring Range (RSMc)

Resting Spring Range (RSa)

Resting Spring Range (RS) cont'd

Table 3.2: Isotopic data and location coordinates for each stratigraphic section sampled. Most
locations have multiple sections, collected to assay reproducibility along strike (i.e. NM and
NMa). Data is reported referenced to VPDB. Location coordinates are referenced to the NAD27
CONUS datum. All of the Johnnie oolite data is reported as Dol. oolite in the lithology column
for dolomitic oolite. Additional data for the overlying limestones is reported for sections where
samples were taken.
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stratigraphic height (m) d13C d18O lithology
0.20 -3.95 -7.97 Dol. oolite
0.44 -3.87 -7.72 Dol. oolite
0.69 -4.10 -7.78 Dol. oolite
0.94 -4.70 -10.02 Dol. oolite
1.29 -3.93 -7.67 Dol. oolite
1.68 -4.19 -7.49 Dol. oolite
1.98 -4.30 -7.19 Dol. oolite
2.27 -4.93 -8.23 Dol. oolite
2.62 -5.61 -12.91 Dol. oolite
3.02 -4.84 -8.98 Dol. oolite
3.36 -4.89 -7.81 Dol. oolite
3.71 -5.03 -7.44 Dol. oolite
4.05 -4.85 -6.88 Dol. oolite
4.35 -3.34 -5.94 Dol. oolite
14.43 -11.22 -15.73 pink micritic limestone
14.63 -11.10 -15.00 pink micritic limestone
14.76 -11.13 -15.53 pink micritic limestone
14.97 -10.53 -15.58 pink micritic limestone
15.17 -11.12 -15.85 pink micritic limestone
15.32 -11.29 -15.66 pink micritic limestone
15.52 -11.16 -14.91 pink micritic limestone
15.76 -10.19 -13.97 pink micritic limestone
16.06 -10.54 -15.20 pink micritic limestone
16.26 -11.39 -15.78 pink micritic limestone
17.44 -11.28 -15.39 pink micritic limestone
17.83 -11.47 -15.33 pink micritic limestone
18.03 -11.75 -15.70 pink micritic limestone
18.42 -11.42 -15.98 pink micritic limestone
20.04 -11.18 -15.58 pink micritic limestone
20.58 -10.90 -15.52 pink micritic limestone
21.15 -10.42 -15.95 pink micritic limestone
21.38 -10.50 -15.20 pink micritic limestone
21.58 -11.36 -15.64 pink micritic limestone
22.08 -11.35 -15.80 pink micritic limestone
23.08 -9.77 -15.44 pink micritic limestone
23.28 -11.19 -15.58 pink micritic limestone
24.78 -11.21 -15.58 intrclast congl.
25.78 -10.95 -15.68 pink micritic limestone
26.08 -11.06 -15.37 pink micritic limestone
26.93 -11.26 -15.632224 pink micritic limestone
27.42 -10.55 -15.051862 pink micritic limestone
27.67 -10.69 -15.079304 pink micritic limestone
28.07 -10.91 -15.479842 pink micritic limestone

Southern Nopahs (SN)
N 36°49'34.2" W 116°4'48.0" NAD27 CONUS

Table 3.3: Isotopic data and location coordinates for each stratigraphic section sampled. Most
locations have multiple sections, collected to assay reproducibility along strike (i.e. NM and
NMa). Data is reported referenced to VPDB. Location coordinates are referenced to the NAD27
CONUS datum. All of the Johnnie oolite data is reported as Dol. oolite in the lithology column
for dolomitic oolite. Additional data for the overlying limestones is reported for sections where
samples were taken.
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stratigraphic height (m) d13C d18O lithology
28.41 -10.47 -14.835372 grey crystal fans
28.87 -10.73 -15.2155 pink micritic limestone
29.32 -9.87 -14.885174 intraclast congl.
31.22 -9.72 -14.798133 grey crystal fans
32.02 -10.49 -15.637236 pink micritic limestone
32.47 -9.69 -15.005108 pink micritic limestone
33.76 -10.21 -16.106914 pink micritic limestone

36°4'55'' N, 116°58'14" W NAD27 CONUS
* this is from C. Verdel -- did you take a waypoint?  
stratigraphic height (m) d13C d18O Lithology

0.10 -3.81 -7.56 Dol. oolite
0.25 -4.01 -8.69 Dol. oolite
0.35 -4.39 -8.50 Dol. oolite
0.50 -4.22 -6.53 Dol. oolite
0.60 -4.54 -8.69 Dol. oolite
0.75 -4.49 -8.30 Dol. oolite
0.90 -4.91 -7.46 Dol. oolite
1.10 -4.72 -8.21 Dol. oolite
1.30 -5.03 -8.98 Dol. oolite
1.35 -4.94 -7.88 Dol. oolite
1.45 -5.39 -10.06 Dol. oolite
1.55 -5.24 -8.61 Dol. oolite
1.65 -5.57 -8.23 Dol. oolite
8.00 -8.55 -12.36 pink limestone
9.00 -8.61 -15.45 pink limestone
10.00 -9.00 -12.80 pink limestone
11.00 -10.40 -11.36 pink limestone
13.00 -10.50 -14.73 pink limestone
15.00 -11.01 -15.91 pink limestone

Southern Nopahs (SN) cont'd

Johnson Canyon (JC)

Table 3.4: Isotopic data and location coordinates for each stratigraphic section sampled. Most
locations have multiple sections, collected to assay reproducibility along strike (i.e. NM and
NMa). Data is reported referenced to VPDB. Location coordinates are referenced to the NAD27
CONUS datum. All of the Johnnie oolite data is reported as Dol. oolite in the lithology column
for dolomitic oolite. Additional data for the overlying limestones is reported for sections where
samples were taken.
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N 35°46'09.6" W 115°44'38.5" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.00 -4.83 -7.00 Dol. oolite
0.10 -4.71 -7.11 Dol. oolite
0.19 -4.76 -7.60 Dol. oolite
0.29 -4.69 -7.67 Dol. oolite
0.40 -4.08 -7.32 Dol. oolite
0.50 -4.97 -8.83 Dol. oolite
0.60 -4.76 -6.96 Dol. oolite
0.70 -4.68 -7.41 Dol. oolite
0.80 -5.04 -8.76 Dol. oolite
0.90 -4.57 -7.60 Dol. oolite
1.00 -5.07 -8.45 Dol. oolite
1.20 -5.13 -8.41 Dol. oolite
1.30 -5.02 -8.01 Dol. oolite
1.40 -5.24 -7.88 Dol. oolite
1.50 -5.34 -7.92 Dol. oolite
1.60 -5.31 -7.58 Dol. oolite
1.70 -5.47 -7.46 Dol. oolite
1.80 -5.52 -8.30 Dol. oolite
1.90 -5.79 -10.69 Dol. oolite
2.00 -5.38 -7.67 Dol. oolite
2.10 -5.57 -8.42 Dol. oolite
2.20 -5.36 -7.07 Dol. oolite
2.30 -5.62 -6.61 Dol. oolite
2.40 -5.72 -6.66 Dol. oolite
2.50 -5.88 -6.79 Dol. oolite
2.60 -5.82 -6.24 Dol. oolite
2.70 -6.04 -6.31 Dol. oolite
2.80 -6.01 -6.34 Dol. oolite
30.00 -10.87 -8.23 pink oolitic limestone
48.00 -9.90 -8.95 pink oolitic limestone

N 35°46'11.7" W 115°44'38.0" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.05 -4.45 -6.36 Dol. oolite
0.10 -3.92 -6.15 Dol. oolite
0.15 -4.63 -8.80 Dol. oolite
0.30 -4.50 -8.18 Dol. oolite
0.40 -4.84 -8.27 Dol. oolite
0.50 -4.82 -7.82 Dol. oolite
0.60 -4.51 -7.21 Dol. oolite
0.70 -5.18 -8.36 Dol. oolite

North Mesquite Mountains (NMa)

North Mesquite Mountains (NM)

Table 3.5: Isotopic data and location coordinates for each stratigraphic section sampled. Most
locations have multiple sections, collected to assay reproducibility along strike (i.e. NM and
NMa). Data is reported referenced to VPDB. Location coordinates are referenced to the NAD27
CONUS datum. All of the Johnnie oolite data is reported as Dol. oolite in the lithology column
for dolomitic oolite. Additional data for the overlying limestones is reported for sections where
samples were taken.
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N 35°46'11.7" W 115°44'38.0" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.80 -5.04 -8.32 Dol. oolite
0.90 -5.11 -8.60 Dol. oolite
1.00 -5.24 -8.10 Dol. oolite
1.10 -5.33 -8.31 Dol. oolite
1.20 -5.44 -8.03 Dol. oolite
1.30 -5.44 -8.30 Dol. oolite
1.40 -5.48 -8.25 Dol. oolite
1.50 -5.36 -7.41 Dol. oolite
1.60 -5.33 -7.19 Dol. oolite
1.80 -5.25 -7.98 Dol. oolite
1.90 -5.48 -7.16 Dol. oolite

N 35°35'42.3" W 116°16'20.9" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.10 -5.52 -8.06 Dol. oolite
0.20 -5.79 -7.66 Dol. oolite
0.30 -5.89 -7.58 Dol. oolite
0.40 -5.93 -7.45 Dol. oolite
0.50 -5.97 -7.48 Dol. oolite
0.60 -5.73 -7.10 Dol. oolite
0.70 -5.73 -7.06 Dol. oolite
0.80 -5.64 -7.15 Dol. oolite
0.90 -5.93 -7.33 Dol. oolite
1.00 -5.97 -7.49 Dol. oolite
1.10 -5.88 -7.40 Dol. oolite
1.20 -5.97 -7.42 Dol. oolite
1.30 -6.04 -7.52 Dol. oolite
1.40 -6.13 -7.56 Dol. oolite
1.50 -6.01 -7.30 Dol. oolite

N 35deg35'40.8" W 116deg16'20.6" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.00 -5.79 -10.84 Dol. oolite
0.10 -6.11 -7.90 Dol. oolite
0.20 -6.21 -7.55 Dol. oolite
0.30 -5.98 -7.26 Dol. oolite
0.40 -6.11 -7.20 Dol. oolite
0.50 -6.14 -7.33 Dol. oolite
0.60 -6.25 -7.40 Dol. oolite

North Mesquite Mountains (NMa) cont'd

Salt Spring Hills (SSa)

Salt Spring Hills (SS)

Table 3.6: Isotopic data and location coordinates for each stratigraphic section sampled. Most
locations have multiple sections, collected to assay reproducibility along strike (i.e. NM and
NMa). Data is reported referenced to VPDB. Location coordinates are referenced to the NAD27
CONUS datum. All of the Johnnie oolite data is reported as Dol. oolite in the lithology column
for dolomitic oolite. Additional data for the overlying limestones is reported for sections where
samples were taken.
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N 35°35'40.8" W 116°16'20.6" NAD27 CONUS
0.70 -6.13 -7.18 Dol. oolite
0.80 -6.13 -7.18 Dol. oolite
0.90 -6.57 -7.00 Dol. oolite
1.00 -7.13 -6.80 Dol. oolite
1.10 -6.95 -6.79 Dol. oolite
1.20 -7.19 -7.17 Dol. oolite
1.30 -6.67 -7.05 Dol. oolite
1.40 -6.81 -7.45 Dol. oolite
1.50 -6.62 -7.29 Dol. oolite
1.60 -6.38 -7.80 Dol. oolite
1.70 -7.45 -6.73 Dol. oolite
1.80 -6.32 -6.89 Dol. oolite
1.90 -6.33 -6.89 Dol. oolite
2.00 -6.93 -7.25 Dol. oolite

N 35°10'47.1" W 115°52'57.9" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
-1.15 -1.27 -11.11 massive dolstne
-1.00 -1.57 -11.24 massive dolstne
0.00 -1.82 -9.32 laminated dolstne
0.10 -1.81 -9.22 Dol. oolite
0.20 -2.77 -8.68 Dol. oolite
0.30 -2.40 -6.92 Dol. oolite
0.40 -3.20 -8.56 Dol. oolite
0.50 -1.99 -6.32 Dol. oolite
0.60 -3.08 -6.81 Dol. oolite
0.70 -3.89 -8.22 massive dolstne
0.85 -4.26 -6.46 massive dolstne
0.90 -3.87 -7.02 massive dolstne
1.00 -3.86 -7.01 massive dolstne
1.10 -4.04 -7.64 massive dolstne
1.20 -4.25 -7.08 massive dolstne
1.30 -4.21 -6.67 massive dolstne
1.40 -4.25 -6.90 massive dolstne
1.50 -4.21 -8.58 massive dolstne
1.60 -4.85 -8.28 massive dolstne
1.70 -4.61 -6.11 massive dolstne
1.80 -4.38 -6.89 massive dolstne
2.00 -5.11 -7.73 massive dolstne
2.10 -5.00 -10.36 massive dolstne
2.20 -6.65 -7.06 massive dolstne
2.30 -5.06 -8.45 massive dolstne
67.75 -9.20 -6.76 x-bedded grainstone

Salt Spring Hills (SSa) cont'd

Old Dad Mountains (OD)

Table 3.7: Isotopic data and location coordinates for each stratigraphic section sampled. Most
locations have multiple sections, collected to assay reproducibility along strike (i.e. NM and
NMa). Data is reported referenced to VPDB. Location coordinates are referenced to the NAD27
CONUS datum. All of the Johnnie oolite data is reported as Dol. oolite in the lithology column
for dolomitic oolite. Additional data for the overlying limestones is reported for sections where
samples were taken.
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N 35°10'47.1" W 115°52'57.9" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
69.75 -7.52 -2.40 x-bedded grainstone
70.50 -8.36 -5.46 x-bedded grainstone
71.50 -10.06 -6.12 x-bedded grainstone

N 35°10'47.5" W 115°52'54.2" NAD27 CONUS

stratigraphic height (m) d13C d18O lithology
0.00 -1.42 -10.25 laminated dolstne
0.20 -1.30 -10.48 laminated dolstne
0.60 -1.55 -10.21 laminated dolstne
0.80 -1.44 -9.49 laminated dolstne
1.00 -1.49 -10.52 laminated dolstne
1.20 -1.54 -10.06 laminated dolstne
1.40 -1.78 -9.19 laminated dolstne
1.60 -2.53 -9.21 laminated dolstne
1.70 -2.81 -10.01 laminated dolstne
1.80 -3.23 -7.33 Dol. oolite
1.90 -3.43 -9.03 Dol. oolite
2.00 -3.53 -8.32 Dol. oolite
2.15 -3.97 -6.96 Dol. oolite

Old Dad Mountains (OD) cont'd

Old Dad Mountains (ODa)

Table 3.8: Isotopic data and location coordinates for each stratigraphic section sampled. Most
locations have multiple sections, collected to assay reproducibility along strike (i.e. NM and
NMa). Data is reported referenced to VPDB. Location coordinates are referenced to the NAD27
CONUS datum. All of the Johnnie oolite data is reported as Dol. oolite in the lithology column
for dolomitic oolite. Additional data for the overlying limestones is reported for sections where
samples were taken.
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4.1 Abstract

The sedimentary record reveals first-order changes in the locus of carbonate precip-

itation through time, documented in the decreasing abundance of carbonate pre-

cipitation on the seafloor. This pattern is most clearly recorded by the occurrence

of seafloor carbonate crystal fans (bladed aragonite pseudomorphs neomorphosed

to calcite or dolomite), which have a distinct temporal distribution—ubiquitous

in Archean carbonate platforms, but decline through Proterozoic time and are

extremely rare in Phanerozoic basins. To understand better the potential influ-

ences on this pattern, we built a mathematical framework detailing the effects of

organic matter delivery and microbial respiratory metabolisms on the carbonate

chemistry of shallow sediments. Two non-unique end-member solutions emerge in
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which seafloor precipitation is favorable: enhanced anaerobic respiration of organic

matter, and low organic matter delivery to the sediment-water interface. This anal-

ysis suggests that not all crystal fans reflect a unique set of circumstances, rather

there may have been several different geobiological and sedimentary mechanisms

that led to their deposition. We then applied this logical framework to better

understand the petrogenesis of two distinct crystal fan occurrences—the late Pa-

leoproterozoic Beechey Formation, Northwest Territories, Canada and the middle

Ediacaran Rainstorm Member of the Johnnie Formation, Basin and Range, USA—

using a combination of high-resolution petrography, micro x-ray fluorescence and

wavelength dispersive spectroscopy, C isotopes, and sedimentary context to invert

for geobiological processes occurring at the sediment-water interface. Interestingly,

both of these Proterozoic examples are associated with iron-rich secondary min-

eral assemblages, have elevated trace metal signatures, and sit within maximum

flooding intervals, highlighting key commonalities in syn-sedimentary geobiological

processes that led to seafloor carbonate precipitation.

4.2 Introduction

The sedimentary record demonstrates that large-scale aspects of carbonate depo-

sition have remained unchanged over > 3.4 Ga of Earth history [1]. This reflects

long-term commonalities in the sources and sinks of dissolved inorganic carbon

(DIC) and alkalinity in seawater and the processes that generate and fill accom-

modation in sedimentary basins. Despite this stability, the record also reveals

important first-order changes, at smaller length scales, in the nature of carbon-

ate precipitation through time, this is documented in the decreasing abundance

of seafloor carbonate precipitation (Table 4.1, references therein). Changes in

carbonate precipitation dynamics are also evidenced in Precambrian precipitated

stromatolite morphologies, herringbone calcite, molar tooth structure and giant

ooids [2, 3, 4, 5, 1]. The reemergence of seafloor-precipitated crystal fans in subti-

dal carbonate environments after Paleoproterozoic time is important because each
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example coincides with known carbon cycle perturbations [6, 7, 8]. Uncovering

the basis for these occurrences holds an important key to understanding secu-

lar changes in the linkages between acid-base and redox processes on the surface

Earth [6, 1, 9].

Herein, we explore the potential importance of sediment-water interface chem-

istry and the impact of microbial respiration on the temporal distribution of

seafloor crystal fans through time. We begin with methods and results from a

mathematical model exploring the effects of organic matter delivery and different

respiratory metabolisms on the carbonate chemistry of the sediment-water inter-

face. This framework makes specific predictions for the signature of biologically

influenced precipitation that we then test with a variety of sedimentologic, pet-

rographic, and isotopic observations. We focused on two Proterozoic crystal fan-

containing deposits widely distributed in time—the late Paleoproterozoic Beechey

Formation, Northwest Territories, Canada and the middle Ediacaran Rainstorm

Member of the Johnnie Formation, Basin and Range, USA. We show observations

from a range of high-resolution petrographic techniques that provide insight into

the sedimentary geochemistry of the environments in which they grew.

4.2.1 Occurrences of aragonite seafloor crystal fans in the sedi-

mentary record

Subtidal aragonite seafloor-precipitated crystal fans were first described from the

Paleoproterozoic Odjick-Rocknest transition, Canada [10]. Since then, many oc-

currences of seafloor aragonite pseudomorphs have been documented in carbon-

ate successions. These occurrences were compiled in Grotzinger (1989) and in

Grotzinger and James (2000). An updated tabulation is shown in Table 4.1. A

crucial outcome of the existing body of work is the distinct temporal distribution

of carbonate crystal fans. They are ubiquitous in Archean carbonate platforms,

common in late Paleoproterozoic carbonate platforms and are restricted to peri-

tidal environments during Mesoproterozoic time [2, 1]. There are noticeable gaps

in the crystal fan record between 3.5 Ga and 3 Ga, between 2.5 Ga and 2 Ga,



123

and between ∼580 Ma and the present, except for Permian and Early Triassic oc-

currences (Table 4.1). During Precambrian time, wherein the record of preserved

carbonates is scarcer and the age constraints are fewer, the temporal distribution

likely reflects both a true change in carbonate depositional style as well as a strong

bias associated with the preserved rock record. In general, the record gets poorer

with age, and yet even with a diminished record, crystal fans are an important

component of the few preserved Archean carbonate platforms (e.g., [11, 12]). Here

the signal clearly stands out from the bias. That in mind, the scarcity of car-

bonate platforms of middle Archean and early Paleoproterozoic age highlights the

likelihood that both the 3.5 Ga to 3 Ga gap and 2.5 Ga and 2 Ga gap may be

directly due to record bias. As summarized previously [2, 1], subtidal crystal fans

reminiscent of Archean and late Paleoproterozoic seafloor crystal fans reappear

in Neoproterozoic and Phanerozoic successions during periods of perturbation to

the ocean-atmosphere system—most notably directly overlying the cap carbonate

dolostones associated with the Marinoan glaciation [13, 14, 15, 16, 17, 18, 19, 20]

and around the Permian-Triassic mass extinction [6, 21, 22, 23, 24]. The sedimen-

tary record of the past 630 million years is, in many ways, much clearer and far

more continuous, yet during this interval seafloor-precipitated fabrics are not ever

a common component of carbonate platforms.

The striking nature of this long-term temporal pattern has generated a variety

of explanations [4, 1, 9]. Broadly, the distribution of CaCO3 precipitation and

dissolution within the ocean is dependent on the size of the DIC reservoir, the

pressure and temperature dependent solubility of carbonate minerals, and the

strength and metabolisms of organic carbon production and respiration. In modern

ocean basins, large gradients in carbonate saturation state between surface and

deep seawater exists because of a strong biological pump, high pO2 and aerobic

respiration of organic carbon [9, 25]. A longstanding interpretation of the temporal

distribution of crystal fan occurrences has involved a decrease in surface seawater

carbonate saturation state through time [26, 4, 1]. Under this hypothesis, Archean

oceans were characterized by highly supersaturated surface seawater and crystal
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Best Age 
(Ma) Location & Reference Context

3,450 Strelley Pool Formation, Waarrawoona Greenstone Belt, Western Australia 
(Grotzinger, 1989; Allwood et al., 2009)

Flat pebble conglomerates assoc. with crystal fans

2,940 Uchi Greenstone Belt, Canada (Sumner and Grotzinger, 2000)

2,700
Cheshire Formation, Belingwe Greenstone Belt, Zimbabwe (Grotzinger, 
1989; Sumner and Grotzinger, 2000; Hofmann, et al., 2004), Steep Rock 
Group, Canada (Grotzinger, 1989; Kusky and Hudleston, 1999; Sumner 
and Grotzinger, 2000)

Cheshire Fm. -- Crystal fans grow from erosional 
surfaces and lag deposits of detrital sediments, 
intimately associated with microbial laminae. Steep 
Rock Group -- within fenestral microbial laminae

2,600
Hunstman Formation, Zimbabwe (Sumner and Grotzinger, 2000; 
Hofmann, et al., 2004), Carawine Formation, Australia (Sumner and 
Grotzinger, 2000)

Huntsman Fm. -- Crystal fans are interbedded with 
interpreted microbial laminae and black coatings
Carawine Fm. -- draped in sediments and 
sometimes reworked

2,540 Campbellrand-Malmani Platform, South Africa (Sumner and Grotzinger, 
2000; Sumner and Grotzinger, 2004)

Found in subtidal through supratidal depositional 
environments

2,500 Yellowknife Supergroup, Canada (Grotzinger, 1989)

1,970 Beechey Formation, Canada (Grotzinger and Friedman, 1989; Grotzinger, 
1993)

Crystal fans associated with granular iron formation, 
sit on transgressive surface

1,900 Odjick-Rocknest Boundary, Canada (Grotzinger and Reed, 1983), Thin authigenic hematite coatings on crystal fans, sit 
on transgressive surface

1,880 Pethei Group, Canada (Sami and James, 1996)

1,640 Teena Formation, McArthur Group, Australia (Winefield, 2000) Crystal fans interbedded with pink carbonates and 
sit at the transgressive surface

1,400
Gaoyuzhuang Formation, China (Seong-Joo and Golubic, 2000), Kotuikan 
Formation, Siberia (Bartley, et al., 2000)

Gaoyuzhuang  Fm. -- Crystal fans associated with 
“sediment rich layers” and are red-brown in color.  
Both crystal fan occurrences are peritidal.

1,200 Ruyang Group, China (Xiao et al., 1997) Crystal fans draped by darker, micritic laminae, 
blades highlighted by organic matter or hematite

1,100 Society Cliffs Formation, Canada (Kah and Knoll, 1996) Peritidal crystal fans associated with evaporites

740 Bambui Group, Brazil (Peryt, et al., 1990; Babinski et al., 2007) High Sr concentrations, Crystal fans are grey in color 
and are associated with red lime mudstones

667? Pocatello Formation, United States (Corsetti et al., 2004; Lorentz et al., 
2004)

Crystal fans are associated with pink limestones and 
are draped with micritic or siliclastic sediments.

630

Maieberg Formation, Namibia (Hoffman et al., 1998; Hoffman, et al., 
2007), Mt. Doreen Formation, Australia (Kennedy, 1996), Bushmansklippe 
Formation, Namibia (Saylor, et al., 1998), Hayhook Formation, Canada 
(James, et al., 2001), Mirasol d’Oeste Formation, Brazil (Font, et al., 
2006), Ol Member, Tsagaan Oloom Formation (Macdonald, et al., 2009), 
Katakuruk Formation, Alaska (Clough and Goldhammer, 2000; Macdonald, 
et al., 2009)

Crystal fans sit at the dolomite-limestone transition 
associated with the maximum flooding interval 
following the Marinoan Glaciation.  They are often 
associated with pink limestones, authigenic minerals 
and microbial laminae.  Detrital hematite is noted in 
the Maieberg Formation.  

580 Johnnie Formation, United States (Summa, 1993; Pruss, et al., 2008)
Sit at the maximum flooding interval, dense detrital 
grains particularly hematite are associated with the 
crystal fans and nucleation surface

265 Capitan Reef, United States (Grotzinger and Knoll, 1995) Reef cavity botryoids, no known examples of direct 
precipitation on the seafloor

252

Shareza Formation, Iran (Baud, et al., 2007), Abedah, Turkey (Heydari 
and Hassanzadeh, 2003; Heydari, et al., 2003), Kokarkuyu Formation, 
Turkey (Pruss, et al., 2006), Guizhou, China (Payne, et al., 2007), Cekic 
Dagi Formation, Turkey (Payne, et al., 2007), Mitai and Kamura 
Formations, Japan (Payne, et al., 2007), 

In the Shareza and Kokarkuyu Fms. the crystal fans 
are forming on flooded or drowning platforms.  

251 Alwa Formation, Oman (Woods and Baud, 2008) Iron-manganese coatings described within sequence 
that contains crystal fans

Table 4.1: Ages, geological names, references and significant context of documented crystal fans
occurrences from the sedimentary record.
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fans would have formed during rapid precipitation events. Higgins et al. (2009)

proposed that periods of abundant in situ seafloor precipitation were characterized

by a small gradient in carbonate saturation from the surface to the deep ocean,

controlled by widespread anaerobic respiration of organic carbon and a large DIC

reservoir and/or a weak biological pump. In this framework, the temporal decline

of seafloor-precipitated textures preserved in Precambrian carbonate platforms

can be explained as a product of increasing pO2 and aerobic respiration of organic

carbon as well as decreasing pCO2 and a shrinking DIC reservoir [27, 9].

One key to understanding the nature of seafloor carbonate fans is recognition

that these features were influenced by and record mass fluxes across the sediment-

water interface. Despite strongly supersaturated seawater with respect to both

aragonite and calcite over modern carbonate platforms, this style of seafloor pre-

cipitation does not occur today. Today, dissolution in shallow sediments near the

sediment-water interface is driven by the aerobic respiration of organic matter

(and oxidation of other sedimentary reductants like sulfide), which increases aque-

ous CO2, consumes alkalinity, and lowers pH [28, 29, 30, 31]. This highlights the

importance of local gradients in carbonate saturation state, these gradients are

due in large part to the effects of biology, and have changed over the course of

Earth history.

4.3 Carbonate chemistry at the sediment-water inter-

face

Supersaturated surface waters overlying modern carbonate platforms should drive

carbonate seafloor precipitation based on thermodynamic predictions (Ω > 1), and

many studies have shown that supersaturated seawater does indeed result in the

inorganic precipitation of carbonate minerals. The location of these precipitates

in the modern ocean, however, is telling [32, 33, 34, 35, 36]. Aragonite precipi-

tates have been documented within reef cavities as large botryoidal fans and as

fine needles precipitated on carbonate grains suspended in the water column at 30
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and 60 m depth [33, 35]. Inorganic precipitation also occurs from seawater onto

pre-existing aragonite needles during whitings events [32, 36, 37]. Other types

of carbonate precipitates exist within modern carbonate supersaturated environ-

ments but these sit more clearly within a continuum of biologically mediated and

abiotic precipitates, these include ooids and various cements including hardground,

beachrock, and stromatolite cements [38, 39, 40, 41].

If tropical surface seawater (Ωaragonite ∼ 3) can produce aragonite precipitates,

the question of why these features do not form on the seafloor in the modern

becomes an important juxtaposition against the occurrences of seafloor precipitates

in the rock record. Seawater is not uniform with regard to its carbonate chemistry,

and processes occurring in shallow sediments and at the sediment-water interface

play an important role in the probability of crystal fan nucleation and growth.

The dominant controls on whether precipitation is viable at the sediment-water

interface include the acid-base and redox chemistry occurring on the seafloor and

in shallow sediments, the balance between the kinetics of carbonate precipitation

rate and background sedimentation rate, and physical processes like bioturbation

that drive mixing and perturb mass flux across the sediment-water interface.

Studies of carbonate platform environments reveal evidence for carbonate dis-

solution in near-surface sediments though a complex set of processes [28, 29, 42,

30, 31]. Both aerobic respiration and sulfate reduction decrease the pH in sedi-

ment pore waters undergoing organic diagenesis [43, 28]. On carbonate platforms,

pore water profiles indicate sulfate reduction begins within 5 cm of the sediment-

water interface in many environments [28, 30]. Furthermore, with limited iron

concentrations in shallow carbonate environments, the hydrogen sulfide produced

during sulfate reduction diffuses upward and is reoxidized (commonly by O2) in

shallower sediments or at the sediment-water interface, often associated with bio-

turbation [29, 42]. The oxidation of the hydrogen sulfide produces the bulk of

the acidity contributing to the dissolution of carbonate phases with smaller con-

tributions from aerobic respiration and sulfate reduction [29]. The accumulation

of Ca2+ and CO3
2− ions in the pore fluids driven by microbial respiration and
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carbonate dissolution can result in carbonate precipitation (and cementation) at

greater depths in the sediments but not commonly near the sediment-water inter-

face [30]. Thus, the combined effect of the two dominant microbial respiration

pathways (in modern ocean basins) and the two-fold effects of bioturbation—both

physical disruption of the sediment-water interface and promoting hydrogen sul-

fide oxidation—serve as important chemical and physical hindrances to seafloor-

precipitated crystal fans on modern carbonate platforms. Ultimately these studies

reveal that geobiological processes that include the synthesis and respiration of

organic carbon, contributions to alkalinity from anaerobic metabolisms, and bio-

turbation fundamentally control the carbonate chemistry of the environments in

which crystal fans would nucleate and grow and form the foundation for our model

of the sediment-water interface.

4.3.1 Modeling methods

We constructed an explicit framework to evaluate the conditions that might hinder

or promote the growth of seafloor crystal fans with a focus on the role of geobiolog-

ical processes in the chemistry of the sediment-water interface. During carbonate

precipitation, the growth rate (R) can be related to saturation state (Ω) through

the following rate equation:

R = k ∗ [CaCO3] ∗ (Ω − 1)n (4.1)

where k is the rate constant and n is the rate order and saturation state (Ω) is

defined as:

Ω =
γCa2+ ∗ γCO2−

3

Ksp
(4.2)

where γ is the activity coefficient and Ksp is the solubility product. As Ω

increases, so does R. The potential mitigating effects of kinetic inhibitors on pre-

cipitation rate can be included in the rate equation with the coefficient k.

In order to quantify and formalize the possible biological controls on the sediment-
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water interface chemistry, we used a mathematical model that is designed to ex-

plore the carbonate chemistry and saturation state of the sediment-water interface

as a thermodynamic statistic to predict the behavior of carbonate precipitation

and dissolution. The carbonate chemistry of the sediment-water interface can be

understood as the difference between processes occurring in the water column ver-

sus those in the shallow sediments that either add or remove DIC and/or alkalinity

in their respective environments. We can simulate the effect that the geobiological

processes have on the CaCO3 saturation state of the interface with four boxes for

dissolved inorganic carbon and alkalinity in the overlying water column (DICw,

ALKw) and in the shallow sediments (DICs, ALKs), respectively, (Figure 4.1).

WATER
[net production]

SEDIMENT
[net remineralization]

  

 

 

 
 

 

Jmix Jorg

  

 

Jmix Jorg•∆ALK

DICw ALKw

DICs ALKs

Figure 4.1: Topology of a mathematical model to examine the carbonate chemistry of the
sediment-water interface model. DIC, dissolved inorganic carbon, ALK, alkalinity. The DICw

and ALKw are set to modern seawater values. The chemical work done on the sediment DICs

and ALKs is a function of the flux of organic material (Jorg) and the alkalinity input from different
respiratory metabolisms.

We generate a flux of organic matter—from oxygenic photosynthesis and car-

bon fixation—to the sediment-water interface and force all remineralization to

occur within sediments (Figure 4.1). We then vary the flux of organic matter and

the dominant microbial respiration pathways responsible for organic matter rem-

ineralization. These simplifications approximate a variety of marine environments

and demonstrate the importance of different microbial respiration pathways on the



129

chemistry at the interface. We overlook precipitation and dissolution feedbacks—

which would make true changes in Ω less than those predicted by the model—with

the first-order goal of predicting thermodynamic favorability and likelihood of crys-

tal fan development.

The four differential equations governing the box model are:

dDICw

dt
= Jmix ∗ ([DICs] − [DICw]) − Jorg (4.3)

dDICs

dt
= Jmix ∗ ([DICw] − [DICs]) + Jorg (4.4)

dALKw

dt
= Jmix ∗ ([ALKs] − [ALKw]) − Jorg ∗ ∆ALK (4.5)

dALKs

dt
= Jmix ∗ ([ALKw] − [ALKs]) + Jorg ∗ ∆ALK (4.6)

where Jorg is the flux of organic material to the sediment-water interface and

Jmix is the combined effect of advection and diffusion. These two processes would

be accounted for differently in a time dependent model but because we are solving

the model at steady state we have simplified their effect into a single term. A

steady-state solution implies that removal from the sediment box is in equilibrium

with the input. Solving equations 4.3-4.6 at steady state and assuming the Jmix

term is equal for ALK and DIC yields:

Jmix =
Jorg

[DICs] − [DICw]
=

Jorg ∗ ∆ALK

(ALKs] − [ALKw]
(4.7)

solving for ALKs yields:

[ALKs] = ∆ALK ∗ ([DICs] − [DICw]) + [ALKw] (4.8)

To simulate variable quantities of remineralized organic carbon in the sediment

box we used the following expression:
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[DICs] = [DICw] + [DICremin] (4.9)

To solve the carbonate chemistry of this system, we adapted a version of the

MATLAB solver from [44]. Constants were adjusted to those presented in Millero

(2007) [45]. For boundary conditions (Table 4.2) we used values for [DICw], [ALKw]

and [Ca2+] that reflect modern seawater, but the salient results hold over broad

ranges of DIC and alkalinity. While [Ca2+] has varied over geologic timescales,

it is also likely true that [Ca2+] >> [CO3
2−] over most of Earth history and

thus gradients in Ω were dependent on changes in [CO3
2−] not [Ca2+] [9]. At

extreme end-member solutions of nearly zero [DICw], [ALKw] and [Ca2+] model

outcomes are strongly affected. The large-scale commonalities in the carbonate

producing environments throughout Earth history, however, suggest that these

extreme conditions were never met by seawater [27, 1].

T S P [Ca2+] DICw ALKw DICremin ALK

20 °C 35 ‰ 1 atm 11 mmol kg-1 2100 
mol kg-1

2300 mol 
equiv. kg-1

0:5:500
mol kg-1

-1:0.1:9

Table 4.2: Boundary conditions for the mathematical model of sediment-water interface car-
bonate chemistry.

4.3.2 Modeling results

Modern marine environments demonstrate how inextricably linked the precipita-

tion and dissolution of carbonate minerals are to the processes of organic carbon

synthesis and remineralization. The dominant microbial respiration processes oc-

curring in shallow sediments and at the sediment-water interface in the modern,

however, have changed throughout Earth history [9, 25]. This is important because

while respiration always adds DIC, anaerobic respiration pathways also contribute

alkalinity and thus have a different effect on Ω than aerobic metabolisms (Ta-

ble 4.3, Figure 4.2). Figure 4.2 illustrates the alkalinity produced for 10 µmol
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kg-1 of organic matter respired to CO2 for different respiration pathways—aerobic

respiration, sulfate reduction, nitrate reduction, manganese reduction, iron reduc-

tion, methanogenesis and anaerobic oxidation of methane (AOM). The alkalinity

contribution was calculated by balancing the stoichiometry of marine organic car-

bon, oxygen and hydrogen from Anderson (1995) but ignores the smaller effects

of remineralizing nitrogen and phosphorous [46]. In this regard, the alkalinity

contributions from these anaerobic metabolisms are further distinct from aerobic

respiration. The anaerobic remineralization of nitrogen adds alkalinity because the

organic nitrogen is transformed to ammonia but removes alkalinity in oxic settings

as organic nitrogen is metabolized, in net, to nitrate (not commonly by the same

organisms). Aerobic respiration actually removes a small amount of alkalinity for

every mole of CO2 respired because of nitrogen and phosphorous remineralization.

Aerobic respiration and methanogenesis are respiration pathways that result in

>1 mol equivalent alkalinity per mol of CO2 and thus these respiration pathways

decrease the carbonate saturation of pore waters (Table 4.3, Figure 4.2). Man-

ganese reduction, iron reduction, the anaerobic oxidation of methane and sulfate

reduction promote carbonate precipitation by boosting the carbonate saturation

state of pore waters. The relative contribution to alkalinity per mol of CO2 is

referred to here as ∆ALK and is shown by the slope of the vectors plotted in

Figure 4.2. The resulting effect of these respiration pathways on Ωaragonite (con-

tours) is consistent over a broad range of seawater chemistry, however note that

at end-member compositions (either negligible DIC or Alkalinity) the effect on Ω

would be different.

The steady-state solutions for this simple two-box model are a function of the

flux of organic matter to the sediment-water interface and the effect of different

microbial respiration pathways on alkalinity per mol CO2 (∆ALK). Results are

presented as pH and Ωaragonite of the sediment box (Figure 4.3A,B). While each

respiratory pathway listed earlier has a specific ∆ALK contribution, we explored a

continuum in ∆ALK (-1–9) to approximate the combined effect of multiple respi-

ratory pathways due to the common limitation of electron acceptors in organic-rich
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REACTION STOICHIOMETRY DIC ALK pH

aerobic respiration 4 C106H175O42 + 515 O2  424 CO2 + 350 H2O 1 0 5.18

denitrification 2 C106H175O42 + 206 NO3- + 206 H+  212 CO2 + 103 N2 + 278 H2O 1 1.0 6.78

manganese reduction 2 C106H175O42 + 515 MnO2 + 1030 H+  212 CO2 + 515 Mn2+ + 690 H2O 1 4.9 +

iron reduction 2 C106H175O42 + 515 Fe2O3 + 2060 H+  212 CO2 + 1030 Fe2+ + 1205 H2O 1 9.7 +

sulfate reduction 8 C106H175O42 + 515 SO42- + 1030 H+  848 CO2 + 515 H2S + 700 H2O 1 1.2 6.72

methanogenesis 8 C106H175O42 + 330 H2O  333 CO2 + 515 CH4 1 0 5.56

AOM 8 C106H175O42 + 515 SO42- + 1030 H+  848 CO2 + 515 H2S + 700 H2O 1 1.2 7.88

sulfide oxidation 1 H2S + 2 O2  SO42- + 2 H+ 0 -2 -

iron oxidation 4 Fe2+ + 4 H2O + O2  2 Fe2O3 + 8 H+ 0 -8 -

Table 4.3: Different respiratory metabolisms have unique effects on solution carbonate chem-
istry. The redox reactions were balanced below using the stoichiometry C106H175O42 (Ander-
son1995) to approximate the average redox composition of marine organic matter. The ∆ALK
term is the change in alkalinity per mol of organic carbon turned to CO2 and was calculated
for each reaction as a function of the principal components at the CO2 equivalence point. The
pH column indicates the pH midpoint, below which the reaction will result in a pH increase and
above which the reaction will result in a pH decrease. The colors designated for each respiration
pathway are the color of the respective arrow in Figure 4.2.

column 5 from [47]

sediments. The dark blue regions represent the sediment box when Ωaragonite is

less than one (Figure 4.3B). These undersaturated environments would promote

dissolution of aragonite and are similar to the shallow sediments in the modern

ocean.

These calculations demonstrate how the chemistry of the sediment-water inter-

face can deviate strongly from seawater due to expected geobiological processes.

Interestingly, these relationships show two mutually exclusive paths that result in

favorable chemistry for crystal fan formation. One, in anoxic environments with

anaerobic metabolisms above ∆ALK = 0.8, Ωaragonite of the sediment box does

not drop below one, even with high rates of organic matter delivery (500 µmol

kg-1). And two, if organic matter delivery is sufficiently low (< 50 µmol kg-1)

the sediments do not become undersaturated even when ∆ALK is equal to -1

(Figure 4.3).
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Figure 4.2: Effect of different respiratory metabolisms on dissolved inorganic carbon (DIC),
alkalinity, and Ωaragonite in a hypothetical environment when 10 µmol kg-1 organic carbon is
respired. The plot shows contours of equal Ωaragonite as a function of DIC and total alkalinity.
The different colored vectors describe specific redox reactions shown in Table 4.3.

4.4 Examples from the sedimentary record

Guided by the results of the mathematical descriptions of sediment-water inter-

face chemistry, we can examine examples of crystal fans from the rock record

for evidence that the two solutions might have been influential in driving seafloor

carbonate precipitation. Evidence of microbially mediated precipitation via anaer-

obic respiration pathways might include: (1) a carbon isotopic composition 13C-

depleted relative to coeval seawater due to local organic respiration, (2) reduced

authigenic minerals such as pyrite produced in close association with the precipi-

tates, or (3) reduced metals incorporated into the carbonate structure such as Fe2+

and Mn2+. Whereas precipitation on surfaces with low organic matter delivery to

the sediments might include: (1) low TOC concentrations in the interval with crys-

tal fans, (2) incompletely reduced electron acceptors such as iron or manganese

oxides, or (3) a lack of reduced minerals like pyrite.



134

6.
5

7
7.

5

8

8.5

9

9.5

10

1

2 3 4 5

10

20

40

30

0

100

200

300

400

6.5

7

7.5

8

8.5

9

9.5

10

0 2 4 6 8
0

100

200

300

400

5

10

15

20

25

30

35

1

A

B

∆ALK

R
es

pi
re

d 
O

rg
an

ic
 C

ar
bo

n 
(μ

m
ol

 k
g-1

) 
R

es
pi

re
d 

O
rg

an
ic

 C
ar

bo
n 

(μ
m

ol
 k

g-1
) 

pH
Ω

ar
ag

on
ite

 s
ed

im
en

t 

Figure 4.3: Results of the carbonate chemistry model, solved at steady state, in terms of pH
(A) and Ωaragonite (B) of the sediment box. For this calculation, the water box has a fixed pH
of 7.9 and Ωaragonite of 2.36. The results indicate both pH and Ωaragonite will drop for all forg
(0–500 µmol kg-1) and ∆ALK < 1. For all ∆ALK and forg < 50 µmol kg-1, Ωaragonite remains
> 1. Additionally, ∆ALK >∼ 2 will result in strongly supersaturated sediment pore fluids.

calculations adapted from [44]

We examined two examples of crystal fans from the Proterozoic based on these

predictions, the Beechey Formation (Figure 4.4) and the Rainstorm Member of

the Johnnie Formation (Figure 4.5). Both examples are intriguing because of their

close association with iron-rich accessory minerals [48, 49, 50].

4.4.1 Petrographic, spectroscopic and isotopic methods

To better understand the petrogenesis of the Beechey Formation and Johnnie For-

mation crystal fans, we used a variety of high-resolution in situ methods including



135

A B

C

E F

D

Figure 4.4: Paleoproterozoic Beechey Formation, NWT. A) Aragonite pseudomorphs display a
radiating fanning morphology. Scale bar is 1 cm. B–C) Photomicrographs of the linear aragonite
pseudomorphs with grains infilling around them. The opaque coatings are hematite and chert.
Scale bars are 500 µm. D) SEM image of a single grain composed mostly of hematite (highest
backscatter) and silica (intermingled low backscatter). The angular clasts in the center of the
grain are dolomite. Scale bar is 40 µm. E) SEM image of grains of mixed mineralogy infilling
around the aragonite pseudomorphs. The mineral with high backscatter is hematite and one
round apatite grain, the mineral with medium backscatter is an illite-like clay mineral (in weight
% ∼1–2% Mg, 14.5% Al, 25.5% Si, 9% K, 3–4% Fe) and the low backscatter matrix is dolomite.
Scale bar is 200 µm. F) SEM image of a single grain with hematite (high backscatter) filling in
cracks within clay mineral. Scale bar is 100 µm.
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A B

C

E F

D

Figure 4.5: Rainstorm Member of the Ediacaran Johnnie Formation, Death Valley region,
United States A–B) Aragonite pseudomorphs showing near-vertical growth with a fanning mor-
phology near the nucleation point. Note the rip-up clast containing aragonite crystal fan pseudo-
morphs (arrow) in B. Scale bars are 1 cm. C–D) Photomicrographs of aragonite pseudomorphs
with quartz grains (white), opaque hematite and iron-titanium oxide grains, and ooids (below
crystal fan nucleation horizon). Note the three ooids stopping the growth of the crystal fans in
D. Scale bars are 500 µm. E–F) SEM images of aragonite pseudomorphs (now calcite) with detri-
tal grains infilling around the blades. Accessory minerals include muscovite (light grey), quartz
(black), hematite, iron-titanium oxides, barite (white), zircon (light grey-center of F), and rutile
(white). Scale bars are 200 µm and 100 µm, respectively.
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transmitted and reflected light microscopy, scanning electron microscopy (SEM),

energy dispersive spectroscopy (EDS), micro x-ray fluorescence (µXRF), wave-

length dispersive spectroscopy elemental analysis using an electron microprobe,

Raman spectroscopy, and electron backscatter diffraction (EBSD). These tech-

niques provide information on the crystallography and diagenesis of the carbonate

fabrics, but also help highlight the chemistry and textures of accessory phases and

surrounding sediments, which provide important insights into the chemical and

physical environments of the sediment-water interface during at the time of crys-

tal fan precipitation. The accumulation of authigenic minerals (e.g., apatite, barite

and iron-bearing minerals) can provide additional information about relative crys-

tal fan growth rates, bottom water chemistry, organic diagenesis, and important

metabolic processes that once operated at the sediment-water interface (e.g., [51]).

To fully assess the character of the crystal fans and surrounding sediments we

designed the following workflow: (1) petrography of representative thin sections,

(2) elemental mapping at a thin-section scale using µXRF, (3) mineralogical iden-

tification using Raman spectroscopy, (4) semiquantitative elemental spot analysis

and elemental mapping with EDS using the ZEISS 1550 VP Field Emission Scan-

ning Electron Microscope (SEM), and (5) quantitative elemental spot analysis and

elemental mapping using the JEOL JXA-8200 Electron Microprobe on the various

carbonate components to assess trace metal variations between textures and on

iron oxides to estimate valence state. For all quantitative results, the accelerating

voltage was 15 kV, the beam current was 20 nA, and the beam size was 1 µm. The

CITZAF method was used for matrix correction. Sample standards for the five

chemical elements analyzed, included: calcite for Ca, dolomite for Mg, siderite for

Fe, rhodochrosite for Mn, strontianite for Sr, and anhydrite for S. Ca had an av-

erage detection limit of 170 ppm, Mg-270 ppm, Fe-320 ppm, Mn-290 ppm, Sr-490

ppm, and S-90 ppm.

Isotopic analysis of the crystal fan pseudomorphs and surrounding matrix for

the Beechey Formation was conducted at University of Michigan Stable Isotope

Laboratory because no published isotopic data existed prior to this study. Ten
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mg of carbonate samples were weighed into stainless steel boats and heated to

200◦C under vacuum for one hour prior to reaction. Samples were then reacted

in individual borosilicate reaction vessels at 77◦C for 12 minutes with 4 drops of

anhydrous phosphoric acid on a ThermoFinnigan MAT Kiel IV device coupled to

a ThermoFinnigan MAT 253 triple collector isotope ratio mass spectrometer. Two

standards were analyzed in conjunction with the samples, NBS 18 and NBS 19 and

measured precision is maintained at better than 0.1h for both carbon and oxygen

isotopic compositions.

Electron backscatter diffraction (EBSD) provides a useful technique for assess-

ing the mineralogy and replacement texture of the crystal fan samples on the SEM.

Seafloor crystal fans are thought to have had an original mineralogy composed

of aragonite based on the acicular morphology, feathery or square terminations,

hexagonal cross sections and botryoidal fanning growth habits [10, 52, 2, 11]. Ob-

servations of crystal fans in the record reconstruct the primary texture to have

consisted of acicular crystals of aragonite, bundled together to form crystal ag-

gregates with blunt terminations. The linear, radiating fabric elements that de-

lineate the crystal fans represent the neomorphic equivalent of these crystal bun-

dles [10, 53, 54, 55]. In all known examples, primary aragonite was replaced by

a calcite or dolomite mosaic texture, or occasionally silica [10, 11]. The mosaic

replacement texture varies, and can be equant, interlocking, or elongated, but

importantly, the crystals composing the mosaic are not optically oriented [52, 11].

These observations provide the basis for a method of assaying the original

mineralogy and crystal form, now replaced, by mapping the optical orientation

of these replacement mosaics using the electron backscatter detector (EBSD) on

the SEM to obtain diffraction data (for mosaic maps generated with EBSD see

Figure 4.6) [56]. The expected random orientation of the mosaic replacement

pattern is seen in the Johnnie Formation example where the map area is within

a single crystal fan pseudomorph (Figure 4.6A,B). In contrast, an example of

a putative aragonite crystal fan occurrence documented from the Early Triassic

Union Wash Formation, Inyo Mountains, California—one of the youngest observed
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in the sedimentary record—does not reveal the expected random grain orientations

in the mosaic where the map area covers multiple blades suggesting a primary

calcite mineralogy (Figure 4.6C,D) [57, 22, 58, 59].

Y0 {001}

X0

X0

Y0 {001}

2
6

10

20
60

100
140

A B

DCC

Figure 4.6: SEM mosaic images of the Johnnie Formation and the Union Wash Formation
made using the electron backscatter detector (EBSD). A) Crystal orientation map within a single
aragonite pseudomorph from the Johnnie Formation (3 µm window). This example shows a
calcite mosaic fabric has replaced the original aragonite. Scale bar is 100 µm. B) C-axis pole
figure of the crystal orientation map indicates no preferential orientation of the calcite mosaic.
C) Crystal orientation map through three fibrous calcite blades from the Union Wash Formation
showing no replacement mosaic (10 µm window). Scale bar is 500 µm. D) C-axis pole figure of the
crystal orientation maps indicate the calcite blades are oriented parallel to the c-axis indicating
length-fast calcite.

4.4.2 Paleoproterozoic Beechey Formation, NW Territories, Canada

The Paleoproterozoic Beechey Formation is part of the Bear Creek Group de-

posited in the Kilohigok Basin ∼1.9 Ga [60]. The Bear Creek Group is contem-

poraneous with the passive margin deposits preserved in the Wompay Orogen

but records a unique tectonic history. The lower units of the Bear Creek Group

document the developing Thelon Tectonic Zone, which caused both flexural sub-

sidence in the foredeep and arching in the nearshore environments of the foreland

basin [60]. The Bear Creek Group overlies the drowned Kimerot Platform and

records rapid subsidence followed by infilling of the foreland basin. The Beechey

Formation, largely comprised of shallow marine shelf siliciclastics, overlies deeper

water submarine fan deposits of the Rifle Formation [60]. The crystal fans de-
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veloped at the sequence boundary that marks the division between the Rifle and

Beechey Formations [48].

The aragonite pseudomorphs form radial-fanning botryoids that grew as large

as 10 cm wide and 30 cm tall. The pseudomorphs towards the center of the botry-

oids are narrower and increase in thickness and length towards the outside of the

botryoids. The botryoids grew together to form deposits 1.5 m thick that extend

laterally up to 40 km [48]. Iron-coated aggregate grains of chert, iron-rich clay and

carbonate fill in between and highlight the carbonate crystal fan pseudomorphs

(Figure 4.4). The mineralogy of the grains infilling around the crystal fans help

informs the sedimentary geochemistry of this environment. µXRF mapping was

completed on a thin-section sample of the Beechey Formation crystal fans using

a 100 µm resolution for Ca, Mg, Al, Si, S, K, Fe, Ti, Mn, and Sr. Ca, Fe and Si

elemental distribution maps of the Beechey crystal fans are shown in Figures 7AC.

The elemental distribution of calcium clearly highlights the individual carbonate

pseudomorphs within two botryoidal fans (Figure 4.7A). The elemental distribu-

tion of iron shows essentially the negative image, faintly outlining the individual

pseudomorphs as well as the space between the two botryoids (Figure 4.7B). Fi-

nally the silicon map shows three quartz veins crosscutting the two botryoids as

well as clastic sediment fill between the crystal fan blades (Figure 4.7C).

Photomicrographs and SEM analysis of individual authigenic grains that accu-

mulated around the pseudomorphs reveals interesting morphologies (Figure 4.4B–

F). Most grains are round to sub-spherical, and, based on EDS analysis, are ag-

gregates with an authigenic iron-silica coating. The coatings cement dolomite,

quartz and an illite-like clay mineral composed primarily of Al, Si, K, Fe and

Mg (Figure 4.4D–F). In addition to grain coatings, the iron-silica precipitates ce-

ment the interiors of the grains (Figure 4.4D–E) and fill internal syneresis cracks

(Figure 4.4F). The interlocking iron-silica precipitate texture is best seen in Fig-

ure 4.4D. These grains are similar in texture and composition to those known from

Paleoproterozoic-age circum-Superior granular iron formations [61, 62, 63, 64].

Quantitative trace metal analysis (Ca, Mg, Sr, Fe, Mn and S) of five differ-
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Figure 4.7: µXRF maps of thin sections of the Beechey Formation (A–C) and Johnnie Formation
(D–F). Images are in grey scale to bring out contrast, where lighter shades correspond to an
increasing rate of detector counts. A) Ca map with a range from 0 to 734 counts per second. B)
Fe map with a range from 0 to 838 counts per second. C) Si map with a range from 0 to 524
counts per second. D) Ca map with a range from 0 to 1101 counts per second. E) Fe map with a
range from 0 to 655 counts per second. B) Si map with a range from 0 to 498 counts per second.
Scale bar in all images is 21 mm.

ent carbonate phases were analyzed using an electron microprobe. A backscatter

image and elemental abundance maps of Mg, Fe and Mn of a single crystal fan

blade highlighted by iron oxide coated grains is shown in Figures 8AD. Quanti-

tative spot analyses of five distinguishable fabrics were analyzed to calibrate the

intensity maps—dark crystal fan pseudomorph (dcf), medium intensity cements

in the crystal fan pseudomorph (mcf), light intensity cements in the crystal fan

pseudomorph (lcf), light intensity dolomite within aggregate grains (lc), and dark

intensity carbonate associated with the iron oxide coatings on the aggregate grains

(dc) (Figure 4.8A). The three generations of pseudomorph replacement textures

are appreciably distinct with clear zonation in the medium and light cement phases

suggesting slow replacement and reprecipitation of the crystal fan blades. The dif-

ferent phases have strikingly different trace metal incorporation, particularly in

iron and manganese. The medium zoned crystal fan cement shows the highest

manganese incorporation (avg. 4300 ppm Mn), whereas the lightest, final cement

phase is highest in iron (avg. 5.2 weight % Fe). The other phases have similar

manganese concentrations (∼ 2000 ppm Mn). The dolomite in the aggregate grains
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is similarly high in iron (avg. 5 weight % Fe) but the dolomite most closely associ-

ated with the iron oxides rimming the clasts is significantly lower in iron (avg. 2.4

weight % Fe). These data suggest substantial amounts of reduced iron and man-

ganese in the precipitating fluids, both early (as in the case of the dolomite within

the aggregate grains) and later during diagenesis and replacement of the arago-

nite crystal fans. Metal enrichments this substantial likely record the effects of

dissimilarity metal oxide reduction in this environment, however, the possibility of

later diagenetic additions makes this difficult to conclude with certainty. Isotopic

analysis of the crystal fans and surrounding matrix—a combination of cements

and aggregate grains of carbonate, chert, clays and iron oxides—was conducted to

help constrain the degree to which the crystal fans incorporated light remineralized

carbon during their precipitation. The crystal fans (δ13CV PDB -0.16, 0.42, 0.89h,

δ18OV PDB -10.6, -9.47, -9.43h) and surrounding matrix (δ13CV PDB 0.02, 0.40,

0.79h, δ18OV PDB -10.69, -9.11, -10.06h) show little isotopic difference between

the two and neither component is substantially 13C-depleted, though the O iso-

tope ratios suggest some post-depositional resetting. This is different than the C

isotopic systematics commonly observed in iron formation carbonate minerals [65]

and suggests that little microbial work was required on this system to promote

carbonate precipitation, perhaps due to a higher amount of DIC in seawater or a

smaller biological pump, or both [66, 65].

4.4.3 Neoproterozoic Johnnie Formation, Death Valley region,

USA

The Ediacaran-aged Johnnie Formation hosts crystal fans in the Rainstorm Mem-

ber, in a sequence of pink and grey limestone beds 10 - 20 m thick [49, 50]. The

Rainstorm Member crystal fans are not associated with the Marinoan cap carbon-

ate sequence, which in the Death Valley region is captured within the Noonday

Formation [67, 68, 69]. This occurrence is one of just a few examples of aragonite

seafloor crystal fans in strata between the Marinoan-age cap carbonates and the

seafloor fans of Lower Triassic strata, though crystal fans reported from the Katak-
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Figure 4.8: Electron microprobe maps of trace elements in the carbonate phases of the Beechey
Formation. A) Backscatter image of a single crystal fan pseudomorph highlighted by accessory
grains. Five carbonate textures were identified (dark crystal fan pseudomorph (dcf), medium
intensity cements in the crystal fan pseudomorph (mcf), light intensity cements in the crystal fan
pseudomorph (lcf), light intensity dolomite within aggregate grains (lc), dark intensity carbonate
associated with the iron oxide coatings on the aggregate grains (dc)). Scale bar is 310 µm. BD)
Intensity maps of Mg, Fe and Mn, respectively. The corresponding quantitative measurements
for the different carbonate phases can be found in Table 4.4.

turuk Dolomite in Alaska might be of similar age (Table 4.1) [19]. The Rainstorm

fans coincide with the nadir of a major middle Ediacaran carbon isotope anomaly

(-11h δ13CV PDB) termed the Shuram excursion (e.g., [70, 50, 71, 72, 73]).

The crystal fans appear grey in outcrop, forming laterally extensive sheets of

variable thickness (1–20 cm), and are currently only observed at localities within

the southern Nopah Range. The seafloor fans are interbedded with pink intraclast

conglomerate and oolitic grainstone that include clasts of crystal fans lithologies

(Figure 4.5A–B). The individual pseudomorphs are near vertical with fanning ap-

parent near the points of nucleation (Figure 4.5A–B). The fans nucleate from

horizons rich in iron-minerals, and the individual blades are surrounded by iron



144

phases [49, 50]. µXRF elemental mapping was completed on the Rainstorm Mem-

ber crystal fans at 100 µm resolution for Ca, Mg, Al, Si, S, K, Fe, Ti, Mn, and

Sr. We observed that the horizon from which crystal fans nucleated has high

iron concentrations compared to surrounding sediments, though other iron-rich

laminae did not nucleate fans (Figure 4.7E). EDS and Raman spectroscopy mea-

surements were made to determine the mineralogy of the associated sediment.

Nucleation horizons are comprised of a striking diversity of minerals, including

calcite, dolomite, quartz, hematite, rutile and anatase (both titanium oxides), il-

menite, muscovite, biotite, zircon, apatite, barite and monazite (Figure 4.5). The

hematite and titanium oxides are the most abundant minerals after calcite and

quartz. The diversity of iron and titanium oxide minerals, their morphologies,

relative density, and solubility characteristics altogether suggest a detrital origin

(Figure 4.5C-F). Sedimentation of both hematite and iron-titanium oxide phases

persist above the crystal fan nucleation horizon and infill around the crystal fans

(Figure 4.5C–F). We used the relative backscatter contrast on the SEM to estimate

and compare the mineral abundances of the intraclast ooid grainstone versus the

crystal fan interval. The intraclast ooid grainstone is ∼ 75% calcite, 20% quartz,

and 5% minerals with high backscatter (i.e., hematite). The crystal fan region

surveyed is ∼ 70% calcite, 10% dolomite, 10% quartz, and 10% minerals with high

backscatter. Trace iron phases that pigment the pink intraclast-rich limestones

are concentrated within and around detrital carbonate phases like ooids and intr-

aclasts (Figure 4.5A,B), whereas the iron-rich phases associated with the crystal

fans are found in sub-spherical hematite grains. The mineral lamina that the crys-

tal fans nucleate from could mark dissolution events that concentrated recalcitrant

minerals, however, we do not favor this model because quartz is not enriched at

these horizons (Figure 4.7F). Consequently, dissolution driven precipitation (like

that seen in Paleozoic hardgrounds, e.g., [74]) is unlikely. The hematite grains

remain an important component of the sediment infilling around the crystal fans

and are not just in the lamina from which crystal fan growth initiated.

A backscatter image and elemental abundance maps of Mg, Fe and Mn of a
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crystal fan horizon highlighted by iron and titanium oxides is shown in Figures

9A–D. Quantitative trace metal analyses (Ca, Mg, Sr, Fe, Mn and S) of four

distinguishable carbonate fabrics were completed to calibrate the intensity maps—

matrix cement below the crystal fan interval (pc), ooids below the crystal fan

interval (oo), crystal fan pseudomorphs (cf), and cement filling around the crystal

fan pseudomorphs and between iron oxide grains, etc. (cfc) (Figure 4.9A). The

crystal fan pseudomorphs had the lowest concentration of iron and the highest of

manganese (avg. 460 ppm Fe, avg. 680 ppm Mn, max. 3580 ppm Mn). In contrast,

the ooids were highest in iron (avg. 6400 ppm Fe, max 4.2 weight % Fe) although

some of this signal is probably carried by finely disseminated iron oxides observed

as small, micron-scale high-backscatter inclusions occasionally interspersed in these

coated grains. The cements surrounding the crystal fans were distinct from the

fans themselves and were also high in iron (avg. 4140 ppm Fe, max. 3.2 weight %

Fe). These results suggest that some metal reduction was likely occurring in the

shallow sediments, however, a significant portion of the metals remain in higher-

valent oxides (including manganese) (Figure 4.9C-D). Additionally, there is no

evidence of pyrite in these rocks suggesting sulfate reduction was not significant

and organic matter inputs were relatively low. Altogether, these observations

suggest minimal organic diagenesis and consequently little microbial work on the

carbonate chemistry over environmental DIC. The lack of isotopic variability in

the Johnnie Formation supports this, suggesting a well-mixed isotopic reservoir,

most likely marine DIC [50].

4.5 Discussion

From the perspective of our mathematical framework there were several paths, in

principle, to develop favorable chemical conditions for crystal fan growth at the

sediment-water interface. One end-member solution depends on anoxic conditions

and anaerobic respiration pathways that increase carbonate saturation state at

the sediment-water interface. The other end-member solution describes a scenario
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Figure 4.9: Electron microprobe maps of trace elements in the carbonate phases of the Johnnie
Formation. A) Backscatter image of a crystal fan horizon highlighted by accessory grains. Four
carbonate textures were identified: matrix cement below the crystal fan interval (pc), ooids below
the crystal fan interval (oo), crystal fan pseudomorphs (cf), and cement filling around the crystal
fan pseudomorphs and between iron oxide grains, etc. (cfc). Scale bar is 310 µm. B-D) Intensity
maps of Mg, Fe and Mn. The corresponding quantitative measurements for the different carbonate
phases can be found in Table 4.4.

of low organic matter delivery to the sediments that results in little remineralized

CO2 and little change to the carbonate chemistry in the shallow sediments, which—

depending on the overlying seawater saturation state—could also promote seafloor

crystal fan growth. These end-members provide a means to evaluate observations

of seafloor crystal fans from the geologic record.

Our high-resolution petrographic analysis of two different Proterozoic occur-

rences of seafloor-precipitated crystal fans reveals distinct features that add in-

sight into their origin. Both examples represent discrete intervals of seafloor

precipitation—within hundreds to thousands of meters of surrounding stratigraphy—

and both examples coincide with assemblages of accessory minerals and aggregates

that shed light on the chemical and physical conditions that led to the seafloor
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Carbonate Phase Metal Avg. % Max. % Min. % Std. Dev. #
Analyses

Beechey DCF Mg 13.635 15.087 11.242 0.486 65

Beechey MCF Mg 12.370 14.179 10.048 0.783 64

Beechey LCF Mg 10.673 12.708 9.594 0.699 26

Beechey LC Mg 10.619 13.399 9.224 0.588 43

Beechey DC Mg 12.654 14.294 10.157 1.046 21

Johnnie PC Mg 0.201 0.525 0.081 0.097 50

Johnnie OO Mg 0.232 0.411 0.115 0.067 31

Johnnie CF Mg 0.195 0.413 0.01 0.087 66

Johnnie CFC Mg 0.209 0.402 0.089 0.075 36

Beechey DCF Fe 0.345 2.397 0.050 0.509 65

Beechey MCF Fe 2.642 6.043 0.041 1.133 64

Beechey LCF Fe 5.241 7.079 1.886 1.399 26

Beechey LC Fe 5.088 6.235 1.692 0.739 43

Beechey DC Fe 2.467 5.850 1.385 1.218 21

Johnnie PC Fe 0.105 2.120 0.000 0.338 50

Johnnie OO Fe 0.644 4.156 0.019 0.944 31

Johnnie CF Fe 0.046 0.173 0.000 0.039 66

Johnnie CFC Fe 0.414 3.298 0.050 0.692 36

Beechey DCF Mn 0.191 0.621 0.100 0.071 65

Beechey MCF Mn 0.431 0.986 0.100 0.176 64

Beechey LCF Mn 0.192 0.351 0.109 0.073 26

Beechey LC Mn 0.258 0.435 0.112 0.061 43

Beechey DC Mn 0.178 0.353 0.105 0.061 21

Johnnie PC Mn 0.026 0.112 0.000 0.026 50

Johnnie OO Mn 0.041 0.130 0.000 0.030 31

Johnnie CF Mn 0.068 0.358 0.000 0.084 66

Johnnie CFC Mn 0.057 0.254 0.000 0.060 36

Table 4.4: Quantitative measurements of Mg, Fe and Mn from the five identified carbonate
phases of the Beechey Formation (Figure 4.8) and four phases of the Johnnie Formation (Fig-
ure 4.9). The results are presented as average weight percent, maximum weight percent, minimum
weight percent, standard deviation of measurements and # of spot analyses from each phase.
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precipitation. Furthermore, examples from a literature review suggest other

examples share similarities to the two deposits we studied.

The Beechey Formation crystal fans are notable for their co-occurrence with

authigenic iron-silica minerals. These authigenic minerals formed and were de-

posited with the crystal fans during marine transgression, which is a common

sequence stratigraphic occurrence for authigenic iron-mineral precipitation, as the

transgressing shoreline floods rivers and slows the delivery of detrital sediment to

offshore paleoenvironments [75, 76, 77]. In addition, the Beechey Formation crys-

tal fans may have benefited from an environment wherein ferric iron served as an

important electron acceptor for the respiration of organic matter. Iron reduction

provides a strong alkalinity pump with a ∆ALK of 9.7 promoting an increase in

the carbonate saturation state of the sediments. This alkalinity boost was prob-

ably somewhat offset by iron cycling in this environment because of ferrous iron

oxidation (∆ALK∼-8), though the net effect of this iron cycling was likely to turn

ferric iron into mixed valence and ferrous iron silicates (e.g., [65]). Evidence that

this was occurring can be inferred by the very high concentrations of reduced

iron incorporated into the carbonates (3500 ppm - 5 weight %). A corresponding

13C-depletion in the crystal fan pseudomorphs from a remineralized organic com-

ponent, however, is not readily apparent. That in mind, with the large alkalinity

contribution from iron and manganese reduction, they improve the favorability

of carbonate precipitation with smaller amounts of organic carbon. Caution is

required because reduced metals are often incorporated into calcite and dolomite

during burial diagenesis and recrystallization as diagenetic fluids are often reduc-

ing and carry enriched concentrations in these metals over seawater. Systematic

differences between the different phases of carbonate (clasts in the aggregate grains

vs. the multiple phases replacing the crystal fans), however, suggest that whole

rock homogenization did not occur during diagenesis. Instead the crystal fans dis-

play a dolomite replacement sequence of the original aragonite beginning with an

amorphous low iron, low manganese phase replacing the aragonite along the edges

of the fan, an equant zoned high manganese dolomite replacing the interior of the
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fans, and a final equant region of high iron dolomite in the core of the replacement

cement. The development of incipient granular iron formation associated with

the crystal fans suggests metal oxides used in respiration of the organic matter ad-

vected to this environment would have supplied alkalinity to buffer and/or increase

the saturation state and promote crystal fan nucleation and growth. The crystal

fans in the Beechey Formation sit on a hiatal surface that marks the sequence

boundary between the Rifle and Beechey formations [48]. They were deposited

during a transgression that resubmerged the shelf and are locally thickest where

the condensed interval overlies the hiatal exposure surface. Sediment starvation as-

sociated with the condensed interval likely contributed to the favorable conditions

leading to crystal fan formation [48]. This context suggests that sedimentation

rate in the Proterozoic examples may be another important control on crystal fan

occurrences as the Beechey Formation fans only appeared in the stratigraphy when

sedimentation rates were lowest.

Our model results also provide helpful insights into the crystal fans that oc-

cur in the Johnnie Formation, which may have developed during an interval of

reduced organic carbon flux to the seafloor and during a period of increased de-

trital metal oxide inputs. Like the Beechey Formation occurrence, these fans also

co-occur with iron-bearing minerals. High-resolution microscopy shows that the

iron is present primarily as ferric iron in accessory phases (mainly hematite but is

also present in ilmenite and biotite). There are a few possibilities to explain the

association between crystal fans and dense detrital accessory minerals. These in-

clude: (1) the dense minerals are a component of a wind-winnowed deposit (grain

size between 10–100 µm), or (2) the heavy mineral lamina represent lag deposits

where water winnowing removed less dense and finer grains. The seafloor was

storm dominated, as evidenced by abundant rip-up intraclasts and hummocky

cross-stratification, but in the maximum flooding interval, new sediment supply

would have been diminished resulting in winnowing and density sorting of the

grains. The mineral assemblage implies that the seafloor was oxic at the time

of deposition with relatively little organic matter delivery to the seafloor. The



150

relative abundance of sedimentary organic matter can be inferred from the ferric

iron-bearing secondary mineral assemblage because these phases are vulnerable to

both early and late diagenetic destruction from the reducing power of organic mat-

ter (e.g., [78, 79, 51]). This inference is also supported by the presence of barite in

this sample (Figure 4.6), which would have also been differentially susceptible to

reductive dissolution. Empirically, these rocks contain exceedingly little residual

organic carbon [70]. The isotopic composition of the crystal fan pseudomorphs

and the surrounding matrix does suggest a large component of remineralized or-

ganic carbon, however, because the two phases not show systematic differences

that would have resulted from organic matter respiration in shallow sediments or

at the sediment-water interface, the depleted DIC source was likely well mixed [50].

Our model suggests that under aerobic conditions if the organic carbon input is

< 50 µmol kg-1 or thereabouts, the sediment-water interface will remain super-

saturated (Ωaragonite ∼ 2.5). Similar to the Beechey Formation crystal fans, the

crystal fan beds in the Johnnie Formation also sit within a transgressive to high-

stand systems tract that begins with deposition of the Johnnie oolite [49, 71]. The

pink limestones that contain the crystal fan beds have been interpreted as the

maximum flooding interval on the basis of their sedimentology, sequence stratigra-

phy, and carbon isotope systematics [49, 71, 72]. In this scenario, the crystal fans

grew during a period of low background sedimentation corresponding to maximum

flooding—a similar sequence stratigraphic context to the Beechey fans.

4.5.1 Other examples from the rock record

Our analysis here helps contextualize additional crystal fan occurrences in the sed-

imentary record (Table 4.1). Prior to the rise of oxygenic photosynthesis, electron

donors limited primary productivity [80, 51], and consequently organic fluxes to

the sediment-water interface were likely substantially lower than today. This im-

plies that the abundant crystal fan occurrences in Archean carbonate platforms,

which are present across a range of shallow subtidal to supratidal paleoenviron-

mental settings [81], may have been due to a reduced flux of organic matter to the
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seafloor, in addition to the general lack of aerobic respiratory metabolisms at that

time [9]. After the rise of oxygen in Paleoproterozoic time, aerobic metabolisms

would have begun to impact the carbonate chemistry of the seafloor. The contin-

ued occurrence of seafloor crystal fans well in Paleoproterozoic time, however, may

reflect higher DIC concentrations in seawater due to the faint young sun and higher

pCO2 [27, 82, 65]. Higher amounts of DIC would buffer the carbonate chemistry

of the sediment-water interface and shallow sediments against undersaturation de-

spite increasing amounts of organic delivery and aerobic respiration occurring on

the seafloor and in surface sediments. As geological time wore on, and pCO2, and

DIC concentrations in the atmosphere and seawater decreased, promoting larger

gradients in seawater saturation state and undersaturation of most seafloor set-

tings [9], crystal fans were limited to times of carbon cycle perturbations.

Many Proterozoic crystal fans contain sedimentologic similarities to the Beechey

and Johnnie formations crystal fans (Table 4.1). Multiple examples co-occur

with detrital lag deposits (Cheshire Formation, Gaoyuzhuang Formation) and

more specifically with hematite grains and coatings (Odjick-Rocknest Boundary,

Maieberg Formation, Alwa Formation) although the details of the accessory sedi-

ments have not been examined in as much detail in these examples. Interestingly,

several examples are also associated with pink, metal-rich limestones and the po-

tential implication of this association bears further study (Teena Formation, Bam-

bui Group, Maieberg Formation). Results from trace metal analysis of the Beechey

and Johnnie Formations suggest these other examples of pink carbonates may also

have substantially elevated concentrations of reduced Fe and/or Mn incorporated

in the carbonate phase. The broad sequence stratigraphic context and low back-

ground sedimentation rate behavior is also observed for Neoproterozoic crystal

fans that developed within the inferred interval of maximum flooding between

the cap dolostones and overlying sediments during Marinoan post-glacial sea level

rise (Odjick-Rocknest Boundary, Maieberg Formation, Mt. Doreen Formation,

Bushmansklippe Formation, Hayhook Formation, Mirasol d’Oeste Formation, Ol

Member, Tsagaan Oloom Formation, Katakturuk Formation, Shareza Formation
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and Kokarkuyu Formation) [83, 14, 16, 17, 18, 19, 19]. In some instances this inter-

val also contains barite precipitates (e.g., Mackenzie Mountains), which suggests

the condensation of substantial amounts of time onto this horizon [8].

In thinking about the paucity of crystal fan examples in the Phanerozoic it is

important to consider another important geobiological process that we do not ex-

plicitly address in our model, bioturbation by animals. Bioturbation can strongly

affect the carbonate chemistry of the seafloor, by increasing mixing across the

sediment-water interface and promoting aerobic respiration and reoxidation reac-

tions [84]. Bioturbation is known from latest Ediacaran time to today, though

there are clear secular changes in its intensity recorded by increasing ichnofab-

ric indices [85] and shell bed thickness through time [86]. These trends probably

played at least some role in the relative rarity of crystal fans in Phanerozoic sedi-

mentary successions [5]. There are also feedbacks between bioturbation and redox

processes that may have been important during times of crystal fan reappearance

in the record. As seafloor anoxia becomes more prevalent in marine basins, bur-

rowing intensity drops [43]. This will tend to set up strong vertical gradients as less

oxygen is mixed into the sediments and more organic carbon is respired via anaer-

obic metabolisms, increasing Ω and making conditions for crystal fan precipitation

more favorable.

The crystal fans associated with the Permian-Triassic extinction and associ-

ated carbon cycle perturbations serve an informative example of these feedbacks

and demonstrate that these sedimentary features could be globally important but

related to general changes in the respiration of organic matter on the seafloor

due to changing seawater redox budgets, rather than a long-term change in the

saturation state of global seawater. The Permo-Triassic extinction was the most

devastating mass extinction on record with the loss of ∼55% of marine invertebrate

genera [7, 87]. Long-lived ecosystems were destroyed and seafloor bioturbation was

greatly reduced with only small horizontal traces common [22]. ’Anachronistic’

carbonate facies are well known from successions of this age [88]. These include an

increase in aragonite cements filling cavities and forming on the seafloor in mid- to
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late Permian reefs [89, 6], and, in many post-extinction sections, aragonite crystal

fans appear directly on the seafloor or within cavities [21, 22, 23, 24]. Anoxia has

been documented from Late Permian through Early Triassic oceans basins [90, 91].

Various observations imply widespread euxinic conditions, but more importantly,

they demonstrate that sulfate reduction was an important process for remineraliz-

ing organic matter in anoxic sedimentary environments. In our model framework,

these conditions (particularly the increase in anaerobic respiration, mainly through

sulfate reduction, and reduction in bioturbation) would have facilitated the genesis

of seafloor precipitates and crystal fans.

From the theoretical framework developed above it is clear, at least in princi-

ple, that seafloor crystal fans were influenced by geobiological processes operating

on the seafloor. Intervals characterized by a higher frequency of crystal fan oc-

currences could reflect environmental changes global in scope, but perhaps due to

other widespread phenomena like first-order changes in the magnitude of primary

production and organic matter flux to the seafloor [92, 80] and the prevalence

of bottom water anoxia [93], insofar as these phenomena would have impacted

the carbonate chemistry of the sediment-water interface. Given these results, the

dynamics of biological activity at the sediment-water interface has the ability to

influence modes of carbonate precipitation and there is the potential for preserving

evidence of such phenomena in the rock record.

4.6 Conclusions

Seafloor crystal fans represent a class of textures and mode of carbonate precipita-

tion that is discrete in time. Substantial interest in these features exists with the

goal of understanding their occurrence to help constrain secular changes in the fluid

Earth carbon cycle. Our approach here was to build a mathematical framework

for the role of microbial metabolism and organic carbon delivery on the sediment-

water interface and to examine the petrography of two specific occurrences. From

this work we can draw several conclusions:
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1) Fundamental to understanding the petrogenesis of seafloor crystal fan tex-

tures is recognition that the nucleation of these features reflects the carbonate

chemistry of the sediment-water interface. Geobiological processes involving phys-

ical mixing across this horizon (bioturbation) as well as redox reactions involved

in the respiration of sedimentary organic carbon during diagenesis and reoxidation

of the reduced products play critically important roles by adding or removing DIC

and alkalinity, and altering the calcium carbonate saturation state. This is impor-

tant because it is possible, in principle, that the problem of crystal fan origins can

be divorced from surface seawater saturation states.

2) A model of the carbonate chemistry of the sediment-water interface as a

function of important geobiological processes reveals two different end-member

paths that produce favorable conditions for crystal fan genesis. In one organic

matter is remineralized by anaerobic metabolisms that contribute both DIC and

alkalinity, buffering or increasing the saturation state of the surface sediments.

The second is characterized by little organic input to the sediments, contributing

little DIC from respiration, and consequently maintaining favorable chemistry for

crystal fan nucleation and growth from the sediment-water interface. These results

suggest the hypothesis, supported by our high-resolution petrographic study of

the Beechey and Johnnie formations, that not all crystal fans record the same

geobiological phenomena.

3) Crystal fans from the Paleoproterozoic Beechey Formation likely reflect a

sedimentary environment favorable for carbonate precipitation due to alkalinity

sourced in part from iron reduction, evidenced by their co-occurrence with incip-

ient iron formation and incorporation of high concentrations of reduced metals.

Additionally, the sequence stratigraphic context of the Beechey fans suggest that

they grew during a condensed interval, with low background sedimentation rates

an important condition for growth.

4) Similarly, the crystal fans from the Rainstorm Member of the Neoproterozoic

Johnnie Formation are associated with iron-rich detrital sediment and the trace el-

ement composition of the carbonate reflects elevated incorporation of reduced met-
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als in the form of iron and manganese. However, much of the iron and manganese

associated with the Rainstorm fans remains in the oxide phase, which points to

low delivery of organic matter to the sediment-water interface with little aerobic

organic diagenesis to hinder crystal fan precipitation and limited sulfate reduc-

tion. The crystal fans from the Rainstorm Member of the Neoproterozoic Johnnie

Formation also occur during a maximum flooding interval suggesting preferential

development during maxima in sedimentary accommodation.
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5.1 Abstract

The late Precambrian to earliest Cambrian Huqf Supergroup of Oman preserves

a detailed record of sedimentation just preceding and during early animal evolu-

tion and diversification. Currently, the post-Shuram Formation carbonates that

capture the transition into the Cambrian—from the recovery from the extreme neg-

ative Shuram carbon isotope excursion to the Precambrian-Cambrian Boundary—

have competing models for correlation across Oman, which affects interpretations

of isotopic signals, depositional models and environmental reconstructions. We

employ an integrated approach to address the question of correlation and develop
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a new depositional model for the Oman stratigraphy that captures this critical

time interval. We characterize lithofacies and lithofacies associations within mea-

sured outcrop sections and in subsurface cores. From these observations, we build

a sequence stratigraphic framework for the microbial carbonate strata exposed in

Central Oman and the Oman Mountains using lithofacies stacking patterns and

key surfaces. Results from this work include ∼ 3000 meters of logged outcrop

stratigraphy, ∼ 300 meters of logged subsurface cores and geologic mapping of

the large-scale sequences preserved in the carbonate strata. Additionally, isotopic

measurements of δ13C, δ18O, and δ34SCAS were made and interpreted within the

context of our regional sequence stratigraphic model to examine the potential for

spatial variability in the proxies. The δ13C variability in these carbonates is tem-

porally significant and suggests a link between the carbon cycle and carbonate

platform cyclicity. The δ34SCAS record is also temporally significant but the ab-

solute magnitude of enrichment appears spatially variable. Our complimentary

field observations and isotopic data suggest early interpretations were correct that

the bulk of the stratigraphy in central Oman can be correlated with the Buah

Formation in the Oman Mountains and subsurface but there is also a potential

outcrop equivalent of the Ara Group in central Oman. The interval leading up to

the Precambrian-Cambrian boundary is exceptionally preserved in the subsurface

and outcrops of Oman and here we provide a new unified framework for correlation

of the stratigraphy and chemostratigraphy throughout Oman.

5.2 Introduction

The Huqf Supergroup of Oman was deposited between ∼ 720 and 520 Ma from

late Precambrian into earliest Cambrian time [1]. As such it preserves a detailed

record of environmental conditions during early animal evolution and diversifica-

tion (Fig. 5.1). The Huqf Supergroup is subdivided into the Abu Mahara, Nafun

and Ara Groups [1, 2](Fig. 5.1).

The latest Precambrian to Cambrian strata of the Buah Formation within
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the Nafun Group and overlying Ara Group currently have competing models for

correlation across Oman which affects environmental reconstruction during this

critical interval of animal evolution [3, 4, 5]. This is likely due in part to rapidly

changing topography associated with the onset of rifting during the latest Precam-

brian [6, 7]. Regional studies have relied on absolute age dates, sedimentology and

chemostratigraphy for correlation between subsurface deposits, the Huqf outcrop

area in Central Oman and the Oman Mountains [1, 8, 9, 4]. However, facies hetero-

geneities, sparse age constraints, a limited fossil record and complex topography

have hampered lateral correlation. Previous work on the carbonates exposed in

central Oman has resulted in two competing regional models for correlation of the

late Precambrian stratigraphy [10, 8, 11, 9, 4].
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Early mappers and stratigraphers suggested the strata preserved in Central

Oman were equivalent to the Buah Formation carbonates in the Oman Moun-

tains (termed the Kharus Formation by early workers) [8, 12, 13, 14]. Since 2000,

some researchers have contended that the strata in Central Oman preserve both

the Buah Formation and the Ara Group [10, 11, 15] and recent work has sug-

gested the strata include the A4 carbonate recording the Precambrian-Cambrian

boundary [4, 5](Fig. 5.2). These researchers have divided the stratigraphy into

a ’Buah Formation’ and a newly named ’Sirab Formation’ [4, 5]. The recently

named Sirab Formation from the Huqf outcrop area, previously termed the Upper

Buah Formation [8], was divided into four members (Ramayli, Salutiyyat, Shital

and Aswad) [4, 5]. The Ramayli Member is correlated with the A4C and the Shital

and Aswad Members are thought to be Cambrian in age [4, 5]. However, the tem-

poral change in the δ34SCAS in carbonates from Southern Oman from values of ∼

+20h in the Nafun Group to values ∼ +30–40h in the Ara Group of the SOSB,

have led others to challenge this correlation scheme [9]. The δ34S isotopic excur-

sion in the Ara Group is consistent with enriched values measured in δ34SCAS and

δ34SSO4 from rocks of the latest Precambrian to Cambrian age globally including

India, China, Iran and Siberia [16, 17, 18, 19, 20, 21].

In light of the ongoing uncertainties with these deposits and the importance of

regional correlation during the latest Precambrian, this study has three goals:

1. Develop a sequence stratigraphic model for the thick sequence of carbonates

post-dating the Shuram Formation in three locations: the Central Oman Huqf

outcrop area, the Oman Mountains and the subsurface, including Ara-equivalent

Birba Platform carbonates found on the Eastern Flank of the South Oman Salt

Basin (SOSB), which lack evaporites. Our methods include bed-by-bed lithofacies

characterization, identifying lithofacies associations, creating a depositional model

and characterizing stacking patterns at all scales.

2. Complete detailed outcrop gamma ray logging of the entire Nafun Group to

improve correlation to the subsurface.

3. Test the usefulness of δ13C and δ34S isotopic records as a correlation tool
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by comparing the isotopic measurements to the sequence stratigraphic model.

5.3 Geologic setting

The Precambrian stratigraphy in Oman begins with the Abu Mahara Group (ca.

725–< 645 Ma) which includes thick successions of two glacial diamictites and

interglacial mudstones, siltstones and sandstones [22, 23, 24]. The second glacial

deposit, correlated with the Marinoan Glaciation (∼ 635 Ma), is capped by the

Hadash cap carbonate [22, 1]. The Nafun Group, which overlies the Abu Ma-

hara Group, is composed of two large siliciclastic-to-carbonate cycles [13, 12, 8, 2].

The lower cycle includes the Masirah Bay Formation, composed of sandstones

and siltstones and the Khufai Formation, a shallowing-upward prograding car-

bonate platform with a ramp morphology [25, 13, 12, 8, 26]. The upper cycle

includes the Shuram Formation, composed of hummocky cross-stratified siltstone

and oolitic grainstone and the Buah Formation, a shallowing upward carbonate

platform [27, 28, 13, 12, 11, 15, 8]. The Nafun Group is capped by the Ara Group in
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the subsurface which is composed of carbonate-evaporite cycles and hosts proven

oil reserves [6, 7, 29, 30]. This contact is demonstrably unconformable in the

subsurface Northern Carbonate Domain [6].

Absolute age constraints on Precambrian stratigraphy can be a challenge; how-

ever, multiple high-resolution U/Pb dates from the Huqf Supergroup exist [1]. An

age date from the Gubrah Formation in Abu Mahara Group of 711.52 ± 0.20 Ma

helps constrain the Sturtian glaciation [1]. No absolute age dates have yet to be

reported from the Nafun Group. Various ash beds from the South Oman Salt basin

help constrain the age and rate of deposition of the Ara Group. The A0 contains

an ash bed with an age of 546.72 ± 0.21 Ma, the A3 contains two ash beds with

ages 542.90 ± 0.12 Ma and 542.33 ± 0.12 Ma, and the A4 contains an ash bed

with an age of 541.00 ± 0.13 Ma [1]. The ash bed in the A4 carbonate provides

a key age constraint on a -4h δ13C excursion that has been correlated with the

Precambrian-Cambrian boundary globally [1, 30, 31, 32, 33]. Ages from zircons

sampled from ignimbrites of the Fara Formation in the Oman Mountains suggest

it is broadly time equivalent to the Ara Group (542. 54 ± 0.45, 545.94 ± 0.68,

548.3 ± 0.8 [1]. All ages are 206Pb/238U from CA-TIMS analysis on individual

zircons [1].

Because of poor age constraints, chemostratigraphy of carbonates has been

used extensively for correlation in the Neoproterozoic (eg., [34, 35, 36, 37, 32]).

Within the Nafun Group (ca. 645-547 Ma), the enigmatic Shuram negative carbon

isotope excursion begins in the Upper Khufai Formation, declines to values of ∼

-12h δ13Cmin VPDB in the Shuram Formation before recovering in the Buah

Formation [38, 8, 11, 15, 39, 27, 28, 40, 41](Fig. 5.1). The Upper Buah Formation

in well ’MQ1’ contains a positive isotope excursion that has been correlated with a

positive carbon isotope excursion (+5 - 6h) dated at 548.8 ± 1 Ma from the Nama

Group of Namibia [42, 43, 39, 31]. The Precambrian-Cambrian boundary in Oman

is characterized by a negative carbon isotope anomaly (∼ -4h δ13Cmin PDB) and

water column anoxia/euxinia in basinal environments [44, 29, 45, 30, 1]. The Ara

Group in the SOSB contains higher δ34SCAS (∼ 40h) than the underlying Nafun
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group (∼ 20h) (Fig. 5.1) [39, 9, 3, 46].

The record of early animal evolution from Oman includes biomarker evidence

for eukaryotic sponges (Demospongiae) from the Abu Mahara Group onwards as

well as abundant bacteria and chlorophyte microalgae primary producers [47]. The

Ara Group includes both Cloudina and Namacalathas, early calcifying organisms,

both of which appear to go extinct in the A4C member [44]. However, unlike most

other late Precambrian records, the Huqf Supergroup does not contain abundant

macroscopic Ediacaran fauna. Instead, the Nafun and Ara Groups are dominated

by microbially-influenced carbonates including a variety of stromatolite morpholo-

gies, crinkly laminite and thrombolite facies [8, 11, 30, 4, 5].

5.4 Methods

5.4.1 Sedimentology and stratigraphy

Outcrop sections and subsurface cores were logged during 2011-2013. Five long

sections and nine shorter sections were logged in the Huqf outcrop area of the

Buah and Sirab formations. Three long sections of the Buah Formation were

logged in the Oman Mountains. Additionally cored intervals of 10 subsurface

wells were logged. Grain size, carbonate texture using the Dunham classification

system, lithology, sedimentary structures, and key components were recorded for

each log. Logged sections were digitized into excel. A lithofacies scheme was

developed to account for the full variability in lithofacies seen from the subsurface

to outcrop areas. Thin sections were manufactured from rock samples collected

in the field and from subsurface cores to supplement lithofacies descriptions. A

sequence stratigraphic scheme for the outcrop sections was developed using vertical

lithofacies stacking patterns, key surfaces and changes in lithofacies associations

with stratigraphic height.

A geologic map of the major sequences identified in the Buah and Sirab for-

mations was generated for the Huqf outcrop area. GPS control points of field

observations were used in conjunction with Quickbird satellite imagery to build
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the geologic map. A revised structural map of the Buah Formation in Wadi Bani

Awf and Wadi Hajir in the Oman Mountains was also developed from field obser-

vations and Quickbird satellite imagery.

5.4.2 Gamma ray logging

An outcrop spectral gamma ray survey was completed on the entire Nafun Group

in the Huqf outcrop area using a portable RS-125 Super-SPEC by Radiation So-

lutions. The handheld instrument uses a large NaI crystal detector (103 cm3) to

detect total bulk-GR, potassium (K), uranium (U) and thorium (Th). We used

a 60 second count time and measured each section at a 1 meter interval. Two

complete sections of the Khufai Formation, one composite section of the Shuram

Formation and five composite sections of the Buah and Sirab formations were

logged.

5.4.3 Carbon and oxygen isotope analysis

Carbon and oxygen isotopic analysis was the completed on eight of the outcrop

sections at a 2 meter sampling interval and on six subsurface wells. The majority of

the δ13C and δ18O data was analyzed at the California Institute of Technology on

a ThermoFinnigan Delta V Plus attached to a ThermoFinnigan GasBench II. For

the samples analyzed at Caltech, approximately 300 µg of carbonate were weighed

into gas vials, flushed with UHP He for 5 minutes and reacted with 100% H3PO4

at 78◦C for 1 hour within the ThermoFinnigan GasBench II. Three standards

were run at the beginning of an 88 sample run and then 8 unknown samples were

bracketed by 1 standard. Standard reproducibility was better than 0.5h in δ13C

for two in-house standards and better than 0.35h and 0.5h for δ18O for two in-

house standards. Additional samples were analyzed at the University of California,

Riverside and University of Nevada, Las Vegas using a similar ThermoFinnigan

GasBench setup.

Samples analyzed at the University of Michigan weighing a minimum of 10

µgrams were placed in stainless steel boats. Samples were roasted at 200◦C in
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vacuo for one hour to remove volatile contaminants and water. Samples were

then placed in individual borosilicate reaction vessels and reacted at 77◦ ± 1◦C

with 4 drops of anhydrous phosphoric acid for 8 minutes (a total of 12 minutes

for dolomites, 17 minutes for apatite, and 22 minutes for siderites) in a Ther-

moFinnigan MAT Kiel IV preparation device coupled directly to the inlet of a

ThermoFinnigan MAT 253 triple collector IRMS. O17 corrected data are corrected

for acid fractionation and source mixing by calibration to a best-fit regression line

defined by two NBS standards, NBS 18 and NBS 19. Data are reported in h

notation relative to VPDB. Precision and accuracy of data are monitored through

daily analysis of a variety of powdered carbonate standards. At least four stan-

dards are reacted and analyzed daily. Measured precision is maintained at better

than 0.5h for both carbon and oxygen isotope compositions.

5.4.4 Sulfur isotope analysis

Sulfur isotope analysis and elemental measurements were made at the University of

California, Riverside. Samples were cut on a water cooled saw to remove weathered

surfaces and any secondary carbonate phases including veins. Approximately 100

grams of each sample was crushed and powdered in a shatter box. 25-100 grams

were then rinsed in DI water for 24 hours twice. The sample was then treated in

a 4% hypochlorite (NaOCl) solution for 48 hours followed by two DI water rinses.

The samples were then dissolved in 4 N HCl. The sample was centrifuged and

vacuum filtered to remove the insoluble component. The dissolved SO4 was reacted

with saturated BaCl2 solution (∼ 250 g/L) to precipitate BaSO4. The BaSO4 was

filtered, dried and weighed into silver capsules. The BaSO4 was analyzed using an

TC/EA coupled to a ThermoFinnigan MAT 253 IRMS. A 15 mL aliquot of the

dissolved solution was measured on an ICP-MS for total SO4 concentration.
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5.5 Facies analysis, lithofacies associations and inter-

pretation

5.5.1 Lithofacies association 1: Mid-ramp

crinkly laminite mudstone (Crl) The crinkly laminite mudstone is fine to

medium laminated. The laminae have a tight crinkled texture (Fig. 5.3A). The

irregular crinkled behavior of the laminae may indicate a microbial component to

the sediment particularly because this laminite facies is the clasts composing the

edgewise conglomerate rudstone facies suggesting a semi-consolidated seafloor (see

below). This laminite can be disrupted during diagenesis and dewatering into a

micro-nodular texture. This process is most common in beds that originally alter-

nated between carbonate mudstone and pale yellow siltstone. Today the nodular

carbonate floats within the fine siliciclastic matrix (Fig. 5.3E).

edgewise conglomerate rudstone (CrlEwc) The edgewise conglomerate rud-

stone is interbedded with the crinkly laminite mudstone facies. The beds are ∼

5–10 cm thick and are composed of clasts of mudstone that are stacked on edge

(Fig. 5.3B). These stacked clasts form rosette patterns on the bed tops (Fig. 5.3C).

The mudstone clasts appear to have been only partially lithified during deposition

as they are often compacted. This facies is interpreted as a rip-up deposit of the

partially solidified surrounding sediment—crinkly laminite mudstone. An oscilla-

tory wave action would stack clasts of the laminite on edge [48, 8].

These two lithofacies are found in both the Huqf Outcrop Area and the Oman

Mountains and are interpreted as a mid-ramp lithofacies association. The sedi-

ments were likely deposited on a broad shallow shelf that was periodically swept

by storms that generated the increased wave action required to create the edge-

wise conglomerate rudstone facies. These lithofacies have a ∼ 5 meter scale upward

shallowing cycle where the edgewise conglomerate facies increases in abundance

towards the top of the cycle (Fig. 5.20). This lithofacies association is only found

in the Upper Shuram to Lower Buah Formation before the platform morphology

changes from a gentle ramp to a rimmed shelf.
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Figure 5.3: Representative lithofacies from LFA-1, the mid-ramp. A Crinkly laminite (Crl) B
Edgewise conglomerates interbedded with crinkly laminite (CrlEwc). The edgewise conglomerate
facies likely forms during storms when partially lithified crinkly laminite beds are reworked. C
Bedtop of an edgewise conglomerate. D Edgewise conglomerate from the Oman Mountains with
slightly thicker intraclasts. E Micro-nodular carbonate lenses in a pale yellow siltstone. F Rippled
carbonate grainstone interbedded with pale yellow siltstones.
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Figure 5.4: Representative lithofacies from LFA-2, the slope. A Giant ooid and mud chip event
bed. B Deep red siltstones with carbonate lenses. C Disrupted and buckled carbonate wackestone
interbedded with siltstones. D Brecciated thinly bedded packestone and very fine grainstone. The
clasts are locally sourced and homogeneous. E Breccia with a variety of clasts including pale grey
mudstones and oolitic grainstone. F Breccia with evidence for soft sediment deformation of some
clasts.
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5.5.2 Lithofacies association 2: Slope

matrix to clast supported rudstone (Brca) The matrix to clast supported

rudstone has multiple variations that vary from bed to bed. In general the clasts

are medium (∼ 15 cm) to large (∼ 50 cm). Some beds have clasts of mixed lithology

including white mudstone, oolitic grainstone, and silicified clasts (Fig. 5.4E,F).

Other beds are disrupted large clasts of the surrounding laminated mudstone to

wackestone beds. Many clasts appear to be partially lithified and indicate later

compaction (Fig. 5.4C,D).

siltstone (Sm) Siltstone intervals are interbedded with the matrix and clast

supported rudstone facies. These siltstone are thin bedded and finely laminated.

This facies is often red to tan in color in the Oman Mountains (Fig. 5.4B). This

facies is most abundant in the Wadi Bani Awf section and increases in abundance

in the lower Fara Formation.

planar bedded mudstone to wackestone (Ml/Wl). Planar bedded mudstone

to wackestone beds are also interbedded with the matrix to clast supported rud-

stone facies. The wackestone beds can be more massive and include large ooids

(Fig. 5.4A). In a few intervals the mudstone can be dark black in color and appears

to have once been organic rich although no TOC measurements have been made.

These three lithofacies appear together in the Oman Mountains in the Upper

Buah Formation and are interpreted as a slope lithofacies association. The sedi-

ments were likely deposited on the slope once the platform morphology transitioned

to a rimmed shelf. The matrix to clast supported rudstone beds are interpreted as

slope breccias that periodically punctuated the background sedimentation whether

carbonate dominated mudstone or siltstone. These event beds vary from locally

sourced breccias to further travelled breccia deposits that source a greater variety

of sediment clasts. We interpret cored intervals in the subsurface well ZL-1 as

analogous to this slope lithofacies association (Fig. 5.5). Similar matrix to clast

supported rudstone facies are found throughout. There are even similar giant ooids

to those found in the Wadi Bani Awf section in clasts of rudstone in ZL-1.
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Figure 5.5: Representative lithofacies from well ZL-1. A-D Clast supported rudstone of barely
moved mudstone to wackestone facies. These clasts can have recumbent folds (D) and indicate
minimal lithification particularly of the bed tops (B).
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Figure 5.6: Representative lithofacies from LFA-3, the reef. A Medium stromatolites with
coarse irregular laminae. B narrow stromatolites that form near the top of a parasequence. C
Elongate medium stromatolites with coarse irregular laminae. D Large domal stromatolites from
the Oman Mountains. E Bedding plane view of an elongate large domal stromatolite. F Overview
of the stromatolite reef.
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5.5.3 Lithofacies association 3: Reef

large domal stromatolite boundstone (Bldmstm) The large domal stroma-

tolite boundstone facies is characterized by stromatolites over a meter in diameter

that can grow and aggrade many meters in height (Fig. 5.6F). The laminae of these

large stromatolites are irregular and of medium to coarse thickness. In multiple

locations these stromatolites have significant spar-filled voids interpreted as pri-

marily cavities in these large stromatolites that were filled with syn-sedimentary

cements. In plan view these stromatolites can be elongate (Fig. 5.6E).

medium columnar stromatolite boundstone (Bmstm) Medium columnar

stromatolite boundstone are closely associated with the large domal stromatolite

facies (Fig. 5.6A). These smaller stromatolites have medium irregular laminae and

can also be asymmetrically elongated (Fig. 5.6B). This facies can aggrade signifi-

cantly while maintaining its columnar morphology.

These lithofacies appear in both the Huqf Outcrop Area and the Oman Moun-

tains and are interpreted as a reefal lithofacies association. This lithofacies asso-

ciation overlies the mid-ramp lithofacies association and is interpreted to aggrade

and prograde during a significant increase in accommodation, likely during flood-

ing. We interpret the reef lithofacies association as the agent of change that causes

the ramp morphology of the Khufai, Shuram and lowermost-Buah formations to

evolve into a flat-topped platform morphology. The reef lithofacies association can

be interbedded with the overlying shoal lithofacies association (described below)

and has been termed the ’mound and channel’ facies previously [8, 11]. Occasion-

ally the medium columnar stromatolite boundstone facies is also found in the Wadi

Hajir section in the Oman Mountains within the slope lithofacies association. In

this instance the columnar stromatolites have much more narrow bases and then

expand upwards and outwards. The laminae of these stromatolites are smoother.

thrombolite boundstone (Btbm) In the subsurface along the Eastern Flank of

the South Oman Salt Basin and into the Northern Carbonate Domain, carbonates

from the Birba Formation of the Ara Group have different dominant reef lithofa-

cies. The Birba Formation reef lithofacies association is dominated by thrombolitic
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boundstone that can vary in morphology significantly. Most are composed of meso-

clots with occasional fine- scale morphology consistent with Renalcis growth habit.

Other thrombolites can vary between more planar laminar morphologies and the

opposite end-member a fingered vertical growth structure (Fig. 5.7). The strati-

graphic isolation of stromatolites from thrombolites in the reef LFA suggests a

potential community change that may have temporal significance.

Cloudina grainstone (GCl) Within the thrombolitic boundstone, a common

co-occurring lithofacies is a Cloudina grainstone to packstone. These grainstone

are dominantly composed of the early calcifying organism Cloudina and in core

and thin-section calcified walls of the organism are visible (Fig. 5.7D)

A B

C D

Figure 5.7: Representative lithofacies from LFA-3, the Birba-aged reef. A-C Thrombolite
boundstone with mesoclots. D Cloudina grainstone filling in around a thrombolitic boundstone
(left) (arrow pointing to example of Cloudina).
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Figure 5.8: Representative lithofacies from LFA-4, the shoal. A Hummocky cross-stratified
very fine grainstones. B Trough cross-stratified grainstone. C Trough cross stratified grainstone.
D Oolitic grainstone. E Trough cross-stratified grainstone and chip breccia. F Close-up of a chip
breccia bed.
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5.5.4 Lithofacies association 4: Shoal

swaley to hummocky cross-stratified grainstone (Ghcs) The swaley to hum-

mocky cross-stratified grainstone facies is typified by low angle truncations and

gentle hummocks (Fig. 5.8A). Bedding is ∼ 10’s of cm. The grainstone is very fine

grained and composed of peloids.

trough cross-stratified grainstone (Gt) The trough cross-stratified grainstone

has higher angle truncations (Fig. 5.8B,C). In some beds the grains are small

intraclast mudchips as well as very fine peloids (Fig. 5.8E,F).

oolitic grainstone (Goo) The oolitic grainstone can have sedimentary struc-

tures including trough and swaley cross-stratification (Fig. 5.8D). The ooids are

usually fine to medium grained and the laminar concentric structure is often largely

obscured by micritization while the cores have been dissolved and replaced with

blocky cement (Fig. 5.16D).

These lithofacies occur in both the Huqf Outcrop Area and the Oman Moun-

tains and are interpreted as a shoal lithofacies association. This lithofacies associ-

ation interfingers with and overlies the reef lithofacies association. Oolitic grain-

stone facies are common in the Oman Mountains and near the top of the Shoal

lithofacies association however the coarser grainstone have a higher tendency for

recrystallization in the shoal lithofacies association likely because of high primary

porosities which can lead to fabric-destructive diagenesis.

Previous researchers have interpreted the boundary between the shoal and

first occurrence of lagoonal lithofacies associations as a major hiatus and sequence

boundary—naming this the formation boundary between the Buah and proposed

Sirab formations [11, 15, 10, 5, 4].

5.5.5 Lithofacies association 5: Lagoon

evaporitic siltstone to silty mudstone (Sm) The evaporitic siltstone deposits

are often deep red or pale green and can be poorly lithified in outcrop. The silty

mudstone can have features indicative of restriction including evaporite laths and
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Figure 5.9: Representative lithofacies from LFA-5, the lagoon or subtidal backshoal. The
low-energy facies that develop during in the Sirab Formation on the platform top include silt-
rich carbonate mudstones and some stromatolite facies. Notably during the maximum flooding
interval above SB-2, a platform top buildup of Conophyton stromatolites occurs. A very thinly
bedded carbonate mud-rich siltstone. B Isopachochous stromatolite with a strong precipitation
component. C Large Conophyton stromatolite. D The axial plane of a Conophyton stromatolite.
E Spheroidal weathering texture common in the Conophyton build-up. F Two smaller Conophyton
stromatolites.
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gypsum rosettes as well as fenestrae and mudcracks. The silt-rich facies tend to

be poorly exposed and are often covered intervals in most sections but are better

exposed in sections MD1 and MD2.

irregularly laminated stromatolite boundstone (Bilstm) The irregularly

laminated stromatolites are characterized by highly irregular often heavily silicified

laminae. The morphology varies from columnar in morphology to more conical.

Some of these stromatolites have evaporite pseudomorphs encrusting them and

within individual laminae.

isopachous stromatolite boundstone (Bisstm) These stromatolites are char-

acterized by very even laminae that often display chevron style junctions with

between neighboring stromatolites (Fig. 5.9B). The laminae do not thicken and

thin significantly along the sides of the stromatolite and often accommodate very

steep angles of repose [49, 50]. In thin section and in hand sample these stromato-

lite laminae are dominated by precipitation although the individual crystal blades

are not always preserved. They lack sediments between the stromatolites.

conophyton stromatolite boundstone (Bconstm) The Conophyton stroma-

tolites are conical in morphology and look like missiles in outcrop (Fig. 5.9C,D,F).

Individual Conophyton vary in height (< 2 meters), width and the morphology.

The size of individual Conophyton stromatolites scales with available accommo-

dation space (see ST1, ST2, ST3, WS3). In some stromatolites the characteristic

axial plane can be found that relate these Ediacaran Conophyton stromatolites to

Mesoproterozoic Conophyton stromatolites (i.e., Dismal Lakes Group, Canada and

the Afar Group, Mauritania) [51, 52]. The lamination style of these stromatolites is

unique and consists of medium laminae that in thin section are composed of inter-

grown spherulitic precipitates (Fig. 5.16A). These spherulites have a cloudy center

and faint radial morphologies. The cavities between the spherulitic laminae are

infilled with clear sparry calcite cements. The matrix of the Conophyton stroma-

tolites is mud rich and contains abundant spheroidal structures likely microfossils

with a simple wall (Fig. 5.16F). Near the base of the Conophyton stromatolites in

almost all outcrop exposures, an interesting diagenetic feature of larger pale yellow
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spheres cross-cuts laminae (Fig. 5.16E).

We interpret all of these lithofacies to form in a low-energy lagoonal depo-

sitional environment on the platform top in a wide range of water depths from

very shallow to deeper. The lagoonal lithofacies association repeats three times

within the stratigraphy of the Huqf Outcrop Area. The first lagoonal deposits over-

lay the shoal lithofacies association. These lagoonal deposits are shallow to very

shallow and restricted with abundant evaporite pseudomorphs, gypsum rosettes

and chicken wire nodules. These deposits contain cycles (∼ 2–6 meters thick)

that begin with siltstone at the base and grade into carbonates (Fig. 5.20). The

capping carbonates include small columnar stromatolites with evaporite pseudo-

morphs within the laminae and silicification as well as tepee structures. Some of

the beds within these lagoonal deposits are laterally traceable across the entire

Huqf outcrop area indicating a very at-topped platform The second repetition of

lagoonal deposits overlay carbonates from the peritidal carbonate lithofacies asso-

ciation and are similarly restricted to the first. The carbonate beds capping the

siltstones are very silicified and composed of irregular to columnar stromatolites.

The third repetition of lagoonal deposits begins much deeper than the first two

lagoon deposits. A significant increase in accommodation space—likely during a

transgression—allows patch reefs of Conophyton and isopachous stromatolites to

form within the lagoon on the platform top. These reefs are overlain by grain-

stone deposits and more restricted lagoonal deposited dominated by red siltstones

interbedded with thin beds of columnar to isopachous stromatolites.

5.5.6 Lithofacies association 6: Peritidal

intraclast conglomerate rudstone (Icg) The intraclast conglomerate rudstone

facies is characterized by massive mudstone chip intraclasts within a mudstone

matrix. This facies also often has coarse sand grains within the matrix (Fig. 5.10F).

The beds are usually thin (∼ 5–10 cm).

massive mudstone (M, Mf, Mfal, Mal, Wgp) The massive mudstone is

usually light grey and often contains features including fenestrae, evaporite laths
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Figure 5.10: Representative lithofacies from LFA-6, the intertidal zone. A Tufted laminite. B
Rippled grainstone often with climbing ripples indicating significant aggradation during deposi-
tion. C Elongate domal stromatolites. D Smaller narrow stromatolites with more of a siliciclastic
component. E Fenestral mudstone often with spar-filled fenestrae and anhydrite laths or gypsum
rosettes. F Intraclast conglomerate with a significant quartz sand component.
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and occasionally larger gypsum pseudomorphs. The massive mudstone beds

are thin (∼ 5–10 cm) and when an intraclast conglomerate rudstone is present the

mudstone is found overlying it.

domal stromatolite boundstone (Bdmstm) The low domal stromatolite bound-

stone are generally a half a meter to a meter in width. They can aggrade over

a meter in high but do not indicate significant synoptic relief. The domal stro-

matolite laminae are thick and are almost always fenestral (Fig. 5.10C,E). The

fenestrae are round to oblong and can be spar filled or open (Fig. 5.16C). These

domal stromatolites are almost always very elongate forming parallel rows of do-

mal stromatolites in plan view indicating they formed in the presence of a current

likely tidal currents (Fig. 5.10C).

small columnar stromatolite boundstone (Bsmstm) The small columnar

stromatolite boundstone have interconnected laminae between individual stroma-

tolites. The laminae are generally smooth however the thickness of the laminae

vary from the sides of the stromatolites to the troughs between them. These stro-

matolites often show minor asymmetrical elongation likely from current activity. In

thin section these stromatolites are composed of mud to very fine-grained peloids

(Fig. 5.10D).

rippled grainstone (Grip) The rippled grainstone facies is composed of fine

peloidal grains and occasionally fine ooids. The rippled grainstone indicates aggra-

dation during deposition and often preserve asymmetrical climbing wave ripples

(Fig. 5.10B). Bedding plane surfaces preserve ripple crests.

irregular to tufted laminite boundstone (Bil) The irregular to tufted laminite

boundstone is characterized by fine irregular laminae with small upward tufts

(Fig. 5.10A). The laminae can be more irregular and are often heavily silicified.

In general this microbial boundstone facies is characterized by low relief.

sandstone (Ss) The sandstone facies is medium to coarse grained and is quartzose-

feldspathic. Sandstone beds are massive and vary in thickness from 1–5 meters.

While sandstone facies are not common in this platform margin, there is a per-

sistent sandstone marker bed, previously designated as the boundary between the
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Lower and Upper Shital Members [4, 5]. We interpret this as a transgressive sand-

stone that sits at a sequence boundary (SB3) between shallow lagoonal facies and

peritidal facies.

These facies are interpreted to form in the peritidal environment with water

depths ranging from the shallowest subtidal environment through the intertidal

zone. We have arranged individual facies within this facies association in approx-

imate position within a given shallowing upward cycle although not every facies

is present in each cycle (i.e., sandstone). In general the shallowing upwards cycle

that characterizes the peritidal facies association is an occasional base of intraclast

conglomerate, interpreted as a transgressive lag deposit, a massive mudstone that

grades into fenestral low domal stromatolites. These are capped by small colum-

nar stromatolites, rippled grainstone and finally irregular laminite. The facies from

subsurface cores from well SWT8 are similar and include columnar stromatolites

interbedded with wackestone with the occasional mudstone drape and ooid grain-

stone and intraclast conglomerate (Fig. 5.11). In the cores from SWT8, there is an

increased component of seafloor precipitation within some stromatolites and sed-

iments (Fig. 5.11A,D,E). We interpret these facies in the subsurface as analogous

to the outcrop peritidal lithofacies association.

5.5.7 Lithofacies association 7: Supratidal

irregular to pustular laminite (Bil) The irregular to pustular laminite is char-

acterized by more bulbous and pustular morphology (Fig. 5.12C). This facies has

significant primary porosity remaining indicating cementation by vadose processes

were not significant enough to occlude the porosity built into the primary growth

morphology. Some irregular laminite have gypsum pseudomorphs within them.

Petrographically, they can preserve the rhombohedral walls and classic twinning

(Fig. 5.16B,G).

tepee pisolite (Tep, Pis) The tepee-pisolite facies is characterized by abundant

tepee structures and a variety of pisolite morphologies and is broadly similar to

other documented tepee-pisolite occurrences [53, 54, 55, 56]. This facies
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Figure 5.11: Representative lithofacies from well SWT-8. A Fine wackestone beds with occa-
sional mud drapes. Some of the wackestone beds have precipitated crystal fans growing in them
in what appear to be more massive potentially microbial regions of the beds. B Tall columnar
stromatolites that display a small amount of elongation in cross section. The inter-stromatolite
fill has some larger peloidal grains. C Giant ooid and mud chip intraclast packstone. D Colum-
nar stromatolite that is more dominated by precipitated crystal fans in a more massive matrix
with some primary voids with geopetal mudstone fill. E Mudstone and wackestone beds with
abundant crystal fan precipitates that were then brecciated and cemented with multiple genera-
tions of isopachous cement and geopetal mudstone. F Brecciated and cemented wackestone with
isopachous cements and geopetal mudstone filling between the primary beds.
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Figure 5.12: Representative lithofacies of LFA-7, restricted environments from the uppermost
Sirab Formation. A Karst breccia from SB-3. B Red siltstones alternating with carbonate mud-
stones from SB-3. C Irregular laminite. D Tufa from SB-3. E Large pisoids. F Very round
precipitation dominated pisoids. G tepeed and cemented mudstone. H tepeed irregular laminite.



194

alternating with the irregular to pustular laminite facies is quite thick in

one area of the Huqf Outcrop Area (∼ 150m). Within this thick deposit the

pisoids vary from precipitation dominated pisoids with thick rinds of bladed ce-

ment (Fig. 5.12F), to pisoids that can grow quite large (∼ 10 cm) of fine micritic

irregular laminae (Fig. 5.12E). Petrographically, multiple generations of cement

coating the micritic pisoid cores can be identified including radial isopachous ce-

ment (Fig. 5.16I,H) and clear porosity-occluding cement (Fig. 5.16H). These pisoids

fill in between tepee structures of all sizes from multiple meters tall to quite small

(Fig. 5.12G,H). Similar to the pisoids, some tepee structures have significant floor

and pendant bladed cements as well as geopetal mudstone (Fig. 5.12G) while other

tepee structures maintain their original high primary porosity Fig. 5.12H). Occa-

sional silica cementation of small round nuclei occurs (Fig. 5.16E).

tufa (Tfa) A marker bed (sometimes karsted) can be found across the Huqf Out-

crop Area of a tufa characterized by interconnected branching carbonate precipi-

tates (Fig. 5.12D). The tufa likely formed from a supersaturated brine associated

with extreme exposure of the platform associated with SB4 [49, 50].

paleokarst breccia (Brca) A paleokarst surface with variable degrees of brec-

ciation is found in the Huqf Area underlying the thick tepee-pisolite facies. The

breccia often form pipes into underlying stratigraphy and can include blocks of

the tufa facies. In general the matrix is carbonate cemented and the brecciation

generally preserves the prior stratigraphy.

salt collapse breccia (Brca) A series of outcrops previously undocumented near

Bantawt preserve a sequence of sediments including evaporite-rich, brecciated mud-

stone and siltstone. These are capped by a heavily silicified breccia that can pre-

serve very large blocks (Fig. 5.13A) with inclined near-vertical bedding. The blocks

preserved within this breccia are mixed lithology and do not obviously source local

facies. Blocks include irregular laminite (Fig. 5.13B).

These facies are interpreted to form in a dominantly supratidal environment

that is periodically subjected to rewetting [53, 54, 55, 56]. There are short (∼

1 meter) cycles of irregular to pustular laminite that grade into tepee structures
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Figure 5.13: A different outrcrop area of LFA-7. A large block with steeply inclined bedding.
B Breccia with clasts of irregular laminite. C Silicified breccia with very large clasts. D tepeed
and spar dissected mudstone.

and pisoids. The subsurface cores from nearby SWN1 have very similar lithofacies

including irregular laminite, tepee structures with floor and pendant cements and

pisoids (Fig. 5.14). The wells on the Eastern Flank also have similar facies pre-

served in cored intervals including karst breccia, tepee structures, pustular laminite

and pisoids (Fig. 5.15). We also interpret these subsurface lithofacies as belonging

to the supratidal lithofacies association.

5.6 Sequence stratigraphy

Three levels of cyclicity were identified within the stratigraphy of the Huqf Out-

crop Area. Within each lithofacies association meter-scale cyclicity, termed here

’parasequence’, were identified. These parasequences are cycles with a transgres-

sive (flooding) and regressive (shallowing) component [57, 58]. Schematic parase-

quences from each lithofacies association (Fig. 5.20) indicate most of the cycle is
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Figure 5.14: Representative lithofacies from well SWN-1. A Pisoids with multiple generations
of isopachous cement. B Irregular to tufted laminite. C tepeed mudstone with fibrous pendant
and floor cements filled in with geopetal mudstone. D tepeed mudstone with fibrous cements
filled in with geopetal mudstone capped by pisoids.

regressive with a small component of transgression particularly within the peritidal

and supratidal sequences.

The second level of cyclicity, termed here the ’parasequence set’, is generally

10-15 meters in thickness and composed of multiple successive parasequences. The

parasequence set also has a regressive and transgressive component and towards

the top of a given parasequence set the relative proportion of deposition in the

regressive portion of the parasequences increases.

The third level of cyclicity, termed here the ’sequence’, is on order 50-100 me-

ters in thickness. The sequences contain multiple lithofacies associations stacked

on top of one another and also have a transgressive and regressive component.

The transgressive component of the sequence is characterized by retrogradation

and a general landward shift of the shoreline whereas the regressive component is

dominated by aggradation and progradation and an oceanward shift in the shore-

line [57, 58]. This level of cyclicity is most easily identified in the shallow water
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Figure 5.15: Representative lithofacies from subsurface wells along the Eastern Flank. A irreg-
ular microbial boundstone with brecciation and cement pockets. B In situ brecciation associated
with exposure and karst. C upward growing pustular microbial dendrites. D precipitation dom-
inated isopachous stromatolite. E unusual microbial structure similar to a tufted laminite with
more regular concave laminae between the tufts. F tufted laminite with some remaining porosity.
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Figure 5.16: Thin section photomicrographs of key lithofacies from the Huqf. A conophyton
spherulite texture showing organic matter in the center of the spherulites. B Gypsum crystals
showing characteristic twinning. C Fenestral mudstone with open oblong fenestrae partially
filled with micritic mudstone. D oolitic grainstone with micritized outer laminae and dissolved
interiors replaced with blocky cements. E silica cemented microspheroids of calcite. F mudstone
matrix surrounding the conophyton stromatolites with possible thin-walled microfossils. G rims of
gypsum crystal rhombs. H Irregular laminae of a pisoid cemented with fibrous isopachous cement
and clear blocky cement. I Pisoids with thick isopachous fibrous cements coating the original
grains and occluding porosity.
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Figure 5.17: Thin section photomicrographs of key lithofacies from the subsurface. A Dolomi-
tized tufted laminite with preserved primary porosity between laminae. B Intraclasts including a
laminated clast coated with early cements before being dolomitized. C Giant ooid with micritiza-
tion of the original laminae. D compound intraclasts composed of dominantly peloids and ooids.
E concentric walls of Cloudina. F Brecciation within a tepee structure with isopachous fibrous
cement.
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BOUNDSTONESBOUNDSTONESBOUNDSTONESBOUNDSTONES

Bldmst
m

large domal stromatolite, can be elongate LFA 3: Reef

Bmstm medium stromatolite LFA 3: Reef

Bdmst
m

domal stromatolite, can be elongate, laminae can be 
fenestral and spar-filled

LFA 6: Peritidal

Bsmst
m

small stromatolite, laminae usually smooth LFA 6: Peritidal

Bconst
m

conophyton stromatolite, composed of spherulites, form 
bioherms, organic-rich

LFA 5: Lagoon

Bisstm isopachous stromatolite, fine smooth even laminae LFA 5: Lagoon

Becstm egg carton stromatolite forms at SB3, white micritic 
laminae

LFA 7: Supratidal/
Restricted

Bilstm irregularly laminated stromatolite LFA 7: Supratidal/
Restricted

Bil irregular to tufted laminite LFA 7: Supratidal/
Restricted

MUDSTONES and WACKESTONESMUDSTONES and WACKESTONESMUDSTONES and WACKESTONESMUDSTONES and WACKESTONES

Crl crinkly laminite LFA 1: Mid-Ramp

CrlEwc crinkly laminite and edgewise conglomerate LFA 1: Mid-Ramp

Ml/Wl laminated mudstone/wackestone LFA 2: Slope & LFA 6: 
Peritidal

Mf fenestral mudstone LFA 6: Peritidal

Mfal fenestral mudstone with anhydrite laths LFA 6: Peritidal

Mal mudstone with anhydrite laths LFA 6: Peritidal

Wgp wackestone with gypsum pseudomorphs LFA 6: Peritidal

Figure 5.18: Boundstone, mudstone and wackestone lithofacies key
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PACKSTONES and GRAINSTONESPACKSTONES and GRAINSTONESPACKSTONES and GRAINSTONESPACKSTONES and GRAINSTONES

Gt trough cross stratified grainstone LFA 3: Shoal

Goo oolitic grainstone LFA 2: Slope & LFA 3: Shoal & 
LFA 6: Peritidal 

Gma massive grainstone

Ghcs hummocky cross stratified grainstone

Grip rippled grainstone (often climbing) LFA 6: Peritidal

Gal grainstone/packstone with anhydrite laths LFA 6: Peritidal

OTHEROTHEROTHEROTHER

Icg intraclast conglomerate LFA 6: Peritidal

Brca breccia LFA 2: Slope & LFA 7: Supratidal/
Restricted

Tep tepee LFA 7: Supratidal/Restricted

Pis pisolite LFA 7: Supratidal/Restricted

Tfa tufa LFA 7: Supratidal/Restricted

Sm siltstone or carbonate-cemented siltstone LFA 6: Peritidal & LFA 7: 
Supratidal/Restricted

Pss quartz rich packstone LFA 6: Peritidal & LFA 7: 
Supratidal/Restricted

Ss sandstone LFA 6: Peritidal & LFA 7: 
Supratidal/Restricted

Figure 5.19: Grainstone and other lithofacies key
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LFA 1: Mid-Ramp LFA 2: Slope

LFA 3: Reef LFA 4: Shoal

LFA 5: Lagoon LFA 6: Peritidal

LFA 7: Supratidal/Restricted

Figure 5.20: Representative parasequences from each LFA showing transgressive and regressive
components.
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Figure 5.21: Sequence stratigraphic model for Wadi Shital and Sirab (ST1, 2, 3, 4 and SB1).
Lithostratigraphy is shown as well as parasequence, parasequence set and sequence stacking pat-
terns, total gamma ray, spectral gamma ray, δ13C, δ34S, components arranged by water depth
(left being shallowest).
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Figure 5.22: Sequence stratigraphic model for Mukhaibah Dome (MD1). Lithostratigraphy is
shown as well as parasequence, parasequence set and sequence stacking patterns, total gamma
ray, spectral gamma ray, δ13C, δ34S, components arranged by water depth (left being shallowest).
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Figure 5.23: Sequence stratigraphic model for Mukhaibah Dome (MD2). Lithostratigraphy is
shown as well as parasequence, parasequence set and sequence stacking patterns, total gamma
ray, spectral gamma ray, δ13C, δ34S, components arranged by water depth (left being shallowest).



206

W
ad

i S
hu

ra
m

 1
 &

 4
 (W

S1
 &

 W
S4

)

0
-1

0
10

δ13
C VP

D
B 

(‰
)

G
R 

(A
PI

)
δ34

S CA
S 
(‰

)
10

30

010
0

5015
0

20
0

25
0

30
0

s&s

pis
ilstm

dmstm
fen

ooids
smstm

xbed
constm
lrgdmstm
ewc

al
il

Co
m

po
ne

nt
s

K 
(%

)
Th

 (p
pm

)
U

 (p
pm

)

Figure 5.24: Sequence stratigraphic model for Wadi Shuram (WS1 and WS4). Lithostratig-
raphy is shown as well as parasequence, parasequence set and sequence stacking patterns, total
gamma ray, spectral gamma ray, δ13C, δ34S, components arranged by water depth (left being
shallowest).
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Figure 5.25: Sequence stratigraphic model for Wadi Hajir and Wadi Bani Awf (H1, H3, WBA1).
Lithofacies are shown as well as parasequence, parasequence set and sequence stacking patterns,
total gamma ray, δ13C and δ34S.



208

0

100

200

300

400

500

600

700

800

900

1000

KH
U

FA
I

SH
U

RA
M

1100

1200

1300

Total GR (API)
0 100 200

0 100 200
Total GR (API)

SAIWAN-1
MUKHAIBAH
DOME + SB-1

BU
A

H
/S

IR
A

B

SI

SII

SIII

SIV

Figure 5.26: Correlation between a composite section of the Nafun Group from the Huqf outcrop
area with the closest subsurface well, SWN1.



209

K (%)
Th (ppm)
U (ppm)

MFS

MFS1

SB1

MFS2

SB2

SB3

0

100

200

300

400

500

600

siss bo g wr p m

sm
al

l

m
ed

lrg

BU
A

H
SI

RA
B

BU
A

H
   

SB4

SB5

MFS3

MFS4

U
N

M
EA

SU
RE

D
SI

I
SI

II
SI

V
SV

SV
I

SI
LF

A
 1

LF
A

 3
LF

A
 4

LF
A

 4
LF

A
 7

LF
A

 6
LF

A
 5

LF
A

 6
LF

A
 6

LF
A

 7
LF

A
 7

Figure 5.27: Composite stratigraphic section of the Buah and Sirab formations (Sequences I,
II, III, IV, V) in the Huqf Outcrop Area. The composite section includes individual sections
MD-2, ST-1 and SB-1. Plotted are lithofacies color, lithofacies association, small, medium and
large transgressive-regressive cycles, and spectral GR measurements (K, %; U, ppm; Th, ppm).
The sequence boundaries are designated as SB1, SB2, SB3 and SB4.



210

platform sediments of the Huqf Outcrop Area. In the Oman Mountains, where

most of the deposits formed on the slope, this level of cyclicity is much more

challenging to identify. While there are significant horizons including erosional

surfaces and thick slope breccias, it is difficult to relate these horizons to relative

eustatic change as they may also result from internal dynamics including slope

failure or earthquakes unrelated to relative eustacy [59].

We have identified 4-5 sequences within the carbonate stratigraphy post-dating

the Shuram Formation in the Huqf Outcrop Area:

Sequence 1–The first sequence includes the Shuram Formation and lowermost

mid-ramp lithofacies association of the Buah Formation. The siliciclastics of the

Shuram Formation shallow into crinkly laminite and edgewise conglomerate litho-

facies. In Wadi Hajir in the Oman Mountains, there is a significant erosional

surface that cuts down into the lower Buah crinkly laminates and edgewise con-

glomerates. This surface is filled in with breccias, grainstone and stromatolite

boundstone. This erosional surface likely correlates with the surface the stromato-

lite reef facies sits on and may be equivalent to the erosional surfaces in the Johnnie

and Wonoka formations (Fig. 5.30) [60, 61, 62, 63]. These three erosional surfaces

from the Wonoka, Johnnie and Buah formations occur at a similar place within

the isotopic recovery of the Shuram Excursion (see below). The reef lithofacies

association shallows into shoal and lagoonal lithofacies associations. We define

a single sequence for the previously defined Buah Formation and the ’Ramayli

Member’ of the Sirab Formation [11, 15, 10, 5, 4]. The distinctive surface in the

Oman Mountains may mark a sequence boundary but we’ve currently grouped

these two potential sequences into one. Unlike previous researchers, we find no

evidence for a significant hiatus at the shoal crest. Instead, this stratigraphy can

be related through one shallowing upwards sequence and a change in depositional

environments across the platform. Just before the sequence boundary at the tran-

sition from lagoonal to peritidal lithofacies association (SB1), there is an increase

in evaporite mineral deposition.

Sequence 2—The second sequence is characterized by a small amount of flood-
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ing and aggradation of a dominantly peritidal lithofacies association before the

progradation of lagoonal facies. This sequence was previously defined as the ’Lower

Shital Member’ of the Sirab Formation [4, 5]. The sequence boundary (SB2) is

characterized by increasingly restrictive and evaporitic lagoonal facies.

Sequence 3—The third sequence begins with a regional transgressive sandstone

bed. Above the sandstone the carbonates are characterized by a significant and

rapid flooding through peritidal lithofacies into lagoonal platform top conophyton

reefs. The conophyton reefs are overlain by shallowing lagoonal facies that end in

a significant sequence boundary (SB3) with localized karst development and tufa

deposition.

Sequence 4—The predominantly supratidal deposits overlying SB3 are com-

posed of vertically aggrading tepee-pisolite deposits that may contain cryptic se-

quence boundaries; however, these did not manifest themselves clearly in outcrop

exposures. This sequence was previously termed the ’Aswad Member’, and de-

scribed as a shallow subtidal oncolite grainstone to thrombolite shoal facies [5, 4].

This sequence is much thicker than the previously measured ∼ 5 meters, and we

do not agree with the previous interpretation of depositional environment. In-

stead, we prefer an interpretation of supratidal deposits forming on the shelf crest

because of the structures and lithofacies present—tepees, pisoids, and irregular

laminites. Previously undescribed facies outcropping near Bantawt are likely time

equivalent because they overlie sequence 3 and may be salt collapse breccias from

more restricted lagoonal environments (Fig. 5.13).

5.7 Geologic mapping

Results from mapping the five major sequences defined within the Buah and Sirab

formations across the Huqf Outcrop Area are shown in Figure 5.28. The struc-

tural anticlines and synclines control the areal extent of each sequence. The five

sequences post-dating the Shuram Formation tend to form synclinal folds while

the Khufai Formation forms steeply dipping anticlines. The synclines
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dip shallowly and cover much of the Huqf Outcrop Area. Most of the outcrop

exposures of the youngest strata of sequence 4 are exposed best closer to the coast

near Sirab and Bantawt with smaller exposures present on the western edge of the

Huqf outcrop area at Wadi Shuram.

Results from mapping the structures within the Buah Formation in the Oman

Mountains are shown in Figure 5.29. Previous interpretations of the significant

facies differences in the Buah Formation exposed in Wadi Hajir compared to Wadi

Bani Awf suggested a down dropped graben forming between the shallower facies

in Wadi Hajir and more distal facies in Wadi Bani Awf within a distance of 7

km [11, 15]. Based on field observations (Fig. 5.30A,B) and Quickbird imaging,

we propose instead that a series of low angle thrust faults has replicated the Buah

Formation at least four times. The most proximal thrust sheet is the first block

in Wadi Hajir while the most distal thrust sheet is the block in Wadi Bani Awf

that contains the Fara Formation. Unlike previous geologic maps (e.g., [15]) that

have continuous outcrop exposure from Wadi Bani Awf to Wadi Hajir, in reality

the Buah Formation is thrust along the less resistant Shuram Formation and these

outcrop areas have four to five major faults dissecting them. This replication of

the section actually provides a powerful opportunity of sampling more of the slope

to basin transition by studying the section preserved in each successive fault block.

5.8 Depositional model and regional correlation

From our facies observations and sequence stratigraphic model, we constructed

a model of carbonate platform evolution during Buah-Ara time. The model was

developed based on observations from the sedimentology and stratigraphy exposed

in the Oman Mountains, the Huqf Outcrop Area and subsurface cores from the

South Oman Salt Basin, the Eastern Flank and the Central Oman High to best

approximate changes across all of Oman (Fig. 5.31).

The transition from the siliciclastic dominated Shuram Formation to the mid-

ramp facies of the lower Buah Formation is gradual. These laterally continuous
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Figure 5.29: Replication of the Buah Formation in the Oman Mountains controlled by low
angle thrust faults.
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Figure 5.30: Outcrop images from the Buah Formation in the Oman Mountains. A Thrust fault
and section replication in Wadi Hajir. B Thrust Fault and section replication in Wadi Bani Awf.
The main section expose near the road is completely truncated by the Permian unconformity. C
A surface within the lower Buah with significant erosion on it. In Wadi Hajir this surface can cut
down ∼ 30 m into the edgewise conglomerate facies. The sediments filling this erosional surface
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shallow-water, variable energy deposits are capped by reefal stromatolites that

transition the broad ramp morphology into a steep sided carbonate platform mor-

phology (Fig. 5.31). The flat-topped platform morphology that develops across

Oman is a classic morphology with slope deposits, a reef, grainstone shoals and

inner platform lagoonal and peritidal deposits (e.g., the Capitan Reef Complex in

the Guadalupe Mountains [64]). The change in platform morphology is supported

by the expansive lagoonal and peritidal lithofacies associations found in the Huqf

outcrop area and the slope breccias found in the Oman Mountains as well as anal-

ogous subsurface core lithofacies (i.e., ZL1 and SWT8). The inner platform and

slope deposits can both be siliciclastic rich and evaporative. There are multiple

progradational, aggradational and retrogradational cycles that result in a migrat-

ing shoreline and repetitive stacking of the shallow-water lithofacies associations

in the Huqf Outcrop Area. The orientation of the main platform edge was likely

NE-SW based on paleocurrent tidal current indicators [8, 11, 28].

Based on the sequence stratigraphic model, lithofacies patterns, and gamma

ray log character we interpret the sequence boundary with karst development in

the Huqf Outcrop Area (SB3) as the Buah-Ara Boundary. Thus the transition to

a flat-topped platform with evaporative siliclastic rich lagoonal deposits begins in

the Buah Formation. The Buah Formation is likely to be characterized by variable

siliciclastic content in the subsurface depending on where on the platform it is pen-

etrated. Additionally the three sequences within the Buah Formation will results

in progradation and retrogradation of lithofacies associations across the platform.

The interpreted Buah-Ara Boundary at SB3 coincides with a significant deposi-

tional shift to a dominantly supratidal lithofacies association in the Huqf Outcrop

Area. A localized karst breccia capped by a thick sequence of tepee structures,

pisoids and irregular laminites (> 150 meters thick) suggests the development of

a rimmed platform. Similar facies with tepee structures and pisoids in the sub-

surface cores of the Birba Formation in SWN1 and the Eastern Flank suggest this

tepee-pisolite rim extended along the entire platform crest. The development of

the tepee-pisolite complex coincided with thick inner platform lagoonal deposits
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prone to restriction and evaporite deposition of the traditional Ara Group cycles

of the South Oman Salt Basin and the Ghaba Salt Basin [7, 29, 30]. Gamma

ray logs from the Birba Formation across Oman suggest a shut off of siliciclastic

input to the platform as a whole. During this time interval the main reef facies

likely transitioned to thrombolite boundstone as evidenced by cored intervals just

off the crest of the Eastern Flank (Fig. 5.7). These microbial boundstones with a

different growth habit than stromatolites may have acted to stabilize the platform

rim, decreasing the abundance of slope breccias seen in the more distal deposits of

the Athel Trough and Fara Formation in the Oman Mountains.

5.9 Chemostratigraphy

5.9.1 Carbon isotopic patterns

To test the validity of using δ13C for correlation across Oman in the latest Precam-

brian we have overlain the isotopic data on our sequence stratigraphic model. The

carbon isotopic pattern is laterally consistent from the Huqf Outcrop Area to the

Oman Mountains when the sections are aligned based on the sequence stratigraphic

architectural described above. Sequence 1 is characterized by a general recovery

from the negative Shuram Excursion. There is a positive excursion from values of

∼ -8h to ∼ 0h in the reefal stromatolite lithofacies association. Values continue

to increase through the grainstone shoal and lagoonal sediments. The δ13C values

immediately prior to SB1 become negative (-4h) although the degree of depletion

is variable and most extreme in the restricted lagoonal facies. A significant shift

to positive values occurs above SB2 with δ13C values reaching +7–8hVPDB. This

positive excursion has two smaller excursions within it that are preserved within

sequence 3 whether there was significant accommodation space (ST1) or minimal

accommodation space (ST2). The magnitude of this excursion is similar to values

documented in the Nama Group of Namibia (5-6h) and this excursion found in

the subsurface well MQ1 has previously been correlated with the excursion in the

Nama Group [42, 39]. Above
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SB3 the isotopic composition of sequence 4 is flat at ∼ 2h. The δ13C isotopic

composition and gamma ray log character of each sequence in consistent from the

Huqf to two subsurface wells to the north, SWN1 and MQT1. Additionally, the

flat δ13C and clean gamma ray log character of sequence 4 in all three locations is

similar to the Birba Formation (A1–A3) along the Eastern Flank.

5.9.2 Sulfur isotopic pattern

The two models most recently published for the stratigraphy in Central Oman are

in disagreement because [3] proposes the δ34SCAS isotopic composition of the pro-

posed ’Sirab Formation’ is ’Nafun Group’ in character and ∼ 20–25h. In contrast,

δ34S results from definitive Ara Group samples from the SOSB are ∼ 30-40h [3].

To address whether the δ34SCAS isotopic composition can be used to distinguish

the ’Nafun Group’ from the ’Ara Group’, we have expanded the δ34SCAS record

of this time interval in Oman and have overlain the data on our sequence strati-

graphic model. As demonstrated above this model yields consistent δ13C compo-

sitions across Oman for a given time horizon. The sulfur isotopic composition of

sequences 1–3 in Central Oman are near constant at ∼ 25h similar to previously

analyzed samples [3]. The previously unanalyzed stratigraphy of sequence 4, which

we correlate with the Birba Formation, is heavier than underlying sediments and

has an average of +30h but can reach values as high as 32h. While this isotopic

composition is not as heavy as some Ara Group samples from subsurface wells

from the SOSB [3], it is very similar to the baseline δ34SCAS composition of well

SBSB1 which is definitively A0–A3 in age because Cloudina grainstone facies are

associated with the thrombolite boundstone observed in cores.

These results suggest the shift to heavier δ34SCAS values associated with the

Ara Group locally and with the Precambrian-Cambrian transition globally is a

consistent trend [16, 18, 20, 17, 19, 21]. However, the δ34S isotopic composition

does appear to vary in absolute magnitude from the Eastern Flank and Central

Oman High to the South Oman Salt Basin. This suggests pyrite burial in deeper

basinal environments like the Athel Trough within the South Oman Salt Basin is
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likely important in driving local enrichment in the SOSB.

5.10 Conclusions

To address competing models for correlation of the carbonates from the latest Pre-

cambrian of Oman, we used a combined approach to build a sequence stratigraphic

framework for the carbonates deposited in Central Oman, the Oman Mountains

and the subsurface Eastern Flank of the South Oman Salt Basin and Central Oman

High.

The carbonates deposited in the latest Precambrian of Oman document the

evolution of a microbially dominated platform from a ramp morphology to a flat-

topped platform morphology. Our results indicate the platform becomes increas-

ingly restricted approaching the Precambrian-Cambrian boundary, coincident with

a shut off of siliciclastic material, and a wide rimmed tepee-pisolite complex devel-

ops on the platform crest while evaporites and microbial carbonates are deposited

in the inner platform.

The chemostratigraphic pattern of these carbonates agrees well when sections

are aligned using key sequence stratigraphic surfaces. The δ13C composition of

these carbonates varies temporally and the magnitude of depletion or enrichment

is broadly consistent across Oman for a given time interval. The relationship

between excursions and major sequence boundaries suggests a link between the

carbon cycle and carbonate platform cyclicity. The δ34SCAS composition does

increase in the late Precambrian across Oman but the magnitude of the increase

is not constant.

Our work would suggest the majority of the newly defined ’Sirab Formation’ is

in actuality part of the Buah Formation, a correlation model that agrees well with

early work in the region [8, 12, 13, 14]. The tepee-pisolite complex of sequence

5 likely correlates with the Birba Formation of the Eastern Flank and Northern

Carbonate Domain.
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6.1 Abstract

A secular increase in δ18O values of both calcitic and phosphatic marine fossils

through early Phanerozoic time suggests three end-member hypotheses 1) surface

temperatures during the early Paleozoic were very warm, in excess of 40◦C (tropi-

cal MAT) [1], 2) the δ18O isotopic composition of seawater has increased by up to

7–8h VSMOW over the Phanerozoic [2, 3, 4] or 3) ancient materials are more sig-

nificantly altered via post-depositional diagenetic processes. Carbonate clumped

isotope analysis, in combination with petrographic and elemental analysis, has

the potential to differentiate between these hypotheses. A sample suite including

both calcitic and phosphatic marine fossils, the first paired study of its kind, from
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Cambrian- and early Ordovician-aged rocks indicate seawater temperatures were

warmer than today (avg. 30-35◦C. None of the fossil materials indicate seawater

compositions as depleted in δ18Oas some have suggested (-7h) [2, 3, 4]. Addition-

ally, recent phosphate-water equilibrium fractionation equations suggest mutual

equilibrium precipitation for δ18OCO3 and δ18OPO4 from the same fluid [5, 6].

6.2 Introduction

Early isotopic measurements of ancient calcite [7], apatite [8] and chert [9, 10]

documented a secular increase in the δ18O of each mineral over Phanerozoic time.

This trend suggests three end-member hypotheses 1) ocean temperatures have de-

creased since Precambrian time, 2) the oxygen isotopic composition of seawater

has evolved through time or 3) diagenetic processes are more important in ancient

samples. It has been difficult to evaluate these hypotheses because the δ18O com-

position of rocks and fossils depends on both the precipitating temperature and the

δ18O of water. Diagenetic processes that modify geological materials can overprint

primary isotopic signatures. However, the gradual mirrored decline in the δ18O

of three separate mineral phases with very different solubility behaviors over the

course of Phanerozoic time suggest diagenetic alteration of older materials cannot

explain the entire pattern. Determining the relative contributions of temperature

and δ18Oseawater change to the δ18Omin records is critical to understanding the

evolution of the early-Paleozoic climate and the diversification of animals.

Paired isotopic analysis of co-occurring sample suites of apatite and calcite [11,

12] or apatite and chert [9] provides a powerful approach to test mutual equilibrium

fractionation of the different phases. However, results from previous paired studies

have varied and interpretations of the trends are inconsistent. Some authors have

postulated equilibrium precipitation of both phases suggestive of exceedingly warm

ocean temperatures and no change in bulk fluid composition [9, 13] whereas other

studies suggest one or more mineral phases are not precipitated in equilibrium

from primary fluids leaving doubt as to whether the isotopic composition of the
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fluid has varied [14, 11, 12].

Another approach used to examine the long-term evolution of seawater δ18O

has been to examine the ophiolite record through time [15, 16, 17]. The record of

hydrothermal alteration of basalts formed at mid-ocean ridges suggests the sea-

water composition has remained invariant since the Archean. Analytical results

indicate a constant gradient in δ18O of oceanic crusts through time where the

pillow basalts are enriched (δ18O ∼ 6–10h VSMOW) relative to concurrent gab-

bros (δ18O ∼ 3–6hVSMOW) indicating exchange with 0h VSMOW seawater

at different temperatures (e.g., [17]). These results are supported by theoretical

modeling of seawater exchange with basaltic crust at cooler temperatures in the

pillow basalts and hydrothermally in the gabbroic deposits formed at mid-ocean

ridges [15]. These exchange reactions along with subduction and recycling of sat-

urated sediments have been argued to buffer and maintain seawater compositions

of ∼ 0h if seafloor spreading rates are ≥0.5 times present rates [15, 16, 18].

More recently, higher resolution records of a single mineral phase have been

used to argue for each end-member interpretation. δ18O measurements of conodont

apatite by secondary ion mass spectrometry (SIMS) have been used to suggest a

decline of sea surface temperatures through the Ordovician from temperatures in

excess of 40◦C in the early Ordovician, which the authors postulate spurred the

early Ordovician radiation of a wide variety of skeletalized calcitic taxa [1]. In

contrast, records of the δ18O of Paleozoic brachiopods have been used to suggest a

secular change in the bulk isotopic composition of seawater to values reaching -7h

in the early Paleozoic [2, 3, 19, 4, 20]. These large discrepancies in interpretation

arise from different assumptions for the cause of the δ18Omin decline.

Interpretations of previous δ18O phosphate records [1] and paired phosphate-

carbonate [11, 8, 13, 12] or phosphate-chert studies [9] have been thrown into

doubt recently because the phosphate-water equilibrium fractionation equation is

currently in a state of flux [21, 6]. Over the last 40 years, a variety of chemical

methods and analytical tools were used to isolate and measure the δ18O of PO4.

Chemical isolation methods precipitate either BiPO4 or more recently tri-silver
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phosphate, Ag3PO4. These compounds are then measured by laser fluorination or

with a Thermal Conversion Elemental Analyzer –Isotope Ratio Mass Spectrometer

(TC/EA – IRMS). There is analytical evidence that these different precipitation

and measurement methods do not yield consistent results [21, 6]. Because of these

uncertainties there is also continued debate over the isotopic composition of the

widely used standard NBS 120-C used to calibrate phosphate measurements [6].

Carbonate clumped isotope thermometry can constrain the interpretation of

changing δ18Omin through early Paleozoic time by providing an independent mea-

sure of crystallization temperature [22] and, when paired with classical δ18O pa-

leothermometry [23, 24], can determine the isotopic composition of the fluid the

mineral last equilibrated with (not limited to seawater but including diagenetic

pore fluids and formation waters). Combined with petrographic and elemental

analysis, this method has the potential to untangle primary isotopic signatures

from diagenetic signals.

Here we develop a paired phosphate-calcite record using carbonate clumped

isotope thermometry for the Cambrian and Ordovician, the interval with the most

significant change in δ18Omin. This approach has the benefit of measuring the

clumped isotope distribution in two minerals that have different susceptibilities to

diagenetic dissolution. Phosphatic materials also provide an archive prior to the

rise of thick-shelled calcitic fossils during the Ordovician radiation.

We measured the carbonate clumped isotopic compositions (∆47 values) of

carbonate ion units substituted into the phosphate lattice of phosphatic inartic-

ulate brachiopods in Cambrian and Ordovician strata and calcitic brachiopods,

trilobites, rugose corals and carbonate mud from Ordovician strata. We also com-

pared measurements of the δ18O of CO3 groups with the δ18O of PO4 groups

from the inarticulate brachiopods to test whether the carbonate clumped isotope

measurements yield mutual equilibrium fractionation and are thus consistent with

primary growth temperatures. To build on previous phosphatic calibration stud-

ies of carbonate clumped isotope thermometry in dentin and enamel of bone and

teeth [25, 26], we calibrate this tool by measuring the clumped isotope values
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(∆47) of CO2 extracted from modern inarticulate phosphatic brachiopods of known

growth temperatures.

6.3 Geologic Setting

6.3.1 Modern samples

Modern inarticulate brachiopod samples were provided by the L.A. County Mu-

seum of Natural History and the Waikiki Aquarium from well constrained loca-

tions. To best calibrate the measurements in modern samples, shells grown in

a range of mean average temperatures were selected. The sample suite includes

valves of Glottidia albida from Terminal Island and Newport Bay, CA, Lingula

reevii (raised in the Waikiki Aquarium for > 5 years after being harvested from

Kaneohe Bay, Hawaii), Lingula ungis from the Polillo Islands, Philippines and

Glottidia pyramidata from Tampa Bay, Florida. One specimen of a calcitic bra-

chiopod Terebratalia transversa from the San Pedro Jetty was also analyzed for

a paired analysis of calcite and phosphate shell materials from nearby localities.

Measurements are compared to minimum, maximum and mean sea surface tem-

peratures over the last 5-10 years from nearby ocean buoys and δ18Oseawater values

from GISS monitoring sites (Fig. 6.2) [27].

6.3.2 End Ordovician- to Silurian-aged Anticosti and Cincinnati

Series

The sedimentology and locations of the calcitic fossil materials published in [28,

29] are described in the supplemental materials for each publication. Samples

were primarily from Anticosti Island, Quebec as well as the Cincinnati Series of

Kentucky and Ohio [28].

6.3.3 Decorah Formation

The Late Ordovician Decorah Formation (Mowhawkian) in the Upper Mississippi

Valley region is a mixed carbonate-siliciclastic unit deposited in the Hollandale
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Embayment [30, 31]. The Decorah Formation has multiple features that make it

an ideal target for this study. The unit is host to four bentonite ash deposits, the

Deicke, Millbrig, Elkport and Dickeyville beds, that can be correlated across North

America and potentially to Europe [32]. The Decorah Formation also includes the

Guttenberg Carbon Isotope Excursion (GICE) that has been suggested to have

similar forcing mechanisms as the Hirnantian Isotope Excursion (HICE) [33, 31,

34]. The Upper Mississippi Valley Decorah Formation has seen minimal burial

although sections further to the south in Wisconsin show evidence for Mississippi

Valley Type alteration.

The lithology varies from poorly lithified mixed carbonate muds and illite clays

to fossiliferous packstone beds that developed hardground features including ex-

tensive burrowing by chondrites [30]. The Decorah Formation likely had low sed-

imentation rates, as it was deposited during one of the largest transgressions on

the North American craton [30]. This is evidenced by phosphatized grains in the

lower Decorah Formation, iron ooids which appear in the more northerly sections

in Minnesota and abundant hardgrounds [31, 30]. The abundant brachiopods,

rugose corals, trilobites, crinoids and bryozoa including prasaspora provide a rich

selection of different fossil materials to analyze. Additionally, in the Ion Member

overlying the Guttenberg Member, abundant large inarticulate brachiopods, Lin-

gulasma galenaense, can be found near Decorah, Iowa at the Decorah Bruening

Quarry and Pole Line Road localities. These phosphatic fossils allow for a paired

analysis of calcitic and phosphatic materials from the same horizon.

6.3.4 Volkhov, Kunda and Aseri Stages

The stratigraphy capturing the Volkhov, Kunda and Aseri Stages (equiv. to Arenig

and Llanvirn) of Estonia and St. Petersburg, Russia are one of the few sections

globally that preserves abundant calcitic fossil materials with minimal burial his-

tory from Lower-Middle Ordovician aged rocks. Fossils from the Baltic-Ladoga

Glint, an escarpment, are found within limestone wackestone and packstone beds

as well as in the unlithified clay-rich interlayers [35, 36]. The total thickness of Or-
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dovician stratigraphy is 100-200 meters thick. The Volkhov Formation is the first

carbonate rich formation overlying predominantly quartz sand and clay lithologies

of Cambrian and early Ordovician age. It was deposited on a broad epicontinental

shelf with low sedimentation rates and is 12 meters thick [37, 38]. Hardgrounds

are abundant, the sediments tend to be glauconiferous and the ooids are ferrug-

inous [38, 37, 39]. The Kunda and Aseri stages of the Baltic-Ladoga Glint (∼

12 meters total thickness) are known for their abundant and excellently preserved

trilobite fauna [37]. Iron ooids and glauconite grains remain an important compo-

nent of these sediments. Mud mounds ∼ 3–4 meters in height and 100–200 meters

in diameter are also a component of the depositional environment [37, 38].

6.3.5 Eau Claire Formation

The Upper Cambrian-aged Eau Claire Formation of Wisconsin and Minnesota was

one of the first Cambrian sandstones deposited on the craton in these localities.

The sandstones in Wisconsin are generally coarse grained quartzose-feldspathic

sandstones with well-rounded grains and are thought to be from a nearshore envi-

ronment [40]. These nearshore siliciclastics grade into carbonates in Iowa.

The Eau Claire Formation preserves the Steptoean Positive Carbon Isotope

Excursion (SPICE) in carbonate lithologies in Iowa [41, 42]. A study of the abun-

dant inarticulate brachiopods found in the Eau Claire recovered the SPICE excur-

sion in the CO3 groups substituted into the phosphate lattice. The inarticulate

brachiopods recover the SPICE with δ13C values identical to the surrounding car-

bonate matrix and other global sections recording the SPICE [40]. Interestingly,

the δ13C of the CO3 from the inarticulate brachiopods recovered from the near

shore sand dominated sediments in Wisconsin are offset by about -5h for the

entire excursion. A reasonable explanation for this offset is the nearshore sandy

environment in Wisconsin was estuarine and the DIC in the environment was iso-

topically light because of mixing with terrestrial light carbon. This is supported

by the δ18O of the CO3 groups measured from the two populations. In general

the δ18O is lighter in the inarticulate brachiopods from Wisconsin by ∼ 4hlikely
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from more brackish water [43].

The different localities sampled for this study are all from the siliciclastic dom-

inated nearshore environment because sample size limitations currently make sub-

surface core sampling of the more offshore deposits problematic. The collection

sites are near Strum and Colfax, Wisconsin and have different dominant genera of

Lingulepis and span two trilobite zones Cedaria and Crepicephalus.

A B

C D

Figure 6.1: Field photographs of the Eau Claire and Decorah Formations. a. Sandstone
lithology of the Eau Claire Formation near Strum, Wisconsin. b. Mixed poorly lithified mudstone
and cemented packstone carbonate lithologies of the Decorah Formation at the Decorah Bruening
Quarry, Decorah, IA. c. Mineralized hardground surfaces with significant burrowing interbedded
with poorly lithified mudstone near Rochester, MN. d. Abundant iron ooids from the middle
Decorah Formation near Rochester, MN.

6.4 Methods

6.4.1 Sample collection and preparation

Samples of calcitic fossil materials including articulate brachiopods, rugose corals

and trilobites were collected from six locations of the fossiliferous Decorah Forma-

tion in Minnesota, Iowa and Wisconsin in the summers of 2010 and 2011. Phos-

phatic inarticulate brachiopods were collected from a horizon of the Ion Member
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in the Decorah Bruening Quarry. Calcitic brachiopods from the lower part of

the Volkhov Formation were collected by P. Fedorov and provided by L. Popov.

Trilobites and carbonate wackestone matrix were also acquired from the Russian

Asery and Kunda Formations. Phosphatic inarticulate brachiopod material was

collected from the Eau Claire Formation from five localities in Wisconsin in the

summer of 2011.

Once extracted from the bulk sediments, calcitic and phosphatic taxa were

washed and sonicated in DI water to remove loose sediment. Additional physical

cleaning was completed on all taxa using dental picks, a toothbrush and sand

abrasion. Calcitic brachiopod shells were gently crushed and picked for flakes

preserving the fibrous secondary layer while the recrystallized primary layer was

avoided as best as possible. These individual fragments were then powdered in

a mortar and pestle. Trilobite fragments not contaminated with carbonate mud

were crushed and powdered. Rugose corals were sectioned in two directions and a

small portion of skeletal material was drilled, avoiding visible borings.

Phosphatic inarticulate brachiopod shells were isolated from the siliciclastic

rich sediments of the Eau Claire using a dremel, sonication in DI water and sand

abrasion. Phosphatic shells from the Decorah Formation were isolated from the

carbonate fraction using a weak acetic acid solution (10%). A ’sample’ of many

inarticulate brachiopod fragments was then powdered and treated with a range

of cleaning solutions to target organic material including: none, 3% H2O2 for 4

hours, 30% H2O2 for 24 hours, 50–50 30% H2O2 and 3% NaOCl for for 24 hours,

and 50-50 30% H2O2 and 1M NaOH until no reaction was visible. All powders

were then treated with a 0.1 M buffered acetic and acetate solution for 12 hours

to remove labile CO3 groups [44].

6.4.2 Carbonate clumped isotope thermometry

Samples were analyzed over the period of December, 2010-Jan, 2013. 9–12 mg

of calcitic powder or 100-200 mg of phosphatic powder was weighed into silver

capsules before being reacted at 90◦C in 100% H3PO4 in a common acid bath.
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A B C

D E F

Figure 6.2: Modern and ancient inarticulate brachiopod samples. a. Lingula unguis from the
Polillo Islands, Philippines b. Glottidia albida from the San Pedro shelf off San Pedro, CA. c.
Lingulasma galenaense recovered from the Ion Member of the Decorah Formation at the Decorah
Bruening Quarry. d. prepared sample of Lingula sp. from the Crepicephalus zone of the Eau
Claire Formation near Colfax, WI. e. prepared sample of Lingula sp. from the Crepicephalus
zone of the Eau Claire Formation near Strum, WI.

Evolved CO2 was purified by multiple cryogenic traps including a Porapak-Q chro-

matograph held at -20◦C before being measured on a ThermoFinnigan MAT 253

IRMS. Methods for the measurement and corrections to analyzed heated gases

run during each session following [45, 46]. After corrections based on the heated

gas line from a given session and an intercept shift based on the initial calibration

experiment, ∆47 values were transformed into an absolute reference frame using

a secondary transfer function following [47, 48]. The secondary transfer function

for each week was calculated using any of the following available data: 25◦C and

1000◦C CO2 as well as any of four carbonate standards with known absolute ref-

erence frame values (see below). Finally ∆47 values for carbonate samples were

corrected by +0.092h for the 90◦C acid bath reaction temperature within the

absolute reference frame [48].

Values of ∆47 within the absolute reference frame (ARF) for two internal stan-

dards used over the course of the analyses, Yale CM (n=35) and TV01 (n=50)

were calculated from 7 weeks when 1000◦C CO2 was analyzed daily and 25◦C CO2

gases were analyzed bi-weekly. The calculated values for the two standards in the

absolute reference frame are reported with 1 SD for all sessions with heated gases
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and equilibrated gases: Yale CM (n = 33) ∆47-ARF = 0.404 ± 0.022h, TV01 (n

= 50) ∆47-ARF = 0.730 ± 0.018h. Absolute reference frame values for two other

internal standards run during the analytical period were calculated from weeks

where either Yale CM and/or TV01 had been run with them (GC-AZ-01 (n=12)

and Carmel Chalk (n=15)). Values are reported with 1 SD for all sessions with

heated gases and known standards: 102-GC-AZ01 (n = 12) ∆47-ARF = 0.709 ±

0.023h, and Carmel Chalk (n=15) ∆47-ARF = 0.678 ± 0.020h. The values of

the Carrara standard and 102-GC-AZ01 in the absolute reference frame are nearly

identical to those found at Johns Hopkins (UU Carrara (n = 93) ∆47-ARF = 0.403

± 0.015h and 102-GC-AZ01 (n = 102) ∆47-ARF = 0.710 ± 0.015h [48].

The reproducibility of standards for all analytical weeks are reported with 1

SD for all sessions: Yale CM (n = 98) ∆47-ARF = 0.405 ± 0.019h, 102-GC-

AZ01 (n = 23) ∆47-ARF 0.710 ± 0.011h, TV01 (n = 86) ∆47-ARF 0.730 ±

0.015h and Carmel Chalk (n = 17) ∆47-ARF 0.675 ± 0.015h. For single unknown

measurements the uncertainty of the measurement is reported as the standard error

of the mean (SEM) of ∆47 measurements over 8 acquisitions. For n ≥ 2, the error

is reported as the SEM of ∆47 over the number of sample replicates.

Temperatures were calculated in the absolute reference frame as well as the in-

terlab reference frame using the same calibration data from two calibration studies

completed at Caltech [49, 50]. To build this calibration equation from low to high

temperatures we assume that calcite and dolomite calibrations are equivalent. The

two approaches do not yield the exact same temperature on a week to week basis

and this is likely due to two factors: 1) conversion of the two calibration studies

into the absolute reference frame is imperfect because the samples were analyzed

before 25◦C CO2 gases were analyzed regularly and 2) Converting unknown sam-

ples into the absolute reference frame using both gases and carbonate standards

in the transfer function will correct for standard residuals for a given week.

The δ18Omin composition was calculated using a 90◦C acid digestion fraction-

ation factor [51]. Fluid compositions were calculated using the measured clumped

isotope temperatures and an equilibrium fractionation equation for calcite-water [24].
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For the phosphatic brachiopod data, given the close agreement of previous

calibration datasets [25] and ours (see below), we used the calcite and dolomite

calibration studies generated at Caltech [49, 50] to calculate clumped isotope tem-

peratures. To calculate δ18Owater compositions, we assumed the equilibrium frac-

tionation of the CO3 groups follows calcite-water equlibrium fractionation [24].

This assumption is supported by the close agreement with local water composi-

tions in our modern calibration dataset.

6.4.3 Phosphate oxygen isotope measurements

The δ18OPO4 of four samples was analyzed by Ken MacLeod at the University

of Missouri. The cleaned powders of inarticulate brachiopods from two modern

locations (Southern California and the Polillo Islands, Philippines), the Decorah

and Eau Claire formations where dissolved in dilute hydrofluoric acid. Ag3PO4 was

precipitated from the solution using a silver amine solution where excess Ag+ was

added as AgNO3. The pH was then increased using NH4OH buffered with NH4NO3

and samples were left uncovered at ∼ 50◦C. Ag3PO4 precipitates slowly out of

solution as the pH decreases. The silver phosphate crystals were rinsed, dried and

stored in a desiccator prior to being weighed into silver capsules. The capsules were

then combusted in a high temperature (∼ 1400◦C) TC/EA before being analyzed

as CO on an IRMS. The isotopic measurements are reported relative to VSMOW

and analytical precision is ≤ ± 0.3h.

6.4.4 SEM/electron microprobe

A ZEISS 1550 VP Field Emission Scanning Electron Microscope (SEM) equipped

with an Oxford INCA Energy 300 x-ray Energy Dispersive Spectrometer (EDS)

system within the California Institute of Technology Geological and Planetary

Sciences Division Analytical Facility was used for high-resolution imaging of each

sample. Images were collected at a working distance between 7–9 mm using a

Quadrant Back Scattering Detector (QBSD).

Quantitative elemental spot analysis and elemental mapping on the fossil ma-
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terials to assess trace metal variability on the micro-scale was conducted on the

JEOL JXA-8200 Electron Microprobe. For all quantitative results, the acceler-

ating voltage was 15 kV, the beam current was 20 nA, and the beam size was 1

µm. The CITZAF method was used for matrix correction. Sample standards for

the five chemical elements analyzed on calcitic samples, included: calcite for Ca,

dolomite for Mg, siderite for Fe, rhodochrosite for Mn, strontianite for Sr, and an-

hydrite for S. Ca had an average detection limit of 161 ppm, Mg–294 ppm, Fe–312

ppm, Mn–293 ppm, Sr–507 ppm, and S–91 ppm. Sample standards for the ten

elements mapped on the apatite inarticulate brachiopod included: anhydrite for S,

apatite for P, cerium phosphate for Ce, albite for Na, fluorine mica for F, apatite

for Ca, yttrium phosphate for Y, dolomite for Mg, siderite for Fe, and strontianite

for Sr.

6.4.5 Bulk powder inductively coupled plasma optical emission

spectroscopy (ICP-OES)

An aliquot of powder from many of the calcitic clumped isotope samples was

analyzed for trace metals on an ICP-OES (n = 63 of 130). Between 1–3 mg of

powder was dissolved in 3 mL of dilute nitric acid for 24 hours at 25◦C at the

California Institute of Technology. Samples were analyzed at the Jet Propulsion

Laboratory using a Thermo iCAP 6300 radial view ICP-OES with a Cetac ASX

260 autosampler with solutions aspirated to the Ar plasma using a peristaltic

pump. Three standard solutions of 10 ppb, 100 ppb and 1 ppm of Fe, Mn, and Sr

were run between every 8 sample unknowns. A methods blank was also analyzed

during the analytical run.

6.4.6 Bulk powder x-ray diffraction (XRD)

XRD measurements were made on powders of the inarticulate brachiopod materials

used for clumped isotope measurements on a PANalytical X’Pert Pro within the

Material Science at the California Institute of Technology. Scans were run from

5–70◦ 2θ with a step size of 0.008 and a scan step time of 10.16 s. A Cu anode
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was used at 45 kV and 40 mA. A zero-background silicon plate was used for all

measurements because of sample size limitations. Mineralogical phases that most

closely matched a given inarticulate brachiopod sample were identified using the

X’Pert Highscore IDMin function.

6.5 Results

6.5.1 Modern inarticulate brachiopod calibration

The modern inarticulate brachiopods used for calibration were from both extant

genera of inarticulates—Lingula and Glottidia—from four locations worldwide,

Tampa Bay, Florida, Newport Bay and Terminal Island, Southern California,

Waikiki Aquarium, Hawaii, and the Polillo Island, Philippines. The SEM im-

ages of the shells indicate a wide range of phosphatic microstructure morphologies

from the more massive structure in the mineralized primary layers to elaborate

cross-hatching and vertical growth structures in the organic-rich, chitinous layers

(Fig. 6.4). XRD analysis of modern inarticulate shell powders indicate the calcium

phosphate has significant amounts of CO3 and F substituted into the lattice and is

most similar to the minerals Francolite CaF(Ca, C)4[P,C(O,OH,F)4]3, Carbonate-

Fluorapatite Ca10(PO4)5CO3F1.5(OH)0.5 and Hydroxyapatite Ca5(PO4)3(OH).

Clumped isotope analyses following treatment in a 0.1 M buffered acetic and

acetate solution for 12 hours [44] were depleted in δ13C, δ18O, and ∆47 and en-

riched in ∆48, suggesting organic material is likely both decarboxylating in the

phosphoric acid and providing isobaric interferences. A variety of cleaning meth-

ods were compared to target the significant amount of organic material present

in modern inarticulate shells [44]. Most of the organic material is gone from the

fossil shells and a range of cleaning methods yielded consistent results. The most

aggressive cleaning methods were the only reliable option to fully remove the ∼

40 wt.% organic material (Fig. 6.3). After aggressive cleaning and a 12 hour

treatment in a 0.1 M buffered acetic and acetate solution, the modern inarticulate

brachiopods yielded temperatures and calculated seawater compositions within er-
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ror of nearby NDBC buoy temperatures and gridded δ18O seawater values from

WOCE (Fig. 6.3) [27]. These phosphatic samples are in good agreement with pre-

viously analyzed calcite and phosphatic calibration materials [25, 50, 52, 53]. The

δ18OPO4 of the modern inarticulates is in isotopic equilibrium with the δ18OCO3

of the most aggressively cleaned samples, where the clumped isotope temperature

can be used to calculate water compositions from the two separate δ18Omin mea-

surements. Recent PO4-water equilibrium equations are better predictors than

older equations (Table 6.2) [6, 5].
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Figure 6.3: Modern inarticulate brachiopod clumped isotope calibration. left, clumped isotope
temperature measured compared to min, max and mean temperature from the closest buoy in
NODC. A variety of cleaning methods were tried as the uncleaned samples produced depleted
∆47 values relative to expected. right, calculated δ18Owater compositions compared to the closest
GISS measurements.

references for GISS data [27] and water calculations [24]
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6.5.2 Decorah Formation

The calcitic brachiopods from the Decorah Formation display exceptional preser-

vation of their secondary layers. The regular plates (Fig. 6.4c,e) look very similar

to the plates of the secondary layer of a modern calcitic brachiopod Terebratalia

transversa, recovered from the San Pedro Jetty, CA (Fig. 6.4a,b). However, in

many of the calcite brachiopod shells examined on the SEM the massive primary

layer has a recrystallized appearance and this region of recrystallization often

spreads into the well-preserved secondary layer (Fig. 6.4d,f). The trace metal

incorporation in the calcitic taxa of the Decorah Formation is of a very different

character than that seen in the younger calcitic taxa analyzed in previous studies

that span the end-Ordovician glaciation (Fig. 6.9) [28, 29]. The younger calcitic

taxa including brachiopods, rugose corals and trilobites usually do not show signif-

icant enrichments in Fe2+ or Mn2+. In contrast the calcitic taxa from the Decorah

Formation show significant metal enrichments that are well outside of the field of

modern metal incorporation in biogenic materials. Elemental maps and spot anal-

yses along a shell transect for an example of a calcitic brachiopod from the Decorah

Formation indicate Fe2+ enrichment. The punctae are filled with pyrite and a zone

of dissolution and pyritization of the shell has spread out from the punctae. In

the region of alteration Fe concentrations can be as high as 5500 ppm. Outside

of the zone of alteration the Sr levels are high and Mn and Fe concentrations are

low and look more similar to younger brachiopod materials (Fig. 6.5b,f,j,n,r). The

inarticulate brachiopod species Lingulasma galenaense from the Decorah Forma-

tion shows similar microstructure as the modern inarticulate brachiopods. Both

the massive mineralized layers are present as are the fine-scale cross hatched phos-

phatic precipitates in the chitinous layers. That said, the structures in both the

modern and fossil inarticulate brachiopods are of a style that make it more chal-

lenging to visually identify whether recrystallization of the phosphate has occurred.

XRD analysis of the Lingulasma galenaense samples from the Decorah Formation

yielded spectra similar to the modern inarticulate brachiopod spectra and were

most similar to the minerals Carbonate Hydroxyapatite Ca10(PO4)3(CO3)3(OH)2
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and Francolite CaF(Ca, C)4[P,C(O,OH,F)4]3.

Despite the general trend of increased Fe and Mn incorporation in the calcitic

taxa from the Decorah Formations compared to the younger Ordovician and Sil-

urian fossils analyzed in previous studies (Fig. 6.9) [28, 29], the clumped isotope

results are remarkably similar. The lowest recorded temperatures from Decorah

Formation samples are 35-36◦ ± 2◦C, with one unreplicated sample from the GICE

of 27◦ ± 2◦C. The calculated δ18Owater compositions for these low-end tempera-

tures are -0.8 - -0.3 ± 0.2h VSMOW. Results from replicate clumped isotope

analyses of the CO3 groups substituted into the phosphate lattice of the inartic-

ulate brachiopods from the Decorah Formation yielded temperatures of 40-42◦ ±

3◦C. The calculated δ18Owater, assuming an equilibrium relationship that follows

calcite [24], is 0.09 - 0.4 ± 0.5h VSMOW. These results overlap with the range of

temperatures and fluid compositions of calcitic taxa including calcitic brachiopods,

rugose corals, trilobites and matrix measured from the same site indicating these

two minerals are not significantly different (Fig. 6.6). However, the lowest tem-

peratures of 35-36◦C recorded from some of the calcitic brachiopods and sieved <

100 µm unconsolidated mud (lower blue circle in Fig. 6.6) suggest there is more

potential for some alteration phases to be measured in the cemented carbonate

nodules (higher blue circle in Fig. 6.6), rugose corals and trilobites.

6.5.3 Volkhov, Kunda and Aseri Stages

Electron microprobe maps and spot analyses of a brachiopod from the Volkhov

Formation indicate it is enriched in Mn2+ within specific horizons in the shell

material that follow the orientations of original plates in the secondary layer. Mn

enrichments can be as high as 8000 ppm (Fig. 6.5a,e,i,m,q). The trilobite from

the Aseri Stage shows two aspects suggesting diagenesis has altered the original

material. The first is the even, high enrichment in Fe across the thickness of the

shell to values over 3000 ppm. The second is the large dolomite rhombs that are

ingrown at the sediment-shell interface (Fig. 6.5c,g,k,o,s).

The lowest temperatures of 32-33◦ ± 2◦C from brachiopods from the Early
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C D

E F

Figure 6.4: SEM images of modern and ancient articulate brachiopods. (a) & (b) shell structure
of Terebratalia transversa from the San Pedro Jetty, CA. Note the abundant punctae. (c) & (e)
Well-preserved calcitic brachiopods from the Decorah Formation (d) & (f) recrystallized primary
layer with a well-preserved secondary layer in calcitic brachiopods from the Decorah Formation.
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Figure 6.5: Electron microprobe maps and spot analyses of ancient brachiopods. (a) Calcitic
brachiopod from the Volkhov Formation with overlain elemental maps generated on an electron
microprobe of Ca (e), Fe (i), & Mn (m) and quantitative spot measurements (q) along a transect
shown in (a). Scale bar is 110 µm. (b) Calcitic brachiopod from the Decorah Formation with
overlain elemental maps of Ca (f), Fe (j), & Mn (n) and quantitative spot measurements (r) along a
transect shown in (b). Scale bar is 60 µm. (c) Calcitic trilobite from the Asery Formation, Russia
with overlain elemental maps of Ca (g), Fe (k), & Mn (o) and quantitative spot measurements
(s) along a transect shown in (c). Note the ingrown dolomite rhombs along the base of the shell.
Scale bar is 110 µm. (d) Phosphatic brachiopod from the Eau Claire Formation with overlain
elemental maps of P (h), F (l), Na (p), & Ce (t). Scale bar is 200 µm.
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Ordovician Volkhov Formation and trilobites from the Early-Middle Ordovician

Aseri and Kunda Stages are slightly lower than the temperatures from the Decorah

Formation and other Late Ordovician sections [28]. The calculated δ18Owater com-

positions for the lowest temperature samples are -1.4 - -1.5 ± 0.5h. Despite the

significant amount of reduced trace metals (Fe, Mn) incorporated into the fossil ma-

terials and matrix of the Volkhov, Asery and Kunda materials, the maximum tem-

perature measured of 41◦ ± 5◦C is significantly lower than the maximum tempera-

tures recorded in younger Ordovician and Silurian sample suites(Fig. 6.9) [28, 29].
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Figure 6.6: Single bed comparison of calcitic and phosphatic taxa from the Decorah Formation.
left, clumped isotope temperatures measured for each taxa. right, calculated δ18Owater compo-
sitions with the dashed line at predicted modern ice-free conditions. B – calcitic brachiopod,
M – mud (lower = unconsolidated, upper = lithified), RC – rugose coral, T – trilobite, IB –
inarticulate (phosphatic) brachiopod

reference for water calculation [24]

6.5.4 Eau Claire Formation

The Lingula sp. from the Cambrian Eau Claire Formation sampled near Colfax,

WI are relatively thin, white in color and in some cases have lost all luster in

the outer shell and appear powdery (Fig. 6.2d). In contrast the Lingula sp. from

Strum, WI display brown color banding and are generally thicker (Fig. 6.2e). Few

of the shells from the Strum site appear powdery. The inarticulate brachiopods

Lingula sp. have very similar microstructures to both the Decorah



251

A B

C D

E F

Figure 6.7: SEM images of modern and ancient inarticulate brachiopods. (a) & (c) shell
structure of the secondary layer of a modern inarticulate brachiopod, Glottidia albida from the
San Pedro shelf off Newport Bay, CA. (d) shell structure of a modern inarticulate brachiopod,
Lingula reevii from the Waikiki Aquarium. (b) structure of the secondary layers in Lingula sp.
recovered from the Crepicephalus zone of the Eau Claire Formation near Strum, WI. Scale bar is
20 µm. (d) structure of the secondary layers in Lingula sp. recovered from the Crepicephalus zone
of the Eau Claire Formation near Colfax, WI. Scale bar is 40 µm. (f) shell structure of Lingulasma
galenaense from the Decorah Formation collected from the Decorah Bruening Quarry, IA.
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and modern inarticulate brachiopod species. The more porous organic-rich

layers have cross-hatching and vertical phosphate precipitates (Fig. 6.7b,d). The

XRD spectra are similar to the modern inarticulate brachiopod spectra and are

close matches to the minerals Francolite CaF(Ca, C)4[P,C(O,OH,F)4]3, Hydroxya-

patite Ca5(PO4)3(OH), and Carbonate Hydroxyapatite Ca10(PO4)3(CO3)3(OH)2.

The spectra also indicate that while not all of the quartz sand was removed from

each powder prior to analysis there was no calcite or dolomite within the samples

analyzed (Fig. 6.8).
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Figure 6.8: XRD data for modern and ancient inarticulate brachiopod samples. top, Modern
cleaned and powdered samples of Glottidia albida from the San Pedro shelf off Newport Bay, CA
(green) and Lingula unguis from Polillo Islands, Philippines (blue). middle, two separate cleaned
and powdered samples of Lingula sp. from the Decorah Formation (purple and pink). bottom,
cleaned and powdered samples of Lingula sp. from the Crepicephalus zone of the Eau Claire
Formation near Strum, WI (light blue and dark blue) and Colfax, WI (red).

Three separate prepared samples yielded clumped isotope temperatures on the

Strum, WI inarticulate brachiopods of 26◦ ± 2◦C, 30◦ ± 3◦C (n=2) and 34◦ ±

6◦C. The average for all analyses from Strum, WI is 30◦ ± 2◦C. One prepared

sample from the Colfax, WI site yielded a clumped isotope temperature of 41◦ ±

0.5◦C (n=3). While, the Eau Claire Formation is very carbonate lean, a sample
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of the carbonate matrix of the Upper Cambrian St. Lawrence Formation from a

nearby location was analyzed and yielded a clumped isotope temperature of 48◦

± 6◦C. The average calculated δ18Owater for the Strum, WI samples, assuming

an equilibrium relationship that follows calcite [24], is -3.6 ± 0.5h VSMOW. The

calculated δ18Owater composition for the Colfax, WI site is -1.7 ± 0.1h VSMOW.

6.6 Discussion

6.6.1 Diagenetic alteration

The petrography and elemental analysis suggests the variability of clumped iso-

topic values from a single location can be directly related to degree of recrystal-

lization. A range of clumped isotope data from the Late Ordovician and early

Silurian suggests a pattern of diagenesis that relates clumped isotope temperature

to trace metal incorporation into shell materials (Fig. 6.9) [28, 29]. This pattern

falls apart for the older Decorah, Volkhov, Asery and Kunda formations despite

similar and even lower clumped isotope temperatures (Fig. 6.9). A possible expla-

nation for this difference is the importance in sedimentation rate on both proxies.

Fossil materials from depositional environments with very high sedimentation rates

that result in thick overburdens like the passive margin along western Laurentia

have extremely high clumped isotope temperatures and high trace metal incorpo-

ration (Table 6.1). Fossil materials from depositional environments with moderate

sedimentation rates resulting in maximum overburdens of 3–4 km, have low tem-

perature end-members with little evidence for recrystallization and very low trace

metal incorporation. These environments also have some materials with elevated

clumped isotope temperatures including sparry calcite cements with higher trace

metal incorporation (Table 6.1 and Fig. 6.9). Fossil materials from depositional

environments with very low sedimentation rates and the thinnest overburden like

the cratonic Volkhov and Decorah formations have low clumped isotope temper-

ature end-members with little evidence for recrystallization but the trace metal

enrichments do not suggest well-preserved fossil materials (Table 6.1 and Fig. 6.9).
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δ18Omin. The PCA1 of trace metals abundances of Fe, Mn and Sr is plotted for the calcitic taxa
that have been analyzed.
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In these settings, there is abundant sedimentological evidence for early seafloor

mineralization including abundant hardgrounds, phosphatized grains and iron ooids.

These results reinforce the importance of using a wide range of methods including

petrographic and elemental analyses particularly on the micro-scale to characterize

the diagenetic alteration of materials analyzed using carbonate clumped isotope

thermometry. However, the promise this combined approach holds is a better

understanding of the isotopic data used to make paleoclimate reconstructions.

Location Minimum
T (°C)

Maximum
T (°C)

Margin 
Type

Sedimentation 
Rate

Trace Metal 
Behavior

Nevada 100 215 Passive 
Margin Very High Useful

Cincinnati 
Series 29 62 Cratonic Moderate Useful

Anticosti 
Island 24 56 Foreland 

Basin Moderate Useful

Decorah
Formation 27 46 Cratonic Low early 

mineralization

Volkhov 
Formation 32 41 Cratonic Low early 

mineralization

Table 6.1: Clumped isotope temperature range and trace metal results for Ordovician fossils
recovered from a range of burial environments

6.6.2 Phosphate-calcite equilibrium precipitation

The combined measurements of clumped isotope temperature and δ18O of the CO3

groups substituted into the phosphate lattice of inarticulate brachiopods paired

with the δ18OPO4 can be used to test whether these two phases both precipi-

tated in equilibrium from the same fluid. There are two complicating factors in

interpreting these results. First, some have suggested the δ18OPO4 in inarticu-

late brachiopods is in part set by a contribution from the isotopic composition

of the organic phosphate groups. Studies that recover high-resolution variabil-

ity across laminae refute the importance of this oxygen source, suggesting that

climatic variations are recorded in the δ18OPO4 [54]. Additionally, the state of

the water-phosphate mineral equilibrium relationship is currently in a state of
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flux with at least five widely used equilibrium fractionation equations present in

the literature [55, 56, 57, 6, 5]. These five equilibrium fractionation equations

can be compared using data from this study (Table 6.2). The two most recent

phosphate-water equilibrium reactions based on results using the Ag3PO4 precip-

itation method, [6, 5] suggest the carbonate and phosphate in the fossil materials

were precipitated in equilibrium and [5] indicates the carbonate and phosphate of

all of the materials including the modern calibration materials were precipitated

in equilibrium. The most recent equation from [5] is potentially biased to achieve

this result because it was constructed based on presumed equilibrium between CO3

and PO4 measurements [5].

ID n
13C 

(PDB)
18Omin 

(PDB) 47 IL T IL
(°C)

47 
URF

T URF
(°C)

18Ow 
(VSMOW)

18OPO4
(VSMOW) C1 C2 C3 C4 C5

CIB 3 -4.61 -7.27 0.571 46.4 0.640 40.0 -2.1 16.70 0.10 0.10 -0.48 -2.02 -1.9

ECIB 4 -5.02 -7.06 0.612 34.1 0.676 29.5 -3.9 16.10 -2.94 -2.94 -3.59 -4.94 -5

DIB 7 -1.59 -5.28 0.572 46.3 0.640 40.2 -0.1 17.50 0.95 0.95 0.37 -1.17 -1.1

PIIB 5 -4.27 -1.10 0.613 33.9 0.683 27.9 1.9 20.50 1.08 1.08 0.43 -0.90 -1

PIIB* - 28.5* 0.1* 20.50 1.22 1.22 0.57 -0.77 -0.9

TIIB* - 16.8* -0.5* 21.40 -0.60 -0.60 -1.31 -2.46 -2.8

Table 6.2: Comparison of calculated δ18Owater compositions using the clumped isotope temper-
atures and δ18OCO3 and δ18OPO4 measurements for a range of PO4–H2O equilibrium equations
(C1–C5, see below for references). The last two samples with a * are re-calculated based on
the mean annual temperature measurements and nearby δ18Owater measurements using only the
δ18OPO4 measurement.

C1 [55], C2 [56], C3 [57], C4 [6], C5 [5]

6.6.3 Climate of the Cambrian and Ordovician

The results from this study and previous studies using carbonate clumped isotope

thermometry provide a consistent picture of the climate of the Cambrian and Or-

dovician (Fig. 6.10) [28, 29]. The petrographic and elemental analyses completed

as a component of the clumped isotope studies indicate that a small amount of

reprecipitated carbonate is a component of most or all samples analyzed. De-

spite similar δ18Omin measurements for a given sample site, these inclusions are



257

likely responsible for the range in temperatures measured. Thus, the most con-

servative temperature estimate for each site is represented by the lowest repro-

ducible clumped isotope temperature. Using this interpretation of the datasets for

the Cambrian and Ordovician, this would suggest temperatures within the broad

epeiric seas that dominate the sedimentologic record of this interval were warm—

35◦C for the Early Silurian, Middle and End-Ordovician, 27◦C during the HICE

associated with the End-Ordovician Glaciation, 32◦C for the Early Ordovician

and 30◦C for the Late Cambrian. While most of the sites analyzed sat at or near

the equator, the Early Ordovician Russian stratigraphy was likely slightly further

south. These temperatures are equal to or slightly warmer than the modern West

Pacific warm pool when there is still significant ice at the poles. They are also

within the range estimated by some climate modelers for equatorial sea surface

temperatures during the ice-free Eocene Climatic Optimum [58]. These results

suggest it will be helpful to continue to explore and constrain the full temperature

range of the Earth’s climatic system during ice-free, greenhouse conditions.

While the resolution of clumped isotope data on fossil materials is not yet high

enough to fully test the importance of temperature on the evolutionary trends

in the Cambrian and Early Ordovician, currently the data does not support a

temperature decline as large as previously estimated from conodont phosphate

analyses [1] over this interval. This suggested temperature decrease was described

as a forcing mechanism for the Early Ordovician radiation of skeletal animals [1],

however the limited clumped isotope data do not support a significant temperature

decline associated with the Ordovician Radiation.

6.6.4 Seawater δ18O through time

The clumped isotope data generated from Cambrian- and Ordovician-aged strata

span a period when the δ18Omin declines from 0h during the end-Ordovician

glaciation to -7 h by Cambrian time(Fig. 6.10). The calculated δ18Owater compo-

sitions from this study and previous studies indicate the isotopic composition over

the Ordovician largely reflects changes in ice volume related to the end-Ordovician
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glaciation. The early Ordovician data from Russia yield values predicted for

ice free conditions. While, the lowest temperatures from the Cambrian-aged Eau

Claire Formation suggest more depleted fluid compositions (-3h), a variety of

observations suggest these coarse grained near shore sandstones may have been

brackish. Using the temperatures measured from the Wisconsin inarticulate bra-

chiopods to estimate the fluid composition in equilibrium with the δ18OCO3 from

the inarticulate brachiopods of the same age from the more distal Iowa sections,

suggests δ18Oseawater values of ∼ 0h [40, 43]. Results presented here are in agree-

ment with ophiolite studies that show no change in δ18Oseawater over Earth’s his-

tory [15, 16].

The results from this study indicate that diagenesis is likely an important

process that accounts for a significant amount of the variability in the δ18Omin

record. The burial history of each of the calcitic and phosphatic taxa used to

create the record, particularly from the earliest Ordovician and Cambrian when

the record is scarce, are important to constrain. There is a visible offset between

the calcite δ18O and phosphate δ18O from the literature in the Cambrian and

Early Ordovician when the two datasets are aligned in the Middle-Late Ordovician

(Fig. 6.10, light points in upper panel).

6.7 Conclusions

A long-term debate focused on the mirrored decline in δ18Omin of carbonate, ap-

atite and chert has generated two end-member hypotheses 1) a change in the bulk

isotopic of seawater through time to values approaching -7h in the Cambrian or

2) a record that is largely controlled by warmer temperatures in the past. The

ability to deconvolve fluid composition from temperature using clumped isotope

thermometry provides an approach to interpret the long-term δ18Omin records of

carbonate and apatite. Results from Ordovician and Cambrian calcitic and phos-

phatic taxa indicate the δ18Oseawater did not reach values as light as -7h. The

Eau Claire samples indicate that it was at most -3h however, our preferred inter-
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pretation is that these samples were more depleted in δ18O because they lived in a

brackish environment. Instead, by constraining the relative effect of diagenetic re-

crystallization on the materials analyzed, the equatorial climate of the Ordovician

and Cambrian appears to be slightly warmer on average than today.

”What did one brachiopod say to the other brachiopod? Nothing, he was inar-

ticulate.”
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Appendix A

Clumped isotope data from the surface and

subsurface of the Sultanate of Oman

A.1 Clumped Isotope Methods

9–12 mg of powder was weighed into silver capsules before being reacted at 90◦C

in 100% H3PO4 in a common acid bath. Evolved CO2 was purified by multiple

cryogenic traps including a Porapak-Q chromatograph held at -20◦C before being

measured on a ThermoFinnigan MAT 253 IRMS. Methods for the measurement

and corrections to analyzed heated gases run during each session following [?, ?].

After corrections based on the heated gas line from a given session and an intercept

shift based on the initial calibration experiment, ∆47 values were transformed into

an absolute reference frame using a secondary transfer function following [?, ?].

The secondary transfer function for each week was calculated using any of the

following available data: 25◦C and 1000◦C CO2 as well as any of four carbonate

standards with known absolute reference frame values (see below). Finally ∆47

values for carbonate samples were corrected by +0.092h for the 90◦C acid bath

reaction temperature within the absolute reference frame [?].

Values within the absolute reference frame (ARF) for two internal standards

used over the course of the analyses, Yale CM (n=35) and TV01 (n=50) were

calculated from 7 weeks when 1000◦C CO2 was analyzed daily and 25◦C CO2

gases were analyzed bi-weekly. The calculated values for the two standards in the
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absolute reference frame are reported with 1 SD for all sessions with heated gases

and equilibrated gases: Yale CM (n = 33) ∆47-ARF = 0.404 ± 0.022h, TV01 (n

= 50) ∆47-ARF = 0.730 ± 0.018h. Absolute reference frame values for two other

internal standards run during the analytical period were calculated from weeks

where either Yale CM and/or TV01 had been run with them (GC-AZ-01 (n=12)

and Carmel Chalk (n=15)). Values are reported with 1 SD for all sessions with

heated gases and known standards: 102-GC-AZ01 (n = 12) ∆47-ARF = 0.709 ±

0.023h, and Carmel Chalk (n=15) ∆47-ARF = 0.678 ± 0.020h. The values of

the Carrara standard and 102-GC-AZ01 in the absolute reference frame are nearly

identical to those found at Johns Hopkins (UU Carrara (n = 93) ∆47-ARF = 0.403

± 0.015h and 102-GC-AZ01 (n = 102) ∆47-ARF = 0.710 ± 0.015h [?].

The reproducibility of standards for all analytical weeks are reported with 1

SD for all sessions: Yale CM (n = 98) ∆47-ARF = 0.405 ± 0.019h, 102-GC-

AZ01 (n = 23) ∆47-ARF 0.710 ± 0.011h, TV01 (n = 86) ∆47-ARF 0.730 ±

0.015h and Carmel Chalk (n = 17) ∆47-ARF 0.675 ± 0.015h. For single unknown

measurements the uncertainty of the measurement is reported as the standard error

of the mean (SEM) of ∆47 measurements over 8 acquisitions. For n ≥ 2, the error

is reported as the SEM of ∆47 over the number of sample replicates.

Temperatures were calculated in the absolute reference frame as well as the in-

terlab reference frame using the same calibration data from two calibration studies

completed at Caltech [?, ?]. To build this calibration equation from low to high

temperatures we assume that calcite and dolomite calibrations are equivalent. The

two approaches do not yield the exact same temperature on a week to week basis

and this is likely due to two factors: 1) conversion of the two calibration studies

into the absolute reference frame is imperfect because the samples were analyzed

before 25◦C CO2 gases were analyzed regularly and 2) Converting unknown sam-

ples into the absolute reference frame using both gases and carbonate standards

in the transfer function will correct for standard residuals for a given week.

The mineralogy of each powder analyzed was determined by XRD analysis

(see below) to properly calculate the δ18Omin composition using unique 90◦C acid
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digestion fractionation factors for calcite and dolomite [?, ?]. Fluid compositions

were calculated using the measured clumped isotope temperatures and separate

equilibrium fractionation equations for calcite-water [?] and for dolomite-water [?].

For samples that contained mixtures of calcite and dolomite, the dominant mineral-

ogy was used to calculate δ18Omin and δ18Owater. Three different dolomite-water

equilibrium fractionation equations were compared [?, ?, ?]. Both [?] and [?]

produced δ18Owater results in agreement with co-occurring calcite measurements

lending faith in the results. The temperature range of dolomite formation from [?]

most closely matched the measured temperature range so it was used to calculate

the reported water compositions.
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Sample	  ID Minerology Depth Group Group2 Replicate	  # d13C d13C	  SD
1H1_A1C_031 Dolomite 3399.83 Ara 2 2.80 0.03
1H1_A1C_032 Dolomite 3429.98 Ara 1 2.42 0.01
1H1_A3C_010 Dolomite 4219.54 Ara 2 -‐22.07 0.00
1H1_A3C_011 Dolomite 4221.56 Ara 2 -‐22.53 0.23

A4C_13 Dolomite 2948.57 Ara 1 -‐4.63 0.01
A4C_15.1 Dolomite 2946.75 Ara 1 -‐4.14 0.01
A4C_15.2 Dolomite 2946.75 Ara 1 -‐4.14 0.01
A4C_24 Dolomite 2940.13 Ara 2 -‐3.07 0.01
A4C_24.2 Dolomite 2940.13 Ara 3 -‐3.06 0.01
A4C_40.1 Dolomite 2929.37 Ara 1 -‐1.86 0.01
A4C_40.2 Dolomite 2929.37 Ara 1 -‐1.83 0.01
A4C_40.3 Dolomite 2929.37 Ara 2 -‐1.89 0.01
A4C_55 Dolomite 2917.67 Ara 1 -‐2.44 0.01
A4C_69.1 Dolomite 2908.37 Ara 1 -‐2.19 0.01
A4C_69.2 Dolomite 2908.37 Ara 1 -‐2.26 0.01
A4C_9 Dolomite 2949.92 Ara 1 -‐5.05 0.01

BBN_2_27 Dolomite 3904.21 Ara 1 -‐2.83 0.00
BBN_2_52 Dolomite 3883.73 Ara 3 -‐2.49 0.02
BBN_2_85 Dolomite 3856.24 Ara 1 2.15 0.00
GFR_102 Dolomite 4570.7 Ara 2 2.42 0.01
GFR_107 Dolomite 4565.8 Ara 3 2.32 0.01
GFR_18 Calcite 4148.8 Ara 1 2.52 0.00
GFR_5 Calcite 4166.6 Ara 1 2.49 0.00
GFR_7 Calcite 4164.7 Ara 1 2.46 0.00
HM19_1 Calcite 3148.7 Ara 1 0.67 0.01
HM20_1 Calcite 3163.6 Ara 2 1.18 0.32
HM21_1 Calcite 3180.5 Ara 1 -‐0.59 0.01
Lahan_1 Dolomite 5848 Ara 3 1.70 0.01
Lahan_11 Dolomite 5848 Ara 1 1.86 0.01

Lahan_23_5842.8 Dolomite 5842.8 Ara 3 1.68 0.05
Lahan_4 Dolomite 5848 Ara 1 2.01 0.00

Lahan_5831.8 Dolomite 5831.8 Ara 1 2.09 0.00
Lahan_9 Dolomite 5848 Ara 1 1.76 0.00
QAC Calcite 0 Ara 1 2.54 0.00
QAD Calcite 0 Ara 1 1.33 0.00
S11 Calcite 0 Ara 1 3.14 0.00
S24 Calcite 0 Ara 1 -‐1.69 0.00
S50 Calcite 0 Ara 2 3.59 0.01
S56 Calcite 0 Ara 3 3.68 0.01
S9 Calcite 0 Ara 1 1.78 0.00

ZAL_1_20 Dolomite 4962 Ara 1 -‐0.80 0.00
ZAL_1_33 Dolomite 4948 Ara 2 -‐0.79 0.00

Table A.1: Clumped isotopic data from Oman
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Sample	  ID Minerology Depth Group Group2 Replicate	  # d13C d13C	  SD
ZAL_1_36 Calcite 5012 Ara 1 2.30 0.00

ZAL_1_5012c Calcite 5012 Ara 1 2.20 0.00
ZAL_1_51 Calcite 4997 Ara 1 2.66 0.00
ZAL_1_64 Dolomite 4984 Ara 1 5.76 0.00
MQ1_2942 Dolomite 2942 Birba 1 1.71 0.00
MQ1_2986 Dolomite 2986 Birba 1 2.25 0.00
MQ1_2994 Dolomite 2994 Birba 1 2.64 0.00
MQ1_3026 Dolomite 3026 Birba 1 1.69 0.00
MQ1_3160 Dolomite 3160 Birba 2 -‐0.30 0.10

SBSB_2398.78 Dolomite 2398.78 Birba 1 2.78 0.00
SBSB_2461.75 Dolomite 2461.75 Birba 1 2.05 0.00
SBSB_2765.73 Dolomite 2765.73 Birba 1 3.17 0.00
SWN_1697.24 Dolomite 1697.24 Birba 1 2.47 0.00
TM6_2000 Dolomite 2000 Birba 1 2.75 0.00
TM6_2100 Dolomite 2100 Birba 1 -‐3.46 0.00
TM6_2240 Dolomite 2240 Birba 1 0.42 0.00
BD_9.8 Dolomite 0 Nafun 1 2.88 0.00

BD1_243.6 Dolomite 0 Nafun 1 2.23 0.00
KDE_179.9 Dolomite 0 Nafun Pre 1 4.34 0.00
KDE_274 Dolomite 0 Nafun Pre 2 4.45 0.00
KDE_293.5 Dolomite 0 Nafun Pre 1 1.83 0.00
KDW2_102B Dolomite 0 Nafun Pre 1 1.09 0.01
KDW2_112A Dolomite 0 Nafun Pre 1 1.38 0.01
KDW2_119.1A Dolomite 0 Nafun Pre 1 1.62 0.00
KDW2_130.9B Dolomite 0 Nafun Ons 1 -‐3.67 0.01
KDW2_131.8_A Dolomite 0 Nafun Ons 2 -‐1.16 0.01
KDW2_46.4 Dolomite 0 Nafun Pre 1 4.10 0.01
KDW2_64.8 Dolomite 0 Nafun Pre 2 2.43 0.07
KDW2_87.0 Dolomite 0 Nafun Pre 1 1.48 0.00

KDWS_130.6A Dolomite 0 Nafun Ons 1 -‐1.04 0.00
MD2_10.2 Calcite 0 Nafun Syn 1 -‐7.42 0.01
MD2_120.1 Dolomite 0 Nafun 1 -‐0.66 0.00
MD2_180.1 Dolomite 0 Nafun 1 1.97 0.01
MD2_25.8 Calcite 0 Nafun Syn 4 -‐5.43 0.03
MD2_45.2 Calcite 0 Nafun Syn 2 -‐6.04 0.01

MD6_10.0_K1 Calcite 0 Nafun Low 1 4.59 0.00
MD6_10.0_K2 Calcite 0 Nafun Low 2 3.28 0.08
MD6_258.6 Dolomite 0 Nafun Ons 2 -‐2.73 0.10
MD6_259.5 Dolomite 0 Nafun Ons 3 -‐4.07 0.02
MD6_S2_ts Calcite 0 Nafun Syn 1 -‐12.47 0.01
MDE_118.6 Dolomite 0 Nafun Pre 1 3.61 0.01
MDE_156.3 Dolomite 0 Nafun Pre 3 4.47 0.05

Table A.2: Clumped isotopic data from Oman
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Sample	  ID Minerology Depth Group Group2 Replicate	  # d13C d13C	  SD
MDE_175.3 Dolomite 0 Nafun Pre 2 2.71 0.01
MDE_182.1 Dolomite 0 Nafun Pre 1 2.35 0.01
MDE_190 Dolomite 0 Nafun Pre 2 2.49 0.01
MDE_203.9 Dolomite 0 Nafun Pre 1 5.46 0.02
MDE_214.8 Dolomite 0 Nafun Pre 1 4.35 0.01
MDE_223.8 Dolomite 0 Nafun Pre 2 5.74 0.02
MDE_234.5 Dolomite 0 Nafun Pre 2 4.45 0.05
MDE_246.5 Dolomite 0 Nafun Pre 1 4.20 0.01
MDE_255 Dolomite 0 Nafun Pre 1 2.23 0.01
MDE_266.2 Dolomite 0 Nafun Pre 1 2.21 0.01
MDE_277.4 Dolomite 0 Nafun Pre 2 5.03 0.06
MDE_278 Dolomite 0 Nafun Pre 4 5.29 0.02
MDE_280.7 Dolomite 0 Nafun Ons 2 -‐0.17 0.00
MDE_284.2 Dolomite 0 Nafun Ons 2 2.00 0.06
MDE_287.5 Dolomite 0 Nafun Ons 1 1.05 0.01
MDE_291.1 Dolomite 0 Nafun Ons 1 -‐2.11 0.00
MDE_291.5 Dolomite 0 Nafun Ons 1 -‐4.19 0.00
MDE_292 Dolomite 0 Nafun Ons 1 -‐4.62 0.01
MDE_292.5 Dolomite 0 Nafun Ons 2 -‐5.38 0.00
MDE_293.4 Dolomite 0 Nafun Ons 2 -‐8.63 0.01
MDE_41.0 Dolomite 0 Nafun Low 1 3.89 0.00
MDE_56.1 Dolomite 0 Nafun Low 2 4.60 0.00
MDE_77.0 Dolomite 0 Nafun Pre 1 6.23 0.01
MDE2_0.4 Dolomite 0 Nafun Ons 2 -‐0.12 0.02
MDE2_1.0 Dolomite 0 Nafun Ons 4 0.38 0.02
MDE2_1.7 Dolomite 0 Nafun Ons 3 -‐0.21 0.06

MDE2_106.3 Calcite 0 Nafun Syn 6 -‐11.90 0.08
MDE2_154.7 Calcite 0 Nafun Syn 6 -‐11.23 0.08
MDE2_166.2 Calcite 0 Nafun Syn 1 -‐10.18 0.00
MDE2_172.1 Calcite 0 Nafun Syn 1 -‐9.86 0.01
MDE2_173.6 Calcite 0 Nafun Syn 3 -‐9.82 0.01
MDE2_176 Calcite 0 Nafun Syn 1 -‐9.75 0.01
MDE2_180.6 Calcite 0 Nafun Syn 5 -‐11.03 0.14
MDE2_86.6 Calcite 0 Nafun Syn 4 -‐11.95 0.12
MDE2_94.6 Calcite 0 Nafun Syn 1 -‐12.02 0.00
MDE2_99.3 Calcite 0 Nafun Syn 2 -‐11.88 0.00
MDS_0.0 Calcite 0 Nafun Syn 1 -‐9.95 0.01

MDS_109.6 Calcite 0 Nafun Syn 2 -‐8.89 0.05
MDS_180.5 Calcite 0 Nafun Syn 1 -‐7.94 0.00
MDS_200 Calcite 0 Nafun Syn 2 -‐7.71 0.02
MDS_213 Calcite 0 Nafun Syn 3 -‐6.84 0.01
MDS_220.5 Calcite 0 Nafun Syn 1 -‐5.83 0.00

Table A.3: Clumped isotopic data from Oman
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Sample	  ID Minerology Depth Group Group2 Replicate	  # d13C d13C	  SD
MDS_222.5 Calcite 0 Nafun Syn 3 -‐6.72 0.07
MDS_24.5 Calcite 0 Nafun Syn 3 -‐8.91 0.20
MDS_36 Calcite 0 Nafun Syn 2 -‐8.85 0.02
MDS_53.5 Calcite 0 Nafun Syn 2 -‐7.51 0.00
MDS_6.0 Calcite 0 Nafun Syn 1 -‐9.73 0.01
MQ1_3200 Dolomite 3200 Nafun 1 2.42 0.00
MQ1_3224 Dolomite 3224 Nafun 2 6.53 0.03
MQ1_3426 Dolomite 3426 Nafun 4 -‐4.85 0.02
MQ1_3630 Calcite 3630 Nafun Syn 1 -‐8.56 0.00
MQ1_3640 Calcite 3640 Nafun Syn 2 -‐6.04 0.43
MQ1_3806 Dolomite 3806 Nafun Ons 1 -‐6.01 0.00
MQ1_3810 Dolomite 3810 Nafun Ons 2 -‐2.98 0.03
MQ1_3818 Dolomite 3818 Nafun Ons 1 -‐0.46 0.00
MQ1_4002 Calcite 4002 Nafun Low 1 2.94 0.00
MQ1_4120 Dolomite 4120 Nafun Low 2 5.85 0.01
SB1_CON Dolomite 0 Nafun 2 3.24 0.08
SB1_ONC Dolomite 0 Nafun 1 4.34 0.00
SB2_FAN Dolomite 0 Nafun 1 2.84 0.00

SB2_STROM Dolomite 0 Nafun 4 7.59 0.18
SWN_2573.12 Dolomite 2573.12 Nafun 2 1.95 0.03
SWT_3725.75 Dolomite 3725.75 Nafun 1 0.44 0.01
TM6_2310 Dolomite 2310 Nafun 1 -‐1.13 0.01
TM6_2760 Calcite 2760 Nafun Syn 1 -‐8.26 0.00
TM6_2795 Calcite 2795 Nafun Syn 1 -‐12.24 0.01
TM6_2820 Calcite 2820 Nafun Pre 1 1.74 0.00
WM1	  46.0 Calcite 0 Nafun 1 -‐8.08 0.00
WM1	  59.0 Calcite 0 Nafun 3 -‐20.79 5.24
WS_2.8 Calcite 0 Nafun Syn 1 -‐10.20 0.01
WS_4.9 Calcite 0 Nafun Syn 1 -‐10.15 0.01
WS_7.7 Calcite 0 Nafun Syn 3 -‐9.89 0.12
WS_8.0 Calcite 0 Nafun Syn 1 -‐10.04 0.01

WS1_120.0 Calcite 0 Nafun Pre 1 4.06 0.00
WS1_149.6 Dolomite 0 Nafun Ons 1 -‐2.69 0.00
WS1_167.3 Calcite 0 Nafun Syn 3 -‐9.93 0.01
WS1_184.6 Calcite 0 Nafun Syn 2 -‐13.59 0.01
HM1_1 Calcite 357 Phan 3 1.38 0.02
HM10_1 Calcite 879.5 Phan 4 2.75 0.13
HM11_1 Calcite 963.2 Phan 2 1.94 0.00
HM11_2 Calcite 963.2 Phan 2 1.34 0.00
HM12_1 Calcite 1038.8 Phan 2 1.46 0.00
HM13_1 Calcite 1114.7 Phan 2 4.96 0.01
HM14_1 Dolomite 1198.5 Phan 2 4.94 0.02

Table A.4: Clumped isotopic data from Oman
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Sample	  ID Minerology Depth Group Group2 Replicate	  # d13C d13C	  SD
HM15_1 Dolomite 1264.9 Phan 4 -‐0.16 0.03
HM16_1 Calcite 1319.1 Phan 3 4.56 0.04
HM17_1 Dolomite 1369.7 Phan 2 -‐0.58 0.02
HM18_1 Calcite 1420.5 Phan 2 4.61 0.02
HM2_1 Calcite 357.1 Phan 4 1.07 0.02
HM2_2 Calcite 357.1 Phan 2 1.06 0.02
HM2_3 Calcite 357.1 Phan 2 1.41 0.02
HM3_1 Calcite 414.5 Phan 2 2.31 0.01
HM4_1 Calcite 500.3 Phan 2 2.61 0.01
HM5_1 Calcite 500.8 Phan 2 2.53 0.00
HM5_2 Calcite 500.8 Phan 2 2.45 0.00
HM6_1 Calcite 583 Phan 2 1.65 0.00
HM7_1 Calcite 650 Phan 2 3.28 0.00
HM7_2 Calcite 650 Phan 3 3.26 0.01
HM8_1 Calcite 729.5 Phan 2 2.33 0.01
HM8_2 Calcite 729.5 Phan 2 3.91 0.10
HM9_1 Calcite 794.2 Phan 2 3.07 0.02
HM9_2 Calcite 794.2 Phan 3 3.19 0.01

Table A.5: Clumped isotopic data from Oman
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Sample	  ID
1H1_A1C_031
1H1_A1C_032
1H1_A3C_010
1H1_A3C_011

A4C_13
A4C_15.1
A4C_15.2
A4C_24
A4C_24.2
A4C_40.1
A4C_40.2
A4C_40.3
A4C_55
A4C_69.1
A4C_69.2
A4C_9

BBN_2_27
BBN_2_52
BBN_2_85
GFR_102
GFR_107
GFR_18
GFR_5
GFR_7
HM19_1
HM20_1
HM21_1
Lahan_1
Lahan_11

Lahan_23_5842.8
Lahan_4

Lahan_5831.8
Lahan_9
QAC
QAD
S11
S24
S50
S56
S9

ZAL_1_20
ZAL_1_33

d18Omin d18O	  SD T	  ARF T	  1	  SEM W	  ARF W	  SD T	  IL T	  1	  SEM
-‐2.78 0.03 55.68 8.93 2.11 1.60 54.50 14.28
-‐2.72 0.01 72.77 7.53 4.60 1.17 75.24 10.60
-‐4.91 0.09 72.29 1.12 2.34 0.28 74.75 2.53
-‐5.29 0.15 76.90 10.54 2.55 1.55 73.88 19.09
-‐4.00 0.01 80.23 5.65 4.27 0.85 83.07 8.52
-‐5.20 0.02 70.14 4.32 1.76 0.74 72.52 6.86
-‐5.18 0.01 79.36 6.06 2.98 0.91 82.16 9.00
-‐5.23 0.03 57.32 4.13 -‐0.11 0.79 59.54 5.83
-‐5.09 0.10 55.27 1.05 -‐0.28 0.32 55.37 4.16
-‐3.56 0.01 68.18 6.02 3.14 1.00 70.51 8.75
-‐3.66 0.02 69.89 7.35 3.27 1.18 72.27 10.32
-‐3.62 0.04 66.22 4.02 2.81 0.72 68.51 6.15
-‐3.37 0.02 75.34 4.58 4.28 0.74 77.92 7.26
-‐3.45 0.01 63.32 6.30 2.56 1.08 65.56 8.88
-‐3.58 0.01 65.09 4.15 2.69 0.75 67.36 6.50
-‐4.02 0.01 75.02 4.13 3.59 0.68 77.58 6.73
-‐5.46 0.00 88.32 6.24 3.77 0.87 80.55 8.45
-‐4.52 0.02 93.45 5.14 5.30 0.70 87.19 8.84
-‐0.15 0.00 77.73 5.11 7.84 0.80 69.88 7.08
-‐3.59 0.01 95.67 15.20 6.49 1.90 88.15 17.92
-‐3.34 0.13 79.98 7.08 4.90 1.04 72.21 9.24
-‐2.11 0.00 88.16 5.73 10.86 0.81 80.39 7.92
-‐2.13 0.00 84.87 5.77 10.38 0.83 77.04 7.93
-‐2.54 0.00 85.63 6.62 10.07 0.95 77.81 8.82
-‐2.87 0.02 67.41 6.07 7.02 0.97 76.87 9.50
-‐2.17 0.08 75.00 5.49 8.89 0.84 85.36 8.37
-‐4.58 0.01 68.73 6.97 5.50 1.10 78.32 10.64
-‐2.44 0.06 98.61 11.56 7.97 1.42 91.31 14.01
-‐1.72 0.01 80.08 3.28 6.56 0.54 72.37 5.24
-‐2.33 0.04 73.39 8.61 5.08 1.32 68.08 9.90
-‐0.99 0.00 69.20 3.16 5.87 0.58 61.74 4.70
-‐2.36 0.00 90.78 7.59 7.18 1.01 83.11 9.84
-‐2.52 0.00 78.80 4.04 5.59 0.65 71.10 6.01
-‐3.79 0.01 106.35 6.07 11.58 0.78 118.79 7.46
-‐4.02 0.01 81.40 7.24 7.96 1.07 89.15 10.68
-‐2.31 0.00 89.45 3.00 10.83 0.42 81.71 5.03
-‐6.91 0.00 66.73 4.41 2.83 0.70 59.12 5.86
-‐3.35 0.06 130.93 31.19 14.95 3.78 127.47 32.07
-‐3.13 0.05 110.07 12.10 12.72 1.55 105.38 12.39
-‐4.01 0.00 76.39 3.97 7.24 0.60 68.55 5.85
-‐2.68 0.00 63.47 6.13 3.36 1.06 55.98 7.41
-‐4.45 0.00 80.17 2.25 3.81 0.41 72.31 4.13

Table A.6: Clumped isotopic data from Oman
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Sample	  ID
1H1_A1C_031ZAL_1_36
ZAL_1_5012c
ZAL_1_51
ZAL_1_64
MQ1_2942
MQ1_2986
MQ1_2994
MQ1_3026
MQ1_3160

SBSB_2398.78
SBSB_2461.75
SBSB_2765.73
SWN_1697.24
TM6_2000
TM6_2100
TM6_2240
BD_9.8

BD1_243.6
KDE_179.9
KDE_274
KDE_293.5
KDW2_102B
KDW2_112A
KDW2_119.1A
KDW2_130.9B
KDW2_131.8_A
KDW2_46.4
KDW2_64.8
KDW2_87.0

KDWS_130.6A
MD2_10.2
MD2_120.1
MD2_180.1
MD2_25.8
MD2_45.2

MD6_10.0_K1
MD6_10.0_K2
MD6_258.6
MD6_259.5
MD6_S2_ts
MDE_118.6
MDE_156.3

d18Omin d18O	  SD T	  ARF T	  1	  SEM W	  ARF W	  SD T	  IL T	  1	  SEM
-‐2.08 0.00 90.87 2.27 11.27 0.31 83.17 4.18
-‐2.66 0.00 89.33 4.36 10.47 0.61 81.59 6.50
-‐1.90 0.00 85.94 7.72 10.76 1.12 78.12 9.95
-‐3.51 0.00 87.95 4.58 5.70 0.67 80.17 6.73
-‐6.14 0.01 72.11 4.19 1.07 0.70 74.38 6.74
-‐4.54 0.01 68.42 5.00 2.19 0.85 64.21 6.94
-‐2.94 0.01 71.17 3.69 4.18 0.64 73.38 6.14
-‐3.62 0.01 55.22 6.16 1.19 1.14 51.27 7.32
-‐3.15 0.01 74.50 4.72 4.40 0.77 68.59 4.92
-‐1.61 0.00 73.27 7.62 5.79 1.18 80.11 11.17
-‐2.54 0.01 63.33 4.94 3.48 0.88 69.39 7.72
-‐1.24 0.00 42.75 2.91 1.54 0.69 48.18 3.99
-‐3.91 0.00 63.05 5.02 2.06 0.89 69.09 7.80
-‐4.27 0.01 58.42 6.55 1.02 1.17 54.37 7.97
-‐2.98 0.00 65.32 4.70 3.32 0.83 61.12 6.45
-‐1.67 0.01 56.65 3.28 3.37 0.67 52.65 4.38
-‐2.51 0.01 50.23 4.05 1.52 0.84 43.85 4.31
-‐8.47 0.00 61.68 2.22 -‐2.72 0.47 69.14 4.43
-‐4.66 0.00 42.33 3.61 -‐1.96 0.82 48.02 4.82
-‐4.14 0.01 51.62 1.02 0.10 0.33 55.34 4.25
-‐3.01 0.01 37.79 2.91 -‐1.12 0.72 43.46 3.56
-‐5.31 0.01 56.77 6.01 -‐0.28 1.10 62.15 8.63
-‐2.66 0.02 64.43 6.69 3.52 1.13 70.22 9.80
-‐3.58 0.01 46.15 1.81 -‐0.23 0.48 51.24 2.86
-‐6.78 0.01 45.88 2.75 -‐3.49 0.64 50.97 4.00
-‐5.56 0.17 46.69 10.95 -‐2.13 2.11 46.58 5.10
-‐3.97 0.02 54.63 3.66 0.75 0.74 59.92 5.72
-‐1.85 0.23 38.58 7.45 0.19 1.59 38.71 1.19
-‐2.57 0.01 42.24 3.43 0.12 0.79 47.30 4.51
-‐4.88 0.01 49.80 4.74 -‐0.94 0.95 54.96 6.67
-‐7.58 0.02 47.53 4.81 -‐1.02 0.86 51.74 6.46
-‐6.28 0.01 73.89 2.80 1.17 0.51 77.15 5.18
-‐3.30 0.02 49.46 3.81 0.60 0.80 52.00 5.22
-‐7.57 0.08 48.51 5.20 -‐0.84 0.92 53.42 6.70
-‐7.31 0.06 59.54 3.76 1.28 0.62 65.65 3.39
-‐9.03 0.01 76.50 6.53 2.18 0.98 84.30 9.92
-‐9.19 0.14 68.81 1.04 0.86 0.16 68.22 9.92
-‐7.54 0.10 61.66 11.42 -‐1.79 1.91 65.68 11.91
-‐6.94 0.12 54.75 6.29 -‐2.22 1.16 54.84 8.36
-‐8.85 0.03 58.43 7.15 -‐0.45 1.20 66.83 10.49
-‐4.09 0.02 52.41 5.23 0.28 1.01 54.95 7.06
-‐4.19 0.08 44.63 2.41 -‐1.10 0.59 49.00 3.64

Table A.7: Clumped isotopic data from Oman
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Sample	  ID
1H1_A1C_031MDE_175.3
MDE_182.1
MDE_190
MDE_203.9
MDE_214.8
MDE_223.8
MDE_234.5
MDE_246.5
MDE_255
MDE_266.2
MDE_277.4
MDE_278
MDE_280.7
MDE_284.2
MDE_287.5
MDE_291.1
MDE_291.5
MDE_292
MDE_292.5
MDE_293.4
MDE_41.0
MDE_56.1
MDE_77.0
MDE2_0.4
MDE2_1.0
MDE2_1.7

MDE2_106.3
MDE2_154.7
MDE2_166.2
MDE2_172.1
MDE2_173.6
MDE2_176
MDE2_180.6
MDE2_86.6
MDE2_94.6
MDE2_99.3
MDS_0.0

MDS_109.6
MDS_180.5
MDS_200
MDS_213
MDS_220.5

d18Omin d18O	  SD T	  ARF T	  1	  SEM W	  ARF W	  SD T	  IL T	  1	  SEM
-‐1.80 0.00 38.35 2.18 0.19 0.58 43.29 2.52
-‐4.07 0.01 42.05 2.52 -‐1.42 0.62 46.96 3.39
-‐2.97 0.03 65.03 1.08 3.29 0.30 70.58 2.57
-‐2.60 0.02 59.55 5.71 2.87 1.03 64.81 8.40
-‐1.17 0.02 40.91 3.36 1.29 0.79 45.82 4.30
-‐3.06 0.02 77.92 8.49 4.93 1.25 84.56 11.61
-‐2.04 0.20 43.74 8.03 0.91 1.62 50.54 7.59
-‐2.26 0.02 47.41 4.48 1.31 0.93 52.34 6.16
-‐1.50 0.02 44.01 4.57 1.49 0.98 48.92 5.98
-‐2.36 0.02 41.08 3.81 0.12 0.87 45.99 4.84
-‐6.19 0.13 59.66 1.53 -‐0.72 0.38 67.23 3.10
-‐6.03 0.10 46.03 2.95 -‐2.71 0.67 52.42 5.10
-‐7.04 0.15 44.13 4.05 -‐4.04 0.88 50.94 3.25
-‐5.59 0.06 50.16 0.97 -‐1.59 0.32 58.64 2.74
-‐6.37 0.01 59.68 1.50 -‐0.90 0.37 68.19 3.41
-‐6.17 0.01 55.89 3.53 -‐1.26 0.71 64.10 5.92
-‐6.23 0.02 55.99 3.33 -‐1.31 0.67 64.20 5.67
-‐6.26 0.03 59.46 6.04 -‐0.82 1.08 67.94 9.18
-‐6.53 0.01 55.41 0.93 -‐1.70 0.30 63.59 2.11
-‐6.63 0.05 59.54 6.91 -‐1.18 1.21 68.03 9.75
-‐5.46 0.01 66.35 3.63 0.97 0.66 69.20 5.99
-‐6.10 0.03 75.91 3.01 1.61 0.52 79.32 5.32
-‐3.22 0.02 54.99 3.59 1.56 0.73 57.54 5.36
-‐6.70 0.00 61.70 0.96 -‐0.94 0.29 66.82 3.01
-‐6.91 0.10 60.03 5.54 -‐1.39 0.99 65.21 9.07
-‐5.22 0.07 50.70 1.88 -‐1.13 0.47 57.82 2.54
-‐8.46 0.12 63.92 4.17 0.83 0.67 70.52 6.90
-‐8.51 0.11 59.78 3.64 0.12 0.60 66.08 6.38
-‐8.57 0.01 62.88 3.97 0.55 0.64 68.30 6.48
-‐8.24 0.01 62.81 3.32 0.87 0.54 68.22 5.70
-‐8.57 0.02 53.98 3.76 -‐0.91 0.64 61.02 6.87
-‐8.39 0.01 59.20 3.69 0.14 0.61 67.66 6.28
-‐8.72 0.01 69.52 5.49 1.44 0.86 76.47 8.38
-‐7.83 0.06 46.24 6.04 -‐1.50 1.09 51.02 7.40
-‐8.57 0.01 59.52 2.99 0.01 0.49 64.77 5.16
-‐8.18 0.05 59.78 6.12 0.44 1.01 65.05 8.51
-‐8.79 0.02 48.03 4.14 -‐2.15 0.73 55.78 6.18
-‐7.33 0.06 42.86 1.01 -‐1.60 0.18 50.96 2.32
-‐7.48 0.01 45.32 2.91 -‐1.31 0.52 52.95 4.46
-‐7.80 0.10 41.77 1.52 -‐2.27 0.28 49.83 2.97
-‐7.64 0.01 53.11 5.52 -‐0.12 0.95 61.13 7.81
-‐7.86 0.01 52.23 2.73 -‐0.49 0.47 53.85 4.07

Table A.8: Clumped isotopic data from Oman
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Sample	  ID
1H1_A1C_031MDS_222.5
MDS_24.5
MDS_36
MDS_53.5
MDS_6.0
MQ1_3200
MQ1_3224
MQ1_3426
MQ1_3630
MQ1_3640
MQ1_3806
MQ1_3810
MQ1_3818
MQ1_4002
MQ1_4120
SB1_CON
SB1_ONC
SB2_FAN

SB2_STROM
SWN_2573.12
SWT_3725.75
TM6_2310
TM6_2760
TM6_2795
TM6_2820
WM1	  46.0
WM1	  59.0
WS_2.8
WS_4.9
WS_7.7
WS_8.0

WS1_120.0
WS1_149.6
WS1_167.3
WS1_184.6
HM1_1
HM10_1
HM11_1
HM11_2
HM12_1
HM13_1
HM14_1

d18Omin d18O	  SD T	  ARF T	  1	  SEM W	  ARF W	  SD T	  IL T	  1	  SEM
-‐6.62 0.16 46.44 6.23 -‐0.24 1.12 52.16 6.10
-‐8.76 0.13 57.00 4.47 -‐0.60 0.75 65.28 6.82
-‐9.58 0.00 61.44 5.68 -‐0.70 0.93 70.10 8.42
-‐8.33 0.02 56.04 0.91 -‐0.32 0.15 64.25 2.01
-‐8.96 0.01 50.83 3.72 -‐1.84 0.64 56.70 5.62
-‐3.54 0.01 56.40 4.52 1.46 0.86 58.05 6.41
-‐0.40 0.02 55.51 4.55 4.47 0.88 51.55 5.67
-‐1.19 0.07 47.28 2.30 2.36 0.56 44.25 4.19
-‐7.95 0.01 50.34 4.96 -‐0.91 0.87 43.94 5.25
-‐6.00 0.36 65.82 5.61 3.61 0.90 62.87 12.87
-‐6.23 0.01 52.61 4.52 -‐1.84 0.89 48.76 5.40
-‐6.10 0.17 58.21 16.25 -‐0.85 2.80 52.65 19.69
-‐5.65 0.01 52.07 3.74 -‐1.34 0.77 48.25 4.52
-‐7.95 0.01 77.33 11.74 3.39 1.79 73.19 14.41
-‐4.68 0.02 45.29 12.18 -‐1.48 2.37 40.49 14.09
2.11 0.05 36.29 5.65 3.73 1.27 39.75 4.18
-‐0.25 0.01 49.29 3.64 3.63 0.78 50.91 4.89
-‐1.07 0.01 58.61 3.06 4.27 0.62 60.30 4.86
-‐2.34 0.32 44.23 5.38 0.69 1.12 45.94 6.09
-‐3.09 0.03 43.02 0.79 -‐0.28 0.31 48.58 0.78
-‐2.46 0.01 67.73 4.84 4.18 0.83 74.09 7.74
-‐3.42 0.03 58.73 3.03 1.92 0.61 54.67 4.26
-‐7.45 0.01 58.38 3.86 0.95 0.64 66.78 6.45
-‐7.45 0.01 66.54 3.16 2.26 0.50 75.71 5.84
-‐6.60 0.01 69.90 6.91 3.64 1.08 65.68 9.03
-‐3.06 0.01 87.27 5.09 9.77 0.72 97.65 7.93
-‐6.77 0.12 117.59 6.75 9.93 0.82 135.60 5.69
-‐8.42 0.01 63.81 4.36 0.85 0.70 69.29 6.99
-‐8.64 0.01 71.08 4.92 1.76 0.76 77.06 7.86
-‐8.48 0.23 50.90 6.07 -‐1.34 1.06 49.71 8.21
-‐8.19 0.01 49.44 3.57 -‐1.30 0.62 54.40 5.23
-‐10.33 0.01 119.42 6.54 6.52 0.78 137.23 5.66
-‐4.79 0.01 121.60 7.22 7.84 0.76 140.24 6.02
-‐5.56 0.04 36.98 5.59 -‐0.90 1.06 42.41 6.46
-‐13.40 0.01 151.30 14.69 6.87 1.53 183.10 9.20
-‐3.64 0.02 30.25 2.18 -‐0.26 0.43 37.75 2.18
-‐5.46 2.04 33.90 6.56 -‐1.38 1.28 41.20 7.26
-‐3.57 0.00 34.67 2.44 0.66 0.47 41.97 2.11
-‐4.72 0.02 36.73 1.75 -‐0.11 0.33 43.47 2.05
-‐3.81 0.02 34.09 1.73 0.31 0.33 41.93 1.91
-‐4.46 0.03 41.59 4.42 1.06 0.82 48.91 6.27
-‐2.36 0.06 47.31 3.07 1.18 0.69 55.39 4.60

Table A.9: Clumped isotopic data from Oman
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Sample	  ID
1H1_A1C_031HM15_1

HM16_1
HM17_1
HM18_1
HM2_1
HM2_2
HM2_3
HM3_1
HM4_1
HM5_1
HM5_2
HM6_1
HM7_1
HM7_2
HM8_1
HM8_2
HM9_1
HM9_2

d18Omin d18O	  SD T	  ARF T	  1	  SEM W	  ARF W	  SD T	  IL T	  1	  SEM
1.30 0.08 36.38 5.27 2.94 1.19 43.66 6.37
-‐3.28 0.05 32.79 3.11 0.60 0.61 39.92 2.87
0.42 0.05 28.74 2.23 0.60 0.65 36.09 2.45
-‐3.12 0.02 34.25 0.95 1.03 0.18 42.09 0.89
-‐3.67 0.05 36.87 4.08 0.98 0.78 43.88 4.91
-‐3.77 0.03 38.41 3.36 1.16 0.63 45.71 4.77
-‐3.47 0.04 34.53 1.94 0.74 0.37 41.29 2.06
-‐3.31 0.01 37.60 3.43 1.47 0.65 45.46 4.20
-‐3.78 0.00 38.70 7.09 1.21 1.35 45.99 8.98
-‐3.67 0.00 32.61 4.12 0.17 0.81 39.39 4.33
-‐4.37 0.02 48.27 4.13 2.34 0.73 55.74 6.52
-‐3.47 0.10 32.96 3.59 0.43 0.70 40.80 3.93
-‐4.08 0.01 37.18 4.45 0.62 0.85 44.47 5.88
-‐4.08 0.12 35.63 2.80 0.33 0.53 42.37 3.15
-‐4.25 0.01 35.00 1.15 0.04 0.22 42.29 1.79
-‐5.07 0.01 41.79 7.07 0.48 1.31 48.53 8.47
-‐4.05 0.02 33.75 1.07 0.00 0.21 41.05 1.56
-‐3.93 0.07 40.08 3.15 1.31 0.58 46.82 3.96

Table A.10: Clumped isotopic data from Oman
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Sample	  ID
1H1_A1C_031
1H1_A1C_032
1H1_A3C_010
1H1_A3C_011

A4C_13
A4C_15.1
A4C_15.2
A4C_24
A4C_24.2
A4C_40.1
A4C_40.2
A4C_40.3
A4C_55
A4C_69.1
A4C_69.2
A4C_9

BBN_2_27
BBN_2_52
BBN_2_85
GFR_102
GFR_107
GFR_18
GFR_5
GFR_7
HM19_1
HM20_1
HM21_1
Lahan_1
Lahan_11

Lahan_23_5842.8
Lahan_4

Lahan_5831.8
Lahan_9
QAC
QAD
S11
S24
S50
S56
S9

ZAL_1_20
ZAL_1_33

D47 D47	  SD D47	  1	  SEM D47	  ARF D47	  SD D47	  1	  SEM
0.548 0.043 0.030 0.594 0.032 0.023
0.500 0.045 0.016 0.552 0.045 0.016
0.501 0.001 0.001 0.553 0.001 0.002
0.503 0.044 0.031 0.543 0.030 0.021
0.485 0.031 0.011 0.536 0.031 0.011
0.505 0.026 0.009 0.558 0.026 0.010
0.486 0.034 0.012 0.538 0.034 0.012
0.535 0.014 0.010 0.590 0.015 0.011
0.546 0.012 0.007 0.595 0.003 0.003
0.510 0.038 0.013 0.563 0.038 0.014
0.506 0.045 0.016 0.559 0.045 0.016
0.514 0.012 0.009 0.567 0.013 0.009
0.495 0.027 0.009 0.547 0.027 0.010
0.521 0.042 0.015 0.575 0.042 0.015
0.517 0.027 0.010 0.570 0.027 0.010
0.495 0.024 0.008 0.547 0.024 0.009
0.489 0.032 0.011 0.520 0.032 0.011
0.477 0.019 0.011 0.511 0.015 0.009
0.511 0.029 0.010 0.542 0.029 0.011
0.476 0.036 0.025 0.507 0.035 0.025
0.506 0.024 0.014 0.537 0.024 0.014
0.490 0.029 0.010 0.521 0.029 0.011
0.496 0.030 0.011 0.527 0.030 0.011
0.495 0.035 0.012 0.526 0.035 0.012
0.497 0.039 0.014 0.565 0.039 0.014
0.481 0.015 0.011 0.547 0.016 0.012
0.494 0.044 0.015 0.562 0.044 0.016
0.470 0.033 0.019 0.502 0.032 0.019
0.506 0.018 0.006 0.537 0.018 0.007
0.515 0.028 0.016 0.551 0.031 0.018
0.530 0.019 0.007 0.560 0.019 0.007
0.485 0.038 0.013 0.516 0.038 0.014
0.508 0.022 0.008 0.539 0.022 0.008
0.432 0.026 0.009 0.489 0.026 0.009
0.474 0.040 0.014 0.534 0.040 0.014
0.487 0.014 0.005 0.518 0.014 0.006
0.536 0.028 0.010 0.566 0.028 0.010
0.422 0.050 0.036 0.454 0.049 0.035
0.449 0.027 0.015 0.483 0.030 0.018
0.514 0.023 0.008 0.544 0.023 0.008
0.544 0.041 0.014 0.574 0.041 0.015
0.506 0.006 0.004 0.537 0.006 0.005

Table A.11: Clumped isotopic data from Oman
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Sample	  ID
1H1_A1C_031ZAL_1_36
ZAL_1_5012c
ZAL_1_51
ZAL_1_64
MQ1_2942
MQ1_2986
MQ1_2994
MQ1_3026
MQ1_3160

SBSB_2398.78
SBSB_2461.75
SBSB_2765.73
SWN_1697.24
TM6_2000
TM6_2100
TM6_2240
BD_9.8

BD1_243.6
KDE_179.9
KDE_274
KDE_293.5
KDW2_102B
KDW2_112A
KDW2_119.1A
KDW2_130.9B
KDW2_131.8_A
KDW2_46.4
KDW2_64.8
KDW2_87.0

KDWS_130.6A
MD2_10.2
MD2_120.1
MD2_180.1
MD2_25.8
MD2_45.2

MD6_10.0_K1
MD6_10.0_K2
MD6_258.6
MD6_259.5
MD6_S2_ts
MDE_118.6
MDE_156.3

D47 D47	  SD D47	  1	  SEM D47	  ARF D47	  SD D47	  1	  SEM
0.485 0.010 0.003 0.516 0.010 0.004
0.488 0.022 0.008 0.518 0.022 0.008
0.494 0.040 0.014 0.525 0.040 0.014
0.490 0.023 0.008 0.521 0.023 0.009
0.502 0.025 0.009 0.554 0.025 0.009
0.524 0.031 0.011 0.562 0.031 0.011
0.504 0.022 0.008 0.556 0.022 0.008
0.557 0.045 0.016 0.595 0.045 0.016
0.514 0.009 0.006 0.549 0.014 0.010
0.490 0.045 0.016 0.551 0.045 0.016
0.512 0.033 0.012 0.574 0.033 0.012
0.566 0.024 0.009 0.632 0.024 0.009
0.513 0.033 0.012 0.575 0.033 0.012
0.549 0.046 0.016 0.587 0.046 0.016
0.531 0.030 0.011 0.570 0.030 0.011
0.553 0.023 0.008 0.592 0.023 0.009
0.579 0.031 0.011 0.609 0.031 0.011
0.513 0.014 0.005 0.579 0.014 0.006
0.567 0.031 0.011 0.633 0.031 0.011
0.546 0.010 0.007 0.605 0.002 0.003
0.580 0.026 0.009 0.647 0.026 0.009
0.529 0.043 0.015 0.591 0.043 0.015
0.510 0.044 0.016 0.572 0.044 0.016
0.557 0.014 0.005 0.621 0.014 0.005
0.558 0.022 0.008 0.622 0.022 0.008
0.571 0.017 0.012 0.620 0.043 0.031
0.534 0.027 0.009 0.597 0.027 0.010
0.596 0.006 0.004 0.645 0.033 0.023
0.569 0.029 0.010 0.633 0.029 0.011
0.547 0.037 0.013 0.610 0.037 0.013
0.556 0.038 0.014 0.617 0.038 0.014
0.496 0.016 0.006 0.550 0.016 0.006
0.555 0.030 0.010 0.611 0.030 0.011
0.551 0.027 0.014 0.614 0.029 0.015
0.521 0.005 0.003 0.584 0.013 0.009
0.483 0.038 0.013 0.544 0.038 0.014
0.515 0.023 0.016 0.561 0.000 0.002
0.521 0.030 0.021 0.579 0.038 0.027
0.547 0.029 0.017 0.597 0.028 0.016
0.518 0.050 0.018 0.587 0.050 0.018
0.547 0.039 0.014 0.603 0.039 0.014
0.564 0.013 0.007 0.626 0.012 0.007

Table A.12: Clumped isotopic data from Oman
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Sample	  ID
1H1_A1C_031MDE_175.3
MDE_182.1
MDE_190
MDE_203.9
MDE_214.8
MDE_223.8
MDE_234.5
MDE_246.5
MDE_255
MDE_266.2
MDE_277.4
MDE_278
MDE_280.7
MDE_284.2
MDE_287.5
MDE_291.1
MDE_291.5
MDE_292
MDE_292.5
MDE_293.4
MDE_41.0
MDE_56.1
MDE_77.0
MDE2_0.4
MDE2_1.0
MDE2_1.7

MDE2_106.3
MDE2_154.7
MDE2_166.2
MDE2_172.1
MDE2_173.6
MDE2_176
MDE2_180.6
MDE2_86.6
MDE2_94.6
MDE2_99.3
MDS_0.0

MDS_109.6
MDS_180.5
MDS_200
MDS_213
MDS_220.5

D47 D47	  SD D47	  1	  SEM D47	  ARF D47	  SD D47	  1	  SEM
0.581 0.009 0.006 0.646 0.009 0.007
0.570 0.021 0.007 0.634 0.021 0.008
0.510 0.001 0.001 0.570 0.001 0.003
0.523 0.040 0.014 0.584 0.040 0.014
0.573 0.029 0.010 0.637 0.029 0.011
0.482 0.023 0.016 0.541 0.024 0.017
0.559 0.024 0.017 0.628 0.033 0.024
0.554 0.036 0.013 0.617 0.036 0.013
0.564 0.038 0.013 0.628 0.038 0.014
0.573 0.033 0.012 0.637 0.033 0.012
0.517 0.003 0.002 0.584 0.004 0.004
0.554 0.020 0.010 0.622 0.017 0.009
0.558 0.008 0.006 0.627 0.017 0.012
0.538 0.004 0.003 0.609 0.002 0.003
0.515 0.008 0.003 0.584 0.008 0.004
0.524 0.025 0.009 0.594 0.025 0.009
0.524 0.024 0.008 0.593 0.024 0.009
0.515 0.042 0.015 0.584 0.042 0.015
0.525 0.001 0.001 0.595 0.001 0.003
0.515 0.023 0.016 0.584 0.024 0.017
0.513 0.023 0.008 0.567 0.023 0.008
0.492 0.008 0.006 0.545 0.008 0.006
0.540 0.026 0.009 0.596 0.026 0.010
0.518 0.003 0.002 0.579 0.000 0.002
0.522 0.031 0.015 0.583 0.027 0.014
0.540 0.004 0.003 0.608 0.008 0.005
0.510 0.024 0.010 0.573 0.024 0.010
0.520 0.023 0.010 0.583 0.022 0.009
0.515 0.026 0.009 0.576 0.026 0.010
0.515 0.022 0.008 0.576 0.022 0.008
0.532 0.020 0.012 0.599 0.017 0.010
0.516 0.026 0.009 0.585 0.026 0.009
0.497 0.026 0.012 0.560 0.027 0.012
0.558 0.032 0.016 0.621 0.035 0.017
0.523 0.020 0.007 0.584 0.020 0.008
0.522 0.020 0.014 0.583 0.021 0.015
0.545 0.033 0.012 0.616 0.033 0.012
0.558 0.005 0.003 0.631 0.003 0.003
0.553 0.023 0.008 0.624 0.023 0.009
0.561 0.008 0.005 0.635 0.006 0.005
0.531 0.024 0.014 0.601 0.025 0.015
0.550 0.020 0.007 0.604 0.020 0.007

Table A.13: Clumped isotopic data from Oman
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Sample	  ID
1H1_A1C_031MDS_222.5
MDS_24.5
MDS_36
MDS_53.5
MDS_6.0
MQ1_3200
MQ1_3224
MQ1_3426
MQ1_3630
MQ1_3640
MQ1_3806
MQ1_3810
MQ1_3818
MQ1_4002
MQ1_4120
SB1_CON
SB1_ONC
SB2_FAN

SB2_STROM
SWN_2573.12
SWT_3725.75
TM6_2310
TM6_2760
TM6_2795
TM6_2820
WM1	  46.0
WM1	  59.0
WS_2.8
WS_4.9
WS_7.7
WS_8.0

WS1_120.0
WS1_149.6
WS1_167.3
WS1_184.6
HM1_1
HM10_1
HM11_1
HM11_2
HM12_1
HM13_1
HM14_1

D47 D47	  SD D47	  1	  SEM D47	  ARF D47	  SD D47	  1	  SEM
0.555 0.022 0.013 0.620 0.031 0.018
0.521 0.018 0.011 0.591 0.020 0.012
0.511 0.018 0.013 0.579 0.019 0.014
0.524 0.000 0.000 0.593 0.001 0.002
0.543 0.028 0.010 0.608 0.028 0.010
0.539 0.032 0.011 0.592 0.032 0.012
0.556 0.017 0.012 0.595 0.017 0.012
0.578 0.021 0.011 0.618 0.013 0.007
0.579 0.038 0.014 0.609 0.038 0.014
0.527 0.034 0.024 0.568 0.018 0.013
0.564 0.034 0.012 0.603 0.034 0.012
0.553 0.061 0.043 0.587 0.055 0.039
0.566 0.028 0.010 0.604 0.028 0.010
0.504 0.066 0.023 0.542 0.066 0.023
0.590 0.055 0.039 0.624 0.048 0.034
0.592 0.018 0.012 0.652 0.026 0.018
0.558 0.028 0.010 0.612 0.028 0.010
0.533 0.021 0.007 0.586 0.021 0.008
0.573 0.030 0.015 0.627 0.032 0.016
0.565 0.000 0.000 0.631 0.001 0.002
0.502 0.031 0.011 0.564 0.031 0.011
0.548 0.021 0.007 0.586 0.021 0.008
0.518 0.027 0.010 0.587 0.027 0.010
0.499 0.020 0.007 0.567 0.020 0.007
0.521 0.043 0.015 0.559 0.043 0.015
0.460 0.026 0.009 0.522 0.026 0.010
0.413 0.015 0.008 0.472 0.016 0.009
0.512 0.029 0.010 0.573 0.029 0.010
0.496 0.030 0.011 0.556 0.030 0.011
0.562 0.032 0.019 0.607 0.028 0.017
0.549 0.028 0.010 0.611 0.028 0.010
0.412 0.024 0.009 0.470 0.024 0.009
0.409 0.026 0.009 0.466 0.026 0.010
0.584 0.030 0.017 0.650 0.031 0.018
0.376 0.025 0.018 0.430 0.021 0.015
0.599 0.013 0.007 0.674 0.013 0.008
0.588 0.041 0.020 0.661 0.043 0.022
0.585 0.008 0.006 0.658 0.011 0.008
0.580 0.007 0.005 0.651 0.007 0.006
0.585 0.007 0.005 0.660 0.008 0.006
0.564 0.020 0.014 0.635 0.019 0.014
0.546 0.011 0.008 0.618 0.012 0.009

Table A.14: Clumped isotopic data from Oman
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Sample	  ID
1H1_A1C_031HM15_1

HM16_1
HM17_1
HM18_1
HM2_1
HM2_2
HM2_3
HM3_1
HM4_1
HM5_1
HM5_2
HM6_1
HM7_1
HM7_2
HM8_1
HM8_2
HM9_1
HM9_2

D47 D47	  SD D47	  1	  SEM D47	  ARF D47	  SD D47	  1	  SEM
0.580 0.033 0.017 0.652 0.034 0.017
0.592 0.015 0.009 0.665 0.018 0.011
0.605 0.013 0.009 0.679 0.011 0.008
0.585 0.003 0.002 0.659 0.003 0.003
0.579 0.025 0.013 0.651 0.026 0.013
0.573 0.016 0.012 0.645 0.015 0.011
0.587 0.008 0.006 0.658 0.009 0.007
0.574 0.014 0.010 0.648 0.015 0.011
0.573 0.032 0.022 0.644 0.031 0.022
0.594 0.018 0.013 0.665 0.020 0.014
0.545 0.018 0.012 0.615 0.016 0.012
0.589 0.016 0.011 0.664 0.017 0.012
0.577 0.021 0.015 0.649 0.020 0.014
0.584 0.015 0.008 0.655 0.016 0.009
0.584 0.006 0.005 0.657 0.004 0.004
0.565 0.028 0.020 0.635 0.030 0.021
0.588 0.006 0.004 0.661 0.004 0.004
0.570 0.016 0.009 0.640 0.017 0.010

Table A.15: Clumped isotopic data from Oman
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Sample	  ID Age Fossil Minerology Call# Replicate	  # d13C d13C	  SD d18Omin
NBIB_4_12_250 0.0 IB Calcite MOD 1 1.96 0.00 2.01
NBIB_4_12_90 0.0 IB Calcite MOD 1 1.82 0.00 1.21

PIB_24_12_12_POW 0.0 IB Calcite MOD 1 -‐4.37 0.00 -‐1.52
PIB_24_12_POW 0.0 IB Calcite MOD 1 -‐3.86 0.00 -‐1.76
PIB_4_12_250 0.0 IB Calcite MOD 1 -‐4.47 0.00 -‐0.45
PIB_4_12_90 0.0 IB Calcite MOD 2 -‐4.58 0.30 -‐0.44

PIB_NaOH_H2O2 0.0 IB Calcite MOD 1 -‐3.89 0.01 -‐0.93
PIB_none 0.0 IB Calcite MOD 3 -‐3.51 0.10 -‐0.86

SPB 0.0 B Calcite MOD 5 1.86 0.03 -‐0.32
TBIB_NaOH_H2O2 0.0 IB Calcite MOD 1 -‐1.79 0.01 0.36
TIIB_24_12_POW 0.0 IB Calcite MOD 1 1.18 0.00 0.29

TIIB_24BHP_12_POW 0.0 IB Calcite MOD 1 1.69 1.28 0.03
WAIB_NaOH_H2O2 0.0 IB Calcite MOD 1 -‐0.01 0.00 1.29

A	  551	  alt 437.0 B Calcite PREV 1 0.74 -‐3.46
A-‐958 437.0 B Calcite PREV 1 1.71 -‐5.10
A-‐958-‐2 437.0 B Calcite PREV 1 2.43 -‐3.46
A-‐958-‐3 437.0 B Calcite PREV 1 1.82 -‐5.63
A-‐958-‐4 437.0 B Calcite PREV 2 -‐0.28 -‐4.67

A1356a-‐07 437.0 B Calcite PREV 1 1.71 -‐5.12
A1356a-‐07 437.0 B Calcite PREV 1 1.94 -‐5.34
A1356a-‐37 437.0 B Calcite PREV 1 1.78 -‐5.11
A1380b-‐30 437.0 B Calcite PREV 1 2.08 -‐5.00
A1391b-‐06 437.0 B Calcite PREV 1 1.49 -‐4.67
A1391b-‐06 437.0 B Calcite PREV 1 2.03 -‐4.94
A1391b-‐31 437.0 B Calcite PREV 2 0.43 -‐4.87
A1391b-‐31 437.0 B Calcite PREV 2 -‐0.14 -‐4.22
922_F_RC 438.0 RC Calcite ORD 1 1.52 0.01 -‐3.25
916_B_S1 440.0 B Calcite ORD 1 0.87 0.02 -‐4.75
916_Bc_RC 440.0 RC Calcite ORD 1 1.49 0.01 -‐4.47
916_MF_1_B 440.0 B Calcite ORD 1 1.32 0.02 -‐4.05
916_MF_B_4 440.0 B Calcite ORD 1 1.32 0.02 -‐4.13
916_MF_RC2 440.0 RC Calcite ORD 1 1.04 0.02 -‐4.31
916_MF3_RC 440.0 RC Calcite ORD 2 1.88 0.01 -‐4.03
916MF_2_B 440.0 B Calcite ORD 1 1.14 0.01 -‐4.45
911_2.1_RC 443.5 RC Calcite ORD 1 2.20 0.02 -‐2.72
912.98_1_B 443.5 B Calcite ORD 3 2.12 0.02 -‐3.46
912.98_2_B 443.5 B Calcite ORD 1 2.43 0.02 -‐3.25
912.98_2_RC 443.5 RC Calcite ORD 2 2.07 0.01 -‐3.51
Lbec_F_B 443.5 B Calcite ORD 1 1.80 0.01 -‐3.58

901_12_RC_1 444.5 RC Calcite ORD 2 4.47 0.12 0.04
901_12_RC_2 444.5 RC Calcite ORD 2 4.08 0.03 -‐0.60
901_19_RC 444.5 RC Calcite ORD 2 0.89 0.08 -‐3.32

Table B.1: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID Age Fossil Minerology Call# Replicate	  # d13C d13C	  SD d18Omin
901_19_RC_2 444.5 RC Calcite ORD 2 1.07 0.01 -‐3.09
901_10_RC_1 445.0 RC Calcite ORD 2 4.18 0.01 -‐0.78
901_10_RC_2 445.0 RC Calcite ORD 2 4.86 0.00 -‐1.23
901_8.5_B 445.5 B Calcite ORD 1 2.26 0.01 -‐2.38

901_8.5_Mud 445.5 M Calcite ORD 1 2.36 0.02 -‐3.22
908_1_T 445.7 T Calcite ORD 3 0.05 0.02 -‐3.13

908_LF_1_RC 445.7 RC Calcite ORD 1 -‐0.72 0.01 -‐3.67
908_LF_2_M 445.7 M Calcite ORD 1 -‐0.75 0.02 -‐4.89
912.8_1_B 445.7 B Calcite ORD 4 0.85 0.02 -‐2.97
912.8_2_T 445.7 T Calcite ORD 3 0.14 0.02 -‐3.30
912.8_B_2 445.7 B Calcite ORD 1 0.74 0.02 -‐3.25
904.25_1_B 446.0 B Calcite ORD 1 1.06 0.02 -‐4.18
904.4_1_B 446.0 B Calcite ORD 1 1.78 0.02 -‐3.42

ElkR1 446.5 RC Calcite PREV 1 1.04 -‐4.18
ElkR2 446.7 RC Calcite PREV 3 2.16 -‐2.92
WWR1 446.8 RC Calcite PREV 3 -‐0.6 -‐4.63
WWR2 446.8 RC Calcite PREV 1 -‐0.18 -‐4.84
906_1_T 447.0 T Calcite ORD 3 -‐0.24 0.02 -‐4.04
906_2_T 447.0 T Calcite ORD 1 -‐0.29 0.01 -‐4.01

906_23_30_1_B 447.0 B Calcite ORD 1 -‐0.19 0.01 -‐4.05
906_23_30_T_1 447.0 T Calcite ORD 1 -‐0.36 0.01 -‐3.90
907.23F_1_B 447.0 B Calcite ORD 1 -‐0.29 0.01 -‐3.85
918_.52_2_B 447.0 B Calcite ORD 1 0.31 0.02 -‐3.11
918_43.2_1_B 447.0 B Calcite ORD 2 0.51 0.01 -‐3.25
918_43.2_B2 447.0 B Calcite ORD 2 0.30 0.02 -‐3.50
918_52_1_B 447.0 B Calcite ORD 1 0.40 0.01 -‐3.14
SGH-‐W	  43	  T1 447.0 T Calcite PREV 1 -‐1.37 -‐4.44
SGH-‐W-‐42.2	  R1 447.0 RC Calcite PREV 1 0.09 -‐4.05
SGH-‐W-‐43.0-‐B1 447.0 B Calcite PREV 1 0.41 -‐4.88

Wayne	  Bb 447.0 B Calcite PREV 1 -‐1.02 -‐4.47
MOS_B 447.5 B Calcite ORD 2 0.12 0.00 -‐5.01
MOS_B 447.5 B Calcite PREV 2 0.12 -‐5.01
MOS_T 447.5 T Calcite ORD 2 -‐0.77 0.01 -‐4.79
MOS_T 447.5 T Calcite PREV 2 -‐0.77 -‐4.79
KY127B1 448.0 B Calcite PREV 1 0.21 -‐4.88
HC-‐K	  T1 449.0 T Calcite PREV 1 -‐0.08 -‐4.27

HC-‐K-‐18-‐B1 449.0 B Calcite PREV 1 0.86 -‐4.88
MM1-‐Bb 449.0 B Calcite PREV 1 1.73 -‐5.07

Mol	  Isotelus	  b 449.0 T Calcite PREV 1 0.18 -‐5.12
DPL_B 452.0 B Calcite ORD 2 0.51 0.01 -‐5.42
DB_RC 453.0 RC Calcite ORD 1 -‐0.12 0.00 -‐4.60

DB_SE_B_1 453.0 B Calcite ORD 2 1.08 0.01 -‐4.30

Table B.2: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID Age Fossil Minerology Call# Replicate	  # d13C d13C	  SD d18Omin
DB_SE_C1 453.0 M Calcite ORD 2 -‐0.46 0.05 -‐5.02
DB_SE_M 453.0 M Calcite ORD 3 -‐0.99 0.02 -‐4.98
DB_SE_R_1 453.0 RC Calcite ORD 2 -‐0.40 0.05 -‐5.38
DB_SE_R2 453.0 RC Calcite ORD 1 -‐0.08 0.00 -‐4.70
DB_SE_S1 453.0 B Calcite ORD 4 0.58 0.01 -‐5.39
DB_SE_S2 453.0 B Calcite ORD 3 0.66 0.01 -‐5.80
DB_SE_S3 453.0 B Calcite ORD 2 0.84 0.02 -‐4.68
DB_SE_S4 453.0 B Calcite ORD 1 0.59 0.00 -‐5.30
DB_SE_S5 453.0 B Calcite ORD 3 0.36 0.00 -‐5.80
DB_SE_S6 453.0 B Calcite ORD 3 0.15 0.04 -‐5.46
DB_SE_T1 453.0 T Calcite ORD 2 -‐0.86 0.03 -‐5.45

DIB_24BHP_12_POW 453.0 IB Calcite ORD 2 -‐1.49 0.01 -‐5.30
DIB_NaOH_H2O2 453.0 IB Calcite ORD 3 -‐1.62 0.11 -‐5.47

DIB_SE_2_NaOH_H2O2 453.0 IB Calcite ORD 2 -‐1.53 0.08 -‐5.16
Dec_B_1 455.0 B Calcite ORD 2 0.43 0.01 -‐4.76

Dec_B_spar 455.0 B Calcite ORD 1 -‐0.27 0.02 -‐4.48
Dec_T_2 455.0 T Calcite ORD 2 -‐0.53 0.01 -‐5.03

DB_D_4.05_B 455.5 B Calcite ORD 1 1.34 0.00 -‐4.39
DB_D_4.65_B 455.5 B Calcite ORD 1 1.38 0.00 -‐5.06

DRO_D	  4.0-‐4.5_B 455.5 B Calcite ORD 1 0.05 0.00 -‐6.04
DCQ_-‐0.15 456.0 B Calcite ORD 2 -‐0.52 0.03 -‐4.80
DRSQ_.8_B 456.0 B Calcite ORD 1 -‐0.86 0.00 -‐5.19
DRSQ_2.1_B 456.0 B Calcite ORD 1 -‐0.36 0.00 -‐4.60
Asery_M 465.0 M Calcite ORD 4 0.54 0.04 -‐5.91
Asery_T1 465.0 T Calcite ORD 3 0.69 0.01 -‐5.60
Kunda_M 467.0 M Calcite ORD 3 0.51 0.01 -‐4.92
Kunda_T 467.0 T Calcite ORD 3 0.04 0.01 -‐5.97
VkB11 468.0 B Calcite ORD 1 -‐0.30 0.00 -‐5.26
VKB12 468.0 B Calcite ORD 2 0.04 0.01 -‐5.23
VkB13 468.0 B Calcite ORD 3 -‐0.07 0.00 -‐5.34
VkB14 468.0 B Calcite ORD 2 -‐0.56 0.00 -‐5.32
VkB15 468.0 B Calcite ORD 1 -‐0.59 0.00 -‐5.91
VkB16 468.0 B Calcite ORD 3 -‐0.01 0.00 -‐5.34
VkB17 468.0 B Calcite ORD 1 -‐0.37 0.00 -‐5.34
VKB18 468.0 B Calcite ORD 3 0.34 0.01 -‐5.19
VkB2 468.0 B Calcite ORD 1 0.50 0.00 -‐5.12
VkB3 468.0 B Calcite ORD 1 -‐0.04 0.00 -‐5.63
VkB4 468.0 B Calcite ORD 4 -‐0.08 0.00 -‐5.33
VkB7 468.0 B Calcite ORD 1 0.30 0.00 -‐5.22
VkB8 468.0 B Calcite ORD 2 -‐0.60 0.01 -‐5.24
VkB5 472.0 B Calcite ORD 1 -‐0.24 0.00 -‐5.87

CIB_NaOH_H2O2 492.0 IB Calcite CAM 3 -‐4.55 0.05 -‐7.28

Table B.3: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID Age Fossil Minerology Call# Replicate	  # d13C d13C	  SD d18Omin
EC_M 492.0 M Calcite CAM 1 -‐1.40 0.00 -‐5.12
ECIB1 492.0 IB Calcite CAM 1 -‐4.51 0.02 -‐7.06
ECIB2 492.0 IB Calcite CAM 1 -‐5.02 0.00 -‐7.05
ECIB5 492.0 IB Calcite CAM 2 -‐5.55 0.00 -‐7.07

Table B.4: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250
NBIB_4_12_90

PIB_24_12_12_POW
PIB_24_12_POW
PIB_4_12_250
PIB_4_12_90

PIB_NaOH_H2O2
PIB_none

SPB
TBIB_NaOH_H2O2
TIIB_24_12_POW

TIIB_24BHP_12_POW
WAIB_NaOH_H2O2

A	  551	  alt
A-‐958
A-‐958-‐2
A-‐958-‐3
A-‐958-‐4

A1356a-‐07
A1356a-‐07
A1356a-‐37
A1380b-‐30
A1391b-‐06
A1391b-‐06
A1391b-‐31
A1391b-‐31
922_F_RC
916_B_S1
916_Bc_RC
916_MF_1_B
916_MF_B_4
916_MF_RC2
916_MF3_RC
916MF_2_B
911_2.1_RC
912.98_1_B
912.98_2_B
912.98_2_RC
Lbec_F_B

901_12_RC_1
901_12_RC_2
901_19_RC

d18O	  SD T	  IL T	  SEM T	  ARF T	  SEM W	  ARF W	  SD
0.01 57.54 5.64 51.61 3.69 9.35 0.64
0.01 58.26 7.49 52.30 5.20 8.66 0.91
0.01 26.50 3.38 19.40 4.32 -‐0.34 0.92
0.01 33.80 3.83 26.94 3.94 0.97 0.80
0.01 39.82 3.58 34.29 3.23 3.73 0.63
0.26 35.48 0.33 29.92 1.02 2.89 0.20
0.02 41.15 3.05 34.40 2.63 3.26 0.51
0.15 58.74 3.18 52.75 1.71 6.65 0.29
0.02 17.37 1.34 11.26 1.47 -‐0.90 0.33
0.01 16.80 1.35 9.16 1.45 -‐0.69 0.33
0.01 30.12 0.55 23.15 1.59 2.25 0.33
2.22 48.93 20.13 42.19 16.31 5.68 3.13
0.01 22.26 0.22 14.92 1.76 1.51 0.39

48.20 4.30 3.26 0.78
43.90 0.00 0.83 0.00
45.10 2.90 2.70 0.52
35.80 0.00 -‐1.19 0.00
36.60 3.20 -‐0.07 0.62
34.20 0.00 -‐0.98 0.00
33.70 0.00 -‐1.30 0.00
35.70 0.00 -‐0.69 0.00
34.80 0.00 -‐0.75 0.00
44.60 2.50 1.39 0.46
35.30 0.00 -‐0.59 0.00
35.70 4.30 -‐0.45 0.83
37.30 3.10 0.51 0.59

0.02 53.56 4.38 50.50 2.84 3.86 0.49
0.03 40.88 3.57 44.97 3.42 1.38 0.62
0.02 44.55 3.47 48.88 2.97 2.35 0.52
0.04 52.03 5.41 48.99 3.86 2.79 0.68
0.03 38.17 3.28 42.08 3.42 1.48 0.63
0.04 36.32 3.88 40.09 4.21 0.93 0.78
0.13 39.56 3.16 41.68 1.31 1.50 0.24
0.03 49.99 3.57 50.49 2.47 2.65 0.43
0.03 34.99 1.71 38.66 2.23 2.26 0.42
0.03 41.21 3.24 42.90 1.97 2.30 0.36
0.03 45.46 4.00 49.83 3.40 3.74 0.60
0.00 43.30 6.23 45.62 3.63 2.74 0.65
0.01 43.86 4.44 40.75 3.65 1.79 0.68
0.36 28.88 0.08 32.01 1.35 3.78 0.26
0.02 24.18 0.73 26.86 2.57 2.12 0.52
0.24 28.73 6.91 30.17 6.03 0.05 1.20

Table B.5: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250901_19_RC_2
901_10_RC_1
901_10_RC_2
901_8.5_B

901_8.5_Mud
908_1_T

908_LF_1_RC
908_LF_2_M
912.8_1_B
912.8_2_T
912.8_B_2
904.25_1_B
904.4_1_B

ElkR1
ElkR2
WWR1
WWR2
906_1_T
906_2_T

906_23_30_1_B
906_23_30_T_1
907.23F_1_B
918_.52_2_B
918_43.2_1_B
918_43.2_B2
918_52_1_B
SGH-‐W	  43	  T1
SGH-‐W-‐42.2	  R1
SGH-‐W-‐43.0-‐B1

Wayne	  Bb
MOS_B
MOS_B
MOS_T
MOS_T
KY127B1
HC-‐K	  T1

HC-‐K-‐18-‐B1
MM1-‐Bb

Mol	  Isotelus	  b
DPL_B
DB_RC

DB_SE_B_1

d18O	  SD T	  IL T	  SEM T	  ARF T	  SEM W	  ARF W	  SD
0.03 34.52 0.86 38.15 1.45 1.80 0.27
0.03 29.29 0.69 32.46 1.89 3.04 0.37
0.02 27.88 3.12 30.92 4.42 2.29 0.88
0.02 39.41 3.55 43.41 3.55 3.48 0.65
0.04 52.36 6.46 57.08 5.22 5.00 0.88
0.05 33.58 3.09 35.95 2.57 1.35 0.49
0.02 41.91 4.26 42.24 3.82 1.97 0.70
0.04 59.68 4.93 56.52 2.95 3.22 0.49
0.03 43.47 5.40 45.01 3.12 3.18 0.56
0.05 44.06 1.60 44.52 2.79 2.76 0.50
0.04 49.01 6.12 53.58 5.15 4.38 0.89
0.03 62.68 4.11 59.44 2.07 4.43 0.34
0.05 41.05 4.30 45.15 4.12 2.75 0.74

62.1 2.9 4.85 0.48
35.7 2 1.52 0.39
39.5 2.5 0.5 0.46
40.9 3.6 0.54 0.68

0.06 42.22 2.41 43.81 3.18 1.88 0.58
0.03 41.21 3.51 45.33 3.34 2.18 0.60
0.01 52.91 5.09 49.86 3.51 2.94 0.61
0.03 38.57 4.60 42.50 4.67 1.78 0.86
0.02 55.14 6.60 52.06 4.70 3.52 0.81
0.05 38.68 2.60 42.63 2.70 2.61 0.49
0.03 42.52 5.52 43.08 1.40 2.55 0.25
0.04 33.96 0.40 37.54 1.07 1.28 0.20
0.01 50.64 4.37 47.60 3.04 3.46 0.54

43.6 4 1.44 0.75
35.6 4.4 0.36 0.85
39.7 2.7 0.3 0.51
34.2 3.3 -‐0.34 0.65

0.01 36.11 0.92 30.45 1.50 -‐1.60 0.30
31.1 0.94 -‐1.47 0.18

0.02 34.61 4.32 28.91 4.51 -‐1.68 0.90
29.44 5.67 -‐1.57 1.13
56.7 0 3.27 0
39.4 6.1 0.86 1.18
53 0 2.64 0
42.9 0 0.68 0
62.4 0 3.96 0

0.04 40.96 2.57 35.37 2.32 -‐1.06 0.44
0.00 41.64 5.89 36.17 5.04 -‐0.08 0.97
0.05 41.71 8.97 36.17 8.00 0.21 1.55

Table B.6: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250DB_SE_C1

DB_SE_M
DB_SE_R_1
DB_SE_R2
DB_SE_S1
DB_SE_S2
DB_SE_S3
DB_SE_S4
DB_SE_S5
DB_SE_S6
DB_SE_T1

DIB_24BHP_12_POW
DIB_NaOH_H2O2

DIB_SE_2_NaOH_H2O2
Dec_B_1

Dec_B_spar
Dec_T_2

DB_D_4.05_B
DB_D_4.65_B

DRO_D	  4.0-‐4.5_B
DCQ_-‐0.15
DRSQ_.8_B
DRSQ_2.1_B
Asery_M
Asery_T1
Kunda_M
Kunda_T
VkB11
VKB12
VkB13
VkB14
VkB15
VkB16
VkB17
VKB18
VkB2
VkB3
VkB4
VkB7
VkB8
VkB5

CIB_NaOH_H2O2

d18O	  SD T	  IL T	  SEM T	  ARF T	  SEM W	  ARF W	  SD
0.11 48.97 8.28 43.89 6.87 0.91 1.26
0.04 41.82 3.43 36.46 3.23 -‐0.41 0.61
0.05 47.62 1.22 42.02 0.90 0.21 0.16
0.01 45.36 3.55 40.29 2.77 0.58 0.51
0.07 41.09 2.13 34.77 1.69 -‐1.14 0.32
0.04 48.49 3.21 42.28 2.82 -‐0.16 0.52
0.02 40.30 1.57 33.55 1.61 -‐0.67 0.31
0.01 44.29 4.28 37.56 3.40 -‐0.53 0.64
0.08 49.65 3.86 43.43 3.38 0.04 0.61
0.18 46.07 3.31 39.88 2.81 -‐0.26 0.52
0.23 45.86 6.28 40.80 5.31 -‐0.08 0.99
0.04 47.77 1.87 41.04 1.30 0.12 0.24
0.08 45.92 3.76 40.29 3.15 -‐0.20 0.58
0.30 45.16 1.84 38.43 1.45 -‐0.23 0.27
0.03 40.88 3.21 43.07 1.23 1.02 0.22
0.03 35.20 2.20 38.88 2.69 0.54 0.50
0.00 42.53 4.85 44.81 2.46 1.07 0.44
0.00 31.76 1.43 25.91 2.17 -‐1.87 0.44
0.01 41.92 5.63 42.95 5.19 0.70 0.95
0.00 48.43 4.32 42.74 3.16 -‐0.33 0.58
0.03 41.71 2.24 36.14 2.15 -‐0.29 0.41
0.00 36.12 1.53 37.18 2.01 -‐0.49 0.38
0.01 48.44 5.03 42.75 3.75 1.13 0.69
0.06 39.37 3.29 34.52 2.59 -‐1.71 0.50
0.02 39.41 2.08 35.64 1.42 -‐1.19 0.27
0.08 35.73 1.95 30.99 1.85 -‐1.40 0.36
0.02 40.25 1.51 36.47 2.36 -‐1.41 0.45
0.00 35.10 2.53 31.97 2.86 -‐1.56 0.56
0.01 36.24 2.36 33.16 2.70 -‐1.29 0.52
0.01 40.29 0.93 36.62 0.77 -‐0.75 0.15
0.03 36.49 1.02 33.42 1.51 -‐1.33 0.29
0.00 40.24 4.39 37.28 4.01 -‐1.19 0.76
0.02 42.77 2.95 39.88 2.63 -‐0.14 0.49
0.01 34.38 2.35 31.22 2.78 -‐1.77 0.54
0.08 37.90 1.33 34.88 1.64 -‐0.92 0.31
0.01 39.15 3.74 36.17 3.53 -‐0.61 0.67
0.01 42.71 5.44 37.34 4.57 -‐0.90 0.87
0.03 34.42 2.05 30.69 2.67 -‐1.87 0.53
0.01 45.32 5.92 39.95 4.76 -‐0.01 0.89
0.03 40.10 0.74 35.92 2.07 -‐0.77 0.39
0.01 37.18 4.95 31.77 4.65 -‐2.20 0.91
0.03 46.45 1.12 39.72 0.89 -‐2.12 0.16

Table B.7: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250EC_M

ECIB1
ECIB2
ECIB5

d18O	  SD T	  IL T	  SEM T	  ARF T	  SEM W	  ARF W	  SD
0.01 49.56 7.73 46.77 6.17 1.32 1.11
0.03 31.24 1.16 25.51 2.00 -‐4.63 0.41
0.01 39.04 6.66 33.34 5.92 -‐3.09 1.16
0.07 32.06 2.76 28.89 3.42 -‐3.97 0.68

Table B.8: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250
NBIB_4_12_90

PIB_24_12_12_POW
PIB_24_12_POW
PIB_4_12_250
PIB_4_12_90

PIB_NaOH_H2O2
PIB_none

SPB
TBIB_NaOH_H2O2
TIIB_24_12_POW

TIIB_24BHP_12_POW
WAIB_NaOH_H2O2

A	  551	  alt
A-‐958
A-‐958-‐2
A-‐958-‐3
A-‐958-‐4

A1356a-‐07
A1356a-‐07
A1356a-‐37
A1380b-‐30
A1391b-‐06
A1391b-‐06
A1391b-‐31
A1391b-‐31
922_F_RC
916_B_S1
916_Bc_RC
916_MF_1_B
916_MF_B_4
916_MF_RC2
916_MF3_RC
916MF_2_B
911_2.1_RC
912.98_1_B
912.98_2_B
912.98_2_RC
Lbec_F_B

901_12_RC_1
901_12_RC_2
901_19_RC

D47 D47	  ARF D47	  SD D47	  SEM Fe Mn Sr PC1 taxon	  PC1
0.540 0.605 0.028 0.010
0.539 0.603 0.039 0.014
0.641 0.716 0.049 0.017
0.613 0.686 0.041 0.015
0.592 0.659 0.030 0.011
0.607 0.675 0.004 0.004
0.588 0.659 0.024 0.009
0.537 0.602 0.007 0.005
0.681 0.752 0.014 0.007
0.683 0.761 0.018 0.007
0.627 0.701 0.016 0.006
0.564 0.633 0.132 0.047
0.659 0.735 0.021 0.008

0 0 0 0.00 0.00
0 0 0 0.00 0.00

162 61 980 0.60 0.60
0 0 0 0.00 0.00
91 36 902 -‐0.14 -‐0.37
0 0 0 0.00 0.00
0 0 0 0.00 0.00
0 0 0 0.00 0.00
0 0 0 0.00 0.00

168 58 846 0.61 1.33
0 0 0 0.00 0.00
38 47 997 -‐0.54 -‐1.10
37 17 1252 -‐1.32 -‐1.96

0.551 0.608 0.021 0.008 137 69 759 0.62 0.60
0.589 0.625 0.028 0.010 98 18 477 -‐0.49 0.28
0.577 0.613 0.023 0.008 32 14 880 -‐1.50 -‐1.07
0.555 0.613 0.030 0.011 0 0 0 0.00 0.00
0.598 0.634 0.029 0.011 112 20 784 -‐0.40 -‐0.12
0.604 0.640 0.037 0.013 0 0 0 0.00 0.00
0.593 0.635 0.005 0.004 198 41 814 0.48 0.56
0.561 0.608 0.021 0.007 159 45 990 0.37 0.35
0.609 0.645 0.019 0.007 267 76 418 1.22 0.00
0.588 0.631 0.010 0.006 40 14 1100 -‐1.39 -‐1.99
0.574 0.610 0.026 0.010 51 21 900 -‐0.91 -‐0.74
0.581 0.623 0.015 0.011 101 80 780 0.52 0.39
0.579 0.638 0.031 0.011 186 55 746 0.66 0.75
0.631 0.667 0.006 0.005 0 0 0 0.00 0.00
0.650 0.686 0.013 0.010 205 49 772 0.64 0.75
0.632 0.674 0.030 0.021 0 0 0 0.00 0.00

Table B.9: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250901_19_RC_2
901_10_RC_1
901_10_RC_2
901_8.5_B

901_8.5_Mud
908_1_T

908_LF_1_RC
908_LF_2_M
912.8_1_B
912.8_2_T
912.8_B_2
904.25_1_B
904.4_1_B

ElkR1
ElkR2
WWR1
WWR2
906_1_T
906_2_T

906_23_30_1_B
906_23_30_T_1
907.23F_1_B
918_.52_2_B
918_43.2_1_B
918_43.2_B2
918_52_1_B
SGH-‐W	  43	  T1
SGH-‐W-‐42.2	  R1
SGH-‐W-‐43.0-‐B1

Wayne	  Bb
MOS_B
MOS_B
MOS_T
MOS_T
KY127B1
HC-‐K	  T1

HC-‐K-‐18-‐B1
MM1-‐Bb

Mol	  Isotelus	  b
DPL_B
DB_RC

DB_SE_B_1

D47 D47	  ARF D47	  SD D47	  SEM Fe Mn Sr PC1 taxon	  PC1
0.610 0.646 0.006 0.005 541 365 329 2.84 0.00
0.630 0.666 0.009 0.007 98 18 477 -‐0.49 0.28
0.635 0.671 0.022 0.015 64 22 704 -‐0.69 -‐0.45
0.593 0.630 0.030 0.011 69 19 672 -‐0.73 -‐0.53
0.554 0.590 0.037 0.013 0 0 0 0.00 0.00
0.614 0.654 0.014 0.009 0 0 0 0.00 0.00
0.585 0.633 0.036 0.012 0 0 0 0.00 0.00
0.535 0.592 0.021 0.008 0 0 0 0.00 0.00
0.580 0.625 0.018 0.009 0 0 0 0.00 0.00
0.579 0.626 0.014 0.008 90 29 640 -‐0.25 0.46
0.564 0.600 0.038 0.014 54 12 704 -‐1.23 -‐1.24
0.528 0.584 0.013 0.005 0 0 0 0.00 0.00
0.588 0.624 0.034 0.012 0 0 0 0.00 0.00

403 203 461 2.17 0
54 28 680 -‐0.62 -‐0.31
71 22 1160 -‐0.7 -‐1.07
0 0 0 0 0

0.584 0.628 0.016 0.010 51 36 762 -‐0.50 -‐0.12
0.588 0.624 0.027 0.010 59 20 742 -‐0.82 -‐0.63
0.553 0.610 0.027 0.010 0 0 0 0.00 0.00
0.596 0.632 0.040 0.014 63 17 684 -‐0.88 -‐0.73
0.547 0.604 0.036 0.013 34 10 878 -‐1.70 -‐1.23
0.596 0.632 0.022 0.008 120 45 580 0.27 0.88
0.583 0.631 0.005 0.004 219 160 467 1.60 2.78
0.612 0.648 0.004 0.004 0 0 0 0.00 0.00
0.559 0.617 0.024 0.009 0 0 0 0.00 0.00

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
52 31 584 -‐0.55 -‐0.2

0.605 0.673 0.007 0.005 0 0 0 0.00 0.00
0 0 0 0 0

0.610 0.679 0.023 0.016 0 0 0 0.00 0.00
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

0.588 0.656 0.010 0.008 862 162 918 0.00 0.00
0.586 0.653 0.046 0.016 0 0 0 0.00 0.00
0.586 0.653 0.036 0.026 535 100 933 0.00 0.00

Table B.10: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250DB_SE_C1

DB_SE_M
DB_SE_R_1
DB_SE_R2
DB_SE_S1
DB_SE_S2
DB_SE_S3
DB_SE_S4
DB_SE_S5
DB_SE_S6
DB_SE_T1

DIB_24BHP_12_POW
DIB_NaOH_H2O2

DIB_SE_2_NaOH_H2O2
Dec_B_1

Dec_B_spar
Dec_T_2

DB_D_4.05_B
DB_D_4.65_B

DRO_D	  4.0-‐4.5_B
DCQ_-‐0.15
DRSQ_.8_B
DRSQ_2.1_B
Asery_M
Asery_T1
Kunda_M
Kunda_T
VkB11
VKB12
VkB13
VkB14
VkB15
VkB16
VkB17
VKB18
VkB2
VkB3
VkB4
VkB7
VkB8
VkB5

CIB_NaOH_H2O2

D47 D47	  ARF D47	  SD D47	  SEM Fe Mn Sr PC1 taxon	  PC1
0.564 0.628 0.028 0.020 847 353 138 0.00 0.00
0.586 0.652 0.018 0.011 1125 268 77 0.00 0.00
0.568 0.634 0.002 0.003 0 0 0 0.00 0.00
0.574 0.639 0.024 0.009 23 219 140 0.00 0.00
0.588 0.658 0.010 0.006 157 115 865 0.00 0.00
0.565 0.633 0.014 0.009 288 115 929 0.00 0.00
0.591 0.662 0.007 0.006 836 133 824 0.00 0.00
0.578 0.648 0.030 0.011 1365 118 905 0.00 0.00
0.562 0.629 0.017 0.010 1046 271 606 0.00 0.00
0.572 0.641 0.015 0.009 489 185 760 0.00 0.00
0.573 0.638 0.023 0.016 1148 570 235 0.00 0.00
0.567 0.637 0.005 0.004 0 0 0 0.00 0.00
0.573 0.639 0.017 0.010 0 0 0 0.00 0.00
0.575 0.645 0.006 0.005 0 0 0 0.00 0.00
0.589 0.631 0.004 0.004 39 15 763 -‐1.30 -‐0.81
0.608 0.644 0.024 0.009 166 46 308 0.60 1.31
0.583 0.625 0.010 0.007 77 28 566 -‐0.36 0.30
0.620 0.690 0.022 0.008 0 0 0 0.00 0.00
0.585 0.631 0.044 0.016 0 0 0 0.00 0.00
0.565 0.632 0.026 0.010 987 504 675 0.00 0.00
0.586 0.653 0.010 0.007 0 0 0 0.00 0.00
0.605 0.649 0.017 0.007 0 0 0 0.00 0.00
0.565 0.632 0.032 0.011 0 0 0 0.00 0.00
0.594 0.659 0.017 0.009 2744 377 84 0.00 0.00
0.593 0.655 0.007 0.005 1794 472 115 0.00 0.00
0.606 0.671 0.011 0.007 2214 639 126 0.00 0.00
0.591 0.652 0.013 0.008 3064 954 137 0.00 0.00
0.608 0.667 0.027 0.010 1108 459 736 0.00 0.00
0.604 0.663 0.013 0.009 1051 439 573 0.00 0.00
0.591 0.651 0.002 0.003 258 287 957 0.00 0.00
0.603 0.662 0.007 0.005 0 0 0 0.00 0.00
0.591 0.649 0.036 0.013 0 0 0 0.00 0.00
0.583 0.641 0.014 0.008 1032 279 856 0.00 0.00
0.611 0.670 0.027 0.010 0 0 0 0.00 0.00
0.599 0.657 0.009 0.006 511 359 562 0.00 0.00
0.594 0.653 0.032 0.012 0 0 0 0.00 0.00
0.583 0.649 0.041 0.015 110 277 1164 0.00 0.00
0.611 0.672 0.018 0.009 178 204 870 0.00 0.00
0.575 0.640 0.042 0.015 365 312 430 0.00 0.00
0.591 0.654 0.009 0.007 1840 567 617 0.00 0.00
0.601 0.668 0.045 0.016 219 189 1089 0.00 0.00
0.571 0.641 0.003 0.003 0 0 0 0.00 0.00

Table B.11: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250EC_M

ECIB1
ECIB2
ECIB5

D47 D47	  ARF D47	  SD D47	  SEM Fe Mn Sr PC1 taxon	  PC1
0.562 0.619 0.050 0.018 0 0 0 0.00 0.00
0.622 0.691 0.020 0.008 0 0 0 0.00 0.00
0.595 0.663 0.056 0.020 0 0 0 0.00 0.00
0.619 0.679 0.017 0.012 0 0 0 0.00 0.00

Table B.12: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250
NBIB_4_12_90

PIB_24_12_12_POW
PIB_24_12_POW
PIB_4_12_250
PIB_4_12_90

PIB_NaOH_H2O2
PIB_none

SPB
TBIB_NaOH_H2O2
TIIB_24_12_POW

TIIB_24BHP_12_POW
WAIB_NaOH_H2O2

A	  551	  alt
A-‐958
A-‐958-‐2
A-‐958-‐3
A-‐958-‐4

A1356a-‐07
A1356a-‐07
A1356a-‐37
A1380b-‐30
A1391b-‐06
A1391b-‐06
A1391b-‐31
A1391b-‐31
922_F_RC
916_B_S1
916_Bc_RC
916_MF_1_B
916_MF_B_4
916_MF_RC2
916_MF3_RC
916MF_2_B
911_2.1_RC
912.98_1_B
912.98_2_B
912.98_2_RC
Lbec_F_B

901_12_RC_1
901_12_RC_2
901_19_RC

logFe logMn logSr PCA1 PCA1_Norm PCA1_NormR textural	  alt

0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
2.21 1.79 2.99 2.15 0.0119 0.9881 no
0.00 0.00 0.00 0.00 0.0000 no
1.96 1.56 2.96 1.83 0.0101 0.9899 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
2.23 1.76 2.93 2.16 0.0120 0.9880 yes
0.00 0.00 0.00 0.00 0.0000 no
1.58 1.67 3.00 1.63 0.0090 0.9910 no
1.57 1.23 3.10 1.30 0.0072 0.9928 no
2.14 1.84 2.88 2.16 0.0120 0.9880 no
1.99 1.26 2.68 1.70 0.0095 0.9905 no
1.51 1.15 2.94 1.23 0.0068 0.9932 no
0.00 0.00 0.00 0.00 0.0000 no
2.05 1.30 2.89 1.73 0.0096 0.9904 no
0.00 0.00 0.00 0.00 0.0000 no
2.30 1.61 2.91 2.11 0.0117 0.9883 no
2.20 1.65 3.00 2.05 0.0114 0.9886 no
2.43 1.88 2.62 2.44 0.0136 0.9864 yes
1.60 1.15 3.04 1.28 0.0071 0.9929 no
1.71 1.32 2.95 1.49 0.0083 0.9917 no
2.00 1.90 2.89 2.11 0.0117 0.9883 no
2.27 1.74 2.87 2.19 0.0121 0.9879 no
0.00 0.00 0.00 0.00 0.0000 no
2.31 1.69 2.89 2.18 0.0121 0.9879 yes
0.00 0.00 0.00 0.00 0.0000 no

Table B.13: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250901_19_RC_2
901_10_RC_1
901_10_RC_2
901_8.5_B

901_8.5_Mud
908_1_T

908_LF_1_RC
908_LF_2_M
912.8_1_B
912.8_2_T
912.8_B_2
904.25_1_B
904.4_1_B

ElkR1
ElkR2
WWR1
WWR2
906_1_T
906_2_T

906_23_30_1_B
906_23_30_T_1
907.23F_1_B
918_.52_2_B
918_43.2_1_B
918_43.2_B2
918_52_1_B
SGH-‐W	  43	  T1
SGH-‐W-‐42.2	  R1
SGH-‐W-‐43.0-‐B1

Wayne	  Bb
MOS_B
MOS_B
MOS_T
MOS_T
KY127B1
HC-‐K	  T1

HC-‐K-‐18-‐B1
MM1-‐Bb

Mol	  Isotelus	  b
DPL_B
DB_RC

DB_SE_B_1

logFe logMn logSr PCA1 PCA1_Norm PCA1_NormR textural	  alt
2.73 2.56 2.52 3.14 0.0175 0.9825 yes
1.99 1.26 2.68 1.70 0.0095 0.9905 no
1.81 1.34 2.85 1.59 0.0089 0.9911 no
1.84 1.28 2.83 1.58 0.0088 0.9912 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 yes
0.00 0.00 0.00 0.00 0.0000 yes
0.00 0.00 0.00 0.00 0.0000 yes
0.00 0.00 0.00 0.00 0.0000 no
1.95 1.46 2.81 1.79 0.0099 0.9901 no
1.73 1.08 2.85 1.36 0.0076 0.9924 no
0.00 0.00 0.00 0.00 0.0000 yes
0.00 0.00 0.00 0.00 0.0000 no
2.61 2.31 2.66 2.85 0.0200 0.9842 yes
1.73 1.45 2.83 1.62 0.0100 0.9910 no
1.85 1.34 3.06 1.58 0.0100 0.9912 no
0 0 0 0 0.0000 no

1.71 1.56 2.88 1.66 0.0092 0.9908 no
1.77 1.30 2.87 1.54 0.0085 0.9915 no
0.00 0.00 0.00 0.00 0.0000 no
1.80 1.23 2.84 1.52 0.0084 0.9916 no
1.53 1.00 2.94 1.15 0.0064 0.9936 no
2.08 1.65 2.76 2.02 0.0112 0.9888 no
2.34 2.20 2.67 2.59 0.0144 0.9856 no
0.00 0.00 0.00 0.00 0.0000 yes
0.00 0.00 0.00 0.00 0.0000 no
0 0 0 0 0.0000 no
0 0 0 0 0.0000 no
0 0 0 0 0.0000 no

1.72 1.49 2.77 1.65 0.0100 0.9908 no
0.00 0.00 0.00 0.00 0.0000 no
0 0 0 0 0.0000 no

0.00 0.00 0.00 0.00 0.0000 no
0 0 0 0 0.0000 no
0 0 0 0 0.0000 yes
0 0 0 0 0.0000 no
0 0 0 0 0.0000 yes
0 0 0 0 0.0000 no
0 0 0 0 0.0000 yes

2.94 2.21 2.96 2.96 0.0164 0.9836 no
0.00 0.00 0.00 0.00 0.0000 no
2.73 2.00 2.97 2.67 0.0148 0.9852 no

Table B.14: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250DB_SE_C1

DB_SE_M
DB_SE_R_1
DB_SE_R2
DB_SE_S1
DB_SE_S2
DB_SE_S3
DB_SE_S4
DB_SE_S5
DB_SE_S6
DB_SE_T1

DIB_24BHP_12_POW
DIB_NaOH_H2O2

DIB_SE_2_NaOH_H2O2
Dec_B_1

Dec_B_spar
Dec_T_2

DB_D_4.05_B
DB_D_4.65_B

DRO_D	  4.0-‐4.5_B
DCQ_-‐0.15
DRSQ_.8_B
DRSQ_2.1_B
Asery_M
Asery_T1
Kunda_M
Kunda_T
VkB11
VKB12
VkB13
VkB14
VkB15
VkB16
VkB17
VKB18
VkB2
VkB3
VkB4
VkB7
VkB8
VkB5

CIB_NaOH_H2O2

logFe logMn logSr PCA1 PCA1_Norm PCA1_NormR textural	  alt
2.93 2.55 2.14 3.35 0.0186 0.9814 no
3.05 2.43 1.89 3.41 0.0189 0.9811 no
0.00 0.00 0.00 0.00 0.0000 no
1.36 2.34 2.15 2.10 0.0117 0.9883 no
2.20 2.06 2.94 2.34 0.0130 0.9870 no
2.46 2.06 2.97 2.52 0.0140 0.9860 no
2.92 2.12 2.92 2.90 0.0161 0.9839 no
3.14 2.07 2.96 3.00 0.0167 0.9833 no
3.02 2.43 2.78 3.20 0.0178 0.9822 no
2.69 2.27 2.88 2.84 0.0158 0.9842 no
3.06 2.76 2.37 3.54 0.0197 0.9803 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
1.59 1.18 2.88 1.32 0.0074 0.9926 no
2.22 1.66 2.49 2.18 0.0121 0.9879 no
1.89 1.45 2.75 1.74 0.0097 0.9903 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
2.99 2.70 2.83 3.36 0.0187 0.9813 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
3.44 2.58 1.92 3.77 0.0210 0.9790 no
3.25 2.67 2.06 3.68 0.0205 0.9795 no
3.35 2.81 2.10 3.83 0.0213 0.9787 no
3.49 2.98 2.14 4.04 0.0224 0.9776 no
3.04 2.66 2.87 3.36 0.0187 0.9813 no
3.02 2.64 2.76 3.35 0.0186 0.9814 no
2.41 2.46 2.98 2.75 0.0153 0.9847 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
3.01 2.45 2.93 3.18 0.0177 0.9823 no
0.00 0.00 0.00 0.00 0.0000 no
2.71 2.55 2.75 3.07 0.0171 0.9829 no
0.00 0.00 0.00 0.00 0.0000 no
2.04 2.44 3.07 2.46 0.0137 0.9863 no
2.25 2.31 2.94 2.55 0.0141 0.9859 no
2.56 2.49 2.63 2.95 0.0164 0.9836 no
3.26 2.75 2.79 3.59 0.0200 0.9800 no
2.34 2.28 3.04 2.57 0.0143 0.9857 no
0.00 0.00 0.00 0.00 0.0000 no

Table B.15: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Sample	  ID
NBIB_4_12_250EC_M

ECIB1
ECIB2
ECIB5

logFe logMn logSr PCA1 PCA1_Norm PCA1_NormR textural	  alt
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no
0.00 0.00 0.00 0.00 0.0000 no

Table B.16: Clumped isotopic data from the Modern, Ordovician and Cambrian
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Appendix C

Waypoints, lithofacies legend and

stratigraphic sections from the outcrop and

subsurface of the Sultanate of Oman
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Table C.1: GPS Waypoints for Outcrop Sections (WGS ’84)

Location Section Northing Easting

Buah Dome BD1 0m 20.40518512 57.69037667

Buah Dome BD1 106.6m 20.40563758 57.6885158

Buah Dome BD2 0m 20.37340337 57.66446854

Buah Dome BD3 0m 20.34644131 57.66017659

Buah Dome BD3 47m 20.35149358 57.68537904

Buah Dome BD4 0m 20.34567 57.66359003

Buah Dome BD4 100m 20.34530204 57.66080397

Mukhaibah Dome MD1 0m 19.99675 57.71788333

Mukhaibah Dome MD1 324m 19.9940811 57.71979614

Mukhaibah Dome MD2 0m 19.98845 57.72235

Mukhaibah Dome MD2 281m 19.98974162 57.72548058

Sirab SB1 0m 20.19480798 57.766596

Sirab SB1 160m 20.17385297 57.77006099

Wadi Bani Awf WBA1 0m 23.277418 57.46065301

Wadi Bani Awf WBA1 295m 23.280769 57.46469904

Wadi Hajir H1 0m 23.22613651 57.50974674

Wadi Hajir H1 196m 23.2283552 57.51031168

Wadi Hajir H3 0m 23.23326699 57.51999202

Wadi Hajir H3 183m 23.23976196 57.523842

Wadi Shital ST1 0m 20.20427048 57.73449683

Wadi Shital ST1 332m 20.19525792 57.7402526

Wadi Shital ST2 0m 20.19524585 57.7310066

Wadi Shital ST2 76m 20.19341005 57.73170381

Wadi Shital ST3 0m 20.19764165 57.73478114

Wadi Shital ST3 106m 20.1959522 57.7470271

Wadi Shital ST4 0m 20.18904082 57.74680892

Wadi Shital ST4 47m 20.18124213 57.74352405
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Table C.1: GPS Waypoints (continued)

Location Section Northing Easting

Wadi Shuram WS1 0m 20.10941768 57.52516617

Wadi Shuram WS1 217m 20.11293456 57.52490449

Wadi Shuram WS2 0m 20.11367736 57.52288939

Wadi Shuram WS2 23m 20.11372992 57.52226335

Wadi Shuram WS4 0m 20.11969775 57.52897005

Wadi Shuram WS4 40m 20.11858245 57.52906795
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BOUNDSTONESBOUNDSTONESBOUNDSTONESBOUNDSTONES

Bldmst
m

large domal stromatolite, can be elongate LFA 3: Reef

Bmstm medium stromatolite LFA 3: Reef

Bdmst
m

domal stromatolite, can be elongate, laminae can be 
fenestral and spar-filled

LFA 6: Peritidal

Bsmst
m

small stromatolite, laminae usually smooth LFA 6: Peritidal

Bconst
m

conophyton stromatolite, composed of spherulites, form 
bioherms, organic-rich

LFA 5: Lagoon

Bisstm isopachous stromatolite, fine smooth even laminae LFA 5: Lagoon

Becstm egg carton stromatolite forms at SB3, white micritic 
laminae

LFA 7: Supratidal/
Restricted

Bilstm irregularly laminated stromatolite LFA 7: Supratidal/
Restricted

Bil irregular to tufted laminite LFA 7: Supratidal/
Restricted

MUDSTONES and WACKESTONESMUDSTONES and WACKESTONESMUDSTONES and WACKESTONESMUDSTONES and WACKESTONES

Crl crinkly laminite LFA 1: Mid-Ramp

CrlEwc crinkly laminite and edgewise conglomerate LFA 1: Mid-Ramp

Ml/Wl laminated mudstone/wackestone LFA 2: Slope & LFA 6: 
Peritidal

Mf fenestral mudstone LFA 6: Peritidal

Mfal fenestral mudstone with anhydrite laths LFA 6: Peritidal

Mal mudstone with anhydrite laths LFA 6: Peritidal

Wgp wackestone with gypsum pseudomorphs LFA 6: Peritidal

Figure C.1: Boundstone, mudstone and wackestone lithofacies key
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PACKSTONES and GRAINSTONESPACKSTONES and GRAINSTONESPACKSTONES and GRAINSTONESPACKSTONES and GRAINSTONES

Gt trough cross stratified grainstone LFA 3: Shoal

Goo oolitic grainstone LFA 2: Slope & LFA 3: Shoal & 
LFA 6: Peritidal 

Gma massive grainstone

Ghcs hummocky cross stratified grainstone

Grip rippled grainstone (often climbing) LFA 6: Peritidal

Gal grainstone/packstone with anhydrite laths LFA 6: Peritidal

OTHEROTHEROTHEROTHER

Icg intraclast conglomerate LFA 6: Peritidal

Brca breccia LFA 2: Slope & LFA 7: Supratidal/
Restricted

Tep tepee LFA 7: Supratidal/Restricted

Pis pisolite LFA 7: Supratidal/Restricted

Tfa tufa LFA 7: Supratidal/Restricted

Sm siltstone or carbonate-cemented siltstone LFA 6: Peritidal & LFA 7: 
Supratidal/Restricted

Pss quartz rich packstone LFA 6: Peritidal & LFA 7: 
Supratidal/Restricted

Ss sandstone LFA 6: Peritidal & LFA 7: 
Supratidal/Restricted

Figure C.2: Grainstone and other lithofacies key
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Wadi Shital (ST1)

Figure C.3: Stratigraphic sections from the surface and subsurface of Oman
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Wadi Shital (ST1)
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Wadi Shital (ST1)
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Wadi Shital (ST1)
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Wadi Shital (ST1)
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Wadi Shital (ST1)
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Wadi Shital (ST2)
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Wadi Shital (ST2)
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Wadi Shital (ST3)
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Wadi Shital (ST3)
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Wadi Shital (ST4)
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Sirab (SB1)
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Sirab (SB1)
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Sirab (SB1)
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Mukhaibah Dome (MD1)
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Mukhaibah Dome (MD1)
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Mukhaibah Dome (MD1)
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Mukhaibah Dome (MD1)
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Mukhaibah Dome (MD1)
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Mukhaibah Dome (MD1)
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Mukhaibah Dome (MD2)



330

Mukhaibah Dome (MD2)
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Mukhaibah Dome (MD2)
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Mukhaibah Dome (MD2)
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Mukhaibah Dome (MD2)
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Mukhaibah Dome (MD2)
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Wadi Shuram (WS1)
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Wadi Shuram (WS1)
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Wadi Shuram (WS1)
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Wadi Shuram (WS1)
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Wadi Shuram (WS2)



340

Wadi Shuram (WS3)
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Wadi Shuram (WS4)
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Buah Dome (BD1)
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Buah Dome (BD1)
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Buah Dome (BD2)
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Buah Dome (BD3)
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Buah Dome (BD4)
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Buah Dome (BD4)
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Wadi Bani Awf (WBA1)
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Wadi Bani Awf (WBA1)
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Wadi Bani Awf (WBA1)
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Wadi Bani Awf (WBA1)
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Wadi Bani Awf (WBA1)
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Wadi Hajir (H1)
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Wadi Hajir (H1)
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Wadi Hajir (H1)
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Wadi Hajir (H1)
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Wadi Hajir (H1)
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Wadi Hajir (H2)
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Wadi Hajir (H3)
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Wadi Hajir (H3)
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Wadi Hajir (H3)
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Wadi Hajir (H3)
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(ZL1)
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(ZL1)
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(ZL1)



366

(ZL1)
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(SWT8)
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(SWT8)
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(SWT8)
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(SWT8)
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(SWT8)



372

(SWT8)
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(SWT8)
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(SWT8)
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(SWN1)
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(SWN1)
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(SWN1)
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(SBSB1)
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(SBSB1)
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(SBSB1)
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(SBSB1)
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(SBSB1)
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(SBSB1)
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(SBSB1)
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(BNDE2)
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(BNDE7)
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(BNDE7)



388

(BNDE7)
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(BNDE11)
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(BNDE11)
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(BNDE11)
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(BNDE11)
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(BNDE11)
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(BNDE11)
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(BNDE11)



396

(ANQ3)
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(ANQ5)



398

(AMQ1)


